In-Silico Identification of Candidate Genes Related to Seed Zinc and Iron Concentration in Chickpea (Cicer arietinum L.)

Abstract 
Zinc (Zn) and Iron (Fe) are essential nutrients, and their deficiency can cause stunted growth, weakened immunity, and anaemia. Chickpea (Cicer arietinum L.), a nutrient-rich legume, contains high levels of Zn and Fe, making it a valuable crop for addressing micronutrient deficiencies. This study aims to identify candidate genes associated with Zn and Fe content in chickpea seeds using in-silico analysis. Whole-genome resequencing data is aligned to the chickpea reference genome to detect genetic variants linked to these micronutrients. Identified genes are further analyzed for their function, biological pathways, and orthologs in model organisms. These genes can serve as targets for breeding chickpea varieties with enhanced Zn and Fe content, supporting marker-assisted selection and contributing to global nutritional security.
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Introduction
The global population is projected to exceed nine billion by 2050 (Bohra et al., 2015), intensifying challenges of food and nutritional security under climate change. More than three billion people, including one-third of children in developing countries, suffer from hidden hunger (Thavarajah et al., 2012). Zinc (Zn) and iron (Fe) deficiencies affect nearly half of the global population.” Both are essential cofactors in proteins such as haemoglobin and cytochromes, with daily requirements of 15 mg Zn and 13–30 mg Fe (Hafeez et al., 2013). Deficiencies impair immunity, growth, and cognition, contributing to anaemia, stunting, and higher mortality, particularly in children. Supplementation, fortification, and dietary diversification often remain ineffective due to limited awareness and socio-economic constraints.
One-third of the global population faces micronutrient deficiencies, with 1.1 billion at risk of Zn and Fe insufficiency (Kumssa et al., 2015). Biofortifying staple crops offers a sustainable solution. Advances in next-generation sequencing (NGS) and array-based genotyping now enable genomics-assisted breeding to identify and introgress quantitative trait loci (QTLs) associated with seed mineral accumulation. Grain Zn and Fe are complex quantitative traits controlled by multiple genes (Diapari et al., 2014), with candidate genes identified in rice, maize, Medicago, lentil, pea, and chickpea (Anuradha et al., 2012; Jin et al., 2013; Shunmugam et al., 2014).
Chickpea (Cicer arietinum L.) is the third most important legume, grown in arid and semi-arid regions. It is a self-pollinated diploid (2n=16, ~740 Mb) with Kabuli and Desi types (Jain et al., 2013; Varshney et al., 2013). Nutrient-rich and capable of nitrogen fixation, chickpea plays a vital role in food security. India produces ~70% of global output, with 17.9 Mt from 17.35 lakh ha and 1032 kg/ha productivity (Sharma et al., 2020). Telangana contributes ~2.32 Mt (DPD, 2022–23). Future demand is projected at 16–17.5 Mt by 2050 (Dixit et al., 2019), emphasizing productivity and nutritional gains.
However, chickpea germplasm shows narrow variability for grain Zn (35–43 mg/100 g) and Fe (48–57 mg/100 g) (Rehman et al., 2019; Jha et al., 2020; Kumar et al., 2020), similar to ranges in other legumes (Grembecka et al., 2022). This necessitates breeding biofortified cultivars. ‘Omics’ tools—genomics, transcriptomics, proteomics, metabolomics, and phenomics—along with whole genome re-sequencing (WGRS), provide insights into genetic diversity and marker discovery. SNPs and SSRs are increasingly applied in marker-assisted selection for crop improvement.
Zn and Fe deficiencies remain a major health challenge. Chickpea, being widely grown and nutrient-dense, is an ideal crop for biofortification. Genomics-assisted breeding and omics-based strategies are essential to develop biofortified varieties for sustainable food and nutritional security.
The study aimed to validate seed zinc (Zn) and iron (Fe) content in selected chickpea genotypes, identify Zn- and Fe-specific genes using whole genome re-sequencing (WGRS), and detect sequence variations and single nucleotide polymorphisms (SNPs) in contrasting genotypes. This research aims to uncover genetic determinants of micronutrient content in chickpea, contributing to biofortified cultivars that address global malnutrition.
Recent studies
Bangar et. al. (2021), identified 233,799 SNPs and 9544 InDels by performing whole- genome re-sequencing of 86 mungbean accessions. Non-synonymous SNPs were found to impact genes linked to stress tolerance and agronomic traits such as seed dormancy and size. Genes involved in pathways like plant hormone signaling, protein metabolism, and secondary metabolite biosynthesis were significantly enriched. This data provides insights into genetic variation and its association with functional traits. The results also highlight regions of the genome under selection in domesticated mungbean. Findings support breeding programs aiming to improve mungbean productivity and stress tolerance.

