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Maintenance of organ separation is one of the essential phe-
nomena for normal plant development. We have identified
and analyzed ONION3 (ONI3), which is required for avoiding
organ fusions in rice. Loss-of-function mutations of ONI3,
which were identified as mutants with ectopic expression
of KNOX genes in leaves and morphologically resembling
KNOX overexpressors, showed abnormal organ fusions in
developing shoots. The mutant seedlings showed fusions be-
tween neighboring organs and also within an organ; they
stopped growing soon after germination and subsequently
died. ONI3 was shown to encode an enzyme that is most
similar to Arabidopsis HOTHEAD and is involved in biosyn-
thesis of long-chain fatty acids. Expression analyses showed
that ONI3 was specifically expressed in the outermost cell
layer in the shoot apex throughout life cycle, and the oni3
mutants had an aberrant outermost cell layer. Our results
together with previous studies suggest that long-chain fatty
acids are required for avoiding organ fusions and promoting
normal shoot development in rice.

Keywords: Epidermis � Long-chain fatty acid � Organ fusion
� Rice � Shoot � Very-long-chain fatty acid.

Abbreviations: DAP, days after pollination; LCFA, long-chain
fatty acid; RT–PCR, reverse transcription–PCR; SAM, shoot
apical meristem; VLCFA, very-long-chain fatty acid.

Introduction

The epidermis, which is derived from the outermost cell layer of
the shoot apex (L1 or layer 1), is an indispensable barrier to

protect organisms from stressed environmental conditions
such as drought and pathogen attack. Gas exchange for respir-
ation and photosynthesis is also controlled by a pair of epidermis
cells known as guard cells that form stomata. Pollination is also
mediated by papillae, a specialized epidermis tissue at the tip of a
pistil in a flower. A phytohormone brassinosteroid signal is trans-
duced through epidermis cells (Savaldi-Goldstein et al. 2007), and
polar auxin transport is also mainly mediated through epidermis
cells in the shoot apex (Gallavotti et al. 2008, Miyashita et al.
2010). Thus, epidermis is indispensable for plant survival, growth,
reproduction and phytohormone signaling.

In addition to these vital functions, the epidermis plays an
essential role in normal shoot development by preventing in-
appropriate fusions between neighboring organs and within an
organ. For example, Arabidopsis L1-specific genes HOTHEAD
(HTH) and FIDDLEHEAD (FDH) showed organ fusions in leaves
and floral organs (Yephremov et al. 1999, Pruitt et al. 2000,
Krolikowski et al. 2003, Kurdyukov et al. 2006). These plants
can grow to maturity, but they were sterile or semi-sterile.
Both of these genes are predicted to encode enzymes involved
in biosynthesis of fatty acids. HTH was suggested to encode
o-alcohol dehydrogenase catalyzing biosynthesis of long chain
a-, o-dicarboxylic fatty acids, and FDH was suggested to encode
fatty acid elongase (b-ketoacyl CoA synthase) catalyzing the
elongation reaction of very-long-chain fatty acids (VLCFAs)
(Yephremov et al. 1999, Pruitt et al. 2000, Krolikowski et al.
2003, Kurdyukov et al. 2006). In addition, double mutants of
LACS1 and LACS2, which encode long-chain acyl-CoA synthase,
also showed organ fusions and formed unopened flowers
(Schnurr et al. 2004, Weng et al. 2010), and pas2, a mutant of
the 3-hydroxy-acyl-CoA dehydratase gene involved in the
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elongation reaction of VLCFAs, showed impaired embryo and
seedling development associated with cell proliferation (Bach
et al. 2008, Nobusawa et al. 2013). These mutant analyses clearly
demonstrate the importance of the fatty acids in preventing
ectopic organ fusions and normal shoot development at vege-
tative and reproductive stages in Arabidopsis.

