
Taxonomically, all flowering plants belong to one of 
two major groups: the monocotyledonous (monocot) 
or dicotyledonous (dicot) species. Dicots include broad-
leaved herbs and trees, as well as Arabidopsis thaliana, 
a species in the mustard family, and the first plant to 
have its genome sequenced. The monocots include 
cereal crops in the family Poaceae such as rice, wheat, 
maize, barley, sorghum and oat. These crops provide the 
bulk of the calorific intake of the world’s population1. 
At a compact 389 Mb, the rice genome is one-sixth the 
size of the maize genome and 40 times smaller than  
the wheat genome2, making rice an excellent model for the  
study of cereal genomes3–10. Rice also serves as a model 
for studies of perennial grasses such as switchgrass 
and Miscanthus, which show promise as feedstocks for  
biofuel production11.

Most rice cultivars can be placed within two sub-
species of rice: Oryza sativa ssp. japonica and Oryza 
sativa ssp. indica, which differ in physiological and 
morphological traits12. Indica rice is usually found in 
the lowlands of tropical Asia, whereas japonica rice is 
typically found in the upland hills of southern China, 
northeast Asia, southeast Asia and Indonesia, as well as 
in regions outside Asia (Africa, North America, Europe 
and South America)13. The current map-based rice 
genome sequence assembly (372.1 Mb) covers over 95% 
of the japonica genome. The remaining 5% includes 38 
physical gaps within the 12 pseudomolecules and gaps 
at 10 centromeres and 10 telomeres2,14. The genome 
sequence has been subjected to extensive annotation 
using ab initio gene prediction, comparative genomics 
and various other computational methods2,15,16. The 

Institute for Genomic Research (TIGR) Rice Genome 
Annotation database and resource currently lists 56,278 
genes (loci) (TIGR rice annotation release 5, 2007)14. 
Because 6,498 of these loci encode 10,432 alternative 
splicing isoforms, the total number of transcripts (or 
gene models) is 66,710. If the 15,232 transposable ele-
ment (TE)-related gene models are removed, the total 
number of rice non-TE-related gene models is currently 
estimated to be 41,478. The rice genome annotation 
can also be obtained from the Rice Annotation Project 
database (RAP-DB)17,18. This RAP annotation has been 
incorporated into other databases such as the NCBI map 
viewer, the DNA Data Bank of Japan and the European 
Molecular Biology Laboratory.

A total of 33,882 of these gene models have been 
empirically validated through methods that characterize 
RNA transcripts. These include ESTs, full-length cDNA 
(FL-cDNA) sequences, whole-genome tiling microar-
rays, gene-expression arrays, serial analysis of gene 
expression and massively parallel signature sequencing 
(MPSS). In addition to validating hypothetical gene 
models, these data have also led to the identification of 
thousands of new genes16,19–21.

However, despite the availability of the finished 
genome sequence and of tools for rice genome analysis, 
the number of genes that have been functionally charac-
terized in rice lags far behind that of the dicot A. thaliana.  
Extensive efforts so far have revealed the function of 
only a handful of rice genes and most of these have 
been identified through laborious map-based cloning 
(TABLE 1). Although map-based cloning and candidate-
gene validation has been facilitated by the availability 

*Department of Plant 
Pathology, 1 Shields Avenue, 
UC Davis, Davis,  
California 95616, USA.
‡Department of Life Sciences, 
Pohang University of Science 
and Technology, Pohang, 
Republic of Korea 790-784.
Correspondence to P.C.R.  
e-mail: pcronald@ucdavis.edu
doi:10.1038/nrg2286
Published online  
27 December 2007

Pseudomolecules
Virtual contiguous sets of 
clones constructed by resolving 
discrepancies between 
overlapping F-factor-based 
bacterial artificial chromosome 
(BAC) and P1-derived artificial 
chromosome (PAC) clones, 
trimming the overlapping 
regions at junction points in 
which the phase 3 BAC–PAC 
sequences are preferably used, 
and linking the unique 
sequences to form a 
contiguous sequence. 

Towards a better bowl of rice: 
assigning function to tens of 
thousands of rice genes
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Abstract | Rice, one of the most important food crops for humans, is the first crop plant 
to have its genome sequenced. Rice whole-genome microarrays, genome tiling arrays 
and genome-wide gene-indexed mutant collections have recently been generated. 
With the availability of these resources, discovering the function of the estimated 
41,000 rice genes is now within reach. Such discoveries have broad practical 
implications for understanding the biological processes of rice and other economically 
important grasses such as cereals and bioenergy crops.
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Map-based cloning
A process of identifying the 
gene responsible for a mutant 
phenotype by defining a small 
physical interval through 
linkage analysis and then 
systematically testing all 
candidate genes residing in  
the interval.

of the finished genome sequence and improvements 
in Agrobacterium tumefaciens-mediated transforma-
tion methods, it is still relatively slow. This is because 
it requires intensive crosses between two genetically 
distinct rice varieties or subspecies, and genotyping 

of 500–30,000 F2 mutants for fine-mapping-analysis 
studies, which require extensive greenhouse and field 
space22.

with duplicated genomic segments estimated to cover 
27–65.7% of the rice genome14,23, rice seems to encode  
more genes that have a redundant function as compared 
with A. thaliana. This high level of redundancy in the 
rice genome complicates mutant analysis24,25. To speed 
the pace of gene-function discovery in rice, innova-
tive, integrated and efficient utilization of functional 
genomic technologies is essential. In this Review,  
we describe new tools that are available for rice func-
tional genomics analysis with emphasis on publicly 
available genome-wide gene-indexed mutant collec-
tions, rice gene expression microarray and genome 
tiling array platforms. we also discuss experimental 
approaches that can be used to elucidate the function 
of genes that are members of multi-gene families with 
redundant functions. we conclude with a description 
of how the integration of multiple tools can facilitate 
functional analysis. we do not describe rice chromo-
some organization, the Oryza Map Alignment Project, 
methods of forward and reverse genetics, proteomics 
approaches or annotation resources for rice because 
these have already been well reviewed26–30.

