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Highlights 

 Plant stress granule (SG) is not induced by potato virus X (PVX) infection. 
 

 PVX inhibits SG assembly induced by hypoxia 
 

 PVX induced X-body associates with AtUBP1b (SG component)  

 Co-expression of AtUBP1b may inhibit the onset of PVX infection. 

 

 

ABSTRACT 

Cytoplasmic RNA granules consist of microscopic agglomerates of mRNAs and proteins and occur 

when the translation is reversibly and temporally halted (stress granules, SGs) or mRNAs are 

targeted for decapping (processing bodies, PBs). The induction of RNA granules formation by virus 

infection is a common feature of mammalian cells. However, plant-virus systems still remain poorly 

characterized. In this work, the SG marker AtUBP1b was expressed in Nicotiana benthamiana 

plants to decipher how the virus infection of plant cells affects SG dynamics. We found that the 

hypoxia-induced SG assembly was substantially inhibited in Potato virus X (PVX)-infected cells. 

Furthermore, we determined that the expression of PVX movement protein TGBp1 by itself, mimics 

the inhibitory effect of PVX on SG formation under hypoxia. Importantly, overexpression of 

AtUBP1b showed inhibition of the PVX spreading, whereas the overexpression of the dominant 

negative AtUBP1brrm enhanced PVX spreding, indicating that AtUBP1b negatively affects PVX 

infection. Notably, PVX infection did not inhibit the formation of processing bodies (PBs), indicating 
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PVX has distinct effects depending on the type of RNA granule. Our results suggest that SG 

inhibition could be part of the virus strategy to infect the plant.  

 

KEYWORDS: PVX, SGs, X-body, AtUBPb1, PBs, DCP1. 

 

1. INTRODUCTION 

Cellular stress responses involve diverse intra- and extracellular signals that generally provokes 

mRNAs translational arrest with subsequent formation of cytoplasmic RNA granules (Sorenson 

and Bailey-Serres, 2014; Weber et al., 2008; Chantarachot and Bailey-Serres, 2017). These 

cytoplasmic granules are conserved in animals and plants, and their assembly is fast and 

reversible (when the stimulus dissipates), constituting a very dynamic post-transcriptional 

regulatory mechanism of gene expression (Kedersha et al., 2005). RNA granules can be 

classified according to their specific components and functions (Anderson & Kedersha, 2006). 

Stress granules (SG) are ribonucleic protein complex containing stalled translation initiation 

complexes, initiation factors, small subunit of ribosome, and mRNA (Anderson and Kedersha, 

2009; Panas et al., 2016), where a temporal pause of mRNA translation occurs. SG formation 

can be induced artificially by external stresses such as UV radiation/light, oxidative stress, 

peroxide, hypoxia, or heat (Anderson and Kedersha, 2009, 2006). In plants, two nuclear proteins 

called oligouridylate-binding protein 1b (UBP1b) and RNA-binding protein 47b (RBP47b) are 

assigned as plant SG markers (Weber et al., 2008) and are both orthologous to TIA-1 and TIA-1-

like proteins of mammalian cells (Lambermon et al., 2000; Lorkovic et al., 2000). These proteins 

contain a prion-like domain at their amino terminal end, and three RNA recognition domains 

arranged in tandem (Weber et al., 2008). Another cytoplasmic RNA granule found in plants is the 

processing body (PB) where the mRNA decapping occurs. The PB is composed mainly of 
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decapping protein 1 (DCP1), DCP2, DCP5, and Varicose (Weber et al., 2008, Xu et al., 2006). In 

contrast to SGs, the presence of PBs in the cytoplasm is constitutive, although their number can 

vary upon different stimulus, as reported in plant protoplasts (Weber et al., 2008), revealing their 

critical role in cytoplasmic RNA homeostasis (Xu et al., 2006). 

