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In rice (Oryza sativa), trans-acting small interfering RNA (ta-siRNA) is essential for shoot development, including shoot apical
meristem (SAM) formation and leaf morphogenesis. The rice wavy leaf1 (waf1) mutant has been identified as an embryonic
mutant resembling shoot organization1 (sho1) and sho2, homologs of a loss-of-function mutant of DICER-LIKE4 and a
hypomorphic mutant of ARGONAUTE7, respectively, which both act in the ta-siRNA production pathway. About half of the
waf1 mutants showed seedling lethality due to defects in SAM maintenance, but the rest survived to the reproductive phase
and exhibited pleiotropic phenotypes in leaf morphology and floral development. Map-based cloning of WAF1 revealed that
it encodes an RNA methyltransferase, a homolog of Arabidopsis (Arabidopsis thaliana) HUA ENHANCER1. The reduced
accumulation of small RNAs in waf1 indicated that the stability of the small RNAwas decreased. Despite the greatly reduced
level of microRNAs and ta-siRNA, microarray and reverse transcription-polymerase chain reaction experiments revealed that
the expression levels of their target genes were not always enhanced. A double mutant between sho and waf1 showed an
enhanced SAM defect, suggesting that the amount and/or quality of ta-siRNA is crucial for SAM maintenance. Our results
indicate that stabilization of small RNAs by WAF1 is indispensable for rice development, especially for SAM maintenance and
leaf morphogenesis governed by the ta-siRNA pathway. In addition, the inconsistent relationship between the amount of small
RNAs and the level of the target mRNA in waf1 suggest that there is a complex regulatory mechanism that modifies the effects
of microRNA/ta-siRNA on the expression of the target gene.

Small RNAs are 20 to 30 nucleotides (nt) long and
function in diverse eukaryotes as regulatory molecules
for gene expression in a sequence-dependent man-
ner. They are classified into three types: microRNA
(miRNA), small interfering RNA (siRNA), and piwi-
interacting RNA (piRNA). miRNAs are 21- to 24-nt
RNAs that are processed from long single-stranded
precursors (Chapman and Carrington, 2007; Carthew
and Sontheimer, 2009). siRNAs are 21- to 24-nt RNAs
derived from long perfect double-stranded RNAs
(dsRNAs), and based on differences in their primary
precursors, types of their targets, and protein compo-

nents in their biogenesis, they are further categorized
into trans-acting siRNA (ta-siRNA), natural-antisense
transcript-derived siRNA, and heterochromatic siRNA
(Vaucheret, 2006). piRNAs are a distinct class of small
RNAs that are 25 to 30 nt long and found only in the
germlines of animals (Malone and Hannon, 2009).

During miRNA biogenesis in Arabidopsis (Arabi-
dopsis thaliana), the RNase III enzyme DICER-LIKE1
(DCL1) produces a 21-nt miRNA/miRNA* duplex
from a hairpin-like RNA precursor that is transcribed
from noncoding RNA genes (Carthew and Sontheimer,
2009; Voinnet, 2009). The miRNA/miRNA* duplex is
then methylated at the 2# OH of the 3# end of the
terminal nucleotide by a small RNA methyltransfer-
ase, HUA ENHANCER1 (HEN1; Yu et al., 2005; Yang
et al., 2006). This methylation prevents uridylation
and subsequent degradation (Li et al., 2005). After the
stabilization of the miRNA/miRNA* duplex, the sense
strand, miRNA, is selectively assembled into an
RNA-induced silencing complex (RISC; Carthew and
Sontheimer, 2009). In Arabidopsis, miRNA-RISC is asso-
ciated with ARGONAUTE1 (AGO1), which cleaves
the target mRNA at the center of the base-pairing site
of the miRNA/mRNA (Baumberger and Baulcombe,
2005).
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The ta-siRNAs are endogenous siRNAs that are
found only in plants. They are derived from noncod-
ing TAS genes that are themselves targets of miRNAs.
TAS transcripts undergo specific miRNA-mediated
cleavage, and then an RNA-dependent RNA polymer-
ase is recruited to generate long dsRNAs using the
cleaved transcripts as templates (Allen et al., 2005). In
Arabidopsis, the long dsRNAs are processed by DCL4
into multiple 21-nt ta-siRNA duplexes (Xie et al.,
2005). In this step, HEN1 contributes to the stabiliza-
tion of ta-siRNA by methylating its 3# terminal nucle-
otide (Li et al., 2005). Mature ta-siRNA is incorporated
into RISC and then plays the role of a guide RNA for
target RNA cleavage.

In Arabidopsis, many genes are associated with the
biogenesis of miRNAs and ta-siRNAs and their met-
abolic pathways. Among them, DCL1 affects the ac-
cumulation of mature miRNAs (Park et al., 2002).
Although complete loss-of-function mutants of DCL1
are embryo lethal, hypomorphic dcl1 alleles show
pleiotropic phenotypes and reduced accumulation of
all miRNAs (Park et al., 2002; Schauer et al., 2002).
Similarly, mutations in another class of Dicer-like gene,
DCL4, abolish 21-nt ta-siRNA production but not
miRNA production (Gasciolli et al., 2005; Xie et al.,
2005). In contrast to the embryonic lethality in null
alleles of dcl1, a loss-of-function mutant of DCL4 is
viable but exhibits abnormal phase changes and leaf
morphogenesis (Xie et al., 2005). HEN1 is involved in
the accumulation of both miRNAs and ta-siRNA (Li
et al., 2005). hen1 mutants show reduced miRNA and
ta-siRNA accumulation and share developmental de-
fects with hypomorphic dcl1 mutants (Park et al.,
2002).

