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ABSTRACT The wide-spread use of microarray technologies to study plant transcriptomes has led to important discov-
eries and to an accumulation of profiling data covering a wide range of different tissues, developmental stages, pertur-
bations, and genotypes. Querying a large number of microarray experiments can provide insights that cannot be gained by
analyzing single experiments. However, such a meta-analysis poses significant challenges with respect to data compara-
bility and normalization, systematic sample annotation, and analysis tools. Genevestigator addresses these issues using
a large curated expression database and a set of specifically developed analysis tools that are accessible over the internet.
This combination has already proven to be useful in the area of plant research based on a large set of Arabidopsis data
(Grennan, 2006). Here, we present the release of the Genevestigator rice and barley gene expression databases that con-
tain quality-controlled and well annotated microarray experiments using ontologies. The databases currently comprise
experiments from pathology, plant nutrition, abiotic stress, hormone treatment, genotype, and spatial or temporal ana-
lysis, but are expected to cover a broad variety of research areas as more experimental data become available. The tran-
scriptome meta-analysis of the model species rice and barley is expected to deliver results that can be used for functional

genomics and biotechnological applications in cereals.

INTRODUCTION

One of the major challenges in plant genomics is the transla-
tion of scientific results obtained from model species into crop
plants that are relevant for agriculture and industry. While
Arabidopsis thaliana, which is the most widely used model
plant species (Meinke et al., 1998), has significantly contrib-
uted to fundamental research and advanced our understand-
ing of plant biology, it is not an economically important plant.
Nevertheless, results from Arabidopsis genomics research have
remained an abundant source of information for translational
biology applications into agriculturally important crop species
(Rensink and Buell, 2004). For example, Arabidopsis genes can
function ectopically in other plant species, and investigating
agriculturally relevant processes such as biotic or abiotic stress
in Arabidopsis opens opportunities to engineer genetically
modified crops with pathways that confer tolerance or resis-
tance (Zhang et al., 2004). Despite this progress, the underly-
ing mechanisms of many traits are highly complex and not
easily transferable from dicotyledonous to monocotyledon-
ous species. The availability of genome and transcriptome
data from monocotyledonous crop plants is therefore
expected to facilitate the improvement of cereals. Rice and
barley are two widely cultivated diploid crop species that

are increasingly recognized as model plants for breeding,
functional genomics, and, more recently, systems biology re-
search (Izawa and Shimamoto, 1996; von Zychlinski et al.,
2007).

Rice and barley have extensive genetic, molecular, and ge-
nomic resources (Bruskiewich et al., 2006; Sreenivasulu et al.,
2008), and both species can be routinely genetically engi-
neered using Agrobacterium-mediated (Murray et al., 2004;
Nishimura et al.,, 2006) or biolistic (Christou, 1997; Obert
et al., 2008) transformation. As the result of public and private
efforts (Goff et al., 2002; IRGSP, 2005; Yu et al., 2002), the ge-
nome sequence of rice is now available for functional
genomics applications. Similarly, the International Barley Se-
quencing Consortium (http://barleygenome.org) will establish
a physical map of Hordeum vulgare and sequence the genome.
The sequence conservation and synteny between rice and
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barley and other cereal crop species such as wheat, maize, sor-
ghum, oats, and sugarcane provide important opportunities
for translational biological applications (Salentijn et al.,
2007) and candidate gene approaches (CGA) (Pflieger et al.,
2001).

Several platforms for expression profiling analysis have be-
come available for rice and barley, including ¢cDNA-AFLP
(Leymarie et al., 2007), SAGE (Gowda et al., 2004; White
et al., 2006), MPSS (Nakano et al., 2006), cDNA-based microar-
rays and oligonucleotide arrays. An early example of a cDNA
microarray project in rice research was the Rice Microarray Pro-
ject (Yazaki et al., 2000). Later, the NSF Rice Oligonucleotide Ar-
ray Project (www.ricearray.org) made available two microarray
platforms—a 20K array and a 45K array mapped to the release 5
of the TIGR Rice Genome Annotation. Two expression profiling
platforms that are widely used at present are the Affymetrix
GeneChip® Rice Genome Array and Barley Genome Array.
The rice array contains probes for 51 279 transcripts represent-
ing two rice cultivars (approximately 48 564 japonica tran-
scripts and 1260 indica transcripts; www.affymetrix.com/
products/arrays/specific/rice.affx). The barley array contains
22 792 probes for 21 439 non-redundant genes (Close et al.,
2004).

