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A B S T R A C T

Viroids are plant infecting, non - coding RNA molecules of economic importance. Potato spindle tuber viroid
(PSTVd), the type species of Pospiviroidae family, has been shown to be affected by specific RNA silencing
pathways. Dicer like 1 (DCL1), a key player in micro RNA (miRNA) pathway has been previously linked with
PSTVd infectivity. In this report we aim to further dissect the interaction between the miRNA pathway and
Pospiviroid virulence. We mainly focused on the Zinc-finger protein SERRATE (SE) a co-factor of DCL1 and core
component of miRNA pathway. We generated Nicotiana tabacum and Nicotiana benthamiana SE knock-down
plants exhibiting considerable miRNA reduction and strong phenotypic abnormalities. PSTVd infection of SE
suppressed plants resulted in a significant viroid reduction, especially at the initial infection stages. This positive
correlation between SE levels and viroid infectivity underlines its role in PSTVd life cycle and reveals the im-
portance of the miRNA pathway upon viroid infection.

1. Introduction

Viroids are a class of infectious, single-stranded RNA (ssRNA) mo-
lecules of 250–401 nucleotides (nt) in length that often cause sig-
nificant loses to plants of major economic importance (reviewed by
Flores et al., 2011; Katsarou et al., 2015; Palukaitis, 2014; Rao and
Kalantidis, 2015; Tsagris et al., 2008). According to their structural and
functional characteristics, viroids are classified in two families: i) Av-
sunviroidae and ii) Pospiviroidae (Ahmed et al., 2014; Di Serio et al.,
2014; Katsarou et al., 2015; Rao and Kalantidis, 2015). Potato spindle
tuber viroid (PSTVd) is the type species of pospiviroids, and refers to a
circular, single stranded RNA of 356–361 nt depending on the isolate
(Owens, 2007; Tsagris et al., 2008).

Viroids do not encode for proteins, therefore their infectivity is
tightly coupled to the transcriptional and processing machinery sup-
plied by the host (Daros and Flores, 2004). RNA silencing, an ancient
eukaryotic process referring to small RNA-mediated pathways, is
known to play a key role in modulating host - pathogen interactions
(Baulcombe, 2004; Ruiz-Ferrer and Voinnet, 2009). Main component of
these pathways are the RNase III family endonucleases called Dicer-like
(DCL) that produce double stranded short interfering RNAs (siRNAs)
and micro RNAs (miRNAs) of 21–24 nt (Bologna and Voinnet, 2014).

Four DCL proteins (DCL1, DCL2, DCL3 and DCL4) have been char-
acterized in plants producing small RNAs (sRNAs) of 21, 22, and 24 nt
21nt that are implicated in different RNA silencing pathways (Bouché
et al., 2006; Matzke et al., 2009; Schauer et al., 2002).

The role of RNA silencing as a host defense mechanism against
foreign nucleic acid, including viruses and transposable elements in
plants, is well studied (reviewed in Baulcombe, 2004; Pumplin and
Voinnet, 2013). Several works have also attempted to elucidate the
effect of RNA silencing on viroid infection (Daròs et al., 2006; Denti
et al., 2004; Itaya et al., 2007, 2001; Landry and Perreault, 2005, 2004;
Machida et al., 2007; Markarian et al., 2004; Martín et al., 2007;
Martínez de Alba et al., 2002; Papaefthimiou et al., 2001; Wang et al.,
2004). Owing to the structural and functional similarity between pre-
miRNAs and viroids, it was proposed that viroid RNAs may function as
miRNA - like precursors whose processing would lead to the generation
of miRNA – like viroid derived small RNAs (vd-sRNAs) that could target
host genes (Gomez et al., 2008; Markarian et al., 2004; Matoušek et al.,
2007; Papaefthimiou et al., 2001; Wang et al., 2004). Other non-coding,
pathogenic, virus-derived RNAs, known as satellite RNAs (satRNA),
have been identified as inducers and targets of Post-transcriptional gene
silencing (PTGS) and were shown to act like miRNAs to suppress host
genes (Masuta and Takanami, 1989; Shimura et al., 2011; Smith et al.,
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2011; Wang et al., 2004). Similarly, in the Avsunoviroidae family there
is evidence supporting a miRNA like role of vd-sRNAs: Prunus persica
plants infected with Peach latent mosaic viroid (PLMVd) demonstrated
the characteristic albinism phenotype which was attributed to RNA
silencing - directed disease with the potential involvement of a vd-
siRNA (Navarro et al., 2012a). However, it is still unclear whether this
may be the case for viroids of the Pospiviroidae family. The identifica-
tion of vd-siRNAs from the pathogenicity domain of PSTVd supported
the idea of possible involvement of vd-sRNAs in symptom development
(Diermann et al., 2010). In addition, tomato plants expressing hairpin
RNA derived from the severe PSTVdRG1strain, provided evidence that
the hairpin-derived siRNAs directed RNA silencing of host genes
leading to symptom development (Wang et al., 2004) although, this
finding was not supported by later experiments (Schwind et al., 2009).

