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The aim of this study investigates the genotypic variation in calcium (Ca) and magnesium (Mg) concentrations among varieties, F1 hybrids, inbred lines, and local landraces of Brassica vegetables, including cauliflower, cabbage, broccoli, and Chinese cabbage, encompassing 47 accessions grown in crop improvement trials at the Vegetable Research Farm, Indian Institute of Vegetable Research (IIVR), Varanasi, Uttar Pradesh, India.  Significant differences (p < 0.05) were observed both within and between subspecies and genotypes. Chinese cabbage exhibited the highest mean Ca (3.05 mg·g⁻¹ DW) and Mg (1.67 mg·g⁻¹ DW) contents, while broccoli showed comparatively lower levels. Cluster analysis grouped accessions based on their mineral profiles, identifying high-mineral clusters (e.g., cabbage genotypes BC-76 and Hari Rani Gol) suitable for biofortification efforts, and low-mineral clusters (e.g., broccoli genotypes NS-50 and Hybrid No.-2) indicating reduced nutritional value. These findings align with previous research indicating substantial genetic variation in mineral accumulation among Brassica species. The observed variation is attributed to genetic differences and environmental factors influencing mineral uptake and translocation. Overall, the study underscores the potential for breeding programs to enhance the nutritional quality of Brassica vegetables by selecting genotypes with higher mineral concentration.
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1. INTRODUCTION
The Brassicaceae family (also known as Cruciferae) encompasses a wide range of widely cultivated vegetables such as cauliflower (Brassica oleracea L. var. botrytis), cabbage (Brassica oleracea L. var. capitata), Chinese cabbage (Brassica rapa L. subsp. pekinensis), red cabbage (Brassica oleracea var. capitata f. rubra), bok choy (Brassica rapa, Chinensis group), broccoli (Brassica oleracea L. var. italica), Brussels sprouts (Brassica oleracea L. var. gemmifera), knol-khol (Brassica oleracea L. var. gongylodes), kale (Brassica oleracea var. acephala), collards, rape, and several other leafy vegetables. This family derives the name “cruciferous” from the cross-like shape of its four-petaled flowers. Remarkably, ten of the most common cruciferous vegetables belong to a single species (Brassica oleracea), and they are differentiated primarily by horticultural classifications rather than taxonomic ones.
Various Brassica vegetables are consumed globally for their rich nutrient profiles, especially for their content of essential minerals and vitamins (Farnham et al., 2000; Kopsell et al., 2004; Martinez-Ballesta et al., 2010; Singh et al., 2010). They are also notable sources of health-promoting phytochemicals, including glucosinolates, phenolic compounds like quercetin, and antioxidants such as vitamin C and selenium (Finley et al., 2001). Studies have suggested that antioxidants present in cruciferous vegetables, particularly broccoli, may contribute to reducing cancer risk (Kohlmeier & Su,1997), and a diet rich in vegetables like Brussels sprouts, kale, and cabbage is associated with a reduced incidence of neoplastic diseases (Korus, 2010).
Certain Brassica vegetables such as kale, bok choy, and broccoliare characterized by relatively high levels of calcium and low concentrations of antinutritional factors that hinder calcium absorption (Farnham et al., 2000). Calcium is crucial for human health, being vital for bone structure, development, and cellular metabolism (Linder, 1991; Harinarayan et al., 2021; Pavithra et al., 2022). Magnesium is another essential nutrient, involved in numerous physiological and enzymatic processes, particularly those requiring ATP (Ostrowska & Porębska, 2017). Factors such as aging, stress, and disease can increase the body's magnesium requirements (Shils, 1988). This mineral helps regulate blood sugar and pressure and supports energy metabolism and protein synthesis (Wester, 1987; Saris et al., 2000).
