H
Nucleic Acids Research, 2025, 53, gkaf183
https://doi.org/10.1093/nar/gkaf183
RNA and RNA-protein complexes
o OXFORD
ANNIVERSARY

Syn-tasiR-VIGS: virus-based targeted RNA.i in plants by
synthetic trans-acting small interfering RNAs derived from
minimal precursors

Adriana E. Cisneros ©'-f, Ana Alarcia ©'f, Juan José Llorens-Gamez ©1, Ana Puertes ©1,
Maria Juarez-Molina ©1, Anamarija Primc ©12, Alberto Carbonell ©1-*

!Instituto de Biologia Molecular y Celular de Plantas (Consejo Superior de Investigaciones Cientificas—Universitat Politécnica de Valéncia),
46022 Valencia, Spain
ZPresent address: Center for Organismal Studies (COS), University of Heidelberg, 69120 Heidelberg, Germany

“To whom correspondence should be addressed. Email: acarbonell@ibmcp.upv.es
The first two authors should be regarded as Joint First Authors.

Abstract

Synthetic trans-acting small interfering RNAs (syn-tasiRNAs) are 21-nucleotide (nt) small RNAs designed to silence plant transcripts with high
specificity. Their use as biotechnological tools for functional genomics and crop improvement is limited by the need to transgenically express
long TAS precursors to produce syn-tasiRNAs in vivo. Here, we show that authentic and highly effective syn-tasiRNAs can be produced from
minimal, non-TAS precursors consisting of a 22-nt endogenous microRNA target site, an 11-nt spacer, and the 21 nt syn-tasiRNA sequence(s).
These minimal precursors, when transgenically expressed in Arabidopsis thaliana and Nicotiana benthamiana, generated highly phased syn-
tasiRNAs that silenced one or multiple plant genes with high efficacy. Remarkably, minimal but not full-length TAS precursors produced authentic
syn-tasiRNAs and induced widespread gene silencing in N. benthamiana when expressed from an RNA virus, which can be applied by spraying
infectious crude extracts onto leaves in a transgene-free manner. This strategy, named syn-tasiRNA-based virus-induced gene silencing (syn-
tasiR-VIGS), was further used to vaccinate plants against a pathogenic virus, resulting in complete plant immunization. Our results reveal that
syn-tasiRNA precursors can be significantly shortened without compromising silencing efficacy, and that syn-tasiR-VIGS represents a versatile,
scalable, and nontransgenic platform for precision RNA interference and antiviral vaccination in plants.
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Classic RNA interference (RNAI) strategies for gene silenc-
ing rely on the processing of double-stranded RNA (dsRNA)
by Dicer ribonucleases into small interfering RNAs (siR-
NAs) [1, 2]. One strand of the duplex, the guide strand, is
loaded into an ARGONAUTE (AGO) protein, forming an

Introduction RNA-induced silencing complex that binds and silences tar-

get RNAs with high sequence complementarity to the guide
strand [2, 3]. Despite their widespread use, classic RNAi
strategies present a major limitation, which is the lack of high
specificity due to the generation of an uncontrolled array of
siRNAs of unpredicted sequence and size that may acciden-
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tally bind to cellular transcripts and cause toxic off-target
effects [4].

In plants, second generation RNAI tools are based on 21-
nucleotide (nt) single-stranded RNA molecules, named artifi-
cial soluble RNAs (art-sRNAs), computationally designed to
bind and cleave target RNAs with high specificity and no off-
target effects [5]. There are two main classes of art-sSRNAs: ar-
tificial microRNAs (amiRNAs) and synthetic trans-acting siR-
NAs (syn-tasiRNAs), which are functionally similar but dif-
fer in their biogenesis pathway. AmiRNAs are typically pro-
duced from MIR transgenes, where endogenous microRNA
(miRNA) and miRNA* sequences are replaced with amiRNA
and amiRNA* sequences. While amiRNAs are often designed
to target a single transcript, a unique feature of syn-tasiRNAs
is their multiplexing capability, allowing the production of
multiple syn-tasiRNAs from a single precursor and, there-
fore, the multitargeting of different sites within one or mul-
tiple target RNAs [6]. Syn-tasiRNAs are typically produced
from TAS transgenes in which the endogenous tasiRNA se-
quences are replaced by one or more 21-nt syn-tasiRNA se-
quences in tandem, designed to target the gene(s) of interest [6,
7]. These transgenes are transcribed in the nucleus by DNA-
DEPENDENT RNA POLYMERASE II into a primary TAS
transcript (or TAS precursor) that includes a 5 cap structure,
a poly(A) tail and a target site (TS) specific for a miRNA, usu-
ally of 22 nt [8, 9]. Once the TAS precursor is exported to the
cytoplasm, a miRNA/AGO complex mediates the endonucle-
olytic cleavage of the TAS precursor. Next, SUPRESSOR OF
GENE SILENCING 3 (SGS3) stabilizes one of the cleaved TAS
fragments, which is then used by RNA-DEPENDENT RNA
POLYMERASE 6 (RDR6) to synthesize a dsSRNA molecule.
This dsRNA is processed into phased, 21-nt syn-tasiRNA du-
plexes by DICER LIKE 4 (DCL4), as observed for endoge-
nous tasiRNAs [10, 11]. Finally, HUA ENHANCER1 (HENT1)
methylates the 3’ end of both strands of the duplex [12], and
the guide strand is loaded into AGO1 to cleave or translation-
ally repress complementary RNAs.

Arabidopsis thaliana (Arabidopsis) has eight TAS loci, be-
longing to four gene families (A¢TAS1a-c, AtTAS2, AtTAS3a-
¢, and AtTAS4). Syn-tasiRNAs have been produced in plants
from transgenes including modified AtTAS1a, A¢TAS1c, and
AtTAS3a precursors [13-15]. AtTAS1c is the preferred pre-
cursor, as it is accurately processed and yields high levels of
authentic syn-tasiRNAs [16, 17] that efficiently silence en-
dogenous genes [18] and confer resistance to plant viruses and
viroids [19, 20]. Importantly, A#TAS1c-derived syn-tasiRNA
biogenesis is triggered by the Arabidopsis 22-nt miRNA
miR173a, which is only present in this species and its close rel-
atives. Therefore, in non-Arabidopsis species, the AtMIR173a
gene must be co-expressed with the A¢#TAS1c precursor to pro-
duce syn-tasiRNAs.

Syn-tasiRNAs possess unique features that have boosted
their application for functional genomics and crop improve-
ment [7, 21]: (i) their multiplexing capability enables the
simultaneous production of multiple syn-tasiRNAs from a
single precursor for multitargeting; (ii) their expression at
different precursor positions allows for fine-tuning targeted
RNAI efficacy [18]; and (iii) the development of fast-forward
methodologies for their design and cloning accelerates the
generation of syn-tasiRNA constructs [16, 22-24]. Still, a ma-
jor limitation of syn-tasiRNA technology is the need for in-
tegrating TAS-based transgenes into plant genomes, a process
that is time-consuming and raises regulatory concerns about

the generation of genetically-modified plants [25]. Also, an-
other limitation is the use of relatively long TAS-based pre-
cursors, which (i) may increase the cost of the in vitro or bac-
terial synthesis of RNA precursors for topical delivery, and
(ii) may not be stable when incorporated into viral vectors,
as reported recently for full-length amiRNA precursors [26].
Therefore, further optimization of the syn-tasiRNA technol-
ogy is required to expand its applicability while avoiding the
generation of transgenic plants.

Here, we show that authentic and highly effective syn-
tasiRNAs can be produced from minimal, non-TAS precur-
sors consisting of a 22-nt endogenous microRNA TS, an 11-
nt spacer and the 21 nt syn-tasiRNA sequence(s). These mini-
mal precursors were functional when expressed in transgenic
plants or from an RNA virus, allowing for multi-gene silenc-
ing and for plant antiviral vaccination in a DNA-free manner.

Materials and methods

Plant species and growth conditions

Nicotiana benthamiana plants were grown in a growth cham-
ber at 25°C with a 12 h-light/12 h dark photoperiod. Ara-
bidopsis Col-0 plants were grown in a growth chamber at
22°C with a 16 h-light/8 h-dark photoperiod. Genetic trans-
formation of Arabidopsis was done following the floral dip
method [27] using the Agrobacterium tumefaciens GV3101
strain. T1 transgenic Arabidopsis were done as described
[18]. A Nikon D3000 digital camera with AF-S DX NIKKOR
18-55 mm £/3.5-5.6G VR lens was used for photographing
plants.

Arabidopsis phenotyping

Arabidopsis phenotyping analyses were performed in blind
as described [18]. Briefly, the flowering time of each indepen-
dent line results from the number of days elapsed since seed
plating to first bud opening (or ‘days to flowering’). The ‘Ft’
phenotype was defined as a higher ‘days to flowering’ value
when compared to the average ‘days to flowering’ value of the
358:TAS-GUS control set. The ‘CH42’ phenotype was scored
in 10-day-old seedlings and was considered ‘weak’, ‘interme-
diate’, or ‘severe’ if seedlings had more than two leaves, ex-
actly two leaves or no leaves at all (only two cotyledons),
respectively. A line was considered to have a “TRY’ pheno-
type when presenting a visually obvious higher number of tri-
chomes in rosette leaves of 14-day-old seedlings when com-
pared to transformants of the 35S:TAS-GUS control set.

Artificial small RNA design

Syn-tasiR-GUSy,, syn-tasiR-FT, syn-tasiR-CH42, syn-tasiR-
TRY, syn-tasiR-GUSyy,, syn-tasiR-Su, syn-tasiR-GUSyy,-
1/amiR-GUSyy,,  syn-tasiR-GUSyyp-2,  syn-tasiR-TSWV-
1/amiR-TSWV, syn-tasiR-TSWV-2, syn-tasiR-TSWV-3, and
syn-tasiR-TSWV-4 guide sequences were described before
[17-20, 28].

