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Summary

Arabidopsis ARGONAUTE1 (AGO1) encodes the RNA

slicer enzyme of the microRNA (miRNA) pathway and
is regulated by miR168-programmed, AGO1-catalyzed

mRNA cleavage. Here, we describe two additional reg-
ulatory processes required for AGO1 homeostasis:

transcriptional coregulation of MIR168 and AGO1
genes, and posttranscriptional stabilization of miR168

by AGO1. Disrupting any of these regulatory pro-
cesses by using mutations or transgenes disturbs

a proper functioning of the miRNA pathway. In con-
trast, minor perturbation leads to fine-tuned posttran-

scriptional adjustment of miR168 and AGO1 levels,
thereby maintaining a proper balance of other miRNAs,

which, together with AGO1, control the mRNA levels
of miRNA targets. We suggest that miR168 stabi-

lization occurs at the level of silencing-complex as-
sembly and that modulating the efficiency of assem-

bling miRNA-programmed silencing complexes will
also be important in other contexts.

Introduction

MicroRNAs (miRNAs) are 21 nt endogenous RNAs that
can regulate gene expression posttranscriptionally (Bar-
tel, 2004). They are processed from stem-loop structures
of longer primary transcripts through the action of RNase
III enzymes. In animals, the RNase III Drosha makes a first
cut that produces pre-miRNAs, and the RNase III Dicer
liberates miRNA:miRNA* duplexes from pre-miRNAs
(Kim, 2005). In plants, the RNase III DICER-LIKE 1
(DCL1) makes both cuts (Park et al., 2002; Reinhart
et al., 2002; Kurihara and Watanabe, 2004). After pro-
cessing, the miRNA strand of the miRNA:miRNA* duplex
is loaded into an Argonaute (AGO) protein, which has
a single-stranded RNA binding PAZ domain and an RNa-
seH-like PIWI domain, which catalyzes either mRNA
cleavage or translation repression (Tomari and Zamore,
2005). In plants, miRNAs are loaded into AGO1, which
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acts as an RNA slicer, similar to human AGO2 (Baum-
berger and Baulcombe, 2005; Qi et al., 2005).

Although several actors in the miRNA pathway have
been genetically or biochemically characterized, little is
known about how they are regulated to maintain the ho-
meostasis of the miRNA pathway. Two miRNAs, miR168
and miR162, direct the cleavage of AGO1 and DCL1
mRNAs, respectively, indicating that these miRNAs
themselves feedback regulate the activity of the miRNA
pathway (Xie et al., 2003; Vaucheret et al., 2004). We pre-
viously reported that ago1 null alleles exhibit reduced
levels of miRNAs and increased levels of the corre-
sponding target mRNAs (Vaucheret et al., 2004). In addi-
tion, plants that express a miR168-resistant AGO1
mRNA (4m-AGO1) exhibit developmental defects, indi-
cating that the role of AGO1 in the miRNA pathway and
its regulation by miR168 are crucial for plant develop-
ment (Vaucheret et al., 2004). Here, we describe two ad-
ditional layers of regulation: the transcriptional coregula-
tion of AGO1 and MIR168 genes and the stabilization of
miR168 by AGO1. Our results indicate that posttran-
scriptional AGO1-mediated stabilization of miR168
works in concert with miR168-programmed, AGO1-cat-
alyzed cleavage of AGO1 mRNA to maintain AGO1 ho-
meostasis, proper miRNA pathway functioning, and nor-
mal plant development.

Results and Discussion

miR168 Overaccumulates in 4m-AGO1 Plants

We previously reported that expressing a miR168-resis-
tant AGO1 gene (4m-AGO1) in Arabidopsis results in a se-
ries ofdevelopmental defects, suggesting that the excess
AGO1 protein interferes with the functioning of the miRNA
pathway (Vaucheret et al., 2004). Analysis of miR168
accumulation in 4m-AGO1 plants exhibiting either a
mild or severe 4m-AGO1 phenotype (Figure 1A) revealed
that miR168 overaccumulated 3- to 5-fold (Figure 1C).
The degree of miR168 overaccumulation (Figure 1C) di-
rectly correlated with both the severity of the phenotype
(Figure 1A) and the level of AGO1 mRNA overaccumula-
tion (Figure 1B). The perturbation of miR168 was specific
to 4m-AGO1 expression and not simply due to the ex-
pression of a miRNA-resistant mRNA, because plants ex-
pressing miRNA-resistant CUC1 or ARF17 (5m-CUC1 or
5m-ARF17), (Mallory et al., 2004a, 2005), accumulated
miR168 at wild-type levels (see Figure S1 in the Supple-
mental Data available with this article online). With the ex-
ception of miR159 and miR165/166, which accumulated
at levels 2- to 3-fold higher in 4m-AGO1 plants than in
wild-type plants (Figure 1C), the other nine miRNAs ana-
lyzed accumulated at levels similar to those of wild-type
plants, indicating that miR168 accumulation was the
most sensitive to 4m-AGO1 expression.

