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Abstract

Rice serves as a model crop for cereal genomics. The availability of complete genome sequences, together
with various genomic resources available for both rice and Arabidopsis, have revolutionized our under-
standing of the genetic make-up of crop plants. Both macrocolinearity revealed by comparative mapping
and microcolinearity revealed by sequence comparisons among the grasses indicate that sequencing and
functional analysis of the rice genome will have a significant impact on other cereals in terms of both
genomic studies and crop improvement. The availability of mutants, introgression libraries, and advanced
transformation techniques make functional genomics in rice and other cereals more manageable than ever
before. A wide array of genetic markers, including anchor markers for comparative mapping, SSRs and
SNPs are widely used in genetic mapping, germplasm evaluation and marker assisted selection. An inte-
grated database that combines genome information for rice and other cereals is key to the effective utili-
zation of all genomics resources for cereal improvement. To maximize the potential of genomics for plant
breeding, experiments must be further miniaturized and costs must be reduced. Many techniques, including
targeted gene disruption or allele substitution, insertional mutagenesis, RNA interference and homologous
recombination, need to be refined before they can be widely used in functional genomic analysis and plant
breeding.

Abbreviations: AFLP, amplified fragment length polymorphism; BAC, bacterial artificial chromosome;
COS, conserved orthologous sequence; DHPLC, denaturing high-pressure liquid chromatography; EST,
expressed sequence tag; FM, functional marker; MAS, marker assisted selection; ORF, open reading
frame; QTL, quantitative trait locus or loci; RM, random marker; RNAi, RNA interference; SAGE,
serial analysis of gene expression; SNP, single nucleotide polymorphism; SSR, simple sequence repeat;
TILLING, targeting induced local lesions in genomes

Introduction these species have been domesticated and appear
to have experienced similar selection regimes

Cereals serve as the main source of dietary calories associated with genetic improvement. The

for most human populations, either consumed di-
rectly, as is rice, or indirectly by way of animal
feed. It is believed that the cereal species shared a
common ancestor about 50-70 million years ago
(Kellogg, 1998). In the past 5-10 thousand years,

genomics revolution of the past decade has greatly
improved our understanding of the genetic make
up of a wide array of living organisms, including
several plant species. Complete genome sequences
of Arabidopsis (The Arabidopsis Genome Initiative,
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2000) and rice (Feng et al., 2002; Goff et al., 2002;
Sasaki et al., 2002; Yu et al., 2002; The Rice
Chromosome 10 Sequencing Consortium, 2003),
together with high-throughput technology for the
analyses of transcripts, proteins, and mutants,
provide the basis for understanding the relation-
ship between genes, proteins and phenotypes.
Characterization of plant genomes and the genes
contained within them will aid geneticists and
molecular biologists in their quest to understand
cereal biology and help plant breeders in their goal
of developing better products.

The rice genome sequence provides a platform
for organizing information about diverse cereals,
and together with genetic maps and partial
sequence from other cereals is yielding new insights
into both the shared and the independent dimen-
sions of cereal evolution. Sequence capturing
techniques promise to accelerate gene discovery in
many large-genome cereals, and to better link the
under-explored genomes of ‘orphan’ cereals with
state-of-the-art knowledge (Paterson et al., 2003).
Genomics-based approaches are used to identify
genes that have been involved in cereal improve-
ment. Rice genome information will provide new
innovations in rice research, as well as new
knowledge, tools and opportunities for plant gen-
ome biology in other cereals. This article discusses
how we can improve cereal crops using genomics
approaches with rice as a reference genome.

Rice as reference genome for cereals

Rice was selected as a model for genome research
in the cereals because of its small genome size
(estimated at about 430 Mb) and global impor-
tance as a food crop. Today, it serves as a refer-
ence genome for molecular biological studies in the
grasses for the following reasons: (1) availability of
complete genome sequences of two divergent rice
cultivars representing both the indica and japonica
subspecies (Goff et al., 2002; Yu et al., 2002); (2)
demonstrated conservation of gene content and
relative conservation of gene order among the
cereals; (3) large numbers of cultivated and wild
germplasm resources and genetic stocks, including
permanent mapping populations, introgression/
substitution lines, near-isogenic lines, and genetic
mutants (i.e., knock-out and activation tagged
lines) (Jeon et al., 2000; Leung et al., 2001; Xue

and Xu, 2002; An et al., 2003; Hirochika, 2003;
Hirochika et al., 2004; Kolesnik et al., 2004; Ryu
et al., 2004; Sallaud et al., 2004, www.gramene.
org; http://www.rgrc.dna.affrc.go.jp/index.html.en;
http://www.icis.cgiar.org); (4) the availability of
thousands of expressed sequence tags (ESTs)
(http://www.ncbi. nlm.nih.gov/dbEST), full-length
cDNAs (The Rice Full-Length ¢cDNA Consor-
tium, 2003), DNA chips (Lan et al., 2004; http://
www.chem.aglient.com/scripts/PDS.asp?/page= 12133)
and expression profiling techniques; (5) straight-
forward transformation techniques (Hiei et al.,
1994; Komari et al., 1998); (6) access to several
genome databases that facilitate depositing,
searching, querying and analyzing information
about rice and other cereals in a comparative
context (www.gramene.org; http://www.
tigr.org.tdb/e2kl/osal/; http://rgp.dna.affrc.go.jp/;
http://www.iris.irri.org/IRFGC/resources.shtml);
(7) the exis-tence of a large international research
community that is ready and able to make use of
advances in genomic research.

Whole genome sequencing of rice, along with
the extensive genetic and physical mapping efforts
that preceeded it provide a foundation for orga-
nizing information about diverse cereals, identify-
ing orthologous genes, facilitating the genome
sequencing of other cereals, and yielding new
insights into cereal evolutionary history. The rice
genome sequence provides a complete index of rice
gene sequences but it does not tell us what the
functions of these genes are or how they interact to
give rise to desirable traits in cereal crops.
Knowledge of the full set of genes in rice will
permit comprehensive inspection of the gene
complement in rice and related species to see which
pathways are shared and which are unique, and
how these pathways may have been modified.
Using available rice databases to obtain a com-
plete set of predicted and known peptides, those
that are of most interest for further characteriza-
tion can be identified. Finally, rice sequence
information can be used to mine the rice genome
and to understand how gene families are created,
amplified, selectively eliminated, and how they
diverge to create new biological activities and
specificities.

