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SUMMARY

We analyzed recessive mutants of two homeotic genes in characteristics. In the weakest mutant,dl-2, most of the

rice, SUPERWOMANL1 (SPWJ) and DROOPING LEAF
(DL). The homeotic mutationspwltransforms stamens and
lodicules into carpels and palea-like organs, respectively.
Two spwlalleles,spwl-land spwl-2 show the same floral
phenotype and did not affect vegetative development. We
show thatSPW1is a rice APETALA3 homolog,OsMADS16

In contrast, two strong alleles of thell locus,drooping leaf-

flowers are normal. All four dl alleles cause midrib-less
drooping leaves. The flower of the double mutantspwl
dl-sup produces incompletely differentiated organs
indefinitely after palea-like organs are produced in the
position where lodicules are formed in the wild-type flower.
These incompletely differentiated organs are neither
stamens nor carpels, but have partial floral identity. Based

supermanl (dl-supl) and drooping leaf-superman2(dl-
sup?, cause the complete transformation of the gynoecium
into stamens. In these strong mutants, many ectopic
stamens are formed in the region where the gynoecium is
produced in the wild-type flower and they are arranged in
a non-whorled, alternate pattern. The intermediate allele
dl-1 (T65),results in an increase in the number of stamens
and stigmas, and carpels occasionally show staminoid

on genetic and molecular results, we postulate a model of
stamen and carpel specification in rice, wittbL as a novel
gene controlling carpel identity and acting mutually and
antagonistically to the class B gen&PW1

Key words: RiceQryza sativaDROOPING LEAF
SUPERWOMANZIFloral mutants, Floral organ identity, Homeotic
mutations, MADS box

INTRODUCTION AP3/DEFICIENSand PI/GLOBOSA(Goto and Meyerowitz,
1994; Trobner et al.,, 1992). The ABC model was further
Genetic and molecular mechanisms of flower developmergupported by molecular data. Cloning of floral organ identity
have been intensively studied in two dicot speciesgenes fromArabidopsisand Antirrhinum revealed that all
Arabidopsis thalianandAntirrhinum majusin these species, these homeotic genes exce®P2 encode proteins with a
rapid progress has been made toward the understanding of M&ADS box domain (Yanofsy et al., 1990; Sommer et al.,
genetic regulation of floral organ specification. Geneticl990; Huijser et al., 1992; Mandel et al., 1992; Trébner et al.,
analyses of homeotic mutants in two model plants led to 4992; Jack et al., 1994; Bradley et al., 1993; Joufuku et al.,
genetic model of flower development (Carpenter and Coeri994; Goto and Meyerowitz, 1994). Further genetic and
1990; Schwarz-Sommer et al., 1990; Bowman et al., 1991jnolecular analyses indicated that the genetic mechanisms
This model postulates that three homeotic activitiesspecifying floral organ identities are conserved between the
designated as A, B and C, specify four different organwo distantly related dicot plantgabidopsisandAntirrhinum
identities in a combinatorial manner. Each of these threffor a review, see Coen and Meyerowitz, 1991). Several
functions acts in two adjacent whorls, MHETALA1 mutations affecting the pattern of floral organ formation have
(AP1)/SQUAMOSA and APETALA2 (AP2] in whorls 1 also been reported iArabidopsis One of themsuperman

and 2, B APETALA3(APJ/DEFICIENS and PISTILLATA  (sup is characterized as a mutant that produces extra-stamens
(PI)/GLOBOSA in whorls 2 and 3 and CAGAMOUS at the expense of carpels (Schultz et al., 1991; Bowman et al.,
(AG)/PLENA in whorls 3 and 4. It was shown that A and C1992). AlthoughSUP function was once thought to be the
functions are mutually antagonistic (Drews et al., 1991negative regulator of B function genes in whorl SUP

and the B function is provided by the interaction ofexpression pattern in the wild type al$S-AP3flower
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suggests that the function &UP is rather to regulate cell midribless(mbl) mutant, which has midrib-less leaves and the
proliferation in whorls 3 and 4 (Sakai et al., 1995; Sakai et alhomeotic conversion of the gynoecium into stamens, has been
2000). reported irPanicum maximurtFladung et al., 1991). Although
The floral developmental program in monocots has not beaghe photosynthetic ability of these midrib-less leaves was
studied to the extent that it has been in dicots, although seveelalyzed in detail, the morphology of floral organs was not
homologs of ABC class genes have been isolated from monodullly described. Similar mutants have been described in barley,
plants. Two genes homologousAG were isolated from maize, ovarylesgovl) (Tsuchiya, 1962; Tsuchiya, 1969), and in pearl
one of the extensively studied monocot plants (Schmidt et amillet, midribless-1(mrl-1) andmrl-2 (Rao et al., 1988), in
1993; Mena et al., 1995; Theissen et al., 1995). For instanc&hich both the midrib and carpel differentiation are affected.
the function of on&AG homologueZAG1 was determined by The detailed floral morphology has not been described for
analyzing the corresponding knockout line. A loss-of-functioreither mutant. In rice, a similar mutaticirooping leaf(dl),
mutant ofZAGJ, zagl-mumlhas been isolated which showed was identified previously (Iwata and Omura, 1971), but the
loss of determinacy in the central floral whorl, but no alteratiorfloral abnormalities have not been reported. Recently, we
of floral organ identity (Mena et al.,, 1996). These studiegdentified newdl alleles affecting both flower development and
suggest that, although the function of floral organ identity genasidrib formation. We also identified other homeotic mutants,
might have split and diverged, these genes still play importamcludingsuperwoman {spwJ. In this study, we describe the
roles in flower development in monocots. As one of the class Biorphological and genetic analysis of these homeotic mutants,
homeotic genes, theilkyl gene of maize was revealed to bewhich led us to propose a model in whigh specifies a novel
homologous tcAP3 (Ambrose et al., 2000). Since tdkyl  function in reproductive floral organs. The model was further
mutant shows a homeotic conversion of lodicules and stamesapported by our molecular characterization ofSR&V/1gene
into palea-like organs and carpels, respectively, similap8  and expression studies.
it may indicate that the class B genes are functionally more
conserved than class A and C genes among flowering plants. In
rice, several MADS-box genes have also been isolated (Chu
et al., 1994; Chung et al., 1995; Kang et al., 1995; Moon et a .,ATERIALS AND METHODS
1999; Kyozuka et al., 2000psMADS3and OsMADS4share  pjant materials

sequence similarity toAG and P, respe_)ctwely, gnd their Two kinds of homeotic mutants of ric®ryza satival..) were used
functions were analyzed by transgenic experiments. Th@ this study. We identified two recessive allelssperwomani-1

transgenic plants expressing antise@&VIADS3produced  (spw1-) andsuperwomani-2spw1-2) from M, populations of cv.
lodicule-like organs in whorl 3 and several abnormal flowers ifKinmaze and Taichung 65, respectively. Four recessive alleles of

whorl 4 instead of a carpel, wheré@asMADS4antisense plants another homeotic genBROOPING LEARDL), which was mapped
showed transformation of stamens into carpels (Kang et alg chromosome 3, were analyzed in this study. dhg allele was
1998). In contrast, ectopic expression @MADS3in rice  first reported as a spontaneous mutation that originated in the ‘Tareba
caused a homeotic transformation of lodicules to stamerlg¢’ (HO788) background (lwata and Omura, 1971), which is