Viruses are obligatory intracellular parasites and completely depend on host translational 

machinery to produce viral proteins. Considering that SGs play a critical role in cellular translation 

regulation, it was proposed that virus infections in eukaryotic cells may affect SG dynamics and 

vice-versa. Indeed, it was shown that SG formation is induced during mammalian virus infections, 

which has been associated with an antiviral effect (Beckham and Parker, 2008; Lloyd, 2012). 

There are also reports describing some mammalian viruses that have evolved strategies to 

overcome the cellular stress response (Valiente-Echeverría et al., 2012; Beckham and Parker, 

2008; Montero and Trujillo-Alonso, 2011; White and Lloyd, 2012). For instance, the poliovirus 

genome encodes a protease 3CPro protein that cleaves G3BP-1, a critical component for SG 

formation (White et al., 2007). Also, West Nile virus and dengue virus recruit the SG proteins TIA-

1/R into virus replication sites (Emara and Brinton, 2007), hinting about a mechanism to mitigate 

the cell stress response, although its potential effect on infection was not evaluated. Similarly, 

animal viruses are also capable to modulate the formation of PBs in host cells, that would allow 

continuing the use of critical host factors for own replication (Beckham & Parker, 2008, Montero & 

Trujillo-Alonso, 2011, White & Lloyd, 2012). In contrast, there are only few studies reporting the 

interaction between plant virus and RNA granules (Conti et al., 2017; Hafrén et al., 2015; Krapp 

et al., 2017). For example, a conserved plant SG component was shown to interact with the 

nuclear shuttle protein from nanovirus pea necrotic yellow dwarf virus and geminivirus abutilon 

mosaic virus (Krapp et al., 2017; Mäkinen et al., 2017).  

Potato virus X (PVX) is the type member of the genus potexvirus and has a monopartite genome 

composed of a single, positive strand 6.4 kb genomic RNA (gRNA) encoding five open reading 
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frames (ORFs). The replication of PVX consists in the synthesis of both strands of gRNA and 

subgenomic RNAs (Price, 1992), and the positive-strand RNAs have a 5´ Cap (Sonenberg et al., 

1978) and a 3’ poly-A tail (Price, 1993). In Nicotiana benthamiana, PVX produces local and 

systemic infection and the typical symptoms are concentric chlorosis, vascular clearing or mottled 

chlorosis.  

There is a generally accepted idea that viruses could have co-evolved counter-defense 

mechanisms to overcome the adverse cellular context provoked by the cell stress response 

mediated by RNA granules (Valiente-Echeverria et al., 2012). However, this remains unexplored 

in plants under virus infection. Here, we evaluated the interplay between PVX and RNA granules 

assembly. 

 

2. MATERIALS AND METHODS  

2.1. DNA constructs 

The cDNA of GFP:AtUBP1b was subcloned from the plasmid pRTdS GFP kindly obtained from 

Dr. Fauth (Goethe-Universität Frankfurt, Germany) into the destination vector pK7WG2DΔGFP, 

kindly provided by Dr. Zelada (IBBEA, CONICET-UBA, Argentina). Similarly, RFP:RBP47b 

(At1g19130) was from Dr. Fauth (Goethe-Universität Frankfurt, Germany). AtUBP1b coding 

sequence was also subcloned into the vector pK7RWG2, kindly provided by the Department of 

Plant Systems Biology at the VIB-Ghent University, to produce RFP:AtUBP1b fusion.  PVX-GFP 

infective clone and TGBp1:mCherry was kindly provided by Dr. MacFarlane and Dr. Tilsner (The 

James Hutton Institute, Dundee, Scotland UK). The AtUBP1b mutant (His:AtUBP1brrm) 

constructs was kindly provided by Dr. Mäkinen (Hafrén et al., 2015) and Dr. Fauth. The PB´s 

marker AtDCP1:RFP fusion was kindly obtained from Dr. Gagliardi (Sement et al., 2013). RFPer 

was kindly provided by Dr. Nelson (Nelson et al., 2007). 
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2.2. Plant growth conditions and agroinfiltration 

