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ABSTRACT

Translation-dependent mRNA quality control sys-
tems protect the protein homeostasis of eukaryotic
cells by eliminating aberrant transcripts and stimu-
lating the decay of their protein products. Although
these systems are intensively studied in animals, lit-
tle is known about the translation-dependent qual-
ity control systems in plants. Here, we character-
ize the mechanism of nonstop decay (NSD) sys-
tem in Nicotiana benthamiana model plant. We show
that plant NSD efficiently degrades nonstop mRNAs,
which can be generated by premature polyadenyla-
tion, and stop codon-less transcripts, which are pro-
duced by endonucleolytic cleavage. We demonstrate
that in plants, like in animals, Pelota, Hbs1 and SKI2
proteins are required for NSD, supporting that NSD
is an ancient and conserved eukaryotic quality con-
trol system. Relevantly, we found that NSD and RNA
silencing systems cooperate in plants. Plant silenc-
ing predominantly represses target mRNAs through
endonucleolytic cleavage in the coding region. Here
we show that NSD is required for the elimination of
5’ cleavage product of mi- or siRNA-guided silencing
complex when the cleavage occurs in the coding re-
gion. We also show that NSD and nonsense-mediated
decay (NMD) quality control systems operate inde-
pendently in plants.

INTRODUCTION

In eukaryotic cells, various quality control systems function
to identify and degrade aberrant mRNAs thereby prevent-
ing the accumulation of aberrant proteins (1). Normal eu-
karyotic mRNAs are single-stranded monocistronic tran-
scripts, which have a cap at the 5’ end, a polyA tail at the

3" end, and contain characteristic 5 and 3’ untranslated re-
gions (UTR). Quality control systems recognize an mRNA
as an aberrant transcript if any of these features is lacking
or is very unusual.

Eukaryotic mRNAs form stable ring-like structures as
the eIF4G component of the 5’ cap binding complex binds
to the polyA Binding Protein (PABP). This structure sta-
bilizes the mRNA and stimulates its translation. Degrada-
tion of mRNAs is tightly regulated (1,2). The rate-limiting
step of normal mRNA decay is deadenylation, which finally
leads to the dissociation of PABP. Subsequently, 3'-5" ex-
onuclease complexes can degrade the transcript and/or the
5" cap is removed, and then the decapped mRNA is decayed
by the XRN -3’ cytoplasmic exonuclease (3,4). RNA qual-
ity control systems quickly degrade the identified aberrant
transcript by circumventing the rate-limiting deadenylation
step of normal mRNA decay.

At least three quality control mechanisms, the nonsense-
mediated decay (NMD), the nonstop decay (NSD) and the
no-go decay (NGD) systems monitor the quality of mR-
NAs during translation (5,6). NMD identifies premature
termination codon containing mRNAs, NSD recognizes
mRNAs lacking an in-frame stop codon, while NGD tar-
gets mRNAs, which contain elongation inhibiting features
such as secondary structures or modified nucleotides. These
translation coupled quality control systems have to (i) de-
grade the faulty transcripts to prevent further production of
the aberrant proteins, (ii) rescue and recycle the ribosomes
from the transcripts and (iii) eliminate the aberrant protein
products (6). Translation coupled quality control systems
accelerate the degradation of aberrant mRNAs by stimu-
lating deadenylation-independent decapping, triggering en-
donucleolytic cleavage or by accelerating deadenylation. Ri-
bosome dissociation and recycling is coupled to normal or
quality control specific translation termination (see below),
whereas the proteins synthesized from aberrant transcripts
might be eliminated by the Ribosome-associated Quality
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Control system (referred to as RaQC instead of the fre-
quently used RQC abbreviation because the latter one is
also used for plant RNA quality control system) (7). Rel-
evantly, in addition to eliminating faulty transcripts, these
quality control mechanisms are also involved in the regula-
tion of several wild-type mRNAs. Although these systems
have been intensively studied in yeast and animals, plant
NMD is poorly understood and neither NSD nor NGD was
studied in plants.

NSD and NGD are closely related quality control sys-
tems. The Pelota [in mammals, and Dom34 (Duplication Of
Multilocus region) in yeast] and the Hbs1 (Hsp70 subfamily
B Suppressor) proteins play important role in both systems
(8). NSD targets two types of stop-codon free mRNAs, non-
stop mRNAs, which contain polyA sequences at the 3’ end,
and stop codon-less mRNAs, which lack the polyA tail (9).
Nonstop mRNAs are generated by premature polyadenyla-
tion, while an endonucleolytic cleavage in the coding region
leads to the production of stop codon-less mRNAs. NSD
identifies stop-codon free mRNAs at the termination step
of translation (8,10). When a translating ribosome reaches
a stop codon of a normal mRNA, the eRF1-¢eRF3-GTP
termination complex binds to the A-site. GTP-hydrolysis
by eRF3 leads to dissociation of eRF3 and conformation
changes of eRF1. Upon accommodation of eRF1, the AT-
Pase ABCE1 (ATP-Binding Cassette Sub-Family E Mem-
ber 1) is recruited. Finally, the synthesized peptide is re-
leased and the ribosome is dissociated and recycled (7,11).
By contrast, when a ribosome translates a nonstop or a stop
codon-less mRNA, it can reach the 3’ end of the transcript.
The A-site will be empty, thus the canonical termination
complex fails to bind it. According to the current model of
animal NSD, the Pelota-Hbs1-GTP (NSD) complex is re-
cruited to the empty A-site (6,12). The Hbs1 resembles to
eRF3, while the Pelota is similar to eRF1 but lacks the se-
quences required for stop codon identification and peptide
release. Thus, the NSD complex can bind the A-site codon-
independently and terminate translation without peptide
release. Hbsl-mediated GTP hydrolysis leads to dissocia-
tion of Hbsl, conformation changes of Pelota and finally
to the recruitment of ABCE1. The ABCEI with the Pelota
triggers unusual termination. The subunits are dissociated,
the mRNA is dropped but the peptidyl-tRNA at the P-site
remains associated with the 60S subunit. The NSD target
transcript could be quickly degraded by the SKI-exosome
3-5" cytoplasmic exonuclease complex or after decapping
by the XRN1 exonuclease (13,14). The exosome complex
consists of ten proteins, while the associated SKI complex
is comprised by the SKI2, SKI3 and SKI8 proteins. The
non-canonical translation termination generated peptidyl-
tRNA-60S complex is identified by the RaQC system, which
leads to ubiquitination and degradation of the faulty pro-
tein (7).

In yeast, the SKI7 protein, which is part of the yeast SKI
complex and resembles to eRF3, also plays a role in the
degradation of nonstop transcripts (15,16). It might bind
to the empty A-site and recruits the SKI-exosome complex
to degrade the transcripts. Recently, it was shown that in
certain fungi alternative splicing products of Hbsl encode
SKI7 protein (17). In vertebrates, the HBS1 end SKI7 en-
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coding mRNAs are also generated by alternative splicing
from a single transcript. However, vertebrate SKI7 is not
involved in NSD, it plays only role in the general mRNA
decay (18).

NGD degrades transcripts when the elongation is inhib-
ited (19). Stalling of the elongating ribosome triggers the
endonucleolytic cleavage of the mRNA by an unknown nu-
clease, close to the stalled ribosome. The 3’ cleavage product
is degraded by the XRN 5-3' exonuclease. Relevantly, the
5’ cleavage product is a stop codon-less transcript, thus the
translating ribosome can run to the 3’ end of it, and then
the translation is terminated by the NSD machinery (6).
As polyA sequences are translated very inefficiently, trans-
lation of the polyA tail of a nonstop transcript frequently
leads to ribosome stalling. This might trigger NGD-type en-
donucleolytic cleavage of the mRNA, and then the 5 cleav-
age product is eliminated by the NSD machinery (20).