DCL1 and SERRATE (SE) are key factors of the miRNA pathway
(reviewed in Xie et al., 2015). In cooperation with its binding partners
HYPONASTIC LEAVES 1 (HYL1) (Dong et al., 2008; Kurihara and
Watanabe, 2004) and SE (Dong et al., 2008; Iwata et al., 2013), DCL1
produces 21nt miRNAs from endogenous sequences carrying internal
stem-loops (Schauer et al., 2002). DCL1 also facilitates the biogenesis of
DNA virus siRNAs by other DCLs (Blevins et al., 2006; Qu et al., 2008).
In Arabidopsis SE encodes for a C2H2 – type zinc finger protein and act as
a general regulator of miRNA levels (Lobbes et al., 2006; Yang et al.,
2006). It co-localizes with DCL1 and HYL1 in nuclear dicing bodies (D-
bodies) (Yang et al., 2006) and also with both subunits of Cap-binding
Complex proteins (CBC20 and CBP80) (Raczynska et al., 2014), acting
therefore, as bridge connecting the miRNA pathway and the spliceo-
some (Laubinger et al., 2008; Lobbes et al., 2006). This latter interac-
tion, in addition, promotes the association with Ser5- and Ser2-phos-
phorylated RNA polymerase II (pol II) complexes regulating the
transcription of mainly intronless genes (Speth et al., 2018). Recent
findings have demonstrated the contribution of SE in remodeling of pri-
miRNAs through the interaction with Chromatin Remodeling Factor 2
(CHR2) (Wang et al., 2018). In plants, both RNA transcription ma-
turation and miRNA biogenesis are responsible for the determination of
the proper level of particular miRNAs, their mRNA targets, as well as
their response to environmental cues. Studies in A. thaliana have pro-
posed SE as a positive regulator of plant defense either upon necro-
trophic fungal infection (Voisin et al., 2009) or upon bacterial infection
(Niu et al., 2016).

In our previous studies, we have demonstrated the implication of
the RNA silencing pathway through DCL2, DCL3 and DCL4 in PSTVd
pathogenicity (Dadami et al., 2013; Katsarou et al., 2016). Specifically,
N. benthamiana knock-down (KD) plants with DCL4 suppression were
found to positively affect PSTVd infectivity. Single suppression of DCL2
or DCL3 did not significantly affect PSTVd titer, while the combined
action of DCL2/DCL3 was shown crucial for plant defense against
PSTVd (Dadami et al., 2013; Katsarou et al., 2016). In this work, we aim
to revisit the role of the miRNA biogenesis pathway on Pospiviroidae
infectivity. Previous attempts to elucidate the role of DCL1 in viroid
infection suggested that in DCL1 KD plants infection was less efficient
than in WT (Dadami et al., 2013). However, in our system DCL1 KD
plants had only a moderate DCL1 reduction, most likely due to the fact
that DCL1 knock-out (KO) may be embryo-lethal (Qin et al., 2017;
Schauer et al., 2002). In addition, we observed that there was a sig-
nificant variability in viroid infection levels between individual plants
which made the interpretation of DCL1i/PSTVd infectivity results
difficult Dadami et al., 2013.

Here, in order to achieve significant miRNA pathway suppression
and taking into account the embryonic lethality of DCL1 KO plants we
included in our experimental set-up N. benthamiana and N. tabacum SE
KD plants. Our data reveal that there is a strong reduction of
Pospoviroidae titer in SEi N. tabacum and N. benthamiana as well as in
DCL1i KD N. benthamiana lines. The above findings support the idea
that both SE and DCL1 might act as positive factors of PSTVd in-
fectivity.

2. Results

2.1. Infection of DCL1i plants with PSTVd by agroinfiltration

Based on the structural and functional evidence that indicate a
possible connection between the miRNA pathway and viroid infectivity,
we investigated the existence of such a link using previously described
plants that suppress miRNAs. To this end, the N. benthamiana DCL1
RNAi KD transgenic line (DCL1.13i) that has been shown to reduce
DCL1 expression by 37.2% was used (Dadami et al., 2013; Katsarou
et al., 2016). In order to assess whether PSTVd infectivity is affected
when the miRNA pathway is suppressed, wild type (WT) and DCL1i
suppressed plants were inoculated by leaf infiltration with PSTVdNB at
the early stage of 4–6 leaves. Viroid inoculated N. benthamiana plants
were grown in a greenhouse and 21 days post-inoculation (dpi) tissue
was collected from three systemic, young leaves and used for total RNA
extraction. Northern analysis for PSTVd was performed for five in-
dependent experiments and a total of 28WT and 22 DCL1.13i plants
(Fig. 1A), showing decreased PSTVd titer in all DCLi plants analyzed.
Quantification of PSTVd titer revealed a moderate but significant re-
duction by 18% in DCL1.13i plants compared to WT (Fig. 1B). These
results imply a positive correlation between DCL1 and miRNAs with
PSTVd infectivity that prompted us to further investigate this phe-
nomenon.

2.2. SERRATE suppressed plants

Since strong whole plant DCL1 suppression has not been possible,
we opted for suppressing the miRNA pathway through another of its
major components, SE. A single SE homologue was identified in N.
benthamiana (Niben101Scf00862g00016.1) and N. tabacum
(mRNA_112992_cdsmRNA). Genomic sequences available show 66%
and 67% identity of the two sequences respectively at the protein level
to A. thaliana SE (AT2G27100.1) (Fig. S1). Therefore, it was hypothe-
sized that the SE homologue in these plants would have a crucial role in

Fig. 1. PSTVd accumulation in N. benthamiana DCL1i lines. A. Northern
analysis of total RNA for the detection of (+) PSTVd accumulation in WT and
DCL1.13i plants. (-) PSTVd strand was used as a probe and methylene blue
(total RNA) staining was used as loading control. B. Northern blot quantifica-
tion analysis ‘’n’’ corresponds to the number individual plants analyzed.
Unpaired Student t-test was performed with level of significance set as
p < 0.01 (**). Standard error is depicted in graph.
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miRNA biogenesis too. Based on studies in Arabidopsis showing that SE
KO is embryo-lethal (Lobbes et al., 2006), we constructed transgenic N.
benthamiana and N. tabacum plants that suppressed SE through RNAi.
For N. benthamiana, a 334 bp N. benthamiana cDNA fragment, including
a part of the characteristic Zinc-finger domain, was used as the RNAi
target (Fig. 2A). For N. tabacum a 342 bp Solanum lycopersicum, Zinc-

finger containing, cDNA fragment was used, sharing 93% identity with
the N. tabacum SE cDNA (Fig. 2B). Based on BLASTn analysis, constructs
for both N. benthamiana and N. tabacum were chosen to specifically
target only SE sequences (not shown). We generated 11 N. benthamiana
and 19 N. tabacum transgenic lines. Two lines from each species were
further used in this study, (NbSE5.1i and NbSE6.1i of N. benthamiana,

