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SUMMARY

Artificial small RNAs (art-sRNAs) are 21-nucleotide small RNAs (sRNAs) computationally designed to silence
plant genes or pathogenic RNAs with high efficacy and specificity. They are typically produced in transgenic
plants to induce silencing at the whole-organism level, although their expression in selected tissues for
inactivating genes in distal tissues has not been reported. Here, art-sRNAs designed against the magnesium
chelatase subunit CHLI-encoding SULFUR gene (NbSu) were agroinfiltrated in Nicotiana benthamiana
leaves, and the induction of local and systemic silencing was analyzed phenotypically by monitoring the
appearance of the characteristic bleached phenotype, as well as molecularly by analyzing art-sRNA process-
ing, accumulation and targeting activity and efficacy. We found that the two classes of art-sRNAs, artificial
microRNAs (amiRNAs) and synthetic trans-acting small interfering RNAs (syn-tasiRNAs), are able to induce
systemic silencing of NbSu, which requires high art-sRNA expression in the vicinity of the leaf petiole but is
independent on the production of secondary sRNAs from NbSu mRNAs. Moreover, we revealed that 21-
nucleotide amiRNA and syn-tasiRNA duplexes, and not their precursors, are the molecules moving between
cells and through the phloem to systemically silence NbSu in upper leaves. In sum, our results indicate that
21-nucleotide art-sRNAs can move throughout the plant to silence plant genes in tissues different from
where they are produced. This highlights the biotechnological potential of art-sRNAs, which might be
applied locally for triggering whole-plant and highly specific silencing to regulate gene expression or induce
resistance against pathogenic RNAs in next-generation crops. The present study demonstrates that artificial
small RNAs, such as artificial microRNAs and synthetic trans-acting small interfering RNAs, can move long
distances in plants as 21-nucleotide duplexes, specifically silencing endogenous genes in tissues different
from where they are applied. This highlights the biotechnological potential of artificial small RNAs, which
might be applied locally for triggering whole-plant, highly specific silencing to regulate gene expression or
induce resistance against pathogenic RNAs in next-generation crops.

Keywords: systemic silencing, small RNA movement, cell non-autonomous, artificial microRNA, synthetic
trans-acting siRNA, transitivity, Nicotiana benthamiana.

INTRODUCTION

Eukaryotic small RNAs (sRNAs) are responsible for the
sequence-specific degradation of highly sequence comple-
mentary RNA molecules, a process known as RNA silenc-
ing. In plants, sRNAs arise from the processing of a
double-stranded RNA (dsRNA) by DICER-LIKE (DCL)
enzymes into 21-24-nucleotide duplexes. Typically, one of
the strands of the duplex (the guide strand) is incorporated
into an ARGONAUTE (AGO) protein that recognizes and
inactivates complementary target RNA by diverse mecha-
nisms (Axtell, 2013; Bologna & Voinnet, 2014; Borges &
Martienssen, 2015). In some contexts, silencing can be
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amplified through the production of secondary sRNAs by
RNA-DEPENDENT RNA POLYMERASES (RDRs); for exam-
ple, upon the targeting of RNAs by 22-nucleotide sRNAs
(Chen et al., 2010; Cuperus et al., 2010), a process termed
transitivity. RNA silencing can also function non-cell auton-
omously in plants because sRNAs can spread from cell to
cell, over long-distances and even between different plants
or interacting organisms ( Dunker et al., 2020; Liu &
Chen, 2018; Weiberg et al., 2015). For example, sRNA
short-range movement extends 10-15 cells away from the
production site and occurs via plasmodesmata connecting
the cytoplasm of adjacent cells, whereas long-distance
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traffic to distal tissues occurs through the phloem (Molnar
et al., 2011).

Artificial SRNAs (art-sRNAs), such as artificial microRNAs
(amiRNAs) and synthetic trans-acting small interfering
RNAs (syn-tasiRNAs) are 21-nucleotide sRNAs computa-
tionally designed to selectively silence one or more target
genes with high specificity and efficacy (Carbonell, 2017,
2019; Ossowski et al., 2008; Tiwari et al., 2014; Zhang,
2014). The amiRNAs are typically produced in planta by
expressing an endogenous miRNA precursor in which
the sequences of the endogenous miRNA/mMiRNA* are
replaced by the amiRNA/amiRNA* sequences. The amiRNA
primary transcript is sequentially processed by DCL1 to
release the 21-nucleotide amiRNA duplex. Syn-tasiRNAs
are produced by expressing an endogenous TAS precursor
including one or more syn-tasiRNA sequences replacing
endogenous tasiRNA sequences. In this case, the syn-
tasiRNA primary transcript is cleaved by a miRNA/AGO
complex, RDR6-including complexes produce a dsRNA
from one of the TAS cleaved fragments, and the resulting
dsRNA is sequentially processed by DCL4 in 21-nucleotide
syn-tasiRNA duplexes in phase with the miRNA trigger tar-
get site. For both art-sRNA classes, the guide strand of the
art-sRNA duplex (typically including a 5' U) associates with
AGO1 to silence complementary RNA(s). The art-sRNAs
are extensively used in plants to regulate gene expression
in gene function studies and to induce antiviral resistance
(Cisneros & Carbonell, 2020; Cisneros et al., 2021)]. How-
ever, one major limitation of current art-sRNA approaches
is that art-sRNA are usually expressed in transgenic organ-
isms, which hinders the commercialization of art-sRNA-
expressing crops in regions where genetically modified
organisms (GMOs) are banned. In this context, the possi-
bility of expressing art-sRNAs in one tissue for triggering
the systemic silencing (SS) of a target RNA in a different
tissue should facilitate the control of gene expression and/
or induce antiviral resistance at the whole-plant level and
in line with international laws. Unfortunately, the molecu-
lar bases governing the induction and spread of SS are not
always clear, particularly for endogenes, which has ham-
pered the development of efficient methods for triggering
SS in plants.

Here, we report that the transient expression in Nicotiana
benthamiana leaves of amiR-NbSu-2, a 21-nucleotide
amiRNA designed to silence the magnesium chelatase sub-
unit CHLI-encoding SULFUR gene (NbSu), induces obvious
SS in upper non-agroinfiltrated leaves. SS was character-
ized by a strong near-vein chlorosis and reduced NbSu
mRNA levels, and was triggered only when amiR-NbSu-2
was highly expressed in tissues neighboring the petiole.
Interestingly, the expression of a 22-nucleotide form of
amiR-NbSu-2 did not induce SS, despite triggering the bio-
genesis of 21-nucleotide phased secondary small interfer-
ing RNAs (siRNAs) from NbSu mRNAs. By combining sRNA
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high-throughput sequencing, 5-RNA ligase-mediated rapid
amplification of cDNA ends (RLM-RACE) and reverse
transcriptase-polymerase chain reaction (RT-PCR) analyses,
we show that amiR-NbSu-2 is present and active in systemi-
cally silenced tissues, where it specifically cleaves NbSu
mRNAs. Moreover, the transient expression of syn-tasiR-
NbSu-2, a 21-nucleotide syn-tasiRNA of identical sequence
to amiR-NbSu-2, also triggers SS in a similar way. Our
results indicate that both amiRNAs and syn-tasiRNAs can
trigger the silencing of a plant endogenous gene in a distal
tissue from where they are produced, in a process not
requiring transitivity. They also suggest that both classes of
art-sRNAs are able to move as 21-nucleotide sRNA
duplexes from cell to cell via plasmodesmata and long-
distances to sink tissues through the phloem.

RESULTS

Local silencing of N. benthamiana magnesium chelatase
subunit CHLI (NbSu) by specific amiRNAs causes strong
bleaching phenotype in amiRNA-expressing tissues

Two amiRNA constructs (35S,amiR-NbSu-1 and 35S:amiR-
NbSu-2), each expressing an amiRNA with no predicted off-
targets in N. benthamiana and targeting a unique site in
NbSu mRNA, were generated and independently agroinfil-
trated in two areas of two leaves from three different N.
benthamiana plants (Figure 1a). As a negative control, the
35S:amiR-GUSy;, construct expressing a highly specific
amiRNA against Escherichia coli p-glucuronidase uida gene
was also generated and agroinfiltrated. At 7 days post-
agroinfiltration (dpa), areas agroinfiltrated with anti-NbSu
amiRNA constructs displayed a visually obvious bleached
phenotype characteristic of NbSu knockdown (Tang et al.,
2010), whereas areas expressing 35S:amiR-GUSy;, did not
(Figure 1b). The chlorophyll analysis of agroinfiltrated areas
showed a similar decrease in chlorophyll content in
bleached areas expressing anti-NbSu amiRNA constructs
compared to areas expressing the control construct (Fig-
ure 1c). To molecularly characterize amiRNA activity, two
leaves of each of three different N. benthamiana plants
were independently agroinfiltrated in the whole leaf surface
with the amiRNA constructs described above, and amiRNA
and target mRNA accumulation were analyzed at 2 dpa.
RNA blot assays of RNA preparations from agroinfiltrated
leaves showed that both anti-NbSu amiRNAs accumulated
as single-size sRNA species, with amiR-NbSu-2 accumulat-
ing to significantly higher levels than amiR-NbSu-1 (Fig-
ure 1d). Finally, quantitative RT-PCR (RT-gPCR) analysis
revealed that samples expressing anti-NbSu amiRNAs accu-
mulated significantly lower levels of NbSu mRNA than con-
trol samples (Figure 1e). Taken together, these results
indicate that both anti-NbSu amiRNAs are highly active and
induce a strong bleaching phenotype in the tissue where
they are expressed.
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Figure 1. Functional analysis of artificial microRNAs (amiRNAs) against N. benthamiana SULFUR (amiR-NbSu) in agroinfiltrated leaves. (a) Base-pairing of
amiRNAs and NbSu target mRNAs. Coordinates of the complete target site in NbSu mRNAs are given. The arrows indicate the amiRNA-predicted cleavage site.
(b) Photographs at 7 days post-agroinfiltration (dpa) of leaves agroinfiltrated with the different amiRNA constructs. (c) Bar graph showing the relative content of
chlorophyll a in agroinfiltrated areas (35S:amiR-GUSy;, = 1.0). Bars with the letter ‘a’ are significantly different from that of sample 35S:amiR-GUSy;, (P < 0.01 in
pairwise Student’s t-test comparisons). (d) Northern blot detection of amiR-NbSu amiRNAs in RNA preparations from agroinfiltrated leaves at 2 dpa. The graph
at top shows the mean £ SD (n = 3) amiR-NbSu relative accumulation (35S:amiR-NbSu-1 = 1.0). The bar with the letter ‘a’ is significantly different from that of
sample 35S:amiR-NbSu-1. Other details are as shown in (c). (e) Accumulation of NbSu mRNA. Mean mean + SE relative level (n = 3) of NbSu mRNAs after nor-
malization to PROTEIN PHOSPHATASE 2A (PP2A), as determined by quantitative RT-PCR (qPCR) (35S:amiR-GUSp,, = 1.0 in all comparisons). Other details are

as shown in (b).

