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Argonautes (AGOs) are conserved proteins that contain
an RNA-binding PAZ domain and an RNase H-like PIWI
domain. In Arabidopsis, except for AGO1, AGO4 and AGO7,
the roles of seven other AGOs in gene silencing are not
known. We found that a mutation in AGO6 partially
suppresses transcriptional gene silencing in the DNA
demethylase mutant rosI-1. In ago6-1rosl-1 plants,
RD29A promoter short interfering RNAs (siRNAs) are
less abundant, and cytosine methylation at both trans-
genic and endogenous RDZ29A promoters is reduced,
compared to that in rosI-1. Interestingly, the ago4-1 muta-
tion has a stronger suppression of the transcriptional
silencing phenotype of r0s1-1 mutant. Analysis of cytosine
methylation at the endogenous MEA-ISR, AtREP2 and
SIMPLEHAT?2 loci revealed that the CpNpG and asymmetric
methylation levels are lower in either of the ago6-1 and
ago4-1 single mutants than those in the wild type, and the
levels are the lowest in the ago6-1ago4-1 double mutant.
These results suggest that AGO6 is important for the
accumulation of specific heterochromatin-related siRNAs,
and for DNA methylation and transcriptional gene silen-
cing, this function is partly redundant with AGO4.
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Introduction

Gene silencing occurs at the transcriptional and post-trans-
criptional levels (Baulcombe, 2004; Bender, 2004; Mello and
Conte, 2004; Chan et al, 2005; Matzke and Birchler, 2005;
Morris, 2005; Wassenegger, 2005). Post-transcriptional gene
silencing (PTGS) involves microRNAs (miRNAs) and certain
classes of short interfering RNAs (siRNAs) (Carrington and
Ambros, 2003; Bartel, 2004; Baulcombe, 2004; He and
Hannon, 2004; Tang, 2005). miRNAs are about ~21-22nt
in size and are processed by Dicer family of endonuclease III
enzymes from longer precursor RNAs that can form stem-
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loop structures (Carrington and Ambros, 2003; Bartel,
2004). siRNAs are generated from long double-stranded
RNAs (dsRNAs) by enzymes of the Dicer family
(Baulcombe, 2004; Matzke and Birchler, 2005; Bouche et al,
2006; Moissiard and Voinnet, 2006). There are two major
size classes of siRNAs, that is, ~21- and ~24-nt siRNAs
(Brodersen and Voinnet, 2006). miRNAs and siRNAs are
incorporated into RNA-induced silencing complex (RISC)
and guide the complex to complementary mRNAs, causing
translational inhibition or transcript cleavage (He and
Hannon, 2004; Meister and Tuschl, 2004; Tang, 2005).
siRNAs of the 24-nt size classes can also guide DNA methyla-
tion and histone methylation to cause transcriptional gene
silencing (TGS) (Baulcombe, 2004; Bender, 2004; Mello and
Conte, 2004; Chan et al, 2005; Matzke and Birchler, 2005;
Morris, 2005).

The PAZ and PIWI domain-containing Argonaute (AGO)
proteins are the catalytic engine of RISC in PTGS (He
and Hannon, 2004; Meister and Tuschl, 2004). In TGS, AGO
is also a key component of RNA-induced transcriptional
silencing complex (Verdel and Moazed, 2005) or of a hy-
pothetical complex responsible for RNA-directed DNA methy-
lation (RADM) (Chan et al, 2005; Matzke and Birchler, 2005).
In Schizosaccharomyces pombe, a single AGO protein medi-
ates both transcriptional and post-transcriptional silencing
(Sigova et al, 2004). In Caenorhabditis elegans, mutants
defective in a member of the AGO gene family, RDE-1, are
strongly resistant to RNA interference (RNAi) (Tabara et al,
1999). Another PAZ/PIWI protein, PPW-1, is required for
efficient germline RNAi (Tijsterman et al, 2002). Systematic
analysis of AGO mutants in C. elegans showed that distinct
AGOs act sequentially during RNAi (Yigit et al, 2006). In
Drosophila, AGO2 is directly involved in RISC formation as
‘Slicer’ of the passenger strand of the siRNA duplex (Rand
et al, 2005). AGO1, another member of the Drosophila AGO
family, immunopurified from Schneider2 cells associates
with miRNAs and cleaves target RNAs that are fully comple-
mentary to the miRNAs (Miyoshi et al, 2005). PIWI has been
shown to be necessary for PTGS and some aspects of TGS
(Pal-Bhadra et al, 2002). In humans, AGO2 (hAgo2) was
shown to be responsible for target RNA cleavage (‘Slicer’)
activity in RNAi (Meister et al, 2004). In mouse, AGO2
contributes ‘Slicer’ activity to RISC, providing the catalytic
engine for RNAI (Liu et al, 2004).

