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A b s t r a c t  

The relationship between the length of anthers and the stage of development of microspores was 
examined in rice (Oryza sativa L. cv. Hayayuki). Anthers of < 2 mm and 2.1-2.2 mm in length and those 
ready to dehiscence were determined to be at the uninucleate, binucleate and trinucleate microspore 
stage, respectively. 

Two cDNAs (YY1 and YY2), representing genes that are specifically expressed in anthers at the 
uninucleate microspore stage, were isolated and characterized. YY1 cDNA encoded an open reading 
frame of 95 amino acids. Eight cysteine residues with the potential to form disulfide bridges were present 
in the amino acid sequence. There was a hydrophobic region at the N-terminus of the putative protein, 
suggesting that the YY1 protein might be secreted. This cysteine motif and the hydrophobic N-terminus 
are conserved among products of several anther-specific genes or cDNAs isolated from various plant 
species. These proteins are thought to form a superfamily of proteins that are confined to anthers. The 
YY1 transcript was localized in the tapetal cells and the peripheral cells of the vascular bundle. YY2 
cDNA encoded an open reading frame of 389 amino acids and the deduced amino acid sequence ex- 
hibited substantial homology to that of chalcone synthase. Expression of YY2 mRNA was confined to 
the tapetal cells. The genes correspond to YY1 and YY2 cDNAs were shown to exist as single copies 
in the rice genome. 

Introduct ion  

In higher plants, the formation of pollen is a 
unique developmental process, involving cytologi- 
cal and biochemical changes in several types of 

cells [ 14]. Underlying these processes is a com- 
plex program of gene expression in both sporo- 
phytic and gametophytic tissues [ 15]. Genes that 
are preferentially expressed in anthers during the 
development of microspores might be expected to 

The nucleotide sequence data reported will appear in the GenBank, EMBL, DDBJ and NCBI Nucleotide Sequence Databases 
under the accession number D50575 (YY1) and D50576 (YY2). 
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play important roles in anther-specific develop- 
mental pathways. To isolate these genes, differ- 
ential screening of cDNA libraries has been 
carried out by several groups [16, 17, 32]. Mas- 
carenhas [15] classified these genes into two 
classes according to their patterns of expression. 
The 'early' genes become active soon after meio- 
sis and the levels of their transcripts are reduced 
or they are undetectable in mature pollen. The 
'late' genes become active after microspore mito- 
sis and their transcripts continue to accumulate 
until the pollen reaches maturity. Based on their 
nucleotide sequences and the localization of their 
transcripts, the two classes of genes are likely to 
have very different roles. The 'early' genes are 
probably involved in pollen development such as 
wall synthesis. For example, the Satap35 and 
Satap44 proteins from Sinapis alva are thought, 
from their localization, to be involved in sporopol- 
lenin formation and/or deposition to the pollen 
wall [31 ]. The 'late' genes are likely to be required 
during pollen maturation or growth of pollen tube. 
LAT56 from tomato [37] and P2 from Oenothera 
organensis [1] have amino acid sequences that 
exhibit homology to those of pectate lyase and 
polygalacturonase, respectively. They may be re- 
quired during growth of pollen tubes. Recently, 
the LAT52 gene, which is expressed in a pollen- 
specific manner, was shown to play a role in pol- 
len hydration and/or germination from results of  
antisense inhibition experiment [ 18]. However, 
with the exception of a few examples, such as 
LAT52, the functions of these anther-specific 
genes are still a matter of conjecture. In order to 
dissect the molecular processes that occur during 
anther development, we must isolate many more 
anther-specific genes and determine their func- 
tions. 

In this report, we describe the isolation and 
characterization of two cDNAs for mRNAs that 
are specifically expressed in anthers at the uni- 
nucleate microspore stage in rice plants. These 
two cDNAs can be classified as cDNAs of'early' 
genes, and the corresponding genes may partici- 
pate in microspore development. One of the 
cDNAs,  YY1, encodes an amino acid sequence 
with eight cysteine residues, as do several other 

anther-specific genes. It is suggested that the YY1 
protein is a member of a superfamily of proteins 
that are specifically localized in anthers. The pro- 
tein encoded by another cDNA, YY2, exhibited 
significant homology to chalcone synthase (CHS) 
and it might be involved in the synthesis of  fla- 
vonoids, which play important roles in anthers. 

Materials and methods 

Plant materials 

Rice plants (Oryza sativa L. cv. Hayayuki) were 
grown in a greenhouse. For construction of a 
cDNA library and northern blot analysis, anthers 
were collected and immediately frozen in liquid 
nitrogen. Samples of shoots and roots were ob- 
tained from 1-week-old plants. Frozen tissues 
were stored at -80  °C until use. 

Determination of anther length and the stage of 
microspore development 

Lengths of florets and anthers were determined 
under the light microscope. The stage of mi- 
crospore development was assessed by light- 
microscopic examination of microspores (or pol- 
len grains) that had been extruded from anthers 
squashed on a glass slide. For observations of 
nuclei, anthers dissected from florets were fixed in 
a mixture of 99~o ethanol and acetic acid (3:1, 
v/v) for 1 h. They were rinsed first in 70~o etha- 
nol and then in water. Microspores in a solution 
of 4'-6-diamidino-2-phenylindole (DAPI) (1 #g/ 
ml DAPI, 0.05 M Tris-HC1 pH 7.0, and 0.5~o 
Triton X-100) were observed under UV light. 