A number of databases and tools exist for rice and barley
gene expression profiling. For example, the Rice Expression
Database (RED; Yazaki et al., 2002) contains data from more
than 200 experiments in 24 different physiological categories.
The Rice Oligonucleotide Array (ROMA) Expression Database
(www.ricearray.org/rice_study.shtml) is designed to support
expression data from a variety of platforms. Currently, seven
studies including a total of 166 hybridizations are available on
this website. PLEXdb (Wise et al., 2007) is a community resource
for plant and plant pathogen microarrays and contains microar-
ray expression data fromseveral types of platforms, including the
Affymetrix Rice Genome Array (two studies) and Barley Genome
Array (16 studies). Finally, the Yale Virtual Center for Cellular Ex-
pression Profiling of Rice (http:/bioinformatics.med.yale.edu/
riceatlas/) provides transcriptional profiles from various rice cell
types isolated by laser microdissection.

Methods for the analysis of single experiments are well
established and allow identification of genes, pathways, or
networks that are significantly affected in the tested condi-
tions. In contrast, the simultaneous analysis of multiple micro-
array experiments (meta-analysis) is more challenging because
the data may originate from different laboratories using dif-
ferent platforms and protocols, and because the volume of
data that is being processed can be large and therefore
requires specialized algorithms and data management struc-
tures. Genevestigator® is an advanced web-based system that
was designed to perform molecular expression meta-analysis
using novel concepts of data mining and innovative algo-
rithms (Hruz et al., 2008). Meta-analysis in Genevestigator is
based on the large-scale and systematic combination of nor-
malized and quality-controlled expression data with experi-
mental context variables using ontologies (e.g. anatomy,

development, perturbation, or genetic background). This
large-scale combination of data and meta-data produces novel
insight into the spatio-temporal-response architecture of tran-
scriptomes and allows users to answer questions that cannot
be addressed by analyzing a single experiment (e.g. querying
which conditions affect a given gene of interest). The integra-
tion of microarray data from different species and from hun-
dreds of experiments therefore allows users to investigate the
function of genes of interest, as well as to identify candidate
genes for reverse genetics and biotechnological applications.

A systematic effort to collect, quality-control, and annotate
rice and barley microarray data on a large scale is expected to
yield a unique expression compendium for meta-analysis and
systems biology research in monocotyledonous plants. Here,
we present the extension of Genevestigator and its meta-
analysis platform with Affymetrix GeneChip® microarray data
to rice and barley.

CONSTRUCTION AND CONTENT OF RICE
AND BARLEY DATABASES

Although both rice and barley Affymetrix arrays have been
available for several years now, comparatively few experi-
ments have been made available through public repositories
as compared to data from the Arabidopsis Affymetrix ATH1 ar-
ray. Table 1 provides a list of currently published studies that
used rice or barley Affymetrix arrays. These experiments cover
conditions such as salt, drought, and nutrient stress, response
to various pathogens, hormone treatments, genotype, or mu-
tant profiling, as well as spatial and temporal analysis of gene
expression. Although not all of these data are currently avail-
able in public repositories, close to 1000 Affymetrix arrays from
these two model species were normalized, quality-controlled,
annotated, and are made available in Genevestigator (for
more details about the curation process, please refer to Hruz
et al., 2008 and previous publications). Because the value of
a meta-analysis in Genevestigator increases as more data be-
come available (Zimmermann et al., 2004), a major curation
effort is underway to extend the databases and keep them
up to date with new publicly released experiments. Research-
ers are also encouraged to submit their experiments so that
they can visualize their own data in the context of all other
public experiments.

In addition to compiling transcriptome data, an essential
component of the Genevestigator database is the systematic
annotation of experiments and sample properties. To achieve
this, ontologies have to be developed for every new organism
added to the database. For rice and barley, a new anatomy tree
was designed using terms accepted in the community. The
structure of the tree was constructed with a strong focus on
data analysis, namely it must be non-redundant and intuitive
for the user (see Figure 1). Therefore, the anatomy tree is
a compromise between a linear list of anatomy parts and a se-
mantically correct but redundant classification system. Addi-
tionally, because Genevestigator incorporates data from
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Table 1. Overview of Published Rice and Barley Microarray Experiments (as of July 2008) Using Affymetrix GeneChip® Arrays.

