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Summary

The regulation of floral organ number is closely associated
with floral meristem size. Mutations in the gend=LORAL
ORGAN NUMBER1 (FON1) cause enlargement of the
floral meristem in Oryza sativa(rice), resulting in an
increase in the number of all floral organs. Ectopic floral
organs develop in the whorl of each organ and/or in the
additional whorls that form. Inner floral organs are more
severely affected than outer floral organs. Many carpel
primordia develop indeterminately, and undifferentiated
meristematic tissues remain in the center in almost-mature
flowers. Consistent with this result, OSH1, a molecular
marker of meristematic indeterminate cells in rice,
continues to be expressed in this region. Although floral
meristems are strongly affected by thefon1-2 mutation,
vegetative and inflorescence meristems are largely normal,
even in this strong allele. We isolated th&ON1 gene by
positional cloning and found that it encodes a leucine-rich

repeat receptor-like kinase most similar to CLAVATAL
(CLV1) in Arabidopsis thaliana This suggests that a
pathway similar to the CLV signaling system that regulates
meristem maintenance inArabidopsisis conserved in the
grass family. Unlike CLV1, which is predominantly
expressed in the L3 layer of the shoot meristenONL1 is
expressed throughout the whole floral meristem, suggesting
that small modifications to the CLV signaling pathway may
be required to maintain the floral meristem in rice. In
addition, FON1 transcripts are detected in all meristems
responsible for development of the aerial part of rice,
suggesting that genes sharing functional redundancy with
FON1 act in the vegetative and inflorescence meristems to
mask the effects of thdonl mutation.

Key words: CLV signaling, Floral meristefil ORAL ORGAN
NUMBERZ1 Flower development, Rice

Introduction

The floral meristem in angiosperms produces floral organs
numbers and patterns that are characteristic of each SpeCiﬁﬁ‘torescence fasciation
The number of floral organs, together with their shape an
patterns, contributes to the diversification of flowers. Geneti

The clvl, clv2 and clv3 mutations cause enlargement of

the vegetative and inflorescence meristems, in addition to
fhe floral

meristem, leading to abnormal phyllotaxy,
and enlargement of floral meristems
g:lark et al, 1993; Clark et al., 1995; Kayes and Clark,
9

98). Genetic analysis has shown that these three genes act

and molecular mechanisms that regulate floral organ NUMB§{ he same pathway to regulate meristem €2&/1encodes
have been well studied #rabidopsis thaliandy means of @ 4 receptor-like protein consisting of an extracellular leucine-
number of mutants. Tw_o classes of gene affect floral 0rgafich repeat (LRR) domain, a small transmembrane domain,
number. The first class includes genes that regulate meristeqRg a cytoplasmic serine/threonine kinase domain (Clark et
activity and maintenance, such@sAVATA(CLV), FASCIATA 3| 1997).CLV2 encodes a similar protein that has an LRR
(FAS andULTRAPETALAULT) (Clark et al, 1993; Clark et domain but lacks the cytoplasmic kinase domain (Jeong et al
al,, 1995; Fletcher, 2001; Kayes and Clark, 1998; Leyser anflggg). Both proteins are thought to form heterodimers and
Furner, 1992); loss of function of these genes causape LRR domains appear to act in ligand bindi@iV3
enlargement of flower meristems and results in an increase éhcodes a small peptide that is secreted into the intercellular
floral organ number. The second class includes genes suchragion and acts as a putative ligand for the CLV1-CLV2 signal
PERIANTHIA(PAN), of which loss of function give rises to an transduction complex (Fletcher et.,all999; Rojo et al
increase mainly in the number of perianth organs (Running argb02).

Meyerowitz, 1996). Mutation dPANdoes not affect meristem  This CLV signaling pathway negatively regulates the gene
size; instead PAN appears to control the distance betweenWUSCHEL (WUS, which controls stem cell fate in the
floral primordia initiation events. meristem (Brand et al2000; Laux et al 1996; Mayer et al
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1998; Schoof et gl2000). Mutations in th€LV genes fail the methods of Itoh et al. (Itoh et al., 2000). Samples were dried at
to repressWUSactivity, resulting in expansion of tH&US  their critical point, sputter-coated with platinum, and observed with a
expression domain and enlargement of the meristengcanning electron microscope (model S-4000; Hitachi, Tokyo, Japan)
ConverselyWUSpos|tlve|y regulates the express|ormiv3 at- an accelel’atlng Voltage Of 10 kV. FOf_Observatlon by Nomarskl
and maintenance of the stem cell domain. This I,egu|(,Jltc”g{croscopy, shoot and floral apices were fixed by the methods of Itoh

