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Two types of branches, rachis branches (i.e. nonfloral) and spikelets (i.e. floral), are produced during rice (Oryza sativa)
inflorescence development. We previously reported that the ABERRANT PANICLE ORGANIZATION1 (APO1) gene, encoding
an F-box-containing protein orthologous to Arabidopsis (Arabidopsis thaliana) UNUSUAL FLORAL ORGANS, suppresses
precocious conversion of rachis branch meristems to spikelets to ensure generation of certain number of spikelets. Here, we
identified four dominant mutants producing an increased number of spikelets and found that they are gain-of-function alleles
of APO1. The APO1 expression levels are elevated in all four mutants, suggesting that an increase of APO1 activity caused the
delay in the program shift to spikelet formation. In agreement with this result, ectopic overexpression of APO1 accentuated the
APO1 gain-of-function phenotypes. In the apo1-D dominant alleles, the inflorescence meristem starts to increase in size more
vigorously than the wild type when switching to the reproductive development phase. This alteration in growth rate is
opposite to what is observed with the apo1mutants that have a smaller inflorescence meristem. The difference in meristem size
is caused by different rates of cell proliferation. Collectively, these results suggest that the level of APO1 activity regulates the
inflorescence form through control of cell proliferation in the meristem.

The inflorescence is one of the major determinants of
appearance in flowering plants. The basic architecture
of the grass inflorescence is defined by spatial arrange-
ment of spikelets, small branches containing flowers,
and rachis branches; both are born as lateral meristems
during inflorescence development. Lateral meristems
receive a specific identity at their initiation according
to the position and timing of their occurrence. They
then progress through a genetically defined develop-
mental program by changing identity in response to
internal and external cues, and finally acquire the
determinate floral state (Irish, 1997; McSteen et al.,
2000).

The timing of meristem phase change is crucial in
the control of inflorescence architecture in grass spe-
cies (McSteen et al., 2000; Bortiri and Hake, 2007; Wang
and Li, 2008). In rice (Oryza sativa), transition to the
reproductive phase evokes transformation of the shoot
apical meristem (SAM) to the inflorescence meristem
(IM), which initiates several lateral meristems that
grow as primary rachis branches (PBs; Ito et al., 2005).
Then, the IM loses its activity, leaving a vestige at the
base of the uppermost primary branch. Thus, in rice,
the timing of IM abortion determines the number of
primary branches in the inflorescence. The meristem
of the PB produces next order branches as lateral
meristems. The few initially formed meristems grow
as secondary rachis branches, while later borne mer-
istems directly become spikelet meristems. A spikelet
is also a small branch that contains a variable number
of flowers and is a basic unit defining inflorescence
architecture in grasses. The spikelet in rice consists of a
single flower (Hoshikawa, 1989; Ito et al., 2005).

All rachis branches in the rice inflorescence are
determinate and are programmed to finally change
their state from an indeterminate rachis branch
meristem to the determinate spikelet meristem after
producing a certain number of lateral meristems.
Therefore, spikelets in the wild-type rice inflorescence
are classified into two types, lateral spikelets and
terminal spikelets, according to their origins. Lateral
spikelets differentiate directly from newly borne lat-
eral meristems while terminal spikelets are converted
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from rachis branch meristems. Three factors, timing of
IM abortion, conversion of the rachis branch meristem
to the terminal spikelet meristem, and program shift of
lateral meristem identity along a basal-apical direction
on a rachis branch, determine the overall architecture
of the rice inflorescence. The key event in all three
factors is the transition of meristem state, in particular,
acquisition of the spikelet meristem identity.
Several genes that are crucial for determining mer-

istem fates in the grass inflorescence have been
reported (Bommert et al., 2005a; Bortiri and Hake,
2007). Rice FRIZZY PANICLE (FZP) gene and its maize
(Zea mays) ortholog branched silkless1 (bd1) are regula-
tors of spikelet meristem initiation (Chuck et al., 2002;
Komatsu et al., 2003). In fzp and bd1 mutants, spikelet
meristem identity is not established and, instead,
ectopic branching continues infinitely. The SUPERNU-
MERARY BRACT gene of rice and indeterminate spikelet
mutation (ids) and sister of ids genes in maize are
involved in the control of the next step, transition
from spikelet meristem to the floral meristem (Lee
et al., 2007; Chuck et al., 2008). Recently, it was
revealed that accumulation of the ids mRNA is fine
tuned by miRNA-mediated regulation to establish the
correct spatial arrangement of floral meristems (Chuck
et al., 2007a, 2007b). Timing of the shift of meristem
identity along a basal-apical direction is also under
strict genetic control. Three genes, ramosa1 (ra1) and
ra2, encoding transcription factors, and ra3, encoding a
putative signal transduction component, regulate the
program shift from long branch initiation to short
branch initiation in maize inflorescence development
(Vollbrecht et al., 2005; Bortiri et al., 2006; Satoh-
Nagasawa et al., 2006). Interestingly, there is no cog-
nate homolog of ra1 whereas ra2 and ra3 orthologs are
found in the rice genome, although their functions are
yet to be determined.
In addition to genes controlling establishment of

