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Summary

RNA-dependent RNA polymerase 6 (RDR6) and suppressor of gene silencing 3 (SGS3) act
together in post-transcriptional transgene silencing mediated by small interfering RNAs (siRNAs)
and in biogenesis of various endogenous siRNAs including the tasiARFs, known regulators of
auxin responses and plant development. Legumes, the third major crop family worldwide, has
been widely improved through transgenic approaches. Here, we isolated rdré and sgs3 mutants
in the model legume Medicago truncatula. Two sgs3 and one rdr6 alleles led to strong
developmental defects and impaired biogenesis of tasiARFs. In contrast, the rdré.7 homozygous
plants produced sufficient amounts of tasiARFs to ensure proper development. High throughput
sequencing of small RNAs from this specific mutant identified 354 potential MtRDR6 substrates,
for which siRNA production was significantly reduced in the mutant. Among them, we found a

large variety of novel phased loci corresponding to protein-encoding genes or transposable
elements. Interestingly, measurement of GFP expression revealed that post-transcriptional
transgene silencing was reduced in rdr6. 7 roots. Hence, this novel mis-sense mutation, affecting

Keywords: RNA silencing, legumes,
RDR6, SGS3, small RNAs, pha-siRNA,

ta-siRNA. species.

a highly conserved amino acid residue in plant RDR6s, may be an interesting tool both to analyse
endogenous pha-siRNA functions and to improve transgene expression, at least in legume

Introduction

Transgenes can undergo sequence-homology-dependent silenc-
ing, leading to repression of their expression. These mechanisms
result from the activation of ‘genome defence’ mechanisms,
which naturally protect plants against viral or bacterial infection
and limit the movement of transposable elements (Vaucheret,
2006). Transgenes, inserted in sense orientation or as inverted
repeats, are recognized as ‘genomic invaders’ and trigger post-
transcriptional gene silencing (PTGS) or transcriptional gene
silencing (TGS). These processes are mediated by small interfering
RNAs (siRNA) of predominantly 21-24 nucleotides (Brodersen and
Voinnet, 2006; Parent et al., 2012), which mediate either the
degradation of complementary RNA for PTGS or lead to
chromatin changes in related genomic sequences to prevent
subsequent expression for TGS. Both transgenic and endogenous
siRNAs are processed from long double stranded (ds) RNA
precursors by RNase Il proteins, called Dicer-like (DCLs). One

siRNA strand is then selectively recruited into an argonaute
(AGO)-containing complex to act on its DNA or RNA target,
leading to TGS or PTGS, respectively.

In plants, endogenous siRNAs can be classified into several
types: the heterochromatic siRNAs (hc-siRNA), the natural anti-
sense transcript-derived siRNAs (nat-siRNA), the trans-acting
siRNAs (ta-siRNA) and other phased secondary siRNAs (Axtell,
2013; Brodersen and Voinnet, 2006; Mallory and Vaucheret,
2010; Vaucheret, 2006; Vazquez, 2006; Xie and Qi, 2008; Zhai
et al., 2011). These categories differentiate from one another by
the type of genomic loci from which they arise, components of
their biosynthetic pathways, and their mode of action on targets.
To summarize, hc-siRNAs mediate TGS at their target DNA loci,
whereas other siRNAs mainly direct PTGS.

In contrast to microRNAs (miRNA), most siRNAs require for
their biogenesis the action of an RNA-dependent RNA polymerase
(RDR), an enzyme able to convert single-stranded RNA into dsRNA
(Voinnet, 2008, 2009; Willmann et al., 2011). In the plant model

not development. Plant Biotechnol. J., doi: 10.1111/pbi.12230
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Arabidopsis thaliana, even though six different RDRs have been
reported, only RDR1, RDR2 and RDR6 have been linked to RNA
silencing (Wassenegger and Krczal, 2006; Willmann et al., 2011).
RDR6 was discovered in independent screens of suppressors of
transgene silencing (Dalmay et al.,, 2000; Elmayan et al., 1998;
Mourrain et al., 2000) and of mutants with abnormal juvenile-
to-adult transition (Peragine et al., 2004). This protein acts in
complex with SGS3, a XS domain containing protein, which binds
and stabilizes the RDR6 substrates before their conversion into
dsRNA (Elmayan et al, 2009; Fukunaga and Doudna, 2009;
Mourrain et al., 2000; Peragine et al., 2004; Yoshikawa et al.,
2005; Zhang and Trudeau, 2008). Among RDRs, RDR6 has the
broadest diversity of functions and substrates. In sense-transgene
PTGS (S-PTGS), the RDR6/ SGS3 complex has been associated to
DNA methylation at the transcribed region of the silenced
transgene (Jauvion et al., 2012). It also mediates antiviral
defences (Garcia-Ruiz et al., 2010; Wang et al., 2010, 2011),
RNA-dependent DNA methylation of transposable elements
(Nuthikattu et al., 2013; Panda and Slotkin, 2013; Pontier et al.,
2012) and is involved in the biogenesis of various endogenous
siRNAs, at least nat-siRNAs and ta-siRNAs (Borsani et al., 2005;
Howell et al, 2007; Song et al., 2012a). The formation of
ta-siRNAs is triggered by cleavage of primary non-protein-coding
TAS transcripts through a miRNA/AGO complex (Allen and
Howell, 2010; Allen et al.,, 2005; Axtell et al., 2006; Vazquez
et al., 2004). One of the resulting cleavage products is converted
by RDR6 into a dsRNA and further processed by DCL4 into
secondary ta-siRNAs, with a 21-nt increment. In A. thaliana, the
TAS1, TAS2 and TAS4 transcripts are cleaved by 22-nt miRNAs
associated to AGO1 (Peragine et al.,, 2004) and the related ta-
siRNAs regulate in trans PentatricoPeptide Repeat (PPR) proteins
mRNAs for TAST/TAS2 or MYB transcription factors for TAS4
(Allen et al., 2005; Vazquez et al., 2004; Yoshikawa et al.,
2005). In contrast, cleavage of TAS3 requires a 21-nt miRNA,
miR390 and the AGO7/ZIPPY protein (Hunter et al, 2003;
Montgomery et al., 2008). Some TAS3-derived ta-siRNAs, called
the tasiARFs, repress the expression of transcription factors from
the Auxin Response Factor family (ARF; Allen and Howell, 2010;
Williams et al.,, 2005; Adenot et al., 2006). This tasiARF/ARF
regulatory node is essential for key auxin responses and therefore
plant development and reproduction (Guilfoyle and Hagen, 2007;
Hayashi, 2012). It is widely conserved across all land plants (Axtell
et al., 2006; Nogueira et al., 2009; Talmor-Neiman et al., 2006),
and, to date, all developmental defects associated to RDR6 or
SGS3 loss of function were linked to this regulatory node (Adenot
et al., 2006; Fahlgren et al., 2006; Hunter et al., 2006; Li et al.,
2005; Nagasaki et al, 2007; Satoh et al., 1999, 2003; Song
et al., 2012a; Timmermans et al., 1998; Yan et al., 2010; Yifhar
et al., 2012).

In addition to ta-siRNAs, large populations of phased 21-nt
siRNAs have been reported in several plants (Howell et al., 2007,
Klevebring et al.,, 2009; Rock, 2013; Song et al, 2012b; Xia
et al., 2012; Yifhar et al., 2012; Zhai et al., 2011; Zhang et al.,
2012; ). Their biogenesis is generally triggered by a 22-nt-miRNA-
dependent cleavage of their precursors (Howell et al., 2007; Zhai
et al., 2011). However, unlike ta-siRNAs, most pha-siRNAs derive
from protein-coding genes and mediate PTGS of their own
precursor or of related genes from the same family. Depending
the species considered, pha-siRNA precursors have been reported
to encode different types of proteins, like NBS-LRR proteins which
are key mediators of defence responses (Li et al., 2012; Shiva-
prasad et al., 2012; Timmermans et al., 1998; Zhai et al., 2011)

but also PPR proteins or MYB transcription factors (Howell et al.,
2007; Rock, 2013; Xia etal., 2012; Zhang etal, 2012).
Medicago truncatula and soybean belong to legumes (Fabaceae),
a main crop family. In these two plants, identification of phased
21-nt siRNAs in small RNA libraries revealed that the large
majority derived from transcripts coding for NBS-LRR disease
resistance genes, whose primary slicing was triggered by four
different 22-nt miRNAs (Zhai et al., 2011).