. . P . : al. (Itoh et al., 2000). After clearing them in benzyl-benzoate-four-
feedback system is required to maintain appropriate meriste d-a-half fluid, specimens were observed with a microscope

size thr(?ughouArabIdopSISdeve.Iopment_ . equipped with Nomarski differential interference-contrast optics
In spite of much progress in our understanding of th@mogel M-2: Olympus, Tokyo, Japan). The width and height of the

regulation of floral organ number and maintenance of theeristems were measured by the methods of Nagasawa et al.

meristem inArabidopsis the regulation of such events in (Nagasawa et al., 1996).

monocots is poorly understood. Thasciated earZfea? gene

is exceptionally well characterized @ea mays(Taguchi-  positional cloning of FON1

Shiobara et al 2001). Mutations infea2 cause enormous Thefonilocus was mapped by using anpepulation offonl-1and

enlargement of the inflorescence meristem but have a MOK&salath (Spp|nd|ca) First, the locus was mapped to a region

modest effect on floral meristems and organ numberf@d®  between CAPS markers R1028 and E10139 on the distal end of the

gene encodes an LRR receptor-like protein that is most closellyng arm of chromosome 6 by using fd@1homozygotes. Then, by

related toArabidopsisCLV2. This finding indicates that the using 2,419 F2 plants, the locus was narrowed to a region between two

CLV signaling pathway for regulating meristem maintenancélosely linked CAPS markers, M11'{SGACCTGATACGATGC-
is conserved in monocots as well as in dicots. In @yfa CAAC-3, S-TCCTTCATGGTTGGAACTAG-3; Afal digestion) and

sativg), two loci responsible for floral meristem size andM54 (S-CACCGCCACCTTCTACGG-3 GTGGCCGTCACCGT-

number have been identifieL ORAL ORGAN NUMBER1 CACC3: Hhal digestion), which were designed by comparing
genomic sequences of tfeponicaandindica. This region of 150
(FOND) and FONZ (Nagas.aw"?‘ et al 1996)' Floral organ iy in length was present in two YAC contigs, AP003614 and
number is also increased in rice by antisense suppression g5y03769.
the genesOsLRK1and OsFOR1 which encode an LRR  Ten putative genes were identified by using a gene prediction
receptor kinase-like protein and a polygalacturonaseprogram, Rice Automated Annotation System (http://RiceGAAS.dna.
inhibiting protein, respectively (Kim et.a000; Jang et al  affrc.go.jp). Because a gene highly similarAi@bidopsis CLVvas
2003). found among these ten putative genes, the genomic sequences of the
In this report, we describe in detail a new alldta1-2 FON1 candidate gene in théonl-1 and fonl-2 mutants were
WhICh |S Stronger than thmnl_l (formerly fon:D a”ele de.termined byamethod Of dII’eCt Sequencing after PCR ampllflcatlon
previously reported by Nagasawa et al. (Nagasawa et al., 199 .'mgrs Wefrehse'.eCted on the basis of @i&/1 gene ”S'”gf the
In fonl-2 the floral meristem is severely affected andl2iaPase of the rice genomic sequence. A genomic DNA fragment

lat | b f cells. C fl lik including theFON1 candidate was isolated from the genomic library.
accumulates a large number of celis. Lonsequently, uniike r complementation, a 7.7 kb fragment including 2.2 kb of sequence

fonl-1 the number of all organs in the floret increase and thgirectly upstream of the initiation codon was cloned into a binary
eﬁect Of the mutation Is more eV|dent n the nner Wh0r|S thaﬂ}ector and introduced intdonl-1 by Agrobacteriummediated

in the outer whorls iflon1-2 We isolated=ON1by positional  transformation (Hiei et al 1994). AFON1 cDNA was synthesized
cloning and found that this gene encodes an LRR receptor-likaend amplified from poly(&) RNA isolated from young panicles.
kinase that is orthologous to CLV1 Afabidopsis Our results ~ Exon-intron structures were determined by comparing the genomic
suggest that the CLV signal transduction pathway foRnd cDNA sequences.

regulating floral meristem size and number is conserved in rice.