Fig. 2. Molecular characterization of N. benthamiana and N. tabacum SEi lines. A. Schematic representation indicating the part of the N. benthamiana and B. N.
tabacum SE transcript targeted by the RNAi lines. C. qPCR for SE in NbSEi and D. NtSEi lines. E–F. Western blot analysis for the detection of SE using a SE-specific
antibody. Total protein extract was used from young leaves of WT and E. NbSEi plants and F.WT and NtSEi plants. Ponceau staining was used to visualize the large
subuit of Rubisco and served as the loading control. G–H. qPCR analysis of various miRNAs in G. NbSEi and H. NtSEi lines. Young leaves from 4, 5 week-old plants
were used for the RNA preparation and the results were normalized to the value of the wild-type plants, whose value was arbitrarily fixed at 1. In C–D and G–H, 4
individual samples were used; standard error is depicted in graph.
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NtSE4ai and NtSE8bi of N. tabacum). The degree of SE suppression was
analyzed by quantitative PCR (qPCR) and was found to be 62.1% for
NbSE5.1i and 50.5% for NbSE6.1i, compared to WT plants (Fig. 2C).
Even more significant SE suppression was achieved in N. tabacum SEi
transgenic lines (81.8% for NtSE4ai and 75% for NtSE8bi) (Fig. 2D),
while the generation of siRNAs in these two NtSEi lines was analyzed
with northern hybridization (Fig. S2A). This SE suppression was also
verified at the protein level for both NbSEi (Fig. 2E) and NtSEi lines
(Fig. 2F) where SE protein levels were significantly reduced. In order to
confirm the effect of SE suppression on miRNA biogenesis in Nicotiana,
levels of various miRNAs were assessed by qPCR. In both N. ben-
thamiana transgenic lines, miRNA accumulation for all miRNAs tested
(miR159, miR166, miR167, miR168, miR396) was found significantly
reduced, from 88.3% to 39.2%, compared to WT. Specifically, in line
NbSE5.1i, miRNA levels ranged from 39.3%, for miR159 to 60.8% for
miR166 of the WT, while for the NbSE6.1i line the miRNA levels ranged
from 11.7% for miR396 to 58.8% for miR167 (Fig. 2G). Likewise,
miRNAs analyzed in N.tabacum transgenic lines were strongly reduced
from 51.8% to 95.9% compared to WT. Noticeably, in NtSE4ai, miRNA
levels ranged from 4.1% for miR166 to 26.8% for mir159 of the WT. For
NtSE8bi the levels of these miRNAs were 16.6% and 48.2%, respec-
tively (Fig. 2H).

Next, we analyzed the phenotype of SEi produced lines. Both, N.
benthamiana and N. tabacum SEi plants had reduced plant stature al-
ready from the juvenile stage that persisted throughout development
(Fig. 3A, B). Leaves were more wrinkled, exhibiting partial loss of
asymmetric differentiation and downward leaf curling, possibly as a
result of partial loss of leaf asymmetry (Fig. 3C, D). Some NbSEi plants
exhibited also increased branching (Fig. 3E). At later stages of devel-
opment phylotaxy was affected, especially in NtSEi, plants and inter-
node length was found significantly reduced (Fig. 3F). Flowering time
was also affected in the SE mutants; WT plants flowered in our condi-
tions on average 105 days post germination, while it took 146 days on
average for NtSE4ai plants and 129 days on average for NtSE8bi plants
to flower (Fig. S2B). In addition to the late flowering phenotype, 43% of
NtSE4ai plants never flowered, signifying the importance of SE in plant
development. Nevertheless, the number of leaves produced before
flowering was the same in WT and SEi lines (26 leaves on average) (Fig.
S2C).

Additionally, we attempted to generate plants suppressed for both
DCL1 and SE. To this end, we crossed a large number of N.benthamiana
SEi to DCL1.13i plants but were unable to recover seeds although as
described above, both lines had only partial suppression of the targeted
gene. Fruit was set but went dark and necrotized few days after crossing
without setting seeds. It should be noted that, both DCL1i and SEi N.
benthamiana plants produce seeds upon self-pollination and upon
crossing to WT although with lower efficiency.

Summarizing the above results, we generated N. benthamiana and N.
tabacum SEi plants through RNAi. All selected lines are functional as
they present reduced miRNA levels and distinct phenotypical char-
acteristics. Therefore, we were confident that they represented a
miRNA-suppressed system that could be used in viroid infectivity ex-
periments

2.3. Infection of SEi plants with PSTVd by agroinfiltration

Similar to DCL1.13i plants, WT and SEi suppressed N. benthamiana
and N. tabacum plants were PSTVd inoculated by leaf infiltration as
described above followed by northern analysis. The experiment was
repeated five times, for a total of 31WT and 32 NbSE5.1i plants.
Analysis of representative plants is presented in Fig. 4A. Similar ana-
lysis was performed for the NbSE6.1i transgenic line; the experiment
was repeated two times, for a total of 14WT and 22 NbSE6.1i plants and
a representative northern blot is depicted in Fig. 4B. Quantification of
PSTVd titer in both N.benthamiana transgenic lines revealed a potent
reduction in PSTVd levels compared to WT (Fig. 4C). Specifically,

