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Abstract. Chickpea is a valuable and important agricultural crop, but yield potential is limited by a series of biotic
and abiotic stresses, including Ascochyta blight, Fusarium wilt, drought, cold and salinity. To accelerate molecular
breeding efforts for the discovery and introgression of stress tolerance genes into cultivated chickpea, functional genomics
approaches are rapidly growing. Recently a series of genetic tools for chickpea have become available that have allowed
high-powered functional genomics studies to proceed, including a dense genetic map, large insert genome libraries,
expressed sequence tag libraries, microarrays, serial analysis of gene expression, transgenics and reverse genetics. This
review summarises the development of these genomic tools and the achievements made in initial and emerging functional
genomics studies. Much of the initial research focused on Ascochyta blight resistance, and a resistance model has been
synthesised based on the results of various studies. Use of the rich comparative genomics resources from the model
legumes Medicago truncatula and Lotus japonicus is also discussed. Finally, perspectives on the future directions for
chickpea functional genomics, with the goal of developing elite chickpea cultivars, are discussed.

Additional keywords: abiotic stress, biotic stress, defence, transcriptomics, resistance.

Agricultural value and production constraints

Cultivated chickpea, Cicer arietinum L., is a self-pollinated,
diploid (2n = 2x = 16) annual pulse crop with a genome
size of 740 Mbp (Arumuganathan and Earle 1991).
Chickpea originated in South-Eastern Anatolia (Turkey)
(Ladizinsky 1975) and was traditionally cultivated in Asia,
the Mediterranean, the Middle East and northern Africa.
In contemporary times, chickpea has also become popular
throughout the temperate regions of the world, in countries
such as Mexico, Canada and Australia (Duke 1981). Chickpea
is valued for its nutritious seeds, which contain 20–30%
protein, ∼40% carbohydrate and only 3–6% oil (Gil et al.
1996). Chickpea is mainly grown for human consumption,
providing an important source of protein, especially for people
in developing countries. Chickpea is often grown as a disease
break in rotation with other crops and contributes to the
maintenance of soil fertility through the fixation of atmospheric
nitrogen (Singh 1997). In Australia, chickpea is commonly
grown in rotation with wheat for the benefits of increased grain
yield and grain protein concentration attributable to increased
nitrogen supply and improved water-use efficiency (Dalal et al.
1998; Marcellos et al. 1998).

Chickpea is the third most important pulse crop in the
world behind dry bean (Phaseolus vulgaris L.) and field pea
(Pisum sativum L.), and Australia is currently the largest
exporter (FAOSTAT 2005). World production of chickpea in
2005 was ∼9.2 million metric tonnes from ∼11.2 million
hectares, constituting ∼15% of the world pulse production from
∼15% of the total global area used to grow pulses (FAOSTAT
2005). Despite a proposed yield potential of 6 metric tonnes ha−1

(Singh 1987), actual yields have remained low compared with
other pulses (world average ∼0.8 metric tonnes ha−1; FAOSTAT
2005), mainly because of biotic and abiotic stresses that reduce
yield and yield stability. The necrotrophic foliar fungal disease
Ascochyta blight (Ascochyta rabiei (Pass.) Labrousse) and the
soil-borne necrotrophic fungal disease Fusarium wilt (Fusarium
oxysporum f. sp. ciceris) are considered the most serious biotic
stresses. Although winter sowing improves yields, it is rarely
adopted in Mediterranean regions because the cool and wet
conditions also favour Ascochyta blight. Other minor diseases
of chickpea are more geographically localised and include pod
borer (Helicoverpa armigera) in Australia and India (Nene
and Reddy 1987), botrytis grey mould in areas that favour
overgrowth and dense canopy (Kaiser et al. 2000), root rots in the
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tropics and sub-tropics (Kraft et al. 2000), rust in high-altitude
regions (Nene and Reddy 1987) and broomrape in winter-sown
areas (Rubiales et al. 1999).

In order of importance, drought, cold and salinity are the
three main abiotic stresses that affect chickpea growth and
productivity worldwide (Croser et al. 2003). As 90% of chickpea
crops are cultivated under rain-fed conditions, drought is of
major concern (Kumar and Abbo 2001). Injury from cold,
chilling and freezing may affect plants at all developmental
stages, however, when this occurs at flowering and/or pod set the
consequences may be zero yield (Croser et al. 2003). Sensitivity
to sodicity and salinity also adversely affects germination,
biomass and yield (Ahmad et al. 2005). Subsequently, increasing
resistance/tolerance to biotic and abiotic stresses to increase
yield are the predominant aims of chickpea breeders throughout
the world. Recently, a series of novel genetic tools have
been developed that enable functional genomics studies in
chickpea that are ultimately directed towards faster, more precise
and efficient breeding to meet these objectives. Thus, the
aims of this review are to: (1) provide an overview of the
currently developed and developing functional genomics tools
available for chickpea, (2) critically analyse the achievements
made to date, and (3) propose future directions for chickpea
functional genomics efforts for future molecular-assisted
breeding efforts.