Other RNA quality control mechanisms, such as the
plant RNA silencing amplification pathway that tar-
gets non-capped and non-polyadenylated aberrant mR-
NAs (21,22), might operate independently from transla-
tion. RNA silencing is triggered by double-stranded RNA
(dsRNA) and causes degradation (or translational repres-
sion) of the RNAs homologous to the trigger. dSSRNAs are
processed by a member of the DICER enzyme family (in
plants, DICER-LIKE proteins, DCLs) into 21-24 nt small
RNA (sRNA) (23,24). In plants, microRNAs (miRNA) and
small interfering RNAs (siRNA) are the most important
sRNAs. In Arabidopsis thaliana, miRNAs are cleaved by
DCLI1 from hairpin-structured single-stranded transcripts,
while siRNAs are produced by DCL2, DCL3 and DCL4
from long dsRNAs (25). sSRNAs are loaded onto one of the
AGO proteins, the key components of the RNA-Induced
Silencing Complex (RISC) (26). In plants, RISC exerts its
negative regulation on target mRNAs mainly by cleavage
and at a lesser extent by translation inhibition (27,28). The
cleavage occurs mostly within the coding region. RISC-
cleavage generated products are 5’ non-polyadenylated and
3’ uncapped RNA fragments. In plants, these cleavage prod-
ucts can be degraded by exonucleolytic pathways or become
substrates to RNA-dependent RNA polymerase (RDR)-
mediated silencing amplification (29-31). In Arabidopsis,
the 5’ (and much less efficiently the 3’) cleavage fragments of
RISC can be converted into dsSRNA by RDR6 (32,33), and
then secondary siRNAs are generated from these dSRNAs
by DCL2 and DCL4 (34,35). Finally, the secondary siR-
NAs guide RISC complexes to target transcripts, thereby
amplifying the silencing response. This RDR-mediated si-
lencing amplification plays a critical role in antiviral re-
sponses. Relevantly, the cleavage products of miRNA tar-
gets are efficiently degraded by non-silencing pathways.
This prevents the uncontrolled amplification of silencing
(32,36). It was shown that RDR6 can also generate sec-
ondary siRNAs from endogenous miRNA targets (called
rqc- or ct-siRNAs) if both the XRN4-mediated 5'-3’ and the
SKI-exosome 3'-5" cytoplasmic exonuclease pathways are
inactivated, and that these rqcRNAs cause dramatic pheno-
types (36-38). Thus the efficient decay of silencing cleavage
products by the exonucleolytic pathways is essential to pro-
tect the cell from the accumulation of detrimental rqcRNAs
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(32,36,37,39). In Arabidopsis, the 3’ cleavage fragments of
RISC are eliminated by XRN4 (31,40,41), while the 5’ cleav-
age fragments are overaccumulated in xrn4 mutants and in
plants, in which the SKI-exosome main 3'-5" exonuclease
complex is inactivated (31,37,41). Moreover, recent results
have shown that 5 cleavage fragments are also overaccu-
mulated if RICE, a RISC complex associated specific 3'-5
exonuclease is depleted (42). It was proposed that HESO1-
mediated uridylation of the 5’ cleavage fragments facilitate
both XRN4 and RICE pathways in Arabidopsis (41). Thus
in Arabidopsis, both 5'-3" and 3’-5" exonucleases are impor-
tant for the degradation of 5 cleavage fragments and for the
prevention of unregulated silencing amplification (43). It is
not known why RDR6 generates secondary SRNAs from 5’
cleavage products of viral siRNAs but not from 5’ cleavage
fragments of endogenous miRNAs.

To better understand how the silencing generated cleav-
age fragments are eliminated, we studied the degradation of
silencing products in Nicotiana benthamiana model species.
As the NSD system eliminates the stop codon-less mRNAs
in animals, and the 5 cleavage fragments of miRISC are
stop codon-less mRNAs in plants, we hypothesized that the
NSD machinery is involved in the decay of RISC gener-
ated 5’ cleavage products in plants. Here we show that plant
NSD degrades both nonstop and stop codon-less mRNAs,
and that Pelota, HBS1 and SKI2 are required for the elim-
ination of these aberrant transcripts. Then we demonstrate
that NSD plays an important role in the elimination of the 5’
cleavage products of miRNA- or siRNA-guided RISC com-
plexes when the cleavage occurs within the coding region.
Thus NSD and RNA silencing systems act cooperatively in
plants. In contrast, plant NSD and NMD systems operate
independently.

MATERIALS AND METHODS
Plasmid constructs

P14, GFP, G-600, UIDN, TRV-P (44,45), TRV-P-XRN4,
PPG (40), GFP-171.1, amiR-GFP (46), miR-171c (47),
35S:AtTAS1b and 35S:miR 173 (34) clones were previously
described. Other constructs and the primers used in this
study are described in detail in the Supplementary Data S1
file.

Plant growth conditions

Nicotiana benthamiana plants were grown in the green-
house. After agroinfiltration or VIGS treatment (see be-
low) the plants were kept in a growth chamber at 23°C un-
der 16 h/8 h light/dark condition. Columbia wild type and
pelotal and hbsl T-DNA mutants (Pelotal:At4G27650,
SAIL_881_B10 and Hbsl: At5G10630, WiscDsLox477-
480D24) Arabidopsis plants were grown in a light room, at
16 h/8 h. light/dark condition, at 23°C day and 18°C night
temperature.

Agroinfiltration assay

Agroinfiltration is the most efficient transient gene (co-
Jexpression system for plants (48). To co-express different

genes, each construct is introduced into an Agrobacterium
tumefaciens strain, and then the different Agrobacterium
cultures are mixed before infiltration. Agroinfiltration was
described previously (49). Wild-type or silenced N. ben-
thamiana leaves were agroinfiltrated with a mixture of bac-
terium cultures (ODg of each culture was 0.4, or in the case
of P14 0.2). At least two cultures are mixed, one expresses
the P14 internal control, whereas the second bacterium ex-
presses the test or the control construct (50). Agroinfiltra-
tion induces RNA silencing, thus P14 also served as a si-
lencing suppressor in these assays (the role of P14 is de-
scribed in detail at Supplementary Data S1). We have previ-
ously shown that under these experimental conditions, the
P14 does not modify the NMD or the miRNA-based silenc-
ing experiments (40). However, as P14 affects the tasiRINA
pathway, it was omitted from that assay. Cycloheximide
treatment of agroinfiltrated leaves was conducted as de-
scribed (50).

VIGS-agroinfiltration assay

Virus-induced gene silencing (VIGS) is the most effective
transient gene silencing system for plants (51). Combina-
tion of VIGS and agroinfiltration (VIGS-agroinfiltration)
can be used to identify NSD trans factors. The VIGS-
agroinfiltration system is described in detail in the Supple-
mentary Data Sl file and Supplementary Figure S1.

To silence a gene (or a gene family), a segment from
the target gene is incorporated into a Tobacco Rattle Virus
(TRV) VIGS vector. If a gene family is targeted, a con-
served segment is cloned, while specific regions are used for
gene-specific inactivation. To silence a gene, N. benthami-
ana plants were infected with the recombinant TRV VIGS
vectors (sequences of the VIGS fragments are shown at
Supplementary Data S1). TRV infection induces antiviral
RNA silencing response, thus the virus concentration will
be very low in the upper leaves. Moreover, the silencing will
specifically inactivate the host genes that are homologous to
the incorporated sequence. To trigger VIGS, ~21 days old
N. benthamiana plants were co-agroinfiltrated with a mix-
ture of three Agrobacterium cultures. One expressed P14,
the second expressed TRV RNAT1 and the third expressed
TRV RNAZ2 containing segments from N. benthamiana PDS
(phytoene desaturase) gene or from PDS and ~600 nt long
sequence from the coding region of the gene what we want
to silence. PDS is used to monitor silencing. When the up-
per leaves started to bleach (indicating that PDS silencing
was efficient and suggesting that the silencing of the gene
of interest is also effective), leaves under the bleaching ones
were agroinfiltrated (45). Quantitative RT-PCR (qRT-PCR)
assays confirmed that the target mRNA levels were sig-
nificantly reduced (Supplementary Figure S1B). Arabidop-
sis Pelotal and Hbsl genes were used for complementa-
tion assays. The domain structures of the predicted proteins
and the alignments of their N. benthamiana homologs of
Pelota, Hbsl and SKI2 are shown at Supplementary Fig-
ures (Supplementary Figures S2-S5). For complementation
assay (Supplementary Figure S6), the silenced leaves were
co-infiltrated with three cultures, one expressing P14, the
second expressing the NSD reporter and the third one ex-
pressing the tested factor.



RNA gel blot, qRT-PCR and oligoT binding assays

RNA gel blot assays were previously described (49). Briefly,
total RNA was isolated and separated on denaturing
agarose gel. For small RNA gel blots, the RNA samples
were separated on UREA-PAGE (47). The gels were blotted
and hybridized with radioactively labeled probes.

For qRT-PCR assays, cDNA was synthesized with Rever-
tAid First Strand cDNA Synthesis kit (Thermo Scientific)
from DNAse I treated total RNA samples. qRT-PCR as-
says were carried out with Fast Start Essential DNA Green
Master Mix (Roche) in a Light Cycler 96 (Roche) Real-Time
PCR machine.

To assess if the NSD reporter transcripts accumulate in
deadenylated form, total RNA samples were hybridized
with oligo(dT) cellulose (MicroPoly[A]PuristTM Small
Scale mRNA Purification Kit, Ambion) according to the
manufacturer’s protocol. The bound and supernatant frac-
tions were subjected to RNA gel blot assays.

