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Introduction: Vegetable soybean (Glycine max L. Merrill), commonly consumed as edamame, represents a nutritionally dense crop with growing global demand. Despite its potential to address dietary diversification and enhance functional food markets, systematic evaluation of its biochemical traits remains limited, particularly in Eastern India where malnutrition and low crop diversity persist.

Methods: Thirty-four vegetable soybean genotypes were assessed under field conditions using a randomized block design with three replications. Quantitative analysis of proteins, carbohydrates, sugars, oil, fatty acids, vitamins, isoflavones, tocopherols, phenolics, trypsin inhibitor activity, and lipoxygenase activity was conducted using HPLC, GC, and spectrophotometric assays. Multivariate analyses including PCA, correlation, and hierarchical clustering were performed to identify trait associations and superior genotypes.

Results: Significant differences (p ≤ 0.05) were observed among genotypes for all the parameters. Protein content varied between 25.7 and 34.9%, while sugars ranged from 13.5 to 24.6%. Our analysis showed that vegetable soybean genotypes, particularly AGS-190 and AGS-456, contained oleic acid levels exceeding 50%, which is considerably higher than those typically reported in grain soybean, thereby indicating improved oxidative stability. Isoflavone content was more than 14 mg/100 g in several accessions, whereas AGS-292 and AGS-610 recorded lower trypsin inhibitor and lipoxygenase activities, respectively, improving consumer suitability. Considerable diversity was also observed for tocopherols, phenolics, and vitamin C, indicating scope for enhancing antioxidant potential. Multivariate analyses identified a set of superior lines integrating multiple desirable traits, marking them as promising candidates for biofortification, functional food development, and breeding of next-generation vegetable soybean cultivars.

Discussion: The findings align with earlier studies reporting wide genotypic variation in protein, oil, sugar content and bioactive compounds of vegetable soybeans. However, unlike grain soybeans, the vegetable soybean genotypes showed higher oleic acid and lower linoleic acid, likely due to differences in harvest stage and seed maturity. Certain parameters showed ranges, comparatively lower than earlier studies, likely due to genotype-specific differences and agro-climatic conditions. These variations emphasize the need for region-specific screening to identify nutritionally rich and consumer-preferred cultivars.
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1 Introduction

The most recent Child Malnutrition Estimates for 2023, jointly issued by UNICEF, the World Health Organization (WHO), and the World Bank Group, underscore the fact that the highest numbers of malnourished children are concentrated in sub-Saharan Africa and South Asia (Joint Child Malnutrition Estimates−2023). Between 2019 and 2021 in India, the prevalence of stunting and underweight among children exceeded over 30%, with wasting affecting over 20% children. A substantial proportion of these cases originated in Eastern India. In adults, the underweight prevelance exceeded 20% in both genders, and overweight was observed in more than 30% adults (1). Heavy dependence on the three primary crops (wheat, maize, and rice) and poor dietary habits significantly contribute to malnutrition (2). Soybeans stand out as a globally significant crop, serving as both a pulse and oilseed crop due to their nutritional and functional qualities. Soybean protein is an economical source of high-quality dietary protein, containing all essential amino acids, including lysine, which is often deficient in other staple crops. Soy protein also has a relatively high biological value and a protein digestibility-corrected amino acid score (3). Furthermore, soybean oil is valued for its high polyunsaturated and low saturated fatty acid composition, improving cardiovascular health. Soybeans also harbor functional compounds such as isoflavones, which have been associated with reduced incidences of various cancers, cardiovascular diseases, and post-menopausal symptoms (4, 5).

