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Grapevine Pinot gris virus (GPGV) is an emerging trichovirus
that has been putatively associated with a novel grapevine disease
known as grapevine leaf mottling and deformation (GLMD). Yet
the role of GPGYV in GLMD disease is poorly understood, since it
has been detected both in symptomatic and symptomless grape-
vines. We exploited a recently constructed GPGYV infectious clone
(pRI::GPGV-vir) to induce an antiviral response in Nicotiana
benthamiana plants. In silico prediction of virus-derived small
interfering RNAs and gene expression analyses revealed the
involvement of DCL4, AGOS5, and RDR6 genes during GPGV
infection, suggesting the activation of the posttranscriptional
gene-silencing (PTGS) pathway as a plant antiviral defense.
PTGS suppression assays in transgenic N. benthamiana 16¢
plants revealed the ability of the GPGV coat protein to suppress
RNA silencing. This work provides novel insights on the interac-
tion between GPGYV and its host, revealing the ability of the virus
to trigger and suppress antiviral RNA silencing.

Keywords: GPGV, GLMD, RNA silencing, grapevine, silencing
suppressor, stem-loop RT-PCR

Vitis vinifera is the world’s most commercially and socially rel-
evant fruit crop, standing out among cultivated plant species for its
paramount economic relevance (Keller 2015). Grapevines can be
subject to attacks by many different pests and pathogens, including
graft-transmissible agents such as viruses, viroids, and phytoplas-
mas (Meng et al. 2017). Viral diseases are major issues in viticul-
ture, since grapevines can be infected with more than 80 different
viruses that alter plant metabolism, causing significant losses in
yield and fruit quality (Martelli 2017; Oliver and Fuchs 2011).
The association of specific symptoms with particular viruses is a
hard task due to the occurrence of mixed infections and to the pres-
ence of infected grapevines that appear completely symptomless
(Oliver and Fuchs 2011).

A novel trichovirus, named grapevine Pinot gris virus (GPGV),
was recently discovered in northeast Italy (Giampetruzzi et al.
2012). The virus has been putatively associated with an emerging
disease, known as grapevine leaf mottling and deformation
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(GLMD), which was first reported in vineyards in northeast Italy
and more recently worldwide (Tarquini et al. 2018). Symptoms
associated with GPGV infection, including leaf mottling and
deformation, short internodes, stunted shoots, and reduced yield,
are more distinct at the beginning of the vegetative season, while
they tend to be attenuated on late season growth (Bertazzon et al.
2017; Bianchi et al. 2015). A large number of cases of asymptom-
atic grapevines hosting GPGV from June onward has also been
reported (Bertazzon et al. 2017; Bianchi et al. 2015; Giampetruzzi
et al. 2012; Saldarelli et al. 2015; Tarquini et al. 2018).

Several studies have been performed to clarify the ambiguous
association between the presence of GPGV and the expression
of GLMD symptoms (Bertazzon et al. 2017; Buoso et al. 2020;
Hily et al. 2020; Saldarelli et al. 2015; Tarquini et al. 2019a
and b). However, a convincing explanation of the phenomenon
has not been provided yet.

A major step forward was provided by demonstrating that both
a virulent (pRI::GPGV-vir) and a latent (pRI::GPGV-lat) infec-
tious clone of the virus were able to elicit GLMD symptoms in
diverse plant species, such as Nicotiana benthamiana and
V. vinifera (Tarquini et al. 2019a and b). Interestingly, the study
also revealed that the trend of symptoms in agroinoculated grape-
vines perfectly matched symptom progression in naturally infected
grapevine plants in the field (Bertazzon et al. 2017; Bianchi et al.
2015), disappearing in about three weeks (i.e., 4 months post inoc-
ulum) and occurring again on emerging young leaves at later
stages of infection (Tarquini et al. 2019a and b).

In this study, the GPGV infectious clones developed by
Tarquini et al. (2019a and b) were further exploited to study the
antiviral defense mechanism or mechanisms activated by plants
in response to GPGV infection.

Among the network of interactions triggered in plants against
viruses, RNA silencing—based responses have a great impact on
antiviral immunity (Ratcliff et al. 1999; Waterhouse et al. 2001).
Antiviral RNA silencing relies on the production of virus-
derived small interfering RNAs (vsiRNAs) that mediate cleavage
or translational inhibition of the complementary viral genome
(Csorba and Burgyan 2016; Voinnet 2001, 2008).

The long double-stranded RNAs (dsRNAs) produced as inter-
mediates of virus replication (Fire 1999; Meister and Tuschl
2004) are processed, by RNAse-III type enzymes called Dicer-
like proteins (DCLs), into primary vsiRNAs (Bernstein et al.
2001; Henderson et al. 2006; Liu et al. 2009), which are incorpo-
rated into Argonaute (AGO) protein by activating the RNA-
induced silencing complex, which, in turn, mediates cleavage or
translational suppression of the cognate viral RNAs (Carbonell
and Carrington 2015; Czech and Hannon 2011). Alongside the
DCLs and AGOs, RNA-dependent RNA polymerases (RDRs)
are also part of the biochemical core of RNA silencing, mediating


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

systemic spread of silencing signals through the amplification of
primary vsiRNAs (Ding and Voinnet 2007; Himber et al. 2003).

RNA-based antiviral defense involves the activation of specific
silencing pathways, such as the posttranscriptional gene-silencing
(PTGS) pathway, whose association with the onset of symptom
recovery has been well-established (Ghoshal and Sanfagon
2015; Kgmer et al. 2018; Smith et al. 2011).

Recovery reflects the establishment of a virus-tolerant state, in
which infected plants exhibit an obvious attenuation, or disap-
pearance, of disease symptoms despite still containing replicating
and infective virus particles (Ghoshal and Sanfacon 2015; Kgrner
et al. 2018; Kriznik et al. 2020).

On the other hand, many, if not all, viruses have evolved various
mechanisms to overcome host antiviral defenses, among which the
most important is the expression of viral suppressors of RNA
silencing (VSRs) (Pumplin and Voinnet 2013; Voinnet 2005).
VSRs can suppress antiviral silencing through different strategies,
including siRNA sequestration (Ye et al. 2003), inactivation of
silencing effector proteins (Chiu et al. 2010; X. Zhang et al.
2012), impairment of siRNA production or disrupting their stabil-
ity (Cuellar et al. 2009), and hijacking of amplification of the
silencing signal (Guo et al. 2013).

As RNA silencing is related to the attenuation of symptoms, the
ability of certain viruses to overcome the RNA-based defense has
been assumed as the main factor by which symptomatic phenotype
may be restored (Senda et al. 2004; Voinnet 2005).

