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We show, with miR171, that plant miRNA genes are
modular independent transcription units in which the
fold-back pre-miRNA is sufficient for miRNA process-
ing, and that the upstream region contains highly spe-
cific promoter elements. Processing depends on flanking
sequences within the miRNA stem-loop precursor rather
than the miRNA sequence itself, and mutations affect-
ing target pairing at the center and 5’ but not 3’ region of
the miRNA compromise its function in vivo. Inactiva-
tion of the SDE1 RNA-dependent-RNA-polymerase was
mandatory for accurate representation of miRNA activ-
ity by sensor constructs in Arabidopsis. Work in sdel
background revealed a near-perfect spatial overlap be-
tween the patterns of miR171 transcription and activity,
supporting the idea that plant miRNAs enable cell dif-
ferentiation.
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In eukaryotes, 21-25-nt RNAs are effectors of RNA si-
lencing, a conserved pathway leading to suppression of
gene expression. These small RNAs are processed by ho-
mologs of the RNase-III Dicer (Bernstein et al. 2003) and
are in two categories. Small interfering (si)RNAs (Hamil-
ton and Baulcombe 1999; Elbashir et al. 2001a) are pro-
cessed from long double-stranded RNAs produced by in-
verted repeats, virus replication, or RNA-dependent-
RNA-polymerases (RdRps). They guide an RNA-induced
silencing complex (RISC) promoting cleavage of RNAs
sharing sequence homology (Hammond et al. 2000;
Hutvagner and Zamore 2002; Tang et al. 2003). In plants
and Caenorhabditis elegans, siRNAs initiate synthesis
of secondary siRNAs through transitive RNA silencing,
which requires activity of cellular RdRps (Dalmay et al.
2000; Sijen et al. 2001). Production of secondary siRNAs
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by the SDE1 RdRp is linked to silencing cell-to-cell
movement in Arabidopsis (Himber et al. 2003).

Micro (mi)RNAs are transcribed from noncoding
nuclear genes (Bartel 2004). In animals they originate
from primary transcripts, the (pri)miRNAs, that are pro-
cessed by the Drosha RNase-III into 60-70-nt stem-loop
intermediates known as miRNA precursors or pre-
miRNAs (Lee et al. 2003). Upon cytoplasmic export, the
pre-miRNA is processed by Dicer into a mature miRNA.
Most animal miRNAs are believed to inhibit translation
of putative mRNA targets through imperfect comple-
mentarity to their 3’ UTR, in a process similar to that
elicited by the lin-4 miRNA in C. elegans (Olsen and
Ambros 1999; Bartel 2004). Recently, however, an ani-
mal miRNA was identified that specifies endonucleo-
lytic cleavage of its biological targets (Yekta et al. 2004).
From the latter and other studies (Hutvagner and
Zamore 2002; Doench et al. 2003; Zeng et al. 2003), it
appears that the extent of complementarity at the cen-
tral region of the miRNA/target duplex essentially de-
termines whether animal miRNAs will direct cleavage
or translation inhibition.

Plant miRNAs originate from multiple genomic loci
that are mainly located between protein-coding genes
(Bartel and Bartel 2003). Extensive rather than partial
base-pairing between plant miRNAs and target se-
quences has enabled identification of cellular mRNAs
that are likely regulated by those molecules (Rhoades et
al. 2002). Strikingly, most encode transcription factors
implicated in developmental fates, leading to the pro-
posal that plant miRNAs clear regulatory transcripts
from specific daughter cell lineages and thereby enable
cell differentiation. Accordingly, mutations in genes in-
fluencing miRNA biogenesis in plants, most notably in
the DCL-1 Dicer homolog, cause developmental anoma-
lies (Jacobsen et al. 1999). Experimental validation of
plant miRNA targets shows that suppression of mRNA
expression occurs mainly through cleavage rather than
translation inhibition (Llave et al. 2002; Aukerman and
Sakai 2003; Kasschau et al. 2003; Palatnik et al. 2003).

