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RNA-Dependent RNA Polymerase 6 Is Required for
Efficient hpRNA-Induced Gene Silencing in Plants
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In plants, transgenes with inverted repeats are used to in-
duce efficient RNA silencing, which is also frequently in-
duced by highly transcribed sense transgenes. RNA si-
lencing induced by sense transgenes is dependent on
RNA-dependent RNA polymerase 6 (RDR6), which con-
verts single-stranded (ss) RNA into double-stranded (ds)
RNA. By contrast, it has been proposed that RNA silencing
induced by self-complementary hairpin RNA (hpRNA)
does not require RDR6, because the hpRNA can directly
fold back on itself to form dsRNA. However, it is unclear
whether RDR6 plays a role in hpRNA-induced RNA silenc-
ing by amplifying dsRNA to spread RNA silencing within
the plant. To address the efficiency of hpRNA-induced
RNA silencing in the presence or absence of RDR6, Wild
type (WT, Col-0) and rdré6-11 Arabidopsis thaliana lines
expressing green fluorescent protein (GFP) were gener-
ated and transformed with a GFP-RNA interference (RNAI)
construct. Whereas most GFP-RNAi-transformed WT lines
exhibited almost complete silencing of GFP expression in
the T1 generation, various levels of GFP expression re-
mained among the GFP-RNAi-transformed rdr6-11 lines.
Homozygous expression of GFP-RNAI in the T3 generation
was not sufficient to induce complete GFP silencing in
several rdr6-11 lines. Our results indicate that RDR6 is
required for efficient hpRNA-induced RNA silencing in
plants.

INTRODUCTION

Gene silencing is a mechanism that employs small RNAs and
protein effectors to interfere with the expression of homologous
genes at the transcriptional and post-transcriptional levels
(Voinnet, 2008). Transcriptional gene silencing (TGS), which
takes place through repression of transcription, is often associ-
ated with methylation of the corresponding homologous pro-
moter (Neuhuber et al., 1994; Park et al., 1996). Post-transcrip-

tional gene silencing (PTGS), occurring through sequence-
specific degradation of target mRNAs, is characterized by ac-
cumulation of small interfering RNA (siRNA) and methylation of
target gene sequences (Depicker and Montagu, 1997; Vauche-
ret et al., 2001). Gene silencing was first discovered in plants
and is highly conserved among multicellular eukaryotes. It initi-
ates with the formation of dsRNA, which is subsequently proc-
essed into siRNA. siRNAs are produced from dsRNAs by an
RNase lll-like enzyme called DICER, which has dsRNA-binding,
RNA helicase and P-element-induced wimpy testes (PIWI)-
Argonaute (AGO)-Zwille (PAZ) domains (Bernstein et al., 2001).
Plants possess four DICER homologs: DCL1, DCL2, DCL3,
and DCL4. DCL1 is responsible for producing various sizes of
microRNAs (small RNAs encoded in the genome), whereas
DCL2, DCLS3, and DCL4 produce 22, 24, and 21 nucleotide (nt)
siRNAs, respectively (Bartel, 2004; Dunoyer et al., 2005; Xie et
al., 2004). The 24 nt siRNAs are reported to guide RNA-
directed DNA methylation (RdDM) in plants (Wassenegger et
al., 1994), whereas the 21 and 22 nt siRNAs are known to trig-
ger cognate mRNA degradation and secondary siRNA bio-
genesis, respectively (Chen et al., 2010; Hamilton et al., 2002).

The guide strand of siRNA (usually the antisense strand) as-
sociates with AGO proteins to form the core of the RNA silenc-
ing effector complexes, which provide RNA-induced silencing
complexes (RISCs) with substrate specificity for RNA cleavage
(Brodersen and Voinnet, 2006). AGO proteins are character-
ized by PAZ, middle (Mid) and PIWI domains. The PAZ and
Mid domains are thought to be involved in binding the 3’ and 5’
ends of small RNAs, respectively, whereas the PIWI domain,
which is highly homologous to that of RNase H, is implicated in
the cleavage of target RNAs (Hutvagner and Simard, 2008;
Song et al., 2004). The Arabidopsis genome encodes 10 puta-
tive AGOs. AGO1, AGO7 and AGO10 bind to 21-22 nt siRNAs
to guide PTGS, whereas AGO4, AGO6 and AGO9 bind to 24
nt siRNAs to mediate TGS (Morel et al., 2002; Vaucheret,
2008).

