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n Arabidopsis thaliana, reverse genetic techniques for isolating
mutants corresponding to known sequences, such as antisense
suppression (1–7), cosuppression by overexpression of the target
gene (3, 8, 9), targeted gene disruption (10), or the PCR
approach of screening for T-DNA insertion libraries (11, 12)
have been developed, but are often insufficient and have many
unanticipated difficulties. The widespread identification of differentially expressed genes, homologous genes, and interacting
proteins have created a need for potent and efficient methods for
obtaining their loss-of-function or reduction-of-function mutants.
Double-stranded RNA (dsRNA)-mediated interference with
expression of specific genes has been observed in a number of
organisms including Caenorhabditis elegans (13–17), plants (18,
19), Drosophila (20, 21), Trypanosoma brucei (22), and a planarian (23). Although the mechanism of RNA interference (RNAi)
is not well understood, it seems to provide an effective way to
discover gene function in many organisms (24–26).
To investigate the potential of dsRNA interference with gene
activity in A. thaliana, we introduced dsRNA-expressing constructs of selected genes with previously defined functions into
plants. Gene constructs delivered into plants with Agrobacterium-mediated transformation are stably integrated into the
genome of host cells; thus, RNA expression from these constructs in transgenic plants can be persistent and heritable.
In this study, one gene from each of four major categories of
genes involved in flower development was chosen, to determine
the ability of RNAi to allow functional assessment of genes with
diverse developmental functions in flowers. They are the floral
organ identity gene AGAMOUS (AG), the floral meristem-size
gene CLAVATA3 (CLV3), the floral meristem identity gene
APETALA1 (AP1), and the floral organ number gene PERIANTHIA (PAN) (27–30). The phenotypes produced by dsRNAs
corresponding to these genes are similar to those of their
previously identified reduction-of-function or loss-of-function
mutants (31–36). The progeny from fertile RNAi mutants, such
as CLV3 (RNAi) and AP1 (RNAi) plants, also showed phenotypes. In addition to high specificity and heritability, a phenotypic series (weak, intermediate, and strong) was obtained from
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dsRNA interference. Furthermore, in situ hybridization indicates that endogenous target mRNA is decreased in RNAi
mutants. Most constructs that are designed to produce only
antisense or only sense RNA do not induce interference. Thus,
specific and inheritable dsRNA interference may offer a useful
alternative to classical reverse genetic screening of mutants in A.
thaliana.
Materials and Methods
Constructs. A summary of DNA constructs is shown in Fig. 1. In
p35S::A-GUS-S and p35S::A, constructs were ligated to the
BamHI and XbaI sites of pCGN1547 (37) into which an 842-bp
fragment of the cauliflower mosaic virus 35S promoter and a
253-bp fragment of the 3⬘ end of nopaline synthase had previously been inserted in the Asp718兾BamHI and XbaI兾PstI sites,
respectively (38). Constructs consisting of a 339-bp fragment of
the nopaline synthase promoter, gene-specific sequences in the
sense orientation and a 253-bp fragment of the 3⬘ end of
nopaline synthase were ligated to the PstI and HindIII sites of
pCGN1547 and p35S::A to make pNOS::S and p35S::A-NOS::S,
respectively. In p35S::A-GUS-S, the ␤-glucuronidase (GUS)
fragment containing nucleotides 787–1,809 was used as a linker
between gene-specific fragments in the antisense and sense
orientations. AG, CLV3, AP1, and PAN cDNA coding sequences
used in this study contain nucleotides 301–855 (27), 3–291 (28),
445–854 (29), and 27–396 (30), respectively.
Agrobacterium-Mediated Transformation. Agrobacterium strain

