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Abstract 

Small RNAs regulate numerous biological processes, including intercellular communication and inter-kingdom relationships, yet their tissue- 
specific functions remain poorly understood. Dissecting these roles requires tools that selectively eliminate small RNAs in defined cell types. 
Virus-encoded proteins such as P19 ha v e been widely used to neutralize small RNAs owing to their sequestration capacities. However, their 
restricted binding spectrum to 21 –22-nt small RNAs and lack of discrimination between miRNAs and siRNAs limit their utility. Here w e sho w that 
constitutiv e e xpression of RNASE THREE-LIKE1 ( R TL1 ) in Arabidopsis thaliana , pre viously sho wn to degrade siRNA precursors but not miRNA 

precursors, also degrades siRNA duple x es, irrespectiv e of their siz e, sequence, or sub-cellular localization. Grafting e xperiments combined with 
small RNA sequencing re v ealed that shoot-deriv ed siRNAs accumulate in dcl2 dcl3 dcl4 mutant roots, but are eliminated upon ectopic RTL1 
expression, demonstrating that RTL1 efficiently degrades mobile siRNAs in vivo . Because the Arabidopsis endogenous RTL1 is epigenetically 
silenced in wild-type plants, its ectopic expression under cell-type-specific promoters enables targeted depletion of siRNAs in selected tissues. 
As a proof of concept, we show that expression of RTL1 in phloem companion cells delays systemic post-transcriptional transgene silencing 
(PTGS), indicating that mobile siRNAs transit through these cells. Together, these results establish RTL1 as a po w erful tool to dissect siRNA 

mobility pathw a y s and tissue-specific functions. 
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of nine amino acid residues [ 1 ]. RNaseIII proteins are found 

in all living organisms but vary widely in length, ranging 
from 200 to 2000 amino acids. They are subdivided into 

three classes based on their domain composition [ 2 ]. Class 
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NaseIII enzymes are a class of endonucleases that specifi-
ally cleave double-stranded (ds)RNA. They contain an RNa-
eIII signature motif composed of a highly conserved stretch
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I RNaseIII enzymes contain a single RNaseIII domain and a
dsRNA-binding domain (DRB). They are mostly found in bac-
teria and viruses, but also in fungi, where they usually exhibit
an N -terminal domain extension. Class II RNaseIII enzymes
have one DRB and two RNaseIII domains. This class includes
Drosha, which executes the first cut of miRNA precursors in
animals. Finally, class III RNaseIII enzymes contain an RNA
helicase domain, a PAZ domain, either one or two RNaseIII
domains, and one or two DRB domains. They correspond to
animal and plant Dicer, which produce small RNAs in the size
range of 20 –24 nt. 

The plant model species Arabidopsis thaliana encodes four
DICER-LIKE (DCL) enzymes, which are responsible for the
production of micro (mi)RNAs and short interfering (si)RNAs
[ 3 , 4 ]. DCL1 processes PolII-derived partially self-folded
single-stranded RNA molecules into 21-nt or 22-nt-long miR-
NAs, which are loaded mostly on the ARGONAUTE pro-
tein AGO1 to regulate complementary mRNA targets at the
post-transcriptional level (PTGS). The three other DCLs pro-
duce siRNAs of different lengths from fully paired double-
stranded (ds)RNA molecules whose origins are more diverse.
DCL3 cleaves relatively short PolIV-derived RNAs converted
into dsRNA by the RNA-dependent RNA polymerase (RDR)
2 to produce 24-nt siRNAs that are loaded on ARGONAUTE
proteins of the AGO4 clade (AGO4, 6, and 9) to mediate the
RNA-directed DNA methylation (RdDM) of their comple-
mentary DNA target. RdDM is mainly involved in the initi-
ation of transposable elements (TE) transcriptional (gene) si-
lencing (TGS). On the other hand, DCL4 and DCL2 act on
longer dsRNA molecules to produce 21 nt and 22 nt siRNA,
respectively, which, similar to miRNAs, are loaded into mostly
AGO1 to induce PTGS on complementary RNA targets. The
siRNA-dependent PTGS pathway is mainly involved in the
defense against viruses and is also activated against stably
integrated transgenes. For this, DCL2 and DCL4 process
dsRNA molecules deriving either from viral RNA replication
or from viral or transgene single-strand RNA molecules con-
verted to dsRNA by the RNA-dependent RNA polymerase
RDR6. 

Besides DCL enzymes, the Arabidopsis genome also en-
codes several proteins that carry RNaseIII domains, either
alone or associated with DRB domains. Those that carry
DRB domains are referred to as RNASE THREE-LIKE (RTL)
[ 5 ]. RTL1 carries one RNaseIII domain and one DRB do-
main. RTL2 contains one RNaseIII domain and two DRB
domains, while RTL3 harbors two RNaseIII domains and
three DRB domains. RTL2 is ubiquitously expressed, while
RTL1 is only weakly detected in roots and in the endosperm;
RTL3 is never detected in any tested tissue [ 5 ]. Arabidopsis
RTL2-deficient mutants or transgenic Arabidopsis plants ec-
topically expressing RTL2 under the control of the constitu-
tive 35S promoter ( p35S ) do not show obvious developmental
defects and exhibit minor changes in the small RNA reper-
toire [ 6 ]. In contrast, transgenic Arabidopsis plants ectopi-
cally expressing RTL1 under the control of the constitutive
35S promoter, accumulate miRNAs at wildtype levels but to-
tally lack siRNAs, irrespective of their size (21-, 22-, or 24-
nt), sub-cellular localization (nucleus or cytosol), and origin
(endogenous or exogenous) [ 7 ]. Because siRNAs derive from
perfectly paired dsRNA, whereas miRNAs derive from imper-
fectly paired dsRNA, these results suggest that RTL1 only tar-
gets perfectly paired dsRNA. Mutating the RNaseIII motif,
deleting the DRB domain, or replacing the RTL1 DRB with an
RTL2 DRB abolishes the activity of RTL1, strongly suggest-
ing that the specificity of RTL1 for perfectly paired dsRNA is 
due to its DRB [ 6 –8 ]. 

