
 Gene expression throughout the reproductive process in rice 
( Oryza sativa ) beginning with primordia development 
through pollination/fertilization to zygote formation was 
analyzed. We analyzed 25 stages/organs of rice reproductive 
development including early microsporogenesis stages with 
57,381 probe sets, and identifi ed around 26,000 expressed 
probe sets in each stage. Fine dissection of 25 reproductive 
stages/organs combined with detailed microarray profi ling 
revealed dramatic, coordinated and fi nely tuned changes 
in gene expression. A decrease in expressed genes in the 
pollen maturation process was observed in a similar way 
with Arabidopsis and maize. An almost equal number of 
ab initio predicted genes and cloned genes which appeared 
or disappeared coordinated with developmental stage 
progression. A large number of organ-/stage-specifi c genes 
were identifi ed; notably 2,593 probe sets for developing 
anther, including 932 probe sets corresponding to ab 
initio predicted genes. Analysis of cell cycle-related genes 
revealed that several cyclin-dependent kinases (CDKs), 
cyclins and components of SCF E3 ubiquitin ligase complexes 
were expressed specifi cally in reproductive organs. Cell wall 
biosynthesis or degradation protein genes and transcription 
factor genes expressed specifi cally in reproductive stages 
were also newly identifi ed. Rice genes homologous to 
reproduction-related genes in other plants showed expression 
profi les both consistent and inconsistent with their predicted 
functions. The rice reproductive expression atlas is likely to be 
the most extensive and most comprehensive data set 
available, indispensable for unraveling functions of many 
specifi c genes in plant reproductive processes that have not 
yet been thoroughly analyzed.  
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  Oryza sativa  Nipponbare transcriptome data obtained in this 
study have been deposited in GEO (Gene Expression Omnibus) 
at NCBI with the accession number GSE14304. GSE14304 is 
a superseries and consists of fi ve series: GSE13988, GSE14298–
GSE14300 for Affymetrix data, and GSE14301 for Agilent data.  

 Introduction 

 For multicellular organisms, sexual development and reproduc-
tion are important steps in producing the next generation. 
Because most life on earth depends on plant products, plant 
reproduction and evolution, especially in cereal crop plants, 
is one of the most important and central issues to be analyzed 
in biology. Genes responsible for reproductive function and 
development have been mainly characterized using mutants 
showing defects in reproduction (e.g.  Aarts et al. 1997 , 
 Nonomura et al. 2004a ; see reviews by  Ma 2005 ,  Jenik et al. 2007 , 
 Borg et al. 2009 ,  Wilson and Zhang 2009 ,  De Smet et al. 2010 ). 
Meanwhile, several transcriptome analyses of fl ower organs 
have also been carried out using a range of technologies. Among 
them, microarray has superior power because of its high 
throughput, cost performance and well developed statistical 
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methods for data interpretation. In higher plants,  Arabidopsis 

thaliana  and rice ( Oryza sativa ) are two representative plants 
whose genomes have been completely sequenced and 
annotated. 

 In Arabidopsis, a lot of microarray data representing tran-
scriptomes of vegetative and reproductive organs, including 
developing whole fl owers at several stages, have been compiled 
in the AtGenExpress database ( Schmid et al. 2005 ). Besides 
AtGenExpress data sets, microarray analyses of pollen matura-
tion stages ( Honys and Twell 2004 ,  Pina et al. 2005 ), sperm cell 
( Borges et al. 2008 ), germinating pollen ( Wang et al. 2008 ), 
and developing seed and endosperm ( Casson et al. 2007 , 
 Day et al. 2007 ) have been reported. MPSS (massively parallel 
signature sequencing) data for infl orescence and immature 
buds ( Meyers et al. 2004 ), and SAGE (serial analysis of gene 
expression) data for whole fl owers ( Lee et al. 2003 ) have also 
been published. These data made possible the compilation of 
important gene expression profi les, especially in the detailed 
analysis of maturing and germinating pollen, and sperm cells. 
Nevertheless, data for the earlier stages, such as meiosis and the 
spore mother cell developing stage, are absent because of the 
diffi culty in dissecting and collecting such small tissues. 

 There have been considerably fewer reports of transcrip-
tome analyses in rice and monocots than in Arabidopsis. 
 Jiao et al. (2009)  reported the expression profi les of 40 rice 
vegetative organs, but reproductive tissues were not analyzed 
by organ or by stage. A recent publication of the transcriptome 
atlas covering the entire lifecycle of rice by  Wang et al. (2010)  
included data sets for developing panicle, mature stamen 
(anther), fertilized spikelet and developing endosperm, but 
with no further resolution of them. There have been two series 
of genome-wide microarray experiments focused on rice 
reproductive tissues. One analyzed developing panicles and 
seeds of indica cultivar IR64 ( Jain et al. 2007 ), while the 
other focused on the mature stigma, ovary, anther, embryo, 
endosperm and developing seed of japonica cultivar 
Nipponbare ( Li et al. 2007 ). MPSS data were collected from 
immature panicles as well as from four other reproductive 
organs ( Nakano et al. 2006 ). In maize ( Zea mays ),  Ma et al. 
(2008)  reported the transcriptome analysis of anther develop-
ment, which is the only genome-wide transcriptome informa-
tion focused on gametogenesis of seven stages, including 
meiotic stages, to date. An article about the anther transcrip-
tome of rice for seven stages, some of which were comparable 
with maize data by  Ma et al. (2008) , using RNA sequencing 
technology was published recently by M. D.  Huang et al. (2009) . 
In addition, we reported more precise organ-specifi c gene expres-
sion analyses on laser-microdissected microspore and tapetum 
layer of developing anthers using the Agilent 44 K microarray 
( Hobo et al. 2008 ,  Suwabe et al. 2008 ). Based on these expres-
sion analysis data,  Hirano et al. (2008)  described details of 
the expression profi les of phytohormone biosynthesis and sig-
naling genes in microspores/pollen grains and tapetum of rice. 
A search for  cis -elements in the promoters of co-expressed 
genes in developing anthers using an in silico statistical method 

was also conducted using the same expression data ( Mihara 
et al. 2008 ). 

 The total number of rice protein-coding genes is estimated 
to be 52,214 [RAP2 ( Rice Annotation Project 2008 )  http://
rapdb.dna.affrc.go.jp/ ] or 56,797 [MSU release 6.1 ( Ouyang 
et al. 2007 )  http://rice.plantbiology.msu.edu/ ], while the genes 
with evidence of expression such as full-length cDNA or 
expressed sequence tags (ESTs) number around 30,000. The 
Agilent 44 K microarray was designed based on the RAP 
(Rice Annotation Project) annotation, and represents 29,690 
evidently expressed rice genes, which actually covers most of 
the genes with evidence of expression. However only 2,612 out 
of 22,022 ab initio predicted genes in RAP2 are represented on 
Agilent's microarray. Therefore, despite the fact that genome-
wide comprehensive transcriptome data sets of whole genes 
on every developmental stage of reproductive organs are indis-
pensable materials for cereal crop science, data sets for fi nely 
dissected developmental stages and representing most of the 
genes with evidence of expression and predicted genes have 
not been available until now. 

 In this study, we aimed to reveal a whole transcriptome pro-
fi le of the rice reproductive process to determine signifi cant 
genes in the process. We dissected developmental stages/
organs as fi nely as possible from microspore primordium for-
mation through meiosis and pollination/fertilization to embryo-
genesis into 25 stage and organ categories. The Affymetrix rice 
genome array containing 57,381 probe sets, of which 31,694 
represent cloned and 25,500 represent ab initio predicted 
genes, was used in our extensive examination. A large number 
of organ- and stage-specifi c genes were newly identifi ed. These 
data provide many pieces of functional evidence of the genes 
detected in reproductive organs. This is the most extensive 
and most comprehensive genome-wide transcriptome analysis 
in the plant reproductive process, and allows researchers 
to focus on potentially important genes, e.g. genes with new 
evidence of expression, showing quite specifi c expression and/
or cooperative expression.   

 Results  

 Organ and stage dissection for expression profi ling 
  Fig. 1       shows an overview of rice ( O. sativa , japonica, cv 
Nipponbare) reproductive stages used in this study. As many 
stages of the anther, embryo sac, stigma and embryo were 
collected as could be dissected according to the designation of 
rice development for reproductive organs ( Nonomura et al. 
2004a ,  Itoh et al. 2005 ). As a result, organs and stages in the rice 
reproductive process were divided into 25 categories ( Fig. 2      ). 
Anthers were collected at eight different stages from An1 to P3 
by confi rming meiotic and gamete cell stages under a micro-
scope as shown in  Fig. 1 . Stage ID No. 5 contained meiotic cells 
from diplotene to tetrad (designated as stage symbols Mei5 
to Mei12 in  Fig. 2 ) because these stages were diffi cult to sepa-
rate due to the loss of synchronization in development, even in 
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a single anther. Collected organs usually contained two or more 
tissues; for instance, the anther was composed of microspores, 
tapetum and an outer layer of cells, while the ovary consisted 
of an embryo sac, nucellus, integuments and ovary wall. 
Developing seeds from 0 to 4 d after pollination were divided 
into two parts, and the top three-quarters and the bottom 
quarter were used as endosperm and embryo, respectively. 
An additional eight vegetative stages (stage ID Nos. 30–37 in 
 Fig. 2 ), including fi ve stages of regenerating callus, were also 
used to compare the expression profi les between reproductive 
and vegetative organs.   

 Verifi cation of microarray data 
 To clarify fi nely tuned gene expression in specifi c stages, it was 
absolutely essential to defi ne the stage of the samples reliably. 
In order to verify the reproducibility of biological triplicate 
microarray experiments of each stage and the accuracy of 
stage defi nition, we conducted three experiments. First, a clus-
tering analysis of microarray data; secondly, quantitative 
reverse transcription–PCR (qRT–PCR) analysis; and thirdly, in 
situ hybridization with representative genes were carried out.  

  Cluster analysis and re-arrangement of microarray data .   After 
obtaining all expression data, triplicate array data were com-
pared with each other to detect similarities or differences 
among their expression profi les by drawing scatter plots. 