ASE carrying DNA constructs in pCGN1547 was used to
transform Arabidopsis plants (T0) by vacuum infiltration (39).
Transformed Arabidopsis lines (T1) were selected on Murashige兾
Skoog (Sigma) plates containing kanamycin (50 g兾ml). Kanamycin-resistant seedlings were then transferred to soil. Phenotypic analysis of T1 and T2 plants is summarized in Table 1 and
Table 2, respectively.
In Situ Hybridization. The AG cDNA clone pCIT565 containing

nucleotides 9–977 (27) was used to synthesize antisense and
sense probes. 35S-labeled RNA probes were synthesized with
Riboprobe in vitro Transcription Systems (Promega). The template was linearized with HindIII and transcribed by T7 RNA
polymerase (antisense probe), or linearized with XhoI and
transcribed by SP6 RNA polymerase (sense probe). Tissue was
fixed in 1⫻ PBS containing 4% paraformaldehyde兾0.1% Triton
X-100兾0.1% Tween 20 at 4°C overnight. Fixed tissue was dehydrated with ethanol, cleared with xylene, embedded in paraffin
(Paraplast Plus, Oxford Labware, St. Louis), and sectioned at 8
m. In situ hybridization was performed as described by Drews
Abbreviations: dsRNA, double-stranded RNA; RNAi, RNA interference; GUS, ␤-glucuronidase.
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We investigated the potential of double-stranded RNA interference (RNAi) with gene activity in Arabidopsis thaliana. To construct
transformation vectors that produce RNAs capable of duplex formation, gene-specific sequences in the sense and antisense orientations were linked and placed under the control of a strong viral
promoter. When introduced into the genome of A. thaliana by
Agrobacterium-mediated transformation, double-stranded RNAexpressing constructs corresponding to four genes, AGAMOUS
(AG), CLAVATA3, APETALA1, and PERIANTHIA, caused specific and
heritable genetic interference. The severity of phenotypes varied
between transgenic lines. In situ hybridization revealed a correlation between a declining AG mRNA accumulation and increasingly
severe phenotypes in AG (RNAi) mutants, suggesting that endogenous mRNA is the target of double-stranded RNA-mediated genetic interference. The ability to generate stably heritable RNAi
and the resultant specific phenotypes allows us to selectively
reduce gene function in A. thaliana.

Table 2. Inheritance of genetic interference in CLV3 (RNAi) and
AP1 (RNAi) mutants
T2 plants
T1 plants
CLV3 (RNAi)
AP1 (RNAi)

Fig. 1. Gene constructs used to analyze dsRNA effects. In p35S::A-GUS-S,
gene-specific sequences (open boxes with arrows indicating the orientation) in the antisense (A) and sense (S) orientations were linked with a
1,022-bp fragment of the GUS gene (hatched box) and controlled by the
35S promoter (solid arrow). A schematic structure of the predicted dsRNA
stem with a single-stranded loop generated by p35S::A-GUS-S constructs is
shown. In p35S::A-NOS::S, gene-specific sequences in the antisense and
sense orientations were controlled by the 35S promoter and the nopaline
synthase promoter, respectively (open arrow). p35S::A contains genespecific sequences in the antisense orientation under control of the 35S
promoter. pNOS::S contains gene-specific sequences in the sense orientation driven by the nopaline synthase promoter. Solid box, the 3⬘ end of
nopaline synthase.

et al. (40), with modifications by Sakai et al. (41). Exposure time
was 8–10 days.
Western Blot Analysis. Bud clusters (stages 1–12, including the

inflorescence meristem) from one inflorescence were frozen and
ground in liquid nitrogen, thawed in 30 l of lysis buffer (50 mM
Tris, pH 7.5兾1 mM EDTA兾100 mM NaCl兾1% Nonidet P-40兾
0.1% SDS兾0.1% Triton X-100兾0.7% 2-mercaptoethanol兾1 mM
PMSF). The extract was mixed with 15 l of 3⫻ sample buffer
(187 mM Tris, pH 6.8兾6% SDS兾30% glycerol兾3% 2-mercaptoethanol兾0.06% bromophenol blue), boiled for 5 min, and centrifuged (16,000 ⫻ g for 10 min at room temperature). Twenty
microliters of the supernatant was separated on an SDS兾12.5%
polyacrylamide gel. The protein was transferred to nitrocellulose
membrane (Schleicher & Schuell), probed with an AG-specific
polyclonal antibody (42) and horseradish peroxidase-labeled
secondary antibody (Amersham International), and detected
Table 1. Effects of sense, antisense, and dsRNAs on transgenic
plants
Gene
AG