Magnesium deficiency has been associated with a range of health issues, including osteoporosis, hypertension, and cardiovascular disease While about 50% of the body's magnesium is stored in bones, only 1% circulates in the blood, which is tightly regulated (Rude, 1998). Furthermore, magnesium plays a role in carbohydrate metabolism and insulin regulation (Kobrin & Goldfarb, 1990). Low magnesium levels are often found in individuals with type 2 diabetes and may result in hypocalcemia and hypokalemia (Rude, 1998; Shils, 1999; Elisaf et al., 1997). Emerging evidence suggests magnesium metabolism could influence cardiovascular health (Altura and Altura, 1995), and deficiency may be a contributing factor to postmenopausal osteoporosis due to its effects on calcium metabolism and hormone regulation (Elisaf et al., 1997). Magnesium supplementation has been linked to improved bone mineral density (Institute of Medicine, Food and Nutrition Board, 1999; Tucker et al., 1999). 
Inadequate calcium intake, particularly in children, may raise the risk of osteoporosis later in life (Johnston et al., 1992). While dairy products are a primary source of calcium and magnesium, leafy green vegetables can also significantly contribute, though bioavailability varies. For instance, spinach contains high calcium levels, but its oxalate content reduces calcium absorption (Heaney et al., 1988). Cruciferous vegetables like kale, bok choy, and broccoli, however, provide high calcium with low oxalate levels, and their calcium bioavailability is estimated to be approximately 30% of that found in milk (Heaney et al., 1993). In contrast, refined grains are typically poor in magnesium (USDA, 2011).
Genetic variability in calcium and magnesium content within Brassica vegetables offers opportunities for biofortification, which could enhance the nutritional quality of diets for both humans and livestock. Despite their importance, limited studies have explored the genetic diversity of calcium and magnesium concentrations in cruciferous vegetables. 
Several studies have reported considerable genetic variability in mineral composition among vegetable crops, particularly within the genus Brassica. For instance, Farnham et al. (2000) observed substantial differences in calcium and magnesium concentrations between hybrid and inbred broccoli genotypes. Similarly, Kopsell et al. (2004) reported wide variation in elemental accumulation among leafy Brassica oleracea cultivars. Broadley et al. (2008) also demonstrated significant intraspecific diversity in shoot Ca and Mg concentrations in Brassica oleracea, indicating that mineral accumulation is strongly influenced by genetic factors. Such genetic diversity provides valuable opportunities for the selection and breeding of nutrient-dense vegetable genotypes for biofortification programs.
Therefore, the aim of the present study was to investigate genotypic variation in calcium and magnesium contents among varieties, F1 hybrids, inbred lines, and local landraces of cruciferous vegetables grown in crop improvement trials at the Vegetable Research Farm, Indian Institute of Vegetable Research, Varanasi, Uttar Pradesh, India.
2. MATERIALAND METHODS
A range of landraces, commercial varieties, inbred lines, and F1 hybrids of Brassica vegetables including cauliflower, cabbage, broccoli, Chinese cabbage, red cabbage, savoy cabbage, knol-khol, and Brussels sprouts were sourced from crop improvement trials conducted at the research farm of the Indian Institute of Vegetable Research (IIVR), Varanasi, Uttar Pradesh, India. All plant samples were harvested at their edible maturity stage. Prior to analysis, non-edible outer leaves were removed, and only the edible parts were retained. For each replicate, three healthy plants of uniform size, free from insect infestation, disease symptoms, or mechanical injury, were selected. Edible parts from these plants were collected and immediately transferred to the laboratory. From each replicate, 100 g of edible material was sampled, pooled, and weighed for further analysis.
