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Abstract 
Viral infections impose extraordinary RNA stress, triggering cellular RNA surveillance pathways such as RNA decapping, 
nonsense-mediated decay, and RNA silencing. Viruses need to maneuver among these pathways to establish infection and 
succeed in producing high amounts of viral proteins. Processing bodies (PBs) are integral to RNA triage in eukaryotic cells, 
with several distinct RNA quality control pathways converging for selective RNA regulation. In this study, we investigated 
the role of Arabidopsis thaliana PBs during Cauliflower mosaic virus (CaMV) infection. We found that several PB compo-
nents are co-opted into viral factories that support virus multiplication. This pro-viral role was not associated with RNA 
decay pathways but instead, we established that PB components are helpers in viral RNA translation. While CaMV is 
normally resilient to RNA silencing, dysfunctions in PB components expose the virus to this pathway, which is similar to 
previous observations for transgenes. Transgenes, however, undergo RNA quality control-dependent RNA degradation and 
transcriptional silencing, whereas CaMV RNA remains stable but becomes translationally repressed through decreased ribo-
some association, revealing a unique dependence among PBs, RNA silencing, and translational repression. Together, our 
study shows that PB components are co-opted by the virus to maintain efficient translation, a mechanism not associated 
with canonical PB functions. 

Introduction 
Eukaryotic gene expression is tightly regulated from RNA several studies have revealed extensive uncoupling between 
transcription to translation and decay. The importance of transcriptomes and translatomes (Branco-Price et al., 2005; 
posttranscriptional control, especially during stress-induced Tebaldi et al., 2012; Liu et al., 2013; Zid and O’Shea, 2014; Xu 
cellular reprogramming, is becoming increasingly evident, as et al., 2017). 
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IN A NUTSHELL 
Background: Viruses are unique in their ability to reuse and recycle host proteins and other components for 
their own benefit. Cauliflower mosaic virus (CaMV) forms special structures inside the host cells known as viral 
factories (VFs) to facilitate efficient replication and escape defense. VFs consist of viral proteins, as well as par-
ticles and nucleic acids, but also numerous host proteins and ribosomes that are co-opted into these structures. 
Building on knowledge from the animal field, RNA granules, including stress granules and processing bodies 
(PBs), are at the forefront of viral disease regulation. Several granule-localized proteins directly interact and influ-
ence virus replication. 

Question: We investigated the role of PB components in CaMV infection. We wanted to elucidate the interplay 
from two sides: What is the effect of CaMV infection on the localization and abundance of PB components, but 
also how do these proteins influence CaMV replication and especially viral protein production? 

Findings: Decapping proteins DCP5 and LSM1 localize to VFs during CaMV infection. CaMV DNA and protein 
accumulation, but not RNA levels, are reduced in Arabidopsis dcp5 and lsm1 mutants. We found that viral RNA 
is not a target of LSM1-mediated decapping and that RNA stability is not affected in either mutant. We exam-
ined dcp5 and lsm1 single mutants as well as double mutants with RNA-dependent RNA polymerase 6 (rdr6), 
finding that less viral RNA was associated with ribosomes in the single but not double mutants. Thus, PB pro-
teins help the virus evade translational repression by RDR6. 

Next steps: We do not yet know how RDR6 mediates translational repression of viral RNA in the absence of 
DCP5 or LSM1. Elucidating the exact mechanism and which roles the VF and viral proteins play in this interac-
tion will help further our understanding of plant virus infections. 

Due to the high energy cost and possible detrimental 
effects of uncontrolled protein translation, eukaryotic cells 
have evolved a network of pathways to govern and regulate 
mRNA translation, including the “mRNA cycle” (Buchan and 
Parker, 2009). Here, cytoplasmic mRNAs are channeled be-
tween ribosomes and phase-separated cytoplasmic ribonu-
cleoprotein (RNP) complexes, the RNA granules, in a triage 
between translation, nontranslating storage, and degrada-
tion. Several types of RNA granules have been identified and 
defined by their core protein constituents (Chantarachot 
and Bailey-Serres, 2018; Xing et al., 2020). The mRNA cycle 
involves two major types of RNA granules, processing bodies 
(PBs) and stress granules (SGs). RNAs are thought to shuffle 
between active translation at ribosomes and translationally 
repressed states at SGs (Buchan and Parker, 2009). In con-
trast, the localization of RNAs to PBs is mainly associated 
with RNA degradation owing to the absence of translation 
initiation factors and the highly conserved PB core compo-
nents involved in RNA nonsense-mediated decay (NMD), 
miRNA-targeted gene silencing, deadenylation, and decapp-
ing (Anderson and Kedersha, 2009). Yet, while PB proteins 
can facilitate translational repression (Xu and Chua, 2009), 
recent studies have shown that PB-associated mRNAs can 
be stabilized and return to translation, expanding the multi-
functionality of these RNA granules (Hubstenberger et al., 
2017; Wang et al., 2018; Jang et al., 2019). 

One hallmark of PBs is the accumulation of proteins re-
quired for mRNA decapping. This process involves the re-
moval of the 7-methyl-guanosine 50-diphosphate (cap) and 
is essential for subsequent 50- to  30-end mRNA degradation. 
In Arabidopsis thaliana (Arabidopsis), decapping is carried 

out by the nudix hydrolase DECAPPING2 (DCP2) and its co-
factors DCP1 and VARICOSE (VCS; Xu et al., 2006). Several 
proteins function in decapping activation and PB assembly, 
including DCP5 and the SM-like (LSM) 1–7 complex (Xu 
and Chua, 2009; Perea-Resa et al., 2012). Uncapped RNAs 
are degraded by the cytoplasmic EXORIBONUCLEASE 4 
(XRN4), which was also shown to accumulate in PBs (Souret 
et al., 2004; Yu et al., 2019). The decapping machinery is one 
part of the extensive RNA surveillance network present in 
PBs and is tightly connected to NMD (Chicois et al., 2018). 
NMD is governed by the surveillance protein UP 
FRAMESHIFT1 (UPF1), which in combination with other fac-
tors monitors RNAs for insufficient translation termination 
or the presence of exon junction complexes in the 30-
untranslated region (UTR) and subsequently induces their 
degradation. Interestingly, UPF1 not only associates with PBs 
but was also found to co-localize and shuffle between an-
other class of cytoplasmic RNP granules, the small interfering 
(si)RNA bodies (Moreno et al., 2013). siRNA bodies are 
condensates of RNA-DEPENDENT POLYMERASE6 (RDR6), 
SUPRESSOR OF GENE SILENCING3 (SGS3), and ARGONAUTE7, 
as well as other posttranscriptional gene silencing (PTGS) factors 
(Jouannet et al.,  2012). These bodies can localize adjacent to PBs 
and are proposed to store translationally repressed RNAs to tri-
age them between PBs and RDR6-dependent PTGS, potentially 
through their interactions with UPF1 (Jouannet et al.,  2012; 
Moreno et al., 2013). 

Apart from their physical association, several connections 
and a tight inter-dependence of the RNA quality control 
(RQC) machinery and PTGS have been discovered in plants 
(Liu and Chen, 2016). An initial observation was the 
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susceptibility of transgenes to suppression by RNA silencing 
in Arabidopsis dcp2 mutants (Thran et al., 2012). 
Subsequently, decapping mutants were found to accumulate 
novel classes of endogenous siRNAs that arose through the 
cytoplasmic RDR6 pathway (Martinez de Alba et al., 2015). 
In line with the central role of RDR6 in this process, its 
knockout rescued the seedling lethality in the severe 
decapping mutants vcs6 and dcp2 (Martinez de Alba et al., 
2015). The fact that major cytoplasmic RQC pathways and 
PTGS converge in PBs (Chantarachot and Bailey-Serres, 
2018) makes these RNA granules prime targets for virus re-
sistance and manipulation by viruses. 

Viruses challenge the RQC and PTGS machineries through 
their massive production of RNAs during replication, and 
the targeting of viral RNAs by RNA silencing is one of the 
major defense pathway plants employ against viruses. In 
turn, viruses have frequently evolved RNA silencing suppres-
sors to overcome this silencing (Csorba et al., 2015). The 
roles of PBs during plant viral infections are currently not 
well understood, but initial findings suggest that some vi-
ruses may benefit from PBs or their components via reduced 
targeting by antiviral RNA silencing (Hafren et al., 2015; Ye 
et al., 2015). 

In this study, we investigated the roles of PBs and decapp-
ing components in viral infection using the pararetrovirus 
Cauliflower mosaic virus (CaMV; family Caulimoviridae) and  
the model plant Arabidopsis. CaMV is a double-stranded 
DNA virus that harbors seven open-reading frames in two 
mRNAs transcribed from two promotors (19s and 35s). 
While 35s RNA encodes all viral proteins, 19s RNA only enc-
odes the viral transactivator protein P6. P6 is a highly abun-
dant, essential protein that assembles in large cytoplasmic 
aggregates termed viral factories (VFs) that are the site of vi-
ral translation, reverse transcription, and particle packaging 
(Schoelz and Leisner, 2017). We show that at least three 
hallmark proteins of PBs are targeted to the VFs of CaMV 
and that these proteins are important for virus accumula-
tion. We demonstrate that PBs serve a pro-viral role during 
CaMV infection by alleviating translational repression 
through RNA silencing. 