The initial response in gene silencing is amplified through the
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synthesis of ‘secondary’ siRNAs by RNA-dependent RNA po-
lymerase (RDR) using the dicer-produced ‘primary’ siRNAs as
templates (Baulcombe, 2007). The dsRNA source of primary
siRNAs can be either exogenous or endogenous. Six RDR
homologs have been identified in Arabidopsis. Three of them
(RDR3a, RDR3b, and RDR3c) share a typical DFDGD amino
acid motif in their catalytic domains; however, the function of
this motif remains unclear. RDR1, RDR2, and RDR6 share the
C-terminal canonical catalytic DLDGD motif and have orthologs
in many plant species (Wassenegger and Krczal, 2006). In
TGS, transposon sequences amplified by RDR2 are processed
into 24 nt siRNA by DCL3 and subsequently incorporated into
AGO4 or AGOB (Chen et al., 2010; Hamilton et al., 2002). In
PTGS, transgenes, virus RNAs or unwanted RNAs amplified by
RDR6 are processed into 21 nt siRNA by DCL4 and subse-
quently incorporated into AGO1 (Hamilton et al., 2002; Qu et al.,
2008; Xie et al., 2005). The amplification of aberrant RNAs by
RDRG6 in either a primer-dependent or a primer-independent
manner enables the production of secondary siRNAs corre-
sponding to sequences outside of primary targeted regions of a
transcript (Himber et al., 2003; Moissiard et al., 2007). The
RDR6-dependent dsRNA amplification, called transitivity, is
crucial for the systemic spread of silencing and an efficient
antiviral defense response in plants (Himber et al., 2003; Klahre
et al., 2002; Voinnet, 2005).

RNA interference (RNAI) using self-complementary hpRNA
is an effective tool to elicit dsRNA-mediated gene silencing in
plants (Mansoor et al., 2006; Wesley et al., 2001). The useful-
ness of RNAI technology in plants has been validated through
the generation of knockdown mutants with novel traits, which
are stably inherited by their progeny (Chuang and Meyerowitz,
2000; Davuluri et al., 2005). It has been proposed that RDR6 is
dispensable for hpRNA-induced gene silencing (Beclin et al.,
2002). A significant amount of primary siRNA may be produced
through the synthesis of self-complementary hairpin RNA di-
rectly by RNAi in WT and plants with loss of function of the
RDRG6 gene. However, the synthesis of secondary siRNAs by
RDR®6 could also affect the efficiency of RNAIi. To address this,
we carefully compared the efficiency of RNAI in the presence or
absence of the RDR6 gene in Arabidopsis thaliana. GFP-
expressing WT and rdr6-11 plants were generated, and a con-
struct harboring GFP-RNAI was used to induce gene silencing
in the WT and rdr6-11 plants.

MATERIALS AND METHODS

Plant materials and growth conditions

For growth under sterile conditions, Arabidopsis thaliana seeds
were surface sterilized (5 min in 70% ethanol, followed by a 15-
min incubation in 5% [v/v] sodium hypochlorite and a five-fold
rinse in sterile distilled water) and sown on Murashige and
Skoog (MS) medium (Duchefa) supplemented with 3% sucrose,
pH 5.7, and 0.25% (w/v) phytagel in Petri dishes. Arabidopsis
thaliana plants were grown in a growth chamber under a long-
day regime [16 h fluorescent light (120 pmol - m™2- s7") at 23°C
and 60% relative humidity/8 h dark at 18°C and 75% relative
humidity] after a 4-d vernalization period (4°C in dim light).
Arabidopsis thaliana seedlings were rescued from the plates 14
days after germination, transferred to soil and grown under the
same conditions.

Genetic analysis

A genomic DNA region of rdr6-11 was amplified by PCR using
primer pair P1 (5-TACTGTCCCTGGCGATCTCT-3') and P2
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(5'-CCACCTCACACGTTCCTCTT-3'), followed by digestion
with Taqg1 to verify the point mutation (C to T) and homozygos-
ity (Peragine et al., 2004). P3 (5-CTGTGTCAATGTCGGAT-
CTCTCGAT-3' and LB (5-GCGTGGACCGCTTGCTGCAA-
CT-3') were used to verify T-DNA insertion in rdr6-16, and LB
(5-GCCTTTTCAGAAATGGATAAATAGCCTTGCTTC-3) and
P2 were used to verify T-DNA insertion in rdr6-17.

Expression of GFP in WT and rdr6-11 backgrounds

The pCAMBIA1302 vector carrying genes for the selectable
marker hygromycin phosphotransferase (HPT) and green fluo-
rescent protein (GFP) driven by the CaMV 35S promoter was
used to generate GFP-expressing plants (Hajdukiewicz et al.,
1994). pCAMBIA1302 vector was introduced into Agrobacte-
rium tumefaciens strain GV3101 via electroporation, and the
resulting strain was used to transform Arabidopsis plants by the
floral dip method (Clough and Bent, 1998). Transgenic seeds
were selected on MS plates containing 50 ug/ml hygromycin.
Transgenic lines whose T2 progeny phenotypes indicated likely
single-copy T-DNA insertions (segregating 3:1 for hygromycin
resistance) were selected for further testing. The cut-off for the
probability of a line to contain a single-copy T-DNA insertion
was p < 0.05, as determined by the Chi-square test: [(observed
resistant plants - 0.75)% / (0.75)] + [(observed sensitive plants -
0.25)? / (0.25)]. Progeny sets with Chi-square values less than
3.841 were retained for further study. Expression of GFP in WT
and rdr6-11 backgrounds was assessed by immunoblot analy-
sis using a GFP monoclonal antibody (Abcam). Representative
lines expressing similar amounts of GFP were selected for
further experiments.