In addition to the whole genome sequence, the
availability of more than 300 000 public ESTs and
a large set of full-length cDNA clones facilitates
annotation of the rice genome. Information about



full-length cDNAs (The Rice Full-Length cDNA
Consortium, 2003) will be extremely important for
functional genomics and proteomics of rice. In
addition, because little full-length cDNA data are
yet available for other cereal genomes, it will have
a great impact on future studies of plant genomics
in general. Full-length cDNA clones are necessary
to identify intron—exon boundaries, alternative
splice sites and to clearly define gene-coding re-
gions within the genomic sequence, as well as for
comprehensive gene-function analyses at the
transcriptional and translational levels. The
availability of ESTs from a diverse set of cDNA
libraries provides information on transcript
abundance, tissue location, and developmental
expression of genes.

Recently, an Oryza Map Alignment Project
was initiated to produce comparative maps
involving Oryza sativa and 12 of its wild Oryza
relatives (www.omap.org). This effort represents
the first attempt to develop a closed experimental
system aimed at understanding the evolution,
physiology and biochemistry of a single genus of
plants or animals. Specifically, the project has
constructed bacteria articial chromosome (BAC)
libraries from 12 wild genomes, including diploids
and tetraploids, that will be fingerprinted, and
BAC-end sequenced and aligned to domesticated
rice (O. sativa). Data will be integrated with other
genomic resources and information through
the Gramene database (www.gramene.org) for
availability to the research community (Wing
et al., 2004). This information will provide gen-
ome-wide comparisons among Oryza species and
will serve as an example of genus genomics for
plants and animals.

Colinearity among rice and other cereals
Macrocolinearity

Significant genomic colinearity in plants has been
revealed by comparative genetic mapping and
genome sequencing, although plant genomes vary
tremendously in genome size, chromosome num-
ber, and chromosome morphology (Devos and
Gale, 2000; McCouch, 2001; Schmidt, 2002;
Shimamoto and Kyozuka, 2002). Comparative
mapping of cereal genomes using low copy
number, cross-hybridizing genetic markers has
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provided compelling evidence for a high level of
conservation of gene order across regions span-
ning many megabases (i.e., macrocolinearity).
Initial studies of the organization of grass genomes
indicated that individual rice chromosomes were
largely collinear with those of several other grass
species, and extensive work over the past decade
has shown a remarkable conservation of large
segments of linkage groups within rice, maize,
sorghum, barley, wheat, rye, sugarcane, and other
agriculturally important grasses (e.g., Ahn and
Tanksley, 1993; van Deynze et al., 1995; Gale and
Devos, 1998; Wilson et al., 1999). These studies
led to the prediction that grasses could be studied
as a single syntenic system. The macrocolinearity
was originally summarized by Moore et al. (1995)
for rice and several other cereals using what is now
known as the ‘Circle Diagram’. Further studies
identified quantitative trait loci (QTL) controlling
important agronomic traits that showed similari-
ties in locations for the same or similar traits (i.e.,
Fatokun et al., 1992; Lin et al., 1995; Xiao et al.,
1996; for a review, see Xu, 1997). Shattering and
plant height are examples that were also mapped
to collinear regions among grass genomes
(Paterson et al., 1995; Peng et al., 1999). More
recently, Chen et al. (2003) identified four QTL for
quantitative resistance to rice blast that showed
corresponding map positions between rice and
barley, two of which had completely conserved
isolate specificity and the other two had partially
conserved isolate specificity. Such corresponding
locations and conserved specificity suggested a
common origin and conserved functionality of the
genes underlying the QTL for quantitative disease
resistance. This suggests that comparative map-
ping may be used to discover genes, understand
their function, and to help identify the evolution-
ary forces that determine the structure and the
organization of grass genomes. Such findings have
reinforced the utility of comparative mapping for
understanding colinearity among cereal genomes.

The concept of a unified grass genome as a
model for studying individual species has had a
substantial impact upon plant biology, but has not
yet lived up to its potential. There are some diffi-
culties in evaluating synteny between genomes at
the macro-level. First, genomic marker data are
very incomplete, and genome sequence data are
still largely lacking for grass species other than
rice. Second, the data are sometimes biased
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because the DNA probes used in comparative
mapping are selected for polymorphism and sin-
gle-copy hybridization patterns. Third, many
genes are members of gene families and accord-
ingly, it is often difficult to determine if a gene
mapped in the second species is orthologous or
paralogous to that in the first species. Fourth, the
colinearity of gene order and content observed at
the recombinational map level is often not ob-
served at the level of local genome structure
(Bennetzen and Ramakrishna, 2002; Feuillet and
Keller, 2002). Finally, in most early studies, no
statistical analysis was used to evaluate whether
the presence of a few markers in the same order on
two chromosomal segments in two species occurs
by chance or is truly significant, although several
computer programs, such as LineUp (Hampson
et al., 2003) or ADHoRE (Vandepoele et al.,
2002), have been developed to align genomes and
to measure synteny.

Microcolinearity

Using the rice genome sequence as the reference to
compare with molecular marker information of
other cereals pointed to many more rearrange-
ments than had been expected from Moore et al.
(1995) and Gale and Devos (1998)’s concentric
circles model. One of such comparisons involved
more than 2600 mapped sequenced markers in
maize among which only 656 putative orthologous
genes could be identified (Salse et al., 2004). The
comparison of the wheat genetic map with the rice
sequence also points to numerous rearrangements
between the two genomes, with a high frequency of
breakdowns in colinearity (Sorrells et al., 2003).
Extensive comparisons have also been made
between sorghum and rice (Klein et al., 2003; The
Rice Chromosome 10 Sequencing Consortium,
2003). An interesting new approach has been
developed to align the sorghum physical map with
the rice map (Klein et al., 2003). Sorghum BAC
clones were selected from the minimum tiling path
of chromosome 3. Unique partial sequences were
obtained from each BAC clone and could be
directly compared with the rice sequence. This
approach revealed excellent conservation between
the overall structure and gene order of sorghum
chromosome 3 and rice chromosome 1 but also
indicated several rearrangements: 50 of the 118
BACs examined did not show any sequence

similarity and five BACs showed better colinearity
with rice BACs located elsewhere in the rice gen-
ome. Sixty-three BACs are collinear with rice
BACs from chromosome 1, but four of them do
not respect the rice minimum tiling path and
therefore correspond to different positions in the
two homologous chromosomes. Together, these
studies point to a general conservation of large
syntenic blocks within cereals, but with many more
rearrangements and synteny breakdowns within
these blocks than originally anticipated.

