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The meristem initiates lateral organs in a regular manner, and proper communication between the meristem and the lateral

organs ensures the normal development of plants. Here, we show that mutation of the rice (Oryza sativa) gene TONGARI-

BOUSHI1 (TOB1) results in pleiotropic phenotypes in spikelets, such as the formation of a cone-shaped organ instead of the

lemma or palea, the development of two florets in a spikelet, or premature termination of the floret meristem, in addition to

reduced growth of the lemma or palea and elongation of the awn. These phenotypes seem to result from not only failure in

growth of the lateral organs, but also defects in maintenance and organization of the meristem. For example, the cone-

shaped organ develops as a ring-like primordium from an initial stage, suggesting that regulation of organ initiation in the

meristem may be compromised. TOB1 encodes a YABBY protein, which is closely related to FILAMENTOUS FLOWER in

Arabidopsis thaliana, and is expressed in the lateral organ primordia without any patterns of polarization. No TOB1

expression is detected in the meristem, so TOB1 may act non–cell autonomously to maintain proper meristem organization

and is therefore likely to play an important role in rice spikelet development.

INTRODUCTION

In plant development, lateral organs, such as the leaves and floral

organs, develop from founder cells supplied from stem cells in the

meristem. After specification of cell fate for differentiation of each

organ, the development of lateral organ primordia is still regulated

from themeristemthrough as yet unidentified signals. For example,

isolation of the leaf primordia from the meristem by surgical

manipulation or laser ablation results in radially symmetrical

abaxialized leaves, suggesting that a signal to specify adaxial

identity in the leaf is derived from the meristem (Sussex, 1951,

1954; Reinhardt et al., 2005). Conversely, meristem activity is likely

to be affected by a signal from the lateral organs. Recent studies

suggest that activities ofYABBYgenes are involved in this signaling

in Arabidopsis thaliana and Antirrhinum majus (Golz et al., 2004;

Goldshmidt et al., 2008; Stahle et al., 2009; see below in detail).

The YABBY genes play important roles in the regulation of

diverse developmental processes, such as establishment of ad-

axial–abaxial polarity, lamina expansion, and floral organ devel-

opment, in eudicots. In Arabidopsis, FILAMENTOUS FLOWER

(FIL) and YABBY3 (YAB3) are proposed to promote abaxial cell

fate (Sawa et al., 1999b; Siegfried et al., 1999). Consistent with

this, FIL and YAB3 are expressed in the abaxial domain of lateral

organs (Sawa et al., 1999b; Siegfried et al., 1999; Sarojam et al.,

2010). Recent studies using triple (fil yab3 yab5) and quadruple (fil

yab3 yab5 yab2) mutants, which show complex loss of abaxial or

adaxial identities in radialized leaves, suggest that these YABBY

genes are involved in the promotion of leaf expansion, the estab-

lishment of leaf polarity, and the general genetic programof lamina

formation (Stahle et al., 2009; Sarojam et al., 2010). These YABBY

genes also regulate flower development (Chen et al., 1999; Sawa

et al., 1999a, 1999b; Siegfried et al., 1999; Stahle et al., 2009;

Lugassi et al., 2010; Sarojam et al., 2010). Whereas a fil single

mutation results in the formation of filamentous flowers and

defects in floral organ morphology, triple and quadruple mutants

of these YABBY genes produce radialized filamentous floral

organs. GRAMINIFOLIA (GRAM) and PROLONGATA (PROL),

orthologs of FIL/YAB3 and YAB5, have a similar function in the

development of leaves and flowers in A. majus (Golz et al., 2004;

Navarro et al., 2004). Other distantly related Arabidopsis YABBY

genes, CRABS CLAW (CRC) and INNER NO OUTER, are respon-

sible for abaxial cell fate in the carpel and specification of nectary

and for ovule development, respectively (Bowman and Smyth,

1999; Eshed et al., 1999; Villanueva et al., 1999).

FIL and its related YABBY genes (YAB2, YAB3, and YAB5) are

associated with fate and maintenance of the meristems. In fil

mutants, phyllotaxy is disorganized, and meristem function is

partially compromised (Chen et al., 1999; Sawa et al., 1999b;

Siegfried et al., 1999; Lugassi et al., 2010). A fil yab3 double
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mutant produces ectopic shoot apical meristems (SAMs) and

axillarymeristems (Kumaran et al., 2002). The expression domain

of CLAVATA3 andWUSCHEL is markedly expanded in the SAM

of the fil or fil yab3 mutant (Goldshmidt et al., 2008). In the

Columbia background, fil shows an enlargedmeristem, suggest-

ing its role in meristem organization (Lugassi et al., 2010). In

addition, the primary SAM fails to be maintained in the triple and

quadruple Yabby mutants (Sarojam et al., 2010). These YABBY

genes are not expressed in the meristem, and the mobility of

YABBY protein or mRNA is not detected (Sawa et al., 1999b;

Siegfried et al., 1999; Goldshmidt et al., 2008; Sarojam et al.,

2010). Therefore, YABBY gene activity acts non-cell autono-

mously on the fate andmaintenance of themeristem, suggesting

that a YABBY-derived signal produced in a lateral organ acts in a

signaling pathway that communicates with the meristem (Gold-

shmidt et al., 2008). This signal from FIL is partly mediated by the

activity of LATERAL SUPPRESSOR (Goldshmidt et al., 2008).

The non-cell-autonomous action of a YABBY gene was initially

shown as intercellular signaling between abaxial and adaxial

domains in the leaf primordia in A. majus (Golz et al., 2004).

The YABBY genes encode putative transcription factors with a

zinc-finger and a helix-loop-helix motif (called YABBY domain)

similar to the HMG box (Sawa et al., 1999b; Siegfried et al., 1999;

Golz et al., 2004). YABBY proteins physically interact with STY-

LOSA (STY) in A. majus and with LEUNIG (LUG) and LEUNIG_

HOMOLOG (LUH) in Arabidopsis (Navarro et al., 2004; Stahle

et al., 2009). Both proteins are similar to the GRO/TUP1-like

transcriptional corepressor that is involved in a broad range of

plant developmental processes, and LUG is well known as a

repressor ofAGAMOUS in flower development inArabidopsis (Liu

and Meyerowitz, 1995; reviewed in Liu and Karmarkar, 2008).

Arabidopsis YABBY proteins also physically interact with SEUSS

(SEU), a coregulator working with LUG (Stahle et al., 2009). These

findings suggest that YABBY proteins are involved in a repressor

complex together with LUG/STY and SEU. Consistent with their

biochemical properties, lug/luh, sty, or seu mutations enhance

phenotypes caused by loss-of-functionmutation of YABBY genes

inbothA.majus andArabidopsis (Navarro et al., 2004; Stahle et al.,

2009). For example, defects in polarity and lamina expansion in fil

yab3 are more severe in a lug or seumutant background, and the

disorganized meristem phenotype in fil is enhanced in a lug luh/+

mutant background (Stahle et al., 2009).

Unlike this progress in understanding of YABBY functions in

eudicots, we have only fragmentary information about YABBY

genes in monocots.DROOPING LEAF (DL), an ortholog ofCRC in

rice (Oryza sativa), has been well characterized both genetically

and functionally. Loss-of-function mutation of DL causes home-

otic transformation of carpels into stamens in the flower and lossof

the midrib in the leaf, suggesting that DL regulates carpel spec-

ification and midrib formation in rice (Nagasawa et al., 2003;

Yamaguchi et al., 2004; Ohmori et al., 2008, 2011). DL is ex-

pressed throughout the carpel primordia without any patterns of

polarity and the presumptive region of the midrib in leaf primordia

(Yamaguchi et al., 2004; Ohmori et al., 2011). It is unlikely that DL

expression is regulated by class C genes because DL is still

expressed in double mutant of class C genes (Dreni et al., 2011).