Most expression data of biological triplicate experiments in 
each stage coincided well with each other, as shown in  Supple-
mentary Fig. S1B . However, several meiotic data showed some 
differences, indicated in  Supplementary Fig. S1C , and tripli-
cate expression data in the P2 samples showed quite a high 
degree of difference among the three. To examine them in more 
detail, we applied a hierarchical clustering technique to all of 
our array data and found that several expression profi les of 
meiotic stages were interchangeable among meiotic stages M1, 
M2 and M3. Samples with different expression profi les were 
deleted and those with similar profi les were relocated to their 
corresponding cluster position ( Supplementary Fig. S1A ). In 
the case of P2 samples, however, almost all triplicate expression 
values were continuously varying between those of P1 and 
P3 ( Fig. 3A      ). Continuous and synchronous changes in a large 
number of P2 gene expression values from 7A to 7C in  Fig. 3A  
strongly suggest that the large differences among triplicate 
experiments were true transitions in expression level and that 
the changes reached as much as 100-fold during the bi-cellular 
period. A similar transition was also observed in a previous 
report of rice anther gene expression analysis ( Hobo et al. 2008 ). 
It was supposed that this transition was the same phenomenon 
with the large transcriptome difference between bi-cellular and 
tri-cellular stages of Arabidopsis pollen grains demonstrated 
by  Honys and Twell (2004) . The high sensitivity of expression 
values made it possible to defi ne the stage of samples accurately 

 Fig. 1      Reproductive organs and stages used in this study. Morphology or cell images of anther, stigma and ovary in the representative stages 
are shown. Cell images of microspore cells at P1 and P2 observed under a phase-contrast microscope, and four microspore mother cell nuclei 
in several stages and a P3 microspore stained by DAPI (4 ′ ,6-diamidino-2-phenylindole; in blue) are also shown. Bright blue nuclei with 
various chromosome confi gurations served as good indicators for stage defi nition. Biological event, organ and stage defi nition coincided 
with those in  Fig. 2 .  
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and to analyze detailed changes in gene expression never 
analyzed before.   

  Confi rmation of expression values by qRT–PCR .   We investigated 
the reliability of our microarray data by other criteria, 

a qRT–PCR experiment and a reference Agilent microarray 
(a different platform from Affymetrix) experiment. Three 
genes that showed dynamic changes of signal value in anther 
development stages were randomly chosen for the experiment. 
We used the same RNA samples for Affymetrix, Agilent and 

Reproductive process Stage ID
 Stage

Symbol
Biological Event Organ Definition

Stage ID
No.

An1 Anther 1
Formation of hypodermal

archesporial cells
Anther Anther length: 0.1-0.15  mm 1

Mei1 Mei1 Pre-meiotic S/G2 Anther Anther length: 0.2-0.45  mm 2

M1 Mei2 Leptotene Anther Anther length: 0.4-0.55 mm 3

Mei3 Zygotene Anther Anther length: 0.45-0.65  mm

Mei4 Pachytene Anther Anther length: 0.6-0.8  mm

Mei5 Diplotene Anther Anther length: 0.75-0.85  mm

Mei6 Diakinesis Anther Anther length: 0.7-0.9  mm

Mei7 Metaphase I Anther Anther length: 0.8-0.9  mm

Mei8 Anaphase I /Telophase I Anther Anther length:0.8-0.9  mm

Mei9 Interkinesis (Prophase II) Anther Anther length:0.8-0.9  mm

Mei10 Metaphase II Anther Anther length:0.8-0.9 mm

Mei11 Anaphase II /Telophase II Anther Anther length: 0.8-0.95  mm

Mei12 Tetrad Anther Anther length: 0.8-1.10 mm

P1  Uni-nuclear pollen Anther Anther length: 1.1-2.2  mm 6

P2 Bi-cellular pollen Anther Anther length: 2.2  mm 7

P3 Tri-cellular mature pollen Anther Anther length: 2.2  mm 8

St-0 Mature stigma Stigma 0 min 12

Ov-0 Mature ovary Ovary 0 min 10

Poll 1 Pollination Stigma 5 min after pollination 13

Ov-1 (equal to mature ovary) Ovary 5 min after pollination 11

Poll 2 Pollen tube growth Pistil 15-25 min after pollination 14

Fer1 Fertilization Pistil 40-50 min after pollination 15

Fer2 Zygote formation Pistil 5-7 hrs after pollination 16

Em0 Embryo 0DAP  bottom 1/4 of ovary 0 DAP  Embryo 17

Es0 Endosperm 0DAP  top 3/4 of ovary 0 DAP  Endosperm 22

Em1 Embryo: Globular stage I  bottom 1/4 of ovary 1 DAP Embryo 18

Es1 Endosperm 1DAP  top 3/4 of ovary 1 DAP Endosperm 23

Em2 Embryo: Globular stage II  bottom 1/4 of ovary 2 DAP Embryo 19

Es2 Endosperm 2DAP  top 3/4 of ovary 2 DAP Endosperm 24

Em5
Embryo: SAM and radicle

differentiation
 bottom 1/4 of

developing seed
3 DAP Embryo 20

Es5 Endosperm 3DAP
 top 3/4 of developing

seed
3 DAP Endosperm 25

Em7
Embryo: Second and third leaf

formation
 bottom 1/4 of

developing seed
4 DAP Embryo 21

Es7 Endosperm 4DAP
 top 3/4 of  developing

seed
4 DAP Endosperm 26

C0 growing callus  callus 0 day callus 30

C2 2 days after regeneration regenerating callus 2 days regeneration 31

C4 4 days after regeneration regenerating callus 4 days regeneration 32

C6 6 days after regeneration regenerating callus 6 days regeneration 33

C8 8 days after regeneration regenerating callus 8 days regeneration 34

S 4 weeks after germination shoot and SAM 4 weeks old 35

YL young leaf 4th leaf blade 4th leaf blade 36

R 4th leaf growing stage root roots at 4th leaf stage 37

Embryogenesis

Vegetative tissues

M2 4

M3 5

Anther development

Pollination - Fertilization

 Fig. 2      Stage and organ defi nition in rice reproductive phase. Stage symbols coincide with the stages of  Itoh et al. (2005) . Vegetative organs are 
used as controls. Stages were decided by microscopic observation for biological events. Note that anther length was an approximate index only 
for the Nipponbare standard. Anther length of each stage varied in different cultivars or species.  
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qRT–PCR experiments, and compared expression profi les 
among the three platforms. As shown in  Fig. 3B–D , the expres-
sion profi les of all three genes coincided very strongly among 
the three different experiments. These results indicate that 
expression profi le data of individual genes observed in the 
Affymetrix microarray are highly reliable.   

  Stage and organ specifi city of gene expression revealed by  
in situ  hybridization .   To confi rm stage defi nition, temporal 
and spatial expression patterns of three other genes identifi ed 
in meiotic stages M1, M2 and M3 were investigated by in situ 
hybridization. Anthers at M1, M2 or M3 were collected and the 
stages were confi rmed under a microscope in the same way as 
for the samples for microarray analysis. The intensity of the 

hybridization signal of each gene corresponded well to the 
microarray expression data shown in  Fig. 4      . The gene  LOC_

Os08g01420/Os08g0105000  showed a hybridization signal only 
in M1, which coincided with an M1-specifi c signal in the 
microarray experiment ( Fig. 4A–D ).  LOC_Os04g08280/

Os04g0165000  and  LOC_Os06g12320/Os06g0228500  genes were 
expressed specifi cally in M2/M3 and M3/P1, respectively, as 
shown by microarray analysis ( Fig. 4E, I ). Correspondingly, in 
situ hybridization clearly showed specifi c and high expression 
of these two genes in the expected stages ( Fig. 4F–H, J–L ). 
These results prove correct and detailed stage defi nition in the 
experiments. The resulting expression profi les in reproductive 
stages, therefore, could provide us with highly reliable data sets 
of important biological processes.    
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Os08g0546300 m̧RNA A̧K064717 ÇDS+3’UTR

Os11g0703000 m̧RNA A̧K108011 ÇDS+3’UTR

Os01g0579000 m̧RNA A̧K064700 ÇDS+3’UTR

qRT-PCR

qRT-PCR

qRT-PCR

 Fig. 3      Changes in expression values detected by different microarrays and qRT–PCR. (A) Expression profi les of 102 probe sets that showed 
a  > 10-fold induction from the uni-nuclear (P1) to the tri-cellular (P3) stage are displayed. The vertical axis indicates normalized signal intensities 
of our microarray data. Samples on the horizontal axis were sorted and rearranged based on clustering results shown in  Supplementary Fig. S1A . 
Signal levels of these probe sets remained low during An1 and P1, but they were up-regulated almost synchronously according to stage progression 
in the bi-cellular (P2) and tri-cellular (P3) stages (B–D). Expression levels of three genes that showed dynamic change in anther development 
stages were measured by three different platforms. The vertical axis shows the log10-transformed normalized signal intensities of Affymetrix 
or Agilent microarray data, and log10-transformed relative mRNA amount measured by qRT–PCR. QRT–PCR results were scaled so that the 
log10-transformed maximum expression levels of each gene would be  ∼ 2. Samples on the horizontal axis are the same as in A. Because we did not 
conduct an Agilent experiment for samples 3C and 3D, 3B and 4A were connected with dashed lines. Blue, green and red lines indicate the profi le 
of Affymetrix's probe set, qRT–PCR result and Agilent's probe, respectively. (B) The expression profi les of  OSC4 . (C) The expression profi les of 
 LOC_Os11g47670/Os11g0703000 . (D) The expression profi les of  LOC_Os01g39710/Os01g0579000 . Primer sequences used for RT–PCR experiments 
are shown in  Supplementary Table S1 .  
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 Features of expressed genes in rice 
reproductive tissues 
 As an overview of our rice reproductive expression atlas, we 
fi rst investigated the number of expressed genes in each stage. 
Because 6,797 genes (18 % ) out of 37,082 rice genes represented 
on the Affymetrix rice genome array have multiple probe sets 
at a single locus, we counted the detected ( =  expressed) probe 
sets in each stage, and describe the number of probe sets instead 
of the number of genes in this report. The number of detected 
probe sets in the array analysis was summarized in  Fig. 5       and 
 Supplementary Table S3 . The percentages of probe sets 
detected in most stages were  ∼ 45 %  of the total 57,381 probe 
sets. Among them, Fer1 and P3 showed the highest and lowest 
score (52 and 39 % ), respectively. In Arabidopsis and maize 
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 Fig. 4      Expression of meiotic anther-specifi c genes detected by microarray and in situ hybridization. (A), (E) and (I) Expression profi les of 
three tested genes in developing anthers from our microarray data. The vertical axis indicates normalized signal values in the microarray atlas. 
26 samples for developing anthers from our microarray experiment are displayed on the horizontal axis from left to right according to the top to 
bottom stages in  Fig. 2 , respectively. Meiotic stages are marked by pale blue (M1), red (M2) and blue (M3) bars in each expression profi le. Note 
that the maximum signal value of  LOC_Os08g01420/Os08g0105000  in our microarray data was 4.8,  > 10 times lower than that of two other gene 
peak values. (B), (F) and (J) Representative in situ hybridization results of M1 for each gene. (C), (G) and (K) Results of M2, and (D), (H) and (L) of 
M3. (A–D) Expression pattern of  LOC_Os08g01420/Os08g0105000 . (E–H) Expression pattern of  LOC_Os04g08280/Os04g0165000 . (I–L) Expression 
pattern of  LOC_Os06g12320/Os06g0228500 . Hybridization signals were apparent in B, G, H and L, but not observed in other samples.  

decreased numbers of genes were expressed in mature pollen 
grains compared with other stages ( Honys and Twell 2004 , 
 Schmid et al. 2005 ,  Ma et al. 2008 ). Likewise, the number of 
detected probe sets in anther containing mature pollen grains 
was the lowest in rice. This phenomenon seems to be a common 
feature shared in higher plants. 