PSTVd levels were reduced by 57% and 54.4% in NbSE5.1i and
NbSE6.1i lines respectively, compared to WT (Fig. 4C). Reciprocally, we
tested the effect of PSTVd infection on SE levels by quantitative PCR.
RNA was extracted from young systemic leaves 21 dpi with the
PSTVdNB through agroinfiltration. When NbSEi plants, either mock or
PSTVd infected, were compared with the respective WT plants, a con-
stant SE suppression was observed (Fig. 4D). In NbSEi plants SE was
reduced by 83.3% in mock plants and by 76.3% in PSTVd infected
plants (Fig. 4D). This finding confirmed that SE was suppressed
throughout the experiment. The above results were also supported by
experiments carried out in N. tabacum SEi lines. More specifically, si-
milarly to N. benthamiana, N. tabacum SEi plants were infected with
PSTVd through agroinfiltration and young systemic leaves were ana-
lyzed by northern hybridization 21 dpi. All, 23/23 (100%) WT plants
used were successfully infected with PSTVdNB. However, only 15
NtSE4ai plants were effectively infected from a total of 28 plants
(53.57%) (Fig. 5A). A representative northern analysis of NtSE4ai in-
fected plants is shown in Fig. 5B. Similar were the results from three
independent experiments for the NtSE8bi line. 8 out of 21 plants
(38.1%) were successfully infected, compared to 19/19 (100%) infected
WT plants (Fig. 5C). A representative northern blot is depicted in
Fig. 5D. The above data were collected from three independent ex-
periments and quantification of PSTVd titer in infected NtSE4ai and
Nt8b1i plants showed a 35.1% and 69.4% reduction respectively,
compared to WT (Fig. 5E). The reduced PSTVd titers in all lines ana-
lyzed in the above experiments suggests that SE suppression has ad-
verse effects on PSTVd infectivity, which even leads to SEi plants re-
sistant to viroid.

2.4. SE suppression affects also HSVd infectivity

In the course of analyzing the impact of SE suppression on PSTVd
infectivity, we extended our analysis to Hop stunt viroid (HSVdY09352-
Family: Pospiviroid, Genus Hostuviroid),(Daros and Flores, 2004; Kofalvi
et al., 1997) from the same family, but classified to a different genus.
We used WT and NbSE5.1i plants which, similar to the PSTVd experi-
ment, were infected by agroinfiltration and analyzed by northern hy-
bridization for HSVd accumulation, 21 dpi. As presented in Fig. 6A,
HSVd accumulated at significantly lower levels in SEi suppressed
plants. Quantification of all infected NbSEi plants showed a 72.8% re-
duction of HSVd titer compared to WT (Fig. 6B). The experiment was
repeated three times for a total of 56WT and 41 NbSE5.1i plants. The
above findings indicate that the effect of SE suppression have sig-
nificant consequences for both viroid species analyzed, implying a
general role of SE in pospiviroids’ infectivity.

2.5. Time-course analysis of PSTVd infection in SEi plants

In order to assess whether the effect of SEi suppression on viroid
titer affected primarily the establishment of infection or maintenance
and systemic spread, we analyzed infection: 1) in the infiltrated tissue
soon after infection (5 dpi in infiltrated area) and, 2) in systemic tissues
at different time points. We reasoned that, by analyzing the course of
infections in systemic leaves we can assess whether in SEi plants the
viroid has the potential to eventually reach titer similar to WT albeit
later. To address this ability of viroid to establish infection in SEi plants,
we infected WT and NbSE5.1i plants with PSTVdNB and its titer was
analyzed by northern blot at 5 dpi using RNA from the agroinfiltrated
area, as shown in Fig. 7A. Quantification of PSTVd levels revealed a
67.5% reduction compared to WT, already 5 dpi, suggesting that the
establishment of viroid infection is less efficient in SEi plants (Fig. 7B).
Similar results were obtained from three independent experiments for a
total of 20WT and 17 SEi plants. For the maintenance and systemic
spread time-point analysis, a pool of two systemic leaves were analyzed
by northern hybridization at 7, 14, 21, 28, and 35 dpi. We found viroid
titer to remain continuously reduced in SEi plants compared to WT
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plants, at all time point analyzed (Fig. 7C). The experiment was re-
peated at least two times with a minimum of 5 plants in each experi-
ment. The above results indicate that SE suppression affects PSTVd
accumulation throughout infection, although its role may be crucial at
the initiation of infection.

2.6. Effect of SEi suppression on PSTVd replication is not supported

We reasoned that the reduced PSTVd infectivity in SEi plants might
be a result of aberrations in PSTVd replication. In order to check this
hypothesis, we probed for accumulation of replication intermediates
((-) strand viroid RNAs) assuming that aberrations in band profiles may
indicate replication abnormalities. WT & SEi plants, 21 dpi were ana-
lyzed by northern hybridization and no significant differences were

Fig. 3. Phenotypes of N. benthamiana and N. tabacum SEi lines. A. Phenotypes of 3-month-old WT, N. benthamiana and B. N. tabacum SEi plants. C-D. Images of
abaxial and adaxial individual leaves of WT, C. N. benthamiana and D. N. tabacum SEi plants aged of 3 months. E–F. Images of NbSEi plants E. and NtSEi plants F.
showing developmental abnormalities compared to WT.
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observed in the profile of intermediate RNAs. Thus, it is unlikely that
replication hindrance plays a major role in the reduced PSTVd titer in
SEi plants (Fig. S3).

2.7. Strong reduction of viroid infectivity in mechanically inoculated SEi
plants

Since the establishment of infection is significantly affected in SEi
plants, we then asked whether the method used for viroid inoculation
was critical in the effect observed in these plants, leading indirectly to
reduced establishment of infection. To this end, instead of agroinfec-
tions we mechanically inoculated WT and NbSE5.1i plants using sap
from already PSTVd infected WT plants. Samples collected at 28 dpi
were analyzed for PSTVd by northern hybridization. We found that
using mechanical inoculation the effects of SE suppression were even
more pronounced than when using the agroinfection method: only 2
out of 24 SEi plants (8.3%) unlike all 24 out of 24WT plants (100%)
were infected (Fig. 8Ai). A representative northern is shown in
Fig. 8Aii, while, quantification of PSTVd titer in infected plants showed
64.8% PSTVd reduction (Fig. 8Aiii). Analysis of the infection at a later
time point (42 dpi) showed very similar results. 4 out of 12 SEi plants
analyzed (33.3%) were infected (Fig. 8Bi, ii, E) and had a 30.4% re-
duction in viroid titer (Fig. 8Biii), verifying the strong effect of SE
suppressed plants on mechanical infection of PSTVd. The above results
suggest that there is a positive correlation between SE levels and PSTVd
infectivity, and this effect was even more pronounced when plants
where inoculated mechanically with infectious sap.