Abiotic Biotic Mutants/ Spatial Temporal
ID  Experimenter stress stress Miscellaneous cultivars analysis analysis  Arrays
A1 Walia et al. 2005 Salt - - FL478; IR29 - - 11
A2 Walia et al. 2007 Salt - - IR29; M103; Agami - - 24
A3 Norton et al. 2008 Arsenate - - Azucena; Bala - - 12
A4 Hirose et al. 2007 - - Trans-zeatin Nipponbare; OsRR6 J - 28
A5 Jain et al. 2007 Drought; - - IR29; IR64 J J 57
salt; cold
A6 Lasanthi-Kudahettige Anoxia - - Nipponbare - - 4
et al. 2007
A7 Huang et al. 2007 - - - MH63; OsSRT1(RNAI) - -
A8 Ribot et al. 2008 - M. grisea - Nipponbare - -
A9 Li M et al. 2007 - - - Nipponbare J J 13
A10 Li Q et al. 2007 - - - Zhonghua11; gif1 - -
A11 Yang et al. 2006 - X. oryzae pv. - Nipponbare - -
oryzae
A12 Zhou et al. 2007 Drought; salt - - MH63 J - n.a
A13 Lixet al. 2008 - - DNA methylation Nipponbare - - 32
A14 Cheng L et al. 2007 - - - Nipponbare; naat1 - - n.a.
A15 Xiong et al. 2006 - - - Ihd2-1; YunDao32 - - n.a.
A16 Cheng Z et al. 2007 - M. grisea - Songjing-2; 972-4 - - n.a.
A17 Kong et al. 2006 - - - Nipponbare; OsDOS(RNAI); +/ N, n.a.
OsDOS OX-5
A18 Swarbrick et al. 2008 - S. hermonthica - Nipponbare; IAC 165 - - 24
A19 Kumar et al. 2007 - - - Cypress; LaGrue; RT0034 - - 9
B1 Rostoks et al. 2005 - - - Morex; Golden Promise J J 63
B2 Mitra et al. 2004 - - - Sultan V; rar1-2 - - 4
B3 Boddu et al. 2006 - F. graminearum - Morex - - 44
B4 Barkeloo and Wise 2005 — - - Morex; Steptoe - -
B5 Zhang et al. 2006 - - - Rrp1; Morex - -
B6 Parrott et al. 2007 - - Steam-girdling  n.a - - 21
B7 Cui et al. 2005 * Drought - - OWB-R; OWB-D; - - 21
Steptoe; Morex; Barke
B8 Walia et al. 2007 Salt - - Maythorpe; Golden Promise - 24
B9 Walia et al. 2006 Salt - - Morex - - 18
B10 Rostoks et al./Waugh Low nitrogen; - - n.a - - 5
drought; salt; water
B11 Luo et al. 2007 - - - Morex; Steptoe; J N, 197
Steptoe X Morex
B12 Caldo et al. 2006 - B. graminis - Sultan V; M66; M82; - - 180
M100; Rom1;
B13 Caldo et al. 2004 - B. graminis - Mla1; Mla6; Mla13; - - 108
B14 Lopes and Araus 2008 - - Fertilizers n.a - - 9
B15 Boddu et al. 2007 - F. graminearum — Morex - - 18
B16 Druka 2006 - - - Morex X Golden Promise; - - 12
Morex; Golden Promise
B17 Mashiguchi et al. 2007 - - Gibberellin Himalaya - - 6
B18 Sreenivasulu et al. 2008 - - - Barke J - 32
B19 Nielsen et al. 2006 - - - Barke - N 9
B20 Svensson et al. 2006 Cold - - alb—e'®; alb—f'7; xan—s“¢; - - 30

xan-b'?; Bonus
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Table 1. Continued

Abiotic Biotic Mutants/ Spatial Temporal

ID Experimenter stress stress Miscellaneous cultivars analysis analysis  Arrays

B21 Jiang et al. 2008 - - - Barke; Golden Promise; - - 24
Haruna Nijo; Morex;
Optic; OWB_D;
OWB_R; Steptoe

B22 Richardson et al. 2007 - - - Golf J - 15

B23 Furukawa et al. 2007 - - Aluminum Murasakimochi; Morex - -

B24 Bowen et al. 2007 - - - M955 - -

B25 Zhang et al. 2008 - P. graminis - G02-448F-3R; Golden - - 72
Promise

A1-A19: Rice Genome Array; B1-B25: Barley Genome Array. The ID codes refer to the original publications as described in Supplemental Tables 1

and 2.

* Originally used to identify barley single feature polymorphisms.

multiple organisms, the ontologies were designed to be
orthologous between related species to facilitate cross-species
analyses.

