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ABSTRACT
Nonsense-mediated mRNA decay (NMD) is a critical RNA quality control system in eukaryotes, also playing a role in defending 
against viral infections. However, research has primarily focused on nonsegmented viruses. To investigate the interaction be-
tween NMD and segmented RNA viruses, we used cucumber mosaic virus (CMV), which possesses a tripartite, single-stranded, 
positive-sense RNA genome. Agroinfiltration assays were performed to assess how CMV RNA segments, or their variants, re-
spond to NMD. We found that CMV genomic segments (RNAs 1–3) exhibit distinct responses to NMD. Specifically, RNA3, which 
serves as the translation template of the movement protein (MP), is selectively degraded by NMD, unlike RNA1 and RNA2, 
which encode viral replicase components. This degradation is triggered by the coat protein (CP) sequence and can be mitigated 
by the trans-expression of the 1a replicase or CP. The 1a protein requires its specific interaction with the Box-B motif of RNA3 to 
avoid NMD. Importantly, compromising NMD reduces CMV infection during the early stages, suggesting that NMD-mediated 
RNA3 degradation facilitates initial viral replication. This is supported by observations that MP expression in trans negatively 
regulates viral RNA replication. We propose a model to illustrate the molecular interplay between NMD and CMV, emphasising 
the implications of genomic segmentation in NMD–virus interactions.

1   |   Introduction

Positive-sense (+) RNA viruses are the most abundant class of vi-
ruses, significantly impacting eukaryotic organisms, including 
humans, animals and plants. To combat RNA viruses, eukary-
otic hosts employ several conserved RNA regulation mech-
anisms, including small interfering RNA (siRNA)-mediated 
RNA silencing and RNA quality surveillance pathways (Lopez-
Gomollon and Baulcombe  2022; Li and Wang  2019; Ding and 
Voinnet 2014; Ding 2010). RNA silencing plays a major role as 
a primary defence mechanism against viruses, particularly in 
plants. RNA quality surveillance pathways include nonsense-
mediated decay (NMD), nonstop decay and no-go decay 
(Shoemaker and Green 2012). Among these pathways, NMD is 
the most extensively studied. It is translation-coupled and targets 

aberrant RNAs with premature termination codon(s) (PTCs) for 
degradation, minimising the production of potentially harmful 
truncated proteins. The core component of NMD, RNA helicase 
up-frameshift protein 1 (UPF1), plays a central role in recognis-
ing RNA substrates and activating NMD (Chang et  al.  2007). 
NMD has also been characterised as a general antiviral defence 
mechanism since two independent studies reported NMD inhi-
bition of viral infection in both animals and plants (Balistreri 
et al. 2014; Garcia et al. 2014).

During translation, if a PTC is encountered upstream of an 
exon junction complex (EJC), the EJC serves as a signal that 
triggers NMD, leading to the degradation of the faulty mRNA 
(Chang et al. 2007; Kashima et al. 2006). In addition to PTC, 
a long 3′ untranslated region (3′ UTR) can independently 
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activate NMD, irrespective of the presence of an EJC down-
stream (Kertesz et al. 2006; Hogg and Goff 2010). Numerous 
(+) RNA viruses possess a nonsegmented genome encoding 
multiple open reading frames (ORFs) that terminate sepa-
rately. These RNA genomes are directly translated to produce 
viral proteins, typically viral replicases. During translation, 
ribosomes halt elongation at the termination codon of the 5′-
most ORF, creating a long 3′ nontranslated sequence (3′ NTS). 
This long 3′ NTS renders the translating viral RNAs suscep-
tible to NMD-mediated degradation, inhibiting viral infection 
(Balistreri et  al.  2017; Li and Wang  2018; Popp et  al.  2020; 
Ahmed and Du  2023). RNA viruses characterised as NMD 
targets typically possess a long 3′ NTS in their nonsegmented 
genomes. Examples include plant-infecting viruses such as 
potato virus X (PVX) (Garcia et al. 2014), pea enation mosaic 
virus 2 (PEMV2) (May et  al.  2018), cucumber green mottle 
mosaic virus (CGMMV) (Chen et al. 2024), as well as human 
and animal viruses like Semliki forest virus (SFV) (Balistreri 
et al. 2014), Zika virus (ZIKV) (Fontaine et al. 2018), mouse 
hepatitis coronavirus (Wada et  al.  2018) and flaviviruses 
such as dengue virus (DENV) and West Nile virus (WNV) 
(Li et al. 2019). Very recently, m6A modification has been re-
ported to contribute to NMD-mediated viral RNA degradation 
via the interaction of the m6A reader (ETC2A) with the two 
NMD components, UPF3 and the suppressor with morphoge-
netic effect on genitalia 7 (SMG7) (He et al. 2024).

To ensure successful infection, some viruses employ strategies 
to escape or antagonise NMD, maintaining viral RNA integrity. 
A notable example is turnip mosaic virus, a representative mem-
ber of the Potyviridae family, which evades NMD due to the ab-
sence of any internal termination codon in its genome (Garcia 
et al. 2014). Viruses generally use two strategies to counteract 
host NMD (Popp et  al.  2020; Ahmed and Du  2023). The first 
involves cis-acting RNA elements, including the RNA stability 
element from Rous sarcoma virus (RSV) (Ge et al. 2016; Withers 
and Beemon  2011), the 51-nucleotide unstructured region of 
turnip crinkle virus (TCV) (May et al. 2018) and ribosomal de-
coding elements (frameshift, readthrough) from various RNA 
viruses (Baker and Hogg 2017; May et al. 2018; Tang et al. 2016). 
The second strategy involves viral proteins that inactivate NMD 
or assist viral RNAs in evading NMD degradation (Ahmed and 
Du 2023; Popp et al. 2020). The key NMD component UPF1 is 
often targeted for inactivation by viral proteins, such as the N-
protein from coronaviruses and the coat protein (CP) from SFV 
and ZIKV (Emmott et  al.  2013; Fontaine et  al.  2018; Gordon 
et al. 2020; Wada et al. 2018; Contu et al. 2021). Interestingly, 
Du and colleagues revealed that the normal splicing of maize 
UPF3 pre-mRNAs is disrupted by viral nuclear inclusion protein 
A protease (NIa-Pro) via interaction with a splicing factor, im-
pairing mRNA surveillance (Du et al. 2024). Additionally, other 
NMD factors, like the within bgcn homologue (WIBG) and the 
EJC-associated protein PYM1, are targeted by the core pro-
teins or CPs of flaviviruses (Li et al. 2019; Ramage et al. 2015). 
Recently, PEMV2 movement protein (MP) was identified as an 
RNA decay inhibitor that protects both viral and host RNAs 
from NMD, probably by binding and shielding these RNAs (May 
et al. 2020).