DNA constructs

Oligonucleotides AC-674 and AC-675 were annealed and
ligated into pENTR-D-TOPO (Invitrogen) following man-
ufacturer’s instructions to generate pENTR-BB including

two inverted Bsal restriction sites. The B/c cassette was
excised from Bsal-digested pENTR-AtMIR390a-B/c



(Addgene plasmid #51 778) [16] and ligated into Bsal-
digested pENTR-BB to generate pENTR-B/c. The BB
cassette from pENTR-BB was transferred by LR recom-
bination into pMDC32B [16] to generate pMDC32B-BB.
Finally, the B/c cassette was excised from Bsal-digested
pPENTR-B/c and ligated into Bsal-digested pMDC32B-BB
to generate pMDC32B-B/c. Oligonucleotides AC-1093/AC-
1094 and AC-900/AC-901 including minimal A#miR173a
TS and N. benthamiana NbmiR482a TS-based precursors,
respectively, were annealed and ligated into Bsal-digested
pPENTR-B/c and pMDC32B-B/c to generate pENTR-
AtmiR173aTS-BB pENTR-NbmiR482aTS-BB, pMDC32B-
AtmiR173aTS-BB, and pMDC32B-NbmiR482aTS-BB,
respectively. The B/c cassette was excised from Bsal-digested
pENTR-AtTAS1c-D2-B/c (Addgene plasmid #137 883) [18]
and ligated into Bsal-digested pENTR-AtmiR173aTS-BB,
pENTR-NbmiR482aTS-BB, pMDC32B-AtmiR173aTS-BB,
and pMDC32B-NbmiR482aTS-BB to generate pENTR-
AtmiR173aTS-B/c pENTR-NbmiR482aTS-B/c, pMDC32B-
AtmiR173aTS-B/c, and pMDC32B-NbmiR482aTS-B/c.
New B/c vectors are available from Addgene: pENTR-B/c
(Addgene plasmid #227 962), pMDC32B-B/c (Addgene
plasmid #227 963), pENTR-AtmiR173aTS-B/c (Addgene
plasmid #227 964), pMDC32B-AtmiR173aTS-B/c (Addgene
plasmid #227 965), pENTR-NbmiR482aTS-B/c (Addgene
plasmid #227 966), and pMDC32B-NbmiR482aTS-B/c
(Addgene plasmid #227 967).

Oligonucleotide pairs AC-676/AC-677, AC-678/AC-
679, AC-680/AC-681, AC-682/AC-683, AC-684/AC-685,
AC-639/AC-640, AC-643/AC-644, AC-641/AC-642, and
AC-645/AC-646 were annealed and ligated into pENTR-
D-TOPO (Invitrogen) following manufacturer’s instruc-
tions to generate pENTR-min-GUSs; pENTR-min-CH42,
PENTR-min-FT, pENTR-min-FT/TRY, pENTR-min-TRY-
FT, pENTR-miﬂ482-GUSNb pENTR-min6019GUSNb PENTR-
minggySu, and pENTR-mingp9-Su, respectively. Minimal
precursor cassettes were transferred by LR recombination
into pMDC32 [29] to generate 35S:min-GUSy4;, 35S:min-
CH42, 35S:min-FT, 35S8:min-FI-TRY, 35S:min-TRY-FT,
BSS:min4gz—GUSN1,, 35S:min6019—GUSNb SSS:mim;gz—Su, and
358: min6019-Su.

TS swaps were done by mutagenic polymerase chain reac-
tion (PCR) using pENTR:AtTAS1c-GUSy,, [17] as template
and oligo pairs AC-631/AC-505 and AC-632/AC-507 to
generate pPENTR-TAS4g5-Su and pENTR-TAS4019-Su. TAS1c-
based cassettes were transferred by LR recombination into
pMDC32 to generate 35S:TAS452-Su and 35S:TASg019-Su.

Constructs 35S:mingss-Su, 35S:min;73-Su, and 35S:minyg,-
TSWV(x4) were obtained by ligating annealed oligonu-
cleotide pairs AC-719/AC-720-AC-721/AC-722  and
AC-935/AC-936 into pMDC32B-B/c and pMDC32B-
NbmiR482aTS-B/c, respectively, as described [16]
(Supplementary Fig. S1 and S2). A detailed protocol for
cloning syn-tasiRNA minimal precursors in B/c vectors is
described in Supplementary Text S1.

For PVX-based amiRNA constructs, amiRNA cas-
settes amiR-GUSy;, and amiR-TSWV were amplified from
358:AtMIR390a-GUSy;, and 35S:AtMIR390a-TSWV-L-5
[20] with oligonucleotide pair AC-650/AC-663 and gel pu-
rified. For PVX-based syn-tasiRNA constructs, syn-tasiRNA
cassettes TAS4g2-Su and mingg,-TSWV(x4) were ampli-
fied from 35S:TAS45,-Su and 35S:minag,-TSWV(x4) with
oligonucleotide pairs AC-712/AC-713 and AC-988/AC-989
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and gel purified. Syn-tasiRNA cassettes min4g,-Su and minag, -
GUSny (x4) were ordered as dsDNA oligonucleotides AC-666
and AC-987. All amiRNA and syn-tasiRNA cassettes were
assembled into Mlul-digested and gel-purified pLBPVXBa-M
(Addgene plasmid #229 079) [30] in the presence of GeneArt
Gibson Assembly HiFi Master Mix (Invitrogen) to generate
358:PVX-amiR-GUSyy, 35S:PVX-amiR-TSWV, 35S:PVX-
minggr-Su, 35S:PVX-mingg; GUSyp(x4), and 35S:PVX-
minggy;-TSWV(x4). A detailed protocol for cloning syn-
tasiRNA minimal precursors into pLBPVXBa-M is described
in Supplementary Text S2. Syn-tasiRNA cassette mingg,-
Su was ordered as dsDNA oligonucleotide AC-667 and
assembled into Bsal-digested and gel-purified pLX-TRV2
(Addgene plasmid #180 516) [31] in the presence of GeneArt
Gibson Assembly HiFi Master Mix (Invitrogen) to generate
358: TRV2-min482-Su.

Syn-tasiRNA  constructs 35S:TAS-GUSy4;,  35S:TAS-
FT, 35S:TAS-CH42, 35S:TAS-FT-TRY, 35S:TAS-TRY-FT,
358:TAS-GUSy;,/MIR173, 35S:TAS-Su/MIR173, 35S:PVX,
358:TRV1, and 35S:TRV2 constructs were described before
[16, 18, 26, 31]. All DNA oligonucleotides used in this study
are listed in Supplementary Table S1. The sequences of all
syn-tasiRNA precursors are listed in Supplementary Text S3.
The sequences of newly developed B/c vectors are listed
in Supplementary Text S4. A detailed description of each
construct functionally analysed iz wvivo is provided in
Supplementary Table S2.

Transient expression of constructs and inoculation
of viruses

Agrobacterium-mediated infiltration of DNA constructs in N.
benthamiana leaves was done as previously [8, 32]. Prepara-
tion of crude extracts obtained from virus infected N. ben-
thamiana plants was done as previously [26] with minor mod-
ifications. Briefly, all crude extracts were prepared by grind-
ing infected tissue in a buffer containing 50 mM potassium
phosphate (pH 8.0), 1% polyvinylpyrrolidone 10, and 1%
polyethylene glycol 6000. Before inoculation, 5% silicon car-
bide (carborundum) was added to each crude extract. Syn-
tasiRNA-based virus-induced gene silencing (syn-tasiR-VIGS)
extracts were sprayed onto N. benthamiana leaves as previ-
ously described [26], while tomato spotted wilt virus (TSWV)
extracts were mechanically inoculated by gently rubbing the
leaf surface.

Chlorophyll extraction and analysis

Chlorophyll and other pigments from N. bentamiana leaves
were extracted and analysed as described [18, 33].

RNA preparation

Total RNA form N. benthamiana leaves or from Arabidopsis
seedlings or inflorescences was isolated as before [26]. Trip-
licate samples from pools of two N. benthamiana leaves or
9-12 Arabidopsis seedlings or inflorescences were analysed.

Real-time reverse transcription quantitative
polymerase chain reaction (RT-gPCR)

Complementary DNA (cDNA) was obtained from 500 ng
of DNAsel-treated total RNA from 10-day-old Arabidopsis
seedlings, 60-day-old Arabidopsis plants, or from N. ben-
thamiana leaves at 2 days post-agroinfiltration (dpa) using the
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PrimeScript RT Reagent Kit (Perfect Real Time, Takara) ac-
cording to manufacturer’s instructions. Real time RT-qPCR
was done using the same RNA samples that were used for
sRNA-blot analysis. RT-qPCR was done on optical 96-well
plates in a QuantStudio 3 Real-Time PCR system (Thermo
Fisher Scientific, Waltham, MA, USA) using the following pro-
gram: 20 s at 95°C, followed by 40 cycles of 95°C for 3 s, and
60°C for 30 s, with an additional melt curve stage consisting
of 15 s at 95°C, 1 min at 60°C, and 15 s at 95°C. The 20-ml
reaction mixture contained 10 ml of 2 x TB Green Premix Ex
Taq (Takara), 2 ml of diluted complementary DNA (1:5), 0.4
ml of ROX II Reference Dye (50 xf), and 300 nM of each gene-
specific primer. Oligonucleotides used for RT-qPCR are listed
in Supplementary Table S1. Target messenger RNA (mRNA)
expression levels were calculated relative to reference genes
AtACT2 and NHPP2A in Arabidopsis and N. benthamiana,
respectively, using the delta delta cycle threshold comparative
method of QuantStudio Design and Analysis software, version
1.5.1 (Thermo Fisher Scientific). Three independent biologi-
cal replicates, and two technical replicates for each biological
replicate were analysed.

Stability and sequence analyses of syn-tasiRNA
precursors during viral infections

Total RNA from apical leaves of each of the three biological
replicates was pooled before cDNA synthesis. PCR to detect
syn-tasiRNA precursors, PVX, and NbPP2A was performed
using oligonucleotide pairs AC-654/AC-655, AC-657/AC-
658, and AC-365/AC-366 (Supplementary Table S1), respec-
tively, and Phusion DNA polymerase (Thermo Fisher Sci-
entific). PCR products were analysed by agarose gel elec-
trophoresis, and products of the expected sized were excised
from the gel and sequenced when necessary.