The ontologies for plant development were partitioned into
approximately 10 stages of the lifecycle of an organism and are
strictly time-related (in contrast to the frequent anatomy-
related use of the term ‘development’). Currently, in Geneves-
tigator, there are no refined developmental ontologies for
seed development or floral development, for example. How-
ever, it is conceivable that with the increasing volume and di-
versity of data becoming available, the addition of such
ontologies will allow a more detailed view of developmental
processes.

Genevestigator distinguishes between external and internal
perturbations (currently named ‘stimulus’ and ‘mutation’,
respectively). The stimulus ontology contains categories of per-
tubation such as biotic stress, abiotic stress, chemical, hormone,
or light treatment. The mutation ontology groups mutants
accordingto the genetic modification method (overexpression,
T-DNA insertion, EMS mutagenesis, activation tagging, etc.).
Often, in the publications describing the experiments, the in-
formation about mutants is sparse and has to be retrieved by
Genevestigator curators from the literature, websites, or from
the authors directly. In Genevestigator, such information is
available in mouse-over information tooltips.

An important aspect of building data compendia and meta-
analysis tools is the quality of the data. Genevestigator cura-
tors control the quality of every experiment using a pipeline
of Bioconductor packages performing normalization and
probe-level analysis. For example, arrays are flagged as of
low quality if they fall out of range relative to the other arrays
from the same experiment, if they exhibit higher RNA degra-
dation, if they are particularly noisy, or if they do not correlate
with replicate samples. More detailed information about the
quality assessment is described in the User Manual available on
the website (www.genevestigator.ethz.ch).

Genevestigator contains a number of toolsets, each contain-
ing several analysis tools. Toolsets group tools that focus on the

same type of analytical approach, namely meta-analysis, bio-
marker search, clustering, or pathway analysis. More details
about each of the tools and their applications for gene function
analysisand genediscovery, as well asillustrative case studiesand
exercises, can be found in the original article (Hruz et al., 2008)
and on the Genevestigator website (www.genevestigator.
ethz.ch).

DISCUSSION AND CONCLUSION

The meta-analytical approach of Genevestigator consists of
contextualizing the expression of genes based on the collec-
tion of available experimental conditions. Linking expression
to phenotypes, mutations, or perturbations helps to interpret
correlations between genes and factors, and ultimately to
model gene function and gene regulatory networks. An exten-
sion of this approach is to explore the expression space for
genes that show similar patterns in chosen sets of conditions
(clustering and bi-clustering), to find genes that are correlated
to a target gene, or to identify the best candidate genes that
fulfill selected criteria (biomarker search). An example for this
is the search for genes specifically expressed in selected tissues
from Arabidopsis. A recent comparison with a proteome map
from Arabidopsis tissues revealed that marker genes identified
through Genevestigator were also highly specifically expressed
in the proteome datasets (Baerenfaller et al., 2008). An earlier
analysis by Becerra et al. (2006) used Genevestigator to confirm
the specificity of expression of genes in seeds that were iden-
tified using an EST virtual subtraction method (Becerra et al.,
2006).

The integration of plant transcriptome and metabolome
data is expected to facilitate the elucidation of gene function
(Kopka et al., 2004; Saito et al., 2008; Zimmermann et al.,
2005). Several recent studies comparing transcript and metab-
olite abundances have shown that these two data types often,
but not always, do correlate, and that the combined analysis
reveals novel mechanisms of expression and flux regulation
(e.g. Gibon et al., 2006).
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Arabidopsis thaliana

—seedling * —seedling * —seedling *
—coleoptile —coleoptile —cotyledons
—epicotyl —epicotyl —hypocotyl
—first leaf —first leaf —radicle
—mesocotyl —mesocotyl —imbibed seed
—radicle —radicle —inflorescence *

—inflorescence * —inflorescence * 5€

seed | _seed F—embryo
—aleurone layer —aleurone layer ‘—endosperm
—embryo —embryo —flower
coleoptile coleoptile —carpel
coleorrhiza coleorrhiza ovary
radicle radicle stigma
scutellum scutellum —petal
—endosperm —endosperm —sepal
—pericarp —pericarp —stamen
—testa (seed coat) Ltesta (seed coat) Lpollen
L—panicle L—spike —pedicel
|—rachis —rachis —silique
internode —internode —stem
node —node —node
—spikelet —spikelet —shoot apex
rachilla —floret —cauline leaf
floret pistil —rosette *
pistil tamen —juvenile leaf
tamen anther — adult leaf
anther L—glume (bract) L petiole
lume (bract) lemma (outer bract) | senescent leaf
lemma (outer bract) awn — hypocotyl
awn palea (upper bract) xylem
palea (upper bract) —shoot * cork
—pedicel crown  ote
—shoot * culm —lateral root
crown —flag leaf —root hair zone
sl —auricles _ —root tip
—flag leaf —blade (lamina) —elongation zone
—auricles joaler —endodemis
—blade (lamina) —ligule —lateral root cap
—collar _—sheath L stele
—ligule —internode L primary root
—sheath —leaf
l_internode —auricles
—leaf —blade (lamina)
—auricles —collar
—blade (lamina) —ligule
L collar —sheath
—liqule —node
—s?leath —peduncle
| _node = Eizome *
—peduncle roots .