In Arabidopsis, there are 10 predicted AGO proteins
(Morel et al, 2002). AGO1 was first found as a regulator
of Arabidopsis leaf development (Bohmert et al, 1998). AGO1
is also involved in PTGS and viral resistance (Morel et al,
2002; Zhang et al, 2006). It functions as an RNA slicer that
selectively recruits miRNAs and some siRNAs (Vaucheret
et al, 2004; Ronemus et al, 2006). AGO4 controls locus-
specific siRNA accumulation and DNA methylation
(Zilberman et al, 2003, 2004). Maintenance of the hetero-
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chromatic state involves locus-specific Pol IVa function
followed by siRNA production and assembly of AGO4-
and NRPD1b-containing silencing complex within nucleolar
processing centers (Pontes et al, 2006). AGO4 interacts with
the C-terminal domain of NRPD1b, and its stability depends
on upstream factors that synthesize siRNAs (Li et al, 2006;
Pontes et al, 2006). AGO4 can function at target loci through
two distinct and separable mechanisms. First, AGO4 can
recruit components that signal DNA methylation in a manner
independent of its catalytic activity. Second, through the
catalytic activity of AGO4, secondary siRNAs are generated
to reinforce silencing (Qi et al, 2006). ZIPPY (AGO7) func-
tions in the regulation of developmental timing and is needed
for the production and/or stability of some trans-acting
siRNAs (Hunter et al, 2003, 2006; Adenot et al, 2006;
Fahlgren et al, 2006; Garcia et al, 2006). PINHEAD/ZWILLE
(AGO10) plays a critical role in maintaining undifferentiated
stem cells in the shoot apical meristem, but was found not to
participate in PTGS (Moussian et al, 1998; Lynn et al, 1999;
Morel et al, 2002). The functional roles of other AGO proteins
in Arabidopsis remain to be determined.

In this study, we characterized a second site mutation that
suppresses TGS in the Arabidopsis rosi-1 mutant. ROS1 is
a 5-methylcytosine DNA glycosylase/lyase required for pre-
venting DNA hypermethylation. In ros] mutants, TGS occurs
at the RD29A-LUC (firefly luciferase reporter gene driven by
the stress-responsive RD29A promoter) transgene and the
linked kanamycin -resistance gene 35S-NPTII (neomycin
phosphotransferase II driven by the CaMV 35S promoter),
and at the endogenous RD29A gene. Both the transgene and
endogenous RD29A promoters are hypermethylated, which
may be triggered by siRNAs produced from the transgene
RD29A promoter (Gong et al, 2002). The suppressor mutation
can partially release TGS at both transgene and endogenous
RD29A promoters, but not at the 35S-NPTII transgene. In
ago6-1rosI-1 double mutant, the cytosine methylation levels
at both transgenic and endogenous RD29A promoters are
reduced, and the amount of siRNAs generated from RD29A
promoter region is much less than in rosi-1 plants. The
suppressor mutation also reduces the levels of siRNAs and
DNA methylation at some endogenous loci. The suppressor
mutation was found to be in AGO6, a member of the
AGO family. In addition, we found that the ago4-1 mutation
can have a more complete suppression of rosl, compared to
ago6-1. DNA methylation analysis of several endogenous loci
in the ago4ago6 double mutant showed that the effect of the
double mutant is stronger than either of the single mutants.
Our results suggest that AGO6 has a partially redundant
function with AGO4 in siRNA accumulation and in control-
ling DNA methylation and TGS at specific loci.

Results

Partial suppression of transgene and endogenous
RD29A promoter transcriptional silencing in ros1-1

by the ago6-1 mutation

We screened for suppressors of rosl-1 from a T-DNA-
mutagenized population (Kapoor et al, 2005) based on the
enhanced bioluminescence compared with that in rosiI-1
mutant. One of the suppressor mutants with increased bio-
luminescence (Figure 1A, C and D) was designated as ago6-1.
The ago6-1 mutation, however, did not release the TGS of
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358-NPTII (Figure 1B), because the rosl-lago6-1 plants are
kanamycin -sensitive. This is in contrast to the rpa2 mutant
(Kapoor et al, 2005), which can release the silencing of
35S-NPTII but not the linked RD29A-LUC in the rosI-1 mutant
background. The results from rpa2 mutant studies suggested
that the TGS of 35S-NPTII in rosI-1 mutant is not caused by
siRNAs and is also not dependent on DNA methylation
(Kapoor et al, 2005).

Northern blot analysis revealed that in rosI-lago6-1
double-mutant plants, the endogenous RD29A transcript
accumulated to a level higher than in rosi-1 but the level
was not as high as in the wild-type (WT) plants, indicating
that the suppression of the endogenous RD29A gene silencing
in rosI-1 is partial, as is the suppression of the RD29A-LUC
transgene. However, the rosI-1ago6-1 mutant did not accu-
mulate any NPTII transcripts, which is consistent with the
kanamycin-sensitive phenotype of these plants (Figure 1E),
and suggests that there is no suppression of the 35S-NPTII
transgene gene silencing.

DNA methylation level at the RD29A promoter in ros1-1
is reduced by the ago6 -1 mutation

In ros1-1 mutant plants, DNA hypermethylation in the pro-
moter region of both the RD29A-LUC transgene and the
endogenous RD29A gene causes TGS at the two loci (Gong
et al, 2002). We hypothesized that, in ros1-1ago6-1 plants, the
ago6-1 mutation suppresses the TGS in rosI-1 probably by
reducing the levels of DNA methylation at the promoter
regions. Bisulfite sequencing was carried out to determine
the DNA methylation levels at both the transgene and en-
dogenous RD29A promoter regions. As shown in Figure 2A
and B, and in Supplementary Figure 1A and B, DNA methyla-
tion levels at CpG, CpNpG and asymmetric sites of the
transgene RD29A promoter were decreased in rosl-1ago6-1
compared with those in rosI-1 plants. At the endogenous
RD29A promoter, a similar pattern of reduced methylation
was found at CpG, CpNpG and asymmetric sites in the roslI-
lago6-1 double mutant, compared to rosI-1. These results
support our notion that decreased DNA methylation levels
at the transgene and endogenous RD29A promoters resulted
in the suppression of rosi-1 by ago6-1.