Construction of a cDNA library 

Poly(A) + RNA was extracted from anthers at the 
uninucleate microspore stage with a Fast Track 
m R N A  isolation kit (Invitrogen). cDNAs were 
synthesized with a cDNA synthesis kit (Pharma- 
cia) and ligated with EcoRI adapters for bidirec- 



tional introduction into the EcoRI site of the 
2ZAPII  vector (STRATAGENE).  In vivo exci- 
sion of pBluescript plasmids was performed in 
the Escherichia coli K-12 strain XL1-Blue. 

Preparation of  total RNA 

Total RNA was prepared from anthers at differ- 
ent stages, from shoots and from roots by the 
phenol-SDS method [21]. Tissues were homog- 
enized in a solution of 0.2 M Tris-HC1 pH 8.0, 
0.1 M NaC1, 10 mM EDTA, 0.5% SDS, 0.1% 
2-mercaptoethanol and an equal volume of TE- 
saturated phenol, with the subsequent addition of 
an equal volume of chloroform. After centrifuga- 
tion (3000 x g, 5 min), the supernatant was 
shaken with a mixture of  phenol and chloroform 
(1:1, v/v). The mixture was centrifuged (3000 x g, 
5 min) and chloroform was added to the super- 
natant. After centrifugation (3000 x g, 5 min), 
nucleic acids were pelleted by ethanol precipi- 
tation and dissolved in diethylpyrocarbonate 
(DEPC)-treated water. Then LiC1 (10 M) was 
added to the solution of nucleic acids to give a 
final concentration of 2.5 M, and the mixture was 
kept on ice for more than 1 h. RNA was pelleted 
by centrifugation (15000xg,  20min) and dis- 
solved in DEPC-treated water. The yield was de- 
termined by monitoring absorbance at 260 nm. 

Analysis of mRNA levels by dot blot hybridization 

Five hundred c D N A  clones were spotted onto a 
nylon membrane (0.5/~g/clone; Hybond-N + ; 
Amersham). After denaturation by 1.5 M NaC1 
and 0.5 M N a O H  and neutralization by 0.5 M 
Tris-HCl pH 7.2, 1.5 M NaCI and 1 mM EDTA, 
membranes were first incubated at 65 °C for 1 h 
in hybridization solution that contained 5 x S SC, 
5 x Denhardt 's solution, 0.5~o SDS and 0.1 mg/ 
ml heat-denatured salmon sperm DNA. Then 
they were incubated for 15 h with c D N A  probes 
that had been synthesized from poly(A) + RNA 
extracted from anthers or shoots. Double- 
stranded cDNAs were synthesized as described 
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above and labelled with [~_32p] dCTP by the 
random primer labelling method. After hybridiza- 
tion, membranes were washed in 2 x SSC that 
contained 0.1% SDS for 10min at 65 °C with 
shaking, and then twice in 1 x SSC that con- 
tained 0.1% SDS for 30 min at 65 °C. They were 
dried and exposed to X-ray film (RX-50; Fuji). 
Plasmid clones that gave strong signals with an- 
ther c D N A  probes but weak signals with shoot 
probes were selected. For the second screening, 
slot blot hybridization was performed. RNAs 
from anthers, shoots and roots (3/~g/slot) were 
blotted on a nylon membrane (Hybond-H +;  
Amersham) with a BIO-DOT SF system (Bio- 
Rad). After denaturation by 0.05 M NaOH,  
membranes were first incubated at 65 °C for 1 h 
in hybridization solution that contained 1% SDS, 
1 M NaC1, 10% dextran sulfate and 0.1 mg/ml 
heat-denatured salmon sperm DNA. Then they 
were incubated with c D N A  probes for 15 h. After 
hybridization, membranes were washed in 2 x 
SSC for 10 min at 65 °C with shaking, and then 
twice in 2 x  SSC that contained 1% SDS for 
30 min at 65 °C. Membranes were dried and ex- 
posed to X-ray film. 

Plaque hybridization 

A small aliquot of a diluted plate lysate was plated 
with E. coli XLl-blue as host bacterium, which 
supports the rapid growth of the )~ZAPII phage. 
After incubation at 37 °C, plaques were trans- 
ferred to a nylon membrane, cDNA clones used 
as probes were amplified by the polymerase chain 
reaction. They were labelled with a DIG  DNA 
Labelling Kit (Boehringer-Mannheim) in accor- 
dance with the manufacturer's instructions. Hy- 
bridization was performed in a solution that con- 
tained 5× SSC, 2% blocking reagent, 0.1% 
sodium lauroylsarcosine, 0.02% SDS, 50% for- 
mamide and 10ng/ml DIG-labelled probe at 
42 °C for 12h. Each membrane was washed 
twice with 2 × SSC that contained 0.1% SDS for 
5 min at room temperature and twice with 0.1 × 
SSC that contained 0.1% SDS for 15min at 
42 °C. Chemiluminescence was detected with a 
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DIG Luminescent Detection Kit (Boehringer- 
Mannheim) in accordance with the manufactur- 
er's instructions. Plaques that hybridized to 
cDNA probes were selected and phage particles 
in each plaque were eluted in phage-dilution buffer 
SM. The screening was repeated twice. 

