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The C-class MADS box gene AGAMOUS (AG) plays crucial roles in Arabidopsis thaliana development by regulating the

organ identity of stamens and carpels, the repression of A-class genes, and floral meristem determinacy. To examine the

conservation and diversification of C-class gene function in monocots, we analyzed two C-class genes in rice (Oryza sativa),

OSMADS3 and OSMADS58, which may have arisen by gene duplication before divergence of rice and maize (Zea mays). A

knockout line of OSMADS3, in which the gene is disrupted by T-DNA insertion, shows homeotic transformation of stamens

into lodicules and ectopic development of lodicules in the second whorl near the palea where lodicules do not form in the

wild type but carpels develop almost normally. By contrast, RNA-silenced lines of OSMADS58 develop astonishing flowers

that reiterate a set of floral organs, including lodicules, stamens, and carpel-like organs, suggesting that determinacy of the

floral meristem is severely affected. These results suggest that the two C-class genes have been partially subfunctionalized

during rice evolution (i.e., the functions regulated by AG have been partially partitioned into two paralogous genes,

OSMADS3 and OSMADS58, which were produced by a recent gene duplication event in plant evolution).

INTRODUCTION

Gene duplication is closely associated with the evolution of

genes with new functions (Force et al., 1999; Hughes, 1999).

After gene duplication, for example, one of the genes may be

released from functional constraints, enabling it to accumulate

mutations and to acquire a new function (neofunctionalization).

Alternatively, several functions controlled by an ancestral gene

may be partitioned into two genes produced by gene duplication

(subfunctionalization). Repetitious gene duplication produces

many genes from a single ancestral gene and gives rise to the

diversification of gene function into multigene families. In some

cases, a genemay lose its function and accumulatemutations as

a pseudogene (nonfunctionalization).

The study of floral homeotic mutants in model eudicots, such

as Arabidopsis thaliana and Antirrhinum majus, has established

the ABC model, which explains the genetic mechanism un-

derlying floral organ specification. The ABC model proposes

that three classes of genes, termed A, B, and C, are active in two

adjacent whorls, and combinatorial activities of these genes

specify four types of floral organs (Bowman et al., 1991; Coen

and Meyerowitz, 1991; reviewed in Lohmann and Weigel, 2002;

Jack 2004). A genes alone specify sepals, A and B genes

together specify petals, B and C genes together specify sta-

mens, andCgenes alone specify carpels.Most of the ABCgenes

belong to the MADS box gene family and encode MIKC-type

MADS domain proteins that function as transcription factors

(reviewed in Riechmann and Meyerowitz, 1997; Alvarez-Buylla

et al., 2000). The Arabidopsis class E genes, such as SEPALLATA3

(SEP3), which forms a multiprotein complex with the B- and C-

class MADS domain proteins, also belong to the MADS box

family (Pelaz et al., 2000; Honma and Goto, 2001). Thus, the

functional diversification of MADS box genes has contributed

greatly to the precise and complex genetic regulation of flower

development in Arabidopsis; in addition, the diversification of

MADS box genes during evolution has been proposed to be

a major driving force for floral diversity in land plant architecture

(Theissen et al., 2000; Kramer et al., 2004; Irish and Litt, 2005).

The grasses, Poaceae, constitute a large family containing

;10,000 species of monocotyledonous plants that diverged

from their closest relatives, monocots in the families Joinvillea-

ceae and Ecdeiocoleaceae, around 55 to 70 million years ago

(Kellogg, 2001). The grass inflorescences comprise characteris-

tic structural units called spikelets that consist of florets (Schmidt

and Ambrose, 1998; McSteen et al., 2000; Bommert et al., 2005).
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The florets do not have obvious petals and sepals but instead

include lodicules and leaf-like organs called palea and lemma. It

is of great interest to elucidate the genetic mechanisms that reg-

ulate developmental processes in grass flowers as theyare highly

diversified fromeudicot flowers. Several lines of genetic evidence

indicate that the functions of B-class genes are well conserved

acrossgrassspeciesandeudicots (Ambroseetal., 2000;Nagasawa

et al., 2003). Molecular genetic studies of the rice (Oryza sativa)

gene SUPERWOMAN1 and the maize (Zea mays) gene Silky1

have revealed that these APETALA3 (AP3)-like genes specify

lodicules (corresponding to petals) and stamens in both grasses,

similar to the function of AP3 in Arabidopsis (Jack et al., 1992). In

addition, the gene products of the maize B-class genes Silky1

and Zmm16 (PISTILLATA ortholog) work as heterodimers, as do

Arabidopsis B-class proteins (Whipple et al., 2004).