Studies of these Arabidopsis mutants have provided
significant insights into the regulatory mechanisms of
miRNA and ta-siRNA biogenesis and metabolic path-
ways and have revealed how miRNA and ta-siRNA
are profoundly associated with development. In this
context, it is important to analyze loss-of-function
mutants of small RNA-related genes in other plant
species for a comprehensive understanding of the
significant role of small RNAs in plant development.
Recently, ta-siRNA biogenesis mutants were reported
in the monocots rice (Oryza sativa) and maize (Zea
mays). In rice, loss-of-function mutations of orthologs
of DCL4, RNA-DEPENDENT RNA POLYMERASE6
(RDR6), and AGO7 are severely affected in key pro-
cesses of plant development (Nagasaki et al., 2007).
shootless2 (shl2) and shl4, which are loss-of-function
mutants of RDR6 and AGO7 orthologs, respectively,
completely lack embryonic shoots but show no effects
in other embryonic organs. shoot organization1 (sho1)
and sho2, which are a loss-of-function mutant of a
DCL4 ortholog and a hypomorphic mutant of an
AGO7 ortholog, respectively, are defective in shoot
meristem maintenance and leaf morphogenesis (Itoh
et al., 2000, 2008). Similar phenotypes have also been
reported in loss-of-function mutants of a maize ho-
molog of SUPPRESSOR OF GENE SILENCING3 and

AGO7, components of the ta-siRNA production path-
way (Nogueira et al., 2007; Douglas et al., 2010). These
studies have shown that mutations in the ta-siRNA
pathway exert more profound effects on plant devel-
opment in grasses (monocots) than in Arabidopsis.
However, no loss-of-function mutants associated with
miRNA biogenesis and metabolism pathways have
been reported in plants other than Arabidopsis. Thus,
our knowledge of the role of miRNAs in plant devel-
opment is still limited.

We identified two allelic mutants, wavy leaf1-1
(waf1-1) and waf1-2, showing phenotypes that are
partially similar to those of sho mutants, which are in-
volved in the ta-siRNA production pathway. The waf1
mutants showmilder and more pleiotropic phenotypes
than the sho mutants. WAF1 encodes an ortholog of
Arabidopsis HEN1, an RNA methyltransferase tar-
geting small RNAs. Our results reveal that WAF1 is
required for a wide range of developmental events by
stabilizing miRNAs and ta-siRNAs.

RESULTS

The waf1 Embryo Resembles That of sho Mutants

In the wild-type embryo, a shoot and a radicle form
on the ventral side of the embryo, and a scutellum
forms on the dorsal side adjacent to the endosperm.
The wild-type embryonic shoot contains a coleoptile,
three leaves, and a shoot apical meristem (SAM; Fig.
1A). In most waf1-1 and waf1-2 mature embryos, the
coleoptile was rudimentary and the leaves were mor-
phologically abnormal (Fig. 1, B and C). In addition,
the number of leaves was reduced to two or one, in
contrast to the three seen in the wild type (Fig. 1B). The
shapes of the SAMs in waf1-1 and waf1-2 were flat-
tened compared with that of the wild type (Fig. 1, A
and B, insets). These embryonic phenotypes are very
similar to those of sho embryos, in which coleoptile
deficiency, leaf abnormalities, and a flattened SAM are
commonly observed (Fig. 1, D and E; Itoh et al., 2000).
Very rarely, the waf1 embryo lacked the embryonic
shoot, as does the shl embryo. Thus, the embryonic
phenotypes of waf1 overlap considerably with those
of the ta-siRNA mutants sho and shl. However, waf1
embryos exhibited a malformed radicle as well (Fig. 1,
B and C), which is not observed in sho mutants.

Vegetative Development in waf1

About half of waf1-1 (50.0%) and waf1-2 (55.8%)
seedlings stopped growing before 7 d after germina-
tion (DAG) and died after the emergence of a few
morphologically abnormal leaves by 10 DAG (Fig. 2,
A–C), although their roots were sometimes still grow-
ing (Fig. 2, D and E). Longitudinal sections of severe
waf1 seedlings showed flattened and severely mal-
formed SAMs, indicating that one of the main causes
of seedling lethality is a defect in SAM maintenance
(Fig. 2, F and G). To confirm this, OSH1 expression in
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the SAM was observed in severe waf1-1 seedlings at 5
DAG. Although OSH1 expression was detected uni-
formly below the L1 layer of the wild-type SAM (Fig.
2H), OSH1 expression in the waf1-1 SAM was re-
stricted to the L3 or inner cells, which were frequently
enlarged and vacuolated (Fig. 2, I and J). Thus, the
SAM structure and indeterminate state of the cells are
not properly maintained in severe waf1-1 seedlings.
The remaining portion of the waf1 seedlings contin-

ued growing, but their leaves were morphologically
abnormal (Fig. 2, K–M). Although the leaf phenotype
varied greatly among individuals, the most frequent
leaf phenotype was severely wavy leaves (Fig. 2N).
Other characteristic phenotypes were a bifurcation of
the leaf blade (Fig. 2, O and P) and a separation of
a filamentous structure from the abaxial side of the
blade (Fig. 2Q). These abnormalities were also com-
monly observed in shomutants (Itoh et al., 2000, 2008).
Bulliform cells were frequently enlarged and ill ar-
ranged, seemingly due to unusual (periclinal) cell
divisions. Similar defects were also observed in bundle
sheath extension cells (Fig. 2, R and S).

Root Development

Abnormalities were also detected in roots. Seminal
roots of severe waf1 seedlings often arrested soon after
germination; the cell size and arrangement at the tip
were irregular (Fig. 3, A and B). In mild waf1 seedlings,
the seminal roots were relatively short and the num-
bers of both the crown and lateral roots were reduced
(Fig. 3, C and D). These phenotypes indicate that waf1
is defective not only in root apical meristem mainte-
nance of the seminal root but also in adventitious and
lateral root apical meristem formation.