Northern blot analysis 

Total RNA from anthers, shoots and roots (5 #g/ 
lane) was subjected to electrophoresis in a 1.2~o 
formaldehyde agarose gel in 1 x MOPS buffer 
(20mM MOPS, 5raM CH3COONa, l mM 
EDTA). After electrophoresis, RNA was trans- 
ferred to a nylon membrane (Hybond-N+;  
Amersham) as described by the manufacturer 
(Amersham). Procedures for preparation of 
probes, hybridization and washing were the same 
as those for slot blot analysis. 

Southern blot analysis 

Total DNA was isolated from 2-month-old rice 
plants. Tissues were ground to a fine powder in 
liquid nitrogen and incubated at 60 °C in an ex- 
traction buffer that contained 200 mM Tris-HC1 
pH 8.0, 100 mM EDTA, 1~o sodium laurylsar- 
cosine and 100 #g/ml proteinase K. After addi- 
tion of an equal volume of a mixture of phenol 
and chloroform (1:1, v/v), the entire mixture was 
centrifuged (10000×g, 10min) at 4 ° C .  The 
supernatant was collected and nucleic acids were 
pelleted by ethanol precipitation. Pellets of DNA 
were rinsed with 70~o ethanol and dissolved in 
TE buffer. Then 1.54 ml of the solution in TE 
buffer, 1.52 g of CsC1 and 60 #1 of a solution of 
ethidium bromide (10 mg/ml) were mixed and ge- 
nomic DNA was separated by ultracentrifugation 
(100000 × g for more than 6 h) at 20 °C. Ge- 
nomic DNA was collected, washed with CsCl- 
saturated isopropanol and pelleted by ethanol 
precipitation. After it had been dissolved in TE 
buffer, the DNA was digested with restriction en- 
zymes (EcoRI, HindIII, XbaI or BamHI) and 
subjected to electrophoresis on a 0.8~o agarose 

gel (15 #g/lane). The gel was treated with 0.25 M 
HC1 for 30 min. Then DNA was transferred to a 
nylon membrane in 0.4 M NaOH. The membrane 
was incubated at 55 °C for 1 h in a solution that 
contained 5 × SSC, 50~o formamide, 5 x Den- 
hardt's solution, 0.5~o SDS and 0.1 mg/ml heat- 
denatured salmon sperm DNA (for the YY1 
probe) or incubated at 65 °C for 1 h in a solution 
that contained 5 × SSC, 5 x Denhardt's solu- 
tion, 0 .5~ SDS and 0.1 mg/ml heat-denatured 
salmon sperm DNA (for the YY2 probe). Then 
the membrane was incubated for 15 h with a 
cDNA probe in the appropriate solution. After 
hybridization, the membrane was washed in 2 × 
SSC that contained 0.1~o SDS for 10min at 
65 °C with shaking, and then in 1 x SSC that 
contained 0 .1~ SDS for 30 min at 65 °C and in 
0.25 x S SC that contained 0.1 ~o SDS for 30 min 
at 65 °C. Membranes were dried and exposed to 
X-ray film. Full-length cDNAs labelled with 
[~_32p] dCTP by the random primer labelling 
method were used as probes. 

Nucleotide sequencing of  YY1 and YY2 cDNAs 

DNA sequencing was performed by the dideoxy 
chain-termination method using Bca BEST 
dideoxy sequencing kit (TAKARA). Both strands 
of the cDNA clone were sequenced using double- 
stranded plasmid DNA templates, with synthetic 
oligonucleotides as primers. 

In situ hybridization 

Anthers at different stages were fixed in a solution 
containing 4 ~o paraformaldehyde in 20 mM ca- 
codylate buffer (pH 7.0), followed by dehydration 
in graded ethanol series, and cleaning in ethanol/ 
xylene series. After soaking in xylene and paraf- 
fin, they were embedded in paraffin (Paraplast 
Plus; Oxford). The paraffin blocks were sliced 
into 10 #M sections, which were then mounted 
onto poly-L-lysine (Sigma) treated glass slides. 
Samples were kept over night at 45 °C. Prehy- 
bridization was carried out as described by Drews 
et al. [4]. 