meristem identity, genes regulating meristem size are
critical for normal inflorescence architecture. Rice floral
organ number1 ( fon1), fon2, and maize fascinated ear and
thick tassel dwarf1, all defective in the CLAVATA sig-
naling pathway, contain enlarged SAMs and exhibit
abnormal branching patterns (Taguchi-Shiobara et al.,
2001; Suzaki et al., 2004, 2006; Bommert et al., 2005b;
Chu et al., 2006). In contrast, the lonely guy (log) mutant
that has a defect in synthesis of active cytokinins (CKs)
has a small SAM and produces an inflorescence mark-
edly reduced in size (Kurakawa et al., 2007). This
demonstrated that CKs are critical in the control of
inflorescence form in rice. The role of CKs in the
control of inflorescence branching has also been dem-
onstrated through the analysis of GRAIN NUMBER1, a
quantitative trait locus that affects rice panicle size
(Ashikari et al., 2005).
A number of studies showed that the molecular

basis of floral development is conserved among a wide
range of plant species (Shepard and Purugganan,
2002). In Arabidopsis, key regulators of floral meri-
stem identity have been reported (for review, see

Sablowski, 2007). Among them, LEAFY (LFY) and
UNUSUAL FLORAL ORGANS (UFO) are positive reg-
ulators of floral meristem identity and work in the
same genetic pathway (Weigel et al., 1992; Simon,
et al., 1994; Ingram et al., 1995; Lee et al., 1997; Chae
et al., 2008). Basically, conserved systems driven by
LFY/UFO orthologs control floral meristem identity in
Antirrhinum and petunia (Petunia hybrida) although
minor divergences in their mode of operation are
observed. For example, DOUBLE TOP (DOT), a UFO
ortholog, is the major determinant of floral meristem
identity in petunia, whereas, in Arabidopsis and An-
tirrhinum, LFY and FLORICAULA (FLO) are major
players that determine floral meristem identity (Weigel
et al., 1992; Simon et al., 1994; Souer et al., 2008).
Mutations in UFO or FIMBRIATA (FIM), an Antirrhi-
num UFO ortholog, confer only subtle effects on floral
development.

Surprisingly, UFO and all its orthologs in dicot
species reported so far including FIM, DOT, Proliferat-
ing Floral Organs, ANANTHA (AN), and Stamina pis-
tillaoida promote floral fate, whereas ABERRANT
PANICLE ORGANIZATION1 (APO1), a rice UFO or-
tholog, suppresses floral fate (Simon et al., 1994; Levin
and Meyerowitz 1995; Souer et al., 1998, 2008; Taylor
et al., 2001; Zhang et al., 2003; Ikeda et al., 2007;
Lippman et al., 2008). apo1 loss-of-function mutant
plants exhibit precocious transition of the IM and
rachis branch meristems into spikelet meristems, lead-
ing to formation of small inflorescences (Ikeda et al.,
2005, 2007). Although no complete loss-of-function
mutants for RICE FLORICAULA LEAFY (RFL), a rice
LFY ortholog, have been reported, the knock-down
phenotypes that resemble apo1 suggest that RFL could
act in the same genetic pathway as APO1, and nega-
tively regulate floral fate (Kyozuka et al., 1998; Prasad
et al., 2003; Rao et al., 2008). In contrast to the diver-
gence of the APO1 and RFL functions in rice from that
of their eudicot orthologs, the function of TERMINAL
FLOWER1 orthologs as repressors of floral fate seems
to be conserved in rice (Nakagawa et al., 2002).

Elucidation of the molecular basis for APO1 function
is apparently one of the critical steps in understanding
molecular mechanisms controlling rice inflorescence
development. Here, we analyzed dominant gain-of-
function mutant alleles of APO1 and transgenic plants
overexpressing APO1. Increases in APO1 expression
level led to an accelerated proliferation of cells in the
IM and an enhanced inflorescence branching pheno-
type. We propose that APO1 controls the transition of
meristem phases via control of cell proliferation in the
meristem.

RESULTS

Isolation of Mutants with Increased
Inflorescence Branching

To obtain further insights into the genetic mecha-
nisms controlling inflorescence development, we con-
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ducted a screening for mutants that show an increased
inflorescence branching phenotype using a population
in which nDart1, a recently identified transposon,
actively transposes (Tsugane et al., 2006). From the
screening of 5,781 independent lines, three lines of
mutants with increased inflorescence branching were
identified (Fig. 1A). Considering the activity of nDart1
transposition, we anticipated that the mutant pheno-
types are likely caused by nDart1, and thus, carried out
inverse PCR to isolate the genomic sequences flanking
nDart1 from each mutant. Numerous DNA fragments
were amplified by inverse PCR, reflecting the active
transposition of nDart1. In total, 17 different DNA
sequences that flank nDart1-0 were successfully ob-
tained and among them was a promoter sequence for
APO1. The presence of nDart1-0 in the APO1 promoter
was confirmed by PCR and DNA sequence analysis
(Fig. 1B). Because the inflorescence phenotypes were
quite similar in the threemutants, we predicted that all
three lines had a mutation in the APO1 gene. Further
analysis indicated that nDart1-0 was present in the
promoter region of the APO1 gene in all three identi-
fied mutants (Fig. 1, B and C), thus, the mutants were
designated as apo1-D1, -D2, and -D3. The nDart1-0
inserts are in close but distinct positions of the APO1
promoter between 3,549 and 3,557 bp upstream of the
translation start site (Fig. 1C). All three alleles con-

tained an 8-bp duplication of the genomic sequence at
the site of the insertion that is presumably generated
during nDart1-0 insertion (data not shown). No other
differences were seen in the coding sequence or 5-kb
upstream of the translation start site of the APO1
sequence in the three mutants.