We also reported that RTL1 expression is induced during 
virus infection [ 7 , 9 ]. We originally thought that this induction 

could correspond to a defense mechanism if RTL1 was able to 

target dsRNA replicative forms of the viruses. However, trans- 
genic Arabidopsis plants ectopically expressing RTL1 under 
the control of the constitutive 35S promoter showed either 
unchanged or increased susceptibility to viruses. Cases of un- 
changed susceptibility correspond to viruses that express pro- 
teins referred to as viral suppressor of RNA silencing (VSR) 
that have the capacity to inhibit the siRNA-based PTGS de- 
fense of the plant at various steps (refs). In these cases, RTL1 

could represent the only defense left to fight against viruses.
However, these VSR proteins are also capable of inhibiting 
RTL1 activity [ 7 ]. Cases of increased susceptibility correspond 

to viruses that do not express VSR proteins or that express 
VSR proteins exhibiting only partial impairment of PTGS. In 

these later cases, RTL1 activity is not affected by viruses, but 
RTL1 fails to target dsRNA replicative forms of the viruses,
likely because viruses replicate in foci that are not accessible 
to RTL1 [ 9 ]. In contrast, RTL1 expression prevents the pro- 
duction of siRNAs directed against the viruses, thus counter- 
acting the siRNA-based antiviral defense of the plants. These 
results therefore indicate that RTL1 could be considered as a 
host susceptibility gene that is induced by viruses as a strat- 
egy to further limit the plant siRNA-based antiviral defense 
when VSRs are missing or partially active against the plant 
siRNA-based antiviral defense. 

These results also raised questions about the reason why 
such a deleterious gene is maintained in the genome. To ad- 
dress this question, we compared wildtype and rtl1 mutants 
in the only vegetative tissues where RTL1 was naturally de- 
tected, i.e. roots. We show that RTL1 is active in roots when 

over-expressed constitutively, but that its natural level is in- 
sufficient or restricted to a very limited number of cell types 
to have a visible effect on the endogenous siRNA repertoire 
and on siRNA-based transgene PTGS when analyzing whole 
root extracts. Given the absence of RTL1 activity, at least in 

vegetative tissues, we reasoned that RTL1 could be used as 
a tool to cure specific tissues from their siRNA contents by 
expressing RTL1 under specific promoters. At first, we exam- 
ined whether only siRNA precursors were targeted by RTL1 

as proposed previously [ 7 , 8 ], or if siRNAs themselves could 

be targeted. For this, we grafted wildtype shoots on roots ex- 
pressing RTL1 in a genetic background where siRNAs are not 
produced (i.e. in a dcl2 dcl3 dcl4 triple mutant). Genome- 
wide sRNAseq analysis revealed that siRNAs moving from 

shoots to roots through the vascular tissues were found in 

grafted dcl2 dcl3 dcl4 roots, but not in grafted dcl2 dcl3 dcl4 

RTL1 roots, indicating that RTL1 has the capacity to degrade 
mobile siRNA duplexes. Finally, we expressed RTL1 specifi- 
cally in companion cells of the phloem using the SUCROSE 

PRO TON-SYMPOR TER ( SUC ) 2 promoter and observed 

that the establishment of transgene systemic PTGS was de- 
layed, indicating that mobile siRNA duplexes move through 

phloem companion cells. 

Materials and methods 

Plant material 

Wild-type plants, transgenic lines, and loss-of-function mu- 
tants used in this study are in Arabidopsis thaliana Columbia 
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 Col-0 ) ecotype. The L1 and 6b4 lines carry a p35S:GUS
ransgene that is silenced or stably expressed, respectively [ 10 ,
1 ]. The pSUC2:hpSUL and pSUC2:hpPDS lines have been
escribed under the name SUC-SUL and JAP3 [ 12 , 13 ]. The
dr6(sgs2-1), rtl1-1 and dcl2-1 dcl3-1 dcl4-2 mutants have
een described previously [ 14 , 15 ]. 

onstructs and transformation 

he p35S:RTL1 construct has been described before [ 7 ]. 
To generate the pUBQ10:R TL1 construct, the R TL1 ge-

omic fragment described in (Shamandi et al., 2015) was used
or an LR (Gateway Technology – Invitrogen/Thermo Fisher
cientific) reaction with the pUB-Dest vector [ 16 ]. 

To generate pSUC2:RTL1, the same RTL1 genomic frag-
ent was used for a tripartite LR reaction with pSUC2

nd the vector pB7m24GW (Gateway Technology – Invitro-
en/Thermo Fisher Scientific). 

Agrobacterium tumefaciens strains carrying plasmids of in-
erest were grown overnight at 28 

◦C in 3 ml LB medium con-
aining the appropriate antibiotics to a final OD600 between
 and 2. For A.thaliana transformation, the bacteria were pel-
eted and resuspended in 300 ml of infiltration medium (5%
ucrose, 10mM MgCl2, 0 015% silwet L-77) to a final OD600
f 1, which was used for floral dipping. 

rowth conditions and grafting 

.thaliana seeds were surface-sterilized, sown on a nutritive
edium (1.3% S-medium Duchefa, 1% Phytoblend agar),

tratified at 4 

◦C for 2 days, and then placed in a culture cham-
er at 23 

◦C, 70% humidity, 120 μE m − 2 light with a 16 h
ight/8 h dark (long-days) or 8 h light/16 h dark (short-days)
hotoperiod. Seedlings grown under long-day conditions were
ransferred to soil after 2 weeks. 