Identical spatial expression patterns of DL orthologs in both

flowers and leaves suggest the function of the DL-related genes

is conserved in grasses (Ishikawa et al., 2009). Because there is no

report of carpel specification or promotion of midrib formation by

CRC/DL-like genes in plants other than grasses, these functions

may have been recruited in the lineage of grasses.

Expression analyses in basal angiosperms and a monocot

species, Asparagus asparagoides, suggest that abaxial expres-

sion in the carpel primordium is an ancestral property of CRC/

DL-related genes, suggesting that polarized expression of the

DL-related genes may have been lost during grass evolution

(Fourquin et al., 2005; Nakayama et al., 2010; Yamada et al.,

2011). Conversely, their requirement in nectary development

seems to have been acquired in the lineage of eudicots (Lee

et al., 2005). Additional functions are suggested in a basal

eudicot (Orashakova et al., 2009). Thus,CRC/DL-related YABBY

genes have functionally diversified among angiosperms. Al-

though no mutants related to YABBY genes other than dl have

been described as yet in grasses, expression patterns also imply

that the roles of YABBY genes have diverged in grasses. For

example, maize (Zea mays) YABBY genes similar to Arabidopsis

FIL are expressed on the adaxial side of the leaf primordia, and

rice Os YABBY1, which is similar to Arabidopsis YAB2, is

expressed in putative precursor cells of a specific cell type,

such as sclerenchyma (Juarez et al., 2004; Toriba et al., 2007).

Therefore, the isolation of mutants, followed by functional anal-

ysis, would provide clues to understanding YABBY functions

characteristic to grasses, in addition to the functional diversifi-

cation of these genes among angiosperms.

Rice inflorescences are composed of two structural units: a

floret and a spikelet. Floral organs, such as carpels, stamens,

and lodicules, together with the lemma and palea enclosing

them, constitute the floret. In principle, the ABCmodel applies to

rice flower development, except for the crucial contribution ofDL

to carpel specification (Nagasawa et al., 2003; Yamaguchi et al.,

2004, 2006; Hirano et al., 2008). However, our understanding of

the development of the lemma and palea is not sufficient,

although LEAFY HULL STERILE1 (LHS1) is known to be involved

in specification of the identity of both organs (Jeon et al., 2000;

Prasad et al., 2005). In this article, we describe a rice mutant,

tongari-boushi1 (tob1), which shows unique pleiotropic pheno-

types in the spikelet, especially in the lemma and palea. In

addition, a prematurely terminated meristem is observed in tob1

spikelets, suggesting that meristem fate is also compromised.

Gene isolation revealed that TOB1 encodes a YABBYprotein, Os

YABBY5, which is closely related toArabidopsis FIL andA.majus

GRAM (Sawa et al., 1999b; Golz et al., 2004; Toriba et al., 2007).

TOB1was found to be expressed in the lateral organs, but not in

the meristem. Altogether, we propose that TOB1 is responsible

for the initiation and growth of the lemma and palea, and acts

non-cell autonomously to maintain the activity and proper orga-

nization of the meristem.

RESULTS

tob1 Exhibits Pleiotropic Defects in Spikelet Development

Grass inflorescences are composed of structural units: a spikelet

and a floret. In rice, the spikelet has a fertile floret, two sterile
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lemmas, and two rudimentary glumes. The floret is composed of

a lemma, a palea, two lodicules, six stamens, and a pistil (Figures

1A and 1B). The sterile lemma is a tiny flap-like leaf, which is

thought to be evolutionarily derived from the lemma of two

degenerated lateral florets (Arber, 1934; Yoshida et al., 2009).

The rudimentary glume is highly degenerated and detected as a

very small organ outside the sterile lemma. The transition from

the spikelet meristem to the floret meristem is morphologically

unclear in rice because a spikelet forms a single floret.

We identified a recessive mutant, tob1, by a screen of mutants

with abnormal morphology in the spikelet. Because tob1 showed

pleiotropic phenotypes in spikelets, we categorized these pheno-

types into fiveclasses (Figure 1; refer to schematic representations

in Figure 8): (I) elongation of the awn, (II) reduction of the palea, (III)

reduction of the lemma, (IV) formation of a cone-shaped organ

without margin, and (V) loss of the floret. The tob1 phenotype

seems to be affected by environmental factors such as temper-

ature because the ratio of these phenotypic classes varied by

seasons and culture conditions (see Supplemental Table 1 online).

In no case, however, were wild-type spikelets observed. The tob1

mutant had no abnormalities in the vegetative phase.

The awn is formed on the top of the lemma in indica rice or wild

rice species; by contrast, formation of the awn in japonica rice

depends on the cultivar and experimental genetic strain. In strain

Taichung 65 (T65), from which the tob1 mutant was isolated,

elongation of the awn was completely suppressed (Figures 1A

and 1B). In the tob1mutant, however, most spikelets formed the

awn. In class I, the awn was elongated, but no other defect was

observed (Figure 1C). In class II, the palea was reduced to

various degrees or lost, in addition to awn elongation (Figures 1D

and 1E). In both class I and II, floral organs, such as the pistil,

stamen, and lodicules, were normal in their morphologies and

numbers, suggesting that the effect of tob1mutationwasweak in

these spikelets.

In class III, the spikelets lacked an obvious lemma and one of

the sterile lemmas; instead, an unidentified organ was observed

on the opposite side of the palea (Figures 1F and 1G). This

unidentified organ appeared to be a chimera of the lemma (lateral

region) and the sterile lemma (central region), as deduced from

characteristics of the epidermal surface (Figures 1N to 1P, 1R,

and 1S) and morphology of the marginal region (curled inside)

(Figures 1F and 1G). Another prominent feature of the spikelets in

class III was the loss of lodicules: We could not detect any

lodicules in any spikelets examined in this class (Table 1).

Furthermore, the number of stamens was reduced, whereas

the number of pistils was almost normal.

The class IV spikelets developed a cone-shaped organ, in-

stead of the lemma and palea, inside a pair of sterile lemma

(Figures 1H to 1M). The gene name tongari-boushi (meaning “a

pointed hat” in Japanese) comes from the cone shape of this

organ. Notably, the cone-shaped organ had no edges from the

bottom to the top (Figure 1J). The epidermal surface of this organ

was similar to that of the lemma and palea of the wild type

(Figures 1N, 1O, and 1Q). There were two types of cone-shaped

organs: One had the awn at the top of the organ (subclass IVa)

and the other did not (subclass IVb). Two normal lodicules were

formed in the IVa-type cone, whereas no lodicule was detected

inside any IVb-type cone-shaped organ (Table 1). To character-

ize further the class IV spikelet, we examined the expression of

the DL gene, which is expressed in the midrib region of the

lemma but not in the palea (Yamaguchi et al., 2004; Ishikawa

et al., 2009; Dreni et al., 2011).DL signal was detected only in the

class IVa spikelet, which had the lodicules (see Supplemental

Figure 1 online). These results suggest that the IVa-type cone-

shaped organ is probably derived from the lemma, whereas the

IVb-type cone-shaped organ originated from the palea.

The stamen and pistil were formed inside both types of cone-

shaped organ, although the number of stamens was reduced

and variable among spikelets (Figure 1K, Table 1). In a few

extreme cases, no floral organs developed; instead, a terminated

meristem-like structure was observed inside the cone-shaped

organ (Figures 1T and 1U, Table 1).

Several class IV spikelets were associated with a secondary

floret (subclass IVc; Figure 8), which developed variable numbers

of floral organs (Figures 1L and 1M, Table 1). In some cases, the

secondary floret consisted of only a lemma/palea-like organ

(Figure 1M). The development of two florets inside a pair of sterile

lemma suggests that the two floret meristems were formed from

a spikelet meristem.