Molecular breeding

The chickpea cultigen contains high morphological variation,
but narrow overall genetic variation, from which many desirable
traits may have been excluded through selection (Abbo et al.
2003). For the desirable but missing traits from advanced
breeding programs, such as durable resistance/tolerance to
the many major biotic and abiotic stresses, breeders have
begun to source germplasm more widely, from landraces and
closely related species. To speed up the process of recombining
‘wild’ genes into elite genotypes, molecular tools have been
integrated with classical breeding approaches. This has included
the generation of molecular markers linked to the genes
conditioning desirable traits, for efficient pyramiding of the
traits. Molecular markers associated with quantitative trait loci
(QTL) for resistance to biotic stresses and some morphological
traits have been located on both intraspecific and interspecific
linkage maps and, importantly, chickpea genotypes tolerant to
most major biotic and abiotic stresses have been identified
(see the review by Millan et al. 2006). The use of resistant
or tolerant cultivars is considered to be the most efficient and
effective means of controlling major stresses. However, a major
problem for disease-resistant cultivars is that the resistance is
incomplete and/or breaks down against new virulent races of
pathogens that arise from mutation and genetic recombination.
Wild Cicer species have also been identified as sources for
resistance to some stresses (Singh et al. 1981; Collard et al.
2001; Croser et al. 2003) and, although interspecific crosses
between wild species and C. arietinum have only been successful
for Cicer reticulatum and Cicer echinospermum (Singh and
Ocampo 1993; Collard et al. 2003), there still exists much
potential for transferring resistance genes from wild Cicer
species into cultivated chickpea.

Detailed information regarding the number, nature and
diversity of genes controlling resistance/tolerance to biotic
and abiotic stresses is essential for successful breeding
programs. However, problems in dissecting polygenic traits and
accurately measuring the underlying physiological mechanisms
controlling tolerance to abiotic stresses make this difficult.
As a result, molecular genetic studies have not provided
a consistent picture of the genetic basis for biotic stress
resistance, especially for resistance to Ascochyta blight (see the
review by Millan et al. 2006). The narrow genetic variation in
cultivated chickpea has limited the generation of informative
molecular markers, while QTL for certain stresses differ with
developmental stage, bioassay environmental conditions, the
genotypes/fungal isolates used, and classifications for resistance
and susceptibility. For example, numerous genetic mechanisms
controlling Ascochyta blight resistance have been proposed,
including single/multiple genes of dominant/recessive nature
with modifiers and additive effects, as well as single/multiple
QTL. The use of recombinant inbred line (RIL) populations
was identified as a strategy to enable resistance studies to be
performed on near homozygous individuals with temporal and
spatial replication (Tekeoglu et al. 2000). Recent achievements
have been made using RIL populations to study Ascochyta blight
and Fusarium wilt resistance (Cobos et al. 2006; Iruela et al.
2007). An important QTL for Ascochyta blight resistance was
identified on linkage group 2, which appears to cluster with a
major gene for resistance to Fusarium wilt.

Functional genomics

Specific genes involved in resistance to biotic and abiotic
stresses in chickpea have not been characterised using a genetics
approach, but an enhanced understanding of the chickpea stress
response at the genomic level may enable this. Plant stress
responses are complex and diverse, and every gene involved,
from recognition to signalling to direct involvement, forms part
of a coordinated response network. Until recently, the genes
and pathways of gene activation controlling effective stress
resistance in chickpea remained unknown. Several approaches,
including differential screening of cDNA libraries (Ichinose
et al. 2000) and the placement of resistance gene analogues
onto existing linkage maps (Rajesh et al. 2002), have identified
candidate genes that are involved in Ascochyta blight resistance.
Functional genomics provides opportunities for illuminating the
mechanisms of chickpea resistance/tolerance to major biotic and
abiotic stresses, possibly providing information concerning the
molecular pathway(s) used by the plant, as well as the function of
the candidate genes involved. Functional genomics incorporates
several parallel approaches and tools, such as EST generation,
transcript profiling, transgenics and reverse/forward genetics, for
high throughput studies of gene function (Table 1). Ultimately
the goal is to link the genome to the phenome, but understanding
of the functional roles of genes is very limited compared with
the knowledge of sequence information. Thus, a major challenge
is to analyse and interpret the large-scale gene sequence data
being produced to discover and understand the functional
roles of underlying genes. Functional genomics has become
widely used for studying the stress responses of plants, such as
tomato (Gibly et al. 2004), rice (Fujiwara et al. 2004), maize
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(Baldwin 1998), cassava (Lopez et al. 2005), soybean (Moy
et al. 2004) and Arabidopsis thaliana (Huitema et al. 2003)
to name a few.