This trend is even more obvious when synteny
is analyzed at the sequence level. The rearrange-
ments that involve regions smaller than a few cM
may occur and would be missed by most recom-
binational mapping studies. Comparative sequence
analysis involving large genomic segments can
detect these rearrangements. Such analyses reveal
the composition, organization, and functional
components of genomes and provide insight into
regional differences in composition between
related species. Recently, the sequencing of large
genomic segments in numerous cereals made it
possible to evaluate microcolinearity among genes
or gene clusters. Sequencing of the domestication
locus Q in Triticum monococcum revealed excellent
colinearity with the bread wheat genetic map
(Faris et al., 2003). Positional cloning of wheat
vernalization genes VRN and VRN2 confirmed a
high degree of microcolinearity in these two gene
regions among cereals (Yan et al., 2003, 2004).
Sequencing of the leaf-rust-resistance locus Rph7
from barley demonstrated a more disrupted pat-
tern. In barley, this locus is immediately flanked by
two HGA genes. The orthologous locus on rice
chromosome 1 contains five HGA genes. Looking
again at barley, four of the five HGA genes are
present, one is duplicated as a pseudogene and six
additional genes have been inserted in between the
HGA genes. These six genes have homologues on
eight different rice chromosomes (Brunner et al.,
2003). Striking rearrangements were also revealed
by the comparison of 100 kb around the Bronze
locus of two maize lines. Not only does the retro-
transposon distribution differ between the two lines
but the genes themselves could also be different (Fu
and Dooner, 2002). Comparison of the low
molecular weight glutenin locus between Triticum
monococcum and Triticum durum also revealed
dramatic rearrangements: more than 90% of the
sequence diverged because of retroelement



insertions and because different genes are present
at this locus (Wicker ef al., 2003). Therefore
colinearity can be lost very rapidly, even within
two genomes from the same species.

With the sequencing of long regions, several
recent studies in cereals have demonstrated
incomplete microcolinearity at the sequence level
(Tarchini et al., 2000; Dubcovsky et al., 2001;
SanMiguel et al., 2002; Song et al., 2002; Tikhonov
et al., 2000). Song et al. (2002) identified ortholo-
gous regions from maize, sorghum, and two sub-
species of rice. It was found that gross
macrocolinearity is maintained, but microcolin-
earity is incomplete among these cereals. Devia-
tions from gene colinearity are attributable to
micro-rearrangement or small-scale genomic
changes, such as gene insertions, deletions, dupli-
cations, or inversions. In the region under study,
the orthologous region was found to contain six
genes in rice, 15 in sorghum, and 13 in maize. In
maize and sorghum, gene amplification caused a
local expansion of conserved genes but did not
disrupt their order or orientation. As indicated by
Bennetzen and Ma (2003), numerous local rear-
rangements differentiate the structures of different
cereal genomes. On average, any comparison of a
ten-gene segment between rice and a distant grass
relative such as barley, maize, sorghum or wheat
shows one or two rearrangements that involve
genes. A simple extrapolation to the rice genome
of about 40 000 genes (Goff et al., 2002) suggests
that about 6000 genic rearrangements occurred
that differentiate rice from any of the other cereals.
Most of these rearrangements appear to be tiny
and thus would not interfere with the macroco-
linearity observed by recombinational mapping.
There are exceptions, however, which include
chromosomal arm translocations and movements
of single genes to different chromosomes
(Bennetzen and Ma, 2003).

As expected, there is a high degree of gene con-
servation between the two shotgun-sequenced sub-
species of rice, japonica and indica, which appeared
to diverged about 0.44 mya (Ma and Bennetzen,
2004). On careful inspection, however, narrow re-
gions of divergence can be found in these genomes
(Song et al., 2002; Han and Xue, 2003). These re-
gions appear to correspond to areas of increased
divergence among rice, sorghum and maize, sug-
gesting that the alignment of the two rice subspecies
might be useful for identifying regions of cereal
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genomes that are prone to rapid evolution. The
deviations from colinearity are frequently owing to
insertions or deletions. Intraspecific sequence
polymorphisms commonly occur in both coding
and non-coding regions. These variations often
occur in promoter region and may affect gene
structures, likely contributing to intraspecific
phenotypic adaptations.

One of the standard and most powerful tools of
molecular biology is the ability to efficiently com-
pare the sequence of any gene of interest with the
sequences of all previously discovered genes. Many
of the first genes to be sequenced in rice and other
grasses were represented by abundant mRNAs
(e.g., those encoding storage proteins and photo-
synthetic proteins). Members of the same gene
families (e.g., paralogs), including those that were
mapped to the same genomic position and thus
were derived by vertical descent from a common
ancestral gene (i.e., orthologs), were often cloned
and analyzed in multiple species (Bennetzen and
Ma, 2003). Comparisons of gene family members
within and between species yielded the expected
result that the genes were most highly conserved
between the most closely related species. More-
over, sequence conservation was greatest in the
protein-coding portions of the exons.

Implications of genome colinearity

Genomics would be much simpler if the order of
genes were common (syntenic) across major
groups of plants or if we understood better why
some regions appear to be highly conserved while
others show rapid divergence. The usefulness of
assessing colinearity between the genomes of
model plants and important crops can be evalu-
ated by the number of failures or successes in its
exploitation.

Map-based cloning in plants with large
genomes, such as barley, maize, and wheat, has
been extremely difficult. However, it may be
possible to use comparative maps to isolate a
mapped gene from a large genome using a
related plant with a small genome. Markers
linked to the gene of interest and prior knowl-
edge about colinearity of this region between
large and small genomes are essential to isolate a
gene using this approach. One of the first
applications of colinearity between rice and
another cereal species was the attempt to clone a
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specific barley disease resistance gene by chro-
mosome walking in rice (Kilian et al., 1997). The
colinearity provided numerous DNA markers
from rice that facilitated the chromosome walk
in barley, leading to the isolation of the desired
stem-rust resistance gene Rpgl/, although the
synteny with rice failed to yield the gene because
that particular gene does not seem to exist in
rice (Brueggeman et al., 2002). The application
of colinearity among other cereals was also re-
ported. The Lr2] leaf-rust-resistance gene of
bread wheat was successfully isolated using a
strategy of shuttle-mapping between diploid
wheat as a model and bread wheat (Huang
et al., 2003). However, this approach has po-
tential pitfalls, especially with respect to some
disease resistance genes, because resistance gene
regions often undergo rapid rearrangement that
results in a lack of micro-colinearity caused by
deletion or translocation of the target loci. Pep-
tide sequence comparison of dicot R genes and
monocot R-like genes revealed shared motifs but
provided no evidence for a monocot-specific
signature. Interspecific analyses of R-like genes
frequently revealed nonsyntenic map locations
between the cereal species rice, barley, and fox-
tail millet (Leister et al., 1998). Many breakages
in microsynteny prevent the straightforward
identification of a candidate gene by proxy. This
was the case when attempts were made to isolate
the leaf-rust-resistance gene Rph7 (Brunner et al.,
2003) or the photoperiod response gene Phd-HI
(Dunford et al., 2002) from barley. A similar
story was reported for the Rfo restorer genes
isolated from radish: markers flanking these
genes in radish are collinear with the Arabidopsis
sequence, but the gene itself is not present in
Arabidopsis  although many homologues are
present elsewhere in the Arabidopsis genome
(Brown et al., 2003; Desloire et al., 2003). In
conclusion, the use of a shuttle-mapping strategy
has to be evaluated on a case-by-case basis, and
even then, the numerous pitfalls of this approach
must be kept in mind. The present information,
from both successes and failures, strongly sug-
gests that the development of efficient tools for
isolating genes of agronomic importance within
each important family should continue to be a
priority, and that, as indicated by Delseny
(2004), restricting ourselves to use the two
existing model species, Arabidopsis and rice,

would be unwise, although colinearity has been
useful in providing additional markers with
which to saturate fine genetic and physical maps.