Digoxigenin-labelled sense and antisense RNA 
probes were generated with T7 and T3 promoter 
of pBluescript S K -  (Stratagene), in which the 
cDNA of either YY1 or YY2 was cloned. In vitro 
transcription reactions were performed with the 
TransProbe T Kit (Pharmacia). The probes hy- 
drolyzed by alkaline to an average length of 150 
bases [2] were mixed with hybridization solution 
that contained 50~  formamide, 300 mM NaC1, 
10mM Tris pH7.5,  l m M  EDTA, l x  Den- 
hardt's solution, 10~/o dextran sulfate, 70 mM 
DTT and 150 #g/ml tRNA for 16 h at 50 °C. 
After hybridization, the samples were washed 
three times in 4 x SSPE solution that contained 
5 mM DTT, and treated with 25 ttg/ml RNase in 
500 mM NaC1, 10 mM Tris pH 7.5 and 1 mM 
EDTA for 30 rain at 37 °C. The samples were 
washed again in 2 x SSPE solution that con- 
tained 5 mM DTT for 1.5 h at room temperature, 
and then in 0.1 x SSPE solution that contained 
1 mM DTT for 1 h at 57 °C. Hybridization sig- 
nal was detected with DIG Nucleic Acid Detec- 
tion Kit (Boehringer Mannheim) in accordance 
with the manufacturer's instruction. 

Results and discussion 

Determination of the relationship between the length 
of anthers and the stage of microspore development 

In several plants including rice, there is a strong 
relationship between bud length and/or anther 
length and the stage of microspore development 
[10, 23, 26, 28]. Since such a relationship facili- 
tates collection of anthers at a specific stage of 
development, the floret or anther length at each 
stage of development of microspores (uninucle- 
ate, binucleate or trinucleate) was measured. In 
the case of rice pollen, nuclei can hardly be seen 
after the binucleate stage because of the accumu- 
lation of starch. Therefore, the developmental 
stages of microspores were classified as follows 
by light microscopy [25, 35]: (1)microspore 
stage, at which only one nucleus was seen; 
(2) vacuolated pollen stage, at which vegetative 
cell and generative cell were observed; (3)early 
engorged pollen stage, when starch began to ac- 
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cumulate; and (4) engorged pollen stage, at which 
pollen was filled with starch and maturation was 
completed (Fig. 1). Furthermore, staining with 
DAPI revealed that early engorged pollen and 
engorged pollen corresponded to the binucleate 
and the trinucleate stage, respectively (Fig. 1). 

Anther length, rather than bud length (data not 
shown), was closely related to the stage of mi- 
crospore development. Figure 2 shows the fre- 
quency distribution of anther lengths at each of 
the four stages of microspore development. We 
defined anthers of < 2 mm in length as 'uninucle- 
ate', those of 2.1 to 2.2 mm as 'binucleate' and 
anthers that were ready to dehiscence as 'trinucle- 
ate'. 

Isolation of  cDNA clones of transcripts that were 
abundantly expressed in anthers at the uninucleate 
microspore stage 

To obtain cDNA clones of transcripts that are 
specifically expressed in immature anthers, we 
screened a cDNA library of rice anthers at the 
uninucleate microspore stage by dot blot analysis. 
Sixteen clones that gave a strong signal with a 
32p-labelled mixture of anther cDNAs but a weak 
signal with that of shoot cDNAs were tentatively 
identified among 500 cDNA clones. Further 
analysis by slot blot hybridization using each of 
the 16 cDNAs as a probe revealed that three 
clones, with inserts of 0.2 kb, 0.25 kb and 1.4 kb, 
respectively, corresponded to mRNAs that were 
specifically expressed in anthers. 

Using the 0.2kb fragment as probe, we 
screened the cDNA library of rice anthers to ob- 
tain full-length cDNA clones. Sixteen positive 
clones were obtained from 4.2 × 105 plaques and 
inserts were subcloned into pBluescript by the 
in vivo excision method. A cDNA clone with the 
longest inserts was named YY1. It included the 
nucleotide sequence of the 0.25-kbp fragment, 
suggesting that both were derived from the same 
gene. Using the 1.4-kbp fragment as probe, we 
obtained eight positive clones from 2.1x 105 
plaques and the longest one was named YY2. 
Lengths of YY1 and YY2 cDNAs coincided with 
the sizes of transcripts that were estimated by 
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Fig. 1. Development of anthers and microspores in rice plants. (a) Anthers at different stages; (b) microspore stage (uninucleate); 
(c) vacuolate pollen stage (binucleate); (d) early engorged pollen stage (binucleate); (e) engorged pollen stage (trinucleate). Pictures 
on the right in (b)-(e) are samples stained with DAPI. Scale in (a) indicates 2 ram. 

Northern blot hybridization (Fig. 3), suggesting 
that these cDNA clones contained full-length in- 
serts. YY1 mRNA was expressed exclusively in 
anthers at the uninucleate microspore stage. YY2 
mRNA was strongly expressed in anthers at the 
uninucleate microspore stage, with low-level ex- 
pression in shoots. Southern blot analysis showed 

that both the YY1 and the YY2 gene existed as 
single copies in the rice genome (Fig. 4). 