Available rice microarray platforms
Microarray technology allows biologists to measure 
the expression levels of thousands of genes in a single 
experiment31 and to identify transcriptionally active 
regions (TARs) in the genome. This technology can 
also be used for genome-wide polymorphism surveys 
and the identification of mutations32,33.

Several rice array platforms for the two rice subspe-
cies have been reported and their characteristics are 
summarized in TABLE 2. The Oryza sativa Genome 
oligo Set (version 1.0; 61K) was designed by the Beijing 
Genomics Institute (BGI) and was based on draft indica 
and japonica sequences. The university of California, 
Davis, uSA, led a National Science Foundation (NSF) 
supported effort to design, print and validate a 45k 
(45,116) oligonucleotide array based on 61,419 gene-
model predictions from TIGR’s osa1 version 3.0 release. 
The NSF Rice oligonucleotide Array Project details the 
NSF45k arrays and the input gene set, the chosen oligos 
and their shared targets. Commercial arrays are also 
available. The GeneChip rice genome array, designed 
by Affymetrix and produced using a direct synthesis 
method, contains approximately 48,564 transcripts and 
1,260 transcripts from the japonica and indica cultivars, 
respectively. Agilent has constructed a 22,000-element 
Agilent Rice oligo Microarray Kit based on rice FL-
cDNAs and recently announced a 44k version34. The 
NSF Rice olignucleotide Array Project provides a Rice 
Multi-Platform Microarray Search tool that allows 
users to search across the different rice oligo micro-
array platform types to determine which probes from  
each platform map to a particular gene target. Although 
this tool facilitates the analysis of array data, new 
tools are still needed because the extent of differential 
expression (for example, NSF45k, BGI and Agilent 
arrays) and gene-expression levels (for example, the 
Affymetrix array) differs between data sets and requires 
normalization before direct comparisons can be  
made. Furthermore, differences in sampling or growth 
stage of the samples can also affect comparisons of the 
array data.

Because many eukaryotic genome species contain 
a large number of alternatively spliced transcripts, 
some genes cannot be uniquely identified using any 
of the currently available array systems. A notable 
example is the rice gene Thic (LOC_Os03g47610), 
which encodes a putative thiamine biosynthesis 
protein with eight alternatively spliced transcripts. It 
is difficult to design unique oligos for each individual 
transcript no matter how far the design parameters 
are relaxed. Therefore, for some genes, microar-
ray analysis cannot distinguish expression levels of 
alternatively spliced transcripts. owing to this limita-
tion, developers of rice microarray platforms use new 
methods to approach this issue. As shown in TABLE 2, 
the NSF45k array (NCBI Gene Expression omnibus 
(GEo) platform accession numbers GPL4105 and 
GPL4106) includes 6,544 oligos that were compu-
tationally designed to match 15,003 multiple or 
alternatively spliced transcripts. The Affymetrix 
GeneChip includes 9,550 probe sets corresponding to 

Table 1 | Examples of agriculturally important genes isolated from rice

Locus	or	gene Function identification	method Ref(s)

Xa21 Bacterial resistance Map-based cloning 86

Sub1 Submergence tolerance Map-based cloning 53

Moc1 Tillering number control Map-based cloning 87

Pi9 Fungal resistance Map-based cloning 88

Pi2 Fungal resistance Map-based cloning 89

Gid1, Gid2 or Slr1 Gibberellin signalling pathway Map-based cloning 90–92

Sd1 Gibberellin synthesis Map-based cloning 93

Lsi1 Silicon transport Map-based cloning 94

qSH1 Grain abscission control Map-based cloning 95

Spl18 Fungal resistance Activation tagging 96

Fon1 Tillering number control and 
the number of seeds

T-DNA 97

Lhs Floral organ formation and 
seed setting

T-DNA 98

Udt1 Early anther development T-DNA 71

Xb3 Bacterial resistance Yeast two-hybrid 79

NH1 Bacterial resistance Yeast two-hybrid 99

NRR Bacterial susceptibility Yeast two-hybrid 99
Fon1, floral organ number 1; Gid1, Gibberellin-insensitive dwarf protein 1; Gid2, GA-
insensitive dwarf protein 2; Lhs, Leafy hull sterile; Lsi1, Low silicon rice 1; Moc1, Monoculm 1; 
NH1, NPR1 homologue 1; NRR, Negative regulator of disease resistance; Pi2, pistillate florets 2; 
Pi9, Magnaporthe grisea resistance 9; qSH1, QTL of seed shattering in chromosome 1;  
Sd1, Semi-dwarf 1; Slr1, Slender rice 1; Spl18, Spotted leaf 18; Sub1, Submergence tolerance 
1; Udt1, Undeveloped Tapetum 1; Xa21, Xanthomonas oryzae pv. oryzae resistance 21; Xb3, 
Xa21-binding protein 3.
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19,660 transcripts, the BGI array includes 8,320 oligos 
corresponding to 19,815 transcripts and the Agilent 
44k array includes 12,544 oligos corresponding to 
17,447 transcripts. The expression pattern of oligos 
targeting multiple transcripts can be compared with an 
oligo representing a single transcript of the same set, so 
that alternatively spliced transcripts at the same locus 
can be distinguished. Even though such an approach 
cannot discriminate all alternatively spliced transcripts, 
they do contribute to enhancing the interpretation of 
microarray data.