The ago6-1 mutation reduces non-CpG methylation at
specific endogenous loci

To determine whether the ago6-1 mutation affects the DNA
methylation of endogenous sequences not associated with
the transgene, we analyzed DNA methylation at the AtSNI
locus. First, a PCR-based method was used to determine
whether ago6-1 mutation affects DNA methylation level of
the retrotransposon AtSNI1. The abundance of PCR products
amplified from ago6-1 and rosI-lago6-1 plants was much
lower than that from rosI-1 and WT plants (Figure 2C),
suggesting that the DNA methylation levels at the AtSNI
locus in ago6-1 and ros1-1ago6-1 plants are lower than those
in ros1-1 and WT plants. To confirm the results obtained by
the PCR-based method, we used bisulfite sequencing.
Although CpG methylation levels were unchanged, ago6-1I
showed almost two-fold reduction in CpNpG and four-fold
reduction in asymmetric methylation at the AtSNI locus
(Figure 2D and Supplementary Figure 2A). We also carried
out bisulfite sequencing of the 5S rDNA repeat. The results
showed that there was no substantial reduction in CpG,
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Figure 1 Partial suppression of RD29A-LUC and endogenous RD29A silencing but not of 35S-NPTII silencing in ros! by agoé.
(A) Luminescence image of WT, rosl-1, rosl-lago6-1 and ago6-1. Luminescence imaging was taken with 12-day-old seedlings treated
with 300mM NaCl for 5h. (B) Phenotype of WT, rosl-1, rosl-lago6-1 and ago6-1 plants plated on MS medium supplemented with
kanamycin (50 pg/ml). (C, D) Quantification of the luminescence intensities of WT, rosl-1, rosl-lago6-1 and ago6-1 plants treated
with 300 mM NaCl for 5h. (E) Northern blot analysis of the transcript levels of NPT II, endogenous RD29A and the stress-responsive control
gene CORISA in WT, rosl-1, rosl-lago6-1 and ago6-1. WT, wild type of the C24 ecotype carrying a LUCIFERASE gene driven by the

RD29A promoter (C24 RD29A-LUC).

CpNpG or asymmetric methylation in the ago6-1 mutant
(Figure 2E and Supplementary Figure 2B). These results
suggest that ago6 affects CpNpG and asymmetric methylation
at some specific endogenous loci.

The ago6-1 mutation reduces the accumulation of
heterochromatin-related siRNAs from transgene and
endogenous loci
In ros1-1 plants, DNA hypermethylation at the transgene and
endogenous RD29A promoters may be triggered by siRNAs
produced from the transgene promoter (Gong et al, 2002). It
is possible that the reduced DNA methylation levels at the
RD29A promoter regions in rosI-1ago6-1 double mutant are a
result of decreased accumulation or activity of the promoter
siRNAs. Therefore, Northern blot analysis was carried out to
assess the siRNA levels. The 24-nt siRNAs produced from the
RD29A promoter were less abundant in ago6-1 than that in
the WT (Figure 3A), and similarly, the siRNA level was also
less abundant in rosI-lago6-1 than that in rosI-1 plants
(Figure 3B). The siRNAs were absent in plants that do not
contain the RD29A-LUC transgene, such as in Col-0, dcl3-7,
rdr2-1 and ago6-2 plants (Figure 3A).

The accumulation pattern of several endogenous siRNAs
was also investigated (Figure 3A). AtSNI and MEA-ISR
siRNAs were detected in both ago6-1 and ago6-2, but the
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levels were much lower than those in their respective WT
backgrounds (Col-0 for ago6-2, and WT (C24 containing
RD29A-LUC) for ago6-1). AtREP2 and SIMPLEHATZ2 siRNA
levels were also decreased in both ago6-1 and ago6-2 mutants
compared to those in their respective WT. The levels
of siRNA1003 were not substantially different in ago6-1 or
ago6-2, compared to their respective WT controls. The ago6
mutations also did not reduce the accumulation of siRNA02
(Figure 3A).

It has been shown that AGO1 is physically associated
with miRNAs, but not with virus-derived siRNAs and 24-nt
siRNAs involved in chromatin silencing (Baumberger and
Baulcombe, 2005). We determined the levels of miRNAs to
determine whether ago6 mutations have any effect on miRNA
accumulation. As shown in Figure 3A, there was no sub-
stantial reduction in miR165 or mil72 levels in any of
the mutants compared to their respective WT controls. The
above results show that AGO6 is partially required for the
accumulation of certain 24-nt chromatin-related siRNAs.

The ago6-1 mutation does not affect PTGS caused by
inverted repeat transgenes

PTGS of endogenous genes mediated by introduction of
dsRNA was demonstrated in various organisms (Mello and
Conte, 2004). To determine whether ago6-1 affects siRNAs

The EMBO Journal VOL 26 | NO 6 | 2007 1693
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Figure 2 The effect of AGO6 on DNA methylation levels. (A) DNA methylation levels (percent of methylated DNA) of transgenic RD29A
promoter, and (B) DNA methylation levels of endogenous RD29A promoter in WT, rosI-1, rosl-lago6-1 and ago6-1. (C) ago6-1 causes
decreased AtSNI cytosine methylation. PCR was used to amplify a portion of the AtSNI retro-element. Undigested DNA and a gene lacking
Haelll sites served as PCR controls. (D, E) DNA methylation levels at AtSN1 and 5S rDNA in WT and ago6-1.

from hairpin constructs targeting mRNAs for cleavage, we
crossed an inverted repeat construct of the Arabidopsis
MYBI5 gene under the control of CaMV 35S promoter
(Agarwal et al, 2006) to the ago6-1 mutant background.
Accumulation of siRNAs derived from the MYBIS
dsRNA construct and the transcript level of MYBIS gene
were detected by Northern blot and reverse transcription
(RT)-PCR analyses, respectively. As shown in Figure 3C,
the MYB1S5 siRNA level in ago6-1 plants was not substantially
different from that in the WT. The result suggests that AGO6
is not required for the accumulation of siRNAs derived from
PTGS inverted repeat constructs. Consistent with this, the
expression of the target gene MYBI5 was silenced in ago6-1
mutant, as in the WT, again indicating that AGO6 does not
function in the RNAi pathway for PTGS.