Except for these two cases (Tran et al. 2021; Sarkar et al. 2022), 
studies on the interaction between NMD and viruses mainly 

focus on nonsegmented RNA viruses (Ahmed and Du  2023; 
Popp et al. 2020). In fact, RNA viruses with segmented genomes 
make up a considerable proportion of plant viruses. A notable 
example is the family Bromoviridae, which comprises six gen-
era, including the two model RNA viruses brome mosaic virus 
(BMV) and cucumber mosaic virus (CMV). Members of the 
Bromoviridae family possess a tripartite (+) RNA genome (RNAs 
1–3). RNA1 is monocistronic, encoding the replicase 1a, which 
localises at specific endomembranes and recruits viral and host 
proteins, as well as viral RNAs, to form viral replication com-
plexes (Restrepo-Hartwig and Ahlquist 1999; Cillo et al. 2002; 
Baumstark and Ahlquist 2001; Noueiry and Ahlquist 2003; den 
Boon and Ahlquist 2010). RNA2 encodes the second replicase, 
2a, which is the RNA-dependent RNA polymerase (RdRP), 
responsible for synthesising nascent RNAs (Poch et  al.  1989; 
Traynor et  al.  1991). Additionally, in the genera Cucumovirus 
and Ilarvirus, RNA2 contains a second ORF encoding the 2b 
protein at its 3′ proximity, partially overlapping with the 3′ por-
tion of the 2a ORF (Ding et al. 1994; Xin et al. 1998). RNA3 is 
bicistronic, encoding MP and CP, which are separated by an in-
tergenic region (IGR). The CP is translated from RNA4, a subge-
nomic RNA of RNA3. Both MP and CP are essential for viral 
movement in host plants (Canto et  al.  1997), with CP also re-
sponsible for packaging viral RNAs.

To explore the potential interplay between NMD and segmented 
RNA viruses, here we focused on CMV, a scientifically and eco-
nomically important plant pathogen (Scholthof et al. 2011; Liu 
et al. 2019). Our findings indicate that only RNA3, not RNA1 or 
RNA2, is targeted by NMD for degradation. This degradation is 
specifically triggered by the nucleotide sequence of the CP, while 
the IGR and 3′ UTR are not involved. CMV 1a or CP can com-
promise this degradation, possibly by spatially separating viral 
RNAs from translation. Importantly, we found that NMD facil-
itates CMV accumulation during the early stages of infection. 
This facilitation probably benefits from NMD-mediated RNA3 
degradation, as the MP, the product of RNA3 translation, nega-
tively regulates viral RNA replication. Our work highlights the 
important implication of genomic segmentation in the molecu-
lar interaction between NMD and CMV.

2   |   Results

2.1   |   Differential Responses of CMV RNA Variants 
to NMD

In plants, RNA transcripts with a 3′ UTR over 350 nt can be tar-
geted by NMD for degradation (Kalyna et al. 2012). Given the 
critical role of the 3′ UTR length in activating NMD, we anal-
ysed the 3′ NTS lengths of CMV RNA segments using the model 
strain Fny of CMV (Fny-CMV) as a reference (Table  S1). It is 
important to note that the 3′ NTS is equivalent to the 3′ UTR 
in RNA1, but this is not the case for RNA2 and RNA3. RNA3 
has an exceptionally long 3′ NTS of 1257 nt, far exceeding the 
350-nucleotide threshold typically associated with NMD targets 
in plants. However, RNA1 and RNA2 are much shorter in the 
length of 3′ NTS, measuring 281 and 394 nt, respectively, which 
are close to the 350-nucleotide threshold. Other typical viruses 
in the five genera within the family Bromoviridae display a sim-
ilar pattern in their 3′ NTS size. Thus, the remarkable variation 
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in the 3′ NTS size suggests that CMV RNAs may have differen-
tial responses to host NMD.

To intuitively exhibit the accumulation of CMV RNAs in 
plants, we constructed three green fluorescence protein (GFP)-
expressing variants, R1gfp, R2gfp and R3gfp, by replacing 
the 5′ ORF in RNA1, RNA2 and RNA3 with enhanced GFP 
(Figure  1a). We then performed agroinfiltration assays in 
Nicotiana benthamiana to assess these RNAs, alongside the 

NMD-resistant internal control 35S-mCherry in the presence 
of the RNA silencing suppressor p19. At 2 days postagroinfil-
tration (DPAI), leaves expressing R1gfp or R2gfp showed sim-
ilarly strong green fluorescence, while leaves expressing R3gfp 
exhibited barely detectable green fluorescence (Figure  1b). 
Interestingly, another RNA3 variant, R3gfp∆mp-cp, in which 
the sequence spanning from MP to CP in RNA3 was replaced 
with enhanced GFP, produced strong green fluorescence equiv-
alent to that of R1gfp or R2gfp (Figure 1b). The differences in 

FIGURE 1    |    Differential accumulation levels of GFP-expressing CMV RNA variants in Plants. (a) Schematic representation of the CMV genomic 
RNAs and their GFP-expressing viral RNA variants. (b, c) Transient expression of GFP-expressing viral RNA variants in Nicotiana benthamiana 
plants. Each viral RNA variant was transiently expressed along with mCherry (used as an internal control) and the silencing suppressor p19. (b) 
Fluorescence visualisation. At 2 days postagroinfiltration (DPAI), GFP and mCherry fluorescence was imaged in the infiltrated leaves using laser 
confocal microscopy with fixed laser parameters. (c) Molecular detection of these RNA transcripts by northern blot hybridization, along with their 
translation products by western blot hybridization, as indicated on the left. Total proteins and RNAs were extracted from the infiltrated leaves at 2 
DPAI, as shown in panel (b). P-GFP and P-mCherry refer to probes specific to GFP and mCherry, respectively, and the same applies to other panels. 
Notably, RNA transcripts of GFP-expressing viral RNA variants were detected using a mixture of three GFP-specific probes. An asterisk indicates 
the position of R3gfp, while a right bracket marks the positions of the other three RNA variants. (d, e) Responses of R3gfp and R3gfp∆cp to coexpres-
sion with UPF1 or U1D. R3gfp, as well as R3gfp∆cp, was coexpressed with UPF1 or U1D, along with mCherry and p19, in the leaves of N. benthami-
ana plants. At 2 DPAI, the infiltrated leaves were collected for fluorescence visualisation (d) and RNA gel blot analysis (e), as described in the panels 
(b) and (c). Mock refers to the leaf samples treated with infiltration buffer.
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fluorescence intensity between R3gfp and the other RNAs were 
further confirmed by western blotting for GFP and northern 
blotting for these RNA transcripts (Figure 1c). The internal con-
trol 35S-mCherry showed consistent red fluorescence intensity 
and expression levels across all samples (Figure  1b,c). These 
findings strongly suggest that R3gfp transcripts were unstable 
in plants.

