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Abstract

Climate change is projected to have a significant impact on temperature and precipitation profiles in the
Mediterranean basin. The incidence and severity of drought will become commonplace and this will reduce the
productivity of rain-fed crops such as durum wheat. Genetic diversity is the material basis for crop improvement and
plant breeding has exploited naturally occurring variation to deliver cultivars with improved resistance to abiotic
stresses. The coupling of new genomic tools, technologies, and resources with genetic approaches is essential to
underpin wheat breeding through marker-assisted selection and hence mitigate climate change. Improvements in
crop performance under abiotic stresses have primarily targeted yield-related traits and it is anticipated that the
application of genomic technologies will introduce new target traits for consideration in wheat breeding for
resistance to drought. Many traits relating to the plant’s response and adaptation to drought are complex and
multigenic, and quantitative genetics coupled with genomic technologies have the potential to dissect complex
genetic traits and to identify regulatory loci, genes and networks. Full realization of our abilities to manipulate
metabolism, transduction pathways, and transcription factors for crop improvement ultimately relies on our basic

understanding of the regulation of plant networks at all levels of function.

Key words: Breeding, climate change, durum wheat, genetics, genomics, systems biology.

Climate change in the Mediterranean region

It is now generally accepted that human activity has
resulted in an increase in average global surface temper-
atures. The Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report projects the rise in mean
global temperatures to be as high as 6.4 °C by 2100 with 1.3
times as much CO, entering the atmosphere, compared with
just 20 years ago (IPCC, 2007). Even though climate models
vary in their detail there is general agreement that climate
trends in the Mediterranean are more robust than in many
regions and they agree that the Mediterranean basin will
become hotter and drier over the next century (IPCC, 2007,
Bates et al, 2008). Annual precipitation around the
Mediterranean is likely to decrease by 4-27%, and a re-
duction of 20% appears to be a typical response across
models (IPCC, 2007; Fig. 1). Models have also predicted

a 3-5 °C increase in temperature (Fig. 1; IPCC, 2007) and
around a 20% loss in soil moisture (Scheiermeier, 2008).
The frequency and duration of dry spells and heat waves is
also likely to increase especially in the dryland areas.
Extremes, variability, and rates of change are all key
features in addressing vulnerability and adaptation to
climate change. Water scarcity will be a major problem for
the region with the added human demands and especially in
North Africa where it is estimated that water extraction
would exceed renewable levels in most countries by 2025,
even assuming the current climatic conditions. The combi-
nation of larger population pressure and climate uncer-
tainty will expose millions of people to severe water
shortages and this is expected to have a proportionally high
impact on the social, economic, and ecological aspects of
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Fig. 1. Multi-model predicted changes in mean annual temperature (A) and annual precipitation (B) from 1980-2099 in parts of Asia,
Africa, and Southern Europe. Changes are presented as the average of 21 models for scenario MMD-A1B based on the IPCC fourth

assessment report.

this region, compared with other parts of the world (Parry
et al., 2005). A variety of adaptation measures are already
in place in Mediterranean agricultural systems to adjust to
current climate variability and to prepare for future climate
change. These include water harvesting and conservation
techniques, early warning systems for droughts and floods,
improved seasonal forecasting, strengthening and integrat-
ing regional management practices, improving conservation
strategies, and improved crop cultivars.

Durum wheat production in the
Mediterranean basin

Durum wheat, Triticum turgidum L. var. durum 2n=4x=28
genome AABB, originated in the Eastern Mediterranean