The cross-utilization of information from
reference species, such as rice in the study of major
cereal crops, requires a detailed understanding of
the evolutionary history of plant genomes. To
achieve a more complete picture, it is important to
broaden our knowledge of diversity, and extend
data from model plants across (and beyond) a few
well studied genera. One important outcome of
comparative gene analysis among rice and other
cereals is the insight that is being gained into the
evolutionary aspects of gene function in higher
plants. Whole-genome duplication through poly-
ploidization, segmental duplication, and local gene
amplification increases the number of paralogous
gene sequences found in plants. Together, these
forms of duplication help explain why the numbers
of genes in plant genomes tend to exceed those in
other eukaryotic genomes, including the human
genome. The use of all three duplication mechan-
isms in the evolution of grass genomes suggests that
grasses, like other plants, may have evolved more
rapidly than could be predicted by comparing only
coding-sequence substitution rates. This rapid
evolution may be one of the reasons for the degree
of speciation within certain large tribes of the
Gramineae family. The availability of new sequence
information for additional cereal genomes will
greatly facilitate ongoing efforts to understand the
patterns of conservation and disruption in macro
and micro-colinearity among the cereal genomes in
light of the dynamic evolutionary history of plant
genomes.

Where microcolinearity is broken and a gene
that is present in one cereal is ‘missing’ from its
homologous position in another, it may be possi-
ble to find a matching gene homologue in a
non-orthologous location (Song et al., 2002; Xu
et al., 2002). One putative mechanism for this
phenomenon is an ancient gene duplication in the
common ancestor followed by the loss of one gene
copy in the first modern species and the loss of the
other copy in the second species. Detailed analyses
of the genomes of several model organisms
revealed that large-scale gene or even entire gen-
ome duplications have played a prominent role in
the evolutionary history of many eukaryotes.
Recently, strong evidence has been presented that
the genomic structure of the dicotyledonous model



plant species Arabidopsis thaliana is the result of
multiple rounds of entire genome duplications
(Simillion et al., 2002). Segmental duplications
were observed to occur commonly in the rice
genome by using molecular marker analysis before
the availability of the genome sequence (Wang
et al., 1999a, 2000). More recent analysis based on
genome sequence revealed that a substantial frac-
tion of rice genes (approximately 15%) were found
in duplicated segments (Vandepoele et al., 2003).
Dating of these block duplications, their nonuni-
form distribution over the different rice chromo-
somes, and comparison with the duplication
history of Arabidopsis suggest that rice is not an
ancient polyploid, as suggested previously, but an
ancient aneuploid that has experienced the dupli-
cation of one- or a large part of one-chromosome
in its evolutionary past, approximately 70 million
years ago. This predates the divergence of most of
the cereals, and relative dating by phylogenetic
analysis showed that this duplication event is
shared by most, if not all, of them.

From sequences to molecular markers
and marker-assisted selection

In plant breeding, the rice sequence can be directly
used to acquire an almost unlimited number of
DNA markers and genes for cereal improvement.
A genome-wide rice DNA polymorphism database
has been constructed using the genomes of Nip-
ponbare and 93-11, which contains 1 703 176
single nucleotide polymorphisms (SNPs) and
479 406 insertions/deletions (indels), approxi-
mately one SNP every 268 bp and one indel every
953 bp in the rice genome (Shen et al., 2004). Rice
sequence information will help gain instantaneous
access to the genes in breeding populations and
will help evaluate the rich diversity of cereal
germplasm through the use of molecular markers
such as SNPs that can be increasingly identified
within genes targeting functional nucleotide poly-
morphisms.

Functional markers (FMs)

Genetic diversity at or below the species level is
mostly characterized by molecular markers that
more or less randomly sample genetic variation in
the genome. This type of ‘neutral’ or random
marker (RM) is a very effective tool, amongst
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others, for the establishment of the breeding sys-
tem, the study of gene flow among natural popu-
lations, and the determination of the genetic
structure of genebank collections. RM systems are
still the methods of choice for marker-assisted
breeding (Dudley, 1993; Hospital and Charcosset,
1997; Stuber et al., 1999; Xu, 2003). However,
‘users’ of biodiversity are often not interested in
random variation but rather in variation that
might affect the evolutionary potential of a species
or the performance of an individual genotype.
Such ‘functional’ variation can be tagged with
neutral molecular markers using genetic and link-
age disequilibrium mapping approaches. Alterna-
tively, DNA-profiling techniques (Epplen and
Lubjuhn, 1999; Henry, 2001) may be used that
specifically target genetic variation in functional
parts of the genome.

Different approaches (including association
studies) have recently been adopted for the
functional characterization of allelic variation in
plants and the identification of sequence motifs
affecting phenotypic variation. Andersen and
Liibberstedt (2003) proposed the term ‘FMs’ for
DNA markers derived from such functionally
characterized sequence motifs. FM development
requires allele sequences of functionally charac-
terized genes from which polymorphic, functional
motifs affecting plant phenotype can be identified.
FMs are superior to RMs such as most RFLPs,
SSRs and AFLPs owing to complete linkage with
trait locus alleles and functional motifs. In con-
trast to RMs, FMs allow reliable application of
markers in populations without prior mapping,
the use of markers in mapped populations with-
out risk of information loss owing to recombi-
nation, and better representation of genetic
variation in natural or breeding populations.
Once genetic effects have been assigned to func-
tional sequence motifs, FMs derived from such
motifs can be used to fix alleles (defined by one or
several FM alleles) in several genetic backgrounds
without additional calibration. This would be a
major advance in marker applications, particu-
larly in plant breeding, to select (for example)
parental materials to build segregating popula-
tions, as well as subsequent selection of inbred
lines (Andersen and Libberstedt, 2003). An
example of the application of FM in rice is the
SSR marker residing in the Waxy gene (Bligh
et al., 1995; Ayres et al., 1997) used to improve
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Shanyou 63, the most widely cultivated hybrid in
China. Its amylose content was modified by
transferring the allele specifying a medium amy-
lose content from the restorer line to replace the
allele for high amylose content in the maintainer
line, which simultaneously modified four quality
related traits of this hybrid (Zhou et al., 2003).
Depending on the mode of FM characterization,
FMs can also be used for the combination of
target alleles in hybrid and synthetic breeding and
variety testing based on the presence or absence
of specific alleles at morphological trait loci. In
population breeding and recurrent selection pro-
grams, FMs can be used to avoid genetic drift at
characterized loci.