3. Discussion

RNA silencing plays a key role in modulating many host – pathogen

interactions (Ruiz-Ferrer and Voinnet, 2009). The distinctive char-
acteristics of viroids and their capacity to induce RNA silencing re-
sponses (Itaya et al., 2001; Papaefthimiou et al., 2001; Tabler and
Tsagris, 2004), have raised questions regarding their ability to evade
plant responses without producing their own proteins. Previous studies
by us and others have described the interplay between viroids with the
antiviral and methylation related silencing pathways through the ef-
fects of DCL2/DCL4, DCL3 and Argonautes on viroid infectivity
(Dadami et al., 2013; Katsarou et al., 2016; Minoia et al., 2014;
Torchetti et al., 2016).

Here we revisit the interaction between miRNA biogenesis pathway
and Pospiviroidae family viroids. Structural and functional similarities
between miRNA precursors and viroids have led to suggestions that vd-
sRNAs may function similar to miRNAs and could target host genes
inducing disease symptoms (Markarian et al., 2004; Papaefthimiou
et al., 2001; Wang et al., 2004). Equivalently to virus induced differ-
entiation in host gene expression (Bazzini et al., 2007; Cillo et al.,
2009), viroid induced changes in host homeostasis could generate a
more favorable environment for viroid infection (Itaya et al., 2002;
Wang et al., 2011). These changes may concern host genes misexpres-
sion (Navarro et al., 2012b) and differential miRNA levels (Diermann
et al., 2010; Owens et al., 2012) which in turn regulate several hor-
mone-signaling pathways, like auxin, brassinosteroid (BR) and giber-
ellin (GA) response pathways (Owens et al., 2012; Zheng et al., 2017).

Unlike the suppression of DCL2, 3 and 4, which was very efficient
through RNAi in N. benthamiana, even when suppressed simulta-
neously, we have been unable to generate viable plants with very strong
DCL1 suppression (Dadami et al., 2013). This is in agreement with
other reports in A. thaliana (Schauer et al., 2002) and N. benthamiana
(Qin et al., 2017) where plants with strong DCL1 repression where
shown to be embryo-lethal. In order to circumvent this, we opted to

Fig. 4. PSTVd accumulation & SERRATE
mRNA analysis in N. benthamiana SEi
plants. Northern analysis of total RNA for the
detection of viroid RNA from WT and SEi
plants. Analysis of (+) PSTVd accumulation in
A. NbSE5.1i and B. NbSE6.1i lines. (-) PSTVd
was used as a probe and methylene blue (total
RNA) staining was used as loading control. C.
Graphical representation of northern blot
quantification analysis. ‘’n’’ corresponds to in-
dividual plants analyzed. Unpaired Student t-
test was performed with the level of sig-
nificance set as p < 0.0001 (****). D. qPCR
analysis for SE mRNA expression in mock and
PSTVd infected NbSE5.1i plants. The results
were normalized to the corresponding values
of the WT mock and PSTVd infected plants
whose value was arbitrarily fixed at 1.
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suppress the miRNA pathway through another major component of this
pathway, SE. Specific SE mutations have been previously described in
Arabidopsis as being embryo – lethal under some environmental con-
ditions, underlining the importance of the SE and miRNA regulation
throughout plant development (Grigg et al., 2005; Lobbes et al., 2006).
Nevertheless, we managed to suppress SE up to 62% in N. benthamiana
and even 82% in tobacco indicating a higher tolerance to SE suppres-
sion than DCL1 suppression. There are at least two possibilities for this
difference: either DCL1 is essential in more events in early develop-
ment, or the essential amount of protein requested is larger for DCL1. It
is not possible at present to distinguish between these two possibilities.
Our inability to obtain seedlings from the SEixDCL1i (and reciprocal)
crosses suggests that the strong SE reduction along with the most det-
rimental effects of DCL1 suppression, make it difficult to generate

double SEi and DCL1i N. benthamiana plants.
The divergent phenotypes of SEi plants are indicative of the role of

SE in organogenesis and plant development. Both N. benthamiana and
N. tabacum SEi plants exhibit similar phenotypic characteristics in plant
and leaf development. Additionally, in N.tabacum a very late flowering
or even no flowering phenotype was observed. All SEi plants analyzed,
exhibited reduced SE levels which also varied between individual lines.
Nevertheless, we cannot not fully relate the expression levels with
phenotypes, as was also discussed in the case of Arabidopis SEi mutants
(Prigge and Wagner, 2001). The significant lower miRNA levels in all
plants examined, which are much lower in N. tabacum SEi plants, are
possibly responsible for such phenotypes, without excluding the pos-
sibility that other factors including mis-spliced growth related genes
having an effect.

Fig. 5. PSTVd accumulation in N. tabacum
SEi plants. Northern analysis of total RNA for
the detection of (+) PSTVd in WT and SEi
plants, as described in Fig. 4A. A, C Illustration
of the percentage of successfully infected
plants on the total of used plants A. of NtSE4ai
and C. NtSE8bi plants. B, D. Representative
northern blots 2I dpi of B. NtSE4ai and D.
NtSE8bi plants. Methylene blue (total RNA)
staining was used as loading control. E. Gra-
phical representation of northern blot quanti-
fication of viroid titer of both NtSE4ai and
NtSE8bi lines. ‘’n’’ correspond to individual
plants analyzed. Unpaired Student t-test was
performed with the level of significance set as
p < 0.01 (**) and p < 0.0001 (****) for
NtSE4ai and NtSE8bi respectively.