Class V showed a marked phenotype. The spikelets in this

class formed no florets (Figures 1V to 1X). Inside the sterile

lemma, an arrested meristem-like structure was observed (Fig-

ure 1W). In another spikelet, a needle-like structure was formed

just inside the sterile lemma (Figure 1X). A close-up view showed

that this needle-like structure probably developed directly from

the meristem, and this structure is similar to a rod-like lemma

described by Toriba et al. (2010): The lower part had lemma-like

identity with rough surface and trichomes, and the upper part

had awn-like identity (Figures 1Y and 1Z).

Scanning Electron Microscopy Analysis Showed Defects in

MeristemMaintenance in Addition to Lateral Organ

Development in the tob1Mutant

To investigate the abnormalities of tob1 spikelets in detail, we

examined early-stage spikelets using scanning electron micro-

scopy. In the wild type, the floret meristem maintained a dome

shape until the carpel primordia arose. The lemma and palea

primordia developed at the flank of the meristem in an alternate

manner and in a synchronized growth pattern (Figures 2A and

2B). In developing tob1 spikelets, a large outgrowth (a putative

awn primordium) was observed on the top of the lemma primor-

dium (Figures 2C and 2D). In Figure 2D, growth patterns differed

between the lemma and palea, and these primordia were formed

at a right angle to the sterile lemma, suggesting that phyllotaxy

was partly compromised.

We found spikelets that initiated a ring-like primordium en-

compassing the floret meristem (Figure 2E). Subsequently, this

ring-like primordium became tube-like and finally fused at the

apex to form the cone-shaped organ (Figures 2F to 2H). Stamen-

like primordia were detected inside the growing tube-like

primordium (Figure 2G). These observations suggest that the

cone-shaped organ in class IV may not develop by the fusion of

primordia that initiated independently.

Apart from lateral organ development, meristem fate is likely to

be compromised in the tob1 mutant. The floret meristems were

82 The Plant Cell



Figure 1. Phenotypes of Spikelets in the tob1 Mutant.

(A) and (B) A wild-type spikelet.

(C) A tob1 spikelet with an elongated awn (class I).

(D) and (E) A tob1 spikelet with reduced size of the palea (D) and without the palea (E) (class II).

(F) and (G) A tob1 spikelet with an unidentified organ (arrowhead) on the opposite side of the palea (class III). The marginal regions of this unidentified

organ are curled inside, similar to those of the lemma.

(H) and (I) A tob1 spikelet in class IV, which forms a cone-shaped organ with ([H]; subclass IVa) and without ([I]; subclass IVb) awn.

(J) and (K) The same tob1 spikelet shown in (I). The distal region of the cone-shaped organ is cut out to show that this organ has no edge (J), and the

front of this organ is removed to show the inner organs (K). This spikelet has two stamens and one pistil but no lodicule.

(L) and (M) A tob1 spikelet that has two florets (subclass IVc). The secondary floret (arrowhead) has a pistil, four stamens, and two lodicules inside a

lemma/palea-like organ near the cone-shaped organ but lacks the palea or lemma on the opposite side of the organ in (L). Only a palea/lemma-like

organ develops as a secondary floret (M).

(N) to (P) Epidermal surface of the lemma (N), palea (O), and sterile lemma (P) in the wild type.

(Q) Epidermal surface of the cone-shaped organ in class IV.

(R) Scanning electron microscopy image of an unidentified organ (close-up view of the unidentified organ indicated with an arrowhead in [G]) in a class

III spikelet, which shows a sterile lemma-like surface in the central region and a lemma/palea-like surface in the lateral region.

(S) Close-up view of the epidermal surface at the border region in (R).

(T) and (U) A class IV spikelet with an arrested meristem-like structure (arrowhead) after removal of the cone-shaped organ. (T) is a close-up view of (U).

(V) to (X) tob1 spikelets without organs inside the sterile lemmas (class V). Arrowheads indicate an arrested spikelet after generation of the sterile

lemmas (V) and a dome, which is thought to be an arrested meristem (W). A needle-like structure is formed inside the sterile lemmas (X).

(Y) and (Z) Close-up view of the bottom part (Y) of the spikelet, which is indicated by the bottom bracket in (X), and the top part of the needle-like

structure (Z), which is indicated by the top bracket in (X).

co, cone-shaped organ; le, lemma; lo, lodicule; pa, palea; pi, pistil; rg, rudimentary glume; rpa, reduced palea size; sl, sterile lemma; st, stamen; WT,

wild type. Bars = 1 mm in (A) to (M) and (V) to (X) and 100 mm in (N) to (U), (Y), and (Z).
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prematurely terminated after initiation of the sterile lemma pri-

mordia (Figures 2I and 2J). Some spikelets had ameristemwith a

groove crossing the dome structure (Figure 2K). This meristem

looked as though it would be subsequently separated by a

deeper groove. We found two meristem-like domes adjacent to

each other, which might be formed by the split of a meristem

(Figure 2M). In another spikelet, the meristem had a few grooves

(Figure 2L). More markedly, one spikelet had an arrested mer-

istem within a ring-like primordium inside the rudimentary glume

(Figure 2N). In this spikelet, the meristem produced a few

trichome-like structures and showed a rough epidermal surface,

whichwas similar to that of the palea/lemma, suggesting that cell

fate in the meristem was highly disturbed. We also observed a

spikelet that had an abnormally tallermeristem, inwhich a lemma

initiated at the lower part of the meristem (Figure 2O). These

observations suggest that the maintenance and fate of the

meristem are compromised in the tob1 mutant.

Abnormal Expression Patterns of Marker Genes in the

Meristem and the Lateral Organs

To characterize further the tob1mutant, we analyzed the spatial

expression patterns of a few marker genes in developing tob1

spikelets. First, we examined the expression of the transcripts of

LONG STERILE LEMMA (G1) and LHS1 (Prasad et al., 2005; Li

et al., 2009; Yoshida et al., 2009). In the wild-type spikelet, G1

was expressed in the sterile lemmas, whereas LHS1 was ex-

pressed in the lemma and palea (Figures 3A and 3B). In a cross

section of tob1 spikelets, a putative chimeric organ in class III

that curled inside in the marginal region was detected at the

opposite side of the sterile lemma. G1 was expressed in the

central region of the putative chimeric organ of the tob1 spikelet,

whereas LHS1was expressed in the marginal region (Figures 3E

and 3F). These results supported the previous morphological

observation that the unidentified organ in class III spikelets was a

chimera of the lemma and sterile lemma.

Next, we examined the expression pattern of the class I KNOX

gene ORYZA SATIVA HOMEOBOX1 (OSH1), a marker of inde-

terminate undifferentiated cells (Sato et al., 1996; Yamaguchi

et al., 2004). In the wild type, OSH1 was expressed throughout

the floret meristem (Figure 3C). By contrast, we occasionally

observed a tob1 spikelet inwhichOSH1was not expressed in the

meristem (Figure 3G). In addition, we found that LHS1 was

ectopically expressed in the abnormal meristem of tob1, al-

though LHS1 transcript was not detected in the meristem in the

wild type (Figures 3D and 3H; Li et al., 2009). As above, these

observations suggest that the maintenance and fate of the

meristem is compromised in some spikelets of the tob1 mutant.