Reproductive Development

Surviving waf1 plants eventually entered into the
reproductive phase. The panicle of waf1 was short-
ened, and the bract embracing the basal-most primary
rachis branch was abnormally elongated (Fig. 4B)
compared with the rudimentary development in the
wild type (Fig. 4A). In waf1 spikelets, a variety of
phenotypes were observed. One of the conspicuous
phenotypes of waf1 spikelets was an awn-like protru-

sion of the central domain of the lemma (Fig. 4, B and
D), a phenotype also observed in sho mutants (Itoh
et al., 2000). Most frequently observed were the lack of
lemma and/or palea and a reduced number of floral
organs (Fig. 4, C–E). In themost severe case, only a rod-
like terminal structure whose epidermis resembled
that of the lemma formed and no other floral organs
formed (Fig. 4F), indicating that the floral meristem is
converted into a determinate organ due to the loss of
meristem activity in early floral development.

Identification of the WAF1 Gene

We isolated the WAF1 gene by a map-based cloning
strategy. Using the F2 population of a cross between
WAF1-1/waf-1 and cv Kasalath, the WAF1 locus was
mapped in three bacterial artificial chromosome and
P1-derived artificial chromosome clones (OJ1714_H10,
P0428D12, and P0039H02) on the short arm of chro-
mosome 7 (Fig. 5A). In this region, the Rice Genome
Automated Annotation System (Rice Genome Re-
search Program) predicts about 120 genes. Among
these candidate genes, we found a gene annotated as a
putative HEN1 of Arabidopsis, which acts in small
RNA metabolism. Because the waf1 phenotypes over-
lapped with those of shomutants, which are affected in
the ta-siRNA production pathway, the putative HEN1
was a likely candidate for WAF1. We compared the
genomic sequence of the gene between the wild type
and waf1-1 and detected a single base substitution
from G to A at the second exon of the gene in waf1-1.
This substitution generates a premature stop codon. In
waf1-2, a single base substitution was detected at the
splicing site of the fourth intron (Fig. 5A). Sequence
analysis of the waf1-2 mRNAs revealed that they were
spliced incorrectly (data not shown). The introduction
of a genomic DNA fragment containing the coding
region plus 4 kb upstream and 1.5 kb downstream of
the predicted gene rescued the phenotypes of waf1-1
plants (Supplemental Fig. S1). Therefore, we conclude
that the predicted HEN1 homolog is the causal gene of
waf1.

The coding sequence of WAF1 consists of 2,814 bp
encoding 938 amino acid residues, and the gene is
composed of nine exons (Fig. 5A). It was reported that

Figure 1. Phenotypes of waf1 and sho
embryos. A, The wild type. B, waf1-1.
C, waf1-2. D, sho1-1. E, sho2. The
insets in A, B, and D show higher
magnification views of the shoot apex
of the wild type, waf1-1, and sho1-1,
respectively. The yellow dotted line
indicates the outline of the SAM.
White and black arrowheads indicate
embryonic shoot and radicle, respec-
tively. 1, First leaf; 2, second leaf; 3,
third leaf; c, coleoptile. Bar = 500 mm.
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the Arabidopsis HEN1 protein contains an N-terminal
dsRNA-binding motif and a C-terminal methyltrans-
ferase motif (Fig. 5B; Tkaczuk et al., 2006). Between
WAF1 and HEN1, the amino acid identities were
41.7% along the entire amino acid sequence, 57.9% in
the dsRNA-binding motif, and 66.5% in the methyl-
transferase motif (Fig. 5B). Because both waf1-1 and
waf1-2 completely lack the methyltransferase domain,
they are likely null alleles (Fig. 5A).

To investigate the expression profile of the WAF1
gene, we performed a reverse transcription (RT)-PCR
experiment using several organs (Fig. 5C). WAF1
mRNA was detected in all organs, including embryo,
root, leaf, stem, and panicle, and a relatively high level
of expression was observed in the developing embryo.
We also examined the spatial expression patterns of
WAF1 by in situ hybridization. However, no tissue-
or organ-specific expression was detected (data not
shown), indicating that the WAF1 gene is constitu-
tively expressed in the whole plant.

WAF1 Functions in miRNA and ta-siRNA Accumulation

Arabidopsis HEN1 stabilizes miRNA and siRNA by
methylating small RNA duplexes at their 3# termini (Yu
et al., 2005). In hen1 mutants, accumulation of these
small RNAs is drastically decreased (Park et al., 2002).
To clarify whether waf1 mutations also affect small
RNA accumulation, we performed northern hybridiza-
tion for six miRNAs (miR156, miR160, miR164, miR166,
miR318, and miR390) and one ta-siRNA (tasiR-ARF/
ta-siD8), using total RNA extracted from wild type,
waf1-1, and waf1-2 seedlings at 2 weeks after germina-
tion. The accumulation of all of the miRNAs and the
ta-siRNAwas greatly reduced or nondetectable in both
waf1-1 and waf1-2 (Fig. 6A). In addition to the reduced
accumulation level, smeared bands larger than the
band in the wild type were observed in waf1-1 and
waf1-2 (Fig. 6A, arrowheads). These smeared bands
were also observed in hen1 of Arabidopsis, and it has
been proven that the heterogeneity in size of the small
RNA is caused by additional uridylation at their 3#
ends (Li et al., 2005). Since HEN1 prevents uridylation
by methylating the Rib of the last nucleotide of
miRNAs and ta-siRNAs, it is expected that miRNAs
and ta-siRNAs are not methylated in waf1 as in hen1 of
Arabidopsis. To test whether the 3# terminal nucleo-
tide of miRNAs in waf1 is modified, we treated small
RNAs of the wild type and waf1-2with NaIO4, and we
also treated a synthesized miR156 RNA oligonucleo-
tide with NaIO4 as a control. If the last nucleotide of a
small RNA is unmodified, it is sensitive to the chem-
ical reaction b-elimination, resulting in increased mo-
bility of the RNAs. The result was that synthesized
RNA oligonucleotide and miR156 in waf1-1 treated
with NaIO4 migrated faster in gel electrophoresis than
nontreated synthesized RNA (Fig. 6B, left) andmiR156
(Fig. 6B, right), whereas the migration of treated and
nontreated miR156 in the wild type did not change
(Fig. 6B, center). This result indicates that miRNAs in