Systemic silencing of NbSu in distal tissues is induced by
the agroinfiltration of one of the two anti-NbSu amiRNA

Remarkably, when amiRNA constructs were agroinfiltrated
in the whole surface of N. benthamiana leaves, a bleaching
phenotype was also observed in upper non-agroinfiltrated
leaves as early as 3 dpa only in plants agroinfiltrated with
35S:amiR-NbSu-2. The distal bleaching phenotype was
characterized by a vein-proximal chlorosis and was more
intense at 7 dpa and even more at 14 dpa (Figure 2a). A
closer analysis of chlorophyll autofluorescence confirmed
that the bleached areas extended beyond the veins (Fig-
ure 2b), most likely to 10-15 cells as reported for siRNAs
(Himber et al., 2003). Importantly, RT-qPCR analysis
showed that NbSu mRNA accumulation in distal silenced

tissues was significantly decreased in plants expressing
35S:amiR-NbSu-2 compared to plants expressing 35S:
amiR-GUSy,, (Figure 2c). Moreover, this decrease was cor-
related with the bleaching intensity because NbSu mRNA
levels were significantly lower at 14 dpa compared to
7 dpa (Figure 2c). In sum, these results suggest that a
silencing signal moves from source agroinfiltrated tissues
to upper parts of the plants.

Systemic silencing requires amiRNA expression near the
petiole and positively correlates with the level of amiRNA
accumulation

Our previous experiment revealed that amiR-NbSu-2 trig-
gered SS only when expressed in the whole leaf surface,
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Figure 2. Analysis of upper non-agroinfiltrated tissues showing systemic silencing. (a) Photographs of fully agroinfiltrated leaves at 7 days post-agroinfiltration
(dpa) (top) and of upper non-agroinfiltrated leaves at 7 dpa (middle) and 14 dpa (bottom). LS and SS refer to local and systemic silencing, respectively. A white
arrow point to areas displaying near-vein chlorosis. (b) Photographs of areas surrounding leaf nerves under visible or ultraviolet (UV) light from plants agroinfil-
trated with 355:amiR-GUSy;, or 355:amiR-NbSu-2. (c) Accumulation of NbSu mRNA at 7 and 14 dpa in upper leaves of plants agroinfiltrated with 35S:amiR-
GUSpp, or 35S:amiR-NbSu-2. Mean + SE relative level (n = 3) of NbSu mRNAs after normalization to PROTEIN PHOSPHATASE 2A (PP2A), as determined by
quantitative RT-PCR (qPCR) (35S:amiR-GUSy;, [7 dpal = 1.0 in all comparisons). Other details are as shown in Figure 1(b).

but not when the amiRNA was expressed in a distal region
of the leaf. Thus, we hypothesized that the movement of
the silencing signal might require the expression of amiR-
NbSu-2 in tissues surrounding the petiole connecting the
leaf and stem vasculatures. To confirm this, 35S:amiR-
NbSu-2 was independently agroinfiltrated in the basal
region of one leaf of three different plants. The same con-
struct was independently agroinfiltrated in the whole leaf
surface or in a distal region of a leaf of three different
plants as positive and negative control, respectively. The
presence of local and systemic silencing was monitored by
the appearance of bleaching in the agroinfiltrated area or
near the leaf veins, respectively. Interestingly, all plants
agroinfiltrated in the basal region of the leaf displayed SS,
although with a slight delay and to a lower intensity com-
pared to plants agroinfiltrated in the whole leaf surface
(Figure 3). By contrast, plants agroinfiltrated in the distal
region of the leaf did not display SS (Figure 3). These
results indicate that amiR-NbSu-2 must be expressed in
leaf areas proximal to the petiole for triggering SS.

Next, we investigated whether the appearance or inten-
sity of systemic silencing induced by amiR-NbSu-1 and
amiR-NbSu-2, respectively, could be correlated with the
level of expression of the amiRNA in agroinfiltrated leaves.
For that purpose, 35S:amiR-NbSu-1 and 35S:amiR-NbSu-2
were agroinfiltrated as before at two different final optical
densities (ODs): 0.5 (the OD used in previous experiments)

© 2022 The Authors.

and 1.0. 355:amiR-GUSy,;, was also agroinfiltrated at 0.5 as
negative control. In addition, constructs were also indepen-
dently agroinfiltrated in two areas of two leaves of three
plants to better visualize the degree of bleaching as a
result of the high color contrast between yellow agroinfil-
trated areas and dark green non-infiltrated areas. At 7 dpa,
all agroinfiltrated areas were bleached except those agroin-
filtrated with 355:amiR-GUSy,, (Figure 4a, top). At 14 dpa,
near-vein bleaching was more intense in upper leaves of
plants with leaves fully agroinfiltrated with 35S:amiR-
NbSu-2 at the highest OD (OD = 1) (Figure 4a, bottom). As
before, no SS was observed in upper leaves of plants
agroinfiltrated with 35S:amiR-NbSu-1 at OD = 0.5. How-
ever, mild near-vein bleaching was detected in upper
leaves of plants agroinfiltrated with 35S5:amiR-NbSu-1 at
OD = 1 (Figure 4a, bottom). RNA blot assays of RNA prepa-
rations from agroinfiltrated areas showed that, for both
amiRNAs, amiRNA accumulation significantly increased
with the OD at which the construct was agroinfiltrated (Fig-
ure 4b). Remarkably, near-vein bleaching intensity in upper
leaves positively correlated with amiRNA accumulation in
agroinfiltrated leaves. For example, the strongest SS was
observed in upper leaves of plants accumulating the high-
est amount of amiRNA in agroinfiltrated leaves, as
observed in plants expressing 35S:amiR-NbSu-2 at OD = 1.
Interestingly, plants expressing 35S:amiR-NbSu-1 at
OD =1 and 35S:amiR-NbSu-2 at OD = 0.5 accumulated
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Figure 3. Effects on systemic silencing of the place of expression of amiR-NbSu-2 in N. benthamiana leaves. (a) Photographs of plants at 7 days post-
agroinfiltration (dpa). AA and AL refer to agroinfiltrated area and agroinfiltrated leaf, respectively. Near-vein chlorotic areas result of systemic silencing (SS) are
indictated with a white arrow. (b) Two-dimensional line graph showing, for each of the three-plant sets listed in the box, the percentage of plants displaying sys-

temic silencing per day during 14 dpa.

similar (intermediate) amounts of amiRNA in agroinfil-
trated tissues (Figure 4b), although upper leaves of amiR-
NbSu-2 expressing plants displayed more intense bleach-
ing (Figure 4a, bottom). Finally, RT-gPCR analysis con-
firmed the significant decrease of NbSu mRNA in leaves
agroinfiltrated with any of the two anti-NbSu amiRNAs at
any of the two ODs (Figure 4c). Still, for both amiRNAs, no
significant differences in NbSu mRNA accumulation were
observed when the amiRNA was expressed to a different
OD (Figure 4c).

To further confirm that induction of SS was positively
correlated with the level of amiRNA expression, 35S:amiR-
NbSu-2 was agroinfiltrated at final ODs of 1, 0.5, 0.25,
0.125 and 0.0625. As before, 35S:amiR-GUSy, was also
agroinfiltrated at OD = 0.5 as negative control. Visual anal-
ysis of agroinfiltrated areas revealed that all areas express-
ing 35S:amiR-NbSu-2 showed the bleaching phenotype,
although the degree of bleaching was progressively
reduced as the amiRNA was agroinfiltrated to a lower OD
(Figure 4d). By contrast, systemic near-vein bleaching was
only observed in upper leaves of plants agroinfiltrated in
the whole leaf surface with 35S:amiR-NbSu-2 to an
OD > 0.25 (Figure 4d). Moreover, the intensity and spread
of bleaching in upper leaves gradually decreased with the
OD at which the construct was agroinfiltrated (Figure 4d).
Taken together, these results indicate that the degree of SS
positively correlates with the level of expression of the trig-
ger amiRNA in the agroinfiltrated tissue.

Secondary sRNAs are not the mobile signal

In some cases, sRNA-mediated cleavage of target RNAs
can trigger the production of phased 21-nucleotide sec-
ondary sRNAs from DCL4-processed dsRNAs synthesized
by RDR6 complexes from one of the target cleaved prod-
ucts. This process of transitivity expands the set of SRNAs
that can regulate a particular target and indeed enhances

both cell autonomous and systemic silencing (Felippes and
Waterhouse, 2020)]. In this scenario, we hypothesized that
both local and systemic silencing of NbSu might be
explained, at least in part, by the activity of secondary
sRNAs produced from NbSu mRNAs upon amiR-NbSu-2
targeting. Because transitivity is typically triggered by 22-
nucleotide sRNAs (Chen et al., 2010; Cuperus et al., 2010),
we reasoned that 22-nucleotide forms of amiR-NbSu-2
could enhance both local and systemic silencing. To this
purpose, we engineered the 355:amiR-NbSu-2-22 construct
for expressing a 22-nucleotide form of amiR-NbSu-2
(amiR-NbSu-2-22) from a modified AtMIR390a precursor as
described previously (Cuperus et al., 2010) (Figure 5a). The
amiR-NbSu-2-22 was engineered to fully base pair with
NbSu mRNA to further enhance transitivity (Figure 5a).
35S:amiR-NbSu-2-22 was agroinfiltrated in two full
leaves of each of three independent plants. For compara-
tive purposes, 35S:amiR-NbSu-2 expressing a 21-
nucleotide form of amiR-NbSu-2 (Figure 1d) was also
tested (Figure 5a), as well as the control construct express-
ing amiR-GUSyy,. At 7 dpa, all leaves expressing 21- or 22-
nucleotide forms of amiR-NbSu-2 showed similar bleach-
ing phenotype (Figure 5b) and chlorophyll content (Fig-
ure 5c). By contrast, only upper leaves of plants expressing
21-nucleotide amiR-NbSu-2 showed near-vein bleaching
(Figure 5b). RNA blot analysis of RNA preparations from
agroinfiltrated leaves showed that amiR-NbSu-2-22 accu-
mulated mainly as 22-nucleotide sRNA species, and to
apparently lower levels than 21-nucleotide amiR-NbSu-2
(Figure 5d). To confirm the correct processing of amiRNA
precursors and analyze the presence of NbSu-derived sec-
ondary sRNAs, sRNA libraries from leaves expressing 35S:
amiR-GUSpy, 35S:amiR-NbSu-2 and 35S:amiR-NbSu-2-22
were prepared and sequenced. In samples expressing 35S:
amiR-NbSu-2, the majority (82%) of 19-24-nucleotide (+)
reads corresponded to authentic 21-nucleotide amiR-NbSu-2
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Figure 4. Effects of amiRNA expression level on
systemic silencing induction. (a) Photographs of
partially agroinfiltrated leaves at 7 days post-
agroinfiltration (dpa) (top) and of upper non-
agroinfiltrated leaves at 14 dpa (bottom). amiRNA
constructs were agroinfiltrated to a final optical
density (OD) of 1 or 0.5, as indicated. Other details
are as shown in Figure 2(a). (b) Northern blot detec-
tion of amiR-NbSu amiRNAs in RNA preparations
from agroinfiltrated leaves at 2 dpa. amiRNA con-
structs were agroinfiltrated to a final OD of 1 or 0.5,
as indicated. The graph at top shows the
mean + SD (n = 3) amiR-NbSu relative accumula-
tion (35S:amiR-NbSu-1= 1.0). Bars with the letter
‘a’ are significantly different from that of sample
35S:amiR-NbSu-2 at OD = 0.5, whereas the bar with
the letter ‘b’ is not. Other details are as shown in
Figure 1(b). (c) Accumulation of NbSu mRNA in
agroinfiltrated leaves. Mean + SE relative level
(n = 3) of NbSu mRNAs after normalization to PRO-
TEIN PHOSPHATASE 2A (PP2A), as determined by
quantitative RT-PCR (qPCR) [35S:amiR-GUSy;,
(OD = 0.5) = 1.0 in all comparisons]. Other details
are as shown in Figure 1(b). (d) Photographs of par-
tially agroinfiltrated leaves at 7 dpa (top) and of
upper non-agroinfiltrated leaves at 14 dpa (bottom).
amiRNA constructs were agroinfiltrated to a final
OD of 1, 0.5, 0.25, 0.125 or 0.0625, as indicated.
Other details are as shown in Figure 2(a).

