Review

CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural Resources 2008 3, No. 083

Using transcriptomics to understand the wheat genome

Tristan E. Coram™*, Gina Brown-Guedira' and Xianming Chen?

Address: '

US Department of Agriculture — Agricultural Research Service, and Department of Crop Science, North Carolina State
University, Campus Box 7620, Raleigh, NC 27695-7620, USA. 2 US Department of Agriculture — Agricultural Research Service,

and Department of Plant Pathology, Washington State University, Pullman, WA 99163, USA.

*Correspondence: Tristan E. Coram. Fax: +1-919-513-2039. Email: tristan.coram@ars.usda.gov

Received:
Accepted:

4 September 2008
9 October 2008

doi: 10.1079/PAVSNNR20083083

The electronic version of this article is the definitive one. It is located here: http://www.cababstractsplus.org/cabreviews

© CAB International 2008 (Online ISSN 1749-8848)

Abstract

Wheat (Triticum aestivum L.) is one of the most important food crops in the world, and
transcriptomics studies of this crop promise to reveal the expression dynamics of genes that
control many agriculturally important traits. In this review of wheat transcriptomics research, the
current status of transcriptome surveying technology is presented, with particular emphasis on
breakthrough techniques that will promote rapid progress in understanding the wheat genome.
Microarrays have now become routine in wheat research, and the 55K Affymetrix Wheat
GeneChip has enabled the generation of numerous high-quality datasets. In fact, the broad range of
gene expression datasets provides future opportunities for integrating these data in a systematic
approach that may reveal gene coexpression networks that underlie important traits. Wheat
microarrays have also recently been used in other valuable approaches, including simultaneous
transcriptome and genome profiling through single-feature polymorphism markers, the mapping of
translocation breakpoints, and surveying of antisense transcription. The future use of wheat
microarrays for gene expression measurement may be challenged by new sequencing-based
transcriptomics techniques. These new techniques are presented, and the application of
sequencing-by-synthesis as a future area of wheat transcriptomics research is highlighted. How-
ever, the yet to be fully sequenced polyploid wheat genome poses problems for some of these
technologies when attempting to annotate and assign short-sequence tags. For this reason, the
Roche 454 technology is considered the best option for future progress because of its longer
sequence reads that can be more easily annotated, as well as its unbiased potential for covering the
entire wheat transcriptome.

Keywords: Wheat, Transcriptome, Microarray, Gene expression, Genomics, Sequencing

Review Methodology: We searched the following databases for wheat transcriptomics related publications: CAB Abstracts, Web of
Science and PubMed. Additionally, we searched company websites and the Genome Technology website for the latest sequencing-
by-synthesis technology information. Finally, we spoke to colleagues for information on the most recent research yet to be published.

Wheat (Triticum aestivum L.) is the most important food
crop in the world. In 2007, approximately 607 million
tonnes of wheat grain was produced globally from ap-
proximately 217 million hectares of land [1]. Behind
wheat, which had the largest area used for crop pro-
duction, were maize (~158 million hectares) and rice
(~157 million hectares). Wheat feeds nearly half of the
world’s expanding population: thus improving wheat yield
capacity is of great importance for global food security.

Improvements in yield can be made, for example, through
engineering wheat cultivars that are adaptable to diverse
environmental conditions and that are able to tolerate the
many pests and diseases that can attack the crop. To make
progress in achieving these goals, an understanding of how
the wheat genome responds to certain biotic and abiotic
stresses is required. The field of transcriptomics focuses
on such studies, where experiments are designed to
monitor and manipulate the dynamics of gene expression
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events that occur during both tolerance and susceptibility
to particular stresses. In combination with gene knock-
down methods, the results of transcriptomics studies may
enable the identification of gene expression signatures
associated with tolerance to a particular stress, and allow
the development of gene expression markers that can be
used to predict stress tolerance. In this review, the latest
developments of knowledge and technology in the area of
wheat transcriptomics will be presented, with the aim of
identifying valuable prospects for future research and
development.