and has been farmed in this region for the last 12 thousand
years (Key, 2005). Whilst farming has spread globally,
a premium is set on durum wheat quality cultivated in the
Mediterranean basin and this can account for up to 75% of
the world total production (Nachit, 1998a). The largest
durum producers in this region are Syria, Turkey, and Italy
followed by Morocco, Algeria, Spain, France, and Tunisia.
Durum wheat grain is used in the production of pasta,
bread, couscous, frekeh, and bulgur (Elias and Manthey,
2005). The major environmental constraints limiting the
production of durum wheat in this region are drought and
temperature extremes with productivity ranging from 0-6
t ha~—! (Nachit and Elouafi, 2004). Changes in total seasonal
precipitation and its pattern of variability are both impor-
tant, and the occurrence of moisture stress during flowering,
pollination, and grain-filling is harmful to wheat. Drought,
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combined with terminal heat at the grain-filling period, is
a characteristic of farming wheat in this Mediterranean
environment and is ultimately detrimental to grain yield
(Nachit, 1998a). The frequency of drought, with injury
occurring during the middle to the end of winter and
coinciding with the tillering-booting developmental stages,
has increased during the last three decades in North Africa
and has had a negative impact on durum wheat production
(Belaid ez al., 2005). Furthermore, crop duration has been
shortened by almost one month since 1970 in some areas of
southern Morocco. Warmer and drier winters have also
exacerbated the effect of some diseases and insects which
target wheat and are major biotic constraints on production
(A Yahyaoui, personal communication). For the leaf,
Puccinia striiformis (yellow rust) and Pyrenophora tritici-
repentis (tan spot) are problematic in the continental areas
and Septoria tritici (leaf rust) is prevalent during milder
winters. Root diseases and insects are increasing in impor-
tance as limiting factors to durum production in the
Mediterranean region with major problems of dryland root
rot caused by Fusarium species, particularly culmorum and
graminearum and by Helminthosporium sativum. The effect
of global warming has also extended the area of damage
caused by several diseases and insects of durum and bread
wheat. Septoria tritici remains a major constraint to farming
wheat in Morocco and Tunisia and this has now spread
to Spain, France, and Northern Europe (Great Britain,
Holland, Germany, and Denmark). Similarly, Mayetiola
destructor (hessian fly) has been a major constraint in durum
wheat production in North Africa and this has recently
expanded to Spain and France (Nsarellah ez al., 2000).

Key traits for wheat yield stability under
drought stress

Drought is a normal feature of climate. In agricultural
terms, drought occurs when there is insufficient soil
moisture to meet the needs of a particular crop at
a particular time, and is measured in relation to an average
balance between precipitation and evapotranspiration for
any given environment. A deficit of rainfall over cropped
areas during critical periods of the growth cycle can result
in destroyed or underdeveloped crops with greatly depleted
yields. It is also defined in terms of the timing of its
occurrence in relation to key physiological stages of crop
development, in terms of its intensity, and in terms of the
presence of additional abiotic stresses such as extremes of
temperature. Any factors that originate either from physical
factors such as seasonal temperature changes or from
societal factors such as increased use of water resources,
due to population increase, will exaggerate the level and
impact of drought. Plants sense, respond, and adapt to
water stress at the molecular, biochemical, physiological,
and crop levels. To understand how breeders have been able
to screen and develop cultivars capable of resisting drought,
it is important to examine the concepts defining plant
resistance to drought. Plants respond and adapt to water
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deficit using various strategies that have evolved at several
levels of function. These form components of the concep-
tual framework developed by Levitt (1972), which defines
drought resistance in terms of dehydration escape, tolerance
or avoidance. In dehydration avoidance, plants retain
cellular moisture by adopting strategies such as increased
soil moisture capture (via modification of root traits),
reduced water use or increased water use efficiency (changes
in plant size, leaf area, and leaf area index, leaf waxiness,
plant density) and osmotic adjustment (production of
osmolytes). This strategy is argued to be one of the major
mechanisms that plants have evolved and breeders have
selected for in targeted traits for drought resistance (Blum,
2005). Another strategy of maintaining cellular metabolism
and plant function during water stress is dehydration
tolerance with examples such as stem reserve mobilization
(Plaut et al, 2004), functional stay green phenotype
(Sanchez et al, 2002), and mechanisms observed in
resurrection plants. Dehydration escape is the third major
strategy, and has been successfully exploited by introducing
early flowering alleles in wheat germplasm to enable bio-
mass accumulation and flowering before the period of
major drought during grain fill, which is typical of
a Mediterranean-type drought (Richards et al., 2002; Slafer
et al, 2005). Adoption of any combination of these
drought-resistance strategies requires a balance between
reduced water use and maximizing yield potential—defined
as the maximum yield obtained in cultivation under non-
stress environmental conditions.