Initial expression studies

The first, yet indirect, analyses of the chickpea transcriptome
focused on a biochemical investigation of Ascochyta-blight-
elicited cell-suspension cultures and plant tissue (Mackenbrock
et al. 1993; Barz and Mackenbrock 1994). These studies
identified several rapid responses following elicitation, including
an oxidative burst, extracellular alkalisation followed by
acidification, and a K + efflux. Although specific transcripts
were not identified, the proteins involved in isoflavone
metabolism were rapidly and transiently induced. Another
biochemical study identified several pathogenesis-related (PR)
proteins that were elicited much faster in the tissues of a
resistant chickpea genotype than a susceptible one (Hanselle and
Barz 2001). In addition, chemical inhibition studies identified
serine/threonine protein kinases as important for the above-
mentioned elicitor-induced responses (Otte et al. 2001). The first
biochemical studies of Fusarium wilt resistance in chickpea roots
reported the induction of proteases and numerous PR proteins
(chitinase and β-1,3-glucanase), as well as the accumulation
of phytoalexins and isoflavanoids (Stevenson et al. 1997; Giri
et al. 1998; Saikia et al. 2005). Interestingly, these observations
overlapped substantially with the results of early biochemical
work for Ascochyta blight resistance. Furthermore, several QTL
for Ascochyta blight and Fusarium wilt resistance cluster on
linkage group 2 (see the review of Millan et al. 2006); thus,
there may be an overlap in the resistance mechanisms against
both of these necrotrophic fungal pathogens. The first direct
study of mRNA abundance, through suppression subtractive
hybridisation (SSH) of cDNA libraries from Ascochyta-
blight-infected and non-infected tissue, identified 35 candidate
defence-related transcripts, including two GTP-binding proteins
thought to be involved in cell wall fortification (Cornels et al.
2000; Ichinose et al. 2000). Overall, these initial functional
studies were relatively small in scale and did not provide
sufficient coverage of the transcriptome to reveal specific
defence-related pathways.

Expressed sequence tags and transcriptomics

A common first step in functional genomics studies is EST
generation, which involves large-scale single-pass sequencing
of randomly selected clones from cDNA libraries constructed
from mRNA isolated at a particular developmental stage and
in response to a particular stress. Functional identification
of sequenced clones is being made easier by the availability
of rapidly growing sequence databases, such as GenBank,
and the full sequencing of model species genomes. Despite
their disadvantage of not always representing full-length gene
sequences, EST analysis has become a popular method for
gene discovery and mapping in many organisms. For plants
such as rice, maize and A. thaliana, comprehensive sets of
EST sequences are available and have been used for the
generation of molecular markers (Cato et al. 2001; Yu et al.
2004), the identification of gene families (Epple et al. 1997),

single nucleotide polymorphism (SNP) markers (Cho et al.
1999) and the study of gene expression with microarrays (Schenk
et al. 2000; Lan et al. 2004). Clustering of EST libraries into
tentative consensus sequences (TCs) also allows for in silico
(‘electronic northern’) analyses to identify putative genes with
differential expression. ESTs may be particularly useful for the
generation of molecular markers because: (1) an EST marker
genetically associated with a trait is likely to represent a gene
that directly affects that trait, and (2) EST markers are derived
from highly conserved coding DNA sequences, which is likely
to render them highly transportable across pedigrees compared
with other markers derived from non-expressed sequences (e.g.
simple sequence repeat markers) (Cato et al. 2001). As a
result, the use of gene sequences derived from ESTs holds
much promise for identifying the actual gene(s) controlling a
desired trait. Furthermore, the use of EST-derived markers for
the development of high-density (saturated) linkage maps will
provide researchers with a greater arsenal of tools for QTL
mapping and effective use of marker-assisted selection (MAS)
(Collard et al. 2005; Dita et al. 2006).

The first report of large-scale EST generation in chickpea
was published in 2005 (Coram and Pang 2005b). The assembly
consisted of >500 unigenes that were isolated from the stems and
leaves of an Ascochyta-blight-resistant chickpea genotype after
pathogen inoculation. As a result, many potential defence-related
unigenes were identified that were used in further studies (Coram
and Pang 2005a, 2006, 2007). Also in 2005, an EST library of
chickpea root tissue was made available (Jayashree et al. 2005).
The library (>2800 ESTs) was constructed after SSH of root
tissue from two closely related chickpea genotypes contrasting
for drought avoidance and tolerance. Although these ESTs are
yet to be used in functional studies, many potential drought
responsive transcripts have been identified and developed into
molecular markers. Sequence and annotation information for
this EST library is maintained on an independent public
database; thus, there are currently only 1311 chickpea ESTs
listed in the National Center for Biotechnology Information
(NCBI) EST database (GenBank dbEST), which is quite limited
when compared with the number available for model legumes
(Table 1).