Tiling arrays and MPSS
Genome tiling arrays, a recent advance in microarray 
technology, are not based on predicted or known genes. 
Instead, the target genome is represented by oligonu-
cleotide probes that ‘tile’ a continuous path along each 
chromosome35,36. A genome sequence can be covered by 
a manageable number of arrays, depending on the probe 
density. For example, in a recent set of experiments, only 
32 tiling microarrays were needed to cover the non-
repetitive sequence of the rice genome37. These arrays 
contain 13,078,888 individual 36-mer oligonucleotide  
probes spaced by 10 nucleotides37.

Because hybridization of these tiling arrays with 
fluorescently labelled cDNA can reveal transcription of 
any genomic region, these arrays can be used to empiri-
cally validate predicted gene models and to identify 
novel transcription units37,38. For example, in addition 
to detecting transcription of 81.9% of the annotated 
gene models, the rice tiling array study also identified 
15,472 transcribed intergenic regions, 9,023 antisense 
regions and 857 intronic regions38. Some TARs generate 
natural small interfering RNAs (siRNAs) derived from 
paired sense–antisense transcripts38.

Another method that is used to validate predicted 
gene models and to identify novel genes is MPSS, which 
reveals short sequence signatures of cDNA libraries. 
This approach was used to develop a comprehensive 
expression atlas of rice sequences (Rice MPSS)39. This 
study revealed 46,971,553 mRNA transcripts from 22 
libraries, and 2,953,855 small RNAs from 3 libraries. 

This approach also revealed widespread transcription 
throughout the genome, including sense expression of 
at least 25,500 annotated genes and antisense expres-
sion of nearly 9,000 annotated genes. An additional set 
of 15,000 mRNA signatures mapped to unannotated 
genomic regions. The majority of the small RNA data 
were derived from repetitive sequences and intergenic 
regions, and numerous clusters of highly regulated small 
RNAs were observed40. one drawback to MPSS is that 
the high cost limits the number of biological replicates 
that can be performed. Therefore, the quantitative 
significance of the resulting gene-expression profiles 
cannot yet be statistically validated.

Development of rice gene-indexed mutants
Several experimental approaches have been undertaken 
to develop rice lines in which genes are randomly tagged 
by DNA insertion elements41–44. Such mutant popula-
tions, which include gene knockout and gene overex-
pression lines, are useful for determining gene function  
based on phenotypes.

DNA elements that can insert randomly within chromo-
somes to disrupt gene function (to create loss-of-function  
mutants) include the T-DNA of A. tumefaciens,  
heterologous transposons (Ds and dSpm) and the Tos17 
retrotransposon41,42,44–46 (BOX 1; TABLE 3). The basic strat-
egy for the creation and screening of T-DNA insertional 
mutants and generation of flanking sequence tags (FSTs) 
is shown in BOX 1. So far, 172,500 FSTs have been gener-
ated. using the FST database, we found that 27,551 (48%) 
of the 57,142 rice loci (given by the International Rice  
Genome Sequencing Project and the current TIGR 
rice genome pseudomolecules release) contain inser-
tions in their genic regions or 5′ untranslated regions 
(as shown by the RiceGE: database sources, details and 
summary).

Another type of insertion population consists of lines 
that carry gain-of-function phenotypes. Such ‘activation 
tagged’ lines carry gene cassettes containing a strong 
enhancer element near one end, which can boost the 
expression of genes within a few kilobase pairs of chro-
mosomal DNA. These tags can activate genes that are 

Table 2 | Summary of available rice oligoarray platforms

Platform number	of	probes	
(oligo	length,	nt)

tigR	V5	gene	models* Unique	oligos	or	
probe	sets/gene	
models	matched||

non-unique	oligos	
or	probe	sets/gene	
models	matched¶non-te‡ te§ total

NSF45k 43,311 (50–70) 41,228 5,075 46,303 32,975/32,712 6,544/15,003

Affymetrix 610,665# (25) 43,794 3,759 47,533 34,535/29,334 9,550/19,660

Yale/BGI 60,727 (70) 35,438 5,311 40,749 25,227/22,195 8,320/19,815

Agilent 44k 40,901 (60) Not analysed Not analysed 36,021 24,535/18,574 12,544/17,447

Yale/Nimblegen tiling array38 12,254,374 (36 )** 40,257‡‡ 5,719‡‡ 45,976‡‡  Not analysed Not analysed

*Number of TIGR V5 gene models represented on each platform. ‡Number of non-TE-related gene models represented on each platform. §Number of TE-related 
gene models represented on each platform. ||Number of oligos or probe sets that match a single TIGR V5 gene model and the numbers of TIGR V5 gene models 
that are targeted by unique oligos or probe sets (R. Buell, personal communication).  ¶Number of oligos or probe sets that match more than one TIGR V5 gene 
model and the numbers of TIGR V5 gene model that are targeted by non-unique oligos or probe sets (R. Buell, personal communication). #There are 55,515 probe 
sets, each consisting of 11 probes. Mapping of Affymetrix probes required at least 7 of the 11 probes within a probe set to map to a model. **An average of 10 
nucleotides separates adjacent probes. The probes tile both DNA strands of the non-repetitive sequences of the genome and were synthesized in a set of 32 
arrays38. ‡‡In this case, the number of gene models was generated using TIGR V3 gene models38. BGI, Beijing Genomics Institute; NSF, National Science 
Foundation; nt, nucleotides; TE, transposable element; TIGR, The Institute for Genomic Research; V3, version 3; V5, version 5.
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 Box 1 | Creation and screening of T-DNA insertional mutants