RNA-sequencing and data processing

For Arabidopsis RNA-seq assays, leaves of 30 days plants
were used. For RNA-seql and RNA-seq2 experiments,
PDS-silenced and P-Pelota-silenced N. benthamiana plants
were separately generated and were differently selected. For
RNA-seql, P-Pelota-silenced plants were selected, in which
the SCL6-1V 5cleavage fragments overaccumulated mod-
erately (and similarly), while for RNA-seq2, P-Pelota sam-
ples were selected, in which the SCL6-1V 5 fragment over-
accumulated dramatically (also see figure legends for Sup-
plementary Figures S8 and S11).

For RNA sequencing, libraries were prepared from total
RNA samples with Illumina® Ribo-Zero™ rRNA Removal
(Plant Leaf) and TruSeq™ v2 RNASeq Library Prepara-
tion Kits. At Seq2 ScriptSeq™ v2 RNASeq Library Prepa-
ration Kit was used. Briefly, cDNAs were transcribed with
random primers from rRNA-depleted samples. Sequencing
was performed as a paired-end at RNA-seql and Arabidop-
sis RNA-seq or as a single-end at RNA-seq2 on Illumina
HiSeq 2500 platform, resulting in 30-50 M (for paired-end)
and ~20 M (for single-end) read per sample (library prepa-
ration and sequencing were conducted as a service by Ge-
newiz, Inc. and UD-Genomed Medical Genomics Tech-
nologies LTD). Read alignment, transcript assembly, MA
and PCA Plots and differential gene expression (DGE) were
conducted with the ‘new Tuxedo’ protocol using Hisat2
v2.1.0, StringTie 1.3.3b, DeSeq2 v1.18.1 software versions
(52,53). For the DGE analysis the draft genome of N. ben-
thamiana was downloaded from the Sol Genomics Net-
work’s FTP server (54). For the Arabidopsis DGE anal-
ysis TAIR10 genome annotation was downloaded from
the Phytozome database (55,56). N. benthamiana and Ara-
bidopsis degradome data were retrieved from NCBI BioPro-
ject database (accession numbers: PRJINA288746 and PR-
JNA407271, respectively). For GO analysis the AgriGO v2
server was used (57). To define miRNA cleavage positions
in leaves, published degradome and sRNA libraries were
downloaded and analyzed with The UEA sRNA work-
bench tools (UEA sRNA Workbench v3.2) (58). Our RNA-
seq data are available at NSBI GEO database (accession
number: GSE99805).
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For qRT-PCR validation, we isolated RNAs from newly
grown plants or used the same RNA samples that were sub-
jected to RNA-seq. For each miRNA target transcript, two
pairs of primers were used, one pair to amplify an upstream
and another to amplify a downstream region relative to the
predicted cleavage site. (The primers are listed in the Sup-
plementary Data S1). The 5" and 3’ cleavage product levels
were compared.

Sucrose gradient centrifugation

Native extracts were prepared from agroinfiltrated plant
material using ribosome buffer supplemented with cyclo-
heximide (100 mM Tris pH 8.5, 50 mM KCI, 5 mM EGTA,
0.5% Nonidet P-40 and 10 p.g/ml cycloheximide) or EDTA
(100 mM Tris 8.5, 50 mM KCI, 5 mM EGTA, 0.5% Non-
idet P-40 and 30 mM EDTA). Extracts were cleared by cen-
trifugation at 4°C 12 000 rpm/10 min twice. After saving
10% input samples, cleared lysates were loaded onto 10—
50% sucrose gradient columns. Sucrose gradient separation
was done on Sorwall Ultracentrifuge Combi OTD, rotor
AHG650 at 32 000 rpm for 3 h at 4°C. Fractions of 0.5 ml
each were collected and used for RNA gel blot assays.

RESULTS

SKI2 but not XRN4 is required for the elimination of 5’ cleav-
age fragments of vsiRISC in N. benthamiana

To better understand the degradation of silencing products,
we studied the role of XRN4 and SKI2 in eliminating the 5’
cleavage fragments in N. benthamiana plants. To this aim,
our previously developed VIGS-agroinfiltration transient
assay system was used (45) (for details, see Materials and
Methods, Supplementary Data S1 and Supplementary Fig-
ure S1). Briefly, a Tobacco Rattle Virus-based VIGS vec-
tor was used to silence PDS (as a control), or PDS and
XRN4, or PDS and SKI2 genes in N. benthamiana plants
(referred to as PDS-, P-XRN4- and P-SK12-silenced plants,
respectively). The leaves of silenced plants were agroinfil-
trated with the mixture of two agrobacteria. One expressed
a PDS siRNA-sensor construct (40), in which a 100 nu-
cleotides long segment from the PDS links the PHA (phyto-
hemagglutinin) and GFP genes (PPG, for PHA-PDS-GFP
fusion construct, Figure 1A). The second agrobacterium
expressed the P14 internal control (the role of P14 is de-
scribed in detail in Materials and Methods and Supplemen-
tary Data S1). In all three plants, PDS siRNAs generated
from the recombinant TRV viruses guide the RISC to cleave
the PPG transcript in the PDS linker region. Three days
post-agroinfiltration, RNA samples were collected from the
infiltrated patches, and RNA gel blot assays were conducted
using P14 and PHA probes. For simplicity, although P14
was co-agroinfiltrated in almost all assays, it will not be
mentioned later in the main text. However P14 is shown on
the figures.

PPG 5'cleavage fragments could not be detected in the
PDS-silenced control plants confirming that the 5 cleav-
age products are degraded quickly (Figure 1A, upper panel,
lanes 1 and 2). Relevantly, the 5 cleavage fragments of
PPG reporter mRNAs were abundant in P-SKI12-silenced
plants, while these cleavage products were undetectable in



4636 Nucleic Acids Research, 2018, Vol. 46, No. 9

A B

PDS derived Start Stop Start Stop
viral siRNAs GFP-st AA  PHAst | PHA | AA
Start ‘ ‘ ‘ Stop Start Start
PPG—|__PHA _ [PDS] AA GFP-nst AA  PHA-nst—-|_PHA AA
PHA probe GFP probe P14 P14
VIGS: PDS P-XRN4 P-SKI2 G-nst _ G-st P14+GFP P-nst__P-st_P14+PHA
P14 + PPG P14+PHA ®n. 5 - €—Gnst, | = [<—P-nst,
- P-st
probes G-st
» W |<€—PPc S8 |«—Puis - |€&—Pus
, Start
<90 C orpnstimemEm—
Start Stop
P14+GFP G-600 600Nt — AA
buffer  cycloheximide

probes
PPG
3’ Cl.

P14 + G-nst + G-600

Figure 1. Nonstop decay operates in plants. (A) In N. benthamiana, the 5’ and the 3’ cleavage fragments of PDS viral siRNA-programmed RISC are elim-
inated by SKI2- and XRN4-dependent pathways, respectively. VIGS-agroinfiltration assays were conducted to study the degradation of vsiRISC cleavage
products. Leaves of PDS-silenced (PDS) negative control, and PDS + XRN4 or PDS + SKI2 silenced test plants (P-XRN4 and P-SKI2, respectively) were
agroinfiltrated with P14 internal control and PPG sensor construct (P14 + PPG). Schematic, non-proportional representation of the PPG vsiRISC sensor
transcript. Two samples isolated from different plants were run in parallel to illustrate experimental variations. RNA gel blots were hybridized with P14
and PHA (upper panel) or P14 and GFP (bottom panel) probes (probe names are in italics). The stabilized 5" and 3’ cleavage products of PPG (5" and
3’ Cl.) are indicated. (B) NSD reporter mRNAs accumulate to low levels in plants. The GFP-nst and PHA-nst NSD reporter mRNAs (G-nst and P-nst)
and the corresponding stop codon containing control mRNAs (G-st and P-st) were agroinfiltrated with P14 internal control into the leaves of wild-type N.
benthamiana plants. (C) NSD is a translation-dependent system in plants. G-nst NSD reporter was co-expressed with P14 internal control and a cyclohex-
imide sensitive positive control (G-600) in N. benthamiana leaves. The samples were treated with cycloheximide translation inhibitor or with buffer. G-600
mRNA is targeted by NMD, another translation-dependent quality control system therefore sensitive to cycloheximide (also see below at Supplementary

Figure S14). Note that both the G-nst and the G-600 mRNAs are overexpressed in the cycloheximide treated samples.

the P-XRN4-silenced lines (Figure 1A, upper panel, com-
pare lanes 5 and 6 to 3 and 4). The RNA samples were also
hybridized with GFP probe that detects both the full-length
mRNA and the 3’ cleavage product. The 3'cleavage frag-
ment accumulated to high levels in the P-XRN4-silenced
but not in the PDS- or P-SKI2-silenced lines (Figure 1A,
bottom panel, compare lanes 3 and 4 with 1 and 2 or 5 and
6, respectively).