Plant miRNAs differ from animal miRNAs in many
aspects. For instance, their predicted fold-back struc-
tures are much more variable in size than those of ani-
mals (Reinhart et al. 2002), and pre-miRNAs have not
been compellingly detected in plants. Rules governing
the activity of some plant miRNAs also appear to be less
clear than those drawn from studies in metazoans. For
instance, miR172, which regulates APETALA2 (AP-2)
via translational repression (Aukerman and Sakai 2003;
Chen 2004), has near perfect complementarity with its
target sequence in the AP-2 ORF, which would paradoxi-
cally favor endonucleolytic cleavage in animals (Hutvag-
ner and Zamore 2002). This is made harder to understand
by the fact that the pairing requirements for the activity
of “conventional” plant miRNAs have not been investi-
gated thus far, reflecting our poor knowledge of plant
miRNA biology, which has been largely inferred from
computational predictions or analogies to animal sys-
tems rather than experimental facts. Here, we present
the results of an in vivo analysis of the transcription,
processing, pairing requirements, and functional rel-
evance of the spatial distribution of miR171 in Arabi-
dopsis.
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Results and Discussion

Modular structure of the miR171 gene

The miR171 stem-loop precursor (miR171prec) is pre-
dicted as a 123 nt-long structure located 1238 bp from
the 5’ end of an 1840 bp-long IGR on chromosome 3
(IGR171, Fig. 1A; Reinhart et al. 2002). To assess
whether miR171prec is indeed sufficient for miR171
synthesis in vivo, we exploited an Agrobacterium-medi-
ated transient expression system used previously to
overexpress functional miR171 in Nicotiana benthami-
ana leaves (Llave et al. 2002). Four days post-Agrobacte-
rium infiltration (dpi) of pBin61-IGR171, miR171 was
detected (Fig. 1B, lane 2). Its levels were much higher
than those from pBin19-IGR171, which is devoid of a 35S
promoter (Fig. 1B, lane 1), but they were similar to those
from pBin61-miR171prec, which contained only the
miR171prec sequence (Fig. 1B, lanes 2,4). Probes for the
non-miR171 sequences of IGR171/miR171prec did not
reveal any other small RNA (data not shown), confirm-
ing bona fide miR171 production. Therefore, the
miR171prec stem-loop is sufficient for miR171 synthe-
sis. This provides a rationale for designing generic
miRNA overexpressing constructs in order to simulta-
neously inactivate highly related plant miRNA targets

A o B ;:7¢
.' ' miR1T 1 prec & ;
! - iféid.

- . o
EEERE
il 8§

R

s 1 2 3 4 5

E

=l wIHITI et PIRGFE g

Cc
J! [ MG am TG
i | ] a01-421 a8 !-
p2! 15: —— 3 -

Y
I

aFRes

- e

BEFP  gristptgeasgestieagss
“ total prot.

aFe
'"
e

[ 8

1 2 3

o T - GFF
x P L O —
RS L - g oo o
1 z 13

Figure 1. Processing depends on structure rather than sequence of
miR171 precursor. (A) Schematic of the miR171 locus (IGR171) and
miR171 precursor (miR171prec). Sizes of the IGR and putative pro-
moter-containing fragments are indicated. miR171 is boxed in red.
(B) Cultures of Agrobacterium strains containing IGR171 and
miR171prec constructs were injected into N. benthamiana leaves.
Total RNA was extracted at 4 dpi and miR171 levels analyzed by
Northern blot using 15 ng of RNA. (rRNA) Sample loading control
by ethidium bromide staining; (n.i.) noninfiltrated tissue. (C) Pre-
dicted secondary structure of miR171prec (left) and miRGFPprec
(right). miRNAs are boxed in red and green, respectively. (D, top)
Predicted pairing between miRGFP and its target sequence in tran-
script GFPa. (Bottom) Gel blot analysis of 10 ng total RNA confirms
synthesis of miRGFP in N. benthamiana leaves at 4 dpi. (E) Visual
inspection (top), protein blot analysis (middle), and Northern analy-
sis (10 ng total RNA, bottom) of samples cotreated with GFPa and
miRGFPprec (lane 3) or miR171prec (lane 2), at 4 dpi. (F) Construct
GFPb contains five successive synonymous mutations (indicated in
red) at the site of miRGFP-target pairing. The experiments in E were
repeated with GFPb. Total prot, sample loading controls by Coo-
massie staining.
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whose analysis by individual T-DNA or transposon
knockouts may be prevented by functional redundancy.
Further experiments showed that the 1238 bp upstream
of miR171prec could drive expression of a green fluores-
cent protein (GFP) reporter gene (pmiR171-GFP; Supple-
mental Material 1), indicating a modular organization for
the miR171 gene.