Results 
PB components re-localize during CaMV infection 
To visualize PB dynamics during CaMV infection, we used 
marker lines expressing GFP-tagged canonical PB proteins 
(DCP1pro:DCP1-GFP, UBQ10pro:DCP5-GFP, UBQ10pro:LSM 
1a-GFP, and VCSpro:GFP-VCS) (Motomura et al., 2012; Roux 
et al., 2015; Chicois et al., 2018). Under mock conditions, the 
markers showed a cytoplasmic distribution with varying 
degrees of condensation into droplet-like foci (Figure 1A). 
LSM1a–GFP fusion protein accumulated evenly in the cyto-
plasm, with no visible PB assembly, while GFP-VCS and 
DCP5-GFP were both present in foci and soluble, and DCP1-
GFP mainly assembled in foci. These localization patterns 
were similar to those described previously (Motomura et al., 
2015; Roux et al., 2015; Perea-Resa et al., 2016; Chicois et al., 

Figure 1 CaMV infection induces PB protein re-localization. A, 
Localization of four canonical PB markers under control conditions, af-
ter HS, and 21 dpi with CaMV strains CM1841 and Cabb B-JI. The rep-
resentative images are composed of confocal Z-stacks (Scale 
bars = 10 mm). B, Count of fluorescent foci in 100 mm2 corresponding 
to the treatments in (A). Counts were performed from randomly cho-
sen areas using ImageJ and a custom pipeline. The box represents the 
interquartile range (IQR), the solid lines represent the median, dia-
monds the average. The whiskers extend to a maximum of 1.5� IQR 
beyond the box. C, Size distribution of detected foci corresponding to 
(B). B and D, Values calculated from nine z-stacks of three plants per 
replicate. All experiments were replicated at least 3 times indepen-
dently. D, Relative expression (fold change) of PB components 21 dpi 
compared to mock (dashed line). Values represent means ± standard 
deviation (SD; n = 4) relative to Col-0 plants and normalized to PP2a 
as the internal reference. The experiment was repeated 3 times inde-
pendently. Error bars represent SD. Statistical significance was deter-
mined by Student t test (*P 4 0.05; **P 4 0.01). E, Immunoblot 
analysis of DCP1-GFP and GFP-VCS in systemic leaves of infected 
marker lines. Total proteins were extracted at 21 dpi and probed with 
GFP-antibodies. Ponceau S (PS) staining served as a loading control. 
Numbers indicate average (±SD) of protein abundance from three in-
dependent blots from independent infections quantified with ImageJ. 
Numbers on the side of the blot indicate the molecular weights of fu-
sion proteins (kDa). 
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2018). Before analyzing infection dynamics, we established 
how the markers behaved after heat shock (HS) application 
(Motomura et al., 2015). The number of detectable foci after 
HS increased drastically and was comparable for all markers, 
pointing toward directed co-assembly during stress 
(Figure 1, A and B). This is consistent with earlier findings 
that some PB proteins, including LSM1a, associate with PBs 
only upon stress (Perea-Resa et al., 2016; Guzikowski et al., 
2019). Importantly, this analysis confirmed the functionality 
of the marker lines under our conditions. 

Upon infection with two CaMV strains (CM1841 and 
Cabb B-JI), the PB marker proteins formed two morpho-
logically distinct classes of visible structures in systemic 
leaves 21-day postinfection (dpi; Figure 1A), while free 
GFP localization remained unchanged (Supplemental 
Figure S1B). The number of DCP1-marked foci especially 
increased during Cabb B-JI infection, without any appar-
ent change in morphology (Figure 1, A–C; Supplemental 
Figure S1A). The markers LSM1a, VCS, and DCP5 also ac-
cumulated in small DCP1-like foci upon CaMV infection, 
but most striking was their prominent assembly into 
large, irregularly shaped structures not seen with DCP1 
(Figure 1, A–C; Supplemental Figure S1A). The large struc-
tures were less abundant than the droplets for the three 
markers  and had a  distorted circularity,  which was not  
seen after HS or in the DCP1 marker (Figure 1B; 
Supplemental Figure S1A). We never detected comparable 
structures under either control conditions or after HS 
with any of the markers, while they were found abun-
dantly with both CaMV strains, with slight variations in 
number and size. These structures grew in size and 
decreased in number during the infection time course, in-
dicating their fusion in infected cells (Supplemental Figure 
S1B). To validate the findings and confirm that the same 
structures were indeed marked by different PB markers, 
we established two double marker lines with GFP-VCS/ 
DCP1-RFP and GFP-VCS/LSM1a-RFP. DCP1 and LSM1a 
showed the same localization pattern regardless of which 
fluorescent marker was used. Interestingly, only a fraction 
of DCP1 and VCS co-localized under mock conditions, 
while co-assembly after HS again confirmed the stress-
dependent co-accumulation of PB markers (Supplemental 
Figure S2). During CaMV infection, LSM1a-RFP and GFP-
VCS both marked the same large, irregular structures, 
while DCP1-RFP localized to smaller foci adjacent to VCS 
structures (Supplemental Figure S2). 

The localization of PB components to virus-induced struc-
tures led us to test whether the transcription of these com-
ponents was altered during infection. The transcript levels 
were consistently elevated for DCP1, DCP2, and  more  
strongly for VCS with both CaMV strains, while DCP5 ex-
pression was only induced during Cabb B-JI infection, and 
LSM1a expression was not responsive to either strain 
(Figure 1D). Accordingly, immunoblot analysis confirmed 
that DCP1-GFP and GFP-VCS protein levels increased during 
infection (Figure 1E). In conclusion, CaMV infection causes 

condensation and a drastic re-localization of several PB pro-
teins into large virus-induced structures. 

CaMV sequesters PB components into VFs 
The re-localization of LSM1, VCS, and DCP5 into novel 
structures during CaMV infection, suggested that these 
structures could be virus-induced inclusions. CaMV assem-
bles two types of cytoplasmic inclusions: the spherical trans-
mission bodies that are mainly formed by the viral protein 
P2, and the more irregularly shaped VFs that are mainly 
formed by the viral protein P6 (Martelli and Castellano, 
1971; Espinoza et al., 1991). Heterologous co-expression of 
six CaMV proteins with PB proteins in Nicotiana benthami-
ana showed that viral P6 protein co-localized with DCP1, 
DCP5, and VCS (Supplemental Figure S3). This prompted us 
to investigate co-localization of PB markers with VFs during 
CaMV infection. We used transgenic P6-mRFP expressing PB 
marker lines to investigate the association of DCP1, DCP5, 
LSM1, and VCS with VFs. Under control conditions, P6-
mRFP was mostly soluble in the cytoplasm, with occasional 
foci formation (Supplemental Figure S4). Some, but not all 
these foci co-localized with DCP1, DCP5, and VCS, indicating 
that these proteins already associated in the absence of in-
fection (Supplemental Figure S4, white arrows). During infec-
tion, the P6-mRFP protein assembled to mark the 
characteristic large VFs, which also accumulated DCP5, 
LSM1a, and VCS (Figure 2A). DCP1 foci accumulated around, 
but not within the VFs. 

Translation inhibition through the trapping of ribosomes 
on mRNA by Cycloheximide (CHX) leads to the disassembly 
of canonical PBs (Teixeira et al., 2005; Motomura et al., 
2015). Under our conditions, CHX treatment of the DCP1-
GFP and DCP5-GFP marker line after mock or CaMV infec-
tion confirmed the dissociation of canonical PBs after CHX 
treatment. However, the irregular VFs were still marked by 
DCP5 in CHX-treated samples, albeit at lower signal inten-
sity (Figure 2B). DCP1 bodies disappeared after treatment re-
gardless of viral infection (Figure 2B). These results indicate 
that DCP5 in VFs is dynamically less responsive to depletion 
of the RNA supply from ribosomes than canonical PBs, pos-
sibly owing to VF size or other distinct physicochemical 
properties, including interactions with the VF matrix. 

Disruption of PB functions attenuates CaMV 
infection 
The VFs formed by CaMV P6 protein are electron dense, 
RNA-, and protein-rich structures with essential roles in the 
viral lifecycle (Martelli and Castellano, 1971; Schoelz and 
Leisner, 2017). VFs are proposed to be sites of active viral 
RNA translation, reverse transcription, and packaging of viral 
genomic DNA in particles. Considering the re-localization of 
PB components to viral replication sites, we next investi-
gated the role of PB components in CaMV disease by ana-
lyzing infection phenotypes in mutants affected in PB 
formation. The null mutant lsm1a/b (hereafter referred to as 
lsm1) and knockdown mutant dcp5 were chosen for this 
study, because both mutations cause a reduction in PB 
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Figure 2 Virus-induced PB protein localization in viral factories. A, Co-localization of P6-RFP with GFP-tagged PB markers in transgenic 
Arabidopsis 21 dpi with CaMV strain CM1841. Representative single plane images are shown (Scale bars = 10 mm). The experiments were repli-
cated in independent transformants. B, Distribution of DCP1-GFP and DCP5-GFP marker 21 days after mock or CaMV infection and 1 h after 
200 mM CHX or blank infiltration. Images represent single plane micrographs (Scale bars = 10 mm). DCP1-GFP was imaged with a higher exposure 
to ensure visualization of the soluble fraction. 

formation and PB size, as well as an over-accumulation of 
capped mRNAs (Xu and Chua, 2009; Perea-Resa et al., 2012, 
2016). Importantly, these mutants are not postembryonic le-
thal, in contrast to null mutants of DCP1, DCP2, and  VCS 
(Xu et al., 2006), and grow well enough for virus infection 
experiments. The lsm1 and dcp5 plants showed develop-
mental phenotypes, including slightly delayed germination, 
mild dwarfism, and leaf serrations (Figure 3A). Additionally, 
the null-mutant of the cytoplasmic exonuclease xrn4 was 
used; this mutant is not impaired in PB biogenesis and 
mRNA decapping, but it over-accumulates uncapped RNAs 
(Nagarajan et al., 2019). The xrn4 plants were morphologi-
cally not distinguishable from Col-0 plants under short-day 
conditions but showed the typical serrations under long-day 
conditions. 