 The number of probe sets captured in the atlas was com-
pared with that in public data available from the GEO (Gene 
Expression Omnibus). A total of 615 expression data obtained 
by the Affymetrix rice genome array had been stored in GEO 
( Supplementary Table S4 ). Among 57,381 probe sets on the 
array, 31,694 probe sets with ‘Os.’ IDs were designed based on 
the UniGene information supported by cDNA or EST expres-
sion evidence, while 25,500 probe sets with ‘OsAffx.’ IDs were 
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designated by TIGR's ab initio predicted gene models. As shown 
in  Supplementary Table S5 , 94 %  of ‘Os.’ probe sets (29,879) 
had evidence of expression in our data sets, comparable with 
97 %  expression (30,723) in whole GEO data sets. For ‘OsAffx.’ 
probe sets, though the number of detected probe sets in our 
atlas (17,702, 69 %  of all ‘OsAffx.’ probe sets) was 9 %  smaller 
than that of GEO data sets (19,898, 78 %  of all ‘OsAffx.’ probe 
sets), evidence for the expression of a total of 1,118 probe sets 
(4.4 %  of all ‘OsAffx.’ probe sets) was newly provided in our 
atlas. Of the 1,118 newly observed ‘OsAffx.’ probe sets, 1,012 
were expressed in reproductive tissues. Developing anthers 
had 653 newly observed ‘OsAffx.’ probe sets, the highest 
number among all tissues/stages of the atlas data, including 
165 probe sets in M2, 237 probe sets in M3 and 166 probe sets 
in P1 stages. This indicates that fi ne stage dissection succeeded 
in highlighting the genes which are expressed at specifi c stage(s) 
of reproductive organ development, especially at middle–late 
meiotic and early pollen maturation stages of developing 
anthers. 

 We next analyzed the gene ontology (GO) of the genes 
detected in each stage.  Fig. 6       shows the numbers of expressed 
genes in each stage categorized by their GO terms (the detailed 
scores are found in  Supplementary Table S6 ). The expression 
trends of GO terms were classifi ed by hierarchical clustering 
(Pearson's correlation coeffi cients were used for distance 
calculations among GO terms) and revealed that a signifi cant 
proportion of genes having GO terms of biological process 
or molecular function categories, and a smaller proportion of 
genes having terms of cellular component category (indicated 
by blue bars in  Fig. 6 ) had similar expression patterns to each 
other. Regardless of their expression level, these genes were 
relatively poorly expressed in An1–Mei1 and P1–P3 in anther, 
and Es1–Es7 in embryogenesis (endosperm region). These 
trends resembled the changes of total numbers of expressed 
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 Fig. 5      The number of detected probe sets in each reproductive or 
vegetative stage. The average numbers of detected probe sets in 
triplicate experiments are displayed on the vertical axis as a percentage; 
50 %  corresponds to 28,690. The stages on the horizontal axis are 
defi ned in  Fig. 2 . Note that only P3 shows a score of  < 40 % .  

probe sets in each stage shown in  Fig. 5 . The terms showing 
similar characteristic expression features contained both 
reproductive-related terms (e.g. ‘fl ower development’ and 
‘reproduction’) and non-reproductive-related terms (e.g. 
‘response to stress’, ‘cell growth’). It implies that the genes 
assigned to these terms are related to the reduction of 
expressed genes in An1–Mei1, P1–P3 and Es1–Es7 through 
global regulation of gene expression. The molecular mecha-
nisms and necessity for this global regulation in reproductive 
processes are questions to be addressed further.   

 Transcriptome dynamics in reproductive 
development 
 Next, we investigated probe sets which ‘appeared’ (i.e. not 
detected in previous stage but detected in the subsequent 
stage) or ‘disappeared’ according to stage progression. In most 
stages, the number of probe sets which ‘appeared’ or 
‘disappeared’ ranged from 2,000 to 4,000 ( Table 1  ). The number 
of probe sets which ‘appeared’ in M1 in developing anther 
(2,639 ‘Os.’ and 2,919 ‘OsAffx.’ probe sets, respectively) was 
the highest among all reproductive tissues ( Table 1 ;  Supple-
mentary Table S7 ). This indicates that many genes were up-
regulated at the beginning of meiosis in pollen mother cells. 
In contrast, there were  > 4,000 probe sets which ‘disappeared’ in 
P1–P3 in developing anther, Fer2 in pollination/fertilization 
and Es1 in embryogenesis (endosperm) ( Table 1 ). The high 
number of probe sets which ‘disappeared’ in P1, P2 and P3 was 
directly related to the decrease of total detected probe set 
numbers in these stages shown in  Fig. 5  and  Supplementary 
Table S3 , and this feature may be common in higher plants as 
discussed in the previous section. The fi nding that a large 
number of genes with a variety of functions (see GO trends 
in  Fig. 6  and  Supplementary Table S6 ) are strikingly and 
coordinately down-regulated in P1–P3, Fer2 and Es1 suggested 
its biological signifi cance. The molecular mechanism of the 
coordinated down-regulation of genes would be of great 
interest and should be clarifi ed. Against the backdrop of 
a great reduction in the number of expressed genes from 
P1 to P3, a different set of genes was highly up-regulated 
(1,146 probe sets showed  > 10-fold induction) in the same 
period as shown in  Fig. 3A . This indicates that the composition 
of genes required for development alters dramatically towards 
pollen maturation, and that genes necessary for pollen 
maturation or mature pollen function are induced during 
these stages. 

 We also compared the ‘appeared’/‘disappeared’ trends of 
‘Os.’ probe sets (designed for genes with prior evidence of 
expression) and ‘OsAffx.’ probe sets (designed for genes 
predicted by TIGR, without prior evidence of expression). 
Generally, 20,000–24,000 ‘Os.’ probe sets were continuously 
detected between the two neighboring stages ( Fig. 7A, C, E, G      ; 
 Supplementary Table S7 ). This indicates that most of the ‘Os.’ 
probe sets do not show dynamic change in their expression 
level. In contrast, the numbers of continuously detected 
‘OsAffx.’ probe sets between the two neighboring stages varied 

2066

M. Fujita et al.

Plant Cell Physiol. 51(12): 2060–2081 (2010) doi:10.1093/pcp/pcq165 © The Author 2010.



 Fig. 6      The number of expressed genes in reproductive stages classifi ed by GO terms. The ratios of expressed genes in each reproductive stage 
were calculated for every GO term, and the results are displayed as heat maps. The detailed scores are found in  Supplementary Table S6 . 
The stages on the horizontal axis are defi ned in  Fig. 2 . Terms on the vertical axis represent GO classifi cation: (A) biological process terms, 
(B) cellular component terms and (C) molecular function terms. Expression trends of GO terms were clustered by the hierarchical clustering 
technique. The terms indicated by blue bars on the right side of each panel had representation patterns similar to the total number of detected 
probe sets shown in  Fig. 5 .  
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from 3,928 to 6,094 ( Supplementary Table S7 ). We found 
that a comparable number of ‘Os.’ and ‘OsAffx.’ probe sets 
‘appeared’ or ‘disappeared’ according to the stage progression. 
The number of ‘OsAffx.’ probe sets which ‘appeared’ and 
‘disappeared’ was actually slightly higher than that of ‘Os.’ probe 
sets in most reproductive stages ( Supplementary Table S7 ). 
Although the number of ‘OsAffx.’ probe sets expressed in each 
stage was about one-third of the number of ‘Os.’ probe sets, 
the proportion of ‘OsAffx.’ probe sets expressed in a tissue-/
stage-specifi c manner in reproductive stages was much higher 
than that of ‘Os.’ probe sets. Note that 2,919 ‘OsAffx.’ probe sets 
which ‘appeared’ in M1 correspond to 36 %  of 8,138 ‘OsAffx.’ 
probe sets detected in the stage, and the number of 
‘disappeared’ ‘OsAffx.’ probe sets in Es1 was 3,227, correspond-
ing to 41 %  of 7,872 ‘OsAffx.’ probe sets detected in the 
previous stage Es0 ( Fig. 7B, H ;  Supplementary Table S7 ). 
These results indicate that about half of the genes that 
showed dynamic expression profi les in rice reproductive 
organs have not previously been shown to be expressed. 
The reproductive atlas has therefore allowed us to assign 
putative reproductive function to a large number of hitherto 
uncharacterized genes.   

 Table 1      The number of probe sets which ‘appeared’ or ‘disappeared’ 
according to developmental stage progression  

 Stage Detected Appeared   a   Disappeared   a   Shared with 
previous stage 

 Anther development  

An1 30186 – – – 

Mei1 29036 2230 3380 26806 

M1 32882  5558 1712 27324 

M2 32745 3309 3446 29436 

M3 32099 3186 3832 28913 

P1 29865 2119  4353 27746 

P2 29131 3498  4232 25633 

P3 28280 3347  4198 24933 

 Pollination-fertilization  

Poll 2 32567 – – – 

Fer1 33848 3342 2061 30506 

Fer2 31325 1871  4394 29454 

 Embryogenesis: the bottom quarter  

Em0 32113 – – – 

Em1 30991 2705 3827 28286 

Em2 31007 2787 2771 28220 

Em5 30128 2241 3120 27887 

Em7 30176 2658 2610 27518 

 Embryogenesis: the top three-quarters  

Es0 32518 – – – 

Es1 29095 2054  5477 27041 

Es2 28208 2172 3059 26036 

Es5 28175 2717 2750 25458 

Es7 29484 3279 1970 26205 

    a   The stages with  > 4,000 probe sets which ‘appeared’ or ‘disappeared’ are shown 
in bold.  