TOB1 Encodes a YABBY Protein

To isolate the gene responsible for the tob1mutant, we performed

map-based cloning. Using F2 plants from a cross between tob1

and Kasalath, TOB1 was mapped to the region between two

markers, TCM07 and TCM46, on chromosome 4 (Figure 4A). In this

region, we found Os YABBY5 (Os04g0536300), a member of the

YABBY gene family that has important roles in plant development

(Toriba et al., 2007). By sequencing the genomicDNA,wedetected

a single nucleotide change that caused a nonsensemutation in the

YABBY domain of Os YABBY5 (Figure 4B). Hence, we hypothe-

sized that the tob1phenotypewascausedby lossof functionof this

gene. We then introduced an 8.6-kb genomic fragment containing

the upstream regulatory region and coding region of Os YABBY5

into the tob1mutant. As a result, the tob1 spikelet phenotype was

rescued by this genomic fragment, clearly demonstrating that

TOB1 was Os YABBY5 (Figures 4D and 4E).

Rice has eight YABBY genes in the genome (Toriba et al.,

2007). We constructed a phylogenetic tree of the YABBY genes

including well-characterized members in Arabidopsis, A. majus,

and maize (Figure 4C). TOB1 belongs to the YAB1 clade, which

includes Arabidopsis FIL, A. majus GRAM, andmaize zyb14. The

YABBY domains of YABBY proteins in this clade are highly

similar to each other (Figure 4B).

To examine the subcellular localization of TOB1, we intro-

duced p35S:TOB1-GFP (for green fluorescent protein) and

p35S:GFP-TOB1 into onion epidermal cells. The results clearly

showed that both TOB1-GFP and GFP-TOB1 fusion proteins

were localized in the nucleus (Figures 4F to 4I; see Supple-

mental Figure 2 online). These results suggest that TOB1

encodes a nuclear protein, possibly functioning as a transcrip-

tional regulator, similar to well-known YABBY proteins in

Arabidopsis.

Table 1. Distribution of the Number of Floral Organs in tob1 and the Wild Type

Organ No.

Lodicule Stamen Carpel

Arrested

Meristem Other

No. of Spikelets

Examined

2 1 0 6 5 4 3 2 1 0 2 1 0

Wild type (T65) 50 0 0 50 0 0 0 0 0 0 0 50 0 0 0 50

tob1 class III 0 0 20 11 3 3 2 1 0 0 1 19 0 0 0 20

tob1 class IV

One floret type

IVa type floret (with awn) 5 0 0 3 0 1 1 0 0 0 1 4 0 0 0 5

IVb type floret (without awn) 1 0 101 2 2 30 55 11 0 2 1 98 3 2 2 106

Two floret type

IVc type floret (without awn) 0 0 9 0 0 0 4 3 2 0 0 6 3 0 0 9

2nd floret 5 0 4 1 0 2 1 1 4 0 0 5 4 0 0 9

In the spikelet consisting of two florets, the cone-shaped organ with awn was not observed.
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TOB1 Is Expressed in Lateral Organ Primordia in the

Spikelets but Not in the Meristems

First, we examined the organ-specific expression patterns of

TOB1 by RT-PCR. TOB1 expression was detected in the vege-

tative shoot apex, including leaf primordia, and young inflores-

cences, including developing spikelets (seeSupplemental Figure

3 online). By contrast, no expression was detected in fully

differentiated leaves and roots.

Next, we analyzed the temporal and spatial expression pattern of

TOB1 in developing spikelets by in situ hybridization. TOB1 was

strongly expressed in the primordia of all lateral organs in the

spikelet from their initiation stages (Figure 5A). Its expression was

detected throughout the primordia: No abaxially or adaxially local-

ized signal was detected (Figures 5B and 5D). The TOB1 signal

appeared to be localized to the upper region of the primordia of

sterile lemma and rudimentary glume, whereas it was uniformly

detected in the lemma and palea primordia (Figures 5B and 5C). In

the stamen, in particular, TOB1 signal was restricted to the narrow

region of the apical part of the anther primordia (Figure 5C). Notably,

no expression was detected in the floret meristem (Figure 5B),

raising the possibility that the meristem defect in tob1 was caused

by a non-cell-autonomous action of TOB1.

In the vegetative phase, TOB1was expressed in the apical and

peripheral region of the leaf primordia, and no expression was

observed in the SAM, as found above for the floret meristem

(Figures 5E and 5F).

Overexpression of TOB1 Is Likely to Be Associated with

Enhanced Meristem Activity

To examine the function of TOB1 in more detail, we made

transgenic rice plants that expressed TOB1 under the control of

Figure 2. Spikelets at Early Developmental Stages in the Wild Type and the tob1 Mutant.

(A) and (B) A wild-type spikelet at the stage of lemma and palea initiation (A) and at the stage of stamen initiation (B).

(C) to (O) tob1 spikelets.

(C) A tob1 spikelet with an elongating awn.

(D) A tob1 spikelet with a reduced palea and aberrant phyllotaxy.

(E) to (H) A spikelet developing a cone-shaped organ. This organ initiates as a ring-like primordium (E) and finally fuses at the top (H). Developing

stamens (arrow) are observed inside this organ (G).

(I) and (J) Immaturely terminated meristem in a tob1 spikelet, which arrested after the development of a pair of sterile lemma. Arrowheads indicate a

terminated meristem.

(K) A large meristem with a groove (arrowheads) in a tob1 spikelet. Asterisks indicate two parts that would split into independent meristems.

(L) A meristem with a few grooves (arrowheads) in a tob1 spikelet.

(M) Close-up view of the prematurely terminated meristems in (I). Putative split meristems are indicated with asterisks.

(N) A meristem with ectopically produced trichome-like structures and a rough epidermal surface (arrow) similar to that of the lemma and palea.

Arrowhead indicates a putative sterile lemma primordium.

(O) A spikelet with an abnormally taller meristem (arrowhead).

co, cone-shaped organ; fm, floret meristem; le, lemma; pa, palea; rg, rudimentary glume; rpa, reduced palea size; sl, sterile lemma; st, stamen. Bars = 50mm.

Function of the YABBY Gene in Rice 85



the rice ACTIN1 promoter, which induces gene expression

strongly and constitutively in rice (Suzaki et al., 2008). In trans-

genic rice overexpressing TOB1, the spikelets were usually

unclosed due to an excess number of floral organs (Figure 6A).

All floral organs, such as pistils, stamens, and lodicules, were

increased in TOB1-overexpressing plants (Figures 6B, 6C, and

6H, Table 2). In particular, the increase in pistil number was

marked. The palea was replaced by the lemma, and ectopic

palea (or flap)-like organs were formed in the lateral side (Figure

6D). Increases of floral organs and ectopic formation of palea-like

organs are observed in fon mutants, which form an enlarged

meristem by the failure of meristem maintenance (Suzaki et al.,

2004, 2006). In some cases, an extra lemma-like organ was

formed outside the floret (Figure 6E). Concerning organ numbers,

therefore, TOB1 overexpression resulted in phenotypes that

were roughly opposite to those of tob1 mutant. TOB1 over-

expression sometimes resulted in disorganized spikelets, with

abnormal morphology of the sterile lemma and aborted uniden-

tified organs (Figures 6F and 6G). Although we did not observe

obvious phenotypes in the vegetative phase or a reduction in the

regeneration rate from calli, effects of TOB1 overexpression will

be carefully analyzed in future studies.

To characterize the effect of TOB1 overexpression, we exam-

ined the expression pattern of OSH1. In the wild type, OSH1

expression was observed in the spikelet meristem and was

restricted to a narrow region between the stamen primordia just

before initiation of the carpel primordia (Figures 3C and 6I). By

contrast, the expression domain ofOSH1markedly expanded in

the spikelet of TOB1-overexpressing plants, and the expression

of OSH1 became much stronger compared with that of the wild

type (Figures 6I to 6L). In addition, ectopic expression of OSH1

was observed between the floral organs and in the basal part of

the spikelet under the meristem (Figures 6J and 6K). We infre-

quently observed spikelets with only a club-shaped structure,

which appeared to be a large terminated meristem, inside the

sterile lemmas (Figure 6L). In these spikelets,OSH1was strongly

expressed in the entire region of the club-shaped structure,

except for the lateral epidermal region. No lateral organ was

formed from the club-shaped structure, probably due to a failure

in the downregulation of OSH1. Taken together, these results

suggest that TOB1 overexpression enhances the indeterminate

nature of themeristemand increases the number ofmeristematic

cells in the spikelet.