Upon infection with CaMV, all mutants showed similar 
levels of stunting, vein bleaching, rosette distortion, and leaf 
wrinkling compared to Col-0 (Figure 3A), with prominent 
symptoms appearing at 12 (Cabb B-JI) or 14 (CM1841) dpi. 
The relative fresh weight of CaMV-infected compared to 
mock-inoculated plants was taken as a measure of disease 
severity. The fresh weight loss was less severe in all three 
mutants compared to Col-0 for the milder CM1841 strain 
and unaltered for Cabb B-JI (Figure 3B). In general, Cabb B-JI 
infection caused stronger but also more variable infection 
phenotypes, possibly masking potential effects of PB disrup-
tion on fresh weight loss. 

To establish viral load in the mutants compared to Col-0, 
we measured viral DNA, RNA, and protein levels. Viral DNA 
accumulation was attenuated for both CaMV strains in lsm1 
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Figure 3 CaMV disease is attenuated in lsm1 and dcp5 mutants. A, Virus-induced symptoms in Col-0, lsm1, dcp5, and xrn4 plants at 21 dpi. 
CM1841 and Cabb B-JI-infected plants are compared to mock-infected plants (Scale bar = 2 cm). B, Relative fresh weight of CaMV-infected com-
pared to mock plants at 21 dpi (n = 30). The box represents the IQR, the solid lines represent the median, diamonds the average. The whiskers ex-
tend to a maximum of 1.5 � IQR beyond the box. Statistical significance was determined by one-way ANOVA coupled with Tukey’s HSD test 
(a = 0.05), letters indicate statistical groups. C, Viral DNA accumulation in systemic leaves of Col-0 and mutant plants at 21 dpi, determined by 
qRT-PCR. Values represent means ± SD (n = 4) relative to Col-0 plants and normalized to 18S ribosomal DNA as the internal reference. D, 35s RNA 
levels of CaMV were determined by qRT-PCR in systemic leaves at 21 dpi. Values represent means ± SD (n = 4) relative to Col-0 plants and normal-
ized to PP2a. E, Immunoblot analysis of CaMV P3, P4, and P6 proteins in the systemic leaves of Col-0, lsm1, dcp5, and xrn4 plants Total proteins 
were extracted at 21 dpi and probed with specific antibodies. Mock-infected plants were used as a control for signal background. Ponceau S (PS) 
staining served as a loading control. F, Accumulation of CaMV P3 and P6 proteins in all genotypes in systemic leaves at 21 dpi quantified by direct 
ELISA. Values represent means ± SD (n = 3) in arbitrary units relative to Col-0 plants (dashed line). Statistical significance was determined by 
Student’s t test for (C, D, and F) (*P 4 0.05; **P 4 0.01). All experiments (A–F) were repeated at least 3 times from independent infections. 

and dcp5, but not in the xrn4 mutant (Figure 3C). In addi- dcp1-3 (Martinez de Alba et al., 2015), but we did not detect 
tion, we analyzed CM1841 DNA levels in heterozygous a defect in viral titer in any of these lines (Supplemental 
plants of the embryo lethal dcp1-1, dcp2-1, and  vcs6 Figure S5). This suggests that dcp1-3 and the heterozygous 
mutants as well as the homozygous knockdown mutant lines are weaker mutants compared to dcp5 and lsm1, as  
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supported by the absence of morphological defects. 
Alternatively, there may be a specific involvement of LSM1 
and DCP5, independent of decapping, but the localization 
of VCS along with these components to VFs would argue 
against this. Viral DNA is produced through reverse tran-
scription of the viral 35s RNA. Interestingly, the levels of 35s 
RNA were only mildly reduced for CM1841 and remained 
unaffected for Cabb B-JI in lsm1 and dcp5 (Figure 3D), sug-
gesting that reduced DNA levels could be caused by defects 
in viral RNA usage in translation or reverse transcription 
rather than RNA production. 

Immunoblot analysis showed that less of the viral inclu-
sion protein P6, the coat protein P4, and the virion-
associated protein P3 accumulated in both lsm1 and dcp5 
compared to Col-0 (Figure 3E). Viral protein accumulation 
in xrn4 differed between the two strains, with CM1841 
showing a mild reduction in P6 and P4 levels, while Cabb B-
JI showed higher levels of P6 and P4. A direct enzyme-linked 
immunosorbent assay (ELISA) confirmed reduced P6 and P3 
accumulation in lsm1 and dcp5 for CM1841 and also Cabb 
B-JI, albeit the effect was weaker (Figure 3F). In combination, 
the impairment of CaMV disease in these mutants indicates 
that PB components play a pro-viral role during CaMV in-
fection. Virus accumulation was impaired in mutants defec-
tive in PB biogenesis and decapping (lsm1 and dcp5), but 
not in exonucleolytic RNA decay (xrn4). Owing to the simi-
larities between the two strains, we continued our subse-
quent analysis with the milder CM1841 strain. 

LSM1 has no major role in viral RNA stability or 
decapping 
The established role of LSM1 and DCP5 in RNA decapping 
and degradation led us to test whether these PB-associated 
factors were acting on viral RNA during infection, as the 
seemingly unaltered viral RNA levels in lsm1 and dcp5 
mutants (Figure 3D) could still be explained by a combina-
tion of reduced transcription and a defect in RNA decay. To 
determine the capping levels of viral RNAs in Col-0 and 
lsm1 plants, we performed an RNA-pulldown experiment 
with cap-specific antibodies (Golisz et al., 2013). We found 
known targets of LSM1-mediated decapping to be more 
abundant in their capped form in the lsm1 mutant, as 
expected from previous studies (Perea-Resa et al., 2012; 
Golisz et al., 2013), while the capping levels of CaMV 35s 
and 19s RNA did not differ between Col-0 and lsm1 
(Figure 4A). Furthermore, a comparison of known LSM1 tar-
gets between the control and CaMV-infected samples 
showed that viral infection does not influence decapping of 
those endogenous targets, although we cannot exclude the 
possibility that other targets might be affected (Figure 4B). 

Unaltered capping of viral RNA was further supported by 
a cap-sensitive exonuclease digestion of total RNA from 
infected plants, showing identical susceptibility of viral 35s 
RNA isolated from the lsm1 mutant compared to Col-0 

(Figure 4C). Considering the possibility of decapping-
independent RNA decay, we also tested whether the decay 
rate of viral 35s RNA was altered in lsm1 mutants by quanti-
fying RNA from infected rosettes in a time course after in-
ducing transcriptional arrest using Cordycepin (Sorenson 
et al., 2018). CaMV RNA was remarkably stable and showed 
no sign of degradation after 120 min of transcriptional inhi-
bition in Col-0, lsm1 (Figure 4D), dcp5, and  xrn4 
(Supplemental Figure S6A). A longer treatment time of 8 h 
still showed no evident degradation of viral RNA 
(Supplemental Figure S6B), indicating that the viral RNA is 
strongly protected. The degradation profile of AT4G32020, a  
known target of LSM1-dependent decapping (Golisz et al., 
2013), confirmed the transcriptional inhibition and 
LSM1-dependent effects (Figure 4D). Our results support 
that CaMV RNAs are not major targets of LSM1-dependent 
decapping or decay and thus, these dysfunctions in lsm1 
and dcp5 are not likely to cause the reduced virus accumu-
lation observed in these mutants. 