Processing depends on structure rather than sequence
of miR171prec

Next, the miR171 sequence within miR171prec was re-
placed by a 21 nt-long stretch of sequence complemen-
tary to nucleotides 401-421 of the 818-nt GFP mRNA
(miRGFPprec) such that authentic mismatches and free
energy were preserved (Fig. 1C,D). If structure rather
than sequence of miR171prec was required for miRNA
maturation, miRGFPprec should produce an artificial
miRNA with antisense sequence of GFP (miRGFP). At 4
dpi, a 21-nt RNA was indeed detected with a probe spe-
cific for miRGFP in pBin61-miRGFPprec-treated, but not
pBin61-miR171prec-treated leaves (Fig. 1D, lanes 1,2).
The detected miRGFP mediated endonucleolytic cleav-
age of the GFP mRNA when coexpressed with construct
pBinGFPa (Fig. 1D) from which miRGFP sequence origi-
nated (Fig. 1E, lane 3). This cleavage was miRGFP-spe-
cific, as it was not observed in pBin61-miR17-1prec-
treated leaves (Fig. 1E, lane 2). Cleavage was also not
observed upon coexpression with a GFP construct
(pBinGFPb) in which the region complementary to
miRGFP carried five synonymous mutations (Fig. 1F).
Thus, miRGFP had all the attributes of a genuine
miRNA, and we conclude that structure rather than se-
quence of the excised portion of miR171prec is required
for processing, although the precise structural contribu-
tion of the non-miR171 portion of miR171prec remains
to be addressed. These results also indicate that
miR171prec can be readily exploited to produce high lev-
els of any functional, artificial miRNAs to be used in
plant reverse genetics. Stable transformation with
pBin61-miRGFPprec indeed allowed specific and dose-
dependent suppression of a GFP transgene in Arabidop-
sis (Supplemental Material 2).

Target pairing requirements for miR171 function

in vivo

We then investigated the pairing parameters influencing
miR171 function in vivo. Inspired by previous work in
Drosophila (Brennecke et al. 2003), we used a GFP sensor
system in which the 3’ part of the GFP ORF was tran-
scriptionally fused to the miR171 target sequence, as
found in the SCL6-IV mRNA (GFP-171.1, Fig. 2A). GFP-
171.1 was delivered into N. benthamiana leaves, either
on its own or with pBin61-miR171prec. At 4 dpi, the
GFP and GFP mRNA from GFP-171.1 were barely de-
tectable, as expected, whereas they were high in samples
infiltrated with a GFP construct devoid of the miR171
target sequence (Fig. 2A,B, lanes 1,2,9).

In animals, activated RISC preferentially cleaves tar-
get RNAs between nucleotides 10 and 11 relative to the
5" end of the complementary guide RNA (Elbashir et al.
2001b; Haley and Zamore 2004). Similarly, cleavage by
most plant miRNAs usually maps near or at the center of
the miRNA:target pair (Llave et al. 2002; Kasschau et al.
2003). For instance, cleavage of the SCL6-IV transcript by
miR171 is prevalent between the 11th and 12th nucleo-



A (o} | ==
5 R CTC TAA Ta 3
¥ selc 15" mmry
I
aFF-171.1
GFP-171.2 A
GFPF-171.3 A
GFP-171.4 .\
OFF-171.1 arP-1T1.3 GFP-171.73 OFP-171.4 aFp
B 1714 74 1712 ek} &P
[ . * o o
I ¥ W ¥ K N N _Elph