Cloning and characterization of the AGO6 gene
To determine the T-DNA insertion site in the rosI-lago6-1
plants, thermal asymmetric interlaced PCR (TAIL-PCR) was
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carried out and an insertion was found in the 14th exon of the
gene At2G32940, which is annotated as AGO6. This mutant
allele was thus designated as ago6-1 (Figure 4A). Another
allele of ago6 was obtained from the SALK T-DNA collection
(Salk_031553), and was designated as ago6-2 (Figure 4A). To
determine whether the gene At2G32940 was responsible for
the phenotype of TGS suppression of rosi-1, a cosegregation
analysis was conducted. A cross was made between rosl-
lago6-1 double mutant and rosI-1 single mutant, and its F1
was then selfed to generate F2, from which 35 individual
plants with enhanced bioluminescence were selected for
PCR analysis to determine their genotype at the AGO6
locus. The result showed that all of the 35 plants had a
homozygous ago6-1 insertion, suggesting that the ago6-I
gene is responsible for the phenotype of enhanced lumines-
cence in the rosI-1ago6-1 plants.

To confirm further that At2G32940 is the correct gene, its
genomic DNA including 1143 bp upstream of the initiation
codon and 1533 bp downstream of the stop codon was cloned

©2007 European Molecular Biology Organization
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Figure 3 Effect of ago6 on the accumulation of small RNAs. (A) Effect of ago6 on the accumulation of siRNAs from the transgenic RD29A
promoter, endogenous siRNAs and miRNAs. In addition to ago6-1, a SALK T-DNA insertion allele, ago6-2 and its WT (Col-0) were also
analyzed. snoRNA U6 and ethidium bromide-stained tRNA and rRNA bands served as loading controls. Relative levels of the small RNAs were
calculated and shown below the small RNA bands. (B) The transgene RD29A promoter siRNA was less abundant in rosI-1ago6-1 double
compared with that in the rosI-I single mutant. (C) The effect of ago6 on the accumulation of siRNAs from transgenic inverted repeat MYB15

dsRNA. MYBIS transcript levels were analyzed by RT-PCR.

by PCR amplification into the binary vector pPCAMBIA1305.1,
which was then introduced into rosl-lago6-1 plants by
Agrobacterium-mediated transformation. T2 transgenic
plants were subjected to phenotypic analysis. As shown in
Figure 4B, a comparison of luminescence intensity of rosi-1
single mutant, ros1-1ago6-1 double mutant and rosI-1ago6-1
double mutant expressing the AGO6 transgene demonstrated
that the AGO6 transgene construct restored the luminescence
in ros1-1ago6-1 to the level seen in rosi-1. Thus, the mutant
was complemented, which confirms that AGO6 is the correct
gene (Figure 4B). We also used a PCR-based method to
test the DNA methylation level at the AtSN1 locus in rosl-I,
ros1-1ago6-1 and rosl-lago6-1 carrying the AGOG transgene.
As shown in Figure 4C, in rosI-1ago6-1 plants that contain
the AGOG6 transgene, the DNA methylation level was restored
to that in rosi-1 plants, further confirming that ago6 is
responsible for the mutant phenotypes.

AGOG6 encodes an 879-amino-acid protein that contains
conserved PAZ and PIWI domains, characteristic of the AGO
protein family. Arabidopsis contains 10 AGO proteins (Morel
et al, 2002), and the available evidence suggests that each

©2007 European Molecular Biology Organization

member may function differently. AGO1 and AGO4 were
shown to participate in PTGS and TGS, respectively
(Zilberman et al, 2003; Baumberger and Baulcombe, 2005).
ZIPPY(AGO7) and PINHEAD/ZWILLE (AGO10) were found
to have important roles in plant development (Moussian et al,
1998; Morel et al, 2002; Hunter et al, 2003). Phylogenetic
analysis of full-length amino-acid sequences reveled that
the 10 Arabidopsis AGO proteins fall into four clusters
(Figure 4D). The AGOl1, AGO5 and AGO10/PINHEAD/
ZWILLE clade has high-sequence homologies with the
human slicer AGO2, which was shown to target RNA for
cleavage in the RNAi pathway (Meister et al, 2004). Indeed,
recent studies showed that the Arabidopsis AGO1 is a bona
fide Slicer (Baumberger and Baulcombe, 2005; Qi et al, 2005).
AGOG is in the same clade with AGO4, AGO8 and AGO9.
AGO4 controls locus-specific siRNA accumulation and regu-
lates DNA methylation (Zilberman et al, 2003, 2004). Our
results, which that AGO6 also functions in siRNA accumula-
tion and DNA methylation associated with TGS, is consistent
with the phylogenetic clustering of AGO4 and AGOG. It is
possible that the other two members of this cluster, AGO8 and

The EMBO Journal VOL 26 | NO 6 | 2007 1695



Arabidopsis AGO6 and transcriptional silencing
X Zheng et al

A ago6-2
T-DNA (Salk031553)

agoé6-1

PAZ (258-395 aa)

ros1-1ago6-1+AGO6

T-DNA (3104 bp)

AtSN1Haelll

AtSN1no digest

PIWI (541-851aa)