Rice organ fusion mutants also showed severe defects in
shoot development and seedling lethality. Rice mutants of
ONION1 (ONI1), which encodes fatty acid elongase most similar
to Arabidopsis FDH and is specifically expressed in an outer-
most cell layer of the shoot apex throughout the life cycle, had
an abnormal composition of VLCFAs in the epicuticular wax,
and showed organ fusions during embryogenesis and the vege-
tative stage (Ito et al. 2011). In addition, oni1 mutants lacked
normal epidermis and failed to maintain the shoot apical meri-
stem (SAM), which resulted in seedling lethality (Ito et al. 2011).
oni2, another mutant of a fatty acid elongase gene, also had an
abnormal composition of VLCFAs in the epicuticular wax and
showed organ fusions (Tsuda et al. 2013). These findings indi-
cate that a normal composition of VLCFAs is required for L1
development and maintenance of the SAM in rice. However,
little is known about the role of VLCFAs in rice and the genes
involved in their biosynthesis. To understand the physiological
roles of VLCFAs and the functions of the genes involved in their
biosynthesis for plant development, analyses of rice mutants
associated with VLCFA biosynthesis will be necessary.

We previously identified three onion mutants (oni1, oni2 and
oni3) that resembled the overexpressor of the SAM-specific
KNOX gene (Tsuda et al. 2009). In this study, we carried out
detailed morphological analyses of oni3 and molecular charac-
terization of ONI3. oni3 showed organ fusions and abnormal
embryogenesis. ONI3 was shown to encode a putative
o-alcohol dehydrogenase most similar to Arabidopsis HTH,
and was expressed specifically in the outermost cell layer in
the shoot apex during embryogenesis, vegetative and repro-
ductive phases. Differing from Arabidopsis hth, oni3 showed
abnormal vegetative development, and was seedling lethal.
Our results suggest that VLCFAs play an essential role in
early-stage shoot development in rice.

Results

We previously reported isolation of oni3 mutants (Tsuda et al.
2009). In this study, we isolated additional oni3 mutant alleles,
and carried out detailed analyses of the mutants and molecular
characterization of the ONI3 gene. Since oni3 mutants were
seedling lethal (Tsuda et al. 2009), we could not examine
phenotypes at later developmental stages including reproduct-
ive stages, although ONI3 was expressed throughout the life
cycle (see ‘Expression pattern of ‘ONI3’).

oni3 mutant morphology

oni3 could germinate and elongate a shoot to various degrees
(Fig. 1A, B). In more severe cases, an oni3 shoot resembled an

edible onion-like gross morphology (Fig. 1C) (Tsuda et al.
2009). In most cases, shoot growth stopped within a few
weeks after germination (Tsuda et al. 2009). The oni3 shoots
had a shortened leaf (Fig. 1). Leaf elongation was insufficient
and the tip of the leaf blade was missing (Fig. 1D). A lamina
joint, at which a leaf blade is connected to a leaf sheath, was
unclear, and structures that formed at a lamina joint such as
ligules and an auricle were not observed (Fig. 1D). We also
observed organ fusions in paraffin sections of shoots (Fig. 2).
In the wild type, a P1 leaf was clearly separated from the SAM,
but in oni3-6 they were fused to each other (Fig. 2A, B). Organ
fusions between two successive leaves were also observed in
oni3 (Fig. 2C–H). In some oni3 seedlings, the abaxial surface of a
P3 leaf was adhered to the adaxial surface of a P4 leaf, and
margins of the P4 leaf were fused to each other (Fig. 2D). In
most oni3 seedlings, the abaxial side of the leaf parts, including
the leaf margins and the midrib, was fused to the adaxial side of
the same leaf or the preceding leaf (Fig. 2E–G). In addition, a
distal region of the leaf was folded, and the folded regions were
fused to each other (Fig. 2H). The physical separation of the
fused leaves in oni3 sometimes allowed emergence of the inner
leaves, although the emerging leaves did not grow normally.
This indicates that abnormality of the leaf morphology in the
inner leaves may be caused by not only ‘organ fusion’ but also
‘physical stress’. However, we cannot verify this hypothesis
quantitatively.