Small RNA blot assays

Small RNA blot assays and band quantification from radioac-
tive membranes were done as described [17]. Oligonucleotides
used as probes for sSRNA blots are listed in Supplementary
Table S1.

Small RNA sequencing and data analysis

The quantity, purity, and integrity of total RNA was anal-
ysed with a 2100 Bioanalyser (RNA 6000 Nano kit, Agi-
lent) and submitted to BGI (Hong Kong, China) for sSRNA
library construction and SES0 high-throughput sequencing
in a DNBSEQ-G-400 sequencer. Quality-trimmed, adaptor
removed clean reads received from BGI were used with
the fastx_collapser toolkit (http:// hannonlab.cshl.edu/fastx
toolkit) to collapse identical reads into a single sequence, while
maintaining read counts. Mapping of each clean, unique read
against the forward strand of the syn-tasiRNA precursor ex-
pressed in each sample (Supplementary Data S1) was done
with a custom Python script not allowing mismatches or gaps,
and also to calculate the counts and RPMs (reads per mil-
lion mapped reads) for each mapping position. Processing ac-
curacy of syn-tasiRNA precursors was assessed by quantify-
ing the proportion of 19-24 nt sRNA (+) reads that mapped
within +4 nt of the 5’ end of the syn-tasiRNA guide as re-
ported before [8, 33]. Phasing register tables were built by
calculating the proportion of 21-nt sSRNA (+) reads in each
register relative to the corresponding amiRNA cleavage site

for all 21-nt positions downstream of the cleavage site, as de-
scribed previously [16].

Protein blot analysis

Proteins were separated in NuPAGE Novex 4%-12% Bis—Tris
gels (Invitrogen), transferred to Protran nitrocellulose mem-
branes (Amersham), and detected by chemiluminescence using
specific antibodies and SuperSignal West Pico PLUS chemilu-
minescent substrate (Thermo Fisher Scientific). For detection
of TSWYV, anti-TSWYV nucleocapsid (N) (Bioreba) was used
at 1:10 000 dilution and conjugated with 1:20 000 of goat
anti-rabbit IgG horseradish peroxidase secondary antibody
(Thermo Fisher Scientific). Images were acquired with an Im-
ageQuant 800 CCD imager (Cytiva) and analysed with Im-
ageQuantTL v10.2 (Cytiva). Ponceau red S solution (Thermo
Fisher Scientific) staining of membranes was used to verify the
global protein content of the samples.

Statistical analysis

Statistical tests are described in the figure legends. Significant
differences were determined with two-tailed Student’s #-test.

Gene and virus identifiers

Arabidopsis and N. benthamiana gene identifiers are AtACT2
(AT3G18780), AtCH42 (AT4G18480), AtFT (AT1G65480),
AfTRY (AT5G53200), NbSu (Nbvs.1tr6204879), and
NbPP2A (Nbv5.1tr6224808), TSWV LL-N.05 segment L,
M, and S genome identifiers are KP008128, FM163373,
and KP008129, respectively. PVX-based constructs in-
clude PVX sequence variant MT799816.1. Escherichia coli
B-glucuronidase gene sequence corresponds to GenBank
accession number $S69414.1.

Results

Effective gene silencing in A. thaliana by
syn-tasiRNAs derived from minimal precursors
Previous work has shown that secondary siRNAs can be gen-
erated from non-TAS constructs including gene fragments
fused to a 22-nt miRNA TS [14, 34]. Thus, we hypothe-
sized that syn-tasiRNAs could similarly be produced from
minimal precursors consisting exclusively of an endogenous
22-nt miRNA TS, followed by a 11-nt spacer fused to the
syn-tasiRNA sequence. To test this, we used the syn-tasiR-
FT/AtFT and syn-tasiR-CH42/AtCH42 silencing sensor sys-
tems in Arabidopsis where transgenic expression of syn-
tasiR-FT or syn-tasiR-CH42 from full-length A#TAS1c pre-
cursors at DCL4-processing position 3'D2[+] induces a sig-
nificant delay in flowering time or an intense bleaching due
to the targeting of FLOWERING LOCUS T (AtFT) or
CHLORINA 42 (AtCH42), respectively [18]. Here, we gen-
erated the 35S:min-FT and 35S:min-CH42 constructs for ex-
pressing syn-tasiR-FT and syn-tasiR-CH42, respectively, from
minimal precursors including exclusively the 22-nt (TS) se-
quence (GTGATTTTTCTCTACAAGCGAA) of Arabidopsis
miR173a followed by the 11-nt spacer sequence (TAGAC-
CATTTA) from AtTAS1c 3'D1[+] (Fig. 1A). The 11-nt spacer
sequence from the endogenous AtTASIc precursor of A.
thaliana was selected because it has been previously used in
multiple AfTASIc-based constructs to successfully produce
syn-tasiRNAs or secondary siRNAs in plants for efficient gene
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Figure 1. Functional analysis of AtTAS7c and minimal precursors expressing a single syn-tasiRNA against Arabidopsis AtFT or AtCH42in T1 transgenic
plants. (A) Organization of syn-tasiRNA constructs. Diagram of AtTAS7c¢ (up) and minimal (down) precursors including the AtmiR173a/AtmiR173a TS and
syn-tasiRNA/target mRNA base-paring interactions. Arrows indicate the predicted cleavage sites for AtmiR173a and syn-tasiRNAs. (B) Representative
photographs of Arabidopsis plants expressing syn-tasiRNAs from AtTAS7c or minimal precursors. Upper panel: 45-day-old plants expressing
syn-tasiR-GUSx; or syn-tasiR-FT. Lower panel: 10-day-old seedlings expressing syn-tasiR-GUSx; or syn-tasiR-CH42. (C) Phenotypic analysis of plants
expressing syn-tasiRNAs from AtTASTc or minimal precursors. Left: Mean flowering time of plants expressing syn-tasiR-GUSa; or syn-tasiR-FT. Pairwise
Student’s t-test comparisons are represented with black lines including the letter ‘a” if significantly different (P < .05) and the letter ‘b if not (P > .05).
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grey areas) bleaching phenotype, or with wild-type appearance (white areas). (D) Target AtFT and AtCH42 mRNA accumulation in RNA preparations
from Arabidopsis plants [mean relative level (n = 3) + standard error] after normalization to ACTIN 2, as determined by quantitative RT-qPCR
(35S5:TAS-GUS,: = 1). Bars with the letter ‘a’ or ‘b’ are significantly different (P < .05) or not (P > .05) from the corresponding 35S:TAS1c-GUS; control
samples, respectively, based on pairwise Student's t-test comparisons. (E) Northern blot detection of syn-tasiR-FT and syn-tasiR-CH42 in RNA
preparations from Arabidopsis plants. The graph at the top shows the mean + standard deviation (n = 3) syn-tasiRNA relative accumulation
(35S:TASTc-FT = 1.0 and 35S:TAS-CH42 = 1.0). Bars with the letter ‘a’ are significantly different from that of 355:TAS-FT or 35S.TAS-CH42 control
samples. One blot from three biological replicates is shown. Each biological replicate is a pool of at least nine independent lines selected randomly. U6
RNA blots are shown as loading controls. (F) Syn-tasiRNA processing from AtTAS7c or minimal precursors. Pie charts show the percentages of reads
corresponding to the expected, accurately processed 21-nt mature syn-tasiR-FT and syn-tasiR-CH42 or to other 19-24-nt sRNAs (grey sectors).
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silencing [14, 16, 18, 35-37]. In addition, the 35S:min-GUS4;
construct was also generated to express the syn-tasiR-GUS
syn-tasiRNA [24], targeting the E. coli uidA B-glucuronidase
gene (or GUS), with no predicted off-targets in Arabidop-
sis and not inducing any noticeable phenotype, using a sim-
ilar minimal precursor (Fig. 1A). These constructs were in-
dependently transformed into Arabidopsis Col-0 plants to-
gether with control constructs 35S:TAS-GUSy4;, 35S:TAS-FT
and 35S:TAS-CH42 expressing syn-tasiR-GUSy,, syn-tasiR-
FT, and syn-tasiR-CH42, respectively, from position 3'D2[+]
in AtTAS1c. These control constructs were previously shown
to induce efficient target gene silencing [18]. To compare
the activity of syn-tasiR-FT and syn-tasiR-CH42 produced
from minimal and A#TASIc precursors, plant phenotypes,
syn-tasiRNA, and target mRNA accumulation as well as pre-
cursor processing efficiency were measured in Arabidopsis T'1
transgenic lines.

All 358:TAS-FT (n = 65) and 35S:min-FT (n = 53) trans-
formants flowered later than the average flowering time of the
358:TAS-GUSy; and 35S:min-GUS 4, control lines (7 = 58 and
n = 64, respectively) (Fig. 1B and C and Supplementary Table
S3). The average flowering time (39.3 & 6.6 and 38.9 + 6.6,
respectively) was not significantly different between the two
(Fig. 1C). RT-qPCR assays revealed that FT mRNA accumu-
lation was similar in lines expressing syn-tasiR-FT from each
of the two precursors (Fig. 1D), while RNA-blots showed that
syn-tasiR-FT accumulated to significantly higher levels when
expressed from full-length A#TAS1c precursors (Fig. 1E). Fi-
nally, high-throughput sequencing of SRNAs showed that A#-
TAS1c and minimal precursors were efficiently processed,
with 93% and 98% of the reads corresponded to authen-
tic syn-tasiR-FT, respectively (Fig. 1F). Similarly, all 35S:TAS-
CH42 (n =402) and 35S:min-CH42 (n = 389) transformants
displayed bleaching to comparable degrees (Fig. 1B and C
and Supplementary Table $4), accumulated similar levels of
AtCH42 mRNA (Fig. 1D) and displayed effective precursor
processing (Fig. 1E and F), though reduced amounts of syn-
tasiR-CH42 were observed in 35S:min-CH42 transformants
(Fig. 1E).