Conserved ortholog sequence markers

As a challenge to finding the manner in which
map, sequence, and eventually functional geno-
mic information from one species can be
accessed, compared, and exploited across all plant
species, it will require the identification of a
subset of plant genes that have remained rela-
tively stable in both sequence and copy number
since the radiation of flowering plants from their
last common ancestors. Identification of such a
set of genes also would facilitate taxonomic and
phylogenic studies in higher plants that are based
at present on a very small set of highly conserved
sequences, especially those of chloroplast and
mitochondrial genes. Fulton et al. (2002) screened
a large tomato EST database against the Ara-
bidopsis genomic sequence and reported the
identification of a set of 1025 genes (referred to as
conserved orthologous sequences, COS) that are
single or low copy in both genomes (as deter-
mined by computational screens and DNA gel
blot hybridization) and that have remained rela-
tively stable in sequence since the early radiation
of dicotyledonous plants. Development of COS
markers for cereal species that further target
known functional domains within genes is prac-
tical now with the availability of complete rice
sequences and a large number of ESTs from rice,
maize and other cereals. Functional COS mar-
kers, identified computationally and experimen-
tally, may further studies on comparative
genomes and phylogenetics and elucidate the
nature of genes conserved throughout plant
evolution.

Single nucleotide polymorphism (SNP)

Comparative information about the chromosome
organization of the two closely related rice sub-
species has important implications for develop-
ment of new molecular markers. The forward
genetics approach for identifying functionally
important genes derives from a known allelic dif-
ference conferring a different phenotype. In such
an approach, the objective is to identify a sequence
change that confers a different phenotype. Such a
sequence change can then become the basis for a
marker that is specific for that allele. These types
of markers will always cosegregate with the trait of
interest and should also be polymorphic in many
crosses. Such a marker will often be based on SNP.
By systematically searching for nucleotide differ-
ences, a complete set of markers that is based on
SNPs or other sequence variations has been
developed (Shen et al., 2004). SNP analysis of rice
germplasm using gel based or DNA-chip based
methods can be used to identify existing genetic
variation or multiple alleles for agronomically
important traits. In the reverse genetics approach,
SNPs or other types of sequence differences (e.g.,
indels) are sought in candidate genes to identify
the phenotypic effects of genes. Known SNPs can
be used to infer population structure and identify
new candidate genes through association mapping
(Buckler and Thornsberry, 2002; Rafalski, 2002a,
b; Garris et al., 2003). Phenotypic differences that
correspond to particular SNPs may be the result of
the sequence change. These SNPs can then be used
for marker assisted selection (MAS) or screening
germplasm and elite breeding lines. The nucleotide
change that contributes to quantitative variation
has been referred to as a quantitative trait nucle-
otide (QTN) (Lyman et al., 1999). Fine-mapping
combined with sequence analysis can narrow the
chromosomal region associated with a quantita-
tive trait locus (QTL) down to a specific nucleotide
change (Fridman er al., 2004), as suggested by
association studies on major-gene controlled traits
(Remington et al., 2001; Thornsberry et al., 2001;
Garris et al., 2003; Jung et al., 2004).

Targeting induced local lesions in genomes
(TILLING)

TILLING is a reverse genetic method that
combines random chemical mutagenesis with



PCR-based screening of gene regions of interest
(McCallum et al., 2000). This identifies a range of
allele types, including missense and knock-out
mutations. By comparing isogenic genotypes dif-
fering in single sequence motifs and combined with
phenotyping, TILLING provides direct proof of
function of both induced and natural polymor-
phisms without involvement of transgenic modifi-
cations. Three SNP discovery methods have been
adapted for TILLING: full sequencing, denatur-
ing  high-pressure  liquid  chromatography
(DHPLC), and cleavage with the cel/l enzyme fol-
lowed by polyacrylamide gel electrophoretic anal-
ysis (Henikoff and Comai, 2003). High-throughout
TILLING has been adopted by the Arabidopsis
TILLING Project to provide allelic series of point
mutations for the general Arabidopsis community
(Till et al., 2003). Based on TILLING, a strategy
called ‘Ecotilling’ was developed for detecting
multiple types of polymorphisms in natural pop-
ulations (Comai et al., 2004). Ecotilling can be
used to effectively discover natural polymorphisms
in a large set of individuals. The discovered poly-
morphisms can be confirmed by sequencing and
include base-pair changes, small insertions and
deletions, and variation in microsatellite repeat
number. Ecotilling allows rapid detection of vari-
ation in many individuals and is cost effective
because only one individual for each haplotype
needs to be sequenced. The technology is applica-
ble to any organism including those that are het-
erozygous or polyploid.

Germplasm evaluation

Evaluation of germplasm resources is required
for the continuous improvement of crop plants.
Vast genetic resources are available for rice and
other cereals, but, to date, few of them have
been characterized at the molecular level. Auto-
mated, high-throughput genotyping systems
make large-scale marker-assisted germplasm
evaluation possible. As summarized by Xu et al.
(2003), molecular markers can be used in germ-
plasm evaluation for (1) differentiating cultivars
and constructing heterotic groups; (2) identifying
germplasm redundancy, underrepresented alleles,
and genetic gaps in germplasm collections; (3)
monitoring genetic shifts that occur during
germplasm storage, regeneration, domestication,
and breeding; (4) screening germplasm for novel/
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superior genes (alleles); and (5) constructing a
representative subset or core collection. Some of
these applications have been used in broadening
the genetic base of rice in the U.S. (Xu et al.,
2004). The tools of genome research may finally
unleash the genetic potential of our wild and
cultivated germplasm resources for the benefit of
society (Tanksley and McCouch, 1997).

Ideally a breeder would like to have informa-
tion about all alleles of all genes across all avai-
lable germplasm accessions. But even if all alleles
were known, the value of an allele in terms of its
contribution to an agronomic trait would usually
not be good or bad in itself, but would have to be
evaluated in the context of other alleles in a
genomic network. Ultimately, one might want to
design a variety of synthetic alleles that promised
to be better than the ones provided by nature.
These could be generated randomly (e.g., by gene
shuffling) or via a targeted approach (e.g., by
domain swapping). So genomics is going to bring
to the breeder a better description (including allele-
tagging) as well as an extension of his/her breeding
material. The bottleneck is in the ability to assess
the phenotypes caused by countless different alleles
and allele combinations using available germplasm
resources (Peerbolte, 2004). Molecular methods,
can be used to help screen a large number of
accessions through a pooling strategy. This can be
used to screen germplasm collections for alleles of
candidate genes that are involved in important
processes of the plant, even though known vari-
ants for these genes have not yet been observed
through genetic studies. A DNA bank is currently
being developed as the basis for allele mining at
the International Rice Research Institute to
undertake allele mining (Mackill, 2003).