 Characteristics of genes specifi cally expressed 
in reproductive tissues 
 Coordinated gene expression, hierarchical gene expression 
cascades and signal transduction pathways are useful and 
necessary to reveal biological processes in reproductive organs. 
Our comprehensive reproductive atlas data set allows us to 
begin to unravel these mechanisms. Initially, we have focused 
on characterizing stage-specifi c gene expression and its rela-
tionship to biological events. From among post-pollination 
stages, 257 and 388 probe sets were assigned as pollination/
fertilization and embryogenesis specifi c, respectively. In con-
trast, for the developing anther stages, a total of 2,593 probe 
sets were identifi ed as stage specifi c ( Table 2  , the complete list 
of the probe sets is available in  Supplementary Table S8 ). This 
dramatic difference shows that developing anther has a quite 
unique transcriptome compared with other tissues/stages. 
GO enrichment analysis of the stage-specifi c genes revealed 
their properties ( Supplementary Table S9 ). Several GO terms 
were enriched in developing anther-specifi c genes (e.g. ‘cell 
cycle’ in biological process), while terms such as ‘transcription 
factor activity’ in molecular function were poorly represented 
in anther-specifi c genes. We describe the expression of cell 
cycle-related genes (cyclin genes and SKP1 genes) and trans-
port-related genes (transporter genes, aquaporin genes and 
lipid transfer protein family genes), both of which were enriched 
in anther-specifi c genes, in later sections. However, GO Slim 
terms and GO-annotated genes in rice are, in general, not yet 
suffi cient for detailed analysis of reproductive organ-specifi c 
genes. Therefore, we focused on searching and analyzing 
features of stage-, gene family- or biological process-specifi c 
expression.   

 Transcription factor genes specifi cally expressed 
in developing anther 
 Although proportionally fewer transcription factors were 
represented as a class in anther development, they are 
one of the most important regulators in organogenesis. To 
know how many and what kind of genes were expressed 
specifi cally in developing anthers, a total of 2,175 transcription 
factor encoding genes represented on the Affymetrix 
microarray were investigated [based on the Plant Transcription 
Factor Database ( Pérez-Rodríguez et al. 2010 ),  http://
plntfdb.bio.uni-potsdam.de/v3.0/ ]. Ninety-seven genes out of 
2,175 genes were specifi cally expressed in anther. The 97 
genes consisted of various types including ABI3VP1, bHLH, 
bZIP, FAR1, LOB, MADS, MYB, NAC and Zn-fi nger-type 
transcription factors ( Supplementary Table S10 ). Statistical 
analysis indicates that two families, LIM and LOB, were 
enriched among the anther-specifi c genes ( Supplementary 
Table S11 ; the common names and systematic names of the 
anther-specifi c LIM and LOB family genes are listed in  Supple-
mentary Table S12 ). PLIM2 subfamily members of the LIM 
family are known to be expressed preferentially in pollen grains 
of Arabidopsis, tobacco and sunfl ower ( Eliasson et al. 2000 , 
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 Fig. 7      The number of probe sets which ‘appeared’ or ‘disappeared’ during developmental stage progression. The probe sets continuously detected 
from the previous stage are shown as blue bars. The magenta bars indicated probe sets which ‘appeared’ (i.e. detected at one stage but not 
detected at the preceding stage), and the black bars indicated probe sets which ‘disappeared’. Stages are displayed from left to right according to 
the progression. (A), (C), (E) and (F) ‘Os.’ probe sets; (B), (D), (F) and (H) ‘OsAffx.’ probe sets. A and B represent the developing anther. C and D 
represent the pollination–fertilization stages. E and F represent embryogenesis in the bottom quarter of the ovary that contained embryo. 
G and H represent embryogenesis in the top three-quarters of the ovary that contained endosperm. Precise numbers are available in 
 Supplementary Table S7 .  

 Table 2      Basic statistics of specifi cally expressed genes in reproductive stages  

 Stage   Anther development   Pollination–fertilization   Embryogenesis   All probe sets 

 n  %  n  %  n  %  n  %  

Probe set   a   2,593 – 257 – 388 – 57,381 – 

No hit to MSU loci   b   353 13.61 29 11.28 43 11.08 15,745 27.44 

Hit to MSU loci   b   2,240 86.39 228 88.72 345 88.92 41,636 72.56 

MSU loci   c   2,136 – 222 – 319 – 37,082 – 

With GO   d   1,119 52.39 141 63.51 164 51.41 16,515 44.54 

Without GO   d   1017 47.61 81 36.49 155 48.59 20,567 55.46 

    a   The number of probe sets assigned as stage-specifi cally expressed.   
   b   These two rows indicate how many probe sets hit to MSU loci.   
   c   These numbers are smaller than that of probe sets hit to MSU loci because some of the MSU loci have multiple probe sets in a single locus.   
   d   These two rows indicate how many stage-specifi c expressed genes have been assigned to GO Slim terms.  
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 Becker et al. 2003 ). Six genes have been annotated as LIM family 
transcription factor genes in rice, and three of them ( OsPLIM2a , 
 OsPLIM2b  and  OsPLIM2c ;  Arnaud et al. 2007 ) were expressed 
specifi cally at P3 ( Supplementary Fig. S2A ). These three pro-
teins were suggested to be regulated by  OsNek3  via phosphory-
lation ( Fujii et al. 2009 ). However, the target genes of  OsPLIM2a , 
 OsPLIM2b  and  OsPLIM2c  have not been identifi ed yet. LOB 
family transcription factors have a putative DNA-binding domain 
called the LOB domain (also designated as the DUF260 domain), 
fi rst identifi ed in the Arabidopsis  LOB  [ Lateral Organ Boundaries  
( Husbands et al. 2007 )] gene. A total of 33 LOB family transcrip-
tion factor genes were represented on the Affymetrix rice 
genome array. Eight genes out of the 33 LOB family transcrip-
tion factor genes showed anther-specifi c expression, and the 
expression profi les of the eight anther-specifi c genes could be 
separated into two groups by their most highly expressed stage, 
having highest expression either at M3 or at P3 ( Supplemen-
tary Fig. S2B ). None of the eight anther-specifi c LOB family 
transcription factor genes has been fi nely characterized in 
reproductive organs to date; hence, our new expression data 
may suggest their functions in meiosis or pollen maturation.   

 Genes related to cell wall component metabolism 
 In order to reveal the reproductive tissue-/stage-specifi c activa-
tion of metabolic pathways, the expression profi les of a total of 
2,940 genes assigned to 361 pathways in RiceCyc ver. 3.0 ( http://
pathway.gramene.org/RICE/ ) were examined using a hierarchi-
cal clustering technique. Several pathways had genes expressed 
preferentially in reproductive tissues/stages, including fl avonoid 
biosynthesis, saturated fatty acid elongation and plant hor-
mone-related pathways (e.g. brassinosteroid biosynthesis II and 
gibberellin biosynthesis III). The most highly over-represented 
pathways in reproductive stages were the ‘cellulose biosynthe-
sis’ pathway and the ‘homogalacturonan degradation’ pathway. 
Both of these pathways are related to the metabolism of cell 
wall components, and are described in detail here. The common 
names and systematic names of genes mentioned in this section 
are listed in  Supplementary Table S13 . 

 The genes assigned to the ‘homogalacturonan degradation’ 
pathway encode putative pectin methylesterases (PMEs) or 
polygalacturonases (PGs), both of which are supposed to 
participate in degradation of homogalacturonan, a major com-
ponent of pectin. Most of the PME and PG genes expressed 
preferentially in developing anthers showed the highest expres-
sion at P2–P3 (corresponding probe sets are highlighted by 
blue bars in  Fig. 8       and  Supplementary Fig. S3 ). In addition, 
several pectin methylesterase inhibitor (PMEI) genes and 
pectate lyase genes were also specifi cally expressed in anthers 
at P2–P3 ( Supplementary Fig. S4A, B ). Besides the genes 
preferentially expressed in P2–P3, three PME genes and a PG 
gene were preferentially expressed at pollination–fertilization 
stages (indicated by orange bars in  Fig. 8  and  Supplementary 
Fig. S3 ), eight PME genes were expressed preferentially at 
embryogenesis stages (indicated by purple bars in  Fig. 8 ), 
and a PME gene and fi ve PG genes were highly expressed 

around M3 (corresponding probe sets are highlighted by 
magenta bars in  Fig. 8  and  Supplementary Fig. S3 ). We found 
two genes which show high similarity to the PME  QRT1  ( Francis 
et al. 2006 ) and the PG  QRT3  ( Rhee et al. 2003 ) of Arabidopsis, 
respectively, among the genes highly expressed around M3 
( Supplementary Fig. S5A ). A putative rhamnogalacturonate 
lyase gene  LOC_Os12g03790/Os12g0131900 , whose gene prod-
uct may degrade rhamnogalacturonan, a kind of pectin differ-
ent from homogalacturonan, was also expressed specifi cally at 
M3 ( Supplementary Fig. S5B ). 

 The genes assigned to the ‘cellulose biosynthesis’ pathway 
include cellulose synthase genes, cellulose synthase-like genes 
and cellulase genes. Our expression atlas data revealed that 
three putative cellulose synthase genes [ CesA  genes:  CesA4 , 
 CesA7  and  CesA9  ( Keegstra and Walton 2006 ),  http://
waltonlab.prl.msu.edu/CSL_updates.htm ] were preferentially 
expressed in anthers around P1 (corresponding probe sets are 
highlighted by magenta bars in  Supplementary Fig. S6A ). 
Moreover, three genes which encode cellulose synthase-like gly-
cosyl transferases [ Csl  genes:  CslD3 ,  CslD5  and  CslH2  ( Keegstra and 
Walton 2006 ),  http://waltonlab.prl.msu.edu/CSL_updates.htm ] 
were expressed specifi cally at P3 (indicated by a blue bar 
in  Supplementary Fig. S6A ), and four  Csl  genes ( CslA1 ,  CslA6 , 
 CslC7  and  CslF6 ) were expressed preferentially in embryogenesis 
stages (indicated by a purple bar in  Supplementary Fig. S6A ). 
Among putative cellulase genes, six genes were expressed 
preferentially in pollination–fertilization stages (indicated by 
an orange bar in  Supplementary Fig. S6B ).  OsGSL5 , which 
encodes a putative callose synthase, displayed developing 
anther-specifi c expression as previously reported ( Yamaguchi 
et al. 2006 ;  Supplementary Fig. S7A ), and three genes encod-
ing putative glucanases were specifi cally expressed at P2–P3 
( Supplementary Fig. S7B ).   