Characterization of YY1 cDNA 

The complete nucleotide sequence (605 bp) of 
YY1 cDNA was determined (Fig. 5). An open 
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Fig. 2. Frequency distribution of length of anthers at various 
developmental stages. For each stage, lengths of anthers from 
50 florets were measured. 

reading frame (288 bp), a 5' non-coding region 
(65 nucleotides) and a 3' non-coding region (252 
nucleotides) were identified. The predicted pro- 

Fig. 4. Southern blot analysis of genes that correspond to 
YY1 and YY2 cDNAs. Total DNA (15 #g)from 2-month-old 
rice plants was digested with EcoRI, Hindlll, XbaI or BamHI, 
subjected to electrophoresis and allowed to hybridize with 
32p-labelled YY1 or YY2. 

tein contained 95 amino acid residues and had a 
molecular mass of 9.5 kDa. 

YY1 eDNA exhibited no homology to nucle- 
otide sequences in DNA databases. However, the 
deduced amino acid sequence exhibited some ho- 
mology to LIM1 (33.7~o) and LIM3 (37.2~o) 
which are products of meiosis-specific genes from 
trumpet lily [8], to the product of Fill (30.9~o) 
whose mRNA is expressed in the filament of the 

Fig. 3. Northern blot analysis ofYY 1 and YY2 mRNAs. Total 
RNA (5/~g/lane) was subjected to electrophoresis and allowed 
to hybridize with riP-labelled YY1 or YY2 eDNA probes. 
Arrows indicate the sizes of mRNAs. 1, anthers at the uni- 
nucleate microspore stage; 2, anthers at the binucleate mi- 
crospore stage; 3, anthers at the trinucleate microspore stage; 
S, shoots of 1-week-old plants; R, roots of 1-week-old plants. 

-65 CGCAC 

-60 GCACCGTGCAGGCATCGACGACGAGCGAGAGCCCCTCGGCGGCAG~GACACTCACGGCG 

1 ATGGCGGTGACGAGGACGGCGCTGCTGGTGGTGTTGGTAGCGGGGGCGATGACGATGACG 

M A V V R T A L L V V L V A G A M T M T  

61 ATGCGCGGGGCGGAGGCGCAGCAGCCGAGCTGCGCGGCGCAGCTCACGCAGCTGGCGCCG 

M R G A E A Q Q P S C A A Q L T Q L A P  

121 TGCGCGCGAGTCGGCGTGGCGCCGGCGCCGGGGCAGCCGCTGCCGGCGCCCCCGGCGGAG 

C A R V G V A P A P G Q P L P A P P A E  

181 TGCTGCTCGGCGCTGGGCGCCGTGTCGCACGACTGCGCCTGCGGCACGCTCGACATCATC 

C C S A L G A V S H D C A C G T L D I I  

241 ~CAGCCTCCCCGCC~GTGCGGCCTCCCGCGCGTCACCTGCCAGTGATGGAGATGGTGT 

N S L P A K C G L P R V T C Q *  

301 GCC~GGT~TTGCGTTTGCTCGTGCGAGGATGAG~GAGAAGATTG~T~GATGTTTG 

361 ATGGC~C~GTCATCAGGCGATCCGATCCCTGCAGCTATG~TGGGAGTATACGTAGTA 

421 GTGGTCTCGTTAGCATCTGTGTGTCGCATATGCACGCCGTGCGTGCCGTGTCTGTCCTGC 

481 TTGCTCTGCTGATCGTTC~TG~CGACAAATT~TCT~CTCTGGAGTGAC~GTCGTT 

Fig. 5. The nucleotide sequence of YY1 eDNA and the de- 
duced amino acid sequence. YY1 cDNA has 605 nucleotides 
and encodes 95 amino acid residues. 
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stamen and at the bases of petals in the garden 
snapdragon [ 19], and to the product of clone 108 
from tomato (36.8~)  [30], A9 from Brassica 
(30.3~o) [22] and A9 from Arabidopsis (29.9~o) 
[22], whose mRNAs  are specifically expressed in 
the tapetum. These genes have different temporal 
and spatial patterns of expression in anthers and 
probably have different physiological roles. How- 
ever, their putative amino acid sequences have 
several common features (Fig. 6). First of all, the 
proteins are all low-molecular-mass proteins of 
about 100 amino acid residues each. Second, they 
have eight strictly conserved cysteine residues. 
This cysteine motif is also present in a previously 
reported superfamily of proteins that exhibit lim- 
ited sequence homology (below 50~o in some 
cases). This superfamily consists of seed proteins, 
such as prolamins from the Triticeae, the 2S 
globulins from castor bean and rape, and some 
inhibitors of proteases and ~-amylase [ 11]. Re- 
sembling these proteins, which are confined to 
seeds, products of YY1, Fill, LIM1, LIM3, 
clonel08 and A9 seem to constitute a superfamily 
of proteins that are confined to anthers. In a few 
members of the superfamily of seed proteins, the 
cysteine residues are known to be involved in 
intramolecular disulfide bridges [12, 13]. The 
YY1 protein might also stabilize its tertiary struc- 
ture by intramolecular cross-linking. Of particu- 
lar interest is the presence of a hydrophobic re- 

gion at the N-terminus of the YY1 protein. Some 
products of anther-specific genes have been re- 
ported to have hydrophobic N-termini (e.g., TA29 
[10], MFS14 [38], Satap35 [31]), and these re- 
gions are thought to be signal sequences for se- 
cretion. In the YY1 protein, a potential signal for 
cleavage, which follows the -3,  -1  rule [5] is 
located at 18 amino acid residues downstream of 
the initiator methionine. In situ hybridization was 
used to determine the location of YY1 mRNA. 
The pattern of antisense hybridization to rice an- 
thers at the uninucleate microspore stage is shown 
in Fig. 9a. Signals were detected in the tapetal 
cells and in the peripheral cells of vascular 
bundles. As expected from the results of North- 
ern hybridization, anthers at the trinucleate mi- 
crospore stage did not generate hybridization sig- 
nals above the background level (Fig. 9d). 