The availability of chickpea ESTs has enabled a series
of expression studies aimed at identifying suites of genes
responding to particular stresses, thus, acting as a filter to
narrow down small subsets of candidate genes that can be
studied further. First, Coram and Pang (2005a) constructed
a small-scale microarray using only putative defence-related
ESTs. This array was used to profile the transcriptional changes
occurring in two chickpea genotypes over a time-course after
infection with Ascochyta blight (Coram and Pang 2005a). The
study provided very limited results, but suggested that several
defence-related transcripts were differentially induced in the
resistant genotype compared with the susceptible genotype.
Furthermore, the authors constructed a larger-scale microarray
of >750 features encompassing a broad cross section of
ESTs from various functional categories, as well as ESTs
from a related temperate legume species (Lathyrus sativus)
(Coram and Pang 2006). Differential gene transcription was
assessed among four genotypes (including a wild relative)
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over a time-course after Ascochyta blight inoculation. By
comparing the transcriptional profile of resistant and susceptible
genotypes, the potential gene ‘signatures’ predictive of effective
resistance were identified. These genes were involved in the
regulation of known pathogen defence pathways, such as
oxidative burst, hypersensitive response (HR), antimicrobial
protein accumulation and phenylpropanoid production. Other
reported functional studies on chickpea resistance to Ascochyta
blight include the work of Cho and Muehlbauer (2004),
who studied a small set of potential defence-related ESTs
among chickpea genotypes differential in their reaction to both
Ascochyta blight and Fusarium wilt. Following transcription
quantification using RNA gel blots and reverse transcription–
PCR, the expression of fungal response genes was not correlated
with either pathotype-dependent resistance to Ascochyta blight,
race-specific resistance to Fusarium wilt or non-host resistance
to the Fusarium wilt pathogen of field pea.

Recent studies of signalling events inducing local and
systemic defence responses in plants have led to the identification
of salicylic acid (SA), jasmonic acid (JA) and ethylene (ET)
as key regulators of these pathways (Schenk et al. 2000;
Salzman et al. 2005; Jalali et al. 2006). Subsequently, Cho and
Muehlbauer (2004) studied the response of their selected genes
to treatment with SA and methyl jasmonate (MeJA), but found
no correlation to the fungal responses. In addition, the authors
found that Ascochyta blight resistance in RILs generated from
the cross of a resistant and susceptible line did not cosegregate
with the expression of the genes induced either by Ascochyta
blight inoculation or the signal chemicals. As a result, the authors
proposed that fungal resistance in chickpea may be controlled by
constitutive or unknown resistance mechanisms independent of
SA- or JA-mediated signalling. Coram and Pang (2007) used the
same microarray previously used for the Ascochyta blight study
to profile potential changes after treatment with SA, MeJA and an
ethylene precursor, aminocyclopropane carboxylic acid (ACC).
They determined that genotypes resistant to Ascochyta blight
displayed a far greater range of defence-related gene inductions
with all treatments compared with controls and the susceptible
genotype. This indicated that genes within the conserved SA,
MeJA and ethylene-type pathways were also likely to be involved
in the defence response against Ascochyta blight. Furthermore,
there was evidence for the involvement of resistance mechanisms
other than SA, MeJA and ACC.

Overall, much functional work has been carried out
to determine the action of genes involved in the defence
against Ascochyta blight in chickpea. A summary model
that represents the hypothetical defence pathways is proposed
(Fig. 1). The hypothetical model was synthesised based on
evidence gathered from biochemical and gene expression studies
and follows the classical mechanisms of an oxidative burst,
hypersensitive response, PR proteins and the involvement of the
phenylpropanoid pathway. Although not definitive, the model
forms a basis for further validation studies.

Nimbalkar et al. (2006) used a transcriptomics approach
for characterisation of the molecular interactions between
chickpea and race 1 of Fusarium oxysporum f. sp. ciceris.
Transcription changes after root infection of a resistant
and susceptible genotype using a cDNA-amplified fragment

length polymorphism approach uncovered 19 differentially
expressed sequences, potentially involved in a defence response.
Notably, many were similar to previously characterised defence-
related proteins, including two transcription factors and three
nucleotide binding site–leucine rich repeat-type gene sequences
(Nimbalkar et al. 2006). The use of existing and further
developed EST libraries and microarrays will aid in a fuller
characterisation of the mechanisms involved in the Fusarium
wilt defence response.