Although FON1 is expressed in all of the meristems In situ hybridization

responsible for development of the aerial part of rice, marke@o detectFON1transcripts unambiguously, two probes derived from
changes are not observed in meristem size or in the phenotypedependent regions of the gene were used: the first region (probe A;
of the vegetative or inflorescence organs even in the strorfg? bp), consisting of the last 241 bp of the coding region and 196

fonl-2 mutant, suggesting that there may be geneti®P_Of the 3 UTR, was amplified with the primers-BCTG-
redundancy in the maintenance of both vegetative an GTCCGCAAGGTGAC-3and 5-AGATCATTAGCCCCGGAG-3,

: . S the second region (probe B; 396 bp), consisting of 381 bp of'the 5
Inflorescence meristems in rice. UTR and 15 bp of the coding region, was amplified with the primers
5'-ACCCCTACTAGTTCAAACG-3 and 3-GAGAGTAGGAGGCA-

i TTGTGA-3. The amplified DNA fragments were cloned into TA
Mate”als_ and methods cloning vector (Novagen, Madison) and used for RNA synthesis and
Plant materials labeling. TheFON1 expression patterns detected with these two

The rice strains used in this study wéng/za sativa.. spp.japonica probes coincided with each oth@$SH1landDL probes were prepared

A new mutant with an increased number of floral organs was founds described in the original papers (Sato et al., 1996; Yamaguchi et
in M plants of a derivative strain from Kinuhikari that had beenal., 2004).

mutagenized witiN-methyl-N-nitrosourea. An allelism test revealed Plant materials were fixed and dehydrated by the methods of Itoh
that this new mutantfgnl-2 was allelic tofonl-1 [previously et al. (ltoh et al., 2000). They were embedded in Paraplast Plus
described afonl by Nagasawa et al. (Nagasawa et al., 1996)].(Oxford Labware, St Louis) after replacement with xylene.
Kinuhikari and Taichung65 (T65) were used as wild-type strains foMicrotome sections (m) were mounted on glass slides coated with

comparing phenotypes and for in situ analysis. Vectabond (Vector Laboratories, Burlingame). RNA probes were
) ] ) ) labeled with digoxigenin using a DIG labeling kit (Roche,

Scanning electron microscopy (SEM) and meristem size Mannheim). In situ hybridization and immunological detection of the

measurement signals were carried out by the methods of Kouchi and Hata (Kouchi

For observation by SEM, young panicles and flowers were fixed usirgnd Hata, 1993).
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Results

FONL1 is necessary for regulating floral
organ number

Rice flowers have a pistil in the central whorl
six stamens around it. In the next outer whorl,
lodicules corresponding to petals in dicots
produced. These floral organs are subtended
palea and a lemma (Fig. 1A). Mutations in finel

locus cause an increase in the number of 1 £ 1 Flower phenotype. (A) Wild-type flower (T65). (B)n1-1flower with

organs. Infonl-1, the number of pistils increas  seven stamens and two pistils. (@)1-2flower with seven stamens and four

to two or three in all flowers examined, but tt pistils. (D)fon1-1flower rescued by introducing the genomic segments containing

were small or no changes in the numbel theFONZ1candidate gene. Arrows indicate pistils. Scale bars: 2 mm.

stamens, lodicules, palea or lemma (Figs 1, _,.

However, thefonl-2 mutation affected all floral organs (Fig. palea and lemmma lodicules

1C). More than 70% of tHen1-2flowers had four or five pistils, (%) (%)

and in a few extreme cases the flowers had nine pistils (Fig. : 0= 10— —

Increases in stamen number, varying from seven to 12, we

observed in almost alfon1-2 flowers. Extra lodicules or

palea/lemma-like organs were observed in about a thimhtf

2 flowers. Thus, thdonl-2 allele seems to have a stronger

mutation than théon1-1allele. In both alleles, the effects were 40 40 -

more evident in the inner than in the outer floral organs. = n
Genetic analysis revealed that tfenl-2 mutation was 20~ 20 -

inherited as a recessive trait. First, the numbers of floral orga = =

in all flowers (=50) in F1 plants generated between the wild

type andonl-2were the same as the number of floral organs ii

wild-type flowers (i.e. one lemma, one palea, two lodicules, si

stamens and one pistil). Second, segregation of wild type at stamens pistils

fon1-2in the F2 population was in accordance with a 3:1 ratic - -

(36 wild type, 1Fon1-2 x?=0.064,P>0.7). We found no flowers " | "

that showed an increase in the floral organ number out of 4( 80 |-

flowers of the F2 plants examined that were heterozygous fi

thefonllocus.
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Flower organ development in earlier stages

To study the abnormalities fan1flowers in detail, we examined
the phenotypes of the strofanl-2mutant flowers in the early
stages of development by SEM. In wild-type rice, the lemmi
initiated at the flank of the flower meristem close to the WT fon1-1 fon1-2 WT fon1-1 fon1-2
inflorescence axis and the palea initiated at the flank opposite _. L

the lemma (Fig. 3A). By contrast, ectopic palea/lemma-likeé='d: Z'N#mbe.r of ﬂorﬁ" organs in wild type ((jWT) afshlmutants.
organs developed on the lateral side (Fig. 3D) or on the palé:gr each strain, 100 flowers were examined.