(Figure 5e), whereas only 0.001% of the reads corre-
sponded to misprocessed 22-nucleotide forms. By contrast,
only 23% of the reads from samples expressing 35S5:amiR-
NbSu-2-22 corresponded to correct 22-nucleotide forms,
confirming our ability to produce authentic 22-nucleotide
forms of amiR-NbSu-2 in vivo. Unexpectedly, 57% of reads
in 35S:amiR-NbSu-2-22 samples corresponded to 21-
nucleotide forms of amiR-NbSu-2, which were not
observed in the northern blot assay (Figure 5d). Still, it
cannot be ruled out that sRNA library preparation and/or
sequencing protocols contain biases that may preferen-
tially increase the final number of 21-nucleotide reads
corresponding to amiR-NbSu-2. In any case, it should be
noted that the lower proportion of correct 22-nucleotide
forms compared to 21-nucleotide forms of amiR-NbSu-2
from AtMIR390a-based precursors was expected because
similar results were obtained when expressing
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21-nucleotide and 22-nucleotide forms of A. thaliana
miR173 (Cuperus et al., 2010). Finally, in 355:amiR-GUS -
expressing leaves, the majority (70%) of the reads corre-
sponded to authentic 21-nucleotide amiR-GUSy, (Fig-
ure 5e) supporting the correct processing of AtMIR390a-
GUSp, precursors.

Next, we analyzed the presence of predicted NbSu-
derived secondary sRNAs in phase with amiR-NbSu-2 or
amiR-NbSu-2-22 cleavage sites in agroinfiltrated leaves
expressing 35S:amiR-NbSu-2 or 35S:amiR-NbSu-2-22,
respectively (Figure 5f, Data S1). No reads corresponding
to 21-nucleotide predicted phased sRNAs were observed
among the sRNA reads sequenced from 35S:amiR-NbSu-
2-expressing leaves and mapping to NbSu (Data S1). By
contrast, 39.4% of 21-nucleotide sRNA reads from leaves
expressing 35S:amiR-NbSu-2-22 were in register with
amiR-NbSu-2-22 cleavage site (phasing register of 1)

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 1166-1181

85UBD17 SUOLLILLIOD SAIEaID 8 |eol dde 3y} Aq pauRA0b 88 Sa[o1Me YO ‘SN 0 S3INJ 104 ARIGIT 3UIIUO A3 UO (SUOHIPUCO-PUR-SUIBYW0D A8 | M ARR1q 1 BU1|UO//SANY) SUORIPUOD PUe SWs | 84} 83S *[2202/0T/0E] U0 Ariqiauliuo A8|Im ‘(-ouleAnde 1) aanopesy Ag 0£.ST [YTTTT 0T/I0p/w0o 3| im Afeiq Ul |uo//Saiy wouy papeolumoq ‘7 ‘2202 ‘XETESIET
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Figure 5. Comparative analysis of silencing effects triggered by 21- or 22-nucleotide forms of amiR-NbSu-2. (a) Base-pairing of -amiRNAs and NbSu target
mRNAs. Nucleotides changed or added respect to amiR-NbSu-2 are in red. Other details are as shown in Figure 1(a). (b) Top: photographs at 7 days post-
agroinfiltration (dpa) of leaves agroinfiltrated with the different amiRNA constructs. Bottom: photographs at 14 dpa of upper non-agroinfiltrated leaves from
plants agroinfiltrated with the different constructs. (c) Bar graph showing the relative content of chlorophyll a in agroinfiltrated areas (35S:amiR-GUSy;, = 1.0).
Other details are as shown in Figures 1(c) and 2(a). (d) Northern blot detection of amiR-NbSu-2 21- and 22-nucleotide forms in RNA preparations from agroinfil-
trated leaves at 2 dpa. (e) amiRNA processing from AtMIR390a-based precursors. Pie charts show percentages of reads corresponding to expected, accurately
processed 21- or 22-nucleotide mature amiRNAs (light or dark gray sections, respectively) or to other 19-24-nucleotide sRNAs (gray sectors). (f) Phasing analysis
of NbSu-derived 21-nucleotide sRNAs. Radar plots show proportions of 21-nucleotide reads corresponding to each of the 21 registers from AtTASTc transcripts,
with position 1 designated as immediately after the amiR-NbSu-2/amiR-NbSu-2-22 guided cleavage site. The percentage of 21-nucleotide reads corresponding
to phasing register 1 is indicated. (g) Accumulation of NbSu mRNA in agroinfiltrated leaves. Other details are as shown in Figure 1(e).

(Figure 5f, Data S1), confirming the presence of NbSu- accumulation of NbSu-derived secondary siRNAs trig-
derived secondary sRNAs only in 35S:amiR-NbSu-2-22 gered by amiR-NbSu-2-22 does not induce SS. Finally,
samples. Taken together, these results indicate that the NbSu target mRNA accumulation analyzed by RT-gPCR
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was drastically reduced in agroinfiltrated leaves express-
ing either 21- or 22-nucleotide forms of amiR-NbSu-2
(Figure 5g).

To further confirm that the silencing effects induced by
amiR-NbSu-2 were not caused by secondary sRNAs pro-
duced from targeted NbSu mRNAs, 35S:amiR-NbSu-2 and
35S:amiR-GUSy,;, were agroinfiltrated in the whole surface
of two leaves of three independent N. benthamiana DCL4i
and RDR6i knockdown plants as well as in wild-type plants
(Figure S1). DCL4i and RDR6i plants accumulate low levels
of DCL4 and RDR6 respectively (Dadami et al., 2013;
Schwach et al., 2005) (Figure S1a), which are key compo-
nents of secondary sRNA biogenesis pathways. As before,
constructs were also infiltrated in two areas of two leaves
of three independent plants for each plant genotype for
better visualization of the bleaching phenotype. Similar
bleached phenotypes were observed both in agroinfiltrated
areas and upper non-agroinfiltrated leaves of wild-type,
DCL4i or RDR6i plants expressing 35S:amiR-NbSu-2,
whereas no bleached phenotypes were observed in control
agroinfiltrations (Figure S1b). Therefore, these results
strongly suggest that neither the local nor the systemic
silencing of NbSu is caused by NbSu-derived secondary
sRNAs.

amiR-NbSu-2 moves from agroinfiltrated tissue to upper,
distal silenced tissues

Next, we reasoned that the SS of NbSu in 355:amiR-NbSu-
2-expressing plants could be the direct result of amiR-
NbSu-2 cleavage activity in upper tissues. First, to check
the presence of amiR-NbSu-2 in upper bleached tissues,

Systemic silencing by plant artificial small RNAs 1173

sRNA libraries were prepared from leaf areas including the
near-vein bleached phenotype, as well as control libraries
from upper tissues of amiR-GUSy,-expressing plants.
Reads corresponding to amiR-NbSu-2 were detected to a
relatively high number [70 reads per million (RPM)] in
upper leaves, although this value was clearly lower than
that of reads from agroinfiltrated leaves (56338 RPM) (Fig-
ure 6a). Importantly, amiR-NbSu-2 reads were essentially
absent in both agroinfiltrated and upper leaves from plants
expressing amiR-GUSyy, (Figure S2), thus confirming the
specificity of the sequencing results. The presence of
amiR-GUSy, was also confirmed both in agroinfiltrated
leaves and upper leaves from plants expressing amiR-
GUSpp, but not from plants expressing amiR-NbSu-2 (Fig-
ure S2). Interestingly, reads corresponding to amiRNA star
strands (amiRNA*) of both amiRNAs were detected in
agroinfiltrated and in upper leaves (Figure 6a). Thus, these
results indicate that amiRNA duplexes are present in upper
tissues. Furthermore, to check amiR-NbSu-2 cleavage
activity in distal tissues, 5-RLM-RACE analysis was per-
formed in upper leaves of amiR-NbSu-2-expressing plants
showing the near-vein bleaching phenotype (Figure 6b).
For control purposes, the same analysis was carried out in
similar leaves of plants agroinfiltrated with 35S:amiR-
GUSnp. 3 cleavage products of the expected size (213 bp)
were detected in samples expressing amiR-NbSu-2- but
not in samples from amiR-GUSy,-expressing plants
(Figure 6b). Sequencing analysis confirmed that all (12/12)
the sequences comprising these products contained a
canonical 5 end position predicted for amiR-NbSu-2-
guided cleavage (Figure 6b). These results indicate that

Figure 6. Analysis of amiRNA presence and activity in distal tissues. (a) Bar graph showing the accumulation (reads per million, RPM) of both amiRNA duplex
strands revealed by high-throughput sequencing of small RNA libraries prepared from agroinfiltrated leaves (left) or from upper non-agroinfiltrated leaves
(right). Bars representing amiR-GUSy;,, guide and star strands RPMs are in dark and light gray, respectively. Bars representing amiR-NbSu-2 guide and star
strands RPMs are in dark and light blue, respectively. (b) RT-PCR detection of AtMIR390a-NbSu-2 precursors in agroinfiltrated or upper non-agroinfiltrated leaves
(top). RT-PCR products corresponding to the control NbPP2A are also shown (bottom). (c) 5'-RLM-RACE analysis of amiR-NbSu-2-guided cleavage of NbSu in
upper leaves. Top: the predicted base-pairing between amiR-NbSu-2 and NbSu mRNA is shown, and the expected amiR-NbSu-2-based cleavage site is indicated
by an arrow. The proportion of cloned 5'-RLM-RACE products at the at the expected cleavage site is shown for amiR-NbSu-2-expressing leaves. Bottom: ethid-
ium bromide-stained gel shows 5'-RLM-RACE products corresponding to the 3' cleavage product from amiR-NbSu-2-guided cleavage (top gel) and RT-PCR prod-
ucts corresponding to the control NbPP2A gene (bottom gel). The position and size of the expected amiRNA-based 5'-RLM-RACE products are indicated, as well

as the position and size of control RT-PCR products.
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amiR-NbSu-2 is cleaving NbSu mRNAs at the predicted
position in upper non-agroinfiltrated tissues.