Wang et. al. (2022), studied the genetic regulation of Zn and Fe content in soybean using an RIL population. Five QTLs for seed Fe and Zn were identified, explaining 4.57% to 32.71% of phenotypic variation. Whole genome resequencing revealed over 400,000 SNVs, with 12 candidate genes associated with Fe and Zn content. This study provides valuable information for breeding soybean varieties with enhanced Fe and Zn content, aiding biofortification efforts.
Upadhyaya et. al. (2016), mapped 8 major QTLs for Zn and Fe in chickpea, explaining 39.4% of the phenotypic variation across 6 chromosomes using a high-density genetic map. GWAS identified 16 loci contributing 29% combined PVE, with 11 SNPs validated by QTL mapping. Expression analysis showed differential regulation of 16 genes, including strong candidates for biofortification. Novel SNP variants linked to 8 major QTLs offer resources for marker-assisted breeding of Zn/Fe-biofortified chickpeas. This study provides critical insights into improving micronutrient content in chickpea cultivars.
Urwat et. al. (2021), evaluated the effects of Fe and Zn stress on Shalimar French Bean- 1 under different MGRL media. Gene expression analysis of candidate genes like OPT3 and NRAMP revealed crosstalk between Zn and Fe stress, with higher Fe accumulation in shoots under Fe-deficient conditions. Genes involved in Zn and Fe uptake and transport were responsive under stress. The study suggests these genes could help mitigate mineral stress in beans and enhance biofortification efforts.
Samineni et. al. (2022), evaluated 140 genotypes under non-stress, drought, and heat conditions for grain nutrient contents and marker-trait associations. Significant differences in nutrient content; negative correlation between seed yield and grain Zn/Fe. Identified 181 MTAs, including SNPs on chromosomes 1 and 4 associated with protein and Fe under drought and non-stress conditions. MTAs were associated with seed nutrients across conditions. The PCA analysis revealed that PC1 was positively associated with grain Fe under non-stress and heat. Cluster VI showed the highest means for Fe (73 mg/kg) and Zn (48.1 mg/kg). These MTAs will aid marker-assisted selection for developing nutrient-rich varieties.
Fayaz et. al. (2022), phenotyped 147 chickpea genotypes for seed micronutrients (Zn, Cu, Fe, Mn) in two environments and identified 35 SNPs significantly associated with seed concentrations of these micronutrients. The mean concentrations across two years were 45.9 ppm for Zn, 63.8 ppm for Cu, 146.1 ppm for Fe, and 27.0 ppm for Mn. Among the 35 MTAs, 5 were stable, 6 were major, and 3 were both major and stable. These stable, major, and validated MTAs will help in future chickpea molecular breeding. The MTAs were also validated in previous studies, enhancing their reliability. They hold potential for improving seed nutrient density in chickpeas.
Roorkiwal et. al. (2022), evaluated 258 chickpea accessions for key nutritional traits. Identified 62 significant MTAs, explaining up to 28.63% of the phenotypic variance. Genes involved in G protein-coupled receptor signaling, proteasome assembly, and oxidation- reduction processes were linked to the MTAs. The MTAs were primarily located on chromosomes Ca1, Ca3, Ca4, and Ca6. Seven promising accessions with superior agronomic performance and high nutritional content were identified. These accessions can be used to develop nutrient-rich, high-yielding chickpea varieties. Validation of these MTAs could aid in biofortified chickpea breeding for future generations.