 Cell cycle-related genes showing reproductive 
stage-specifi c expression 
 Because some of the plant reproductive organs show eccentric 
cell division styles (e.g. reductional division at meiosis I, asym-
metric division at pollen maturation, syncytium formation 
at early endosperm development), we suspected that special-
ized cell cycle-related gene(s) might function in these organs. 
We are also interested as to whether stage specifi cally expressed 
cell cycle gene(s) participate in early embryogenesis. To address 
these questions, we investigated the expression profi les of 
CDKs (cyclin-dependent kinases) and cyclins in our expression 
atlas. Combining the annotations by  La et al. (2006)  and  Guo 
et al. (2007) , and BLAST search results against gene models in 
MSU release 6.1, 17 putative CDK genes and 52 putative cyclin 
genes were found on the rice genome. The common names 
and systematic names of genes mentioned in this section are 
summarized in  Supplementary Table S14 . One of the CDKs, 
 CDKF;4  ( Guo et al. 2007 ), was classifi ed as P3 specifi c ( Supple-
mentary Fig. S8A ). This gene has similarity to the Arabidopsis 
genes  At5g45430  and  At4g19110 , both of which are reported 
in the TAIR database to be expressed in the sperm cell and 
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 Fig. 8      The expression profi les of putative pectin 
methylesterase (PME) genes in reproductive 
tissues. The normalized signal values of probe 
sets corresponding to putative PME genes 
were clustered by hierarchical clustering and 
displayed as a heat map. The stages on the 
horizontal axis are defi ned in  Fig. 2 . The color 
bars on the right indicate probe sets 
preferentially expressed at P2–P3 (blue), 
pollination–fertilization stages (orange), 
M3–P1 (magenta) and embryogenesis stages 
(purple), respectively.  
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pollen tube. Two other CDKs,  CDKB;1  and  CDKB;2  ( Guo et al. 
2007 ), showed similar profi les to each other, relatively higher 
expression in An1–M1 anthers, Em1–Em2 embryos and Es1–
Es2 endosperm samples (highlighted by magenta boxes in 
 Supplementary Fig. S8B ). Interestingly, one A-type cyclin 
( CycA2;1 ;  La et al. 2006 ) and four B-type cyclins ( CycB1;1 ,  CycB1;5 , 
 CycB2;1  and  CycB2;2 ;  La et al. 2006 ) showed profi les highly 
correlated to those of  CDKB;1  and  CDKB;2  ( Supplementary 
Fig. S9A ). The three cyclin genes which were expressed 
preferentially in developing anthers were  CycB1;4 ,  CycF2;2 , 
and  LOC_Os02g39430/Os02g0607100. CycB1;4  ( La et al. 2006 ) 
encodes putative B-type cyclin and was highly expressed in M2 
meiotic anther ( Supplementary Fig. S9B ).  CycF2;2  ( La et al. 
2006 ) and  LOC_Os02g39430/Os02g0607100  encode putative 
F-type cyclins, the latter not having been annotated in the 
previous reports ( La et al. 2006 ,  Guo et al. 2007 ). These two 
F-type cyclin genes were highly expressed in M3 ( Supplemen-
tary Fig. S9B ). However, we could not identify any CDKs or 
cyclins specifi cally expressed in embryo. 

 Though F-type cyclins were fi rst identifi ed as cyclins, 
another molecular function, as members of SCF E3 ubiquitin 
ligase complexes, has been proposed because an F-box is added 
to the cyclin motifs. Investigation of the expression profi les of 
the other SCF complex members, SKP1 proteins and cullin/
CDC53 families, showed that only one cullin/CDC53 family 
protein,  LOC_Os04g55000/Os04g0642801 , was anther specifi c 
(M3–P1 specifi c,  Supplementary Fig. S10 ). In contrast, SKP1 
proteins had several interesting expression profi les. Eight genes 
showed M3–P1-specifi c expression, and three genes were 
highly expressed in M1 ( Supplementary Fig. S11A, B ; the latter 
three were also highly expressed in growing calli).  LOC_

Os07g43230/Os07g0625300  and  LOC_Os09g10300/Os09g0275200  
were expressed in an M1–M3-specifi c and M3–P2-specifi c 
manner, respectively ( Supplementary Fig. S11C ). Since the 
function of pollen tube-specifi c SKP1-like proteins had been 
reported in lily ( Chang et al. 2009 ), we searched for SKP1 
protein genes preferentially expressed in maturing anthers 
and/or pollination–fertilization stages, but no rice SKP1 protein 
gene showed a similar expression profi le to the lily genes.   

 Aquaporin genes specifi cally expressed 
in developing anther 
 Aquaporins locate in the cell membrane and function as water 
channels. When a pollen grain attaches to the stigma, it is 
immediately hydrated by water supply from the stigma surface. 
A total of 33 aquaporin genes have been identifi ed in rice 
( Sakurai et al. 2005 ,  Sakurai et al. 2008 ), and four of them were 
expressed specifi cally in developing anther ( Supplementary 
Table S15 ). Among these four genes,  OsSIP2;1  ( Sakurai et al. 
2005 ) was P3 specifi c, and  OsTIP5;1  ( Sakurai et al. 2005 ) was 
expressed specifi cally in P2–P3 ( Supplementary Fig. S12 ). 
These two possibly function as channels transporting water 
from the stigma. The remaining two genes,  OsNIP4;1  and 
 OsSIP1;1  ( Sakurai et al. 2005 ), were classifi ed as M3–P1 specifi c 
and M2–P1 specifi c, respectively ( Supplementary Fig. S12 ). 

 Table 3      Number of specifi cally expressed probe sets in stages of the 
developing anther  

  Expressed until 

   Stage An1 Mei1 M1 M2 M3 P1 P2 P3 

 Expressed 
from 

 An1  0    a   24  103    c   11 16 15 10 55   b    

 Mei1  0 15 5 3 2 1 14 

 M1  1 2 37 24 6 6 

 M2  1 93 42 15 59 

 M3  54  184 52 88 

 P1  50 53 51 

 P2   203   563  

 P3   735   

    a  Figures marked in italic denote the number of individual stage-specifi cally 
expressed probe sets.   
   b  The other fi gures show probe set numbers of the stage group from the stage of 
the leftmost column to that of the top row. For example, ‘55’ in the top right 
corner means that 55 probe sets were specifi cally expressed in the stage group 
‘from An1 to P3’.   
   c   Numbers of specifi c probe sets showing  > 100 in each stage/stage group are 
marked in bold.  

NIP (nodulin26-like intrinsic protein) type aquaporins have 
been reported as having low water permeability but as being 
permeable to small solutes such as glycerol ( Gomes et al. 2009 ); 
therefore  OsNIP4;1  may have special substrate specifi city. 
 OsNIP4;1  and  OsSIP1;1  function specifi cally in meiosis or early 
pollen maturation, and might be required for water and sub-
stance supply to pollen mother cells through tapetum layers.   

 Genes expressed specifi cally in anthers 
at pre-meiotic and meiotic stages 
 We classifi ed the 2,593 anther-specifi c probe sets according 
to their ‘highly expressed’ stages ( Table 3  ; see Materials and 
Methods for details). There were 1,501 genes specifi cally 
expressed in P2–P3, accounting for more than half of the stage-
specifi c genes in whole developing anther stages. This indicates 
that a lot of genes having specialized functions are required 
in the pollen maturation stages. We chose genes expressed 
specifi cally in anthers at An1–M3 for detailed analysis in this 
study, because (i) available transcriptome data of developing 
anthers at pre-meiotic and meiotic stages are scarce and 
therefore valuable; and (ii) the pollen maturation stage-specifi c 
genes had already been fi nely analyzed in previous work ( Hobo 
et al. 2008 ,  Suwabe et al. 2008 ). Among the 2,593 anther-specifi c 
probe sets, 143 and 148 probe sets corresponding to 107 and 
138 genes were An1–M1 specifi c and M2–M3 specifi c, respec-
tively ( Table 3 ; the complete list of probe sets, corresponding 
loci and their annotation in MSU osa1 ver. 6.1 are available in 
 Supplementary Tables S16, S17 ).  

  An1–M1-specifi c genes.    Among these 107 genes, 40 genes (loci) 
were annotated as ‘hypothetical protein’. Together with the 
genes annotated as ‘conserved hypothetical protein’ (two genes) 
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or ‘expressed protein’ (10 genes), a total of 52 genes (48.6 %  of 
the 107 An1–M1-specifi c genes) had little or no biological 
information in their annotation (marked by yellow in  Supple-
mentary Table S16 ). The remaining 55 genes have annotations 
mainly about their molecular functions or domains. Four puta-
tive receptor protein kinase genes were found in the An1–
M1-specifi c genes, which may contribute to the intercellular 
communications required for cell differentiation in early stages 
(marked by light green in  Supplementary Table S16 ). Five of 
the An1–M1-specifi c genes encode putative transcription 
factors (marked by magenta in  Supplementary Table S16 ). 
Since their target genes are unknown, identifi cation of their 
downstream genes will be of great importance. Although nine 
genes in the An1–M1-specifi c genes had common names 
( LTPL81 ,  OsFBDUF20 ,  OsFBDUF21 ,  OsSAUR9 ,  OsSPL13 ,  OsWAK38 , 
 PROLM25 ,  PROLM26  and  ZOS2-03 ), none of them has been 
characterized to date; hence their biological functions remain 
unclear. The presence of two argonaute genes [one of them 
( LOC_Os03g58600/Os03g0800200 ) had already been character-
ized as  MEL1  ( Nonomura et al. 2007 )], a dicer-like gene 
 OsDCL3b  ( LOC_Os10g34430/Os10g0485600 ;  Kapoor et al. 2008 ) 
and two putative RNA recognition motif-containing protein 
genes among the An1–M1-specifi c genes (marked by pale 
blue in  Supplementary Table S16 ) suggests the existence of 
regulation mechanisms via small RNA in the early stages of 
anther development.   

  M2–M3-specifi c genes.    The 138 M2–M3-specifi c genes con-
tained a lot of designated and/or already characterized genes. 
Six SKP1 family genes, seven F-box protein genes and four 
ubiquitin-related genes were included in these genes (marked 
by blue in  Supplementary Table S17 ). Ten of the M2–M3-
specicic genes were annotated as transporters (marked by 
light green in  Supplementary Table S17 ), including ABC-type 
transporters, amino acid transporters and peptide transporters. 
Several fatty acid metabolism-related genes including 
4-coumarate:CoA ligase genes, GDSL-like lipase genes, GMC 
oxidoreductase genes (designated as ‘HOTHEAD precursor’) 
and patatin-like phospholipase genes were found to be M2–M3 
specifi c (marked by yellow in  Supplementary Table S17 ). 
Four pectin metabolism-related genes including a putative 
ortholog of Arabidopsis  QRT3  were also found (marked by 
orange in  Supplementary Table S17 ). Nine genes encode puta-
tive small cysteine-rich peptides (CRPs;  Silverstein et al. 2007 ) 
(marked by red in  Supplementary Table S17 ), and eight of 
these were designated as lipid transfer protein family members. 
Seven genes encode putative transcription factors including 
an auxin response factor and  OsMADS98  (marked by magenta 
in  Supplementary Table S17 ), although the target genes of 
these putative transcription factors have not been identifi ed 
yet. Two homologs of Arabidopsis  MS2  ( male sterility 2 , 
 At3g11980 ;  Aarts et al. 1997 ) and a homolog of  Zea mays 

MS45  ( Cigan et al. 2001 ) were found in the M2–M3-specifi c 
genes (marked by green in  Supplementary Table S17 ). 
 Zea mays MS45  encodes a putative strictosidine synthase. 