Characterization of YY2 cDNA 

The complete nucleotide sequence (1405 bp) of 
YY2 cDNA is presented in Fig. 7. An open read- 
ing frame (1170 bp), a 5' non-coding region (25 
nucleotides) and a 3' non-coding region (210 
nucleotides), followed by an eight-nucleotide 
poly(A) tract were all identified. There was no 
obvious polyadenylation signal upstream of the 
poly(A) tract. The predicted protein has 389 

N-terminal hydrophobic region ~ 
YY1 (rice) [MAVTRTALLVVLVAGAM JMTMRGAEAQQp S CAAQLTQ LAP CAR 
Fi l l  (gard . . . . .  pdragon) ~ANK S I VP L~MLTVLVAQSQL I TQSEAQ T~S~S~AN~NA~p 
LIM1 (trumpet lily) ......... MASMKS~ATAILVVLLLAALSR~GRSQN~S~AIGE~MT~GP 
C one108 (tomato) MASVKSSSSSSSSSFISL~LI~LVIVLQSQVIECQP~-~T~S~G~NV~{p 
A9 (Brassica) MEF LKSF~T>I~F~MF L-~SALETVPMVRAQQ~LDN~SNMQV~i~p 

YYI (rice) VGVAPAP GQPLPAPPAECC SALGAVSHDCACGTLD I INS LPAKCGLPRVTCQ 
Fi l l  (garden snapdragon) Z ~LG~ATT~ ..... SSD~T~QS~D~.E~L~N~R,~ASRV~'~QgN~PLS~GAN 

(trumpet lily) YVLPGNN~A~ .... SE R~N~ G~ L~ E~'IN~I~ S S~ D H~ S!~A~N~AA LIM] 
clonel08 (tomato) - -- F L V~S ~-- T AS T~N~'vQ S I NZ~M~N~MRrI.AAQ I ~!~QeN;~Np L S~ S AN 
A9 (B . . . .  ica ) L-~L~GAVNL-~:~NS~Q~TNK~I~N~RAATTFTTT~N~SLD~GITI 

Fig. 6. Comparison of amino acid sequences deduced from rice YYI cDNA [this study], garden snapdragon Fill [ 19], trumpet 
lily LIM1 [8], tomato clone 108 [30] and Brassica A9 [22]. Identical amino acid residues are indicated by shadowing. Gaps have 
been introduced to obtain maximum homology, and they are shown by hyphens. Conserved cysteine residues are indicated by 
arrows. The N-terminal hydrophobic region in the YY1 protein is enclosed in a box. 
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-25 GGCGAAAGGATACCGGGTGGCG~G 
I ATGGCTGACCTTGGATTCGGCGATGCCAGGAGTGGC~TGGCAGCAGGAGCC~TGCTCC 