Defects in LSM1/DCP5 expose CAMV to RNA 
silencing but not NMD 
Since PBs are at the heart of RNA triage and a hub for ma-
jor RNA surveillance mechanisms, we examined whether the 
reduced CaMV accumulation is dependent on NMD surveil-
lance or mediated through the RNA silencing machinery. To 
this end, we characterized viral infections in combinatorial 
mutants. CaMV titers were not affected in the previously 
described NMD-regulator mutant upf1-5 (Chicois et al., 
2018; Figure 5A), although the plants showed a higher rela-
tive fresh weight compared to Col-0, which is similar to 
dcp5 (Supplemental Figure S7, A and B). The double mutant 
dcp5 upf1 showed the same titer defect as the dcp5 single 
mutant, showing that this reduction is independent of 
UPF1-triggered NMD (Figure 5A). A previous study found 
that overexpression of CaMV P6 protein relieved the sup-
pression of several NMD targets containing different NMD 
marks, including premature termination codons (PTCs) and 
long upstream open reading frames (uORFs) (Lukhovitskaya 
and Ryabova, 2019). During CaMV infection, however, we 
only detected de-repression of PTC-carrying targets SMG7 
and RPS6, but not uORF-containing genes, suggesting that 
CaMV specifically represses PTC-triggered NMD (Figure 5B), 
possibly to protect against the numerous PTCs present in 
polycistronic viral RNA. A comparison of transcript levels in 
infected tissues between Col-0, dcp5, and  upf1 revealed that 
the transcription profiles of NMD targets in dcp5 are more 
similar to those of Col-0 than upf1, uncoupling NMD regula-
tion during CaMV infection from DCP5 functions 
(Supplemental Figure S8A). 

Because RQC mutants are generally prone to initiate RNA 
silencing against highly expressed RNAs such as transgenes 
and viral RNAs as well as endogenous genes (Liu and Chen, 
2016), we tested whether the observed viral repression in 
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Figure 4 LSM1 does not regulate viral RNA stability. A, RNA levels detected after cap-dependent pulldown in infected lsm1 compared to Col-0 
plants for the housekeeping gene PP2a, viral RNA, and four previously described LSM1 targets. Bars represent mean from independent pulldowns 
from independent infections (n = 4). B, RNA levels detected after cap-dependent pulldown on endogenous RNAs from CaMV infected tissue com-
pared to mock infected. Bars represent mean from independent pulldowns from independent infections (n = 3). C, Amount of viral 35s RNA in 
Col-0 and lsm1 mutant detected after 1h of XRN1 treatment. Bars represent the mean from independent digestions from independent infections 
(n = 3 for Col-0; n = 5 for lsm1). Statistical significance was determined by Student’s t test for (A–C) (*P 4 0.05). D, Transcript decay profiles for 
viral 35s and AT4G32020 RNA after transcriptional arrest using cordycepin. Dotted line represents the average of four independent experiments, 
single experiments are shown by circles (Col-0) and triangles (lsm1). Sampling timepoints are indicated on the x-axis (0- to 120-min past 
treatment). 

mutants affected in PB formation was mediated by the RNA 
silencing machinery by establishing higher-order mutants of 
lsm1, dcp5, and  xrn4 with rdr2, rdr6 and dcl2 dcl3 dcl4 
(dcl234; Allen et al., 2004; Xie et al., 2004; Deleris et al., 
2006). These mutants, as well as their parental lines, were 
infected with CM1841, and virus disease was analyzed at 21 
dpi. The rdr2, rdr6 and dcl234 alleles exhibited comparable 
fresh weight loss to Col-0 during CM1841 infection 
(Supplemental Figure S7D), and it is noteworthy that the 
RNA silencing mutants did not reverse the developmental 
phenotypes of lsm1 and dcp5 (Supplemental Figure S7C). 
Nonetheless, rdr6 and dcl234, but  not  rdr2, rescued viral 
DNA accumulation in the lsm1 and dcp5 backgrounds while 
remaining at Col-0 levels in the rdr2, rdr6, and  dcl234 as well 
as xrn4 rdr6 and xrn4 rdr2 mutants (Figure 5C). The finding 
that comparable levels of CaMV RNA accumulated in all 
single and combinatorial mutants excludes the possibility 
that overcompensation via increased RNA content is the 
source of viral DNA rescue (Figure 5D). Importantly, it 

strengthens the notion that lower accumulation of CaMV 
DNA in lsm1 and dcp5 is a posttranscriptional effect. 

sRNA accumulation against CaMV, tasiRNA 
suppression, and TRV-induced gene silencing 
remain intact in dcp5 and lsm1 
RNA silencing is frequently activated in RQC mutants and 
involves the biogenesis of small RNAs (sRNAs) against en-
dogenous targets (Martinez de Alba et al., 2015). To  deter-
mine whether viral sRNAs profiles and amounts were 
altered in lsm1 and dcp5 in an RDR6-dependent manner, we 
analyzed sRNAs in infected Col-0, rdr6, lsm1, lsm1 rdr6, 
dcp5, and  dcp5 rdr6 using sRNA-sequencing. We produced 
libraries from rosette samples at 21 dpi in duplicates and 
mapped 18–26 nucleotide (nt) reads to the TAIR10 
Arabidopsis reference genome and against the CaMV ge-
nome (GenBank V00140.1). In agreement with previous 
observations, most viral sRNAs mapped against the highly 
abundant noncoding 8s RNA (Figure 6, A and C). The 
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Figure 5 CaMV disease is rescued in combinatorial mutants with RNA silencing, but not NMD. A, Viral DNA accumulation in systemic leaves at 
21 dpi in the indicated genotypes, determined by qRT-PCR. Values represent means ± SD (n = 4) relative to Col-0 plants and normalized to 18S ri-
bosomal DNA as the internal reference. B, Relative expression of NMD targets in mock and CM1841-infected rosettes 21 dpi determined by qRT-
PCR. Values represent means ± SD (n = 4) relative to Col-0 plants and normalized to PP2a as the internal reference. Open circles indicate the two 
PTC-containing transcripts RPS6 and SMG7. C, Viral DNA accumulation in systemic leaves at 21 dpi in the indicated genotypes, determined by 
qRT-PCR. Values represent means ± SD (n = 4) relative to Col-0 plants and normalized to 18S ribosomal DNA as the internal reference. D, Viral 35s 
RNA accumulation in systemically infected rosettes of the indicated genotypes at 21 dpi relative to Col-0, determined by qRT-PCR. Values repre-
sent means ± SD (n = 4) relative to Col-0 plants and normalized to PP2a as the internal reference. Statistical significance was calculated by two-
sided Student’s t tests (*P 4 0.05; **P 4 0.01; ns, no significant difference.) for (A–D). All infection experiments were replicated at least 3 times 
independently. 

percentage of sRNAs mapping to the CaMV sequence com-
pared to sRNAs mapping against the TAIR10 genome was 
consistently at 20% (Figure 6D), with a similar size distri-
bution (Figure 6E) as well as position and abundance across 
the viral genome in all genotypes and replicates (Figure 6, 
A–C; Supplemental Figure S9; Supplemental Data Set 1). 
This confirms that sRNAs mapping against the viral genome 
are generated independently of RDR6 and without synergis-
tic effects in the double mutants. Hence, impairing LSM1 or 
DCP5 function does not have any major effects on the 
quantity, quality, or position of CaMV-related sRNAs. 

Pathogenic plant viruses have commonly evolved viral 
suppressors of RNA silencing (VSRs) to counteract RNA si-
lencing. For CaMV, the VSR protein P6 inhibits the 

generation of secondary RDR6-dependent trans-acting 
siRNAs (tasiRNA; Shivaprasad et al., 2008). To assess whether 
CaMV-dependent tasiRNA suppression is compromised in 
lsm1 and dcp5 mutants as a sign of a dysfunctional VSR, we 
counted the reads generated from the three TAS1 and the 
TAS2 loci, as well as selected tasiRNA target genes (minimal 
average count in Col-0 mock 41,000 reads per million 
[RPM]) in noninfected Col-0 and infected Col-0, lsm1, and  
dcp5. CaMV infection led to a decrease in sRNA counts on 
TAS-loci and tasiRNA targets (Figure 6, F and G). The reduc-
tion in sRNA occupancy was consistent in lsm1 and dcp5, 
suggesting that P6-mediated repression of RDR6-dependent 
tasiRNA generation is functional in these backgrounds. 
Furthermore, equal increases in the transcript levels of two 
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Figure 6 sRNA profiles on CaMV are not altered in PB and combinatorial mutants. A, Coverage plot of 24–25 nt sRNA profiles along the 8,031-bp 
viral genome in Col-0 21 dpi with CMI1841. The starting position was set to the beginning of the 35s promoter (genomic position 7090). Genomic 
features are annotated as depicted in (C). B, Coverage plot of 24- to 5-nt sRNAs along the viral genome in dcp5 21 dpi with CMI1841. C, 
Schematic depiction of the CaMV genome. ORFs are indicated by boxes, the 19s and 35s promotors by dashed arrows. Viral RNAs resulting from 
PolII transcription are depicted below the genome. D, Percent of viral sRNAs found in samples sequenced from rosette tissue 21 dpi with 
CMI1841 in the indicated genotypes. Bars represent the average of two biological replicates. Dots indicate single replicates. E, Fractions of 21- to 
24-nt viral sRNAs in the indicated genotypes 21 dpi with CMI1841. Bars represent the average of two biological replicates. F, Normalized sRNA 
counts on tasiRNA target loci in the indicated genotypes. tasiRNA generating loci are depicted below the graph. Bars represent the average of two 
biological replicates. Dots indicate single replicates. G, Normalized sRNA counts on TAS1a,b,c and TAS2 loci in the indicated genotypes. Bars repre-
sent the average of two biological replicates. Dots indicate single replicates. H, Expression of two tasiRNA targets at 21 dpi in Col-0, lsm1, and dcp5 
relative to mock-infected Col-0 (n = 4). Statistical significance was calculated by two-sided Student’s t tests (**P 4 0.01; ***P 4 0.001). The experi-
ment was repeated 3 times from independent infections. I, Representative images of VIGS phenotype in the indicated genotypes at 21 and 35 dpi 
with TRV-PDS (scale bar = 1 cm). Numbers indicate plants showing the phenotype/total number of plants scored. 

tested tasiRNA target genes occurred during CaMV infection functional in lsm1 and dcp5. A recent study found little dif-
(Figure 6H), further supporting that CaMV-dependent TAS ference in the sRNA profiles of lsm1 compared to Col-0 dur-
suppression and de-repression of tasiRNA target genes are ing undisturbed growth (Krzyszton and Kufel, 2022). 
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Whether certain endogenous sRNAs apart from tasiRNAs 
are misregulated in lsm1 and dcp5 during CaMV infection 
will be studied in detail in the future. 