Fig. 1 Gross morphology of oni3. (A) A wild-type seedling at 15 d after
germination. (B) An oni3-7 seedling at 15 d after germination. (C) An
oni3-1 shoot. (D) A leaf tip of oni3-7. (E) A leaf tip of the wild type.
Asterisks indicate a leaf tip that was lost in oni3. Bars = 5 cm in (A),
1 cm in (B) and 1 mm in (C–E).
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Organ fusions were also observed in roots. In the wild type, a
space between the root epidermis and root cap was clearly
observed (Fig. 3A, C), whereas the epidermis and root cap
were tightly fused to each other and no space was observed
in oni3-7 (Fig. 3B, D).

Epidermis of oni3

Since the gross morphology of oni3 was similar to those of oni1
and oni2, both of which had defects in differentiation and/or
functionality in epidermis (Ito et al. 2011, Tsuda et al. 2013), and
since ONI3 was specifically expressed in an outermost cell layer
in the shoot apex (see ‘Expression pattern of ONI3’), we exam-
ined expression of ROC1 in oni3 (Fig. 4). ROC1 is an ortholog of
an Arabidopsis L1-specific gene ATML1 required for L1 identi-
fication and is specifically expressed in the outermost cell layer
in rice (Ito et al. 2002, Abe et al. 2003). In situ hybridization
detected ROC1 expression in the epidermis of the wild-type leaf,
but in the oni3-6 mutant leaf ROC1 expression was hardly
detected (Fig. 4). Perturbed expression of ROC1 suggested
that differentiation and/or functionality of the epidermis was
compromised in oni3. Thus, oni3 seemed to lack normal
epidermis in the leaf.

Molecular cloning of ONI3

ONI3 was roughly mapped at around 36 cM of chromosome 9
(Tsuda et al. 2009). Near to this position, we found a homolog
(Os09g0363900) of Arabidopsis HTH. Because hth showed
organ fusions (Krolikowski et al. 2003) like oni3, we examined
genomic DNAs from oni3 mutants and identified mutations in
the HTH homolog. oni3-1 had a 49 bp deletion in the fifth exon,
oni3-6 had a nucleotide substitution at a splicing acceptor site,
and oni3-7 had a nucleotide substitution that results in an
amino acid substitution from alanine to threonine (Fig. 5A).
These results showed that Os09g0363900 was a strong candi-
date for ONI3.

To confirm that Os09g0363900 is ONI3, a complementation
test of oni3-6 with its wild-type genomic fragment was carried
out. When a genomic fragment covering Os09g0363900 with
2.2 kb upstream and 1.3 kb downstream regions was introduced
into the oni3-6 mutant callus, the transformed callus showed
regeneration of normal shoots with a wild-type morphology,
whereas when the oni3-6 callus was transformed with an empty
vector, the transformed callus showed regeneration of mutant
shoots (Fig. 5B). Based on these results, we concluded that
Os09g0363900 is ONI3.

Sequence analysis of ONI3

ONI3 encodes a protein similar to Arabidopsis HTH (Fig. 5C).
HTH encodes an enzyme similar to long-chain fatty acid (LCFA)
o-alcohol dehydrogenases, and was shown to be involved in
biosynthesis of long-chain a-, o-dicarboxylic fatty acids
(Krolikowski et al. 2003, Kurdyukov et al. 2006). Since ONI3
and HTH showed high sequence identity (56% identity in
their entire amino acid sequences) (Supplementary Fig. S1)
and was categorized into the same clade in a phylogenetic tree
(Fig. 5C), ONI3 also seemed to encode LCFA o-alcohol
dehydrogenase and plays a role in biosynthesis of long-chain
a-, o-dicarboxylic fatty acids, but this remains to be character-
ized biochemically.