To determine whether the low level of R3gfp transcripts 
was caused by NMD, we tested the responses of R3gfp and 
R3gfp∆mp-cp to transiently coexpressed Arabidopsis UPF1 
or its dominant-negative mutant U1D (Kertesz et  al.  2006). 
Coexpression of U1D significantly enhanced green fluores-
cence from R3gfp compared to UPF1 expression (Figure  1d), 
corresponding with an increased RNA accumulation anal-
ysed by northern blotting (Figure  1e). However, no discern-
ible difference was observed in fluorescence intensity or RNA 
levels of R3gfp∆mp-cp when coexpressed with U1D or UPF1 
(Figure 1d,e). As expected, the expression level of the internal 
control 35S-mCherry remained consistent under both UPF1 and 
U1D conditions for each RNA variant (Figure 1d,e). These data 
demonstrate that, unlike R3gfp∆mp-cp, R3gfp was sensitive to 
NMD, leading to its instability in plants.

2.2   |   RNA1 and RNA2, but Not RNA3, Are 
Resistant to NMD

The results shown above led us to hypothesise that RNA1 and 
RNA2 are resistant to NMD, whereas RNA3 is not. To test this 
hypothesis, we transiently coexpressed each of these three 
RNAs with either UPF1 or U1D via agroinfiltration in N. ben-
thamiana. As expected, coexpression of U1D had no discernible 
effect on the RNA levels of RNA1 or RNA2 (Figure 2a,b), while 
it significantly increased the RNA3 level by 137% (Figure  2c) 
when compared to coexpression of UPF1. These results provide 
solid evidence that RNA1 and RNA2, but not RNA3, are resis-
tant to NMD.

We were curious whether RNA1 and RNA2 also become 
sensitive to NMD if a PTC is introduced into their coding se-
quence, generating a long 3′ NTS. Interestingly, introduc-
ing an artificial PTC into RNA1 at position 1100 nt or 2096 nt 
(Figure S1a) resulted in the instability of both RNA1 mutants 
(R1PTC1100, R1PTC2096), as evidenced by their undetectable levels 
(Figure S1b). Similar influences were observed when an artifi-
cial PTC was introduced into RNA2 at position 1095 nt or 1884 nt 
(Figure S1a,b). As expected, coexpression with U1D increased 
the accumulation levels of both RNA1 mutants (Figure S1c), as 
well as both RNA2 mutants (Figure S1d). These results suggest 
that the relatively short 3′ NTS is not effective in inducing NMD 
against RNA1 and RNA2.

2.3   |   The CP Sequence Triggers NMD

The finding that RNA3 is targeted by NMD led us to investi-
gate which sequence within RNA3 is responsible for activating 
NMD. To this end, we tested the accumulation levels of R3gfp 
and its derivatives with deletion of the IGR (R3gfp∆igr), the 
5′ half (R3gfp∆cp1-329) or the 3′ half (R3gfp∆cp330-657) of the 
CP (Figure 3a). The CP was divided into two halves to ensure 
that these deletion mutants retained similarly long 3′ NTSs, 
ranging from 929 to 960 nt (Figure  3a). Northern blot showed 
that, compared to R3gfp, R3gfp∆igr exhibited a similarly low 
level, while deletion of the 5′ half (R3gfp∆cp1-329) or the 3′ half 
(R3gfp∆cp330-657) of the CP increased the RNA level by 252% 
and 175%, respectively (Figure  3b). These findings were con-
sistent with the western blot analysis of GFP (Figure 3b). Thus, 
both halves of the CP sequence can trigger NMD, whereas the 
IGR does not. Coexpression of U1D increased the RNA level of 
R3gfp∆cp1-329 by 212%, accompanied by a 133% increase in GFP 
protein when compared to coexpression with UPF1 (Figure 3c). 
Similarly, R3gfp∆cp330-657 increased substantially in the pres-
ence of U1D (Figure 3d). This indicates that both halves of the 
CP sequence independently trigger NMD. Deleting the entire CP 
sequence from R3gfp rendered the mutant R3gfp∆cp completely 
resistant to NMD, as no difference in RNA transcript levels or 
translation products was observed between UPF1 and U1D 
(Figure 3e). Additionally, when the CP sequence was fused with 
GFP in R3gfp → cp by removing the GFP termination codon in 
R3gfp∆igr (Figure  3a), the RNA and GFP-CP fusion protein 
levels increased greatly compared to R3gfp∆igr (Figure  3f). 
Furthermore, R3gfp → cp transcripts turned out to be insensitive 
to NMD, despite the presence of the CP sequence (Figure 3g). 
These data strongly suggest that the untranslated CP sequence, 
rather than the IGR or 3′ UTR, triggers NMD, leading to the 
accelerated degradation of R3gfp in plants.

Previously, May and colleagues determined that TCV 3′ UTR 
(250 nt in length) has the ability to inhibit NMD induced by 
a 747 nt-long 3′ UTR when it is posited upstream of this long 
3′ UTR in a reporter RNA (May et al. 2018). We were curious 
whether the TCV 3′ UTR is effective as well in the inhibition 
of CMV CP-induced NMD. To this end, we replaced the IGR 
with TCV 3′ UTR in the reporter R3gfp and tested this mutant 
(R3gfp-3UTCV) along with R3gfp via agroinfiltration assays 
where 35S-mCherry and p19 were coexpressed. Unexpectedly, 
the replacement did not increase the accumulation levels of 
the R3gfp transcripts and its translation products (Figure S2), 

FIGURE 2    |    RNA3 is sensitive to nonsense-mediated mRNA decay 
(NMD), while RNA1 and RNA2 are not. (a–c) Responses of RNAs 1–3 
to coexpression with UPF1 or U1D. Each RNA was coexpressed with 
UPF1 or U1D, along with mCherry and p19, in the leaves of Nicotiana 
benthamiana plants via agroinfiltration. At 2 days postagroinfiltra-
tion (DPAI), the infiltrated leaves were collected for RNA extract and 
gel blotting analyses of RNA1 (a), RNA2 (b) or RNA3 (c) using RNA-
specific probes. P-RNA1, P-RNA2 and P-RNA3 refer to probes specific 
to RNA1, RNA2 and RNA3, respectively. Mock refers to the leaf sam-
ples treated with infiltration buffer. Relative accumulation levels were 
calculated from three independent biological experiments with stan-
dard errors. Paired t test was used to analyse statistical significance. 
Different superscript letters indicate statistical difference at p < 0.05.
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suggesting that TCV 3′ UTR could not overcome the CP-
induced NMD.