; signated dl-1(HO788) here. Thedl-1 mutation was further
(Kyozuka and Shimamoto, 2002). These results show that tr?@rogressed into the background of Taichung 65 through several

Kjggtlon 3f tlh?l'ie g_enes,tattlealst |nfpha}|;n[;ssa§ pred|cted_from tﬁgckcrosses and designatidl(T65) in this study. The origin of the
maodel. € imporant roie o -DOX genes N ey > mytation is unknown. This mutant has been maintained at the

flower dt_evelopment is furthe_r shown by the report thatethy University of Tokyo's Experimental Farm. We identified two new
hull sterile (lhs1) mutant, which has a defect in t&sMADS1  muytations dl-supermanidi-sup?) anddl-supermanZdi-sup2, from
gene and belongs to tA&AGLOgroup, has abnormalities in MNU  (N-methyl-N-nitrosourea)-treated M populations of cv.

meristem identity, organ number and organ identity (Jeon et affaichung 65 and Kinmaze, respectively. For the investigation on the
2000). genetic interaction of two floral homeotic gen&?W1and DL,

The rice flower has an architecture different from those ofhe double mutant was constructed by crossBgWIspwl-1
the two model dicot species. In general, it is believed to consi§fterozygotes as the female parent wiitisuplhomozygote as the
of three distinct floral organs, one gynoecium with twomale parent. Resultingiflants were allowed to self-pollinate and
stigmas, six stamens, and two lodicules (Hutchinson, 1934). [§€ double mutant plants were selected from thpapulation.
order to be able to compare ridgabidopsisandAntirrhinum, Morphological analysis

we designate the lodicule region as whorl 2, the stamen regiq scanning electron microscopy (SEM), samples were fixed in 2.5%
as whorl 3, and the carpel region as whorl 4 in this study. Igiutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) for about
rice, two bract-like organs, the palea and lemma, subtend thesg hours at 4°C. After they were rinsed with 0.1 M sodium phosphate
floral organs in an alternate arrangement. The palea is regardadfer (pH 7.2), the samples were post-fixed in 1% osmium tetroxide
as homologous to the prophyll [the first leaf produced by théor 3 hours at 4°C. Subsequently, they were rinsed with the buffer,
axillary meristem (Arber, 1934; Dahlgren et al., 1985)], isdehydrated through a graded ethanol series, and substituted with 3-
smaller than the lemma and has three vascular bundles Whm%hgl'é?%ty;acsrgzt%bign21;35 nwjéft‘;]rg'Zi;ﬂz!gt'dé:ggtvrzﬂug?;goigepde
the lemma has five. A floret consists of one gynoecium, S%tachi 'SLZO(*)O o vea u . Ing Icros
: - , Tokyo) at an accelerating voltage of 15 kV.

stamens, two lodicules, one pale_a_ and one lemma. Two em For light microscopic observations, flowers were fixed in 2.5%
glumes that are reqardEd as vestigial organs of two lower flor ﬁnaraldehyde for at least 16 hours at 4°C. They were dehydrated
subtend the apical floret in an alternate arrangement. TWRrough a graded ethanol series, and then embedded in Technovit 7100
rudimentary glumes (the first two glumes) subtend the emptsin (Kulzer, Germany). Samples were sectionedim4nd stained
glumes. These organs form a spikelet of rice. with 0.05% Toluidine Blue-O and observed under the light

Several floral mutants have been described in grasses. Timroscope (Olympus AX-80, Tokyo).
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Linkage analysis and sequencing In situ hybridization
F> populations were generated by the self-pollination pplants  Wild-type and mutant flowers were fixed in 3% paraformaldehyde and
derived from the cross betweeS8PW1/spwl-1(Japonica cv. 0.3% glutaraldehyde for 16 hours at 4°C. They were dehydrated
Kinmaze) and Kasalath (Indica). Plants homozygoussfowl-1  through a butanol series and embedded in Paraplast and sectioned at
were selected from Fpopulations and used for linkage analysis8 pum using a rotary microtome. DIG-labeled RNA probe was
of OsMADS16 The genomic DNA of these 2Fmutants was synthesized from the 0.6 kb-lond,r8gion ofOsMADS45nd the 0.7
extracted by the proteinase K DNA extraction methodkb-long, 3 region of OsMADS16excluding the MADS-box region,
(http://lwww.its.caltech.edu/~plantlab/html/ .index.html). Genomicfollowing the manufacturer’s instructions (Roche Molecular
DNA was digested wittXba and subjected to gel electrophoresis. Biochemicals). Hybridization and immunological detection with
The separated DNA was blotted to Nylon membrane and hybridizealkaline phosphatase were performed according to the method of
with DIG-labeledOsMADS16DNA as a probe. The membrane was Kouchi and Hata (Kouchi and Hata, 1993). Radioactive in situ
washed in ¥ SSPE 0.1%SDS at 65°C for 1 hour and then ix 0.1 hybridization was performed as described previously (Sakai et al.,
SSPE 0.1%SDS at 65°C for 1 hour. Detection was carried out995), with the exception that the exposure length was 6 weeks.
according to the manufacturer's instructions (Roche Molecular
Biochemicals).

To obtain genomic clones containi@sMADS16we screened a RESULTS
BAC library, which was constructed in the Japonica YT14 background
(Bryan et al., 2000), by PCR using primers, M16F4ZATGTTCTC-Phenotypes of superwomanl mutants
CTCCACCGGCAAG and MLG6R8:GTCCAGATCTTCTCCCATC- - 5 wild-type rice flower has two white lodicules at the adaxial

CTT. We isolated one BAC clone and subcloned a B&ioHI DNA

fragment into pUC18. The subcloned fragment was nebulized and(éemma.) S'de. In Who'f' 2, SIX stamens In whorl 3 .and one
kb-long DNA fragments were cloned into 8 site of pUC18 and  9YNoecium with two stigmas in whorl 4 (Fig. 1A,E). Since two
sequenced. For sequencing of mutant alleles, we amplified genonfdl€lic mutantsspwl-landspw1-2 showed indistinguishable
DNA from spwl-1landspwl-2by PCR with the following primers: phenotypes, onlgpwl-lwas analyzed in this study. spwi-
GGTTCCCAACTCATCGATCCATC and AAGCATGAAATATGC- 1flowers, the two lodicules in whorl 2 and six stamens in whorl
ACGGATCTG for exon 1-4, ACGGTTCATGATCAGATCCGTGCA 3 of the wild-type flower were transformed to palea-like organs
and GTCAACAGCTTCCAAGGGAAGGA for exon 5, CACACA-  and carpels, respectively (Fig. 1B,F). The whorl 2 organs were
TATGCTGGACCCTGTGTC and CATAGCACACATCAAGTGGT- green and elongated without trichomes, resembling paleae. In
TTGGT for exon 6 and 7. Amplified fragments were cloned into, ice, the palea and lemma can be distinguished by two

GEM-T Easy vector (Promega). At least three clones from eac .