Interestingly, three other putative strictosidine synthase genes 
(designated as ‘SMP-30/gluconolaconase/LRE-like region con-
taining protein’) were also expressed specifi cally in M2–M3 
( Supplementary Fig. S13A ).    

 Meiosis-, microsporogenesis- and pollen 
germination-related genes 
 In order to examine functional correlations among plant species, 
we searched rice anther-specifi c genes for microsporogenesis-
related genes homologous to those of other species. In addi-
tion, we examined the expression of genes already known to be 
meiosis related in rice. The systematic names of rice genes 
mentioned here and their homologs in other plants are sum-
marized in  Supplementary Table S18 . Besides the homologs 
of Arabidopsis  MS2  and  Z. mays MS45  mentioned in the previ-
ous section, two homologs of Arabidopsis  GEX2  ( gamete 

expressed 2 ,  At5g49150 ;  Engel et al. 2005 ) and a homolog of 
 Z. mays apt1  ( aberrant pollen transmission 1 ;  Xu and Dooner 
2006 ) were expressed in a P2–P3-specifi c manner ( Supplemen-
tary Fig. S13A ). The expression of  GEX2  in the sperm cell of 
Arabidopsis and  apt1  in the pollen tube of  Z. mays  is in good 
agreement with the expression profi les of the corresponding 
rice homologs. 

  Zea mays ts2  ( tasselseed2 ;  DeLong et al. 1993 ) homolog 
and Arabidopsis  ASY1  ( meiotic asynaptic mutant 1 ,  At1g67370 ; 
 Armstrong et al. 2002 ) homolog were also found in the anther-
specifi c genes. Although  ts2  functions in sex determination of 
the fl ower organ and  ASY1  functions in meiotic chromosome 
synapsis, both rice homologs showed the highest expression in 
P3 anther ( Supplementary Fig. S13B ). Interestingly,  PAIR2 , 
which is the functional rice ortholog of  ASY1  ( Nonomura et al. 
2004b ), was expressed the most in Mei1 anther, but was not 
classifi ed as anther specifi c, because it was also expressed in 
other tissues at a signifi cant level ( Supplementary Fig. S13B ). 
Even though the  ts2  homolog and  ASY1  homologs showed 
anther-specifi c expression, the expression profi les were not 
consistent with the predicted biological functions, indicating 
diverged function of these homologous genes. 

 We also investigated the expression of putative microsporo-
genesis- or pollen germination-related genes homologous to 
those of Arabidopsis which have been reported recently 
[ammonium transporter-encoding gene  AtAMT1;4 ,  At4g28700  
( Yuan et al. 2009 ); helicase-encoding gene  MAA3 ,  At4g15570  
( Shimizu et al. 2008 ); and polypyrimidine tract-binding protein-
related protein-encoding genes  AtPTB1  and  AtPTB2 ,  At3g01150  
and  At5g53180  ( Wang and Okamoto 2009 )]. Most of the 
homologs were not expressed preferentially in reproductive 
organs, except  LOC_Os04g43070/Os04g0509600 , a homolog of 
 AtAMT1;4 . This gene showed the highest expression at P2 in 
developing anthers ( Supplementary Fig. S13C ) and was also 
highly expressed in root. The difference in expression profi les of 
homologous genes between Arabidopsis and rice suggests 
diverged molecular mechanisms underlying the reproductive 
processes among the two species. 
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  Supplementary Fig. S14  shows the expression profi les of 
rice meiosis-related genes in developing anthers. A total of 12 
genes have been reported as related to meiosis of pollen mother 
cells ( Nonomura et al. 2003 ,  Nonomura et al. 2004a ,  Nonomura 
et al. 2004b ,  Uchiyama et al. 2004 ,  Jung et al. 2005 ,  Jain et al. 
2006 ,  Zhang et al. 2006 ,  Chen et al. 2007 ,  Deng and Wang 2007 , 
 Nonomura et al. 2007 ,  Sakane et al. 2008 ,  Zhao et al. 2008 ; 
 Supplementary Table S19 ). All 12 genes showed their highest 
expression during An1–M1. After M2, the expression levels of 
six genes ( DMC1A ,  DMC1B ,  MEL1 ,  MSP1 ,  PAIR1  and  UDT1 ) out 
of the 12 genes dropped to less than about one-third of the 
maximum expression level, four ( OsPol lambda ,  OsRad21-4 , 
 PAIR2  and  Ugp1 ) showed reduced though still signifi cant 
expression (around a half of the maximum expression level) in 
M2–M3, while  OsTDL1A  and  OsTOP6A1  were induced again 
at P2. Thus, even genes reported as related to meiosis some-
times showed more complex expression profi les than specifi c 
expression during meiosis.    

 Discussion  

 Reproductive organ-specifi c metabolism of 
cell wall components  
  Genes preferentially expressed in developing anthers.    In M3, 
which includes tetrad formation and dissociation phases, many 
cell wall metabolism-related genes possibly required for pollen 
dissociation activity showed specifi c expression. Two rice genes, 
which show the highest homology to Arabidopsis  QRT1  or 
 QRT3 , respectively, were specifi cally expressed around M3 
( Supplementary Fig. S5A ).  QRT1  ( Quartet 1 ,  At5g55590 ) and 
 QRT3  ( Quartet 3 ,  At4g20050 ) were reported to encode a PME 
and an atypical PG, respectively. Loss-of-function mutations in 
either of these genes result in a failure to separate microspores 
from tetrads properly in Arabidopsis ( Rhee et al. 2003 ,  Francis 
et al. 2006 ). These fi ndings suggest that the mechanism of 
microspore separation from tetrads is common between 
Arabidopsis and rice. Arabidopsis  QRT2  ( Quartet 2, At3g07970 ; 
 Ogawa et al. 2009 ) encodes PG, and a  qrt2  mutant showed 
a similar microspore dissociation defect to  qrt1  and  qrt3.  
Although we could not identify the functional ortholog of 
 QRT2  in rice, four PG genes expressed preferentially around 
M3 were candidates for a functional  QRT2  ortholog in rice and 
may contribute to the microspore separation ( Supplementary 
Fig. S3 , indicated by a magenta bar). A putative rhamnogalac-
turonate lyase encoded by  LOC_Os12g03790/Os12g0131900 , 
which was expressed specifi cally at M3 ( Supplementary 
Fig. S5B ), may have a specialized function in microspore 
dissociation from the tetrad through pectin degradation in 
combination with QRT1-like PME and QRT3-like PG. 

 In P1–P3 anthers of pollen maturation stages, many pectin 
metabolism-related genes encoding PMEs, PGs, PMEIs or pec-
tate lyases were expressed preferentially ( Fig. 8 ,  Supplemen-
tary Figs. S3, S4A, B ). It was reported that several PME, PMEI, 
PG and pectate lyase genes were highly expressed in pollen 

grains of Arabidopsis, and they were thought to function in 
pollen tube growth via pectin metabolism ( Bosch and Hepler 
2005 ,  Pelloux et al. 2007 ). In fact, alteration of the pectin methy-
lesterifi cation level was reported in tobacco pollen tubes ( Bosch 
and Hepler 2005 ). Previous studies also showed the presence of 
unesterifi ed pectin in intine and participation of PGs in intine 
development ( Aouali et al. 2001 ,  L. Huang et al. 2009a ,  L. Huang 
et al. 2009b ), suggesting tissue-specifi c modifi cation of pectins 
in pollen maturation steps. Although PMEs and PGs are assigned 
as pectin-degrading (homogalacturonan degradation) enzymes, 
they may participate in the rapid restructuring of cell wall pectins 
at the growth tip of the pollen tube and/or in intine formation 
during pollen maturation. Considering that the Arabidopsis 
ADPG1, ADPG2 and QRT2 PGs have shared function in anther 
dehiscence ( Ogawa et al. 2009 ), it is possible that some mem-
bers of the P2–P3-specifi c rice PG genes may contribute to cell 
wall loosening at dehiscence. 

 As well as pectin metabolism-related genes, a signifi cant 
number of  β -glucan and hemicellulose metabolism-related 
genes including putative cellulose synthase genes ( CesA  genes) 
and cellulose synthase-like glycosyl transferase genes ( Csl  genes) 
were highly expressed in P1–P3 ( Supplementary Figs. S6A, 
S7A, B ). Among them, the specifi c expression of  Csl  genes 
may provide us with important information about hemicellu-
lose polysaccharide components of the pollen cell wall. Plant 
 Csl  genes are divided into nine subfamilies, A–H ( Keegstra 
and Walton 2006 ) and J ( Fincher 2009 ), and rice has subfamily 
members A, C–F and H. Some members of the  Csl  genes 
have been reported to be involved in mannan synthesis 
(subfamily A;  Liepman et al. 2005 ), xyloglucan synthesis 
(subfamily C;  Cocuron et al. 2007 ) and mixed-linkage glucan 
(MLG;  β -1,3;1,4-glucan) synthesis (subfamilies F and H;  Burton 
et al. 2006 ,  Doblin et al. 2009 ). Regarding  CslH2 , which was P3 
specifi c, no biological function has been clarifi ed so far, hence 
this new glycosyl transferase gene will be of great interest. 
Rice  CslD3  and  CslD5  show high similarity to Arabidopsis  CSLD4  
and  CSLD1 , respectively ( Li et al. 2009 ). Arabidopsis  CSLD4  and 
 CSLD1  were reported to be highly expressed in maturing pollen 
grains, and disruption of one of the two genes caused a pollen 
tube germination defect ( Bernal et al. 2008 ). Hence, rice  CslD3  
and  CslD5  may function in pollen tube germination like their 
Arabidopsis homologs.  OsGSL5  callose synthase is supposed 
to function in pollen tube elongation ( Yamaguchi et al. 2006 ). 
The specifi c expression of these  β -glucan and hemicellulose 
metabolism-related genes suggests that these genes were 
involved in the biosynthesis of pollen cell wall-specifi c materi-
als, and some members may be expressed in preparation for 
subsequent pollen tube elongation in combination with the 
pectin metabolism-related genes described previously. The 
three putative glucanase genes specifi cally expressed at P2–P3 
might function in cell wall loosening of female tissues during 
pollen tube invasion and/or anther dehiscence.   