MicroRNAs that Are the Most Sensitive to Changes
in AGO1 Levels Are the Least Sensitive to Changes

in DCL1 Activity
Null dcl1 mutants are embryo lethal, but three viable hy-
pomorphic dcl1 mutants have been recovered during
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Figure 1. miR168 Accumulation Is Increased

in 4m-AGO1 Transformants and Is Un-

changed in Hypomorphic dcl1 Mutants

(A) Phenotypes of 35-day-old mild and severe

4m-AGO1 transformants compared with

a 35-day-old wild-type Col plant.

(B) AGO1 mRNA accumulation in wild-type

Col and 4m-AGO1 transformants was deter-

mined by RNA gel blot analysis using 10 mg

of RNA. Ethidium bromide staining of 25S

rRNA is shown as a loading control. Normal-

ized values of mRNAs to 25S rRNA are indi-

cated, with mRNA levels in Col control plants

set at 1.0.

(C) miRNA accumulation in wild-type Col and

4m-AGO1 transformants was determined by

RNA gel blot analysis using 10 mg of the

same RNA in (B). Blots were successively hy-

bridized to different probes complementary

to miRNAs and a probe complementary to

U6 as a loading control. Normalized values

of miRNA to U6 RNA are indicated, with

miRNA levels in Col set at 1.0.

(D) miRNA accumulation in wild-type Col and

hen1 and dcl1 mutants was determined by

RNA gel blot analysis using 10 mg of RNA. A

single blot was successively hybridized to

different probes complementary to miRNAs

and a probe complementary to U6 as a load-

ing control. Normalized values of miRNA to

U6 RNA are indicated, with miRNA levels in

Col set at 1.0.
developmental screens (Schauer et al., 2002). Previous
analyses revealed that miRNA accumulation is strongly
reduced in these mutants, with the exception of miR166
(Park et al., 2002; Reinhart et al., 2002; Kasschau et al.,
2003; Mlotshwa et al., 2005; Kurihara et al., 2006). How-
ever, the effect of dcl1 mutations on miR168 accumula-
tion has never been reported. We found that miR168
accumulated at similar levels in wild-type plants and
all three dcl1 mutants (Figure 1D). In addition, miR159
and miR165/166 accumulation was reduced in dcl1
mutants but remained detectable (Figure 1D). This con-
trasts sharply with other miRNAs, such as miR173,
which were below detectable levels in all three mutants
(Figure 1D and data not shown). These results point to
a particular behavior of miR168 and, to a lesser extent,
of miR159 and miR165/166 and indicate that the
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Figure 2. The Stem-Loop Intermediate and

the Processed Loop Overaccumulate in

35Sx2-MIR168 Plants and the SALK 113514

Line but Not in 4m-AGO1 Plants

(A) Structures of the T-DNA in the mir168a-1d

mutant (SALK 113514) relative to the MIR168a

locus, the MIR168a EST H77185, and the

35Sx2-MIR168a transgene. In mir168a-1d,

the insertion of a truncated, inverted T-DNA

repeat substitutes the native MIR168a pro-

moter with the 35S promoter. The 35Sx2-

MIR168a construct was generated by insert-

ing the MIR168a region corresponding to

EST H77185 between the 35S promoter with

a double enhancer (35Sx2) and the 35S termi-

nator. The 106 nt stem-loop intermediate cor-

responds to the RNA product expected after

a Drosha-like cut at the stem. The 64 nt loop

corresponds to the RNA product expected

after a Dicer-like cut at the loop. The positions

of the mature miR168 and miR168a* are indi-

cated by gray boxes.