RNA Interference of TOB1Mimics the tob1 Phenotype but

Expression of a Chimeric Repressor Does Not

To get further insight into TOB1 function, we produced trans-

genic plants in which the endogenous TOB1 (Os YABBY5) gene

was suppressed byRNA interference (RNAi) becausewe failed to

identify additional alleles of tob1 in TOS17 or T-DNA insertion

lines. About 40% of the RNAi lines (22/53) produced spikelets

showing class I and II phenotypes of the tob1 mutant. We

focused on two lines in which the level of TOB1 transcript was

greatly reduced (see Supplemental Figure 3 online). These RNA

suppression lines of TOB1 produced all classes of the spikelets

observed in tob1 mutant, including spikelets with severe phe-

notypes showing the cone-shaped organ or needle-like organ at

the expense of the meristem (Figures 7A to 7D). These observa-

tions confirmed that class III, IV, and V tob1 spikelets were

caused by a severe reduction of TOB1 (Os YABBY5) gene

activity.

The rice genome has two YABBY genes, Os YABBY3 and

YABBY4, that are closely related to TOB1 (Figures 4B and 4C),

suggesting that these three genes have redundant function. To

confirm this idea, we employed chimeric repressor silencing

Figure 3. Spatial Expression Patterns of Marker Genes in the Wild Type and the tob1 Mutant.

(A) and (E) In situ localization of G1 transcripts. No expression is observed in the marginal region (arrowheads) of the primordium of the unidentified

organ in tob1 spikelets.

(B) and (F) In situ localization of LHS1 transcripts. Expression is observed only in the marginal region (arrowheads) of the primordium of the unidentified

organ in tob1 spikelets.

(C) and (G) In situ localization of OSH1 transcripts. Almost no expression is observed in the floret meristem of tob1 spikelets (arrowhead).

(D) and (H) In situ localization of LHS1 transcripts. Ectopic expression is observed in a flattened meristem of tob1 spikelets.

fm, floret meristem; le, lemma; pa, palea; sl, sterile lemma; st, stamen; WT, wild type. Bars = 50 mm.
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technology in which a putative transcription factor is fused to an

EAR repression domain (SRDX), resulting in dominant repression

of the target genes of the chimeric protein (Hiratsu et al., 2002).

This technology is useful for analyzing the function of redundant

genes encoding positive transcription factors because the ac-

tivities of related positive transcription factors are simultaneously

inhibited by the silencing method (Hiratsu et al., 2003).

First, we made a construct to produce a fusion protein of

GAL4DB-TOB1-SRDX. Transactivation activity of this fusion

protein was examined by transient expression assay in Arabi-

dopsis leaves using a luciferase (LUC) reporter construct (Hiratsu

et al., 2002). The result indicated that GAL4DB-TOB1-SRDX had

reduced reporter activities compared with GAL4DB, suggesting

that TOB1-SRDX acts as a repressor (see Supplemental Figure 4

online). Therefore, we hypothesized that, in transgenic rice

expressing the TOB1-SRDX fusion protein, the tob1 mutant

phenotype might be enhanced by simultaneous repression of

TOB1 and its related YABBY genes. Unexpectedly, however,

transgenic plants expressing TOB1-SRDX did not show any

phenotypes similar to those of tob1mutant or RNAi suppression

lines of TOB1. We could not find any spikelets with an elongated

awn, the phenotype most frequently observed in tob1 spikelets

(>85%), or any with a cone-shaped organ, a representative phe-

notype of tob1. Rather, the spikelets in plants expressing TOB1-

SRDX partially resembled those of the TOB1-overexpressing

plants because the number of floral organs, such as pistils and

lodicules, increased (Figure 7E, Table 2), and the palea was

replaced by a lemma-like organ in addition to formation of ec-

topic palea-like organs in the lateral region (cf. Figures 6A and 6D

with 7E and 7F). These results indicate that TOB1 is not likely to

act as a positive transcription factor but raise the possibility that

TOB1 is involved in transcriptional repression.

DISCUSSION

In this article, we have shown that TOB1 regulates spikelet

development and meristem fate in rice. A mutation in TOB1

resulted in unique pleiotropic phenotypes, including the forma-

tion of a cone-shaped organ without edges, the development of

two florets in a spikelet, the formation of chimeric organs, and a

reduction in floral organ number. The observation of arrested

spikelets with a meristem-like dome or premature termination of

the meristem at early stages of spikelet development suggests

that cell fate and maintenance of the floret meristem are partially

compromised in tob1. TOB1 encodes a YABBY protein, Os

YABBY5, which is similar toArabidopsis FIL andA.majusGRAM.

Figure 4. Isolation of the TOB1 Gene and Characteristics of the TOB1

Protein.

(A) Map position of the TOB1 locus.

(B) Schematic representation of theTOB1 protein and amino acid align-

ment of the YABBY domains. The zinc-finger and YABBY domains are

indicated by orange and blue boxes, respectively.

(C) Phylogenetic tree of the YABBY proteins. The tree was constructed

on the basis of the zinc-finger and YABBY domains by a neighbor-joining

method. Numbers above branches indicate the percentage of bootstrap

values calculated from 1000 replicates.

(D) and (E) Complementation of the tob1 mutation by a genomic

fragment containing the TOB1 locus. No awn is formed on the top of

the lemma (D), and normal numbers of inner organs are produced (E).

Bars = 1 mm.

(F) to (I) Analysis of subcellular localization of TOB1 protein using onion

epidermal tissue. TOB1-GFP fusion protein (F), 49,6-diamidino-2-phenyl-

indole staining of the nucleus (G), merged image of (F) and (G) in (H), and

subcellular localization of GFP (I). Bars = 50 mm.
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TOB1 is expressed throughout the primordia of spikelet organs,

whereas no TOB1 transcript was detected in the meristem.

Taken together with meristem defects in tob1, it is suggested

that TOB1 acts non-cell autonomously on the meristem.

TOB1 Encodes a YABBY Protein

TOB1 is a YABBY gene, Os YABBY5, which is closely related to

Arabidopsis FIL and A. majus GRAM (Sawa et al., 1999b; Golz

et al., 2004; Toriba et al., 2007). A mutation resulting in a stop

codon in the YABBY domain, indicating loss of function of Os

YABBY5, caused the tob1 phenotype. Consistent with this, a

severe reduction in the expression level of endogenous Os

YABBY5 by RNAi suppression led to spikelet phenotypes char-

acteristic of tob1. Although a few studies concerning YABBY

genes in this clade in grasses have been reported, nomutant has

been described so far (Juarez et al., 2004; Dai et al., 2007).

TOB1 is expressed in the lateral organ primordia, such as

spikelet organs and leaves. It is expressed uniformly: No polar

distribution of TOB1 signal was detected. YABBY genes related to

TOB1, suchasFIL,YAB3, andGRAM, are expressed in the abaxial

domain of the leaf primordia in eudicots, whereas they are

expressed in the adaxial domain in maize (Sawa et al., 1999b;

Siegfried et al., 1999; Golz et al., 2004; Juarez et al., 2004;

Goldshmidt et al., 2008; Stahle et al., 2009). Thus, the spatial

expression pattern of the TOB1/FIL clade is likely to be highly

diverged in the angiosperms. TOB1 was not expressed in the

meristem,which is the sameasYABBY genes in this clade in other

plants. The nuclear localization of TOB1 protein suggests that

TOB1 acts as a transcriptional regulator similar to FIL and GRAM

(Sawa et al., 1999b; Kanaya et al., 2002; Meister et al., 2002).