Next, we analysed whether minimal precursors could be
used to express multiple accurately processed and phased syn-
tasiRNAs for the simultaneous silencing of different endoge-
nous genes. For this purpose, we used the syn-tasiR-FT/syn-
tasiR-TRY silencing sensor system in Arabidopsis, in which
plants co-expressing both syn-tasiRNAs exhibit nonoverlap-
ping silencing phenotypes of delay in flowering time and
an increase in trichome number, due to the silencing of
AtFT and of three MYB transcripts [TRIPTYCHON (At-
TRY), CAPRICE (AtCPC), and ENHANCER OF TRIPTY-
CHON AND CAPRICE2 (AtETC2)] [16] (Fig. 2A), respec-
tively. Here, we compared the silencing efficacy of syn-tasiR-
FT and syn-tasiR-TRY when co-expressed in unique dual
configurations from positions 3'D2[+] and 3'D3[+] in full-
length A#TAS1c (constructs 35S:TAS-FI-TRY and 35S:TAS-
TRY-FT) or minimal precursors (constructs 35S:min-FI-TRY
and 358:min-TRY-FT) (Fig. 2B). We also included in the anal-
ysis control constructs 35S:TAS-GUSy; and 35S:min-GUS 4,
for expressing syn-tasiR-GUSy, in single configuration from
position 3'D2[+] in full-length A#TAS1c or minimal precur-
sors, respectively. All these constructs were transformed into
Arabidopsis Col-0 plants, and T1 transformants were anal-
ysed phenotypically by scoring the day of flowering and the
trichome number in rosette leaves for each transformant, and

molecularly by quantifying target mRNA and syn-tasiRNA
accumulation in the different lines by RT-qPCR and RNA blot
assays, respectively.

Regarding flowering time analysis, all transformants
expressing the dual-configuration syn-tasiRNA constructs
showed a delay in flowering compared to 35S:TAS-GUS,
or 35S:min-GUS,; control transformants (Fig. 2C and
Supplementary Table S5). In particular, transformants ex-
pressing syn-tasiR-FT from minimal precursors at positions
3'D2[+] or 3'D3[+] had a mean flowering time of 43 £+ 7.3
or 40.5 + 5.4 days, respectively, which was similar to that
of transformants expressing the same syn-tasiRNA from the
same positions (43 £ 5.4 and 40.2 & 3.9 days, respectively)
(Fig. 2D). Regarding the trichome number analysis, 80% and
72% of transformants expressing syn-tasiR-TRY from mini-
mal precursors at positions 3'D2[+] or 3'D3[+], respectively,
had higher number of trichomes compared to the 35S:min-
GUS, control group, similarly to the transformants express-
ing the same syn-tasiRNA from the same positions (88% and
82%, respectively) in full-length precursors (Supplementary
Table S5). Interestingly, target mRNA accumulation analy-
sis by RT-qPCR showed a similar and drastic decrease of
AtFT and AtTRY mRNA levels in dual-configuration trans-
formants compared to 35S:TAS-GUS,, and 35S:min-GUSy,
controls, regardless of the size of precursor used (Fig. 2E).
RNA blot assays confirmed that both minimal and full-length
precursors produced detectable levels of syn-tasiRNAs (Fig.
2F). Notably, syn-tasiRNAs generated from the upstream
D2[+] position accumulated at higher levels compared to
those from the downstream D3[+] position. This increase was
significant for syn-tasiRNAs derived from AtTASIc precur-
sors, as reported before [16, 18], but intriguingly, not for
syn-tasiRNAs derived from minimal precursors. Importantly,
syn-tasiRNAs accumulated as single 21-nt bands (Fig. 2F),
suggesting an accurate processing from both types of pre-
cursors. To further confirm the accuracy of precursor pro-
cessing, sSRNAs from the four dual-configuration transfor-
mants were sequenced and analysed. Both classes of precur-
sors were efficiently processed, with 95%-96% and 71%-
89% of the reads corresponding to authentic syn-tasiR-FT or
syn-tasiR-TRY, respectively (Fig. 2G). Moreover, the tasiRNA
pools triggered by AtmiR173a were highly phased, with
93%-98% of 21-nt reads corresponding to the first register
(Fig. 2G).

Overall, these results indicate that minimal syn-tasiRNA
precursors, including the 22-nt AtmiR173a TS and the 11-
nt AtTAS1c spacer, produce authentic 21-nt phased syn-
tasiRNA species when stably expressed in Arabidopsis. These
syn-tasiRNAs induce highly effective silencing of endogenous
genes, similarly to those expressed from full-length AtTAS1c
precursors.

Effective gene silencing in N. benthamiana by
syn-tasiRNAs derived from minimal precursors

Next, we aimed to confirm in another plant species such as
N. benthamiana that accurately processed and phased syn-
tasiRNAs could be produced from minimal precursors. Since
miR173a is exclusively present in Arabidopsis and its close
relatives, we hypothesized that syn-tasiRNAs could be gener-
ated in N. benthamiana from minimal precursors including a
TS from an endogenous 22-nt miRNA such as NbmiR482a
or NbmiR6019a/b, instead of the original AtmiR173a TS.
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Figure 2. Functional analysis of AtTAS7c and minimal precursors expressing syn-tasiRNAs from distinct dual configurations in Arabidopsis T1 transgenic
plants. (A) Base-pairing of syn-tasiRNAs and target mRNAs. Arrows indicate the syn-tasiRNA cleavage sites. (B) Diagram of AtTAST7c (left) and minimal
(right) precursor constructs. Other details as in Fig. 1A. (C) Representative photographs of Arabidopsis plants expressing two syn-tasiRNAs in tandem
from TAS7c or minimal precursors. The same plant was photographed at 20 days post-plating (dpp) to visualize the increased number of trichomes
(bottom) and at 45 dpp to confirm the delay in flowering (top). (D) Phenotypic analysis of plants expressing syn-tasiRNAs from AtTAS7¢c or minimal
precursors. Mean flowering time of plants expressing syn-tasiR-FT and syn-tasiR-TRY is represented. Other details as in Fig. 1C. (E) Target AtFT and
AtTRY mRNA accumulation [mean relative level (n = 3) + standard error] after normalization to ACTIN 2, as determined by quantitative RT-qPCR
(35S:TAS-GUS,; = 1). Other details as in Fig. 1D. (F) Northern blot detection of syn-tasiR-FT and syn-tasiR-TRY in RNA preparations from Arabidopsis
plants. The graph at the top shows the mean + standard deviation (n = 3) syn-tasiRNA relative accumulation (35S:TAS-FT-TRY and

35S5:TAS-TRY-FT = 1.0). Other details as in Fig. 1E. (G) Syn-tasiRNA processing and phasing analysis from TAS7¢- and minimal precursors. Pie charts
show the percentage of reads corresponding to expected, accurately processed 21-nt mature syn-tasiR-FT or syn-tasiR-TRY or to other 19-24 nt sRNAs.
Radar plots show the proportion of 21-nt reads corresponding to each of the 21 registers from AtTAS7c transcripts, with position 1 designated as
immediately after the AtmiR173a guided cleavage site. The percentage of 21-nt reads corresponding to phasing register 1 is indicated.
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First, we examined whether syn-tasiRNA biogenesis could
be triggered from the 35S:TAS4g>-Su or 355:TAS4019-Su con-
structs engineered to produce syn-tasiR-Su, a syn-tasiRNA
silencing the N. benthamiana magnesium chelatase subunit
CHLI-encoding SULPHUR (NbSu) [17], from modified Az-
TAS1c¢ precursors including NbmiR482a or NbmiR6019a/b
TSs, respectively (Fig. 3A). Importantly, the accumulation
of syn-tasiR-Su in N. benthamiana leaves induces strong
bleaching [17, 18], making this system a convenient model
for studying syn-tasiRNA biogenesis and facilitating the vi-
sual observation of target gene silencing. Both constructs
were independently agroinfiltrated in two areas of two leaves
from three different plants, together with control constructs
358:TAS-Su/MIR173 and 35S:TAS-GUSy;,/MIR173. These
constructs were expected to produce syn-tasiR-Su and syn-
tasiR-GUSyp,—a syn-tasiRNA targeting GUS with no off-
targets in N. benthamiana [17]—respectively, due to the co-
expression of AtmiR173a from the MIR173a precursor in-
cluded within the same construct (Fig. 3A) [18]. At 7 dpa, all
areas agroinfiltrated with anti-NbSu syn-tasiRNA constructs
displayed a strong bleaching, as expected from NbSu knock-
down, while areas expressing the control syn-tasiRNA did not
(Fig. 3A). These bleached areas accumulated significantly re-
duced amounts of chlorophyll a compared to areas expressing
the control syn-tasiRNA (Fig. 3B). Next, two leaves of three
different plants were independently agroinfiltrated over the
entire leaf surface with each of the syn-tasiRNA constructs
described above. RT-qPCR and RNA blot assays of RNA
preparations obtained at 2 dpa from agroinfiltrated leaves
showed that, in all samples expressing canonical or modified
AtTAS1c precursors, NbSu mRNA accumulation was drasti-
cally reduced and syn-tasiR-Su accumulated as a single 21-nt
band, although samples expressing TASgp79-Su accumulated
lower levels of syn-tasiR-Su than the others (Fig. 3C and D).
Importantly, high-throughput sequencing analysis of sSRNAs
showed that TAS4s, and canonical A#TAS1c precursors were
processed with similar accuracy, with 59% and 58% of reads
within +4 nt of 3'D2[+] corresponded to authentic syn-tasiR-
Su, respectively, while this percentage was lower (37%) in
samples expressing TASgp;9 precursors (Fig. 3E). Moreover,
highly phased siRNAs were generated from canonical TAS1¢
or modified TAS4g, precursors, with 63% and 54% of 21-nt
[+] reads, respectively, corresponding to the first register (Fig.
3E). In the case of TAS4019 precursors, only 39% of 21-nt [+]
reads corresponded to the first register (Fig. 3E).