nDart1 Is Present in the Promoter Region of the APO1
Gene in the Undulate rachis1 Mutant

The Undulate rachis1 (Ur1) mutant (Nagao et al.,
1958) has been reported to carry an increased number
of secondary rachis branches per panicle and spikelets
per secondary rachis branch, resulting in an increased
number of spikelets (Fig. 2A; Nagao et al., 1958; Murai
and Iizawa, 1994). Because Ur1 is a dominant mutant
located on the distal region of the long arm of chro-
mosome 6 (Nagao and Takahashi, 1963) where APO1
resides, we hypothesized that Ur1 might also be a
dominant allele of APO1. To test this notion, we
sequenced the APO1 gene including the promoter
region and the coding sequence in the Ur1mutant and
found an insertion of nDart1-0 in the APO1 promoter
(Figs. 1C and 2, B and C). The complete cosegregation
of the nDart1-0 insertion and the mutant phenotype
strongly supported the supposition that the nDart1-0
insertion was the cause of the mutant phenotype of
Ur1 (Fig. 2D). To further confirm this notion, we
screened for revertants in which nDart1-0 excised
from the APO1 promoter. Through PCR-based screen-
ing of 400 homozygous Ur1 plants, five independent
siblings were found that amplified a lower molecular
mass band (Fig. 2B). Sequence analysis demonstrated
that nDart1-0 had indeed excised from the APO1
promoter of all five plants, leaving a footprint of 8 bp
(Fig. 2C). These plants had inflorescences of normal
appearance (Fig. 2A). These results demonstrate that
the Ur1 phenotype was indeed caused by an nDart1-0
insertion into the APO1 promoter, thus, Ur1 is also a
dominant mutant allele of APO1 and was renamed
apo1-D4. In summary, the three newly identified mu-
tants andUr1 are dominant mutant alleles of theAPO1
gene.

Quantitative But Not Spatial Changes in APO1
Expression in the nDart1-0 Insertion Mutants

The phenotypes of apo1-D mutants, which are op-
posite to what is seen in apo1 loss-of-function mutants,
suggested a possibility that the insertion of nDart1-0 in
the promoter region of APO1 caused an increase in
APO1 expression levels. In wild-type rice plants,
APO1 transcripts localize to the leaf primordia, and
the epidermis of young leaves during the vegetative
phase (Ikeda et al., 2007). After the transition to the
reproductive phase, APO1 transcripts accumulate in
the IM and branch meristems. We compared APO1
mRNA accumulation in different organs of APO1
dominant alleles by semiquantitative reverse tran-
scription (RT)-PCR analysis. Significant increases in

Figure 1. Isolation of dominant mutants showing the inflorescence
with increased branching. A, Inflorescence of wild type (WT; left) and
apo1-D1 (right); bar = 5 cm. B, PCR amplification of APO1 promoter
region in three apo1-D mutants and wild-type (‘MK1’) plants. C,
Schematic representation of the APO1 gene. Positions of nDart1-0
insertion in the apo1-D mutants about 3.5 kb from the translation
initiation site of APO1 are shown. The shaded boxes indicate the
translated regions of APO1 starting at +1.
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APO1 expression were observed in leaf blades and
inflorescence apices, the tissues where APO1 mRNA
localizes in wild-type plants (Fig. 3A). Tissue specific-
ity of APO1 expression was not significantly changed
in apo1-D mutants, indicating that the nDart1-0 inser-
tion did not alter the spatial distribution of APO1
expression. This result was confirmed by in situ hy-
bridization analysis; APO1 expression was detected in
the leaf margin and in the inflorescence branch pri-
mordia in both wild-type and apo1-D plants (Fig. 3, B
and C). Quantitative RT-PCR showed that approxi-
mately twice as much APO1 mRNA accumulated in
shoot apices in apo1-D4 than wild type (Fig. 3D).

Inflorescence Morphology of apo1-D Dominant Mutants

To reveal the effects of enhanced APO1 activity on
inflorescence development, we analyzed the inflores-
cence phenotypes of apo1-D gain-of-function alleles in
detail. During rice inflorescence development, the IM
loses its activity and stops rachis branch meristem
production, leaving a vestige of the meristem. Thus,
timing of the IM abortion determines the number of
PBs (Fig. 4A). In apo1-D mutants, the number of PBs
increased up to 50%, implying that the timing of IM

abortion was delayed by increased APO1 expression
(Fig. 4, B and C).

In wild-type rice inflorescences, growth of the rachis
branches is determinate, that is to say, the rachis
branch meristem transforms into a terminal spikelet
meristem and terminates its activity (Fig. 4A). The
timing of conversion of rachis branch meristem iden-
tity to the spikelet determines the number of lateral
primordia produced on each branch (Fig. 4C, LP/PB,
LP/SB). Although significant differences in the num-
ber of lateral primordia produced on each primary or
secondary branch (LP/PB, LP/SB) were not observed
in the apo1-D mutants (Fig. 4C), 40% to 80% of rachis
branch meristems did not transform into a terminal
spikelet and, instead, were left as a pedicel with
panicle hair (Fig. 4, D–F). This finding implies that
conversion of the meristem identity from a rachis
branch meristem to a terminal spikelet meristem is
retarded or suppressed in apo1-D mutants.