side of the meristem ifon1-2 (Fig. 3E). In the former case, a

pair of palea/lemma-like organs developed on the inside of the Carpel development was markedly affected by fibrel
palea, suggesting that an additional whorl had formed (Fig. 3Dinutations. In wild type, the carpel primordia arose at the flower
In the latter case, an additional palea/lemma-like orgameristem near the lemma and developed from the flank of the
developed on the inside of the palea (data not shown) or twoeristem towards the opposite side, enclosing the meristem
palea-like organs developed next to each other in the originfYamaguchi et al 2004). After the carpel primordia fused at
whorl (Fig. 3E). These palea-like organs, which were arrangetie top, two styles developed (Fig. 3B,C)fdn1-2 however,

in parallel, were thinner than wild-type palea in the maturéhe floral meristem was enlarged and became a long oval dome-
flower. In wild type, two lodicules formed at the flank of thelike structure before carpel initiation (Fig. 3F). The carpel
meristem adjacent to the lemma. fim1-2 extra lodicules, primordia first arose at the flank of the floral meristem near the
usually two, were produced at the flank adjacent to the paldemma, but extra carpel primordia for the second pistil
(data not shown). Six stamens developed in a concentric whalibsequently arose in the opposite flank of the meristem (Fig.
in wild-type flowers. In many of thien1-2flowers, by contrast, 3G). Thus, these two initial sets of ectopic carpel primordia
extra stamens were produced in the same whorl as the origiriose in an alternate phyllotaxy, as described previously
stamens (Fig. 3D). The maximum number of stamens forme(iNagasawa et al 1996). The region between the two
within the same whorl was ten. In otifenl-2flowers, extra independent carpel primordia remained morphologically
stamens developed in two concentric whorls, suggesting that andifferentiated and maintained meristem activity (see below).
extra whorl for stamens was produced in these flowers (Fig. 3F3ubsequently, carpel primordia arose repeatedly and

N
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Fig. 3. SEM images and specific expression patterns
of DL andOSH1.(A) Wild-type flower at initiation

of stamen primordia. (B) Wild-type flower that has
started to form two styles in the pistil. (C) Almost-
mature wild-type flower, in which stigmatic hairs are
about to begin to grow on the styles. (Bn1-2

flower. The floral meristem is enlarged along the
palea-lemma axis. Additional stamens form in the
same whorl as original stamens, and palea/lemma-
like organs form ectopically on the lateral side of the
meristem. (Efonl1-2flower that develops two

ectopic palea-like organs side by side.f(F)1-2

flower that develops ectopic stamens in two whorls.
(G) fonl1-2flower that has an enlarged floral
meristem and develops two sets of carpels in an
alternate phyllotaxy. (H,flon1-2flowers that

produce a number of pistils. (J) Close-up of the
central region that remains undifferentiated in
almost-maturdonl-2flowers. (K) A secondary floret
produced irfon1-2 The secondary flower (large
arrow) has a few stamens and a carpel subtended
with palea and lemma (the palea is removed to show
the inside of the secondary floret). (L) Partial loss of
stamen identity ifion1-2 Stigmatic hairs (black
arrow) are produced at the top of the stamen instead
of the anther and an undifferentiated cell mass has
formed at the base of the filament (white arrow).
(M,N) Spatial expression d@L. (M) Wild type; (N)
fonl-2 Three sets of carpels develodan1-2

(O,P) Spatial expression 6fSH1 (O) Wild type; (P)
fon1-2 WhereaDSH1lexpression disappears after
carpel development in wild type, its expression is
maintained in the floral meristem in the center of the
flower infon1-2 ca, carpel; eca, ectopic carpel; epl,
ectopic palea/lemma-like organ; est, ectopic stamen
that develops in an additional third whorl; fm, floral
meristem; le, lemma,; pa, palea; st, stamen; st2,
stamen that develops in the secondary flower; sty,
style. Scale bars: 1Qfm in A-J,M-P; 500um in

K,L.

the expression patterns of two genes,
DROOPING LEAF (DL) and OSH1 DL
regulates carpel identity in rice and is expressed
exclusively in carpel primordia (Yamaguchi et
indeterminately. Eventually, many pistils stood together iral., 2004).DL expression in wild type was detected in carpel
large numbers (Fig. 3H,l). The pattern of carpel appearange&imordia, which then developed into a pistil enclosing an
was largely irregular after the third set of carpels emerged, armbule (Fig. 3M), whereadDL transcripts infonl-2 were
the floral meristems remained even after the production afetected in the multiple sets of carpel primordia, which
many sets of carpels (Fig. 3H-J). developed into independent pistils (Fig. 3NDSH1 is a