Genetic improvement under drought can be achieved
through direct or indirect selection for yield in the target
environment (Ceccarelli and Grando, 1996; Araus et al.,
2008). Whilst selecting for yield remains the simplest to
implement, it is characterized by low heritability and high
genomeXxenvironment (GXE) interactions, hence making it
one of the most difficult to breed for genetically under
drought environments. A complementary strategy is also
adopted which is to target traits closely correlated with yield
and yield potential and this has been coined indirect
selection, analytical or physiological breeding. Crop physi-
ological studies on cereals under drought environments
have identified several indirect traits that can be considered
for physiological breeding: radiation and water use effi-
ciency, green leaf duration, harvest index, rate of senes-
cence, grain fill duration, leaf area index, deep roots,
vigorous crop establishment, stem-reserve utilization, and
maintaining cellular hydration (Araus ez al., 2008; Reynolds
and Tuberosa, 2008). Other ‘constitutive’ type traits have
also been selected and have proven very useful in escaping
drought such as time to flowering. The challenge and
difficulty that breeders face is in the manner of how these
traits should be combined to design cultivars ready for
drought stress that can potentially hit it at any development
stage. Crop simulation models combined with high resolu-
tion climate change scenarios may identify key high level
traits important under drought and high temperature stress
in wheat (Semenov and Halford, 2009). However, modelling
is further compounded by the projected climate change
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scenario of increasing fluctuations in temperature and the
projected increase in atmospheric CO,. The climate-induced
warming in the Mediterranean basin is projected to result in
an accelerated growth period for crops which will reduce
potential yield (Rozensweig and Parry, 1994). Applying
crop models has also identified primary causes of the global
decrease in yield: the shortening of the growing period
especially during grain fill, decreases in water availability
due to increased evapotranspiration and poor vernalization
due to higher average temperatures (Parry et al, 2005).
However, care has to be taken in projections for changes in
evapotranspiration since some studies have highlighted that
global values of pan evaporation have been declining
(Roderick et al., 2009). Another factor has to be considered
in the modelling of climate change impact on durum wheat
production, that of the projected increase in CO, which
has a direct impact on lowering stomatal conductance
and transpiration rate, both potentially beneficial under
drought. This result has indeed been established in free-air
CO, experiments (FACE) on wheat only if the temperature
is held constant (Wall et al., 2006). The importance of the
rise in temperature in preventing a full realization of the
benefits of increased CO, on photosynthesis and yield for
lower latitudes was also highlighted by Parry er al. (2005).
Recently, modelling has drawn a complex picture where the
beneficial effect of CO, on durum yield in Mediterranean
climates, in ameliorating the effects of higher temperature
and lowered precipitation, is projected for the next 30 years,
after which no benefit is forecast (Ferrise et al., 2009). The
results of such modelling necessitate further studies, both
in silico and in the field, to enable us to understand the
influence of these interacting climatic factors upon the
target traits in durum wheat.

The breeding strategies

Two complementary strategies have been employed to
develop wheat cultivars for farming in dry environments.
In the International Maize and Wheat Improvement Centre
(CIMMYT), efforts have focused on coupling semi-dwarf
material with disease resistance so that yield potential will
be realized under wet conditions and also with some
reasonable productivity during dry conditions subjected to
biotic and abiotic stresses (Reynolds and Borlaug, 2006). In
the International Centre for Agricultural Research in the
Dry Areas (ICARDA) scientists invested in a strategy that
targeted drought-adaptive plant mechanisms, enabling ce-
real production in a very diverse environment often charac-
terized by multiple biotic and abiotic stresses (Ceccarelli,
1994). The Mediterranean climate is characterized by low
and variable annual rainfall which can fluctuate from 200-
800 mm and irrigation is not an available option for durum
commercial production (Nachit and Elouafi, 2004). Because
of this high year-to-year variability, breeding cultivars that
combine drought resistance, yield potential, and yield
stability are a prerequisite for stable productivity in this
region. A key approach has been to introgress resistance