The collected plant material was dried in paper bags using a hot-air convection oven maintained at a temperature between 60–65°C. Once thoroughly dried, the samples were ground and passed through a 0.2 mm sieve. The powdered samples were then subjected to digestion using a di-acid (HNO3: HClO4) mixture. The concentrations of total calcium (Ca) and magnesium (Mg) per gram on a dry weight (DW) basis were determined in the di-acid digested aliquots through complexometric titration using the chelating agent ethylene diamine tetra acetic acid (EDTA) as per the method described by APHA, 1995. Initially, both Ca and Mg were titrated simultaneously under conditions favouring their combined reaction with EDTA, and the endpoint was observed once both ions had reacted. Subsequently, the pH of the solution was raised to precipitate magnesium, allowing selective titration of calcium, which remains in solution. Magnesium concentration was then calculated by subtracting the calcium value from the total. Each accession was analyzed using three independent replicates, and the results are presented as the mean of these three determinations.
2.1 STATISTICALANALYSES
The data were statistically analyzed using the SPSS software package (version 16.0 for Windows). Mean differences among treatments were evaluated through analysis of variance (ANOVA), and Duncan’s multiple range test (DMRT) was employed to determine the significance of differences. A p-value of less than 0.05 was considered statistically significant. The results represent the average of three replicates.
2.2 CLUSTER ANALYSIS OF CALCIUM AND MAGNESIUM CONTENT IN BRASSICA VEGETABLES
Hierarchical clustering analysis was conducted using calcium and magnesium concentration data from 47 individual Brassica genotypes representing cauliflower, cabbage, broccoli, Chinese cabbage, and other Brassica vegetables. Summary values presented in Table 1 were not included in the clustering analysis. Hierarchical clustering to identify patterns and groupings based on these two mineral traits. The data were first standardized (z-score normalization) to ensure comparability. A Euclidean distance matrix was computed, and hierarchical clustering was performed using Ward’s linkage method, which minimizes the variance within clusters. The dendrogram was generated using Python’s scipy.cluster.hierarchy and matplotlib libraries.
All analyses were conducted using Python 3.10. The key packages used include Pandas for data handling (McKinney, 2010). Scipy for hierarchical clustering ‘scipy.cluster.hierarchy’ (Virtanen et al., 2020), and Matplotlib for visualization (Hunter, 2007). This analysis allowed the identification of genetically or nutritionally similar groups, providing insight into potential targets for mineral biofortification and selection in breeding programs.
3. RESULTS AND DISCUSSION
Significant variation (p < 0.05) was observed within and between subspecies, as well as among genotypes, for calcium (Ca) and magnesium (Mg) concentrations in the eight cruciferous vegetables studied (Table 1). The average Ca and Mg contents in Brassica vegetables ranged from 2.09 to 3.05 mg g⁻¹ dry weight (DW) and 1.13 to 1.67 mg g⁻¹ DW, respectively. Chinese cabbage exhibited the highest mean Ca (3.05 mg g⁻¹ DW) and Mg (1.67 mg g⁻¹ DW) content among the tested Brassica vegetables.
Calcium content in 14 cauliflower accessions ranged between 2.03 and 3.04 mg g⁻¹ DW, while Mg varied from 0.83 to 1.38 mg g⁻¹ DW (Table 2). For 20 cabbage accessions (including landraces, inbreds, and F1 hybrids), Ca and Mg concentrations ranged from 1.89 to 3.92 mg g⁻¹ DW and 1.11 to 2.05 mg g⁻¹ DW, respectively (Table 3). Broccoli accessions showed Ca levels from 1.67 to 2.67 mg g⁻¹ DW and Mg levels from 0.97 to 1.80 mg g⁻¹ DW (Table 4), values which are lower than those reported in the USDA Nutrient Database, 1998 listing broccoli Ca and Mg as 4.8 and 2.5 mg g⁻¹ DW. Farnham et al. (2000) documented significant differences in Ca and Mg between hybrid and inbred broccoli, with hybrids having higher concentrations.