A few fonl-2 flowers produced a small secondary floretmolecular marker of meristematic indeterminate cells in rice
adjacent to the stamens (Fig. 3K). This secondary floreind is expressed in the floral meristem (Sato et18i96;
consisted of a pistil, a few stamens, and a pair of palea anthmaguchi et al., 2004). In wild typ&SH1expression was
lemma that enclosed the reproductive organs. This structubmwnregulated when the floral organs began to initiate and
might be associated with a splitting of the flower meristem aftecompletely disappeared when the carpel primordia began to
the initiation of palea primordia in the primary flower: after develop (Fig. 30). However, expression@$H1continued in
separation, the detached meristem could result in théhe region around the carpel primordiafonl-2 (Fig. 3P).
development of a secondary flower independent of the primafjogether with the phenotypic analysis by SEM, this result
flower. Floral organ identity was affected by tifienl-2  suggests that the floral meristem maintains its activity and loses
mutation at only a low frequency. For example, lodicules werés determinacy irffonl-2 even after the initiation of several
transformed into palea/lemma-like organs (data not shown) aets of carpel primordia.
an anther was partially transformed into stigma-like organs ) ) )
(Fig. 3L). fon1 affects predominantly floral meristem size

To verify the results of this phenotype analysis, we examine@he control of floral organ number is closely associated with
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Table 1. Sizes of the floral and shoot apical meristems

Vegetative
Floral meristem sizeufn) meristem sizeym)
Strain Width Height n Width Height n
T65 9747 4146 12 12349 59+9 11
fonl-1 11949 44+4 6 118+12 53+12 7
fon1-2 13745 59+6 13 125+13 59+9 9

that of wild type (Fig. 4G,H). Probably associated with this
slight increase in inflorescence meristem size, the number of
primary rachis branches increased by about 1.4-fofdrifh-2
(15.04£0.9), when compared with wild type (10.7+£1.7) (Fig.
41,J). However, marked changes such as fasciation were not
observed irfon1-2 Thus, the stronfpnl-2mutation does not
profoundly affect the size of vegetative and inflorescence
meristems or the phenotypes of the plant bodies derived from
them. These results suggest tRQN1 regulates mainly the
floral meristem in rice.

Isolation of FON1

To elucidate the molecular function BON1, we set out to
isolate the gene by positional cloning (Fig. 5A). First,forel
locus was mapped to the distal end of the long arm of rice
chromosome 6. Using about 2400 F2 plants, we subsequently
confined thdonllocus to a region of about 150 kb. Using the
rice genomic sequence database and the RiceGAAS program,
which efficiently predicts putative genes in rice, we identified
ten genes in this region. Among them, we identified a putative
gene that encodes an LRR-type receptor kinase similar to
ArabidopsisCLV1 (Clark et al, 1997).

clvlmutants share several characteristics ¥aitii mutants,
such as an increase in floral organ number and enlargement of
the floral meristem. Thus, théLV1-like gene was a strong
candidate for th&=ON1 gene. We therefore determined the
nucleotide sequence of this candidate and identified the
Fig. 4. Meristem sizes and inflorescences in wild-type fand.-2 nucleotides that cause amino acid substitution in fmif-1
(A.C,E,G,I) Wild type. (B,D,F,H,Jon1-2 (A,B) Floral meristems.  andfon1-2(Fig. 5B-D). The mutant phenotype fon1-1was
(C,D) Expression oDSH1in the floral meristem. The expression  yagcyed when a 7.7 kb genomic fragment containing the
domain is expanded fion1-2 but the spatial pattern does not differ candidate gene was introduced irfiam1-1rice plants (Fig.

from that in wild type. (E,F) Vegetative shoot apical meristems. e .
(G,H) Inflorescence meristems. (1,J) Inflorescence phenotypes after.lD)' These results clearly indicate that DEVLlike gene

seed production. (A,B,E-H) Micrographs viewed under Nomarski identified by our positional cloning approach was derived from
optics. Scale bars: 1¢0n in A-H; 5 cm in I,J. thefonllocus.