Wheat Transcriptomics Using Microarrays

Microarray technology has become routine in many
research laboratories. The release of the commercial
Wheat GeneChip by Affymetrix (Santa Clara, CA, USA)
has allowed for easy access to a high-quality large-scale
wheat microarray containing probes to over 55 000 wheat
transcripts. Subsequently, several transcriptomics studies
are now being performed and published utilizing this
resource. These studies focus on a wide range of cellular
processes and stresses, including characterization of the
transcriptome during meiosis [2], grain development[3],
salt tolerance[4], aluminium tolerance [5] and hessian
fly resistance [6]. Additionally, three published studies
have focused on gene expression events associated
with resistance to rust fungi [7-9], as well as one yet to
be published involving one author of this review (Gina
Brown-Guedira). These rust fungi resistance studies
are of particular interest as they offer the opportunity
for alignment of results to discover central gene co-
expression networks involved in resistance to rust
pathogens.

The benefits of high repeatability, low chip-to-chip
variation and high probe density for the Wheat GeneChip
also come with the disadvantage of relatively high cost,
which has prohibited larger-scale studies involving many
RNA samples. In these cases, researchers may prescreen
for interesting transcripts using the Wheat GeneChip, and
then construct a custom microarray based on the publicly
available DNA sequences. For example, the authors of the
present review used the results of two Wheat GeneChip
stripe rust resistance studies [7, 8] to construct a custom
long oligonucleotide microarray that is being used in
an association-like gene expression study of differing
stripe rust resistance sources in varying genetic back-
grounds. The aim of this study is to identify the potential
presence of common transcript patterns during suc-
cessful stripe rust resistance, despite the resistance
source (resistance gene) or genetic background of the
wheat plant [10]. It is important to note that other high-
density oligonucleotide microarrays for wheat exist and
have been used successfully in transcriptomics studies.
For example, a 19K microarray was constructed by
Mohammadi et al. [11] that has been used to study the

dehydration response in wheat [11, 12]. Additionally, 22K
and 11K custom oligonucleotide microarrays have
been used to study salt-responsive gene expression
events in wheat [13, 14], and a smaller (95 probe) custom
microarray was constructed for the study of cold/heat
tolerance [15].

The oligonucleotide-based microarrays, including the
on-slide synthesized Wheat GeneChip and custom spot-
ted long oligonucleotide arrays, require existing sequence
knowledge to be constructed. As an alternative, spotted
cDNA (or amplicon) arrays do not require sequence
knowledge and can easily be constructed from poly-
merase chain reaction (PCR) products of a cDNA library.
For example, Wilson et al. [16] developed an ~9 K cDNA
microarray from expressed sequence tags (ESTs) of
35 specific cDNA libraries, each representing specific
stages in grain and plant development. The annotation
for this array is available at http://www.cerealsdb.uk.net,
and has recently been put to use for studying senescence
in wheat flag leaves [17]. Because spotted cDNA arrays
do not require sequence knowledge for construction,
specific ‘boutique’ cDNA arrays can easily be made from
libraries that have been enriched for potential target
transcripts.

Limitations of Microarray-based Transcriptomics

The most widely recognized limitation of microarrays is
the low reproducibility observed when using different
array platforms [18]. This is usually the result of probe-
specific effects such as oligonucleotide probes versus PCR
product probes, and array-synthesis effects such as
on-slide synthesis versus robotic spotting. Much argument
exists over which is the better platform, but for wheat an
important study was recently reported by Poole et al. [19]
that compared the Affymetrix Wheat GeneChip array, a
custom-spotted ¢cDNA array, and quantitative reverse-
transcription PCR (qRT-PCR). The authors postulated
that the general weak reproducibility in cross-platform
transcriptomics studies would be further weakened in
wheat because it is an allohexaploid consisting of three
closely related genomes (A, B and D), has about 25% of its
gene motifs represented by at least two paralogous loci
[20], and has a genome mainly consisting of repetitive
sequences [21]. Briefly, the authors found that the genes
having homologues and/or paralogues were more likely to
show platform-specific differences in gene expression
measurement as a result of cross-hybridization, and that
the Affymetrix short oligonucleotide platform is less likely
to experience such cross-hybridization. Globally, the two
array platforms showed poor correlation, but this was
improved when looking at only the differentially ex-
pressed transcripts. The results of this study are highly
significant as they reveal that the polyploid nature of
wheat may necessitate homologue-specific microarrays,
otherwise the integration of cross-platform wheat
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transcriptomics data may not be possible. The relatively
deep coverage of EST resources for wheat has enabled
the identification of probable homologues by alignment of
sequences and the identification of polymorphisms that
separate the homologues. Additionally, high-throughput
sequencing of wheat aneuploid genetic stocks may also be
used to identify homologues. Thus, a complete genome
sequence for wheat will not be necessary for constructing
homologue-specific microarrays.