Fig. 6. HSVd accumulation in N. ben-
thamiana SEi lines. A. Northern blot analysis
for the detection of (+) HSVd in WT and
NbSE5.1i plants. Methylene blue (total RNA)
staining was used as loading control. B.
Graphical representation of viroid RNA signal.
‘’n’’ correspond to individual plants analyzed.
Unpaired Student t-test was used with the level
of significance set as p < 0.0001 (****).
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In order to assess the role of the miRNA pathway on Pospiviroid
infectivity, we investigated PSTVd accumulation in both DCL1 and SE
suppressed plants. Previous experiments on the effect of DCL1 sup-
pression on viroid accumulation suffered from the high variability of
infection in individual DCL1 plants. We had reasoned that this may

have been due to developmental and other differences observed be-
tween individual DCL1i plants as a result of miRNA dis-genesis (Dadami
et al., 2013). Here, the use of younger and presumably less divergent
plantlets, lead to improved uniformity of infections. In DCL1.13i N.
benthamiana plants, we found moderate but significant reduction of

Fig. 7. Time course PSTVd accumulation in
N. benthamiana SEi line. A. Northern blot
analysis of total RNA for the detection of viroid
RNA from WT and NbSEi plants, 5 dpi in the
agroinfiltrated area. Methylene blue staining
was used as loading control. B. Graphical re-
presentation of viroid RNA signal. ‘’n’’ corre-
spond to individual plants analyzed. Results
were analyzed with unpaired Student t-test,
and the level of significance was set as
p < 0.0001 (****). C. Graphical representa-
tion of viroid RNA signal 7, 14, 21, 28 and
35 dpi based on northern hybridization results.
‘’n’’ correspond to individual plants analyzed.
The graph depicts mean values (with standard
error) of PSTVd levels.

Fig. 8. PSTVd titer of mechanically infected
plants. WT and NbSE5.1i plants were me-
chanically infected with PSTVd sap and ana-
lyzed A. 28 dpi and B. 42 dpi. Ai, Bi,
Illustration of the percentage of successfully
infected plants on the total of used plants Ai.
28 dpi and Bi. 42 dpi. Aii, Bii. Northern ana-
lysis at Aii. 28 dpi and Bii. 42 dpi. Methylene
blue (total RNA) staining was used as loading
control. Aiii, Biii, quantification graph of
viroid titer Aiii. 28 dpi and Biii. 42 dpi ‘’n’’
correspond to individual plants analyzed. The
graphs depict mean values (with standard
error) of PSTVd levels.
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PSTVd titer by 18% compared to WT. We presume that the moderately
lower viroid titer compared to WT infected was due to the modest DCL1
suppression of the RNAi plants. In contrast northern analysis of SEi
plants revealed strong reduction in PSTVd titer, in both N. benthamiana
and N. tabacum. This greater impact on PSTVd infectivity might be due
to the more effective suppression of SE compared to DCL1. It cannot be
excluded nevertheless that, SE may affect viroid infectivity also through
its involvement in transcription and RNA processing events. We ob-
served some variability of PSTVd infection between individual plants of
all SEi - miR deficient transgenic lines. We reasoned that this variance
may be related to some stochasticity in the effects of miRNA depletions
on plant development while we cannot rule out environmental effects.
This phenomenon was more pronounced in N. tabacum that had the
strongest miRNA suppression where only 50.9% of both NtSE4ai and
NtSE8bi were finally found infected. Furthermore, HSVd infection of
SEi plants suggests that the observed phenomenon could be a general
feature of Pospiviroidae.

Analysis of PSTVd infection in the infiltrated tissue soon after the
infection as well as in systemic leaves at different time points revealed
the crucial role of SE in the onset of PSTVd infection. However, the
steadily lower viroid titer throughout the infection suggest that SE
positively affects PSTVd accumulation and also the maintenance of
infection. Further, evaluation of (-) strand viroid RNA at late stage of
infection, did not reveal significant differences in the profile of inter-
mediate RNAs, implying that PSTVd titer decrease might be in-
dependent of an effect on replication intermediates. Additional analysis
however, will be required to elucidate this effect.

The effect of SE suppression on viroid infectivity was even more
pronounced when we used mechanical inoculations to infect the plants
(8.3% and 33.3% of plants analyzed were infected at 28 and 42 dpi
respectively). This could be due to the effect of SE suppressed plants in
factors that involve in mechanical infection and are different from those
of agroinfiltration, such as the introduction of the viroid to the cell and
then translocation to the nucleus, which in the case of agroinfection is
accommodated by the bacterium. Moreover, recent findings in
Arabidopsis associate SE with cell wounding response proteins (Speth
et al., 2018), which also could be affected in SEi plants.

In this study we aimed to understand the interplay between the
factors of miRNA biogenesis pathway and infectivity of Pospiviroidae
viroids. We show that DCL1 as well as SE, an important factor of miRNA
biogenesis, positively affect viroid (PSTVd and HSVd) infectivity. Viroid
titer is reduced in DCL1i and SEi plants, and this decrease is more
pronounced upon mechanical PSTVd infection. The results presented
here are in agreement to a possible role of the miRNA pathway in viroid
infectivity. More studies, however, are required in order to elucidate
which is the mechanism behind this effect.