FON1 encodes a CLV1-like receptor kinase

floral meristem size iMrabidopsis clvmutants (Clark et al  We determined the positions of introndS@N1by sequencing
1993; Clark et aJ 1995; Kayes and Clark, 1998). We examinedthe RT-PCR product generated wi®N 1-specific primers and
meristem sizes in the strof@nl-2allele. At an early flowering the predicted open reading frantf€ON1 encodes a putative
stage, the floral meristem fifn1-2was apparently larger than protein of 994 amino acids (Fig. 5B), comprising a putative
that of wild type (Fig. 4A,B; Table 1). After initiation of the hydrophobic signal peptide, LRRs, a transmembrane domain
stamens, theon1-2floral meristem became considerably largerand a cytoplasmic serine-threonine kinase domain. This overall
and increased in length along the palea-lemma axis (Figtructure of FON1 closely resembles that of CLV1 (Clark.et al
3D,F). The expression pattern 6fSH1 suggested that the 1997). The number of LRRs (22) and the two cysteine pairs that
number of meristematic cells increased in thel-2 floral  flank the LRR domain are conserved in both proteins (Fig. 5C).
meristem (Fig. 4C,D). Consistent with the floral phenotype, th8etween FON1 and CLV1, the amino acid identities of the LRR
floral meristem size dbnl-2was larger than that ddn1-1. and kinase domains are 55.1 and 73.2%, respectively (Fig. 5B-

However, no difference was observed in the size oD). In fonl-1 proline (903) is substituted for leucine. This
vegetative meristems of wild typmnl-2andfonl-1mutants amino acid is located just downstream of subdomain IX of the
(Fig. 4E,F; Table 1). The vegetative growth phenotypes dkinase domain (Die'vart and Clark, 2003), and is shared by
fon1-2 were indistinguishable from those of wild type. The other plant LRR-type receptor-like kinases such as CLV1, BRI1
inflorescence meristem size fohl-2was slightly larger than and HARL1 (Clark et al 1997; Li and Chory, 1997; Nishimura
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et al, 2002). Infon1-2 glycine (205) is substituted for serine clv1-4(G201E), one of several strong allelesGafV1 that has
in the sixth repeat of the LRR domain. This amino acida dominant-negative effect (Die'vart et,&003).
substituted ifon1-2is the same amino acid that is altered in There are numerous LRR-type receptor-like kinases in plant
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TM, transmembrane domain. (C) Amino acid alignment of the LRR domain and its flanking sequence, with conserved cysteine residues
indicated (asterisks). Amino acid numbers: FON1 54-628, CLV1 54-623. Sequences of the cDNA and genomiEONAaoé deposited in
DDBJ under accession numbers AB182388 and AB182389, respectively. (D) Amino acid alignment of the Ser/Thr kinase domaiidAmino
numbers: FON1 684-977, CLV1 672-967. Open triangle shows the position of the intron. (E) Phylogenic tree of LRR-typeinasgstor k
similar to FON1 and CLV1. Amino acids of the kinase domain (D) were compared and the tree was constructed by neighbatjmdmg m
(Saitou and Nei, 1987) using At4g20270 as a root. Numbers indicate bootstrap values. The intron positions of unchaczc{Eed-ri

likel, AC099732; FON1-like2, AC092781) aAdabidopsis(At4g20270, At3g49670, At5g65700) genes were deduced by comparing amino
acid sequences and by the GT-AG rule for spliceosomal introns. Except for OsLRK1 (rice), the other known proteins aretegsne pr
including those responsible for hypernodulation (HAR1, SYM29, NTS1).
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Fig. 6.In situ localization of th&ON1transcripts in A
wild-type rice. (A) EmbryoFON1transcripts are
detected in the shoot apical meristem. (B) Vegetative
shoot apical meristem. (C) Inflorescence meristems
at the primary branch stage. (D) Spikel&©ON1
transcripts are distributed throughout the floral
meristems (the left meristem is the earliest stage of
the floral meristem). In addition to floral meristems,
FON1transcripts are detected in the palea and oy
lemma primordia. (E) A floret before carpel —
initiation. FON1transcripts are detected in the - e
lodicules, stamen primordia and the floral meristem. E st fm
(F) A floret at the stage for carpel development.
FON1transcripts are expressed in the carpel
primordia (arrows) and the floral meristem in o . i
addition to stamen and lodicules. (G) Inflorescences 6‘_\ i
at the secondary branch stage. No transcripts are B )
observed in the meristems. (A-F) Antisense probe;
(G) sense probe. fm, floral meristem; ca, carpel, le,
lemma; lo, lodicule; pa, palea; sam, shoot apical
meristem; st, stamen. Scale bars: 160

Nt

genomes. To clarify the evolutionary relationship betweer®F) and ovules (data not shown). As a control, no signal was
FON1andCLV] we identified genes with high homology to detected in floral meristems and floral organ primordia when
FONlandCLV1from rice andArabidopsisgenomic sequences sense RNA was used as a probe (Fig. 6G).

and predicted the amino acid sequences of these genes.