AGO8

AGO09

AG04

AGO06

AGO1
AGO010-PINHEADZWILLE
AG05

AGO7-ZIPPY

AGO2

AGO3

Figure 4 AGOG6 gene cloning and diagram of structure. (A) AGO6 gene (At2G32940) structure. AGOG6 gene has a total of 22 exons and encodes a
putative AGO protein containing a PAZ domain and a PIWI domain. ago6-1 has a T-DNA insertion in the 14th exon, and ago6-2 (a T-DNA line
from the SALK collection) (Salk 031553) has an insertion in the second exon. (B) Complementation of ago6-1 mutant. rosI-1ago6-1 plants
transformed with WT AGO6 transgene were restored in the luminescence phenotype to that seen in rosI-1. (C) The molecular phenotype
of AtSNI1 methylation in rosl-lago6-1 was restored after the rosi-lago6-1 double mutant was transformed with the WT AGOG6 gene.
(D) Phylogenetic tree of the Arabidopsis AGO proteins using full-length amino-acid sequences. AGO4, 6, 8 and 9 clustered together.

AGO9 also function in chromatin siRNA accumulation and
DNA methylation.

To determine the subcellular localization of AGO6 protein,
a translational fusion between yellow fluorescence protein
(YFP) and the N terminus of AGO6 was carried out. YFP-
AGOG6 protein was found to be localized mainly in the nucleus
and weakly outside the nuclear compartment (Figure SA).
A construct of AGO6 genomic fragment containing an AGO6
C-terminal translational fusion to the MYC tag and driven by
the endogenous AGO6 promoter was transformed into rosI-
lago6-1 double-mutant plants. This construct restored
the RD29A-LUC silencing phenotype (data not shown). The
T2 transgenic plants were subjected to immunostaining with
the anti-MYC antibodies to confirm AGOG6 protein localiza-
tion. The result shows that the AGO6-MYC fusion protein was
located in the nucleus (Figure 5Ba-c). In rosI-1ago6-1 mutant
plants without the AGO6-MYC transgene, there was no
immunostaining in the nucleus (Figure 5Bd-f). There did
not appear to be a clear immunostaining in the nucleolus
(Figure 5B). This predominant nuclear localization of AGO6
is in line with its function in chromatin siRNA accumulation,
DNA methylation and transcriptional silencing.

An AGO6 promoter-GUS fusion was used to analyze AGO6
gene expression pattern. As shown in Figure 5C, AGO6
promoter-GUS expression was strong in roots, cotyledons
and shoot meristematic region. The expression was weak in
old and young leaves, and was not detectable in floral tissues.

Strong suppression of transcriptional silencing in ros1-1
by the ago4-1 mutation

As AGO4 also controls locus-specific siRNA accumulation
and DNA methylation (Zilberman et al, 2003, 2004), we
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wondered whether ago4-1, like ago6-1, may suppress
transgene and endogenous RD29A promoter transcriptional
silencing in rosI-1. We crossed ago4-1 with rosI-1 and sub-
sequently obtained ago4-1rosi-1 double-mutant plants. As
shown in Figure 6A, rosl-lago4-1 double-mutant seedlings
emitted strong bioluminescence compared to that from
the rosI-1 single mutant, indicating that ago4-1 strongly
suppresses the TGS of RD29A-LUC in rosl-1 plants. We
performed Northern analysis to determine if ago4-1 can also
suppress the silencing of the endogenous RD29A gene in ros1-
1. The result shows that the transcript level of endogenous
RDZ29A in the rosi-1ago4-1 double mutant was nearly as high
as that in WT plants (Figure 6B), indicating that ago4-1 also
suppresses the TGS of endogenous RD29A in rosI-I.

To determine whether the suppression effect of ago4-1 is
associated with changes in cytosine methylation, bisulfite
sequencing was conducted at both transgene and endo-
genous RD29A promoters. We found that the CpG methyla-
tion level at transgene RD29A promoter was greatly reduced,
and the methylation at CpNpG and asymmetric sites was
almost lost in ros1-1ago4-1 compared to that in rosI-1 plants
(Figure 6C and Supplementary Figure 3A). At the endogenous
RD29A promoter, a similar pattern of reduced methylation at
CpG, CpNpG and asymmetric sites was found in the rosI-
lago4-1 double mutant (Figure 6D and Supplementary Figure
3B). These results suggest that the suppression of rosI-1 by
ago4-1 was caused by decreased DNA methylation levels at
the transgene and endogenous RD29A promoters.

AGOE6 functions redundantly with AGO4
We crossed ago6-1 and ago4-1 plants, and generated an ago6-