2.4   |   RNA Features of the 3′ NTS From CMV RNA3

Several studies have reported that a high GC content (> 58%) in 
the 3′ UTRs of UPF1 targets is a key feature for inducing UPF1-
mediated RNA decay (Imamachi et al. 2017; May et al. 2018). 
However, we found that none of the IGR, 3′ UTR, CP, or its two 
halves has an overall high GC content (Figure 4a). Specifically, 
the IGR has a notably low GC content (40.74%). Unlike the IGR, 
the 3′ UTR, which also does not trigger NMD, has a relatively 
high GC content (52.12%). Similarly, the 3′ UTRs of RNA1 
and RNA2 have nearly identical GC content to that of RNA3 

(Figure  S3a), despite sequence variations at the beginning of 
their 5′ ends (Figure S3b). The complete CP and its two halves 
also have a regular GC content around 50%, which is even lower 
than that of the 3′ UTR. Therefore, we did not find a strong rela-
tionship between the overall GC content of these sequences and 
their different ability to induce NMD.

Local GC-rich motifs in the 3′ UTR of NMD targets are re-
quired for UPF1-mediated RNA decay (Imamachi et al. 2017), 
which prompted us to search for local GC- or AU-rich motifs 
in the 3′ NTS by scanning the 3′ NTS sequence in 50-nt win-
dows, stepped by one nucleotide (Figure  4b). We identified 
two GC-rich local regions within the CP, which are separately 
located at the 5′ vicinities of both CP halves. The GC content 
in these regions reaches 71.6% and 62.0%, respectively. In 

FIGURE 3    |    Determination of viral RNA sequences responsible for the activation of nonsense-mediated mRNA decay (NMD). (a) Schematic di-
agrams of R3gfp and its derivatives with deletions of the intergenic region (IGR), the 5′ half (1–329), 3′ half (330–657) or the entire coat protein (CP) 
sequence. R3gfp → cp was generated by deleting the termination codon of GFP and the IGR, allowing the CP to be translated together with GFP, as 
indicated by a green arrow. The size of 3′ nontranslated sequence (3′ NTS) of these RNAs are shown on the right. (b) Relative accumulation levels of 
R3gfp and its derivatives in plants. R3gfp and its derivatives were individually expressed, along with mCherry and p19, in the leaves of Nicotiana ben-
thamiana plants via agroinfiltration. P-GFP and P-mCherry refer to probes specific to GFP and mCherry, respectively, and the same applies to other 
panels. (c–e) Responses of the CP deletion mutants to UPF1 or U1D in plants. The CP deletion mutants, including R3gfp∆cp1-329 (c), R3gfp∆cp330-657 
(d) and R3gfp∆cp (e), were separately coexpressed with UPF1 or U1D, along with mCherry and p19, in the leaves of N. benthamiana. (f) Translation 
of the CP sequence as a fusion protein with GFP increased RNA accumulation. R3gfp∆igr and R3gfp → cp were separately coexpressed with both 
mCherry and p19 in the leaves of N. benthamiana via agroinfiltration. For all these experiments shown in panels (b) to (g), at 2 days postagroinfil-
tration, the infiltrated leaves were collected for total RNA and protein extraction, which were subjected to northern blot and western blot analyses, 
respectively. Relative accumulation levels of RNA transcripts or GFP protein from RNA3gfp or its derivatives are shown below. Mock is the leaf 
samples treated with infiltration buffer.
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contrast, the IGR lacks GC-rich regions and instead has two 
AU-rich local regions located at its 5′ (down to 22.0%) and 3′ 
(down to 32.0%) ends. The 3′ UTR has one region with a low 
GC content (36.0%) at its 5′ end and another region with a high 
GC content (66.0%) at its 3′ end. These regions with unusual 

GC content might represent RNA features that determine 
their response to NMD.

Although the IGR cannot confer resistance against NMD in the 
full-length RNA3 and R3gfp (Figures 2c and 3b), it is resistant 

FIGURE 4    |    Nonsense-mediated mRNA decay (NMD)-associated sequence features of the 3′ nontranslated sequence (NTS). (a) GC content analy-
sis of the intergenic region (IGR), the 5′ half, 3′ half and the entire coat protein (CP) sequence, and 3' untranslated region (UTR). (b) Scanning GC con-
tent of the 3′ NTS in a 50-nt window, stepped by one base. (c) Predicted RNA structure of the IGR. The structure was inferred from the predicted IGR 
of Bn57-CMV (Watters et al. 2018). Nucleotides coloured red indicate these three nucleotide differences between the IGRs of Fny-CMV and Bn57-
CMV. Nucleotides coloured blue represent the AU-rich sequences. The IGR is divided into three segments based on its structure, labelled as seg1, 
seg2 and seg3. (d) Effect of deleting seg1, seg2 or seg3 on the accumulation of R3gfp∆cp in plants. R3gfp∆cp and these deletion mutants were individ-
ually expressed, along with p19, in the leaves of Nicotiana benthamiana plants via agroinfiltration. At 2 days postagroinfiltration (DPAI), infiltrated 
leaves were collected for RNA extraction, followed by northern blot hybridization with GFP-specific probes (P-GFP). (e, f) Responses of the ∆seg1 
and ∆seg3 mutants to the expression of UPF1 or U1D. ∆seg1 and ∆seg3 were separately coexpressed with p19, along with the vector (pCambia3101), 
UPF1, or U1D in the leaves of N. benthamiana plants. At 2 DPAI, accumulation levels of ∆seg1 and ∆seg3 were detected through northern blot anal-
yses with a GFP-specific probe. The relative accumulation levels are shown below. Mock refers to the leaf samples treated with infiltration buffer.
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to NMD when the CP is deleted in R3gfp (Figure 3e). We were 
curious whether this NMD-resistance property of the IGR is ren-
dered by a specific sequence in the absence of the CP. To this 
end, we divided the IGR into three segments (seg1–3) based on 
its predicted RNA structure (Figure 4c). The IGR structure was 
inferred from that of the IGR of Bn57-CMV, which was chemi-
cally probed in plant cell lysates (Watters et al. 2018). The IGR 
sequences of Fny-CMV and Bn57-CMV differ by only three 
nucleotides, marked in red in Figure 4c. Segment 2 (seg2) folds 
into an extended hairpin structure that is highly conserved in 
certain members of the family Bromoviridae (Baumstark and 
Ahlquist  2001). Seg1 and seg3, located upstream and down-
stream of seg2, contain AU-rich regions, indicated in blue in 
Figure  4c. Agroinfiltration assays were conducted to examine 
the accumulation level of R3gfp∆cp and its variants with dele-
tions of seg1, seg2 or seg3, coexpressed with p19 in the leaves 
of N. benthamiana. Deletion of seg2 (∆seg2) slightly increased 
RNA levels, while deletion of either seg1 (∆seg1) or seg3 (∆seg3) 
dramatically reduced RNA levels to 21% or 34% of R3gfp∆cp, 
respectively (Figure 4d). Coexpression of UPF1 slightly reduced 
the RNA levels of ∆seg1 and ∆seg3 when compared to the vec-
tor control (Figure  4e,f). In contrast, coexpressing U1D sub-
stantially increased the RNA levels of ∆seg1 and ∆seg3 by 165% 
or 114%, respectively (Figure 4e,f). These results indicate that 
∆seg1 and ∆seg3 are highly sensitive to NMD, which is distinct 
from the insensitivity of R3gfp∆cp to NMD (Figure 3e). Taken 
together, when the CP is absent, seg1 and seg3 confer the IGR 
resistance against NMD, which might be due to their AU-rich 
feature.