In Lotus japonicus, one legume species, rel mutants arose from
a screen for mutants with abnormal leaf morphology (Yan et al.,
2010). rel1/sgs3 and rel3/ago7 plants are sterile and share flower
and leaf defects, that were linked to impaired tasiARF production
and mis-regulation of their ARF targets. In this study, we isolated
and characterized rdr6 and sgs3 mutants in M. truncatula in order
to obtain genetic backgrounds with reduced transgene silencing
and also to further investigate RDR6/SGS3 functions in legumes.
Two sgs3 and one rdré alleles showed a strong deregulation of
tasiARF/ARF expression, associated with severe developmental
defects. In contrast, a second rdr6 allele, carrying a point
mutation in a conserved amino acid residue of the RDR domain,
was not significantly affected in tasiARF/ARF expression and did
not lead to any obvious developmental. Analysis of the small RNA
transcriptome of this rdr6.7 mutant revealed that it was signif-
icantly affected in siRNA production from 354 potential RDR6
substrates, including known and novel phased loci. In addition,
we showed that the rdr6.7 genetic background, which does not
affect development, reduced S-PTGS efficiency in transgenic roots
carrying a GFP transgene.

Results

Isolation of rdr6 and sgs3 mutants in Medicago
truncatula

To identify RDR6 and SGS3 genes in the model legume
M. truncatula, tBLASTX analyses were performed on the M.
truncatula genome v3.5 (Young et al., 2011) using A. thaliana
SGS3 (Xie et al., 2012) and RDR6 cDNAs as queries. Among 22
SGS3-like genes in M. truncatula, all containing a characteristic
XS domain, three were very similar to A. thaliana SGS3 (Figure ST,
Table S1). In addition, a unique RDR6 homologue was found
(Table S1). According to quantitative RT-PCR experiments,
MtSGS3a, MtSGS3b and MtRDR6 genes were expressed in all
organs tested with higher levels in roots, while MtSGS3c
transcripts were barely detectable (Figure S2).

To isolate rdr6 and sgs3 mutants, we used TILLING in EMS-
treated plants (Le Signor et al., 2009) to search for mutations in
regions coding for the conserved RNA-binding XS domain of
MtSGS3a or the RNA-dependent-RNA polymerase (RDR) domain
of MtRDR6. MtSGS3a was chosen because it was the closest
homologue of AtSGS3 (Table S1). For this gene, two potentially
disruptive mutations were selected for further analyses
(Figure 1a). The sgs3a.7 mutation was located at position
+1167 bp from the start codon at an intron—exon junction.
The sgs3a.2 mutation, +1421 bp from the start codon, led to
the change of a highly conserved neutral glycine residue (Ggys,
Figure S3) into a polar glutamine residue. For MtRDR6, out of
nine alleles identified by TILLING, the only allele affecting a
conserved residue in the RDR domain was rdr6. 1. This mutation
at position +2555 from the start codon (Figure 1b) led to the
change of a highly conserved glycine residue (Ggs, Figure S4)
into a serine polar amino acid. As expected, RT-qPCR experi-
ments confirmed that RDR6 transcript levels were not affected

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-11
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(a) sgs3a.1 +1167 G>A (b)
ATG rdr6.1 +2555 G>A
TG | +3938
MtSGS3a D—| |_D MtRDR6 h-( T |
sgs3a.2 +1421G>A ; ;
rdr6.2 [ _Tnt-1]
sgs3a.1 sgs3a.2 rdr6.2

Figure 1 Mutations and phenotypes of the sgs3a
and rdr6 lines. (a and b) Schematic
representations of MtSGS3a (a) and MtRDR6 (b)
genes with exons (grey boxes), introns (horizontal
bars) and positions of the four mutations. For each
point mutation (G > A) or insertion (Tnt-1
transposon), the exact nucleotidic position from
the start codon is indicated. (c) Adult plants (a—f)
and compound adult leaves (g-l) from sgs3a.1
(b, h), sgs3a.2 (c, i), rdr6.1 (d, j), rdr6.2 (f, ) and
related WT (A17genotype: a, g and R108
genotype: e, k) lines.

by the mutation (Figure S5). To obtain an additional independent
rdr6 allele, we screened the Tnt-7 insertion mutant collection
(http://medicago-mutant.noble.org/mutant/) and identified the
rdr6.2 allele (NF17932), where the transposable element was
inserted 123-bp upstream from the stop codon (position +3938).
RT-PCR experiments using primers spanning the insertion site did
not allowed to detect any transcript. However, specific primers
before the insertion revealed the presence of a low-abundant 3’
truncated transcript, suggesting this line may not be a complete
null mutant (Figure S5). Unlike heterozygous plants which had a
wild-type phenotype, homozygous plants of the two sgs3a and
the rdr6.2 mutant lines exhibited severe developmental defects
(Figure 1¢): plants were sterile and very small, due to reduced
shoot and root growth (Figure S6). In addition, leaves were
narrower and down-curled, with highly serrated and even-lobed
margins (Figure 1¢). In contrast, homozygous rdré. 1 plants had a
wild-type developmental and growth phenotype (Figures 1c and
S7).

Accumulation of TAS3-tasiARFs is impaired in sgs3a and
rdr6.2 mutants, but not in rdr6.1

In plant studied so far, the RDR6/SGS3 complex is involved in
several siRNA biogenesis pathways, including ta-siRNAs, which
are well-known developmental regulators (Adenot et al., 2006;
Fahlgren et al.,, 2006; Hunter et al., 2006; Li et al., 2005; Song
et al., 2012b; Yan et al., 2010). Among the four Arabidopsis TAS

genes, only TAS3 is conserved in M. truncatula (Jagadeeswaran
et al., 2009). By mining previous data of small RNA deep
sequencing in this species (http:/medicago.toulouse.inra.fr/MIR-
MED, Truchet et al., 1985), we identified several siRNAs derived
from the MtTAS3 locus (Medtr2 g033380), including two tasiA-
RFs (D7+ and D8+, Table S2). Those siRNAs are predicted to target
MtARF2 (Medtr8 g100050), MtARF3 (Medtrd g128910) and
MtARF4 (Medtr2 g093740) transcripts for PTGS. To monitor
D7+ and D8+ tasiARF and MtARF accumulation in the mutants,
we first performed quantitative RT-PCR experiments on leaf RNAs
(Figure 2). In the sgs3a.1, sgs3a.2 and rdr6.2, a drastic reduction
in tasiARF levels was observed in comparison with their WT
siblings (depletion ratio of 5.9, 20 and 5.5, respectively,
Figure 2a). Consequently, at least one of the MtARF targets
was up-regulated more than threefold in these mutants
(Figure 2b). Impairment of tasiARF biogenesis was more drastic
in sgs3a.2 compared with sgs3a.7, and, as a consequence, we
observed higher levels of MtARF2, MtARF3 and MtARF4 tran-
scripts and more severe leaf morphological defects in this line. In
contrast, only a slight decrease of tasiARF levels was observed in
rdré. 1 leaves (2.2-fold, Figure 2a), which was not followed by
significant changes in MtARF expression (mutant/WT ratio from
1.23 to 1.47 according the gene, Figure 2b). In roots, neither
tasiARF nor MtARF expression were affected by the rdr6.7
mutation (Figure S8). As this hypomorphic allele did not signif-
icantly affect development, we decided to investigate it further in

(@)

1.0

—

b)

8

EN =

Relative RNA expression
to the WT
N

Relative RNA expression
to the WT

TAS3-tasiARF

MtARF2

[] sgs3a.1
[ sgs3a.2

M rdr6.1
rdré.2

MIARF3 MtARF4

Figure 2 tasiARF and MtARF expression is significantly impaired in sgs3a and rdr6.2 mutants, but not in rdr6. 7. RNA levels of TAS3-tasiARF D7+ (a) and its
MUARF2, MtARF3, MtARF4 targets (b) were measured by real-time RT-PCR in leaves of sgs3a. 7 (pale grey boxes), sgs3a.2 (dark grey boxes), rdr6.2 (gridded
boxes) and rdr6.1 (black boxes) homozygous plants and their respective WT siblings. Transcript levels were normalized first with three reference genes
(defined using Genorm software, see Experimental procedure) and calibrated to the values of the respective WT siblings (dashed line). Error bars represent
standard deviations of three technical replicates, and one representative biological experiment out of three is shown.
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term of endogenous siRNA populations and transgene silencing
efficiency.