Nicotiana benthamiana plants were grown in a growth chamber with 16 h daylight and 8 h of dark 

at a constant temperature (24°C) for 4-6 weeks. Transient expression in N. benthamiana was 

performed by agroinfiltration. At 48 h post-agroinfiltration, leaf disks were excised and observed 

by confocal or epifluorescence microscopy. Hypoxia treatment consisted of vacuum infiltration 

with distilled water and then sealed with synthetic enamel. Cicloheximide treatment (100 µg/ml) 

was performed according to Weber et al., 2008. 

2.3. PVX inoculation 

PVX inoculum obtained from PVX-infected leaf sap resuspended in phosphate buffer 0.1 M was 

applied directly on top of the leaf and inoculated mechanically by soft rubbing. Alternatively, 

Agrobacterium cultures carrying the PVX-GFP or PVX infectious clones were infiltrated into the 

abaxial side of leaves. For the early phase infection experiment, Agrobacterium cultures carrying 

the PVX clone at the optical density (OD600nm)= 0.2 was agroinfiltrated, a condition that all cells 

became evenly infected. For RNA granules counting, the 5 days post-infected (dpi) leaves were 

infiltrated with Agrobacterium cultures carrying SG or PB marker. Also, Agrobacterium cultures of 

PVX-GFP (OD600nm = 10-5) and mRFP, RFP:AtUBP1b, His:AtUBP1brrm, or AtDCP1:RFP 

(OD600nm = 0.1), were infiltrated in the abaxial side of the leaf.  

2.4. Confocal microscopy 

CLSM was performed using Leica SP5 confocal microscope with a HCX PL APO CS 63.0x1.4 Oil 

UV objective lens in sequential mode using the LAS AF version 211 2.2.1 4842 software. Images 

stacks were processed with Image J software. Alternatively, images were acquired with an LSM 

710 Axio Observer inverted microscope (ZEISS). Data acquisition was controlled by Zen Blue 

2011 software (ZEISS) and the images were processed with Zen Black 2011 software (ZEISS). 

Cells were imaged with a 40X water objective (Plan-Apochromat 1.20W M27). 
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2.5. Western blot 

Leaf protein extracts were analyzed in SDS–polyacrylamide gel electrophoresis (PAGE) and 

transferred to nitrocellulose membrane (Amersham™ Hybond ECL). GFP protein was detected 

with an anti-GFP polyclonal antibody (ab290; Abcam Ltd Cambridge, UK). Alkaline phosphatase-

conjugated goat anti-rabbit antibody (BioRad, CA, USA) followed by BCIP/NBT detection. Band 

intensities of GFP were quantified using Image J software normalizing to RFP control bands from 

the half leaf of each plant. The band intensities were also normalized with the bands of ribulose 1, 

5- bisphosphate carboxylase/oxygenase large subunit (rbcl, 55kDa – Ponceau staining) to 

estimate total protein loads. 

2.6. Statistical analyses. 

For quantitative analyses, SGs and PBs were eye counted on the maximum projection of each 

stack and expressed as a number of granules/cell. Infected or uninfected cells expressing the 

markers were used for counting manually from at least two independent experiments 

(Supplemental Table S1). Box & Whiskers with 90-10 percentiles were plotted for each treatment 

and ANOVA analysis was performed. Calculations were done with the GraphPad Prism version 

5.00 software (p-value = 0.0001). SS = sum of squares; df = degrees of freedom; MS = mean 

square. Also, multiple comparison analyses of SG formation frequencies between different 

treatments were performed by a Tukey’s Multiple Comparison Test, using the data shown in 

Supplemental Table S1. For halo measurements, an analysis was performed using the Kruskal–

Wallis followed with Dunn’s contrasts method (Supplemental table S5) with the data shown in 

Supplemental table S4. 