These results indicate that in N. benthamiana, SK12 is re-
quired for the decay of the 5’ but not the 3'cleavage frag-
ments of viral siRNA-programmed RISC (referred to as
vsiRISC). Moreover, these data suggest that in N. benthami-
ana, XRN4 is not involved in the decay of 5’ cleavage frag-
ments and confirm our previous result that XRN4 is essen-
tial for the degradation of 3’ cleavage products of vsiRISC
(40).

Nonstop decay operates efficiently in plants

We hypothesized that plant NSD plays a role in the elimi-
nation of the silencing generated 5 cleavage products. How-
ever, NSD has not been studied in plants yet. Hence, we first
tested if NSD is functional in plants. N. benthamiana leaves

were agroinfiltrated with nonstop NSD reporter (GFP-
nst and PHA-nst, for GFP-nonstop and PHA-nonstop)
constructs, in which the stop codon of the ORF and the
in-frame stop codons from the 3’UTR were eliminated.
In the control constructs (GFP-st and PHA-st) the stop
of the ORFs was retained (Figure 1B). Both NSD re-
porter mRNAs accumulated to very low levels compared
to the stop codon containing controls (Figure 1B). These
data indicate that NSD degrades nonstop (polyadenylated
but stop codon free) transcripts sequence independently
in plants. Alternatively, transcription of nonstop mRNAs
is repressed. To distinguish between these two possibili-
ties, the effect of cycloheximide translation inhibitor on
NSD reporter expression was studied. NSD is a translation-
dependent decay system (10). If the low nonstop reporter
transcripts level is due to NSD-mediated accelerated degra-
dation, translation inhibition should lead to enhanced accu-
mulation. Indeed, cycloheximide treatment led to dramati-
cally enhanced expression of the NSD reporter transcripts
(Figure 1C). These data show that NSD operates efficiently
in plants.



The key NSD factors are conserved in eukaryotes

Pelota and Hbsl proteins are the central NSD factors in
fungi as well as in animals (8,59). Although it was pro-
posed that in Arabidopsis, the putative Pelota and Hbsl
(At4G27650, At5G10630, respectively) homologs are sin-
gle copy genes (60), our bioinformatical analysis sug-
gests that at least two putative Pelota copies (At4G27650,
At3G58390) are present in the genome (Supplementary
Data S1, Supplementary Figures S3 and S4). Therefore,
silencing assays were used to study the role of Pelota
and Hbs1 homologues in plant NSD. As N. benthamiana
genome may also encode more than one homolog of Pelota
(Supplementary Data S1, Supplementary Figures S2 and
S3), the silencing constructs were designed to target the
most conserved regions.

To test if the function of Pelota and Hbsl is conserved in
plants, we assessed the expression of the nonstop reporter
transcripts in PDS-silenced control plants, and in plants, in
which the PDS and the putative Pelota or Hbsl genes were
silenced (P-Pelota- and P-HBS1-silenced plants). qRT-PCR
assays confirmed that the Pelota and the Hbs] mRNA levels
were severely reduced in the silenced plants (Supplementary
Figure S1B).

The nonstop reporter mRNAs accumulated to high lev-
els in both P-Pelota- and P-HBSI1-silenced plants relative
to the PDS control line (Figure 2A, compare lanes 1 to 5, 3
to 7 and Figure 2C, lane 1 to 3), indicating that both pro-
teins are required for NSD in N. benthamiana. Moreover,
the nonstop reporter mRNAs migrated slightly faster dur-
ing electrophoresis than the stop-codon containing controls
in the P-Pelota- and P-HBS1-silenced plants (Figure 2A-C,
Supplementary Figures S1IC and S1D). We assumed that the
nonstop transcripts accumulate in deadenylated form in the
NSD-deficient plants. To test this, total RNA was isolated
from P-Pelota-silenced leaves, in which P14 and G-nst were
co-expressed. The RNAs were incubated with oligo(dT) cel-
lulose, and then the bound and unbound fractions were sub-
jected to RNA gel blot assay. Relevantly, the G-nst nonstop
reporter mRNA barely bound to the oligo(dT) cellulose,
while the P14 transcripts were retained effectively (Figure
2B, compare lane 3 to 5). Thus we concluded that the non-
stop mRNAs are mainly present in deadenylated form in
NSD-deficient leaves.

Transient complementation assays (45) were conducted
to further prove that the strong expression of NSD re-
porter transcripts in P-Pelota- and P-HBS1-silenced plants
is due to the reduced NSD activity (for details of com-
plementation assay, see Supplementary Data S1 and Sé6a).
NSD reporter constructs were co-agroinfiltrated with a con-
struct that expressed the A. thaliana At4G27650 encoded
Pelota (Pelotal) into the leaves of P-Pelota- and P-HBSI-
silenced plants. Pelotal co-infiltration led to dramatically
reduced nonstop reporter mRNA levels in both lines (Fig-
ure 2D), indicating that overexpressed Pelotal can comple-
ment the absence of Pelota as well as Hbs1. By contrast, co-
expression of At5G10630 encoded Hbs1 complemented the
P-HBSI but not the P-Pelota plants (Supplementary Figure
S6b). We postulate that in plants, like in yeasts and mam-
mals, Pelota is the key component of the NSD machinery
and Hbsl plays a stimulatory effect on Pelota.
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Taken together, our data show that NSD is active in
higher plants and that under physiological conditions ac-
tivities of both Pelota and Hbsl proteins are required for
the efficient elimination of the nonstop transcripts.

NSD eliminates the 5’ cleavage fragments of vsiRISC

The 5’ cleavage products of RNA silencing are stop codon-
less truncated RNAs. To test our hypothesis that plant NSD
plays a role in the elimination of the silencing generated 5’
cleavage products, the PPG siRNA-sensor (Figure 1A) was
agroinfiltrated into PDS-silenced control and P-Pelota- or
P-HBSI1-silenced test plants, and then the accumulation of
the cleavage products was studied. Relevantly, the 5’ cleav-
age fragment of PPG overaccumulated in both P-Pelota-
and P-HBSI-silenced plants (Figure 2E, lanes 3 and 4, Fig-
ure 2F, lanes 1 and 3), whereas the 3’ fragments remained at
the background level (Figure 2E, bottom panel). Comple-
mentation assays confirmed that accumulation of 5" frag-
ment could be attributed to reduced NSD activity in the
P-Pelota- and P-HBS1-silenced lines. Ectopic Pelotal co-
expression led to dramatically reduced 5 cleavage fragment
level in both P-Pelota- and P-HBSI1-silenced lines (Figure
2F, lanes 2 and 4). Thus, our results suggest that in plants
NSD is required for the degradation of the vsiRISC gener-
ated 5’ but not the 3’ cleavage fragments.

NSD eliminates the 5’ cleavage fragments of miRISC when
cleavage occurs in the coding region

To verify whether NSD components are also involved in the
degradation of cleavage products of miRISC, leaves of P-
Pelota-, P-HBS1-, P-XRN4- and PDS-silenced plants were
agroinfiltrated with GFP-171.1 miRNA-sensor construct
(Figure 3A) alone, or with the GFP-171.1 sensor and either
amiR-GFP or pri-miR171c artificial miRNA. These miR-
NAs target the sensor transcript in different regions. The
amiR-GFP and the pri-miR 171c cleave the GFP-171.1 sen-
sor mRNA in the coding region and the 3'UTR regions, re-
spectively (46,47).

Co-expression of either amiR-GFP or pri-miR171c re-
sulted in strongly reduced GFP-171.1 mRNA level in all
plants (Figure 3A, upper panel), confirming that both miR-
NAs targeted the sensor transcript efficiently. In the PDS-
silenced control, neither the 5’ nor the 3’ cleavage fragment
could be detected (Figure 3A, lanes 11 and 12) indicating
that the cleavage products are quickly degraded. In the P-
XRN4-silenced samples, co-expression of amiR-GFP (Fig-
ure 3A, lane 8) led to the overaccumulation of 3’ but not
the 5 cleavage fragments (the 3’ cleavage fragment might
also be overaccumulated in the pri-miR171¢ co-expressed
sample but this product cannot be detected by our probes).
These data confirm our previous result that in N. benthami-
ana, XRN4 plays a role in the decay of the 3’ cleavage frag-
ments of miRISC (40) and suggest that, it is not required
for the elimination of 5 cleavage products.