To unravel the genes involved in abiotic stress responses in
chickpea, a recent microarray study profiled the transcriptional
response of tolerant and susceptible genotypes to drought, cold
and high salinity (Mantri et al. 2007). Again, the ‘PulseChip’
microarray developed by Coram and Pang (2006) was used.
Although developed specifically to hybridise with genes
responsive to fungal inoculation the ‘PulseChip’ was considered
to be appropriate for profiling gene expression in response to
drought, cold and high salinity for the following three reasons:
(1) the annotations of many ‘PulseChip’ ESTs were similar
to those associated with abiotic stresses (Kreps et al. 2002;
Seki et al. 2002; Rabbani et al. 2003), (2) a significant amount
of crosstalk was reported between biotic and abiotic stress
responses (Chen et al. 2002; Fujita et al. 2006), and (3) the
unavailability of targeted abiotic stress-related cDNA libraries
or ESTs in chickpea. In the study by Mantri et al. (2007),
the abiotic stress treatments were administered carefully to
simulate field conditions, and numerous transcripts potentially
involved in each abiotic stress response were identified. The
majority of differentially expressed transcripts were detected
under high-salinity conditions (386), followed by cold (210)
and drought (109) stress. The transcripts were categorised on
function and a suite of putative candidate stress-related genes
were identified that were consistently expressed among the
tolerant or susceptible genotypes. Boominathan et al. (2004)
carried out a gene expression study of drought adaptation in
chickpea using SSH in combination with differential DNA-
array hybridisation and northern blot analysis and identified 101
drought-inducible transcripts. These included several transcripts
involved in the degradation of starch, which may indicate the
importance of small sugar molecules for maintaining osmotic
balance in stressed cells. The authors also found that the drought-
inducible transcripts were induced by exogenous abscisic acid
(ABA) treatment, suggesting a role for ABA-mediated signalling
in dehydration tolerance (Boominathan et al. 2004). However,
ABA was not involved in the regulation of dehydration-inducible
transcripts in an earlier study in chickpea by Romo et al. (2001),
who used differential cDNA library screening to identify a lipid
transfer protein and late embryo abundant proteins as important
for dehydration tolerance. The transcripts were also induced
by high-salinity stress, which suggested that they play a role
in the protection of cellular functions from damage by high
ion concentrations (Romo et al. 2001). In general, the limited
functional genomics studies of abiotic stresses in chickpea have
suggested that complex mechanisms for tolerance exist, which
may prove more difficult to dissect than those conditioning
biotic stress tolerances. However, microarray technology has
been effective in the identification and study of genes linked
to drought, heat, cold and salinity stresses in other major plants
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Fig. 1. Hypothetical model of an effective chickpea defence response to Ascochyta blight derived from functional genomics studies.
Possible signalling compounds are indicated in parentheses after each gene name where available. CAB, chlorophyll a/b binding protein;
DRRG49-C, disease resistance response protein DRRG49-C; E, ethylene; EIRP, elicitor-induced receptor protein; ESP, environmental stress-
inducible protein; GST, glutathione S-transferase; GTP, guanosine triphosphate binding protein; HR, hypersensitive response; JA, jasmonate;
LZP, leucine-zipper protein; PAMP, polymorphic antigen membrane protein; PRP, proline-rich protein; ROS, reactive oxygen species;
SA, salicylic acid; SAR, systemic acquired resistance; SD, superoxide dismutase; SNAKIN2, SNAKIN2 antimicrobial peptide precursor.

(Seki et al. 2002; Rabbani et al. 2003; Buchanan et al. 2005;
Rensink et al. 2005).

An alternative approach to improving stress tolerance
involves genetically modifying a genome with a gene(s) thought
to confer the desired tolerance. Recently, considerable progress
was made in developing a stable genetic transformation system
for chickpea (for a review see McPhee et al. (2007). Important
achievements at the International Crops Research Institute for
the Semi-Arid Tropics (ICRISAT) include the development
of transgenic plants carrying the cry1Ac and P5CSF genes
(Jandhyala 2005; Sharma 2006). The P5CSF129A gene for
proline accumulation (Mitra 2001) stabilises degrading proteins
(Munns 2005) under osmotic stress. The cry1Ac gene, derived
from the bacterium Bacillus thuringiensis, produces a toxin

that kills the economically important chickpea pod borer insect
pest (Helicoverpa armigera) (Jandhyala 2005). In addition,
the dehydration responsive element binding (DREB) gene,
DREB1A, has been transferred into chickpea under the control
of a stress-inducible promoter via Agrobacterium-mediated
genetic transformation (Sharma 2006). The DREB1A construct
enhances tolerance to drought, cold and salinity because it
encodes a transcription factor that can regulate a suite of
genes involved in stress tolerance (Yamaguchi-Shinozaki and
Shinozaki 2006). Both DREB1A and P5CSF129A transgenic
plants have shown increased drought tolerance and are currently
under further study at ICRISAT.