Insertional mutagenesis is a rapid method for mutating genes that can later be easily 
identified based on knowledge of the DNA tag. In this scheme (see figure), 
embryonic calli are co-cultivated with Agrobacterium tumefaciens carrying a T-DNA 
vector for random insertional mutagenesis (2–3 months). After selecting transgenic 
lines with selectable markers (for example, hph or bar), the lines are generated and 
transplanted to the greenhouse (2–3 months). Primary transgenic lines produce 
seeds by self-pollination (4–5 months). Because the sequence of the inserted 
element is known, the gene in which the insertion has occurred can be recovered, 
using various cloning (plasmid rescue) or PCR-based strategies (inverse PCR or 
thermal asymmetric interlaced (TAIL) PCR). Because 80–90% of primary transgenic 
lines have seeds, extraction of DNA from pooled leaves from first generation 
progeny can be used for the isolation of flanking genomic sequences of inserted 
T-DNA. The phenotype of the T-DNA insertional mutant allele can then be 
characterized in depth (which takes more than a year). All rice flanking sequence 
tags (FSTs) are publicly available at the Rice Functional Genomic Express Database 
(RiceGE) developed by the Salk Institute. Currently, 172,500 FSTs have been 
generated through the efforts of researchers around the world (11 institutes in 7 
countries) who have created insertional mutations in 27,551 genes corresponding to 
57,142 gene models (International Rice Genome Sequencing Project). For these 
calculations, insertions in 5′ UTR regions upstream from the ATG were included, 
whereas those in promoter and 3′ UTR regions were excluded. Knockout lines in 
genes of interest can be identified by carrying out a simple blast search using The 
Institute for Genomic Research (TIGR) locus name. The seeds of the mutant lines are 
provided by individual suppliers. Of these, the Plant Functional Laboratory T-DNA 
insertional mutant pool (POSTECH, South Korea) is the largest and has so far 
generated mutations in 20,460 genes and generated 82,520 flanking sequence tags 
(FSTs). Orders can be placed through the POSTECH rice T-DNA insertion sequence 
database. Tagged T-DNA flanking genomic sequence tags have been submitted to 
the RiceGE. WT, wild type; M, mutant.
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located up to 10 kb away from the enhancer sequence 
independent of the direction of transcription, resulting 
in ectopic or increased expression of the targeted gene. 
The PoSTECH Plant Functional Genomics Laboratory 
has produced more than 47,900 lines carrying tetramer-
ized cauliflower mosaic virus 35S enhancer sequences 
and has generated 27,621 FSTs from these lines42. over 
90% of tested lines show activation of target genes at 
mature leaf stages42.

The activation tagging approach can address the 
problem of gene redundancy that is associated with 
traditional screens for loss-of-function mutations. 
Another advantage of activation tagging is that it 
requires less effort to generate the lines as compared 
with overexpression analyses. Because multiple genes 
near the target gene can be simultaneously activated 
by the enhancer, phenotypes identified by this system 
need to be confirmed by conventional gain-of-function 
or other analyses.

Another gain-of-function approach called the ‘FL-
cDNA over-expresser (FoX) gene-hunting system’ has 
recently been developed. So far, over 13,980 unique FL-
cDNA clones that have been expressed in rice under the 
control of the maize ubiquitin 1 (MuB1) promoter47. 
However, one drawback of the FoX system is that 
ectopic expression of FL-cDNAs using the maize MUB1 
promoter can sometimes trigger unintended phenotypic 
changes. To overcome these problems, the FoX system 
can be modified for use with tissue-specific or inducible 
promoters.

The combined total of the five mutant populations 
listed in TABLE 3 is approximately 500,000 lines, with one 
to ten copies of mutations per line. If the insertions were 
evenly distributed across the genome, this FST collec-
tion would be predicted to target insertions in 99% of 
rice loci.

The insertion of DNA elements into coding regions 
often leads to complete loss of gene function. If the 
gene carries out an essential function then the mutation 
will be lethal, preventing subsequent phenotypic stud-
ies. To overcome this limitation, researchers from Fred 
Hutchinson Cancer Research Center developed a proc-
ess for ‘targeting induced local lesions in genomes’, or 
TILLING. TILLING is useful as a supplementary tool to 
inactivate genes for which insertions are not available, 
or to obtain partial loss-of-function mutations so that 
an allelic series can be evaluated. In contrast to insertion 
mutagenesis, point mutations often lead to mild defects 
so that the function of essential genes can be evalu-
ated48. In addition, TILLING produces non-transgenic 
stocks that can be used for field testing in parts of the 
world where transgenic field testing is restricted52. 
TILLING populations are generated by chemical 
mutagenesis (for example, ethyl methane sulphonate49), 
and mutants are screened using SNP detection assays, 
such as mismatch cleavage in heteroduplexes50,51. 
The method has been recently demonstrated in 
rice52. one drawback of TILLING is that, in order 
to detect the point mutations, PCR primers must 
be designed that can successfully amplify the target  
region.
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Allelic series
An allele is one or more 
alternative forms of a DNA 
sequence. To create an allelic 
series, molecular geneticists 
create mutations in a gene  
of interest and analyse the 
resulting phenotypes. Such 
allelic series are useful for 
determining gene function.

Cosegregation
The tendency for closely linked 
genes and genetic markers to 
segregate together.

Deletion detection using tiling or microarrays
As indicated above, map-based cloning is labour inten-
sive and time consuming53 — especially for mutants with 
phenotypes that require intricate and lengthy analyses, 
such as submergence tolerance.