In P-Pelota- and P-HBS1-silenced plants, we failed to de-
tect the 3’ cleavage fragments of the miRNA-sensor in ei-
ther amiR-GFP or pri-miR171c¢ co-expressed sample (Fig-
ure 3A, lanes 1-6). Relevantly, the 5 cleavage fragments ac-
cumulated to high levels in P-Pelota- and P-HBS1-silenced
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Figure 2. Pelota and Hbs1 are required for plant NSD. (A and B) NSD reporter mRNAs accumulate to high levels in deadenylated form in Pelota-silenced
plants. (A) GFP-nst and PHA-nst NSD reporter (G-nst and P-nst) and the corresponding control (P-st and G-st) constructs were agroinfiltrated with the
P14 internal control into the leaves of PDS-silenced control (PDS) or PDS+Pelota silenced (P-Pelota) test plants. Note that in the P-Pelota plants, the
NSD reporter mRNAs migrate faster than the stop-codon containing control transcripts. (B) NSD reporter mRNA is present in deadenylated form in
P-Pelota-silenced leaves. P14 was co-expressed with G-st control or with G-nst NSD reporter mRNAs in P-Pelota-silenced leaves. RNAs were isolated and
incubated with oligo(dT) cellulose, and then the (dT)-bound and the unbound (supernatant) fractions were subjected to RNA gel blot assay. Note that
the G-nst NSD reporter transcript accumulates mainly in the supernatant, while the P14 and the G-st control mRNAs predominantly accumulate in the
(dT)-bound fraction. (C) NSD reporter mRNAs accumulate to high levels in the P-HBSI-silenced plants. G-nst reporter and the G-st control constructs
were agroinfiltrated with P14 into PDS- and PDS + HBSI silenced (P-HBS1) plants. Note that the NSD reporter mRNAs migrate faster relative to the
controls in P-HBSI plants. (D) Pelota overexpression complements both the Pelota- and the Hbs1-deficient lines. G-nst reporter and P14 control constructs
were expressed in the absence (—) or presence of the Arabidopsis AtPelotal (Pelotal) in the leaves of P-Pelota- and P-HBS1-silenced plants. Reduced G-nst
level indicates that Pelotal complemented the NSD deficiency of the silenced plants. (E and F) Pelota and Hbs1 are required for the elimination of the 5" but
not the 3’ cleavage products of vsiRISC. PPG vsiRNA sensor and P14 (-) or PPG, P14 and Pelotal were co-agroinfiltrated into PDS- and P-Pelota-silenced
(E) and into P-HBS1-silenced (F) plants. Note that the 5’ cleavage fragment of vsiRISC accumulates to high levels in both P-Pelota and P-HBSI plants
and that Pelota overexpression complements the absence of endogenous Pelota and Hbsl1 in the silenced plants.

plants when amiR-GFP was co-expressed but not when pri-
miR171c was co-expressed (Figure 3A, upper panel com-
pare lanes 2 to 3 and 5 to 6). These unexpected results in-
dicate that plant NSD degrades the 5 cleavage fragments
of miRISC when the cleavage occurs in the coding region
but it is not required for the elimination of 5 cleavage prod-
ucts when the miRISC cleaves in the 3'UTR. Alternatively,
the type of miRNA defines if the NSD is required for the
degradation of 5’ fragment.

To distinguish between these two possibilities, the amiR-
GFP miRNA was co-expressed in NSD-deficient cells with
either PHA-GFP or PHA-st-GFP sensors. PHA-GFP is
a fusion construct, while a stop codon separates the GFP
from the PHA in the PHA-st-GFP sensor. Thus, the amiR-
GFP targets the PHA-GFP transcript in the coding and
the PHA-stop-GFP mRNA in the 3UTR region (Fig-
ure 3B). To inactivate NSD, a dominant-negative mutant
(PeloDN) of Arabidopsis Pelotal was co-expressed. Con-
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Figure 3. NSD eliminates the 5 cleavage fragments of miRISC when the cleavage occurs in the coding region. (A) The role of NSD components and
XRN4 in the degradation of miRISC-generated cleavage fragments. PDS-, P-XRN4-, P-Pelota- and P-HBS1-silenced plants were co-agroinfiltrated with
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amiR-GFP targets the sensor mRNA within the coding region, while pri-miR 171c¢ targets the sensor within the 3'UTR. Note that the weak miR 171 signals
in the samples without the agroinfiltrated pri-miR171c¢ originates from the endogenous locus. (B) The effect of PeloDN on the accumulation of 5 cleavage
fragments of amiR-GFP-programmed RISC. PHA-GFP fusion (P-G) construct and PHA-st-GFP (P-st-G), a similar sensor construct in which a stop
codon is present between the PHA and GFP reporter genes, were co-agroinfiltrated with amiR-GFP, or with amir-GFP and a dominant-negative version
of Arabidopsis Pelotal (PeloDN) (p14 was used as internal control). 5" cleavage product accumulates only when PeloDN is present and the amir-GFP—
directed cleveage occurs within the coding region. (C) NSD does not affect the tasiRNA silencing pathway. N. benthamiana leaves were co-agroinfiltrated
with TAS1b mRNA and miR 173 expressing constructs, or with TAS1b, miR173 and PeloDN expressing constructs. RNA gel blot assays were conducted
to monitor the abundance of miR173, TAS1b and the tasiR255 RNAs. TAS1b is cleaved by miR 173-programmed RISC, and then tasiR255 is generated

by RDR6 and DCL4 from the 3’ cleavage product. The presence of PeloDN does not stabilize the miR173-generated TAS1b cleavage product. As P14
modifies the tasiRNA pathway, P14 was not co-expressed.
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trol experiments suggested that PeloDN, in which the highly
conserved K45V46 amino acids were changed to A45A46
residues, acts as a dominant-negative mutant in N. ben-
thamiana leaves (Supplementary Figure S7).

In the presence of PeloDN, the 5'cleavage fragment accu-
mulated when the amiR-GFP cleaved the target mRNA in
the coding region but not when it cut the target transcript
in the 3’'UTR (Figure 3B). Similarly, amiR-GFP 5 cleavage
products accumulated from PHA-GFP but not from PHA-
stop-GFP mRNAs in P-Pelota silenced leaves (see below at
Figure 5B, lanes 2 and 4).

Taken together, we concluded that plant NSD is a
translation-dependent mechanism, which degrades RISC
generated 5’ products when the cleavage occurs within the
coding region. In this case, NSD should not be involved
in the degradation of 5 cleavage fragments of the non-
translated silencing target transcripts such as TAS ncRNAs.
To test this assumption, miR173 was co-expressed with
the ath-miR 173-targeted AtTASIb ncRNA in the presence
or absence of PeloDN. Previously, it was demonstrated
that 5’ cleavage product of TAS1b is quickly degraded,
while the 3’ cleavage fragment is substrate for RDR6-
dependent tasiRNA production (34). As Figure 3C shows,
co-expression of PeloDN did not lead to the overaccumu-
lation of the 5’ cleavage product of TAS1b. We also failed
to detect the 5'cleavage fragment of TAS1b in P-Pel (and P-
SK12) silenced plants (Supplementary Figure S7B). These
results support our assumption that NSD does not play
a role in the decay of non-translated 5’ cleavage products.
However, we cannot formally exclude the possibility that
the remaining NSD activity is enough to eliminate the 5
cleavage TAS1b fragment.

NSD is involved in the elimination of the 5’ cleavage products
of endogenous miRNA silencing pathways

Transient assays show that NSD plays a critical role in the
elimination of vsiRISC and miRISC generated 5 cleavage
fragments of reporter genes (Figures 2 and 3). To analyze if
NSD is also involved in the degradation of 5’ cleavage prod-
ucts of endogenous miRNA targets, we studied in details the
accumulation of the 5" product of the SCL6-IV miRNA171
target mRNA (Figure 4A-F). SCL6-IV mRNA was se-
lected because previous studies indicated that miRNA171
efficiently cleaves this transcript in N. benthamiana meso-
phyll cells (61). We conducted qRT-PCR assays to com-
pare the accumulation of 5 and 3’ cleavage products of
SCL6-1V in PDS-silenced control and P-Pelota-, P-HBS1-
and P-XRN4-silenced test plants. Two pairs of primers were
designed, one pair detected the 5’ cleavage product and
the full-length mRNA, while the other pair detected the
3’ cleavage product and the full-length mRNA. In line with
the results of transient assays we found that the 5 frag-
ment was overaccumulated in both P-Pelota and P-HBSI1-
silenced lines relative to the PDS-silenced control (Figure
4B and C), while the 3’ fragment of the SCL6-IV endoge-
nous miRNA target mRNA was overaccumulated in the P-
XRN4-silenced plants (Figure 4D). Moreover, the 5 frag-
ment level was massively reduced when Pelotal was ex-
pressed in the P-Pelota- or P-HBS1-silenced leaves, showing

that NSD was restored (although not completely) (Figure
4B and C).