In Arabidopsis, the C-class gene AGAMOUS (AG) plays a

critical role in formation of the reproductive organs, stamens, and

carpels (Yanofsky et al., 1990; Bowman et al., 1991, 1999). In

loss-of-function mutants of AG, the stamens are homeotically

transformed into petals, and the central carpels are replaced by

another ag flower. This ag flower consists entirely of sepals and

petals and continues to produce organs indeterminately. Thus,

AG has functions that regulate stamen and carpel identity, that

repress A-class gene activity in the inner two whorls, and that

establish floral meristem determinacy. Furthermore, a negative

autoregulatory mechanism involving AG and WUSCHEL termi-

nates stem cell maintenance (Lenhard et al., 2001; Lohmann

et al., 2001), and the function of AG in floral meristem deter-

minacy can be genetically separated from its function in organ

identity (Mizukami and Ma, 1995; Sieburth et al., 1995).

SHATTER PROOF1 (SHP1) and SHP2, which belong to the other

clade of C-class genes, are partly involved in carpel development

and are required for differentiation of the dehiscence zone

(Liljegren et al., 2000; Pinyopich et al., 2003). In Antirrhinum,

PLENA (PLE), which is closely related to the SHP genes, has

a function similar to that of AG. The other C-class gene

FARINELLI, an ortholog of AG, is responsible for the develop-

ment of male reproductive organs and is partly redundant to PLE

(Bradley et al., 1993; Davies et al., 1999). Thus, C-class genes

are diversified and involved in various aspects of flower devel-

opment in eudicots.

The function of grass C-class genes is not well understood. In

grasses, the function of C-class genes may have diversified and

become partially redundant as a result of gene duplication (Mena

et al., 1996). In maize, a loss-of-function mutation in a C-class

gene, ZAG1, does not result in the loss of carpel identity, al-

though floral meristem determinacy is partially lost. It has been

proposed that the near-normal specification of carpels in the

zag1 mutant is due to the activity of the other C-class gene,

ZMM2, which is functionally redundant to ZAG1. Alternatively,

the two C-class genes might have diversified with separate

functions: ZMM2 for organ identity and ZAG1 for floral meristem

determinacy. In spite of this attractive hypothesis, no further

genetic analysis has been reported so far. A similar situation is

also seen in rice; namely, antisense suppression of the C-class

gene OSMADS3 produces flowers with transformed stamens

and abnormal carpels, but it does not give rise to a clear

homeotic change in the carpels (Kang et al., 1998). We have

previously shown that the YABBY gene DROOPING LEAF (DL)

has a crucial function in carpel specification in rice (Yamaguchi

et al., 2004). In loss-of-function mutants of DL, carpels are

completely transformed into stamens. DL is expressed specif-

ically in the presumptive region where carpels subsequently

develop and in the developing carpel primordia. Thus, the

functions of C-class genes and their genetic relationship with

DL are particularly interesting.

In this article, we describe the functions of two rice C-class

genes, OSMADS3 and OSMADS58 and their interactions with

genes involved in flower development, including DL. Loss-of-

function mutants of OSMADS3 show severe defects in stamen

identity and lodicule number. By contrast, downregulation of

OSMADS58 expression by RNA silencing causes extremely

severe defects in floral meristem determinacy and partial defects

in carpel morphogenesis. Our studies show that OSMADS3 and

OSMADS58 have been subfunctionalized such that they play

more predominant roles in distinct whorls. In addition, our results

also suggest that C-class genes are involved in the asymmetric

distribution of lodicules in the rice flower.

RESULTS

Identification of a New Member of the C-Class Gene Family

and Phylogenetic Analysis

We identified a new member of the rice MADS box gene family,

OSMADS58, which belongs to theAG subfamily in addition to the

OSMADS3, OSMADS13, and OSMADS21 genes that have been

reportedso far (Kangetal., 1998;Lopez-Deeetal., 1999;Leeetal.,

2003). OSMADS58 is most closely related to OSMADS3 among

the rice MADS box genes. OSMADS3 and OSMADS58 share 96

and 67% sequence identity in the MADS domain and across the

whole protein, respectively (see Supplemental Figure 1 online).

