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The tapetum, the innermost of four sporophytic layers in the anther wall, comes in direct contact with the developing male

gametophyte and is thought to play a crucial role in the development and maturation of microspores. Here, we report the

identification of rice (Oryza sativa) Undeveloped Tapetum1 (Udt1), which is required for the differentiation of secondary

parietal cells to mature tapetal cells. T-DNA or retrotransposon Tos17 insertions in the Udt1 gene caused male sterility. The

antherwalls andmeiocytesof themutantswerenormal during theearly premeiosis stage, but their tapeta failed todifferentiate

and became vacuolated during the meiotic stage. In addition, meiocytes did not develop to microspores, and middle layer

degeneration was inhibited. Consequently, the anther locules contained no pollen. The UDT1:green fluorescent protein fusion

protein was localized to the nucleus. This, together with its homologywith other basic helix-loop-helix proteins, suggests that

UDT1 is a transcription factor. DNAmicroarray analysis identified 958 downregulated and 267 upregulated genes in the udt1-1

anthers, suggesting that Udt1 plays a major role in maintaining tapetum development, starting in early meiosis.

INTRODUCTION

In angiosperm species, the floral meristem comprises three

layers of cells with separate lineages: L1 (epidermis), L2 (sub-

epidermis), and L3 (core) (Goldberg et al., 1993). During early

anther development, archesporial cell division in the L2 gives rise

to primary parietal cells and primary sporogenous cells (Scott

et al., 2004). The primary sporogenous cell undergoes a small

number of divisions to generate the meiocytes, which produce

a tetrad of haploid cells that are released as free microspores

(McCormick, 1993). The primary parietal cell divides periclinally

to form an endothecial cell subjacent to the L1 and a secondary

parietal cell. The latter again divides periclinally to generate

a middle layer cell next to the endothecium and a tapetal cell

adjacent to the sporogenous cells (Scott et al., 2004).

During microgametogenesis, microspores develop into ma-

ture pollen by two mitotic divisions. The innermost cell layer of

the anther wall, the tapetum, plays a crucial role in supplying

nutrients to the microspores and in regulating their release.

Therefore, mutations affecting tapetum development lead to

aborted microgametogenesis and male sterility (Chaudhury,

1993; Wilson et al., 2001; Kapoor et al., 2002; Sorensen et al.,

2002, 2003; Higginson et al., 2003).

Several genes that control the early stages of anther develop-

ment have been identified through mutant analyses. For exam-

ple, in male sterile converted anther1 of maize (Zea mays),

archesporial cells do not divide into primary sporogenous cells

and primary parietal cells, and no microsporangia are formed

(Chaubal et al., 2003). TheArabidopsis thaliana NOZZLE/SPORO-

CYTELESS (NZZ/SPL) gene product plays an important role in

early anther development because the nzz/spl mutation blocks

the differentiation of primary sporogenous cells into microsporo-

cytes as well as anther wall formation (Schiefthaler et al., 1999;

Yang et al., 1999b). NZZ/SPL encodes a putative MADS-related

transcription factor; its expression is restricted to developing

microsporocytes in the anther. A defect in EXCESS MICRO-

SPOROCYTES1 (EMS1) generates extra meiocytes but lacks

tapetal andmiddle layers (Canales et al., 2002; Zhao et al., 2002).

Mutation in TAPETUMDETERMINANT1 (TPD1) fails to specialize

tapetal cell fate during the progression from secondary parietal

cells to the tapetal and middle layers (Yang et al., 2003a). As

a result, extra microsporocytes are formed and the tapetum is

absent in the tpd1 anthers. The TPD1 product plays an important

role in the differentiation of tapetal cells, possibly in coordination

with the EMS1 product, because tpd1was phenotypically similar

to ems1 single and tpd1 ems1 double mutants (Yang et al.,

2003a).

Finally, the necessity of MULTIPLE SPOROCYTE1 (MSP1),

which encodes a Leu-rich repeat receptor–like protein, has been
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demonstrated for early sporogenic development and the initia-

tion of antherwall formation in rice (Oryza sativa) (Nonomura et al.,

2003). The msp1 mutation gives rise to an excessive number of

both male and female sporocytes, resulting in complete male

sterility. In addition, genes associated with meiosis have been

identified (Glover et al., 1998; Yanget al., 1999a, 2003b;Armstrong

et al., 2002; Azumi et al., 2002; Nonomura et al., 2004b).

Some mutations affect the development of the tapetum and

microspores. For instance, those of the Arabidopsis MALE

STERILITY2 (MS2) gene, which is homologous with fatty acyl

reductase, cause defective pollen wall formation at the stage

when microspores are released from the tetrads (Aarts et al.,

1997).Mutations inArabidopsis ABORTEDMICROSPORE (AMS)

containing a basic helix-loop-helix (bHLH) domain, inMS1 genes

homologous with the PHD-finger family, and in Petunia hybrida

TAPETUM DEVELOPMENT ZINC FINGER PROTEIN1 show

defects in tapetum development after microsporogenesis. All

three proteins are predicted to function as transcription factors

(Wilson et al., 2001; Kapoor et al., 2002; Sorensen et al., 2003).