These factors have motivated several groups to  
explore the use of oligonucleotide tiling arrays  

to identify genomic deletions. If a genomic deletion is 
responsible for a particular mutant phenotype, then 
hybridization of genomic DNA from the mutant line 
to a set of whole-genome probes can be used to rap-
idly identify the probe or probes corresponding to a 
genomic deletion that is present in the mutant line. This 
method was used to successfully clone an A. thaliana  
sodium over-accumulation mutant gene carrying a 
523-bp genomic deletion54,55. Cosegregation, comple-
mentation and comparative analyses among different 
salt-sensitive mutants were used to confirm that a dele-
tion within the A. thaliana HKT1 gene was responsible 
for the observed phenotypes of a fast-neutron irradi-
ated mutant (sodium over-accumulation in shoots and 
leaf sodium sensitivity). A similar strategy was used to 
identify the DMI3 gene from Medicago truncatula that 
encodes a calcium–calmodulin-dependent protein 

kinase56,57. These results demonstrate that oligonucle-
otide microarray-based cloning is an efficient and pow-
erful tool to rapidly clone genetic deletion mutants that 
are otherwise difficult to phenotype for mapping, such 
as metabolic or cell-signalling mutants. Several groups 
are now using Affymetrix, the NSF45K or tiling arrays 
to identify genes that are missing from rice deletion 
mutants induced by fast-neutron mutagenesis49,58.

Gene silencing
The presence of large gene families in rice, and the 
varying levels of functional redundancy associated with 
such families, creates a considerable challenge to the 
functional analysis of individual genes. For example, 

knockouts of a single gene within a gene family often 
produce little or no observable phenotype59. Newer 
technologies such as RNAi provide enhanced capa-
bility to study gene families. RNAi has been used to 
effectively knockdown multiple genes simultaneously 
with inverted-repeat constructs that target unique or 
conserved regions of multiple genes60.

MicroRNAs (miRNAs), which are derived from 
irregular stem-loop structures, interact with target 
mRNAs by sequence complementarity, often reducing 
expression of the target gene61. Plant miRNAs direct 
mRNA cleavage of a single or small number of targets 
with near-perfect complementarity. weigel and col-
leagues have recently designed an artificial miRNA 
(amiRNA) strategy to target one or more genes61. In 
this method, site-directed mutagenesis of endogenous 
miRNA precursors is performed to create amiRNAs. In 
A. thaliana experiments, the researchers found that all 
amiRNA-overexpressing plants targeting single genes 
caused phenotypic changes similar to those seen in 
plants with mutations in those genes. when multiple 
transcripts were targeted, the degree of downregula-
tion of multiple targets varied. Therefore, silencing 
of multiple gene targets is possible, but for technical 
or biological reasons it requires follow-up studies to 
understand which subset of gene products have been 
depleted. Computational analysis predicts that at least 
20 miRNA families are shared between A. thaliana and 
rice, and 13 additional miRNA families in rice have 
been identified62. Thus, amiRNAs will probably be a 
useful tool for functional genomics in rice. However, 
these technologies have practical limitations on the 
number of genes that can be simultaneously silenced 
and still require rational selection of gene targets60.

Transient assay systems
To validate the relevance of highly prioritized candidate 
genes for a particular biological function, the rice  

Table 3 | Summary of rice insertional mutant resources

Mutagen

t-DnA Ac/Ds,	spm/dspm t-DnA	with	enhancer FOX	system tos17

Method* Agrobacterium Agrobacterium, 
crossing  or selfing

Agrobacterium Agrobacterium Tissue culture

copies	per	line 1–2 1–7 1–2 1 5–10

Distribution Genic regions 
preferred

Genic regions highly 
preferred

Genic regions preferred Not analysed Genic regions 
preferred

Hot	spots No Yes No No Yes

Fsts	(total	172,550)‡ 141,254‡ 13,309‡ 46,083§ 8,225|| 17,937‡

target	site	of	insertion Genic Genic Genic or intergenic Full-length cDNA Genic except intron

number	of	non-redundant	
insertions	in	genic	regions	
(total	27,551)‡

~20,460‡ ~2,433‡ Not analysed 5,462 3,719‡

Reference(s) 44, 46, 100, 101 41, 101, 102 44, 46, 96, 101, 103 47 44, 104

*Indicates the method for generating insertional mutants. ‡Indicates number of available flanking sequence tags. All data were generated from the rice functional 
genomic database at RiceGE. These data include the 46,083 FSTs from the POSTECH T-DNA enhancer lines, which was updated on August 23, 2007. §These lines 
were generated at the POSTECH Plant Functional Genomics Laboratory42. ||Indicates the number of lines which identified the full-length cDNAs by PCR reaction.  
Ac/Ds, Spm/dSpm, heterologous transposons; FOX, full-length cDNA over-expresser; FST, flanking sequence tag; Tos17, a retrotransposon. 
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Protoplast
A plant cell with the cell wall 
removed. Transient assays 
using protoplasts are effective 
for processing large quantities 
of genetic data coming out of 
high-throughput assays.

protoplast transient assay system is a useful tool. It can be 
used to quickly examine subcellular localization, detect 
protein–protein interactions and measure promoter 
activity. Protoplast assays are relatively high-throughput, 
making it possible for researchers to reduce the number 
of candidate genes to be analysed using more laborious 
approaches such as transgenic or mutant analysis63–66. 
Furthermore, data derived from protoplasts are likely 
to be more biologically relevant than data obtained  
from heterologous cell systems such as bacteria and 
yeast63.