Among the meristems generated by a rachis branch
meristem, the first few grow as next order rachis
branches, whereas the rest directly acquire spikelet
meristem identity and grow as lateral spikelets (Fig.
4A). Thus, the timing of the program shift in lateral
meristem identity along a basal-apical direction, from

Figure 2. Analysis of apo1-D4/Ur1 mutant and re-
vertants. A, Inflorescences of Apo1-D4/Ur1 (left) and
the revertant line Ur1:3 (center) and the wild type
(WT; ‘Bozu2’, right); bar = 5 cm. B, PCR analysis of
the APO1 promoter in wild type (‘Bozu2’) and the
apo1-D4/Ur1 mutant. C, Nucleotide sequences of
the APO1 promoter around 3,520 bp from the trans-
lation initiation site. An 8-bp target site duplication,
GCTAGGGA, is found in apo1-D4/Ur1-1 (shown in
italic font and underlined). The footprint of 8 bp
found in the revertant plant is marked with a box. D,
Cosegregation of the nDart1-0 insertion and mutant
phenotype. m, Mutant phenotype; W, wild-type phe-
notype.
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next order rachis branch formation to spikelet forma-
tion, is also critical for determining the branching
pattern and the inflorescence form. In apo1-Dmutants,
there was a clear tendency of a delayed program
shift, and more lateral meristems grew to secondary
branches rather than to lateral spikelets, resulting in
an increase of the secondary rachis branches (SB/PB)
and an decrease of lateral spikelets on a PB (LS/PB;
Fig. 4C). The increase in the number of primary and
secondary rachis branches was a main reason for
increases in the total number of spikelets per branch
as well as per inflorescence in the apo1-Dmutants (Fig.
4, C and G). In summary, in apo1-D mutants, timing of
all three major determinants of rice inflorescence ar-
chitecture, namely, abortion of the IM activity, conver-
sion from the rachis branch meristem to a terminal
spikelet meristem, and the shift from next order rachis

Figure 3. Expression levels of APO1 are increased in apo1-D mutants
but tissue specificity of APO1 mRNA accumulation is not altered. A,
Tissue specificity of APO1 expression analyzed by RT-PCR. RNA was
isolated from leaf blades (LB), shoot apices of 4-week-old plants (SA),
inflorescence apex (IA) at the secondary panicle branch initiation stage,
young panicles at about 1 cm in height (YP), and roots (R). apo1-D1 to
apo1-D3 were derived from ‘MK1’, and apo1-D4 was derived from
‘Bozu2’. PCR cycles performed on ACTIN1 and APO1 genes were 22
and 35, respectively. WT, Wild type. B and C, In situ analysis of APO1
expression. Longitudinal sections of the wild-type (B) and apo1-D1 (C)
inflorescences at PB initiation stage. Arrowheads, APO1 signal in the
leaf margin; bar = 100 mm. D, Quantitative RT-PCR analysis of the
APO1 mRNA expression in whole seedlings of wild type and apo1-D4
at 10 d after germination (Bar: SEM). ACTIN1was used as a reference for
normalization.

Figure 4. Inflorescence phenotypes of apo1-Dmutants. A, A schematic
representation of the rice inflorescence. VIM, Vestige of IM; TS,
terminal spikelet; LS, lateral spikelet; SB, secondary rachis branch.
Red and blue open circles indicate a primary branch and a secondary
branch, respectively. B, Inflorescences of wild-type (WT; ‘MK1’, left)
and apo1-D1 (right). C, Number of lateral organs in the inflorescence.
apo1-D1, apo1-D2, and apo1-D3 were derived from ‘MK1’ and
apo1-D4/Ur1 was from ‘Bozu2’. P, Panicle; LP, lateral primordium;
SB, secondary rachis branch; LS, lateral spikelet; and S, total spikelet. D
and E, Close-up view of branch apex. A terminal spikelet (arrow) is
produced at the top of PBs in wild-type inflorescence (D) but a vestige
of the rachis branch meristem (arrowhead) is observed in apo1-D
mutants (E). F, Frequency of terminal spikelet formation on the PB. G,
Total number of spikelets in an inflorescence. Vertical bars in C, F, and
G indicate SEM; n = 10 for wild type, apo1-D1, -D2, -D3, and -D4.
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branch production to lateral spikelet production, is
delayed.

The Plastochron Is Prolonged in apo1-D Mutants

In addition to the pronounced phenotypes in inflo-
rescence development, modest alterations of develop-
ment were observed during the vegetative phase. We
previously reported that loss of APO1 function causes
the acceleration of leaf emergence (Ikeda et al., 2007).
Contrary to this result, leaf number was slightly but
significantly lower in apo1-D4 than that in the reverted
plants at 35 d after germination (Fig. 5). These results
indicated that the increase in APO1 transcripts confers
a prolonged plastochron, the opposite phenotype of
apo1. Moreover, the width of the flag leaf and the
inflorescence axis of apo1-D4 were significantly larger
than those of the wild type (data not shown).