Next, we decided to test whether syn-tasiRNA biogenesis
could be triggered in N. benthamiana from the 35S:minyg,-
Su and 35S:mingpi9-Su constructs engineered for syn-tasiR-
Su expression from minimal precursors including miR482a
or miR6019a/b TS, respectively (Fig. 4A). Both constructs
were agroinfiltrated in N. benthamiana and analysed as
explained before together with 35S:TAS-GUSy;,/MIR173a,
358:TAS482-Su,and 35S:TASs010-Su (Fig. 4A), analysed in par-
allel for comparative purposes (Fig. 4A). All constructs engi-
neered for expressing syn-tasiR-Su induced bleaching in the
agroinfiltrated areas (Fig. 4A), which correlated with dras-
tic NbSu mRNA downregulation compared to the negative
control samples (Fig. 4B). RNA blot assays confirmed the ac-
cumulation of syn-tasiR-Su as a single 21-nt sSRNA species
in all samples displaying bleaching, with samples expressing
minggyprecursors accumulating syn-tasiRNAs to levels simi-
lar to those of samples expressing TAS4g, precursors (Fig. 4C).
Moreover, the minsg, precursor was efficiently processed, as

63% of +4 nt of 3'D2[+] reads corresponded to authentic syn-
tasiR-Su. This percentage was similar to that of full-length Az-
TAS1c precursor (58%, Fig. 3E) and slightly higher than that
of the mingg;9 precursor (Fig. 4D).

Finally, to confirm that syn-tasiRNA biogenesis from min-
imal precursors in N. benthamiana requires an endogenous
22-nt miRNA, leaves agroinfiltrated with the 35S:min;s¢-
Su and 358:min;73-Su constructs were analysed. These con-
structs were engineered for expressing syn-tasiR-Su from min-
imal precursors including either a N. benthamiana 21-nt
miRNA (NbmiR156a) TS or a heterologous 22-nt miRNA
(AtmiR173a) TS, respectively (Supplementary Fig. S3A). Re-
sults show that leaves agroinfiltrated with either of these two
constructs displayed neither bleaching (Supplementary Fig.
S3A) nor reduced chlorophyll a content (Supplementary Fig.
S3B), nor accumulation of syn-tasiR-Su (Supplementary Fig.
S3C). These results also suggest that bleaching observed in
leaves agroinfiltrated with 35S:min4g,-Su is due to the activ-
ity of syn-tasiR-Su rather than of potential siRNAs generated
from transgene silencing. Taken together, all these findings
demonstrate that highly phased, accurately processed syn-
tasiRNAs can be produced in N. benthamiana from minimal
precursors including a heterologous TS from an endogenous
22-nt miRNA.

Widespread gene silencing in N. benthamiana
triggered by syn-tasiRNAs derived from minimal
precursors and expressed from a viral vector

The use of viral vectors to express syn-tasiRNAs for silenc-
ing plant genes has not been reported. Here, we tested this
possibility and hypothesized that the 54-nt long mirn4;-based
precursor (when including a single syn-tasiRNA) could be
more stable when inserted in a viral vector than the clas-
sic, 1011-nt long TAS4s,-based precursor. Minimal precursors
including NbmiR482a TS were more accurately processed
and produced increased syn-tasiRNA accumulation compared
to NbmiR6019a/b TS (Fig. 4C and D) most likely due to
higher NbmiR482 abundance compared to precursors includ-
ing NbmiR6019a/b TS (Supplementary Fig. S4). Thus, precur-
sors including NbmiR482a TS were preferred and analysed in
further experiments.

To analyse syn-tasiRNA biogenesis from a viral vec-
tor, TAS452-Su and minag,-Su sequences were inserted into
a potato virus X (PVX) infectious clone to generate the
358:PVX-TAS45,-Su and 35S:PVX-minygy-Su constructs, re-
spectively (Fig. 5A). Both constructs were expected to express
syn-tasiR-Su from full-length TAS4s, and minimal minyg, pre-
cursors, respectively, during PVX infection and induce bleach-
ing of PVX-infected tissues. These two constructs, along with
the insert-free 35S:PVX construct, which was not expected to
induce any bleaching (Fig. SA), were independently agroinoc-
ulated into one leaf of three N. benthamiana plants. A negative
control set of plants (‘mock’) was infiltrated with agroinfil-
tration solution. The appearance of mild PVX-induced symp-
toms and bleaching silencing phenotypes were monitored dur-
ing 28 dpa.

All plants agroinoculated with 35S:PVX or 35S:PVX-
minggy-Su showed mild leaf curling typical of PVX-induced
symptoms between 4 and 5 dpa (Fig. 5B). In contrast, plants
agroinoculated with 35S:PVX-TASs,-Su displayed the curl-
ing phenotype 2-3 days later, between 7 and 8 dpa (Fig.
5B). Interestingly, bleaching was observed in areas of certain
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Figure 3. Functional analysis of syn-tasiRNAs against N. benthamiana SULPHUR (NbSu) expressed from modified AtTASTc precursors including
endogenous 22-nt miRNA TS. (A) Organization of AtTASTc-based syn-tasiRNA constructs. Left: Upper section shows constructs with canonical AtTAS7c
precursors for expressing syn-tasiR-GUSy;, or syn-tasiR-Su together with AtmiR173a; lower section shows constructs with modified AtTAS7c precursors
including NbmiR482a or NbmiR6019a/b TS. Other details as in Fig. 1A. Right: Photographs at 7 days post agroinfiltration (dpa) of leaves agroinfiltrated
with each of construct. The presence or absence of bleaching on the agroinfiltrated patches is labelled as "Yes' or ‘No’, respectively. (B) Relative content
of chlorophyll a in agroinfiltrated patches (355:TAS-GUSw,/MIR173a = 1.0). Bars with letter ‘a" are significantly different from the control sample (P <
.05 in pairwise Student's ttest comparisons). (C) Target NbSu mRNA accumulation in agroinfiltrated leaves at 2 dpa [mean relative level (n = 3) +
standard error] after normalization to PROTEIN PHOSPHATASE 2A (PP2A), as determined by quantitative RT-qPCR (35S:TAS-GUSn,/MIR173a = 1).
Other details are as in panel (B). (D) Northern blot detection of syn-tasiR-NbSu in RNA preparations from agroinfiltrated leaves at 2 dpa. The graph at top
shows the mean + standard deviation (n = 3) syn-tasiRNA relative accumulation (35S:TAS-Su/MIR173a = 1.0). Other details are as in Fig. 1E. (E)
Syn-tasiRNA processing and phasing analysis from TAS7c-derived precursors. Pie charts show the percentages of reads corresponding to expected,
accurately processed 21-nt mature syn-tasiR-Su or to other 19-24 nt sRNAs. Radar plots show the proportion of 21-nt reads corresponding to each of the
21 registers from AtTASTc transcripts, with position 1 designated as immediately after AtmiR173a, NbmiR482a, or NomiR6019a/b guided cleavage site.
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Figure 4. Functional analysis in N. benthamiana leaves of syn-tasiR-Su expressed from minimal precursors including NomiR482a or NbmiR6019a/b TS.
(A) Diagram of AtTASTc-based or minimal precursor constructs. Other details as in Fig. 3A. (B) Target NbSu mRNA accumulation in agroinfiltrated leaves
at 2 days post-agroinfiltration (dpa) [mean relative level (n = 3) + standard error] after normalization to PROTEIN PHOSPHATASE 2A (NbPP2A), as
determined by RT-qPCR. Other details are as in Fig. 3B. (C) Northern blot detection of syn-tasiR-Su in RNA preparations from agroinfiltrated leaves at 2
dpa. The graph at top shows the mean + standard deviation (n = 3) syn-tasiRNA relative accumulation [35S:TAS,g2-Su = 1.0]. Other details are as in Fig.
1E. (D) Syn-tasiRNA processing from minimal precursors. Pie charts show the percentages of reads corresponding to expected, accurately processed

21-nt mature syn-tasiR-Su or to other 19-24 nt sRNAs.

apical leaves as soon as 7 dpa in plants agroinoculated with
358:PVX-minyg,-Su, and by 14-21 dpa it extended to most
of the apical tissues (Fig. 5C). At these same timepoints, lim-
ited and mild bleaching was observed in plants agroinocu-
lated with 35S:PVX-TAS4s,-Su while no bleaching was ob-
served in plants expressing 35S:PVX (Fig. 5C). RT-qPCR
and RNA blot analyses showed that only tissues expressing
358:PVX-mingg>-Su accumulated low levels of NbSu mRNA
(Fig. 5D) and high levels of syn-tasiR-Su, respectively (Fig. SE).
In contrast, plants agroinoculated with 35S:PVX-TAS4s,-Su
displayed a slight decrease in NbSu mRNA levels and low
levels of syn-tasiR-NbSu barely detectable by RNA blot assay
(Fig. SE). Importantly, sSRNA sequencing of RNA preparations
from apical leaves of plants agroinoculated with 35S:PVX-
minggy-Su revealed that the mingg;-Su precursor was accu-
rately processed, with 55% of the +4 nt of 3'D2[+] reads
corresponding to authentic syn-tasiR-Su (Fig. 5F). Plotting all
19-24-nt SRNA [+] reads that map to the whole 35S:PVX-
mingg>-Su precursor revealed a relatively low number of sR-