Figure 2. Phenotypes ofwaf1 in the early vegetative phase. A to J, Wild-
type and severe waf1 plants. A, Wild-type seedling at 5 DAG. B and C,
waf1-1 and waf1-2 seedlings at 5 DAG, respectively. D and E, Elongated
waf1-1 andwaf1-2 seminal roots at 10DAG, respectively. F andG,Wild-
type andwaf1-1 SAMs at 5 DAG, respectively. Arrows indicate SAMs. H
to J, In situ expression pattern ofOSH1 in wild-type (H) andwaf1-1 (I and
J) SAMs at 5 DAG. K to S, Wild-type and mildwaf1 plants at 10 DAG. K,
The wild type. L and M, waf1-1 and waf1-2, respectively. N to S, Leaf
phenotypes in waf1. N, Wavy leaf. O, Bifurcation of the waf1-1 leaf
blade at the tip. P, Bifurcation of the waf1-1 leaf blade from the base. Q,
waf1-1 leaf showing a separation of the filamentous structure (arrow)
from the leaf blade. R and S, Cross-sections of the leaf blade in the wild
type andwaf1-1, respectively. Arrowheads indicate abnormally enlarged
cells. Bars = 1 cm (A–E), 50mm (H–J), 5 cm (K–M), and 100 mm (R and S).
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the wild type, but not in waf1-1, were modified at the
last nucleotide.
Accordingly, WAF1 is required for the stabilization

of small RNAs through methylating the last nucleo-
tide, as is Arabidopsis HEN1.

Expression Patterns of miRNA and ta-siRNA Target
Genes in waf1

To understand the effects of lower miRNA levels
on global gene expression, we performed Affymetrix
microarray experiments using seedlings of the wild
type and waf1-1 at 2 weeks after germination. Since
most miRNAs down-regulate target gene expression
by RISC-dependent cleavage, it is expected that lower
amounts of miRNAs cause overexpression of their
target genes. From the expression data of the micro-
array experiment, we extracted expression data for
genes belonging to six gene families and the TAS3
gene targeted by six miRNAs and one ta-siRNA, whose
accumulation was greatly reduced (Figs. 6A and 7).
Unexpectedly, the expression level of the target genes
varied greatly even within a gene family, and both up-
regulation and down-regulationwere observed. Among
11 SQUAMOSA PROMOTER-BINDING PROTEIN-
LIKE (SPL) genes regulated by miR156, nine were
up-regulated but the expression of two genes was
unchanged. Among the up-regulated genes, the ex-
pression level of the most up-regulated SPL gene
(Os06g0663500) remained less than 3.5-fold that of the
wild type, in spite of the drastic reduction in the level
of miR156 (about 1/25th that of the wild type; Sup-
plemental Fig. S2A). Two of four ARF transcrip-
tion factor family genes that are regulated by miR160
were slightly up-regulated, but the rest were down-
regulated. Among the NAC transcription factor family
genes targeted by miR164, four of six genes were up-

regulated and the rest were down-regulated. The
expression of five class III homeodomain Leu zipper
(HD-ZIP III) genes, two TCP transcription factor fam-
ily genes, and TAS3, targeted by miR166, miR319, and
miR390, respectively, was either unchanged or down-
regulated. In contrast, all ETTIN (ETT) genes regulated
by tasiR-ARF (ta-siD7 and ta-siD8) were up-regulated.
OsETT3 (Os01g0753500) showed the highest level of
up-regulation among the putative targets examined.

Since HD-ZIP III and ETT are regulated competi-
tively bymiR166 and tasiR-ARF and are responsible for
the key process of shoot development (Nogueira et al.,
2007), we further confirmed their expression patterns
by real-time RT-PCR experiments (Supplemental Fig.
S2). The accumulation of both miR166 and ta-siD7 was
reduced (Supplemental Fig. S2A). Four of the five
HD-ZIP III genes were slightly down-regulated, and
the last one was unchanged (Supplemental Fig. S2B,
left). A similar result was observed in three HD-ZIP
III genes using primers that can amplify a fragment
upstream miR166-directed cleavage site (Supplemen-
tal Fig. S2B, right). Two of the ETT genes were
up-regulated, but the others were unchanged (Sup-
plemental Fig. S2C). These results indicate that the
expression levels of target genes are not always neg-
atively correlated with the miRNA accumulation
levels in waf1. This is typically shown in the expression
levels of HD-ZIP III genes in waf1, none of which
showed enhanced expression in spite of the drastic
reduction in miR166 accumulation.

Genetic Interaction between WAF1 and ta-siRNA
Pathway Genes

It has been reported that SHO1, SHL2, and SHO2/
SHL4 are involved in ta-siRNA production in rice
(Nagasaki et al., 2007). Strong alleles of shl2 and shl4