OSMADS3 and OSMADS58 share similar genomic organization:

they contain 10 exons and 9 introns at the same positions and

have a large intron after the second exon, which partly contains

the MADS box. These structural features suggest that the two

genes arose by a duplication event relatively recently in evolution.

We therefore analyzed the phylogenetic relationship of MADS

domain proteins belonging to the AG subfamily in several

species of eudicots and monocots (Figure 1; see Supplemental

Figure 2 online). The resulting tree indicates that OSMADS3 and

OSMADS58 are classified into theC-lineage of the AG subfamily,

whereas OSMADS13 and OSMADS21 are classified into the

D-lineage, as shown previously (Kramer et al., 2004). Of the four

species of the grass family examined, rice, wheat (Triticum

aestivum), and barley (Hordeum vulgare) have two genes belong-

ing to theC-lineage, whereasmaize has three genes belonging to

this lineage, and the genes are classified into two subgroups:

subgroup I, including OSMADS3, ZMM2, ZMM23, WAG2, and

BAG1; and subgroup II, including OSMADS58, ZAG1, WAG1,

and BAG2. These results suggest that these genes arose by

gene duplication before the divergence of the grass species. The

presence of two maize genes in subgroup I may reflect the dup-

lication of the maize genome after its divergence from other spe-

cies (Gaut and Doebley, 1997).
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Comparison of OSMADS3 andOSMADS58

Expression Patterns

To determine the functions of the two C-class genes in rice, we

first analyzed the spatial and temporal expression patterns of

OSMADS3 and OSMADS58 during flower development in wild-

type plants (Figures 2A to 2E and 2G to 2K).

Expression of OSMADS3 was first detected at the time when

the lemma and palea primordia were just initiating (Figure 2A). At

this stage, strong expression ofOSMADS3was observedmainly

in whorl 3, where the stamen primordia subsequently initiate, and

only aweak signal was detected in whorl 4 (Figure 2A). Soon after

initiation of the stamen primordia, the OSMADS3 signal dis-

appeared from the developing stamen primordia, but weak ex-

pression remained inwhorl 4 (Figure 2B). ExpressionofOSMADS3

was highly elevated in whorl 4 just before carpel development

initiated (Figure 2C), but it disappeared from the carpel primordia

after emergence of the carpel bulge (Figure 2D). At this stage,

strong expression of OSMADS3 was observed in the floral

meristem, which later produces the ovule primordia (Figure 2D),

but it was downregulated once the ovule primordia initiated

(Figure 2E). Expression of OSMADS58 was initially detected at

the same time as the first expression of OSMADS3 (Figure 2G)

andwas distributed uniformly inwhorl 3 andwhorl 4.OSMADS58

was expressed in the primordia of stamens, carpels, and ovules

from their inception, and its expression persisted during the

development of these floral organs (Figures 2H to 2K).

In summary, OSMADS3 and OSMADS58 show similar spatial

patterns of expression in that they are both expressed exclu-

sively in whorl 3 and whorl 4, suggesting that they have functions

similar to those of typical C-class genes, such as AG in Arabi-

dopsis. However, the temporal expression patterns of the two

genes differ from each other. OSMADS3 is expressed strongly

only in the presumptive region fromwhich the stamen, carpel, and

ovule primordia subsequently differentiate, whereasOSMADS58

is continually expressed in these primordia from their inception

to later developmental stages.

Notably, both OSMADS3 and OSMADS58 were expressed

asymmetrically in the floralmeristem along the palea–lemma axis

(Figures 2A and 2G). Both genes were expressed in the cells just

adjacent to the palea primordium but not in the cells adjacent

to the lemma primordium. In rice, two lodicules develop inside

the lemma, but not on the palea side. The region where both

OSMADS3 and OSMADS58 are downregulated corresponds to

the region where the lodicule primordia initiate (see Discussion).

Isolation of Insertion Mutants ofOSMADS3 and Silencing

of OSMADS58 by RNA Interference

To investigate further the functions of the two C-class genes in

rice, we used reverse genetic approaches. First, we tried to

isolate insertional mutants from lines tagged with the retrotrans-

poson Tos17 or with T-DNA (Hirochika et al., 1996; Hirochika,

2001; Jeong et al., 2002). We obtained two lines, osmads3-1 and

osmads3-2, that had Tos17 insertions in OSMADS3 (Figure 3A).