2.7. qRT-PCR  

SYBR® Green was used for PCR mixes. All reactions were run in triplicate for each sample at 

CFX96 Touch Real-Time PCR Detection system (Bio-Rad, Hercules, CA, USA). The primers for 
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gPVX correspond to CP ORF. Values were relativized to that for actin or PP2A Protein 

phosphatase 2A (At1g13320). Averages of three independent reactions ± standard deviations 

(s.d) were determined. The relative expression level was calculated using the 2-ΔCT and fold 

determined by using 2-ΔΔCT method. 

3. RESULTS 

3.1. Dynamic SG formation in N. benthamiana cells under hypoxia stress 

The Arabidopsis UBP1b (AtUBP1b) is considered a plant SG marker (Weber et al., 2008) and 

GFP:AtUBP1b translational fusion expression in N. benthamiana cells revealed a strong signal 

mainly in the nucleus and to a lesser extent in the cytoplasm (Fig. S1Ai). Thirty minutes of 

hypoxia condition was enough to induce granule-like structures in the cytoplasm, showing an 

increase in size, number, and motility over time. This time-frame was similar with those reported 

for SGs in protoplasts (Weber et al., 2008) or AtUBP1c fusion protein in plants under hypoxia 

(Sorenson and Bailey-Serres, 2014). Similar results were observed with another SG marker 

RFP:RBP47b (Fig. S1B). To further confirm the identity of these dynamic granules as SGs under 

hypoxia, the GFP:AtUBP1b expressing leaves were pre-treated with cycloheximide, which 

significantly inhibited the formation of SGs in the cytoplasm, as previously reported (Weber et al., 

2008) (Fig. S1Aii). 

3.2. PVX infection of N. benthamiana triggers re-localization of SGs marker into larger 

aggregates  

Animal virus-induced SGs are often dynamic and they may be present for a short period at some 

specific stage of infection. To evaluate whether PVX induces SG assembly, a time-course of SG 

formation was monitored during an earlier phase of PVX infection. To this end, GFP:AtUBP1b 

was expressed at 24 h previous to PVX inoculation and the SG formation checked by microscopy 

at 7, 12, 18, 24 and 48 hours (h) post-inoculation. As shown in the Fig. 1A, only very few SGs 
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were observed, even at 24 and 48 h when virus multiplication is higher (Fig. 1B). When the non-

infected control was evaluated and compared, no significant difference in the SGs formation was 

observed (data not shown), indicating that SGs are not induced during early stages of PVX 

infection. 

We also studied the SG dynamics when PVX infection was established. For this, PVX was first 

inoculated onto N. benthamiana leaf either by mechanical inoculation with sap from a fully 

infected leaf or agroinfiltration of infective PVX clone, allowing full local infection at 5 days post-

inoculation (dpi). A day before, at 4 dpi, RFP:AtUBP1b was expressed on the infected leaf by 

agroinfiltration. As shown in Fig 2Aiii, PVX did not induce the SG formation at 5 dpi, similarly to 

the earlier infection stages. However, few large aggregates/clusters labeled with RFP:AtUBP1b 

were consistently observed in infected cells. These large aggregates were distinct in frequency, 

sizes, and shapes among them, and differ from those observed under stress (Sorenson et al. 

2014), and therefore were not considered as SGs. Similar results were observed using RBP47b 

as a SG marker (Fig. S1B). Therefore, we conclude that PVX infection does not induce SG 

formation, but rather re-localizes SGs proteins into large aggregates. 