Materials and methods
Study Location and Duration
The study was carried out from January 2023 to March 2024 at International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India (17º31′01″ N, 78º16′44″ E; 567 m asl).
The site lies within the Central Telangana agro-climatic zone, known for its relevance in legume research and breeding.
Plant Materials
Ten chickpea (Cicer arietinum L.) genotypes were selected for this study based on their contrasting seed zinc (Zn) and iron (Fe) concentrations. These included both landraces and breeding lines sourced from the Centre of Excellence in Genomics and Systems Biology (CEGSB), ICRISAT. The genotypes were grown under controlled glasshouse conditions, with temperatures maintained at 25 ± 1 °C. Seeds were sown in 30.5 cm-deep pots filled with a standardized soil mix (vertisols:vermicompost:sand in a 6:2:1 ratio), with three seeds per pot.
Among the selected lines, genotypes such as ICC 9848, ICC 9895, and ICC 8855 showed high Zn and Fe levels, while ICC 6537, ICC 1392, and ICC 11198 represented low-mineral genotypes. These contrasting accessions were critical for downstream genomic analysis.
Phenotypic Observations
Morphological and agronomic data were collected across several parameters, including:
Days to 50% flowering: Time from sowing to when half the plants exhibited open flowers.
Days to maturity: Number of days from sowing until crop maturation.
Plant height: Measured at maturity from the stem base to the tip of the tallest branch.
Pods per plant: Average pod count per plant at maturity.
Seeds per pod: Counted manually at harvest.
Grain yield per plant (g): Average seed weight collected per plant.
Seed Mineral Analysis
Post-harvest, mature seeds (20 g per accession) were cleaned, oven-dried (60 °C, 48 hours), and ground using Teflon-chamber mills. For mineral extraction, 1 g of powdered sample was digested overnight using a tri-acid mix (HNO₃:H₂SO₄:HClO₄ in 10:0.5:2 ratio), followed by stepwise heating at 120 °C and 230 °C. The final volume was adjusted to 75 ml with distilled water. Zinc and iron concentrations (mg/kg or ppm) were quantified using atomic absorption spectrophotometry (Varian Spectra AA 20), ensuring precision through duplicate analysis and strict contamination controls.
Genotypic Data Processing
Selection and Genome Resources
The same ten genotypes were selected for genome analysis. Raw genomic data were sourced from the ICRISAT Chickpea Genome Project database. Reference genome sequences for kabuli and desi chickpeas were downloaded from NCBI.
Data Preprocessing and Alignment
Sequencing reads were quality-checked using FastQC, and adapters and low-quality bases were trimmed with Trimmomatic v0.39. Cleaned reads were aligned to the chickpea reference genome using BWA-MEM (v0.7.17), and sorted BAM files were generated with SAMtools. SNPs and small InDels were called with GATK HaplotypeCaller (v4.1.8) following Best Practices, and variants were filtered at ≥30× depth and Phred ≥30. Polymorphic SNPs distinguishing high- and low-Zn/Fe genotypes were retained for trait linkage.
Variants were annotated with SnpEff to classify functional impacts, and InterProScan was used for domain-level annotation. Homologs of micronutrient-related genes (ZIP, NRAMP, Ferritin) were retrieved from TAIR and Gramene and compared with chickpea gene models via BLASTp/BLASTx to identify orthologs. Gene Ontology enrichment categorized genes into processes, functions, and components associated with micronutrient uptake, transport, and storage. Candidate genes within QTL intervals (CaGAv1.0) were annotated using NCBI-nr and Blast2GO, providing functional insights into Zn and Fe homeostasis