Although osmads3-1 showed no abnormality, osmads3-2, which

lacked 86 amino acids in the C-terminal region (Figure 3B),

showed a relatively weak phenotype. In osmads3-3, the T-DNA

was inserted into the large second intron (Figure 3A), and this

allele showed a severe phenotype. NoOSMADS3 transcript was

detected by RT-PCR analysis in RNA samples from osmads3-3

homozygotes (Figure 3D).

Because we could not isolate any insertion lines for

OSMADS58, we tried to repress OSMADS58 gene activity by

RNA interference (RNAi) silencing (Figure 3C). Among 17 trans-

genic plants produced, 12 lines showed severe phenotypes and

5 lines showed weaker phenotypes. We further analyzed

osmads58-s1 and osmads58-w1 as representative alleles for

severe and weak phenotypes, respectively. In osmads58-s1, no

OSMADS58 transcriptswere detected even after 35 cycles of the

RT-PCR reaction (Figure 3D). Normal amount of transcripts of

the other MADS box genes were detected, even for OSMADS3,

the gene most closely related to OSMADS58. These results

indicate that RNAi silencing operates effectively and specifically

on OSMADS58 in this line. In osmads58-w1, relatively few

OSMADS58 transcripts were detected (Figure 3D). The effect

of RNAi was also specific to OSMADS58 in this line.

Phenotypes of osmads3Mutants

In the severe loss-of-function allele osmads3-3, almost all sta-

mens in whorl 3 were homeotically transformed into lodicule-like

organs (Figures 4B, 4E, 4F, and 8A, Table 1). Some stamenswere

Figure 1. Phylogenetic Analysis of MADS Domain Proteins in the AG

Subfamily.

Analysis was done by the neighbor-joining method, OSMADS21 and

ZMM25 were used as outgroups, and the local bootstrap values after

1000 replicates are indicated near the branching points.
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completely transformed into lodicules that were indistinguish-

able from those in the second whorl. In other flowers, incomplete

transformation was observed, that is, an organ of a mosaic of

lodicules and stamens such that the anther-like organ was fused

to the lodicule-like organ (Figure 4F). Analyses by scanning

electron microscopy showed that the shape and arrangement of

the epidermal cells of the transformed organs in osmads3-3were

almost identical to those of the lodicules in the wild type (Figures

4H and 4I). These observations demonstrate that OSMADS3 is

necessary for stamen specification in rice.

An increase in the carpel number in whorl 4 was observed in

osmads3-3 (Figures 4C and 8A, Table 1). These carpels had

developed from the same whorl and were fused at the base. The

number of stigma also increased approximately fourfold in this

line as compared with the wild type. The morphology of the car-

pels was almost normal, although undifferentiated cell masses

sometimes emerged out of the carpels (Figure 4G). Occasionally,

new carpels developed within the carpels of the fourth whorl

(Figure 4C), suggesting that the number of floral whorls had

slightly increased. Taken together, these phenotypes suggest that

floral meristem determinacy is partially lost in osmads3-3.

Unexpectedly, loss of OSMADS3 function affected organ

development inwhorl 2. In the ricewild-type flower, two lodicules

formed only on the lemma side (Figures 4A and 8A); in the

osmads3-3 flower, however, ectopic lodicules developed on the

palea side in whorl 2 (Figures 4B, 4E, and 8A). On average, 4.4

lodicules developed in whorl 2, but in an extreme case, six

lodicules developed in this whorl (Table 1). These lodicules were

often fused at the base and arranged in whorled phyllotaxy. This

result suggests that in the wild type, OSMADS3 controls the

number of lodicules in whorl 2 by repressing lodicule develop-

ment, especially near the palea.

In the intermediate allele of osmads3-2, the homeotic trans-

formation of stamens in whorl 3 and the increase in lodicule

number in whorl 2 were also observed, although the extent of the

abnormality was smaller than in osmads3-3 (Figure 4D, Table 1).

The defects in whorl 4 were very weak, and an increase in carpel

number was observed in only a few flowers (Table 1).