[ — —elongation zone

Lroots —endodermis
—elongation zone —lateral root
—endodermis [—primary root
—lateral root (—root hair
—primary root —root tip
—root hair
—root tip
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Figure 1. Example of Rice, Barley, and Arabidopsis Ontologies for the Classification of Sample Property Variables.

The anatomy trees of rice and barley were built based on community-accepted terms and designed to be non-redundant (each tissue
appears in only one location of the tree, in contrast to many classification systems). The tree terms and structures were constructed to
allow orthologous comparisons of gene expression between monocotyledonous plant species. The original Arabidopsis anatomy tree from
Genevestigator is shown as an example of ontology for rosette-like dicotyledonous plant species. The top-level tree architecture (marked
with an asterisk) is identical to that developed for rice and barley, and many leaf nodes have identical or orthologous terms so that data
from Arabidopsis can easily be compared with those of rice and barley.
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Within the field of plant sciences, Genevestigator has so far
been primarily used by scientists working with Arabidopsis.
There are several reports in which authors have translated
or compared results from Arabidopsis genes with those of other
species, such as rice (Yang et al., 2008), potato (Dvorakova
et al., 2007), poplar (Couturier et al., 2007; Vigneault et al.,
2007), or across a variety of plants including rice, barley, poplar,
and green algae (Roberts and Hejgaard, 2008). However, trans-
ferring knowledge from Arabidopsis into other species, partic-
ularly monocotyledonous crop species, is challenging. In fact,
although Arabidopsis and cereals share a substantial number
of orthologous genes, the pathways and underlying regula-
tory networks are likely to possess individual and possibly
non-orthologous characteristics. The availability of rice and
barley microarray data in Genevestigator will facilitate the ex-
trapolation of results to other cereals due to higher colinearity
and synteny of their genomes within these crop species. In
a further step, combining evidence across several species is
expected to increase the confidence about conclusions drawn
from a single species. An interesting development in this re-
spect has been the mapping of probesets from different plant
Affymetrix arrays into groups of orthologous sequences
(Frickey et al., 2008). A web-based tool (AffyTrees) is available
for plant scientists to assign probesets on different Affymetrix
arrays that measure the expression of orthologous genes. In
Genevestigator, these probesets can be stored into distinct
selections, which, with the help of the FOCUS function, can
be rapidly switched from one species to another. Thus, users
can rapidly gain cross-species insight into the regulation of
these target genes.

To maximize data comparability between experiments and
therefore ensure best possible results from a meta-analysis in
Genevestigator, we limit the combination of data to a single
array type at a time. At the moment, only Affmetrix data
are available in Genevestigator because Affymetrix has pro-
vided one of the most suitable platforms for data meta-
analysis. First, it offers a streamlined protocol and hardware
for expression profiling using GeneChip® technology, thereby
minimizing handling biases. Second, it is the platform for
which data in the public domain have been most abundant
so far. This allowed us to create datasets of thousands of arrays
from the same array type and technology and to avoid the in-
tricacies of comparing data from different technologies and
platforms. The quality of microarray data from several other
platforms (e.g. from lllumina or Agilent arrays), however,
has been shown to be similarly high (MAQC Project: Patterson
et al., 2006; Shi et al., 2006). We therefore expect that, in the
future, robust statistical methods will allow us to integrate
data from a variety of different platforms.

In summary, the rice and barley microarray databases in Gen-
evestigator provide the plant community with transcriptome
meta-analysis capability for monocotyledonous species. All
public rice and barley expression data within Genevestigator
are made freely available to academic users via the CLASSIC ver-
sion of Genevestigator. Theinterfaceisa JAVA appletrunningin

the user’s browser. User support information is provided on the
Genevestigator website (www.genevestigator.ethz.ch).

SUPPLEMENTARY DATA

Supplementary Data are available at Molecular Plant Online.
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