2.5   |   CMV 1a and CP Proteins Stabilise 
NMD-Sensitive R3gfp in Plants

Next, we sought to explore whether any viral protein(s) could 
inhibit NMD-mediated RNA3 turnover. Agroinfiltration as-
says were conducted in the leaves of N. benthamiana plants to 
transiently express individual CMV proteins along with R3gfp, 
mCherry and p19. RNA gel blotting analysis showed that the ex-
pression of either the 1a or CP protein significantly increased 
R3gfp transcript levels by 183% and 117%, respectively, com-
pared to the vector control (Figure  5). Surprisingly, the level 
of GFP, the translation product of R3gfp, remained nearly un-
changed in the presence of the 1a or CP (Figure 5). Three other 
viral proteins (2a, 2b, MP) were unable to enhance the accumula-
tion level of R3gfp transcripts (Figure 5). As usual, 35S-mCherry 
showed consistent levels of RNA transcripts and translation 
products across all treatments. These distinct effects of CMV 1a 
and CP on RNA and protein levels suggest that these two viral 
proteins may sequester R3gfp transcripts from translation, pre-
venting the RNA from entering the NMD pathway, resulting in 
the increase of RNA accumulation, but not translation products.

2.6   |   CMV 1a Protein Stabilises R3gfp via Its 
Recruitment Elements

BMV 1a protein is well known for stabilising viral RNA3 by re-
cruiting it into viral replication compartments, which depend 
on the amphipathic helix A domain in the 1a protein and the 
Box-B motif in the IGR of RNA3 (Sullivan and Ahlquist 1999; 

Liu et  al.  2009). Inspired by these findings, we performed se-
quence alignment to search for regions in CMV 1a protein 
homologous to the helix A domain (Figure  6a). Although the 
residue compositions of the BMV and CMV helix A domains dif-
fer markedly, they were predicted to form nearly identical alpha 
helical structures (Figure S4a). Additionally, the CMV helix A 
domain contains a hydrophobic face with residues I426–L427–
L437 (Figure S4b), similar to the L396–L400–L407 residues on 
the BMV helix A domain (Liu et al. 2009). Deletion of the helix 
A domain in the CMV 1a protein (1a∆18H) resulted in a loss of 
biological activity in replicating CMV RNA3 when coexpressed 
with the CMV 2a protein (Figure  S5). This is consistent with 
previous findings for BMV 1a mutant lacking the helix A do-
main (Liu et al. 2009).

We next investigated the impact of the wild-type CMV 1a or its 
mutant (1a∆18H) on the accumulation of R3gfp RNA transcripts 
via agroinfiltration assays. Northern blot analyses revealed that 
the deletion of the helix A domain reduced R3gfp RNA levels by 
82% (1a vs. 1a∆18H) while increasing GFP protein levels by 64% 
(Figure 6b). Similarly, in the presence of the wild-type 1a, the de-
letion of the Box-B motif in R3gfp (R3gfp∆Box-B) dramatically 
reduced RNA levels but increased protein levels (Figure 6c,d). 
When coexpressed with U1D, both RNA and protein levels of 
R3gfp∆Box-B increased compared to the coexpression of UPF1 
(Figure 6e). Taken together, these results strongly suggest that 
CMV 1a protein stabilises R3gfp by preventing this RNA from 
entering the translation process, thereby circumventing NMD-
mediated degradation.

FIGURE 5    |    Trans-expression of CMV 1a or coat protein (CP) en-
hances the accumulation level of R3gfp in plants. R3gfp was coex-
pressed with a control vector (pBI121) or one of viral proteins, togeth-
er with mCherry and p19 in the leaves of Nicotiana benthamiana via 
agroinfiltration. At 2 days postagroinfiltration, the infiltrated leaves 
were collected for total protein and RNA extraction, followed by west-
ern blotting and northern blotting, respectively. P-GFP and P-mCherry 
refer to probes specific to GFP and mCherry, respectively. Mock refers 
to the leaf samples treated with infiltration buffer only. The relative ac-
cumulation levels of R3gfp RNA transcripts and GFP protein were cal-
culated from three independent biological experiments with standard 
errors. One-way ANOVA was used to assess significant difference with 
p < 0.05, indicated by different superscript letters.
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2.7   |   NMD Impairment Reduces Virus 
Accumulation in the Early Infection Stage

For RNA viruses, the timing of viral gene expression is cru-
cial. Specifically, viral proteins that are not essential for rep-
lication, such as MP and CP, are typically synthesised later 
than the viral replicase proteins. This timing prevents these 
proteins from competing with replicase for viral RNA tem-
plates during the early stages of infection, thereby promoting 
successful viral infection. In the case of CMV, MP is syn-
thesised directly from RNA3 and is produced concurrently 
with replicase proteins 1a and 2a. This raises the question of 
whether simultaneous MP production impacts CMV replica-
tion efficiency during the early stages of infection. To explore 
this, we assessed the effect of trans-expressed CMV MP on 
the replication of CMV RNA1 and RNA2 in the absence of 
RNA3 via agroinfiltration assays. At 2 DPAI, RNA gel blot 
analysis showed that MP expression reduced replication levels 

of RNA1 and RNA2 by approximately 40% compared to the 
vector control (V) or GFP expression (Figure  7a). This sug-
gests that during early infection, overproduction of MP may 
compromise CMV replication by competing with the replicase 
for viral RNAs.