We examined the developmental defects in the osmads3-3

flower at early stages by scanning electron microscopy. Al-

though osmads3-3 flower development proceeded normally until

emergence of the lemma and palea primordia, abnormalities in

osmads3-3 were detected at the stage when the stamen pri-

mordia initiated. Six stamen primordia of the wild-type flower

were small and spherical in shape and were deposited at equal

intervals (Figure 4J). By contrast, some of the third whorl organ

primordia of the osmads3-3 flower were irregular in shape, and

the positioning of the primordia was distorted, probably reflect-

ing a homeotic change in the stamen (Figure 4K). Ectopic lodicule

primordia at the palea side were detected at this stage (Figure

4K). After the multiple carpel primordia developed in whorl 4, the

floral meristem was eventually consumed by these organs, sug-

gesting that the defect in floral meristem determinacy is in-

complete in osmads3-3 (Figure 4M).

Phenotypes of osmads58 RNAi Plants

The most prominent phenotype in the severely silenced line of

osmads58 was the indeterminate development of floral organs

(Figure 8A). The osmads58-s1 line produced florets that reiter-

ated a set of floral organs consisting of lodicules, stamens/

ectopic lodicules, and carpel-like organs (Figures 5A, 5B, and 5E

to 5G; characteristics of the floral organs in each whorl are de-

scribed below in detail). Observations of the early developmental

Figure 2. In Situ Localization of OSMADS3 and OSMADS58 Transcripts in Wild-Type and dl-sup1 Flowers.

(A) to (E) In situ localization of OSMADS3 transcripts in wild-type flowers. The stages of flower development proceed from (A) to (E).

(F) In situ localization of OSMADS3 transcripts in the dl-sup1 flower. The stage of flower development corresponds to the wild-type flower in (D).

(G) to (K) In situ localization of OSMADS58 transcripts in wild-type flowers. The stages of flower development proceed from (G) to (K).

(L) In situ localization of OSMADS58 transcripts in the dl-sup1 flower. The stage of flower development corresponds to the wild-type flower in (J).

Arrowheads in (A) indicate stamen anlagen where a high level of OSMADS3 transcripts accumulate. Arrows in (A) and (G) indicate the regions that later

produce lodicule primordia and that do not accumulate OSMADS3 orOSMADS58 transcripts. Arrows in (F) and (L) indicate ectopic stamens in whorl 4.

Lemma and palea primordia in (A) and (G), carpel primordia in (D), and ectopic stamen primordia in (L) are outlined. ca, carpel; le, lemma; lo, lodicule;

ov, ovule; pa, palea; st, stamen. Bars ¼ 20 mm.
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pattern clearly showed a repetition of whorls forming the primor-

dia of lodicules, stamens, and carpel-like organs (Figure 5N). This

repetitionproduced>50floralorgans in theflowerofosmads58-s1,

although the organ number in each whorl gradually reduced

toward the innerwhorls. Even in analmost-mature flower that had

mature antherswith longfilaments, the flowermeristem remained

at the top of the flower, suggesting that floral meristem de-

terminacy is severely lost inosmads58-s1 (Figures 5Gand5H). To

confirm this, we examined the expression pattern of the class I

KNOX gene, OSH1, which is a molecular marker of meristem-

indeterminate cells in rice (Sato et al., 1996). In the wild-type

flower, OSH1 expression was detected in the floral meristem at

the early stages (Yamaguchi et al., 2004), but it completely dis-

appeared when carpels developed (Figure 5P). By contrast,

expression of OSH1 in the osmads58-s1 flower was maintained

in the central region even after many floral organs had been

produced (Figure 5Q). These results strongly indicate that de-

terminacy of the floral meristem is completely disrupted in

osmads58-s1.

Although the number of lodicules in whorl 2 increased in

osmads58-s1, as it did in osmads3, the defect was less severe

in osmads58-s1 (Figures 5A, 5B, and 5E to 5G, Table 1). The

homeotic transformation of stamens into lodicules in whorl 3 was

also observed in osmads58-s1. The number of floral organs

showing this transformation, however, was very low, and normal

stamens developed in whorl 3 although the number of these was

reduced (Figures 5A, 5B, and 5E to 5G, Table 1). These results

indicate that, like OSMADS3, OSMADS58 plays a partial role

in repressing in extra lodicule development in whorl 2 and

in controlling stamen specification, but the contribution of

OSMADS58 to these developmental functions seems to be

weaker than that of OSMADS3.