Other limitations of microarray transcriptomics to be
considered include within-platform variations that can
arise between laboratories. However, standardized pro-
tocols can overcome most of this variation. In general,
microarray platforms and experimental procedures once
suffered from a lack of standardization that hindered the
comparison of results between platforms and labora-
tories. However, efforts from the research community
have addressed these problems. The Microarray Gene
Expression Data (MGED) society has developed standards
for microarray expression data known as Minimum
Information About Microarray Experiments (MIAME)
that include requirements for descriptions of biological
samples, microarray platform and experimental proce-
dures [22]. The MGED society has also developed MAGE-
ML, which provides standards for microarray data
exchange. To publish research involving microarrays,
most journals require authors to follow these guidelines
and deposit their data into a public repository that follows
these guidelines. These include the Gene Expression
Omnibus (GEO) [23], ArrayExpress [24] and PLEXdb
[25], which is of particular importance as it specializes in
plant and plant—pathogen microarrays.

Expression-level and Single-feature
Polymorphism (SFP)

Wheat microarrays have also been exploited for novel
purposes in addition to studying gene expression kinetics.
A difference in gene expression between two genotypes
(parents of a mapping population, for example) can
be considered as an allelic marker, and is known as an
expression level polymorphism (ELP). In plants, ELPs
have been studied in mapping populations [26-29], and
have been associated with various phenotypic traits,
for example, seed development in wheat [30], qualitative
pathogen resistance in Arabidopsis thaliana [31, 32] and
domestication in maize [33]. ELPs are known to be caused
by both cis-acting [34, 35] and trans-acting factor DNA
sequence polymorphisms [36], as well as expression-
altering deletions within a gene itself [34, 37]. ELPs
between genotypes have been shown to correlate
with underlying DNA sequence polymorphism in
A. thaliana [26] at both a whole-genome level and a sub-
chromosomal level, which indicated a significant impact
of cis- or linked trans-acting, DNA polymorphism on gene
expression.
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Second, by taking advantage of the ability for short
oligonucleotide probes to distinguish single base-pair dif-
ferences during target hybridization, SFP genotyping
markers have recently come of age. SFPs represent DNA
sequence polymorphism between genotypes within an
individual oligonucleotide probe that can be detected by
hybridization affinity difference [38]. Importantly, SFPs
occur within a transcribed gene that may reflect variation
in phenotype. Recent studies have been successful in
identifying DNA polymorphisms from RNA hybridized to
Affymetrix GeneChips in addition to transcript abundance
[38—42]. Use of RNA acts to reduce genome complexity,
which overcomes the difficulties associated with hybri-
dizing genomic DNA from organisms with large and
complex genomes such as wheat. SFPs are often caused by
single nucleotide polymorphisms (SNPs), as demonstrated
by studies that have sequenced SFPs [38, 40]. However,
SFPs are only predictive of a potential SNP within an
oligonucleotide probe, so further work must be per-
formed to actually identify the causative SNP.