Results and discussion
This investigation was conducted to elucidate the genetic basis of zinc (Zn) and iron (Fe) accumulation in chickpea (Cicer arietinum L.) seeds using in-silico approaches. The study focused on validating seed Zn and Fe content across selected genotypes, identifying associated genes through whole genome re-sequencing (WGRS), and detecting trait-linked single nucleotide polymorphisms (SNPs). Key phenotypic traits were also recorded.
Phenotypic Evaluation and Mineral Validation
This investigation was carried out to unravel the genetic and molecular mechanisms governing the accumulation of zinc (Zn) and iron (Fe) in chickpea (Cicer arietinum L.) seeds using integrated in-silico and genomic approaches. The study aimed to validate the variation in seed mineral content across selected genotypes and to identify gene-based molecular markers associated with Zn and Fe homeostasis.
A total of ten chickpea genotypes exhibiting diverse mineral profiles were phenotypically characterized for key agronomic and nutritional traits. These included days to flowering, days to maturity, plant height, number of seeds per pod, grain yield per plant, and seed mineral concentrations of Zn and Fe (Table 1). The observed variability in both agronomic and mineral traits reflects the wide genetic diversity present in the chickpea gene pool, which can be exploited for biofortification.
Zn concentration among the genotypes ranged from 48.33 ppm in ICC 15610 to 78.57 ppm in ICC 9848, whereas Fe concentration varied from 37.68 ppm in ICC 11198 to 56.63 ppm in ICC 9848. The genotypes ICC 9848, ICC 9895, and ICC 8855 consistently recorded higher concentrations of both micronutrients, suggesting that these lines possess favorable allelic combinations for efficient micronutrient uptake and translocation. In contrast, ICC 15610 and ICC 1392 exhibited relatively lower mineral levels, making them suitable as contrasting lines for genomic comparison. Such variation has been reported previously by Gaur et al. (2020) and Jha et al. (2022), confirming the potential of chickpea as a target crop for nutritional enhancement.
Validation of mineral content through estimation of available Zn and Fe (Table 2) showed a strong correlation with the estimated seed values, thereby confirming the accuracy and reproducibility of phenotypic data. This validation not only reinforces the reliability of the analytical procedures but also strengthens the genetic associations derived from subsequent molecular analyses. The consistency between available and estimated mineral concentrations suggests that genotypic differences were primarily genetic rather than environmentally induced, which is crucial for marker-trait association studies.
Agronomic observations further indicated that higher seed mineral accumulation did not necessarily compromise yield potential, as genotypes such as ICC 8855 and ICC 9895 combined relatively high grain yield with superior mineral concentration. This finding supports the feasibility of simultaneous improvement of yield and nutritional quality, which is a central challenge in biofortification breeding.
Table 1. Data recorded on selected chickpea genotypes for the traits included in the study.
	S.no.
	Genotype
	Grain yield per plant (g)
	Plant height (cm)
	Days to flowering
	Days to maturity
	No. of seeds per pod
	Zinc Concentration (ppm)
	Iron Concentration (ppm)