NAs overlapping with the 3’D2[+] position or, more gener-
ally, produced from the rest of the precursor (Fig. 5F). In-
deed, the sRNA profile of 19-24-nt [+] reads mapping to
the minyg,-Su precursor was similar in 35S:PVX-mingg,-Su
and 35S:min4g,-Su samples thus indicating that processing of
the minimal precursor is not particularly altered during PVX
replication (Supplementary Fig. S5). Finally, the presence of
TAS452-Su and minag,-Su precursors was analysed by RT-PCR
at 7 dpa with oligonucleotides flanking the precursor inser-
tion site. The 278-bp fragment corresponding to the mingg;-
Su precursors was clearly amplified while the 1235-bp frag-
ment of the TAS4g,-Su could not be detected. PVX coat pro-
tein (CP) was detected in all samples expressing PVX-based
constructs, and NbPP2A in all samples, thus excluding the
possibility that the absence of TAS4g,-Su precursors was due
to either a lack of infection in these samples or deficient cDNA
synthesis. Sanger sequencing of RT-PCR fragments amplified
from the three PVX-minyg;-Su-infected samples revealed no
mutations in the whole insert.
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Figure 5. Functional analysis of PVX constructs expressing syn-tasiR-Su from AtTAS7c or minimal syn-tasiRNA precursors in N. benthamiana. (A)
Diagram of PVX-based constructs. PVX open reading frames (ORFs) and promoters are represented as boxes and arrows, respectively. RARR
RNA-dependent RNA-polymerase; TGB, triple gene block; CR coat protein; CPgavv, Bamboo mosaic virus CP promoter. (B) Two-dimensional line graph
showing, for each of the three-plant sets listed, the percentage of symptomatic plants per day during 14 days. (C) Photos at 14 days post-agroinfiltration
(dpa) of sets of three plants agroinoculated with the different constructs. (D) Target NbSu mRNA accumulation in RNA preparations from apical leaves
collected at 14 dpa and analysed individually (mock = 1.0 in all comparisons). Bars with the letter ‘a’ or 'b" indicate whether the mean values are
significantly different from mock control or 35S:PVX-mingg,-Su samples, respectively (P < .05 in pairwise Student's t-test comparison). (E) Northern blot
detection of syn-tasiR-Su in RNA preparations from apical leaves collected at 14 dpa and pooled from three independent plants. The graph at the top
shows the mean + standard deviation (n = 3) syn-tasiRNA relative accumulation [35S:TAS,g2-Su = 1.0]. (F) syn-tasiRNA processing from PVX-minggz-Su.
Left: Pie chart shows the percentage of reads corresponding to expected, accurately processed 21-nt mature syn-tasiR-Su or to other 19-24 nt sRNAs.
Right: sRNA profile of 19-24 nt [+] reads mapping to each of the 54 nucleotide positions in the minyg,-Su precursor from samples expressing
35S:PVX-minygz-Su. (G) Reverse transcriptase-polymerase chain reaction (RT-PCR) detection of PVX, AtTAS7c, and minimal precursors in apical leaves at
7 dpa. RT-PCR products corresponding to the NbPP2A and PVX vector controls are also shown (bottom), as well as control amplifications of AtTASTc and
minimal precursor fragments from plasmids (right). PVXg, band amplified from 35S5:PVX samples corresponding to the genomic region lacking a
syn-tasiRNA precursor.

Importantly, to further confirm that NbSu silencing was due ~ plants agroinoculated with the 35S:PVX-min;73-Su construct
to syn-tasiR-Su activity and not to potential siRNAs generated did not display any bleaching (Supplementary Fig. S6B) or re-
from the mingg;-Su precursor during PVX replication, a set of ~ duced NbSu mRNA levels (Supplementary Fig. S6C). These
three plants were agroinoculated with the 35S:PVX-min;73-Su~ plants did not accumulate syn-tasiR-Su (Supplementary Fig.
construct (Supplementary Fig. S6A). As controls, sets of three S6D), although they did accumulate PVX variants contain-
plants were also mock-inoculated, or agroinoculated with  ing the min;73-Su precursors (Supplementary Fig. S6D). Over-
the 358:PVX or 35S:PVX-minsg,-Su constructs. At 14 dpa,  all, these results demonstrate that accurately processed syn-
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tasiRNAs can be produced from minimal precursors inserted
into PVX, enabling widespread silencing of endogenous plant
genes such as NbSu.

Because PVX induces mild but clearly visible symptoms in
N. benthamiana (Fig. 5C), we evaluated whether syn-tasiR-
VIGS could be triggered by an asymptomatic viral vector, such
as tobacco rattle virus (TRV) [38]. To this end, the min4g,-Su
sequence was inserted in a TRV infectious clone to generate
the 35S:TRV2-min4g,-Su construct (Supplementary Fig. S7A).
This construct, along with the insert-free 355:TRV2 control
construct, was independently agroinoculated into a single leaf
of three N. benthamiana plants. Importantly, in both cases,
the 35S:TRV1 construct was co-infiltrated to facilitate TRV
infection [31]. As before, a negative control (‘mock’) group
of plants was infiltrated with agroinfiltration solution. At
14 dpa. strong bleaching covering most of the apical tissue
surface was observed in all plants agroinoculated with the
358:TRV2-minyug,-Su construct, but not in the control plants
(Supplementary Fig. S7B). At this same time point, plants
agroinoculated with the empty-free 35S:TRV2 construct did
not exhibit any virus-induced symptoms, as reported before
[38]. RT-qPCR analysis revealed that only tissues from plants
agroinoculated with 35S:TRV2-mingg;-Su accumulated low
levels of NbSu mRNA (Supplementary Fig. S7C). Finally, RT-
PCR analysis at 7 dpa confirmed the presence of the minqg,-Su
precursor band, while TRV was detected in all samples ex-
pressing TRV-based constructs, and NbPP2A was detected in
all samples (Supplementary Fig. S7D). Taken together, these
results show that syn-tasiR-VIGS can be efficiently triggered
in N. benthamiana using a symptomless viral vector such as
TRV.

Plant immunization against a pathogenic virus with
antiviral syn-tasiRNAs produced from the PVX viral
vector

Previous work showed that transgenically expressed syn-
tasiRNAs induce enhanced antiviral resistance compared to
amiRNAs due to the combined silencing effect of each in-
dividual syn-tasiRNA [37]. Here, we explored the possibil-
ity of using syn-tasiR-VIGS to induce antiviral resistance
against TSWV, an economically important plant pathogen af-
fecting different crops worldwide [39], in N. benthamiana.
To this end, we generated the 35S:PVX-mingg;-TSWV(x4)
construct, which includes the 22-nt TS of miR482a fol-
lowed by the 11-nt AtTASIc spacer and four different
21-nt syn-tasiRNA sequences (syn-tasiR-TSWV-1, syn-tasiR-
TSWV-2, syn-tasiR-TSWV-3, and syn-tasiR-TSWV-4) (Fig.
6A) with known anti-TSWYV activity [20]. A similar construct
named 35S:PVX-minsg,-GUSy,,(x4), expected to produce
four innocuous anti-GUS syn-tasiRNAs (syn-tasiR-GUSyy,
and syn-tasiR-GUSyy,-2) of different sequences, was also gen-
erated (Fig. 6A). Additionally, the 35S:PVX-amiR-GUSy;, and
358:PVX-amiR-TSWYV constructs, expected to produce amiR-
GUSyp, and amiR-TSWV amiRNAs [20] (which have identi-
cal sequences to syn-tasiR-GUSyy, and syn-tasiR-TSWV-1, re-
spectively) were generated for comparative purposes (Fig. 6A).
These constructs were agroinoculated into one leaf of nine
N. benthamiana plants, six of which were mechanically in-
oculated seven days later with a TSWV infectious extract. An
additional set of mock-inoculated plants was also included.
To determine the antiviral activity of art-sRNAs, the appear-
ance of typical TSWV-induced symptoms (leaf epinasty and

chlorosis) in apical noninoculated tissues was monitored over
21 days post-inoculation (dpi), and the presence of PVX and
TSWYV by RT-PCR or western blot.

None of the plants agroinoculated with the 35S:PVX-
minggr-TSWV(x4) construct displayed typical TSWV-induced
symptoms throughout the experiment, while plants expressing
358:PVX-amiR-TSWV became symptomatic, although with a
significant 1-6-day delay compared to plants agroinoculated
with control constructs (Fig. 6B and C). At 14 dpi, TSWV was
undetectable in protein extracts from plants agroinoculated
with 358:PVX-minyg;-TSWV(x4), while high or low levels of
TSWYV were detected in control and amiR-TSWV-expressing
plants, respectively (Fig. 6D). Importantly, PVX variants in-
cluding the corresponding art-sRNA precursor were detected
by RT-PCR, indicating that the lack of protection was not
due to the lack of PVX infection or the loss of the art-sSRNA
precursor (Fig. 6E). Finally, northern blot analysis confirmed
art-sRNA accumulation in plants agroinoculated with PVX-
based constructs, with both amiR-TSWV and anti-TSWV
syn-tasiRNAs accumulating predominantly as 21-nt sSRNA
species (Fig. 6F). The accuracy of minsg,-TSWV(x4) precur-
sor processing and the production of authentic anti-TSWV
syn-tasiRNAs were analysed by high-throughput sequencing
of sSRNA libraries from plants agroinoculated with 35S:PVX-
mingg>-TSWV(x4) (Fig. 6G). All four syn-tasiRNA sequences
were detected as predominant when plotting all 19-24-nt
sRNA [+] reads mapping to the precursor, with 66%, 85%,
31%, and 13% of reads within +4 nt of 3’'D2 [+], 3'D3 [+],
3'D4 [+], and 3'DS [+], respectively, corresponded to authen-
tic syn-tasiRNAs (Fig. 6G). Additionally, highly phased syn-
tasiRNAs were generated, with 63% of 21-nt [+] reads corre-
sponding to the first register (Fig. 6G). Taken together, these
findings indicate that PVX-based syn-tasiR-VIGS can be used
to vaccinate plants against TSWV for complete immunization.
They also highlight that multiple syn-tasiRNAs can be pro-
duced simultaneously i planta from an RNA viral vector such
as PVX.

Transgene-free, PVX-based syn-tasiR-VIGS

We finally explored the possibility of applying syn-tasiR-VIGS
to plants in a DNA-free, nontransgenic manner for both si-
lencing endogenous genes or for plant antiviral vaccination
(Fig. 7A). To do so, six N. benthamiana plants were inde-
pendently agroinoculated with either 35S:PVX, 35S:PVX-
min4gz—Su, 35S:PVX—min4gz-G USNb(x4), or 3SS:PVX—min482—
TSWV(x4). At 6 dpa, apical leaves displaying mild PVX-
induced symptoms were collected together and a crude extract
was prepared for each case (Fig. 7A).