3.3. PVX infection affects negatively SG formation 

In view that PVX did not induce the SG formation, we applied hypoxia stress on AtUBP1b 

expressing leaves, and observed the effect of the PVX infection on the SG formation. Firstly, in 

uninfected cells, upon hypoxia stress, RFP:AtUBP1b was observed in the nucleus (N), cytoplasm 

and located into SGs (Fig. 2Aii upper row, Fig. S1). These SGs were highly mobile as depicted in 

the color-frame stack on Fig. 2Aii lower row (see also Supplemental videos). In response to PVX 

infection, RFP:AtUBP1b located in the nucleus, cytoplasm and immobile large aggregates often 

in proximity to the nucleus (Fig. 2Aiii). Furthermore, immobile fewer SGs were also visualized with 

hypoxia (Fig. 2Aiv and 2B, supplemental video S8). These results indicated that PVX inhibits SG 
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formation normally induced by abiotic stress and reduces intracellular motility of the few small 

SGs. 

3.4. AtUBP1 is recruited into PVX X-bodies 

Regarding the large aggregates of RFP:AtUBP1 observed in PVX-infected cells (Fig. 2Aiii, iv), we 

wondered if these clusters would resemble those cytoplasmic inclusion bodies induced by plant 

virus, called X-body for PVX, associated with the viral replication complex of infected cells (Cruz 

et al., 1998; Davies et al., 1993; Kozar and Sheludko, 1969; Stols et al., 1970; Tilsner et al., 

2012). It was previously reported that PVX encoded TGBp1 is responsible for the cytoskeleton 

and ER rearrangement into the formation of X-body, which contains the rest of PVX proteins and 

viral RNAs (vRNAs). Notably, TGBp1 expression alone is also able to build a similar inclusion 

body, called pseudo-X-body, consisting of a large aggregate of TGBp1, actin, and ER (Tilsner et 

al., 2012).  

To evaluate whether the observed inhibition of SGs and the formation of large clusters of 

AtUBP1b in infected cells were linked to the presence of virus-induced inclusion bodies, we 

assessed the effect of TGBp1:mCherry co-expression during SGs formation under the same 

conditions. We found clusters of SG-like granules and GFP:AtUBP1b aggregates very close 

toTGBp1:mCherry labelled inclusion bodies (Fig. 3A). Furthermore, the GFP:AtUBP1b cluster 

was also observed next to the X-body in infected cells revealed by TGBp1:mCherry (Fig. 3B) or 

ER maker RFPer (Fig. S2). These results were unexpected since none of the X-body (or pseudo 

X-body) components, such as ER, were previously reported to interact with SGs nor AtUBP1b, 

and suggest that the SG component AtUBP1b is recruited into the proximity of PVX viral 

replication complex (or inclusion body) indirectly. 

The presence of inclusion body not only affected AtUBP1b subcellular localization but also 

lowered the frequency of SGs compared to cells expressing GFP:AtUBP1b alone in the same 
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condition, showing the similar inhibitory effect observed in PVX infected cells, although to a lesser 

extent (Fig. 2B). These results further support that PVX has an impact on the dynamics of SGs, 

and this is probably mediated by endomembrane and cytoskeleton alterations during the 

assembly of inclusion body. 

3.5. AtUBP1b affects PVX infection 

To further investigate the interplay between PVX and SGs, we evaluated the potential effects of 

AtUBP1b over-expression during the onset of PVX infection. For this, RFP:AtUBP1b expressing 

Agrobacterium was infiltrated on the half leaf (OD600nm=0.1). As a control, instead RFP:AtUBP1b, 

free mRFP (monomeric red fluorescent protein) was also infiltrated on the other half of the same 

leaf. After 24 h, a diluted culture (OD600nm = 10-5) of Agrobacterium carrying PVX-GFP viral vector 

was infiltrated on the same leaf to obtain isolated GFP spots in order to visualize the spread of 

the PVX-infection, later by measuring the size of GFP fluorescent foci at 5 dpi. As shown in 

Figure 4, the area of infection foci in RFP:AtUBP1-infected half leaf was significantly smaller 

compared to the corresponding half leaf expressing the control mRFP.  