—Trrr e
1 2 3 4 5 6 7 8 9
* ; pRInEI-mR 1T pres.

c GFP-171.1 oA SOGRGGOLIOAALT

GFP-171.4
GrF=171.5

7 kcalfmol
2 keal/mal
§ keal/mal

Figure 2. Target pairing requirements for miR171 function in vivo.
(A) Schematic of the GFP-miR171 target sequence fusions. The GFP
stop codon is underlined. The three nucleotides in red were used as
linkers. Nucleotides in green located 3’ of the miR171 target se-
quence (blue) define a BamHI restriction site for generic cloning.
Nucleotide substitutions in miR171 targets are in bold and under-
lined. The predicted AG values for the miR171-target duplex are on
the right. Arrow indicates prominent cleavage site for the SCL6-IV
mRNA, as mapped by Llave et al. (2002). The pictures of N. ben-
thamiana leaves were taken at 4 dpi. (B) Gel blot analysis of 5 ng
total RNA (top) and total protein (bottom) extracted from the tissues
in A. Plus sign (+) indicates cotreatment with miR171prec. The
antibody was GFP-specific. (C) AG values of the pairing of miR171
to target sequences in GFP-171.4 and GFP-171.5. The experiment
was as described in A and B. Total prot and rRNA, sample loading
controls, as in Figure 1.

tides of the miRNA complement (Llave et al. 2002).
Mutations at both positions were introduced into GFP-
171.1, leading to GFP-171.2 and GFP-171.3, respectively
(Fig. 2A). Both significantly reduced GFP mRNA cleav-
age without affecting translation, whereas a mutation at
the seventh nucleotide from the 5’ end of the miR171
target (construct GFP-171.4) did not (Fig. 2A,B, lanes
3-8), despite the fact that miR171-pairing energy was
similar to that of GFP-171.2 and GFP-171.3 (Fig. 2A).
Therefore, intact pairing within the central region of the
miRNA complement is key for cleavage and this, recip-
rocally, applies to the miRNA itself, as a single mutation
at the 11th nucleotide of miRGFP abolished its function
(Supplemental Material 3). These results are similar to
those obtained with siRNAs in animals (Ding et al.
2003). Notably, excess miR171 levels from pBin6l1-
miR171prec overcame the effects of the GFP-171.2 and
GFP-171.3 mutations (Fig. 2B, lanes 5-8), showing that
artificially elevated miRNA levels may bias the results
of experimental target validation in plants, as shown
with animal miRNAs (Doench and Sharp 2004).
Mutations in the 5’ portion of animal miRNAs have
far more severe consequences on their function than mu-
tations in the 3’ portion (Doench and Sharp 2004). In
fact, the 5’ end of siRNAs disproportionatly contributes
to target RNA-binding energy in vitro (Haley and
Zamore 2004). We tested whether a similar rule applied
to miR171 in vivo. Because the GFP-171.4 mutation had
no effect on cleavage (Fig. 2A,B), we engineered a sym-
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metrical lesion with regard to the prevalent cleavage
site, causing a mismatch with the sixth-most 5’ nucleo-
tide of miR171 (GFP-171.5, Fig. 2C). This mismatch re-
duced cleavage efficacy (Fig. 2C, lanes 1,2) to the same
extent as mismatches in GFP-171.2 and GFP-171.3 (data
not shown), indicating that miR171 activity displays un-
equal tolerance to a 5’ as opposed to a 3’ symmetrical
mismatch. Analysis of additional mismatches in other
plant small RNAs will be required to determine whether
these initial observations with miR171 define general
rules.

miRNAs trigger transitive RNA silencing of sensor
constructs in transgenic Arabidopsis

Next, we sought to exploit construct GFP-171.1 to moni-
tor noninvasively miR171 activity in Arabidopsis. Ac-
tivity of miR171 within a particular tissue would be di-
agnosed as an absence of GFP due to cleavage of the
GFP-171.1 sensor, whereas lack of miR171 would allow
GFP expression. This system should be independent of
silencing-unrelated fluctuations of the natural miR171
targets and should thus provide an unbiased picture.