Finally, we reasoned that the presence of amiR-NbSu-2
in upper tissues could result from the movement of the
amiRNA precursor or of the amiRNA duplex itself from the
agroinfiltrated leaves. To clarify the identity of the mobile
molecule(s) causing SS, the presence of 521-nucleotide
AtMIR390a-NbSu-2 amiRNA precursors was analyzed by
RT-PCR in both source and recipient tissues. AtMIR390a-
NbSu-2 precursors were detected in RNA preparations of
infiltrated leaves but not from those from upper leaves
(Figure 6c), thus suggesting that amiR-NbSu-2 duplexes
and not their precursors may be the mobile entities
causing SS.

SS can also be triggered by a 21-nucleotide syn-tasiRNA

Mobility of plant miRNAs and tasiRNAs may differ accord-
ing to previous reports (de Felippes et al., 2011), and tasiR-
NAs have only been shown to move short-range as non-
cell-autonomous signals (Chitwood et al., 2009). Here, we
investgated whether syn-tasiR-NbSu-2, a syn-tasiRNA of
identical sequence to amiR-NbSu-2, was able to trigger SS.
To that purpose, the 35S:syn-tasiR-NbSu-2 construct was
generated, as well as the 35S:syn-tasiR-GUSy,, control con-
struct aimed to express syn-tasiR-GUSyp,, a syn-tasiRNA
with identical sequence to that of amiR-GUSyy, (Figure 7a).
Both constructs were independently agroinfiltrated in N.
benthamiana plants as explained before, and in parallel
with 35S:amiR-NbSu-2 for control purposes. At 7 dpa,
areas agroinfiltrated with 35S:amiR-NbSu-2 or 35S:syn-
tasiR-NbSu-2 showed comparable bleaching degree (Fig-
ure 7b), which was confirmed by a similar decrease in
chlorophyll levels in these areas (Figure 7c). Interestingly,
amiR-NbSu-2 accumulated to significantly higher levels
than syn-tasiR-NbSu-2 (Figure 7d) but induced comparable
downregulation of NbSu mRNA in agroinfiltrated leaves
(Figure 7e). To confirm the correct processing of AtTASTc-
based syn-tasiRNA precursors, sRNA libraries from leaves
expressing 35S:syn-tasiR-GUSy;, and 35S:syn-tasiR-NbSu-2
were prepared and sequenced. Both precursors were pro-
cessed accurately, because 78 and 65% of the reads corre-
sponded to authentic 21-nucleotide syn-tasiR-GUSy;, and
syn-tasiR-NbSu-2, respectively (Figure 7f). Importantly,
systemic near-vein bleaching was observed in upper
leaves from plants expressing 35S:syn-tasiR-NbSu-2,
although with a lower intensity than in similar leaves from
35S:amiR-NbSu-2-expressing plants (Figure 7b). Not unex-
pectedly, NbSu mRNA accumulation was significantly
lower in distal bleached tissues from plants expressing
amiR-NbSu-2 compared to plants expressing syn-tasiR-
NbSu-2 (Figure 7g). Also, as shown for amiR-NbSu-2, syn-
tasiR-NbSu-2 must also be expressed in leaf areas proxi-
mal to the petiole for triggering SS (Figure S3). Finally, we
tested the speed of syn-tasiR-NbSu-2 and amiR-NbSu-2

movement by removing the agroinfiltrated leaves 1, 2, 3, 4
or 5 dpa and scoring the say of near-vein leaf chlorosis
appearance in apical leaves. For syn-tasiR-NbSu-2, 50 and
100% of plants exhibited SS when the agroinfiltrated
leaves were removed 2 and 3 dpa, respectively, whereas
all plants in which the 355:amiR-NbSu-2-expressing leaves
were removed at 2 dpa showed SS (Figure S4). These
results suggest that the production and translocation of
the amiRNA and syn-tasiRNA duplexes occurs within 1-2
and 1-3 dpa, respectively.

To analyze the presence of syn-tasiRNAs in upper tis-
sues, sRNA libraries were prepared from near-vein
bleached samples of syn-tasiR-NbSu-2-expressing plants,
together with control libraries from similar tissues of syn-
tasiR-GUSyp-expressing plants. Reads corresponding to
syn-tasiR-NbSu-2 were detected in upper leaves (9.4 RPM),
although to a much lower number than in agroinfiltrated
leaves (2280 RPM) (Figure 8a), and were essentially absent
in 35S:syn-tasiR-GUSy;, samples (Figure Sb). The presence
syn-tasiR-GUSy, was also confirmed in upper (6.9 RPM)
and in agroinfiltrated tissues (3399 RPM), and was negligi-
ble in 35S:syn-tasiR-NbSu-2 samples (Figure S5). Reads
corresponding to syn-tasiRNA star strands (syn-tasiRNA*)
of both syn-tasiRNA species were also detected in both
agroinfiltrated and upper tissue, thus indicating the syn-
tasiRNA duplexes are present in upper tissues. 5-RLM-
RACE analysis confirmed the presence of 3’ products
derived from syn-tasiR-NbSu-2 cleavage of NbSu mRNAs
in near-vein bleached tissues (Figure 8b). Finally, AtTAS7c-
NbSu-2 precursors could only be detected in agroinfiltrated
tissues but not in upper leaves (Figure 8c). All together,
these results suggest that 21-nucleotide syn-tasiRNA
duplexes can also move from transiently expressing tis-
sues to upper distal parts of the plant to silence target
mRNAs.

DISCUSSION

Here, we report the ability of two classes of 21-nucleotide
art-sRNAs, such as amiRNAs and syn-tasiRNAs, to move
throughout the plant away from their production sites
and systemically silence a plant endogenous gene. Both
amiR-NbSu-2 and syn-tasiR-NbSu-2 were agroinfiltrated
in the whole surface of N. benthamiana leaves and
induced the SS of NbSu, which was easily detected as a
strong chlorosis near the veins of upper distal leaves.
Importantly, we were able to visualize the SS of NbSu
because of the characteristic bleaching phenotype derived
from NbSu downregulation, which is clearly visible to the
naked eye. In this sense, the N. benthamiana/amiR-NbSu-
2 and N. benthamiana/syn-tasiR-NbSu-2 experimental
systems may represent valuable tools with a clear and
visible readout for the analysis of determinants control-
ling the induction and/or spread of the SS triggered by
plant sRNAs.
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Figure 7. Functional analysis of synthetic trans-acting small interfering RNAs (syn-tasiRNAs) against N. benthamiana SULFUR (amiR-NbSu) in agroinfiltrated
and upper leaves. (a) Diagram of the 35S:syn-tasiR-Su-2 construct. AtMIR173 and miR173 sequences are shown in light and dark brown, respectively, whereas
syn-tasiR-NbSu-2 and NbSu mRNA sequences are in blue and green, respectively. tasiRNA positions 3'D1[+] and 3'D2[+] are indicated by brackets, with position
3'D2[+] highlighted in blue. Curved black arrows indicate DCL4 processing sites. Black linear arrow indicate sRNA-guided cleavage sites. ts refers to target site.
(b) Photographs of partially agroinfiltrated leaves at 7 days post-agroinfiltration (dpa) (top) and of upper non-agroinfiltrated leaves at 14 dpa (bottom). Other
details are as shown in Figure 2(a). (c) Bar graph showing the relative content of chlorophyll a in agroinfiltrated areas (35S:amiR-GUSy;, = 1.0). Other details are
as shown in Figures 1(c) and 2(a). (d) Northern blot detection of artificial small RNAs (art-sRNAs) against NbSu in RNA preparations from agroinfiltrated leaves
at 2 dpa. The graph at top shows the mean 4 SD (n = 3) art-sRNA relative accumulation (35S:amiR-NbSu-2 = 1.0). Bar with the letter ‘a’ is significantly different
from that of sample 35S:amiR-NbSu-2. Other details are as shown in Figure 1(c). (€) Accumulation of NbSu mRNA in agroinfiltrated leaves. Other details are as
shown in Figure 1(e). (f) Syn-tasiRNA processing from AtTAS7c-based precursors. Pie charts show percentages of reads, with the percentage of 21-nucleotide
reads of accurately processed mature syn-tasiRNAs indicated in the blue sectors. Gray sectors represent the percentage of 19-24-nucleotide reads of other small
RNAs. (g) Accumulation of NbSu mRNA in upper non-agroinfiltrated leaves. Other details are as shown in Figure 1(e).

Our initial experiments comparing the induction of local higher levels compared to amiR-NbSu-1 in agroinfiltrated
and systemic silencing by amiR-NbSu-1 and amiR-NbSu-2 tissues, we investigated whether the degree of SS was
showed that, although local silencing efficiency was simi- dependent on the local accumulation level of the amiRNA.
lar for both amiRNAs, SS was triggered only by amiR- Subsequent experiments aiming to test SS induction upon
NbSu-2. Because amiR-NSu-2 accumulated to significantly agroinfiltration of amiRNA constructs to different ODs
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Figure 8. Analysis of syn-tasiRNA presence and activity in distal tissues. (a) Bar graph showing the accumulation (reads per million, RPM) of both syn-tasiRNA
duplex strands revealed by high-throughput sequencing of small RNA libraries prepared from agroinfiltrated leaves (left) or from upper non-agroinfiltrated
leaves (right). Bars representing syn-tasiR-GUSy;, guide and star strands RPMs are in dark and light gray, respectively. Bars representing syn-tasiR-NbSu-2 guide
and star strands RPMs are in dark and light blue, respectively. (b) 5'-RLM-RACE analysis of syn-tasiR-NbSu-2-guided cleavage of NbSu in upper leaves. Top: the
predicted base-pairing between syn-tasiR-NbSu-2 and NbSu mRNA is shown, and the expected syn-tasiR-NbSu-2-based cleavage site is indicated by an arrow.
Other details are as shown in Figure 5(c). (c) RT-PCR detection of AtTAS71c-NbSu-2 precursors in agroinfiltrated or upper non-agroinfiltrated leaves (top). Other

details are as shown in Figure 5(b).

showed that the intensity of SS triggered by amiR-NbSu-2
was indeed positively correlated with the expression level
of amiR-NbSu-2 in agroinfiltrated leaves. Moreover, amiR-
NbSu-1 was able to trigger SS only when expressed at the
higher OD tested (OD = 1), thus highlighting that the
amiRNA expression level is a critical factor for SS induc-
tion. Similarly, the systemic movement of siRNAs has also
been positively correlated with their expression level, such
that a higher copy number of a triggering transgene led to
more efficient acquired silencing (Palauqui & Balzergue,
1999).

