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Abstract Chickpeas (Cicer arietinum L.) are a vital legume crop, contributing significantly to global food security and nutrition.
However, chickpea cultivation faces numerous challenges, including yield instability, susceptibility to biotic and abiotic stresses, and
the need for improved nutritional quality. This study explores key traits for chickpea improvement, focusing on enhancing yield,
resistance to diseases and pests, tolerance to environmental stresses, and nutritional enhancement. It further reviews molecular and
genomic approaches such as Marker-Assisted Selection (MAS), Genomic Selection (GS), Genetic Mapping, Quantitative Trait Loci
(QTL) analysis, and CRISPR/Cas9 genome editing, highlighting their application in chickpea breeding programs. A case study on
improving drought tolerance is presented, illustrating genetic, genomic, and breeding strategies to develop drought-resilient varieties.
Emerging technologies like high-throughput phenotyping, multi-omics, and artificial intelligence are discussed for their potential to
revolutionize chickpea breeding. The study also addresses challenges and opportunities, emphasizing the need for diverse germplasm
utilization, effective policy support, and bridging the gap between research and farmer adoption. The study concludes by
underscoring the pivotal role of integrative breeding technologies in shaping the future of chickpea improvement programs and
ensuring sustainable agricultural practices.
Keywords Chickpea improvement; Biotic and abiotic stress tolerance; Molecular breeding; Genomic selection; Drought resilience

1 Introduction
Chickpea (Cicer arietinum L.) is the second most consumed legume crop globally, cultivated in over 50 countries.
It is a vital source of essential nutrients, including vitamins A, C, E, K, B1-B3, B5, B6, B9, and minerals such as
iron, zinc, magnesium, and calcium, which are beneficial for human health. Chickpeas are particularly important
for diabetics due to their low glycemic index and high fiber content. Additionally, chickpeas contribute
significantly to food security and the livelihoods of small-scale farmers in developing countries (Koul et al., 2022).
The crop’s high protein content and essential fatty acids further enhance its nutritional value, making it a crucial
component of the human diet (Madurapperumage et al., 2021).

Despite its nutritional benefits and agricultural importance, chickpea cultivation faces several challenges. The crop
is often grown in marginal soils with low phosphorus availability, which severely hampers yields (Djouider et al.,
2022). Biotic and abiotic stresses, including drought, heat, cold, and salinity, also significantly affect chickpea
productivity (Arriagada et al., 2022). Although there have been advancements in developing stress-resistant
varieties, there are still gaps that need to be addressed to improve yield and resilience (Koul et al., 2022). The
genetic diversity within chickpea species offers potential for breeding programs, but the complexity of its genome
and the need for precise phenotyping and novel breeding strategies pose additional challenges (Hiremath et al.,
2011; Varshney et al., 2013).

This study aims to review the current state of chickpea genetic improvement, focusing on key traits, targets, and
technologies. We will explore the nutritional and agricultural importance of chickpeas, the challenges faced in
their cultivation, and the objectives of ongoing research efforts. The scope includes an examination of genomic
technologies, such as genomics-assisted breeding, high-throughput phenotyping, and novel breeding strategies,
which are essential for developing high-yielding, climate-resilient, and stress-tolerant chickpea varieties. By
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addressing these aspects, this paper seeks to provide a comprehensive overview of the advancements and future
directions in chickpea genetic improvement.

2 Key Traits for Chickpea Improvement
2.1 Yield and yield-related traits
Yield potential in chickpeas is influenced by several key traits, including early maturity, photosynthetic efficiency,
and resistance to both biotic and abiotic stresses. Early maturing varieties have been developed to escape terminal
drought and heat stresses, which are critical in short-season environments (Gaur et al., 2012). Additionally,
enhancing photosynthetic efficiency has been identified as a vital factor for increasing seed yield per plant.
Genetic studies have pinpointed specific genes, such as those coding for chlorophyll A-B binding proteins, which
are associated with improved photosynthetic efficiency and, consequently, higher seed yields (Basu et al., 2018).