Marker-assisted selection (MAS)

MAS can be considered as one of the first direct
benefits that breeders have obtained from
genomics. With existing techniques, however, the
use of molecular markers is still quite expensive
for application on a large scale in many breeding
programs. Many review articles are available for
MAS (e.g., Dudley, 1993; Hospital and Charcosset,
1997; Stuber et al., 1999; Xu, 2003), but the utility
of molecular markers in plant breeding is best
documented by highlighting their specific
applications. As summarized by Xu (2002), there
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are six situations most suitable for MAS with the
level of current knowledge. These include selection
without testcrossing or a progeny test; selection
independent of environments; selection without
laborious fieldwork or intensive laboratory work;
selection at an earlier breeding stage; selection for
multiple genes and/or multiple traits; and whole
genome selection. Examples of where MAS would
be advantageous include selecting for traits that
are difficult or expensive to measure (e.g., resis-
tance to a quarantined pest, restorer genes);
pyramiding multiple genes that confer a similar or
identical phenotype (e.g., multiple genes for dis-
ease resistance or quantitative traits); separating
multiple QTL with similar effects or closely linked
QTL; or selecting against the donor chromosomal
segments in a backcrossing scheme (Young and
Tanksley, 1989; Xu, 1997; Ribaut and Hoisington,
1998). Using rice and other cereal crops as
examples, Xu (2003) provided a comprehensive
review on MAS system, germplasm evaluation,
hybrid prediction, and seed quality control, with
emphasis on rice and other major cereals.

Wild relatives of cultivated plants harbor
abundant genetic diversity and can be used to
identify novel alleles for plant improvement. For
example, wild relatives of rice represent a rich
source of variation and can be used to discover
agronomically important alleles for future breed-
ing efforts in rice and other cereals as well. To fill
the gulf between national research programs and
breeding applications in developing countries, an
international program called the ‘Generation
Challenge Program—Unlocking the genetic diver-
sity in crops for resource poor’ (www.cerealsge
nomics.org), has been established to begin to
characterize and utilize a wide spectrum of germ-
plasm collections. Molecular markers have been
proven particularly useful for accelerating the
backcrossing of a gene or QTL from exotic culti-
vars or wild relatives into an elite cultivar or
breeding line (Tanksley and Nelson, 1996).
Favorable genes or alleles from wild species of rice
have been detected after backcrossing to elite cul-
tivars (Xiao et al., 1998; Moncada et al., 2001;
Brondani et al., 2002; Septiningsih et al., 2003;
Thomson et al., 2003). This approach is thought to
be promising in rice because a number of rice
cultivars are widely grown for their adaptation,
stable performance, and desirable grain quality.
Chen et al. (2000) used such an approach to

transfer the bacterial blight resistance gene Xa2l
into Minghui 63, a widely used parent for hybrid
rice production in China. Ahmadi et al. (2001)
used a similar approach to introgress two QTL
controlling resistance to rice yellow mottle virus
into the cultivar IR64. Such approaches, however,
can only sample a small number of accessions.

From sequence to gene function

As we trek into the uncharted territories of the
genomic era, there is urgency to develop ap-
proaches for assigning functions to the multitude
of uncharacterized genes. Current progress in
generating large numbers of molecular markers
and near-saturation insertional mutant collections
has immensely facilitated functional genomics
studies in Arabidopsis (Dstergaard and Yanofsky,
2004). These resources provide the essential blue-
print for understanding the structure and function
of many plant genes. Some of the insights emerg-
ing from whole-genome analysis include a sur-
prising number of gene clusters, large-scale
duplications of chromosome segments, and a high
frequency (40%) of newly discovered genes of
unknown function. In this section, several impor-
tant issues related to functional analysis of genes
will be discussed.

High-throughput techniques

Progress in functional genomics will depend on
developing high-throughput technologies that can
easily be used in both dedicated centers and indi-
vidual laboratories to determine the function of the
tens of thousands of plant genes. Many plant genes
are novel showing no detectable homology to genes
for which cellular roles have been identified in
bacteria, yeast, or animals. DNA-based micro-
arrays that detect the accumulation of transcripts
from thousands of genes in a single hybridization
experiment are one of the tools available to help
decipher gene function. High-throughput tech-
niques based on oligo chips, and various applica-
tions of serial analysis of gene expression (SAGE)
are used for global gene expression analysis in
particular tissue or at a particular stage. The grid-
ding of thousands of unique DNA sequences on a
chip provides a substrate that can be used to
identify candidate genes that exert an influence at
specific points in development. Common sources of



DNA for the arrays include cDNA, ESTs, subge-
nomic regions of specific chromosomes, or even an
entire set of genes. Oligonucleotide based probe
array (Gene Chip) technology, which has been
commercially applied for Arabidopsis genes, has
also been developed in rice and is now being ap-
plied in a number of studies. (Lan et al., 2004;
http://www.chem.aglient.com/scripts/PDS.asp?/Page =
12133). Availability of data for various gene
expression studies will be essential for future
studies on the functions of rice genes.

Map-based cloning

Although map-based cloning is feasible and genes
have been cloned for several important rice traits
such as disease resistance (Song et al., 1995;
Yoshimura et al., 1998; Wang et al., 1999b, Bryan
et al., 2000; Sun et al., 2004), heading date (Yano
et al., 2000; Takahashi et al., 2001; Kojima et al.,
2002), semidwarfism (Monna et al., 2002;
Spielmeyer et al., 2002; Itoh et al., 2004; Oikawa
et al., 2004), tillering (Li et al., 2003a), and brittle
culm (Li et al., 2003b), it is generally regarded as
time-consuming and laborious even for genes of
typical Mendelian inheritance. In the last decade,
large numbers of genes and QTL associated with
traits of agronomic importance have been map-
ped and targeted for cloning in rice (Zhang and
Yu, 1999; Li, 2001; Xu, 2002; www.gramene.org).
The availability of whole genome sequence has
greatly facilitated the process of positional clon-
ing. It can be expected that a large number of
genes will be isolated in the near future using this
approach. The availability of genome sequence
information is also reshaping the procedures of
map-based cloning, by making each step more
efficient (Jander et al., 2002). With a larger num-
ber of sequence-based molecular markers avail-
able, low resolution genetic mapping makes it
possible to quickly associate a target trait with a
specific genomic region, and then to readily fine
map the trait and narrow down the target region
to one or more gene candidates.