Many of the functional genomics studies carried out
in chickpea lack the comprehensiveness required to fully
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elucidate the genetic mechanisms of stress resistance/tolerance.
A weakness of the cDNA microarray approach is that only the
genes that encode cDNAs included on the array are assessed.
The rather small number of cDNA on the chickpea arrays has
limited the power for detecting many potentially important and
rare transcripts. To overcome this, without needing to construct
very large microarrays, Matsumura et al. (2003) developed
the Super Serial Analysis of Gene Expression (SuperSAGE)
technique. In brief, this technique is an improvement on SAGE
by generating longer 26-bp gene tags that can be more accurately
annotated. Very recently, SuperSAGE was used in chickpea to
investigate salinity, drought and cold stress (Kahl et al. 2007).
The authors exploited the high-power approach to analyse 40 000
unique mRNAs and identified >3000 genes responding to the
stresses applied. A disadvantage of this method is that the short
sequence tags (26-bp) used in SuperSAGE may be homologous
to regions of numerous known sequences with different protein
products; thus, there is a risk of mis-annotating the tags. In
addition, for studying multiple time points, the SuperSAGE
process has to be repeated for each time point, making it
laborious and expensive. However, using SuperSAGE to identify
large sets of candidate genes responding to a certain stress
enables the construction of specialised microarrays that could
be used to confirm gene functions by co-expression with other
known genes. A combination of SuperSAGE and microarrays
would enable the development of a more efficient and effective
functional genomics tool to identify genes involved in stress
resistance/tolerance. In addition, SuperSAGE appears to be more
efficient for capturing rare and low-abundance transcripts than
random EST sequencing.

Emerging and future trends for genomics-assisted
breeding

Chickpea and other grain legumes have been ‘orphaned’ with
regard to investment in molecular research compared with
cereals and horticultural crops of high economic value. This
scenario is slowly changing with efforts from organisations such
as the European Union (EU), who have implemented a Grain
Legumes Integrated Project (GLIP) to facilitate coordinated
research in grain legumes. Recently, a GLIP dissemination event
held in Madrid (Spain) unveiled current and future research
interests (The Grain Legumes Portal: www.grainlegumes.com),
which are focused on the importance of chickpea alongside
major grain crops like field pea and the model legume Medicago
truncatula. The chief aim of the GLIP is to understand the
interrelationships of the multiple signalling systems that control
stress-adaptive responses in legumes. To dissect the mechanisms
of abiotic stress tolerance in legumes, gene expression patterns
and metabolomic changes induced by various abiotic stresses in
field pea, chickpea and M. truncatula will be analysed using
various genomic approaches. This is coupled with detailed
genetic mapping of crosses between salinity tolerant and
sensitive varieties in chickpea and M. truncatula. The approach
was implemented to help evaluate control mechanisms exerted
by QTL on gene expression patterns and to identify regulators
of gene expression and metabolic adaptation. The proposed
outcomes of this project are: (1) identification of candidate genes
induced by salinity, drought or cold stress in M. truncatula,

field pea and chickpea, (2) generation of SSH cDNA libraries
of field pea, chickpea and M. truncatula exposed to drought
and salinity stress conditions, (3) identification of molecular
markers associated with QTL linked to abiotic stress tolerances
in M. truncatula and chickpea, (4) fine mapping of M. truncatula
and chickpea QTL for salinity tolerance, and (5) generation of a
‘LeguStressChip’ to serve as a diagnostic tool to screen legume
germplasm for stress tolerance (The Grain Legumes Portal:
www.grainlegumes.com). The GLIP is also using a genomics
approach to develop tools for transferring the information gained
from model plants (including M. truncatula, Lotus japonicus
and Arabidopsis thaliana) to grain legume crops, such as
chickpea, field pea, faba bean, alfalfa and clover. Such a large-
scale coordinated research project will greatly accelerate our
understanding of stress tolerance in chickpea and other legumes
and will boost the technology transfer from model crops to
cultivated species.

Chickpea gene expression studies carried out to date using
microarrays and SuperSAGE have identified candidate chickpea
genes for resistance/tolerance to major biotic and abiotic
stresses. A major criticism of these gene expression studies
is that contrasting genotypes were used as resistant/tolerant
and susceptible sources. A more strategic approach would
be to use near-isogenic lines (NILs) that differ only for the
trait of interest. The use of NILs or RILs could theoretically
eliminate the gene expression responses detected as a result
of background genetic differences that are not necessarily
attributable to conferring resistance/susceptibility to a given
stress. However, such germplasm has not been available for
most previous studies, and may be difficult to generate for
quantitative/polygenic traits. In addition, although ideal to study
the expression profiles of all genes in the chickpea genome
in response to particular stresses, the microarrays constructed
so far are limited by the ESTs available and are likely to be
under representative. Combining larger-scale gene expression
profiling (e.g. SuperSAGE and/or increased EST generation)
with the use of near-isogenic germplasm contrasting only for
the trait of interest will greatly enhance the identification of
genes directly involved in resistance/tolerance to key biotic and
abiotic stresses.

Recently there have emerged a series of powerful functional
genomics tools for model legumes and chickpea that will shape
the future of research in this field (Table 1). For chickpea,
a relatively dense integrated genetic map with most linkage
groups related to chromosomes was developed (Vlacilova et al.
2002). Together with the existence of several bacterial artificial
chromosome (BAC) libraries, this will greatly facilitate map-
based gene/QTL cloning, genome sequencing and physical
map construction. In fact, positional cloning of Ascochyta
blight resistance genes from QTL1 is currently in progress
(FJ Muehlbauer, pers. comm.; X Bian, pers. comm.). In addition,
colinear mapping, making use of cross-species synteny, has
enabled the recent placement of the same QTL from chickpea
from different genetic backgrounds on the M. truncatula genome
(Bian et al. 2007). With the advent of efficient chickpea
transformation protocols (Senthil et al. 2004), important clones
from the binary BAC library (Lichtenzveig et al. 2005) may
be readily used in high-throughput transgenic studies. Also of
great importance is the development of powerful and high-
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throughput array-based genotyping tools, such as Diversity
Array Technology (DArT) and Tagged-Array Marker (TAM)
(Table 1), which are beginning to be applied to legumes and
have the capacity to enhance chickpea genomics.