Among five Chinese cabbage accessions, Ca ranged from 2.67 to 3.90 mg g⁻¹ DW and Mg from 1.44 to 1.85 mg g⁻¹ DW (Table 5). Single accessions of red cabbage, savoy cabbage, knol-khol, and Brussels sprouts showed Ca concentrations of 2.11, 2.58, 2.94, and 2.45 mg g⁻¹ DW, respectively, with Mg levels of 1.46, 1.18, 1.17, and 1.31 mg g⁻¹ DW (Table 1).
Broadley et al. (2008) demonstrated considerable intraspecific genetic variation in shoot Ca and Mg concentrations in Brassica oleracea, with capitata (cabbage) and sabauda (savoy cabbage) subtaxa showing the highest mineral levels. Similar observations were made by Acikgoz & Deveci (2011), who reported Ca and Mg in kale at 2.51 mg 100 g⁻¹ and 0.33 mg 100 g⁻¹, respectively. Previous studies by Singh et al. (2004) and Miller-Cebert et al. (2009) showed somewhat lower mineral content in kale. Comparatively, Adotey et al. (2009) reported substantially lower Ca and Mg concentrations in other vegetables such as tomato, onion, pepper, and carrot, indicating that Brassica vegetables have higher mineral content and considerable genotypic variation.
Recent studies have reinforced these findings, highlighting the potential of Brassica vegetables as nutrient-dense foods and the role of genetic diversity in mineral accumulation (Artem’eva & Solov’eva, 2023; Borghesi et al., 2024). Furthermore, biofortification efforts and optimized agronomic practices are increasingly being emphasized to enhance mineral contents in these vegetables (Zaman et al., 2022; Tapas et al., 2024). 
The variation observed may result from genetic differences influencing mineral uptake efficiency and translocation within plant tissues, as well as environmental factors such as cultivation methods and production region. Previous reports have highlighted significant genotype × environment interactions affecting mineral accumulation in broccoli and other vegetables (Greenleaf & Adams, 1969; Grusak et al., 1996). Thus, both genetic and environmental factors shape mineral profiles in Brassica vegetables, supporting breeding strategies for improved nutritional quality.
Hierarchical cluster analysis based on calcium and magnesium contents grouped the 47 Brassica accessions into distinct clusters, indicating considerable variability in mineral composition among the studied genotypes. Accessions with higher Ca and Mg concentrations such as genotypes BC-76, CCSH-1, Chinese Solan type open, and Hari Rani Gol formed a separate cluster, whereas genotypes with relatively lower mineral content such as PSBK-1, DR/SP-30, and NS-50 were grouped together. The clustering pattern highlights the presence of nutritionally superior genotypes that may be utilized in biofortification and breeding programmes.
4. CONCLUSION
The study revealed significant variation in calcium (Ca) and magnesium (Mg) concentrations among Brassica vegetables, with Chinese cabbage exhibiting the highest levels. Cluster analysis identified high-mineral accessions like cabbage genotypes BC-76 and Hari Rani Gol, suitable for biofortification, and low-mineral ones like broccoli genotypes NS-50 and Hybrid No. 2. These findings align with previous research indicating substantial genetic variation in mineral accumulation among Brassica species. The observed variation is attributed to genetic differences and environmental factors influencing mineral uptake and translocation. Overall, the study underscores the potential for breeding programs to enhance the nutritional quality of Brassica vegetables by selecting genotypes with higher mineral content.
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Table 1. Mean and range of calcium and magnesium concentration in eight different Brassica vegetables
	Sl. No.
	Brassica vegetables
	Calcium
(mg g-1 DW)
	Magnesium
(mg g-1 DW)