genes from landraces and wild relatives to durum advanced
genotypes and to test germplasm in a matrix of stress
environments. Landraces and wheat wild relatives are the
main sources of drought resistance and Mediterranean
durum landraces were found to possess desirable traits for
resistance to drought and their use in the hybridization
programme has shown substantial progress in yield and
yield stability (Valkoun, 2001). Further, Triticun wild
relatives are used to widen the genetic base of durum and
to improve its resistance to abiotic and biotic stresses.
Genotypes generated from hybridization with Triticum wild
relatives have been found to produce high grain yield under
favourable and dry conditions. Under drought, the best
crosses were those with Triticum carthlicum, T. dicoccoides,
Aegilops species, T. monococcum, T. polonicum, and T.
dicoccum. At ICARDA, durum wheat segregating popula-
tions and advanced lines are subjected to the stresses
encountered in the representative selection environments of
the Mediterranean drylands. Hence a strategy was de-
veloped which allows the identification of germplasm that
combines drought resistance, productivity, stability, and
resistance to biotic and other abiotic stresses (e.g; cold and
heat). To achieve this, a double gradient selection technique
(DGST) for temperature extremes varying from cold to hot
and for water regimes varying from severe drought to
irrigated conditions is used (Nachit and Elouafi, 2004). This
strategy was coupled with the application of physiological
screening tools and the results showed that significant
genetic gain, in terms of grain yield, was associated with
physiological traits such as chlorophyll content and water
use efficiency using the surrogate carbon isotope discrimi-
nation and osmotic adjustment (Nachit et al, 1993, 19984,
b). Drought resistance was also found to be associated with
some molecular markers and the combination of the
physiological and molecular research tools have generated
promising genetic material for the Mediterranean drylands
(Nachit and Elouafi, 2004); this germplasm is now used as
a benchmark for further genetic improvement. Nevertheless,
breeding for yield under drought remains a difficult task
and it is anticipated that the application of genomic tools
will help in identifying the number and type, as well as the
nature of dominance and epistatic interactions, of genes
underlying a given quantitative genetic trait (Kearsey, 2002).

Molecular markers an essential cornerstone
for genomic and genetic research

Molecular markers allow discrimination in DNA sequence
amongst cultivars and breeding lines and thus offer the
scientific community singularly powerful tools to monitor,
track, and exploit sequence variation in germplasm. Many
types of markers have been developed and are now an
essential part of functional, structural genomics and molec-
ular breeding (Varshney et al., 2007). Microsatellite markers
or single sequence repeats (SSR) have proved useful in
wheat research since they offer reproducibility, multiallelic
nature, codominant inheritance, genome specificity, relative
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abundance, and good genome coverage (Varshney et al.,
2005; Ganal and Roder, 2007). They have been used in the
localization of genes to chromosomes (Roder et al., 2004),
identification of quantitative trait loci (QTLs) for yield and
quality traits (Ganal and Roder, 2007), characterization of
wheat varieties and germplasm (Donini ez al, 2000; Roder
et al., 2004), marker assisted selection (MAS), and back-
crossing. Another promising type is single-nucleotide poly-
morphism (SNP) or biallelic markers because they form the
basis for most genetic variation between individuals, they
are widely distributed and amenable to high multiplex
detection systems (Ganal and Roder, 2007). The identifica-
tion of SNP markers depends on comparative sequencing of
lines or analysis of expression sequence tags (ESTs). This
was delayed in wheat due to a lack of adequate technologies
that can handle the problems associated with polyploidy
and sequencing large genomes. Recent advances in new
DNA sequencing technologies (454, Solexa, and SOLiD)
(Pettersson et al., 2009) will enable low-cost SNP discovery
over larger genomic regions in species including wheat.
Molecular markers can be derived either from within or
from outside the gene sequence and the selection of the
most suitable marker system depends on the objective and
cost. For wheat molecular studies on drought stress, the
development of functional genic markers are essential in
linking traits to sequence polymorphism.