rdr6.1 plants are affected in endogenous siRNA
production from 354 loci

Small RNA analyses in plants with impaired RDR6 or SGS3
functions have revealed that, besides TAS genes, RDR6 and SGS3
are involved in the biogenesis of secondary phased siRNAs (pha-
siRNAs) from large sets of dsRNAs (Howell et al., 2007; Li et al.,
2012; Song et al., 2012b; Zheng et al., 2010). In A. thaliana, for
instance, Zheng et al. (2010) identified 200 novel RDR6 sub-
strates. To investigate how the rdr6.7 mutation may affect
endogenous siRNA populations, we constructed small RNA
libraries from plants of two rdr6.1 siblings (rdr6-A, rdr6-B) and
the corresponding WT siblings (WT-A and WT-B) and sequenced
them by Solexa technology (lllumina). After removal of adaptors
and other RNAs (rRNA, tRNA), more than 14-million reads were
obtained per library, that were represented between 1 840 674
and 2 448 747 distinct small RNAs from 20- to 25-nt per library
(Table S3). When focusing on the 21-nt RNA fraction, which
includes ta-siRNAs and pha-siRNAs described so far in M.
truncatula (Jagadeeswaran et al., 2009; Zhai et al., 2011), the
minimal correlation between the biological replicates (A and B)
was of 0.9877. These values allowed us to search for small RNAs
with differential accumulation between rdr6.7 and WT libraries.
Statistical analyses were performed on small RNAs with more
than 5 reads at least in both rdr6.7 or both WT libraries.
Comparison of normalized abundances (see  Experimental
procedure) revealed 436 differential small RNAs, among which
433 were significantly depleted in rdré. 7 in comparison with WT
libraries (Figure 3a; in red, P value <0.05; listed in Table S4). For
all differential siRNAs tested, RT-gPCR experiments confirmed a
reduced level in rdr6.7 in comparison with WT plants. As
expected, accumulation of these siRNAs was also strongly
reduced in the three other lines, although the depletion ratio
was generally higher in rdr6 than sgs3 mutants (Figure 3b).
Mapping of the 433 depleted siRNAs on M. truncatula A17
genomic sequences allowed to identify 354 loci (whole predicted
genes or transposable elements, 500-bp intergenic regions), that
generated significantly less siRNAs in the rdré.7 mutant than in
the related WT (package edger, FDR 5%). Depending on the
locus, cumulated siRNA abundances were between 2.3- and

91-fold lower in rdr6.7 than in WT libraries, with a mean
depletion ratio of 6.8 (Table S5). Consistently with the RT-gPCR
results (Figures 2 and S8), MtTAS3 did not belong to these
regions. Indeed, although MtTAS3-derived ta-siRNAs were clearly
produced with a 21-nt increment (phasing score of 37.9), none of
them were significantly depleted in the rdré.7 libraries in
comparison with the WT ones (FDR 5%, Figure S9a and b).
According to genome annotation, the selected loci corresponded
to 240 protein-coding genes, 71 transposable elements (TE), 25
intergenic regions and 18 nonannotated regions (Table S5). Most
putative RDR6 substrates identified by this approach encoded
NBS-LRR disease resistance proteins (54%, Figure 4). However,
we identified other protein-coding gene families, such as Penta/
TetratricoPeptide Repeat (PPR/TPR)-rich proteins, GDSL lipases,
haem peroxidases, proteolysis-associated proteins but also a large
set of transposable elements (TE) (Figures 4 and S10). Analyses of
small RNA phasing on each of the 354 loci revealed that 136
corresponded to phased loci (Table S5, phasing score higher than
10; see Experimental procedure). Among them, 56 were already
listed as pha-siRNAs by Zhai et al. (2011) and 80 were novel,
including 34 TEs and 32 NBS-LRR genes.

Post-transcriptional transgene silencing is reduced in
roots of the rdr6.1 mutant

In Arabidopsis, the first rdré and sgs3 mutants were identified in
screens for suppression of transgene silencing (Dalmay et al.,
2000; Elmayan et al., 1998; Mourrain et al., 2000). Strong rdr6
and sgs3 alleles impaired both development and sense-transgene
post-silencing (S-PTGS), while hypomorphic alleles led to normal
phenotypes but were defective in S-PTGS (Adenot et al., 2006).
Such genetic backgrounds, useful to reduce transgene silencing,
were not reported in legumes. We thus analysed S-PTGS
efficiency in the rdré.1 genetic background using a GFP reporter
transgene assay. The Progep promoter, highly active in legume
transgenic roots (Elmayan and Tepfer, 1995), was used to avoid
transcriptional silencing of the transgene and the nptll selection
gene, whose expression was driven by the constitutive CaMV
Prosss promoter. Northern blot experiments first confirmed that
GFP-derived siRNAs accumulated at higher levels (48% more) in
‘GFP—" versus 'GFP+' transgenic roots, confirming efficient
S-PTGS in the set of 'GFP—' roots (Figure 5b). GFP measurements
were then performed on more than 30 independent kanamycin-
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Figure 3 The rdr6.7 mutant is depleted in large sets of phased and unphased endogenous siRNAs. (a) Ma-Plot representation of the log-fold change of
each 21-nt RNA in function of their log normalized abundance. The 436 siRNAs identified as differentially accumulating between the two rdr6.7 and the
two related WT siblings (with a FDR of 5%) correspond to the red dots. (b) Confirmation of down-accumulation of four selected siRNAs (siRNA4, siRNA41,
siRNA65 and siRNA190) in the sgs3a and rdré mutants by real-time RT-PCR. Small RNA levels were normalized with three conserved miRNAs as references
(see Experimental procedure) and calibrated with the related WT value. Error bars represent standard deviation of two technical replicates, and one

representative biological experiment is shown out of three. Lines: sgs3a.7 (pale grey boxes), sgs3a.2 (dark grey boxes), rdr6.2 (gridded boxes) and rdr6. 1

(black boxes).
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and with more than five reads in one library) are represented by blue boxes on + or — strands. Box height is proportional to siRNA abundance (from 5 to 10
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indicated.

resistant transgenic roots of rdr6.7 or WT sibling plants, in three
biological experiments, and the proportions of ‘GFP—' (no GFP
signal) versus '‘GFP+ (GFP signal higher than negative controls)
were quantified. Interestingly, the proportion of ‘GFP—' roots was
significantly reduced in the mutant background (Figure 5a;
58.7% versus 75%, khi2 test, a < 0.01), suggesting that S-PTGS
efficiency was partly impaired in roots by the rdré.7 mutation.
Northern blots experiments confirmed that GFP-derived siRNAs
were reduced approximately threefold in rdr6.7 roots in compar-
ison with the WT roots (Figure 5c). Hence, this mutant back-
ground can serve to improve transgene expression in Medicago
truncatula. Furthermore, related RDR6 alleles in plants (at least in
legumes) could be interesting tools to limit post-transcriptional
gene silencing of transgenes without affecting development.

Discussion

The availability of genetic backgrounds with impaired transgene
silencing and normal development may be a challenge for

transgenic crop production. In this context, the RNA-dependent
RNA polymerase RDR6 and its partner SGS3, which act together
in sense-transgene PTGS in the model plant Arabidopsis thaliana,
are good candidates. However, these proteins are also involved in
the biogenesis of distinct endogenous siRNAs, including the trans-
acting siRNAs, and play a variety of roles in development, auto-
incompatibility or in responses to pathogens and abiotic stresses
(Wassenegger and Krczal, 2006; Willmann et al., 2011). In this
work, we identified a specific rdr6.7 mutation which partly
stabilizes transgene expression, without altering development in
the legume species M. truncatula. Interestingly, this allele yields
plants strongly affected in production of a large set of endog-
enous siRNAs, including some of the recently described pha-
SiRNAs (Zhai et al., 2011).

In A. thaliana, rdr6 and sgs3 null mutants have pleiotropic
developmental defects. Although these mutants lack all catego-
ries of ta-siRNAs, their phenotypes were mainly associated to the
impairment of the tasiARF/ARF regulatory node and its impact on
auxin responses. Indeed, tas3 and ago/7 mutants, which are
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Figure 5 Transgene PTGS is reduced in rdré.1 roots. (a) Roots of rdré.1
and related WT siblings were transformed with a Progeip:: GFP Prosss::nptll
construct using A. rhizogenes. GFP fluorescence was measured on more
than tips (1 cm long) of 30 kanamycin-resistant roots per genotype in
three biological experiments, and the proportion of GFP negative (GFP—)
and GFP positive (GFP+) roots was determined. GFP— values were defined
by measuring background from 30 roots transformed with the empty
vector lacking the GFP transgene. (b) Levels of GFP-derived siRNAs from
pools of 20 ‘GFP+" or ‘GFP—' roots of the WT genotype were analysed by
RNA gel blot experiments dedicated for small RNAs. A GFP-specific probe
was used to monitor 21-nt GFP-derived siRNAs as well as a U6 snRNA
probe for internal loading control. Values were obtained after
normalization with U6 using ImageJ software (National Institutes of
Health, Bethesda, Maryland, USA). (c) Levels of GFP-derived siRNAs in
pools of 20 transgenic roots from WT or rdré. 1 genetic backgrounds were
analysed by RNA gel blot experiments as described above.

specifically impaired in the biogenesis of TAS3-derived siRNAs,
showed phenotypes similar to rdr6 and sgs3 mutants (Adenot
et al., 2006). In rice, mutations in orthologous genes for RDR6,
AGO7 and DCL4, all involved in tasiARF production, led to a
strong shoot phenotype (Nagasaki et al., 2007). In L. japonicus, a
model legume, leaf and reproductive defects of the re/7/sgs3 and
rel3/ago7 mutants were also linked to an impaired biogenesis of
tasiARFs (Yan et al., 2010). In this work, we identified three
TILLING and one Tnt-7 insertion mutants in the MtSGS3a and
MtRDR6 genes in M. truncatula. Three of these recessive
mutations—sgs3a. 1, sgs3a.2 and rdr6.2— yielded highly similar
phenotypes, ie small and sterile plants, whose leaves were
narrower, down-curled and with an abnormal lobed shape. As
expected, molecular analyses revealed reduced levels of tasiARFs
and increased levels of their ARF mRNA targets in these lines.
Although we cannot exclude that additional endogenous siRNAs
participate to their phenotypes, these data strongly suggest that,
like in other species, most developmental defects observed in the
sgs3a and rdr6.2 mutants are associated to this perturbation of
the tasiARF/ARF regulatory node. Interestingly, the phenotypes
we observed in M. truncatula slightly differed from the rel
mutants in L. japonicus. Indeed, these mutants had no growth
defect and their compound leaves often lacked one or two
leaflets (Yan et al., 2010). These differences between the two
legumes could be linked to specific effects of the mutations
analysed. Alternatively, some RDR6/SGS3 substrates may also be
species-specific, as already proposed to explain the unexpected
lack of shoot apical meristem formation during embryogenesis in
the rice rdré/shootless2 mutant (Nagasaki et al., 2007; Satoh
et al.,, 1999, 2003).