To determine whether the size reduction of the GFP foci was a consequence of decreased virus 

replication in the presence of AtUBP1b, vRNAs accumulation was titered using RT-qPCR in 

parallel samples. In RFP:AtUBP1b infiltrated half leaves, no significant difference of vRNA 

accumulation was found compared to mRFP controls (Fig. 4C and S6), although GFP protein 

level estimated by immunoblot showed a reduced GFP accumulation in RFP:AtUBP1b half leaves 

compared with mRFP controls (Fig. 4D). 

To further confirm the negative effect of AtUBP1b during PVX infection, we assessed the impact 

of a dominant negative mutant version of AtUBP1b protein expression, AtUBP1brrm, which can 

supress the action of the endogenous pool of UBP1b and the formation of basal SGs (Weber et 

al., 2008, Hafrén et al., 2015). We found a significant larger size of PVX-GFP spots in 
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AtUBP1brrm-expressing leaves than those expressing the controls mRFP or AtUBP1b (Fig 4A 

and B). Accordingly, higher accumulation of GFP was determined in AtUBP1brrm-expressing 

leaves compared with mRFP controls or AtUBP1b expressing leaves (Fig. 4D). Notably, the 

vRNAs levels in AtUBP1brrm-expressing leaves also showed a slight increase compared with 

mRFP, but significantly higher compared to RFP:AtUBP1b infiltrated leaves (Fig. 4C and S6). 

These results indicated that SGs have an impact during the onset of the PVX infection, likely 

involving the UBP1 protein. 

3.6. PVX infection induces PBs formation 

In view of our results with SG, we wondered if PVX could also affect the PB formation. For this 

purpose, we used AtDCP1:RFP fusion protein as PB marker in transient expression in healthy 

and PVX-GFP-infected N. benthamiana plants. First, we observed the constitutive presence of 30 

to 250 PBs per cell when AtDCP1:RFP fusion protein was expressed (Fig. 5Ai). In PVX-GFP 

infected cells, a small but significant increment of the PB frequencies was consistently observed 

(Fig. 5B). In contrast to SGs, the intracellular motility of PBs was not affected in infected cells 

(Fig. S4 and supplemental video S4). 

Since the abiotic stress could affect the response against the virus, we also repeated the 

experiment under hypoxia. As shown in Fig. 5B and Fig. S4, no changes in PB frequency was 

observed, indicating PBs formation does not respond to hypoxia treatment. Similarly, we 

evaluated if PVX infection is inhibited by AtDCP1 over-expression. Contrary to the effects 

observed with AtUBP1b and AtUBP1brrm overexpression, no significant differences in the foci 

size between the half leaf expressing free mRFP controls and AtDCP1:RFP were observed (Fig. 

5C). Altogether, our results indicate that PVX induces the PB formation, but AtDCP1 

overexpression has no effect on PVX spreading. 
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4. DISCUSSION 

Here we investigated the effect of PVX on the formation of RNA granules in N. benthamiana. We 

determined that PVX infection does not induce the formation of SGs. In addition, we found that 

the formation of SGs was inhibited in infected cells and the SG component AtUBP1b levels had 

an impact during the establishment of PVX-GFP infection. Moreover, we found an intriguing 

reduced movement of a few remaining SGs in PVX infected cells, together with the presence of 

large structures labelled with RFP:AtUBP1b. Microscopy images revealed that those large 

structures were closely associated with viral-induced X-bodies.  

To explain this phenomenon, we reasoned that during the formation of the X-body in which the 

intracellular disorganization of cytoskeleton and ER takes place, it might also alter the intracellular 

movement of SGs, inhibiting their assembly. That is the case in animal cells, in which the 

pharmacological activation of 5'-AMP-activated protein kinase involved during stress sensing, 

produces a loss of histone deacetylase 6 accompanied by increased acetylation of α-tubulin, 

which in turns induce SGs but inhibiting the formation of larger SGs (Mahboubi et al., 2016). 