The Pleiotropic Phenotypes of the tob1 Spikelet Seem to Be

Associated with Defects in Lateral Organ Development and

Maintenance of Meristem Organization

In class II and III spikelets, the small sizes of the palea (class II)

and the chimeric organ formation in the lemma (class III) indicate

that TOB1 is required for normal growth of these organs. This

may be a direct consequence of the loss of TOB1 function in the

primordia of the lemma or palea, where TOB1 was found to be

expressed. By contrast, careful consideration seems to be

required to explain the phenotype of class IV spikelets (Figure

8A; see Supplemental Figure 5 online).

In class IV, the cone-shaped organ developed as a ring

primordium from the initial stage. Structural features of the

epidermal surface, combined with the initiation position of the

cone-shaped organ, suggest that this organ is likely to be

derived from the lemmaor the palea. The IVa-type cone-shaped

organ had the awn at the top, and two lodicules developed

within this organ (IVa-type floret) (Figure 8A). By contrast, the

IVb-type floret had no awn and no lodicule. In a wild-type

spikelet, if it has an awn, the awn is formed only at the top of the

lemma and the palea never develops the awn. In the wild type,

the lodicules develop only at the lemma side with no exception.

In addition, DL expression that marks the lemma, but not the

palea, was associated with an existence of the lodicule (i.e.,

IVa-type floret). These observations suggest that the cone-

shaped organ in class IVa is derived from the lemma, and the

IVa-type floret may be developed from a floret meristem that

lacks a domain involving the palea primordium (Figure 8B).

Likewise, the IVb-type floretmay develop from a floretmeristem

lacking a domain involving the lemma and lodicule primordia.

It is probable that TOB1 is required for initiation of the lemma

or the palea, in addition to their normal growth as discussed

above. The field of inhibition model of phyllotaxy hypothesizes

that putative inhibitory compounds secreted from organ pri-

mordia restrict the position of subsequent primordium formation

(Wardlaw, 1949; Steeves and Sussex, 1989; Goldshmidt et al.,

Figure 5. Temporal and Spatial Expression Pattern of TOB1 during

Flower and Leaf Development.

In situ localizations of TOB1 transcripts are shown.

(A) Longitudinal section of wild-type inflorescence at an early stage when

lateral organ primordia emerge.

(B) and (C) Longitudinal sections of a wild-type spikelet. A flower at the

stage when lemma and palea initiate (B) and at the stage when stamen

primordia emerge (C).

(D) Transverse section of a wild-type spikelet.

(E) and (F) Longitudinal (E) and transverse (F) section of a shoot apex of

the wild type.

ca, carpel; fm, floret meristem; le, lemma; pa, palea; P1, P2, and P3, leaf

primordium at the indicated stage; rg, rudimentary glume; sl, sterile

lemma; st, stamen. Bars = 50 mm.
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2008). According to this hypothesis, it is possible that the failure in

palea initiationcausedby lossofTOB1 functionallows themeristem

to differentiate a ring-like primordium originated from the lemma

primordium (IVa type floret) (see Supplemental Figure 5 online).

Likewise, the failure in lemma initiation may be associated with the

formation of the IVb-type floret with the palea-derived cone.

In some spikelets, we observed a largemeristemwith a groove

crossing it and two arrested meristem-like domes in a spikelet.

These observations suggest the possibility that the spikelet

meristemmight split into two floret meristems in the tob1mutant.

Such a split of the meristem may imply that proper meristem

organization or zonation along the lemma–plea axis is disturbed,

suggesting that TOB1 is required to maintain meristem organi-

zation. Class IVc spikelets with two florets are likely to result from

this disorganizedmeristem and subsequent split of themeristem

(Figure 8A; see Supplemental Figure 5 online).

TOB1 mutation also caused a mild reduction in the number of

floral organs, such as lodicules and stamens. The reduction in the

Figure 6. Effects of TOB1 Overexpression.

(A) to (H) Spikelet phenotypes in the transgenic plants overexpressing TOB1.

(A) An unclosed spikelet with an extra lemma instead of the palea.

(B), (C), and (H) Increase in the number of stamens (B), pistils ([B] and [C]), and lodicules (H).

(D) A spikelet that forms ectopic flap-like organs (arrowheads). One of the lemmas is removed to show inner organs.

(E) A spikelet with an extra lemma/palea-like organ (arrowhead) outside the floret.

(F) and (G) A disorganized spikelet with an abnormal sterile lemma (arrowhead in [F]) and aborted unidentified organs (arrowhead in [G]).

(I) to (L) In situ localization of OSH1 transcripts.

(I) In situ localization of OSH1 transcripts in a wild-type spikelet.

(J) to (L) In situ localization ofOSH1 transcripts in developing spikelets of TOB1-overexpressing rice. Arrowheads indicate ectopic expression ofOSH1.

Asterisk indicates a club-shaped structure. The spikelets in (I) and (J) are roughly at the same developmental stage (stamen initiation).

fm, floret meristem; le, lemma; lo, lodicule; pa, palea; pi, pistil; sl, sterile lemma; st, stamen; WT, wild type. Bars = 1 mm in (A) to (H) and 50 mm in (I) to (L).

Table 2. Distribution of the Number of Floral Organs in TOB1 Overexpression and TOB1-SRDX Lines

Organ No. 0 1 2 3 4 5 6 7 8 9 10 11 12

No. of Spikelets

Examined

Overexpression

Lodicule 0 0 16 1 25 17 2 0 0 0 0 0 0 61

Stamen 0 0 1 0 0 0 13 8 17 11 7 2 2 61

Pistil 6 27 16 6 2 1 0 1 1 0 1 0 0 61

SRDX

Lodicule 0 0 66 0 25 0 0 0 0 0 0 0 0 91

Stamen 0 0 0 0 0 8 79 0 4 0 0 0 0 91

Pistil 0 65 26 0 0 0 0 0 0 0 0 0 0 91

The positions of underlined values correspond to the number of each organ in the wild type.
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number of stamens is probably due to the size of the floret

meristem, whereas the presence or absence of the lodicule

may depend on the type of the floret, that is, whether it de-

veloped from the lemma hemisphere of the meristem or from

the other hemisphere.

Thus, although tob1 showed pleiotropic phenotypes in the

spikelet, these defects may be related to failure in initiation or

growth of the lemma/palea primordia and disorganization of the

meristem along the lemma–palea axis, which is probably asso-

ciated with reduced communication between these primordia

and the meristem.

Most japonica rice cultivars have no awn at present, sug-

gesting that gene activities that promote awn elongation have

been eliminated during domestication and subsequent im-

provements. In the tob1 mutant, all lemma had the long awn,

similar to wild ancestral rice species. Therefore, japonica rice

strains without the awn seem to have the potential to elongate

the awn, but this potential is likely to be suppressed by the

activity of TOB1.

TOB1 Is Likely to Act Non-Cell Autonomously on

the Meristem

Various defects in the floretmeristemwere observed in tob1. The

floret meristemswere prematurely terminated at an early stage in

spikelet development. Consistent with this, we found a spikelet in

which the expression of OSH1, a maker of meristematic cells,

disappeared in the meristem (Sato et al., 1996; Yamaguchi et al.,

2004). Some meristems had one or a few grooves, running

across the meristem. In some cases, the arrested meristem

exhibited an epidermal surface similar to that of the lemma/

palea. Whereas LHS1 is predominantly expressed in the primor-

dia of the lemma/palea in the wild type, ectopic expression of

LHS1 was detected in this type of arrested meristem in tob1.

Even inmature spikelets, we sometimes observed dome-shaped

structures, probably derived from an arrested meristem. Thus,

maintenance and cell fate of the meristem is likely to be partially

compromised in tob1. Because TOB1 was not expressed in the

meristem, TOB1 seems to act non-cell autonomously tomaintain

meristem activity, suggesting again that this gene is involved in

communication between the lateral organs and the meristem.