Transformed
background
Ws*

CLV3

Ws

AP1

L-er‡

PAN

crc-1

*Ws, Wassilewskija.
†ND, not determined.
‡L-er, Landsberg erecta.
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Transformed
construct
p35S⬋A-GUS-S
pNOS⬋A-GUS-S
p35S⬋A-NOS⬋S
p35S⬋A
pNOS⬋S
p35S⬋A-GUS-S
p35S⬋A-NOS⬋S
p35S⬋A
pNOS⬋S
p35S⬋A-GUS-S
p35S⬋A
pNOS⬋S
p35s⬋A-GUS-S
p35S⬋A-NOS⬋S
p35S⬋A
pNOS⬋S

RNAi mutants/
total

%

235/236
2/32
3/124
0/111
0/95
121/137
2/176
0/273
ND†
249/260
8/140
0/62
110/126
18/66
42/76
2/6

99.6
6
2
0
0
88
1
0
ND
96
6
0
87
27
55
33

Plant 1
Plant 1 (W§)
Plant 2 (W)
Plant 3 (I¶)
Plant 4 (I/S㛳)
Plant 5 (S**)
Plant 6 (S)

Mutants

WT*

Copy no.†
in T1 plants

14
25 (W)
22 (W)
21 (I)
19 (I/S)
17 (S)
20 (S)

8
8
8
6
7
5
4

ND‡
1
1
1
1
1
1

*WT, wild type.
†Number of transgene copies estimated from segregation ratios.
‡ND, not determined.
§W, weak.
¶I, intermediate.
㛳I/S, intermediate兾strong.
**S, strong.

with the enhanced chemiluminescence system (ECL; Amersham
International).
Results
To make constructs that produce dsRNA, gene-specific sequences in the antisense and sense configurations were either
linked with the partial GUS gene and placed under control of the
constitutive 35S promoter from caulif lower mosaic virus
(p35S::A-GUS-S), or controlled by the 35S promoter and the
constitutive nopaline synthase promoter, respectively
(p35S::A-NOS::S). A single RNA transcribed from the fusion
gene in p35S::A-GUS-S can potentially form a dsRNA stem with
a single-stranded loop structure (Fig. 1). Genetic interference
effects of sense, antisense, and dsRNAs corresponding to AG,
CLV3, AP1, and PAN are outlined in Table 1. For each of these
genes, p35S::A-GUS-S constructs caused potent and specific
genetic interference. However, p35S::A-NOS::S, p35S::A and
pNOS::S constructs had either no, or weak, genetic interference
effects. We will refer to transgenic plants carrying functional
p35S::A-GUS-S constructs by listing the gene name followed by
RNAi. For unknown reasons, the sense construct corresponding
to CLV3 caused toxicity in Agrobacterium and the sense construct of PAN resulted in very low transformation efficiency of
crabs claw-1 (crc-1) plants. Therefore, interference effects of the
CLV3 sense construct were not determined and only six crc-1
transgenic plants containing the PAN sense construct were
analyzed.
AG dsRNA-Mediated Genetic Interference. AG was chosen for initial

characterization of RNAi in developing flowers. Arabidopsis
flowers consist of four concentric whorls of organs. Most wildtype flowers have four sepals, four petals, six stamens, and two
fused carpels, from the outermost first whorl to the innermost
fourth whorl (Fig. 2A). Mutations in the AG gene cause homeotic
alterations of the third and fourth whorls of organs in flowers
(31). In severe ag loss-of-function mutants (Fig. 2B), the third
whorl primordia develop into petals indistinguishable from those
of the second whorl, and the fourth whorl develops into another
ag flower, resulting in a repetitive pattern of sepals, petals, and
petals (32).
The phenotypes produced by AG dsRNA are frequent and
specific (Fig. 2 C–I). All but one of 236 transgenic plants showed
ag mutant phenotypes. These AG (RNAi) mutants can be
arranged into a phenotypic series based on the severity of the
homeotic transformation in the third whorl and the extent of
floral indeterminacy in the fourth whorl. Weak and intermediate
Chuang and Meyerowitz