A logical first step for many of the candidate genes identified
by expression studies is to determine if they localise to mapped
trait QTL regions. Marker development is greatly aided by the
existence of the BAC libraries, from which full-length genomic
sequences may be obtained. A candidate gene that can be placed
under an existing QTL provides stronger evidence of associated
function. The progression to map-based cloning of such genes
may then be carried out through probing BAC libraries and/or
comparative genomics. Sequencing of BAC clones under a QTL
may also generate focused oligonucleotide microarrays that
could be used to dissect a QTL region and identify the exact
genes involved in the trait of interest. The major limitation of
this approach is the location of the mapped probe(s) used to
search for the associated BACs. If the marker is a large physical
distance (∼>1 cM) from the candidate gene, then BAC contig
walking becomes a lengthy and sometimes dead-ended process.
This is because the genome coverage of the BAC library may be
incomplete, particularly when BAC libraries are generated for
large genomes, such as chickpea.

Much work is needed to take the step from candidate
gene identification to proving gene function in traits such
as resistance/tolerance, and then applying this information
to improve chickpea breeding. Reverse/forward genetics
approaches to fully determine gene function, such as Targeted
Induced Local Lesions in Genomes (TILLING), insertional
mutagenesis and activation tagging have been applied in the
model legumes (Table 1). A recent development for chickpea
was the generation of TILLING mutant populations that may
be screened for change in function associated with previously
identified candidate genes (Rajesh et al. 2007a; C. Pittock, pers.
comm.). As a result, individuals carrying point mutations in the
genes of interest can be phenotypically assessed to determine
the association to function(s) of each gene. In addition to this
valuable tool, the function of candidate genes may also be
determined by transgenics and gene knockdown methods, such
as RNA interference (RNAi) and Viral Induced Gene Silencing
(VIGS), although these are yet to be applied in chickpea. Finally,
it is important to note the emerging proteomics studies in
chickpea, which have profiled the proteome of the chickpea
cell wall (Bhushan et al. 2006) and nucleus (Pandey et al.
2006). These studies have functionally classified many chickpea
proteins and are vitally important for linking the transcriptome
to the proteome.

In an interesting recent development, Winter et al. (2006)
built on SuperSAGE results by using 3′-Rapid Amplification of
cDNA Ends (RACE) to generate expression markers in response
to abiotic stresses. By searching the 3′-RACE products for
single nucleotide polymorphisms (SNPs) via cleaved amplified
polymorphic sequences (CAPS) and EcoTILLING (Comai et al.
2004), polymorphic markers were used to generate a chickpea
expression map that was compared with the M. truncatula
physical map to determine gene localisation. Expanding on
this, a more optimistic future direction for chickpea functional
genomics would include the use of microarrays to discover
expression level polymorphisms that can be mapped with

molecular markers as expression QTLs (eQTLs). Such gene
expression markers would represent significant differences in
transcript level between the parents of a segregating population.
West et al. (2006) recently used this technique to successfully
identify gene expression markers in an A. thaliana RIL
population responding to treatment with a surfactant. In addition,
single-feature polymorphisms (SFPs) may be identified between
individual probes, which may represent SNPs that could be
used as gene-specific markers. However, this type of study is
more suited to large oligonucleotide microarrays, such as whole
genome chips; thus, it is unlikely to be applied in chickpea
research for some time. Finally, Massively Parallel Signature
Sequencing (MPSS) (Brenner et al. 2000) is a similar, but more
powerful, method to SAGE that can provide a representation
of the mRNA population of a sample on a much larger scale.
However, MPSS is very costly and has only been used in
A. thaliana, rice and grape (http://mpss.udel.edu).

Comparative genomics

The model legumes M. truncatula and L. japonicus were
chosen as the representative model legume species; thus,
the tools available for these species are far broader and
more developed than for chickpea (Table 1). As a result,
comparative genomics using these models may accelerate
aspects of chickpea functional genomics studies. Extensive
genome sequence data and ESTs, saturated genetic/physical
maps, large-scale microarrays, reverse/forward genetics tools,
and bioinformatics resources are available for the model
legumes. An important requirement for comparative genomics is
the presence of sufficient similarity between the model genome/s
and the genome of interest, which is referred to as macro-
and micro-synteny. Macro-synteny refers to the presence of
genes on the same chromosome region, while micro-synteny
(or colinearity) refers to the conservation of gene order. Many
recent studies demonstrate macro- and micro-synteny between
the model and crop legumes (see the review by Cronk et al.
2006), which enabled positional gene cloning of, for example, a
symbiosis gene in field pea (Stracke et al. 2004). An important
resource for plant comparative genomics is the Phytome project
(www.phytome.org) (Hartmann et al. 2006), which contains
genomic data for the model legumes and can be used to
identify orthologous and paralogous sequences, and for creating
sequence-anchored maps from different species.