In fact, expression-level polymorphisms (ELPs) [38] and
SFPs [40] can be identified from single hybridization stu-
dies using short oligonucleotide microarrays, in particular
the Affymetrix platform. While ELPs are assessed from
whole probe sets of a transcript, SFPs are identified from
individual 25-mer probes irrespective of the probe set.
Both SFPs and ELPs can also be mapped as alleles in
segregating populations (‘genetical genomics’), and ELPs
can be considered as e-traits to establish expression
quantitative trait loci (eQTL) [29, 30]. In wheat, one
eQTL study has been reported, which utilized the Affy-
metrix Wheat GeneChip to map ELPs for seed develop-
ment in a population of 41 doubled-haploid lines [30]. By
using wheat—rice synteny, the authors found that most
eQTL of major effect were cis-acting, which has also been
observed in eQTL studies of other organisms, including A.
thaliana [29] and the mouse [43]. The authors did not
identify SFPs in this report, but have recently indicated
that this aspect of the study is near completion [44]. Also
in wheat, one other recent study has been published
concerning ELPs and SFPs, which assessed the extent and
relationship of these two polymorphisms in near-isogenic
genotypes that differed for stripe rust resistance [45].
The main findings of this study were that the proportion
of the transcriptome estimated to be variable between
isolines was 0.30% for the ELPs and 0.39% for the SFPs,
which was highly similar to the theoretical genome dif-
ference between isolines of ~0.39%. Using wheat-rice
synteny, the authors found that both ELPs and SFPs
clustered together, and this strong physical correlation
indicated that the ELPs may be regulated by cis-acting
DNA polymorphisms. The results also demonstrated the
usefulness of SFPs for developing PCR-based genetic
markers for traits of interest. Overall, the use of ELPs
and SFPs in wheat is very much in its infancy, but the
techniques promise to greatly enhance transcriptomics in
this crop by allowing for the detection of genome regions
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that control gene expression responsible for certain
traits.

Other Wheat Microarray Applications

The Affymetrix Wheat GeneChip has also been used to
map translocation breakpoints in wheat. Bhat et al. [46]
compared RNA from a normal hexaploid wheat with a
ditelosomic aneuploid stock missing the short arm of
chromosome 1B, as well as wheat—rye translocations that
replace 1BS with rye 1RS. Under the assumption that
transcripts detected by a probe set could come from any
of the three wheat genomes and that absence/replace-
ment of 1BS would result in transcript abundance patterns
significantly different from normal hexaploid wheat, the
authors assigned 257 probe sets to chromosome 1BS.
With the assistance of wheat—rice synteny, the translo-
cations further allowed for the placement of the probe
sets into three groups with narrow translocation break-
points. This study is important as it exploits the availability
of wheat aneuploid stocks and the power of tran-
scriptomics to map transcripts to physical bins on the
wheat genome defined by deletions or translocation junc-
tions. This technique could easily be applied to the entire
wheat genome to allow for the cataloguing of GeneChip
probe sets into chromosome segments, and also for
identifying transcriptionally active gene-rich chromosomal
regions.

With the ongoing efforts of the International Wheat
Genome Sequencing Consortium (IWGSC; http://www.
wheatgenome.org) and the availability of high-throughput
and low-cost next-generation DNA sequencing platforms,
the once unattainable goal of completing the wheat gen-
ome sequence is now possible within the foreseeable
future. The completion of this task would open many
doors for the expansion of wheat transcriptomics, in-
cluding the development of whole genome tiling micro-
arrays (Whole genome amplifications(WGAs)). WGAs
are unbiased and allow for the discovery of all transcrip-
tional activity within the genome. The complete genome,
including inter-genic regions is represented as relatively
short (<100-mer) probes on an array, which can also be
used in comparative genomic hybridization (CGH) to
detect deletions and polymorphisms, as well as methyla-
tion profiling and the analysis of chromatin immunopre-
cipitation samples (ChIP—chip) to map regulatory DNA
motifs. For an in-depth explanation of the current status
of WGA research in plants, please refer to the excellent
recent review by Gregory et al. [47]. Of course, specific
chromosome segment tiling arrays for wheat could also
be developed for those studies that wish to target-specific
genome regions. The results of WGA studies in A. thaliana
[48] and rice [49] have identified a large number of novel
transcription sites that were not predicted by gene pre-
diction algorithms or cDNA collections. Thus, the tran-
scriptome of plants is likely to be much more complex

than previously thought. In fact, many of the newly identi-
fied transcripts were found to be antisense (expressed
from the opposite DNA strand and in the reverse
orientation).