Figure 3. Root phenotypes of waf1-1. A, Longi-
tudinal section of the wild-type seminal root tip.
B, Longitudinal section of the waf11-1 arrested
seminal root tip. C, Root systems of the wild-type
(left) andwaf1-1 (right) plants. Crown roots do not
elongate in waf1-1. D, Root characters in waf1.
From left to right: number of crown roots counted
at 10 DAG, length of seminal roots at 10 DAG,
and number of lateral roots per 1 cm of seminal
root. Error bars indicate SD. [See online article for
color version of this figure.]
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cause a complete loss of the embryonic shoot, but sho1
(Fig. 1D) and sho2, a weak allele of SHO2/SHL4 (Fig.
1E), form abnormal shoots in the embryo. OsETTs are
up-regulated in sho1 and sho2 due to the deficiency of
TAS3-derived ta-siRNAs (Nagasaki et al., 2007). Since
the accumulation level of ta-siRNA was reduced in
waf1 (Fig. 6A), it is expected that WAF1 plays a role in
a developmental process regulated by ta-siRNAs. To
understand the genetic interaction betweenWAF1 and
these ta-siRNA biogenesis genes, we constructed the
double mutants waf1-2 sho1-1 and waf1-1 sho2. SHO1
and SHO2/SHL4 are rice orthologs of DCL4 and AGO7
in Arabidopsis, respectively. Both double mutants
showed identical phenotypes, a complete lack of a
shoot, and an elongated radicle (Fig. 8, A–D), although
some seedlings exhibited an arrested seminal root (Fig.
8, E and F). This phenotype is comparable to that of the
strong alleles shl2 and shl4. Since a shootless pheno-
typewas rarely observed inwaf1-1 andwaf1-2 embryos
and was never observed in the single mutants sho1 and
sho2 (Fig. 1, D and E), it is thought that waf1 mutations
enhance the SAM phenotype of sho mutants. This is
consistent with the reduced expression of HD-ZIP III
and the elevated level of ETT genes in waf1 (Fig. 7;
Supplemental Fig. S2, B and C), which are keys for
SAM formation and maintenance (Nagasaki et al.,

2007). Thus, although waf1 affects both miRNAs and
ta-siRNAs, SAM defects in waf1 are mainly due to
aberrations in ta-siRNAs.

DISCUSSION

WAF1 Is an Ortholog of Arabidopsis HEN1

HEN1 orthologs are present in various organisms,
including plants, insects, and mammals. Although
HEN1 functions in methylating miRNA and siRNA
duplexes in Arabidopsis, HEN1 orthologs in animals,
piwmit/dmHEN1 in Drosophila, and mHEN1 in
mouse methylate single-stranded piRNAs (Horwich
et al., 2007; Kirino and Mourelatos, 2007; Saito et al.,
2007). One of the structural differences between Arab-
idopsis HEN1 and insect/mammalian HEN1 ortho-
logs is the existence of a dsRNA-binding motif in
Arabidopsis (Chen, 2007). Our database analysis re-
vealed that WAF1 is a single-copy gene in the rice
genome with strong amino acid sequence similarity
to Arabidopsis HEN1. In addition, both WAF1 and
HEN1 contain the dsRNA-binding motif in their
N-terminal regions (Fig. 5). This suggests that WAF1
methylates dsRNA. In the waf1 mutant, both miRNA
and ta-siRNA are decreased, and they are sensitive to
the chemical reaction b-elimination (Fig. 6). All of
these results strongly suggest that WAF1 is ortholo-
gous to Arabidopsis HEN1 and functions as a meth-
yltransferase that stabilizes small RNA duplexes.

It was reported that Arabidopsis hen1 mutants ex-
hibit pleiotropic phenotypes throughout their life cy-
cle, including reduced size of aerial organs, dwarfism,
an upward curling of the leaf edge, delayed flowering,
and low fertility (Chen et al., 2002). Likewise, waf1
exhibits a variety of phenotypes in various organs
from embryogenesis to reproductive development. In
addition, cellular abnormalities were also observed in
various tissues. Although it is difficult to evaluate an
abnormal phenotype in rice (monocot) as equivalent to
one in Arabidopsis (dicot), several phenotypes such as
wavy leaf edges and dwarfism are present in bothwaf1
and hen1. However, some phenotypes, such as seed-
ling lethality and abnormal root development, may be
specific to waf1. Seedling lethality and the floral phe-
notype are possibly associated with a dysfunction of
the SAM and have not been reported in hen1. One
difference in the SAM phenotype is that the depen-
dence of shoot development on the ta-siRNA path-
way differs between rice (monocot) and Arabidopsis
(dicot); that is, the ta-siRNA pathway is more impor-
tant for SAM maintenance in rice than in Arabidopsis
(Nagasaki et al., 2007). This is supported by pheno-
typic differences of ta-siRNA biogenesis mutants
between rice and Arabidopsis. The complete loss of
TAS3-derived ta-siRNAs in the rdr6 and ago7 mutants
in Arabidopsis does not cause any defect in the SAM
(Peragine et al., 2004; Fahlgren et al., 2006; Hunter
et al., 2006), whereas the rice loss-of-function mutants
SHL2 and SHL4 (RDR6 and AGO7 ortholog, respec-

Figure 4. Phenotypes of waf1 in the reproductive phase. A, Wild-type
panicle. B, waf1-1 panicle. Arrowhead indicates an elongated bract,
and arrows indicate awn-like structures protruded from the lemmas. C,
Wild-type spikelet. Lateral halves of the palea and lemma are artifi-
cially removed to see inner floral organs. D, waf1-1 spikelet lacking
palea. Lemma is reduced in size but protrudes an awn-like structure
(arrow), and the stamens lack anthers (arrowheads). E, waf1-1 spikelet
lacking palea and floral organs. F, Severe waf1-2 spikelet. A rod-like
terminal structure (arrow) is formed. [See online article for color version
of this figure.]
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tively) completely lack an embryonic SAM (Nagasaki
et al., 2007).
Although it is largely unknown which kind(s) of

small RNAs is responsible for rice-specific pheno-
types, our results indicate that WAF1 is associated
with multiple developmental events via the stabiliza-
tion of many small RNAs. The phenotypic differences
between rice waf1 and Arabidopsis hen1 suggest that
during evolution rice has acquired novel small RNAs
and/or target genes that are regulated by WAF1.