Although GFP was uniformely expressed in most
pBin61-GFP transformants (Fig. 3B), it was absent from
all of the 50 pBin61-GFP-171.1 tranformants analyzed
(Fig. 3A). It was surprising that the GFP mRNA was be-
low the detection limit in both leaves and flowers (Fig.
3M, lanes 1-4), because target cleavage by miR171 oc-
curs exclusively in flowers, where this miRNA accumu-
lates (Fig. 3N; Llave et al. 2002). Based on our previous
work with tissue-specific siRNAs (Himber et al. 2003),
this extensive GFP silencing likely resulted from ampli-
fication and movement of secondary siRNAs due to
miR171-triggered transitive RNA silencing of the sensor
transgene. Indeed, secondary siRNAs upstream of the 21-
nt stretch of complementarity between the GFP-171.1
mRNA and miR171 were detected in those plants (Fig.
3C, lanes 4,5). Because transitive RNA silencing is
strictly dependent upon the SDE1 RdRp, those experi-
ments were repeated in an sdel mutant background.
Most GFP-171.1 transformants had a highly vein-specific
GFP phenotype in leaves (Fig. 3E,F). GFP was absent in
the epidermis, present at only a low level in the under-
lying parenchyma, and high in class I, II, and III veins
(Fig. 3J-L). The GFP mRNA levels were higher in leaves
than in flowers (Fig. 3M, lanes 5-8), a pattern inversely
correlated with the accumulation of miR171 in those
respective organs, as anticipated from accurate sensor
function. As expected, the sdel pBin61-GFP plants were
uniformly green (Fig. 3D,G-I) and had high GFP mRNA
levels in leaves (Fig. 3M, lane 10). This was also the case
for sdel plants transformed with the cleavage-resistant
pBin61-GFP-171.2 construct (Figs. 2A,B, 4A-C). How-
ever, the GFP mRNA levels were lower than in pBin61-
GFP plants (Fig. 30, cf. lanes 3,4 and 5). Thus, some
cleavage still occured in the GFP-171.2 transformants, in
agreement with the transient expression data (Fig. 2B).
Notably, the GFP mRNA levels were significantly lower
in GFP-171.2 plants with an SDE1 background, indicat-
ing that the GFP-171.2 transcript was also subject to
transitivity (Fig. 30, cf. lanes 1,2 and 3,4).

Sensor constructs for miR164 and other miRNAs also
provided a distorted image of miRNA cleavage in the
wild-type as opposed to sdel background (Fig. 3P,Q; data
not shown), indicating that transitivity was not a pecu-
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Figure 3. miR171-triggered transitive RNA silencing of GFP-target
fusion constructs. (A) GFP-171.1 plants with an SDE1 genetic back-
ground are uniformly silenced for GFP. Pictures were taken under
UV illumination without a band-pass filter so that tissues were
visible due to chlorophyll red fluorescence. (B) GFP transformants
with the SDE1 background are uniformly green. (C) Gel blot analysis
of 8 g of total RNA for detection of secondary GFP siRNAs. RNA
was extracted from leaves of the progeny of two independent lines as
depicted in A (lanes 4,5) or E and F (lanes 2,3). (C, lane 1) RNA from
GFP silenced Arabidopsis provided a positive control. (D) Closer
view of a leaf from a GFP transformant with the sdel background.
(E,F) Vein-specific GFP phenotype of the GFP-171.1 plants with the
sdel background. (G-I) Tranverse section of the leaf in D observed
under CLSM. (vI) Primary vein; (vII) secondary vein; (ep) epidermis;
(par) parenchyma. (Inset) Closer view of the tissue near the primary
vein. The green channel was cut off in H to monitor chlorophyll
fluorescence only. The panel in [ is an overlay of G and H revealing
the epidermal layer. (J-L) Same as G-I but with a leaf from a GFP-
171.1 plant, as depicted in E,F. (M) Gel blot analysis of two inde-
pendent GFP-171.1 lines in the SDE1 (lanes 1-4) or sdel (lanes 5-8)
background. Total RNA was extracted from leaves (L) or inflores-
cences (F), and 5 ng was subjected to gel blot analysis. Leaf RNA
from a GFP line with SDE1 (lane 9) or sdel (lane 10) background
provided positive controls, and leaf RNA from nontransformed
plants (SDE1 or sdel background) provided negative controls (lanes
11,12). (N) miR171 levels in leaves (L) and inflorescences (F) of non-
transgenic sdel plants, as assessed by gel blot analysis of 10 ng total
RNA. (O) Same as in M but with tissues from representative GFP-
171.2 lines in SDE1 or sdel background. (P) Sensor construct for
miR164. The target sequence is as found in the NACI transcript
(At1g56010). (Q) Transversal leaf sections of GFP-164.1 transfor-
mants with a wild-type (WT, top) or sdel background (bottom).