QTL discovery

The advances in functional genomics in delivering bacterial
artificial chromosomes (BACs), ESTs, partial gene sequen-
ces, full-length ¢cDNA clones, genes and markers have
enabled the establishment of molecular maps based on
genic markers. The creation of suitable mapping popula-
tions and the development of molecular markers have
enabled linkage studies in wheat and many QTLs have been
identified for yield under drought environments (Varshney
et al., 2006). Linkage studies have shown that QTLs for
grain yield reside in several chromosomal regions, and
measurements of yield components allow us to dissect
complex traits to smaller genetic components more amena-
ble for building our knowledge of trait architecture which
will inform our future strategies for exploitation. Mapping
populations have also been developed in durum wheat for
the study of biotic and abiotic stresses (Blanco et al., 1998;
Nachit et al., 2001; Nachit and Elouafi, 2004). QTLs have
been established for traits relating to durum wheat yield
under rain-fed and irrigated conditions in field trials
typically accounting for 10-21% of the phenotypic varia-
tion. Studies on a cross Omrabi 5/Triticum dicoccoides
600545//Omrabi 5 in 18 environments identified QTLs for
test weight on chromosomes 7AS and 6BS, explaining 30%
of the total variation. Thousand kernel weight showed
a significant transgressive inheritance and five QTLs were
identified, explaining 32% of the total variation, out of
which 25% was of a genetic nature, and showing QTLXE
interaction (Elouafi and Nachit, 2004). Loci for yield, yield
components, heading date, plant height, and physiological
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and developmental traits under drought have also been
established in mapping populations (Maccaferri et al., 2008;
DZ Habash et al.,, unpublished data). An alternative to
linkage analysis is association mapping which has enabled
the establishment of a suite of QTLs for yield-related traits
in panels of diverse germplasm (Maccaferri et al., 2005,
2006). Despite the available maps, populations, and marker
technology, advances in transferring knowledge from QTL
studies on yield under drought to breeding remains slow.
This is due to three major factors: first, yield is a quantative
trait with poorly defined genetic architecture of multiple
interacting loci, the second is the fact that these loci have
a high GXE interaction component, and the third is the
accurate phenotyping of the traits under study (often an
underestimated problem). QTLs established in one environ-
ment often disappear in another and thus QTLs have been
defined as constitutive versus adaptive. However, this
categorization can be artificial since certain genes underly-
ing ‘constitutive’ traits can also respond to the environmen-
tal conditions such as flowering genes (Collins ez al., 2008).
To enable a study of the interaction of GXE, phenotyping
trials can be carried out on the same population in multiple
field sites where environmental covariates are considered in
the analysis (Nachit et al, 1992; DZ Habash et al, un-
published data). This enables the modelling and interpreta-
tion of QTL by environment interaction, or the differential
expression of QTLs in relation to changing environmental
conditions, as demonstrated in maize (Vargas et al., 20006)
and bread wheat (Kuchel et al., 2007). Reymond et al. (2003)
argued for an alternative approach combining genetic and
ecophysiological models for understanding and dissecting
plant responses to water deficit so that the response of one
genotype can be genetically dissected and mapped as a
function of varying degrees of stress. An alternative and
potentially powerful mathematical approach based on quan-
titatiave genetics has been developed, linking gene models
with quantitative genetics (Podlich and Cooper, 1998). This
allows the simulation of various gene actions or models in
the context of selection and breeding strategies. Despite the
complexity of studying yield and its genetic architecture
under drought, data are now available from multiple
studies and from various genetic material to enable us to
start identifying important loci for further work (Varsheny
et al., 2000).

Exploring and fine mapping a QTL

Loci correlated to yield traits under water-limited field trials
in durum wheat germplasm contrasting for drought toler-
ance have recently been explored (Diab et al. 2008). Twelve
genes and 103 differentially expressed sequence tags
(dESTs) were selected from previous studies on drought in
barley (Talame et al., 2007) and polymorphism was sought
in the durum wheat Jennah KhetifaxChaml mapping
population (Diab et al, 2008). Results show that several
dESTS and candidate genes were statistically correlated
with QTLs for traits relating to tolerance under drought.
Figure 2 shows an example of such an approach and
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EST Trait

Quantum yield
Water index

Unknown gene
Oxalate oxidase
Lipoxygenase

Chlorophyll content
Transpiration
Carbon isotope discrimination

Unknown gene
Phosphoprotein phosph
Hypothetical protein
Stearoyl-CoA d ase

Fig. 2. Co-localizations between mapped dESTs and QTLs for
various traits on chromosome 4B relating to plant performance
under drought redrawn with permission from Scientific Research
and Essays (Diab et al., 2008).

identified some candidate genes involved in fatty acid/lipid
metabolism (lipoxygenase, stearoyl-CoA desaturase), regu-
lation (phosphoprotein phosphatase), and defence (oxalate
oxidase) that were statistically correlated with traits on
chromosome 4B (quantum yield, chlorophyll content,
transpiration, water index, canopy temperature depression,
and carbon isotope discrimination). Therefore, this gives us
the first link between candidate genes and trait chromo-
somal location and future work is necessary to fine map the
QTL and establish how these candidate genes are involved
in the response to drought. Primary QTL mapping, will
identify a QTL to within 10-30 ¢cM resolution. To fine map
a locus to a higher resolution, near isogenic lines (NILS)
specific for the particular QTL under study are required to
mendelize the locus (Alonso-Blanco and Koornneef, 2000).
Only a handful of studies have achieved the cloning of
a wheat QTL via positional cloning, most notably the
cloning of VRNI (Yan et al., 2003). Several putative loci
relating to abiotic stress tolerance have been identified in
studies using allelic variation and are reviewed by Collins
et al. (2008). In durum wheat, a recent study has identified
robust QTLs in yield traits across 16 environments on
chromosome groups 2B and 3B (Maccaferri et al., 2008)
which are now under fine mapping (R Tuberosa, personal
communication). When a QTL region is resolved to a few
cM genetic distance, markers closest to the QTL are then
used to anchor the genetic map to a physical map and BAC
libraries are then used to identify potential candidate
sequences. The use of model species, synteny, and bioinfor-
matics tools is critical at this stage to enable candidate genes
to be identified in wheat. Whilst QTL cloning represents
a huge undertaking in terms of the technology, time, and
resources required, the advantages derived from its success
are directly applicable to MAS and to improving our