Construction of GFP-RNAi and Arabidopsis transformation
To create the GFP-RNAI vector, the HPT selectable marker
gene in the pCAMBIA1302 vector was replaced with the PPT
(phosphinothricin) resistance gene. A 198 nt intron was in-
serted between the Spel and Bglll sites upstream of the GFP
gene and a full-length GFP was inserted at the Bglll and Ncol
sites in the antisense orientation upstream of the intron. The
resulting GFP-RNAI construct was transferred into Agrobacte-
rium tumefaciens strain GV3101 and used to silence GFP ex-
pression in both rdr6-11 and WT backgrounds. Transgenic
plants carrying the GFP-RNAi were selected on MS media
containing 7.5 pg/ml phosphinothricin. T1 plants resistant to
phosphinothricin were transferred to soil when their first true
leaves appeared. GFP expression in independent T1 lines was
assessed by immunoblot analysis using a GFP monoclonal
antibody. Plants displaying continued GFP expression were
selected and allowed to produce T2 seeds. A single insertion of
T-DNA and homozygosity were confirmed as described above.

Protein extraction and immunoblot analysis

Total soluble protein was extracted from rosette leaves of 30-d-
old Arabidopsis plants. Approximately 0.1 g of leaf tissue was
collected in a microcentrifuge tube and ground into a fine pow-
der in liquid nitrogen with a prechilled tissue homogenizer. Fine
powder was mixed with 100 pl of pre-chilled extraction buffer
containing 50 mM Tris-HCI (pH 7.5), 1 mM EDTA, and 1 mM
phenylmethylsulfonyl fluoride (PMSF) and kept on ice for 10
min. The soluble proteins were separated by centrifugation at
15,000 x g for 15 min at 4°C. Protein concentration was deter-
mined by spectrophotometry according to the Bradford method
(Bradford, 1976). For immunoblot analysis, 20 pg soluble pro-
tein was separated by SDS-PAGE and transferred to a Protran
nitrocellulose membrane (Whatman GmbH) using an XCell Il
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(Invitrogen) electrotransfer unit. The membrane was stained
with Ponceau S solution (Sigma) to examine protein loading
and transfer before proceeding with the detection. The mem-
brane was blocked with 5% skim milk (w/v) in TTBS buffer con-
taining 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 0.05%
Tween 20 overnight at 4°C. The membrane was incubated with
monoclonal GFP antibody in fresh blocking solution for 6 h and
washed 3 times with TTBS buffer for 15 min. The membrane
was subsequently incubated with a goat anti-mouse IgG HRP-
conjugate secondary antibody (Agrisera) at a 1:5,000 dilution
for 6 h. Washing was carried out 3 times with TTBS buffer
every 15 min. Antibody reactivity was visualized with a chemilu-
minescent peroxidase substrate (Bionote).

Quantitative analysis of GFP silencing using confocal
microscopy

Fluorescence images of GFP were obtained using a FluoView
FV1000 confocal microscope (Olympus). Excitation and emis-
sion spectra in the GFP channel were at 488 nm and 510-540
nm, respectively. Roots of 14-d-old plants grown in MS media
were used for imaging. The images were recorded with equal
exposure time under non-saturated conditions.

RNA gel blot analysis

Total RNA was extracted from Arabidopsis leaves using the
Nucleospin RNA I kit (Macherey-Nagel) according to the manu-
facturer’s instructions. Approximately 0.1 g of Arabidopsis leaf
tissue was collected in a microcentrifuge tube and ground to a
powder in liquid nitrogen. Total RNA (20 ng per lane) was de-
natured, resolved on a 1.2% agarose/formaldehyde gel and
transferred onto a Hybond N* membrane (Amersham Biosci-
ences). RNA was immobilized by UV cross-linking (1,000
pd/icm?) at 254 nm. Membranes were prehybridized in hybridi-
zation buffer containing 1% BSA, 1 mM EDTA, 50 mM
NaHPO, (pH 7.2), and 1% SDS for at least 2 h at 50°C, fol-
lowed by ovemnight hybridization with a **P-labeled probe com-
plementary to the full-length GFP gene in hybridization buffer at
65°C. Membranes were washed two times in non-stringent
wash solution (2x SSC, 0.1% SDS) at 60°C for 15 min, fol-
lowed by one wash in stringent wash solution (0.2x SSC, 0.1%
SDS) at 60°C for 15 min, and exposed to X-ray film at -70°C for
2 days.