Using microarrays to discover antisense transcription
has also been a recent development in the transcriptomics
field. Interestingly, the first study of this type took
advantage of incorrectly orientated probes in the first
version of the Affymetrix Mouse array, and showed that
the sensitivity of the commercial Affymetrix arrays was
sufficient to detect natural antisense transcripts (NATSs)
[50]. NATs exist on the opposite DNA strand to the
sense strand either at the same locus (cis-encoded) or a
different locus (trans-encoded). Because NATs affect the
expression of sense transcripts during transcription, RNA
processing/transport and translation, they can affect all
cellular processes [51]. Recently, Ge et al. [52] demon-
strated that the Affymetrix Human Genome Exon array
could be used to detect antisense transcripts at the
whole-genome level. This report presented a method for
detecting both sense and antisense transcription from the
same RNA sample by modifying the labelling procedures.
Building on this thinking, the authors of the present
review (Tristan Coram and Xianming Chen, manuscript in
preparation) used the Affymetrix Wheat GeneChip to
survey both sense and antisense transcription from tissue-
specific wheat RNA samples. The preliminary results of
this study indicate a significant level of antisense trans-
cription in the wheat genome that is generally tissue and
developmental-stage specific. This discovery will lead the
way for further microarray-based profiling of antisense
transcription that may be vital to the control of certain
important traits.

Sequencing-based Transcriptomics

While microarrays can be considered a ‘closed’ system
for transcriptomics, several ‘open’ and unbiased systems
have recently been developed, including the tag-based
approaches of Serial Analysis of Gene Expression (SAGE)
and Massively Parallel Signature Sequencing (MPSS). The
first tag-based technique for studying transcriptomics was
the generation of ESTs from cloned cDNAs. ESTs are one
of the most important resources for transcriptomics in
wheat, as the majority of current genome sequence
available is derived from ESTs (1 050791 ESTs submitted
at dbEST as of 8 August, 2008; http://www.ncbi.nim.nih.
gov/dbEST/dbEST_summary.html). Large-scale EST se-
quencing has been used to calculate transcript abundance
and infer gene expression. Studies by Ogihara et al. [53],
Mochida et al. [54] and Houde et al. [55] demonstrate this
technique, and were valuable for identifying transcripts
associated with abiotic stress tolerance. However, EST
sequencing is limited in detecting low-abundance trans-
cripts, thus SAGE was developed as a short-tag se-
quencing method with an estimated 26 times greater
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sensitivity than EST sequencing [56]. Briefly, SAGE
involves the synthesis of double-stranded cDNA from
mRNA, followed by cleavage with an anchoring enzyme at
the 3’-end of the molecule. Adaptor ligation with a Type
lIs or Type Ill restriction enzyme site (tagging enzyme)
is carried out, which is used to cut the short (14-26 bp)
3’ tags out of the cDNA [57-59]. Multiple tags are then
ligated together before cloning and sequencing, which
greatly enhances the ability for high-throughput and
maximizes data generation per sequencing run. MPSS is
similar to SAGE in producing short tags (17-21 bp), but
uses a sequencing-by-synthesis approach that is capable of
producing much deeper coverage of the transcriptome
than SAGE [60]. SAGE and MPSS data can be used to
calculate absolute gene expression by counting the num-
ber of tags for each transcript, sometimes called an
‘electronic northern’. Several SAGE-derived methods
such as LongSAGE [58] and SuperSAGE [57] have built on
the original technique to produce longer tags that can
more easily be annotated. In wheat, just one SAGE-based
study has been published, which used LongSAGE to study
the transcriptome of developing wheat caryopsis [61].
The major problems of SAGE and MPSS is the difficulty of
matching the short tags to EST or cDNA sequences
during annotation, which is further exacerbated by the
presence of highly similar homologous and paralogous
sequences in the hexaploid wheat genome. In the wheat
study, only 48% of the LongSAGE tags could be matched
to existing sequence, which may also reflect the low
sampling depth of EST sequencing. Studies have shown
that short tag-based studies are of most value when a
reference genome sequence is available for annotation of
the tags [62]. For this reason, it is perhaps no surprise that
many wheat researchers have turned to massively parallel
sequencing-by-synthesis, which promises to combine the
high-throughput of SAGE and MPSS with the accuracy of
EST sequencing.