Another critical factor controlling SS induction could be
the place of expression of the art-sRNA. Previously, the
limited entry of endogenous miRNAs into the phloem sug-
gested that the expression in phloem companion cells
might be a requirement for long-distance transport of miR-
NAs (Skopelitis et al., 2018; Subramanian, 2019). Indeed,
long-distance signaling miRNAs such as miR395 and
miR399, known to control shoot-to-root communication
upon S and P starvation, respectively, are expressed in
companion cells of the phloem (Kawashima et al., 2009)
and in several vascular tissues including the phloem (Aung
et al., 2006). In our experiments, amiR-NbSu-2 and syn-
tasiR-NbSu-2 triggered SS only when agroinfiltrated in
areas neighboring the leaf petiole but not in distal regions
of the leaf. Thus, it is likely that amiR-NbSu-2 and syn-
tasiR-NbSu-2, when expressed near the petiole, can reach
the companion cells and be loaded into the sieve elements
of the phloem for long-distance movement. It should be
noted that, although the movement of a SS signal can be
bidirectional in plants (Voinnet et al., 1998), under our
experimental conditions, we could only detect near-vein
chlorosis in leaves above those agroinfiltrated with 35S:
amiR-NbSu-2 or 35S:syn-tasiR-NbSu-2, but not in lower

leaves (Table S1). This is probably a reflection of the pat-
tern of spread of art-sRNA duplexes following the move-
ment of photoassimilates or viruses in plants, from source
(older) to sink (younger) leaves (Leisner & Turgeon, 1993;
Voinnet et al., 1998).

Although a few miRNAs can move systemically in plants
(see below), siRNAs are considered to be more mobile at
long distances. For example, secondary siRNAs generated
from transgenes or from invading viruses propagate the
spread of silencing from a single leaf systemically through-
out the plant, and siRNAs (especially those of 24 nu-
cleotides) travel systemically to direct DNA methylation of
transposable elements in target tissues, including meris-
tematic and meiotically active cells (Liu & Chen, 2018; Mol-
nar et al., 2010). However, tasiRNA mobility appears to be
more limited, as exemplified by miR390a-TAS3-dependent
tasiRNA-AUXIN RESPONSE FACTORs (i.e. tasi-ARFs) that
are produced in the upper side of the leaf and diffuse to
create a gradient that patterns the adaxial-abaxial axis of
leaves (Chitwood et al., 2009). Thus, our results showing
syn-tasiRNA systemic movement indicate that tasiRNAs
can actually move long-distances, and it is possible that
the overexpression of syn-tasiR-NbSu-2 in our experiments
has facilitated this.

An interesting result is that amiR-NbSu-2 and syn-tasiR-
NbSu-2, despite having identical sequences, caused dis-
tinct degrees of SS. SS triggered by amiR-NbSu-2 was
more intense and extended much further than that induced
by syn-tasiR-NbSu-2. Which factor(s) could explain the dif-
ferences in SS intensity caused by both classes of art-
sRNAs? The simplest explanation may be that the accumu-
lation level of the art-sRNA plays a critical role in this mat-
ter because amiR-NbSu-2 accumulated in agroinfiltrated
source tissues to significantly higher levels compared to
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syn-tasiR-NbSu-2, which may facilitate its earlier entry to
the phloem stream (Figure S4). Still, we cannot rule out
the possibility that other factors such as the specific
genetic requirements for amiRNA and syn-tasiRNA biogen-
esis contribute to these differences. Interestingly, Ara-
bidopsis transgenic plants expressing a syn-tasiRNA
against SULFUR (tasiR-SUL) from the companion cell-
expressing SUC2 promoter have extended bleaching com-
pared to plants expressing an amiRNA (amiR-SUL) of
identical sequence from the same promoter, despite tasiR-
SUL accumulating to significantly lower levels compared
to amiR-SUL (de Felippes et al., 2011). In this case, more
secondary sRNAs were detected in tasiR-SUL plants
than in amiR-SUL plants, which was proposed to con-
tribute to the spreading of tasiR-SUL triggered silencing
(de Felippes et al., 2011). Because tasiRNA biogenesis
occurs on membrane-bound polysomes (Hou et al., 2016;
Li etal., 2016), it has also been suggested that this
may have facilitated tasiR-SUL delivery to adjacent cells
through plasmodesmata, which are extensions of cellular
membranes (Liu et al., 2020). In our experiments, the lack
of secondary sRNAs in leaves expressing amiR-NbSu-2 or
syn-tasiR-NbSu-2 and the transient expression of both art-
sRNA classes may explain the different effects obtained in
our system.

It has been proposed that the ability to trigger transitiv-
ity (secondary siRNA biogenesis) to amplify and spread
the silencing signal to nearby cells may be also a critical
factor for effective long-distance movement of miRNAs
(Skopelitis et al., 2018). Indeed, both systemically mobile
miR395 and miR399 can trigger transitive silencing (Mana-
vella et al., 2012), as can the majority of the miRNAs that
were shown to move from a parasitic plant to a host plant
and silence host genes (Shahid et al., 2018). Also, it was
shown that transgenic Arabidopsis expressing a 22-
nucleotide but not a 21-nucleotide amiRNA against CHAL-
CONE SYNTHASE (CHS) induced widespread silencing of
CHS, most likely as a result of the greater mobility of sec-
ondary sRNAs and/or the additive effect of both amiRNA
and phasiRNA-directed target mRNA cleavage (McHale
et al., 2013). Here, essentially no reads corresponding to
21-nucleotide predicted phased sRNAs were observed
among the sRNA reads mapping to NbSu and sequenced
from agroinfiltrated and systemically silenced tissues of
plants expressing 35S:amiR-NbSu-2 or 35S:syn-tasiR-
NbSu-2 (Data S1). This indicates that 21-nucleotide forms
of amiR-NbSu-2 and syn-tasiR-NbSu-2 do not trigger the
production of phased 21-nucleotide secondary sRNAs nei-
ther in agroinfiltrated, nor in upper tissues. By contrast, 22-
nucleotide forms of amiR-NbSu-2 triggered transitivity in
agroinfiltrated tissues but not SS in distal tissues. Thus, in
our system, the ability to trigger transitivity is not a critical
factor promoting SS. Indeed, amiR-NbSu-2-22 forms and
NbSu-derived phased secondary sRNAs accumulated to
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much lower levels compared to 21-nucleotide amiR-NbSu-
2 forms, which may have limited the capacity of inducing
SS. In any case, it is possible that SS induced by 22-
nucleotide amiRNAs might allow target silencing in distal
tissues beyond the 10-15 cells but has the drawback of a
high risk of off-target effects because the large population
of generated secondary sRNAs may end up targeting other
cellular mRNAs besides the intended target RNA (Senthil-
Kumar & Mysore, 2011).

Another interesting result is that both amiRNA and syn-
tasiRNA duplexes, and not their precursors, appear to be
the molecules moving systemically. Our results seem to
support the current prevailing view for both plant miRNAs
(Brioudes et al., 2021; Buhtz et al., 2010; Liu & Chen, 2018;
Skopelitis et al., 2018) and siRNAs (Devers et al., 2020) that
processed sRNAs and not their precursors are the moving
entities. Nonetheless, some miRNA precursors such as
MIR156 and MIR2111 are expressed specifically within the
phloem (Tsikou et al., 2018; Yang et al., 2013), and recent
results show that (i) miR390b precursors enable the
phloem transport of foreign RNA systemically in N. ben-
thamiana and (ii) sequences of multiple miRNA precursors
are identified in a Cucurbita maxima phloem transcriptome
(Lezzhov et al., 2019). These observations suggest that, at
least for some miRNAs, miRNA phloem signaling might
involve the precursor molecules. Moreover, it could be
argued that anti-NbSu art-sRNAs could also be moving
systemically bound to AGOs. However, this is unlikely
because (i) star strands of both art-sRNA classes are pre-
sent in distal tissues; (i) AGO proteins are systematically
absent from Arabidopsis phloem sap proteomes (Batailler
et al., 2012; Carella et al., 2016; Guelette et al., 2012); and
(iii) AGO proteins generally act cell autonomously and are
retained in traversed cells (Devers et al., 2020). In any
case, the question of the molecular forms under which
plant sRNAs move between cells and long distance is still
a matter of study and debate. Here, we propose a model
(Figure 9) in which art-sRNA duplexes are produced in
source cells by DCL-mediated processing of their precur-
sors, next move from cell to cell through plasmodesmata
and long-distance through the phloem stream, and then
exit the phloem and move 10-15 cells away to silence tar-
get RNAs.

Importantly, the ability of art-sRNA duplexes of moving
from the production site to other distal tissues could be
exploited to induce the intentional SS of plant genes and
also of pathogenic target RNAs. For example, we recently
described a high-throughput methodology in N. benthami-
ana to identify art-sRNAs with high antiviral activity (Car-
bonell & Daros, 2019), and reported that several amiRNAs
and syn-tasiRNAs against Tomato spotted wilt virus
(TSWV), expressed in the whole surface of N. benthamiana
leaves that were further inoculated with TSWV 2 days later,
fully protected plants (Carbonell et al., 2019). The complete
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Figure 9. Model describing artificial small RNA (art-sRNA) biogenesis, silencing activity and movement from source to distal plant tissues. The art-sRNA
duplexes are produced in source cells by DCL1- or DCL4-mediated processing of artificial microRNA (amiRNA) or synthetic trans-acting small interfering RNA
(syn-tasiRNA) precursors, respectively. The guide strand (in blue) of the art-sRNA duplex is incorporated into ARGONAUTE1 (AGO1) to bind and cleave NbSu
target mRNAs. The art-sRNA duplexes most likely move cell to cell through plasmodesmata and long-distance through the phloem stream using the sieves ele-
ments. The art-sRNA duplexes may exit the sieve elements and move 10-15 cells away.

absence of virus in upper leaves was somewhat unex-
pected because art-sRNAs were transiently (and not consti-
tutively) expressed. Considering the results reported in the
present study, we now suspect that anti-TSWV art-sRNAs
were probably moving systemically to the upper leaves
and accumulating in a 10-15 cell layer near the veins to
block virus exit from the phloem and ultimately prevent its
spread. Moreover, this may be the basis of a previously
proposed antiviral mechanism in plants in which, upon
viral infection, virus derived siRNAs would move from pro-
duction sites into the phloem to finally reach the meris-
tems and surrounding cells of the shoot apex ahead of the
systemically mobile virus (Ratcliff et al., 1997; Schwach
et al.,, 2005). As a consequence, the virus will be sup-
pressed as it enters the meristematic cells and so infection
is never established and the plant initiates its recovery
(Melnyk et al., 2011). Besides its antiviral function, other
observations have highlighted the role of SS as a natural
signaling mechanism involved in plant development and
physiology. For example, the control of phosphate, copper
and sulphate homeostasis relies on the systemic move-
ment of miR399, miR398 and miR395, respectively (Buhtz
et al., 2010; Fujii et al., 2005; Matthewman et al., 2012;
Pant et al., 2008), whereas the dynamic and systemic fine-
tuning of infection and nodulation by nitrogen and symbi-
otic rhizobia is controlled by mobile miR2111 (Gautrat
et al., 2020; Tsikou et al., 2018).