First, crude extracts including PVX-mingg,-Su were sprayed
onto three N. benthamiana plants and the appearance of
bleaching was monitored over 14 days (Fig. 7A). Control
crude extracts from mock- and empty PVX-agroinoculated
plants were sprayed in parallel. Remarkably, all three N. ben-
thamiana plants sprayed with crude extracts derived from
358:PVX-mingg;-Su displayed bleaching indicative of NbSu
silencing (Fig. 7B) and accumulated minimal syn-tasiRNA
precursors (Fig. 7C), with no sequence alterations as con-
firmed by Sanger sequencing of RT-PCR products. Control
plants sprayed with empty extracts displayed mild PVX symp-
toms but no bleaching and accumulated PVX RNAs, while
plants sprayed with mock extracts were symptomless as well
as bleaching- and virus-free (Fig. 7B and C).
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Figure 6. Functional analysis of PVX constructs expressing syn-tasiRNAs against TSWV in N. benthamiana. (A) Diagram of PVX-based constructs. Other
details are as in Fig. 5A. (B) Photos at 21 days post-inoculation (dpi) of sets of three plants agroinoculated with the different constructs and inoculated or
not (mock) with TSWV. (C) Two-dimensional line graph showing, for each of the six-plant sets listed, the percentage of symptomatic plants per day
during 21 days. (D) Western blot detection of TSWV in protein preparations from apical leaves collected at 14 dpi and pooled from six independent
plants. The graph at top shows the mean + standard deviation (n = 6) TSWV relative accumulation [355:PVX-amiR-GUSy, = 1.0]. Bars with the letter ‘a’
are significantly different from that of 35S:PVX-amiR-GUSy;, control sample (P < .05 in pairwise Student's t-test comparison). The membrane stained
with Ponceau red showing the large subunit of Rubisco (ribulose1,5-biphosphate carboxylase/oxygenase) is included as loading control. (E) RT-PCR
detection of PVX and minimal precursors in apical leaves at 7 dpa. RT-PCR products corresponding to the NbPP2A and PVX vector controls are also
shown (bottom). (F) Northern blot detection of anti-TSWV art-sRNAs in RNA preparations from apical leaves collected at 7 dpa and pooled from three
independent mock-inoculated plants. (G) syn-tasiRNA processing from PVX-min,gz-TSWV(x4). Top: sRNA profile of 19-24 nt [+] reads mapping to each
of the 117 nucleotide positions in the minygo-TSWV(x4) precursor from samples expressing 35S:PVX-ming,-TSWV(x4). Other details are as in panel (A).
Bottom: Pie charts showing the percentages of reads corresponding to expected, accurately processed 21-nt mature forms of each of the four
anti-TSWV syn-tasiRNAs or to other 19-24 nt sRNAs.
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Figure 7. Transgene-free widespread gene silencing and plant antiviral vaccination through PVX-based syn-tasiR-VIGS. (A) Experimental procedure for
transgene-free syn-tasiR-VIGS in N. benthamiana plants. Left: Crude extracts are prepared from plants previously agroinfiltrated with the corresponding
syn-tasiR-VIGS construct. Right: Young plants are spray-inoculated with syn-tasiR-VIGS extracts to induce bleaching derived from NbSu silencing (top) or
antiviral resistance against TSWV (bottom). (B) Widespread silencing of NbSu induced by sprayed crude extracts. Photographs at 14 days post-spray
(dps) of sets of three plants sprayed with different crude extracts obtained from agroinoculated plants. (C) RT-PCR detection at 14 dps of min,g,-Su
precursors and PVX CP fragment (PVXcp) in apical leaves of each of the three sprayed plants (P1-P3). RT-PCR products corresponding to the control
NbPP2A are also shown. (D) Plant vaccination with syn-tasiR-VIGS extracts for immunization against TSWV. Photographs at 21 dpi of sets of three plants
sprayed with different crude extracts obtained from agroinoculated plants. (E) Western blot detection of TSWV in protein preparations from apical leaves
collected at 14 dpi of each of the three sprayed plants (P1-P3). Other details are as in Fig. 6D. (F) RT-PCR detection at 14 dpi of minsg-TSWV(x4)
precursors and PVX CP fragment (PVXcp) in apical leaves of each of the three plants sprayed (P1-P3). Other details are as in Fig. 5G.



Next, crude extracts containing 35S:PVX-mingg;-
TSWV(x4) were sprayed onto three N. benthamiana plants,
and seven days later the plants were mechanically inoculated
with a TSWV infectious extract. TSWV-induce symptoms
were monitored over 21 dpi. Control crude extracts from
mock- and  35S:PVX-minyg;-GUSyy, (x4)-agroinoculated
plants were sprayed in parallel, and plants were inocu-
lated with TSWV as described. Plants vaccinated with
PVX-mingg,-TSWV(x4) extracts did not show any TSWV
symptom and did not accumulate TSWV (Fig. 7D and E),
while plants treated with mock or PVX-mingg,-GUS(x4)
extracts displayed severe plant chlorosis and leaf epinasty
and accumulated high levels of TSWV (Fig. 7D and E). As
before, the presence of PVX and minsg,-based precursors
was analysed by RT-PCR (Fig. 7F), confirming that the lack
of protection in plants treated with PVX-minsg, -GUSyy,(x4)
extracts was not due to the absence of PVX or the loss of the
syn-tasiRNA precursor. Collectively, these findings demon-
strate that crude extracts can be directly sprayed onto leaves
to trigger syn-tasiR-VIGS in N. benthamiana in a DNA-free,
nontransgenic manner, enabling both silencing of endogenous
genes and plant vaccination against pathogenic viruses.

Discussion

Here, we show that minimal RNA precursors consisting ex-
clusively of a 22-nt miRNA TS and an 11-nt AfTASIc-
derived spacer produce high levels of accurately processed
syn-tasiRNAs in different plant species for efficient gene si-
lencing. Remarkably, minimal precursors have the unique
ability to express authentic syn-tasiRNAs from an RNA vi-
ral vector such as PVX, enabling transgene-free widespread
gene silencing in plants.

Effect of minimizing the precursor length on
syn-tasiRNA biogenesis and function in
Arabidopsis

The effect on secondary siRNA biogenesis of deleting se-
quences from TAS precursors was examined before when
looking for regulatory functions of putative cis elements in-
cluded in TAS sequences. For instance, the 930-nt full-length
AtTAS1a was shortened to 252-nt by removing the 5 re-
gion upstream of the AtmiR173a TS and/or the region down-
stream of the tasiRNA 3’D9[+] position [40]. None of the
deleted sequences were determinant for syn-tasiRNA biogen-
esis, although syn-tasiRNA accumulation was negatively af-
fected. In a different study, the 5’ region upstream of At-
miR173a TS was also deleted from A#TAS1c¢ without a clear
effect on syn-tasiRNA accumulation [14]. However, it was
proposed that other precursor elements such as the poly(A)
tail or the total transcript length may be crucial for proper
syn-tasiRNA accumulation. In any case, both studies suggest
that the presence of AtmiR173a TS is sufficient for trigger-
ing tasiRNA biogenesis. Indeed, phased tasiRNAs were gen-
erated from gene fragments placed downstream a AtmiR173a
TS without the need for any regulatory sequences [14, 40].
Here, syn-tasiRNAs accumulated to lower levels in Arabidop-
sis plants expressing the minimal precursor compared to those
expressing the full-lengthA#TAS1c, suggesting the existence of
cis elements in A#TAS1c that positively regulate syn-tasiRNA
accumulation. Remarkably, some TAS genes have short ORFs
located immediately upstream of the tasiRNA-producing re-
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gion, which are translated and trigger the synthesis of small
peptides [41, 42]. Indeed, mutations affecting either the stop
codon or the overall ORF length lower tasiRNA accumula-
tion, most likely due to a decreased stability of the TAS pre-
cursor caused by lower protection from ribosomes [43, 44].
More recently, a model was proposed in which ribosomes start
translating the ORFs and stall near the miRNA TS through
the interaction with the SGS3-AGO1-miRNA complex [45].
This interaction is thought to stabilize the complex, thus in-
creasing the amount of tasiRNA produced. In the case of the
AtTAS1c precursor, two ORFs are located in the 5 region
upstream of the AtmiR173a TS (ORF1 and ORF2), and a
third ORF overlaps with ORF2 and includes the miRNA TS
[42]. These findings may explain the higher accumulation of
syn-tasiR-FT and syn-tasiR-CH42 in Arabidopsis plants ex-
pressing full-length A#TAS1c precursors compared to those
expressing ORF-deficient minimal precursors. Still, these dif-
ferences in syn-tasiRNA accumulation seem to be less dras-
tic than those reported before [14, 40], maybe because here
syn-tasiRNAs are expressed from the 3'D2[+] position, which
maximizes both syn-tasiRNA accumulation and gene silenc-
ing efficiency [18]. Intriguingly, syn-tasiRNAs expressed from
minimal precursors accumulated to similar levels than those
expressed from AtTAS1c in N. benthamiana. It is possible
that AtTAS1c ORFs are not recognized in N. benthamiana
(where the TAS1¢c/miR173a pathway is missing) and, con-
sequently, full-length A#TAS1c precursors are not protected
by ribosomes. Finally, highly phased syn-tasiRNAs were pro-
duced from minimal precursors, indicating an accurate pro-
cessing of the minimal precursors that prevents off-target ef-
fects caused by misprocessed sSRNA species. Indeed, phasing
maintenance during the processing of the minimal precursors
is consistent with previous studies indicating that phasing de-
pends on miRNA-AGO cleavage of the TAS transcript rather
than on any cis regulatory element [46].