AG (RNAi) mutant flowers showed partial homeotic transformation in the third whorl organs and slight floral indeterminacy
(Fig. 2 E–H). However, intermediate兾strong and strong AG
(RNAi) mutant flowers showed complete transformation of the
third whorl organs from stamens to petals and severe floral
indeterminacy (Fig. 2 C, D, and I). Particularly, flowers from
strong AG (RNAi) plants (Fig. 2C) are indistinguishable from
those of strong ag mutant alleles such as ag-1 (Fig. 2B). Weak,
intermediate, intermediate兾strong, and strong AG (RNAi) mutants represent 16, 32, 43, and 9%, respectively, of the transgenic
plant populations. In contrast, pNOS::A-GUS-S, in which the
nopaline synthase promoter was used to drive the fusion gene,
and p35S::A-NOS::S constructs for AG caused very weak genetic
interference in 2 out of 32 and 3 out of 124 transgenic plants,
respectively (data not shown). Flowers from transgenic plants
containing the AG antisense (n ⫽ 111) or sense (n ⫽ 95)
construct are indistinguishable from those of wild-type plants
(data not shown).
dsRNA Interferes with mRNA Accumulation. In situ hybridization was

performed to determine the target of dsRNA interference. The
earliest expression of AG in wild-type flowers is in stage three,
in those cells that will give rise to the third- and fourth-whorl
organ primordia. Later, AG expression is restricted to the
stamen and the carpel primordia (Fig. 3F) (27). The autoradiogram of the tissue hybridized with an AG anti-mRNA probe
showed that hybridization signals declined with increasingly
severe phenotypes in AG (RNAi) mutants (Fig. 3 A–E), consis-
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Fig. 3. Effects of AG dsRNA on levels of AG mRNA and AG protein. (A–E) An
autoradiogram of the tissue hybridized with an AG anti-mRNA probe. The
tissue is from wild-type (A and F), weak (B and G), intermediate (C and H),
intermediate兾strong (D and I), and strong (E and J) AG (RNAi) mutant plants.
(A–E) Hybridization signals declined gradually with increasingly severe phenotypes. (F–J) The bright-field兾dark-field double exposures of longitudinal
section through the inflorescence meristems with stage 2–5 flowers. The silver
grains representing AG mRNA expression were made to appear yellow with
the use of a yellow filter. The number indicated corresponds to the development stage of flowers (43). im, inflorescence meristem. (Bar ⫽ 50 m.) (K and
L) An autoradiogram of the tissue hybridized with an AG sense probe. The
tissue is from wild-type (K and M) and intermediate AG (RNAi) mutant plants
(L and N). (O) Western blot analysis of AG protein. The anti-AG antibody
recognizes the carboxyl-terminal part of the AG protein from aa 220 –285
which is absent in the AG-1 protein (27, 42); thus, ag-1 is a control of the
specificity of the antibody. Whereas AG protein is weakly expressed in weak
(w) and intermediate (i) AG (RNAi) mutants compared with wild type (Wt), it
is not detected at levels above background in intermediate兾strong (i兾s) and
strong (s) AG (RNAi) mutants.

tent with the observation that AG mRNA accumulation is
decreased in AG (RNAi) mutants (Fig. 3 G–J). These results
suggest that endogenous mRNA is a target of dsRNA-mediated
genetic interference. When used as a standard control for in situ
hybridization, an AG sense probe hybridized with the tissue from
AG (RNAi) mutants but not with that from wild type (Fig. 3
K–N), suggesting that AG antisense RNA is produced in AG
(RNAi) mutants. Reverse transcription–PCR analysis with GUSand AG-specific primers also showed that expression levels of
both strands of AG RNA from the fusion gene in p35S::A-GUS-S
increase with increasingly severe phenotypes (data not shown).
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Fig. 2. Flowers of wild-type, ag-1 and AG (RNAi) plants. (A) Wild-type flowers
have four sepals, four petals, six stamens, and two carpels. (B) ag-1 flowers consist
of an indeterminate number of whorls of sepals and petals in the pattern (sepals,
petals, petals)n, with no staminoid or carpeloid tissue. (C–I) AG (RNAi) flowers
with different severity of phenotypes. (C) Strong mutant flowers phenocopied
ag-1. (D) Longitudinal section of a strong mutant flower showing a large number
of sepals and petals produced by an indeterminate floral meristem (FM). (E) Weak
mutant flower. The stamens fail to elongate and the anthers are slightly petaloid
(arrowhead), with no pollen. (F) Intermediate mutant flower with some sepals
and petals removed. Anthers are partially transformed into petaloid tissue (arrowheads). The gynoecium is bulged at the top (arrow, F), with inner organs such
as carpels (arrowhead, G) and兾or petals (arrowheads, H). (I) Intermediate兾strong
mutant flowers have the repeated pattern of sepals, petals, petals formed in
outer whorls and an incomplete flower in the center (arrow). AG (RNAi) plants are
in the Wassilewskija background; therefore, internode elongation between successive internal flowers are seen in intermediate兾strong (I) and strong mutant
flowers (C).