Quantitative and semi-quantitative RT-PCR

First-strand cDNA was synthesized in a volume of 20 ul con-
taining 1 pg total RNA, 50 pmol of oligo (dT) 18 primer, 10 pmol
of dNTP, 10 units of ReverTra Ace (Toyobo) and first-strand
synthesis buffer (Toyobo) according to the manufacturer’s pro-
tocol. Expression of GFP-RNAi was measured by quantitative
and semi-quantitative PCR using primer pair G1 (5'-TGCC-
TTTCATTCTTTGTCTCC-3) and G2 (5-CCCAAGTGACATT-
TACAGCAA-3'). The synthesized cDNAs were diluted 50 times
with sterilized water and used as a template for quantitative
real-time PCR. Real-time quantitative reverse transcription
(gRT)-PCR was performed in a Bio-Rad C1000™ thermal cy-
cler according to manufacturer's protocol. Semi-quantitative
RT-PCR was performed with the same primer pair using Ex-
Taq polymerase (Takara) and the PCR products were visual-
ized on an ethidium bromide-containing 2% agarose gel.

siRNA gel blot analysis

For GFP-siRNA analysis, low molecular weight RNA was ex-
tracted using the mirPremier microRNA Kit (Sigma) following
the manufacturer's protocol. Three ung RNA was load onto a
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15% polyacrylamide gel containing (0.1x Tris-boric acid-EDTA
(TBE), 8 M urea, 15% polyacrylamide and run until the bromo-
phenol blue dye reached the bottom of the gel. The separated
RNA was transferred to a Hybond N* membrane. The mem-
brane was exposed to UV-radiation to crosslink RNA to the
membrane. The membrane was prehybridized in ULTRAhyb-
Oligo Hybridization buffer for 2 h at 40°C, followed by overnight
hybridization with a **P-labeled probe comprising full-length
GFP at same temperature. After overnight hybridization, the
membrane was washed at 40°C for 15 min with 2x SSC,
0.05% SDS, followed by washing in 0.1x SSC, 0.1% SDS. The
membrane was exposed to a phosphor imaging screen for 24 h.
The screen was read using a phosphor imaging system (Cy-
clone Plus Phosphor Imager, Perkin Eimer).

RESULTS

rdré6 mutants exhibit developmental phenotypes

BLAST searches of the T-DNA Express database (http://signal.
salk.edu/cgi-bin/tdnaexpress) using the Arabidopsis RDR6
cDNA (NM_114810) sequence as a query revealed that the
RDR6 gene composed of three exons is present as a single
copy in the Arabidopsis genome at the At3g49500 locus. To
examine whether or not the function of RDR6 is relevant to
hpRNA-induced gene silencing, mutant alleles with loss-of-
function mutations in RDR6 were selected by searching the T-
DNA Express database. Arabidopsis mutant lines (Salk_110377
and Sail_617_H07) containing a T-DNA insertion in the first or
second exon of RDR6 were obtained from the ABRC (http:/
www.arabidopsis.org). Homozygous mutant plants were se-
lected based on kanamycin or basta resistance and designated
as rdr6-16 and rdr6-17, respectively (Fig. 1A). T-DNA insertions
in RDR6 were analyzed using a gene-specific primer (P3) and
T-DNA left border primers (LB and LB®). rdr6-11, a loss-of-
function mutant that has a single nucleotide substitution (C805T
from the first ATG codon in the second exon) leading to a pre-
mature stop codon (R269stop) in RDR6 (Peragine et al., 2004),
was isolated by PCR-based restriction mapping and used in
this study as well (Fig. 1B). Compared with WT, rdr6-11, rdr6-
16 and rdr6-17 displayed a precocious juvenile-to-adult transi-
tion, and dark-green, elongated and curled-down leaf pheno-
types (Fig. 1C). To determine whether the phenotypes in rdr6-
11, rdr6-16 and rdr6-17 plants could be explained by homozy-
gosity of recessive mutations, the mutants were backcrossed to
WT (Col-0) plants. None of the F1 plants exhibited the afore-
mentioned phenotypes, indicating that the mutations in the
rdr6-11, rdr6-16 and rdr6-17 plants are recessive. The ratio of
plants with normal leaves to those with curled-down leaves was
3:1 in the F2 generation, indicating that the phenotypes in rdr6-
11, rdr6-16 and rdr6-17 were each caused by a single mutation
(Table 1).