Overexpression of TOB1 resulted in an excess production of

floral organs, such as pistils, stamens, and lodicules. The in-

crease in pistil number was the most marked. The domain

between the stamen primordia, corresponding to the floret

meristem at this stage, was expanded, and greater accumulation

of the OSH1 transcript was detected in this region. These

phenotypes are similar to those in floral organ number (fon)

mutants (fon1 or fon2), which have an enlarged meristem rich in

stem cells (Suzaki et al., 2004, 2006).OSH1 was also ectopically

expressed between floral organs or, in some cases, the expres-

sion domain expanded across the whole spikelet meristem.

These results suggest that TOB1 overexpression may enhance

the activity of the meristem and promote an indeterminate cell

fate in developing spikelets.

Common and Distinct Features of YABBY Genes between

Eudicots and Grasses

The spikelet phenotypes of tob1 seem to be similar to the floral

phenotypes in fil mutants, such as failure in meristem mainte-

nance, reduction in the floral organ number, and defects in

arrangements and identity of floral organs (Chen et al., 1999;

Sawa et al., 1999a, 1999b). FIL and related YABBY genes are

known to be involved in robust meristem organization and

regular phyllotaxy in Arabidopsis (Chen et al., 1999; Sawa et al.,

1999a, 1999b; Goldshmidt et al., 2008; Stahle et al., 2009;

Lugassi et al., 2010). This YABBY gene activity is non-cell

autonomous because these genes are not expressed in the

meristem, and movement of the YABBY proteins and RNA has

not been detected (Goldshmidt et al., 2008). Thus, these

YABBY genes are likely to have a role in short-range signaling

from lateral organ primordia to the meristem. A similar mech-

anism may underlie the function of TOB1 in rice. If so, the

contribution of YABBY gene activity in the FIL clade to short-

range signaling between lateral organs and the meristem may

be conserved in angiosperms.

In Arabidopsis, the expression domains of CLAVATA3 and

WUSCHEL expand in a fil single or fil yab3 double mutant, and

Figure 7. Effects of RNAi Suppression of Endogenous TOB1 and

Expression of TOB1-SRDX.

(A) to (D) Spikelet phenotypes resulting from RNAi suppression of TOB1.

(A) A spikelet with an elongated awn on the lemma (class I).

(B) A spikelet with a chimeric organ (arrowhead) comprising the sterile

lemma and lemma (class III).

(C) A spikelet forming a cone-shaped organ instead of the lemma and

palea (class IV)

(D) A spikelet producing a needle-like structure (arrowhead) just inside

the sterile lemmas (class V).

(E) and (F) Spikelet phenotypes in transgenic rice expressing TOB1-

SRDX.

(E) A spikelet with increased numbers of pistils (arrowheads) and

lodicules and with a palea-like organ (arrow) ectopically formed in the

lateral side.

(F) A spikelet with an extra lemma instead of the palea.

co, cone-shaped organ; le, lemma; lo, lodicule; pa, palea; sl, sterile

lemma. Bars = 1mm.
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the meristems are enlarged in a fil mutant (Columbia back-

ground), suggesting that FIL and YAB3 negatively regulate

stem cell maintenance (Goldshmidt et al., 2008; Lugassi et al.,

2010). In triple (fil yab3/5) and quadruple (fil yab2/3/5) mutants,

however, the primary SAM fails to be maintained, suggesting

that these YABBY genes have a role to promote meristem

activity (Sarojam et al., 2010). Thus, actions of the YABBY

genes are complicated, and their function seems to depend on

the genetic combinations and growth stages. In rice, the tob1

single mutant showed defects in maintenance and organiza-

tion of the meristem in reproductive phase, suggesting that

TOB1 promotes meristem activity and indeterminate cell fate.

It will be intriguing to learn how the meristem is affected when

the tob1 mutation is combined with other related YABBY

genes, such as Os YABBY3 and YABBY4. In addition, further

detailed elucidation of the mechanism of FIL/TOB1 signaling,

including the final target, in both Arabidopsis and rice will

provide clues to understanding YABBY-mediated communi-

cation between organ primordia and the meristem and its

diverse role depending on plant species.

The effect of tob1 mutation on the meristem seems to result

primarily from a failure in the initiation of the lemma or palea

primordium, where TOB1 was strongly expressed. Although

TOB1 was expressed in the primordia of the sterile lemma and

rudimentary glume, no obvious defect was observed in these

organs or in the spikelet meristems that initiate these organs. It is

probable that closely related YABBY genes, such as Os YABBY3

and YABBY4, function redundantly in these organs (Toriba et al.,

2007). Such a redundant function of these related YABBY genes

would also explain the lack of abnormalities in the vegetative

phase in tob1. It will be of great interest to determine whether

TOB1 and its related YABBY genes are involved in lamina

expansion, one of the key functions of FIL and its related YABBY

genes in Arabidopsis (Siegfried et al., 1999; Goldshmidt et al.,

2008; Stahle et al., 2009; Sarojam et al., 2010). TOB1 expression

localized to the apical and peripheral region of leaf primordia

might imply a distinct role in rice.

YABBY proteins physically interact with LUG/PROL or SEU

to form repressor complexes in Arabidopsis and A. majus

(Navarro et al., 2004; Stahle et al., 2009). This suggests that

YABBY proteins act as negative regulators of transcription. In

this study, we showed that the phenotype of TOB1-SRDX was

unrelated to that of tob1, excluding the possibility that TOB1

functions as a positive regulator of transcription. Instead,

spikelets in TOB1-SRDX plants showed phenotypes similar to

those in TOB1-overexpressing plants. Therefore, it is probable

that TOB1 is involved in the repression, rather than activation,

of target genes.

METHODS

Plant Materials

The tob1 mutant was found in M2 plants of T65 that had been mutagenized

with N-methyl-N-nitrosourea. F2 plants from a cross between tob1 (ssp

japonica) andKasalath (ssp indica)wereused formap-basedcloningofTOB1.

Figure 8. Schematic Representation of Spikelet Phenotypes in the Wild Type and the tob1 Mutant.

(A) Spikelet phenotypes. le, lemma; lo, lodicule, pa, palea; pi, pistil; rg, rudimentary glume; sl, sterile lemma; st, stamen.

(B) The domains (pink circles) in the meristem that develop into spikelets in subclass IVa or IVb.

Function of the YABBY Gene in Rice 91



Scanning Electron Microscopy

Young panicles and spikelets were fixed in 4% (w/v) paraformaldehyde

and 0.25% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.2, at

48Covernight. Next, theywere dehydrated in a graded ethanol series, and

100% ethanol was replaced with 3-methylbutyl acetate. Samples were

dried at their critical point, sputter coated with platinum, and observed

with a scanning electron microscope (model JSM-820S; JEOL) at an

accelerating voltage of 5 kV.

In Situ Hybridization

To generate probes for the TOB1 transcript, partial cDNA fragments were

amplified with the primers listed in Supplemental Table 2 online and

cloned into a pCRII vector (Invitrogen). Next, RNAs were transcribed with

T7 or SP6 RNA polymerase from the above constructs as templates and

were labeledwith digoxigenin (Roche). For LHS1, thewhole coding region

was amplified using primers listed in Supplemental Table 2 online and

cloned into a pT7 Blue vector (Novagen). After digestion with KpnI, the

fragments were inserted into Bluescript SK+ (Stratagene). Next, probes

were transcribed and partially hydrolyzed with alkaline solution (60 mM

Na2CO3 and 40 mM NaHCO3, pH 10.2) at 608C for 30 min. G1 and OSH1

probeswere prepared as described previously (Sato et al., 1996; Yoshida

et al., 2009). Preparation of sections and hybridization experiments were

performed as described previously (Suzaki et al., 2004).