For grafting experiments, seedlings were grown under
hort-day conditions. Briefly, 6 days after germination,
eedlings were cut transversely across the hypocotyl using
 razor blade (90 

◦ butt graft). Then, scions and rootstocks
ere placed on a nitrocellulose filter (Hybond). Hypocotyls of

cions and rootstock were introduced into a silicon microtube
2 mm long) to connect them to each other, and incubated un-
er short-day conditions (8 h light, 16 h dark) for 7 –14 days.
rafted seedlings that did not show adventitious roots were

ransferred to soil and grown under a short-day photoperiod.

US assays 

US activity was measured as described before [ 6 ]. Briefly,
eaves grinded in a phosphate buffer (pH 7.2, Na2HPO 4 50
M, NaH 2 PO 4 50 mM, EDTA 10 mM) are centrifuged for
0 min at 4 

◦C and 3000 rpm. A Bradford protein assay was
erformed (Protein Assay Dye Reagent 500 –0006, BioRad)
ith a BSA range, and protein concentration was quantified
ith an ELx808 microplate reader (Biotek). Enzymatic activ-

ty was measured via the derived products generated from a
-MUG substrate (M1404, Duchefa) with a Fluoroskan As-
ent II (Thermo Fisher Scientific). GUS activity is presented in
n arbitrary unit as the ratio between fluorescence data per
inute and protein concentration. 

NA gel blots 

NA extraction and hybridization were performed as previ-
usly described [ 17 ]. Briefly, frozen leaves were grinded in liq-
uid nitrogen, added to a NaCl extraction buffer (0.1M NaCl,
2% SDS, 50 mM Tris/HCl, pH 9, 10 mM EDTA, pH 8, 20
mM β-mercaptoethanol), and total RNA was extracted using
a standard Phenol-Chloroform procedure. RNA was recov-
ered in a 3v of 100% EtOH and 1/10v 3M NaOAc (pH 5.2)
buffer at -80 

◦C for 1 h. After a series of centrifugations, RNA
pellets were resuspended in sterile water and quantified with
a NanoDrop 2000C (Ozyme). For the low molecular weight
(LMW) northern blot, 5 –30 ug of RNA were denatured at
85 

◦C for 5 min, separated on a 15% polyacrylamide, 7.5M
urea, and 1X TBE gel, and transferred to a Hybond NX mem-
brane (Amersham). For the high molecular weight (HMW)
northern blot, 5 ug of RNA were denatured at 85 

◦C for 5 min,
separated on a 0.8 –1.5% agarose, 0.7% formaldehyde, 20
mM HEPES, and 1 mM EDTA pH 7.8 gel, and transferred on
a Genescreen Plus membrane (NEF-976, NEN/DuPont). PCR-
probes were produced using primers listed in Supplementary
Table S1 , purified with a NucleoSpin ® Gel & PCR Clean-
up kit (Machery-Nagel), and radiolabeled dCTP-P 

32 was in-
corporated with a Prime-a-gene Labeling System kit (U1100,
Promega). Oligonucleotide probes were ordered from Geno-
Screen, and radiolabeled dATP-P 

32 was incorporated with
a T4 Polynucleotide Kinase kit (T4 PNK EK0031, Thermo
Fisher Scientific). After blot saturation with salmon sperm,
hybridization was performed in a PerfectHyb buffer (H7033,
Sigma-Aldrich) overnight at 37 

◦C (dCTP-P 

32 labeled probes)
or at 50 

◦C (dATP-P 

32 labeled probes) for LMW northern blot
and in a Church buffer (7% SDS, 250 mM Na 2 HPO 4 , 2mM
EDTA 200 μg/mL Heparin) overnight at 65 

◦C for HMW
northern blot. After exposition on a BAS-MP 2040P imag-
ing plate (Fujifilm), the hybridization signal was revealed with
a Typhoon-FLA9500 phosphoimager (Ge-Healthcare). RNA
band intensity was measured on an unsaturated image with
ImageJ. Data were normalized to the band intensity of the
loading control. 

Small RNA-seq data collection and bioinformatic 

analysis 

Leaves and roots of non-grafted L1 plants, as well as roots of
dcl2 dcl3 dcl4, and dcl2 dcl3 dcl4 pUBQ:RTL1 non-grafted or
L1 -grafted plants were collected and used for total RNA ex-
traction. Samples were collected from short-day-grown plants
67 days after grafting. For each condition, three different
plants were sampled and processed as biological replicates.
Total RNAs were sent to Singleron, which performed small
RNA libraries preparation by pre-sizing the 18 –30 nt RNA
fraction using the BluePippin system and further sequenced
the libraries. 

After reception of the sequencing results, 3 

′ Universal
Illumina adapters were trimmed and 18 –32 nt reads ex-
tracted using CutAdapt (v1.14, –error-rate 0.02). Quality
control of the fastq file was made before and after trim-
ming using FastQC (v0.12.1) ( http://www.bioinformatics.
babraham.ac.uk/ projects/ fastqc/ ). Reads were then aligned on
the A.thaliana reference genome TAIR10 using ShortStack
(v4.0.3, –mmap u) [ 18 ]. Genome annotations used for down-
stream analysis correspond to the TAIR10 annotation. Sam-
tools (v1.19) [ 19 ] was then used to extract 21 nt to 24 nt
reads with a MAPQ score ≥ 10 and removed reads mapping
to rRNA, tRNA, and miRNA (according to TAIR10 annota-
tion) in order to only keep reads we assume to correspond
to siRNA. Downstream analysis and plots were made with R

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag388#supplementary-data
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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Studio (v2025.09.0 + 387). Data parsing and processing were
made with packages dplyr (v1.1.4) and data.table (v1.17.18)
and plots were made with the package ggplot2 (v4.0.1). In all
the plots, siRNA abundance is expressed as reads per million
(RPM). 