	1
	ICC 9848
	14
	39
	67
	123
	1
	78.57
	56.63

	2
	ICC 9895
	15
	43
	61
	127
	2
	76.73
	53.6

	3
	ICC 8855
	24
	47
	59
	109
	1
	74.9
	53.39

	4
	ICC 20259
	8
	48
	72
	118
	2
	72.39
	52.71

	5
	ICC 9712
	12
	38
	68
	135
	1
	71.51
	52.8

	6
	ICC 6537
	21
	36
	68
	112
	1
	52.34
	40.23

	7
	ICC 1392
	6
	34
	42
	114
	1
	50.55
	38.32

	8
	ICC 15610
	29
	32
	71
	126
	1
	48.33
	40.6

	9
	ICC 11198
	13
	19
	61
	127
	1
	51.64
	37.68

	10
	ICC 14778
	12
	30
	67
	111
	2
	51.41
	40.03



Table 2. Validation of selected chickpea genotypes for seed Zn and Fe concentration
	S. No.
	Genotype
	Available Zn (ppm)
	Available Fe (ppm)
	Estimated Zn (ppm)
	Estimated Fe (ppm)

	1
	ICC 9848
	60.72
	91.22
	78.57
	56.63

	2
	ICC 9895
	60.26
	87.40
	76.73
	53.6

	3
	ICC 8855
	60.32
	85.70
	74.9
	53.39

	4
	ICC 9712
	57.56
	77.60
	71.51
	52.8

	5
	ICC 20259
	61.97
	78.06
	72.39
	52.76

	6
	ICC 15610
	41.21
	41.76
	48.33
	40.6

	7
	ICC 14778
	46.94
	52.12
	51.41
	40.03

	8
	ICC 6537
	41.55
	51.88
	52.34
	40.23

	9
	ICC 1392
	40.16
	52.25
	50.55
	38.32

	10
	ICC 11198
	40.43
	53.52
	51.64
	37.68




SNP Discovery and Candidate Gene Identification
Whole-genome resequencing (WGRS) of contrasting genotypes generated approximately 45,529 single-nucleotide polymorphisms (SNPs), of which 1,531 were identified as polymorphic, corresponding to nearly 60 % polymorphism across the evaluated panel. These high-quality SNPs served as a valuable genomic resource for identifying candidate genes associated with Zn and Fe accumulation.
Among these, nine SNPs exhibited significant association with seed mineral concentration (Table 3). These SNPs were localized within three key genes—Ca_09166, Ca_12453, and Ca_10386—encoding functionally characterized proteins involved in metal transport and homeostasis.
1. ZIP zinc/iron transporter gene (Ca_09166): Two SNPs (CA4_45033830 and CA4_45033835) were detected within this gene. The ZIP (Zrt/Irt-like Protein) family plays a central role in Zn and Fe uptake and intracellular transport across membranes. Variations in ZIP genes have been associated with enhanced mineral loading in several crops including common bean (Phaseolus vulgaris) and rice (Oryza sativa). The identified missense mutations in Ca_09166 may modify transporter efficiency, potentially explaining the elevated Zn concentration in genotypes ICC 9848 and ICC 9895.
2. Ferritin-4 gene (Ca_12453): Four intronic SNPs were observed (CA2_31092327, CA2_31092334, CA2_31092353, and CA2_31092512). Ferritins are iron-storage proteins that sequester Fe within plastids, maintaining cellular redox balance and preventing oxidative stress. Although the SNPs were intronic, they could influence gene expression through alternative splicing or regulatory modifications. Similar intronic variants affecting Fe storage efficiency have been documented in soybean and lentil.
3. Phox/Bem1p family gene (Ca_10386): Three SNPs (CA6_2541567, CA6_2541669, and CA6_2541698) were located within this gene, of which CA6_2541698 was a missense mutation. The Phox/Bem1p domain is implicated in signaling and vesicle trafficking, which may indirectly regulate micronutrient mobilization and compartmentalization within developing seeds.
Sequence analysis of these SNPs across genotypes (Table 4) revealed a mixture of synonymous, non-synonymous, and intronic substitutions. The presence of missense variants in Ca_09166 and Ca_10386 suggests potential alteration of protein conformation or activity, thereby influencing the physiological efficiency of mineral uptake. High-impact SNPs that lead to amino acid changes are especially valuable as functional markers for marker-assisted selection (MAS) because of their direct link to protein function.
Table 3. SNPs and genes associated with Zn and Fe concentration
	S.no.
	SNP Id
	Gene Id
	Sequence Description
	Trait-associated
	Crop
	Reference

	1
	CA4_45033830
	Ca_09166
	ZIP zinc/iron transport family protein
	Seed zinc concentration
	Common bean
	https://doi.org/10.3389/fpls.2013.00286

	2
	CA4_45033835
	Ca_09166
	
	
	
	

	3
	CA2_31092327
	Ca_12453
	ferritin-4, chloroplastic
	Iron transport
	Chickpea
	10.3389/fpls.2016.00178

	4
	CA2_31092334
	Ca_12453
	
	
	
	10.3389/fpls.2016.00179

	5
	CA2_31092353
	Ca_12453
	
	
	
	10.3389/fpls.2016.00180

	6
	CA2_31092512
	Ca_12453
	
	
	
	10.3389/fpls.2016.00181

	7
	CA6_2541567
	Ca_10386
	octicosapeptide/phox/Bem1p family protein
	Seed Iron concentration
	
	10.1038/srep24051

	8
	CA6_2541669
	Ca_10386
	
	
	
	10.1038/srep24052

	9
	CA6_2541698
	Ca_10386
	
	
	
	10.1038/srep24053







Table 4. Sequence variations in chickpea genotypes contrasting for zinc and iron concentration
	SNP_Id
	Gene Id
	Ref
	Alt
	ICC9848
	ICC9895
	ICC8855
	ICC9712
	ICC20259
	ICC15610
	ICC14778
	ICC6537
	ICC1392
	ICC11198
	Pos
	Effect