Constitutive Overexpression of APO1 Caused a
Significant Increase in Inflorescence Branching

To confirm that the increased level of APO1 expres-
sion was responsible for increases in inflorescence
branching, we generated transgenic rice plants consti-
tutively expressing APO1 under the control of the
cauliflower mosaic virus 35S or maize UBIQUITIN
promoters. Both promoters conferred essentially the
same phenotypes. The most prominent phenotype
observed in the transgenic plants was a significant
increase in inflorescence branching. All four indepen-
dent UBQ::APO1 plants and 14 out of 28 independent
35S::APO1 plants showed this strong hyperbranched
phenotype. The inflorescence of transgenic plants with
the severe phenotype remained enclosed by leaves
due to suppressed stem elongation; removal of sur-
rounding leaves revealed the presence of an extremely
branched inflorescence (Fig. 6A). Close observation of

the hyperbranched inflorescence revealed a large
number of higher order branches (Fig. 6, B and C).
Because the entire inflorescence remained undevel-
oped and packed so tightly it was not possible to count
branch number accurately. To get around this problem,
we made transverse sections of an internode immedi-
ately below the neck node and counted the number of
vascular bundles that roughly reflect the number of
PBs (Hoshikawa, 1989). apo1-D1 stem had more vas-
cular bundles than wild type, indicating an increase in
primary branches (Fig. 6, D–G). The stems of theUBQ::
APO1 plants were obviously thicker than apo1-D1 and
wild-type stems and contained a highly increased
number of vascular bundles (Fig. 6, H and I). Although
at low frequency, plants with a mild phenotype that
had tertiary and even higher order branches and more
vascular bundles were also obtained (Fig. 6, J–L). The
expression levels of APO1 are consistent with the ob-
served degree of severity in the phenotypes (Fig. 6M).

In addition to the inflorescence phenotype, ectopic
APO1 expression affected other aspects of rice devel-
opment. Suppression of tiller outgrowth was the next
most prominent phenotype observed (Fig. 6, N–Q).
With regard to this phenotype, the 35S::APO1 plants
showed moderate effects, whereas the UBQ::APO1
plants allowed no or a few tillers to outgrow. Lumpy
and wavy leaves were also observed in transgenic
plants (Supplemental Fig. S1).

APO1 Promotes Cell Proliferation in the Meristem

To further understand how APO1 controls meristem
activity, we examined the IM of mutants in more
detail. In wild-type plants, the SAM gradually in-
creases in size after germination, accelerating growth
at the late vegetative stage (Ito et al., 2005). Upon
transition from the vegetative SAM to the reproduc-
tive IM, the meristem begins to enlarge rapidly in
height and width, and starts to differentiate PB pri-
mordia. The apo1 SAM increases in size during the
early vegetative phase, similar to wild type; however,
enlargement of the SAM at the late vegetative stage is
less vigorous than that in the wild type (Ikeda et al.,
2005; Fig. 7, A and B). An opposite phenotype was
observed in apo1-D mutants. The size of the SAM in
apo1-D1 was comparable to that in the wild type
during the vegetative phase, showing a gradual in-
crease in height and width (Fig. 7, C, D, I, and J). apo1-
D1 SAM started to increase in size more rapidly than
the wild type upon the onset of reproductive devel-
opment (Fig. 7, E, F, I, and J). The IM of apo1-D1 at the
PB initiation stage was clearly larger both longitudi-
nally and horizontally than that of wild type (Fig. 7,
E–J). These observations implied that the level of APO1
activity was positively correlated with cell proliferation
in the meristem.

The difference in IMs between apo1, wild-type, and
apo1-D mutants was examined more carefully to ob-
tain clues for understanding how APO1 is involved in
the control of inflorescence size. Growth of an inflo-

Figure 5. Prolonged plastochron in apo1-D4 mutants. A significant
decrease in the plastochron length was observed in apo1-D4/Ur1 from
very early stages of vegetative development.
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rescence bract (b1 in Fig. 7, K and L) was used to check
the correspondence of developmental stages of IMs
used in this analysis. The area and number of cells in
the L1 layer of the IM at the early primary branch
initiation stage were significantly higher in apo1-D1
than in wild type (Fig. 7, K–N). Conversely, significant
differences were not observed in cell sizes of both
apical and basal regions of the IM between wild type
and apo1-D1 (Fig. 7O).

Patterns of cell division and distribution of meriste-
matic cells were examined by in situ hybridization
analysis using Histone H4 and OSH1 as probes (Fig. 8).
The number of cells expressing Histone H4 was higher
in apo1-D1 than in wild type, although there were
fewer cells in apo1-1 than in wild type in accordance
with the differences in IM size (Fig. 8, A–E). Gross
patterns of Histone H4 expression were similar among
wild type and the mutants. Likewise, in apo1-D1, more
cells expressedOSH1 compared with that in wild-type
IM, whereas the spatial pattern of OSH1, a marker for
meristematic cells, was comparable (Fig. 8, F and G).
Taken together, these analyses indicated that acceler-
ated cell division mainly accounted for the increase in
IM size in apo1-D.

DISCUSSION

Here, we identified dominant gain-of-function mu-
tant alleles of APO1. Analyses of the four dominant
apo1-D alleles and transgenic plants expressing APO1
under the control of strong constitutive promoters
have shown that the identity of a meristem as a spike-
let negatively depends on APO1 expression level. A
positive relationship between APO1 expression level
and meristem size, especially cell number, suggested
that APO1 controls the transition of meristem phases
via control of cell proliferation in the meristem.