Results 

Endogenous RTL1 expression in roots is 

insufficient to impact PTGS and siRNA levels 

Contrasting the absence of expression of RTL1 in vegetative
aerial parts, RTL1 mRNA is detected in roots [ 5 ]. To deter-
mine if endogenous RTL1 expression in roots could have an
impact on siRNA accumulation in this tissue, the accumu-
lation of endogenous siRNAs in roots of the rtl1-1 null al-
lele was compared to that of wild-type roots. Similar levels of
T AS1 , T AS2 , T AS3, and IR71 siRNAs were observed in wild-
type and rtl1-1 roots (Fig. 1 A), indicating that the absence of
RTL1 has no effect on siRNA accumulation when analyzing
whole root extracts. 

The efficiency of transgene S-PTGS was also compared be-
tween leaves and roots. Transgene S-PTGS is a process that
takes place at each generation during the early development
of the plant. In the Arabidopsis p35S:GUS line L1 , GUS ac-
tivity rapidly drops after germination to reach almost zero
in adult leaves [ 11 ]. Comparing GUS activity in roots and
leaves of L1 and L1 rdr6 plants revealed that S-PTGS causes
a dramatic reduction of GUS activity in both leaves and roots
(Fig. 1 B). Consistently, high amounts of GUS siRNAs are de-
tected in leaves and roots of L1 plants (Fig. 1 C), suggesting
that RTL1 expression in roots does not reduce S-PTGS effi-
ciency or siRNA levels when analyzing whole root extracts.
To further examine if RTL1 could have a subtle effect on S-
PTGS in roots, the L1 locus was introduced into the rtl1-1
null allele by crossing, and the kinetics of L1 S-PTGS were ex-
amined in L1 and L1 rtl1-1 shoots and roots. As expected, no
difference was observed between L1 and L1 rtl1-1 in shoots
where RTL1 is not expressed. No difference in the kinetics of
S-PTGS was also observed between L1 and L1 rtl1-1 in roots
(Fig. 1 D), indicating that RTL1 depletion has no impact on
L1 silencing when analyzing whole root extracts. 

Multiple hypotheses could explain these results: (i) endoge-
nous RTL1 expression in roots is too low to impact siRNA
accumulation, (ii) endogenous RTL1 expression in roots is re-
stricted to a very limited number of cell types (visible on https:
// bar.utoronto.ca/ eplant/ [ 20 ] and https://bioit3.irc.ugent.be/
plant- sc- atlas/root ). Therefore, the impact of RTL1 depletion
on endogenous siRNA accumulation or transgene S-PTGS
cannot be visualized when analyzing whole root extracts, (iii)
RTL1 mRNA is not translated into RTL1 protein in roots,
or (iv) RTL1 protein is produced in roots but is not func-
tional because roots lack a cofactor or specific modifications
that are necessary for RTL1 activity. To discriminate between
these hypotheses, a pUBQ10:RTL1 construct was introduced
into the L1 line, and GUS activity was measured in shoots
and roots of L1, L1 rdr6, and L1 pUBQ10:RTL1 plants (Fig.
1 B). S-PTGS was suppressed in both shoots and roots of L1
pUBQ10:RTL1 plants, indicating that, in roots, RTL1 is func-
tional, thus ruling out the third and fourth hypotheses. There-
fore, the fact that RTL1 deficiency has no impact on endoge-
nous siRNA accumulation and transgene S-PTGS efficiency
in whole root extracts suggests that endogenous RTL1 expres-
sion is too low and too restricted to certain cell types to impact 
S-PTGS of transgenes driven by a constitutive promoter, or to 

modify the accumulation of endogenous siRNAs produced in 

a larger number of cell types (see TAS expression patterns at 
https:// bioit3.irc.ugent.be/ plant- sc- atlas/root ). 

RTL1 eliminates mobile siRNAs 

The results presented above, as well as previous results [ 7 ,
9 ] indicate that RTL1 prevents the production of siRNAs.
Previous analyses revealed that RTL1 is able to cleave the 
dsRNA precursors of siRNAs, including the precursors of 24- 
nt siRNAs, whose size generally does not exceed 45-nt [ 7 ,
8 ]. Moreover, the accumulation of synthetic 34/36-nt dsRNAs 
was strongly reduced after incubation with RTL1 in vitro [ 21 ].
However, the possibility that RTL1 could also cleave siRNA 

duplexes in vivo has not been tested yet. Determining if RTL1 

can degrade siRNA duplexes in vivo implies expressing RTL1 

in tissues where siRNA duplexes but not their precursors are 
present. This can be achieved by grafting plants expressing 
mobile siRNA duplexes onto plants lacking siRNAs but ex- 
pressing RTL1 . 