To conclude, the possibility of expressing art-sRNAs in
a plant tissue and triggering the specific silencing of
endogenous plant genes or even pathogenic RNAs in dis-
tal tissues in a transitivity-independent manner has
undoubtedly high biotechnological potential, especially
when art-sRNAs are applied exogenously in a GMO-free

way. Indeed, antiviral systemic effects of sprayed dsRNAs
in plant leaves have recently be reported (Koch
et al., 2016; Mitter et al., 2017). In this context, the exoge-
nous application of amiRNAs or syn-tasiRNAs would have
the inherent advantage of their higher specificity because
they function in a transitivity-independent manner and
lead to reduced off-target risks compared to dsRNA-based
approaches. The optimization of methods for producing
and topically applying art-sRNA precursors is also neces-
sary with respect to the biotechnological use of art-sRNAs
for highly specific silencing at the whole-individual level
in next-generation crops.

EXPERIMENTAL PROCEDURES
Plant materials and growing conditions

Nicotiana benthamiana plants were grown in a growth chamber at
25°C under a 12:12 h light/dark photocycle. DCL4i and RDR6i
seeds were reported previously (Dadami et al., 2013; Schwach
et al., 2005).

DNA constructs

The amiRNA constructs 35S:amiR-GUSyy, 35S:amiR-NbSu-1, 35S:
amiR-NbSu-2, 35S:amiR-NbSu-2-22 were obtained by ligating
annealed oligo pairs D2057/D2058, D2065/D2066, D2067/D2068
and AC-310/AC-311, respectively, into pMDC32B-AtMIR390a-B/c
(plasmid 51776; Addgene, Watertown, MA, USA) as described pre-
viously (Carbonell et al., 2014). Syn-tasiRNA construct 35S:syn-
tasiR-AtTAS1c-NbSu-2 was obtained by ligating annealed oligo
pair AC-257/AC-258 into pMDC32B-AtTAS1c-D2-B/c-AtMIR173
(plasmid 137885; Addgene) as described previously (Lépez-Dolz
et al., 2020). 35S:GUS and 35S:syn-tasiR-GUSy, were reported
previously (Lopez-Dolz et al., 2020; Montgomery, Yoo, et al.,
2008). All DNA oligonucleotides used for generating the constructs
described above are listed in Table S2.
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amiRNA designs

p-sams  script  (https:/github.com/carringtonlab/p-sams) returning
unlimited optimal results was used to obtain the complete list of
optimal amiRNAs targeting NbSu or E. coli GUS with high specificity
(Data S2). The off-targeting filtering in N. benthamiana transcriptome
vb.1 (Nakasugi et al., 2014) was enabled in all amiRNA designs to
avoid undesired off-target effects and to increase specificity.

Transient expression of constructs. Agroinfiltration of con-
structs in N. benthamiana leaves was performed as described previ-
ously (Cuperus et al., 2010; Llave et al., 2002) using Agrobacterium
tumefaciens GV3101 strain.

RNA preparation. Total RNA from N. benthamiana leaves was
isolated in extraction buffer (1 m guanidinium thiocyanate, 1 m
ammonium thiocyanate, 0.1 m sodium acetate, 5% glycerol, 38%
water saturated phenol), followed by chloroform extraction. RNA
was precipitated in 0.5 x isopropanol for 20 min. Triplicate sam-
ples from pools of two leaves were analyzed.

Real-time RT-qPCR. A real-time RT-qPCR was performed
essentially as described previously (Lopez-Dolz et al., 2020) in a
QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA, USA). NbSu target RNA expression levels were cal-
culated relative to N. benthamiana PROTEIN PHOSPHATASE 2A
(NbPP2A) reference gene using the delta delta cycle threshold
comparative method of QUANTSTUDIO DESIGN AND ANALYSIS software,
version 1.5.1 (Thermo Fisher Scientific). The primers used for RT-
gPCR are listed in Table S2.

Small RNA blot assays

Total RNA (20 pg) was separated in 17% polyacrylamide gels con-
taining 0.5x Tris/Borate EDTA and 7 m urea and transferred to posi-
tively charged nylon membrane. Probe synthesis using [y->?PJATP
(PerkinElmer, Waltham, MA, USA) and T4 polynucleotide kinase
(Thermo Fisher Scientific) and northern-blot hybridizations were per-
formed at 38°C in PerfectHyb Plus Hybridization Buffer (Sigma-
Aldrich, St Louis, MO, USA) as described previously (Carbonell
et al., 2014; Montgomery, Howell, et al., 2008). A Typhoon IP Imager
System (Cytiva, Marlborough, MA, USA) was used to produce digital
images from radioactive membranes, and band quantification was
done using IMAGEQUANT TL, version 10.0 (Cytiva). The oligonucleotides
used as probes for sSRNA blots are listed in Table S2.

Microscopy

Whole leaves were placed in a Petri dish, illuminated by two lat-
eral light sources. Images were obtained under bright field with a
Magnifier MZ16F stereomicroscope in conjunction with Las, ver-
sion 4.12 (Leica, Wetzlar, Germany). Sections of 1 cm? were cut
from whole leaves, placed between a glass slide and a coverslip
and observed under a Leica 500 microscope using LAs, version 4.9
and a 40x objective (40x/0.75 HCX PL Fluotar; Leica). Images were
obtained under bright field and under an UV-A filter (340-380 nm
excitation; 425 nm emission).

5-RLM-race

RNA ligase-mediated rapid amplification of 5 cDNA ends was
done using the GeneRacer kit (Life Technologies, Carlsbad, CA,
USA) as described previously (Carbonell et al., 2015), except that
the 5 end of cDNA specific to NbSu was directly amplified in a
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single PCR using the GeneRacer 5 and gene-specific AC-532
oligonucleotides. 5-RLM-RACE products were gel purified and
cloned using the Zero Blunt TOPO PCR Cloning Kit (Life Technolo-
gies), introduced in E. coli DHb5a, screened for inserts and
sequenced. Control PCR reactions to amplify NbPP2A were per-
formed using oligonucleotides AC-365 and AC-366. The sequences
of the oligonucleotides used are listed in Table S2.

Small RNA sequencing and data analysis

Total RNA was analyzed for quantity, purity and integrity with a
2100 Bioanalyzer (RNA 6000 Nano kit; Agilent, Santa Clara, CA,
USA) and submitted to BGI (Hong Kong, China) for sRNA library
preparation and sRNA sequencing in a DNBSEQ Platform (MGI
Tech Co., Ltd, Shenzen, China). After reception of quality-trimmed,
adaptor-removed clean reads from BGI, fastx_collapser (Han-
non, 2010) was used to collapse identical reads into a single
sequence, at the same time as maintaining read counts. A custom
PYTHON script (https://www.python.org) was then used to map each
clean, unique read against the forward and reverse strands of both
the Nbv5.1tr6204879 transcript (Data S1) and the precursor of the
art-sRNA overexpressed in each sample (Data S3), not allowing
mismatches or gaps. The Python script was also used to
calculate the counts and RPMs (RPM mapped reads) for each
mapping position.

Processing accuracy of amiRNA foldbacks and syntasiRNA tran-
scripts was assessed by quantifying the proportion of 19-24-
nucleotide sRNA (+) reads that mapped within +4 nucleotides of
the 5’ end of the amiRNA guide or DCL4 processing position 3'D2
[+], respectively, as reported previously (Carbonell et al., 2015;
Cuperus et al., 2010). Phasing register tables were built by calcu-
lating the proportion of 21-nucleotide sRNA (+) reads in each reg-
ister relative to the amiR-NbSu-2 cleavage site for all 21-
nucleotide positions downstream of the cleavage site, as
described previously (Carbonell et al., 2014).
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(SRA) database under accession number PRINA811353.

ACKNOWLEDGEMENTS

We would like to thank Javier Forment (IBMCP) for helping with
the sRNA sequencing data analysis, as well as the greenhouse
staff of IBMCP for the maintenance of plants. DCL4i and RDRG6i
seeds were kind gifts from Drs Kriton Kalantidis and David Baul-
combe. This work was supported by grants from Ministerio de
Ciencia, Innovacion y Universidades (MCIU, Spain), Agencia Esta-
tal de Investigacion (AEl, Spain) and Fondo Europeo de Desarrollo
Regional (FEDER, European Union) (RTI2018-095118-A-100 and
RYC-2017-21 648 to AC, and PRE2019-088439 to AEC).

CONFLICT OF INTEREST
The authors declare no conflict of interest.
AUTHOR CONTRIBUTIONS

AC planned and designed the research. AEC, AdIT-M and
AC performed the experiments. AEC and AC analyzed data
and AC wrote the manuscript.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 1166-1181

85UBD17 SUOLLILLIOD SAIEaID 8 |eol dde 3y} Aq pauRA0b 88 Sa[o1Me YO ‘SN 0 S3INJ 104 ARIGIT 3UIIUO A3 UO (SUOHIPUCO-PUR-SUIBYW0D A8 | M ARR1q 1 BU1|UO//SANY) SUORIPUOD PUe SWs | 84} 83S *[2202/0T/0E] U0 Ariqiauliuo A8|Im ‘(-ouleAnde 1) aanopesy Ag 0£.ST [YTTTT 0T/I0p/w0o 3| im Afeiq Ul |uo//Saiy wouy papeolumoq ‘7 ‘2202 ‘XETESIET


https://github.com/carringtonlab/p-sams

1180 Adriana E. Cisneros et al.

DATA AVAILABILITY

All data relating to this manuscript can be found within the
manuscript and its supplementary files. Data that support
the findings of this study are available from the corre-
sponding author upon reasonable request. High-
throughput sequencing data can be found in the Sequence
Read Archive (SRA) database under accession number
PRJNA811353.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Genetic analysis of local and systemic silencing trig-
gered by amiR-NbSu-2 in wild-type and in DCL4 (DCL4i) or RDR6
(RDR6i) knockdown plants.

Figure S2. Bar graphs showing the number of amiR-GUSy;, and
amiR-NbSu-2 reads in 35S:amiR-GUSy, and 35S:amiR-NbSu-2
expressing tissues and in upper leaves.

Figure S3. Effects on systemic silencing of the place of expression
of syn-tasiR-NbSu-2 in N. benthamiana leaves.

Figure S4. Speed of translocation of the systemic silencing (SS)
signal.

Figure S5. Bar graphs showing the number of syn-tasiR-GUSyy,
and syn-tasiR-NbSu-2 reads in 35S:syn-tasiR-GUSy,, and 35S:syn-
tasiR-NbSu-2 expressing tissues and in upper leaves.