Fig. 4. Phenotypes of wild-type, CLV3 (RNAi), and clv3–2 plants. Wild-type
and CLV3 (RNAi) mutants are in the ecotype Wassilewskija, whereas clv3–2 is
in the ecotype Landsberg erecta which has reduced internode elongation. The
inflorescence meristems are enlarged in CLV3 (RNAi) (B) and clv3–2 (C) compared with wild type (A). (D) Wild-type flower. (E) CLV3 (RNAi) and (F) clv3–2
flowers have additional organs. (G–I) Cross section of gynoecia showing that
the wild-type gynoecium (G) consists of two carpels, and gynoecia in CLV3
(RNAi) (H) and clv3–2 (I) have four carpels.

Furthermore, Western blot analysis of total protein from
wild-type and AG (RNAi) mutants with an AG-specific polyclonal antibody (42) demonstrated that the severity of phenotypes is correlated with a reduction of the AG protein level in AG
(RNAi) mutants. AG protein is weakly expressed in weak and
intermediate AG (RNAi) mutants. In contrast, it is not detected
at levels above background in intermediate兾strong and strong
AG (RNAi) mutants (Fig. 3O).
Genetic Interference by CLV3 and AP1 dsRNAs. We further assessed
the effectiveness and specificity of dsRNA with the CLV3 and
AP1 genes. Plants with mutations in the CLV3 gene have
enlarged meristems and extra floral organs, especially carpels
(Fig. 4 C, F, and I) (33). The majority of CLV3 (RNAi) mutants
(89%, n ⫽ 121) have flowers with extra carpels (Fig. 4H);
however, only 2% of those plants (n ⫽ 108) also have extra

sepals, petals, and stamens (Fig. 4E). In addition, some CLV3
(RNAi) mutant plants (26%, n ⫽ 121) have enlarged shoot apical
meristems with distortions in phyllotaxy (Fig. 4B) and bifurcation, flattening, and broadening of the stem (data not shown). In
contrast, only 1% (n ⫽ 176) of plants transformed with
p35S::A-NOS::S for CLV3 have the extra carpel phenotype. clv3
mutant phenotypes were not observed in transgenic plants
containing the CLV3 antisense construct (n ⫽ 273).
Mutations in the AP1 gene result in homeotic alterations of the
outer two whorls and a partial or complete conversion of a floral
meristem into an inflorescence meristem (34, 35). In weak ap1
mutant alleles, the first and second whorls consist of mosaic
sepaloid organs and staminoid petals, respectively (Fig. 5B). In
intermediate ap1 mutant alleles, flowers have leaf-like first
whorl organs and leaf-like or staminoid second whorl organs
(Fig. 5C). In strong ap1 mutant alleles, bract-like organs are
produced in the first whorl and petals are usually absent in the
second whorl (Fig. 5D). In addition, secondary flowers usually
arise from the axils of the first whorl organs in flowers of
intermediate and strong ap1 mutant alleles (Fig. 5 C and D).
About 96% of transgenic plants (n ⫽ 260) containing the AP1
dsRNA-expressing construct, p35S::A-GUS-S, produced flowers similar to those of ap1 mutant alleles (Fig. 5 E–H). Weak
(Fig. 5E), intermediate (Fig. 5F), intermediate兾strong (Fig. 5G),
and strong (Fig. 5H) phenotypes were observed in 94, 1, 3, and
2%, respectively, of AP1 (RNAi) mutants (n ⫽ 249). In contrast,
transgenic plants containing the AP1 construct in the antisense
orientation (6%, n ⫽ 140) had very weak mutant phenotypes
(data not shown). The AP1 sense construct did not cause mutant
phenotypes in transgenic plants (n ⫽ 62; data not shown).
One CLV3 (RNAi) T1 plant and 6 AP1 (RNAi) T1 plants of
variable severity were selfed to examine the inheritance of
genetic interference (Table 2). The progeny from each selected
plant showed similar severity of phenotypes to those of the selfed
parents, and the severity of phenotypes is constant between
mutant siblings of each lineage. In addition, the progeny of AP1
(RNAi) plants had 3:1 (mutant兾wild type) segregation ratios,
suggesting that each of the 6 AP1 (RNAi) T1 plants contained one
copy of the transgene. This result indicates that dsRNAexpressing constructs, which are integrated into the plant genome, are stably inherited in a Mendelian fashion, and that the
RNAi effect persists to, or recurs in, new generations of plants.