ECR-amplifie()j/ fragmen(t were gse)quenced to determine mutations. haracters: (.1) .the palea has three vascular bundles_ and 'ghe
lemma has five; (2) the palea has a membranous region of its

RNA isolation and analysis margin that is not covered with trichomes (Fig. 2A). Although

Total RNA was extracted from 500 mg young inflorescence tissues @fctopic palea-like organs spw1-1did not develop distinctive

wild type, spwl-landspwl-2as described previously (Naito et al., vascular bundles, epidermal cells of these palea-like organs

1988). Poly(A) RNA was obtained using an mRNA purification kit were narrow, elongated and rectangular, similar to cells in the

(Amersham Pharmacia Biotech UK Limited)pg of poly(A) RNA  ~ marginal region of the wild-type palea (Fig. 2B,C). Therefore,

was loaded on a 1% denaturing agarose gel, which contained ogicles appeared to be transformed into palea-like organs

Mops, 1.85% formaldehyde, and separated for 2 hours at 70 V. RN ther than lemmas ispw1-1 The number of ectopic palea-

was transferred on Hybond-N+ nylon membrane (Amersha S .
Pharmacia Biotech UK Limited). Hybridization was performed at/K€ organs varied: two (76%), three (16%) or four (8%) (Fig.

42°C in the buffer with § Denhardt's, 50% formamidex&SC and  2D). The palea-like organs that were occasionally formed on
100 pg/ml herring sperm DNA. ABPW1cDNA fragment without the palea side often exhibited a carpelloid nature with
the MADS box domain, i.e. the fragment that covered the regiofirequently formed stigmatic papillae in the apical portion (Fig.
between 102 aa residue and therd of SPW1cDNA, was used to  2E).

make a randomly primed probe witha-f2PJdCTP. After Although the carpels in whorls 3 and 4 sfwl often
hybridization, the membrane was washed withSB5C for 30min  produced ovaries and stigmas, they failed to produce fused and
twice at room temperature and then washed with 5C at 65°C  fynctional ovaries (Fig. 2F). The number of stigmas for each
for 1 hour. Signals were detected on a phosphoimager screen el varied from four to none. Frequently, nucellar tissues

(Molecular Dynamics, Inc.) and visualized on a STORM 820 scann . . .
(Molecular Dynamics, Inc.). As a reference, a DNA fragment O‘ﬁ;‘vere formed in carpels, including whorl 3 carpels, and

the rice ubiquitin gene was amplified using a set of primerspmtmded from the ovary (Fig. 2G-1). When the nucellar tissue

(AGCGTCGACTCCTTCTTGGAT and ATCTTCGTGAAGACGCT- remained in the ovary, an qvule—like structure was often formed
GACG). The fragment was labeled and hybridized on the same bidyithout producing a fully differentiated embryo sac (Fig. 2H).
as described above. Occasionally, when the nucellar tissue completely protruded
For RT-PCR analysis, [1g of total RNA was treated with 1 unit of from the underdeveloped ovary, the ovule-like structure was
RNase-free DNase (Promega) and further reverse transcribed by usingt formed (Fig. 21). When thspw1-1carpels were crossed
oligo(dT) primer and Retroscript RT PCR kit (Ambion). One with wild-type pollen, there was no seed set, showing that

amplify the mutantSPW1cDNA, we used a primer set consisting ' '

of spwlRTF: CAGGTCGCCATCATCATGTTCTC and spwlRTR: Early development of wild-type and ~ spwi mutant
GCTCCTGCTGCAGAGTCTCGTACG. The Advantage-GC2 PCR flowers

kit (Invitrogen) was used for set up PCR reactions following the . . . .
manufacture’s instructions. PCR was performed for 35 cycles ai the wild-type flower, six stamen primordia start to develop

94°C for 30 seconds, 58°C for 30 seconds and 68°C for 30 seconddst after the palea primordium has established (Fig. 3A). After
Amplified DNA fragments were cloned into p-GEM-T Easy Stamen primordia are produced, the carpel primordium
(Promega), transformed into DH10B (Invitrogen) and sequenced. becomes enlarged (Fig. 3B). The gynoecial ridge starts to
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Fig. 1. Phenotypes of wild-typespw1-1 dl-suplanddl-supl spwl-flowers. (A) A wild-type flower with two empty glumes (eg), lemma (le),
palea (pa), two lodicules (o), six stamens (st) and one gynoecium (arrowhead) with two stigmas (sti). A half of the |gralea wede

removed to show the inside of the flower. (B¥gw1-1flower. Stamens and lodicules are homeotically transformed into carpels (arrowheads)
and palea-like organs (arrows), respectively. (€)-Auplflower. The carpel is homeotically transformed into ectopic stamens (arrowheads).
(D) A spwl-1 dI-supflower with ectopic palea-like organs (arrowheads) and organs of unknown identity (arrows). The lemma and a half of
palea were removed in B-D. (E-H) Floral diagram of (E) the wild-type flower, (Bpthé-Tlower, (G) thedl-suplflower, and (H) thall-supl
spwl-iflower. ra, rachilla. Bar: 1 mm.

develop on the lemma side of the floral meristem and enclosasgynoecium with three or four stigmas (Table 1, Fig. 5B). Very
the ovule primordium. The lemma side of the carpel protrudesarely, dI-1(HO788) flowers produced staminoid carpels, in
to form stigmas (Fig. 3C). which anthers were formed apically, or ectopic stamens
In the spwl-1flower, the shape of the six primordia of the originated from the base of carpels. Despite these
ectopic carpels in whorl 3 was similar to that of the wild-typeabnormalities, dl-1(HO788) plants exhibited only slightly
stamen primordia at the initial stage (Fig. 3D). Whereas wildreduced seed fertility (80.4%) comparable to the wild type
type stamen primordia became rectangular in shape, the €&7.5%).
primordia in whorl 3 of thespw1-1flower became broad, and  dI-1(T65), the introgressedl-1(HO788) mutation in another
followed the developmental course of the gynoecium (Fig. 3E)JJaponica background, affected carpel development more
When the central gynoecium formed stigma primordia, theeverely thandl-1(HO788). In dI-1(T65), the number of
ectopic palea-like organs became apparent in the position sfigmas was increased in about 60% of flowers, and the
wild-type lodicules between the lemma and ectopic carpelgansformation of the gynoecium into stamens or the
(Fig. 3F). These results indicated that the number of orgaproduction of ectopic stamens was detected in nearly 10% of
primordia in whorl 3 was not altered, and the transformatioflowers (Table 1, Fig. 5C). Occasionally, staminoid carpels,
of stamens into carpels occurred at a very early stage of florahich bore anther tissues on the carpel tissue, were formed

organ development. between more completely transformed ectopic stamens and the
] whorl 3 stamens (Fig. 5D). When two carpels were formed in
Phenotypes of drooping leaf mutants dl-1 (T65) flowers, they were aligned in the lemma-palea

Four dl mutants, which showed the drooping leaf phenotypealirection. The seed fertility ofl-1(T65) (52.7%) was lower
(Fig. 4B), produced flowers with varying degrees ofthan that ofdl-1(HO788).