In this work, RNA-mediated antiviral responses were investigated
in N. benthamiana plants agroinoculated with the pRI::GPGV-vir
infectious clone (Tarquini etal. 2019a and b). Genes involved in anti-
viral defense against GPGV infection were predicted by in silico
analyses and their participation was experimentally confirmed via
quantitative reverse transcription-PCR (RT-qgPCR).

The putative ability of the virus to overcome RNA-mediated
antiviral defenses by encoding VSRs was also evaluated using
RNA silencing-suppression assays (Voinnet et al. 1999) and
with the aid of a newly introduced assay based on stem-loop
RT-qPCR (Chen et al. 2005; Cheng et al. 2009; Varkonyi-Gasic
et al. 2007) for the quantification of green fluorescent protein
(GFP)-derived small interfering RNAs (siRNAs) (Chen et al.
2005; Cheng et al. 2009; Varkonyi-Gasic et al. 2007).

RESULTS

Prediction of the RNA silencing pathway involved
in plant responses to GPGYV infection.

High-throughput sequencing data from 16 small RNA (sRNA)
libraries produced by Czotter et al. (2018) were retrieved and were
analyzed for the presence of vsRNAs generated from the GPGV
viral genome. Of 150,653,830 sequencing reads, 398,983
(0.26%) were mapped to the sequence of fvg-12 isolate (NCBI
accession number MHO087443 [Tarquini et al. 2019a and b]),
which corresponds to the pRI::GPGV-vir clone. The abundant
sequencing coverage allowed us to deduce the siRNA processing
of the GPGV genome. Indeed, siRNAs were distributed through-
out the entire genome sequence, although several hotspots could
be detected (Fig. 1A). Hotspots were located both in the replicase
gene, atthe 5’ end and along the initial 2.1 Kbs, and at the 3’ end of
the intergenic region between the movement and coat protein cod-
ing sequences (Fig. 1A). The analysis of size distribution showed a
major accumulation of 21- and 22-nt-long vsRNAs, the former
type being more prominent, while the nucleotide composition at
their 5’ ends was enriched in uridine and cytosine (Fig. 1B).

Expression analyses of genes involved in the predicted
RNA silencing pathway in GPGV-infected plants.

Before gene expression analyses, N. benthamiana wild-type
(wt) plants were tested for the presence of the virus, with

RT-qPCR. The upper, noninfiltrated leaves of plants inoculated
with the pRIL::GPGV-vir were positive for GPGV, showing cycle
threshold values lower than 34 (Bianchi et al. 2015) that ranged from
26.25t029.37. Otherwise, both healthy and mock-inoculated plants
proved negative to GPGV.

To check whether DCL4, AGO1, AGOS, and RDR6 genes
were involved in the antiviral response to GPGV infection, their
expression was examined in healthy, GPGV-infected, and mock-
inoculated N. benthamiana wt plants. Gene expression analyses
are reported in Figure 2A to D, in which the mean normalized
expression (MNE) of each gene is plotted as the transcript abun-
dance compared with the N. benthamiana protein phosphatase
2A (NbPP2A) expression level (set at 200). In comparison with
healthy and mock inoculated plants, those inoculated with the
pRL:GPGV-vir clone exhibited a significant upregulation of the
NbDCL4, NbAGOS5, and NbRDRG6 genes (Fig. 2A to C), whereas
the expression level of NPAGOI was inhibited (Fig. 2D).
NbAGOS (Fig. 2B) and NbAGO! (Fig. 2D) showed the lowest
and the highest gene transcription levels, with average MNE val-
ues of 4.165 and 51.38, respectively, while the average MNE val-
ues of NbDCILA (Fig. 2A) and NbRDR6 (Fig. 2C) were 9.63 and
25.82, respectively. One-way analysis of variance (ANOVA) and
Tukey’s honestly significant difference (HSD) post hoc test of the
MNE values revealed that the NbDCL4, NbAGOS5, and NbRDR6
genes were significantly upregulated in pRI:GPGV-vir-inocu-
lated plants (P < 0.005). At the same time, the NbAGO1 gene
showed a significant decrease in transcription levels in
pRI::GPGV-vir-infected plants (P < 0.005). No significant differ-
ences were detected among the expression levels of each gene in
healthy and mock-inoculated plants (Fig. 2A to D).

Quantification of GFP using fluorescence microscopy.

The ability of N. benthamiana wt plants to spontaneously
silence exogenous GFP transgenes (Kalantidis et al. 2006) offers
a straightforward method to evaluate the inhibition of RNA silenc-
ing in the presence of putative viral suppressors. Thus, the GFP
signal was initially evaluated with fluorescence microscopy obser-
vations in silenced wt N. benthamiana plants and in plants coino-
culated with p35S-GFP and either pP19, pGUS, pGPGVggp,
PGPGVyp, or pGPGVcp. In leaves of 16¢ plants coinoculated
with p35S-GFP and either pPGPGVggp or pGPGV\sp, no fluores-
cent signals were detected (Fig. 3A and B). On the other hand,
leaves coinoculated with p35S-GFP and either pGPGVcp
(Fig. 3C) or p19 (Fig. 3F) showed a GFP signal all over the leaf
surface. Leaves of silenced 16c plants and those coinoculated
with p35S-GFP and pGUS were observed with the same excitation
wavelength used in the other experimental conditions, and no fluo-
rescent signals were detected (Fig. 3D). The interpretation of the
observations was corroborated with fluorescence quantification
analysis that revealed strong fluorescence in leaves coinoculated
with p35S-GFP and pGPGVcp, similar to those coinoculated
with pP19 (Fig. 3C to F). Fluorescent microscopy observations
(Fig. 3) suggested that GPGV coat protein (CP) is a suppressor
of RNA silencing, exhibiting VSR activity similarly to the known
p19 suppressor tested in this study.

Quantification of GFP messenger RNA (mRNA)
by real-time PCR.

To obtain further quantitative data on the ability of one or more
GPGYV proteins to overcome the plant antiviral response through
suppression of antiviral RNA silencing, the expression level of
GFP mRNA was evaluated in noninoculated and silenced 16¢
N. benthamiana plants and in plants coinoculated with p35S-
GFP and either pP19, pGUS, pGPGVggp, pGPGVyp, or
PGPGVp. The analysis of GFP mRNA expression is presented
in Figure 4, in which the MNE of GFP mRNA is plotted as the
transcript abundance relative to the NbF-box expression level
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(set at 200). The highest and lowest GFP transcription levels were
observed in noninoculated (MNE value of 10.75 x 104) and
silenced (MNE value of 3.13 x 10% 16c plants, respectively.
The 16¢ plants coinoculated with p35S-GFP and either
PGPGVggp or pGPGVyp revealed similar expression levels of
GFP mRNA, having MNE values of 2.23 x 10* and 3.56 x 10°,
respectively.