(B) Mature miR168, processed loop, and

stem-loop intermediate accumulation in Col

and 35x2-MIR168a transformants. RNA gel

blot analysis of 10 mg of RNA with a probe

complementary to miR168 (left), a probe com-

plementary to the processed loop (right), and

U6 as loading control (below). Note that the

increase in processed loop and stem-loop in-

termediate correlates with the increase in ma-

ture miRNA.

(C) Stem-loop, miR168, miR168*, and loop ac-

cumulation in Col, 4m-AGO1#1, mir168a-1d,

and 35-MIR168a#5. RNA gel blot analysis of

10 mg of RNA with miR168, miR168a*, and

miR168a-loop probes reveals that only ma-

ture miR168 overaccumulates in 4m-AGO1

plants, whereas the 106 nt stem-loop interme-

diate, mature miRNA and miRNA*, and the

64 nt processed loop overaccumulate in

mir168a-1d and 35-MIR168a#5 plants. The

positions of the stem-loop intermediate (S),

processed loop (L), and miR168 and

miR168* (M) are noted at the right. The probe

is indicated below each blot. Hybridizations

with a probe complementary to U6 are shown

as a loading control.
miRNAs that are the least sensitive to impairment in
DCL1 activity are the most sensitive to changes in
AGO1 levels (Figure 1C).

miR168a Stem-Loop Intermediate, miR168a*, and
Processed Loop Overaccumulate in 35Sx2-MIR168a

Plants but Not in 4m-AGO1 Plants
Several mechanisms could account for the increased
level of miR168 in 4m-AGO1 plants, including increased
transcription of MIR168 genes, increased processing of
MIR168 transcripts, or increased stability of miR168. To
determine the predominant mechanism for miR168
overaccumulation, we compared the levels of MIR168
transcript processing intermediates and mature prod-
ucts in wild-type plants, 4m-AGO1 plants, and plants ex-
pressing the MIR168a transcript under the control of
a strong, broadly expressed promoter.

To generate MIR168a-overexpressing plants, we
cloned a 416 nt fragment of the MIR168a gene corre-
sponding to EST H77158 downstream of the Cauliflower
mosaic virus 35S promoter with a double enhancer (Fig-
ure 2A) and introduced this construct into wild-type Col
plants. RNA blot analysis revealed an overaccumulation
of miR168 in several lines (Figure 2B). In addition to
mature miR168, other MIR168a-processing products
and intermediates overaccumulated in 35Sx2-MIR168a
transformants (Figures 2B and 2C). These RNAs included
miR168a* (the 21 nt RNA from the other arm of the stem
loop), the 64 nt loop that connects miR168 and miR168*,
and the 106 nt stem-loop intermediate. The detection of
the 106 nt stem-loop intermediate (Figure 2B) indicated
that at least some primary MIR168a transcript was cut
at the stem first, similar to the Drosha-mediated cut of
animal pri-miRNAs (Kim, 2005). Whether the cut that lib-
erates the 64 nt loop always occurs after the cut at
the stem, similar to the Dicer-mediated cut of animal
pre-miRNAs (Kim, 2005), or whether a first cut can occur
at the loop followed by a second cut at the stem, is un-
known. A 2-fold increase in the accumulation of
miR168, miR168*, MIR168a loop, and MIR168a stem-
loop intermediate also was observed in the T-DNA inser-
tion line SALK 113514 (Figure 2C). In this line, an inverted
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T-DNA repeat is inserted 60 bp upstream of the 50 end of
the MIR168a EST H77185 (Figure 2A). One T-DNA copy is
intact, while the other is truncated at the left border at po-
sition +41 relative to the transcription start of the 35S
promoter, resulting in a transcriptional fusion between
the 35S promoter carried by the T-DNA and the
MIR168a transcribed region. Because this line could be
considered as an activation-tagged line, we refer to it
as mir168a-1d. The increased accumulation of mature
miR168 and other MIR168a-processing products and
intermediates in line mir168a-1d that resulted from
substituting the native MIR168a promoter by the 35S
promoter in the genomic context of the MIR168a gene
confirmed that the increased accumulation of mature
miR168 and other MIR168a-processing products and in-
termediates in 35Sx2-MIR168a transformants was not
due to some aberrancy of the 35S-MIR168a construct.