Carpel morphology was strongly affected in osmads58-s1. In

the wild type, carpel primordia initiate from one side and develop

toward the opposite side; the carpels then finally fuse, resulting in

the formation of a bottle-like structurewith two stigmas at the top

(Figure 4A; Yamaguchi et al., 2004). By contrast, the carpels

developed into thick cup-like structures without fusing along

their margins in osmads58-s1 (Figure 5I). These structures were

pale green, like wild-type pistils, but they did not differentiate

stigmatic tissues at the top, and on the epidermis, they produced

many trichomes, which are not observed in wild-type carpels.

Because wild-type palea and lemma are green and form tri-

chomes, we examined the carpel-like structures of osmads58-s1

Figure 3. Molecular Characterization of Insertional Mutants of

OSMADS3 and RNAi Plants of OSMADS58.

(A) Genomic structure of OSMADS3 and position of the T-DNA or Tos17

insertion. Boxes indicate exons, and thick lines indicate introns.

(B) Insertion site of Tos17 in osmads3-2. Tos17 sequences are shown in

bold. A possible chimeric translation product, terminating within the

Tos17 element (asterisk), is shown beginning with amino acid 186.

(C) Schematic representation of the transgene construct, which can

produce double-stranded RNA of the 39-half the OSMADS58 sequence

with a loop. The positions of the nucleotides of OSMADS58 used in this

construct are shown.

(D) RT-PCR–based expression analysis of ABCMADS box genes andDL

in young flowers of wild-type, osmads3 mutant, osmads58RNAi, and

osmads3-2/osmads58RNAi lines. Rice ACT1 was analyzed as a control.

The genes subjected to amplification are shown at the left. The number in

parentheses indicates the PCR cycle number. Lines from which the RNA

samples were isolated are shown at the top. To monitor OSMADS3

expression in osmads3-2, a gene-specific primer and a Tos17-specific

primer were used, which resulted in a smaller fragment as compared with

samples containing the wild-type allele.
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in detail. Scanning electron microscopy analyses showed that

the shape and the arrangement of epidermal cells of the carpel-

like organs of osmads58-s1 were almost identical to those of the

wild-type carpel wall (Figures 5J and 5K). The trichomes on these

organs were hairy (Figure 5L) and were distinct from bristles on

the palea and lemma (Figure 5M). The surface morphology of the

carpel-like organs also differed from those of wild-type palea and

lemma (Figure 5M). In addition, longitudinal sections revealed

that ovule-like organswere produced on the adaxial side of these

organs (Figure 5O). Although these ovule-like organs were

enclosed by outer and inner integuments similar to wild-type

ovules, no embryo sac had differentiated inside them, and in

some flowers, an ectopic cell mass formed around the integu-

ments (Figure 5O). The cell mass occasionally emerged from

the carpel-like organs (Figure 5B). Thus, the abnormal organs

formed inside the stamens/ectopic lodicules in osmads58-s1

had carpel identities to a certain degree but their morphology

was altered. These observations indicate that OSMADS58 may

be required for the morphogenesis of carpels in rice.

In the weak line osmads58-w1, the defects in floral meristem

determinacy were less severe, andmultiple carpels developed in

whorl 4. Interior to these carpels, a few lodicules or stamens often

developed (Figure 5C). Thus, the number of floral whorls was

slightly increased, but the floral meristem was not present

in mature flowers. In many cases, the carpel morphology was

normal, but in a few, abnormal carpel-like organs similar to those

in osmads58-s1 developed (Figure 5D).

In summary,OSMADS58 plays a crucial role in regulating floral

meristem determinacy. In addition,OSMADS58 is responsible for

the normal morphogenesis of carpels and is weakly required

Figure 4. Phenotypes of osmads3 Mutant Flowers.

(A) Wild-type flower.

(B) osmads3-3 flower showing the ectopic development of lodicules in whorl 2 and the homeotic transformation of stamens into lodicules in whorl 3.

(C) osmads3-3 flower showing the multiple carpels in whorl 4. For clarity, the organs in whorl 2 and whorl 3 have been removed. Arrow indicates ectopic

carpels that formed interior to whorl 4 carpels.

(D) osmads3-2 flower.

(E) Scanning electron micrograph of the osmads3-3 flower.