Isolation of the TOB1 Gene and Complementation Test

First, the TOB1 locus was mapped to a region between simple sequence

repeat marker RM1223 and sequence tagged site marker S13714 on the

long arm of chromosome 4 using 94 tob1 homozygotes. Next, the locus

was narrowed to a 620-kb region between two closely linked derived

cleaved-amplified polymorphic sequence markers, TCM07 and TCM46,

which were designed by comparing the genomic sequences of japonica

and indica. A database search revealed that a member of the YABBY

gene family that plays important roles in plant development was located in

this region. We hypothesized that mutation in this YABBY gene, Os

YABBY5, caused the tob1 phenotypes, and then determined the genomic

sequence of Os YABBY5 by a direct sequencing method. For the

complementation test, an 8.6-kb genomic fragment containing the 2-kb

Os YABBY5 coding sequence, coupled with the 5-kb upstream and 1.6-

kb downstream sequences, was isolated by digestion of a BAC clone

OSJNBb 0020O11 (Clemson University Genomics Institute BAC/EST

Resource Center) with BalI and cloned into a pENTR 2B vector (Invitro-

gen). Then, the fragment was transferred into a vector for plant transfor-

mation, pBI-Hm12-GW, which contains the Gateway rfC cassette

(Invitrogen), by an LR recombination reaction (Yoshida et al., 2009). The

recombinant plasmid was introduced into Agrobacterium tumefaciens

strain EHA101 and transformed into the tob1 mutant by the method

described by Hiei et al. (1994).

Phylogenetic Analysis

Multiple sequence alignments and a phylogenetic tree of the zinc-finger

and YABBY domains were generated with MEGA5 (Tamura et al., 2011).

The multiple sequence alignment was made with the ClustalW module

within MEGA5 using default parameters (gap opening penalty = 10, gap

extension penalty = 0.2, protein weight matrix = Gonnet with residue-

specific and hydrophylic penalties, gap separation distance = 4, and a

30% delay divergent cutoff). The alignment used to generate the tree is

available as Supplemental Data Set 1 online. The tree was constructed

using CRC and DL as outgroups by the neighbor-joining method (Saitou

and Nei, 1987) within MEGA5 according to a p-distance model with

uniform rates among sites and complete deletion of gaps/missing data.

Bootstrap values were calculated from 1000 replicates.

RT-PCR Analysis of the TOB1 Transcripts

Total RNAs were isolated from tissues using TRIsure (BIOINE) according

to the manufacturer’s protocol. For each sample, first-strand cDNA was

synthesized from 5 mg of total RNA using a SuperScript III first-strand

synthesis system for RT-PCR (Invitrogen) with the oligo(dT)15 primer.

Next, 2 mL of each reverse transcription product was used for PCR using

primers listed in Supplemental Table 2 online.

Subcellular Localization of the TOB Protein

The TOB1 coding sequence was amplified using the primers listed in

Supplemental Table 2 online and cloned into a pENTR D-TOPO vector

(Invitrogen). Next, by an LR recombination reaction, the fragment was

transferred into a Gateway binary vector, pGWB5 or pGWB6, to produce

a TOB-GFP or GFP-TOB fusion protein (Invitrogen). These constructs

were bombarded into onion epidermal cells by a particle-mediated DNA

delivery system (PDS1000/He; Bio-Rad). After overnight incubation at

228C in the dark, the florescence of GFP was detected by a confocal

microscanning laser microscope after the cells were stained with 49,6-

diamidino-2-phenylindole (Nikon).

Constructs for RNAi, Overexpression, and the Chimeric Repressor

To make a construct for RNAi, we first amplified a partial sequence of

TOB1 cDNA using the primers listed in Supplemental Table 2 online and

then cloned it into a pENTR D-TOPO vector (Invitrogen). The fragment

was transferred by LR recombination reaction into a modified pANDA

vector, pANDA-EG1 (Miki and Shimamoto, 2004; Suzaki et al., 2008). The

recombinant plasmid was transformed into the T65 strain via A. tumefa-

ciens (EHA101) by the method described by Hiei et al. (1994). To make

constructs for overexpression and a chimeric repressor (SRDX), first

the DNA sequence of the reading frame excluding the stop codon of a

full-length TOB1 cDNA (accession number AK070205) was amplified

by PCR using the primers AK070205Fw and AK070205Rv (see Supple-

mental Table 2 online), and the resulting PCR product was cloned

independently by BP reaction into a Gateway entry vector, pDONR207

(Invitrogen). Next, TOB1 cDNA was transferred by LR reaction into two

Gateway destination vectors, derivatives of the pSMAHdN636L-GateA

binary vector (Hakata et al., 2010): pSMAHdN638GW for overexpression

analysis and pSMAHdN643UGWRD for chimeric repressor analysis. In

pSMAHdN638GW, a rice (Oryza sativa) ACTIN1 promoter directed TOB1

cDNAexpression. InpSMAHdN643UGWRD,amaize (Zeamays)UBIQUITIN1

promoter directed the expression of the cDNA sequence encoding a chimeric

protein of TOB1 and the repression domain (SRDX) of a rice protein

(Os05g0286100) that is closely related to Arabidopsis thaliana SUPER-

MAN. The recombinant plasmids were transformed into a rice cultivar,

Nipponbare, via A. tumefaciens (EHA105), according to Toki et al. (2006).

Transactivation Assay

A DNA fragment encoding TOB1-SRDX fusion protein was amplified

using the primers listed in Supplemental Table 2 online and cloned into

35S:GAL4DB vector 430T1.2 (Ohta et al., 2000). The resulting construct

was bombarded intoArabidopsis leaveswith a reporter plasmid,modified

Pro35S-GAL4-TATA-LUC (Hiratsu et al., 2002), in which transcriptional

terminator of a heat shock gene was used (Pro35S-GAL4-TATA-LUC-

HSP; Nagaya et al., 2010). We used 0.8mg of the reporter plasmid and 0.6

mg of the effector construct for each bombardment. As an internal control,

0.1 mg of plasmid, phRLHSPPTRL, which included modified Renilla LUC

gene (Promega) from Renilla under the control of 35S promoter and HSP

terminator (Promega), was cobombarded with both reporter and effector

plasmids. After bombardment, samples were incubated for 10 h in

darkness, and then luciferase activity was determined.
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Accession Numbers

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

databases under the following accession numbers: AB274017 (Os

YABBY5), AB274013 (Os YABBY1), AB274014 (Os YABBY2), AB274015

(Os YABBY3), AB274016 (Os YABBY4), AB274018 (Os YABBY6),

AB274019 (Os YABBY7), AB106553 (DL), AF136538 (FIL), AF136539

(YAB2), AF136540 (YAB3), AF195047 (INNER NO OUTER), AK119091

(YAB5), AF132606 (CRC), AJ804783 (GRAM), AJ559762 (PROL),

AY31390 (zyb9), AY313904 (zyb10), AY313901 (zyb14), and AY313902

(zyb15).

Supplemental Data

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

Supplemental Figure 1. In Situ Localization of DL Transcripts.

Supplemental Figure 2. Subcellular Localization of TOB1 Protein.

Supplemental Figure 3. Expression Levels of TOB1 mRNA Analyzed

by RT-PCR.

Supplemental Figure 4. The Repression Activity of TOB1-SRDX.

Supplemental Figure 5. Models of tob1 Spikelet Development in

Each Class.

Supplemental Table 1. Percentage of Observed Phenotypic Classes.

Supplemental Table 2. Primers Used in This Study.

Supplemental Data Set 1. Text File of the Alignment Used for the

Phylogenetic Analysis in Figure 4C.
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