Together with proteins known to belong to this class, the kinase. .

domains were used to construct a phylogenetic tree by t ISCUSSIon
neighbor-joining method (Fig. 5E). The result indicated thaMutations at thefonl locus cause enlargement of the floral
FONL1 constitutes a small clade witBiLV1 and other genes meristem, resulting in an increase in the number of floral
encoding receptor-like kinases responsible for hypernodulatioorgans. Molecular cloning of the causative gene has shown that
in legumes such adAR1 (Nishimura et al 2002). Rice and FON1 encodes an LRR-type receptor kinase; furthermore,
Arabidopsisgenes other thaRONlandCLV1are not involved evolutionary analysis clearly indicates thRON1 is an

in this clade, which strongly suggests th@N1is an ortholog ortholog ofArabidopsis CLV1Together with the finding that

of CLV1in rice. theCLV2orthologFEAZ2regulates female inflorescence size in
) ) maize (Taguchi-Shiobara et,&001), our results indicate that
Spatial expression patterns of ~ FON1 the CLV signaling system that regulates meristem size in

To elucidate the function dfON1, we examined its mMRNA Arabidopsisis conserved in the grass family.
expression patterns by in situ hybrldlzat|6|®N1transcrlpts
were initially detected in the shoot meristem in the embryd-ONI regulates maintenance of the floral meristem
(Fig. 6A). Transcripts were subsequently detected specificallJhe increase in floral organ number in tbal mutants may
in the shoot apical meristem, but not in any other regionbe closely associated with enlargement of the floral meristem.
of the vegetative apex (Fig. 6B). After transition to theThe meristem size is much largerfam1-2than infonl-1 and
reproductive phasei-ONL1 transcripts were detected in the the increase in floral organ number is consistently much greater
primary and secondary rachis branch meristems (Fig. 6Cin fonl-2than infonl-1 Furthermore, the extent of meristem
which  correspond to the inflorescence meristemsenlargement irionl-2is much greater at later stages of floral
SubsequentlyFON1 was expressed in the floral meristemsdevelopment than at earlier stages. Consistent with this, the
from the initial stage of floral development (Fig. 6BDN1 increase in floral organ number is more evident in the inner
continued to be expressed in the floral meristem (Fig. 6E), ariian in the outer whorls.
its expression persisted even after the initiation of carpel Floral organs increase in two ways: first, additional floral
primordia (Fig. 6F). ThusFONL1 is expressed in all of the organs are formed in the same whorl; and second, floral organs
meristems responsible for development of the aerial part afevelop in the additional whorls that form. In the innermost
rice. FONL1 transcripts were uniformly distributed throughout whorls, carpel primordia arise repeatedly among the carpel
all types of meristem. This expression pattern differs from thagtrimordia that have already been produced. This repetitious
of CLV1, which is mainly localized to L3 cells idrabidopsis  production of carpel primordia is associated with the
Therefore, we analyzeBON1 expression again using two indeterminate nature of floral primordia. For exam@&H1],
probes derived from independent regions of the gene anthich marks meristematic cells, continues to be expressed in
confirmed with both probes thafON1 was expressed the center of the floral meristem even after the carpel primordia
uniformly throughout the meristems. have been produced, confirming that determinacy is lost in the
In addition to the meristem&ON1 was also expressed in fonlfloral meristem. Although floral meristem determinacy is
floral organ primordia, such as the palea (Fig. 6D), lemma (Figffected in loss-of-function mutants of bdiii and class C
6D), lodicules (Fig. 6E,F), stamens (Fig. 6E,F), carpels (FigMADS-box genes (Yamaguchi et,&004) (T. Yamaguchi and