(F) Scanning electron micrograph of transformed organs in whorl 3 of the osmads3-3 flower.

(G) Scanning electron micrograph of ectopic cell masses (arrows) emerging from osmads3-3 carpels.

(H) and (I) Scanning electron micrographs showing the epidermal morphology of a wild-type lodicule (H) and a transformed organ in whorl 3 of the

osmads3-3 flower (I).

(J) and (L) Early development of the wild-type flower. For clarity, some stamens have been removed in (L).

(K) and (M) Early development of the osmads3-3 flower.

Arrowheads in (B), (D), and (E) indicate ectopic lodicules in whorl 2. White and black arrows in (B) and (D) to (F) indicate complete and incomplete

transformation of stamens into lodicules in whorl 3, respectively. Arrows and arrowheads in (K) indicate ectopic lodicules in whorl 2 and in whorl 3,

respectively. Arrows in (L) and (M) indicate carpel primordia. Arrowheads in (M) indicate transformed organs in whorl 3. le, lemma; lo, lodicule; pa, palea;

st, stamen. Bars ¼ 500 mm in (E) to (G) and 20 mm in (H) to (M).
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both for stamen identity and for repressing the differentiation of

ectopic lodicules.

Expression Analyses

To identify genetic interactions betweenC-class genes and other

floral organ identity genes in rice, in situ hybridization analysis

was performed.

In osmads3-3, expression of the rice B-class gene SPW1 was

restricted to whorl 2 and whorl 3, as it is in the wild type (Figures

6A and 6B). In addition,DLwas expressed specifically in themul-

tiple carpels of osmads3-3 (Figure 6C). OSMADS58 was initially

expressed inwhorl 3 andwhorl 4 of osmad3-3, as in thewild type,

suggesting that OSMADS3 is not required for the initial expres-

sion of OSMADS58 (Figure 6D). At later developmental stages,

the expression ofOSMADS58 becameweaker in the transformed

organs in whorl 3, whereas it remained strong in the multiple

carpel primordia (Figures 6Eand 6F). The reduction inOSMADS58

expression in whorl 3 may be a secondary effect arising from the

homeotic transformation of stamens into lodicules.

In osmads58-s1, expression of SPW1 was observed in the

lodicules in whorl 2 and in the stamens/ectopic lodicules in whorl

3, but it was excluded from the carpel-like organs in whorl 4 and

whorl 7 (Figure 6H). SPW1 expression was also observed in the

organs corresponding to the lodicules and stamens in the inner

flowers, but it was not detected in the carpel-like organs (Figure

6H). By contrast,DLwas expressed specifically in the carpel-like

organs of whorl 4 and that of the inner flowers (whorl 7) (Figures 6I

and 6J). The signals of SPW1 and DL were complementary to

each other; that is, SPW1 expression was excluded from the

whorl (organs) where DL was expressed and vice versa. As

above, these results demonstrate that flowers consisting of

lodicules, stamens/ectopic lodicules, and a carpel-like organ

develop reiteratively in osmads58-s1. In addition, the expression

of DL in the carpel-like organs suggests that these organs retain

carpel identity. The expression pattern of OSMADS3 was not

altered in osmads58-s1. At an early developmental stage, strong

expression in whorl 3 and relatively weak expression in whorl 4

were observed (Figure 6K). Later on, OSMADS3 continued to be

expressed in the floral meristem (Figure 6L). This observa-

tion suggests that OSMADS3 is expressed independently of

OSMADS58.

Next, we analyzed OSMADS3 and OSMADS58 expression in

the severe dlmutant (dl-sup1), in which carpels are homeotically

transformed into stamens (Nagasawa et al., 2003; Yamaguchi

et al., 2004). At an early developmental stage, OSMADS3 and

OSMADS58were expressed in whorl 3 and whorl 4 of dl-sup1 as

they were in the wild type (see Supplemental Figure 3 online). At

the stage when ectopic stamens were produced in whorl 4 of dl-

sup1, OSMADS3 was expressed in the floral meristem (Figure

2F), whereas OSMADS58 was expressed in stamens and ec-

topic stamens in whorl 3 and whorl 4 and in the floral meristem

(Figure 2L). Thus, the expression domains of both OSMADS3

and OSMADS58 in dl-sup1 were similar to their domains in the

wild type, indicating that DL does not act upstream of C-class

genes.