	CA4_45033830
	Ca_09166
	G
	T
	G
	G
	G
	T
	G
	T
	T
	T
	T
	T
	45033830
	Missense

	CA4_45033835
	Ca_09166
	C
	T
	C
	C
	C
	T
	C
	T
	T
	T
	T
	T
	45033835
	Missense

	CA2_31092327
	Ca_12453
	A
	G
	G
	A
	A
	G
	A
	G
	G
	G
	G
	G
	31092327
	Intron

	CA2_31092334
	Ca_12453
	T
	C
	C
	T
	T
	C
	T
	C
	C
	C
	C
	C
	31092334
	Intron

	CA2_31092353
	Ca_12453
	T
	A
	A
	T
	T
	A
	T
	A
	A
	A
	A
	A
	31092353
	Intron

	CA2_31092512
	Ca_12453
	T
	G
	G
	T
	T
	G
	T
	G
	G
	G
	G
	G
	31092512
	Intron

	CA6_2541567
	Ca_10386
	T
	C
	T
	C
	T
	T
	T
	T
	C
	C
	T
	C
	2541567
	Synonymous

	CA6_2541669
	Ca_10386
	G
	A
	G
	A
	G
	G
	G
	G
	A
	A
	G
	A
	2541669
	Synonymous

	CA6_2541698
	Ca_10386
	A
	C
	A
	C
	A
	A
	A
	A
	C
	C
	A
	C
	2541698
	Missense



Phylogenetic Insights
To further understand the evolutionary context of these candidate genes, phylogenetic analysis was performed using homologous sequences from related legumes such as Medicago truncatula, Trifolium pratense, and Arachis hypogaea. The resulting phylogenetic tree displayed well-resolved clusters separating the ZIP, ferritin, and Phox/Bem1p gene families.
The clustering pattern demonstrated a high degree of evolutionary conservation, especially for ZIP transporters and ferritin proteins, highlighting their ancient and indispensable roles in micronutrient regulation. Short branch lengths among chickpea and Medicago homologs indicate a close evolutionary relationship, suggesting that similar mechanisms govern metal homeostasis across these species. In contrast, slightly longer branches connecting to Arachis species imply gene divergence, possibly reflecting adaptation to different soil or environmental conditions influencing metal availability.
These findings underscore the evolutionary stability of metal homeostasis genes and provide evidence that the candidate SNPs identified in chickpea likely have conserved physiological roles similar to those observed in other legumes.
FIG 1: Phylogenetic Analysis of Metal Transport or Zinc-Binding Proteins in Legumes and Related Species
[image: ]


[bookmark: _GoBack]Conclusion
This study employed a comprehensive in-silico strategy to identify candidate genes regulating seed zinc (Zn) and iron (Fe) concentration in chickpea (Cicer arietinum L.), underscoring the role of computational genomics in addressing agricultural and nutritional challenges. Genome-wide resequencing data from diverse genotypes enabled the identification of key genes and single nucleotide polymorphisms (SNPs) involved in Zn and Fe uptake, translocation, and storage, providing insights into molecular mechanisms of micronutrient homeostasis and resources for biofortification.
A major outcome was the identification of genes from conserved families such as ZIP (Zinc-Iron Permease), NRAMP (Natural Resistance-Associated Macrophage Protein), and Ferritin, which regulate micronutrient mobilization, sequestration, and compartmentalization. Their annotation confirmed evolutionary conservation and established a basis for targeted breeding and genome editing. Functionally relevant SNPs, particularly non-synonymous variants, were detected within these genes. High-impact SNPs likely affecting protein function correlated with phenotypic variation in seed mineral content, offering robust markers for marker-assisted selection (MAS) to accelerate the development of nutrient-dense genotypes.
The bioinformatics pipeline—gene annotation, protein domain prediction, and functional enrichment—demonstrated the efficiency of in-silico approaches for dissecting complex traits. Such methods are cost-effective and valuable for resource-limited breeding programs. Integration of SNP markers into MAS pipelines and the use of genome editing tools like CRISPR-Cas9 offer precision strategies to enhance seed mineral density.
This research supports global efforts to combat hidden hunger, as Zn and Fe deficiencies are widespread public health issues, especially in developing regions. Deployment of biofortified chickpea cultivars could significantly improve dietary mineral intake and nutritional security.
Future directions include functional validation of candidate genes, expanding genomic analysis to wild relatives, studying gene–environment interactions, integrating multi-omics datasets, and conducting field trials to evaluate agronomic performance, nutritional stability, and consumer acceptance.
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