In contrast to mir168a-1d and 35Sx2-MIR168a plants,
4m-AGO1 plants did not have altered stem-loop inter-
mediate, processed loop, or miR168* accumulation
(Figure 2C), suggesting that neither the transcription of
MIR168 genes nor the processing of MIR168 transcripts
is increased in 4m-AGO1 plants. Having ruled out sub-
stantial changes in transcription or processing, we con-
cluded that the increase in miR168 in 4m-AGO1 plants
was due to increased stability of the mature miR168.
That is, increased AGO1 protein (a reasonably inferred
consequence of increased AGO1 mRNA observed in
4m-AGO1 plants) results in increased stability of the ma-
ture miR168. This model implies that AGO1 is normally
limiting for the stabilization of miR168 in wild-type
plants. Note that we disfavor a model in which miR168
stabilization would result from unproductive use of
miR168 by RISC due to 4m-AGO1 mRNA being resistant
to miR168-directed cleavage because plants express-
ing other miRNA-resistant mRNAs, such as 5m-CUC1
or 5m-ARF17 (Mallory et al., 2004a; Mallory et al.,
2005), accumulate the corresponding miRNAs, miR164
and miR160, at wild-type levels (Figure S1).

Overexpression of miR168 Impacts the

Accumulation of miR165/166 and miR159
35Sx2-MIR168a transformants exhibited qualitatively
consistent phenotypes (Figure 3A). The most altered
plants exhibited serrated and adaxialized leaves (Fig-
ures 3A and 3B), flowered late compared with wild-
type plants (Figure 3A), and had altered floral phyllotaxy
(Figure 3C), reminiscent of the phenotypes of hypomor-
phic ago1 alleles (Morel et al., 2002; Kidner and Mar-
tienssen, 2004). RNA blot analysis of miR168 accumula-
tion revealed a tight correlation between the severity of
the phenotype and the level of miR168 overaccumula-
tion (Figure 3D). AGO1 mRNA accumulation was re-
duced w5- to 10-fold in the 35Sx2-MIR168a line with
the most severe phenotype (Figure 3E).

The phenotype of 35Sx2-MIR168a transformants likely
was due to changes in AGO1 and other miRNA levels. In-
deed, the accumulation of miR159 and miR165/166,
which was increased in 4m-AGO1 plants, although to
a lesser extent than miR168 (Figure 1C), was symmetri-
cally decreased in class IV 35Sx2-MIR168a transform-
ants (Figure 3F). The perturbations of miR159 and
miR165/166 accumulation in 35Sx3-MIR168a plants
likely are related directly to changes in AGO1 levels
and do not result from a general effect of 35S-driven
MIR gene expression, because 35S:MIR164b plants,
which overaccumulated miR164 (Mallory et al., 2004a),
accumulated miR168, miR159, and miR165/166 at wild-
type levels (Figure S2). These results confirm that
miR159 and miR165/166 are sensitive to perturbations
in AGO1 levels, although not as sensitive as miR168.

35Sx2-MIR168a transformants showed leaf adaxiali-
zation (Figure 3C), reminiscent of hypomorphic ago1 mu-
tants (Kidner and Martienssen, 2004) and gain-of-func-
tion phb, phv, or rev mutants that are insensitive to
miR165/166-directed repression, owing to mutations in
miR165/166 complementary sites (McConnell et al.,
2001; Emery et al., 2003; Tang et al., 2003; Mallory
et al., 2004b). This observation suggests that the de-
crease in miR165/166 accumulation could contribute to
the leaf adaxialization in 35Sx2-MIR168a transformants.
In addition to decreased miR165/166 accumulation, the
decreased AGO1 mRNA levels in 35Sx2-MIR168a trans-
formants (Figure 3E) also may contribute to the adaxial-
ized phenotype, because AGO1 is required for proper
regulation of miRNA targets, including PHB and PHV
(Kidner and Martienssen, 2004; Vaucheret et al., 2004).