Inspired by this finding, we hypothesised that NMD might facil-
itate CMV replication by degrading RNA3 during the early stages 
of infection. To test this, we conducted agroinfiltration assays 
in N. benthamiana plants coexpressing CMV RNAs with either 
UPF1 or U1D. Viral RNAs were detected in infiltrated leaves at 
12-h intervals using northern blot hybridisation (Figure 7b). At 
12 h postagroinfiltration (HPAI), viral RNAs were undetectable 
in leaves coexpressing either UPF1 or U1D. By 24 HPAI, RNA1, 
RNA2 and RNA3 were detected in the UPF1-treated samples, 
but not in the U1D-treated samples. After another 12 h, both 
UPF1- and U1D-treated samples showed similarly high levels 
of viral RNAs. These findings suggest that NMD favours CMV 

FIGURE 6    |    Recruitment-associated elements are necessary for CMV 1a protein to enhance the accumulation level of R3gfp in plants. (a) The 
predicted amphipathic helix A in CMV 1a protein, aligned with the corresponding helix in the 1a protein of brome mosaic virus (BMV). (b) The am-
phipathic helix A is required for CMV 1a to increase the accumulation level of R3gfp in plants. R3gfp was coexpressed with either the wild-type 1a 
or its mutant lacking the amphipathic helix A (∆18H), along with mCherry and p19 in Nicotiana benthamiana leaves via agroinfiltration. At 2 days 
postagroinfiltration, infiltrated leaves were collected for total RNA and protein extraction, followed by northern and western blotting, respectively. 
P-GFP and P-mCherry refer to probes specific to GFP and mCherry, respectively, and the same applies to other panels. The relative accumulation lev-
els of R3gfp RNA transcripts and GFP protein are shown below. (c) Schematic representation of the Box-B motif in RNA3s of CMV and BMV. (d) CMV 
1a protein could not stabilise the R3gfp mutant lacking the Box-B motif in plants. CMV 1a was coexpressed with either R3gfp or R3gfp∆BoxB, along 
with mCherry and p19, in the leaves of N. benthamiana via agroinfiltration. RNA and protein detection and relative quantification were performed 
as in (b). (e) R3gfp∆BoxB retained sensitive to nonsense-mediated mRNA decay (NMD), even in the presence of CMV 1a protein. R3gfp∆BoxB was 
coexpressed with UPF1 or U1D, along with CMV 1a, mCherry and p19 in N. benthamiana leaves. Molecular detection and quantification of target 
RNAs and proteins were conducted as in (b).
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infection during the early stages of infection, most probably by 
reducing the MP synthesis.

3   |   Discussion

In this study, we investigated the molecular interplay between 
CMV and NMD. Our data demonstrate that CMV RNA3, but 
not RNA1 or RNA2, is a target of NMD, which is triggered by 
the CP nucleotide sequence. The IGR sequence, located imme-
diately downstream of the RNA3 translation termination, does 
not induce NMD. This is regulated by the nucleotide sequences 
at its 5′ and 3′ ends. CMV 1a and CP can enhance RNA3 stability 
as evidenced by the increased accumulation, which is probably 
due to these viral proteins shielding RNA3 from entering trans-
lation, thereby avoiding NMD antiviral defence. Importantly, we 
found that NMD facilitates CMV accumulation during the early 
stages of infection. This facilitation might occur due to NMD-
mediated RNA3 degradation, as the MP protein, the translation 
product of RNA3, negatively regulates viral RNA replication.

In nature, the quantity of viral particles transmitted through me-
chanical means or insect vectors is typically limited (Whitfield 
et al. 2015; McCrone and Lauring 2018). For (+) RNA viruses, 
the initial step of infection involves the release of viral RNA ge-
nomes from viral particles in host cells, followed by their trans-
lation into viral proteins essential for replication. Therefore, 
to successfully establish an infection, it is crucial for (+) RNA 
viruses to evade NMD during the translation process. Our 
findings suggest that genomic segmentation of CMV ensures 
its replicase-encoding RNAs efficiently evade NMD. While ge-
nomic segmentation is rarely featured in (+) RNA viruses infect-
ing animals and humans, it is prevalent in plant RNA viruses. 
Approximately 10 families of plant viruses have genomes com-
posed of two or more segmented RNAs (Walker et al. 2021). In 

addition to CMV, well-known segmented (+) RNA viruses in-
clude scientifically and economically significant viruses such as 
BMV, tobacco rattle virus and broad bean wilt virus 2 (Scholthof 
et al. 2011; Liu et al. 2019). Furthermore, some viruses that cause 
severe crop damage, such as rice black stripe dwarf virus and 
rice dwarf virus, possess genomes composed of over 10 double-
stranded RNAs (Wu et  al.  2024). In segmented RNA viruses, 
RdRP is typically encoded by a monocistronic RNA, which is 
probably resistant to NMD due to the absence of a long 3′ UTR. 
Thus, we speculate that genomic segmentation is one of the gen-
eral strategies employed by a number of segmented RNA viruses 
to avoid NMD. This approach is conceptually similar to the 
strategy employed by potyviruses, which encode a single large 
ORF in their nonsegmented genomes (Garcia et al. 2014).

Undoubtedly, NMD serves as a universal antiviral defence 
mechanism, playing an important role in inhibiting viral in-
fections. Interestingly, our data suggest that NMD can pro-
mote the initial infection of CMV. We believe this seemingly 
paradoxical role of NMD arises from differences in its targets. 
In previous studies, the viral RNA degraded by NMD typically 
is the viral genome used to produce viral replicase (Balistreri 
et  al.  2014; Garcia et  al.  2014; Fontaine et  al.  2018; May 
et al. 2018; Wada et al. 2018; Li et al. 2019; Chen et al. 2024). This 
degradation reduces the synthesis of viral replicase, thereby 
diminishing viral RNA replication. In contrast, for CMV, the 
target of NMD-mediated degradation is RNA3, which serves 
as a template for the production of MP (Figure 2). Typically, 
viral MP is produced from subgenomic RNAs, which are syn-
thesised later than the replication-associated proteins, align-
ing with the temporal sequence of viral infection. However, 
CMV MP is produced concurrently with the replication com-
ponents. Notably, CMV MP binds not only to viral RNAs (Li 
and Palukaitis  1996; Vaquero et  al.  1997) but also to the 2a 
protein (Hwang et al. 2005). Overexpression of the MP could 