Fig. 5. Phenotypes of wild-type, ap1 and AP1 (RNAi) flowers. (A) Wild-type flower. (B) ap1–5 flower. (C) ap1– 4 flower. (D) ap1–1 flower. (E–H) Flowers from
weak (E), intermediate (F), intermediate兾strong (G), and strong (H) AP1 (RNAi) plants. Arrowheads indicate leaf- or bract-like first whorl organs. The numbered
arrows indicate the primary (1), secondary (2), and tertiary (3) flowers. The black arrows in C and G indicate leaf-like or staminoid second-whorl organs.
4988 兩 www.pnas.org
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RNA-Mediated Interference with PAN. Flowers of plants mutant for

pan are characterized by an increase in the organ number in the
first two whorls, and a decrease in the organ number in the third
whorl. Mutant flowers usually have five sepals, five petals, five
stamens, and two carpels (36). When introduced into wild-type
plants, the dsRNA-expressing construct of PAN caused either
no, or weak, extra organ phenotypes. Reverse transcription–PCR
analysis showed that PAN mRNA was reduced by 30–90% in
PAN (RNAi) plants compared with wild-type plants (data not
shown), suggesting that a small portion of PAN activity is
sufficient for its function in wild-type plants. This hypothesis is
consistent with results from previous immunohistochemical
analysis showing that the mutant pan-1 and pan-2 alleles, with
high expressivity of the extra organ phenotype, are likely null
alleles (30).
Whereas flowers homozygous for strong mutant alleles show
high penetrance of the extra organ phenotype, only the first few
flowers from homozygotes of weak mutant alleles show the
phenotype. However, both strong and weak pan alleles cause
high penetrance of unfused carpel phenotypes in a crc-1 genetic
background (Fig. 6 A, B, D, and E) (30, 44), suggesting that crc
mutants provide a more sensitive background than wild type in
which to observe phenotypic effects of PAN reduction-offunction mutations. Therefore, RNA-expressing constructs corresponding to PAN were introduced into a crc-1 homozygous
background to further assess the potential of RNA-mediated
interference with PAN. Similar to pan alleles, PAN dsRNAexpressing constructs, p35S::A-GUS-S (87%, n ⫽ 126) and
p35S::A-NOS::S (27%, n ⫽ 66), caused extra organ number and
unfused carpels in crc-1 (Fig. 6 C and F). Antisense (55%, n ⫽
76) and sense (33%, n ⫽ 6) sequences corresponding to PAN
have similar RNAi effects as well (data not shown), suggesting
that low levels of dsRNAs might be produced in such a case and
weak interference with PAN activity is sufficient to confer an
unfused carpel phenotype in crc-1.
Discussion
This study shows that dsRNA-mediated genetic interference can
operate in A. thaliana to efficiently induce sequence-specific
inhibition of gene function. Although the technique of RNA
microinjection has been widely used in C. elegans (13–15, 44),
Drosophila (20, 21), and planarians (23), methods for RNA
injection into zygotes of A. thaliana are not available. However,
Agrobacterium-mediated transformation provides a convenient
and efficient method to introduce dsRNA-expressing constructs
into the plant genome. Therefore, RNAi in transgenic plants is
persistent and inherited instead of being transient and unstable
as in RNA-injected animals (13–15, 20, 21, 23, 45) and transiently
Chuang and Meyerowitz
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Fig. 6. Effects of PAN dsRNA on crc-1 transgenic plants. (A and D) crc-1. (B and
E) crc-1 pan-3 and (C and F) crc-1; PAN (RNAi) flowers have extra organs and
unfused gynoecia.