  Genes preferentially expressed during pollination–fertilization 

and in embryogenesis.    Specifi c members of PME, PG and 
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cellulase genes were preferentially expressed in pollination–
fertilization stages ( Fig. 8 ,  Supplementary Figs. S3, S6B ). 
Although we cannot determine whether these genes were 
expressed in extending pollen tubes or female tissues, or both, 
these genes are likely to participate in cell wall restructuring 
of the growth tip of pollen tubes or cell wall loosening of 
female tissues, in combination with genes expressed in P2–P3. 
Preferentially expressed  CesA  genes or  Csl  genes were not found 
in the pollination–fertilization stages, suggesting that special-
ized  β -glucan synthases and hemicellulose synthases required 
in these stages may have already been prepared in pollen grains 
as mRNAs or proteins. PME genes and  Csl  genes have specifi c 
members preferentially expressed in embryogenesis stages 
( Fig. 8 ,  Supplementary Fig. S6A ).  Csl  genes preferentially 
expressed in these stages include members of subfamilies A, C 
and F, and they are thought to be involved in mannan synthesis, 
xyloglucan synthesis and MLG synthesis, respectively ( Liepman 
et al. 2005 ,  Burton et al. 2006 ,  Cocuron et al. 2007 ). It would be 
interesting to uncover the distribution and biological functions 
of these hemicellulose polysaccharides in developing seed.    

 Expression of cell cycle-related genes 
in reproductive stages 
 We described the expression profi les of three CDK genes 
( CDKF;4 ,  CDKB;1  and  CDKB;2 ) in the Results. Among them, 
 CDKB;1  and  CDKB;2  showed similar expression profi les to fi ve 
cyclin genes ( Supplementary Figs. S8B, S9A ). Because these 
two CDKs and fi ve cyclins were up-regulated in both the 
bottom quarter and the top three-quarters of the ovary, we 
suppose that they may be induced in the developing endosperm 
or outer tissues of the ovary, and may play special role(s) in 
early divisions after fertilization in embryogenesis. A recent 
publication by  Guo et al. (2010)  showed that cyclin  CycB1;1 , 
temporally up-regulated in ovaries at 1–2 d after pollination, 
was essential for endosperm formation and pollen develop-
ment. The relationship among  CycB1;1 , two CDKs and the other 
four cyclins should be clarifi ed. Three cyclin genes ( CycB1;4 , 
 CycF2;2  and  LOC_Os02g39430/Os02g0607100 ) were found to be 
highly expressed in M2–M3 ( Supplementary Fig. S9B ); there-
fore they may have specialized functions in pollen mother cell 
meiosis or subsequent asymmetric cell division during pollen 
maturation. It would be interesting to see whether these 
meiotic stage-specifi c cyclins actually regulate CDK activity in 
pollen mother cell meiosis. Because F-type cyclins were pro-
posed to be components of SCF E3 ubiquitin ligase complexes, 
we investigated the expression profi les of other SCF complex 
components and revealed that one cullin/CDC53 family pro-
tein and several SKP1 proteins were also specifi cally expressed 
in M3 ( Supplementary Figs. S10, S11A ). Combining the 
microarray data in this study with those reported for laser-mi-
crodissected microspore and tapetum ( Hobo et al. 2008 , 
 Suwabe et al. 2008 ), the F-type cyclins and SKP1 proteins, which 
were expressed in a meiotic anther-specifi c manner, showed 
relatively higher expression in the microspore than in the tape-
tum ( Supplementary Fig. S15 ; detailed values are available in 

 Supplementary Table S20 ). This suggests that the F-type 
cyclins may be integrated into SCF complexes in pollen mother 
cells, and contribute to the progression of the unique cell cycle 
in meiosis through degradation of specifi c target protein(s). 
Besides the SKP1 genes and the cullin/CDC53 family protein 
gene, we observed that several F-box protein genes and 
ubiquitin-related genes were highly expressed around M3 
( Supplementary Table S17 ). This result suggests the activation 
of protein degradation via SCF E3 ubiquitin ligase complexes in 
the M3 and/or following stages. The target protein(s) of the 
complexes and biological meaning of the protein degradation 
remain to be clarifi ed, although cell cycle-related proteins 
such as cyclins are possible targets of the complexes in pollen 
mother cells and microspores.   

 Putative function of the genes expressed specifi cally 
in anthers at pre-meiotic and meiotic stages 
 Successful transcriptome analysis of early microsporogenesis 
stages (including pre-meiotic and meiotic stages) is particularly 
valuable due to the lack of such data sets even in Arabidopsis; 
we therefore focused on and analyzed the rice genes expressed 
specifi cally in these stages. 

 The M2–M3-specifi c genes contained a lot of designated and/
or already characterized genes ( Supplementary Table S17 ). 
SCF complex component genes, cell cycle-related genes and 
genes related to metabolism of cell wall components expressed 
preferentially in these stages were described in the previous 
sections. Besides these genes, specialized members of trans-
porter genes, fatty acid metabolism-related genes and small 
CRP-encoding genes were expressed specifi cally in M2–M3 
( Supplementary Table S17 ). Taking the preferential expres-
sion of several SCF complex component genes together with 
the preferential expression of several peptide/amino acid 
transporter genes in these stages, another function of SCF E3 
ubiquitin ligase complexes could be suggested: degrading 
proteins in tapetum cells in order to supply amino acids to 
pollen mother cells/microspores. The putative small CRP genes, 
which were expressed specifi cally at the same stages, may also 
contribute to supply amino acids and lipids by the lipid transfer 
protein family to pollen mother cells/microspores. We found 
putative rice homologs of Arabidopsis  MS2  ( Aarts et al. 1997 ) 
and  Z. mays MS45  ( Cigan et al. 2001 ) in the M2–M3-specifi c 
genes ( Supplementary Fig. S13A ). Both the Arabidopsis 
 ms2  mutant and the  Z. mays ms45  mutant show defects in 
pollen wall formation. Arabidopsis MS2 protein is believed to 
participate in sporopollenin biosynthesis, while  Z. mays MS45  
was suggested to have a role in exine development. Therefore, 
the putative rice homologs of Arabidopsis  MS2  may contribute 
to pollen coat formation in combination with the fatty acid 
metabolism-related genes, and putative strictosidine synthase 
genes expressed specifi cally in M2–M3 including a  Z. mays 

MS45  homolog could participate in exine biosynthesis 
in rice. Higher expression of genes predicted to be involved 
in pollen coat formation or exine biosynthesis in M2–M3 
also suggests that some of the enzymes required for gamete 
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maturation have already been synthesized in the preceding 
sporophyte stages. 

 Compared with the M2–M3-specifi c genes, the An1–M1-
specifi c genes contained a signifi cant number of genes without 
any biological annotation ( Supplementary Table S16 ). 
We supposed that this may be due to the lack of molecular 
biological experiments focused on these developmental stages. 
Thus, experiments such as observation of the phenotype of 
mutants, yeast two-hybrid screening, etc. are required to 
uncover the function of the uncharacterized genes and to 
reveal components of new signal transduction pathways. We 
investigated the expression profi les of plant hormone-related 
genes, and found that only three genes (an ent-kaurene 
synthase gene for gibberellin biosynthesis, and  OsSAUR9  and 
an auxin response factor gene as auxin-related genes;  Supple-
mentary Tables S16, S17 ) were expressed specifi cally in early 
microsporogenesis stages. This suggests that systematic and 
tissue-specifi c activation of plant hormone-related pathways 
does not occur in these stages. For the putative transcription 
factor genes expressed specifi cally in early microsporogenesis 
stages, the identifi cation of target genes is required to under-
stand the biological events activated by those transcription 
factors in reproductive primordium cell development. 
Co-expression analysis using our atlas data set may give us 
clues to identify target genes and their  cis -regulatory elements 
of uncharacterized putative transcription factors.   

 Rice reproductive expression atlas as a powerful 
resource for reproductive biology in plants 
 In this study, we performed 98 microarray experiments with 
25 reproductive stage/organs and eight vegetative control 
tissues using the Affymetrix rice genome array which has the 
highest gene coverage in rice, including many ab initio pre-
dicted genes. A combination of fi ne defi nition of stages and 
a highly sensitive microarray experiment revealed rapid and 
dynamic transcriptome changes in rice reproductive stages. 
This is the most detailed and comprehensive genome-wide 
expression profi le analysis throughout developmental stages of 
reproductive organ formation in plants. The atlas data contain-
ing 25,500 probe sets representing ab initio predicted genes 
has signifi cant power to predict the function of uncharacter-
ized genes in the reproductive process, because, for instance, 
932 (36 % ) out of 2,593 anther-specifi c and 130 (34 % ) out of 
388 embryogenesis-specifi c probe sets listed in  Supplementary 
Table S8  were ab initio predicted ‘OsAffx.’ probe sets. 

 Our data highlighted a large number of rice genes whose 
biological function in reproductive processes still awaits further 
investigation. The reverse genetic approach is a conservative 
but effective method to understand the biological function of 
such uncharacterized genes. In order to reveal the biological 
function of the genes expressed specifi cally in pre-meiotic 
anthers, we searched and observed the  Tos17  insertion mutant 
lines of the genes. Five genes among 21 An1–Mei1-specifi c 
genes had  Tos17  insertion mutant lines available ( Miyao et al. 
2003 ;  http://tos.nias.affrc.go.jp/ ). Out of the fi ve lines, two lines 

had male-sterile phenotypes. One gene was  MEL1 , for which 
we had previously reported a meiotic arrest phenotype 
( Nonomura et al. 2007 ), and another gene encodes a putative 
RNA recognition motif family protein (data not shown). This 
suggested that a substantial fraction of the genes specifi cally 
expressed in An1–Mei1 have essential roles in reproductive 
tissue development. Searching for  cis - and  trans -elements of 
the co-regulated genes detected from the atlas may also be 
useful to reveal the transcriptional regulation mechanisms 
underlying reproductive development. Our data will serve as 
a standard rice expression atlas of reproductive organs for com-
parison of gene expression in various mutants, other cultivated 
and wild strains of rice, stressed conditions such as drought, 
high salt and high/low temperature, as well as in the events of 
hybrid vigor and dysgenesis. Reinterpretation of expression 
profi les in reproductive organs reported previously [e.g. tran-
scriptome analysis of male-sterile plants caused by high tem-
perature ( Endo et al. 2009 )] in combination with our new atlas 
data may suggest novel signaling pathways which have not 
been recognized so far. Gene expression profi les of developing 
female reproductive tissues could not be analyzed in this work 
because analysis of such small and complex tissues requires 
more specialized protocols. The results of microarray analysis of 
these tissues isolated by laser microdissection will be reported 
separately. 