knowledge of genome function and trait dissection (Salvi
and Tuberosa, 2007). This will even become more accessible
in the near future with the recent breakthroughs in DNA
sequencing technologies (Pettersson et al., 2009). A promis-
ing new approach, coupling linkage analysis with high
throughput gene expression, coined genetical genomics
(Jansen and Nap, 2001) has enabled the establishment of
expression QTLs (eQTLs) which can identify potential
candidate genes residing in a QTL. This has recently been
applied to wheat studies identifying cis and trams-acting
regulatory regions controlling seed development (Jordan
et al., 2007).

International efforts, genomic technologies,
and resources

Advances in cereal genomic research have produced major
milestones in the efforts to understand the structure and
function of the wheat genome. A proposal developed to
establish a public database of ESTs from Triticeae species,
Triticeae International Triticeae EST Cooperative (ITEC;
http://wheat.pw.usda.gov/genome/) has delivered over 1.5
million ESTs for Triticeae of which ~1 million are for
wheat (http://www.ncbi.nlm.nih.gov/). These have been
essential for the development of molecular markers, genetic
and physical mapping, comparative genomics, annotation
of sequences, and analysis of gene expression under biotic
and abiotic stresses (Matthews et al, 2004). An interna-
tional effort is underway to sequence the genome of wheat
because of the necessity to provide knowledge specifically
for polyploidy where model species cannot always deliver
insight into the functioning of traits in wheat. The in-
ternational wheat genome sequencing consortium (IWGSC;
http://www.wheatgenome.org/) was therefore established by
scientists and other stakeholders to sequence the wheat
genome chromosome by chromosome. Paux et al. (2008)
have recently published the first physical map for chromo-
some 3B in wheat using chromosome-sorted large-insert
BAC libraries and genetic mapping strategies to anchor the
physical map. This critical achievement demonstrated that
this strategy works and has allowed the identification of
genes and QTL, of agronomic importance, in contigs which
can then be sequenced and studied in depth (Paux et al,
2008). Furthermore, they have also demonstrated inversions
and non-colinear regions in wheat chromosome 3B and its
colinear rice chromosome 1 thus stressing that caution is
required in predicting gene order from the rice genome. This
lends further weight to the need to sequence each specific
crop genome. Sequencing the full chromosome of 3B will
now become tangible, both in terms of cost, time, and
effort, with the arrival of high throughput next-generation
sequencing technologies (Pettersson et al, 2009). The
technical barriers in DNA sequencing technologies are
breaking down and it is envisaged that soon it should be
possible to sequence one whole genome for $1000 in one
day (Service, 2006; Eid et al, 2009). The need to exploit
functional genomics for breeding in crops has also led to the
establishment of various high throughput technologies for
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the study of gene expression such as differential display,
DNA microarray, SAGE, oligoarrays, EST sequencing, and
RNA sequencing. The application of EST analysis and
transcript profiling has uncovered hundreds of genes in
plants whose level of expression is altered by abiotic
stresses. This has enabled us to move away from the single
gene to phenotype approach and towards cataloguing the
genome’s global response to stress. These studies have
uncovered multiple strategies that plants employ in response
to stress and have enabled us to sketch regulatory networks
altered by stress (Sreenivasulu et al, 2004; Bohnert et al.,
2006; Valliyodan and Nguyen, 2006). Studies have also
highlighted the importance of cell-specific gene expression
in Arabidopsis (Birnbaum et al., 2003) and organ-specific
responses in rice (Zhou et al, 2007), and the method of
stress imposition on transferability of results to crops in
field conditions (Talame et al., 2007). Similar considerations
will apply to the use of high throughput studies of the
proteome and metabolome in the future.