4. Materials and methods

4.1. Plasmid construction

For the generation of N. benthamiana SE suppressed lines via RNA
silencing, a 334 bp cDNA fragment, containing a large part of ZnF do-
main (Fig. 2A), which is specific only for SE, was amplified by PCR with
specific primers: (SEhpN.b F(up): 5′-AGAATTCCCTATCTGTGGCGCA
TTC-3′ and SEhpN.b R (low):5′-TCTCGAGATGGACAAATTCGGC
AGC-3′; restriction sites underlined). The amplified fragment was di-
gested with EcoRI / XhoI restriction enzymes and inserted in pENTR™3C
(Invitrogen) donor vector at the respective plasmid sites. With the
Gateway® cloning technology the hairpin fragment was subcloned in
pK7GWIWG(I) destination vector to create the pK7-35S: NbSEi con-
struct.

For the generation of N. tabacum SE suppressed lines the construct
was designed based on Solanum lycopersicum sequence sharing 93%
identity with the N. tabacum SERRATE cDNA equivalent (Fig. S1). A 342
cDNA fragment, containing the ZnF domain (Fig. 2B), which is specific

only for SE,was amplified by PCR with specific primers: (Sl. SEhairpinF:
5′-CCGGATCCCCGAAGCCTTAGATCCC-3′ and Sl. SEhairpinR: 5′-CCCT
CGAGCGCCATTAGCACGTCC-3′; restriction sites underlined). The am-
plified fragment was digested with BamHI / XhoI restriction enzymes
and inserted in pENTR™3C (Invitrogen) donor vector at the respective
plasmid sites. With the Gateway® cloning technology the hairpin frag-
ment was then subcloned to pK7GWIWG(I) destination vector to create
the pk7-35S: NtSEi construct.

4.2. Plant transformation

Transgenic plants were constructed according to Horsch et al.
(1985), leaf disc transformation protocol, with minor modifications as
described previously (Kalantidis et al., 2002). Briefly, Agrobacterium
tumefaciens C58C1 strain carrying the appropriate construct was in-
cubated at 28 °C for 36 h. After centrifugation, the cells were dissolved
in 20ml MS solution (Murashige and Skoog, 1962). Young N. ben-
thamiana leaves were sterilized in 10% chlorine/0.1% Tween solution
for 10min and washed with water 3 times. After incubation of cut leaf
discs of 5mm diameter in resuspension solution of Agrobacteria for
20min, they were rinsed in MS solution and transferred in Petri dishes
with MS media, upside down. Post 48 h, leaf discs were rinsed with MS
solution, containing cefotaxime bactericidal to 250 μg/ml final con-
centration and transferred in MS media containing 0.8mg/ml 1.6
benzyl-aminopurine (BAP), 0,1 mg/ml naphthalene acetic acid (ΝΑΑ)
and the appropriate antibiotics. Substrate changes were made every 3–4
days for the first 20 days and then every 2 weeks. Once the calli were
formed, they were transferred to bigger pots, while when the seedlings
are formed, they are cut off and transferred to non-hormonal nutritional
rooting media until roots were formed roots and are ready to be
transported to soil in the stable conditions of the glasshouse.

4.3. Plant materials and growth conditions

N. benthamiana and N. tabacum plants, WT and SE suppressed plants
were used. For the selection of transgenes, seeds were plated under
aseptic conditions in Petri dishes containing MS media (Murashige and
Skoog, 1962) with the suitable antibiotic. Plates were transferred in
growth chamber under long day conditions (16 h light/8 h dark, tem-
perature 22 °C, humidity 40%). After germination and selection of
transgenes, plants were transferred in soil (2:1:0.5, humo: peat: perlite)
and grown in glasshouse in the same conditions.

Experiments were conducted in homozygous N. benthamiana plants
in T3 generation and N. tabacum plants T4 generation. Also, N. ben-
thamiana plants which suppress DCL1 were used in T7 generation
(Dadami et al., 2013).

4.4. Viroid infections

Viroid inoculation performed in young plants at the age of 4–6
leaves, using two different types of infections.

For infection through agroinfiltration, the Agrobacterium tumefaciens
GV3101 strain carrying an infectious PSTVd dimer (PSTVdNB –
AJ634596) (Qi et al., 2004) kindly provided by Dr. De Alba and Dr.
Flores (Institute for Cellular and Molecular Plant Biology—IBMCP) was
used or A. tumefasciens C58C1 strain containing plasmid pCdHSVd
(HSVdY09352) (Daros and Flores, 2004). Agroinfiltration was con-
ducted exactly as described before (Kościańska et al., 2005).

For mechanical infection, plants were inoculated with infectious sap
from N. benthamiana, using carborundum (Prolabo, VWR), as described
before (Tabler and Sänger, 1984). Specifically, infected N. benthamiana
leaf tissue was homogenized in 50mM NaPO4 buffer, pH 6.8 with 1:4
ratio (tissue: buffer). Fifty microliters of the infectious homogenate
were used to infect each individual N. benthamiana leaf.

In both ways of infections, two leaves of each plant were inoculated.
Young, systemic leaves were collected at 21 dpi. For time point
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experiments, tissue was collected from 7 days post infection and every 7
days, up to 35 dpi.

4.5. RNA extraction

Total RNA was extracted from young leaves as described before
(Dadami et al., 2013). Briefly, healthy and infected leaf samples were
homogenized under liquid nitrogen and then RNA extraction buffer
(38% saturated phenol, 0.8 M guanidine thiocyanate, 0.4M ammonium
thiocyanate, 0.1M sodium acetate, 5% glycerol) was added in 10:1
ratio (RNA extraction : tissue). After vortexing, the mix was incubated
in RT for 5min and then centrifuged in 12.600 rpm for 10min, at 4 °C.
The supernatant was transferred in a new tube and 0.2 volumes of
chloroform are added. The mix was incubated in RT for 10min and
centrifuged in 12.600 rpm for 10min, at 4 °C. The supernatant was
transferred in a new tube and precipitation was achieved by adding
0.5 volumes of isopropanol, incubation for 1 h at − 80°C and cen-
trifugation for 30min at 4 °C. Pellet was washed with 70% v/v ethanol
and diluted in 50 µl ddH2O.