liarity of miR171. Therefore, prior inactivation of SDE1
is mandatory for the accurate representation of miRNA
activity by reporter gene fusions in transgenic plants.
Moreover, the results obtained with GFP-171.2 (Fig. 30)
show that even stringent mutations within miRNA tar-
get sequences may not entirely prevent transitivity, and
this may potentially bias the interpretation of standard
dominant mutation experiments used to validate
miRNA targets in wild-type plants. It is unlikely, how-
ever, that transitivity by miRNAs has important biologi-
cal significance, as this would compromise the highly
specific effect of those molecules and would be inconsis-
tent with the strong evolutionary selection of their tar-
get sites within mRNA sequences. Rather, the very for-
eign nature of miRNA sensors may promote transitive
RNA silencing, as evidenced in previous experiments in
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which exogenous siRNAs triggered transitivity against
transgenic, but not endogenous mRNAs (Himber et al.
2003).

miR171 transcription and activity patterns coincide to
near perfection

Recent in situ hybridizations have shown that the accu-
mulation pattern of two plant miRNAs is complemen-
tary to the genetic activity of their respective targets
(Chen 2004; Kidner and Martienssen 2004), supporting
the idea that plant miRNAs ensure clearance of regula-
tory transcripts from specific daughter cell lineages
and thereby enable cell differentiation (Rhoades et al.
2002). This idea also applies to animal miRNAs. For in-
stance, the temporally regulated transcription of Iet-7
readily correlates with temporal transitions in cell fates
in C. elegans (Johnson et al. 2003). One key aspect of
the “clearance model” is that it predicts a very tight
spatial overlap between the transcription and activity of
miRNAs. The availability of the pmiR171-GFP con-
struct (Supplemental Material 1) and the GFP-171.1
plants (sdel background) provided a unique opportunity
to test this hypothesis with miR171. Representative
GFP-171.1 and GFP-171.2 lines were used as references
for the miR171 endonucleolytic activity and ubiquitous
GFP expression, respectively.

Analysis of tissues from the pmiR171-GFP plants
(sdel background) under a confocal laser scanning mi-
croscope (CLSM) showed a highly cell type-specific tran-
scriptional pattern for miR171. In leaves, miR171 tran-
scription was highest in the epidermis, particularly in
stomata guard cells (Fig. 4D,E). It was very low in the
mesophyll (Fig. 4D) and absent in the veins. A similar
transcription pattern was found in stems (Fig. 4F,G). Re-
markably, miR171 transcription coincided to near per-
fection with its site of endonucleolytic activity, as as-
sessed by the specific loss of GFP expression in leaves
and stems of GFP-171.1 plants (Fig. 4H-J). In inflores-
cences, where miR171 is most abundant (Fig. 3N),
miR171 transcription was by far highest in the carpels,
where GFP accumulated in the two ovary valves, but
was absent in the replum, style, and stigma (Fig. 4N4).
This pattern (Fig. 4N,0) also coincided with the endonu-
cleolytic activity of miR171 in GFP-171.1 flowers (Fig.
4Q,R). For instance, in the GFP-171.1 gynoecium, GFP
expression was evident only in the style and replum, and
absent in the two valves, such that ovules could be de-
tected by transparency (Fig. 4Q4). Consistent with pre-
vious studies showing high SCL6 mRNA accumulation
in roots (Pysh et al. 1999), the miR171 promoter was
found inactive in those organs in which, accordingly,
GFP-171.1 was ubiquitously expressed (Fig. 4, cf. P and S).