waf1 Phenotypes Are Shared with Those of
ta-siRNA-Defective Mutants in Rice

The phenotypes of waf1, such as a malformed cole-
optile and SAM, separation of leaf domains, and the
elongation of an awn-like structure from the lemma,
are also observed in sho mutants, which are defective
in the ta-siRNA biogenesis pathway (Itoh et al., 2000,
2008). Since the amount of ta-siRNA is reduced in
waf1, the shared phenotypes between waf1 and sho are
likely caused by a ta-siRNA deficiency. WAF1 may

affect ta-siRNA accumulation in two ways. First,
WAF1 may methylate the miR390/miR390* duplex,
which is required for the initiation of TAS3-derived
ta-siRNA production. Second, WAF1 stabilizes 21-nt
ta-siRNA duplexes processed from long dsRNA pre-
cursors. Since miR390 and ta-siRNA accumulation are
reduced inwaf1 (Fig. 6A), WAF1 activity is required for
both the initiation and maintenance of the ta-siRNA
pathway. In either case, a reduced amount of ta-siRNA
should lead to up-regulation of the target genes,
OsETTs. In the sho mutants, it is thought that the
defects in SAM maintenance and leaf morphogenesis
are caused by the ectopic expression of OsETT as a
direct result of ta-siRNA deficiency and/or due to the
reduced expression of HD-ZIP III genes (OSHBs) as an
indirect effect of ta-siRNA deficiency (Nagasaki et al.,
2007). In waf1, up-regulation of OsETT and slight
down-regulation of OSHB genes were observed as in
sho mutants. Thus, the overexpression of OsETTs and
down-regulation of OSHBs are possible causes of the
phenotypes common to waf1 and sho mutants. How-
ever, decreased miR166 accumulation would be ex-

Figure 5. Molecular characterization
of the WAF1 gene. A, Map position
and structure of WAF1. Exons in pitted
and checked boxes indicate the posi-
tions of the dsRNA-binding domain
and the methyltransferase domain, re-
spectively. Locations of the two muta-
tions are indicated. B, Deduced amino
acid alignments of WAF1 and HEN1.
Dotted and solid lines indicate the
dsRNA-binding motif and the methyl-
transferase motif, respectively. C, RT-
PCR analysis ofWAF1. EM, Embryos at
5 DAP; RT, roots; ST, stems; IL, imma-
ture leaves; ML, mature leaves; IP,
young panicle at the primary rachis
branch differentiation stage.
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pected to cause the overexpression of OSHB genes,
targets of miR166. This inconsistency in the relation-
ship between miR166 and the OSHBs may be ex-
plained by the transcriptional regulation of OSHBs
by OsETTs. Considering the complementary expres-
sion of OSHBs in the adaxial domain of the leaf and
OsETTs in the abaxial domain, it is probable that
OsETTs suppress OSHB expression in the abaxial
domain independently of miR166.

The waf1-2 sho1-1 and waf1-1 sho2 double mutants
showed the complete loss of embryonic shoots that
is exhibited by strong alleles of shl2 and shl4. Since
SHO1 and SHL4/SHO2 are associated with ta-siRNA
production, the phenotype of the double mutants
indicates that the waf1 mutation enhances the mild
ta-siRNA-defective phenotype of the sho mutants,
suggesting that the defects in SAM maintenance in
waf1 are caused mainly by reduced levels of ta-siRNA.

However, no abnormal root phenotypes have been
reported in sho/shlmutants. This indicates that the root
phenotypes observed in waf1 are not caused by a
ta-siRNA deficiency but rather are associated with

reduced amounts of some types of miRNAs. It has
been reported that ARF and NAC family transcription
factor genes targeted by miR160 and miR164, respec-
tively, are involved in root development in Arabidop-
sis (Guo et al., 2005; Wang et al., 2005; Gutierrez et al.,

Figure 6. Analysis of small RNAs. A, Northern hybridization for seven
small RNAs. Small RNA accumulations are greatly reduced or non-
detectable in both waf1-1 and waf1-2. Arrowheads indicate larger
smearing signals detected only in waf1. Ethidium bromide-stained gels
corresponding to 5S rRNA are shown at the bottom. B, Modification of
the 3# end of miR156. Synthesized RNA oligonucleotide (left) does
not show increased mobility after incubation without (2b) NaIO4/
b-elimination but gains mobility (arrow) after incubation with (+b)
NaIO4/b-elimination. nt, RNA without incubation. Wild-type miR156
(center) does not show increased mobility after incubation without
(2b) and with (+b) NaIO4/b-elimination. miR156 in waf1-1 (right)
gains mobility (arrow) after incubation with NaIO4/b-elimination,
indicating that the 3# end ofmiR156 inwaf1-1 is unmodified. Ethidium
bromide-stained gels corresponding to tRNA are shown at the bottom.

Figure 7. Expression changes of miRNA/ta-siRNA putative targets in
the seven gene families inwaf1-1 revealed by the Affymetrix GeneChip
rice genome array. Vertical bars indicate expression levels of waf1-1
relative to that of the wild type. Their Rice Annotation Project Database
(RAP-DB) locus, target gene family, and miRNA/ta-siRNA are indi-
cated. Error bars indicate SD. A RAP locus with an asterisk is not verified
by the degradome data as a miRNA target (Li et al., 2010). [See online
article for color version of this figure.]
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2009). Recently, it was reported that suppression of
HD-ZIP III genes through the activation of miR165/166
is required for xylem patterning in Arabidopsis
(Carlsbecker et al., 2010). Thus, the altered expression
of these genes could be associated with root pheno-
types in waf1.

Reduced miRNA Accumulation Does Not Uniformly

Affect the Expression Levels of Target Genes

Most miRNAs in plants modulate target mRNA
levels by transcript cleavage, but some miRNAs re-
press protein synthesis by translational inhibition of
target mRNAs (Aukerman and Sakai, 2003; Chen,
2004; Jiao et al., 2010). Because the accumulation of
all of the miRNAs examined was greatly reduced, the
expression of the target genes was expected to be
enhanced. The expression profiles of putative target
genes in waf1 (Fig. 7) were somewhat confusing, be-
cause several target genes showed reduced expression,
and even when expression was enhanced, the extent
of elevation was not great.
Recently, small RNA target transcripts in rice have

been globally identified and verified by degradome
sequencing (Li et al., 2010). The analysis is informative
to estimate the abundance and frequency of miRNA-
directed cleavage of transcripts. The degradome anal-
yses revealed that the miRNA accumulation level and
the cleavage abundance of its target genes are not
negatively correlated (Jiao et al., 2008; Li et al., 2010)
and that the cleavage frequencies vary among tran-
scripts for the same miRNA (Li et al., 2010). These
findings would partially account for our results. For
example, two slightly up-regulated ARFs with a
miR160 target site in the waf1 have very abundant
cleavage frequencies in the degradome data (Li et al.,
2010), and the rest of down-regulated ARFs have low
cleavage frequencies. A similar tendency was also
observed in NAC genes regulated by miR164. Thus,
the differential cleavage efficiencies possibly affect
the change of miRNA target gene expression in waf1.