Table S1. Artificial small RNA-induced systemic silencing (SS)
appearance as leaf near-vein chlorosis in upper or lower non-
agroinfiltrated leaves during 14 days post-agroinfiltration.

Table S2. Name, sequence and use of DNA oligonucleotides used
in the present study.

Data S1. NbSu-derived sRNA reads from amiRNA- and syn-
tasiRNA-expressing tissues and from upper leaves.

Data S2. Complete list of optimal results generated by P-SAMS
amiRNA Designer for the designs of amiRNAs against NbSu and
GUS with no off-targets in N. benthamiana.

Data S3. sRNA reads from amiRNA- and syn-tasiRNA-expressing
tissues and from upper leaves.

REFERENCES

Aung, K., Lin, S.-l., Wu, C.-C., Huang, Y.-T., Su, C. & Chiou, T.-J. (2006)
pho2, a phosphate overaccumulator, is caused by a nonsense mutation
in a microRNA399 target gene. Plant Physiology, 141, 1000-1011.

Axtell, M.J. (2013) Classification and comparison of small RNAs from
plants. Annual Review of Plant Biology, 64, 137-159.

Batailler, B., Lemaitre, T., Vilaine, F., Sanchez, C., Renard, D., Cayla, T. et al.
(2012) Soluble and filamentous proteins in Arabidopsis sieve elements.
Plant, Cell & Environment, 35, 1258-1273.

Bologna, N.G. & Voinnet, 0. (2014) The diversity, biogenesis, and activities
of endogenous silencing small RNAs in Arabidopsis. Annual Review of
Plant Biology, 65, 473-503.

Borges, F. & Martienssen, R.A. (2015) The expanding world of small RNAs
in plants. Nature Reviews. Molecular Cell Biology, 16, 727-741.

Brioudes, F., Jay, F., Sarazin, A., Grentzinger, T., Devers, E.A. & Voinnet, O.
(2021) HASTY, the Arabidopsis EXPORTIN5 ortholog, regulates cell-to-
cell and vascular microRNA movement. The EMBO Journal, 40, e107455.

Buhtz, A., Pieritz, J., Springer, F. & Kehr, J. (2010) Phloem small RNAs, nutrient
stress responses, and systemic mobility. BMC Plant Biology, 10, 64.

Carbonell, A. (2017) Artificial small RNA-based strategies for effective and
specific gene silencing in plants. In: Dalmay, T. (Ed.) Plant gene
silencing: mechanisms and applications. Wallingford, UK: CABI Publish-
ing, pp. 110-127.

Carbonell, A. (2019) Secondary small interfering RNA-based silencing tools
in plants: an update. Frontiers in Plant Science, 10, 687.

Carbonell, A. & Daros, J.-A. (2019) Design, synthesis, and functional analy-
sis of highly specific artificial small RNAs with antiviral activity in plants.
Methods in Molecular Biology, 2028, 231-246.

Carbonell, A., Fahlgren, N., Mitchell, S., Cox, K.L., Jr., Reilly, K.C., Mockler,
T.C. et al. (2015) Highly specific gene silencing in a monocot species by
artificial microRNAs derived from chimeric miRNA precursors. The Plant
Journal, 82, 1061-1075.

Carbonell, A., Lopez, C. & Daros, J.-A. (2019) Fast-forward identification of
highly effective artificial small RNAs against different tomato spotted wilt
virus isolates. Molecular Plant-Microbe Interactions, 32, 142-156.

Carbonell, A., Takeda, A., Fahlgren, N., Johnson, S.C., Cuperus, J.T. & Car-
rington, J.C. (2014) New generation of artificial microRNA and synthetic
trans-acting small interfering RNA vectors for efficient gene silencing in
Arabidopsis. Plant Physiology, 165, 15-29.

Carella, P., Merl-Pham, J., Wilson, D.C., Dey, S., Hauck, S.M., Vlot, A.C.
et al. (2016) Comparative proteomics analysis of phloem exudates col-
lected during the induction of systemic acquired resistance. Plant Physi-
ology, 171, 1495-1510.

Chen, H.-M., Chen, L.-T., Patel, K., Li, Y.-H., Baulcombe, D.C. & Wu, S.-H.
(2010) 22-nucleotide RNAs trigger secondary siRNA biogenesis in plants.
Proceedings of the National Academy of Sciences of the United States of
America, 107, 15269-15274.

Chitwood, D.H., Nogueira, F.T., Howell, M.D., Montgomery, T.A., Carring-
ton, J.C. & Timmermans, M.C. (2009) Pattern formation via small RNA
mobility. Genes & Development, 23, 549-554.

Cisneros, A.E. & Carbonell, A. (2020) Artificial small RNA-based silencing
tools for antiviral resistance in plants. Plants, 9, 669.

Cisneros, A.E., Torre-Montana, A. de la, Martin-Garcia, T. & Carbonell, A.
(2021) Artificial small RNAs for functional genomics in plants. In: Tang,
G., Teotia, S., Tang, X. & Singh, D. (Eds.) RNA-based technologies for
functional genomics in plants. concepts and strategies in plant sciences.
Cham, Switzerland: Springer International Publishing, pp. 1-29.

Cuperus, J.T., Carbonell, A., Fahigren, N., Garcia-Ruiz, H., Burke, R.T.,
Takeda, A. et al. (2010) Unique functionality of 22-nt miRNAs in trigger-
ing RDR6-dependent siRNA biogenesis from target transcripts in Ara-
bidopsis. Nature Structural & Molecular Biology, 17, 997-1003.

Dadami, E., Boutla, A., Vrettos, N., Tzortzakaki, S., Karakasilioti, I. & Kalan-
tidis, K. (2013) DICER-LIKE 4 but not DICER-LIKE 2 may have a positive
effect on potato spindle tuber viroid accumulation in Nicotiana ben-
thamiana. Molecular Plant, 6, 232-234.

de Felippes, F.F., Ott, F. & Weigel, D. (2011) Comparative analysis of non-
autonomous effects of tasiRNAs and miRNAs in Arabidopsis thaliana.
Nucleic Acids Research, 39, 2880-2889.

de Felippes, F.F. & Waterhouse, P.M. (2020) The whys and wherefores of
transitivity in plants. Frontiers in Plant Science, 11, 579376.

Devers, E.A., Brosnan, C.A., Sarazin, A., Albertini, D., Amsler, A.C., Bri-
oudes, F. et al. (2020) Movement and differential consumption of short
interfering RNA duplexes underlie mobile RNA interference. Nature
Plants, 6, 789-799.

Dunker, F., Trutzenberg, A., Rothenpieler, J.S., Kuhn, S., Prols, R., Schrei-
ber, T. et al. (2020) Oomycete small RNAs bind to the plant RNA-induced
silencing complex for virulence. eLife, 9, e56096.

Fujii, H., Chiou, T.J., Lin, S.I., Aung, K. & Zhu, J.K. (2005) A miRNA involved
in phosphate-starvation response in Arabidopsis. Current Biology, 15,
2038-2043.

Gautrat, P., Laffont, C. & Frugier, F. (2020) Compact root architecture 2 pro-
motes root competence for nodulation through the miR2111 systemic
effector. Current Biology, 30, 1339-1345.e3.

Guelette, B.S., Benning, U.F. & Hoffmann-Benning, S. (2012) Identification
of lipids and lipid-binding proteins in phloem exudates from Arabidopsis
thaliana. Journal of Experimental Botany, 63, 3603-3616.

Hannon, G.J. (2010) FASTX-Toolkit (RRID:SCR_005534). Available at: http://
hannonlab.cshl.edu/fastx_toolkit [Accessed 1st June 2021].

Himber, C., Dunoyer, P., Moissiard, G., Ritzenthaler, C. & Voinnet, O. (2003)
Transitivity-dependent and -independent cell-to-cell movement of RNA
silencing. The EMBO Journal, 22, 4523-4533.

Hou, C.Y., Lee, W.C., Chou, H.C., Chen, A.P., Chou, S.J. & Chen, H.M. (2016)
Global analysis of truncated RNA ends reveals new insights into ribo-
some stalling in plants. Plant Cell, 28, 2398-2416.

© 2022 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 1166-1181

85UBD17 SUOLLILLIOD SAIEaID 8 |eol dde 3y} Aq pauRA0b 88 Sa[o1Me YO ‘SN 0 S3INJ 104 ARIGIT 3UIIUO A3 UO (SUOHIPUCO-PUR-SUIBYW0D A8 | M ARR1q 1 BU1|UO//SANY) SUORIPUOD PUe SWs | 84} 83S *[2202/0T/0E] U0 Ariqiauliuo A8|Im ‘(-ouleAnde 1) aanopesy Ag 0£.ST [YTTTT 0T/I0p/w0o 3| im Afeiq Ul |uo//Saiy wouy papeolumoq ‘7 ‘2202 ‘XETESIET


http://hannonlab.cshl.edu/fastx_toolkit
http://hannonlab.cshl.edu/fastx_toolkit

Kawashima, C.G., Yoshimoto, N., Maruyama-Nakashita, A., Tsuchiya, Y.N.,
Saito, K., Takahashi, H. et al. (2009) Sulphur starvation induces the
expression of microRNA-395 and one of its target genes but in different
cell types. Plant Journal, 57, 313-321.

Koch, A., Biedenkopf, D., Furch, A., Weber, L., Rossbach, O., Abdellatef, E.
et al. (2016) An RNAi-based control of fusarium graminearum infections
through spraying of long dsRNAs involves a plant passage and is con-
trolled by the fungal silencing machinery. PLoS Pathogens, 12,
€1005901.

Leisner, S.M. & Turgeon, R. (1993) Movement of virus and photoassimilate
in the phloem: a comparative analysis. BioEssays, 15, 741-748.

Lezzhov, A.A., Atabekova, A.K., Tolstyko, E.A., Lazareva, E.A. & Solovyev,
A.G. (2019) RNA phloem transport mediated by pre-miRNA and viral
tRNA-like structures. Plant Science, 284, 99-107.

Li, S., Le, B., Ma, X., Li, S., You, C., Yu, Y. et al. (2016) Biogenesis of phased
siRNAs on membrane-bound polysomes in Arabidopsis. eLife, 5, €22750.

Liu, L. & Chen, X. (2018) Intercellular and systemic trafficking of RNAs in
plants. Nature Plants, 4, 869-878.

Liu, Y., Teng, C., Xia, R. & Meyers, B.C. (2020) PhasiRNAs in plants: their
biogenesis, genic sources, and roles in stress responses, development,
and reproduction. The Plant Cell, 32, 3059-3080.

Llave, C., Xie, Z., Kasschau, K.D. & Carrington, J.C. (2002) Cleavage of
scarecrow-like mRNA targets directed by a class of Arabidopsis miRNA.
Science, 297, 2053-2056.

Lopez-Dolz, L., Spada, M., Daros, J.-A. & Carbonell, A. (2020) Fine-tune con-
trol of targeted RNAI efficacy by plant artificial small RNAs. Nucleic Acids
Research, 48, 6234-6250.