hpRNA-induced gene silencing is efficient in the WT
background

rdr6-11 was originally derived from a T-DNA insertion line, but
the T-DNA was subsequently crossed out. Thus, the mutation
is not associated with the T-DNA insertion. To avoid possible
sequence similarity-dependent TGS caused by multiple T-DNA
insertions, rdr6-11 was used as the representative rdr6 mutant
allele in this work. To generate WT and rdr6-11 plants that con-
stitutively express GFP, the pCAMBIA1302 vector (http:/www.
cambia.org/daisy/cambia/585.html) carrying the GFP gene
under the control of the CaMV 35S promoter was used (Fig.
2A). Transgenic lines with a single copy of the T-DNA insertion
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Table 1. Segregation analysis of the F2 population for rdr6 mutant
alleles

2

Line Total Normal Curled-down X
rdr6-11 98 72 26 0.122
rdr6-16 105 80 25 0.079
rdr6-17 97 79 18 2.147

rdr6-11, rdr6-16 and rdr6-17 mutants were backcrossed to Col-0 plants.
The F2 populations were subjected to segregation analysis using the
curled-down leaf phenotype as a marker. The total numbers of tested
seedlings and the numbers of seedlings exhibiting normal and curled-
down leaf phenotypes are listed. The hypothesis of a segregation ratio
normal:curled-down = 3:1 was accepted in all F2 populations of the
mutant alleles according to the Chi-square test with a 0.05 significance
level.

were isolated in the T2 generation and homozygous transgenic
plants were identified in the T3 generation based on the segre-
gation ratios of hygromycin resistance. Expression of GFP in
the T3 generation with WT and rdr6-11 backgrounds was eva-
luated by immunoblot analysis using a GFP antibody. Trans-
genic lines (WT:GFP2,7 and rdr6-11:GFP1,13) that exhibited
similar GFP expression levels were used to examine the effi-
ciency of hpRNA-based GFP knockdown in WT and rdr6-11
backgrounds (Fig. 2B).

A GFP-RNAI construct carrying the full-length open reading
frame (ORF) of GFP in both sense and antisense orientations
and a phosphinothricin (PPT) resistance gene was introduced
into the genomes of GFP-expressing WT and rdr6-11 lines (Fig.
2C). Primary transformants (T1) of the GFP-RNAi construct
were obtained by selection on PPT-containing media, and 18
independent T1 plants for each background were transferred to
soil and grown for further analysis. To investigate the efficiency
of hpRNA-induced GFP knockdown, the T1 GFP-RNAI plants
were analyzed by immunoblot analysis (Fig. 2D). Among the 36

A rdr6-11 rdr6-17
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independently transformed GFP-RNAi lines with WT back-
grounds, GFP expression was detected in only one line (WT-
GFP7:GFP-RNAIi11). Since only one GFP-RNAI line with the
WT background displayed inefficient hpRNA-induced gene
silencing, we wondered whether the continued expression of
GFP in the WT-GFP7:GFP-RNAIi11 line was due to aberrant
GFP-RNAI expression. When the expression of GFP-RNAI in
WT-GFP7:GFP-RNAi11 was analyzed by RT-PCR using a
primer set for the intron between the antisense- and sense-
GFP, no GFP-RNAi expression was observed, suggesting
incomplete T-DNA integration by partial gene transfer (Supple-
mentary Fig. S1). By contrast, GFP protein was detected in
several GFP-RNAI lines in the rdr6-11 background. A lack of
GFP-RNAI expression possibly caused by incomplete T-DNA
integration was also observed in three (line 6 of rdr6-11:GFP1
and line 3 and 6 of rdr6-11:GFP13) of the 36 independently
transformed GFP-RNAI lines with rdr6-11:GFP backgrounds
(Supplementary Fig. S1). Together, these results suggest that
hpRNA-induced gene silencing is efficient in the WT back-
grounds but not in the rdr6-11 backgrounds.

Efficient hpRNA-induced gene silencing is abolished in
rdr6-11

The different efficiencies of hpRNA-induced gene silencing in
the WT and rdr6-11 backgrounds prompted us to undertake
comparative analyses of GFP expression in the plants. Different
expression levels of a given transgene in heterozygous versus
homozygous transgenic plants is well known (Beaujean et al.,
1998). In addition, the expression level of a transgene in inde-
pendently transformed eukaryotic organisms is known to be
dependent on the site of integration and the copy number of the
transgene (Hobbs et al., 1993; Ni et al., 1995). The different
levels of GFP silencing in the independent GFP-RNAI plants
could be caused by different levels of GFP-RNAIi expression,
which in turn could be affected by copy number and position
effects of T-DNA insertion. T-DNA copy number was assessed

rdr6-16 Fig. 1. Identification of rdr6 mutants in Arabi-

dopsis. (A) Schematic representation of the
genomic structure of the RDR6 gene and its