FIGURE 7    |    Nonsense-mediated mRNA decay (NMD) contributes to the early stages of viral infection in plants. (a) Trans-expression of move-
ment protein (MP) inhibits the replication of viral RNAs. CMV RNA1 and RNA2 were coexpressed with a control vector (pBI121), MP or GFP in 
Nicotiana benthamiana leaves via agroinfiltration. At 3 days postagroinfiltration, infiltrated leaves were collected for RNA extraction, followed by 
northern blot analysis of the accumulation of RNA1 and RNA2. The relative accumulation levels of the viral RNAs were calculated from three inde-
pendent biological experiments with standard errors. Paired t test was used to analyse statistical significance. Different superscript letters indicate 
statistical difference at p < 0.05. (b) Effect of NMD impairment on virus infection in plants. Agrobacterium cells carrying CMV infectious clones were 
coinfiltrated with bacterial cells expressing either UPF1 or U1D into the sixth true leaves of N. benthamiana. Viral RNAs 1–3 were detected sepa-
rately in the infiltrated leaves using RNA-specific probes at 12, 24 and 36 h postagroinfiltration. P-RNA1, P-RNA2 and P-RNA3 refer to 5′-digoxin 
labelled probes specific to RNA1, RNA2 and RNA3, respectively.
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lead to competition with CMV 1a protein for viral RNAs and 
the 2a protein, thereby impairing the assembly of the viral rep-
lication complex and subsequent replication. This hypothesis 
is supported by the experimental data showing that trans-
expression of CMV MP significantly reduced viral RNA rep-
lication (Figure 7a). Consequently, we propose a model where 
NMD facilitates the early infection of CMV. During the initial 
stages of CMV infection, NMD-resistant RNA1 and RNA2 are 
efficiently translated to produce viral replicases 1a and 2a. 
Simultaneously, the virus exploits NMD to selectively target 
RNA3, accelerating its turnover. This targeted degradation 
would reduce MP synthesis, as RNA3 serves as the mRNA 
template for MP production, thereby alleviating competition 
between the MP and 1a proteins. This, in turn, benefits the 1a 
protein in recruiting the 2a protein and viral RNAs, leading to 
enhanced multiplication of viral RNAs in the initial infection 
cells (Figure 8).

Our work demonstrates that NMD-targeted degradation 
of RNA3 and its variants depends on the CP nucleotide se-
quence, rather than the IGR and 3′ UTR. Moreover, both 5′ 
and 3′ halves of the CP sequence are engaged in the activa-
tion of NMD (Figure  3). This indicates that NMD induction 
requires specific RNA features. Imamachi and colleagues 
reported that phosphorylated UPF1 prefers to bind GC-rich 
stretches in the 3′ UTR, which are associated with accelerated 
RNA decay (Imamachi et al. 2017). We found that both 5′ and 
3′ halves of the CP sequence have a local region with an un-
usually high GC content (Figure 4). Therefore, we speculate 
that these GC-rich regions could be responsible for the CP se-
quence inducing NMD.

Our results demonstrate that the IGR sequence is not engaged 
in NMD activation, which could be the presence of the AU-rich 
feature at both 5′ and 3′ ends (Figure 4). In the absence of viral 
proteins, the IGR sequence is not effective in alleviating the CP 

sequence-triggered decay of RNA3 or its reporter. Even NMD-
resistant TCV 3′ UTR in the context of the IGR cannot inhibit 
CP-induced RNA decay either (Figure  S2). Interestingly, we 
found that CMV 1a replicase provided in trans helps the reporter 
R3gfp escape from RNA decay by specific interaction with the 
Box-B motif in the IGR (Figure 6). This is consistent with previ-
ous findings that BMV 1a protein stabilises viral RNA3 by re-
cruiting it into viral replication compartments via the 1a–Box-B 
interaction (Sullivan and Ahlquist 1999; Liu et al. 2009). Such 
specific interactions between an RNA-binding protein and its 
target sequence that confer NMD resistance are not common. 
For instance, host PTBP1 and viral MP proteins can confer NMD 
resistance, but they often have very poor sequence specificity 
(Ge et al. 2016; May et al. 2020). As for (+) RNA viruses, viral ge-
nomes must be recruited by viral replicase for replication; thus, 
specific interaction between viral replicase and genomic RNAs 
would be a generic strategy to avoid viral RNA decay.

In conclusion, this study explored the molecular interaction 
between NMD and CMV, revealing that CMV RNA3, unlike 
RNA1 and RNA2, is specifically targeted by NMD, a process 
triggered by the CP sequence. This targeting by NMD is pro-
posed to facilitate CMV replication during the early stages of in-
fection. Therefore, we propose that genomic segmentation is one 
of the viral strategies that help segmented RNA viruses evade 
NMD, highlighting its significant implication in NMD–virus 
interactions.

4   |   Experimental Procedures

4.1   |   Plant Growth

Nicotiana benthamiana plants were grown in a plant growth 
room under a 16-h light period at an intensity of 150–
200 μmol m−2 s−1 and a temperature of 23°C–25°C. Seedlings 

FIGURE 8    |    Proposed model of how nonsense-mediated mRNA decay (NMD) facilitates early CMV infection. During the initial stages of CMV 
infection, NMD-resistant RNA1 and RNA2 are efficiently translated to produce viral replicases 1a and 2a. Concurrently, the virus exploits the NMD 
pathway to selectively target RNA3 for accelerated degradation. This degradation would reduce the synthesis of the movement protein (MP), thereby 
alleviating competition for viral RNAs and their translocation to plasmodesmata (PD). This, in turn, facilitates the 1a protein to recruit the 2a protein 
and viral RNAs, enhancing viral RNA replication in the initial infection cells.
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approximately 4 weeks old were used for agroinfiltration 
experiments.

4.2   |   Plasmid Construction

The T-DNA-based infectious clones pCB301-C1, pCB301-C2 
and pCB301-C3, corresponding to the genomic RNA1, RNA2 
and RNA3 of Fny-CMV, respectively, have been previously 
described (Gao et al. 2018). The DNA constructs pCB301-1a, 
pCB301-2a and pBI121-Fny2b, used for the transient expres-
sion of CMV 1a, 2a and 2b proteins, respectively, were also 
previously reported (Du et al. 2014; Gao et al. 2018). To tran-
siently express the MP or CP of Fny-CMV in N. benthamiana, 
DNA fragments corresponding to their coding sequences 
were amplified from pCB301-C3 and inserted into the binary 
vector pBI121 after digestion with restriction endonucleases 
BamHI and SacI. For the transient expression of UPF1, the 
coding sequence for Arabidopsis UPF1 (accession: At5g47010) 
was amplified via reverse transcription (RT)-PCR using spe-
cific primers. The resultant PCR product was digested with 
EcoRI and PstI and inserted into the binary vector pCam-
bia3101, generating pCambia-UPF1. A dominant-negative 
mutant of UPF1, pCambia-U1D, was generated by substitut-
ing the arginine at position 863 with a cysteine, as previously 
reported (Kertesz et al. 2006). The plasmid pBI121-mCherry 
was constructed by inserting the coding sequence of mCherry 
between the BamHI and SacI sites in pBI121. Using the 
ligation-independent cloning method (Jeong et  al.  2012), the 
5′ proximal ORFs of CMV genomic RNAs in pCB301-C1, 
pCB301-C2 and pCB301-C3 were replaced with GFP, gen-
erating pCB301-R1gfp, pCB301-R2gfp and pCB301-R3gfp, 
respectively. Additionally, the sequence spanning from 
MP to CP in pCB301-C3 was replaced with GFP, creating  
pCB301-R3gfp∆mp-cp.