On the other hand, high levels of GFP expression were detected
in 16¢ plants coinoculated with p35S-GFP and pGPGVp (MNE
value of 6.68 x 10%) and in plants coinoculated with p35S-GFP
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Fig. 1. In silico prediction of the genome distribution and profile of grapevine Pinot gris virus (GPGV)-derived small interfering RNAs (siRNAs). A, GPGV-
derived siRNAs are distributed along the entire viral genome. Several hotspots indicating abundant siRNA biogenesis were also detected (arrowheads). B,
Analysis of size and 5'-terminal nucleotide composition revealed that GPGV-derived siRNAs are 21 nt long and are enriched in 5’ cytosine and 5’ uridine.
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experiments were in agreement with the results obtained with fluo-
rescent microscopy observations, demonstrating that plants coino-
culated with p35S-GFP and pGPGVp showed a significant
increase in GFP transcripts, similar to those detected in plants
coinoculated with p35S-GFP and p19 (Fig. 4).

Quantification of GFP-derived siRNA
by real-time looped RT-PCR.

The level of GFP-derived siRNAs was assessed at the locus cor-
responding to the P2 probe (P2-derived GFP siRNA), which has
been previously reported as a representative hotspot for the
GFP-derived siRNA population (Christie et al. 2011). Accumula-
tion of P2-derived GFP siRNAs was determined in silenced 16¢
N. benthamiana plants and in plants coinoculated with p35S-
GFP and either pP19, pGUS, or pGPGVp. Analysis of siRNA
quantification is reported in Figure 5. The MNE of P2-derived
GFP siRNAs is plotted as the siRNA abundance relative to the
U6 small nuclear RNA (snRNA) expression level (set at 200).
The lowest MNE value (0.032), corresponding to the lowest level
of P2-derived GFP siRNAs, was detected in 16c plants inoculated
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with only pGUS. Otherwise, the highest level of P2-derived GFP
siRNA (MNE value of 0.11) was measured in silenced 16c plants.
Plants coinoculated with p35S-GFP and the p19 viral suppressor
exhibited a threefold reduced level of P2-derived GFP siRNA in
comparison with silenced plants and had MNE values of 0.04.
Similarly, the levels of P2-derived GFP siRNAs in 16¢ plants
coinoculated with p35S-GFP and pGPGVp were reduced by a
factor of 2 relative to silenced plants (MNE value of 0.06). One-
way ANOVA and Tukey’s HSD test demonstrated that the level
of P2-derived GFP siRNAs in 16c plants coinoculated with
p35S-GFP and either pGPGVp or the p19 viral suppressor was
significantly decreased in comparison with the siRNA levels
detected in silenced 16c plants (P < 0.05). The 16c plants coino-
culated with p35S-GFP and pGPGVcp showed a decline in
P2-derived GFP siRNAs that did not differ significantly from
the levels observed in 16¢ plants coinoculated with p35S-GFP
and pl9 viral suppressor (P > 0.05). The accumulation of
P2-derived GFP siRNAs in silenced 16c plants was comparable
to observations in mock coinfiltrated 16c plants, showing no statis-
tically significant differences (P > 0.05). The quantitative analysis
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Fig. 2. Gene expression levels of healthy, grapevine Pinot gris virus (GPGV)-infected, and mock-inoculated wild-type Nicotiana benthamiana plants. A, The
gene expression levels of NbDCL4, B, NbAGOS, C, NbRDR6, and D, NbAGO1 were analyzed in healthy, GPGV-infected, and mock-inoculated plants of N.
benthamiana wild-type plants, using quantitative quantitative reverse transcription-PCR. Expression values were normalized to the PP2A transcript level,
arbitrarily fixed at 200, and were then expressed as mean normalized expression + standard deviation (transcript abundance). NbDCL4, NbAGO, and
NbRDRG6 were significantly upregulated in infected plants compared with healthy plants, while NbDAGO1 was significantly downregulated. No significant
differences in gene expression levels were detected in healthy and mock-inoculated plants.
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of P2-derived GFP siRNAs accumulation were fully consistent with
results obtained by fluorescent microscopy observations and gPCR
experiments, further demonstrating the ability of GPGV-CP to over-
come plant defense response by suppressing antiviral RNA silencing.

DISCUSSION

In the last decade, an emerging trichovirus known as GPGV
was suggested as the aetiological agent of the novel grapevine dis-
ease known as GLMD. The ambiguous symptom expression in
GPGV-infected grapevines raised many doubts about the role if
the virus in GLMD disease (Bertazzon et al. 2017; Bianchi et al.
2015; Saldarelli et al. 2015; Tarquini et al. 2018; 2019a and b).
Different aspects have been investigated as putative “interfering
factors” in the display of GLMD symptoms (Buoso et al. 2020;
Tarquini et al. 2018; 2019a and b), but an exhaustive explanation
of the phenomenon at the molecu; lar level is missing.

Since virus-mediated RNA silencing may play a role in this con-
text, the main purpose of this work was to investigate the

RNA-silencing pathway that mediates the plant response to
GPGV infection. Moreover, the putative ability of the virus to
overcome antiviral defenses by suppressing the RNA silencing
mechanism was also evaluated.

Plants possess a large variety of RNA silencing pathways medi-
ated by diverse DCL and AGO enzymes, which underpins the pro-
duction of specific siRNAs involved in distinct biological
processes (Bologna and Voinnet 2014; Brodersen and Voinnet
2006; Voinnet 2009). The dominant action of certain Dicer
enzymes underlies both the size and the 5'-nucleotide identity of
siRNAs, strongly influencing their partitioning into a specific
AGO protein and, ultimately, their biological function (Bologna
and Voinnet 2014; Mi et al. 2008).