Genetic Networks Controlling Rice
Inflorescence Branching

The rice inflorescence is classified as a panicle. The
panicle is a branched raceme in which the branches are
themselves racemes. Transition of meristem state to
the spikelet meristem, which is a key event in deter-
mining the overall branching pattern of rice inflores-
cence, is delayed in apo1-D mutants. Furthermore,
overexpression of APO1 severely repressed the tran-
sition to spikelet meristem. These observations are
opposite to the phenotypes in the apo1 loss-of-function
mutant, implying that the identity of a meristem as aFigure 6. Ectopic over expression of APO1 caused an extreme increase

in inflorescence branching. A to C, Different views of an inflorescence
of 35S::APO1. B and C, Higher magnification of the inflorescence
shown in A; bar = 1 cm. D to I, Cross sections of inflorescence stems of
wild type (‘MK1’, D and E), apo1-D1 (F and G), and 35S::APO1 with
severe phenotype (H and I). E, G, and I, Closer views of the stem
enclosed with white boxes in D, F, and H, respectively. Vascular
bundles are indicated with asterisks; bar = 0.5 mm. J, An inflorescence
of 35S::APO1 showing a mild phenotype. K and L, Vascular bundles
of the 35S::APO1 with mild phenotype are indicated with asterisks;

bar = 0.5 mm. L, The close-up of the stem region enclosed with a white
box in K. M, Expression level of APO1 analyzed by RT-PCR. The
number indicates the numbers of PCR cycles. N, Young plants of a
control containing an empty vector (‘Nipponbare’) and transgenic
35S::APO1 and UBQ::APO1; bar = 10 cm. O to Q, Tiller growth in the
plants shown in N.
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spikelet negatively depends on the level of APO1
expression. Intriguingly, the function of APO1, sup-
pression of spikelet (i.e. floral) identity in the meri-
stem, is opposite to that of APO1 counterparts. All
UFO orthologs in dicot species reported so far promote
floral fates (Simon et al., 1994; Levin and Meyerowitz,
1995; Taylor et al., 2001; Zhang et al., 2003; Lippman
et al., 2008; Souer et al., 2008).
Genetic analyses have shown that UFO acts with

LFY (Lee et al., 1997). Recently, physical interactions
between UFO and LFY in Arabidopsis and between
DOT and ABERRANT LEAF AND FLOWER (ALF),
the petunia LFY, in petunia have been demonstrated
(Chae et al., 2008; Souer et al., 2008). The UFO/LFY
complex is recruited to the promoter of the LFY target
genes to induce transcription. Considering the high
sequence similarities between RFL and LFY and be-
tween UFO and APO1, and a resemblance of inflores-
cence defects between the apo1 mutants and RFL
knock-down plants (Kyozuka et al., 1998; Rao et al.,
2008), we considered the possibility that RFL and
APO1 also work together at least for inflorescence
development. Based on the analogy of the interaction
between UFO/LFY and DOT/ALF, it is likely that RFL
function is required for APO1 to work. RFL mRNA
accumulation is not observed in the SAM during the
vegetative stage, but starts to localize in the SAM
immediately after the transition to the reproductive

phase that is coincident with the onset of excessive
SAM proliferation in apo1-D mutants and 35S::APO1
plants. Together, these results suggest a possible sce-
nario of APO1, stimulating cell proliferation in the
meristemwith RFL, and becauseAPO1 requires RFL to
exert its effect, the impact of APO1 overexpression on
the meristem is limited to the reproductive meristem.

In addition to the role as regulators of floral meri-
stem identity, LFY/FLO act as direct activators of
MADS-box genes required for stamen and carpel
development (Blazquez and Weigel, 2000). The func-
tion as a positive regulators of class B and C functions
is conserved in APO1/RFL (Chujo et al., 2003; Ikeda
et al., 2007). This implies that the divergence in the
roles that APO1/RFL andUFO/LFYplay in the control
of meristem identity may be achieved by differences in
regulatory sequences in the downstream target genes
rather than in the activity of RFL as a transcription
factor. To reveal the molecular basis of the divergence
in the function of APO1/RFL from that of UFO/LFY
and their homologs, analysis of genes working down-
stream of APO1/RFL and comparison with down-
stream components of LFY pathway is needed (Busch
et al., 1999; William et al., 2004; Saddic et al., 2006). It is
also necessary to study interactions between APO1/
RFL and other putative orthologs of known meristem
identity genes to gain a comprehensive view of mech-
anisms controlling rice inflorescence development.

Figure 7. Influence of APO1 activity on cell proliferation in the IM. A to H, Cleared views of the vegetative SAM (C and D), IM (A,
B, E, and F), and young inflorescences at the rachis branch initiation stage (G and H) of wild-type (WT; A, C, E, and G) apo1-1 (B)
and apo1-D1mutants (D–F); bars = 100 mm. I and J, Growth of the apical meristem. The width and height of the meristem were
measured and expressed as a value relative to that of the meristem in 14-d-old seedlings (n = 7 to approximately 12). K and L,
Sections of wild-type (K) and apo1-D1 (L) IM. Stage of the IM was estimated as the development of the panicle bract (b1). M,
Comparison of areas of L1. N, Comparison of cell number in L1. O, Comparison of cell size in the apical region (red box in K and
L) and basal region (blue boxes in K and L). Average of 10 cells is shown. M toO, n = 6 for wild type (MK1) and apo1-D1, n = 8 for
wild type (T65) and apo1-1. Asterisks indicate significantly different from wild type at *, P, 0.05; **, P, 0.01; bars = 100 mm.
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APO1 Promoter and Rice Inflorescence Form

Here we demonstrated that an increased level of
APO1 expression in apo1-D alleles was caused by the
insertion of nDart1-0 in the APO1 promoter. This
suggests that a cis-element(s) involved in the negative
regulation of APO1 expression might exist in the 3.5-
kb upstream region of APO1. The finding that the
nDart1-0 insertion locates within a short region of 35
bp in the dominant Apo1-D alleles suggests two possi-
bilities: (1) this region might be a hot spot for nDart1-0
insertion or (2) this is the only region where insertion
of nDart1-0 causes an enhancement of APO1 expres-
sion. Because the nucleotide sequence around the
23.5-kb position of APO1 gene does not share signif-
icant similarities with that of other nDart1-0 insertions
(Tsugane et al., 2006), the first hypothesis is unlikely.
We favor the second explanation, implying that the
insertion of nDart1-0 to this particular sequence was
obligatory to achieve the enhancement of APO1 ex-
pression that can lead to increases in inflorescence size.