lago4-1 double mutant. DNA methylation levels at MEA-ISR,
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Figure 5 Subcellular localization of AGOG6 protein and expression pattern of AGO6 promoter-driven GUS reporter gene. (A) Expression of YFP-
AGO6 translational fusion under the control of CaMV 35S promoter in the epidermal cells of Arabidopsis. YFP-AGO6 protein was mainly
localized in nuclei, and weakly in the cytoplasm. (B) Subcellular localization of AGOG6 protein detected by immunostaining. (a) Localization of
AGOG6-MYC. (b) Nucleus with DAPI staining. (c) Overlap of (a) and (b). (d), (e) and (f) are negative controls showing immunostaining of a
nucleus from rosI-1ago6-1 plant without the AGO6-MYC transgene. (C) AGO6 promoter-GUS expression pattern. AGO6 was strongly expressed
in roots (a, e) and cotyledons (a-d), very weakly in young leaves (a, b) and not detectable in floral tissues (f).
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Figure 6 Strong suppression of RD29A-LUC and endogenous RD29A silencing in rosI-1 by ago4. (A) Luminescence images of WT, rosI-1, ros1-
lago4-1 and ago4-1 seedlings. Luminescence images were taken with 12-day-old seedlings treated with 300 mM NacCl for 5 h. (B) Northern blot
analysis of the transcript levels of endogenous RD29A and the stress-responsive control gene CORI5A in WT, rosl-1, ros1-1ago4-1 and ago4-1.
(C) DNA methylation levels (percentage of methylated cytosine) of transgenic RD29A promoter, and (D) DNA methylation levels of
endogenous RD29A promoter in WT, rosI-1 and ros1-1ago4-1.
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AtREP2, SIMPLEHATZ2 and AtGP1 were analyzed in ago6-1
and ago4-1 single mutants, and in the ago6-1ago4-1 double
mutant. At the MEA-ISR (Figure 7Aa and Supplementary
Figure 4A), AtREP2 (Figure 7Ab and Supplementary Figure
4B) and SIMPLEHAT2 (Figure 7Ac and Supplementary Figure
SA-C) loci, there were substantial decreases in the mutants in
DNA methylation at CpNpG and asymmetric sites but not at
CpG sites. The results show that both AGO6 and AGO4 are
important for CpNpG and asymmetric but not CpG cytosine
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Figure 7 DNA methylation analysis at several endogenous loci in
AGO4-1AGO6-1, AGO4-1ago6-1, ago4-1AGO6-1 and ago4-lago6-1.
(A) CpG (left), CpNpG (middle) and CpNpN (right) methylation
at the MEA-ISR (a), AtREP2 (b), SIMPLEHAT2 (c) and AtGP1 (d) loci
were analyzed by bisulfite sequencing. Methylation levels are
shown by the percentage of methylated cytosine in all sequenced
clones. Detailed bisulfite sequencing data are in Supplementary
Figures. (B) Northern blot analysis of siRNAs at the AtREP2 locus
in ago4-1, ago6-1 single mutants and ago4-1ago6-1 double mutant.
miR172 was used as a control.

1698 The EMBO Journal VOL 26 | NO 6 | 2007

methylation at the MEA-ISR, AtREP2 and SIMPLEHAT?Z loci.
These results are consistent with the observation that both
ago6-1 (Figure 3A) and ago4-1 (Qi et al, 2006) affect MEA-ISR,
AtREP2 and SIMPLEHATZ2 siRNAs. Importantly, the results
show that in the ago6-1ago4-1 double mutant, CpNpG and
asymmetric cytosine methylation levels were even lower than
those in ago6-1 or ago4-1 single mutant. In contrast, at the
AtGP1 locus the methylation level at CpG, CpNpG and
asymmetric sites did not show substantial differences
among WT, ago6-1, ago4-1 and ago6-lago4-1 (Figure 7Ad
and Supplementary Figure 5D), suggesting that ago6-1 and
ago4-1 do not affect the DNA methylation level at this locus.

Northern blot analysis of AtREP2 siRNAs in ago4-1 and
ago6-1 single mutants and ago4-1ago6-1 double mutant was
carried out. As shown in Figure 7B, the AtREP2 siRNA levels
in ago4-1, ago6-1 single mutants were lower than those in
their respective WT controls. Furthermore, the ATREP2 siRNA
level in ago4-1ago6-1 double mutant was lower than that in
either ago4-1 or ago6-1 single mutant. The result is consistent
with the effect of ago4-1ago6-1 on the DNA methylation at the
AtREP2 locus. Taken together, these results suggest that the
functions of AGO6 and AGO4 at some target loci are at least
partly redundant.

Discussion

In this study, we identified the ago6-1 mutation as a suppres-
sor of rosl-1. The ago6 mutation partially releases TGS of
transgenic RD29A-LUC and endogenous RD29A gene, but not
of the 35S-NPTII transgene caused by the rosl mutation.
Previously, we have reported that a mutation in the replica-
tion protein A2 suppresses the TGS of 35S-NPTII but not
RD29A-LUC or endogenous RD29A, in a DNA methylation-
independent manner (Kapoor et al, 2005). Our study here
further supports that the mechanism of silencing at 35S-NPTII
is different from that of silencing at the RD29A promoter.

Analyzing the DNA methylation pattern at both transgene
and endogenous RD29A promoter regions revealed that in
the rosi-lago6-1 double mutant the levels of CpG, CpNpG
and asymmetric methylation were all decreased compared
to those in rosI-1 mutant. In addition, we found that ago6-1
mutation reduces DNA methylation at endogenous targets
such as AtSN1, MEA-ISR, AtREP2 and SIMPLEHATZ2, because
the levels of CpNpG and asymmetric methylation were de-
creased in the ago6-1 mutant. Interestingly, CpG methylation
levels at these endogenous loci were not lower in the ago6
mutant. Therefore, it seems that AGOG6 is important for DNA
methylation at all sequence context for some loci, but is only
required for DNA methylation at non-CpG sites for some
other loci.

siRNAs are believed to be the trigger for de novo DNA
methylation in RADM (Mello and Conte, 2004; Chan et al,
2005; Morris, 2005). Analysis of siRNA levels in ago6-1
mutant showed that siRNAs from the transgenic RD29A
promoter was substantially reduced. The ago6-1 mutation
also substantially decreased the levels of siRNAs from
endogenous loci such as AtSNI, MEA-ISR, AtREP2 and
SIMPLEHAT2, but did not reduce siRNAI003 and siRNAO2
levels. These results demonstrate an important role of AGO6
in the accumulation of specific chromatin-related siRNAs.
In addition, our results suggest that AGO6 does not have a
substantial effect on miRNAs and PTGS siRNAs from inverted
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repeat transgenes. How AGOG is involved in the accumula-
tion of chromatin-related siRNAs remains an open question.
It is possible that AGO6 functions in RdDM, and its role in
siRNA accumulation is indirect and is perhaps through its
effect on DNA methylation in a cycle of feed forward regula-
tion involving transcription of methylated DNA to generate
more siRNAs, similar to what has been proposed for AGO4
(Li et al, 2006; Pontes et al, 2006; Qi et al, 2006).