Unlike grain soybeans, which are typically harvested at full maturity (R8 stage) when the seeds are yellow and dry, vegetable soybeans are harvested earlier. They are picked at the R6 stage, where the pods are still tender and green and contain ~80% of their seeds, before they reach full maturity (Figure 1) (6). Vegetable soybeans can be distinguished from grain soybeans by several key characteristics: they have larger seed sizes, typically weighing over 60–75 g per 100 seeds at fresh weight, possess a sweet taste, and lack the typical beany flavor associated with grain soybeans. The tender green pods of vegetable soybeans are highly valued in culinary contexts, as they can be utilized in diverse ways, including as snacks, additions to salads, or as ingredients in stir-fried dishes (7). In terms of protein content and quality, vegetable soybeans are regarded as a superior protein source compared to vegetable pigeon peas and green peas (8). Furthermore, vegetable soybeans exhibit higher levels of vitamins, notably vitamin A, compared to grain soybeans (9). Additionally, it contains higher amounts of essential minerals such as calcium, potassium, phosphorus, magnesium, iron, copper, zinc, and manganese in comparison to green peas.
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FIGURE 1
 Overview of the reproductive (R) stage progression in vegetable soybean, where R1—of flowering; R2—full bloom; R3 and R4—pod development stages; R5—beginning of seed; R6—full seed; R7—beginning of maturity; R8—full maturity.


The Eastern Plateau and Hill Region (EPHR), encompassing parts of Chhattisgarh, Jharkhand, Madhya Pradesh, Maharashtra, Odisha, and West Bengal, falls within the agro-climatic zone VII of India. Here, the temperature ranges from 10 to 27 °C, and the annual rainfall varies between 80 and 150 cm. The region's predominant soil types are red and yellow, occasionally interspersed with laterite and alluvial soils. Water resources are limited due to the plateau's structure and intermittent streams, leading to a reliance on rainfed agriculture practices. Vegetable soybeans have gained prominence in these regions due to its successful cultivation in rainfed uplands during kharif, and their nutritional richness addresses the malnutrition challenges in these areas. Additionally, it plays a role in diversifying crops, particularly because many other legumes are primarily available during the rabi season. Being a leguminous crop, it also aids in nitrogen fixation in the atmosphere, contributing to soil replenishment.

Nonetheless, vegetable soybean production accounts for < 2% of global soybean production, and its nutritional profile has not received as much attention as mature soybean (10). It holds substantial promise for the food industry, can aid in biofortification studies, and ultimately contributes to combating malnutrition. Hence, the assessment of genotypes for their nutritional and anti-nutritional contents is crucial, as it enables the identification of genotypes that possess higher nutritional value and lower levels of antinutritional components. This knowledge is invaluable for addressing nutritional deficiency problems. Identifying genotypes with superior nutritional profiles can help mitigate potentially adverse effects on human health and improve the overall acceptability of the crop. To address this gap, an analysis of vegetable soybean's biochemical composition, including isoflavones, tocopherols, trypsin inhibitor (TI) activity, oil content, and fatty acid composition of the genotypes maintained in the Eastern Plateau and Hill Region, was carried out in the present study. Moreover, analysis of proteins, carbohydrates, sugars, and micronutrients was also performed.



2 Materials and methods


2.1 Experimental material

The experimental materials comprised 34 different genotypes of vegetable soybeans, sourced from various regions with diverse phenotypic and grain characteristics (Supplementary Table S1). All plants were cultivated in a randomized block design with three replications at ICAR-Research Complex for Eastern Region and Farming System Research Center for Hill and Plateau Region, situated in Plandu, Ranchi district, Jharkhand, India. After harvesting at the R6 stage, tender green pods were stored immediately in a deep freezer at −80 °C until further use. For biochemical analysis (except enzymatic analysis), the seeds were deshelled from the pods and dried at 60 °C using a hot air oven. The dried seeds were finely ground into powder and filtered with the help of 100-mesh sieves to attain uniformity. Three replications were used to estimate all traits, and the trait values are represented per 100 g of dry weight of seeds.

The reagents and chemicals used for high-performance liquid chromatography (HPLC) estimation used in this study were of HPLC grade. Isoflavone standards, including daidzin, glycitin, genistin, daidzein, glycitein, and genistein, were sourced from Merck (Darmstadt, Germany). Ethanol, methanol, sodium hydroxide, tannic acid, gallic acid, sulfuric acid, and other chemicals required for the experiments were purchased from HiMedia (Mumbai, India). Additional reference standards, such as α, β, γ, and δ tocopherols, as well as solvents such as methanol, acetonitrile, and water were obtained from Sigma-Aldrich (St. Louis, MO, USA). For the sample preparation, centrifuge tubes from Tarsons (Kolkata, India) and sample vials with screw caps from Shimadzu (Kyoto, Japan) were used. Sample centrifugation was performed with a Centrifuge 5810 R from Eppendorf (Hamburg, Germany), and absorbance measurements were carried out using Evolution™ One Plus from ThermoFisher Scientific (Waltham, Massachusetts, United States).