In particular, the recently developed Roche 454 pyro-
sequencing technology [63] may provide sufficient length of
sequence information to allow accurate annotation without
the need for a reference genome sequence. The technique
firstly involves the nebulization of cDNA into fragments,
which are linked to nanobeads that are captured in droplets
of an emulsion where template amplification occurs. The
nanobeads are then distributed into a high-density plate for
sequencing-by-synthesis. As sequencing reagents are pas-
sed over the plate light is emitted and recorded. Currently,
the Roche 454’s FLX technology is capable of producing
reads 200-300 bp in length and >100 Mb of sequence data
from a single 7-h plate run (http://www.454.com), but
improved technology known as ‘GS FLX Titanium’ allows
for reads of >400bp and a total of >500 Mb of sequence
data per run and is now available to researchers (www.
454.com). The technology has experienced problems in
cDNA sequencing when it encounters long homopolymer
runs such as poly-T stretches, but several successful
cDNA sequencing projects have been reported in plants
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[64-67]. Additionally, the new GS FLX Titanium technology
also promises to eliminate this problem. Other next-
generation sequencing-by-synthesis platforms are available
and include lllumina’s Solexa (http://www.illumina.com) and
Applied Biosystems SOLiD (http://solid.appliedbiosystems.
com). These platforms generate more data per run than
Roche 454, but at the expense of shorter reads of <40 bp.
For similar reasons to SAGE and MPSS, these short
reads pose problems for wheat transcriptomics. Subse-
quently, wheat researchers should select the Roche 454
technology for transcriptome studies at least until a more
comprehensive wheat genome sequence becomes avail-
able.

Several wheat research groups have in fact begun using
the Roche 454 technology, although publication of these
research findings is yet to appear. The authors of the
present review are aware of one such study being per-
formed at Washington State University (Pullman, WA,
USA), where cDNA from the parents of two mapping
population is being sequenced (Deven See, personal
communication 2008). However, cDNA is being used for
this study mainly to reduce genome complexity while the
overall goal is to discover SNPs that can be used for
genetic mapping. Also in wheat, Roche 454 sequencing has
been used to discover novel microRNAs [68]. Micro-
RNAs are single-stranded non-coding RNAs approxi-
mately 20-22 nucleotides in length that regulate the
expression of protein coding genes. MicroRNAs are an
important aspect of transcriptome regulation in plants,
and for more information please refer to the excellent
review by Jones-Rhoades et al. [69].

Roche 454 sequencing has clear advantages over
microarrays for transcriptomics research, because it is an
open system that can potentially capture all the trans-
cripts in a given sample and can also accurately measure
gene expression by counting the number of identical
transcripts detected. The main disadvantage of the tech-
nology at this stage is the cost, which restricts routine use
of the technology in most laboratories. It will be inter-
esting to see the future results of wheat transcriptomics
studies using Roche 454 sequencing, as we expect the dis-
covery of many new transcripts that are not represented
on the current microarrays. Additionally, the results may
provide guidance as to the size of the wheat tran-
scriptome in relation to the genome, and greatly assist in
identifying gene-rich regions.