In silico investigations of siRNA libraries of V. vinifera (Czotter
et al. 2018) have revealed the abundance of 21-nt-long, 5" terminal
cytosine- and uridine-enriched GPGV-derived siRNAs, which
suggests the participation of DCL4 and AGO1/AGOS5 in RNA-
based antiviral defense (Bologna and Voinnet 2014; Dunoyer et al.
2005; Henderson et al. 2006; Mi et al. 2008). The predicted
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Fig. 3. Green fluorescent protein (GFP) signal in sections of fresh tissue from Nicotiana benthamiana wild-type plants. No GFP fluorescence was detected in
either A, silenced plants or B, in mock coinfiltrated plants. C, In plants coinoculated with p35S-GFP and the pP19 viral suppressor, GFP signal was signif-
icantly detected. D, Leaves coinoculated with p35S-GFP and either pPGPGVggp or E, pGPGVyp had no fluorescence signals. F, Plants coinoculated with
p35S-GFP and pGPGVp appeared to emit a strong signal, comparable to those in C. G, Fluorescence quantification analysis revealed a strong signal in
leaves coinoculated with p35S-GFP and pP19 and in those coinoculated with p35S-GFP and pGPGVp. Scale bars = 25 um.
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enzymes, together with RDR6, represent the biochemical core of
the PTGS mechanism, which was assumed to be a silencing path-
way that mediates plant responses to GPGV infection (Kgrner et al.
2018; Voinnet 2008).

To provide experimental validation about the involvement of
the plant enzymes in GLMD disease, the expression level of
DCLA4, AGO1, AGOS5 and RDR6 genes was assessed in distal
leaves of N. benthamiana wt plants inoculated with either the
infectious clones of the virus (pRI::GPGV-vir) (Tarquini et al.
2019a and b) or the pRI empty-vector (mock inoculated) and in
noninoculated (healthy) plants. Gene expression assays confirmed
in silico analyses, demonstrating that the DCL4, AGO5 and RDR6
genes were significantly up-regulated in GPGV-infected plants
compared with healthy plants.

The contribution of DCL4 in RNA silencing-mediated antiviral
immunity is well-documented (Bologna and Voinnet 2014; Parent
et al. 2015; Pumplin and Voinnet 2013; Qin et al. 2017; Yang and
Li 2018). DCL4-dependent 21-nt vsiRNAs were found to be
required for cell-to-cell signaling (Dunoyer et al. 2005), limiting
virus spread within vascular tissues, and inhibiting the onset of
systemic infection (Deleris et al. 2006; Dunoyer et al. 2005; Parent
et al. 2015; Qin et al. 2017). Biogenesis of vsiRNAs requires the
coordinated and hierarchical action of DCL enzymes, particularly
DCLA4 and, to a lesser extent, DCL2 (Szittya and Burgyan 2013).
The latter plays a surrogate antiviral role and operates exclusively
when DCL4 is suppressed or inactivated, rescuing antiviral
defense (Deleris et al. 2006). In our study, the involvement of
DCL2 in the antiviral RNA silencing mediating plant response
to GPGYV infection was not investigated. The significant upregula-
tion of DCL4 observed in GPGV-infected N. benthamiana wt
plants suggested the proper antiviral activity of the enzyme, dis-
carding the possibility of eventual impairment that may have sug-
gested the hierarchical activation of DCL2 (Deleris et al. 2006;
Parent et al. 2015; Qin et al. 2017).

The upregulation of RDR6 in N. benthamiana wt plants inocu-
lated with the infectious clone of the virus, which suggests an

increased activity of the enzyme, can be related by the production
of 21-nt secondary siRNAs, which contribute to the systemic
spread of the RNA silencing signal. The hypothesis that RDR6
is involved in the spread of antiviral silencing was further sup-
ported by the significant reduction in virus titer reported at later
stages of infection, both in GPGV-infected grapevines grown in
the field (Bertazzon et al. 2017; Bianchi et al. 2015) and from 4
to 5 months post inoculum in agrodrenched plants (Tarquini et al.
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2019a and b). A causal relationship between high levels of viral
RNAs and a low level of RDR6-dependent vsSRNAs was reported
in rdr6-deficient Arabidopsis thaliana and compellingly impli-
cated RDR6 in antiviral defense (Andika et al. 2013; Qu 2010;
Wang et al. 2010).

The activity of RDR6, which should contribute to the spread of
antiviral defense in GLMD disease through amplification of
GPGV-derived siRNAs, provides a reasonable explanation about
the decrease in the viral titer at later stages of infection.

Although in silico prediction suggested a possible role of both
AGOI1 and AGOS5 in GLMD disease, the exclusive involvement
of AGO1 was erroneously hypothesized, which was mainly due
to its better-characterized antiviral function (Carbonell and Car-
rington 2015; Garcia-Ruiz et al. 2015; Zhang et al. 2006). Interest-
ingly, AGO1 was inhibited in GPGV agroinoculated plants, while
AGOS5 was strongly upregulated. The antiviral role of AGOS has
been reported for several plant viruses (Brosseau and Moffett
2015; Carbonell and Carrington 2015; Garcia-Ruiz et al. 2015;
Takeda et al. 2008). The enzyme binds preferentially to 21-nt siR-
NAs with a 5" cytosine (Schuck et al. 2013), such as those pre-
dicted to be involved in GPGV-host interaction.

Consistent with observations in GPGV-infected plants, a signif-
icant upregulation of AGOS5 was reported exclusively in phloem
tissues of plants infected with plum pox virus (Collum et al.
2020). Unlike the near-ubiquitously expressed AGO1 (Marchais
et al. 2019), the upregulation of AGOS in phloem tissues reflects
the cell-specific activity of the enzyme, which mainly functions in
the phloem (Collum et al. 2020) and reproductive tissues
(Roussin-Léveillée et al. 2019; Van Ex et al. 2011).

The phloematic activity of AGOS is consistent with the subcel-
lular localization of GPGV particles, which were exclusively
detected in the bundle sheath cells in proximity to the phloem tis-
sue (Tarquini et al. 2018), further supporting the participation of
the enzyme in antiviral defense.

As is now well-established for AGO1 (Axtell 2017; Brodersen
et al. 2012; Lanet et al. 2009; Li et al. 2013; Michaeli et al. 2019;
Reynoso et al. 2013), AGOS5 was also found to recruit siRNAs
associated with endoplasmic reticulum (ER)-bound polysomes
(Marchais et al. 2019).

The involvement of ER in GLMD disease was previously
hypothesized (Tarquini et al. 2018, 2019a and b), and it has
been currently validated by ultrastructural and functional studies
(G. Tarquini unpublished results). The deformed membrane-
bound organelles observed in grapevines that are naturally-
infected by GPGV (Tarquini et al. 2018) and those agrodrenched
with the infectious clones of the virus (pRI::GPGV-vir and
pRL:GPGV-lat) (Tarquini et al. 2019a and b), were found to
derive from altered ER, which served as the viral replication com-
plex (Romero-Brey and Bartenschlager 2016; Schaad et al. 1997).