Although the promoter activity of natural miR171 tar-
get genes was not examined in the present study, the
exquisite spatial overlap between miR171 transcription
and activity provides strong support for the idea that
plant miRNAs specify cell differentiation. It also implies
that the 1238-bp sequence upstream of miR171prec (Fig.
1A) contains the promoter of the miR171 gene, which is
therefore an independent transcription unit. High tissue
specificity and capacity to drive transcription of the GFP
mRNA suggest that RNA pol II rather than RNA pol III
is involved in miR171 transcription. Consistent with
this idea, a recently identified 1148 bp-long EST from
Arabidopsis siliques contains the whole miR171 precur-
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Figure 4. Comparison of the miR171 transcription and activity patterns in transgenic Arabidopsis. (A) Transversal section of a leaf from a
GFP-171.2 representative T2 line with the sdel background and the corresponding overlays, as in Figure 3. (B) Longitudinal views of the leaf
in A. The second panel is an enlargement. (C) Transversal section of the central stem of the plant in A. (D-G) Same as A-C but for a
pmiR171-GFP transformant (sdel background). (H-]) Same as A-C but for a GFP-171.1 transformant (sdel background). (K) Typical flower of
a GFP-171.2 line with the sdel genetic background. GFP expression is high in all organs (petal [K1], sepal [K2], stamen [K3], and carpel [K4]).
(L) Transversal section of the carpel in K4 and the corresponding overlays, observed by CLSM. (M) Roots from a GFP-171.2 representative line
(sdel background). (N-P) Same as K-M, but with tissues from pmiR171-GFP lines (sdel background). The inlay in P shows the root imaged
under transmitted light. (Q-S) Same as K-M, but with tissues from GFP-171.1 plants (sdel background). (g) Guard cells; (ep) epidermis; (c)
cortex; (sta) stamen; (carp) carpel; (pet) petal; (sep) sepal; (stig) stigma; (sty) style; (v) valve; (rep) replum; (mes) mesocarp; (ex) exocarp; (ov) ovule.

sor (gi 42532354), in line with the analysis of the EAT
locus, which produces a 5’ capped and 3’ polyadenylated
noncoding RNA representing the full-length miR172a-2
precursor (Aukerman and Sakai 2003).

This work provides new insights into plant miRNA
biology. Most notably, we extrapolate from our analysis
of miR171 that (1) plant miRNA genes are independent
transcription units, (2) processing of miRNAs is deter-
mined by flanking sequences rather than the miRNA
sequence itself; (3) 5’ and central sequences are more
important than 3’ sequences in the miRNA for targeting;
(4) miRNAs trigger transitive RNA silencing of foreign
genes; and (5) transcription and activity patterns of
miRNAs coincide to near perfection. We have also es-
tablished experimental procedures that will be broadly
applicable for the future characterization of many plant
miRNA genes.