abnormalities in carpel formation (Table 1, Fig. 5). The blade Plants harboring thél-2 mutation showed drooping leaves,
and sheath ofll mutants failed to form the midrib and fully while flowers were normal except for producing carpels with
developed clear cells (Fig. 4D). Tl mutants appeared to three stigmas at a low frequency (Fig. 5E, Table 1). Tdlus,
produce a lateral vein at the position of the midrib of the wild2 affects only the midrib development and rarely the carpel

type leaf. Other leaf structures were not affected. development, and can be considered the weakest of thdlfour
The dI-1 (HO788) mutant produced drooping leaves andalleles.
frequently, abnormal flowers. Although more than haldllet The homeotic conversion of the carpel into stamens as well

(HO788) flowers were normal, about 40% of flowers produceds the formation of drooping leaves was observed ai-alip1
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Fig. 2. Micrographs ospw1-1flowers. (A) A wild-type palea
with a membranous marginal region (left) and the lemma with
trichomes on the entire surface (right). (B) Scanning electron
micrographs (SEM) of the abaxial, marginal region of the
wild-type palea. (C) SEM of the abaxial surface of a palea-
like organ of thespw1-1flower. (D) Thespw1-1flower with

three palea-like organs (arrowheads) and one carpeloid palea-
like organ (arrow). (E) Apical portion of the carpeloid palea-
like organ with stigmatic cells (arrow). (F) A transverse
section of thespw1-1flower with seven carpels (arrowheads)
and three palea-like organs (arrows). (G) A side view of the
spwl-Iflower with nucellar tissues protruding from the ovary
(arrowhead). (H) A longitudinal section of thpw1-1lovary

with nucellus and degenerated embryo sac (arrowhead). (I) A
transverse section of nucellar tissues of an ectopic carpel
formed in whorl 3, which is completely protruding from the
spwl-lovary without internal differentiation. nu; nucellar
tissue. Bar, 1 mmin (D,F,G) and gfn in (A-C,E,H,I).

produced in the lemma-palea direction (Fig. 5G). As a
result, many alternately arranged extra stamens occupied
the position of the wild-type gynoecium. The ectopic
stamens often had broad filaments (Fig. 5H).

We analyzed the developmentdisuplanddl-sup2
The primordia of six stamens in whorl 3 were normally
produced in dl-supl flowers (Fig. 3G,J). The
1 primordium of the first ectopic stamen emerged as a
lateral protrusion on the lemma side of the floral
meristem (Fig. 3H,K). When normal anthers became
rectangular in shape, the first ectopic stamen primordium
became broad and subtended the central apical meristem
(Fig. 3K). At the stage when two stigmas were
./ differentiated from the carpel primordium in the wild-

B QE ABB IX AYAB BT 2@88

nu 3 ‘

4 type flower, several ectopic stamens were produced
: J/ alternately, and the floral meristem at the center appeared
~3 to remain undifferentiated in the mutant flower (Fig.
— 3lL).

and dl-sup2 plants (Fig. 1C,G, Fig. 5FH, Table 1). The Interaction between SPW1and DL

phenotype ofil-sup2(Fig. 5H, Table 1) was almost the sameTo elucidate a possible genetic interaction betw&ewland

as that ofdl-supl In both mutants, the transformation wasDL, we constructed the double mutaspwl1-1 dl-suplThe
complete, producing no carpel. The number and position of thepw1-1 dl-suplflower showed an unexpected phenotype,
original stamens were not affected, and the ectopic stamemdich could not be explained by additive or epistatic
were produced in alternate arrangement in the position of theteractions (Fig. 1D,H). Lodicules were homeotically
gynoecium (Fig. 5G,I). The number of ectopic stamerdi-in transformed into palea-like organs in whorl 2 aspwl-1
suplvaried from three to seven, and the ectopic stamens weheterior to whorl 2, yellowish and soft organs were produced

Table 1. Frequency of pistil abnormalities indl mutants

Extra stamens Extra stamens
No. of flowers More than with normal  Staminoid with no
Genotype examined Normal two stigmas  Two pistils* pistil pistil* pistil®
Wild type 50 50 0 0 0 0
dI-1(HO788) 65 36 27 0 1 1 0
dl-1(T65) 82 20 51 2 6 1 2
di-2 43 40 3 0 0 0 0
dl-sup1 50 0 0 0 0 0 50
dl-sup2 39 0 0 0 0 0 39

*Two pistils were formed without altering the stamen number.

TThese extra stamens were produced around normal pistil without staminoid characteristics.

*Staminoid pistil was produced instead of or in the vicinity of the normal pistil. Extra stamens were frequently produced.
8The pistil was completely transformed to stamens.

See above for labeling shifts.
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Fig. 3. Scanning electron micrographs of early
developmental stages sppw1-1, dl-supanddl-
sup2flowers. (A-C) Wild-type; (D-Fspwl-1
(G-I) dl-sup? (J-L) dl-sup2 (A,D,G,J) Young
flowers at the stage when organ primordia were
formed in whorl 3. (B,E,H,K) Young flowers at
the stage when stamen primordia have started @G
form the anther structure in wild type.

(C,F,I,L) Flowers at the later stage when the
carpel primordia start to form stigmas in wild
type. (D,G,J) Irspwl-1 dl-suplanddl-sup2
flowers, six organ primordia were formed at the
positions where stamen primordia were formed
in the wild type. (E) Irspw1-1 six organ
primordia in whorl 3 broaden to form carpels.
(F) Emergence of ectopic palea-like organ
primordia inspw1-1 (H,K) dl-supl and dl-sup2
flowers. The primordium of the first ectopic
stamen (arrowhead) is developing from the
lemma side of whorl 4. (I,L) At the later stage,
the floral apical meristem (arrowhead) has
continued to produce many ectopic stamens. le
lemma; pa, palea; ep, ectopic palea-like organ;
es, ectopic stamen. Bars: @0h.
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Fig. 4. Phenotype ofll-1(T65)plants in the vegetative phase. (A) Wild-type plant in the vegetative phasi-1@)65)plant at the same stage
with drooping leaves. (C) Transverse section of the wild-type leaf blade. The midrib (MR) in the middle of the leaf blage tastaells
(arrowhead), and an overall structure that is distinct from that of the lateral veins (arrow). (D) Transverse sectiti (f6BHeaf blade that
lacks a midrib. The vein in the middle of the leaf blade (arrowhead) resembles the lateral veins (arrow). Bars (D), 200
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The ontogeny of double mutant flowers showed that the
primordia in whorl 2, corresponding to lodicules in the wild
type, developed into palea-like organs aspwl-1 The six
primordia corresponding to wild-type stamens in whorl 3
seemed to be normal at the beginning (Fig. 6F). However, the
primordia in whorl 3 successively became broader similar to
those seen in the developmentspivl-lectopic carpels (Fig.
6G), but the subsequent development of she/1-1 dl-supl
flower deviated from thepwl-1flower. In the region interior
to whorl 3, the central meristem became enlarged toward the
palea and lemma (Fig. 6G), and continuously produced new
meristems in a medial plane (Fig. 6H), forming a number of
apices (Fig. 6H). Unidentifiable organs were formed
indeterminately from each meristematic apex (Fig. 6D,1).