Subcellular localization of target proteins can 
be determined by fusing the gene of interest with a 
marker such as GFP and then transiently expressing 
the fusion protein in protoplasts using electroporation 
or polyethylene glycol (PEG)-mediated transforma-
tion65. Transformation efficiencies of mesophyll pro-
toplasts reach 60–70% — enough to obtain reliable 
and reproducible data64. Protoplasts can also be used 
to assay protein–protein interactions in living cells 
using the bimolecular fluorescence complementation 
(BiFC) system. In this system, the GFP (or variants such 
as yellow fluorescent protein (YFP)) is split into two 
halves. Neither fragment alone can fluoresce, but if each 
of the two non-fluorescent fragments is fused to two 
interacting partners, then fluorescence will be restored. 
The advantage of the BiFC method over other methods 
of visualizing protein–protein interactions is that it can 
confirm interactions in vivo as well as allowing visu-
alization of the cellular localization of the complex. A 
protoplast-based BiFC system using complementation 
of two split YFP fragments was recently used to dem-
onstrate homodimerization of SPIN1, an RNA-binding 
protein in rice cells65.

Transcriptional activity of target genes can be meas-
ured by transient expression of promoter–reporter 
fusions. Genes can also be silenced in protoplasts and 
the downstream effects monitored. For example, we 
reported that transformation of protoplasts with an 
siRNA-targeting luciferase resulted in a significant 
level of silencing after only three hours, with an <83% 
decrease in expression64. In A. thaliana, conclusions 
derived from transient-expression assays have been 
validated by studies of transgenic or mutant lines, sug-
gesting that rice protoplast studies will also be relevant 
to whole plant studies63,67.

Mutant and transcriptome analysis
The use of the functional genomic tools discussed 
above is now generating large amounts of data, much 
of which has not been efficiently utilized and translated 
into biological insights. Despite the public availability of 
more than 300 array hybridizations, basic information 
linking physiological changes to well-defined transcrip-
tional responses is lacking for even some of the most 
fundamental plant processes such as light responses and 
photosynthesis. Thus, there is a clear need to develop 
approaches that will move researchers beyond the ini-
tial stages of gene-expression analyses to efficiently and 
accurately assign function to the diverse components of 
rice signalling pathways.

Integrated and flexible informatic strategies that 
combine data from diverse sources are needed to enable 
systems-level analyses of functional genomic data. In 
this section, we discuss two strategies that can facilitate 
characterization of rice gene function and identify their 
role in rice signalling pathways.

Pathways can be reconstructed from microarray data 
that was derived from mutant lines carrying targeted 
mutations and/or time-course data68,69. Such experiments 
allow for the identification of cause–consequence rela-
tionships for genes with expression controlled by other 
genes. The results of such expression-profiling analyses 
can then be mapped onto known biological pathways to 
gain further insight into the pathway (for example, the 
GRAMENE pathway module).

one approach is to use a combination of whole-
genome transcriptome, predicted pathway and inser-
tional mutant analyses to identify and characterize 
candidate genes (Fig.1). To test this strategy we exam-
ined 52 genes encoding proteins that are candidates for 
catalysing 8 key steps in the photorespiratory pathway. 
Gene family members were assigned to one of the 8 steps 
in the reconstructed pathway. we then used publicly 
available data comparing 7 light and dark treatments to 
identify the most highly expressed light-responsive gene 
family member for each of the 8 steps in the pathway 
(Fig. 1a–c). In this way, we were able to reduce the number 
of candidate genes in the pathway from 52 to 11, exclud-
ing 6 genes for which no data was available. Analysis 
of this data indicated that steps 4 and 8 are likely to be 
encoded by unique genes, whereas the other 6 steps are 
likely to be encoded by multi-gene family members. 
For these 6 steps, one gene family member showing 
the highest differential expression in step 1 (1-1), step 5  
(5-1), step 6 (6-1) and step 7 (7-1) was predicted to be 
responsible for catalytic function. This prediction is 
supported by the fact that a Tos17 insertional mutant 
(NC2658, NIAS Tos17 insertion mutant database) in 
rice gene 5-1 (LOC_Os03g52840) encoding a serine 
hydroxymethyltransferase conferred a variegated leaf 
phenotype (Fig. 1d). A similar variegated leaf phenotype 
was observed in mutants of the A. thaliana orthologue70. 
These experiments confirm a major role for gene 5-1 in 
the photorespiratory pathway.