To test whether lsm1 and dcp5 have a general activation 
of virus-induced gene silencing (VIGS), as reported for other 
RQC mutants, we used the tobacco rattle virus-Phytoene 
Desaturase (TRV-PDS) system, which leads to leaf whitening 
through VIGS of PDS (Liu et al., 2002). We did not detect in-
creased whitening, delayed recovery, or a higher number of 
symptomatic plants for lsm1 and dcp5, whereas xrn4 
showed a clearly enhanced VIGS phenotype (Figure 6I). 
Previously, both xrn4 and the hypomorphic DCP2 mutant 
increased transgene silencing 1 were shown to have en-
hanced TRV-PDS-induced VIGS (Ma et al., 2019), which was 
linked to higher silencing activity in these RQC-impaired 
backgrounds. Our results suggest that lsm1 and dcp5 plants 
do not have the same level of hyper-activated RNA silencing 
as the other mutants. 

Taken together, lsm1 and dcp5 mutants (1) do not show 
altered viral sRNA quantities or profiles (2), do not show el-
evated VIGS, and (3) do not compromise the capacity of 
the viral silencing suppressor P6 to target the RDR6-
dependent tasiRNA pathway, despite full rescue of virus 
DNA and protein accumulation by rdr6 in double mutants. 
Importantly, based on the unaltered viral RNA levels and de-
cay rates in lsm1, we propose that the RDR6-dependent 
suppression in the lsm1 and dcp5 backgrounds does not in-
volve viral RNA degradation or transcriptional silencing. 

LSM1 and DCP5 counter RDR6-dependent transla-
tional repression of viral RNA 
The common modes of action of RNA silencing include 
transcriptional silencing, transcript degradation, and transla-
tional repression. After establishing the former two to be 
unlikely, we determined whether viral RNA translation was 
impaired in lsm1 and dcp5. First, we performed polysomal 
fractionation of CaMV-infected Col-0, lsm1 and dcp5 sam-
ples from three independent infection experiments. Notably, 
CaMV-infected tissue showed markedly increased polysome 
abundance compared to the mock controls for both Col-0 
and the mutants (Figure 7A), ruling out any global defect in 
translation. Fractions were collected from free and 
monosome-bound RNA, as well as from light, moderate, 
and heavy polysomes. In a first step, we confirmed the ro-
bustness of RNA content in the fractions by examining the 
housekeeping genes SAND and PP2a (Supplemental Figure 
S10A). SAND showed a stable distribution among all ribo-
some fractions and a decrease in abundance in the 
ribosome-free fraction. As control, we normalized PP2a ex-
pression to SAND expression in each fraction. PP2a abun-
dance was comparable in the input (Supplemental Figure 
S10B), as well as along the gradient (Figure 7B), and had the 
same distribution as SAND. Additionally, we tested the poly-
some association of the four abovementioned NMD targets 
(Figure 5B; Supplemental Figure S8A) in two replicates of 
Col-0 and dcp5. The translation profiles for AT5G35490 and 

AT1G36730 did not differ between the genotypes, similar to 
their expression levels. Yet, the two PTC-carrying RNAs had 
a higher abundance in dcp5 polysome fractions, strengthen-
ing the role of DCP5 as a translational repressor for endoge-
nous targets (Supplemental Figure S10C). Importantly, these 
profiles validated our methodology. 

We measured viral 35s RNA in fractions from Col-0, lsm1, 
and dcp5. This RNA was mostly present in ribosome-bound 
fractions compared to free RNA, and in contrast to the 
tested endogenous RNAs, specifically enriched in the light 
polysome fraction (Figure 7C). Strikingly, the viral RNA con-
tent in ribosome-bound fractions was reduced in lsm1 and 
dcp5, despite comparable RNA content in the input samples 
(Figures 7C and 5D). In accordance with the ELISA and im-
munoblotting results (Figure 3, E and F), the reduced ribo-
some association of viral RNA in the lsm1 and dcp5 
mutants indicates that lower translation levels and not pro-
tein degradation are responsible for the decreased amounts 
of viral protein in these genotypes. 

Finally, to confirm the notion that the rescue of viral DNA 
by rdr6 is directly linked to translational efficiency, we per-
formed polysome fractionations for the rdr6, lsm1 rdr6, and  
dcp5 rdr6 mutants. The global polysome profiles were com-
parable among genotypes during infection (Figure 7D), and 
rdr6 alone did not show an altered polysome distribution of 
viral RNA compared to Col-0 (Figure 7E). Intriguingly, the vi-
ral RNA in the lsm1 rdr6 and dcp5 dr6 double mutants 
showed fully restored polysome associations compared to 
their respective single mutants (Figure 7F), while PP2a 
remained unaffected in all tested genotypes (Figure 7G; 
Supplemental Figure S10B). Immunoblot analysis against vi-
ral P6 protein confirmed restoration of viral protein accu-
mulation in the combinatorial mutants (Figure 7, H and I). 
Together, our results indicate that the defect in viral protein 
production in the lsm1 and dcp5 mutants is mediated 
through the cytoplasmic PTGS pathway governed by RDR6. 
In the lsm1 or dcp5 background, RDR6 promotes transla-
tional repression of viral RNA independently of sRNA abun-
dance. This establishes the PB components LSM1 and DCP5 
as antagonists to RNA silencing during CaMV infection and 
a shield to help the virus circumvent translational repression 
by the antiviral RNA silencing machinery. 

Discussion 
Animal viruses are commonly challenged with a global shut-
down of translation as part of an antiviral defense response 
(Walsh et al., 2013). In plants, this has so far only been ob-
served for geminiviruses (Zorzatto et al., 2015), and in gen-
eral, plant virus infections do not induce evident effects on 
global translation levels (Ma et al., 2015; Meteignier et al., 
2016; Li et al., 2019). CaMV is exceptional, as it causes a sub-
stantial increase in polysome levels indicative of hyperacti-
vated translation in turnips (Brassica rapa ssp. rapa) (Park 
et al., 2001) and Arabidopsis (this study). Translation of 
CaMV’s polycistronic 35s RNA is a complex process, includ-
ing mechanisms of leaky scanning and transactivation 
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Figure 7 Ribosome association of viral RNA is reduced in lsm1 and dcp5. A, Polysome Profiles of Col-0, lsm1 and dcp5 at 21-dpi CaMV (strain 
CM1841) infection. RNA samples were collected from unbound RNA, as well as along the gradient of ribosome-bound RNA. B, PP2a RNA abun-
dance in collected samples in the indicated genotypes. The experiment was performed 3 times using material from independent infections. 
Fractionated RNA was normalized to SAND and depicted as fractions of total ribosome-bound RNA. Solid lines represent the average of biological 
replicates, characters represent single experiments of the indicated genotypes. Measured fractions represent free (F), monosome (M), light (l), me-
dium (m), and heavy (h) polysome-associated RNA. C, 35s RNA abundance in collected samples in the indicated genotypes. The experiment was 
performed as described in (B). D, Polysome Profiles of Col-0, rdr6, lsm1 rdr6, and dcp5 rdr6 at 21 dpi CaMV infection. RNA samples were collected 
from unbound RNA, as well as along the gradient of ribosome-bound RNA. E and F, RNA abundance in collected samples measured for viral 35s 
RNA in the indicated genotypes. The experiment was performed as described in (B). G, PP2a RNA abundance in collected samples of the indicated 
genotypes. The experiment was performed as described in (B). H, Immunoblot analysis of CaMV P6 protein in systemic leaves of the indicated 
genotypes. Total protein samples were extracted at 21 dpi and probed with anti-P6. Ponceau S (PS) staining served as a loading control. I, 
Quantification of signal intensity of the immunoblots in (H). Values indicate average (±SD) of protein abundance from three independent blots 
(for dcp5 combinatorial mutants) or four independent blots (for lsm1 combinatorial mutants) from independent infections quantified with 
ImageJ. Points represent single experiments. 
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(Pooggin and Ryabova, 2018). The viral transactivation factor 
P6 is essential for the translation of downstream ORFs in 
35s RNA (Bonneville et al., 1989) through its interaction 
with a multitude of translation-associated proteins, including 
the translation initiation factor eIF3g, components of the 
large ribosomal subunit, the reinitiation supporting protein 
complex, and the TOR kinase (Park et al., 2004; 
Schepetilnikov et al., 2011). 