M A D L G F G D A R S G N G S R S Q C S  
61 AGGGGG~GGCGATGCTGCTCGCCCTCGGC~GGGCCTCCCTGAGC~GTTCTTCCCCAG 

R G K A M L L A L G K G L P E Q V L P Q  
121 GAG~GGTCGTCGAGACCTACCTCCAGGACACCATCTGCGACGATCCTGC~C~GGGCA 

E K V V E T Y L Q D T I C D D P A T R A  
181 ~GCTGGAAAGACTTTGC~GACCACCACAGTGAGGAC~GGTACACTGTCATGTCAAAG 

K L E R L C K T T T V R T R Y T V M S K  
241 GAGCTCCTAGACGAGCACCCAGAGCTCAGGACTGAGGG~CTCC~CACTGACGCCACGG 

E L L D E H P E L R T E G T P T L T P R  
301 CTTGACATCTGC~TGCTGCAGTGCTTGAGCTTGGTGCTACTGCAGCCCGTGCCGCCCTT 

L D I C N A A V L E L G A T A A R A A L  
361 GGTG~TGGGGGCGTCCAGCAGCTGACATCACCCACCTTGTCTACATCTCGTCCAGTGAG 

G E W G R P A A D I T H L V Y I S S S E  
421 CTTCGCCTCCCAGGGGGTGACCTTTTCCTGGC~CTCGCCTTGGCCTCCATCCAAACACC 

L R L P G G D L F L A T R L G L H P N T  
481 GTCCGCACTTCCCTTCTCTTCCTTGGCTGCTCCGGTGGCGCTGCCGCGCTCCGCACCGCC 

V R T S L L F L G C S G G A A A L R T A  
541 ~GGACATTGCTGAG~C~CCCAGGGAGCCGCGTCCTTGTAGTAGCCGCGGAGACGACG 

K D I A E N N P G S R V L V V A A E T T  
601 GTGCTGGGATTCCGGCCACC~GTCCTGACCGTCCTTACGATCTTGTTGGTGCTGCCCTG 

V L G F R P P S P D R P Y D L V G A A L  
661 TTTGGTGACGGCGCATCAGCTGCGATCATTGGAGCAGGCCCCATTGCTGCTGAGGAGAGT 

F G D G A S A A I I G A G P I A A E E S  
721 CCCTTCCTAGAGCTTCAGTTCTC~CACAGGAGTTCCTACCAGGGACGGAC~GGT~TT 

P F L E L Q F S T Q E F L P G T D K V I  
781 GATGGC~GATCACTGAGG~GGGATT~TTTCAAACTGGGGCGTGATTTGCCCGAAAAG 

D G K I T E E G I N F K L G R D L P E K  
841 ATTGAAAACCGTATAG~GGGTTCTGCAGGACACTCATGGATCGGGTTGGGATAAAGGAG 

I E N R I E G F C R T L M D R V G I K E  
901 TTC~TGATGTATTCTGGGCTGTGCATCCTGGTGGTCCAGC~TACTG~CAGGCTAGAG 

F N D V F W A V H P G G P A I L N R L E  
961 GTTTGCCTTG~CTCCAGCCAGAG~GCTC~GATCAGTAGAAAGGCCCTGATG~CTAT 

V C L E L Q P E K L K I S R K A L M N Y  
1021 GGT~TGTGAGCAGC~CACCGTCTTCTATGTGTTGGAGTATTTGAGGGATGAGTTG~G 

G N V S S N T V F Y V L E Y L R D E L K  

1081 AAAGGGATGAT~GGG~G~TGGGGACTGATCTTGGCTTTTGGCCCAGGCATCACATTT 
K G M I R E E W G L I L A F G P G I T F  

1141 G~GG~TGCTAGTTCGAGGCATT~CTGAGACTGAAAGGGGTCC~G~GACTTTCAGC 

E G M L V R G I N *  
1201 TAGATGG~G~TCACAAACATACCATTTCCAGGTT~GTATATAGTATG~CTTGAAAC 
1261 ATCTCAT~GGAGCATAGATGTCTTGACAGCATCTGTGCACTACATAGTTATTGTTTTAC 
1321 TGT~TCTATGTTTTATGTATCAAAC~TGTGAGGTACTCTAGTTTG~TGCA~ 

Fig. 7. The nucleotide sequence ofYY2 c D N A  and the deduced ~ i n o  acid sequence. The YY2 c D N A  has 1405 nucleotides and 
encodes 389 ~ i n o  acid residues. 

amino acid residues and a molecular mass of 
42 kDa. 

A search in nucleotide and protein databases 
with the YY2 sequence revealed the similarity of 
YY2 c D N A  to A1 and BA42, partial cDNAs  of 
transcripts that are specifically expressed in im- 
mature anthers ofBrassica napus [28, 29], and to 
genes for chalcone synthase from various plant 
species. The nucleotide sequence of YY2 was 
62.2~o identical to that of A1 and about 50~o to 
those of genes for chalcone synthase from various 
plant species. The predicted protein was 65.5~o 
identical to the protein encoded by BA42 and 
about 40~o identical to chalcone synthases. Fig- 

ure 8 shows an alignment of amino acid sequences 
encoded by YY2, A1 and BA42 with that of chal- 
cone synthase from parsley [24]. Considerable 
differences exist in amino acid sequences between 
products of BA42 and A1, though both cDNAs 
were isolated from B. napus. Shen and Hsu [29] 
observed that several fragments ofgenomic D N A  
hybridized to the BA42 probe. By contrast, in 
rice, the YY2 gene exists as a single copy, as 
shown by Southern blot hybridization (Fig. 4). 
YY2 c D N A  also exhibits homology to genes for 
chalcone synthase (CHS). The predicted sizes of 
CHS mRNAs of Hordeum vulgate, Petunia hy- 
brida and Zea mays are 1477 nt, 1335 nt and 
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Fig. 8. Comparison of amino acid sequences deduced from rice YY2 cDNA [this study], Brassica A1 [28], and Brassica BA42 
[29] with that of chalcone synthase (CHS) from parsley [24]. Identical amino acid residues are indicated by asterisks. Gaps have 
been introduced to obtain maximum homology, and they are shown by hyphens. Amino acid residues conserved among CHSs 
from various plant species [20 ] are indicated by shadowing. The amino acid sequences of A 1 and B A42 were deduced from reported 
partial cDNA sequences. 