Summary and Future Directions

Many tools are available for wheat transcriptomics
research, which are briefly summarized in Table 1. The
future ability of wheat transcriptomics to expand will de-
pend greatly on the continuing efforts for sequencing the
gene-space of this important crop. Currently, closed-end
wheat microarrays are limited in their transcriptome
coverage, while open-ended technologies including SAGE
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Table 1 Current transcriptomics resources available in wheat
Tool/Resource Description
Genome sequence e Coordinated effort underway by the IWGSC (http://www.wheatgenome.org)
e Recognized as a priority by research community
(http://www.csrees.usda.gov/nea/plants/pdfs/wheat_conference_summary.pdf)
ESTs' 1050791 entries

Oligonucleotide microarray
cDNA microarray
Tiling microarray
Serial Analysis of
Gene Expression (SAGE)
Massively Parallel Signature e Not reported
Sequencing (MPSS)

Not currently available

55K Affymetrix Wheat GeneChip (http://www.affymetrix.com)
Multiple including ~9K array [16]

Applied for studying developing wheat caryopsis [61]

Sequencing-by-synthesis e Roche 454 cDNA sequencing (Deven See, personal

communication, 2008)

Deletion and aneuploid e Large collection available from the Wheat Genetic and

genetic stocks
Transformation

Gene knockdown RNA interference [72]

Databases/tools

Genomic Resources Center (http://www.k-state.edu/wgrc)
Biolistic- and Agrobacterium-mediated DNA delivery systems [71]

Viral-induced gene silencing [73]

Graingenes (http://wheat.pw.usda.gov)

Gramene (http://www.gramene.org)

TIGR Genome Database (http://www.tigr.org/tdb/e2k1/tae1)

Wheat Genome Project (http://wheat.pw.usda.gov/NSF/htmliversion.html)
INRA TriAnnot Project (http://urgi.versailles.inra.fr/projects/TriAnnot)
WEST (http://wheat.pw.usda.gov/wEST)

CerealsDB (http://www.cerealsdb.uk.net)

HarvEST Wheat (http://harvest.ucr.edu)

PLEXdb (http://plexdb.org)

Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo)
ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae)

GrainSAGE (http://www.scu.edu.au/research/cpcg/igfp/index.php)
Wheat SNP Project (http://wheat.pw.usda.gov/SNP/new/index.shtml)

'ESTs listed in the National Center for Biotechnology Information (NCBI) EST database (GenBank dbEST) (8 August 2008; http://

www.ncbi.nim.nih.gov/dbEST/dbEST_summary.html).

and MPSS are limited by difficulties in annotating the
short-sequence tags. Perhaps the most promising techni-
que available is the Roche 454 sequencing-by-synthesis,
which allows the potential for deep transcriptome cov-
erage and produces long reads that are more amenable to
annotation and specific genome assignment in the hexa-
ploid genome. As this technology becomes more cost-
effective and accessible, it may replace the use of micro-
arrays in studying gene expression for many researchers.
However, tiling microarrays will be of great use to the
wheat research community, but again can only come to
realization with large-scale genome sequencing.

A major focus in the future will be the merging and
comparative analysis of transcriptome data between
researchers. In particular, there are large resources of
wheat microarray data now available, which provide
opportunities for gene coexpression network analysis.
The merging of data derived from a standardized platform,
such as the Affymetrix Wheat GeneChip, will be much
easier than cross-platform merging. For example, the
authors of this review have participated in four studies of
the wheat transcriptional response to rust pathogens

using the Affymetrix Wheat GeneChip platform. The data
from these four studies will be integrated to perform a
gene coexpression network analysis that has the potential
to identify key gene expression signatures involved in rust
resistance. This type of analysis has been successful in
associating abiotic stress phenotypes in A. thaliana with
underlying common and unique gene expression pathways
and marker genes [70]. The linking of gene expression
data to genetic information is also of great importance to
understand the interplay among genome, transcriptome
and phenotype. Simultaneous surveying of the genome
and transcriptome on a single platform through, for
example, the ELPs and SFPs discussed earlier, is a valuable
technique for uncovering genetic elements that influence
the transcriptome. Overall, wheat transcriptomics is
progressing rapidly and in the future we will see a com-
plete systematical approach that integrates the tran-
scriptome with genome, proteome and metabolome.
Additionally, gene expression databases will expand and
become more standardized, which will accelerate the
discovery and characterization of all genes in the wheat
genome.
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