 In Arabidopsis, a large number of genes have been reported 
to be involved in reproductive development ( Ma 2005 ,  Jenik 
et al. 2007 ,  Borg et al. 2009 ,  Wilson and Zhang 2009 ,  De Smet 
et al. 2010 ). On the other hand, the number of rice genes known 
to participate in reproductive development is much smaller. 
In this study, we identifi ed many genes expressed in a reproduc-
tive tissue-specifi c manner, and demonstrated that several genes 
showed expression profi les consistent with their predicted bio-
logical function (e.g. the rice homolog of Arabidopsis  QRT3 ). 
Detailed transcriptome comparison between different species 
may be able to reveal evolutionarily conserved genes and 
molecular mechanisms in plant reproduction processes. Two 
types of materials are required for such comparisons: fi rst, com-
prehensive transcriptome data sets of tissues and developmental 
stages corresponding to those in our atlas, and secondly, precise 
annotation of orthologous genes between species. The original 
microarray data obtained in this study have been deposited in 
GEO at the NCBI with accession number GSE14304. We are 
now constructing a comprehensive database ‘OryzaExpress’ to 
combine our atlas with all available rice expression data. This 
database will accelerate discovery of unknown gene functions 
in rice reproduction, and will also provide a huge amount of 
valuable information for plant reproduction research.    

 Materials and Methods  

 Plant materials and RNA extraction 
 The reproductive organ samples were collected from 
Nipponbare ( O. sativa  L. ssp.  japonica ) grown in paddy fi elds 
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in May to September, 2006 in Mishima. Leaves and roots were 
collected from plants grown in a greenhouse. Stage defi nition 
of all samples used in this study is summarized in  Fig. 2 . Calli 
were generated from Nipponbare seeds for 3 weeks on N6CI 
medium ( Yokoi et al. 1997 ) at 30 ° C, transferred to MSRE 
regeneration medium ( Yokoi et al. 1997 ), cultured for 2–8 d 
and collected. Shoots were grown at 30 ° C in a growth chamber. 
Collected biological samples were frozen in liquid nitrogen 
and kept at  − 80 ° C until RNA extraction. Total RNA was 
extracted with an RNeasy plant mini kit (Qiagen GmBH) 
according to the manufacturer's protocol. A 500 ng aliquot of 
total RNA was used for cRNA probe labeling and 3.3 µg of 
labeled cRNA was used for each microarray hybridization.   

 Microarray experiments 
 Affymetrix Rice Genome Arrays (Affymetrix, Inc.) constructed 
with almost all 57,381 IRGSP Nipponbare gene sequences, 
including 25,500 probe sets representing predicted genes, 
were used for transcriptome analysis. The probe sets of the 
Affymetrix Rice Genome Array were designed in 2004, based 
on NCBI UniGene Build #52 (May 2004), GenBank mRNAs 
(July 2004) and gene predictions from TIGR's osa1 version 2.0 
release (April 2004). We carried out experiments in more than 
triplicate with independently collected samples for all stages 
according to Affymetrix's protocol with the GeneChip 
Hybridization Oven 640, Fluidics Station 450 and Scanner 
3000 7G. Some RNA samples were simultaneously analyzed 
by Agilent microarrays (Rice 60mer oligo DNA microarray 
4  ×  44 K RAP-DB, Agilent Technologies, Inc.). A Low RNA 
Linear Amplifi cation kit (single-color, Cy-3 label, Agilent 
Technologies, Inc.) was used for the analysis, and experiments 
were conducted according to Agilent's manuals with the 
Agilent DNA microarray hybridization oven G2545A and the 
Agilent DNA microarray scanner G2565BA.   

 Microarray data extraction, processing 
and cluster analysis 
 For Affymetrix array data, CEL fi les produced by GCOS 1.3 
(Affymetrix, Inc.) were analyzed using the statistical software R 
with bioconductor package ‘affy’. Signal intensities were 
extracted by expresso algorithm with parameters: bgcorrect.
method  =  ‘mas’, normalize  =  ‘F’, pmcorrect.method  =  ‘pmonly’, 
summary.method  =  ‘mas’. Extracted signal intensities were 
introduced into GeneSpring 7.3.1 (Agilent Technologies, Inc.) 
and scaled to the 75th percentile per chip. To check data 
quality for stage specifi city, a hierarchical clustering technique 
(Cluster 3.0) was applied to our array data, and the results 
were visualized by TreeView ( Eisen et al. 1998 ). All 57,381 probe 
sets were used for comparing the expression profi les, and 
log-transformed normalized signal intensities were clustered 
using an average linkage protocol. Pearson's correlation 
coeffi cients were used for distance calculations among arrays. 
Based on these gene profi les, stage and sample reliability 
was confi rmed. For Agilent data analysis, raw data produced 
by FeatureExtraction 9.5.1 (Agilent Technologies, Inc.) were 

introduced into GeneSpring 7.3.1 and scaled to a median per 
chip. In order to detect stage- or stage group-specifi c genes, 
we fi rst applied the one-way analysis of variance (ANOVA; 
with stage ID shown in  Fig. 2  as the test parameter) for 
per chip-normalized Affymetrix array data using GeneSpring 
7.3.1. The probe sets with false discovery rate ( Benjamini 
and Hochberg, 1995 )  ≤ 0.05 were considered as signifi cant. 
Next, the geometric mean of normalized signal intensities of 
the signifi cant probe sets in each stage was calculated as ‘stage 
average’, and the maximum ‘stage averages’ were compared 
among developing anther, pollination/fertilization, embryo-
genesis and vegetative tissues. When the maximum ‘stage 
average’ of a probe set in a stage group (such as developing 
anther) was seen to be  > 3-fold higher than that of all other 
stage groups, the probe set was considered as stage specifi c. 
For the detailed classifi cation of the 2,593 anther-specifi c 
probe sets by their expression profi les shown in  Table 3 , when 
a ‘stage average’ of a probe set was higher than one-third of the 
maximum ‘stage average’, the probe set was considered as 
‘highly expressed’ at the corresponding stage. For the cluster 
analysis of genes assigned to metabolic pathways, ‘stage 
averages’ of the corresponding probe sets were analyzed by a 
hierarchical clustering technique (Cluster 3.0), and the results 
were visualized by TreeView.   

 Detection call in Affymetrix array data 
 We collected expression profi les of rice performed with the 
Affymetrix Rice Genome Array from GEO ( http://www.ncbi
.nlm.nih.gov/geo/ ), and a total of 36 series that have raw CEL 
fi les were analyzed in this study. The GEO accession numbers 
of profi les used in this study are listed in  Supplementary 
Table S4 . A total of 615 CEL fi les obtained from GEO and 98 
CEL fi les of our experiments were analyzed using the statistical 
software R with the bioconductor package ‘affy’. We used the 
mas5calls algorithm, which could mimic the GCOS's present, 
marginal and absent calls, for detection call. When a probe set 
was called ‘present’ in an array of biological replicates, the 
probe set was counted as ‘detected’ ( =  expressed) in the corre-
sponding tissue/stage. For the summary of probe sets which 
‘appeared’ or ‘disappeared’ shown in  Fig. 7 ,  Table 1  and 
 Supplementary Table S7 , the probe set which was ‘detected’ 
at one stage but was not ‘detected’ at the preceding stage 
(e.g. not ‘detected’ at An1 but ‘detected’ at Mei1) was counted 
as ‘appeared’, and the probe set which was ‘detected’ at the 
immediate preceding stage but was not ‘detected’ at the stage 
at issue (e.g. ‘detected’ at An1 but not ‘detected’ at Mei1) was 
counted as ‘disappeared.’   

 QRT–PCR 
 The relative mRNA amounts of genes in the anther develop-
ment stages were measured using Thermal Cycler Dice TP870AH 
(TAKARA BIO INC.) and the PrimeScript RT reagent Kit 
(TAKARA BIO INC.) in combination with the SYBR Premix Ex 
Taq II (TAKARA BIO INC.). All four RNA samples of M1 and 
two samples each of other stages were subjected to qRT–PCR. 
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A 500 ng aliquot of total RNA was reverse-transcribed using an 
oligo(dT) primer combined with random hexamers according 
to the manufacturer's protocol, and cDNA synthesized from 
0.5 ng of total RNA was amplifi ed by PCR with the gene-specifi c 
primers summarized in  Supplementary Table S1 . According 
to the manufacturer's suggestion, we applied a two-step PCR 
protocol with extension conditions: 63 ° C, 30 s. The RNA sample 
4C (for  OSC4  and  LOC_Os11g47670/Os11g0703000 ) and 4A 
(for  LOC_Os01g39710/Os01g0579000 ), in which all three tested 
genes were highly expressed, was used as standard, and relative 
mRNA amounts of each gene in other samples were estimated 
by a standard curve method combined with a second derivative 
maximum method.   

 In situ hybridization 
 Samples were fi xed in FAA (ethanol : H 2 O : acetic acid : formal-
dehyde  =  9 : 9 : 1 : 1) for 24 h at 4 ° C, and then dehydrated in a 
graded ethanol series. The ethanol was replaced with xylene 
and the samples were embedded in Paraplast Plus (McCormick 
Scientifi c, LLC). Paraffi n sections (8 µm thick) were applied to 
microscope slides coated with MAS (Matsunami Glass Ind., 
Ltd.). For all probes, cDNA fragments were amplifi ed by PCR 
using primers specifi c to each gene, and cloned into pBluescript. 
The primers and their sequences are summarized in  Supple-
mentary Table S2 . Digoxigenin-labeled antisense and sense 
riboprobes were generated by transcription with T3/T7 RNA 
polymerase and DIG-RNA labeling mix (F. Hoffmann-La Roche 
AG). In situ hybridization and immunological detection of 
the hybridization signals were performed as described by 
 Kouchi and Hata (1993) .   

 GO analysis 
 We used the annotations provided from Affymetrix ( http://
www.affymetrix.com/Auth/analysis/downloads/na30/ivt/Rice
.na30.annot.csv.zip ) for the probe sets. An MSU locus was con-
sidered as represented on the array when  > 5 probe sequences 
in 11 perfect match probes of a probe set completely match the 
locus. GO Slim terms assigned for MSU loci were obtained from 
the Rice Genome Annotation Project web site at Michigan 
State University ( http://rice.plantbiology.msu.edu/index.shtml ) 
and counted.    

 Supplementary data 

  Supplementary data  are available at PCP online.   
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