However, the degradome data did not always justify
our results, as in the case of SPL, HD-ZIP III, and ETT
genes, although some SPL genes are repressed trans-
lationally by miR156 (Jiao et al., 2010; Li et al., 2010).

Besides cleavage efficiency and translational repres-
sion of miRNA target transcript, there are several
possible explanations for the moderate change of
miRNA target gene expression in waf1. First, many
miRNAs show a highly specific accumulation pattern.
In this case, the miRNAs could cleave the target
mRNA only in a restricted region and stage, and the
overall elevation of the target mRNA expression
would be subtle. Supporting this, many miRNAs are
known to have temporally and spatially specific ex-
pression patterns (Válóczi et al., 2006).

Second, the small residual amount of miRNAs in
waf1 may be enough to cleave target mRNAs. Some
miRNAs regulate miRNA biogenesis genes such as
DCL1 and AGO1 (Xie et al., 2003). Although the accu-
mulation of the corresponding miRNAwas not exam-
ined in this study, a feedback mechanism might buffer
the drastic up-regulation of target genes in waf1.

A third possible explanation is concerned with
technical problems associated with the detection of
target transcripts. It is known that 3# cleaved products
of some target mRNAs are stable and easy to detect by
northern hybridization, whereas 3# cleaved products
of other mRNAs are degraded by exoribonuclease
activity (Souret et al., 2004). If a microarray probe is
located in the 3# region of an mRNA downstream of
the cleavage site, the expression level of the gene in the
wild type would be overestimated as the sum of the
intact mRNA and the cleaved 3# fragment. As a result,
moderate expression changes of the target genes may
be observed in spite of the increased uncleavedmRNA
in waf1. However, in the case of HD-ZIP III genes, the
expression data obtained from microarray (Fig. 7) and
real-time PCR amplifying downstream (Supplemental
Fig. S2B, left) and upstream (Supplemental Fig. S2B,
right) regions of the cleavage site were similar, al-
though microarray probes of one of the HD-ZIP III

Figure 8. Phenotypes of double mutants between
waf1 and sho. A, C, and E, waf1-2 sho1-1. B, D,
and F, waf1-1 sho2. A and B, Germination of
double mutant seeds. The shoot does not emerge,
but the seminal root is elongated. C and D, Lon-
gitudinal sections of germinating double mutant
embryos. A shoot-like structure is not formed. E
and F, Double mutant seeds from which the
seminal root started elongation but soon arrested
(arrows). Bars = 500 mm. [See online article for
color version of this figure.]
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genes (OSHB2) are located downstream of the cleav-
age site. This indicates that the microarray result ap-
proximately reflects the true expression level of at least
HD-ZIP III genes.

Finally, an unknown mechanism may operate to
keep target mRNA levels moderate in waf1. miRNAs
in waf1 are unmethylated and possibly uridylated at
the 3# end of the terminal nucleotide. These unusual
miRNAs may affect the efficiency of mRNA degrada-
tion. For example, unmethylated small RNAs might
function as primers that recruit RDRs and promote
mRNA degradation by an RNA interference-like mech-
anism. Recently, whole-genome and high-resolution
tiling array transcriptome analysis in Arabidopsis
has revealed greater amounts of antisense transcripts
near the miRNA-binding sites of the target genes (Luo
et al., 2009). Moreover, these antisense transcripts are
elevated in the hen1 mutant background. This could
result in secondary cleavages of the target transcripts
by the antisense small RNAs at nonoriginal cleavage
sites of the miRNA, which may contribute to homeo-
stasis of the target gene expression in waf1.

Although the reason for this inconsistent relationship
between the amounts of miRNAs and their targets,
which were also indicated by previous studies (Li et al.,
2010), is unclear, similar situations have been reported
in Arabidopsis. The overexpression of miR166g in the
jba-1D mutant causes down-regulation of its target
genes, PHV, PHB, and CNA. However, as for the other
target genes, REV is up-regulated and the expression of
ATHB8 is unchanged (Williams et al., 2005). Our find-
ings, together with those of previous reports, suggest
the existence of a complex regulatory mechanism mod-
ifying the effects of miRNA/ta-siRNA on the expres-
sion of the target gene and provide useful information
for understanding the regulatory relationship between
miRNAs and target genes.

CONCLUSION

We identified the WAF1 gene encoding an RNA
methyltransferase that is an ortholog of Arabidopsis
HEN1. The diverse phenotypic abnormalities of waf1
indicate that stabilization of miRNA and ta-siRNAvia
WAF1 function is required for various developmental
processes. In addition, the maintenance of ta-siRNAs
is more essential for shoot development in rice than
in Arabidopsis, especially for SAM maintenance. Our
results also suggest that there are complex mecha-
nisms that regulate the relationships between the
amount of small RNA and the target mRNA level.

MATERIALS AND METHODS

Plant Materials

Two allelic recessive mutants of rice (Oryza sativa) showing abnormal

embryos and seedlings were identified from an M2 population of cv Kinmaze

mutagenized with N-methyl-N-nitrosourea. We designated them waf1-1 and

waf1-2, respectively, because of their most conspicuous phenotype in the

vegetative phase. For observation at the early vegetative stage, mutant and

wild-type seeds were sown on Murashige and Skoog medium supplemented

with 3% Suc and 1% agar at pH 5.8 in a plant box at 28�C. Otherwise, plants

were grown in pots or a paddy field. Transgenic plants were grown in a

biohazard greenhouse at 30�C in the daytime and 25�C at night.