Highly phased, accurately processed syn-tasiRNAs
are produced in N. benthamiana with precursors
including TSs from 22-nt endogenous miRNAs

The co-expression of AtMIR173a together with AtTAS1c-
based syn-tasiRNA constructs is required to produce syn-
tasiRNAs in non-Arabidopsis species such as N. benthamiana
and Solanum lycopersicum [18, 23, 37]. Here, highly abun-
dant and phased syn-tasiRNAs were produced in N. ben-
thamiana from full-length A#TAS1c-based precursors includ-
ing a TS from N. benthamiana endogenous 22-nt miRNAs.
This result indicates that the AtmiR173a TS is not essential
for AtTAS1c-dependent syn-tasiRNA biogenesis, and that al-
ternative TSs from other 22-nt miRNAs can be used. N. ben-
thamiana has seven miRNA families with 22-nt miRNA mem-
bers. Among them, miR482a and miR6019a/b are present in
members of the Solanaceae family, play roles in immune re-
sponses to pathogens, and trigger phased siRNA formation
[47-50]. NbmiR482a is highly expressed in N. benthamiana
seedlings, leaves, and stems, while NbmiR6019a/b expres-
sion in these tissues is more modest [49] (Supplementary Fig.
S4). These differences in miRNA expression may explain the
higher accumulation of syn-tasiRNAs produced from precur-
sors with NbmiR482a TS. Interestingly, syn-tasiRNA accu-
mulation from A#TASIc full-length precursors and gene si-
lencing efficiency were similar in plants overexpressing At-
miR173a and in those using NbmiR482a as the endogenous
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trigger, indicating that NbmiR482a levels are not limiting. It
is worth noting that miRNA expression profiles are dynamic
and vary between tissues, developmental stages and during in-
fections [51]. Therefore, selecting the appropriate miRNA as
endogenous trigger may require understanding its expression
pattern across tissues or under different plant growth condi-
tions. On the other hand, the specific expression profiles of cer-
tain miRNAs may allow syn-tasiRNA biogenesis to be tissue-
or condition-specific, which could be an attractive strategy to
pursue in specific cases.

Transgene-free syn-tasiR-VIGS for widespread
gene silencing in plants

Syn-tasiR-VIGS was developed by incorporating a minimal
precursor with an endogenous 22-nt miRNA TS in the genome
of a viral vector such as PVX. As previously observed with
PVX-based amiR-VIGS [26], long precursors such as At TAS1c¢
(1011 nt) are not stably maintained in the viral genome for ex-
tended periods, highlighting the limited cargo capacity of vi-
ral vectors. In this context, minimal precursors offer a unique
advantage due to their small size, allowing stable mainte-
nance in the viral genome while reducing the accumulation
of mutations during viral replication. Here, we used a PVX
cDNA sequence with a deletion of the amino-terminal end
of the CP and a heterologous promoter derived from bam-
boo mosaic virus [52], enhancing insert stability in PVX-based
constructs. Remarkably, PVX-based syn-tasiRNAs were accu-
rately processed from minimal precursors and accumulated to
high levels, as shown by high-throughput sSRNA sequencing
and northern blot. Since PVX replicates in the cytoplasm, it
is plausible that DCLA4, a cytoplasmic DCL, is the main DCL
processing syn-tasiRNA duplexes from dsRNAs generated af-
ter NbmiR482a cleavage, as occurs during the synthesis of
endogenous tasiRNAs [53, 54]. On the other hand, DCL4
is considered the primary antiviral DCL [55, 56], particu-
larly during PVX infections in N. benthamiana [57], and to-
gether with DCL2 and DCL3 processes viral dsSRNA replica-
tive intermediates into virus-derived siRNAs as part of the
natural plant’s antiviral defense. Here, SRNA sequencing con-
firmed the in vivo production of high levels of authentic 21-
nt syn-tasiRNAs phased with the NbmiR482a cleavage site,
with a relatively low proportion of sSRNAs derived from the
rest of the precursor. These results suggest that syn-tasiRNAs
are produced from RDR6/SGS3-dependent dsRNAs post-
NbmiR482a cleavage rather than from RDR-derived viral
replicative intermediates. They also support that target si-
lencing is a direct result of syn-tasiRNA function, not of po-
tential siRNAs generated from the minimal precursor that
might share sequence complementarity with target mRNAs.
This is further supported by the lack of NbSu silencing ob-
served when expressing PVX-based constructs that include
AtmiR173a TS upstream the syn-tasiR-Su sequence. In any
case, NbmiR482a targeting and subsequent processing of
minimal precursors from PVX are efficient enough to pro-
duce high levels of syn-tasiRNAs while allowing continued
PVX replication to sustain syn-tasiRNA synthesis over time
and across new tissues. It is important to note that the efficacy
of our syn-tasiR-VIGS approach using minimal precursors is
based on the rigorous selection of validated syn-tasiRNAs
with proven specificity and effectiveness [17, 20]. This com-
pensates for the fact that only a few but highly effective syn-
tasiRNAs sequences are produced, compared to other larger

TAS systems that generate secondary siRNAs from gene frag-
ments included after the 22-nt miRNA TS and spacer [36,40].
In these larger systems, specitificy is compromised, as there is
no control over the sequence or size of the resulting siRNAs,
which may unintentionally target other cellular RNAs, poten-
tially leading to off-target effects and unintended phenotypic
consequences.

A key feature of syn-tasiR-VIGS is its scalability and non-
transgenic application via the spraying of plant leaves with
infectious crude extracts from plants accumulating the vi-
ral vector with the minimal precursor, as shown recently
for PVX-based amiR-VIGS [26]. Previously, syn-tasiRNAs
were expressed from transgenic tissues, which limited their
practical applications due to commercial and/or regula-
tory constraints. Another common limitation of the syn-
tasiRNA technology has been the need of co-expressing At-
miR173a together with A#TASIc-based constructs in non-
Arabidopsis species. The finding that authentic syn-tasiRNAs
can be efficiently produced from minimal precursors con-
sisting exclusively of an endogenous 22-nt miRNA TS and
an 11-nt spacer significantly broadens the biotechnologi-
cal applications of syn-tasiRNAs. Moreover, the new set of
‘B/c’ plasmids listed in Supplementary Fig. S8 simplifies in
a time- and cost-effective manner the generation of con-
structs containing minimal syn-tasiRNA precursors, especially
when combined with high-throughput cloning methodolo-
gies that eliminate the need for gel purification and ampli-
fication steps, employing zero-background and Golden Gate
strategies [16].

Future research efforts should focus on further develop-
ing syn-tasiR-VIGS across different areas. First, it is impor-
tant to test other viral vectors with broader or species-specific
host ranges to adapt syn-tasiR-VIGS to different plant species,
including crops. Second, efforts should aim to minimize vi-
ral vector pathogenicity by introducing mutations or dele-
tions to attenuate viral symptoms while preserving systemic
movement and replication. Third, alternative delivery meth-
ods beyond spray application could be developed for spe-
cific crops, such as mechanical or insect-mediated inocula-
tion and root absorption. Still, the general use of VIGS in
crops presents several controversial aspects [58]: (i) the effi-
ciency of VIGS can vary significantly between plant species,
tissues and environmental conditions, leading to inconsistent
results and limiting large-scale application; (ii) VIGS-induced
silencing can result in unintended phenotypic changes due
to off-target effects, transcriptomic alterations or viral vec-
tor interactions with the host plant’s defense mechanisms; (iii)
prolonged activation of the RNA silencing machinery in re-
sponse to viral infection can lead to growth retardation and
yield reduction, making it less practical for commercial crops;
(iv) VIGS vectors may mutate or lose inserted sequences dur-
ing prolonged infections, compromising their efficacy; and (v)
the potential environmental release of genetically modified
viral vectors used in VIGS raises biosafety concerns regard-
ing their unintended spread to nontarget species and ecosys-
tems, prompting regulatory restrictions on their agricultural
application due to genetic modification and ecological impact
concerns. In this context, transgene-free alternatives for syn-
tasiRNA expression in plants, such as the topical delivery of
syn-tasiRNA precursor molecules or the expression of syn-
tasiRNAs from CRISPR/Cas-edited endogenous secondary
siRNA-generating loci, should be explored to overcome these
limitations.
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New generation of antiviral vaccines based on
syn-tasiR-VIGS

Traditional antiviral vaccines for plants rely on cross-
protection, where a mild or attenuated virus strain protects
the plant against more severe strains of the same or a closely
related virus [59]. However, identifying mild strains for a par-
ticular virus may can be challenging, and their protective ef-
fect is not always guaranteed. Moreover, cross-protection is
limited to closed related viruses and does not defend against
distantly related or unrelated viruses, limiting its effective-
ness in fields with diverse viral populations. Here, we de-
veloped of a new generation of antiviral vaccines for plants
based on syn-tasiR-VIGS, which can be applied in a non-
transgenic and single-dose manner. Using PVX as viral vec-
tor, we vaccinated N. benthamiana plants for complete im-
munization against an entirely unrelated virus, TSWV, one of
the top 10 plant viruses based on scientific/economic impor-
tance [39]. Vaccination consisted in inoculating plants with
PVX crude extracts, allowing the virus to spread and pro-
duce anti-TSWYV syn-tasiRNAs throughout the plant. When
a few days later TSWV is inoculated, vaccinated plants were
loaded with antiviral syn-tasiRNAs that targeted TSWV and
ultimately blocked its infection. Syn-tasiR-VIGS vaccines offer
several advantages over traditional vaccines: (i) syn-tasiRNAs
can be designed a la carte against any virus of interest; (ii) they
may be applicable to any host-virus combination, as long as
the viral vector can infect the host; and (iii) they could protect
against multiple unrelated viruses by multiplexing different
antiviral syn-tasiRNAs in the same minimal precursor. How-
ever, both the viral vector and the target RNA viruses may
mutate during prolonged infection stages, potentially com-
promising syn-tasiRNA biogenesis or efficacy and enabling
the target virus to evade the antiviral effects of syn-tasiRNAs,
thereby limiting the long-term effectiveness of syn-tasiR-VIGS
vaccines. Further research in these areas should expand the ap-
plications of syn-tasiR-VIGS vaccines and position them as a
next-generation antiviral strategy for protecting plants against
pathogenic viruses.
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