At first, plants expressing a transgene producing mo- 
bile siRNA duplexes were grafted onto plants expressing 
RTL1 . For this purpose, shoots of the pSUC2:hpSUL line 
were grafted onto wildtype, dcl2 dcl3 dcl4 , rtl1-1 , rtl1-2 or 
p35S:RTL1 roots. The pSUC2:hpSUL line carries a transgene 
expressing a hairpin corresponding to a part of the SULFUR 

( SUL ) gene under the control of the SUC2 promoter, lead- 
ing to the production of SUL siRNAs in the phloem compan- 
ion cells [ 12 ]. Previous analyses revealed that SUL siRNA du- 
plexes are highly mobile and efficiently migrate from shoots 
to roots [ 22 ]. Indeed, similar levels of SUL siRNAs were 
detected in wildtype and dcl2 dcl3 dcl4 roots grafted onto 

pSUC2:hpSUL shoots (Fig. 2 ), indicating that SUL siRNA 

duplexes, but not the hpSUL dsRNA precursors of siRNAs,
are moving from shoots to roots. Levels of SUL siRNAs were 
also similar in wildtype, rtl1-1, and rtl1-2 roots grafted onto 

pSUC2:hpSUL shoots (Fig. 2 ), indicating that endogenous 
RTL1 expression in roots is not sufficient to reduce the level of 
mobile siRNA duplexes, similar to what has been observed on 

siRNAs expressed in roots (Fig. 2 ). Contrasting the high lev- 
els of 21 nt and 24 nt SUL siRNAs detected in wildtype roots 
grafted onto pSUC2:hpSUL shoots, neither 21 nt nor 24 nt 
SUL siRNAs were detected in p35S:RTL1 roots grafted onto 

pSUC2:hpSUL shoots (Fig. 2 ). These results not only confirm 

that RTL1 functions in roots, but, more importantly, reveal 
that RTL1 can degrade 21 nt and 24 nt siRNA duplexes in 

addition to longer dsRNA precursors. 
To determine if RTL1 can degrade any type of siRNA 

duplexes irrespective of their sequence, the impact of RTL1 

on mobile siRNAs was examined genome-wide. For this, we 
grafted shoots of the p35S:GUS line L1 (in a WT background) 
on roots of the pUBQ10:RTL1 line in a genetic background 

where siRNAs are not produced (i.e. in a dcl2 dcl3 dcl4 

triple mutant). Genome-wide sRNAseq analysis confirmed 

that a significant proportion of endogenous siRNAs move 
from wildtype ( L1) shoots to dcl2 dcl3 dcl4 roots through 

the graft union. In line with previous studies [ 23 , 24 ], the ma- 
jority of endogenous siRNAs moving from scion to rootstock 

corresponds to 23 nt and 24 nt siRNAs (Fig. 3 ). A close-up 

on siRNA origins showed that 23 nt/24 nt siRNAs moving 
from wildtype scions to dcl2 dcl3 dcl4 rootstocks come from 

https://bar.utoronto.ca/eplant/
https://bioit3.irc.ugent.be/plant-sc-atlas/root
https://bioit3.irc.ugent.be/plant-sc-atlas/root
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Figure 1. RTL1 is functional in roots but insufficiently expressed to impact siRNA-based PTGS. ( A ) RNA gel blot analysis showing the accumulation of 
endogenous siRNAs in 1-month-old whole roots of the indicated genotypes. Ethidium bromide staining of the gel is shown as a control. ( B ) GUS activity 
in lea v es and whole roots of 1-month-old plants carrying the p35S:GUS locus L1 in the indicated genot ypes. GUS activit y is in arbitrary units of 
fluorescence.ug of protein-1 .min-1 . Each dot represents an individual plant, and n > 7 for each genotype. ( C ) RNA gel blot analysis showing GUS siRNA 

accumulation in silenced plants carrying the p35S:GUS locus L1 . Ethidium bromide staining of the gel is shown as a loading control. ( D ) GUS activity in 
lea v es and whole roots of plants carrying the p35S:GUS locus L1 in the indicated genotypes was harvested at 7, 11, or 16 days after germination. GUS 
activity is in arbitrary units of fluorescence.ug of protein-1 .min-1 . Each dot represents a bulk of four plants, and n = 4 for each genotype. 
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Figure 2. Ectopically expressed RTL1 degrades mobile siRNA duplexes of exogenous origin. ( A ) Design of the experiment. At the two cotyledon stage, 
scions of plants expressing the pSUC2:hpSUL transgene are grafted onto roots of plants of the indicated genotypes, which do not carry the 
pSUC2:hpSUL transgene, allowing mobile SUL siRNAs to be detected in roots. ( B ) RNA gel blot analy sis sho wing the accumulation of SUL siRNAs in the 
pSUC2:hpSUL -grafted or non-grafted indicated genotypes. For each condition (grafted and non-grafted), SUL siRNA has been analyzed in both shoots 
and roots. For pSUC2:hpSUL -grafted plants, the part of the graft analyzed is indicated in bold. Ethidium bromide staining of the gel is shown as a control. 
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transposable elements (TEs) and protein-coding genes (PCGs)
(Fig. 3 ). In contrast, very few 21 nt/22 nt siRNAs move from
wildtype scions to dcl2 dcl3 dcl4 rootstocks (Fig. 3 ). Indeed,
analysis of L1 siRNAs and tasiRNAs, which represent the
main producers of 21 nt/22 nt siRNA in shoots, showed no
specific enrichment of 21 nt/22 nt siRNA in recipient dcl2 dcl3
dcl4 rootstocks, while they together account for more than
55% of this type of siRNA in wildtype ( L1) shoots (Fig. 3 ).
The profile of phased secondary 21 nt/22 nt siRNAs referred
to as tasiRNAs and phasiRNAs, depending on whether they
derive from the cleavage of coding (phasi) or non-coding (tasi)
mRNA by a 22 nt miRNA [ 3 , 4 ], followed the same behavior
(Fig. 3 ). Finding that 23 nt/24 nt siRNAs move more efficiently
than 21 nt/22 nt siRNAs through a graft-union was consistent
with previous reports [ 23 , 24 ]. This over-representation of 23
nt/24 nt mobile siRNAs compared to 21 nt/22 nt siRNAs in
grafted dcl2 dcl3 dcl4 rootstocks suggests that 21 nt/22 nt
siRNA species specifically loaded into PTGS-related AGOs
(i.e. mostly AGO1 and AGO2) are mainly consumed where
their RNA targets are produced, allowing only a slight and al-
most undetectable amount to move through vascular tissues,
a process previously referred to as consumption [ 22 ]. In con-
trast to dcl2 dcl3 dcl4 rootstocks grafted onto wildtype ( L1)
shoots, which accumulate mobile siRNAs, siRNAs were found
at a background level in grafted dcl2 dcl3 dcl4 pUBQ:RTL1
roots (Fig. 3 ), indicating that RTL1 has the capacity to degrade
all mobile siRNA duplexes. Indeed, all classes of siRNAs de-
rived from TEs, PCGs, TAS , PHAS, and GUS loci were absent,
indicating that RTL1 degrades mobile siRNAs, irrespective of
their size or origins. 