Another approach to identify candidate genes that 
might have a function in a partially characterized bio-
logical pathway is shown in Fig. 2. This strategy takes 
advantage of the publicly available gene-expression 
data present in the NCBI GEo. These data, from over 
300 hybridizations, include genes expressed during 
different developmental stages, in different tissues, in 
mutants and in response to biotic and abiotic stress 71–75. 
In this case, we examined genes that were expressed in 
a male sterile mutant carrying an insertion in the gene 
Undeveloped tapetum 1 (Udt1), which encodes a basic 
helix-loop-helix transcription factor71. Expression of 
Udt1 is required for the differentiation of secondary 
parietal cells into mature tapetal cells and is expressed 
specifically in the anther during meiosis. First, we 
used whole-genome expression profiling to identify 
transcription factors that are specifically expressed in 
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Figure 1 |	A	combination	of	whole-genome	transcriptome	and	predicted-pathway	analysis	can	be	used	to	
efficiently	determine	gene	function.	a, b | Whole-genome expression profiling was carried out to identify light-
responsive genes72. c | Fifty two light-responsive gene-family members encoding enzymes catalysing one of the 8 
steps in the photorespiration pathway as predicted by Ricecyc1.2 software in the GRAMENE database were 
identified. Microarray data for 46 of these genes were extracted from the Beijing Genomics Institute (BGI) data set. 
Gene-family members associated with 6 of the steps in the pathway are labelled as follows: 1-1, 1-2 for step 1; 2-1, 2-2  
up to 2-21 for step 2; 3-1, 3-2 up to 3-5 for step 3; 5-1, 5-2, 5-3, 5-4 for step 5; 6-1, 6-2 for step 6; and 7-1, 7-2 up to 7-8 
for step 7. On the bar chart, the average normalized level of expression of each gene in the six light treatments is 
indicated by a light blue bar; average gene expression in the dark condition is indicated by a purple bar. d | The 
function of highly expressed family members were examined using publicly available collections of insertion mutants, 
such as those depicted. These collections are available from the Rice Functional Genomic Express Database. A plant 
with a Tos17 insertion (NC2658) in gene 5-1 (indicated by a red box in c) is marked with an asterisk. This analysis 
confirmed that gene 5-1 has a major role in the photorespiratory pathway, and demonstrates that a combination of 
transcriptome, pathway and phenotypic analyses is an efficient method to validate gene function.
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the Udt1 wild type but not in the mutant line. we then 
assessed gene-expression profiles of wild-type anthers 
at meiosis and at the young microspore stage relative 
to the palea and/or lemma (tissues that make up the 
hulls of the rice spikelet) and other publicly available 
microarray data that assay developmental expression 
patterns. we then further classified these candidate 
genes using publicly available clustering software 
(TIGR multiexperiment viewer 4.0)76 (Fig. 2). Clustering 
analysis makes it possible to arrange genes according 
to similarity in patterns of gene expression76. Because 
microarray analyses that rely on a single data set often 
identify genes governing biological variations that are 
not directly related to the mutant phenotype, this type 
of clustering analysis helps eliminate false positives and 
reduces the number of candidate genes. Co-expression 
of genes of known function (for example, Udt1) with 
poorly characterized or novel genes suggests that the 
genes can operate in the same pathway76. These analyses 
lead to the identification of genes that are co-regulated 
with Udt1 (Class I), or inversely regulated with Udt1 
(Class II).

The function of Class I candidate genes can be 
assessed by examining anther phenotypes in lines car-
rying insertion mutations of these genes. Conversely, the 
function of Class II candidate genes can be assessed by 
examining the phenotypes of lines in which the candidate 
genes are activated (Fig. 2). This strategy illustrates the 
potential benefits of using computational comparisons 
of diverse, publicly available microarray data sets. This 
pre-screening approach allows biological studies to be 
carried out in greater depth on a few highly prioritized 
candidate genes, which can then be silenced in 
protoplasts or whole plants. These silenced lines can be 
assayed for biological phenotypes and for alterations of 
gene expression of other candidate genes. Such changes 
in gene expression would further support a role for these 
candidate genes in a shared biological pathway64,65,77. The 
physical relationship of the encoded proteins can be 
assayed using the yeast two-hybrid system78,79.

Phylogenomics
In the absence of phenotypic information, functional 
information can be inferred from comparative genomic 
or systems biological studies that incorporate bioinfor-
matic, genomic, gene expression and proteomic data. 
These approaches are hampered by current database 
formats that typically permit displays of only one gene 
or one field at a time, and are therefore not amenable 
to simultaneous comparisons of multiple data sets and 
multi-gene families. The ‘scattered’ nature of genomic 
data across multiple databases creates further challenges 
to data integration.

A new field of study that is, at least in part, resolving  
these limitations is phylogenomics, a field of study 
that puts genomic data in a phylogenetic context80. 
Phylogenetic trees provide a platform to sort and  
categorize genes into groups based on sequence 
similarity and are particularly valuable when studying 
large gene families. Consequently, phylogenetic trees 
provide a useful foundation for functional predictions 
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Figure 2 |	elucidation	of	the	function	of	candidate	genes	using	publicly	available	
transcriptomics	data	in	combination	with	insertion-mutant	collections.	a | Select  
the phenotype of interest. In this case it is a male sterile mutant carrying an insertion in the 
gene Undeveloped tapetum 1 (Udt1), which encodes a basic helix-loop-helix transcription 
factor required for early tapetum development. b | Carry out whole-genome profiling 
analyses to identify genes expressed in the udt1-1 mutant versus wild-type lines.  
c | Incorporate public transcriptomics data, including tissue-specific expression profiles to 
identify other genes that are likely to be involved in controlling tapetum development. For 
example, because Udt1 is expressed specifically in the anther during early development71, 
analysis of genes expressed in these anthers will help identify other genes with potential 
roles in controlling the development of tapetal cells. d | Cluster candidate genes based 
on expression profiles. Using the MultiExperiment Viewer 4.0 we identified genes that 
are co-regulated (Class I) or inversely regulated (Class II) with the gene of interest (Udt1, 
underlined in red). e | This prescreening approach allows biological studies to be carried 
out at greater depth on a few highly prioritized candidate genes, which can then be 
validated using RT-PCR. f | Physical interactions of the encoded proteins with UDT1 can be 
assessed using protein–protein interaction tools (yeast two-hybrid (Y2H) and split yellow 
fluorescent protein). g | The functions of highly prioritized Class I candidate genes can be 
determined by assessing anther-defective phenotypes of lines carrying insertion mutations 
and those of Class II candidate genes can be determined by assessing phenotypes of 
activation tagged lines. This strategy illustrates the benefits of combining computational 
comparisons of diverse publicly available microarray data sets with other genomic tools 
to validate the function of candidate genes. Photo containing Mutant udt1-1 reproduced 
with permission from rEF 71.  (2005) the American Society of Plant Biologists.
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Somaclonal variation
Describes the genetic variation 
sometimes observed in plants 
that have passed through  
plant tissue culture. 
Chromosomal rearrangements 
are an important source of  
this variation.

based on limited phenotypic data. They also provide 
a context to identify members within gene families 
that have unique properties, such as the presence  
of novel domains, functional motifs or expression pat-
terns. unlike association mapping, phylogenomics does 
not rely on sequence information from numerous pheno-
typically characterized populations. Thus, phylogenomic 
analyses provide a rapid and logical basis for rational 
selection of gene candidates for further detailed func-
tional studies81. Moreover, transcriptional analysis com-
bined with phylogenetic analysis can further enhance the 
power of this approach to identify genes with relevance 
to a particular biological function80. 