Breeding for yield stability involves developing cultivars that can maintain high yields under varying
environmental conditions. This includes incorporating resistance to major diseases and pests, as well as tolerance
to abiotic stresses like drought and heat. Marker-assisted selection (MAS) is being utilized to combine resistance
to multiple stresses, thereby improving the overall yield stability of chickpea cultivars (Millán et al., 2006). The
integration of genomic technologies has also started to enhance the precision and efficiency of breeding programs
aimed at yield stability (Gaur et al., 2012).

2.2 Resistance to biotic stresses
Chickpea production is significantly hampered by various biotic stresses, including fungal diseases like Fusarium
wilt and Ascochyta blight, as well as pests such as the pod borer (Helicoverpa spp.) (Millán et al., 2006; Li et al.,
2015; Choudhary et al., 2022). These diseases and pests can cause substantial yield losses, sometimes up to 100%
under severe conditions.

Incorporating genetic resistance into chickpea cultivars is a primary objective in many breeding programs.
Quantitative trait loci (QTL) for resistance genes have been identified and mapped, and molecular markers
associated with these loci are being used for efficient pyramiding of resistance traits (Li et al., 2015; Choudhary et
al., 2022). Advances in genomics, such as the development of high-resolution phenotyping tools and
next-generation sequencing, are expected to further enhance the efficiency of breeding programs focused on biotic
stress resistance (Gaur et al., 2012).

2.3 Tolerance to abiotic stresses
Drought and heat are major abiotic stresses that limit chickpea productivity. Mechanisms for drought tolerance
include early maturity to escape terminal drought and the development of deep root systems to access water from
deeper soil layers (Millán et al., 2006). Heat tolerance is often achieved through the selection of genotypes that
can maintain reproductive success under high temperatures (Gaur et al., 2012). Improving water-use efficiency
(WUE) is crucial for chickpea cultivation in arid and semi-arid regions. Breeding programs are focusing on traits
such as reduced stomatal conductance and increased root depth to enhance WUE. Marker-assisted selection is
being employed to identify and incorporate these traits into elite chickpea lines.

2.4 Nutritional quality and biofortification
Chickpeas are a vital source of protein and micronutrients, especially in developing countries. Breeding efforts are
aimed at enhancing the protein content and bioavailability of essential micronutrients like iron and zinc. Genomic
tools are being used to identify candidate genes associated with these nutritional traits, facilitating their
incorporation into high-yielding cultivars (Figure 1) (Acharjee and Sarmah, 2013; Varshney et al., 2013;
Halladakeri et al., 2023). Anti-nutritional factors such as phytic acid can reduce the bioavailability of essential
nutrients in chickpeas. Breeding programs are targeting the reduction of these compounds to improve the
nutritional quality of chickpeas. Advances in molecular breeding and the use of functional markers are aiding in
the identification and selection of genotypes with lower levels of anti-nutritional factors.
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Figure 1 Comparison of chickpea, legume and other dicotyledonous genomes (Adopted from Varshney et al., 2013)
Image caption: (a) Age distribution of 4DTV for genes from three legume species (chickpea, M. truncatula and L. japonicus)
genomes. (b) Synteny blocks shared between chickpea and other sequenced legume genomes, including M. truncatula, L. japonicus,
soybean and pigeonpea. (c) Shared and unique gene families in legume species chickpea, M. truncatula, L. japonicus, soybean,
pigeonpea; in millettioid and galegoids, and in legumes, A. thaliana and grape. (d) Phylogenetic tree of seven species (Adopted from
Varshney et al., 2013)

3 Molecular and Genomic Approaches in Chickpea Breeding
3.1 Marker-assisted selection (MAS)
Marker-Assisted Selection (MAS) is a technique that uses molecular markers to assist in the selection of desirable
traits in crop breeding. In chickpeas, MAS has been effectively used to improve traits such as drought tolerance,
Fusarium wilt resistance, and Ascochyta blight resistance. The advent of next-generation sequencing (NGS)
technologies has significantly enhanced the efficiency of MAS by enabling the identification and utilization of
single nucleotide polymorphisms (SNPs) and other molecular markers (He et al., 2014; Sudheesh et al., 2021).