2.2 Total carbohydrates, total sugars, and reducing sugars (%)

The total carbohydrates and total sugars were estimated by the Anthrone method with slight modifications (11). A measure of 100 mg of powdered seed sample was extracted with 10 ml of 80% ethanol, and the contents were centrifuged for 15 min at 4,000 rpm. The supernatant was collected and the volume adjusted to 10 ml. A measure of 0.1 ml of this extract was mixed with 4 ml of anthrone reagent and kept in a boiling water bath for 10 min. After cooling down, the intensity of the blue-green colored complex formed was measured spectrophotometrically at 630 nm.

A standard glucose stock solution was prepared by dissolving 0.1 g of glucose in 100 ml of distilled water. From this, a working standard was made by diluting 10 ml of the stock solution to 100 ml of distilled water. To prepare the standard series, 0, 0.2, 0.4, 0.6, 0.8, and 1.0 ml of the working standard were transferred into separate test tubes. Distilled water was added to bring the total volume in each tube to 1 ml, yielding final glucose concentrations of 0, 20, 40, 60, 80, and 100 ppm, respectively, with 0 ppm serving as the blank. Each tube then received 4 ml of anthrone reagent. The tubes were heated in a boiling water bath for 8 min and then rapidly cooled to room temperature. The absorbance of each solution was measured at 630 nm using a UV-visible spectrophotometer. A standard curve was plotted with glucose concentration on the X-axis and the corresponding absorbance on the Y-axis. This curve was then used to determine the carbohydrate concentration in test samples by comparing their absorbance values. The carbohydrate content in the samples was calculated using the following formula.

Carbohydrate content (%)=              concentration of glucose from graph ×100The weight  of test the sample
 

2.3 Crude oil (%) content and fatty acid profiling

The crude oil was extracted using a Soxhlet apparatus. A volume of 5 g of finely powdered seed samples were weighed (W1), placed into the thimble, and plugged with fat-free cotton wool. The thimble was placed in a Soxhlet apparatus that was connected to a pre-weighed beaker for oil collection. The oil was extracted with the solvent n-hexane for 6–7 h continuously. After cooling, the oil was collected from the flask, and the content was recorded. The defatted sample was taken out and kept for drying, and the weight of the dried sample was recorded (W2).

The crude oil percentage was calculated using the formula:

Crude oil (%)=Initial weight of sample (W1)(g)- weight of oven dried sample (W2)(g)× 100Initial weight of the sample (W1) (g)

For fatty acid profiling, the fatty acids were converted into fatty acid methyl esters (FAMEs) through transesterification, and these FAMEs were analyzed using the gas chromatography system (Agilent make 7890A) according to the method given by Chaudhari et al. (12) with minor modifications to the temperature program. After extraction, 100 μl of oil was mixed with 5 ml of n-hexane. To this mixture, 200 μl of potassium methoxide was added, vortexed, and kept aside at room temperature for 30 min. A volume of 1 μl of FAME was injected into the injection port at a split ratio of 1:50. FAMEs were separated on an HP5 capillary column (30 m × 320 μm × 0.25 μm), with a flow of 0.5 ml carrier gas. Oven temperature was set at 170 °C and then gradually increased to 205 °C at the rate of 5 °C/min, then to 211 °C at the rate 1 °C/min, and finally to 255 °C at a rate of 10 °C/min and detected using a flame ionization detector. Detector temperature was kept at 280°C. Fatty acids were identified based on the retention time of standard fatty acids (FAME mixture RM3, Merck) and expressed as the percentage area of individual fatty acids.