To further support these results, northern blot assays
were conducted to analyze the accumulation of the cleavage
product of SCL6-IV in P-Pelota-, P-HBS1- and P-XRN4-
silenced N. benthamiana plants. The 3’ cleavage fragments of
SCL6-1V transcripts accumulated to very high levels in P-
XRN4-silenced plants, while the 5’ cleavage products were
overaccumulated in both P-Pelota- and P-HBSI1-silenced
plants (Figure 4E). The level of miR 171 was not affected by
the silencing of NSD components or XRN4 (Figure 4E).
These results confirm that NSD is involved in the elimi-
nation of the 5 cleavage products of endogenous SCL6-1V
transcripts.

Next we conducted an RNA-seq experiment to clarify if
NSD is involved in the decay of the 5’ cleavage products of
all endogenous miRNA targets or only a subset of miRNA
target transcripts is degraded by NSD. To address this ques-
tion, RNA-seq libraries (in triplicates) were prepared with
random primers from ribo-depleted RNA samples, which
were isolated from P-Pelota- and PDS-silenced N. benthami-
ana leaves (called RNA-seql experiment). Pelota inactiva-
tion had significant effect on gene expression, 10.24% (6035
out of 58 863) of annotated genomic loci showed signif-
icantly altered expression. 4.74% of annotated transcripts
were up- and 5.5% down-regulated in the P-Pelota silenced
plants relative to the PDS-silenced control (Supplementary
Filel, Supplementary Figures S8 and S9). GO analysis of
the up-regulated genes revealed (Supplementary Figure SOB
and C) that regulation of transcription (and the closely re-
lated categories) was the only significantly enriched cellu-
lar process. Relevantly, miRNAs play an important role in
the regulation of transcription factors in plants. None of
the GO categories was enriched within the down-regulated
genes.

Next we studied if the 5 cleavage fragments of miRNA
targets are overexpressed in P-Pelota silenced leaves. First,
we identified transcripts that are efficiently cleaved by a con-
served miRNA in the N. benthamiana leaves. Using previ-
ously published miRNA and degradome data (mRNA 3
cleavage product library, also called PARE) (61), we could
select 17 conserved miRNAs which are abundant in N. ben-
thamiana leaves, and 57 of their potential target transcripts,
which have a clear degradome peak at the putative miRNA
cleavage site (Figure 4 and Supplementary Figure S9c). All
these cleavage sites are present in the coding region. We as-
sumed that these target mRNAs are efficiently cleaved by
the given conserved miRNA in N. benthamiana leaves. These
selected miRINA-targets were further analyzed.

If Pelota plays a role in the decay of the 5’ cleavage prod-
uct, the 5’ fragments of miRISC cleaved mRNAs will be
overaccumulated in the Pelota-silenced plants (Figure 4F
and Supplementary Figure S10). Thus, the ratio of total
read numbers upstream and downstream from the miRNA
cleavage site (referred to as 5/3' coverage ratio) will be
higher in the P-Pelota silenced samples relative to the PDS-
silenced controls. Indeed, we found that in ~40,4% of the
miRISC targets (at 23 out of 57), the 5'/3' coverage ratio
was at least 1.5-fold higher in the P-Pelota samples (de-
fined as Pelota-dependent miRNA targets, while the rest
will be defined as Pelota-independent targets) (Figure 4G
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Figure 4. NSD is involved in the degradation of 5’ cleavage fragments of several endogenous miRNA targets. (A) The schematic, non-proportional repre-
sentation of the N. benthamiana SCL6-IV miRNA171 target transcript. The primer pairs that were used to measure the accumulation of the 5’ (5'F and
5R)and 3’ (3’F and 3'R) cleavage fragments and the probes that were used for the northern assay are shown. (B and C) The 5’ cleavage fragments of SCL6-
IV miR171 target mRNAs are overaccumulated in NSD deficient leaves. qRT-PCR assays were carried out from PDS-, P-Pelota- and P-HBS!1-silenced
leaves, and from Pelotal-complemented P-Pelota- and P-HBS1-silenced leaves. (D) qRT-PCR experiments show that the 3’ cleavage fragments of SCL6-IV
mRNAs are overaccumulated in P-XRN4-silenced leaves. (E) RNA gel blot assay was carried out to study the accumulation of the 5’ and the 3’ cleavage
products (5" Cl. and 3’ Cl.) of SCL6-IV mRNA in PDS-, P-XRN4-, P-Pelota- and P-HBS1-silenced leaves. Note that VIGS did not alter the expression of
the miRNA171. (F-H) Comparative RNA-seq assay conducted from PDS- and P-Pelota-silenced plants show that Pelota plays a role in the degradation
of a subset of endogenous miRNA target transcripts. (F) The coverage of the SCL6-1V transcript. Yellow columns show the number of reads at a given
position from P-Pelota, while blue line indicates number of reads from PDS-silenced control. The degradome peak (red column) and the miRNA cleavage
site (red arrow) are marked. (G and H) The 5'/3'coverage ratio (see main text) of miRISC targets from PDS- and P-Pelota silenced plants were compared.
Transcript whose 5'/3’ coverage ratio was at least 1.5-fold higher in the P-Pelota-silenced plants were defined as Pelota-dependent.

and Supplementary Figure S9C). Relevantly, only 8.8% (5
transcripts out of 57) showed 1.5-fold increased 3'/5’ cover-
age ratio in the P-Pelota relative to the PDS-silenced sam-
ples. These data strongly suggest that Pelota plays a role in
the elimination of the 5’ cleavage products of a significant
subset of endogenous miRNA targets.

The results of the high-throughput experiment was con-
firmed by (i) repeating the RNA-seq assay (RNA-seq2, Sup-
plementary Figure S11) and (ii) by conducting qRT-PCR

assays. Different set of P-Pelota- and PDS-silenced plants
were used for the RNA-seql, RNA-seq2 and the qRT-PCR
assays. Although the plant samples for the two RNA-seq
assays were differently selected (see Materials and Methods,
Supplementary Filel, and Supplementary Figures S8A and
S11A), highly overlapping subsets of endogeneous miRNA
targets were identified as Pelota-dependent in both experi-
ments. In RNA-seq1 23, in RNA-seq2 27 (out of 57) Pelota-
dependent mRNAs were identified, and 19 were defined as
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with P14+G-st control and with P14+PPG vsiRISC sensor constructs. (D) SKI2 is involved in the decay of 5’ cleavage products of miRISC. Leaves of
P-Pelota- and P-SKI2-silenced plants were agroinfiltrated in the presence or in the absence of amir-GFP with P14+PHA-GFP (P-G) fusion constructs, or
with P14+P-st-G construct, in which a stop codon separates the PHA and the GFP reporter genes. The blot was hybridized with GFP 5 fragment probe,

stripped, and then reprobed for P14.

Pelota-dependent in both experiments (Supplementary Fig-
ure S12).

To further support these results, seven mRNAs, which
were defined as Pelota-dependent in both RNA-seq as-
says and two mRNAs, which were identified as Pelota-
independent in both RNA-seq were further analyzed by
gRT-PCR. The results of the qRT-PCR were consistent in
8 out of 9 samples with the RNA-seq data (Supplementary
Figure S13). Thus, RNA-seq and gRT-PCR assays strongly
suggest that NSD plays an important role in the decay of
5’ cleavage fragments of a significant subset (40-50%) of en-
dogenous miRNA targets in N. benthamiana leaves.

To confirm that the NSD system is also involved in
the degradation of 5' miRNA cleavage fragments in other
plants, RNA-seq assays were conducted from leaf samples
of wild-type and pelotal and hbsl T-DNA mutant Ara-
bidopsis plants (Supplementary Filel, Supplementary Fig-
ure S14). Although Pelota is present in two copies in Ara-
bidopsis, and we do not know whether these lines are null
or hypomorph mutants, we assumed that the NSD activity

is impaired in both mutants. If it is true and NSD is also
involved in the degradation of 5’ cleavage fragments in Ara-
bidopsis, the 5 cleavage products of endogenous miRNA
targets should be overaccumulated in these mutants. In-
deed, we found that 5’ cleavage fragments of 14 transcripts
(out of 73) overaccumulated in pelotal, 15 in hbsl and 8
in both mutants (Figure SA and B, Supplementary Fig-
ures S15 and S16). Thus NSD is also involved in the de-
cay of 5 cleavage fragments of a subset of endogenous
Arabidopsis miRNA targets. To further confirm this con-
clusion, qRT-PCR assays were carried out (Supplementary
Figure S17). We selected five putative NSD-dependent mR -
NAs (mRNAs whose 5 cleavage fragments were overac-
cumulated >1.5-fold in both mutants) for gqRT-PCR stud-
ies. QRT-PCR showed that the 5 cleavage fragments of
4 (out of 5) mRNAs were significantly overaccumulated
in both pelotal and hbsl mutants relative to the control.
Thus, these are genuine NSD-dependent transcript. qRT-
PCR results also suggest that NSD might also play a mi-
nor role in the elimination of 5’ cleavage fragments of mR-



NAs, which were categorized (based on RNA-seq experi-
ments) as NSD-independent (for instance Supplementary
Figure S17, ARF16). Taken together, RNA-seq and qRT-
PCR assays confirm that NSD is involved in the elimination
of 5'cleavage fragments of certain endogenous miRISC tar-
gets in Arabidopsis as well as in N. benthamiana.