A Posttranscriptional Autoregulatory Loop Model
for the Homeostasis of AGO1 Levels

We propose that AGO1 and miR168 participate in a
posttranscriptional autoregulatory loop consisting of
miR168-guided AGO1-catalyzed cleavage of AGO1
mRNA and AGO1-mediated stabilization of miR168,
which allows the maintenance of AGO1 homeostasis
and the proper functioning of the miRNA pathway. The
observation that miR168, the miRNA that regulates
AGO1, is the miRNA most sensitive to altered AGO1
levels (Figure 1C) fits nicely within this scheme, in that
minor perturbations in the level of AGO1 protein would
induce changes in miR168 activity that in turn bring
AGO1 levels back to proper levels before the functions
of the other miRNAs are affected. To explain the unusual
sensitivity of miR168 to AGO1 levels, we propose that
the loading of miR168 duplexes onto AGO1 is very inef-
ficient. As a result, a high proportion of miR168 duplexes
produced by DCL1 are not loaded onto AGO1 and are in-
stead degraded. Because of this inefficiency, AGO1 is
limiting for formation of the miR168-silencing complex.
More AGO1 leads to more loading of miR168; less
AGO1 leads to less loading of this miRNA. In contrast,
the other miRNAs are loaded more efficiently, such
that most are already maximally loaded in the presence
of normal AGO1 levels. More AGO1 cannot increase the
loading of these miRNAs, and a modest decrease in
AGO1 also has little impact.

This model implies that a perturbation in the level of
miR168, AGO1 mRNA, or AGO1 protein would induce
compensatory adjustments to bring AGO1 levels back
to equilibrium. We tested this hypothesis by ex-
pressing a wild-type AGO1 mRNA or an AGO1 mRNA
perfectly complementary to miR168 (0m-AGO1) in
an ago1 null allele (Supplemental Results and Fig-
ure S3). AGO1 mRNA accumulated at an w2-fold
lower level in ago1-1::0m-AGO1 plants compared with
ago1-1::WT-AGO1 plants, consistent with the w2-fold
increased cleavage rate of 0m-AGO1 RNA observed in
vitro in wheat germ extract. miR168 accumulated at an
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Figure 3. miR168 Overaccumulation in

35Sx2-MIR168a Transformants Phenocopies

Hypomorphic ago1 Mutants and Results in

Downregulation of Other Small RNAs

(A) Phenotypes of representative 35Sx2-

MIR168 transformants. Among 160 transform-

ants, 151 could not be distinguished from

wild-type Col (class I), whereas nine exhibited

leaf serration. Six of these nine transformants

flowered like Col (class II), two flowered 5–7

days later (class III), and one flowered 12

days later (class IV) than wild-type Col.

(B) Leaf abaxial (lower)andadaxial (upper)sur-

faces of wild-type Col and 35Sx2-MIR168a

transformants. Trichomes are abundant on

the adaxial surface but not the abaxial surface

of wild-type Col leaves. In contrast, trichomes

are abundant on both the adaxial and abaxial

surfaces of 35Sx2-MIR168a#5 leaves, indica-

tive of leaf adaxialization.

(C) Altered floral phyllotaxy of 35Sx2-

MIR168a transformants. The class IV, 35Sx2-

MIR168a#5 plant has siliques that radiate

out from the inflorescence stem at altered an-

gles and positions relative to wild-type Col.

(D) miR168 accumulation in 35Sx2-MIR168a

transformants and the SALK 113514 line was

determined by RNA gel blot analysis using

10 mg of RNA. The phenotypic class and the

plant number are indicated above each lane.

Blots were successively hybridized to a probe

complementary to miR168 and probes com-

plementary to miR162 and U6 as loading con-

trols. Normalized values of miR168 and

miR162 to U6 RNA are indicated, with miRNA

levels in Col set at 1.0. The structure of the

T-DNA in the SALK 113514 line relative to

the MIR168a locus is shown in Figure 2A.

(E) AGO1 mRNA accumulation in the 4m-

AGO1#3 plant, two independent wild-type

plants (Col), and three sibling progenies of

the 35Sx2-MIR168a#5 transformant was de-

termined by RNA gel blot analysis using

10 mg of RNA. Ethidium bromide staining of

25S rRNA is shown as a loading control. Nor-

malized values of mRNAs to 25S rRNA are in-

dicated, with mRNA levels in Col control

plants set at 1.0.

(F) miRNA and tasiRNA accumulation in wild-type Col, 4m-AGO1#3, and 35Sx2-MIR168a#5 plants was determined by RNA gel blot analysis using

10 mg of RNA. Blots were successively hybridized to different probes complementary to small RNAs and a probe complementary to U6 as a loading

control. Normalized values of miRNA to U6 RNA are indicated, with miRNA levels in Col set at 1.0.
w2-fold lower level in ago1-1::0m-AGO1 plants com-
pared with ago1-1::WT-AGO1 plants, whereas accumu-
lation of the processed MIR168a loop was similar in the
two plants. The decrease in the accumulation of miR168
likely was due to reduced AGO1 mRNA (and AGO1
protein) levels because of the increased cleavage effi-
ciency of 0m-AGO1 mRNA. In this scenario, the new
equilibrium between miR168 and AGO1 levels maintains
miRNA homeostasis and proper RISC functioning, con-
sistent with the absence of developmental defects in
ago1-1::0m-AGO1 plants, supporting our posttranscrip-
tional autoregulatory loop model.