2.4 Total protein content (%)

Total nitrogen in the seed samples was estimated using the Kjeldahl method (13) with some modifications. To 0.5 g of powdered, defatted sample, 5 ml of the digestion mixture was added along with a blank. To the mixture, 10 ml of concentrated H2SO4 was added, and the sample was added to the Kjeldahl digestion unit. When the color changed from sky blue to green, the samples were removed from the chamber. A measure of 20 ml of distilled water was added and mixed properly. The samples were fed into a distillation set. The extract from the distillation set was titrated against 0.1 N H2SO4 for nitrogen estimation.

Total nitrogen (%)=Titer value × 0.1 N H2SO4 factor ×100Weight of the plant sample

The total nitrogen content was multiplied by the conversion factor of 6.25 to calculate total protein.



2.5 Vitamin C

Vitamin C content of vegetable soybean seed was determined using the 2,6-dichloro phenol-indophenol visual titration method (14). A volume of 5 g of fresh green seed samples were weighed and crushed with 10 ml of 4% oxalic acid, filtered, and made up to 100 ml. A measure of 5 ml of extract was added to a conical flask containing 10 ml of 4% oxalic acid solution and titrated against dye until a pink color appeared. The ascorbic acid content was calculated using a formula.

Ascorbic acid (mg100 g)=           0.5 × Titrate value× volume made up × 100Aliquot taken for estimation × weight of the sample
 

2.6 Estimation of tocopherols

Tocopherols (mg/100 g) were estimated using HPLC, where a C18 silica column was used as the stationary phase (15, 16). The soybean oil extracted using n-hexane was dissolved in 5 ml of methanol and passed through a 0.5-μm filter to get a clear filtrate. A measure of 20 μl of the filtrate obtained from the samples was injected into HPLC and ran for 20 min. Separation was accomplished by 100% methanol at a flow rate of 1.0 ml/min for 20 min. Oven temperature was maintained at 40 °C. Detection was carried out using a photodiode array (PDA) detector with a wavelength of 295 nm. The amount of each tocopherol (α, β+γ, and δ) present in the sample was estimated from the peak area.



2.7 Total phenolic (TP) content

Total phenolic content was determined using the Folin–Ciocalteu reagent (FCR) following the method described by Singleton et al. (17). A volume of 1 g of sample was homogenized with 20 ml of 80% methanol three times, filtered, and made up to a volume of 100 ml. A measure of 0.5 ml of aliquot of the extract was taken, and 0.2 ml of 1N FCR was added, followed by 3.3 ml of distilled water. After 2 min, 1 ml of Na2CO3 (20%) solution was added, and the reaction mixture was incubated for 30 min at room temperature before measuring at 765 nm.



2.8 Estimation of isoflavones

The extraction of the sample was conducted based on the principle of alkaline hydrolysis, converting isoflavones to their aglycone forms (18). A measure of 500 mg of ground soybean seed powder was mixed with a 1:1 acetonitrile–water solution. After homogenization and sonication, samples were centrifuged at 5,000 rpm for 15 min. at 4 °C. The supernatant was collected and mixed with KOH, incubated for 3 h, neutralized with KH2PO4, and dried. Finally, the dried samples were reconstituted with 40% DMSO and subjected to high-performance liquid chromatography (HPLC). The separation was performed by a C18 column (2.1 mm × 50 mm) using acetonitrile (v/v 0.1% formic acid) and water (v/v 0.1% formic acid) as solvents A and B, respectively, at 40 °C. A measure of 5 μl of the prepared sample extract was injected into the column inlet. The samples were run using the following time program: (% solvent A/%solvent B): 0 min (10/90), 5 min (30/70), 20 min (10/90), and 25 min (10/90). Detection was carried out using a photodiode array PDA detector with a wavelength of 254 nm. The amount of individual isoflavones present in the sample was estimated using the peak area of the sample in the equation derived from the standard graphs.