transfected cells (22). In addition, inducible and tissue-specific
promoters might be used to obtain regulated RNAi.
In this study, two kinds of dsRNA-expressing constructs,
p35S::A-GUS-S and p35S::A-NOS::S, were used to investigate
RNAi effects. p35S::A-NOS::S is less potent at inducing genetic
interference than p35S::A-GUS-S, perhaps because of unequal
expression levels of sense and antisense RNAs by two promoters
of different strength. The nopaline synthase promoter is much
weaker than the 35S promoter, suggested by the observation that
pNOS::A-GUS-S has weaker genetic interference than
p35S::A-GUS-S. These results suggest that equal and high levels
of both strands of each RNA in each cell are essential for
inducing potent RNAi. If this is true, use of two strong promoters
of similar strength should improve RNAi effects of dsRNAexpressing constructs in which sense and antisense RNAs are
produced separately; however, use of two identical promoters in
a construct should be avoided to prevent cosuppression (46).
dsRNAs corresponding to four genes selected in this study
caused potent and specific genetic interference, suggesting that
dsRNA-mediated gene silencing can occur in the tissues where
these genes normally function. In addition, a phenotypic series
can be obtained from RNAi mutants. The fact that the severity
of phenotypes varied between T1 individuals is possibly because
of variable transgene copy number and兾or positional effects of
particular DNA insertion events. However, our results suggest
that severity of phenotypes in AP1 (RNAi) T1 plants is not related
to the transgene copy number.
CLV3 dsRNA seems predominantly to block gene function in a
subset of the cells where it is normally expressed. CLV3 is expressed
in the inflorescence and the floral meristems (28). Mutations in the
CLV3 gene cause enlarged meristems and extra floral organs (33).
About 89% of CLV3 (RNAi) plants have flowers with extra carpels
but only 26% of CLV3 (RNAi) plants have enlarged inflorescence
meristems. This result suggests a strong suppression of the CLV3
gene function in the center of the floral meristem but less suppression of its function in the inflorescence meristem. It is probably
because of differential activity of the 35S promoter which drives
expression of dsRNA in these tissues. It is also possible that some
tissues could partially resist RNAi (25), or that some phenotypes
(such as enlarged inflorescence meristems) are less sensitive to the
level of gene activity.
When used as controls for RNAi experiments, the sense and
antisense constructs of PAN also had the ability to induce genetic
interference in a crc-1 homozygous background; so did the AP1
antisense construct in wild-type plants. It has been suggested that
low levels of dsRNA might be produced from transgenes that are
designed to produce only antisense or only sense RNA, via the
readthrough transcription from transgenes arranged as an inverted repeat, or transcription from a transgene whose 3⬘ end is
adjacent to an endogenous promoter (19, 24, 25, 47). Alternatively, it seems possible that cellular RNA-dependent RNA
polymerase could be involved in the conversion of singlestranded RNA to dsRNA in a cell-specific manner, suggested by
the cloning and in vitro catalytic analysis of an RNA-dependent
RNA polymerase from tomato (25, 48).
In situ hybridization revealed a correlation between decreasing levels of AG mRNA accumulation and increasing severity
of phenotypes in AG (RNAi) plants, suggesting that the
mechanism blocking mRNA accumulation could be responsible for dsRNA interference. This result is consistent with
previous findings that endogenous mRNA is a target of dsRNAmediated genetic interference (13, 14, 22, 23). In addition, a
recent report of isolation of an RNaseD homolog from C. elegans
mutants which are resistant to RNAi suggests that RNAi works
by dsRNA-directed, enzymatic RNA degradation (49).
Whatever the mechanism by which RNAi acts to reduce
specific mRNA levels, the experiments described here show that
it is a useful method for determining the loss-of-function phe-

notypes of genes involved in development and meristem activity
in A. thaliana.
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