1461 nt, respectively [20]. YY2 mRNA is 1402 nt 
long, corresponding to the expected size of  CHS 
mRNA. Though BA42 and A1 also exhibit a high 
degree of homology to genes for CHS, they are 
not full-length cDNA clones and lack a consen- 
sus site for initiation of translation. It will, there- 
fore, be of interest to compare the full-length se- 
quence of YY2 cDNA with those of genes for 
CHS. Little homology is observed between the 
N-termini of the YY2 protein and parsley CHS. 
There are some conserved domains in the central 
part of the YY2, A1, BA42 and CHS proteins, 
which correspond roughly to a consensus se- 
quence for CHSs [20], shown by shaded amino 
acid residues in Fig. 8. We have previously iso- 
lated a partial cDNA clone that exhibited 89~o 
homology to CHS gene from Hordeum vulgare. 
However, YY2 cDNA did not show any similar- 
ity to this sequence (data not shown). These ob- 
servations imply that the YY2, A1 and BA42 pro- 
teins are not CHS itself, but are divergent 
members of the CHS gene family. From the simi- 
larities in their protein sequences, we consider 
that YY2 cDNA is a rice homologue of  A1 and 

BA42 cDNAs.  In contrast to transcripts for CHS 
and BA42, which are expressed in several types 
of cell in the anther (CHS: tapetal cells, outer 
parenchyma cells of the connectivum [9]; BA42: 
tapetal cells, peripheral cells of the vascular 
bundle, developing microspores [29]), expression 
of  YY2 mRNA was confined to the tapetum 
(Fig. 9b). 

Possible roles of YY1 and YY2 in the development 
of anther 

Both YY1 and YY2 mRNAs are specifically ex- 
pressed in the tapetum at the uninucleate 
microspore stage (Figs. 3 and 9). Osc4 and Osc6, 
which were isolated from rice anther by Tsuchiya 
etal. [32], show similar expression pattern [33], 
but both YY1 and YY2 cDNAs did not exhibit 
any homology with them. According to the clas- 
sification of anther-specific genes by Mascaren- 
has [15], the YY1 and YY2 genes may be 'early' 
genes that become active soon after meiosis and 
whose mRNAs are present at reduced levels or 
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Fig. 9. In situ localization of YY1 and Y¥2 transcripts in developing anthers. Digoxigenin-labelled sense and antisense RNA probes 
were used. YY1 (a) or YY2 (b) antisense probe was used for the uninucleate microspore stage of anther, respectively. (c) Sense 
probe of YY1 shows no hybridization signal. (d) No signal was detected in the trinucleate microspore stage of anther with YY1 
antisense probe. 

are undetectable in mature anthers. At the uni- 
nucleate microspore stage, microspores are re- 
leased from tetrads and rapidly increase in vol- 
ume at the anther locule. During the growth of the 
microspores, tapetal cells, which surround the 
anther locule, provide nourishment and structural 
components, such as cell-wall materials to mi- 
crospores. The 'early' genes are expected to en- 
code materials secreted to the microspores or 
enzymes that function in the tapetum. 

Among the 'early' genes, there are some genes 
for proteins with putative signal sequences at their 
N-termini. For example, glyeine-rich protein and 
lipid-transfer protein are abundantly expressed in 
the tapetum of tobacco, and they are thought to 

be secreted to developing microspores in view of 
their putative signal sequences [10]. In the case 
of Satap35 and Satap44 from Sinapis alva, pro- 
cessing the translated products actually occurs 
and mature proteins are localized in the exine 
cell-wall layer of the developing microspore, sug- 
gests evidence that the proteins are indeed se- 
creted from the tapetum into the locule [ 31 ]. The 
YY1 polypeptide with a putative signal sequence 
might be secreted and act as an extracellular 
structural component, which is stabilized by in- 
tramolecular disulfide bridges. 

The YY2 e D N A  exhibits considerable homol- 
ogy to genes for CHS,  which is known to play an 
important role in anther development. CHS is the 
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key enzyme in the biosynthesis offlavonoids and 
catalyzes the formation of the central intermedi- 
ate in this pathway, naringenin chalcone, from 
4-coumaroyl-CoA and three molecules of malo- 
nyl-CoA [6]. In anthers, CHS is located in the 
tapetal cells [7 ], and newly synthesized flavonoids 
are transported into the locule and deposited on 
the outer surface of the pollen grains (the exine) 
[36]. The significance of CHS and flavonoids in 
anthers was demonstrated in antisense mRNA- 
inhibition experiments. Van der Meer et al. [34] 
report that aberrant pollen development or ger- 
mination was observed in chs-antisense Petunia 
plants. Ylstra et al. [39] also report that the ab- 
sence of flavonols resulted in structural damage 
to the pollen apex in Petunia plants. The strong 
homology in terms of the amino acid sequence 
between YY2 protein and CHS suggests the pos- 
sibility of a similar catalytic function for the YY2 
protein. In fact, a number of enzymes, such as 
6-deoxychalcone synthase [3] and resveratrol 
synthase [27], are capable of utilizing the same 
substrates as those of CHS, but their final prod- 
ucts are different. From the information presented 
so far, it seems possible that the YY2 protein 
might catalyze one step in the biosynthesis of 
flavonoids that are required for anther develop- 
ment. By introduction of yy2-antisense gene into 
rice and analysis of the composition offlavonoids, 
as well as the development of anthers in the trans- 
genic plants, we should be able to obtain more 
information about the function of the YY2 pro- 
tein. 
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