4.6. Northern blot hybridization

Northern blot analysis for large RNAs was done as previously de-
scribed (Katsarou et al., 2016; Mermigka et al., 2016). Briefly, 5 μg of
total RNA, were analyzed in denaturating agarose gel (1.4% agarose,
0.7% formaldehyde, 1× MOPS, 7 μg ethidium bromide per 100ml gel),
in denaturating buffer (0.7% formaldehyde, 1× MOPS). After equili-
bration of gel in 2× SSC for 20min, total RNA was transferred onto
0.45 µm nylon membrane (NytranN, Whatman, GE healthcare) in 10×
SSC via capillary transfer, for 16–20 h. RNAs were crosslinked with UV
radiation (Stratalinker, Stratagene, USA) of 1200 μJ cm-2 total energy.

Detection of PSTVd transcripts was performed as described before
(Katsarou et al., 2016), RNA (-) DIG labelled probe (DIG RNA labelling
mix, Roche) was produced by T7 transcription from HindIII- cut pHa106
plasmid (Tabler et al., 1992) and hybridization was performed over-
night at 65 °C in hybridization buffer (5× SSC; 1% SDS; 1× Denhardt’s;
250mg/ml tRNA; 50% formamide). Then, three washes were made,
two with 2× SSC/0.2% SDS for 30min and one with 1× SSC/0.2% SDS
for 15min, all at 65 °C. CDP -star (Roche Diagnostics) was used for the
detection according to the manufacturer instructions. Band intensity
was quantified with the software Quantity One 4.4.1 (Biorad, USA) and
values were normalized to leaf samples for each plant using ribosomal
RNA (25S rRNA) as a control and then to the WT values. Statistical
analysis was performed using GraphPad Prism 6 software (GraphPad
software Inc).

4.7. Reverse transcriptase and quantitative PCR

For gene expression analysis the quantitative PCR (qPCR) was used.
3 μg of total RNA were treated with DNaseI (Roche). After phenol:
chloroform treatment RNA was converted to cDNA using Minotech RT
and oligo dT primer (Invitrogen) according to manufacturer instruc-
tions. After analyzing cDNAs for gDNA contamination by amplifying a
reference gene, 1:5 dilution was used for gene amplification with KAPA
SYBR® FAST qPCR Kit (KapaBiosystems) on the CFX ConnectTM Real-
Time PCR detection System (Bio-Rad). Annealing and extension were
carried out in one step at 60 °C or 62 °C for 20 s depending on the
primers (Table S1). Samples were processed in triplicates and efficiency
of each primer set was calculated using plasmid standard curves in the
range of 90–110%. The L23, PP2A and UBI3 RNA were used as loading
control in order to have a p < 0.05 using BestKeeper algorithm
(Andersen et al., 2004). The results were normalized to the value of the
wild-type plants, whose value was arbitrarily fixed at 1. Expression
analysis was performed using the Pfaffl method (Pfaffl et al., 2004). All
primers and annealing conditions are listed in Table S1 (Kotakis et al.,
2010; Liu et al., 2012)

For miRNA analysis, 500 ng of total RNA was treated with DNAseI
(Roche) and purified with phenol: chloroform technique. DNase-
treated RNA was converted to cDNA using Minotech RT, dNTPs
(Invitrogen) and 0.5 μM of the reverse RT primers designed according
to (Varkonyi-gasic et al., 2007) (Table. S1). The mix was heated at 80 °C
for 5min, followed by addition of the reaction buffer in 1× final
concentration, 5mM DTT and 40 units RRI (Takara). The mix was then
incubated for 30min at 16 °C, 60min at 55 °C and 15min at 72 °C.
cDNA was used in 1:20 dilution for miRNA amplification as described
above. Annealing and extension were carried out in one step at ap-
propriate Tm (Table S1). Samples were processed in triplicates and as
internal reference, three different nucleolar small RNAs (U1, U4 and
U6) which are stable in the tested conditions according to BestKeeper
algorithms (Andersen et al., 2004), were used. All Reverse transcriptase
reactions, including no-template controls and RT minus controls, were
run in duplicates. Expression analysis was performed using the Pfaffl
method (Pfaffl et al., 2004). All primers and annealing conditions are
listed in Table S1.

4.8. Protein extraction

For total protein extraction, young leaves were homogenized in li-
quid nitrogen and protein extraction buffer (100mM Tris-Cl pH=8,
200mM NaCl, 1 mM EDTA, 3mM MgCl2, 1 mM DTT, 10% glycerol,
10 μg/μl PMSF and Complete Protease Inhibitor Cocktail Tablets
(Sigma)) was added in 5 : 1 ratio (buffer : tissue). After shaking vig-
orously by vortex for 1–2min and cooling on ice for 30′, the mixture
was centrifuged for 30′ at 4 °C and 12.000 rpm. The supernatant was
transferred to a new tube for further use after adding 6× loading dye.

4.9. Western blot assay

Total proteins (100mg) were fractionated in 8% SDS-PAGE mini-gel
(Bio-Rad), and blotted to nitrocellulose membrane (ProtranN,
Whatman) by wet transfer in 25mM Tris, 150mM glycine, 20% me-
thanol at 310mA, for 1.5 h at 4 °C. For the analysis with SE-specific
antibody (Agrisera), the membrane was blocked in TBS-T buffer
(200mM Tris-HCl pH 7.5, 1.5 M NaCl, 0.1% Tween-20) containing 3%
milk at room temperature for 1 h. After two washes of 5min with TBS-
T, membrane was incubated with antibody diluted 1:3000 in TBST
containing 1% milk for 1 h at room temperature. Three washes of 5min
with TBS-T were followed by the addition of goat anti-rabbit IgG al-
kaline peroxidase-conjugate (Promega) diluted (1:10,000) in TBS-T
containing 1% milk for 1 h at room temperature. After three washes of
5min with TBS-T, signals were detected using the SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific).
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