Recent works have shown that alterations in the
spatial and temporal expression patterns of a few
regulatory genes generate a dramatic divergence of
inflorescence form (Prusinkiewicz et al., 2007; Lippman
et al., 2008; Rebocho et al., 2008). In petunia and tomato
(Solanum lycopersicum), which form cymose inflores-
cences, fine tuning of spatial and temporal distribution
of EVERGREEN (EVG) and Compound inflorescence (S)
expressions is crucial to form the cymose inflores-
cence. EVG and S exert their functions through the
control of expression patterns of DOT and AN, UFO
orthologs. It will be interesting to test if alterations in
APO1 expression levels through the modification of

this sequence have generated diversity in grass inflo-
rescence morphology (Malcomber et al., 2006). Future
analysis of APO1 function in other grass species will
provide additional insight into the involvement of
APO1 in the evolution of inflorescence form in grass
species.

Molecular Function of APO1

In addition to the negative control of spikelet mer-
istem identity, APO1 likely plays a positive role to
maintain the IM activity. In normal rice inflorescence
development, the IM ceases its activity before acquir-
ing the next identity, thus, the number of PBs mostly
depends on the timing of the IM abortion. In apo1 loss-
of-function mutants, the IM is converted to a spikelet
identity (Ikeda et al., 2005, 2007). This supports the
notion that the rice IM is genetically programmed to be
finally converted to the spikelet meristem; however,
this program is not completed due to the abortion that
takes place prior to the transition in apo1 loss-of-
function mutants. In spite of a marked increase in
the number of primary branches, the vestige of the IM
was observed in apo1-D mutants. This indicates that
increased levels of APO1 expression caused the delay
of meristem abortion in apo1-D mutants. This finding
raises the attractive possibility that APO1 not only
prevents the transition of meristem phase to spikelet
meristem, but also plays a more general role that is
concerned with control of meristem activity.

There is a clear positive relationship between APO1
expression levels and meristem size at the reproduc-
tive phase. This result raised the possibility that the

Figure 8. Pattern of cell prolifera-
tion in the IM. A to D, In situ hy-
bridization analysis of Histone H4
expression in wild type (WT; ‘MK1’;
A), apo1-D1 (B), wild type (T65; C),
and apo1-1 (D). E, Number of cells
expressing Histone H4. n = 6 for
wild type (‘MK1’) and apo1-D1, n =
8 for wild type (T65) and apo1-1.
F and G, In situ hybridization anal-
ysis of OSH1 expression in wild
type (MK1; F) and apo1-D1 (G).
Asterisks indicate significantly dif-
ferent from wild type at *, P, 0.05;
**, P , 0.01; bars = 100 mm.
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increase in PB number in apo1-Dmutants likely reflects
the increased IM size. Similar relationships between
meristem size and inflorescence branching have been
described in several mutants including knotted1 in
maize and log in rice, both exhibit reduced meristem
size and inflorescence branching (Kerstetter et al.,
1997; Vollbrecht et al., 2000; Kurakawa et al., 2007). A
fascinating question that needs to be answered is how
APO1 regulates the meristem size at the early stage of
inflorescence development.

Meristem Size and Plastochron

In contrast to the positive relationship between
APO1 expression level and meristem size, we showed
a negative correlation between the length of the
plastochron and APO1 level. A shortened plastochron
was observed in apo1, whereas the plastochron was
slightly lengthened in apo1-D mutants. This suggests
that the timing of leaf emergence depends on the level
of APO1 expression. A consequence of meristem size
and plastochron is often discussed because meristem
size tends to be altered in plastochron mutants (Wang
et al., 2008); however, the relationship is complex and
there is no general rule. In higher plants, cells in the
peripheral zone of meristems undergo differentiation
and become incorporated into the leaf primordium on
the meristem flanks. One possible explanation might
be that more frequent recruitment of leaf founder cells
in apo1 loss-of-function mutants than in wild type due
to accelerated leaf initiation resulted in a smaller
number of cells in the apo1 SAM. However, although
the altered plastochron was observed from the early
stage of development, the alteration of meristem size
became evident from the late stage of vegetative
development or after the transition to reproductive
phase. Therefore, it is unlikely that the change in
meristem size is a direct consequence of the altered
plastochron in apo1 mutants. Nevertheless, we cannot
completely rule out the possibility that the effect of the
shortage or surplus of cells becomes evident only at
later stages of development.

MATERIALS AND METHODS

Plant Material and Genetics

Plants were grown in pots under natural conditions or in a growth

chamber set at 13 L (28�C)/11 D (25�C). An nDart1-0-promoted mutant

collection derived fromMK1 selected in the cross between the japonica variety

‘Matsumoto-mochi’ and ‘Shiokari’ variegated pyl NIL carrying nDart1-0 and

an active autonomous transposable element was used for the mutant screen-

ing. The primers used for amplification to identify the revertant plants were

APOPF (5#-GCCTGCTATCGTGTCACTCA-3#) and APOPR (5#-GAGCTC-

GTGGGACTTAC-3#).