Fig. 2 Morphology of leaves. The oni3 mutant leaves were examined
using paraffin sections. (A) A longitudinal section of the wild-type
shoot apex at 1 week after germination. (B) A longitudinal section
of the oni3-6 shoot apex showing a fusion of the P1 leaf primordium
and SAM (red arrow) at 1 week after germination. (C) A cross-section
of the wild-type shoot apex showing no fusion of leaves at 2 weeks
after germination. (D) A cross-section of oni3-6 leaves showing fusions
of P3 and P4 leaves (red arrow) at 2 weeks after germination. (E) A
cross-section of the oni3-7 shoot apex showing a fusion of P4 leaf
margins (black arrow) and fusions between P3 and P4 leaves (red
arrows) at 2 weeks after germination. (F) A close-up view of a
fusion site of two successive leaves of oni3-7 (red arrow). A close-up
view of an inset is shown. (G) A close-up view of a fusion site of two
successive leaves of oni3-7. The abaxial side of the midrib is fused with
the adaxial surface of the preceding leaf (red arrow). A close-up view
of an inset is shown. (H) A longitudinal section of a distal region of the
oni3-6 shoot. Black arrows indicate fusions within the same leaf, and a
red arrow indicates fusions between successive leaves. SAM, shoot
apical meristem; P1, P1 leaf primordium; P3, P3 leaf primordium; P4,
P4 leaf primordium. Bars = 100 mm.
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Biosynthesis of fatty acids in plants is known to take place in
the chloroplast. In agreement with this, a prediction program
WoLF PSORT (http://wolfpsort.seq.cbrc.jp/) predicted the lo-
calization of ONI3 in the chloroplast.

A database search identified six homologs of ONI3 in the rice
genome. Among them, Os08g0401500 was most similar to
ONI3, and was categorized into the same clade that includes
HTH (Fig. 5C). The amino acid sequences of ONI3 and
Os08g0401500 were 72% identical to each other. ONI3
showed 32–50% amino acid identities with the remaining five
homologs.

Expression pattern of ONI3

To examine the overall expression pattern of ONI3, we picked up
and analyzed ONI3 expression data from a gene expression atlas
obtained by microarray experiments (Fig. 6A) (Fujita et al. 2010).
We found that ONI3 was expressed in shoots and developing
embryos but not in leaves, roots or calli. We also analyzed
expression of Os08g0401500, which is the most similar gene to
ONI3 in rice. The expression of Os08g0401500 was very low and
at a background level in all the organs analyzed (Fig. 6A).

To study ONI3 expression in more detail, we carried out in
situ RNA hybridization in the organs where ONI3 expression
was detected in the atlas. The results showed that ONI3 was
expressed in the outermost cell layer of the SAM, young leaf and
floral organs. In the embryo 7 days after pollination (DAP), ONI3
expression was detected in shoot organs such as the SAM,

Fig. 3 Root morphology. (A) A wild-type root apex in which a space is observed between the root epidermis and root cap (red arrow) at 2 weeks
after germination. (B) oni3-7 root apex at 2 weeks after germination. (C and D) Close-up views of insets in (A) and (B), respectively. An air space
between the root epidermis and root cap (red arrow) is apparent in (C), whereas the root epidermis and root cap are tightly fused in oni3-7 (blue
arrow in D). RC, root cap; ST, stele; CO, cortex; EP, epidermis. Bars = 100 mm.

Fig. 4 Expression of ROC1 in oni3. Cross-sections of the wild-type
(A and C) or oni3-6 (B and D) shoots were hybridized with the anti-
sense probe (A and B) or sense probe (C and D) of ROC1.
Bars = 100 mm. *, SAM/stem; +, developing leaves. (E) RT–PCR analysis
of ROC1 in the wild type and oni3-6. Actin was used as a control. + and
– indicate whether reverse transcriptase was added to or omitted
from the reaction mixture, respectively.
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leaves and coleoptile (Fig. 6B). In the vegetative growth phase,
at 1 month after germination, ONI3 expression was detected
specifically in the outermost cell layer of the SAM and young
leaves (Fig. 6C, D). In the reproductive growth phase, ONI3
expression was detected again in the outermost cell layer of
developing floral organs (Fig. 6E). In the ovary, ONI3 expression
was detected in the outermost cell layer of the ovary and ovule
(Fig. 6F). Integuments also showed the expression (Fig. 6F). No
signal was detected in the inner cells of any organs or at any
developmental stages examined. These expression analyses re-
vealed that ONI3 is an outermost cell layer-specific gene of the
SAM and young above-ground organs throughout the life cycle.