' 1 RDR6 P  mutant alleles. Black boxes represent exons
500 bp (At3g49500) composing an open reading frame (ORF),
B solid lines between the boxes indicate in-
trons, and grey boxes represent exons com-
(bp) SM  WT He Ho posing the five- and three-prime untranslated
300 Tagl Tagl regions (5’ and 3" UTRs). Locations of the
200—> — uncut RDR6 1y tation and T-DNA insertions are indicated
3 L cut RDR6 with inverted triangles. Gene-specific primers
100—> b ——] 78bp  19bp " (P1, P2 and P3) used in genotyping are
E cut rdr6-11 shown with arrows. (B) ldentification of ho-

78 bp 109 bp
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mozygous rdr6-11. Genomic DNAs were
amplified by PCR using the P1 and P2 prim-
ers and subjected to restriction digestion
using Taq1. SM, size marker; WT, wild-type;
He, heterozygote; Ho, homozygote. (C) Phe-
notypes of 30-d-old WT, rdr6-11, rdr6-16 and
rdr6-17 plants grown in soil.
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by chi-square analysis in the T2 generation of the GFP-RNAI
lines. GFP-RNAI lines with single copies of the T-DNA insertion
were selected for further analysis (Table 2). Homozygous
plants were identified in the T3 generation based on the segre-
gation ratios of hygromycin resistance and used to analyze the
efficiency of hpRNA-induced gene silencing in the WT and rdr6-
11 backgrounds.

To determine the efficiency of hpRNA-induced gene silencing
in the WT and rdr6-11 backgrounds, expression of GFP-RNAI
was analyzed by quantitative and semi-quantitative RT-PCR in
several homozygous T3 plants. Line 2 of the WT and 16 of
rdr6-11 backgrounds in which no GFP expression was detected
by immunoblot analysis showed the highest expression of
GFP-RNAi among the lines of each background (Fig. 3). By
contrast, relatively lower expression of GFP-RNAi was ob-
served in the other lines of the rdr6-11 background, in which
remaining GFP expression was detected by immunoblot analy-
sis (Fig. 3). However, lower expression of GFP-RNAi was also
observed in three lines of the WT background (3, 4 and 7) in
which no GFP expression was detected by immunoblot analy-
sis (Fig. 3). These results indicate that the efficiency of hpRNA-
induced gene silencing is closely associated with the expres-
sion level of GFP-RNAi and higher in the WT backgrounds.

Several GFP-RNAI lines were used to analyze the efficiency
of hpRNA-induced gene silencing and siRNA synthesis in the
WT and rdr6-11 backgrounds. When the expression of GFP
was analyzed by immunoblot analysis, GFP expression was
not detected in four independent GFP-RNAi homozygous
plants with the WT:GFP background; however, it was detect-
able in four independent GFP-RNAi homozygous plants with
the rdr6-11:GFP background (Fig. 4A). To confirm the results
by in vivo visualization of GFP expression, we also carried out
confocal microscopy analysis using the homozygous GFP-

RNAi plants in the WT:GFP and rdr6-11:GFP backgrounds (Fig.

4B). Whereas the fluorescence of GFP detected in the WT

Table 2. Segregation analysis of T2 GFP-RNAI lines with GFP-
expressing WT and rdr6-11 backgrounds

Line Total Resistant Sensitive x° Background
1 65 50 15 0.096 WT:GFP2
2 67 45 22 1.645 WT:GFP2
3 73 57 16 0.277 WT:.GFP2
4 75 61 14 1.203 WT.GFP2
5 75 61 14 1.604 WT:GFP2
7 73 49 24 2.416 WT:.GFP2
10 73 55 18 0.005 WT:GFP2
11 76 50 29 3.439 WT:GFP2
12 68 45 23 2.824 WT:.GFP2
6 78 58 20 0.017  rdr6-11:GFP1
9 61 52 19 1230  rdr6-11:GFP1
12 69 55 14 0.816  rdr6-11:GFP1
18 47 28 19 5.965  rdr6-11.GFP1
3 47 37 10 0.348  rdr6-11:GFP13
4 78 58 20 0.017  rdr6-11:.GFP13
6 75 62 13 2.351 rdr6-11:.GFP13
8 61 42 19 1229 rdr6-11:GFP13
13 69 55 14 0.816 rdr6-11:GFP13
15 47 37 10 0.347 rdr6-11:.GFP13
17 59 43 16 0.141 rdr6-11:GFP13
18 72 55 17 0.074 rdr6-11:GFP13

The total numbers of tested seedlings and the numbers of seedlings
exhibiting resistance (resistant) or sensitivity (sensitive) to phosphi-
nothricin are listed. The Chi-square test was used to assess the copy
number of T-DNA insertions and a significance level of 0.05 was used.