In contrast to the other alleles, the rdré.7 mis-sense mutation
did not led to any obvious developmental defect. RT-PCR
experiments showed that tasiARF levels, barely affected in leaves
and unchanged in roots, were sufficient to ensure proper
expression of MtARFs during development. Although this muta-
tion appeared not to be crucial for RDR6 action on TAS3
transcripts, homozygous rdr6. 1 plants were significantly impaired
in the accumulation of 433 siRNAs, which derive from 354
distinct loci. According to these molecular data, rdr6.7 may be
considered as a hypomorphic mutant. However, siRNA depletion
ratio varied from 2.3 to 91 depending on the locus considered,
suggesting that the mutation did not affect all substrates with the
same efficiency and that this particular amino acid substitution
may affect substrate selection by RDR6. Among the depleted
siRNAs identified, a large set mapped to the so-called phased lodi,
previously reported in M. truncatula thanks a genome-wide small
RNA analysis (Zhai et al.,, 2011). According to these authors,
production of secondary siRNAs from these loci depends on the
initial binding of a 22-nt mRNA and cleavage by AGO1. In
contrast, the cleavage of TAS3 transcript is mediated by a 21-nt
miR390/AGO7 complex, and this latter protein co-localizes with
SGS3 and RDR6 into cytoplasmic siRNA bodies (Jouannet et al.,
2012; Kumakura et al., 2009). Although less probable, another
explanation of the rdr6.7 molecular phenotype may be that the
amino acid substitution at a conserved position differentially
impacts the recruitment of AGO1- or AGO7-processed precursors
into siRNA bodies.

In A. thaliana, more than 200 RDR6 substrates have been
reported with a great variety of functions, including mRNAs,
intergenic RNAs and transposons (Zheng et al., 2010). Here, we
identified 354 potential loci that produce siRNAs in an RDR6-
dependent manner in M. truncatula. Some of them encode
proteins that function in gene expression and nucleic acid-based
biological functions (e.g. translation, RNA processing. . .), includ-
ing members of the large PPR/TPR gene families (Howell et al.,
2007; Rock, 2013; Xia et al., 2012; Zhang et al., 2012). We also
identified novel RDR6 substrates coding for enzymes, like haem
peroxidases, lipases or peptidases. Recent analyses revealed that,
unlike in A. thaliana or rice, legumes and Solanaceae accumulate
large sets of phased siRNAs from NBS-LRR disease resistance
genes (Li et al., 2012; Zhai et al., 2011). In agreement with these
data, a large proportion of the 354 selected loci belonged to this
gene family, thus confirming that MtRDR6 is involved in NBS-LRR-
derived pha-siRNA biogenesis and reinforcing the hypothesis that
21-nt secondary siRNA-mediated PTGS may be a key regulatory
mechanism of biotic interactions in legumes. However, the
WT-like phenotype of rdr6.7 plants suggests that except for
ta-siRNAs, the various endogenous siRNAs produced in an RDR6-
dependent manner have no major implication in M. truncatula
development and growth.

Unexpectedly, around 20% (71/354) of the putative MtRDR6
substrates were transposable elements. This result is surprising, as
very few TE were identified in the phased loci previously listed by
Zhai et al. (2011). In A. thaliana, Zheng et al. (2010) reported
that a large proportion of RDR6-dependent dsRNAs arose out of
TEs but most were generally not associated to siRNA production.
Here, we cannot rule out that some of the TE-derived siRNAs
depleted in rdré. 7 may in fact derive from paralogous loci silenced
by PTGS that contain a TE-related exon. Nevertheless, our results
strongly suggest that several TEs are substrates of MtRDR6 for
production of secondary siRNAs. These data are in agreement
with recent studies indicating that 21-nt siRNAs processed from
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RDR6-dependent dsRNAs may be involved in RNA-dependent
DNA methylation of TEs, although their direct function in
transcriptional silencing is still under debate (Law and Jacobsen,
2010; Nuthikattu et al., 2013; Panda and Slotkin, 2013; Pontier
et al.,, 2012; Stroud et al., 2013). Finally, unlike in rice or
Arabidopsis where most RDR6-dependent dsRNAs are sliced by
DCL4 into phased siRNAs (Song et al., 2012b; Xie et al., 2005),
62% of the potential RDR6 substrates detected in this study were
not predicted as phased loci. Although some phasing scores may
be impacted by the presence of introns in genomic regions or by
small RNAs that match to paralogs and may disrupt the phasing
pattern, the proportion of RDR6 substrates leading to unphased
siRNAs seems to be relatively high in M. truncatula.

To our knowledge, except in A. thaliana, all rdr6 or sgs3
mutants described so far in plants were severely impaired in
development, due to the deregulation of the tasiARF/ARF node
and the consequent effects on auxin responses. In A. thaliana,
Adenot et al. (2006) identified hypomorphic rdr6 and sgs3
mutants with a wild-type phenotype and normal tasiARF
biogenesis. As sense-transgene PTGS was affected by these
alleles, these authors suggested that this regulatory mechanism
may be more sensitive than development to perturbations in
RDR6/SGS3 functions. In M. truncatula, we observed that, in
addition to the depletion of numerous endogenous phased and
unphased siRNAs, S-PTGS of a GFP transgene was partly reduced
in transgenic roots of rdr6.7 homozygous plants in comparison
with WT siblings. Interestingly, the rdr6.7 point mutation leads to
the substitution of a glycine residue inside the RDR domain (Ggs,),
which is conserved in all plant RDR6 proteins analysed. To our
knowledge, none of the rdr6 mutants described so far in other
species was affected at this conserved position. This novel genetic
background could thus become an interesting tool to stabilize
transgene expression in M. truncatula and other crops.

Experimental procedure
Plant material and growth conditions

Medicago truncatula (Jemalong A17 genetic background) TILL-
ING mutants for MtRDR6 and MtSGS3a were obtained from the
RevGenUK platform (John Innes Centre, Norwich, UK, http://
revgenuk.jic.ac.uk/TILLING.htm). Mutations, potentially deleteri-
ous or untolerated for protein function, were predicted by
CODDLE (http://www.proweb.org/coddle/) and SIFT (Zheng et al.,
2010). The rdr6.2 insertion line (NF17932, R708 genetic back-
ground) was obtained by screening the Tnt-7 insertion mutant
collection, generated at the Samuel Roberts Noble Foundation
(http://medicago-mutant.noble.org/mutant/). All  experiments
were performed on plants genotypes after two successive
backcrosses with the respective WT line. Segregation analysis of
the developmental phenotypes in sgs3a and rdr6.2 mutants was
3:1 (n > 25; khi2 test, P<0.05), indicative of single locus
recessive mutations. Genotyping was done by PCR on genomic
DNA extracted following (Song et al., 2012b), using gene-specific
primers (Table S6) designed with the Primer3 software (http://
frodo.wi.mit.edu/primer3/). Seeds were scarified in concentrated
sulphuric acid during 3 min, rinsed four times with distilled water
and surface sterilized for 20 min in bleach (12% (v/v) sodium
hypochlorite). After washings, they were sown on 1% agar
plates, stratified for 6 days at 4 °C and kept overnight at 24 °C in
the dark. Germinated seedlings were transferred in perlite/sand
(3/1, v/v) pots, irrigated with the nitrogen-rich nutritive solution
(Soluplant 18.6.26, Duclos International, Lunel Viel, Montpellier,
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France), in a growth chamber at 24 °C under long-day conditions
(16 h light at 150 pE light intensity). For each analysis, three
independent biological replicates were performed, including at
least 30 plants per genotype and condition, and a Kruskall-Wallis
test was used to determine significant differences (*o < 0.05,
kg < 0.01, ***g < 0.001).