Arabidopsis has 10 members in the AGO family (Morel
et al, 2002). AGOG is in the same subfamily with AGO4,
although within this subfamily AGO4 is more closely related
in sequence to AGO8 and AGO9 than AGO6. AGO4 was first
identified because of a partial suppression of epigenetic
silencing at the Superman locus by ago4 mutations
(Zilberman et al, 2003). The ago4 mutations decrease sub-
stantially non-CpG methylation but only affect slightly CpG
methylation. The ago4 mutations were shown to block the
accumulation of AtSNI1, 5S rDNA, MEA-ISR, AtREP2 and
SIMPLEHAT2 siRNAs, but had no effect on siRNAO2
(Zilberman et al, 2003, 2004; Li et al, 2006; Pontes et al,
2006; Qi et al, 2006). It seems that AGO6 and AGO4 have
very similar or overlapping functions. Compared to ago6, the
effect of the ago4 mutations on siRNA accumulation and
DNA methylation is stronger for some target loci such as
the transgene and endogenous RD29A promoter regions and
MEA-ISR. However, for some other target loci such as AtREP2
and SIMPLEHATZ2, the ago6 and ago4 mutations have com-
parable effects. It is possible that ago6 may have a stronger
effect than ago4 on some as yet unidentified target loci.
Analysis of DNA methylation in ago4-1ago6-1 showed that
non-CpG methylation at MEA-ISR, AtREP2 and SIMPLEHAT2
was lower in ago4-1ago6-1 compared to ago4-1 or ago6-1
single mutant, suggesting that the two AGO proteins may
have partially redundant functions. This notion is also
supported by the much reduced AtREP2 siRNAs in the
ago4-1ago6-1 double mutant compared to ago4-1 or ago6-1
single mutant. Clearly, much further work is needed to
determine the biochemical function of AGO6 in TGS and its
relationship with other AGO family members. Notwithstanding,
our results here provide strong evidence that AGO6 is important
for the accumulation of siRNAs, DNA methylation and TGS
at specific loci.

Materials and methods

Plant materials, mutant isolation and gene cloning

Unless specified otherwise, WT in this study refers to the C24
ecotype carrying a firefly luciferase reporter gene driven by the
RD29A promoter (C24 RD29A-LUC) (Ishitani et al, 1997). A T-DNA
insertion population in the rosl-1 background of Arabidopsis
thaliana was generated as described (Kapoor et al, 2005). T2
seedlings were screened for ros! suppressors on the basis of
luminescence emission and kanamycin resistance. Luminescence
imaging was carried out as described (Ishitani et al, 1997; Kapoor
et al, 2005). T-DNA insertion sites were determined by using TAIL-
PCR (Liu et al, 1995).

Total RNA and small RNA extractions and Northern blot
analysis

Total RNA was extracted from 15-day-old seedlings by using 4 M
guanidine thiocyanate (GT) extraction solution (4M GT, 25mM
sodium citrate, 0.5% sarcosyl and 0.1 M mercaptoethanol). Briefly,
1-2 g of fresh material was ground in liquid N, and powder was
decanted into a 10 ml polypropylene tube that contained 3 ml cold
4 M GT solution. After shaking, 0.3 ml of 2M NaAc (pH 5.0), 3 ml of
acid phenol and 1ml of chloroform were added in this order and
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mixed. After the mixture was centrifuged at 9000 1.p.m. for 12 min
at 4°C, the supernatant was transferred to a new tube, 2 volumes
of 100% ethanol was added and precipitated at —70°C for 1-1.5h.
The pellet was centrifuged at 6000 r.p.m. for 10 min, and suspended
in 1 ml of 4 M LiCl. Then the tube was centrifuged at 13000 r.p.m.
for 12 min at 4°C, and the supernatant (containing small size RNAs)
was transferred into a new 1.5 ml tube for later siRNA purification.
The pellet (containing large size RNAs) was dissolved in 0.5 ml of
DEPC-treated water and extracted with 0.5 volume of acid phenol
and 0.5 volume of chloroform. The supernatant was transferred into
a new tube after centrifuging at 13 000r.p.m. for 10 min and then
precipitated at —20°C for overnight by adding 0.1 volume of 3 M
NaAc (pH 5.0) and 2 volumes of 100% ethanol. The pellet was
centrifuged at 13000r.p.m. for 15 min and resuspended in RNase-
free water.

For siRNA purification, the supernatant containing small size
RNAs in 4 M LiCl was precipitated at —70°C for overnight by adding
0.1 volume of 3M NaAc and equal volume of isopropanol. After
being centrifuged at 13 000r.p.m. for 20 min, the pellet was dried
and dissolved in 500 pl of DEPC-treated water, and then extracted
with 0.5 volume of acid phenol and 0.5 volume of chloroform. After
centrifuging at 13000r.p.m. for 12min, the supernatant was
transferred to a new tube and precipitated at 4°C for 30 min after
an equal volume of precipitate solution (1 M NacCl, 20% PEG8000)
was added. After centrifuging at 13000r.p.m. for 10min, the
supernatant was transferred to a new tube, and precipitated at
—70°C for overnight by adding 0.1 volume of NaAc (pH 5.0) and
equal volume of isopropanol. The pellet was centrifuged at
13000r.p.m. for 20 min and resuspended in RNase-free water.