In addition to providing a protected environment for viral repli-
cation, the rough ER (rER) is the site where siRNA-mediated
silencing and microRNA (miRNA)-mediated translational repres-
sion occur (Kim et al. 2014). One scenario supported by current
evidence for the progression of molecular events mediating
GPGV-host interaction includes the production of GPGV-
derived siRNAs directly within the lumen of the altered ER.
Here, dsRNA precursors would be produced during virus replica-
tion, with subsequent prompt recruitment by AGOS in the same
location.

A similar mechanism was described for RNA interference in
mammalian cells, in which the outer fER membranes provide a
scaffold for the anchoring of AGO2-dependent siRNA (Stalder
et al. 2013).

The simultaneous upregulation of AGOS and inhibition of
AGOLI in GPGV-infected plants has been described previously
in Arabidopsis thaliana plants infected with potato virus X
(PVX) (Brosseau and Moffett 2015; Chiu et al. 2010). In this
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system, the antiviral function of AGO1 was strongly suppressed
by the PVX-encoded P25 viral suppressor, which did not seem
to affect AGOS (Brosseau and Moffett 2015). This aspect is highly
relevant for the characterization of GPGV-host interaction, consid-
ering that, in the current work, the CP encoded by GPGV was
found to suppress RNA silencing.

We evaluated the putative ability to suppress the RNA silencing
mechanism by comparing GFP signals, both by fluorescence
microscopy (Chiera et al. 2008) and RT-qPCR assays (Amin et al.
2011) in silenced plants and in plants coinoculated with p35S-GFP
and either pGPGV p or pP19. Moreover, as an indirect means to
evaluate the increase or decrease in the levels of siRNAs, the
amount of siRNA generated that corresponded to a specific hot-
spot in the GFP sequence (P2-derived GFP siRNA) was also
assessed by using a stem-loop RT-qPCR approach.

The standard procedure for the quantification of SRNA mole-
cules is based on Northern blot hybridization, which is time-
consuming, requires large amounts of RNA, employs radioac-
tively labeled probes, and often fails to identify SRNAs expressed
at low levels (Smoczynska et al. 2019). Since 2004, several PCR-
based methods have been developed for the analysis of the expres-
sion levels of SRNA molecules, such as miRNAs (Chen et al.
2005; Kramer 2011; Raymond et al. 2005; Sharbati-Tehrani et al.
2008; Shi and Chiang 2005; Turner et al. 2013; Varkonyi-Gasic
et al. 2007; Yang et al. 2014) and artificial siRNAs (Cheng et al.
2009; Czimmerer et al. 2013; Marcial-Quino et al. 2016; Raymond
et al. 2005). Among these, a widely used method is the stem-loop
RT-qPCR assay, which relies on pulsed RT in the presence of an
siRNA-specific stem-loop primer (Chen et al. 2005, 2011; Turner
et al. 2013; Varkonyi-Gasic et al. 2007; Yang et al. 2014).

A 21-nt GFP probe (named P2) employed in a previous study
was assumed as a representative target for the construction of
the 3'-end extension of the GFP stem-loop primer due to the
reported accuracy and reliability in detecting differences in
GFP-derived siRNAs between exons from intronless versus
intron-containing GFP transgenes, resulting in a significant hot-
spot for siRNA biogenesis (Christie et al. 2011).

In comparison with silenced plants, the stronger GFP fluores-
cence signal and the higher GFP-mRNA transcription level
(consistent with the lower siRNA amounts estimated by
P2-derived GFP siRNA stem-loop RT-gPCR) that was observed
in plants coinoculated with p35S-GFP and either pGPGVp or
pP19, demonstrated unequivocally the ability of GPGV CP to sup-
press plant RNA silencing in a similar way to the well-known p19
viral suppressor.

VSR is a general strategy used by many, if not all, viruses to
overcome plant antiviral defenses (Moissiard and Voinnet 2004;
Voinnet 2005; Voinnet et al. 1999). It relies on the ability of cer-
tain viral proteins to interfere at diverse levels of the antiviral
silencing cascade and through different modes of action (Pumplin
and Voinnet 2013). Some VSRs, such as the turnip crinkle
virus—encoded P38 protein (Azevedo et al. 2010; Zhang et al.
2012), the 2b protein of cucumber mosaic virus (Duan et al.
2012), and the P25 protein of PVX (Chiu et al. 2010), inactivate
or compromise the functioning of silencing effector proteins.
Otherwise, VSRs can impair the production of vsiRNAs, interfer-
ing with their stability (Cuellar et al. 2009) or directly interacting
with the DCL4 enzyme (Laird et al. 2013). Finally, some VSRs
can also act at the level of silencing amplification to prevent the
systemic spread of the silencing response, altering the functioning
of RDR6 and blocking the synthesis of secondary siRNAs (Guo
and Ding 2002; Guo et al. 2013).

The mechanism by which GPGV CP suppresses the antiviral
silencing has not yet been defined, although the strong inhibition
of AGOL, previously reported by Chiu et al. (2010) and Brosseau
and Moffett (2015) as a target of the P25 suppressor, may suggest
its role as putative target of GPGV CP.



Overall, this investigation initiates the study of GPGV-host
interaction, revealing the ability of the virus to both trigger and
suppress the plant antiviral response. Considering the significant
contribution of the PTGS pathway in symptom recovery (Ghoshal
and Sanfacon 2015) as well as the crucial role of VSR in restora-
tion of symptomatic phenotype (Kgrner et al. 2018; Moissiard and
Voinnet 2004; Senda et al. 2004; Zhang et al. 2020), the intriguing
GPGV-plant interaction should provide the initial clues for a
molecular interpretation of the puzzling field observations on dis-
ease symptomatology.

MATERIALS AND METHODS

Plant material.

N. benthamiana wt and GFP-transgenic (16¢c line) (Ruiz
et al.1998) plants were grown from seed in a growth chamber at
25°C and with al6-h-light and 8-h-dark cycle. After inoculation,
plants were kept in the same conditions.

Plasmid construction.

An infectious clone of GPGV (pRL::GPGV-vir), obtained as pre-
viously described by Tarquini et al. (2019a and b), was used to trig-
ger antiviral RNA silencing responses in wt N. benthamiana plants.

The putative ability of GPGV to overcome plant antiviral
defense by suppression of RNA silencing was also investigated.
Cloning of FHA (2x FLAG and 2x hemagglutinin)-tagged viral
proteins was performed using multisite Gateway technology
(Invitrogen). The entire coding sequence of the replicase (REP),
movement protein (MP), and CP was PCR-amplified from
pRL:GPGV-vir (accession number MH087443 [Tarquini et al.
2019a and b]) using Phusion High-Fidelity DNA polymerase
(Thermo Scientific). Primer sequences are listed in Table 1. The
complementary DNAs (cDNAs) were singularly recombined
into the pDONR P2R-P3 plasmid, using BP clonase II (Invitro-
gen), and the resulting clones were sequenced for authenticity.
A constitutive promoter clone pUB, (Arabidopsis Ubiquitin-10)
and a plasmid containing FHA-tag (pFHA) were obtained as
described by Devers et al. (2020).