MAS has led to the development of chickpea varieties with improved resistance to various biotic and abiotic
stresses. For instance, marker-assisted backcrossing (MABC) has been used to introgress QTL regions for drought
tolerance and disease resistance into elite chickpea lines (Varshney et al., 2013). However, the application of
MAS is limited by the complexity of quantitative traits, which are controlled by multiple genes with small effects.
This complexity often requires the integration of other breeding approaches, such as genomic selection (GS), to
fully exploit the potential of MAS (Varshney et al., 2017; Budhlakoti et al., 2022).

3.2 Genomic selection (GS)
Genomic Selection (GS) is a breeding method that uses genome-wide marker data to predict the breeding values
of individuals. Unlike MAS, which focuses on specific markers linked to traits of interest, GS incorporates all
available marker information into prediction models. This approach allows for the selection of individuals with
superior genetic potential even before phenotypic evaluation, thereby accelerating the breeding cycle (Varshney
et al., 2017; Sandhu et al., 2022). GS has shown promise in improving yield and stress tolerance in chickpeas.
Studies have demonstrated high prediction accuracies for traits such as seed yield and days to maturity using GS
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models. The integration of GS with high-throughput phenotyping and genotyping technologies can further
enhance the efficiency of chickpea breeding programs, making it a valuable tool for developing climate-resilient
chickpea varieties (Roorkiwal et al., 2016; Budhlakoti et al., 2022; Biswas et al., 2023).

3.3 Genetic mapping and QTL analysis
Quantitative Trait Loci (QTL) mapping involves identifying regions of the genome that are associated with
specific traits. In chickpeas, QTL mapping has been used to identify loci linked to important agronomic traits such
as drought tolerance, disease resistance, and yield components. The development of dense genetic maps has
facilitated the identification of these QTLs, providing valuable targets for MAS and GS. QTLs play a crucial role
in the genetic improvement of chickpeas by enabling the targeted introgression of beneficial alleles into breeding
lines. For example, QTLs associated with Ascochyta blight resistance have been successfully introgressed into
chickpea cultivars, enhancing their resistance to this devastating disease. The identification and utilization of
QTLs are essential for the development of chickpea varieties with improved performance under various
environmental conditions (Varshney et al., 2017; Sandhu et al., 2022; Zhong, 2024).

3.4 CRISPR/Cas9 and genome editing
CRISPR/Cas9 is a powerful genome-editing tool that allows for precise modifications of specific genes. In
chickpeas, CRISPR/Cas9 has the potential to target and edit genes associated with key traits such as disease
resistance, drought tolerance, and yield. This technology offers a rapid and efficient means of introducing
desirable genetic variations, thereby accelerating the breeding process (Varshney et al., 2017; Budhlakoti et al.,
2022). Recent advances in CRISPR/Cas9 technology have demonstrated its potential in crop improvement. For
instance, gene editing has been used to enhance disease resistance and stress tolerance in various crops, including
chickpeas. The successful application of CRISPR/Cas9 in chickpeas could lead to the development of superior
cultivars with enhanced agronomic traits, contributing to increased productivity and sustainability in chickpea
farming.

4 Case Study: Enhancing Drought Tolerance in Chickpeas
4.1 Importance of drought tolerance in chickpea cultivation
Drought is a significant constraint in chickpea cultivation, leading to substantial yield losses. Chickpea, primarily
grown in arid and semi-arid regions, is highly susceptible to terminal drought stress, which can result in up to 50%
reduction in production (Varshney et al., 2013; Sachdeva et al., 2020). The increasing frequency and intensity of
droughts due to climate change further exacerbate this issue, affecting various growth stages of the crop, including
flowering and podding (Karalija et al., 2022). The economic and social implications of drought tolerance in
chickpeas are profound. Chickpeas are a crucial source of protein for many resource-poor farmers in developing
countries. Enhancing drought tolerance can stabilize yields, ensuring food security and economic stability for
these communities. Moreover, drought-tolerant varieties can reduce the need for irrigation, conserving water
resources and reducing production costs (Asati et al., 2022; Tiwari et al., 2023).