Bioinformatic analyses

A. thaliana RDR1 to RDR6 and SGS3 cDNA sequences (TAIR,
http://www.arabidopsis.org/) were used with tBLASTX to query
the following genomes: M. truncatula (Mt 3.5.1, Ng and
Henikoff, 2003; soybean Glyma1.181 (http:/Awww.plantgdb.
org/GmGDB/), Lotus japonicus (Miyakogusa.jp 2.5, Kumakura
et al.,, 2009) and rice OsGDB187 (www.plantgdb.org/OsGDBY/).
RDR6 and SGS3 sequences from other species came from
GenBank at NCBI (www.ncbi.nlm.nih.gov/). Conserved protein
domains were examined using the Conserved Domains software
(PROSITE) at NCBI and the Pfam protein families database (http:/
pfam.wustl.edu/). Sequence alignments were made using the
ClustalW  program  (http://www.ebi.ac.uk/clustalw/).  SIRNAs
derived from the MItTAS3 locus (Medtr2 g033380, Sato et al.,
2008) were searched by BLASTN in the M. truncatula small RNA
libraries (Lelandais-Briere et al., 2009).

Small RNA libraries construction, sequencing and
analysis

Small RNA-enriched fractions were extracted from four-day-old
seedlings of two independent rdr6.7 siblings (rdr6-A and B) and
their corresponding WT siblings (WT-A and B) using the
‘mirVana™ miRNA Isolation’ kit (Ambion Life technology, www.
lifetechnologies.com/). rdré.1 and the related WT siblings were
obtained after two backcrosses and a subsequent self-fertilization
of independent homozygous plants. Small RNA libraries were
constructed from 1 pg of RNAs using the ‘TruSeq small RNA
Sample prep’ kit (lllumina, https://www.illumina.com/) and
sequenced using the TruSeq SBS Kit v5 on a Genome Analyzer
IIx (llumina). Sequences have been deposited at the NCBI Gene
Expression Omnibus (GEO) database (http:/Awww.ncbi.nlm.nih.
gov/geo/; accession number GSE39421). The raw data processing
and rRNA/tRNA filtering were performed as previously described
(Robinson et al., 2010). To search for miRNAs, a BLASTN search
was performed on the miRBase v17 database (http:/Avww.
mirbase.org/). Identification of small RNAs with differential
accumulation between WT and rdr6.7 libraries was performed
on all 21-nt RNAs, having more than 5 reads in at least two
duplicated libraries. We used the package ‘edgeR’ (Robinson
et al.,, 2010) to compare read abundances, after normalization
with 21-nt RNAs total read numbers of each library. This method
is based on modelling data with negative binomial distributions,
using empirical Bayes estimations and exact tests to assess
statistical significance. As two replicates were available for each
genotype, the common estimation of variance parameter was
used, and False Discovery Rate (FDR) multiple testing adjustments
were performed (Benjamini and Hochberg, 1995). A BLASTN
analysis was performed on M. truncatula genome (v3.5.1;
Jouannet et al., 2012) plus additional unpublished contigs shown
in Table S7 (J. Gouzy unpublished data) to identify genomic loci
that matched perfectly to the rdré6-7 depleted siRNA and to
localize additional siRNAs covering these loci. SIRNA positions and
abundances on selected RDR6-dependent loci were visualized by
Genome viewer. To identify the putative MtRDR6 substrates,
cumulated siRNA abundances from each genomic region (com-
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plete gene or 500-bp intergenic region) were statistically
compared between the rdr6.7 and WT libraries, using the same
tests as for individual siRNAs. In order to detect siRNA phasing,
the method developed by (Howell et al, 2007) was used,
consisting in computing a phasing score for each position on
the genomic loci, with phase cycles of 21 nucleotides in length.
According to the scores obtained with the known M. truncatula
TAS3 (Moreno et al., 2013) and phased loci (Zhai et al., 2011),
loci with a phasing score > 10 were considered as phased.

Real-time RT-PCR analyses

Total RNAs from organs of adult plants were isolated with TRIZol
reagent (Invitrogen) and RNA quality and concentration was
controlled using a Nanodrop ND1000 spectrophotometer
(Thermo  Fischer  Scientific, www.thermofisher.com/).  For
RT-PCR, total RNA was treated with RNase-free DNase | (Thermo
Scientific Molecular Biology, http://www.thermoscientificbio.
com/). For mRNA quantification, 1 pg of RNAs was
reverse-transcribed using the SuperScript Il Reverse Transcriptase
(Invitrogen, www.invitrogen.com/) following manufacturer’s rec-
ommendations and an oligo-d(T);g as primer. Real-time PCRs
were performed using the SYBR Green | master kit on a
LightCycler 480 apparatus (Roche Diagnostics, www.roche-diag-
nostics.fr/), as described in (Plet et al, 2011). MtACTINTI,
MtRBP1 and MtH3L were selected as reference genes using the
Genorm software (http://medgen.ugent.be/~jvdesomp/genorm/;
Vandesompele et al., 2002), and transcript levels were normal-
ized using the mean expression of the three reference genes. For
small RNA quantification, real-time RT-PCR analyses were per-
formed using the 'miScript reverse transcription’ and the 'miR-
Script  SYBR  Green PCR' kits (Qiagen), following the
manufacturer’s recommendations. PCR were performed using a
universal primer provided in the kit and specific primers
corresponding to the exact sequence of the small RNAs studied
(Table S6). As references, we used three miRNAs, whose
biogenesis is not dependent of RDR6 activity: mtr-miR164a,
mtr-miR167a and mtr-miR396b (sequences in Table S6). In all
experiments, three independent biological replicates were per-
formed, with three technical replicates per sample.

Obtention of Medicago truncatula transgenic roots and
analysis of GFP expression

To obtain M. truncatula ‘composite’ plants with transgenic roots,
we followed the protocol of (Boisson-Dernier et al.,, 2001). A
Progein::GFP Prosss::nptll construct in pXK7S2D vector (Karimi
et al., 2007) was introduced by electroporation into the Agro-
bacterium rhizogenes ARqual strain (Smr-derivative strain of
AA4T) and used for transformation of M. truncatula seedlings. An
empty pXK7S2D vector (without GFP) was used as a negative
control. Briefly, 2 weeks after inoculation, plants that developed
kanamycin-resistant roots (expressing the nptll gene) were
transferred onto growth pouch papers (Mega international,
http://www.mega-international.com/) on Fahraeus medium (Tru-
chet et al., 1985) with 1.5% Bacto-Agar (Gibco-Life technology,
http://fr-fr.invitrogen.com/) to allow root growth for three addi-
tional weeks in a growth chamber as described above. GFP
fluorescence level in independent transgenic roots was quantified
using Image) (Schneider et al., 2012) on 1-cm root tip images
obtained using a fluorescent microscope (Leica DMLB). For
statistical analysis, we used a khi2 test with n > 30 root tips per
construct and genotype in three independent biological experi-
ments. GFP expression in pools of 20 transgenic roots was

confirmed by RT-PCR experiments as described above, using GFP
primers (Table S6). To analyse the accumulation of GFP-derived
siRNAs in transgenic roots, small RNA gel blots were carried out as
described in (Kumakura et al, 2009). The GFP probe was
amplified by PCR using GFP primers and labelled in the presence
of 5 pL of (o*2P)dCTP (2000 Ci/mMole) using the ‘Prime-a-Gene'’
Labeling System (Promega, www.promega.com/). A U6 snoRNA
probe (Table S6) end-labelled by (y-32P) ATP using the T4
Polynucleotide kinase (Thermo Scientific Molecular Biology,
http://www.thermoscientificbio.com/) was used as loading con-
trol. Hybridation signal intensity was determined using Image)
(Schneider et al., 2012).

Acknowledgements

We thank Hervé Vaucheret for valuable discussions on genes
involved in PTGS and Paulina Martinez-Palacios for her help at the
beginning of the project. The IMAGIF Platform at CNRS (https://
www.imagif.cnrs.fr/index.php) is acknowledged for microscopy
facilities and sequencing of the small RNA libraries.

Funding

This work was supported by grants from the GRAIN LEGUMES
EEC-FP6 project (http://ec.europa.eu/research/fp6/index_en.cfm)
for the TILLING mutants, the DIAGNOGENE project (Agence
Nationale de la Recherche-OGM, France, http:/Awww.agence-na-
tionale-recherche.fr/), the programme ‘Actions spécifiques’ of
University  Paris Diderot Paris 7 (France, http://Avww.
univ-paris-diderot.fr/) and the ‘Laboratoire d'Excellence Saclay
Plant Sciences’ (SPS, ANR-10-LABX-40, http://wwwé6.inra.fr/sa-
clay-plant-sciences). P. B-S. was the recipient of a Marie Curie
Postdoctoral IE Fellowship [European Commission, MEDEPIMIR,
(N° PIEF-GA-2010-273743)].