The final vectors were created by recombining individual GPGV
proteins with the constitutive promoter (pUB () and the FLAG epi-
tope (pFHA) into the destination vector pK7m34GW (Karimi et al.
2005) using LR clonase II (Invitrogen). The resulting expression
cassettes, pUBI(-FHA-REP (pGPGVggp), pUBI,-FHA-MP
(PGPGVyp), and pUBI,(-FHA-CP (pGPGVcp) (Fig. 6) were
transformed into Agrobacterium tumefaciens GV3101 chemically
competent cells.

Agroinoculation of pRI::GPGV-vir
into N. benthamiana wt plants.

Three-week-old N. benthamiana wt plants were inoculated with
the pRI::GPGV-vir clone and were assumed as infected. Nonino-
culated plants were assumed as control (healthy), while plants
inoculated with the empty vector (pRII01IAN-DNA; Clontech
Laboratories-Takara Bio USA, Inc.) were regarded as mock-
inoculated (mock). For the inoculation, three leaves of approxi-
mately equal size on a single plant were infiltrated as described
by Tarquini and coauthors (2019a and b). A total of nine plants,
three per experimental condition, were used. Three upper, nonin-
filtrated leaves per plant were harvested 1 week post inoculum,
were pooled, and were immediately frozen and stored at —80°C
for RNA isolation. The inoculation was repeated three times in
independent experiments.

Agrobacterium coinfiltration assay
in N. benthamiana 16¢ plants.

A single colony of A. tumefaciens GV3101 harboring pGPGVggp,
PGPGVyp, or pGPGV¢p was inoculated into 10 ml of Luria

Bertani medium supplemented with rifampicin (50 pg/ml), genta-
micin (100 pg/ml), and spectinomycin (100 pg/ml). Cultures were
incubated overnight at 28°C with constant shaking (220 rpm) and
cells were harvested by centrifugation at 3,000 x g for 10 min at
4°C. Pellets were resuspended in infiltration medium (10 mM mor-
pholine ethanesulfonic acid, pH 5.8, 10 mM MgCl,, and 200 uM
acetosyringone) and were incubated at room temperature with
constant shaking (220 rpm) for 3 h. The p35S-GFP construct
(Haseloff et al. 1997) was used as the PTGS inducer (Iki et al.
2017; Ye et al. 2009), while the pP19 plasmid containing the P19
viral suppressor of tomato bushy stunt virus (Baulcombe and
Molnar 2004) was assumed as a positive control of antiviral silenc-
ing suppression. Before coinfiltration, the optical density at 600 nm
of the A. tumefaciens cultures was adjusted to 1.0. Three leaves of
approximately equal size per plant were fully infiltrated with p35S-
GFP, either alone (hereafter indicated as silenced plants) with pP19
or with one of the FHA-tagged GPGV proteins (pGPGVggp,
PGPGVyp, or pGPGVcp). Plants coinoculated with p35S-GFP
and the plasmid containing the FHA-tagged B-glucuronidase pro-
tein (pGUS) were assumed as internal controls of the experiment
(hereafter indicated as mock coinfiltrated plants). Four plants per
each experimental condition were used. Two of three infiltrated
leaves per plant were harvested 3 days post inoculum, were pooled,
and were immediately frozen and stored at —80°C for RNA extrac-
tion, while the remaining leaf was used for fluorescent micros-
copy observations. All inoculations were repeated three times
in independent experiments.

RNA extraction and RT.

RNA was extracted from wt and 16¢ N. benthamiana plants,
using a Spectrum total RNA extraction kit (Sigma Aldrich),
according to the procedure described in “Protocol A,” which
allows the recovery of sSRNA molecules. For gene expression
assays, 1 pg of total RNA was reverse transcribed into cDNA
with the recombinant Moloney murine leukemia virus RT
(MMLV-RT; Promega), according to the protocol described
by Tarquini et al. (2018).

In silico prediction of vsiRNAs involved
in the antiviral response to GPGYV infection.

In silico analyses were carried out to predict the class of vsiRNA
produced by the plant in response to GPGV infection. To this end,
the 18 siRNA libraries produced by (Czotter et al. 2018) were
retrieved from the Short Read Archive (accession number
SRP121703). The 1_TK and 11_SZHU libraries were discarded
due to the low GPGV coverage (19.74 and 18.19%, respectively)
(Czotter et al. 2018). The remaining 16 libraries were pooled and
adapter sequences were removed, using the fastx clipper from the
FASTX toolkit. After trimming, reads were aligned to the whole-
genome sequence of the fvg-12 isolates (GenBank accession num-
ber MH087443 [Tarquini et al. 2019a and b]), which corresponds to
the pRI::GPGV-vir clone, using Bowtie2 v2.2.1 (Langmead and
Salzberg 2012) with default parameters, but using -k 10. Mapped
data were then processed using Python and R scripts to produce a
single nucleotide—resolution siRNA profile over the full sequence
from the pRI::GPGV-vir.

Expression analyses of genes involved
in the predicted RNA silencing pathway.

Before gene expression analyses, wt N. benthamiana plants that
were not inoculated (healthy), or were inoculated with either the
pRL:GPGV-vir clone, or with pRI empty vector (mock-inocu-
lated) were tested for the presence of the virus via qPCR, as
reported by Tarquini et al. (2019a and b).