4.2 Genetic basis of drought tolerance
Research has identified several key genes and pathways involved in drought tolerance in chickpeas. For instance,
transcription factors such as WRKY, DREB2A, and CarNAC3 have been shown to play significant roles in
regulating drought responses (Borhani et al., 2019). Additionally, the ASR gene has been characterized for its
involvement in drought stress regulation, with increased expression under drought conditions (Sachdeva et al.,
2020). Genomic studies have also identified QTL clusters, particularly on CaLG04, which are associated with
multiple drought tolerance traits (Varshney et al., 2013). Advancements in genomic resources and tools have
facilitated the breeding of drought-tolerant chickpea varieties. Whole genome resequencing and the development
of high-density genetic maps have enabled the identification of SNPs and QTLs associated with drought tolerance
(Thudi et al., 2023). Marker-assisted selection (MAS) and genome-wide association studies (GWAS) are powerful
tools that have been employed to enhance the precision and efficiency of breeding programs (Asati et al., 2022).
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4.3 Breeding strategies for drought tolerance
Conventional breeding approaches for drought tolerance in chickpeas include the selection of genotypes with
desirable traits such as deep root systems and high root biomass, which are beneficial for managing terminal
drought stress (Asati et al., 2022). Field trials in various environments have been used to evaluate the performance
of different genotypes under drought conditions, identifying those with superior drought tolerance (Arif et al.,
2021). Integrating genomic and phenotypic data has become a cornerstone of modern breeding strategies. The use
of multi-parent advanced generation intercross (MAGIC) populations and high-resolution mapping has allowed
for the precise identification of drought tolerance traits (Thudi et al., 2023). Combining phenotypic data with
genomic information enables the selection of genotypes with the best combination of traits for drought tolerance
(Tiwari et al., 2023).

4.4 Field trials and validation studies
Several case studies have demonstrated the success of breeding programs in developing drought-tolerant chickpea
varieties. For example, the genotype ICC 4958 has shown high chlorophyll content and enzyme activities under
drought stress, making it a promising candidate for drought tolerance (Tiwari et al., 2023). Additionally,
genotypes such as CH55/09 have been identified as highly productive under stress conditions through field trials
(Arif et al., 2021). Future research aims to further enhance drought tolerance in chickpeas by exploring new
genetic resources and employing advanced biotechnological approaches. The ongoing development of transgenic
and genome-edited chickpea varieties holds promise for achieving higher levels of drought tolerance. Continued
efforts in field trials and validation studies will be crucial for the successful deployment of these advanced
breeding strategies (Figure 2) (Karalija et al., 2022; Sachdeva et al., 2022).

Figure 2 Chickpea tolerance of drought and heat and alleviation strategies (Adopted from Karalija et al., 2022)

5 Emerging Technologies and Future Directions
5.1 High-throughput phenotyping and genotyping
High-throughput phenotyping (HTP) has revolutionized the way we assess plant traits, enabling precise and rapid
screening of large populations. This technology employs sophisticated non-invasive imaging, spectroscopy, and
robotics to collect high-quality phenotypic data, which is crucial for understanding plant responses to various
stresses and improving crop resilience (Mir et al., 2019). For instance, HTP systems have been used to evaluate
vegetative drought tolerance in chickpea, providing insights into growth, physiological traits, and recovery under
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different water regimes (Lauterberg et al., 2023). These advancements in phenomics are pivotal for precision
agriculture, allowing for the identification of superior genotypes with enhanced stress tolerance and productivity.

The integration of high-throughput genotyping and phenotyping technologies into breeding programs has
significantly accelerated genetic gains in chickpea. Modern breeding approaches, such as marker-assisted
selection and genomic selection, rely heavily on these technologies to identify and select desirable traits
(Varshney et al., 2012; Hou et al., 2024). For example, the development of high-density SNP arrays and
genotyping platforms has facilitated the creation of detailed genetic maps and the identification of quantitative
trait loci (QTLs) associated with important agronomic traits (Roorkiwal et al., 2017). By combining
high-resolution phenotypic and genotypic data, breeders can enhance selection efficiency and develop superior
chickpea varieties more rapidly (Varshney et al., 2018; Roorkiwal et al., 2020).