Manavella, P.A., Koenig, D. & Weigel, D. (2012) Plant secondary siRNA pro-
duction determined by microRNA-duplex structure. Proceedings of the
National Academy of Sciences of the United States of America, 109,
2461-2466.

Matthewman, C.A., Kawashima, C.G., Huska, D., Csorba, T., Dalmay, T. &
Kopriva, S. (2012) miR395 is a general component of the sulfate
assimilation regulatory network in Arabidopsis. FEBS Letters, 586, 3242
3248.

McHale, M., Eamens, A.L., Finnegan, E.J. & Waterhouse, P.M. (2013) A 22-nt
artificial microRNA mediates widespread RNA silencing in Arabidopsis.
The Plant Journal, 76, 519-529.

Melnyk, C.W., Molnar, A. & Baulcombe, D.C. (2011) Intercellular and sys-
temic movement of RNA silencing signals. The EMBO Journal, 30, 3553
3563.

Mitter, N., Worrall, E.A., Robinson, K.E., Li, P., Jain, R.G., Taochy, C. et al.
(2017) Clay nanosheets for topical delivery of RNAI for sustained protec-
tion against plant viruses. Nature Plants, 3, 16207.

Molnar, A., Melnyk, C. & Baulcombe, D.C. (2011) Silencing signals in plants:
a long journey for small RNAs. Genome Biology, 12, 215.

Molnar, A., Melnyk, C.W., Bassett, A., Hardcastle, T.J., Dunn, R. & Baul-
combe, D.C. (2010) Small silencing RNAs in plants are mobile and direct
epigenetic modification in recipient cells. Science, 328, 872-875.

Montgomery, T.A., Howell, M.D., Cuperus, J.T, Li, D., Hansen, J.E., Alexan-
der, A.L. et al. (2008) Specificity of ARGONAUTE7-miR390 interaction
and dual functionality in TAS3 trans-acting siRNA formation. Cell, 133,
128-141.

© 2022 The Authors.

Systemic silencing by plant artificial small RNAs 1181

Montgomery, T.A., Yoo, S.J., Fahigren, N., Gilbert, S.D., Howell, M.D., Sulli-
van, C.M. et al. (2008) AGO1-miR173 complex initiates phased siRNA for-
mation in plants. Proceedings of the National Academy of Sciences of
the United States of America, 105, 20055-20062.

Nakasugi, K., Crowhurst, R., Bally, J. & Waterhouse, P. (2014) Combining
transcriptome assemblies from multiple de novo assemblers in the Allo-
tetraploid plant Nicotiana benthamiana. PLoS One, 9, €91776.

Ossowski, S., Schwab, R. & Weigel, D. (2008) Gene silencing in plants using
artificial microRNAs and other small RNAs. The Plant Journal, 53, 674-690.

Palauqui, J.-C. & Balzergue, S. (1999) Activation of systemic acquired silenc-
ing by localised introduction of DNA. Current Biology, 9, 59-66.

Pant, B.D., Buhtz, A, Kehr, J. & Scheible, W.-R. (2008) MicroRNA399 is a
long-distance signal for the regulation of plant phosphate homeostasis.
The Plant Journal, 53, 731-738.

Ratcliff, F., Harrison, B.D. & Baulcombe, D.C. (1997) A similarity between
viral defense and gene silencing in plants. Science, 276, 1558-1560.

Schwach, F., Vaistij, F.E., Jones, L. & Baulcombe, D.C. (2005) An RNA-
dependent RNA polymerase prevents meristem invasion by potato virus
X and is required for the activity but not the production of a systemic
silencing signal. Plant Physiology, 138, 1842-1852.

Senthil-Kumar, M. and Mysore, K.S. (2011) Caveat of RNAI in plants: the off-
target effect. In: Kodama, H. and Komamine, A. (Eds.) RNAi and plant
gene function analysis: methods and protocols. methods in molecular
biology. Totowa, NJ: Humana Press, pp. 13-25. https://doi.org/10.1007/
978-1-61779-123-9_2.

Shahid, S., Kim, G., Johnson, N.R., Wafula, E., Wang, F., Coruh, C. et al.
(2018) MicroRNAs from the parasitic plant Cuscuta campestris target
host messenger RNAs. Nature, 553, 82-85.

Skopelitis, D.S., Hill, K., Klesen, S., Marco, C.F., von Born, P., Chitwood,
D.H. et al. (2018) Gating of miRNA movement at defined cell-cell inter-
faces governs their impact as positional signals. Nature Communica-
tions, 9, 3107.

Subramanian, S. (2019) Little RNAs go a long way: long-distance signaling
by microRNAs. Molecular Plant, 12, 18-20.

Tang, Y., Wang, F., Zhao, J., Xie, K., Hong, Y. & Liu, Y. (2010) Virus-based
microRNA expression for gene functional analysis in plants. Plant Physi-
ology, 153, 632-641.

Tiwari, M., Sharma, D. & Trivedi, P.K. (2014) Artificial microRNA mediated
gene silencing in plants: progress and perspectives. Plant Molecular Biol-
ogy, 86, 1-18.

Tsikou, D., Yan, Z., Holt, D.B., Abel, N.B., Reid, D.E., Madsen, L.H. et al.
(2018) Systemic control of legume susceptibility to rhizobial infection by
a mobile microRNA. Science, 362, 233-236.

Voinnet, 0., Vain, P., Angell, S. & Baulcombe, D.C. (1998) Systemic spread
of sequence-specific transgene RNA degradation in plants is initiated by
localized introduction of ectopic promoterless DNA. Cell, 95, 177-187.

Weiberg, A., Bellinger, M. & Jin, H. (2015) Conversations between king-
doms: small RNAs. Current Opinion in Biotechnology, 32, 207-215.

Yang, L., Xu, M., Koo, Y., He, J. & Poethig, R.S. (2013) Sugar promotes veg-
etative phase change in Arabidopsis thaliana by repressing the expres-
sion of MIR156A and MIR156C. eLife, 2, €00260.

Zhang, Z.J. (2014) Artificial trans-acting small interfering RNA: a tool for
plant biology study and crop improvements. Planta, 239, 1139-1146.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 1166-1181

85UBD17 SUOLLILLIOD SAIEaID 8 |eol dde 3y} Aq pauRA0b 88 Sa[o1Me YO ‘SN 0 S3INJ 104 ARIGIT 3UIIUO A3 UO (SUOHIPUCO-PUR-SUIBYW0D A8 | M ARR1q 1 BU1|UO//SANY) SUORIPUOD PUe SWs | 84} 83S *[2202/0T/0E] U0 Ariqiauliuo A8|Im ‘(-ouleAnde 1) aanopesy Ag 0£.ST [YTTTT 0T/I0p/w0o 3| im Afeiq Ul |uo//Saiy wouy papeolumoq ‘7 ‘2202 ‘XETESIET


https://doi.org/10.1007/978-1-61779-123-9_2
https://doi.org/10.1007/978-1-61779-123-9_2
https://doi.org/10.1007/978-1-61779-123-9_2

	 SUMMARY
	 INTRODUCTION
	 RESULTS
	 Local silenc�ing of N. ben�thami�ana mag�ne�sium chelatase sub�unit CHLI (NbSu) by speci�fic amiRNAs causes strong bleach�ing phe�no�type in amiRNA-ex�press�ing tis�sues
	 Sys�temic silenc�ing of NbSu in dis�tal tis�sues is induced by the agroin�fil�tra�tion of one of the two anti-NbSu amiRNA
	 Sys�temic silenc�ing requires amiRNA expres�sion near the peti�ole and pos�i�tively cor�re�lates with the level of amiRNA accu�mu�la�tion
	tpj15730-fig-0001
	tpj15730-fig-0002
	 Secondary sRNAs are not the mobile sig�nal
	tpj15730-fig-0003
	tpj15730-fig-0004
	tpj15730-fig-0005
	 amiR-NbSu-2 moves from agroin�fil�trated tis�sue to upper, dis�tal silenced tis�sues
	tpj15730-fig-0006
	 SS can also be trig�gered by a 21-nu�cleotide syn-tasiRNA

	 DISCUSSION
	tpj15730-fig-0007
	tpj15730-fig-0008

	 EXPERIMENTAL PROCEDURES
	 Plant mate�ri�als and grow�ing con�di�tions
	 DNA con�structs
	tpj15730-fig-0009
	 amiRNA designs
	 Tran�sient expres�sion of con�structs
	 RNA prepa�ra�tion
	 Real-time RT-qPCR

	 Small RNA blot assays
	 Microscopy
	 5&prime;-RLM-race
	 Small RNA sequenc�ing and data anal�y�sis

	 ACCESSION NUMBERS
	 ACKNOWLEDGEMENTS
	 CONFLICT OF INTEREST
	 AUTHOR CONTRIBUTIONS
	 DATA AVAILABILITY

	 REFERENCES
	tpj15730-bib-0001
	tpj15730-bib-0002
	tpj15730-bib-0003
	tpj15730-bib-0004
	tpj15730-bib-0005
	tpj15730-bib-0006
	tpj15730-bib-0007
	tpj15730-bib-0008
	tpj15730-bib-0009
	tpj15730-bib-0010
	tpj15730-bib-0011
	tpj15730-bib-0012
	tpj15730-bib-0013
	tpj15730-bib-0014
	tpj15730-bib-0015
	tpj15730-bib-0016
	tpj15730-bib-0017
	tpj15730-bib-0018
	tpj15730-bib-0019
	tpj15730-bib-0020
	tpj15730-bib-0021
	tpj15730-bib-0022
	tpj15730-bib-0023
	tpj15730-bib-0024
	tpj15730-bib-0025
	tpj15730-bib-0026
	tpj15730-bib-0027
	tpj15730-bib-0028
	tpj15730-bib-0029
	tpj15730-bib-0030
	tpj15730-bib-0031
	tpj15730-bib-0032
	tpj15730-bib-0033
	tpj15730-bib-0034
	tpj15730-bib-0035
	tpj15730-bib-0036
	tpj15730-bib-0037
	tpj15730-bib-0038
	tpj15730-bib-0039
	tpj15730-bib-0040
	tpj15730-bib-0041
	tpj15730-bib-0042
	tpj15730-bib-0043
	tpj15730-bib-0044
	tpj15730-bib-0046
	tpj15730-bib-0045
	tpj15730-bib-0047
	tpj15730-bib-0048
	tpj15730-bib-0049
	tpj15730-bib-0050
	tpj15730-bib-0051
	tpj15730-bib-0052
	tpj15730-bib-0053
	tpj15730-bib-0054
	tpj15730-bib-0055
	tpj15730-bib-0056
	tpj15730-bib-0057
	tpj15730-bib-0058
	tpj15730-bib-0059
	tpj15730-bib-0060
	tpj15730-bib-0061
	tpj15730-bib-0062
	tpj15730-bib-0063
	tpj15730-bib-0064
	tpj15730-bib-0065