For analysis of mRNAs, 20 pg of total RNA was resolved on 1.2%
denaturing agarose gel (MOPS-formaldehyde) and blotted onto
nylon membrane. For small RNA analysis, 80 ug of small RNA was
resolved on a 17% polyacrylamide-7M urea gel and transferred
electrophoretically to Hybond N_membranes (Amersham, Piscat-
away). PerfectHyb Plus Hybridization Buffer (Sigma, H7033-
125ML) was used for mRNAs and siRNAs hybridizations according
to the manufacture’s instructions. Probes used for mRNA Northern
blot were according to Kapoor et al (2005). The siRNA oligos for
siRNA Northern blots for siRNA02, siRNA1003, AtSN1 (Cao et al,
2003; Zilberman et al, 2004), AtREP2, SIMPLEHATZ2, MEA-ISR (Qi et al,
2006), mirl65, miR172 and U6 are listed in Supplementary Table 1.
Small RNA Northern blots were quantified after removing back-
ground: (small RNAx)/U6(x))/(small RNAco1.0 or wr)/Ub(col-0 or wr))>
here X indicates different samples, such as Col-0, dcl3-7, rdr2-1,
ago6-2, WT and ago6-1. Col-0 was control for dcl3-7, rdr2-1, ago6-2
and WT was control for ago6-1.

PCR-based AtSN1 cytosine methylation assay

PCR-based AtSNI1 methylation assay was performed according to
Onodera et al (2005). Briefly, after purified DNA was digested with
Haelll (or undigested for controls), DNA was used for each PCR.
PCR conditions were 2 min at 94°C, followed by 35 cycles of 94°C
for 30s, 53°C for 30s and 72°C for 30s. Primer for AtSN1 and
At2g19920 are listed in Supplementary Table 1.

DNA bisulfite sequencing analysis

DNA bisulfite sequencing was performed according to Frommer
et al (1992) and Kapoor et al (2005) with slight modifications.
Briefly, after digestion with EcoRV and purification by phenol:
chloroform (1:1), 14 pul (500-800ng) of genomic DNA was dena-
tured at 94°C for 5min, and then 0.84 ul of fresh 5N NaOH was
added, followed by incubation at 39°C for 20 min. A total of 120 pl
of DNA sodium bisulfite treatment mixture, containing 102 pl of
fresh 40.5% sodium bisulfite (pH 5.0, adjusted with 10N NaOH)
(Sigma, S-9000-500G), 3 pl of fresh 20mM hydroquinone (Sigma,
H9003-100G) and 14.84pl of denatured DNA was prepared and
subjected to PCR under the following conditions: first four cycles:
55°C for 3h and 94°C for 5min, followed by one cycle at 55°C for
3 h, and finally incubated at 4°C. Sodium bisulfite-treated DNA was
purified with Wizard DNA Clean-up system (Promega, #A 7280)
according to the manufacturer’s instruction, and at the last step,
DNA was dissolved with 200 pl of H,O at 65°C. The recollected DNA
was incubated at 37°C for 20min after 13 ul of SN NaOH was
added, followed by precipitation at —80°C overnight by adding
210 pl of NH4Ac (pH 7.0) and 1200 pl of 100% ethanol. After centri-
fuging at 13000r.p.m. for 20 min, DNA was dissolving in 100 pl of
water. PCR was performed with LA Taq polymerase (TaKaRa) with
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the following program: PCR mixture was first denatured at 94°C for
Smin, followed by 50 cycles: 94°C for 155, 54°C for 15s and 72°C
for 30s, and last cycle at 72°C extended for 10 min. PCR products
were cloned with pGEM-T Easy Vector System I (Promega, no.
A1360) and transfected into DH10B competent cells. For each
sample, at least 18 clones were sequenced.

Immunostaining

A construct containing AGO6 genomic DNA fused with MYC tag
driven by endogenous AGO6 promoter was inserted into the
pCAMBIA 1305.1 vector. The construct was transformed into rosI-
lago6-1 double-mutant plants, and the transgene was shown to
restore the bioluminescence phenotype of rosI-1ago6-1 plants to
that of rosI-1. The T2 plants were subjected to immunostaining
analysis. Nuclei were prepared according to Bowler et al (2004),
and stained with monoclonal anti-MYC antibodies (Clontech, 1:200
dilution). The staining patterns were visualized via Alexa Fluor 488-
conjugated secondary antibodies (Molecular Probe; 1:2000 dilution)
under a Leica fluorescence microscope equipped with proper filters.

Transgenic plants

AGO6 genomic DNA was amplified from BAC clone, T21L14, with
Platium pfx DNA polymerase (Invitrogen, no. 11708-013) with
forward primer, AGO6-gDNA-5F and reverse primer, AGO6-gDNA-
3R, and PCR product was cloned into the Sacl and HindIlI sites of
pCAMBIA 1305.1. AGO-MYC construct was constructed by inserting
AGO6-MYC-tag into pCAMBIA 1305.1. AGO6 cDNA containing the
entire open reading frame was amplified by RT-PCR with forward
primer, AGO6-cDNA-5F, and reverse primer, AGO6-cDNA-3R. The
amplified product was cloned into pDONR207 (Invitrogen) with BP
clonase (Invitrogen) following the manufacturer’s instructions.
pEearlyGatel04 was used for construct to express YFP-AGOG6 fusion
protein in Arabidopsis. For AGO6 promoter-GUS construct, AGO6
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