Irreversible disruption of this loop in 35S-MIR168 or
4m-AGO1 plants prevents the maintenance of the equi-
librium between AGO1 and miR168 levels. For example,
4m-AGO1 plants have higher levels of AGO1 protein,
which can bind a higher amount of miR168 produced
by DCL1, thus protecting more miR168 from degrada-
tion. However, this elevated level of miR168 cannot
downregulate the level of AGO1 mRNA and AGO1 pro-
tein because 4m-AGO1 plants express an AGO1
mRNA that is resistant to miR168-guided cleavage.
With the exception of miR165/166 and, to a lesser ex-
tent, miR159, which seem to have limited loading effi-
ciency, similar to miR168, levels of other miRNAs are af-
fected marginally in 4m-AGO1 plants because they are
already maximally loaded onto AGO1 in wild-type cells.
35Sx2-MIR168a and mir168a-1d plants, which both
overaccumulate miR168 and miR168* due to increased
transcription, likely have much higher levels of miR168
duplexes. The association of more miR168 duplexes
with AGO1 would lead to increased miR168 accumula-
tion, decreased AGO1 accumulation, and reduced accu-
mulation of miR159 and miR165/166, which are the miR-
NAs that, apart from miR168, are the most sensitive to
decreased AGO1 levels in ago1 mutants (Vaucheret
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et al., 2004) and elevated AGO1 levels in 4m-AGO1
plants (Figures 1C and 3F).

Our model provides a plausible explanation as to why
the miRNAs that were most sensitive to changes in
AGO1 levels appeared to also be least sensitive to de-
creases in DCL1 activity. We suggest that the process-
ing of all miRNAs, including miR168, is substantially
compromised in the hypomorphic dcl1 mutants. As
a consequence, there are far fewer miRNAs to be loaded
into AGO1, and the amount of free AGO1 greatly in-
creases. Because AGO1 is limiting for loading of
miR168, the increase in free AGO1 offsets the lower
amount of processed miR168; although there is much
less processed miR168 in the dcl1 hypomorphs, a higher
fraction of the miR168 that is produced is loaded into
AGO1. The same would apply for miR159 and miR165/
166 but to a lesser extent because these miRNAs are
less sensitive to AGO1 levels. The other miRNAs, which
are already maximally loaded in the presence of normal
AGO1 levels, do not benefit from increased free AGO1;
their levels drop in the dcl1 hypomorphs without a coun-
teracting effect of free AGO1.

AGO1 and MIR168 Genes Have a Common
Expression Pattern

The posttranscriptional regulatory loop proposed above
implies that miR168 might be present in all cells ex-
pressing AGO1. To test this hypothesis, we compared
the patterns of a GUS reporter transgene expression in
plants when driven by the AGO1 versus MIR168a pro-
moters. GUS expression in both pAGO1-GUS and
p168a-GUS plants was highest in the shoot and root api-
cal meristems, but, in transformants that showed the
strongest GUS expression in the meristem, GUS expres-
sion also was detectable in vascular tissues of leaves
and roots (Figure 4A and data not shown).