In this study, we identified PB components as important 
factors that support CaMV infection via viral RNA transla-
tion, being in sharp contrast to their established function as 
selective repressors of endogenous mRNA translation 
(Brodersen et al., 2008; Xu and Chua, 2009; Jang et al., 2019). 
There are only a few reports identifying canonical PBs and 
their components as regulators of plant viral infections. 
Carbon Catabolite Repression 4 facilitates Barley yellow stri-
ate mosaic virus replication in barley (Zhang et al., 2020), 
Cabbage leaf curl virus induces RNA decay rates in PBs to re-
duce antiviral silencing (Ye et al., 2015), VCS supports 
Potato virus A (PVA) infection (Hafren et al., 2015; De et al., 
2020), and LSM1 strengthens Turnip mosaic virus infection 
(Zuo et al., 2022), which is in turn compromised by the 
overexpression of several PB components (Li and Wang, 
2018). The similarities between CaMV and the fundamen-
tally different positive-stranded RNA virus PVA are striking, 
as VCS promotes PVA translation in a manner closely asso-
ciated with the RNA silencing pathway (Hafren et al., 2015; 
De et al., 2020). Thus, it seems that plant viruses could 
more commonly exploit this pathway for translational tar-
geting of their RNAs. However, as PB components were also 
found to limit plant viruses (Li and Wang, 2018), this inter-
action is more complex, and plant viruses probably evolved 
individually to cope with the many PB-associated functions, 
including more general plant innate immune responses 
(Chantarachot et al., 2020). 

PB components are involved in several different RNA sur-
veillance processes, including decapping, NMD, and RNA si-
lencing, which all play major roles in translational regulation 
through direct degradation but also translational repression 
of endogenous mRNA targets (Brodersen et al., 2008; Isken 
et al., 2008; Lanet et al., 2009; Xu and Chua, 2009; Jang et al., 
2019; Wu et al., 2020; Hung and Slotkin, 2021; Iwakawa 
et al., 2021). When using four established PB marker pro-
teins, we found distinct localization patterns under non-
stress conditions, and the co-assembly of VCS, LSM1a, DCP5 
and DCP1 into granules after HS (Figure 8A). Our results 
thus support the notion that stress-induced PBs contain the 
higher-order decapping complex, in accordance with previ-
ous findings (Xu and Chua, 2012; Motomura et al., 2015; 
Perea-Resa et al., 2016), while the constitutive microscopic 
foci of DCP1, DCP5, and VCS are unlikely to have prominent 
decapping activity and may instead serve other functions, 
including the storage of translationally repressed RNAs 
(Hubstenberger et al., 2017; Courel et al., 2019). Three out of 
four known PB decapping components localized to VFs 
(Figure 8A), giving rise to the hypothesis that the mRNA 

decapping machinery localized here to promote viral RNA 
decay. However, we found that both viral RNA stability and 
its capping levels where unaltered in the lsm1 knockout mu-
tant, unlike the situation for the previously established en-
dogenous decapping target AT4G32020. Indeed, mRNA 
degradation and translational repression are selective (Xu 
and Chua, 2009; Tani et al., 2012; Hubstenberger et al., 2017; 
Sorenson et al., 2018; Jang et al., 2019), and together with 
our finding that VFs lack the essential decapping activator 
DCP1, this function is unlikely to be associated with VFs. 

The polycistronic viral 35s RNA contains several potential 
triggers for RQC mechanisms, including PTCs, a large stem– 
loop, and extremely high expression levels. PTCs trigger deg-
radation through NMD (Peltz et al., 1993) and in plants, this 
pathway was shown to suppress infections of PTC-carrying 
RNA viruses (Garcia et al., 2014). The primary reasons for 
addressing the NMD regulator UPF1 in this study is its 
largely shared protein interactome with DCP5 (Chicois et al., 
2018), the general coupling of NMD with PBs (Lejeune et al., 
2003; Raxwal et al., 2020), and the proposed capacity of P6 
to suppress NMD via a direct interaction with VCS 
(Lukhovitskaya and Ryabova, 2019). However, CaMV showed 
UPF1-independent accumulation in both the upf1 and dcp5 
upf1 mutants, disconnecting the NMD pathway from the 
pro-viral function of DCP5. Furthermore, endogenous targets 
of NMD decay were stabilized during infection in a DCP5-
independent manner, suggesting that CaMV suppresses the 
NMD pathway irrespective of this PB component. 
Intriguingly, while transcript accumulation of the selected 
endogenous NMD targets occurred irrespective of DCP5 
during CaMV infection, two targets had increased polysome 
association in dcp5, suggesting that these targets are under 
PB translational repression, unlike CaMV. 

Our results suggest that the RNA silencing component 
RDR6, likely in conjunction with DCLs, mediates transla-
tional repression of the viral RNA in dcp5 and lsm1. A  link  
between RDR6-dependent RNA silencing and PBs was ini-
tially established in plants from forward genetic screens of 
induced transgene silencing, identifying both xrn4 (Gazzani 
et al., 2004) and  dcp2 (Thran et al., 2012). Subsequently, en-
dogenous genes were also shown to become targets of 
RDR6-dependent sRNA biogenesis in more severe seedling-
lethal decapping mutants (Martinez de Alba et al., 2015). 
Based on these and other findings, the current model postu-
lates that when the capacity of mRNA decay is exceeded, 
for example, overloaded with substrate or functionally com-
promised, decay substrates leak into the RDR6/DCL2/DCL4 
pathway for sRNA biogenesis and subsequent RNA silencing 
processes (Liu and Chen, 2016). Even though CaMV infec-
tion is analogously compromised by RDR6 in lsm1 and dcp5, 
we obtained numerous lines of evidence that this phenome-
non differs from the above-described canonical model: (1) 
There were no evident changes in viral sRNA quantity or 
profiles in the mutants; (2) viral RNA levels remained largely 
unaffected, unlike transgenes, which are degraded and tran-
scriptionally silenced; (3) xrn4 did not weaken CaMV 
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Figure 8 The role of LSM1 and DCP5 during CaMV infection. A, During undisturbed plant growth, PB components DCP1, DCP5, and VCS form 
foci that can be distinct for each protein or contain higher-order complexes of two or all three proteins, while LSM1 remains soluble in the cyto-
plasm. Upon heat stress, all four components assemble into higher-order complexes. CaMV produces viral factories in the cytoplasm that are sites 
of viral translation and replication. DCP5, VCS, and LSM1 are localized to these viral factories throughout the infection, while DCP1-marked foci 
assemble around, but not within viral factories. B, LSM1 and DCP5 aid viral translation by shielding the viral RNA from the repressive functions of 
RDR6 and possibly other proteins. Upon deletion of either DCP5 or LSM1, viral translation is impaired, leading to reduced particle production. 
While viral translation is not altered in the single rdr6 mutant, it is rescued in lsm1 and dcp5 upon the additional deletion of RDR6, restoring the 
production of viral articles. 

infection; and (4) viral RNA does not qualify as a substrate, 
as it showed no detectable levels of LSM1-dependent 
decapping and decay. 

Plant viruses have frequently evolved means to suppress 
antiviral RNA silencing (Morel et al., 2002; Garcia-Ruiz et al., 
2010; Garcia et al., 2014; Csorba et al., 2015). This includes 
CaMV, which is normally insensitive to DCL- and RDR6-
dependent RNA silencing (Blevins et al., 2011), relying on at 
least two different strategies (Hohn, 2015). First, viral P6 sup-
presses the DRB4/DCL4 node of PTGS (Haas et al., 2008; 
Shivaprasad et al., 2008), a process that seems to also func-
tion in lsm1 and dcp5 judging from the comparably reduced 
levels of tasiRNAs along de-repression of their targets during 
infection. Second, these mutants show similar massive accu-
mulation of viral sRNAs derived from 8s, which are thought 
to constitute an important part of suppression by saturating 
and decoying the RNA silencing machinery with ineffective 
sRNAs (Blevins et al., 2011). Thus, both RNA silencing 

suppression strategies of CaMV appear to operate normally 
in the lsm1 and dcp5 mutants, prompting us to propose 
that PB dysfunction exposes the virus to a new, otherwise 
avoided RNA silencing-based translational repression mecha-
nism (Figure 8B). 

Having established a fundamentally novel framework 
around the balance between PB components and the RNA 
silencing machinery in CaMV RNA translation, the detailed 
mechanism becomes intriguing and requires further atten-
tion. RNA silencing involving RDR6, SGS3, and specifically 
DCL2-dependent 22-nt sRNAs were recently proposed to 
act together in translational repression during stress adap-
tion and defense against transposons (Wu et al., 2020; 
Iwakawa et al., 2021; Kim et al., 2021). These studies identi-
fied abundant sRNA accumulation as part of the process, 
while CaMV sRNAs levels and profiles remained unaltered 
during translational repression in lsm1 and dcp5. This  is  not  
necessarily a discrepancy, because all major size classes of 
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viral sRNAs are already highly abundant in wild-type plants 
and likely sufficient to drive the response with increased effi-
ciency. Intriguingly, both RDR6 and SGS3 are well-estab-
lished components of siRNA bodies (Jouannet et al., 2012; 
Kim et al., 2021), and the concept of substrate channeling 
and competition between PBs and siRNA bodies has been 
proposed (Jouannet et al., 2012), along with the general con-
nection between RQC mutants and RDR6 (Liu and Chen, 
2016). In summary, we propose that the association of PB 
components with CaMV VFs reduces viral RNA exposure, 
thereby evading translational repression by the RDR6 path-
way (Figure 8B). 