Ectopic RTL1 expression can eliminate siRNAs in a 

tissue-specific manner 

The results presented above indicate that constitutive expres-
sion of RTL1 under the control of the 35S or UBQ10 pro-
moter prevents the accumulation of endogenous or transgenic
siRNAs in every tissue. To examine if cell-specific RTL1 ex-
pression could be used to eliminate siRNAs from specific cell
types, a pSUC2:RTL1 transgene was generated and intro-
duced into the pSUC2:hpSUL and pSUC2:hpPDS lines. Sim-
ilar to the pSUC2:hpSUL line that carries a transgene pro-
ducing SUL siRNAs in the phloem companion cells, which
induces SUL silencing in the layer of cells surrounding the 
phloem [ 12 ], the pSUC2:hpPDS line carries a transgene that 
produces PDS siRNAs in the phloem companion cells, re- 
sulting in PDS silencing in the layer of cells surrounding 
the phloem [ 13 ]. Expressing RTL1 specifically in the phloem 

companion cells using the pSUC2:RTL1 transgene suppressed 

PDS and SUL PTGS as efficiently as expressing a p35S:RTL1 

transgene (Fig. 4 A), indicating that cell-specific expression of 
RTL1 at the site of dsRNA production is sufficient to destroy 
dsRNA and siRNA duplexes before they move to adjacent 
cells. 

RTL1 expression in phloem companion cells delays 

systemic S-PTGS propagation 

During transgene S-PTGS, silencing is initiated locally and 

subsequently becomes systemic, due to siRNA propagation 

within the plant. Transgene siRNA duplexes can move from 

cell to cell through plasmodesmata, but also at long distances.
This last movement was demonstrated by grafting scions of 
lines that never trigger S-PTGS spontaneously onto rootstocks 
of lines that spontaneously undergo S-PTGS, allowing S-PTGS 
to be established in the grafted scions [ 26 –28 ]. This long- 
distance propagation cannot be due only to the movement 
of siRNA duplexes from cell to cell. Indeed, three-part graft- 
ing experiments using a piece of wild-type tobacco stem in- 
terspersed between a silenced rootstock and a non-silenced 

target scion revealed long-distance movement through the 
phloem [ 27 ]. For this to happen, siRNA duplexes need to be 
loaded from source cells into the phloem and subsequently un- 
loaded in sink cells. Because phloem companion cells (PCCs) 
were proposed to play a key role in siRNA movement and 

in the systemic aspect of S-PTGS [ 25 ], grafting experiments 
were carried out using an Arabidopsis line expressing RTL1 

in the phloem companion cells in order to destroy mobile 
siRNA duplexes specifically in this cell type. For this pur- 
pose, the pSUC2:hpPDS pSUC2:RTL1 transgenic line that 
suppresses PDS PTGS the most efficiently was crossed to 

the p35S:GUS line 6b4 , which never triggers S-PTGS sponta- 
neously, but has the capacity to undergo S-PTGS upon graft- 
ing onto rootstocks of the p35S:GUS line L1 , which spon- 
taneously undergoes S-PTGS [ 28 ]. F2 plants homozygous for 
the pSUC2:RTL1 locus and the 6b4 locus, and that have elim- 
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Figure 3. Ectopically expressed RTL1 degrades mobile siRNAs of endogenous origin. Small RNAs were extracted from non-grafted leaves or roots of 
wildtype (p35S:GUS L1) plants, dcl2 dcl3 dcl4 (dcl2/3/4) triple mutant or dcl2 dcl3 dcl4 plants expressing a pUBQ:RTL1 transgene (dcl2/3/4 OE RTL1,) or 
roots of dcl2/3/4 or dcl2/3/4 OE RTL1 plants grafted on wildtype (p35S:GUS L1) shoots, and subjected to high throughput sequencing. Experiments 
w ere perf ormed in triplicate. siRNA siz e distribution is sho wn f or the whole genome (Genome), protein-coding genes (PCG), transposable elements (TE), 
non-coding genes producing phased siRNAs upon clivage by a miRNA (TAS), coding genes producing phased siRNAs upon clivage by a miRNA (PHASI), 
and the bacterial sequence encoded by the p35S:GUS transgene (GUS). siRNAs correspond to reads that perfectly match the A.thaliana nuclear genome. 
e x cluding miRNA, rRNA, and tRNA. The proportion of each size of siRNA is indicated by a different color. Values are expressed in reads per million (rpm). 

i  

a  

d  

p  

p  

s  

p  

s  

t  

l  

s  

d  

d  

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/54/8/gkag388/8661299 by guest on 20 M

ay 2026
nated the pSUC2:hpPDS locus, were selected. At first, GUS
ctivity was compared in the different lines. As expected, no
ifference was observed between 6b4 and 6b4 pSUC2:RTL1
lants (Fig. 4 B). Then, the efficiency of graft-induced S-PTGS
ropagation was examined in 6b4 and 6b4 pSUC2:RTL1
cions grafted onto L1 rootstocks. An important delay in the
ropagation of S-PTGS was observed in 6b4 pSUC2:RTL1
hoots grafted onto L1 roots (Fig. 4 C), indicating a contribu-
ion of phloem companion cells in systemic S-PTGS. Neverthe-
ess, all grafted scions eventually triggered systemic S-PTGS,
uggesting either that RTL1 is not sufficiently expressed un-
er the pSUC2 promoter to totally eliminate mobile siRNA
uplexes from all companion cells or that mobile siRNA du-
plexes can be unloaded from the phloem through other cell
types. 