Chickpea is more closely related to M. truncatula than
L. japonicus; thus, comparative gene mapping between chickpea
and M. truncatula may be more successful. However, synteny
between soybean and M. truncatula has been shown despite their
evolutionary divergence (Mudge et al. 2005). Only one very
recent study has assessed the extent of synteny between chickpea
and M. truncatula based on 500 Kb of sequence from 11 BAC
clones (Rajesh et al. 2007b). This study found evidence for
macro-synteny, but relatively little micro-synteny. Furthermore,
Coram and Pang (2005b) showed that levels of similarity
between chickpea EST sequences and the model legumes were
only marginally superior than those observed for A. thaliana;
thus, the use of the models for the study of chickpea on a gene
sequence level may be limited. Overall, the model legumes will
be valuable for comparative mapping and positional cloning of
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chickpea genes, accelerating the process towards identifying the
genes involved in stress resistance/tolerance. To a lesser extent
because of a limit in the developed tools, other crop legumes,
such as field pea and lentil, will also be valuable. Localisation
of important markers/QTL on the physical maps of the model
legumes, as performed by Winter et al. (2006) after SuperSAGE,
will greatly aid the cloning of important genes.

Conclusions and perspectives

A major aim of chickpea breeding is the development of
cultivars with adequate resistance/tolerance to yield-reducing
stresses. However, breeding for abiotic stress tolerance is very
complicated because of the combination of factors affecting
the trait, and molecular breeding has had only limited success
in improving tolerance. Traditional and molecular breeding
targeting resistance to biotic stresses has been the focus of
much research in the past 30 years. Most work has focused on
improving either Ascochyta blight or Fusarium wilt resistance
and, although some moderately resistant varieties have been
released, the genes and pathways of gene regulation controlling
these traits remain largely unknown. To overcome this gap,
recent studies have focused on the use of functional genomics
tools in an attempt to uncover important genes involved
in resistance/tolerance to both biotic and abiotic stresses.
Subsequently, several significant achievements have been made
through functional genomics, including the generation of
valuable resources, such as an integrated genetic map, EST
libraries, BAC libraries, microarrays and SuperSAGE. The use
of model legumes for comparative genomics also promises to
enhance breeding efforts. However, the application of these
resources to identifying the genes involved in mechanisms of
biotic and abiotic stress resistance/tolerance is in its infancy.
Candidate genes involved in biotic and abiotic stress tolerances
have been identified through the use of both microarray and
SuperSAGE techniques. Despite these achievements, there have
been no reports of using candidate genes from functional
genomics to improve chickpea cultivars in the field. However,
this may change in the near future because the results of most
functional genomics studies are relatively recent. The challenge
for researchers now is to use the functional genomics resources
available to develop definitive lists of candidate genes that may
be important for each important stress. Generating narrow lists
of candidates will enable the use of reverse/forward genetics
approaches to validate the function of particular genes. This
information can then be applied to breeding programs. To
achieve such goals, the chickpea research community needs
to bring together the strengths of various research groups
around the world. Major groups working on functional genomics
include a group in Australia (RMIT University, Bundoora and
University of Melbourne) who possess a stem and leaf EST
library and expertise in microarrays, a group at ICRISAT (India)
who possess a root EST library valuable for drought studies
and a well-developed transformation methodology, a group at
The University of Frankfurt (Germany) who have pioneered
the high-powered SuperSAGE technique in chickpea, and a
group in the USA (USDA-ARS, Pullman) who possess valuable
resources, including a TILLING population, BAC library and
desirable germplasm (RILs and NILs). Continued exchange

and collaboration of these resources is required to make a
more rapid and significant progress towards function-associated
chickpea breeding. Respective research groups should take more
advantage of the International Chickpea Genomics Consortium
(www.icgc.wsu.edu) to establish collaborative efforts that could
allow for high-powered studies on ideal germplasm lines;
thus, fast-tracking the overall development of resistant/tolerant
cultivars. Finally, a database and bioinformatics resource
capable of integrating and mining chickpea functional genomics
data is lacking. Such resources are available for the model
legumes and have greatly enhanced the coordination of
research efforts and have allowed in-depth analysis of research
results. The near future of functional genomics will see the
development of many new and powerful techniques, such as
expression QTL mapping and whole-genome sequencing. The
current focus in chickpea functional genomics should be to
coordinate valuable resources around the world and take full
advantage of the power of functional genomics for improving
chickpea crops.
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