Candidate gene and genetic engineering
approach

High throughput transcriptome studies and functional
genomic approaches have been used to identify genes
correlated with a plant’s response to water stress. A large
number of genes have been identified and the diversity of
these responsive genes and pathways reflects the complexity
of the mechanisms involved in sensing and responding
to water stress. These genes have been categorized by
Yamaguchi-Shinozaki and Shinozaki (2006) into two major
groups: the first codes for functional proteins involved in
protecting cellular function (water channels, transporters,
detoxification, proteases, protection factors of macromole-
cules, chaperones, and osmolyte biosynthesis); the other
group codes for regulatory proteins involved in signal
transduction such as transcription factors, protein kinases,
protein phosphatases, and enzymes of lipid metabolism
(Shinozaki et al., 2003). Genetic modification of the expres-
sion of members belonging to these two major groups of
genes, further categorized as abscisic acid (ABA)-dependent
or ABA-independent, has resulted in some improvement in
traits relating to tolerance under water stress in a variety of
plant species (Zhang et al., 2004; Vinocur and Altman,
2005; Yamaguchi-Shinozaki and Shinozaki, 2006). How-
ever, only a few genes have been successfully engineered in
crops to enhance resistance to drought under field con-
ditions. To date, modulating the NFYB2 transcription
factor in maize has resulted in enhanced performance under
water-limited field trials (Nelson et al., 2007) and field trials
are underway in CIMMYT to test wheat genetically
engineered to modulate the expression of the dehydration
responsive element binding (DBF/DREBI) transcription
factor (M Reynolds, personal communication). An impor-
tant aspect that is worth highlighting here is that fine-tuning
the modulation of the target gene(s) expression to specific
cell types may be essential in a successful strategy for
modulating the system. This is supported by recent global
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analysis of the proteome and metabolome of Arabidopsis
root tissue showing cellular specificity in response to abiotic
stress (Dinneny et al., 2008). However, this will rely on our
ability to identify and utilize cell/tissue-specific promoters to
fine-tune and target genetic modification. This, coupled with
an improved understanding of the complex regulatory net-
works involved in sensing and responding to water stress,
will improve our genetic engineering outcome.

Exploiting and mining information

A considerable body of information is now available from
the application of new genomic and genetic technologies in
cereal research. However, this information is often dis-
persed among different databases with varying formats and
this presents major problems of accessibility and utility for
scientists. Bioinformatics, through computational biology,
has therefore emerged as a new discipline focused on the
collection, manipulation, storage, retrieval, and use of
biological information and the development of programmes
and databases to enable this. The release of the genome
sequence for Oryza sativa and Arabidosis thaliana has had
an enormous impact on genomic research in cereals in
transferring gene and locus-specific sequence information to
non-model cereals such as wheat. This has been aided by
comparative genomics which involves the projection of
structure and function between model species and others,
and this is critical for research in wheat because of the lack
of a sequenced genome. Furthermore, the discovery of
colinearity in molecular markers between grasses (Devos
and Gale, 2000; Feuillet and Keller, 2002) has enabled the
transfer of some genome information from rice. Compara-
tive studies in cereals have enabled the development of
genetic maps, molecular markers, and map-based cloning
of agronomically important genes (Salse and Feuillet,
2007). This knowledge is now stored in databases such as
GrainGenes (http://wheat.pw.usda.gov/GG2/germplasm.
shtml) which specifically targets genetic data for the
Poaceae (Gramineae) family. This includes several types of
information such as genetic and cytogenetic maps, genomic
probes, genes, alleles, and gene products, nucleotide sequen-
ces, associated phenotypes, quantitative traits and QTLs,
genotypes and pedigrees of cultivars, genetic stocks, and
other germplasms. Another database, Gramene (http:/www.
gramene.org/) holds data for comparative genome analysis
in the grasses and is currently integrating QTL data from
open sources. These databases also enable useful compari-
son of QTL data between related species and will facilitate
the exploitation of genetic information research and breed-
ing in wheat. In our genomic research on durum wheat
responses to drought, a programme called ONDEX has
been used (http://ondex.sourceforge.net/index.php) which
links, integrates, analyses, and visualizes data from diverse
biological sources (Fig. 3). This programme was used to
import durum wheat gene expression results in order to
compare sequences against rice and Arabidopsis, to identify
orthologous proteins, to map them to metabolic pathways
using AraCyc (http://www.arabidopsis.org/biocyc/index.jsp),
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Fig. 3. A typical usage workflow for Ondex. Data from disparate and heterogeneous biological databases and public sources is
combined with experimental observations and converted into a graph of concepts and relations. Data alignment and integration
techniques are applied to merge and infer new relations within the data. This integrated data store is used as a resource to enrich further
statistical, bioinformatics, and graph analysis. Ondex visualization tools can overlay further quantitative measures such as gene expression,
confidence scores, and graph topology (nodes, connectivity) statistics. This facilitates the reduction and dissection of experimental data.
Hypotheses generated from this workflow lead to further experiments which then feed into further iterations of this workflow.