Cytological analyses of anther development in cereals such as

maize and rice showed that the morphological characteristics of

anther development are similar to those of dicots (Sanders et al.,

1999; Chaubal et al., 2003). However, adaptations to environ-

mental stresses are quite different (Imin et al., 2004). Around the

time when pollen mother cells enter the reproductive division

stage, rice anthers are adversely affected by low-temperature

treatment (<208C). The cold stress causes tapetal cells to swell;

consequently, pollen mother cells cannot receive nutrients and

die. Moisture shortage also exerts an adverse effect on the

development of anther and pollen grains.

Despite its importance in crop yield and hybrid seed pro-

duction, studies of anther development in cereal plants are rare.

Because the rice genome sequence has been determined and

a large number of insertional mutants are available, rice is an

excellent model plant for cereal developmental biology (An et al.,

2005; Sasaki et al., 2005). To this end, we screened for male-

sterile mutants from rice using T-DNA insertional lines that were

generated previously (Jeon et al., 2000; Jeong et al., 2002; Jung

et al., 2003; Lee et al., 2003, 2004; Ryu et al., 2004). The T-DNA

carries the b-glucuronidase (GUS) reporter gene that creates a

fusion with an endogenous gene, thereby allowing tagged genes

to be detected via GUS assays. Among the GUS-positive lines

here, we studied an anther-defective mutant with a T-DNA inser-

tion in a putative transcription factor containing the bHLH domain.

The bHLH protein belongs to the MYC class family that

contains AMS and INDUCED OF CBF EXPRESSION1 (ICE1)

(Chinnusamy et al., 2003; Sorensen et al., 2003; Toledo-Ortiz

et al., 2003). Inmammals,MYC (forMyc proto-oncogene protein)

genes influence a variety of cellular processes, including growth,

metabolism, cell cycle progression, signal transduction, and

apoptosis (Coller et al., 2000). MYC proteins activate transcrip-

tion as obligate heterodimers with a partner protein, MYC-

ASSOCIATEDFACTORX (MAX),whichcarries thebHLHdomain.

The MYC–MAX complex binds to E-box DNA elements with the

core sequence CANNTG (Bouchard et al., 1998; Chinnusamy

et al., 2003). InArabidopsis, a bHLHprotein, LONGHYPOCOTYL

IN FAR-RED1, can formboth homodimers and heterodimerswith

the closely related PHYTOCHROME INTERACTING FACTOR3

protein (Fairchild et al., 2000). Recently, interactions between

bHLH and MYB proteins have been described (Abe et al., 2003;

Baudry et al., 2004). In this report, we describe the role of

Undeveloped Tapetum1 (Udt1) on early tapetum development.

Identification of theUdt1 gene and putative downstreamgenes is

an important step toward understanding anther development in

rice and developing crop plants that are more tolerant of

environmental stresses.

RESULTS

Isolation ofMale-SterileMutants from T-DNA–Tagged Lines

We conducted GUS assays of the developing flowers from

14,000 rice plants that had been generated by T-DNA insertional

mutagenesis. A total of 270 lines were found that showed

preferential GUS activity in their anthers. Phenotypic analysis

of these GUS-positive lines identified 15 male-sterile lines, in

which the mutant phenotype cosegregated with GUS.

Here, we report the detailed analysis of one line, 9-142-08. In

the T2 progeny, the GUS-positive to GUS-negative ratio was 3:1.

Although approximately two-thirds of the former plants were

fertile, the remaining one-third were sterile as a result of the lack

of mature pollen grains. T3 progeny from the GUS-positive fertile

plants had the same 3:1 ratio, again, with one-third of the GUS-

positive plants being male-sterile. We named this mutant udt1.

In the developing spikelets of heterozygous plants, GUS

activity was detectable mainly in the anthers, with the level being

high during tapetal development but decreasing after tapetum

degeneration (Figures 1A to 1C). Before the initiation of tapetum

development, we could not detect GUS expression in anthers at

the early premeiosis stage (Figure 1A, left), but GUS activity was

weakly detected in anthers at the late premeiosis stage (Figure

1A, right). In the ovary and awn, GUS activity was detected at low

levels (Figure 1D), but it was not detected in the other floral

organs. Also, GUS was not expressed in the other vegetative

organs (data not shown). Cross sections of anthers at the late

premeiosis and meiosis stages revealed GUS activity in both

the anther wall and the microspore (Figures 1E and 1F). After

meiosis, GUS activity was detected in the tapetum, connective

tissue, and vascular bundles but not in the young microspores

(Figure 1G). In the male-sterile anthers, the GUS expression pat-

tern was similar to that seen in fertile anthers during meiosis.

After meiosis, the tapetal cells in the mutant anthers were swol-

len. These tapetal cells and degenerated microspores were

heavily stained by GUS (Figure 1H).