Genetic Interactions betweenOSMADS3 andOSMADS58

To identify genetic interactions between the two C-function genes

in rice, an RNAi construct targeting OSMADS58 was introduced

into homozygotes of the intermediate allele osmads3-2, and four

transgenic lines were isolated. Because all lines showed similar

morphology, below we describe osmads3-2/osmads58-s1 as

a representative line. In this line, expression of OSMADS58 was

repressed specifically and strictly (Figure 3D).

In whorl 2, the number of ectopic lodicules was higher in

osmads3-2/osmads58-s1 than in the osmads3-2 or osmads58-s1

Table 1. Summary of Phenotypes

Genotype Second Whorla,b Third Whorla Fourth Whorlc

Wild type Lodicules Stamens Carpels

(2.0) [2.0] (6.0) (100%)

osmads3-3 Increased number of

lodicules

Severe transformation of stamens into

lodicules

Increased number of

carpels

(4.4) [9.7] (5.3) (84%)

osmads3-2 Increased number of

lodicules

Mild transformation of stamens into

lodicules

Increased number of

carpels

(3.8) [6.1] (2.3) (6%)

osmads58-s1 Increased number of

lodicules

Weak transformation of stamens into

lodicules

Indeterminate organ

development

(3.2) [5.1] (1.8) (100%)

osmads58-w1 Increased number of

lodicules

Weak transformation of stamens into

lodicules

Increased number of carpels,

indeterminate organ development

(2.7) [3.7] (1.0) (76%) (16%)

osmads3-2/osmads58-s1 Increased number of

lodicules

Severe transformation of stamens into

lodicules

Indeterminate organ

development

(4.2) [8.4] (4.2) (100%)

a The numbers in parentheses indicate the average number of organs of that type found in that genotype.
b The numbers in brackets indicate the total number of the lodicule/lodicule-like organs in second and third whorls on average.
c The numbers in parentheses indicate the percentage of flowers of that type found in that genotype.
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Figure 5. Phenotypes of osmads58RNAi Flowers.

(A) osmads58-s1 flower. Arrow indicates a whorl 3 stamen that has been partially transformed into a lodicule.

(B) osmads58-s1 flower. Arrow indicates an ectopic cell mass emerging from a carpel-like organ.

(C) osmads58-w1 flower. Arrow indicates an ectopic stamen produced interior to the multiple carpels in whorl 4.

(D) osmads58-w1 flower. Arrow indicates a carpel-like organ, similar to that formed in osmads58-s1. Arrowheads in (A) to (D) indicate ectopic lodicules

in whorl 2.

(E) and (F) Scanning electron micrographs of the osmads58-s1 flower showing the reiterative development of lodicules, stamens, and carpel-like

organs. Some organs in the outer whorls have been removed to show indeterminate organ development. Arrow in (E) indicates a partially transformed

stamen into the lodicule. In (F), each floral organ is indicated by a different color: purple, lodicule; yellow, stamen; green, carpel-like organ.

(G) Scanning electron micrograph of the osmads58-s1 flower at anthesis. Some organs in the outer whorls have been removed to show indeterminate

organ development.

(H) Close-up of (G). The floral meristem (fm), which still produces organs, can be observed.

(I) Scanning electron micrograph of a carpel-like organ in osmads58-s1.

(J) and (K) Scanning electron micrographs showing the epidermal morphology of a wild-type carpel (J) and the carpel-like organ of the osmads58-s1

flower (K).

(L) Scanning electron micrograph of trichomes in the carpel-like organs of the osmads58-s1 flower.

(M) Scanning electron micrograph of bristles in wild-type lemma.

(N) Scanning electron micrograph of an early stage of the osmads58-s1 flower.

(O) Longitudinal section of the carpel-like organ showing an ovule-like structure (ovl) in the osmads58-s1 flower.

(P) and (Q) In situ localization of OSH1 transcripts in late stage of the wild-type (P) and osmads58-s1 (Q) flowers. Asterisks in (Q) indicate floral organ

primordia.

ca, carpel; cl, carpel-like organ; cm, cell mass; elo, ectopic lodicule; est, ectopic stamen developing reiteratively; lo, original lodicule; ov, ovule. Bars ¼
500 mm in (E) to (I) and 20 mm in (J) to (Q).