5656 Development 131 (22) Research article

H.-Y.H., unpublished), stamens and carpels, whose identitigggulation. Both hypotheses would result in the distribution of
are regulated by these genes, develop normally infah® a functional receptor complex of FON1, similar to the
mutants. Therefore, the loss of determinacyoiml seems to  distribution of CLV1 expression. However, we do not rule out
be independent of the function DL and class C genes. The a third hypothesis that the signaling system in rice differs from
continued expression @ISH1in the center of floral meristems that in Arabidopsis In this hypothesis, the presence V&S
in the fonl mutant and the uniform expression BON1 homolog in an organizing center is not postulated; instead, it
throughout the meristem also suggest that the control of flor&d assumed that the FON1 receptor in stem cells transfers the
meristem determinacy ByONL1is indirect. signal from the ligand to a putative factor that suppresses stem
FONL1is expressed in all types of meristem in the aerial partell proliferation in the L1 and L2 layers without passing
of rice, from the shoot apical meristem in embryos to the floraghrough an organizer (domain-autonomous regulation). Finally,
meristem. Unlike the floral meristem, however, the vegetativé is also possible that the difference in the expression pattern
and inflorescence meristems show no or only slighbetweenFON1andCLV1is not essential for the function of
abnormalities ifonl mutants. Becaus®nlis inherited as a both proteins because expressioca¥/1under the control of
recessive trait, there may be genetic redundancy in thbe widely expresseBELECTApromoter does not cause any
pathways that maintain the vegetative and inflorescencghanges in the meristem size Amabidopsis(Die'vart et al.,
meristems. Because complete loss-of-function mutants &003).
CLV1show wealclv phenotypes ilrabidopsis the stronglv To understand the genetic mechanism that regulates
phenotypes are thought to be caused by a dominant-negativeeristem maintenance in rice, it will be necessary to isolate
effect of the mutated protein, and the existence of an RLK-Xhe genes that function in this pathway. Toe2 mutant, the
protein that functionally overlaps with CLV1 has been assumeflowers of which have an increased number of floral organs
in Arabidopsis(Die'vart et al, 2003). Analogous to this, it is similar to those ofonl (Nagasawa et al., 1996), may provide
possible that the gene corresponding RLK-X in rice is notlues towards identifying these genes. In addition, it will be
expressed in the floral meristem, but is expressed and functioassential to determine whether a WUS-like organizer functions
in the vegetative and inflorescence meristems. In the latter cage rice meristems.
the mutation in the FON1 proteins may not cause a dominant- FON1transcripts are expressed in the primordia of all floral
negative effect in thefonl mutants. This hypothesis is organs including lemma, palea, lodicules, stamens and carpels,
consistent with both the recessive nature offtiid mutation  from their inception to later floral stages. This expression of
and the reduced effect of the mutation in the vegetative arflON1 seems to be specific to rice, beca@@e/1 is not
inflorescence phases. The phylogenetic tree shows that thregpressed in the floral organ primordiafohbidopsis(Clark
genes encoding LRR receptor kinase are clogegd1 (Fig. et al, 1997). The sizes and identities of floral organs were
5E). These genes are possible candidates for sharing functioméiost normal, even in the strofonl-2 mutant. Therefore,

redundancy witiFON1in the vegetative meristem. even ifFON1regulates the development of floral organs, the
) ] fonl mutation may be masked by other genes that share
Spatial expression patterns of ~ FON1 functional redundancy withFON1 We observed slight

FON1 transcripts are distributed throughout the wholeabnormalities in the floral organs at low frequency. These
meristem and in all types of meristem. This pattern ofiefects seem to be side-effects of the enlargement of the
expression is in high contrast to that 6LV1, which is meristem and do not seem to be associated with the function
predominantly expressed in the L3 cell layer of the meristemsf FON1 expressed in these floral organs, because the weaker
(Clark et al, 1997). CLV1 functions on perception of CLV3 allelefon1-1also produces flowers with abnormal floral organ
ligands that are secreted from stem cells in the L1 and L2 layeidentities at a similar frequency (Nagasawa et18196). It will
(Rojo et al., 2002; Lehard and Laux, 2003). CLV1 transfers &e of great interest to examine whetR€&NL1 is involved in
signal that negatively regulat®8US which is expressed in a the regulation of floral organ size.

putative organizing center within ti@l V1 expression domain

(Brand et al 2000; Fletcher et al1999; Mayer et gl 1998; We thank Dr Nagasawa and Mr Takamura for technical assistance,
Schoof et al 2000). Thus, CLV1 functions in a signaling @hd Dr Komeda for critically reading the manuscript. This research

pathway that communicates between two distinct domains, th&S supported by Grants-in-Aid for Scientific Research (15031208)
' _Jrom the Ministry of Education, Culture, Sports, Science and

sElem ce.II regg?)[\?{]?h an ohrgapltzhlng c;]erlner |n.tt[1e merls}g echnology; and a Grant (Rice Genome Project, MP-1118 and IP-
Xpression o roughout the whole meristém wou 1005) from the Ministry of Agriculture, Forestry and Fisheries of
therefore seem to be irrelevant to the communication betweegyan.
two independent domains.

Although there is no evidence that homolog<Ca#/3 and
WuUSare expr_essed and function in rice in a way similar to thaﬁ?eferences
in Arabidopss, we can propose two hypotheses for FONL1 _ ,
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| . p ! . _p p yregulated byCLV3 activity. Science289, 617-619.
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