Developments in high-throughput genomics are
facilitating the process of dissecting the genetic basis
of complex traits, including defining genetic inter-
vals, identifying candidate genes and verifying an
allele’s contribution to a phenotype. With the
availability of new technologies such as microarray,
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fluorescence polarization, mass spectrometry and
molecular barcodes, it is possible to achieve
throughputs of 10 000’s markers, which shows
promise for testing the feasibility of high resolution
association studies based on natural variation/nat-
ural populations and for high-throughput cloning
strategies using reverse genetics.

Functional genomic approaches

One of the challenges in functional genomics is to
understand how thousands of gene products
interact with each other to control plant develop-
ment and the plant’s ability to respond to envi-
ronment. Functional genomics has been broadly
applied to include many endeavors aimed at
determining the functions of genes on a genome-
wide scale, such as sequence alignment-based
comparisons to identify homologs between and
within organisms; transcriptional profiling to
determine gene expression patterns; and yeast two-
hybrid and other interaction analyses to help
identify pathways, networks, and protein com-
plexes (Henikoff and Comai, 2003). In contrast to
the previously prevalent gene-by-gene approaches,
new high-throughput methods are being developed
for expression analysis as well as for the recovery
and identification of mutants. The experimental
approach is consequently changing from hypoth-
esis-driven to nonbiased data collection and an
archiving methodology that makes these data
available for analysis using bioinformatics tools.
Reverse genetics (sequenced gene to mutant and
function) approaches are bound to play a more
prominent role in functional genomics studies in
the future.

In functional genomics, libraries or popula-
tions of mutants that cover all possible genes
become an increasingly important tool. Mutant
libraries are being constructed in rice and other
cereals using chemical and physical mutagenesis,
T-DNA insertion, and transposon tagging (Jeon
et al., 2000; Leung et al., 2001; Xue and Xu,
2002; An et al., 2003; Hirochika, 2003; Hirochika
et al., 2004; Kolesnik et al., 2004; Sallaud et al.,
2004). These libraries are primarily used for
functional analysis based on loss-of-function
analyses. Gain-of-function approaches such as
T-DNA activation tagging and gene overexpres-
sion are powerful complements to insertional
mutagenesis. A library of enhancer trap lines has
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been developed which will facilitate the detection
and isolation of regulatory elements (Wu et al.,
2003). With microarray techniques widely used in
cDNA-based expression profiling, transcript pro-
filing, and metabolite profiling, phenotypic pro-
filing is also beginning to play an important role
in functional analysis of plant genes (Kjemtrip
et al., 2003). Although currently available RNAi
and other knock-out methodologies could be used
for uncovering the function of newly discovered
genes, the mixed outcomes of these approaches in
down-regulating gene expression necessitate fur-
ther development and optimization of this strat-
egy for rice and other cereals.

The identification of genes by computational
approaches is relatively straightforward for organ-
isms with compact genomes (such as bacteria and
yeast), because exons tend to be large, and the
introns are either nonexistent or short. The chal-
lenge is much greater for larger genomes (such as
those of cereals), because the exonic ‘signal’ is bur-
ied wunder nongenic ‘noise.” Computational
sequence analysis methods, which detect genes in
genomic DNA, can be broadly classified into two
main categories: homology-based methods, and ab
initio methods (Davuluri and Zhang, 2003). Cur-
rently, computational methods are usually exploi-
ted as a complement to and component of other
functional genomics approaches.

It is expected that the functional genomics of
model plants will contribute to the understanding
of basic plant biology as well as to the exploitation
of genomic information for crop improvement.
This is because a large number of gene functions
are conserved across species. Perhaps the most
exciting application of comparative cereal ge-
nomics will be the identification of different ver-
sions of rice genes from other species. Orthologous
genes in other cereals will have sequence and
function similar to those in rice but could result in
markedly different phenotypes. These genes will be
available for introduction into rice to produce new
types of plants with many novel features.

Transformation

Transformation of allelic series into isogenic
backgrounds can confirm the function of individual
sequence motifs. However, current plant transfor-
mation protocols based on nonhomologous end
joining result in random genomic integration of

transgenic DNA, position effects, multiple inser-
tions of the transgene and transgene alterations
(Xu, 1997; Hanin and Paszkowski, 2003), obscur-
ing quantitative phenotypic differences between
alleles. This can be circumvented using homolo-
gous recombination-based, locus-targeted integra-
tion of alleles. In rice, 1% of insertion events were
found to result from homologous recombination
(Terada et al., 2002). If the efficiency of this tech-
nique can be improved, it would revolutionize rice
genomics-genetics. If the method can be applied to
other species, a similar advance in genomics-based
research in all plants would occur.

Sequence and bioinformatics

As -omic technologies, from genomics to phe-
nomics, continue to grow, so does the need for
integration and interrogation across the various
types of data and scientific disciplines. Such inte-
gration enables the identification of genes and gene
products, and can elucidate the functional rela-
tionships between genotype and observed pheno-
type, thereby permitting a system-wide analysis
from genome to phenome (Edwards and Batley,
2004). The translation of complete-genome DNA
sequence data into protein structures and pre-
dicted functions will provide a vital link between
the genetics of an organism and its expressed
phenotype. As genomic data will increase in the
areas of genetic mapping, genome sequencing, gene
expression monitoring, insertional mutagenesis,
and map-based cloning, adequate tools for input,
integration, and query become necessary. Eventu-
ally integrating information on rice structural and
functional genomics will provide an overall view of
the network of genes involved in complex biological
responses.

Rice genome databases that evolve from
rigorous and systematic sequencing efforts should
not merely function as storehouses for thousands
of nucleolide bases or amino acids. Of particular
importance is the ability to attach substantial
functional information to the sequence. These
databases should therefore provide the framework
to allow post-sequencing analysis such as identi-
fying genes and predicting the proteins they
encode, determining when and where the encoded
proteins are expressed and how they interact, and
how these expression and interaction profiles are



modified in response to environmental signals.
One way to address this need is to interlink the
various types of information such as genomic data,
phenotypic or expression data, and genetic
resources. For a given gene, the database hori-
zontally links sequence, structure, and map posi-
tion and connects related elements of the same
type pertaining to the expression profile, protein,
and phenotype (Antonio et al., 2001; Ware et al.,
2002). What would be most useful to the breeding
community will be for all of this information to be
linked to the allelic profiles of specific germplasm
accessions and genetic resources that are available
for rice and other cereals. Careful curation will be
required to clarify whether allelic variation at
specific genetic loci is functionally related to an
alteration in phenotype or whether it is simply
neutral sequence variation. Neutral sequence var-
iation is useful in tracing the inheritance of par-
ticular alleles, and might be functionally relevant
in some genetic backgrounds but not others. Thus,
annotating polymorphisms throughout the gen-
ome and correlating them with phenotypic varia-
tion in different genetic backgrounds will require a
long-term and well coordinated effort to provide
high quality sequence annotation using a set of
carefully selected germplasm resources and a rig-
orous evaluation system to characterize diverse
phenotypes under a wide range of environmental
conditions. Logical connections to other informa-
tion will enhance the intrinsic value of the genomic
data to facilitate new biological discoveries and
simulate approaches for an effective cereal
improvement program.