background was efficiently suppressed by the introduction of

WT.GFP2
1 23456 78 910111213141516 17 18

RE | -

Fig. 2. Suppression of GFP expres-
sion by the introduction of GFP-RNAI
in WT and rdr6-11 plants. (A) Sche-

matic representation of the pCAM-
mgggglrﬂ!ﬂil P88 BIA1302 vector carrying GFP. (B)
WT:GFP7 Expression of GFP in the T3 genera-

1 234567 8 9101112131415161718

i -

T

rdr6-11:GFP1
1 2345678 9101112131415161718

‘ - = £ ==Y -
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rdr6-11:GFP13
1 23 456 78 91011121314151617 18

-
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tion with WT and rdr6-11 backgrounds.
Immunoblot analysis of GFP was
conducted using a monoclonal GFP
antibody (left panel). Coomassie Bril-
liant Blue (CBB) staining was used to
confirm that an equal amount of
protein was loaded in each lane (right
panel). (C) Schematic representation
of the GFP-RNAI construct. (D) Sup-
pression of the GFP expression in
the T1 generation of GFP-RNAI trans-
formants with GFP-expressing WT
and rdr6-11 backgrounds. Immuno-
blot analysis was conducted using a
monoclonal GFP antibody. Suppres-

sion of the GFP expression in transformants with the WT backgrounds (WT:GFP2 and WT:GFP7) and the rdr6-11 backgrounds (rdr6-
11:GFP1 and rdr6-11:GFP13) are shown in the two upper panels and two lower panels, respectively. Coomassie blue-stained gels are shown

below each blot as loading controls.
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Fig. 3. Expression of GFP-RNAi in the WT and rdr6-11 back-
grounds. (A) Quantitative real-time PCR and (B) semi-quantitative
RT-PCR were performed using a primer pair for an intron of the
GFP-RNAI construct in the selected homozygous lines of the WT
and rdr6-11 backgrounds. TUBULIN was used as an internal con-
trol for quantitative and semi-quantitative RT-PCR.

GFP-RNAI, weak fluorescence was still observed in the GFP-
RNAi homozygous plant in the rdr6-11 background (Fig. 4B).
These results suggest that RDR6 is involved in hpRNA-induced
gene silencing, probably regulating the efficiency of RNA deg-
radation. To examine degradation of GFP mRNA in the WT and
rdr6-11 plants, northern blot analysis was carried out (Fig. 4C).
Consistent with the results from immunoblot and confocal mi-
croscopy analyses, the amounts of remaining GFP mRNA were
higher in the four independent homozygous GFP-RNAI plants
with the rdr6-11:GFP background than in those of the four in-
dependent GFP-RNAi homozygous plants with the WT:GFP
background (Fig. 4C). Finally, to address whether RDR6 is
involved in the secondary siRNA synthesis, the amount of GFP-
siRNAI in the WT and rdr6-11 backgrounds was directly meas-
ured by Northern blot analysis. Consistent with other results,
the siRNAi gel blotting analysis showed that the amount of
GFP-siRNAi is higher in the WT but lower in the rdr6-11 back-
grounds (Fig. 4D). This result suggests that RDR6 is required
for efficient gene silencing through the synthesis of secondary
siRNAs in plants.

DISCUSSION

Developmental phenotypes such as a precocious juvenile-to-
adult transition, and dark-green, elongated and curled-down
leaf have been observed in rdr6-11, rdr6-16 and rdr6-17 (Fig.
1C). Auxin response factors ARF3 and ARF4 are known to
regulate a subset of the traits associated with the vegetative-to-
reproductive transition and leaf heteroblasty (Pekker et al., 2005).
It has also been reported that the production of tasiR-ARF, a
trans-acting siRNA that targets both ARF3 and ARF4, requires

http://molcells.org
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Fig. 4. Analyses of the efficiency of gene silencing in WT and rdr6-
11 plants. (A) Expression of GFP in homozygous T3 generation
GFP-RNAi plants with GFP-expressing WT and rdr6-11 back-
grounds. Immunoblot analysis was conducted using a monoclonal
GFP antibody (upper panel). Coomassie Brilliant Blue (CBB) stain-
ing was used to confirm that an equal amount of protein was loaded
in each lane (lower panel). GFP-expressing WT and rdr6-11 back-
grounds were used as controls (C). (B) Confocal microscopy analy-
sis of GFP expression in the homozygous T3 generation GFP-RNAI
plants with GFP-expressing WT and rdr6-11 backgrounds. (a) WT.
(b) WT:GFP2, (c) WT-GFP2:GFP-RNAIi1, (d) rdr6-11, (e) rdr6-
11:GFP13, (f) rdr6-11-GFP13:GFP-RNAI4. (C) Northern blot analy-
sis of homozygous T3 generation GFP-RNAi plants with GFP-
expressing WT and rdr6-11 backgrounds. Membranes were hybrid-
ized with a *P-labeled fulllength GFP cDNA probe. Ribosomal
RNA (rRNA) is shown to confirm equal loading. (D) Northern blot
analysis of GFP-siRNA in T3 GFP-RNAi plants. Membranes were
hybridized with a ®p-labeled full-length GFP cDNA probe. Ethidium
bromide-stained low molecular weight RNAs are shown as loading
controls below the Northern blots. 30-d-old plants grown in soil were
used for the immunoblot and Northern blot analyses. The 14-d-old
plants grown in MS media were used for confocal microscopy analysis.
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dsRNA, RNA silencing induced by
self-complementary hpRNA takes
place even in the absence of RDR6.
The resulting dsRNA is then sliced by
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RDR6 recognizes the aberrant RNAs
and amplifies them to form dsRNA.
Dicer then slices the dsRNA to pro-
duce secondary siRNA. In the rdr6
mutant plants, there is no secondary
siRNA production because of the
absence of RDR6. Thus, only primary