5.2 Systems biology and multi-omics approaches
Systems biology approaches that integrate transcriptomics, proteomics, and metabolomics are transforming
chickpea breeding by providing a comprehensive understanding of the molecular mechanisms underlying
important traits. These multi-omics strategies enable the identification of key genes, proteins, and metabolites
involved in stress responses and other agronomic traits (Roorkiwal et al., 2020; Singh et al., 2022). For instance,
advances in next-generation sequencing and high-throughput genotyping have led to the development of extensive
genomic resources, including transcriptome assemblies and SNP markers, which are essential for multi-omics
studies (Varshney et al., 2012). The integration of these omics data sets facilitates a holistic view of the plant's
biology, aiding in the discovery of novel targets for genetic improvement.

The application of multi-omics approaches in chickpea breeding has led to significant advancements in trait
discovery and improvement. By leveraging transcriptomics, proteomics, and metabolomics data, researchers can
identify candidate genes and pathways associated with traits such as drought tolerance, disease resistance, and
nutritional quality (Roorkiwal et al., 2020; Singh et al., 2022). For example, genomics-assisted breeding has
successfully introgressed QTLs for drought tolerance into elite chickpea varieties, resulting in lines with higher
yield under stress conditions (Thudi et al., 2014). These multi-omics approaches are crucial for developing
climate-resilient and high-yielding chickpea cultivars.

5.3 Machine learning and artificial intelligence in breeding
Machine Learning (ML) and Artificial Intelligence (AI) are increasingly being used in chickpea breeding to
develop predictive models and decision support tools. These technologies can analyze large and complex data sets,
including genomic, phenotypic, and environmental data, to predict the performance of breeding lines and guide
selection decisions (Roorkiwal et al., 2020; Varshney et al., 2018). For instance, ML algorithms can be used to
predict the genetic potential of lines for specific traits, thereby enhancing the efficiency of breeding programs. The
integration of AI in breeding pipelines helps in optimizing resource allocation and accelerating the development
of improved chickpea varieties.

AI plays a crucial role in accelerating genetic gains in chickpea breeding by enabling more precise and efficient
selection processes. By utilizing AI-driven tools, breeders can identify the best-performing genotypes with greater
accuracy and speed, thus reducing the breeding cycle time (Varshney et al., 2018). AI technologies, such as deep
learning and neural networks, can also uncover complex patterns and interactions within the data that are not
easily detectable through traditional methods (Roorkiwal et al., 2020). This capability is particularly valuable for
addressing the challenges posed by climate change and ensuring the development of robust and high-yielding
chickpea varieties.

6 Challenges and Opportunities in Chickpea Improvement
6.1 Genetic diversity and germplasm utilization
Genetic diversity is crucial for the success of breeding programs as it provides the raw material for selection and
adaptation to changing environmental conditions. Diverse germplasm lines offer a wide range of alleles that can
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be harnessed to improve agronomic traits such as yield, disease resistance, and stress tolerance. For instance, the
evaluation of a chickpea core collection identified diverse agronomically superior germplasm, which can be used
to develop high-yielding cultivars with a broad genetic base (Upadhyaya et al., 2007). Additionally, the use of
specialized germplasm subsets like mini core collections and reference sets has facilitated the identification of
trait-specific germplasm, aiding in trait mapping and allele mining for resistance to biotic and abiotic stresses
(Upadhyaya et al., 2011).

Effective germplasm management involves the development and utilization of core collections, which represent a
subset of the entire germplasm collection while maintaining genetic diversity. For example, a core subset of
chickpea was developed using geographic distribution and quantitative traits, preserving the genetic variation
available in the entire collection (Upadhyaya et al., 2001). Moreover, the integration of genomic tools such as
single nucleotide polymorphisms (SNPs) and diversity arrays technology (DArT) has enabled the creation of
integrated genetic maps, facilitating the identification of genes associated with important traits (Upadhyaya et al.,
2011). The use of multi-parent advanced generation intercross (MAGIC) populations has also been shown to
enhance genetic diversity and bring novel alleles for developing superior chickpea varieties (Samineni et al.,
2021).