Rice, serving as a model system for other
grass crops, has established an informatics
infrastructure that is designed to interlink
database resources on rice and other cereals
(www.gramene.org). Comparative bioinformatics
offers possibilities to link various cereal crops
through their genome map and sequences and to
provide keys to understanding how genes and
genomes are structured, how they function, and
how they have evolved. To provide the cereal
community with a resource for linking rice genome
information to other species, the Gramene
database develops curated and sequence-based
correspondences between genetic, physical and
sequence-based maps (Jaiswal et al., 2002; Ware
et al., 2002; www.gramene.org). This resource in-
cludes curated correspondences among the Maize
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Mapping Project BAC based maize fingerprint
contig maps, genetic markers, and sequence tagged
BAC clones. The correspondences between the
maize and rice genomes are available as a graphi-
cal display as well as a downloadable tabular
format. The creation of links between different
databases will help foster interoperability and
large comparative databases will provide a forum
for coordinating and integrating that information.
One of the most serious challenges facing of spe-
cialized or expert domain databases, such as the
model organism databases, is to balance the needs
of the broader scientific community and the spe-
cialized focused user-groups.

Perspectives

There is a gulf between genomics and its applica-
tion to plant breeding although there are many
opportunities available. Plant breeders have to
work with a large number of agronomic traits
(most are quantitatively inherited) that are
expressed under a wide range of environments
during a relatively short period. Plant breeders
make selections with the aid of statistical analysis,
phenotypic selection techniques and molecular
tools (Xu and Zhu, 1994). As a result, genomics
can be applied to plant breeding only when an
integrated package becomes available that
combines multiple components such as
high-throughout techniques, cost-effective proto-
cols, global integration of genetic and environ-
mental factors, and precise determination of
quantitative trait expression.

Functional genomics has become more practical
because of advances in science and technology.
Some examples are DNA-capturing techniques to
facilitate gene hunting efforts in highly repetitive
genomes, motif-directed profiling to specifically
target genetic variation in functional parts of the
genome, gene expression profiling to identify
expression QTL (eQTL), and RNA interference
(RNAI) to silence individual genes without altering
the genome structure. Microarrays or other nongel
systems may allow whole-genome analysis of large
number of plants commonly grown in breeding
programs. For example, proteome chips can be
used to perform various biochemical analyses,
protein—protein interaction assays, protein—-DNA/
RNA interactions, protein—phospholipids interac-



20

tions and the identification of substrates for kinases
and other enzymes. On the other hand, the global
analysis at the levels of whole genome (discovery of
all genes), transcriptome (quantification of gene
expression), proteome (cataloguing of all proteins)
and metabolome (estimation of all types of
metabolites) has become possible. To assign a cel-
lular function to many novel genes which are pre-
dicted from the whole genome analysis, several
high-throughput approaches, such as DNA chips,
SAGE, RNA-mediated interference, gene traps,
yeast two-hybrid screening and metabolite quanti-
fication can now be employed in functional
genomics of rice and other cereals. Ultimately, the
goal will be to rapidly assay the genetic makeup of
individual plants or varieties in breeding popula-
tions and make accurate phenotypic predictions.
Conversely, the knowledge can be used to design a
genotype that is targeted to perform well in a given
set of environmental conditions.

Many novel techniques need to be improved
before they can be widely used in functional
genomics analysis and plant breeding. For exam-
ple, 2-D gel electrophoresis, which has been the
method of choice for separation of complex pro-
tein mixtures for several decades, has inherent
technical limitations, such as the limited ability to
fractionate specific classes of proteins or to visu-
alize low abundance proteins and the notorious
difficulty in automation which limits throughput
and results in greater experimental variability
through manual intervention (Rose et al., 2004).
As discussed previously, gene function can be
altered through gene deletions, insertional muta-
genesis, RNAi or allele replacement. Insertional
mutagenesis has been recognized as the potential
to provide a vast catalog of knockout mutations
for an organism. However, a significant insertion-
site bias, plus a high level of background mutation,
can confound subsequent phenotypic analysis.
Also the efficacy of mutagenesis screens in
identifying gene functions is limited because the
majority of genes display no obvious phenotype as
well as other methodological considerations.
Insertions may not result in null alleles, depending
on their position within the open reading frame
(ORF), or intronic or untranslated regions, and
effort is required to confirm that any resulting
phenotype is not because of unlinked independent
insertions. Because of genetic redundancy, a vast
proportion of genes are silent when knocked out,

or might only show a subtle phenotype or one only
revealed under extreme environmental conditions.
A targeted deletion approach is also not without
caveats — only annotated ORFs in a genome are
generally targeted; the phenotypes of overlapping
ORFs cannot be easily distinguished; transforma-
tion events might introduce secondary mutations;
essential genes are inviable as homozygous dele-
tions; and functionally redundant genes might not
show a detectable phenotype when deleted
(Steinmetz and Davis, 2004). The primary advan-
tages of RNAI are the ease of generating short
double-stranded RNAs that mediate RNAi and
the flexibility of inhibition so that the user can
spatially and temporally control the interference
reaction. The disadvantage in systematic genome-
wide application, however, is that the level of
functional reduction is unpredictable and difficult
to measure experimentally.

To maximize the potential of functional
genomics for plant breeding, two goals should be
met: experiments must be further miniaturized and
costs must be lowered. Molecular barcoding is
among the most promising techniques for minia-
turizing high-throughput approaches into single
tube assays. In a method termed ‘molecular
inversion probes,” genotyping can be performed
directly on genomic DNA and thousands of SNPs
can be analyzed in one reaction by taking advan-
tage of the multiplexing capability of DNA bar-
coding (Hardenbol et al., 2003). Through a
combination of molecular barcodes and the
microarray-based detection system, the yeast-
deletion approach has achieved an unparalleled
level of throughput (Steinmetz and Davis, 2004).
The barcode concept can be applied to other
knock-out approaches, such as insertional muta-
genesis and RNAI, as well as to other biological
assays.

As the sequence and annotation of the rice
genome has been greatly accelerated by meth-
odological improvements made in Arabidopsis
(Rensink and Buell, 2004), the development of
functional genomics resources and technologies
in cereals has been, and will continue to be,
more streamlined based on lessons learned from
rice. With all the advances in functional
genomics and genome sequencing, it is expected
that crop plants will become more amenable to
genetic manipulation at both the phenotypic and
molecular levels with more directed breeding



strategies and objectives. As indicated by Mackill
(2003), however, new tools and technologies
developed in genomics are expected to greatly
enhance, but not replace, the conventional
breeding process.
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