To elucidate whether these organs were floral in nature,
we analyzedOsMADS45expression by means of in situ
hybridization. OsMADS45 shares homology with
Arabidopsis SEPXAGL2) and SEP2(AGL4) (Pelaz et al.,
2000) and was shown to be expressed in floral organs in whorl
2, 3 and 4 of wild-type flowers (Greco et al., 1997) (Fig. 7C).
In order to see wheth€@sMADS45s expressed specifically
in flowers, we examined expression in various tissues. The
expression oDsMADS45appeared to be floral specific and
was not detected in the vegetative shoot or inflorescence
meristems (Fig. 7A,B). After stamen primordia started to
develop OsMADS45vas expressed in developing stamen and
lodicule primordia (Fig. 7C)OsMADS45RNA was further
detected in the developing carpel (Fig. 7C) and in
integuments (data not shown). $pw1 dl-suplflowers, the
expression of OsSMADS45 was not altered (Fig. 7D).
OsMADS45was expressed in organ primordia formed in
whorl 2,3 and 4. This result suggested that these organs still
retain partial floral organ identity.

Fig. 5.Micrographs of wild-type andl flowers. The lemma and a
half of palea were removed in all flowers. (A) A wild-type flower wit|
two empty glumes, two lodicules, six stamens and one carpel with The phenotype o$pwlmutants is similar to thap3 and pi

two stigmas. (B) AdI-1(HO788)flower forming the carpel with three  mutants ofArabidopsis It has been reported that there are
stigmas (arrowheads). (C)#-1(T65)flower with an abnormal cell three homologs of B function genes in ricgsMADS2and
mass produced from the carpel (arrowhead) and an ectopic stamen OsMADS4 which are genes homologous tBl, and
(arrow) emerging from the base of the carpel. ()-A(T65)flower OsMADS16 which is homologous t&AP3 (Chung et al.,

p, Identification of the SPW!I1 gene

producing an extra stamen (arrow) and a mosaic organ, staminoid 1995: Moon et al

carpel (arrowhead), in which an anther is formed on the ovary. (E) A |.
dI-2 flower without any apparent abnormality. (FdAsupl1flower linkage of SPW1to one of these homologs, we attempted to

with a homeotic conversion of the carpel to stamens. (G) A cross analyze the segregation of tspwl phgnotype with these
section of thell-supZflower. In addition to the six normal stamens ~ 9€nes, using theFspwl mutants derived from the cross
(arrowheads) and two lodicules, ectopic stamens (arrows) are forme€tweerspwl-land Indica cv. Kasalath. By analyzing RFLP
(H) Extra stamens (arrowheads) are alternately produced inthe ~ associated withOsMADS16in 30 F spwl-1 plants, the
position of the carpel idl-suplflowers. (I) Adl-sup2flower with Japonica genotype was found to completely co-segregate with
homeotic conversion of the carpel into stamens. Barspus00 thespwl-lallele (data not shown). Based on the tight linkage
of SPW1land OsMADS16 we examined theDsMADS16
indeterminately which were neither stamens nor carpels (Figenomic sequence of the wild type and mutants. The 4.3 kb-
1D). The upper part of these organs was often enlarged. Theng OsMADS16genomic region consisted of seven exons
abaxial side of the most outer organ in whorl 3 wasand six introns (Fig. 8A,B). By sequencisgwlmutants, we
occasionally covered with trichomes similar to those of paleailentified a G to A base change at ther®d of the third intron
or lemmas (Fig. 6A). Also, at the top of these organs, large and spwl-land a G to A base change at theld of the fifth
long trichomes were formed, which resembled hairs of thétron inspwl-2(Fig. 8A).
bracts subtending primary inflorescence branches (Fig. 6B,C). The effect ofspwlmutations on th&SPW1transcript was
Trichomes were not observed in more inner organs. Thesmalyzed by RNA blot hybridization. Total RNA from young
characteristics suggest that the organs in whorl 3 have partig&nicles ospwl1-1, spwl-2nd the wild type was separated for
inflorescence-like identity. Longitudinal sections of thesethe purpose, which was subsequently hybridized with a probe
organs indicated that the inside of the enlarged part had mspecific toSPW1 In the two mutants, the accumulation of
pollen or ovule (Fig. 6E). SPWI1RNA was significantly reduced. Furthermore, the size

1999). In order to examine a possible
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Fig. 6. Micrographs of thespw1-1 dl-supHouble mutant. (A) Asspw1l dl-supTlower. Palea-like organs with trichomes are formed in whorl 2
(arrowhead). Three ectopic palea-like organs (arrows) were removed to show the inside of the flower. (B) An organ of unatéfinedride
hairs are indicated by arrowheads. (C) Enlargement of the hairs (arrowheads) formed at the margin of the organ in B. éDyiwentithe
flower. Bifurcated floral meristems (arrowheads), producing organ primordia (arrows) indeterminately. (E) A longitudinalfssttogam of
unknown identity (arrowhead) showing no apparent differentiation of gametophytic tissues inside. (F-I) Scanning electrapimistomgving
early development afpw1-1 dl-supflowers. (F) Aspw1-1 dI-supflower producing six organ primordia (one primordium is covered by the
lemma) in whorl 3 (arrowheads). (G) Six primordia in whorl 3 develop into structures that are not found in the wild typg éardative floral
meristem becomes enlarged in the lemma-palea direction (arrowhead). (H) The central floral meristem proliferates to formofeapicebe
(arrowheads). (1) Additional organs (arrowheads) are formed in an irregular arrangement from each meristematic apexuBg@s,EE),
and 50um (C,D,F-I).

of SPWIRNA in spw1-2appeared to be shorter than the wild-whorls 2 and 3SPW1RNA was not observed above the limits
type RNA (Fig. 8C). In order to analyze the effectspivl  of detection (Fig. 90,P).

mutations more precisely, we further analyS#W1RNA by In order to examine the relationship betw&tnandSPW1
using RT-PCR. The sequence of amplified DNA fragmentat the transcriptional level, we further analyzed the
revealed that the splicing &PWI1RNA was affected by the accumulation ofSPW1RNA in dI-suplmutant flowers. The
mutations (Fig. 8E). Ispwl-1 the mutation occurred at the expression pattern oSPW1 RNA in dl-sup flowers was
acceptor site of the third intron, leading to cryptic splicing aindistinguishable from the wild-type expression until the stage
a position six bases downstream of the acceptor site amdhen whorl 4 organ primordia emerged from the floral
causing the deletion of two conserved amino acid residues meristem (Fig. 9E). When the gynoecial ridge began to rise in
the K box (Fig. 8B). Inspwl1-2 the mutation occurred at the the wild-type flowerSPWIRNA was ectopically expressed in
donor site of the sixth intron and resulted in deletion of thehe lemma side of the whorl 4 floral meristem dhsupl

entire fifth exon (Fig. 8B). flowers where the first ectopic stamen primoridum would arise
. (Fig. 9F).SPW1RNA was further detected in the region where
Expression of the  SPW1 gene the second ectopic stamen arises (Fig. $PWlexpression

SPWilexpression in wild-type flowers was analyzed by means the whorl 4 area appears to be limited to the developing
of in situ hybridization usingPW1lantisense RNA as probe. primordia, often leaving several cell layers that do not
SPW1RNA started to accumulate in incipient primordia of accumulate SPW1 RNA. Also, throughout the floral
lodicules and stamens in wild-type flowers (Fig. 9A). ThedevelopmentSPW1lexpression was not detected in the very
strong expression oSPW1 RNA continued to be seen central region of the floral meristem difsupl1(Fig. 9F-H).
in stamen and lodicule primordia (Fig. 9B,C) and also in
mature tissues of filaments and anthers except developing
microsporophylls (Fig. 9D). No signal was detected in thddISCUSSION
gynoecium or in the lemma and the palea. o _