Author contributions

P.B-S and EH performed the majority of the experiments. CL did
genotyping and generated plant mutant material. Search for
RDR6 and SGS3 orthologs, selection of the TILLING mutants,
small RNA libraries construction and analysis were performed by
CLB and PBS. Identification of the rdré.2 allele by a reverse screen
was performed by JW at the Noble foundation and the Tnt-7
insertional mutant collection was generated by KSM. ES and JG
performed bioinformatic analyses, CR and ACC applied statistical
analyses and phasing criteria on small RNA data. CLB, FF and MC
designed experiments and with the help of PBS and CH wrote the
manuscript.

References

Adenot, X., ElImayan, T., Lauressergues, D., Boutet, S., Bouché, N., Gasciolli, V.
and Vaucheret, H. (2006) DRB4-dependent TAS3 trans-acting siRNAs control
leaf morphology through AGO7. Curr. Biol. 16, 927-932.

Allen, E. and Howell, M.D. (2010) miRNAs in the biogenesis of trans-acting
siRNAs in higher plants. Semin. Cell Dev. Biol. 21, 798-804.

Allen, E., Xie, Z., Gustafson, AM. and Carrington, J.C. (2005)
microRNA-directed phasing during trans-acting siRNA biogenesis in plants.
Cell, 121, 207-221.

Axtell, M.J. (2013) Classification and comparison of small RNAs from plants.
Annu. Rev. Plant Biol. 64, 137-159.

Axtell, M.J., Jan, C., Rajagopalan, R. and Bartel, D.P. (2006) A two-hit trigger for
siRNA biogenesis in plants. Cell, 127, 565-577.

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-11



Benjamini, Y. and Hochberg, Y. (1995) Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. Royal Statist. Soc. Ser.
B (Methodological), 57, 289-300.

Boisson-Dernier, A., Chabaud, M., Garcia, F., Bécard, G., Rosenberg, C. and
Barker, D.G. (2001) Agrobacterium rhizogenes-transformed roots of
Medicago truncatula for the study of nitrogen-fixing and endomycorrhizal
symbiotic associations. Mol. Plant Mic. Interact. 14, 695-700.

Borsani, O., Zhu, J., Verslues, P.E., Sunkar, R. and Zhu, J.K. (2005) Endogenous
siRNAs derived from a pair of natural cis-antisense transcripts regulate salt
tolerance in Arabidopsis. Cell, 123, 1279-1291.

Brodersen, P. and Voinnet, O. (2006) The diversity of RNA silencing pathways in
plants. Trends Genet. 22, 268-280.

Dalmay, T., Hamilton, A., Rudd, S., Angell, S. and Baulcombe, D.C. (2000) An
RNA-dependent RNA polymerase gene in Arabidopsis is required for
post-transcriptional gene silencing mediated by a transgene but not by a
virus. Cell, 101, 543-553.

Elmayan, T. and Tepfer, M. (1995) Evaluation in tobacco of the organ specificity
and strength of the rolD promoter, domain A of the 35S promoter and the
35S2 promoter. Transgenic Res. 4, 388-396.

Elmayan, T., Balzergue, S., Béon, F., Bourdon, V., Daubremet, J., Guénet, Y.,
Mourrain, P., Palauqui, J.-C., Vernhettes, S., Vialle, T., Wostrikoff, K. and
Vaucheret, H. (1998) Arabidopsis mutants impaired in cosuppression. Plant
Cell, 10, 1747-1758.

Elmayan, T., Adenot, X., Gissot, L., Lauressergues, D., Gy, |. and Vaucheret, H.
(2009) A neomorphic sgs3 allele stabilizing miRNA cleavage products reveals
that SGS3 acts as a homodimer. FEBS J. 276, 835-844.

Fahlgren, N., Montgomery, T.A., Howell, M.D., Allen, E., Dvorak, S.K.,
Alexander, A.L. and Carrington, J.-C. (2006) Regulation of AUXIN
RESPONSE FACTOR3 by TAS3 ta-siRNA affects developmental timing and
patterning in Arabidopsis. Curr. Biol. 16, 939-944.

Fukunaga, R. and Doudna, J.A. (2009) dsRNA with 5" overhangs contributes to
endogenous and antiviral RNA silencing pathways in plant. EMBO J. 28, 545—
555.

Garcia-Ruiz, H., Takeda, A., Chapman, E.J., Sullivan, C.M., Fahlgren, N.,
Brempelis, K.J. and Carrington, J.C. (2010) Arabidopsis RNA dependent RNA
polymerases and dicer-like proteins in antiviral defense and small interfering
RNA biogenesis during Turnip Mosaic Virus infection. Plant Cell, 22, 481-496.

Guilfoyle, T.J. and Hagen, G. (2007) Auxin response factors. Curr. Opin. Plant
Biol. 10, 453-460.

Hayashi, K. (2012) The interaction and integration of auxin signaling
components. Plant Cell Physiol. 53, 965-975.

Howell, M.D., Fahlgren, N., Chapman, E.J., Cumbie, J.S., Sullivan, C.M., Givan,
S.A., Kasschau, K.D. and Carrington, J.C. (2007) Genome-wide analysis of
the RNA-DEPENDENT RNA POLYMERASE6/DICER-LIKE4 pathway in
Arabidopsis reveals dependency on miRNA- and tasiRNA-directed targeting.
Plant Cell, 19, 926-942.

Hunter, C., Sun, H. and Poethig, R.S. (2003) The Arabidopsis heterochronic
gene ZIPPY is an ARGONAUTE family member. Curr. Biol. 13, 1734-1739.
Hunter, C., Willmann, M.R., Wu, G., Yoshikawa, M., de la Luz Gutiérrez-Nava, M.
and Poethig, S.R. (2006) Trans-acting siRNA-mediated repression of ETTIN and
ARF4 regulates heteroblasty in Arabidopsis. Development, 133, 2973-2981.

Jagadeeswaran, G., Zheng, Y., Li, Y.F., Shukla, L.I., Matts, J., Hoyt, P., Macmil,
S.L., Wiley, G.B., Roe, B.A., Zhang, W. and Sunkar, R. (2009) Cloning and
characterization of small RNAs from Medicago truncatula reveals four novel
legume-specific microRNA families. New Phytol. 184, 85-98.

Jauvion, V., Rivard, M., Bouteiller, N., ElImayan, T. and Vaucheret, H. (2012)
RDR2 partially antagonizes the production of RDR6-dependent siRNA in sense
transgene-mediated PTGS. PLoS ONE, 7, e29785.

Jouannet, V., Moreno, A.B., Elmayan, T., Vaucheret, H., Crespi, M. and Maizel,
A, (2012)  Cytoplasmic  Arabidopsis ~AGO7  accumulates in
membrane-associated siRNA bodies and is required for ta-siRNA biogenesis.
EMBO J. 31, 1704-1713.

Karimi, M., Depicker, A. and Hilson, P. (2007) Recombinational cloning with
plant gateway vectors. Plant Physiol. 145, 1144-1154.

Klevebring, D., Street, N.R., Fahlgren, N., Kasschau, K.D., Carrington, J.C.,
Lundeberg, J. and Jansson, S. (2009) Genome-wide profiling of populus small
RNAs. BMC Genomics, 10, 620.

A point RDR6 mutation stabilizes transgenes in legumes 9

Kumakura, N., Takeda, A., Fujioka, Y., Motose, H., Takano, R. and Watanabe,
Y. (2009) SGS3 and RDR6 interact and colocalize in cytoplasmic SGS3/
RDR6-bodies. FEBS Lett. 583, 1261-1266.

Law, J.A. and Jacobsen, S.E. (2010) Establishing, maintaining and modifying
DNA methylation patterns in plants and animals. Nat. Rev. Genet. 11, 204~
220.

Le Signor, C., Savois, V., Aubert, G., Verdier, J., Nicolas, M., Pagny, G., Moussy,
F., Sanchez, M., Baker, D., Clarke, J. and Thompson, R. (2009) Optimizing
TILLING population for reverse genetics in Medicago truncatula. Plant
Biotechnol. J. 7, 430-441.

Lelandais-Briere, C., Naya, L., Sallet, E., Calenge, F., Frugier, F., Hartmann, C.,
Gouzy, J. and Crespi, M. (2009) Genome-wide Medicago truncatula small
RNA analysis revealed novel microRNAs and isoforms differentially regulated
in roots and nodules. Plant Cell, 21, 2780-2796.

Li, H., Xu, L., Wang, H., Yuan, Z, Cao, X., Yang, Z., Zhang, D., Xu, Y. and
Huang, H. (2005) The Putative RNA-dependent RNA polymerase RDR6 acts
synergistically ~ with  ASYMMETRIC ~ LEAVES1T and 2 to repress
BREVIPEDICELLUS and MicroRNA165/166 in Arabidopsis leaf development.
Plant Cell, 17, 2157-2171.

Li, F., Pignatta, D., Bendix, C., Brunkard, J.O., Cohn, M.M., Tung, J., Sun, H.,
Kumar, P. and Baker, B. (2012) MicroRNA regulation of plant innate immune
receptors. Proc. Natl Acad. Sci. USA, 109, 1790-1795.