AGO1 Expressed under the Control of the MIR168a
Promoter Rescues ago1 Mutants

Our expression analysis of AGO1 and MIR168a pro-
moters suggests that AGO1 and MIR168 genes are cor-
egulated transcriptionally to ensure proper functioning
of the miRNA pathway. However, other regions of these
genes may have regulatory roles that could differentiate
the expression of their final products. We tested further
the coexpression hypothesis by analyzing transgenic
ago1 mutants that expressed a wild-type copy of the
AGO1 mRNA under the control of the MIR168a pro-
moter. To this end, a full-length AGO1 cDNA was cloned
downstream of the MIR168a promoter, and the resulting
construct (p168a-AGO1) was introduced into the null
ago1-1 allele. A construct consisting of the AGO1
cDNA with no promoter (noPro-AGO1) was used as
a negative control. Only the p168a-AGO1 construct re-
stored development and fertility (Figure 4B) and accu-
mulation of ta-siRNAs (Figure S4), which depend on
miRNA-guided AGO1 slicer activity for their production
(Vazquez et al., 2004; Allen et al., 2005). These results in-
dicate that miR168 is expressed everywhere that AGO1
is needed and that coexpressing AGO1 and miR168 in
the same cell types is compatible with proper plant
development.
Concluding Remarks
Some miRNAs have been proposed to clear regulatory
transcripts from previous developmental stages,
thereby facilitating a more rapid and robust transition
to a new expression program (Rhoades et al., 2002).
Supporting this idea, in situ hybridizations have shown
that the accumulation patterns of miR165 and miR172
are complementary to those of their respective targets,
PHB and AP2 (Chen, 2004; Kidner and Martienssen,
2004). Also supporting this idea, expression of plant
miRNAs inversely correlates with expression of their tar-
gets (Axtell and Bartel, 2005). Here we show an example
of a different paradigm: a miRNA (miR168) and its target
mRNA (AGO1) that are transcriptionally coregulated in
time and space. Furthermore, this target regulates the
level of the miRNA in addition to being regulated by it.
This fine-tuned adjustment of AGO1 and miR168 levels
corresponds to a posttranscriptional autoregulatory
loop that maintains a proper balance of the miRNA

Figure 4. AGO1 and MIR168a Promoters Exhibit Similar Transcrip-

tional Regulation, and Expression of the AGO1 cDNA under the Con-

trol of the MIR168a Promoter Rescues the Null ago1-1 Allele

(A) Histochemical staining of representative transformants carrying

the GUS reporter transgene expressed under the control of the

AGO1 (pAGO1-GUS) or MIR168a promoter (p168a-GUS).

(B) Phenotype of a wild-type plant (Col), a null ago1 allele (ago1-1),

and a representative ago1-1 transformant carrying the pMIR168a-

AGO1 construct (ago1-1::p168a-AGO1).
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pool and AGO1 levels, which together control the mRNA
levels of all miRNA targets. We suggest that modulating
the efficiency of assembling miRNA-programmed si-
lencing complexes will also be important in other con-
texts, as will the regulation of miRNAs by their own tar-
gets.

Experimental Procedures

Plant Material

The ago1-1 mutant has been described before (Bohmert et al., 1998).

The Salk Institute Genomic Analysis Laboratory generated the se-

quence-indexed T-DNA insertion line SALK_113514 (Alonso et al.,

2003), and the Arabidopsis Biological Resource Center at Ohio State

University supplied seeds.

Molecular Cloning, Plant Transformation, and In Vitro Cleavage

Assay

The 4m-AGO1 and 4m-MIR168a constructs deriving from the AGO1

and MIR168a genes, respectively, have been described before (Vau-

cheret et al., 2004).

The 35Sx2-MIR168a construct was made as follows: the MIR168a

region corresponding to EST H77185 was amplified as a 415 nt frag-

ment (position 56590–57005 on BAC T5K18) using a forward primer

that introduces a HindIII site (50-GCGCGCAAGCTTCTCTCTTCTCT

TTCTTCATATCCC-30) and a reverse primer that introduces an EcoRI

site (50-GCGCGCGAATTCAACATTTGGGCAAACAAAAGGAGAC-30)

and cloned between the HindIII and EcoRI sites in the pLBR19 vec-

tor. The p35S-MIR168a-t35S fragment was excised as a KpnI-XbaI

and cloned between the KpnI and XbaI sites in the pBin+ binary

vector.

The 0m-AGO1 cDNA and 0m-AGO1 genomic construct were

made as follows: mutations were introduced in the miR168 comple-

mentary site of the AGO1 cDNA (Bohmert et al., 1998) or of a Pac1-

Kpn1 fragment corresponding to the 50 half of the AGO1 gene

(Vaucheret et al., 2004) using the Quick Change Site-Directed Muta-

genesis Kit (Stratagene) using the following primer pair: 50- CCGCA

GAGACAATCAGTTCCCGACCTGCACCAAGCGACCTCACCTACTT

ATCAAGCGG-30 and 50- CCGCTTGATAAGTAGGTGAGGTCGCTTG

GTGCAGGTCGGGAACTGATTGTCTCTGCGG-30. The wild-type and

mutagenized DNAs were sequenced to ensure that no other muta-

tions had been introduced. The mutagenized Pac1-Kpn1 fragment

was transferred from pKS+ into the pBin+ vector containing the 30

half of the gene to reconstitute a complete AGO1 gene (Vaucheret

et al., 2004).