6.2 Bridging the gap between research and adoption
Extension services play a vital role in bridging the gap between research and adoption by disseminating new
technologies and practices to farmers. Farmer participatory breeding involves the active participation of farmers in
the breeding process, ensuring that the developed varieties meet their needs and preferences. This approach has
been shown to enhance the adoption of new chickpea varieties, as farmers are more likely to adopt varieties that
they have helped to develop and that are suited to their local conditions (Roorkiwal et al., 2020).

Policy support and adequate funding are essential for the sustained improvement of chickpea. Governments and
funding agencies need to prioritize chickpea research to address the challenges of low productivity and climate
change. Investments in modern breeding technologies, such as genomic selection and breeding by design, can
accelerate the development of climate-resilient chickpea varieties (Roorkiwal et al., 2020). Additionally, policies
that support the conservation and utilization of genetic resources can enhance the effectiveness of breeding
programs (Upadhyaya et al., 2011).

6.3 Ethical and biosafety considerations
The use of genetic modification (GM) in chickpea improvement raises several ethical and biosafety concerns.
These include the potential impact on biodiversity, the unintended effects on non-target organisms, and the
socio-economic implications for smallholder farmers. It is essential to conduct thorough risk assessments and
engage with stakeholders to address these concerns. The development of GM chickpea varieties should be guided
by principles of transparency, safety, and sustainability (Roorkiwal et al., 2020). Regulatory frameworks play a
critical role in ensuring the safe development and deployment of GM chickpea varieties. These frameworks
should be based on scientific evidence and include provisions for monitoring and managing potential risks. Public
perception of GM crops is also a significant factor influencing their adoption. Efforts to improve public
understanding of the benefits and risks associated with GM chickpea, through education and transparent
communication, can help build trust and acceptance. By addressing these challenges and leveraging the
opportunities, chickpea improvement programs can develop high-yielding, resilient, and nutritious varieties that
contribute to food security and sustainable agriculture.

7 Concluding Remarks
The genetic improvement of chickpeas has seen significant advancements through the integration of modern
genomic technologies with traditional breeding methods. Key achievements include the development of
high-resolution phenotypic and genetic data, which have facilitated the identification of genes and biological
pathways associated with important breeding traits. The use of molecular markers and quantitative trait loci (QTL)
mapping has enhanced the efficiency of gene transfer and trait pyramiding, particularly for resistance to biotic and
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abiotic stresses. The draft genome sequence of chickpea has provided a valuable resource for trait improvement,
highlighting candidate genes for disease resistance and agronomic traits. Additionally, the development of
specialized germplasm subsets and the application of next-generation sequencing technologies have opened new
avenues for trait mapping and allele mining. Recent breeding programs have also enhanced genetic diversity in
both desi and kabuli varieties, reflecting the impact of modern breeding efforts.

Future chickpea breeding programs stand to benefit greatly from the continued integration of genomic tools and
technologies. The use of marker-assisted selection (MAS) and genomic selection (GS) will be crucial in
accelerating the development of superior chickpea varieties with enhanced resistance to biotic and abiotic stresses.
The identification and utilization of novel haplotypes from diverse germplasm resources will further enhance the
genetic base of chickpea breeding programs. Additionally, the adoption of advanced breeding techniques such as
speed breeding and CRISPR/Cas9-based genome editing holds promise for achieving rapid genetic gains and
meeting the growing demand for chickpea. Collaborative efforts between public and private organizations will be
essential in generating 'super chickpeas' with multiple transgenic traits to address various production constraints.

The role of technology in chickpea improvement cannot be overstated. The advent of next-generation sequencing
and other genomic tools has revolutionized the way breeding programs are conducted, enabling more precise and
efficient selection of desirable traits. The integration of functional omics, parental selection, forward breeding, and
genome-wide selection is expected to bring a paradigm shift in the development of climate-resilient and
high-yielding chickpea varieties. As we move forward, it is imperative to bridge the genome-to-phenome gap by
integrating modern genomics technologies with molecular breeding efforts. The continuous improvement of
breeding programs through sequence-based approaches and the adoption of innovative technologies will ensure
sustained genetic gains and contribute to global food and nutritional security.
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