Mallory, A. and Vaucheret, H. (2010) Form, function, and regulation of
ARGONAUTE proteins. Plant Cell, 22, 3879-3889.

Montgomery, T.A., Howell, M.D., Cuperus, J.T., Li, D., Hansen, J.E., Alexander,
A.L., Chapman, E.J., Fahlgren, N., Allen, E. and Carrington, J.C. (2008)
Specificity of ARGONAUTE7-miR390 interaction and dual functionality in
TAS3 trans-acting siRNA formation. Cell, 133, 128-141.

Moreno, A.B., Martinez de Alba, A.E., Bardou, F., Crespi, M.D., Vaucheret, H.,
Maizel, A. and Mallory, A.C. (2013) Cytoplasmic and nuclear quality control
and turnover of single-stranded RNA modulate post-transcriptional gene
silencing in plants. Nucleic Acids Res. 41, 4699-4708.

Mourrain, P., Beclin, C., Elmayan, T., Feuerbach, F., Godon, C., Morel, J.B.,
Jouette, D., Lacombe, A.M., Nikic, S., Picault, N., Rémoué, K., Sanial, M., Vo,
T.A. and Vaucheret, H. (2000) Arabidopsis SGS2 and SGS3 genes are
required for posttranscriptional gene silencing and natural virus resistance.
Cell, 101, 533-542.

Nagasaki, H., Itoh, J., Hayashi, K., Hibara, K., Satoh-Nagasawa, N., Nosaka, M.,
Mukouhata, M., Ashikari, M., Kitano, H., Matsouka, M., Nagato, Y. and Sato,
Y. (2007) The small interfering RNA production pathway is required for shoot
meristem initiation in rice. Proc. Nat/ Acad. Sci. USA, 104, 14867-14871.

Ng, P.C. and Henikoff, S. (2003) SIFT: Predicting amino acid changes that affect
protein function. Nucleic Acids Res. 31, 3812-3814.

Nogueira, F.T., Chitwood, D.H., Madi, S., Ohtsu, K., Schnable, P.S., Scanlon,
M.J. and Timmermans, M.C. (2009) Regulation of small RNA accumulation in
the maize shoot apex. PLoS Genet. 5, e1000320.

Nuthikattu, S., McCue, A.D., Panda, K., Fultz, D., DeFraia, C., Thomas, E.N. and
Slotkin, R.K. (2013) The initiation of epigenetic silencing of active
transposable elements is triggered by RDR6 and 21-22 nucleotide small
interfering RNAs. Plant Physiol. 162, 116-131.

Panda, K. and Slotkin, R.K. (2013) Proposed mechanism for the initiation of
transposable element silencing by the RDR6-directed DNA methylation
pathway. Plant Sig. Behav. 8, pii: €25206.

Parent, J.S., Martinez de Alba, A.E. and Vaucheret, H. (2012) The origin and
effect of small RNA signaling in plants. Front. Plant Sci. 3, 179.

Peragine, A., Yoshikawa, M., Wu, G., Albrecht, H.L. and Poethig, R.S. (2004)
SGS3 and SGS2/SDE1/RDR6 are required for juvenile development and the
production of trans-acting siRNAs in Arabidopsis. Genes Dev. 18, 2368-2379.

Plet, J., Wasson, A., Ariel, F., Le Signor, C., Baker, D., Mathesius, U., Crespi, M.
and Frugier, F. (2011) MtCRE1-dependent cytokinin signaling integrates
bacterial and plant cues to coordinate symbiotic nodule organogenesis in
Medicago truncatula. Plant J. 65, 622-633.

Pontier, D., Picart, C., Roudier, F., Garcia, D., Lahmy, S., Azevedo, J., Alart, E.,
Laudié, M., Karlowski, W.M., Cooke, R., Colot, V., Voinnet, O. and Lagrange,
T. (2012) NERD, a plant-specific GWoprotein, defines an additional
RNAi-dependent chromatin-based pathway in Arabidopsis. Mol. Cell, 48,
121-132.

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-11



10 Pilar Bustos-Sanmamed et al.

Robinson, M.D., McCarthy, D.J. and Smyth, G.K. (2010) edgeR: a Bioconductor
package for differential expression analysis of digital gene expression data.
Bioinformatics, 26, 139-140.

Rock, C.D. (2013) Trans-acting small interfering RNA4: key to nutraceutical
synthesis in grape development? Trends Plant Sci. 18, 601-610.

Sato, S., Nakamura, Y., Kaneko, T., Asamizu, E., Kato, T., Nakao, M.,
Sasamoto, S., Watanabe, A., Ono, A., Kawashima, K., Fujishiro, T., Katoh,
M., Kohara, M., Kishida, Y., Minami, C., Nakayama, S., Nakazaki, N.,
Shimizu, Y., Shinpo, S., Takahashi, C., Wada, T., Yamada, M., Ohmido, N.,
Hayashi, M., Fukui, K., Baba, T., Nakamichi, T., Mori, H. and Tabata, S.
(2008) Genome structure of the legume, Lotus japonicus. DNA Res. 15,
227-239.

Satoh, N., Hong, S.K., Nishimura, A., Matsuoka, M., Kitano, H. and Nagato, Y.
(1999) Initiation of shoot apical meristem in rice: characterization of four
SHOOTLESS genes. Development, 126, 3629-3636.

Satoh, N., Itoh, J. and Nagato, Y. (2003) The SHOOTLESS2 and SHOOTLESS1
genes are involved in both initiation and maintenance of the shoot apical
meristem through regulating the number of indeterminate cells. Genetics,
164, 335-346.

Schneider, C.A., Rasband, W.S. and Eliceiri, K. (2012) NIH Image to ImageJ:
25 years of image analysis. Nat. Methods, 9, 671-675.

Shivaprasad, P.V., Chen, H.M., Patel, K., Bond, D.M., Santos, B.A. and
Baulcombe, D.C. (2012) A microRNA superfamily regulates nucleotide
binding site-leucine-rich repeats and other mRNAs. Plant Cell, 24, 859-874.

Song, X., Wang, D., Ma, L., Chen, Z,, Li, P, Cui, X., Lui, C., Cao, S., Chu, C.,
Tao, Y. and Cao, X. (2012a) Rice RNA-dependent RNA polymerase 6 acts in
small RNA biogenesis and spikelet development. Plant J. 71, 378-389.

Song, X., Li, P., Zhai, J., Zhou, M., Ma, L., Liu, B., Jeong, D.H., Nakano, M., Cao,
S., Liu, C., Chu, C., Wang, X.J., Green, P.J., Meyers, B.C. and Cao, X. (2012b)
Roles of DCL4 and DCL3b in rice phased small RNA biogenesis. Plant J. 69,
462-474.

Stroud, H., Greenberg, M.V., Feng, S., Bernatavichute, Y.V. and Jacobsen, S.E.
(2013) Comprehensive analysis of silencing mutants reveals complex
regulation of the Arabidopsis methylome. Cell, 152, 352-364.

Talmor-Neiman, M., Stav, R., Klipcan, L., Buxdorf, K., Baulcombe, D.C. and Arazi,
T. (2006) Identification of trans-acting siRNAs in moss and an RNA-dependent
RNA polymerase required for their biogenesis. Plant J. 48, 511-521.

Timmermans, M.C., Schultes, N.P., Jankovsky, J.P. and Nelson, T. (1998)
Leafbladeless1 is required for dorsoventrality of lateral organs in maize.
Development, 125, 2813-2823.

Truchet, G., Debellé, F., Vasse, J., Terzaghi, B., Garnerone, A.M., Rosenberg, C.,
Batut, J., Maillet, F. and Dénarié, J. (1985) Identification of a Rhizobium
meliloti pSym2011 region controlling the host specificity of root hair curling
and nodulation. J. Bacteriol. 164, 1200-1210.

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A.
and Speleman, F. (2002) Accurate normalization of real-time quantitative
RT-PCR data by geometric averaging of multiple internal control genes.
Genome Biol. 3, RESEARCH0034.

Vaucheret, H. (2006) Post-transcriptional small RNA pathways in plants:
mechanisms and regulations. Genes Dev. 20, 759-771.

Vazquez, F. (2006) Arabidopsis endogenous small RNAs: highways and byways.
Trends Plant Sci. 11, 460-468.

Vazquez, F., Vaucheret, H., Rajagopalan, R., Lepers, C., Gasciolli, V., Mallory,
A.C., Hilbert, J.L., Bartel, D.P. and Crété, P. (2004) Endogenous trans-acting
siRNAs regulate the accumulation of Arabidopsis mRNAs. Mol. Cell, 16, 69—
79.

Voinnet, O. (2008) Use, tolerance and avoidance of amplified RNA silencing by
plants. Trends Plant Sci. 13, 317-328.

Voinnet, O. (2009) Origin, biogenesis, and activity of plant microRNAs. Cell,
136, 669-687.