However, while in N. benthamiana 40-50% of the leaf
miRNA target mRNAs are Pelota-dependent, in Arabidop-
sis only 10-20%. Further studies are needed to unravel why
NSD is important for the decay of only certain miRISC tar-
gets and to clarify why NSD plays a more important role in
the decay of 5" miRISC cleavage products in N. benthami-
ana. It is possible that 5 cleavage degradation is more re-
dundant in Arabidopsis (for instance, no obvious orthologs
of the RICE 3’-5' exonucleases can be identified in N. ben-
thamiana) or it is the consequence of different experimental
approaches. Nevertheless, our data clearly show that NSD
is involved in the decay of miRISC 5’ cleavage fragments in
both plants.

SKI2 is required for NSD

SKI2 is required for the elimination of the vsiRISC gener-
ated 5 cleavage fragments (Figure 1A). To analyze if SKI2
also plays a role in the degradation of other NSD targets,
the accumulation of the nonstop reporter transcripts and
the 5’ cleavage products of miRISC were studied in P-SK12-
silenced test and in P-Pelota-silenced positive and PDS-
silenced negative control plants.

Relevantly, the NSD reporter transcripts expressed to
easily detectable levels in both P-SKI2-silenced test and P-
Pelota-silenced positive control plants but not in the PDS-
silenced negative control (Figure 5C, compare lanes 1 and
4 to 7), indicating that both SKI2 and Pelota are involved
in the degradation of nonstop mRNAs. Thus, we propose
that the nonstop mRNAs are mainly degraded by the SKI-
exosome complex in plants. Indeed, the NSD reporter tran-
scripts were barely detectable in P-XRN4-silenced lines
(Supplementary Figure S18).

To study the role of SKI2 in the elimination of 5’ cleavage
products of miRISC, the PHA-GFP and PHA-stop-GFP
sensor constructs were co-expressed with amiR-GFP in the
leaves of P-SKI2- and P-Pelota-silenced plants. When the
cleavage occurred in the coding region (PHA-GFP mRNA),
the 5’ cleavage products accumulated to very high levels in
both plants (Figure 5D, lanes 2 and 6). By contrast, when
the RISC cleaved in the 3'UTR (PHA-stop-GFP mRNA),
the 5 cleavage fragments were slightly overaccumulated
only in the P-SK12-silenced lines (Figure 5D, compare lane
410 8). Thus, SKI2 may contribute to the degradation of the
RISC generated 5 cleavage fragment even when the mRINA
is targeted in the 3'UTR region. These data are consistent
with the results of a recent report that analyzed the role of
SKI2 in suppression of RNA silencing (32).

We also analyzed the accumulation of the 5’ cleavage frag-
ments of SCL6-IV endogenous miRNA target. We found
that in P-SKI2-silenced plants, like in P-Pelota-silenced
lines, the 5’ cleavage fragments of SCL6-IV were overaccu-
mulated (Supplementary Figure S19).

Taken together, SKI2 is required for the elimination of
all NSD targeted transcripts including the nonstop mRNAs
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and the 5’ fragments generated by vsi- or miRISC cleavage
in the coding region. However, SKI2 may also be involved in
the decay of silencing generated stop codon-less transcripts
if the cleavage occurs in the 3’'UTR.

In NSD-deficient leaves, the 5’ cleavage products of miRISC
accumulate in the polysomal fractions

In yeast and animals, the NSD factors and ABCEI1 play
a critical role in the ribosome dissociation from the 3’end
of the stop codon-less transcripts (5,7). We hypothesized
that plant NSD is also involved in the dissociation of ri-
bosomes from the RISC generated 5’ cleavage fragments.
If this assumption is correct, in NSD-deficient cells the
RISC generated 5 cleavage products should be associated
with ribosomes. Indeed, when GFP was co-expressed with
amiR-GFP (that cleaves GFP in the coding region) in P-
Pelota-silenced leaves, the 5 cleavage fragments accumu-
lated predominantly in the polysomal sucrose gradient frac-
tions (Figure 6A, upper panel). Similarly, when GFP was
co-expressed with amiR-GFP and PeloDN in wild-type
N. benthamiana leaves, the 5 cleavage products were also
associated with ribosomes (Supplementary Figure S20A).
Moreover, in the P-Pelota silenced leaves the 5 cleavage
fragment of SCL6-1V endogenous miRISC target transcript
was also associated with ribosomes (Supplementary Figure
S20C). We noted that the 5 cleavage fragments accumu-
lated in approximately half of the experiments in the heavy
polysomal and in other half of the experiments in the light
polysomal fractions (compare Supplementary Figure S20A
and B). Further studies are required to clarify what deter-
mines whether the 5’ cleavage fragments accumulate in the
light or the heavy polysomal fractions.

Taken together, association of miRISC 5'cleavage frag-
ments with ribosomes strongly suggests that plant NSD sys-
tem is required for the efficient release of ribosomes from
the miRISC generated 5’ cleavage fragments.

NSD and NMD quality control systems operate indepen-
dently in plants

NMD is a translation termination coupled, conserved eu-
karyotic quality control system that eliminates premature
termination codon containing aberrant mRNAs (62,63).
NMD recognizes a stop codon as a premature one if the
translation termination is inefficient because the 3’ UTR is
unusually long or the 3’'UTR contains an intron more than
50 nucleotide downstream from the stop codon. Slow termi-
nation leads to the binding of UPF1 NMD key factor to the
terminating ribosome. UPF1 recruits additional factors to
form a functional NMD complex, which initiates the rapid
degradation of the mRNA.

As NMD inactivation affects amplification of RNA si-
lencing (36) and because NSD and silencing systems are
connected (this study), we wanted to examine whether
the NSD and NMD translation coupled quality control
systems are also connected in plants. NSD and NMD
reporter transcripts were expressed in P-Pelota-silenced
(NSD-deficient) and P-UPFI-silenced (NMD-deficient)
test plants and in PDS-silenced control line. The G-600
NMD reporter mRNA, which has a long NMD-inducing
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Figure 6. Model of plant NSD. (A) In NSD-deficient cells, the 5’ cleavage fragments of miRISC are associated with ribosomes. Extracts were isolated with
cycloheximide (CHX) or EDTA containing buffer (upper and bottom panel) from P-Pelota-silenced (P-Pelota) leaves, in which GFP, amiR-GFP and P14
were co-expressed. These extracts were subjected to sucrose gradient sedimentation, and then the fractions were analyzed by RNA gel blot assays. The blots
were hybridized with GFP 5’ fragment probe. Note that the 5’ cleavage fragment (5’ Cl.) accumulates in the polysomal fractions in the CHX containing
samples, while polysomal migration of 5’ fragment is disrupted by the addition of EDTA. Mon indicates monosomal fraction. (B) The role of NSD in the
decay of nonstop and (C) RISC cleavage generated stop codon-less transcripts. It is not known whether SKI-exosome mediated decay occurs when the
mRNA is still associated with ribosomes or SKI-exosome degrades mRNAs, from which the ribosomes have already removed. (D) NSD is not required
for the 5’ fragment decay when si/miRISC cuts outside of the coding region or if the target transcript is not translated. For details, see the main text.

3’ UTR (45), accumulated to high levels in P-UPF1-silenced
leaves but expressed to very low levels in the PDS- and P-
Pelota-silenced plants (Supplementary Figure S21). In con-
trast, the GFP-nst NSD reporter transcripts were barely de-
tectable in the PDS- and P-UPF1-silenced samples, while it
was abundant in P-Pelota-silenced leaves. These data sug-
gest that Pelota is not required for NMD and that UPF1 key
NMD factor is not required for NSD. In line with this latter
finding, the NSD reporter mRNA also accumulated to very
low levels (Supplementary Figure S21C) when the NMD
was impaired by expressing a dominant-negative mutant of
UPF1 (50). Thus we concluded that the NSD and NMD
systems function independently in plants. By contrast, a re-
cent study has shown that NSD and NMD systems operate
cooperatively in C. elegans (64). This finding is consistent
with previous reports that plant NMD degrades target tran-

script exclusively by exonucleolytic pathways (65), while in
animals, NMD machinery also endonucleolytically cleaves
target transcripts upstream from the premature termination
codon.