To further examine the role of phloem companion cells in
systemic S-PTGS, 6b4 pSUC2:RTL1 shoots were grafted onto
the roots of a second transgenic line undergoing GUS S-PTGS
but based on a different transgenic system. For this purpose,
6b4 and 6b4 pSUC2:RTL1 shoots were grafted onto the roots
of line pUBQ10:GFP-GUS#20 . As previously observed for
6b4 pSUC2:RTL1 shoots grafted onto L1 roots, the estab-
lishment of S-PTGS in 6b4 pSUC2:RTL1 shoots grafted onto
pUBQ10:GFP-GUS#20 roots was delayed compared to that
of grafted 6b4 shoots, and a fraction of the plants did not
trigger S-PTGS at all (Fig. 4 D), confirming that the ablation
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Figure 4. RTL1 expression in phloem companion cells delays S-PTGS systemic propagation. ( A ) Pictures of plants expressing p35S:RTL1 or pSUC2:RTL1 
in pSUC2:hpPDS or pSUC2:hpSUL lines. ( B ) GUS activity in lea v es of 1-month-old plants of the non-silenced p35S:GUS line 6b4 , carrying or not the 
pSUC2:RTL1 locus derived from the pSUC2:hpPDS/pSUC2:RTL1 line showing the most efficient suppression of the pSUC2:hpPDS phenotype (shown 
in A). GUS activity is in arbitrary units of fluorescence.ug of protein −1 .min −1 . ( C ) Time course of S-PTGS establishment in non-silenced scions of lines 
6b4 grafted onto silenced p35S:GUS ( L1) rootstocks ( 6b4 // L1, n = 50) or 6b4 pSUC2:RTL1 scions grafted onto L1 rootstocks ( 6b4 pSUC2:RTL1 // L1, 
n = 47). Grafted scions are considered silenced when GUS expression is less than 5% of non-grafted controls. ( D ) Time course of S-PTGS 
establishment in non-silenced scions of lines 6b4 grafted onto silenced pUBQ10:GFP-GUS (3124#16) rootstocks ( 6b4 // 3124#16, n = 28) or 6b4 
pSUC2:RTL1 scions grafted onto 3124#16 rootstocks ( 6b4 pSUC2:RTL1 // 3124#16, n = 27). Grafted shoots are considered silenced when GUS 
expression is less than 5% of non-grafted controls. 
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of GUS siRNAs in phloem companion cells strongly impacts
the systemic aspect of S-PTGS. 

Discussion 

RTL1 is the simplest RNaseIII enzyme encoded by the Ara-
bidopsis genome [ 5 ]. It comprises a unique RNaseIII domain
and a unique DRB domain, which likely specializes this en-
zyme to recognize and cleave only perfectly paired dsRNA.
Indeed, R TL1 over -expression prevents the accumulation of
all siRNAs, but not of miRNAs, which derive from imperfectly
paired dsRNA [ 7 ]. Because it prevents the accumulation of ev-
ery siRNA produced from the 13 000 siRNA-producing loci
[ 7 ], RTL1 likely acts in a structure-dependent but sequence-
independent manner. The analysis of plants that express RTL1
in a dcl2 dcl3 dcl4 triple mutant, in which siRNA precursors
accumulate because they cannot be processed, previously re- 
vealed that RTL1 cleaves long dsRNA [ 7 ]. We and others also 

showed that RTL1 is able to cleave shorter dsRNA in vitro [ 7 ,
8 , 21 ]. However, it has long remained unclear if RTL1 was able 
to cleave siRNA duplexes in vivo in addition to cleaving their 
precursors. Indeed, addressing this question implies express- 
ing RTL1 in cells accumulating siRNAs but where their pre- 
cursors are not produced. Separating the site of dsRNA pro- 
duction from the site of siRNA accumulation can be achieved 

by grafting wild-type plants onto dcl2 dcl3 dcl4 triple mu- 
tants because siRNA duplexes, but not their precursors, have 
the capacity to move through vascular tissues [ 22 –24 ]. There- 
fore, grafting wildtype plants onto dcl2 dcl3 dcl4 triple mu- 
tants expressing RTL1 allows determining if RTL1 can tar- 
get siRNA duplexes unambiguously. The genome-wide anal- 
ysis performed in this study reveals that RTL1 is capable of 
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estroying every siRNA duplex (Figs 2 and 3 ), which con-
rms its sequence-independent activity. RTL1’s ability to de-
troy siRNA duplexes in addition to their precursors indicates
hat RTL1 does not need to compete with DCL2, DCL3, and
CL4 to bind to siRNA precursors and destroy them before

hey are processed by the DCLs. Indeed, even if a fraction
f siRNA precursors escape destruction by RTL1 and remain
rocessed by DCL2, DCL3, or DCL4, the resulting siRNAs are
ubsequently destroyed by RTL1, which explains why plants
ver -expressing R TL1 phenocopy dcl2 dcl3 dcl4 triple mu-
ants and lack all siRNAs [ 7 ]. 