Site-directed mutagenesis (Liu and Naismith 2008) was used 
to introduce specific mutations or delete DNA fragments 
in the constructs. To prematurely terminate the transla-
tion of the 1a protein, codons 1100TTG or 2096AAT in RNA1 
were changed to the stop codon TAG, generating pCB301-
R1PTC1100 and pCB301-R1PTC2096, respectively. Similarly, co-
dons 1095CCG or 1884GAC in RNA2 were replaced with TAG, 
generating pCB301-R2PTC1095 and pCB301-R2PTC1884, respec-
tively. To express GFP-fused CP protein, the stop codon of 
GFP was removed in pCB301-R3gfp∆igr, generating pCB301-
R3gfp → cp. To identify the NMD inducer in R3gfp, the IGR, 
the 5′ half (nt 1–329) or the 3′ half (nt 330–657) of the CP in 
pCB301-R3gfp was deleted, generating pCB301-R3gfp∆igr, 
pCB301-R3gfp∆cp1-329 and pCB301-R3gfp∆cp330-657, respec-
tively. The entire CP was also removed, creating pCB301-
R3gfp∆cp. Furthermore, the IGR and either the 5′ or 3′ half of 
the CP were deleted from pCB301-R3gfp, generating pCB301-
∆igr∆cp1-329 and pCB301-∆igr∆cp330-657, respectively. A 54-nt 
fragment corresponding to the putative amphipathic helix A 
(amino acid residues 422–439) in CMV 1a protein was deleted 
from pCB301-C1a, creating the mutant pCB301-C1a∆18H. 
The Box-B motif was removed from pCB301-R3gfp to create 
the mutant pCB301-R3gfp∆BoxB. The plasmids pCB301-
∆seg1, pCB301-∆seg2 and pCB301-∆seg3 were derivatives of 

pCB301-R3gfp∆cp, created by deleting segments at the 5′ end 
(nt 1–110), middle (nt 111–212) or 3′ end (nt 213–297) of the 
IGR, respectively, using site-directed mutagenesis. All con-
structs were confirmed by sequencing before transformation 
into Agrobacterium cells. The primers used in these plasmid 
constructions are listed in Table S2.

4.3   |   Agrobacterium Transformation 
and Infiltration

All plasmids used in this study were transformed into 
Agrobacterium tumefaciens GV3101 using the freeze–thaw 
method (Weigel and Glazebrook 2006). Agroinfiltration assays 
followed the procedure described previously (He et  al.  2019). 
For analyses of RNA accumulation in plants, Agrobacterium 
cells carrying plasmids expressing CMV RNAs or their deriv-
atives were mixed with cells containing pBI121-mCherry and 
35:P19. The mixture was infiltrated into the sixth true leaf of 
N. benthamiana. For the transient expression of UPF1, U1D, or 
viral proteins, Agrobacterium cells carrying pCambia-UPF1, 
pCambia-U1D, or the respective viral protein-expressing plas-
mids were included in the agroinfiltration. Two DPAI, the in-
filtrated leaves were subjected to fluorescence visualisation, 
western blot analysis for GFP and mCherry, or northern blot 
analysis for RNA as described below. For viral RNA accumu-
lation analysis in the presence of UPF1 or U1D, Agrobacterium 
cells carrying the infectious clones of CMV were co-infiltrated 
with cells containing pCambia-UPF1 or pCambia-U1D into the 
sixth true leaves of N. benthamiana plants. Infiltrated leaves 
from three plants were collected at time points from 12 to 
48 HPAI in 12 h intervals for RNA extraction and subsequent 
RNA gel blot analysis.

4.4   |   Fluorescence Visualisation

Lower epidermal cells of infiltrated leaves were imaged at 2 
DPAI using a Leica SP5 laser confocal microscope to analyse 
the fluorescence intensities of GFP and mCherry. Optical pa-
rameters for visualising both fluorescent proteins, such as laser 
excitation intensity, were kept constant across all leaf samples 
within the same batch.

4.5   |   Northern Blot Hybridization

RNA gel blot assays followed the procedure described previ-
ously (He et al. 2019). Briefly, total RNAs were extracted from 
infiltrated leaves using extraction buffer (0.05 M sodium ace-
tate pH 5.2, 0.01 M EDTA pH 8.0, 1% SDS), separated in a 1.5% 
agarose gel containing 7% formaldehyde, and transferred onto 
a positively charged nylon membrane (GE). RNA transcripts 
produced from Agrobacterium-delivered T-DNAs were detected 
using a probe mixture composed of three gene-specific DNA oli-
gonucleotides labelled with digoxin (DIG) at the 3′ end, using 
the DIG oligonucleotide tailing kit (Roche) as per the manufac-
turer's instructions. GFP-specific probes were used to detect 
R3gfp and its derivatives. The oligonucleotides used are listed 
in Table S3.
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4.6   |   Western Blot Hybridization

GFP and mCherry proteins were detected following the 
method described previously (Du et  al.  2014). In brief, total 
proteins were extracted from infiltrated leaves using 1× phos-
phate buffer, denatured in 1× Laemmli buffer (Laemmli 1970) 
and subjected to SDS-PAGE. Proteins were then trans-
ferred onto a nitrocellulose membrane (GE) and incubated 
with polyclonal antibodies against GFP or mCherry (Santa 
Cruz), followed by incubation with horseradish peroxidase-
conjugated secondary antibodies (AbCam). Detection was 
carried out using enhanced chemiluminescence solution  
(Thermo Fisher).

4.7   |   Sequence Analysis and RNA Structure 
Prediction

GC content analyses of the IGR, CP (5′ and 3′ halves) and 3′ UTR 
from Fny-CMV were conducted using the Editseq program in 
DNAstar software. In-house Perl scripts were used to scan GC 
content in a 50-nt window with a step size of one base for the 
RNA3 3′ NTS sequence, ranging from the IGR to 3′ UTR. RNA 
structure predictions for the IGR were based on the predicted 
IGR of Bn57-CMV, which was chemically probed in plant cell 
lysates (Watters et al. 2018). RNA structures were drawn using 
RNAdrawer 2.0 (Johnson et al. 2019).

4.8   |   Statistical Analysis

Different significance was evaluated by conducting paired t test 
or one-way ANOVA using Microsoft Excel. A p value of 0.05 was 
set as the threshold for significance.
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