DISCUSSION

Here, we have demonstrated that NSD operates in plants
and identified the key components of plant NSD. Moreover,
we have showed that plant NSD and RNA silencing systems
act cooperatively but did not find connection between NSD
and NMD.

It is supposed that NSD-mediated mRNA decay is im-
portant in eukaryotes, as it rescues the stalled ribosomes
and prevents the accumulation of truncated proteins from
the target transcripts (6). We speculate that in plants NSD
has an additional quality control function: it suppresses



silencing amplification initiated from the stop codon-less
mRNAs, thereby protecting the regulatory sSRNA home-
ostasis of the cell.

NSD is an ancient and conserved eukaryotic quality control
system

We demonstrated that NSD reporter transcripts are elimi-
nated in a translation-dependent manner in plants, and that
Pelota, Hbs1 and SKI2 (but not XRN4 or UPF1) proteins
are required for the degradation of NSD target mRNAs
(Figures 1, 2, 5 and Supplementary Figures S18, S19 and
S21).

As homologs of Pelota and Hbs1 can be identified in all
eukaryotic lineages, it was proposed that NSD system was
already active in the stem eukaryotes (last common ances-
tors of extant eukaryotes) and that its mechanism is well
conserved (60). Plants diverged very early from the other
eukaryotic lineages. Thus our findings that NSD functions
in plants, and that, the key components of NSD are identi-
cal in plants and animals, strongly supports this hypothesis
(60).

The NSD and the ribosome-associated quality control
(RaQC) systems cooperate in fungi and animals (7). The
stop codon-less transcripts are targeted for decay by the
NSD machinery, while their protein products are ubiq-
uitinated and degraded by the RaQC system. In yeasts,
the nonstop transcripts are decayed very effectively, while
in mammals, the nonstop mRNAs accumulate to rela-
tively high levels but their protein products are quickly de-
graded (10,16,66). The NSD reporter mRNAs were barely
detectable in wild-type plants indicating (Figure 1B) that
in plants, like in yeast, the NSD machinery degrades the
stop codon-less transcripts very efficiently. However, as ho-
mologs of the RaQC system can be identified in plants, one
can speculate that the protein products of NSD target tran-
scripts are also ubiquitinated and degraded in plants.

Targets of plant NSD might be abundant

We showed that plant NSD efficiently eliminates both non-
stop and stop codon-less mRNAs (Figures 1-3). Nonstop
transcripts are generated when premature polyadenylation
occursin the coding region (67). In Arabidopsis, 11% of mR -
NAs are subjected to alternative polyadenylation in the cod-
ing region indicating that nonstop aberrant transcripts are
frequently generated in plants. NSD-mediated elimination
of nonstop mRNAs could be important to ensure protein
homeostasis in plants.

The role of NSD in degrading stop codon-less plant
mRNAs might be even more important. As plant miR-
NAs regulates thousands of genes, and miRISC mainly
cleaves within the coding region, the 5’ cleavage fragments
of miRISC might be the most important sources of stop
codon-less NSD target transcripts. Indeed we found that
transcription related gene expression is significantly altered
in P-Pelota-silenced plants (Supplementary Figure S9) and
that NSD is involved in the elimination of 5’ cleavage prod-
ucts of a significant subset of miRISC target transcripts
in both Arabidopis and N. benthamiana plants (Figures 4,
5 and Supplementary Figures S9-S17). It is an interest-
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ing question why only certain miRISC 5 cleavage frag-
ments are degraded in an NSD-dependent manner. The
miRISC 5 cleavage products could be decayed by alterna-
tive pathways in plants, by the NSD-SKI-exosome path-
way (this study and 32), by XRN4-mediated 5’-3" decay or
by RICE-mediated 3'-5" exonuclease pathways (41,42). Al-
though these pathways could be partially redundant, the
different degradation pathways targets miRISC cleavage
fragments with certain selectivity. The composition of the
miRISC complexes or specific features of the target mR-
NAs could define which mRNA degradation pathway is re-
cruited to the 5’ cleavage products. We postulate that NSD is
especially important for the decay of intensively translated
targets. NSD sensitivity of the cleavage fragment could also
be affected by the localization of miRISC-target complex.

Model of plant NSD

As the mechanism of NSD appears to be conserved, we pro-
pose a model how NSD functions in plants. Nonstop tran-
scripts are barely detectable in wild-type cells but accumu-
late to high levels in a deadenylated form in Pelota-deficient
(and likely in HBS1- and SKI2-deficient) plant cells (Fig-
ures 2 and 5). We postulate that the elongating ribosome is
stalled when it runs into the polyA tail of a nonstop tran-
script. In wild-type cells, the Pelota/Hbsl NSD complex
binds to the A-site of the stalled ribosome and stimulates
the dissociation of the ribosome and (directly or indirectly)
recruits the SKI-exosome complex to degrade the aberrant
mRNA (Figure 6B). In the lack of NSD, the polyA tail is de-
graded but the nonstop transcript is stabilized, as the stalled
ribosome protects the mRNA form the 3'-5" exonucleases
(5" end is protected by the cap).

When RISC cuts a translated mRNA in the coding re-
gion, the generated 5’ cleavage fragment is a stop codon-less
transcript. Plant NSD also plays a critical role in the degra-
dation of these fragments (Figures 1-4). We propose that
the elongating ribosome runs to the 3" end of the 5’ cleavage
fragment in wild-type as well as in NSD-deficient cells. In
the absence of NSD, the ribosome might protect the 3’ end
transcript. Indeed, in the NSD-deficient cells, the 5’ cleavage
products accumulate to high levels and are associated with
ribosomes (Figure 6A and Supplementary Figure S20). In
wild-type cells, the NSD complex could be recruited to the
empty A-site at the 3’ end resulting in ribosome dissociation
and SKI-exosome mediated transcript degradation (Figure
6C).

NSD is not required for the decay of 5’ cleavage products,
when the cleavage occurs in a non-coding region (3’'UTR)
or if a non-translated transcript is cleaved (Figure 3). The
3’ ends of these 5’ cleavage products are not protected by
a ribosome. We postulate that these unprotected 5 cleav-
age products are degraded in an NSD-independent manner
(Figure 6D).

Can plant NSD play a role in regulating silencing amplifica-
tion?

NSD is involved in the elimination of silencing generated 5’
cleavage fragments. We hypothesize that it plays a role in the
control of RDR6-mediated silencing amplification.
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Silencing amplification should be strictly regulated in
plants. It is required for effective antiviral response, while
hyperactive amplification might lead to the generation of
deleterious rqc-siRNAs from 5 cleavage fragments of en-
dogenous miRISC (32,36-38). To prevent production of
unregulated rqcRNAs, the XRN4 and SKI-exosome com-
plexes should be efficiently recruited to the 5’ cleavage prod-
ucts of miRISC. We speculate that NSD facilitates the ef-
ficient recruitment of SKI-exosome complex to the NSD-
dependent subset of miRISC 5 cleavage products, thereby
reducing the generation of detrimental rqc-siRNAs (Sup-
plementary Figure S22). Thus NSD protects the SRNA
homeostasis in plant cells. We hypothesize that in NSD-
deficient cells, the 5’ cleavage fragments of miRISC accu-
mulate and (at least a fraction of it) finally might enter into
the RDR6-mediated silencing amplification pathway (Sup-
plementary Figure S22).

NSD-mediated suppression of silencing amplification
might be important for normal development. However, si-
lencing amplification is necessary for the efficient antiviral
response. NSD also stimulates the degradation of 5’ cleav-
age products of vsiRISC (Figure 2). Thus our model that
NSD suppresses silencing amplification pathway predicts
that NSD reduces the efficacy of the RDR6-mediated an-
tiviral responses. Indeed, mutation in the Pelota ortholog
of tomato resulted in enhanced resistance to a Begomovirus
(68). Very recently, it has been shown that in rice, mutation
in one of the Pelota orthologs leads to enhanced salycilic
acid levels and consequently to increased resistance against
Xanthomanas oryzae bacterial pathogen. However, as RNA
silencing is also involved in antibacterial defense, it is pos-
sible that more efficient silencing also contributed to the re-
sistance (69).

As both the NSD and silencing systems are ancient, it
is tempting to speculate that these systems also act coop-
eratively in other eukaryotes. Indeed, it was shown that in
Drosophila, NSD plays a role in the elimination of 5 cleav-
age fragments of a reporter transcript, which was cleaved by
transfected dsRNA derived siRNA (70).
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