The expression of genes putatively involved in the predicted
RNA silencing pathway, NbDCLA, NPAGOI, NbAGOS, and
NDRDR6, was analyzed. The reference gene was individuated by
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comparing NbGAPDH (glyceraldehyde-3-phosphate dehydroge-
nase), NbF-box, and NbEF-a (alpha elongation factor) gene
expression (Liu et al. 2012). The gene stability measures (M
values) were calculated according to the geNorm program (Vande-
sompele et al. 2002) (Table 2). PP2A was found to be one of the
most stably expressed genes in N. benthamania wt and, hence,
the most suitable for use as a reference gene. Real-time PCR
experiments were performed on a CFX96 instrument (Bio-Rad

Table 1. Primers used in this study

Laboratories). SsoFast EvaGreen Supermix (Bio-Rad Laboratories
Inc.), 5 ng of cDNA, and specific primers were used in a total vol-
ume of 15 pl. Every reaction was performed at 95°C for 3 min, 40
cycles of 95°C for 5 s and 60°C for 5 s, followed by a melting
curve analysis from 65 to 95°C to check primer specificity.
NbDCIA and NDAGO] primers were designed on the reference
sequences NC_031999.1 and NM_001325505.1, respectively,
using Geneious 10.2.6 (Biomatters Ltd.), and their specificity

Application, primer name® Primer sequence (5' — 3')° Reference
Gateway cloning
Replicase proteins® For: GGGACAGCTTTCTTGTACAAAGTGGTAACCTTCTTCTACAGGACCCCAAC This study
Rev: GGGGACAACTTTGTATAATAAAGTTGTCATTGTATATAAAACTTGAAG This study
Movement protein® For: GGGGACAGCTTTCTTGTACAAAGTGGTAGCTCTGATGAAGAGGATAGC This study
Rev: GGGGACAACTTTGTATAATAAAGTTGTCAAGGACCAGATCTTTGTTAC This study
Coat protein® For: GGGGACAGCTTTCTTGTACAAAGTGGTATCGATTCGTCAGGAGCTGAG This study
Rev: GGGGACAACTTTGTATAATAAAGTTGTACATACTAAATGCACTCTC This study
Gene expression
NbDCLA4* For: TCTTTCGTACCCTGAGCAAC This study
Rev: CACGCAACTCTGAATAGCCT This study
NDAGOT* For: TTCGTCCTACACAGATGGGA This study
Rev: AGAAGCTGGCTCACAAAGTC This study
NDAGOS5 For: GGAAGAAATGGACGCAATCCGCAA Odokonyero 2012
Rev: ACAGGGAACAGACGTGTATGGTGT Odokonyero 2012
NbRDR6 For: AGTGATCTAGCAACCCAATGAG Liu et al. 2012
Rev: TTCAGGAATGTCTTCGAGCG Liu et al. 2012
NbPP2A For: GACCCTGATGTTGATGTTCGCT Liu et al. 2012
Rev: GAGGGATTTGAAGAGAGATTTC Liu et al. 2012
Green fluorescent protein (GFP)-messenger RNA quantification
GFP For: AGTGGAGAGGGTGAAGGTGATG Ye et al. 2009
Rev: TGATCTGGGTATCTTGAAAAGC Ye et al. 2009
NbF-box For: GGCACTCACAAACGTCTATTTC Liu et al. 2012

Rev: ACCTGGGAGGCATCCTGCTTAT

GFP-derived small interfering RNA quantification

P2-GFP stem-loop primer
P2-GFP gPCR forward
U6 stem-loop primer

U6 qPCR forward
Universal qPCR reverse

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCCGTT
TTCCTGCCGACAAGCAAAAG
GTGCAGGGTCCGAGGTTTTGGACCATTTCTCGAT
GGAACGATACAGAGAAGATTAGCA

GTGCAGGGTCCGAGGT

Liu et al. 2012

This study

This study

Turner et al. 2013

Turner et al. 2013
Varkonyi-Gasic et al. 2007

“DCL4 = Dicer-like 4), AGO = Argonaute, RDR = RNA-dependent RNA polymerase, PP2A = protein phosphatase 2A, qPCR = quantitative PCR. Asterisks
indicate primer pairs that amplify every gene transcript variant.
" Sequences of the AttB2r-AttB3 primer extensions are reported in bold.

LR recombination:
attL x AttR = AttB

pK7m34GW

FLAG-tagged viral ORFs

Attl4 —  UB;, —— AtR1
X X
Attll —  FLAG — AttR2
AttR4 — ccdb
UBy; FLAG | Replicase | T35S
UB;, FLAG | Movement Protein | T355
UB,, FLAG 7355

— Attl3 —

AttL2 Viral ORF AttR3

T355

Fig. 6. Schematic representation of the construction of FLAG-tagged viral proteins encoded by grapevine Pinot gris virus and used in posttranscriptional
gene-silencing suppression assays. Viral proteins were cloned and singularly fused with the FLAG epitope and UB10 constitutive promoter, using Multisite
Gateway technology (Invitrogen).
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was evaluated with the BLASTN (nucleotide basic local alignment
search tool [Altschul et al. 1997]) algorithm (Muller et al. 2002).
Genes and primer sequences for expression analyses are reported
in Table 1. A MNE for each gene of interest was calculated by nor-
malizing their mean expression levels to the level of the NbPP2A
gene. For each condition, three technical repeats and four individ-
uals concurred with the gene MNE determinations. Statistical
analyses of gene expression levels were performed with the Stat-
Plus software package (AnalystSoft, StatPlus v7), using one-way
ANOVA at a confidence level of 95% (P = 0.05). Tukey’s HSD
post hoc test was used for pairwise comparisons.

Quantification of GFP using fluorescence microscopy.

Signal quantification of GFP was evaluated in silenced wt
N. benthamiana plants and plants coinoculated with p35S-
GFP and either pP19, pGUS, pGPGVggp, pGPGVyp, or
PGPGVp. The adaxial surface of four leaf samples per
experimental condition was examined using a Zeiss Axio
Observer Z1 epifluorescence microscope, using a 450- to
490-nm excitation filter and a 500-nm emission filter. Fluores-
cence signals were measured with the image analysis program Zen
2.3 (Blue Edition; Zeiss) on 20 random areas of 37.532 um2 each.
The results were expressed as the mean + standard deviation. Data
were collected from three independent experiments. Images were
processed with ImageJ 1.49m software package (National Insti-
tutes of Health).

Quantification of GFP mRNA by real-time PCR.

The expression level of GFP mRNA was determined in 16¢
N. benthamiana noninoculated and silenced plants as well as those
coinoculated with p35S-GFP and either pP19, pGUS, pGPGVggp,
PGPGV\p, or pPGPGV cp. The reference gene was individuated by
comparing NbGAPDH, NbPP2A, NbF-box, and NbEF-a gene
expression (Liu et al. 2012). The M values were calculated accord-
ing to the geNorm program (Vandesompele et al. 2002) (Table 2).
The F-box gene was found to be the most stably expressed gene
in N. benthamania 16¢ plants and so the most suitable as a ref-
erence gene. Real-time experiments were performed on a
CFX96 instrument (Bio-Rad Laboratories). SsoFast EvaGreen
Supermix (Bio-Rad Laboratories Inc.), 5 ng of cDNA, and
GFP-specific primers (Ye et al. 2009) were used in a total vol-
ume of 15 pl. Every reaction was performed at 95°C for
3 min, 40 cycles of 95°C for 5 s and 60°C for 5 s, followed
by a melting curve analysis from 65 to 95°C to check primer
specificity. Primer sequences for quantification of GFP mRNA
are listed in Table 1. An MNE for each gene of interest was cal-
culated by normalizing its mean expression level to the level of
the NbF-box gene. Three technical repeats and four individuals
concurred with the gene MNE determination. The results were
analyzed statistically with the StatPlus software package (Ana-
lystSoft, StatPlus v7), using one-way ANOVA at a confidence
level of 95% (P = 0.05). Tukey’s HSD post hoc test was used
for pairwise comparisons.