Histological Analysis

For paraffin sections, samples were fixed in formalin:glacial acetic

acid:50% ethanol (1:1:18) for 24 h. They were then dehydrated in a graded

ethanol series, substituted with xylene, and embedded in Paraplast Plus

(Oxford Labware). The samples were sectioned at 8 mm thick using a rotary

microtome. Sections were stained with 0.05% toluidine blue and observed

using a light microscope.

In Situ Hybridization

Tissues were fixed with 4% (w/v) paraformaldehyde and 0.25% glutaral-

dehyde in 0.1 M sodium phosphate buffer, dehydrated in a graded ethanol

series, substituted with xylene, and embedded in Paraplast Plus. Microtome

sections (8 mm thick) were applied to glass slides treated with Vectabond

(Vector Laboratories). Digoxigenin-labeled antisense and sense RNA probes

were prepared from full-length cDNAs of OSH1. As the sense probes did

not give specific signals, only antisense probe data are presented. In situ

hybridization and immunological detection with alkaline phosphatase were

performed according to the methods of Kouchi and Hata (1993).

Mapping and Identification of the WAF1 Gene

A heterozygous WAF1-1/waf1-1 plant (subsp. japonica) was crossed with cv

Kasalath (subsp. indica), and mutant plants showing the waf1 phenotype in the

F2 population were used for mapping. Using cleaved-amplified polymorphic

sequence and sequence-tagged site markers, the WAF1 locus was roughly

mapped on the short arm of chromosome 7. Using 41 mutant plants of the F2

generation, theWAF1 locus was further limited within the region covering one

bacterial artificial chromosome and two P1-derived artificial chromosome

clones (OJ1714_H10, P0428D12, and P0039H02). Since we found a gene

annotated as a putative HEN1 of Arabidopsis (Arabidopsis thaliana) in this

region, we compared the genomic sequence of the gene between the wild

type and waf1-1.

The amino acid sequences for WAF1 and HEN1 were found in GenBank

(accession nos. AB583903 and AAL05056, respectively). Multiple sequence

alignments were performed and manually adjusted to optimize alignments

using GENETYX software (Genetyx).

WAF1 genomic DNA, including approximately 4 kb upstream and 1.5 kb

downstream, was used for a complementation test. This fragment was

introduced into waf1-1 homozygous plants by the Agrobacterium tumefaciens-

mediated transformation method (Hiei et al., 1994).

RT-PCR

Total RNAwas extracted from 100 mg of tissue from each sample (5-DAP

immature embryos, roots, shoots, immature leaves, mature leaves, and

inflorescence apices) using TRIzol reagent (Invitrogen) according to the

manufacturer’s instructions. After RNase-free DNase (TaKaRa) treatment,

1.5 mg of RNA was reverse transcribed using an Omniscript kit (Qiagen).

We performed semiquantitative RT-PCR for appropriate cycles at 94�C for

15 s, 60�C for 30 s, and 68�C for 30 s using the primers 5#-AATCATGCG-

TGAGTCAGCTG-3# and 5#-CATTGGCACTTGTCTTGAG-3# for WAF1 and

5#-TCCATCTTGGCATCTCTCAG-3# and 5#-GTACCCGCATCAGGCATCTG-3#
for Actin.

Isolation and Analysis of Small RNAs

Total RNA of wild-type and waf1 shoots at 2 weeks after germination was

extracted using TRIzol reagent, and 10 mg of RNA was used for northern

hybridization analysis. Low-molecular-weight RNA was resolved on a 15%

polyacrylamide gel containing 7 M urea, transferred to a nylon membrane, and

incubated with 32P end-labeled oligonucleotide probes complementary to

miR156, miR166, miR160, miR164, miR166, miR319, miR390, and ta-siD8. For
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the b-elimination experiment, miR156 RNA oligonucleotide was synthesized,

and the small RNA fraction of wild-type and waf1-1 shoots at 2 weeks after

germination was extracted using the High Pure miRNA Isolation Kit (Roche).

Then, 0.01 mg of RNA oligonucleotide, 2 mg of small RNA in the wild type, and

20 mg inwaf1-1was incubated in 53 borate buffer (148 mM borax, 148 mM boric

acid, pH 8.6), with (+b) and without (2b) 200 mM NaIO4, and was subjected to

northern hybridization analysis using oligonucleotide probes for miR156.

DNA Microarray Analysis and Target Gene Search
for miRNAs

Microarray analysis was performed using a GeneChip rice genome array

(Affymetrix). Preparation of labeled target complementary RNA, subsequent

purification, and fragmentation were carried out using One-Cycle target

labeling and control reagents (Affymetrix). Double-stranded cDNA was pre-

pared from 10 mg of total RNA of wild-type and waf1-1 shoots 2 weeks after

germination. Hybridization, washing, staining, and scanning were performed

as described in the supplier’s protocol. A 10-mg aliquot of fragmented com-

plementary RNA was subjected to hybridization. Three independent repli-

cates were used. Data analysis was performed using GeneChip Operating Software

(Affymetrix) and GeneSpring 7 (Agilent Technologies).

From the array data, we extracted expression data for putative target genes

of miR156, miR166, miR160, miR164, miR166, miR319, miR390, and ta-siD7-8. A

putative target gene search was performed at theWeb site http://bioinformatics.

cau.edu.cn/PMRD/. The putative target genes obtained for each miRNA/

ta-siRNA were aligned, and those constituting a gene family were selected.

Potential target genes not constituting a gene family were not used.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number AB583903 (WAF1).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Complementation of waf1-1 by the WAF1 ge-

nomic fragment.

Supplemental Figure S2. Expression levels of a few small RNAs and their

target genes quantified by real-time RT-PCR.
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