SPW1lexpression was also examinedsppwlmutants. We SPW1is arice B function gene
failed in several attempts to detect reproducible signals Ve identified theSPW1gene by mappingpwlmutations to
mutants by using the non-radioactive method, and therefore vilee AP3 homolog MADS-box geneéQsMADS16Both spw1-
performed in situ hybridization with a radioactive probe. Afterl and spwl-2carry mutations in the splicing acceptor-donor
exposing the hybridized tissues for 6 weeks, we detected wealnctions, which cause abnormal splicing reactions and result
signals of SPW1RNA in incipient organ primordia in the in the deletion of part of the protein sequencesgwl-1 the
region of whorls 2 and 3 afpwl1-1developing flowers (Fig. mutation at the acceptor site of the third intron leads to cryptic
9M,N). However, shortly after organ primordia were formed insplicing six bases downstream, which causes the deletion of
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homologous toAP3 (Ambrose et al., 2000) exhibits a
phenotype very similar to ricepwl This also supports the
notion that class B floral organ identity genes are present in
monocots. Although these class B homeotic genes appear to
have conserved functions in organ identity specification, other
functions of these genes in flower development appear to be
diverse. I,spwlmutants, the number of whorl 2 organs is more
than that of the wild type. Furthermore, g@vlmutants do

not form any functional carpels even in whorl 4, resulting in
complete sterility, whereap3or pi mutants are female fertile.
The sterility ofspwlseems to correlate with overproduction of
undifferentiated nucellar tissue. It is noteworthy to mention
that theArabidopsisclass B mutantsap3 and pi, also affect

cell proliferation; however, in these mutants there is a reduction
of organ number in whorl 3, while whorl 2 organ number is
not altered (Bowman et al., 1991; Jack et al., 1992; Sakai et
al., 2000). To this extenSPW1lappears to have a specific
function in the regulation of the whorl-specific proliferation,
which is distinct fromAP3andPI.

Implication of spwl homeotic transformation in
monocot flower evolution

The identification ofSPW1as a class B gene in rice provides
insight into the floral structure of rice and other monocots. The
comparison oépwlloss-of-function phenotypes with the class
B mutant phenotypes in dicots strongly suggests that lodicules
are equivalent to petals and the palea-like organs formed in

Po— = spwlwhorl 2 correspond to sepals, whorl 1 floral organs in
dicots. This finding is very similar to what was described for
Fig. 7.0sMADS4%xpression in the wild type asgwl dl-sup the maize silkyl mutant (Ambrose et al., 2000). Our
double mutant. (A) Wild-type vegetative shoot, (B) wild-type observation ospwlwhorl 2 organs being morphologically not
inflorescence shoots, (C) wild-type flower and $pyv1-1 dl-supl identical to the wild-type palea might lead to two diverse
flower (longitudinal sections). In wild type, the expression was interpretations. (1) The transformation of lodicules to paleae is

detected in lodicules (arrowhead), stamens (st) and the carpel (ca), k?

not in vegetative or inflorescence shoots. In the mutant flower, the . ; :
expression was detected in organs formed in whorl 2 and inner in spw], or (2) organs formed ispwlwhorl 2 are indeed the

regions SAM, shoot apical meristem; le, lemma; pa, palea; st, Stameﬁepal-equwalent organs, which are, however, distinct from the

primordia. The numbers, 1 and 2, indicate the primary and secondarif_/”d'type palea and usually not formed in the wild-type floret.
inflorescence meristems, respectively. Baps0 hese organs are evident only when the class B function is

missing in whorl 2. In the latter case, the palea could be
considered a bract-like organ, in agreement with the general
two amino acid residues, QR, in the K box (Jacks et al., 199ypothesis that grass flowers lack sepals (Hackel, 1887; Arber,
Sommer et al., 1990). The residues are preserved in AP3 ah€34; Dahlgren et al., 1985). The evolutionary relevance of the
DEF, indicating their importance in the AP3 family proteins.homology between paleae and sepals remains to be explored.
In spwl-2 the deletion caused by the splicing defect extends ) ) )
to the entire fifth exon, which encodes 14 aa residues of the @L plays an important role in vegetative and
terminal region. There are several reports of the same type &fproductive development
mutations at the splice donor site (GU to AU). However, in alBased on the loss-of-function phenotypd, has functions in
cases, the splicing was blocked to accumulate unprocessiub distinct developmental pathways, midrib and carpel
RNA (Orozco et al., 1993; Bradley et al., 1995; Liu anddevelopment. Mutants similar thhave been identified in other
Filipowicz, 1996). To this extent, it is interesting to see whethegrass species, barley (Tsuchiya, 1962), pearl millet (Rao et al.,
or not spwl-2represents a rather unique case, which migh1988), andPanicum maximunfFladung et al., 1991). These
indicate that splicing proceeds from tHa®the 5 end of pre  mutations are single and recessive, and affect both the midrib
MRNA. Regardless of how the deletions are produsg@l- formation and carpel development. Ba maximum the mbl
1 phenotypically appears to be as strong@s1-2 mutation causes midrib-less leaves and the conversion of the
The functional correlation betwe&PW1landAP3is shown gynoecium into stamens (Fladung et al., 1991). In pearl millet,
not only by the sequence similarity but also by loss-of-functiorat least two lociMRL-1andMRL-2 have been identified, both
phenotypes. The recessispwlmutations transform whorl 3 affecting midrib and carpel development (Rao et al., 1988). In
organs (stamens) to whorl 4 organs (carpels) and whorl Rarley, ovl causes the loss of midrib and the degeneration of
organs (lodicules) to organs that resemble the palea, which ésary (Tsuchiya, 1962). Although the flower phenotype of these
normally formed exterior to whorl 2 in the wild-type flower. mutants has not been fully characterized except in the case of
Also, the maizesilkyl mutant that carries a lesion in the genembl of P. maximummrl-1, mrl-2 and ovl do not show any

HEompIete because of the presence of residual lodicule identity
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1kb

(B)

CTCT T CCT T CCT O TCCT O CGCCTCCTCTTCTCATT COCACTCGAT CCATCAGTAGCTAGCTAGC TRGCTAGCTAGCTAGCTGCATTETCCOGCGAGA

M G R G K I EIKZRTIUEKNATM MNZRUGQVYVYTTYSIE KT ERTER
GAGATAGC TGO TGCAGGGEGIEECCATGGEGAGGEECARGATOGAGATCAAGOGEA TCAAGAACGOGACCAACAGGCAGGTEGACCTACTCGARGCGCOGT

T @ I M K KA REULTVLCDAQVYVATI I MF B8 8TUGUEKTYHTETFTC
ACGGOGATCA GRAGARGGCCAGGEAGCTCACCETECTCTECGACGCCCAGGTOGCCATCATCATETTCTCCT CCACCEACARGTACCACGAGTT CTGCA