An example of this type of analysis is the Rice Kinase 
Database (RKD), which was created to provide a logical 
format to analyse diverse sets of genomic information in 
a phylogenetic context82. The RKD displays user-selected 
genomic and functional genomic fields on a phyloge-
netic tree, with links to chromosomal and protein– 
protein interaction maps. Rather than analysing kinases 
one by one, the RKD allows simultaneous visualization 
of entire kinase groups, families and subfamilies. This 
format allowed us to identify features of rice receptor 
kinases that are specifically associated with pathogen 
recognition (the ‘non-RD’ motif)81. This database also 
allowed for the rational selection of kinases for use in 
a large-scale kinase proteomic screen26. The ability to 
integrate and analyse growing, functional genomic data 
sets in a logical and user-defined fashion will be essential 
to establishing a more global view of the role that kinases 
have in signalling.

Future directions
An intensive effort to analyse the function of the tens of 
thousands of predicted rice genes is now being under-
taken. Integration of data from diverse transcriptomic, 
proteomic and computational approaches is needed to 
understand the function of these genes and of regulatory 
regions in non-coding RNAs and other newly or poorly 
annotated regions of the genome. The number of genes 
that can be characterized using current methods will 
be, at most, 10% of the genome based on estimates in  
A. thaliana83.

Here, we have described the major limitations in 
current rice functional genomics approaches and sug-
gested possible solutions. First, functional redundancy 
within gene families makes it difficult to determine 

function of an insertional mutant. This problem can 
often be overcome by generating double and/or triple 
mutants or by silencing multiple genes. Second, soma-
clonal variations frequently mask the true phenotypes; 
generating homozygous progenies is an effective tool to 
solve this problem. we have now produced homozygous 
progenies of around 1,000 genes (for example, E3 
ligase, transcription factors and receptor-like kinase 
genes). International cooperation is required to expand 
the number of homozygous lines on a genomic scale. 
Such populations can also be used to generate double 
and/or triple mutants. Third, Nipponbare, Dongjin and 
Hwayoung varieties have been the primary germplasm 
sources used to generate random insertional mutants. 
unfortunately, these rice varieties are difficult to grow 
and manage under greenhouse and growth-chamber 
conditions. The rice community therefore needs to 
generate such populations in rice varieties that can 
be more easily grown and subjected to genetic tests. 
Kitaake is such a variety. Not only is Kitaake efficiently 
transformed by A. tumefaciens-mediated T-DNA 
approaches, but Kitaake has a shorter life cycle (circa  
9 weeks) than other varieties. we have generated sev-
eral thousand T-DNA insertional mutants and overex-
pressed or silenced several hundred genes in Kitaake26. 
Fourth, accessibility to genetic resources such as rice 
insertional mutants is still restricted. International 
cooperation is therefore needed to create easier 
access to these materials. For example, phenotypic 
descriptions of all lines having FSTs will be useful for 
researchers attempting to associate gene function with 
gene-expression profiles, as shown in Fig. 1. Finally, 
there is a limitation in comparing gene-expression 
profiles among the four array platforms because each 
platform possesses different characteristics, such as dis-
tinct oligo identifiers and gene annotations. Although 
the NSF Rice Multi-Platform Microarray Search tool 
is a step towards comparing and using array data from 
multiple platforms, improvements are still needed. For 
example, if all gene-expression profiles were derived 
from a common, publicly available and affordable plat-
form, the convenience of usage and consistency among 
data sets would be significantly enhanced. In addition, 
hundreds of experimental array data sets have not yet 
been published. Sharing these unpublished array data 
will contribute to accelerating rice functional genomics 
approaches. Population genomic approaches such as 
association mapping (BOX 2) can be used to study how 
allelic sequence variation among individuals results in 
phenotypic differences.

The long-term goal of the International Rice 
Functional Genomics Consortium is to determine the 
function of all the rice genes. Rice genes which show low 
sequence similarity with A. thaliana genes or which have 
different expression profiles with A. thaliana orthologous 
genes are of great interest to the research community. 
worldwide collaboration will be necessary to pursue 
these goals. The availability of common resources will 
allow broader access to, and promote sharing of, the 
rice genetic information that is crucial to functional  
genomics research and the improvement of rice crops.

Box 2 | Association mapping

Another method to assign biological roles to genes of unknown function is to use  
a population genomics approach. Such studies, known as association mapping, can 
be used to study how allelic sequence variation among individuals results in 
phenotypic differences. Recently, an Arabidopsis thaliana Affymetrix genotyping 
array containing 250,000 SNPs was used successfully for genome-wide association 
mapping84. In rice, a similar study is underway to identify SNPs from across the 
whole genome of 20 rice varieties85. The study will focus on the genetic basis 
underlying important agricultural traits such as the nutritional value and disease 
resistance of these diverse rice varieties. Such rice varieties are a rich resource of 
diverse traits, and analysis of their genomic variations will provide valuable 
information regarding phenotypic variation between different rice strains.
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