dsRNA

siRNAs are present. As a result, rdr6 plants have a lower amount of siRNA, which is not sufficient to induce complete RNA silencing. It ap-
pears that RDR6 enhances hpRNA-induced gene silencing in plants via the production of secondary siRNAs using aberrant RNAs as tem-

plates.

ZIPIAGO7, SGS3, DCL4 and RDR6 (Hunter et al., 2006).
These results implicate RDR6 in epigenetic regulation of genes
that are involved in transcriptional control of plant development.

In this study, we compared the efficiency of hpRNA-induced
gene silencing in the presence or absence of RDR6 using GFP
as a reporter gene. The GFP-RNAI construct was designed to
carry a full-length ORF of GFP in both sense and antisense
orientations under the control of the CaMV35S promoter. Thus,
it can produce GFP siRNAs, which target GFP mRNA from the
5’ to 3 end. Even though an RNAi knockdown technique was
employed to induce gene silencing, almost complete silencing
of GFP expression was observed by immunoblot analysis in
most lines of the WT backgrounds excepting one aberrant T-
DNA integration line (Fig. 2D). This result may be due to sev-
eral factors such as efficient GFP-siRNA production from the
long hairpin RNA containing full-length GFP sequence, TGS
induced by the CaMV35S promoter, which is used for both GFP
and GFP-RNAI expression, and/or by co-suppression effects of
the GFP gene expression. The efficiency and frequency of
transitive silencing of an endogenous gene depends on the
length of its sequence identity with the primary target (Bleys et
al., 2006). Gene silencing mediated by promoter homology
occurs at the level of transcription (Park et al., 1996). Mutants of
C. elegance that are defective in transposon silencing and
RNAI are also resistant to co-suppression, indicating that RNAI
and co-suppression are mediated by the same molecular ma-
chinery, possibly through the formation of dsRNA/RNA duplex
as a precursor to generate siRNA (Ketting and Plasterk, 2000).
Thus, the length of hairpin RNA, TGS mediated by promoter
homology and co-suppression effects of the CaMV35S:GFP
might all contribute to the strong silencing of GFP expression in
the WT backgrounds. It is difficult to determine whether each
mechanism contributes to the result in a cooperative or inde-
pendent manner in this study. However, it appears that the
three mechanisms commonly employ siRNA to initiate gene
silencing.

RDR6 is thought to initiate RNA silencing by recognizing
transgenic transcripts with aberrant features and converting
them to dsRNAs, which are then processed into siRNAs (Bro-
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dersen and Voinnet, 2006). The activity of RDRs is implicated
in the facilitation of strong and persistent silencing that is initi-
ated by small amounts of ‘trigger RNA, including transposon-
derived and viral-derived RNA (Voinnet, 2008). Deep sequenc-
ing analysis revealed that the rdr1 and rdr6 mutants exhibit
significantly reduced levels of small RNAs (Qi et al., 2009). The
efficiency of gus silencing is correlated with the amount of sec-
ondary siRNA suggesting that the amplification of secondary
siRNAs is required to exceed the threshold for efficient silencing
(Bleys et al., 2006). Taken together, these results indicate that
RDRs are required for the amplification of secondary siRNAs
and efficient gene silencing. Amplification of secondary siRNA
might be necessary to enhance the efficiency of RNA silencing,
and RDRE6 is likely required for this amplification step. Thus, we
speculate that the amount of siRNA in the GFP-RNAI lines was
sufficient to induce efficient gene silencing in the GFP-
expressing WT backgrounds but not the rdr6-11 backgrounds
(Fig. 5). Based on our results, we propose that RDR6 not only
initiates RNA silencing by recognizing aberrant RNAs and con-
verting them to dsRNAs but also promotes ampilification of sec-
ondary siRNAs to enhance the efficiency of RNA silencing (Fig. 5).

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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