and to visualize the results in various graphical formats
(DZ Habash et al, unpublished data). Wheat target
sequences have also been analysed for transcription factor
motifs using databases such as TRANSFAC (http://www.
biobase-international.com/pages/index.php?id=transfac) and
the WhETS programme (Wheat Estimated Transcript Server
VI.3; Mitchell et al., 2007) utilized to design specific primers
for qPCR analysis in wheat using rice sequence information.

Scientists have documented and collated an unprece-
dented amount of biological information arising from the
application of new high throughput post-genomic technolo-
gies to study drought stress. Whilst this accumulation of
knowledge is important, there is a growing view that this
approach is not enough to enable us to capture the totality
of plant function, especially in the study of quantitative
traits (Oltvai and Barabasi, 2002).

Integrating genomics and genetics towards
a system

The preceding sections have outlined the approaches and
advances made in crop and wheat genetics and our current

status and understanding with regard to drought research in
durum wheat. What is still lacking is a comprehensive
conceptual framework linking genotype to phenotype—the
intractable problem. Since wheat responses to drought
involve quantitative traits then our framework should in-
clude the study of their genetic architecture which is essential
for our ability to manipulate them for breeding purposes.
The genetic architecture of a quantitative trait is complex
and is influenced by the number of genes, their effect on
a trait, number of alleles, allele haplotypes, linkage, epistatic
interactions, and pleiotropy. The genomic advances are
adding further detail to this architecture in the form of gene
networks, hubs, transcription factors, regulators, and epige-
netic information. However, there is growing evidence that
information storage, processing, and execution of various
cellular programmes reside at different levels of organization
at the genome, transcriptome, proteome, and metabolome
and are not necessarily unidirectional (Oltvai and Barabasi,
2002). Therefore, these levels of control and organization
should not be perceived as distinct but that they exist as
interacting and dynamic networks (Kitano, 2002). The
emergence and development of the global omics concept
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which covers the genome (genomics), protein (proteomics),
metabolite (metabolomics), the molecular fluxes through
metabolic networks (the fluxome), and the plant phenotype
(phenomics) will enable us to capture the global dynamic
features of plant function. Identifying these networks and
their interactions forms one of the major challenges in
biology in the effort to link genotype to phenotype (Benfey
and Mitchell-Olds, 2008). A shift in thinking and new
experimental designs are required to re-synthesize knowl-
edge and to uncover global relationships at and between
different levels of function (gene, protein, metabolome, and
phenotype) and the application of systems thinking to this
problem offers one way mathematically to integrate the vast
amount of knowledge at different biological organizational
levels. To enable this view, it is necessary to integrate this
omic information into quantitative genetics, one of the most
widely used frameworks linking the genotype with the
phenotype. One approach has developed mathematical
tools to enable the theoretical quantification of various gene
action models (epistatisis for example) and explore their
contribution to phenotype under various environments
using simulation (Chapman et al, 2002; Cooper et al.,
2002). Another emerging powerful approach is that of
genetical genomics introduced by Jansen and Nap (2001)
which identifies gene expression QTLs by integrating high
throughput gene expression with quantitative genetics using
segregating germplasm. This has the potential to identify
genes statistically correlated with an established QTL, thus
linking gene expression with studied traits and also to
uncover cis- and trans-acting regulatory elements. This
approach could also uncover loci governing regulatory
networks across the levels of function by integrating the
metabolome, proteome, and phenome (Jansen et al., 2009).

In conclusion, the advances in genome sequencing, de-
velopment of high throughput omic technologies, quantita-
tive genetics, and bioinformatics offer us an unprecedented
opportunity to dissect and re-synthesize the molecular
regulation of quantitative traits in crops. It is only a matter
of time for this to be exploited fully in durum wheat research.
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