Composition VLCFAs in oni3

Although ONI3 encodes a putative LCFA o-alcohol dehydro-
genase and seemed not to be directly involved in the biosyn-
thesis of VLCFAs, we examined the composition of VLCFAs in
2-week-old oni3 shoots, because rice organ fusion mutants
showed an abnormal composition of VLCFAs (Ito et al. 2011,
Tsuda et al. 2013). In the oni3-6 shoots, the amount of free
saturated VLCFAs with a carbon number of 20 (C = 20) or
more was reduced compared with that of the wild-type
shoots (Fig. 7A). In particular, VLCFAs of C = 32 and C = 34
were barely detected (Fig. 7A).

We further examined the composition of VLCFAs in the
alkyl ester fraction of epicuticular wax of 2-week-old oni3-6
shoots. We found that the amount of saturated VLCFAs of
C = 20 or more was reduced in the oni3-6 shoots compared

with those of the wild-type shoots (Fig. 7B). In particular,
VLCFAs of C = 26 and longer were under the level of detection
(Fig. 7B). These results indicate that VLCFAs in the alkyl ester
fraction of epicuticular wax were reduced in the oni3-6 shoots.

Since VLCFAs are the main components of the cuticle wax,
we examined protrusions of cuticle on the abaxial surface of the
leaf sheath. Scanning electron microscopic observation showed
cuticular protrusions that were well developed on the surface of
the leaf epidermis in the wild type, but such protrusions were
not observed on the surface of oni3-6 epidermis (Fig. 7C, D).
These results indicate that oni3 had a reduced amount of
VLCFAs.

Expression of auxin-related genes in oni3

Expression of KNOX genes, which are ectopically expressed in
oni3, is known to be negatively regulated by auxin (Hay et al.
2006, Tsuda et al. 2009, Perez-Perez, 2010, Tabata et al. 2010),
and oni1 and oni2 showed altered expression of auxin-related
genes, suggesting altered distribution of auxin in its shoot apex
(Takasugi and Ito 2011, Tsuda et al. 2013). In addition, auxin is
suggested to be transported mainly through the outermost cell
layer that is affected in oni3 at the shoot apex (Gallavotti et al.
2008, Miyashita et al. 2010). Therefore, we examined expression
of OsPIN3a and OsPIN5a, which encode an auxin efflux carrier
protein, and OsIAA7 and OsIAA14, which are inducible by auxin,
in the wild type and oni3-6 (Jain et al. 2006, Miyashita et al.
2010). Quantitative reverse transcription–PCR (qRT–PCR)
analysis showed reduced expression of these genes in

Fig. 5 Cloning of ONI3. (A) Genome structure of ONI3. Thin and thick red boxes indicate 50- and 30-untranslated regions and coding regions,
respectively. The line indicates the 50 and 30 upstream regions and introns. Positions of the mutations are shown above the genome structure.
oni3-6 and oni3-7 had a nucleotide substitution at the indicated position, and oni3-1 had a deletion in the region shown by a short bar.
(B) Complementation of oni3. oni3-6 mutant callus transformed with the wild-type ONI3 genome construct showed regeneration of normal
shoots, and oni3-6 mutant callus transformed with an empty vector showed regeneration of mutant shoots. Bar = 1 cm. (C) A phylogenetic tree
of o-alcohol dehydrogenase of rice and Arabidopsis drawn on the basis of entire amino acid sequences. Rice proteins are shown in red, and ONI3
and HTH are highlighted by yellow shading.
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oni3-6 (Fig. 8). These results show that the expression of auxin-
related genes is perturbed in oni3 shoots.

Discussion

In this study we characterized the ONI3 gene and showed that
ONI3 encodes a putative o-alcohol dehydrogenase that is ne-
cessary for shoot development in rice. In spite of the outermost
cell layer-specific expression of ONI3 in shoot apex, the effects
of the oni3 mutation were not restricted to the outermost cells
and oni3 did not show a simply epidermis-affected phenotype,
but they were expanded to the entire shoot and oni3 produced
a very small shoot. Thus, cell fate and/or function in the inner
layers was suggested to be controlled non-cell autonomously by
intercellular signaling from the epidermis.