Despite RTL1’s capacity to destroy siRNA duplexes or
recursors, wildtype Arabidopsis plants accumulate mature
iRNAs, suggesting that wildtype plants lack RTL1 activity
Fig. 1 ). Indeed, RTL1 is naturally not expressed in vegeta-
ive tissues except in roots. However, the results obtained by
omparing wildtype plants, rtl1 mutants, and plants overex-
ressing RTL1 indicate that RTL1 is functional in roots but
hat its native level of expression is insufficient to affect the
iRNA repertoire or the siRNA-dependent PTGS capacity of
he plant. Therefore, one could consider that RTL1 is not ex-
ressed at all in vegetative tissues under normal conditions,
nd that it plays no role in the siRNA homeostasis. Only
hen RTL1 is induced in vegetative tissues during virus in-

ection does it appear to play a detectable role. However, this
ole appears mostly deleterious to the plant because destroy-
ng the siRNAs produced by the antiviral PTGS defense of
he plant promotes viral infection [ 7 , 9 ]. Therefore, the rea-
on why this gene is maintained in the Arabidopsis genome
emains unknown. Whether it has a positive or adaptive role
emains to be determined. RTL1 expression is also detected in
he endosperm, an essential tissue of the seed where genomic
xpression is highly reprogrammed. Therefore, it is possible
hat RTL1 expression is required in this tissue. However, rtl1
utants are perfectly fertile, leaving open this question. 
The fact that Arabidopsis vegetative tissues do not express

TL1 or express it at levels insufficient to degrade siRNA
uplexes makes it a fantastic tool to investigate the role of
iRNAs in each cell type and at each stage of development
y expressing it under specific promoters, thus allowing to
pecifically eliminate siRNAs at a given time and in a given
ell type. So far, small RNA neutralization could only be
chieved using virus-encoded proteins that sequestrate small
NAs such as P19, Hc-Pro, P21, p15, p130/p126/p122, γB,
S3, Pns10, and NSs (reviewed in [ 29 ]). The most charac-

erized is the tombusviral P19 protein, which acts as a ho-
odimer to size-select and sequester small RNA duplexes in a

equence-independent manner [ 30 , 31 ]. As a result, P19 binds
nly to 21 –22-nt small RNAs, including miRNAs and siR-
As, but not to longer ones. In particular, it does not bind

o 24-nt siRNAs, which represent the largest class of siRNAs
n plants. Moreover, because P19 sequestrates both miRNAs
nd siRNAs, its expression results in pleiotropic defects ow-
ng to the widespread role of miRNAs. Consequently, P19 is
ostly used in transient assays to prevent the silencing of the

xtra-chromosomal copies of the introduced transgene, and
ot for making stable transformants [ 32 ]. Ectopic RTL1 ex-
ression therefore provides a unique tool for specifically elim-
nating siRNAs, irrespective of their size, and without unin-
ended side-effects on the miRNA pathway. Previous work
howed that expressing RTL1 under the control of promot-
rs specific to the sperm cell and vegetative nucleus eliminates
istinct populations of siRNAs in pollen [ 33 ]. However, it was
not clear whether siRNA precursors or mature siRNAs were
destroyed, and if mobile siRNAs were still exchanged between
the different compartments. The work we described here re-
veals that both siRNA precursors and siRNA duplexes are
targeted by RTL1, allowing us to use RTL1 for unambiguous
cell-specific ablation of siRNAs. P19 siRNA sequestration was
shown to work in vitro in the Drosophila embryo extract sys-
tem [ 34 ]. Whether RTL1 could also function in heterologous
systems remains to be determined. 

One of the key questions concerning PTGS in plants is how
siRNA duplexes move over long distances. It is clear that siR-
NAs circulate in the phloem, but the exact cell-type(s) allow-
ing siRNA loading in and unloading from the phloem are un-
known. Phloem companion cells (PCCs) were proposed to be
instrumental in this process [ 25 ] To determine if PCCs actu-
ally are involved, we expressed RTL1 specifically in this cell
type. At first, we verified that RTL1 is active in this cell type by
expressing RTL1 in the PCCs of plants producing mobile siR-
NAs specifically in this tissue. The action at a distance of such
siRNAs was blocked by RTL1, indicating that RTL1 is active
in phloem companion cells and sufficiently expressed to de-
stroy siRNA duplexes before they can move to adjacent cells
(Fig. 4 A). Then, RTL1 was expressed in phloem companion
cells of a plant expressing a p35S:GUS reporter that naturally
is not silenced but can undergo PTGS upon grafting on a si-
lenced rootstock providing PTGS-initiating siRNAs through
the phloem. PTGS transmission from a rootstock exhibiting
robust ( p35S -driven) silencing to an RTL1 -expressing non-
silenced scion was delayed (Fig. 4 C), indicating that phloem
companion cells actually play an important role in the long-
distance movement of siRNA duplexes. The late establishment
of systemic S-PTGS may be due to the fact that pSUC2 expres-
sion is low in sink leaves compared to source leaves [ 35 –37 ].
Accordingly, RTL1 may be sufficiently expressed in source
leaves to degrade all mobile siRNA duplexes, but not in sink
leaves, allowing limited amounts of mobile siRNA duplexes
to enter this part of the scion and eventually trigger PTGS
in mesophyll cells, although in a delayed manner. Alterna-
tively , but not exclusively , one cannot totally rule out that mo-
bile siRNA duplexes use alternative routes and are loaded in
and unloaded from the phloem through other cell types. Nev-
ertheless, grafting experiments performed with a rootstock
exhibiting a weaker ( pUBQ10 -driven) silencing showed fur-
ther delay in the transmission of PTGS to non-silenced scions,
with some scions actually remaining non-silenced (Fig. 4 D).
This last result supports the hypothesis that siRNA duplexes
move exclusively through phloem companion cells, but that
a pSUC2:RTL1 construct is insufficiently expressed in sink
leaves to degrade all mobile siRNA duplexes, especially if they
are produced in very large amounts, for example using a p 35S -
driven transgene as a source of mobile siRNA duplexes. 
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