8 P ETDIEXKOGIU FPFDRTITYZQ Q@ A I T 8 L WIUEUGQGTYEUHNMSGQERTILS

GOCCTTCCACCGACAT CAAGGGAATCTT TGACCGCTACCAGCAAG COATCGGCACCAGCCTTTGGAT CGAGCAGTATGAGARTATGCAGCGCACECTGAG
Fig. 8. Structure ofSPWlgene and the #rxp:rNr¥iLrRTETIGRJorRlxeepipererperLrerE
molecular analysis afpwlmutations. CCATCTCARGGACATCARCCGCARCCTECGCACCGAGAT CACC T o TGGGAGARGAT CTCEACGEECTGRAGTT COACGAGCTCORCETCTTGAG
(A) Genomic structure of th&PWigene. onvoaavkevrRerRiklravIiTTorETY KX K|vEkES?Y

The SPWigene consists of seven exons and  cazsarercearaccaccercanceacerToaccacaneane T oA R el A o o S TR A O TaARGCACTCCTACT
six introns. The length of introns are 101, A &

2041734482168and124bp K.A.Y_ETLQQELGLREEP]\PGPUDNTGGGNDGGAG]\
respectively. In thepwl-1mutant, the last

base of third intron of G is mutated to A. In G A AADMPAPRY VPSQFP
OEGOGOGGOGECGEACATGTTCGCCTTCOGCGTGETGCCCAL i

AGGOGTACGAGACTCTGOAGCAGGAGCT GEGGT TEOGOGAGEAGC CGGOG TTOGEE TTOGTGEACAACACCGE DG OGGETEEEACGGOGEOGCCGEE0GC

H G M A Y G G N EDLRIUL G *
spw1-2 the first base of the fifth intron of G A I TR AR T ECCI TR
is changed to A. (B) Deduced cDNA and
protein sequence &PW1 Arrowheads S
indicate the position of introns. The MADS f_‘w“” I
box is indicated by the thick line and the K-
box by the thin line. The solid box indicates

GEACACCCTATCATCGCTCOATCTAGATARCARG
GRACTTCATTTCATTTACCARACCACT TGATG
GETETGCAACTETECTT

the two amino acid residues deletegpwl- (C) \ A (E)
1. The dashed box shows the exon that is < Q\v“' O

deleted inspw1-2 The genomic sequence is ’ %_;‘

available at the GenBank (accession no. SR

AF424549). (C) RNA blot analysis of the 3000 - | ; 500bp
SPW1ltranscript inspwlmutants. Jug of 2000 g :

400bp

poly(A) RNA from spwlmutants and wild-

type was subjected to gel electrophoresis and
hybridization with arSPW1specific probe.

1 kb-longSPWliranscript was detected in

the wild type as well as mutants, but with a 1000
lesser amount in mutants. Unspliced RNA

was not detected in mutants. (D) The same

blot was hybridized with the probe for

ubiquitin genes (accession number

AC103891). (ESPWIRT-PCR analysis of (D)
spwlmutants. The amplification of the

region between exon 1 and 6 showed that the : i
spwl-2mutation resulted in the deletion of “ “ ”
an approximately 100 bp-long sequence

from SPWImRNA.

300bp

homeotic conversion of carpel into stamens. However, midribsuggests that the formation of the midrib requires more
less leaves and occasional abnormal carpel development a@mplete activity of theDL gene product than the carpel
common to all the above mutants. Since similar mutationdevelopment does.

pleiotropically affecting both leaf midrib and carpel The floral phenotype of strondl mutants ¢l-supland
development have not been reported in dicots, these gendlssup? is similar to that ofsuperman(sup mutants in
appear to have a unique combination of functions in monocotéwrabidopsis which form extra stamens interior to the stamen
The phenotypic characteristics of fodlr alleles, particularly whorl (Schultz et al., 1991; Bowman et al., 1992). It is
floral phenotypes, indicate thdit2 is the weakest allele, which reported thaSUP encodes a C2H2-type zinc-finger protein,
does not affect floral organ development, dirduplanddl- and is expressed in the adaxial region of the whorl 3 floral
sup2are the strong alleles converting the carpel into stamenmeristem (Sakai et al., 1995). The functiorSafPis shown

No mutants have been identified which produce normal leaves be involved in co-ordinated proliferation control of whorl
but cause homeotic conversion of the carpel into stamens. Tt8sand 4 floral meristems. However, tde flower exhibits
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(o $
Fig. 9. SPWilexpression in wild-typedl-supl pa = L ] 4
andspwl-Tlowers. (A-D, I-L) Wild-type, F
(E-H) dl-supland (M-P)spw1-1flowers.
(A-H) Non-radioactive, and (I-P) radioactive
in situ hybridization. (ASPW1RNA was le
detected in the floral meristem where incipient
lodicule (arrowhead) and stamen primordia e —— —_— =
were formed. (B-DBPWIlexpression was .
detected in developing stamen and lodicule g P A
primordia but not in the carpel primordium Ie é

le t

ov

(B,C) and (D) in the anthers (arrows) and
filaments but not in the young ovary (ov) with {'
developing stigma. (E) The expression pattern = le i ﬁgP
of SPW1in dl-suplbackground was -
indistinguishable from the wild type at the
stage when whorl 4 showed no sign of
differentiation. (F,G,H) Ectopic expression of
SPW1lwas detected in the region where
ectopic stamens are formed (arrowheads).
Ectopic expression @PW1is not detected

in the center of the floral meristem

throughout flower development (arrows).
(I,K,M,0) Bright-field, and (J,L,N,P) dark-

field micrographs. (1,J) Floral meristem of a
developing wild-type flower. (K,L) A young
wild-type flower with developing floral organ
primordia. (M,N) Floral meristem of a
developingspwl-1flower. (O,P) A young M
spwl-1flower with developing floral organ e
primordia. le: lemma, pa: palea, lo: lodicule, ﬁ.
st: stamen, ca: carpel, ov: ovule. The numbers =
2, 3 and 4, indicate the position of whorls 2, 3 »

and 4, respectively. Bars. Bon. Nk

several phenotypes seemingly distinct freap Firstly, SUP  mutations (Sakai et al., 2000). In tepw1-1 dl-supXdouble
does not affect vegetative development (Schultz et al., 199iutant flower, however, organs whose identities are neither
Bowman et al.,, 1992; Sakai et al., 1995). Secondlycarpel nor stamen are indeterminately produced in whorls 3
ectopically formed stamens are arranged in a differerdnd 4. This phenotype again indicates Dhatfunction is not
pattern. Insupmutants, the extra stamens are formed in extréo regulate the boundary between whorl 3 and whorl 4 but
whorls that exhibit a duplicated pattern of the stamen whonather to provide the carpel organ identity and the whorl
(whorl 3) (Schultz et al., 1991; Bowman et al.,, 1992). In4 determinacy. Furthermore, the expression pattern of
contrast, these extra stamenslisupmutants are formed not OsMADS45which we showed to be flower specific, suggests
as a duplication of whorl 3 but as a branch structure alontpat the organs formed whorl 3 and 4 of double mutant flowers
the axis of the palea and lemma. These differences could bave floral organ identity.