Sequence and phylogenetic analyses showed that ONI3 is
most similar to HTH in Arabidopsis. HTH is suggested to
encode LCFA o-alcohol dehydrogenase that catalyzes an oxi-
dation reaction from long-chain o-hydroxy fatty acids to o-oxo
fatty acids in the o-oxidation pathway (Kurdyukov et al. 2006).
However, analysis of the composition of fatty acids in hth
showed that the amount of VLCFAs was reduced in hth com-
pared with the wild type in addition to the change of the

composition of LCFAs (Kurdyukov et al. 2006). oni3 also had
a reduced amount of VLCFAs. Thus, although details of the
biosynthesis pathways and their regulating mechanisms are
not well known, it is likely that the composition of LCFAs some-
how affects the composition of VLCFAs indirectly, probably due
to the reduction of the amount of their precursors.

Previous studies in Arabidopsis showed that VLCFAs play an
indispensable role in preventing ectopic organ fusions. Mutants
of FIDDLEHEAD, which encodes a fatty acid elongase catalyzing
an elongation reaction of VLCFAs with the carbon number of
�20, showed organ fusions during vegetative and reproductive
development. hth mutants showed organ fusions during repro-
ductive development. Since oni3 also showed organ fusions,
organ separation associated with VLCFAs may be a common
phenomenon shared by various plant species.

A phylogenetic analysis and sequence identity showed that
ONI3 is an ortholog of Arabidopsis HTH. Although mutants of
both of these two genes showed organ fusions, the organ fusion
of hth was minor in vegetative organs and was mainly observed
in floral organs, whereas in oni3 organ fusions were observed in
vegetative organs. We could not examine organ fusion in the
reproductive phase in oni3 due to its seedling lethality. In add-
ition to organ fusions, oni3 showed various abnormalities in
shoot development. Leaves were short and lacked most of

Fig. 6 Expression pattern of ONI3. (A) Expression of ONI3 and its close homolog Os08g0401500 by microarray analysis. The data were extracted
from Oryza_Express (Fujita et al. 2010). (B–F) In situ RNA hybridization of ONI3. (B) 7 DAP embryo. (C) Shoot apex of a seedling 1 month after
germination. (D) Close-up view of the shoot apex in (C). ONI3 expression was restricted in L1 in the SAM and protoderm of young leaves.
(E) Developing flower. (F) Developing ovary. Bars = 100mm. *, SAM; P1, P1 leaf primordium; a, anther; c, carpel; le, lemma; lo, lodicule; p, palea; ov,
ovule; st, stamen.
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the leaf blades. A lamina joint did not clearly separate the leaf
sheath and leaf blade. Furthermore, a leaf that was covered with
a preceding leaf was folded on the adaxial side, and protruding
portions at the adaxial side were fused to each other to form a
thick leaf. The abaxial side was fused to the adaxial side of the
preceding leaf. These phenotypes were not reported in hth,
even in floral organs. Thus, ONI3 and HTH seemed to have
some functional differences even though they are orthologous
to each other, and ONI3 may have additional functions that are
not retained by HTH. Otherwise, fatty acids produced by ONI3

or HTH may have more critical physiological activities in rice
than in Arabidopsis. Differences in embryogenesis between rice
and Arabidopsis may also explain their phenotypic difference.
Rice produces three leaves during embryogenesis, and failure of
normal differentiation of the epidermis in leaf may affect later
development, because it is well known that normal epidermal
development is critical for subsequent developmental events.

oni3 showed severe developmental defects and seedling
lethality. oni3 leaves were small and lacked a large part of the
leaf blade. Considering that ONI3 is specifically expressed in the
outermost cells in the shoot apex, these cells may be necessary
for entire organ development. Consistent with this notion, sev-
eral Arabidopsis mutants of L1-specific genes such as ALE2,
ACR4, ATML1 and PDF2 showed abnormal shoot development
not limited to the epidermis (Abe et al. 2003, Watanabe et al.
2004, Tanaka et al. 2007). oni1 and oni2 mutations in rice also
affected the entire shoot development, albeit that both of these
genes are specifically expressed in the outermost cell layer (Ito
et al. 2011, Tsuda et al. 2013). Thus, L1 and/or epidermis cells
might produce or spread a signal that induces normal develop-
ment of inner cells. Because auxin is suggested to be trans-
ported mainly through the outermost cell layer at the shoot
apex (Gallavotti et al. 2008, Miyashita et al. 2010) and oni3
showed altered expression of PIN auxin efflux carrier genes
and auxin-inducible IAA genes, auxin would be one of the can-
didates for such a signaling molecule. However, this possibility
needs to be elucidated.