Material and methods 
Plant material and growth conditions 
All mutants used in this study were in the Arabidopsis thali-
ana accession Columbia-0 (Col-0) background, which was 
used as a control for all experiments (Supplemental Data 
Set 2). Mutants were checked for homozygosity using the 
primers described in Supplemental Data Set 3. Arabidopsis  
and N. benthamiana plants were grown in walk-in chambers 
under standard long-day conditions (120 mE,16-h light/8-h 
dark cycle) at 22 C day temperature (20 C night  tempera-
ture) and 65% relative humidity for crossing, propagation, 
and transient expression assays. For infection experiments, 
plants were grown under short-day conditions (120 mE, 10-h 
light/14-h dark cycle) at 22 C day temperature  (19  C night  
temperature) and 65% relative humidity. Light spectra in 
both conditions ranged from 400 to 720 nm. 

Plasmid construction, generation of transgenic lines, 
and transient expression 
The pENTRY clone containing the full-length Cabb B-JI P6 
coding sequence (Hafren et al., 2017) was cloned into the 
pGWB654 or pGWB554 vector under the control of the 35s 
promoter (Nakagawa et al., 2007). Expressor lines were gen-
erated for this study by the floral dip method (Clough and 
Bent, 1998); all lines and constructs are listed in 
Supplemental Data Set 2. The coding sequences of DCP1, 
DCP5, VCS, and  LSM1a were amplified from Col-0 plants 
(primers listed in Supplemental Data Set 4), cloned into 
pENTR/D-TOPO, and recombined in the pUBN/C-dest vec-
tor system for GFP fusions (Grefen et al., 2010). To establish 
PB double marker lines, DCP1 and LSM1 were cloned into 
the pUBC-mRFP vector and introduced into the GFP-VCS 
background by the floral dip method (Grefen et al., 2010). 
For transient expression, all coding sequences were cloned 
into pUBC for GFP fusions and pGWB654 for mRFP fusions. 
Nicotiana benthamiana leaves were infiltrated with resus-
pended Agrobacterium strain C58C1 cells (optical density 
(OD) 0.2, 10-mM MgCl2, 10-mM MES pH 5.6, 150-mM aceto-
syringone) and the constructs analyzed after 48 h. 

Virus inoculation and quantification 
Arabidopsis plants were infected with CaMV or TRV 18 days 
after germination. The first true leaves were infiltrated with 

Agrobacterium tumefaciens strain C58C1 carrying CaMV 
strain CM1841 or TRV RNA1 and 2 (Liu et al., 2002) (OD  
0.15) or mechanically rubbed with Cabb B-JI particles that 
were purified from turnip leaves and resuspended in 
carborundum-supplemented phosphate buffer (Martinière 
et al., 2009). Rosettes were harvested 21 dpi in four biologi-
cal replicates, each containing two to three individual plants 
from which inoculated leaves were removed. All experiments 
were repeated from independent infections, each containing 
three to four biological replicates. For CaMV DNA quantifi-
cation, 100 mg pulverized frozen leaf material was resus-
pended in 300 mL 100-mM Tris buffer (pH 7.5), 
supplemented with 2% sodium dodecyl sulfate (SDS) and 
treated with 0.2-mg/mL Proteinase K. Total DNA was pre-
cipitated with isopropanol 1:1 (v:v), and viral DNA levels 
were determined by quantitative Real-Time polymerase 
chain reaction (qRT-PCR) and normalized to 18S ribosomal 
DNA (Hafren et al., 2017). RNA extraction from rosette tis-
sue was performed with a Qiagen RNeasy kit and on-
column DNase I digestion according to the manufacturer’s 
protocol. About 500 ng of total RNA was used for first-
strand cDNA synthesis with a Maxima First Strand cDNA 
Synthesis Kit (Thermo Fisher Scientific Waltham, MA, USA]). 
qRT-PCR analysis was performed with Maxima SYBR Green/ 
Fluorescein qRT-PCR Master Mix (Thermo Fisher Scientific) 
using the CFX Connect Real-Time PCR detection system 
(Bio-Rad, Hercules, CA, USA) with gene-specific primers 
(Supplemental Data Set 5). Viral transcripts were normalized 
to PP2a (AT1G69960) and expression levels determined as 
described by Livak and Schmittgen (2001). 

Immunoblot analysis 
Proteins were extracted from frozen rosette tissue in 100-
mM Tris buffer (pH 7.5) supplemented with 2% SDS. 
Samples were incubated at 95 C for 5 min in 1� Laemmli 
sample buffer and cleared by centrifugation. The protein 
extracts were separated by SDS–PAGE, transferred to polyvi-
nylidene difluoride (PVDF) membranes (Amersham, GE 
Healthcare, Amersham, UK), and blocked with 8% (w:v) 
skimmed milk in 1� PBS, supplemented with 0.05% Tween-
20. Blots were incubated with 1:2,000 diluted primary anti-
bodies a-P3 (Drucker et al., 2002), a-P4 (Champagne et al., 
2004), a-P6 (Schoelz et al., 1991), or a-GFP (Santa Cruz 
Biotechnology, Dallas, TX, USA; sc-9996) before the subse-
quent addition of secondary horseradish peroxidase-conju-
gated antibodies (1:20,000; NA934 and NA931, Amersham, 
GE Healthcare). The immunoreaction was developed using 
an ECL Prime kit (Amersham, GE Healthcare) and was 
detected in the LAS-3000 Luminescent Image Analyzer 
(Fujifilm, Tokyo, Japan). Quantification of band intensities 
was performed on blots using ImageJ 1.48v (Schneider et al., 
2012). Band intensities were normalized to Ponceau S stain. 
An ELISA was performed for three independent experiments, 
with 100-mg infected plant material in 1 mL (w/v) 8M Urea 
buffer. Samples were incubated on high-binding ELISA plates 
for 6 h at 37 C before blocking in 5% skimmed milk. 

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac132#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac132#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac132#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac132#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac132#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac132#supplementary-data
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Primary antibodies were added at 1:500 dilution overnight 
and secondary antibodies at 1:1,000 dilution for 3 h at 37 C. 
Absorbance was measured at 405 nm from 30 to 120 min af-
ter the addition of Substrate buffer (PNPP; Thermo Fisher). 

Cap-dependent immunoprecipitation and XRN1 digestion 
Immunoprecipitation of 7-methylguanosine (m7G)-capped 
RNA was performed as described by Golisz et al. (2013). 
Anti-m7G-Cap mAb (clone 150-15) was purchased from 
MBL International Corporation. For exonucleolytic digestion, 
total RNA was extracted from rosettes 21 dpi and incubated 
at 37 C with 1U XRN1 enzyme (Thermo Fischer) or in reac-
tion buffer (mock) (Roux et al., 2015). cDNA synthesis and 
qRT-PCR were performed as described in the previous sec-
tion. Transcript levels were normalized to eIF4a (AT3G13920; 
Perea-Resa et al., 2012; Roux et al., 2015). 

RNA half-life measurement 
Rosettes of CaMV-infected plants (21 dpi) were vacuum in-
filtrated with 1-mM Cordycepin (Sigma-Aldrich, St. Louis, 
MO, USA) in buffer (1-mM PIPES, pH 6.25, 1-mM sodium 
citrate, 1-mM KCl, 15-mM sucrose) and placed in a damp 
chamber. Two plants were harvested per sample corre-
sponding to 0, 15, 30, 60, and 120 min after transcriptional 
inhibition. Total RNA was extracted using TRIzol reagent, 
followed by cDNA synthesis and qRT-PCR as described in 
the previous section. RNA levels were normalized to eIF4a 
(AT3G13920). 

Preparation, sequencing, and analysis of sRNA libraries 
sRNA libraries were prepared from 500-ng total RNA with a 
NEBNext Multiplex Small RNA Library Prep Set for Illumina 
(E7300; New England Biolabs, Ipswich, MA, USA) according 
to the manufacturer’s protocol. The amplification step was 
set to 12 cycles, and amplified libraries were cleaned using 
SPRIselect beads (Beckman Coulter, Brea, CA, USA). Size se-
lection was performed on a 6% polyacrylamide gel according 
to the manufacturer’s protocol and eluted in 10-mL TE  
buffer. Size range and library concentrations were confirmed 
using the Bioanalyzer 2100 (Agilent Systems, St Clara, CA, 
USA). Libraries were sequenced on an Illumina Nextseq2000 
system in paired-end 50-bp mode at the SciLifeLab facility, 
Solna, Sweden. 