Sequence Analysis of the T-DNA–Tagged Gene

We amplified the flanking region of the inserted T-DNA in line

9-142-08 by thermal asymmetric interlaced (TAIL)–PCR. Se-

quence analysis of that region revealed that T-DNA was inserted

into a gene located on chromosome 7 in P1 ARTIFICIAL

CHROMOSOME clone P0534A03. This coding region was iden-

tified by RT-PCR and the Rice Genome Automated Annotation

System (GAAS; http://ricegaas.dna.affrc.go.jp/). Its primary struc-

ture comprises four exons and three introns (Figure 2A). An EST
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for this gene is not present in the National Center for Biotech-

nology Information (NCBI) database, suggesting that its expres-

sion is not strong or ubiquitous. In the udt1mutant allele (udt1-2),

the T-DNA insertion was located at 1006 bp downstream from

the ATG start codon, in the second intron of the gene.

TheUdt1 gene encodes a predicted protein of 227 amino acids

(Figure 2B). The protein has an apparent molecular mass of 24.9

kD and a pI of 6.5. BLAST analysis indicated that themost similar

proteins are the Brassica napus bHLH transcription factor

CAD54298 and the Arabidopsis bHLH protein AMS (At2g16910),

each of which shares 32% overall identity with the rice protein.

AMS is known to be important for tapetum development

(Sorensen et al., 2003). Also, UDT1 showed 31% identity with

At1g10610 and 30% with ICE1, the overexpression of which

improves freezing tolerance in transgenic plants (Chinnusamy

et al., 2003). Most Arabidopsis bHLH proteins that showed high

identity with UDT1 belong to the group 9 bHLH protein family

(Toledo-Ortiz et al., 2003). Functional domain analysis indicated

that the region between the 59th and 118th amino acids is

predicted to be a bHLH domain, possessing both the HLH

domain required for dimerization and a nearby basic domain

necessary for target DNA binding (Figure 2B). Multiple align-

ments showed well-conserved regions of four Leu residues

important in forming an a-helix as well as nearby basic amino

acid residues that are probably involved in DNA binding (Fig-

ure 2B).

The promoter region comprises a putative TATAbox sequence

at 406 bp upstream from the start ATG codon and a CAAT box

sequence at �471. The upstream region also contains putative

regulatory sequences: GTGA motifs (GTGA) at �485 and �48,

Figure 1. Expression Profiles of Udt1 Using the GUS Assay.

(A) Expression pattern of the Udt1:GUS fusion product in heterozygous spikelets before meiosis: early premeiosis stage (left) and late premeiosis stage

(right).

(B) Temporal and spatial expression patterns of the Udt1:GUS fusion product in heterozygous spikelets at various flowering stages. Sample 1, meiosis;

2, tetrad; 3, early young microspore; 4, late young microspore; 5, vacuolated pollen; 6, late pollen mitosis.

(C) Anther at the vacuolated pollen stage magnified.

(D) Photograph taken after the removal of half of the palea and lemma from a spikelet at the vacuolated pollen stage.

(E) to (G) Cross sections of Udt1:GUS heterozygotic spikelets at late premeiosis, meiosis, and the vacuolated pollen stage, respectively.

(H) Cross section of a homozygotic anther at the vacuolated pollen stage.

Photographs in (E) to (H)were taken with a dark-field microscope. GUS activity under the dark field appeared as pink or red colors. A, anther; AF, anther

filament; DMC, degenerated meiocyte; En, endothecial cell layer; Ep, epidermal cell layer; He, heterozygous plants; Ho, knockout plants; Le, lemma; M,

middle layer; MC, meiocyte; O, ovary; P, pollen; Pa, palea; SC, sporogenous cell; T, tapetal cell layer. Bars ¼ 1 mm in (A) to (D) and 10 mm in (E) to (H).
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Figure 2. Scheme of the Udt1 Gene and Multiple Alignment.

(A) Scheme of the Udt1 gene and relative insertion positions of T-DNA and Tos17. Black boxes represent exons, and intervening lines represent introns.

The ATG start codon and TGA stop codon are indicated. Insertion positions of T-DNA in line 9-142-08 (open box) and Tos17 in line 1B-31-11 (triangle)

are indicated at top. Number 1 indicates the starting nucleotide of translation, and 1587 indicates the nucleotide (nt) length from ATG to TGA. p1, p2, and

p3 are primers for genotyping or identifying fusion transcripts between Udt1 and GUS. Numbers �845, �702, and �205 indicate E-box sequences (the

CANNTGmotif) present upstream of ATG. bHLH, basic helix loop helix domain (amino acids 59 to 118); hph, hygromycin resistance marker for selection

of the T-DNA insertion; NLS, nuclear localization signal (amino acids 3 to 17). Bar ¼ 0.1 kb.

(B) Alignment of bHLH domains. The UDT1 protein was aligned with bHLH domains of the group 9 bHLH subfamily. Black boxes indicate amino acid

(a.a.) residues that are >60% conserved, and gray boxes indicate amino acids that are >30% conserved. Asterisks indicate the conserved basic amino

acid Arg that is important for binding DNA. Pound signs indicate conserved Leu residues important for forming the a-helix.
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