Consequently, the change in microtubule could limit SGs movement and fusion into larger 

granules. In addition, ER integrity would be also critical for SGs assembly, as suggested by a 

fewer SGs formation observed in animal cell with a reduced level of the TRAnsport Protein 

Particle (TRAPP) complex, which controls ER-to-Golgi trafficking during the secretory pathway 

(Zappa et al., 2019). In agreement, the pseudo-X-body formation that modifies endomembrane 

and cytoskeleton organization also reduces SG formation by inducing large RFP:AtUBP1b 

clusters at the pseudo-X-body.  

The SGs motility was previously described to be mainly dependent on microtubules (Bartoli et al., 

2011; Ivanov et al., 2003). A preliminary experiment using TUA:GFP expressing transgenic N. 

benthamiana infecting with PVX showed, likewise in healthy plants, cells with the microtubule 
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fishnet-like structure labeled with TUA:GFP. However, intense TUA:GFP regions were 

consistently visible at the periphery of the infected cells (Supplemental Figure S5). Altogether, we 

propose PVX mediated modification of the cellular cytoskeleton as a potential SGs assembly 

inhibition mechanism that affects SGs motility in infected cells. 

To further support the interplay between SGs and PVX, we also found that the overexpression of 

AtUBP1b reduces the expression of GFP from PVX-GFP (determined by measuring the GFP foci 

and protein level) accompanying with a slight decrease in the accumulation of vRNAs. This 

suggests that an increased level of AtUBP1b has a negative effect during virus replication and/or 

translation. Indeed, the PVX-GFP spreading was enhanced (with increased accumulation of GFP) 

by expressing a dominant negative mutant AtUBP1brrm, which impairs the action of endogenous 

UBP1b protein, supporting again that SGs level has an effect during PVX infection. Therefore, we 

propose a model in which the excess of AtUBP1b through its RNA binding domains would inhibit 

vRNAs translation and alternatively, AtUBP1brrm would prevent the interaction of endogenous 

UBP1 with vRNAs and consequently enhance the virus translation. Nevertheless, further 

experiments will be required to determine the mechanisms involved during the interplay between 

PVX and SGs. 

In a previous report, Ma et al., (2015) linked the accumulation of capped vRNAs with the 

increasing aggregation of PBs during the plant recovery from TRV infection. The PVX genome 

and its sub-genomic RNAs contain 5´Cap, therefore we can speculate that the observed PB 

formation is the result of the accumulation of these capped vRNAs, as a defense mechanism. 

In summary, PVX affects differentially cytoplasmic RNA granules formation and dynamics, which 

can be associated with the virus mechanism to achieve a successful infection. 

 

5. CONCLUSION 
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Our results hint at an interplay between PVX and cytoplasmic RNA granules dynamics. We 

propose that PVX would have evolved a SG formation inhibitory mechanism to counteract the 

plant stress response to allow an efficient infection, similar to what has been described for the 

animal virus. Our results give an insight into a potential virus adaptation to plant stress response. 
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Figure Legends. 

Figure 1. Effect of PVX infection at early phase on SG formation. A) SG marker 

GFP:AtUBP1b expressing cells were infected with PVX and then samples were taken at 7, 12, 

18, 24 and 48 h (T) post inoculation to evaluate SG formation. Bar=30 µm. B) PVX infection 

progress was determined by RT-PCR. Upper gel corresponds to PVX CP specific primers. Bands 

are visible in lanes 4 and 5. Lower gel corresponds to control actin primers. Lanes: 1 to 5 

correspond to T7, T12, T18, T24, and T48.  
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Figure 2. Effect of PVX infection at established late phase on SG formation. A) Upper row: i 

and ii are representative images of RFP:AtUBP1b expressed in the healthy cells, i: No hypoxia 

(t= 0 min) and ii: Hypoxia (t= 30 min) showing many SGs. Panels iii and iv are representative 

images of RFP:AtUBP1b expressed in the PVX infected cells, iii: No hypoxia (t= 0 min) and iv: 