For sRNA-seq analysis, reads were obtained in fastq file 
format from the facility. Adapters were trimmed using flex-
bar with the -ap ON option (version 3.5.0; (Roehr et al., 
2017)) and the corresponding adaptor sequences as indi-
cated for the NEBnext E7300 sRNA preparation kit (read1 
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC, read 2 
GATCGTCGGACTGTAGAACTCTGAACGTGTAGATCTCGG 
TGGTCGCCGTATCATT). Afterward, corresponding forward 
and reverse reads were combined using fastq-join (version 
1.3.1; https://github.com/ExpressionAnalysis/ea-utils/blob/ 
wiki/FastqJoin.md) and the option-v for illumina reads. Joint 
fastq files were size trimmed to obtain only sizes of 18–26 nt 
by utilizing cutadapt (version 1.9.1) (Martin, 2011) with  the  

parameters -m 18 -M 26. Read size and quality were 
checked using FastQC in default mode (version 0.11.9; 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
Size trimmed fastq files were further processed as described 
in Bente et al. (2021) using publicly available scripts (https:// 
github.com/AlexSaraz1/paramut_bot). To create sRNA pro-
files along the CaMV sequence, the hygromycin phospho-
transferase transgenic sequence from Bente et al. 2021 was 
replaced by the genomic CaMV sequence (GenBank 
V00140.1) by setting the start position to the beginning of 
the 35s promoter. Reads were aligned to the TAIR10 ge-
nome including an extra contig containing the above-
mentioned CaMV sequence. Alignment was done using 
Bowtie2 (version 2.3.5.1; Langmead and Salzberg, 2012) with 
the options -k 500 -no-unal. For read counts in the TAS 
genes and its targets, featureCounts (version v1.6.3; Liao 
et al., 2014) from the Subread package (http://subread.sour 
ceforge.net/) was used with the options -t gene -s 1 -M on 
the aligned bam files (Liao et al., 2014). Graphical represen-
tation was achieved using R. For profile comparisons along 
the CaMV sequence, the axes were adjusted to 8,000 and 
6,000 RPM on the positive and negative strands, respectively. 
An overview of the processed sRNA libraries is shown in 
Supplemental Data Set 1. 

Polysome isolation 
Polysome extraction was performed based on Mustroph 
et al. (2009) with some modifications. Briefly, 1-mL frozen 
leaf powder was thawed in 8 mL of polysome extraction 
buffer (200-mM Tris–HCl (pH 8.0), 200-mM KCl, 35-mM 
MgCl2, 25-mM EGTA, 1-mM DTT, 1-mM phenylmethanesul-
fonylfluoride, 100-lg/mL CHX, 1% (vol/vol) detergent mix 
(20% (w/v) Brij-35, 20% (v/v) Triton X-100, 20% (v/v) Igepal 
CA630, and 20% Tween-20), 1% (v/v) polyoxyethylene 10 tri-
decyl ether), resuspended, and kept on ice for 10 min. The 
plant debris was removed by centrifuging at 16,000 g for 
15 min at 4 C in a JA-25.50 rotor and Avanti 

J-20 XP centrifuge (Beckman Coulter). The clear superna-
tant was gently poured on top of an 8-mL sucrose cushion 
(100-mM Tris–HCl (pH 8.0), 40-mM KCl, 20-mM MgCl2, 5-
mM EGTA, 1-mM DTT, 100-lg/mL CHX in 60% sucrose) in 
a 26-mL polycarbonate tube (Beckman Coulter). After 
proper balancing, the samples were centrifuged at 35,000 
RPM for 18 h at 4 C in a 70Ti rotor and L8-M ultracentri-
fuge (Beckman Coulter). The ribosome pellets were gently 
washed with RNase-free water and resuspended in 300 lL of  
resuspension buffer (100-mM Tris–HCl (pH 8.0), 40-mM 
KCl, 20-mM MgCl2, 100-lg/mL CHX). The resuspended sam-
ples were kept on ice for 30 min, followed by centrifugation 
at 16,000g at 4 C to remove any debris. The RNA content 
was measured for each sample using a Qubit BR RNA assay 
kit (Thermo Fisher Scientific). The resuspended ribosome 
samples were loaded on 15%–60% sucrose gradients and 
centrifuged at 50,000 RPM in a SW55.1 rotor and L8-M ul-
tracentrifuge (Beckman Coulter). The gradient samples were 
fractionated using an ISCO absorbance detector (model # 
UA-5, ISCO, Lincoln, NE) to obtain fractions of 250 mL. 

https://github.com/ExpressionAnalysis/ea-utils/blob/wiki/FastqJoin.md
https://github.com/ExpressionAnalysis/ea-utils/blob/wiki/FastqJoin.md
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/AlexSaraz1/paramut_bot
https://github.com/AlexSaraz1/paramut_bot
http://subread.sourceforge.net/
http://subread.sourceforge.net/
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac132#supplementary-data
https://JA-25.50
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The fractions were pooled before RNA extraction with 
TRIzol to obtain samples from free RNA as well as 
monosome-bound RNA and three pools of light, medium, 
and heavy polysome-bound RNA. RNA levels were normal-
ized to SAND (AT2G28390) in each fraction and depicted as 
fractions  of the  sum  of ribosome-bound RNA  in  Col-0 (for  
dcp5, lsm1, and  rdr6) or  rdr6 (for lsm1 rdr6 and dcp5 rdr6) 
to enable the comparison of total abundance on ribosomes, 
as well as relative abundance along the gradient, after test-
ing for comparable RNA input. 

Confocal microscopy and treatments 
Micrographs from leaf abaxial epidermal cells were taken un-
der a Zeiss LSM 780 microscope. GFP and RFP signals were 
detected at 488 nm/490–552 nm and 561 nm/569–652 nm, 
respectively. Co-visualization was achieved through sequen-
tial scanning mode. For HS conditions, leaves were kept in 
water at 38 C for 30 min (1 h for LSM1-GFP) before imaging. 
Translational inhibition treatment was achieved by infiltrat-
ing young leaves with 200 mM CHX (Sigma-Aldrich), fol-
lowed by incubation for 1 h before imaging. Images were 
processed with ZEN black software (Zeiss) and ImageJ 
version 1.53b. For quantification, Z-stacks were Brightness 
increased and a median filter of 2 pixels applied. Stomata 
were manually deleted from micrographs, and a mask was 
generated through thresholding. Foci were counted using 
the “Analyze Particles” tool. 

Data analysis and statistical methods 
Statistical comparisons of two groups were performed by 
Student’s t test in Excel. One-way analysis of 
variance (ANOVA) followed by a post-hoc Tukey HSD test 
(a = 0.05) was performed with R version 4.0.02 and the R-
package “agricolae” (version 1.3-3; https://cran.rproject.org/ 
web/packages/agricolae/index.html). Test statistics are 
shown in Supplemental Data Set 6. 

Accession numbers 
Sequence data from this article can be found in the EMBL/ 
GenBank data libraries under the following accession num-
bers: DCP1 (AT1G08370), DCP2 (AT5G13570), LSM1a 
(AT1G19120), LSM1b (AT3G14080), DCP5 (AT1G26110), 
XRN4 (AT1G54490), VCS (AT3G13300), RDR2 (AT4G11130), 
RDR6 (AT3G49500), DCL2 (AT3G03300), DCL3 (AT3G4 
3920), DCL4 (AT5G20320), UPF1 (AT5G47010), TAS1a 
(AT2G27400), TAS1b (AT1G50055), TAS1c (AT2G39675), 
TAS2 (AT2G39681), RPS6 (AT5G4670), and SMG7 
(AT5G19400). 

sRNA sequencing data from this study were deposited in 
the Gene Expression Omnibus database (https://www.ncbi. 
nlm.nih.gov/geo/) under accession number GSE194186, and 
raw data were deposited in the Sequencing Read Archive 
(https://www.ncbi.nlm.nih.gov/sra) under accession number 
SRP356192. 

Supplemental data 
The following materials are available in the online version of 
this article. 

Supplemental Figure S1. Description of PB markers dur-
ing CaMV infection. 

Supplemental Figure S2. PB double marker lines show 
co-assembly after HS and during CaMV infection. 

Supplemental Figure S3. Co-expression of PB compo-
nents with CaMV proteins in N. benthamiana. 

Supplemental Figure S4. Co-localization of P6 with PB 
components under mock conditions. 

Supplemental Figure S5. Viral DNA accumulation in ad-
ditional PB mutants. 

Supplemental Figure S6. 35s RNA decay after 
transcriptional arrest with cordycepin. 

Supplemental Figure S7. CaMV disease in combinatorial 
mutants with NMD and RNA silencing. 

Supplemental Figure S8. Expression of NMD targets in 
dcp5 and upf1 during CaMV infection. 

Supplemental Figure S9. sRNA  profiles  in  lsm1 and com-
binatorial mutants. 

Supplemental Figure S10. Translational profiling during 
CaMV infection. 

Supplemental Data Set 1. Total number of sRNA reads 
in each sample and their mapping to the 8,031-bp CaMV 
genome. 

Supplemental Data Set 2. Plant material used and gener-
ated in this study. 

Supplemental Data Set 3. DNA oligonucleotides used in 
this study for genotyping. 

Supplemental Data Set 4. DNA oligonucleotides used in 
this study for molecular cloning. 

Supplemental Data Set 5. DNA oligonucleotides used in 
this study for expression analysis. 

Supplemental Data Set 6. ANOVA tables. 
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