The construct pAGO1-GUS was a translational fusion with 2000 nt

of the AGO1 promoter and 678 nt of the AGO1 pre-mRNA, which in-

cluded the 50 UTR intron. The AGO1 fragment was excised from the

wild-type AGO1 gene as a Xho-PpuM1 fragment, blunt ended at

the PpuM1 sites, and cloned between the Sal1 and SmaI sites in

the pBI101.2 binary vector.

The construct p168a-GUS was a transcriptional fusion with a 1339

bp fragment of the MIR168a promoter (position 21358 to 219 rela-

tive to the beginning of the hairpin); positions were chosen so as to

exclude an ATG located at position 215 that could compromise the

use of the GUS reporter initiation codon and to keep the entire pro-

moter region previously used to express the compensatory miRNA

4m-miR168 from a 4m-MIR168a transgene, which rescued the 4m-

AGO1 phenotype (Vaucheret et al., 2004). The MIR168a promoter

was amplified from the 4m-MIR168a construct in pKS+ using a uni-

versal forward primer and a reverse primer that introduces a BamHI

site (50-GGATCCCTTTAGACAGGGATATGAAGAAAGA-30), blunt

ended, cut with BamHI, and cloned between the BamHI and blunt-

ended HindIII sites in the pBI101.2 binary vector.

The p168a-AGO1 construct was made as follows: the MIR168a

promoter was excised from the p168a-GUS construct and cloned

between the SmaI and BamHI sites in the pBin+ binary vector.

Then the AGO1 cDNA was excised from pZL1 (Bohmert et al.,

1998) and cloned between the Sal1 and HindIII sites in the pBin+ bi-

nary vector.

The 4m-AGO1, 0m-AGO1, pAGO1-GUS, p168a-GUS, p168a-

AGO1, and 35S-MIR168a constructs were transferred to Agrobacte-

rium tumefaciens by triparental mating, and Arabidopsis plants were
transformed using the floral dip method (Bechtold and Pelletier,

1998; Clough and Bent, 1998). Collected seeds were surface steril-

ized and plated on a medium supplemented with 50 mg/ml kanamy-

cin for selecting transformants. Plants were grown under cool white

light in long days (16 hr of light, 8 hr of dark) at 23ºC.

AGO1 and 0m-AGO1 RNAs containing the miR168 complemen-

tary site were generated by linearizing the pZL1 vector containing

the AGO1 or 0m-AGO1 cDNA (Bohmert et al., 1998) with SacI and

transcribing with T7 RNA polymerase. Wheat germ lysate prepara-

tion, cap labeling, and in vitro cleavage assays were performed as

described (Mallory et al., 2004b).

RNA Analysis

Total RNA was isolated from rosette leaves as described (Vaucheret

et al., 2004). RNA gel blot analysis of low molecular weight RNAs was

carried out on denaturing 15% polyacrylamide gels followed by blot-

ting to a nylon membrane (Genescreen Plus, PerkinElmer Inc.) as de-

scribed (Vaucheret et al., 2004). Blots were hybridized with gamma-

ATP 32P end-labeled oligonucleotides. Blots were rehybridized with

an end-labeled oligonucleotide probe complementary to U6. For

mRNA gel blot analysis, RNA was separated on denaturing 1% aga-

rose gels and transferred to nylon membrane (Genescreen Plus, Per-

kinElmer Inc.). Blots were hybridized with an alpha-UTP 32P-labeled

RNA probe complementary to AGO1 mRNA in ULTRAhyb buffer at

68ºC (Ambion). AGO1 RNA probes were generated by PCR using

primers 50- CTACAGGGATGGAGTCAGTGAGGGAC-30, 50- GGCCGT

AATACGACTCACTATAGGCTCCCACTAGCCATTGAGCCACTG-30

followed by T7-mediated in vitro transcription.

Supplemental Data

Supplemental Data include Supplemental Results, Supplemental

References, and four figures and can be found with this article online

at http://www.molecule.org/cgi/content/full/22/1/129/DC1/.
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