Hypoxia (t= 30 min) with very few SGs. “N” indicates nucleus and “*” RFP:AtUBP1b cluster in 

panel iv. Bar=30 µm. Lower row: the relative motility of SGs determined from equivalent 

conditions described for i to iv, showing a color scale corresponding to each SG tracking obtained 

from the images of the videos (Supplemental materials). The white dots shown in panel iv 

indicates no movement of SGs. In contrast, colored tracking lines in panel ii indicate SGs 

movement. Bar=5 µm. B) Counting of SG/cell represented by the box plots chart. A comparative 

distribution of number of SG/cell corresponding to the conditions described in panels i to iv are 

shown from 2 representative experiments (see also supplemental tables). Hypoxia treated 

samples are indicated with shaded box. In addition, the SG/cell is charted from the co-expression 

of RFP:AtUBP1b and TGBp1:mCherry (hypoxia, t=30 min) experiments. * represents statistically 

significant areas p-value <0.05. 
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Figure 3. Virus induced cytoplasmic inclusion body relocates GFP:AtUBP1. A) A pseudo X-

body revealed with TGBp1:mCherry and GFP:AtUBP1b in N. benthamiana healthy cell, under 

hypoxia stress. A cell contour was marked with white dot line in merge panel. Fibrous structures 

of TGBp1:mCherry seems to be entangling GFP:AtUBP1 and SGs-like granules. Bar=10 µm. B) 

Details of GFP:AtUBP1b cluster and some SGs-like granules in close proximity with X-body 

labelled by TGBp1:mCherry in PVX infected cell under hypoxia. Bar=5 µm. 
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Figure 4. Effects of AtUBP1b during onset of PVX-GFP infection. A) Representative image of 

GFP foci in PVX-GFP infected N. benthamiana leaf expressing AtUBP1b, AtUBP1brrm, or mRFP 

at 5 dpi. B) Size distribution of PVX-GFP infection foci represented by box plot chart. ANOVA 

followed by Tukey comparison test were performed on values shown in the supplemental tables 

S4 and S5 (* p-value <0.05). C) Real-time RT-qPCR of PVX vRNAs. Relative expression levels of 

vRNAs CP in mRFP, AtUBP1b, or AtUBP1brrm expressing half leaves, using the actin gene as 

housekeeping. ANOVA followed by Tukey comparison test were performed (**p-value < 0.05). D) 

Protein extracts from the same leaves used for RT-qPCR analyses were evaluated by Western 

blot to estimate GFP expressed by PVX-GFP (upper blot). Red Ponceau staining (lower blot). 

Band intensities of GFP (GFP band int.) were obtained using Image J software by normalizing to 

the intensities of RFP control bands and Red Ponceau. Horizontal lines on the top of the blot 

indicate individual leaves from 6 different plants, while each lane corresponds to half of the leaf.  
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Figure 5. Effect of PVX infection on PB formation. A) Representative images of AtDCP1:RFP 

expressed in the healthy cells, i: No hypoxia (t= 0 min) and ii: Hypoxia (t= 30 min), and iii and iv 

are representative images of AtDCP1:RFP expressed in the PVX infected cells, iii: No hypoxia (t= 

0 min) and iv: Hypoxia (t= 30 min) leaves at 5 dpi. Bar: 30 µm. B) The counting of PB number/cell 

representing the box plots chart. A comparative distribution of PB numbers is shown from 2 

representative experiments (see also supplemental table S7). Hypoxia treated samples are 

indicated with shaded box. C) Boxes: size distribution of PVX-GFP infection foci in PVX-GFP 

infected N. benthamiana leaf expressing AtDCP1:RFP or mRFP at 5 dpi. ANOVA followed by 

Tukey comparison test were performed on values shown in the supplemental tables S4 and S6 

(*p-value < 0.05). 
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