Wang, X.B., Wu, Q., Ito, T., Cillo, F., Li, W.X., Chen, X., Yu, J.L. and Ding, S.W.
(2010) RNAi-mediated viral immunity requires amplification of virus-derived
siRNAs in Arabidopsis thaliana. Proc. Natl Acad. Sci. USA, 107, 484-489.

Wang, X.B., Jovel, J., Udomporn, P., Wang, Y., Wu, Q., Li, W.X., Gasciolli, V.,
Vaucheret, H. and Ding, S.W. (2011) The 21-nucleotide, but not
22-nucleotide, viral secondary small interfering RNAs direct potent antiviral
defense by two cooperative argonautes in Arabidopsis thaliana. Plant Cell,
23, 1625-1638.

Wassenegger, M. and Krczal, G. (2006) Nomenclature and functions of
RNA-directed RNA polymerases. Trends Plant Sci. 11, 142-151.

Williams, L., Carles, C.C., Osmont, K.S. and Fletcher, J.C. (2005) A database
analysis method identifies an endogenous trans-acting short-interfering RNA
that targets the Arabidopsis ARF2, ARF3, and ARF4 genes. Proc. Natl Acad.
Sci. USA, 102, 9703-9708.

Willmann, M.R., Endres, M.W., Cook, R.T. and Gregory, B.D. (2011) The
functions of RNA-dependent RNA polymerases in Arabidopsis. Arabid. Book,
9, e0146.

Xia, R., Zhu, H., An, Y.Q., Beers, E.P. and Liu, Z. (2012) Apple miRNAs and
tasiRNAs with novel regulatory networks. Genome Biol. 13, R47.

Xie, Z. and Qi, X. (2008) Diverse small RNA-directed silencing pathways in
plants. Biochim. Biophys. Acta, 1779, 720-724.

Xie, Z., Allen, E., Wilken, A. and Carrington, J.C. (2005) DICER-LIKE 4 functions
in trans-acting small interfering RNA biogenesis and vegetative phase change
in Arabidopsis thaliana. Proc. Nat/ Acad. Sci. USA, 102, 12984-12989.

Xie, M., Ren, G., Costa-Nunes, P., Pontes, O. and Yu, B. (2012) A subgroup of
SGS3-like proteins act redundantly in RNA-directed DNA methylation. Nucl.
Acids Res. 40, 4422-4431.

Yan, J., Cai, X., Luo, J., Sato, S., Jiang, Q., Yang, J., Cao, X., Hu, X., Tabata, S.,
Gresshoff, P.M. and Luo, D. (2010) The REDUCED LEAFLET genes encode key
components of the trans-acting small interfering RNA pathway and regulate
compound leaf and flower development in Lotus japonicus. Plant Physiol.
152, 797-807.

Yifhar, T., Pekker, I., Peled, D., Friedlander, G., Pistunov, A., Sabban, M.,
Wachsman, G., Alvarez, J.P., Amsellem, Z. and Eshed, Y. (2012) Failure of the
tomato trans-acting short interfering RNA program to regulate AUXIN
RESPONSE FACTOR3 and ARF4 underlies the wiry leaf syndrome. Plant Cell,
24, 3575-35809.

Yoshikawa, M., Peragine, A., Park, M.Y. and Poethig, R.S. (2005) A pathway for
the biogenesis of trans-acting siRNAs in Arabidopsis. Genes Dev. 19, 2164~
2175.

Young, N.D., Debellé, F., Oldroyd, G.E., Geurts, R., Cannon, S.B., Udvardi,
M.K., Benedito, V.A., Mayer, K.F.X., Gouzy, J., Schoof, H., Van de Peer, Y.,
Proost, S., Cook, D.R., Meyers, B.C., Spannagl, M., Cheung, F., De Mita, S.,
Krishnakumar, V., Gundlach, H., Zhou, S., Mudge, J., Bharti, A.K., Murray,
J.D., Naoumkina, M.A., Rosen, B., Silverstein, K.A., Tang, H., Rombauts, S.,
Zhao, P.X., Zhou, P., Barbe, V., Bardou, P., Bechner, M., Bellec, A., Berger, A.,
Berges, H., Bidwell, S., Bisseling, T., Choisne, N., Couloux, A., Denny, R.,
Deshpande, S., Dai, X., Doyle, J.J., Dudez, A.M., Farmer, A.D., Fouteau, S.,
Franken, C., Gibelin, C., Gish, J., Goldstein, S., Gonzélez, A.J., Green, P.J.,
Hallab, A., Hartog, M., Hua, A., Humphray, S.J., Jeong, D.H., Jing, Y., Jocker,
A., Kenton, S.M., Kim, D.J., Klee, K., Lai, H., Lang, C., Lin, S., Macmil, S.L.,
Magdelenat, G., Matthews, L., McCorrison, J., Monaghan, E.L., Mun, J.H.,
Najar, F.Z., Nicholson, C., Noirot, C., O'Bleness, M., Paule, C.R., Poulain, J.,
Prion, F., Qin, B., Qu, C., Retzel, E.F., Riddle, C., Sallet, E., Samain, S.,
Samson, N., Sanders, I., Saurat, O., Scarpelli, C., Schiex, T., Segurens, B.,
Severin, A.J., Sherrier, D.J., Shi, R., Sims, S., Singer, S.R., Sinharoy, S., Sterck,
L., Viollet, A., Wang, B.B., Wang, K., Wang, M., Wang, X., Warfsmann, J.,
Weissenbach, J., White, D.D., White, J.D., Wiley, G.B., Wincker, P., Xing, Y.,
Yang, L., Yao, Z., Ying, F., Zhai, J., Zhou, L., Zuber, A., Dénarié, J., Dixon,
R.A., May, G.D., Schwartz, D.C., Rogers, J., Quétier, F., Town, C.D. and Roe,
B.A. (2011) The Medicago genome provides insight into the evolution of
rhizobial symbioses. Nature, 480, 520-524.

Zhai, J., Jeong, D.H., De Paoli, E., Park, S., Rosen, B.D., Li, Y., Gonzélez, A.J.,
Yan, Z., Kitto, S.L., Grusak, M.A., Jackson, S.A., Stacey, G., Cook, D.R.,
Green, P.J., Sherrier, D.J. and Meyers, B.C. (2011) MicroRNAs as master
regulators of the plant NB-LRR defense gene family via the production of
phased, trans-acting siRNAs. Genes Dev. 25, 2540-2553.

Zhang, D. and Trudeau, V.L. (2008) The XS domain of a plant specific SGS3
protein adopts a unique RNA recognition motif (RRM) fold. Cell Cycle, 7,
2268-2270.

Zhang, C., Li, G., Wang, J. and Fang, J. (2012) Identification of trans-acting siRNAs
and their regulatory cascades in grapevine. Bioinformatics, 28, 2561-2568.
Zheng, Q., Ryvkin, P., Li, F., Dragomir, I., Valladares, O., Yang, J., Cao, K.,
Wang, L.S. and Gregory, B.D. (2010) Genome-wide double-stranded RNA
sequencing reveals the functional significance of base-paired RNAs in

Arabidopsis. PLoS Genet. 6, e1001141.

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-11



Supporting information

Additional Supporting information may be found in the online
version of this article:

Figure S1 Phylogenetic analysis of SGS3-like proteins in M.
truncatula and A. thaliana.

Figure S2 MtSGS3 and MtRDR6 expression in organs.

Figure S3 The sgs3a.2 mutation affects a conserved Gyss
aminoacid residue inside the XS domain of the MtSGS3a protein.
Figure S4 The rdr6.7 mutation affects a highly conserved Ggs,
aminoacid residue of MtRDR6.

Figure S5 Analysis of RDR6 mRNA accumulation in rdr6é mutants.
Figure S6 Shoot and root biomasses are severely impaired in the
sgs3a mutant lines.

Figure S7 Shoot and root biomasses are not affected in
homozygous rdré. 7 mutant plants.
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Figure S8 The rdr6.7 mutation does not affect tasiARF accumu-
lation and MtARF expression in roots.

Figure S9 Accumulation of the TAS3-derived SiRNAs is not
significantly impaired in the rdr6.7 mutant.

Figure S10 Examples of three novel RDR6-dependent phased loci
identified.

Table S1 Accessions of MtRDR6 and MtSGS3a, b and ¢ genes
and protein similarities with their Arabidopsis orthologues.
Table S2 List of TAS3-ta-siRNAs identified in small RNA libraries
from M. truncatula root and nodules.

Table S3 Global analysis of rdr6.7 and WT small RNA libraries.
Table S4 List of the 21-nt siRNAs depleted in the rdr6. 7 libraries.
Table S5 List of putative RDR6-dependent siRNA-producing loci
identified.

Table S6 List of primers.

Table S7 Sequences of additional M. truncatula genes.

© 2014 Society for Experimental Biology, Association of Applied Biologists and John Wiley & Sons Ltd, Plant Biotechnology Journal, 1-11