Materials and methods

DNA constructs

The 1840-bp intergenic region downstream of Arabidopsis locus
At3g51370 was PCR-amplified from Arabidopsis genomic DNA (Col-0),
cloned into pGEM-T Easy (Promega), and subsequently inserted into
pBin61 and pBinl9 binary vectors (Himber et al. 2003) to generate plas-

mids pBin61-IGR171 and pBin19-IGR171. Plasmids pBin61-miR171prec
and pBinl19-miR171prec containing the 123-bp miR171 precursor were
generated similarly. The 35S promoter of pCK-GFP-S65C (kindly pro-
vided by D. Gilmer, Institut de Biologie Moléculaire des Plantes,
Strasburg, France) was replaced by the 1238-bp upstream of miR171prec,
and the expression cassette was mobilized into pBinl9 to produce
pmiR171-GFP. pBin61-miRGFPprec was produced as described for
pBin61-miR171prec. pBinGFPa and pBinGFPb are pBin61-based con-
structs containing GFP sequences from plasmids mGFP5-ER and pCK-
GFP-865C, respectively. pBin61-GFP, pBin61-GFP-171.1, pBin61-GFP-
171.2, pBin61-GFP-171.3, pBin61-GFP-171.4, pBin61-GFP-171.5, and
pBin61-GFP-164.1 were based on plasmid mGFP5-ER. The wild-type and
modified miRNA target sequences were introduced downstream of the
GFP coding region by PCR, using suitable reverse oligonucleotides. Am-
plified fusions were subcloned into pGEM-T Easy and then inserted in
pBin61. AG values for the binding of miR171 to the tested targets were
determined according to Doench and Sharp (2004).

Transgenic and mutant plants: Agrobacterium infiltration

Arabidopsis sde-1 null mutants (C24 background) were described previ-
ously (Dalmay et al. 2000). For transformation, the DNA constructs were
mobilized into Agrobacterium tumefaciens strain GV3101 and intro-
duced into plants (C24) by the floral dip method (Bechtold and Pelletier
1998). Agrobacterium-mediated transient expression was as described
(Himber et al. 2003), except that all cultures were brought to a final
optical density of 0.1 prior to infiltration, which prevents the onset of a
generalized silencing response to the transgene constructs (Llave et al.
2002).
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RNA gel blot analysis analysis

RNA was extracted with Tri-Reagent (Sigma), precipitated with isopro-
panol, and redissolved in 50% formamide. Analysis of high- and low-
molecular-weight RNA was as described (Himber et al. 2003). The probe
used for GFP mRNA analysis was based on the full-length mGFP5 cDNA
labeled by random priming incorporation of a-3>P-dCTP. The probe used
for analysis of transitivity corresponded to the 170 nt located at the 3’
end of the mGFP5 cDNA. Probes for small RNA gel blots were y->>P-ATP
end-labeled 21-mer oligonucleotides complementary to miR171,
miRGFP, and miRGFP11th. Each probe was used at 20°C below the optimal
dissociation temperature (Td) [Td (degrees Celsius)=4(G + C) + 2(A + T)J;
21-nt-long and 24-nt-long end-labeled oligo-ribonucleotides were used as
size markers. Blots were exposed under X-ray films and scanned.

Protein gel blot analysis

Total proteins were extracted, redissolved on 16% SDS-PAGE, and sub-
jected to protein gel blot analysis using a rabbit polyclonal anti-GFP
antibody (Invitrogen). HRP-conjugated anti-rabbit IgG was used as sec-
ondary antibody. Immunodetection was with chemiluminescent sub-
strate (Roche Lumi-LightPLUS) and exposition to X-ray films.

GFP imaging

Pictures were taken under a Nikon SMZ15000 dissecting microscope
coupled to a 100 W epifluorescence module. The LSM510 microscope
(Zeiss) was used for laser scanning confocal imaging. For transversal sec-
tions, plant material was embedded in 1% low-melting-point agarose and
cut transversally.
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Note added in proof

While this manuscript was in press, a study of the interaction between
miR165/166 and the PHABULOSA/PHAVOLUTA transcripts showed that
disrupting miRNA pairing near the center of the miRNA complementary
site had far milder developmental consequences than more distal mis-
matches. Mismatch scanning in vitro revealed more tolerance for mis-
matches at the center and 3’ end of the miRNA compared with mismatches
to the 5’ region. These findings are in agreement with those reported here
with miR171 and support a model in which the 5’ region of small RNAs
nucleates pairing to their targets, both in plants and animals.
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