A database search identified a close homolog
(Os08g0401500) of ONI3 in the rice genome. ONI3 and
Os08g0401500 had 72% amino acid identity. This high sequence
identity suggests a similar substrate specificity of these two
enzymes and functional overlaps between these two genes.
However, expression analysis showed that ONI3 was expressed
in the developing embryo and shoot apex, whereas the expres-
sion of Os08g0401500 was hardly detected in these organs by

Fig. 7 Cuticle wax. (A) Amount of free saturated VLCFAs. Percentages
of saturated VLCFAs per total fatty acids in a molar ratio are shown.
The values are the average of two independent experiments.
(B) Amount of saturated VLCFAs in the alkyl ester fraction of epi-
cuticular wax. Percentages of methyl esters of saturated VLCFAs per
methyl esters of total fatty acids in a molar ratio are shown. (C and D)
Scanning electron microscopy observation of the abaxial surface of the
third leaf of the wild type (C) and oni3-6 (D). The surface was rough in
the wild type due to cuticle protrusions, but it was rather smooth in
oni3-6. Bars = 50mm.

Fig. 8 Expression of auxin-related genes in oni3 shoots. RNAs were
isolated from shoots of 1-week-old seedlings of oni3-6 and the wild
type grown in a growth chamber at 30�C with continuous light, and
subjected to qRT–PCR. The relative expression level is shown using
actin as a reference. Error bars indicate standard deviations. * and **
indicate the significant P-values (P< 0.05 and P< 0.01, respectively)
compared with the wild type by Student t-test.
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the microarray analysis. Thus, Os08g0401500 may not function
or may play a dispensable role in organs where ONI3 plays an
essential role. This may explain why a mutation in ONI3 brought
about the abnormal morphologies, even though there is a close
homolog in the genome.

MATERIALS AND METHODS

Plant materials

oni3-1 was identified from Tos17 mutant populations
derived from Oryza sativa L. cultivar Nipponbare (Tsuda et al.
2009), and oni3-6 and oni3-7 were identified from N-methyl-N-
nitrosourea-mutagenized M2 populations of cultivars Kinmaze
and Taichung 65, respectively. Self-pollinated progeny of the
heterozygous plants were maintained and used for the mutant
analyses. Nipponbare was used as the wild type.

Histological analysis

Shoot apices were fixed in FAA [formaldehyde : glacial acetic
acid : ethanol (1 : 1 : 18)] for 24 h at 4�C and then dehydrated
in a graded ethanol series. Dehydrated samples in absolute
ethanol were replaced with xylene and embedded in
Paraplast plus (McCormick Scientific). Microtome sections
(8 mm thick) were stained with Delafield’s hematoxylin and
observed with a light microscope.

Scanning electron microscopy analysis

The leaf sheaths of 10-day-old seedlings grown in an incubator
at 30�C under 24 h light conditions were used for scanning
electron microscope analysis. The samples were freeze-dried
without pre-treatment, coated with platinum–palladium and
subjected to observation using SU8000 (Hitachi).

Cloning of ONI3

ONI3 was mapped to around 36 cM of chromosome 9 (Tsuda
et al. 2009). We noticed that an Arabidopsis HTH homolog
(Os09g0363900) is located near this position in RAP-DB build
3 (http://rapdb.dna.affrc.go.jp/). Coding regions of the HTH
homolog were amplified by PCR from genomic DNAs isolated
from the oni3 mutants with the following combinations of pri-
mers: oni3-1 and oni3-2 for exon 1, oni3-3 and oni3-4 for exon 2,
oni3-5 and oni3-6 for exon 3, oni3-7 and oni3-8 for exon 4, and
oni3-9 and oni3-10 for exon 5, and the PCR products were
directly sequenced. Sequences of the primers used for PCR
and sequencing are shown in Supplementary Table S1.