Amplification of nDart1-0-Flanking Sequences by

Inverse PCR

Inverse PCR (Hartl and Ochman, 1996) was employed to obtain sequences

flanking the transposed nDart1-0 in ‘MK1’. Five micrograms of genomic

DNA isolated from a single plant were digested overnight with AluI whose

restriction site at base position 173 is specific for nDart1-0. One-hundred

nanograms of the purified, digested DNAwas self ligated with T4 DNA ligase

(Promega) in a 20 mL reaction volume at 16�C for 60 min. One microliter of the

self-ligated DNAwas used as a template for a first round of PCR with a set of

primers, inv3 (5#-GGCCGTGCCGGCTACAGGTTCC-3#) and inv5 (5#-CGG-

GCCGGCACGGCACGGCACA-3#). The PCR reaction was performed at 94�C
for 2 min, 30 cycles of 94�C for 30 s, 60�C for 30 s, and 72�C for 90 s, with a final

cycle of 72�C for 5 min. The product of the first round of PCR amplification

was diluted 100 times with water and used for the second PCR. The second

PCR was performed using 1 mL of the diluted product with inv4 (5#-TAC-

AGGTTCCGCCGTGCCTCGGG-3#) and inv6 (5#-CGGCACGGCACGGCA-

CAGCT-3#). The PCR conditions were identical to those used for the first

round PCR except for decreasing the cycle number to 24 cycles. Amplified

DNA fragments were run on a gel, purified, and sequenced.

Identification of Reverted Plants

Germinal revertants were screened from about 400 apo1-D4 homozy-

gous siblings by PCR. The primers used for amplification were APK3F

(5#-GCCTGCTATCGTGTCACTCA-3#) and APK3-1R (5#-CATGTCTGCACT-

CTGCACCT-3#), spanning the nDart1-0 inserted region. For revertant candi-

date plants, further PCR was performed using another set of primers, APK3F

(5#-GCCTGCTATCGTGTCACTCA-3#) and APK3R (5#-GAGCTCGTGGGA-

CTTAC-3#) to confirm that the amplified bands are derived from the APO1

promoter region and nDart1-0 was deleted. The genotype and phenotype of

the revertant plants were further confirmed in the next generation.

Histological Analysis

For paraffin sectioning, samples were fixed with formalin:glacial acetic

acid:70% ethanol (1:1:18) at 4�C overnight, and dehydrated in a graded

ethanol series. Following substitution with xylene, samples were embedded in

Paraplast Plus (Oxford Labware) and sectioned 8-mm thick using a rotary

microtome. Sections were stained with hematoxylin and observed under a

light microscope.

Samples were fixed overnight in formalin:glacial acetic acid:70% ethanol

(1:1:18) for clearing of seedlings and young inflorescences. After dehydration

in a graded ethanol series, samples were transferred into BB4-1/2 clearing

fluid (Herr, 1982). The cleared samples were observed using a microscope

(IX70; Olympus Optical) equipped with Nomarski differential interference

contrast optics. The width of the shoot apex was measured above the P1

primordium insertion, and the height was the shortest distance from the line

used for measuring the width to the tip of the apex.

In Situ Hybridization

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

dehyde in 0.1 M sodium phosphate buffer, dehydrated through a series of

butanol extractions, and embedded in Paraplast Plus. Microtome sections

were applied to glass slides treated with Vectabond (Vector Laboratories).

Digoxygenin-labeled antisense probes were prepared as described previously

(Ikeda et al., 2007). Hybridization and immunological detection with alkaline

phosphatase were performed as described in Kouchi and Hata (1993).

Quantitative RT-PCR

RNA extraction and cDNA synthesis were performed as described previ-

ously (Ikeda et al., 2007). The primer sets used to amplify APO1 and ACTIN1

cDNAs were, APO1F (5#-GTCATCTGAGTTGGTAGTGTG-3#) and APO1R

(5#-CAACAGATCTCATGGCAAG-3#), ACTF (5#-CATTCCAGCAGATGTG-

GATTG-3#) and ACTR (5#-TCTTGGCTTAGCATTCTTGG-3#), respectively.

The relative abundances were estimated with a LightCycler system (Roche

Applied Science) using ACTIN1 gene expression as a reference for normal-

ization.

Generation of Transgenic Plants

A genomic region of the APO1 gene containing the entire coding region

was amplified from genomic DNA of ‘Nipponbare’ using a set of primers,

APO1-150F (5#-GCCTCACTCCACTCCACTTC-3#) and APO1+1437R (5#-CCC-
CATTGCTGAAACAACTT-3#). The amplified fragment was cloned into
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pGEM-T Easy (Promega) and sequenced. Subsequently, an approximately 1.6-

kb fragment was cut out with EcoRI and cloned into pMSH1, a binary vector

carrying a cauliflower mosaic virus 35 S promoter (Kawasaki et al., 1999). Rice

(Oryza sativa) transformation was carried out as described (Nakagawa et al.,

2002).

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

libraries under accession numbers AB292777 (APO1) and AB116151 (nDart1).

Supplemental Data

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

Supplemental Figure S1. Wide and waving leaves in plants ectopically

expressing APO1.
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