	1
	Cauliflower (14)
	2.66c
	1.13e

	2
	Cabbage(20)
	2.89b
	1.53b

	3
	Broccoli (04)
	2.09e
	1.30d

	4
	Chinese cabbage (05)
	3.05a
	1.67a

	5
	Red cabbage (01)
	2.11e
	1.46b

	6
	Savoy cabbage (01)
	2.58c
	1.18de

	7
	Knol-khol (01)
	2.94ab
	1.17de

	8
	Brussels sprouts (01)
	2.45d
	1.31cd

	Mean
	2.60
	1.34

	Range
	2.09-3.05
	1.13-1.67

	SE m ±
	0.061
	0.033

	LSD: p<0.05
	0.184
	0.098


Figures in bracket indicate the number of accessions tested.
Table 2. Calcium and magnesium concentration in fourteen different accessions of Cauliflower
	Sl. No.
	Cauliflower
Variety/ Hybrid/ Landrace
	Calcium 
(mg g-1 DW)
	Magnesium 
(mg g-1 DW)

	1.
	CFL-200
	2.72bcd
	1.033de

	2.
	CFL-202
	2.88ab
	1.371a

	3.
	Aghani Prem Seed
	2.91ab
	1.383a

	4.
	Aghani Long Leaf
	2.69cd
	1.245ab

	5.
	Aghani Bhaupur
	3.04a
	1.244ab

	6.
	IIVR MC-11
	2.94ab
	1.174bc

	7.
	Snowball-16
	2.69cd
	1.245ab

	8.
	DR/SP-30
	2.14e
	0.899f

	9.
	Amazing
	2.14e
	0.899f

	10.
	PSBK-1
	2.03e
	0.830f

	11.
	Cauliflower-25
	3.04a
	1.244ab

	12.
	KT-22
	2.83abc
	1.104cd

	13.
	Poosi
	2.69cd
	1.245ab

	14.
	Kanchan
	2.50d
	0.891f

	Mean
	2.66
	1.13

	Range
	2.03-3.04
	0.830-1.383

	SEm ±
	0.088
	0.091

	LSD ( p<0.05)
	0.257
	0.262



Table 3. Calcium and magnesium concentration in twenty different accessions of Cabbage 
	Sl. No.
	Cabbage
Variety/ Hybrid
	Calcium 
(mg g-1 DW)
	Magnesium 
(mg g-1 DW)

	1.
	Miniball
	2.56hi
	1.37fg

	2.
	BC-76
	3.67b
	2.05a

	3.
	Green Yogendra
	2.33ij
	1.42ef

	4.
	Green Challenger
	2.78gh
	1.69bcd

	5.
	Summit
	2.91efg
	1.38fg

	6.
	Fieldman
	3.22cd
	1.78bc

	7.
	Golden Acre
	3.11cde
	1.90ab

	8.
	Pusa Mukta
	3.00defg
	1.65cde

	9.
	Hari Rani Gol
	3.92a
	1.80bc

	10.
	Quisto
	2.94efg
	1.17gh

	11.
	Rare ball
	3.04cde
	1.24fgh

	12.
	Kirch-10
	2.78gh
	1.69bcd

	13.
	Gungaless
	3.00defg
	1.83abc

	14.
	Green Cornel
	2.89efg
	1.76bc

	15.
	Green Hero
	1.89k
	1.15gh

	16.
	T-621
	2.47i
	1.11h

	17.
	Green Stone
	2.22j
	1.35fgh

	18.
	Resist Crown
	3.02def
	1.45def

	19.
	Globe Master
	2.80fg
	1.31fgh

	20.
	Admiral
	3.26c
	1.38fg

	Mean
	2.89
	1.53

	Range
	1.89-3.92
	1.11-2.05

	SE m ±
	0.083
	0.087

	LSD (p<0.05)
	0.235
	0.249


Table 4. Calcium and magnesium concentration in four different accessions of Broccoli 
	Sl. No.
	Broccoli 
Variety/ Hybrid
	Calcium 
(mg g-1 DW)
	Magnesium 
(mg g-1 DW)

	1.
	KTS-1
	2.67a
	1.80a

	2.
	Hybrid No.-2
	1.78c
	1.26b

	3.
	NS-50
	1.67c
	1.19bc

	4.
	Fiesta
	2.25b
	0.97c

	Mean
	2.09
	1.30

	Range
	1.67-2.67
	0.97-1.80

	SE m ±
	0.084
	0.088

	LSD (p<0.05)
	0.291
	0.305


Table 5. Calcium and magnesium concentration in five different accessions of Chinese cabbage
	Sl. No.
	Chinese cabbage 
Variety/ Hybrid
	Calcium 
(mg g-1 DW)
	Magnesium 
(mg g-1 DW)

	1.
	CCSH-1
	3.90a
	1.82a

	2.
	CCLH-1
	2.67c
	1.44b

	3.
	Chinese Solan type Open
	3.33b
	1.85a

	4.
	Chinese Band Sarson
	2.67c
	1.80a

	5.
	Optico
	2.67c
	1.44b

	Mean
	3.05
	1.67

	Range
	2.67-3.90
	1.44-1.85

	SE m ±
	0.094
	0.094

	LSD (p<0.05)
	0.306
	0.303



[image: ]
Fig. 1. Hierarchical cluster dendrogram of 47 Brassica accessions based on calcium (Ca)   and magnesium (Mg) contents using Ward’s method and Euclidean distance
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Hierarchical Cluster Dendrogram of Brassica Accessions (Based on Ca and Mg Content)
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