Complementation test

An 8.5 kb genomic fragment containing a 2.2 kb upstream
region from the 50 end of full-length cDNA of ONI3, a tran-
scribed region and a 1.3 kb downstream region from the 30 end
of the cDNA was amplified by PCR using primers ONI3-F1 and
ONI3-R1 (Supplementary Table S1), and PrimeStar GXL
(TAKARA BIO INC.), and the PCR product was cloned into

pDONR221 by the BP clonase reaction (Invitrogen) according
to the manufacturer’s protocol. The nucleotide sequence of the
amplified region was verified by sequencing. Then, the genomic
fragment was cloned into a binary vector pGWB1 (Nakagawa
et al. 2007) by LR clonase (Invitrogen), and the resultant plas-
mid pBGONI3 was used for transformation of oni3-6 callus. We
used pANDA� as an empty vector, which was generated from
pANDA (Miki and Shimamoto 2004) by restriction digestion
and self-ligation to remove a GATEWAY cassette. pANDA� is
identical to the backbone of pBGONI3. These vectors have a
hygromycin resistance gene as a selectable marker.

Calli were prepared from seeds obtained by self-pollination
of oni3-6 heterozygous plants. For selection of oni3-6 callus,
DNAs were isolated from a small piece of each callus, and a
83 bp region containing the mutation site was amplified by
PCR with the primer combination ONI3-F5 and ONI3-R2
(Supplementary Table S1) followed by digestion with PstI,
whose cutting site exists in the wild-type allele but not in the
oni3-6 allele in the amplified region. oni3-6 homozygous mutant
calli were used for transformation. Agrobacterium-mediated
transformation was carried out as described by Hiei et al.
(1994). The calli were transformed with Agrobacterium habor-
ing pBGONI3 or pANDA�, and the transformed cells were
selected on a medium containing hygromycin followed by
shoot regeneration.

Expression analysis

Microarray data were obtained from Oryza_Express (Fujita et al.
2010). For in situ RNA hybridization, paraffin sections were
prepared as described above or using a microwave apparatus
as described previously (Miyashita et al. 2010), and 8 mm or
10mm thick microtome sections were applied to glass
slides coated with aminopropylsilane (Matsunami Glass).
Digoxigenin-labeled antisense probes were prepared from the
full-length cDNAs of ONI3 (AK072899) or ROC1 (AK120496). In
situ hybridization and immunological detection of the hybrid-
ization signals were performed as described by Kouchi and
Hata (1993).

Conventional RT–PCR and qRT–PCR were carried out using
RNAs isolated from 1-week-old shoot apex of oni3-6 and the
wild type grown in an incubator at 30�C under 24 h light con-
ditions. Gene-specific primers used for the PCR are shown in
Supplementary Table S1. Actin was used as a reference.

VLCFA analysis

Analysis of fatty acids was carried out as described previously
using shoots of 2-week-old seedlings grown in an incubator at
30�C under constant light (Ito et al. 2011, Tsuda et al. 2013). For
analysis of fatty acids in epicuticular wax, free VLCFAs and alkyl
VLCFAs of chloroform-extracted wax were separated by
thin-layer chromatography (hexane : ethyl ether : acetic acid-
= 9 : 1 : 0.1), and derivatized to the methyl ester by an HCl/
methanol method (Lepage and Roy 1986). The fatty acid
methyl ester composition was analyzed using a gas
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chromatograph equipped with a flame ionization detector
(GC-380, GL Sciences) and a column (ZB-5 ms, 30 m� 0.25 mm
internal diameter, 0.2 mm film thickness, Phenomenex). The
column temperature program was as follows; 170�C for
1 min, to 200�C at 2�C min�1, to 320�C at 10�C min�1 and
hold at 320�C for 10 min.

Supplementary data

Supplementary data are available at PCP online.
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