Table 2. Validation of reference genes in the Nicotiana benthamiana wild
type and 16c line

M value
Gene? Wild type 16c¢ line
NbGAPDH 0.1954 0.3258
NbPP2A 0.1364 0.2053
NbF-box 0.2137 0.2043
NDEF-« 0.2875 0.3090

# GAPDH = glyceraldehyde-3-phosphate dehydrogenase, PP2A = protein
phosphatase 2A, and «-EF = alpha elongation factor.

Quantification of GFP-derived siRNAs
by stem-loop RT-qPCR.

The stem-loop, RT-qPCR approach was used for the quantifica-
tion of siRNAs produced in a specific hotspot of the GFP trans-
gene, referring to the protocol described by Christie et al.
(2011). The procedure included two steps. First, a stem-loop RT
primer was hybridized to a target sSiRNA molecule and it was
then reverse transcribed via pulsed RT-PCR. Next, the RT product
was quantified using qPCR. For the construction of stem-loop
primer, the sequence of P2 probe reported by Christie et al.
(2011) was assumed as being a representative target of the GFP-
derived siRNA population (P2-derived GFP siRNA). The P2
probe was chosen for its reliable and accurate ability to detect dif-
ferences in GFP-derived siRNA densities in exons from intronless
versus intron-containing GFP genes in Arabidopsis thaliana plants
(Chen et al. 2005), resulting in a significant locus for siRNA bio-
genesis within the GFP transgene. The primer was designed
according to Chen et al. (2005, 2011) and Varkonyi-Gasic et al.
(2007) from nucleotide position 480 to 500 of the homologous
mGFP5 sequence (accession number U87973.1), which was intro-
duced into the transgenic N. benthamiana 16c line. The specificity
of the stem-loop primer to P2-derived GFP siRNA was con-
ferred by a six-nucleotide extension at the 3’ end, which is
homologous to the reverse complement of the last six nucleo-
tides at the 3’ end of the P2 sequence (De la Rosa and Reyes
2019; Lin and Lai 2013).

Pulsed RT-PCR was performed using the recombinant MMLV-
RT, as described here. One microgram of total RNA was incu-
bated with 1.0 pl of specific stem-loop primer (1 M) for 5 min
at 70°C. Samples were kept on ice for 3 min. For the second phase
of the reaction, 5 pul of MMLYV 5x reaction buffer, 2.5 mM dNTPs,
25 U of recombinant RNasin ribonuclease inhibitor (Promega),
and 200 U of MMLV RT enzyme were added to each sample.
The second incubation consisted of 30 min at 16°C, followed by
a pulsed RT of 60 cycles at 30°C for 30 s, 42°C for 30 s, and
50°C for 1 s.

The U6 noncoding snRNA was used as the normalization con-
trol because it is a stable and commonly used reference for
miRNA quantification (Turner et al. 2013). The sequence of the
U6 stem-loop primer and the U6 forward primer used in qPCR
were obtained from Varkonyi-Gasic et al. (2007).

The quantification of P2-derived GFP siRNA was performed
via qPCR, using the universal reverse primer reported by Chen
et al. (2005) and sequence-specific forward primer. The P2-GFP
forward primer was designed according to Varkonyi-Gasic et al.
(2007) and was specific to the P2-derived GFP sequence, exclud-
ing the last six nucleotides at the 3’ end of the siRNA. A 5" exten-
sion of five random GC-rich nucleotides was added to the P2-GFP
forward primer to increase the melting temperature (Varkonyi-
Gasic et al. 2007). Construction of GFP stem-loop and forward
primers is reported in Figure 7, while sequences are listed in Table
1. Real-time experiments were performed on a CFX96 instrument
(Bio-Rad Laboratories). SsoFast EvaGreen Supermix (Bio-Rad
Laboratories Inc.) was used to amplify 20 ng of cDNA with
sequence-specific forward primers and universal reverse primers
in a total volume of 15 pl. Every reaction was performed at
95°C for 3 min, 40 cycles of 95°C for 5 s and 60°C for 15 s, fol-
lowed by a melting curve analysis from 65 to 95°C to check
primer specificity. An MNE for P2-derived GFP siRNA was cal-
culated by normalizing its mean expression level to the level of the
U6 snRNA (Muller et al. 2002). Three technical repeats and four
individuals concurred with the MNE determination.

Data were statistically analyzed with the StatPlus software
package (AnalystSoft, StatPlus v7), using one-way ANOVA at a
confidence level of 95% (P = 0.05). Tukey’s HSD post hoc test
was used for pairwise comparisons.
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P2 probe (Christie et al., 2011)
1.U432841 ACGTEMTAMATCATGGCCGACAAGCAGAAGAACGGCATCAAGGEG A
Complement TGCAGATIMTAGTACCGGCTGTTCGTIRMTTCTTGCCGTAGTTIHCIHERT
| GFP qPCR forward primer; 50.0 .
2.U879731 ACGTEITAMMIATCATGGCCGACAAGCAMAAGRACGGCJATCA ARGEEEA
Complement TG C AMMA TG TAGTACCGGCTGTTCGTMT TC[TTGCCGITAGTTCGGT
Stem-loop RT
l primer
GFP siRNA AACGGC

TTGCCG

STEM-LOOP RT

GFP - forward primer

S —

Universal reverse primer

Fig. 7. Schematic representation of the construction of the stem-loop primer used in the pulsed reverse transcription PCR assay. The stem-loop sequence was
based on sequences reported by Christie et al. (2011). The specific six-nucleotide extension at the 3’ end of the primer corresponded to the mGFP5-homologous
sequence of the reverse complement of the six nucleotides at the 3’ end of P2 probe reported by Christie et al. (2011). The green fluorescent protein forward
primer used in the quantitative PCR experiments was specific to the P2 probe sequence reported by Christie et al. (2011). A 5" extension of six nucleotides was
added at the 5’ end of the primer to increase the melting temperature. The nucleotides were chosen randomly and are relatively rich in GC.
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