explained by assuming thabL acquired several new _

functions during its divergence away from tie/SUP A model of rice flower development

ancestral gene. Nevertheless, taking into account th&ccording to previous data derived from cDNA sequences and
interaction betweebL andSPWlas discussed below, we are expression patterns, genes corresponding to the ABC floral
tempted to consider thabL is distinct from SUP in homeotic genes ifrabidopsisand Antirrhinum appear to be

specification of carpel identity. present in rice, and their corresponding functions were partly
o _ proved by antisense experiments (Chung et al., 1994; Chung et
Genetic interaction between  SPWI1 and DL al., 1995; Kang et al., 1995; Kang et al., 1998; Moon et al., 1999;

In order to examine potential genetic interactions betvdten Kyozuka et al., 2000). Two genes sharing homologyA®

and spwl we constructed the double mutant. The doubl®DsMADS3also referred to @&8AG andOsMADS13have been
mutant showed a phenotype distinct from that seen ialoned in rice (Lopez-Dee et al., 1999; Kang et al., 1998). Their
Arabidopsis ap3 supThe ap3 supdouble mutant has a expression patterns and transgenic experiments suggested that
phenotype similar tap3(Schultz et al., 1991; Bowman et al., OsSMADS3is the C function gene in rice (Kang et al., 1998;
1992), but the development of whorl 4 organs is suppresseldyozuka et al., 2000; Kyozuka and Shimamoto, 2002). Also, two
which is largely explained by an additive interaction of twogenes sharing homology BRi, OsMADS2and OsMADS4 have
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whorl 2 whorl 3 whorl 4 genes (Fig. 10A). The transformation of floral organdlias
well as spwl mutants can be explained by the mutually
SPW I DL} exclusive interaction of both genes: the lossDaf function
(A wid type : results in the spatial expansion ®PW1function in whorl 4,
2 A C which leads to the transformation of the gynoecium into
(Pa) o & e stamens (Fig. 10B). Likewise, the lossS&#W 1function causes

spatial expansion ddL function in whorl 3, which leads to the
transformation of stamens into carpels (Fig. 10C). Such
[ SPW ] mutually antagonistic interaction &L and SPW1resembles
(B)  d-sup1 : the one between class A and C activities Airabidopsis
P ? A C (Bowman et al., 1991; Drews et al., 1991). The loss of both
SPWilandDL causes the transformation of whorl 3 and 4 organs
(Pa) Lo St st into indeterminate structures that produce organs with no
apparent identity (Fig. 10D). This indicates that these two rice
| DL l genesSPW1landDL, play an essential role in specifying floral
© SPWL  peesernsseeens > ; organ identity. InPArabidopsis genes that specify carpel identity
? A i C were isolated and their interactions with ABC homeotic genes
S S Y- studied (A|Varez and Smyth, 1997; Alvarez and Smyth, 1999;
(Pa) Pl Ca Ca Liu et al, 2000). These genes includ&UNIG (LUG),
AINTEGUMENTAANT), CRABS CLAWCRQ andSPATULA
(SPT). Among them,crc and spt mutants show a significant

(O) spwrldlsupl e SO : reduction in carpelloidy in combination with the1 mutation
P2 i A C (Alvarez and Smyth, 1999). None of the loss-of-function
S I T mutants of these genes, however, exhibits a phenotype similar
(Pa) P Id Id to dI-sup Nevertheless, it would be interesting to see whether

Fig. 10.A model ofDL andSPW1functions in floral organ there is any common genetic pathways controlle@RE/SPT

o ; 2 in ArabidopsisandDL in rice.
specification. The model is also based on data that indicate the Alth h data orbL L f i ilabl
presence of class A and C gene(s) in rice (for a review, see Goto et ough data o expression Is currently not available,

al., 2001). (A) In the wild-type floweBL acts in whorl 4 and the studies oisPWlexpression in mutants provide additional
specifies carpel identity (Ca) together with class C ger@fN1 data that are consistent with the mo@&®Wlexpression was
acts in whorl 2 and 3 as one of the B function genes and specifies Significantly downregulated in trgpwlmutant. Although this
stamen identity (St) in whorl 3 together with class C gene(s) and  transcriptional repression could be due to a splicing defect,
lodicule identity (Lo) in whorl 2 together with class A gene(s). (B) In resulting in increased RNA turnover, or possible autoregulation
dl mutants SPWIfunction expands to whorl 4, which results in the  similar to the one reported f&P3 (Jack et al., 1994), it could
homeotic transformation of the carp_el into stamens. (Gpwnl _ _also be due to ectopi®L activity in the spwl mutant
mutants, stamens are transformed into carpels by the ectopic ac“‘"%ackground. However, ectop&PW lexpression was detected
?rf DL in whorl 3. Whorl 2 organs are specified as palea-like (Pl) i \yhor| 4 of the strongll mutants. Ectopic expression was not

rough the cIass_A function aI_one._(D) In g@vl-1 dl-s_up]jouble detected at the st f the IniGPW 1 . Rather it
mutant, organs with unknown identity (Id) are formed in whorls 3 etected at the stage of the ini expression. Rather, it
and 4 without class B ®L functions. Organs in whorl 2 are palea- WaS seen at the later stage when whorl 3 stamen primordia
||ke’ the same as those formectpwlmutantsy Specmed by the class Started to d|ﬁ:erent|ate into f||a.ment and anther structures and
A function alone (see text). Pa, palea. the whorl 4 floral meristem proliferated to form a mound. The

pattern of ectopic expression again differed from what has been
observed irsupmutants inArabidopsis whereAP3expression

been cloned in rice. Based on the expression patterns in flowegsadually spread into the whorl 4 area (Sakai et al., 1995). In
OsMADS2and OsMADS4are believed to bd’l homologs dl-sup ectopic expression @PW1loccurred abruptly in part
(Chung et al., 1995; Kyozuka et al., 2000). In the case aff the whorl 4 floral meristem. This also suggests that the organ
OsMADS4the function has further been elucidated by anti-senseéentities of whorls 3 and 4 are not specified at the same stage
experiments (Kang et al.,, 1998). As for tA®3 homolog, in rice as they are iArabidopsis In rice, the specification of
OsMADS16wvas initially isolated by screening for proteins which whorl 4 appears to occur after that of whorl 3. A model of
could interact with OSMADS4 protein (Moon et al., 1999). Wesequential specification of floral organs has been discussed in
show in this report that th&&PW1 gene is identified as other species (Hicks and Sussex, 1971)Atabidopsisand
OsMADS16@nd the loss dsPW1function causes the phenotype tobacco, floral organ specification was shown not to require
corresponding to the class B mutant phenotype. There are sevesiginals from outer whorls (Day et al., 1995). It remains to be
rice genes sharing sequence homology toAtlabdidopsisclass  explored whether floral whorls in rice are also autonomous and
A gene,AP1 Among them, thd.HS1 gene OsMADS]) was independent from each other with regard to organ specification.
shown to carnAP1function at least in part (Jeon et al., 2000).  According to recent report, tl¥ gene has been identified by

As discussed above, our data show that has a novel implementing a map-based cloning strategy (T. Yamaguchi, Y.
function that has not yet been described in other flowerinjlagato and H. Hirano, personal communication). Further
plants. With regard to its function in floral organ specificationanalyses of th®L gene at the molecular level could shed more
DL appears to act in whorl 4 to specify carpel identity,light on the unique function @L and its interaction with other
presumably in conjunction with other genes including class @oral homeotic genes.
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