2.9 Lipoxygenase enzyme activity

Lipoxygenase (LOX) enzyme activity of vegetable soybean seeds was estimated using the method given by Dahuja et al. (19). A measure of 100 mg defatted flour was weighed and homogenized with 1 ml of cold phosphate buffer (0.1 M, pH = 6.5). The mixture was centrifuged at 12,000 g for 30 min at 4 °C. The supernatant was collected and used for the LOX activity assay. A measure of 50 μl of this enzyme extract was added to 2.95 ml of the linoleic substrate solution, and an increase in absorbance was recorded at 234 nm for 5 min at 25 °C. The LOX enzyme activity was expressed in ΔA/min/mg soluble protein, where ΔA = change in absorbance per min.



2.10 Estimation of trypsin inhibitors

Trypsin inhibitors were estimated using THE ISO method 14902:2001 and The AOCS method (20) with slight modifications. A volume of 1 g of seed powder was extracted with 50 ml of 10 mM NaOH in a beaker, using a magnetic stirrer for 3 h. Samples were diluted so that 2 ml of the sample extract could inhibit 30%−70% of the trypsin used as a standard. Substrate was added to the sample, and later, trypsin was added; after 10 min, the reaction was terminated using acetic acid. The entire process was carried out in a hot water bath. Absorbance was taken using a UV-visible spectrophotometer at 410 nm and expressed in trypsin inhibitor units (TIUs)/mg, representing the reduction in trypsin activity (where one trypsin unit is equal to a 0.01 absorbance increase).



2.11 Statistical analysis

Data collected from triplicate measurements were analyzed for analysis of variance (ANOVA) using the “PROC GLM” procedure in SAS 9.4. To identify significant differences between means, Tukey's HSD test was applied at a significance level of P-value of < 0.05. Correlation analysis utilized the “corrplot” and “Hmisc” packages in R version 4.0.4, allowing for detailed visualization of relationships between variables. Cluster analysis was an essential part of the study, performed with the “cluster” package in R. For visualizing complex data matrices, the “heatmap.2” function from the “gplots” package was used to create comprehensive heatmaps. Principal component analysis (PCA) was conducted with the “FactoMineR” and “factoextra” packages in R, producing biplots that effectively depicted variable relationships. Desirable genotypes containing a high amount of isoflavones, α-tocopherols, oil content, and unsaturated fatty acids were identified using formula 1, whereas genotypes containing low trypsin inhibitor activity and saturated fatty acids were identified using formula 2.

Formula 1: Xi> Xp+ sd1 + sd2Formula 2: Xi< Xp- sd1 - sd2,

where Xi = mean of individual genotype;

Xp = population mean;

sd1 = standard deviation of individual genotype; and

sd2 = standard deviation of population.




3 Results and discussion


3.1 Variation in major nutritional factors
 
3.1.1 Total carbohydrates (%), total, and reducing sugars

Total carbohydrates and total sugars are important parameters, where sugars tend to increase consumer preferences toward any genotype. On the contrary, it could be undesirable where the goal is to produce a crop with a lower sugar content. In the present study, the mean of total sugar content ranged from 13.49 ± 0.4% to 24.57 ± 0.63%, with an average mean value of 19.39% (Table 1). Total sugar content is a key parameter in assessing the nutritional quality of vegetable soybeans (8). The highest sugar content was observed in AGS-404 (24.57 ± 0.63%), followed by Swarna Vasundhara (23.66 ± 0.40%). The mean for reducing sugars ranged from 2.10 ± 0.17% for AGS-458 to 5.08 ± 0.34% for Swarna Vasundhara. The differences were statistically significant for both total sugar content and reducing sugars, indicating a strong genotypic effect on both (Table 2). A similar range of total carbohydrates and reduced sugars have been reported in earlier studies on vegetable soybeans (8, 9, 21, 22).

TABLE 1  Mean performance of 34 vegetable soybean genotypes for major nutrients.


	Genotypes
	Moisture (%)
	Total carbohydrates (%)
	Reducing sugars (%)
	Total sugar (%)
	Total oil (%)
	Total protein (%)





	AGS-190
	68
	25.08 ± 0.09i − l
	3.79 ± 0.07b − d
	19.80 ± 0.65d − i
	18.67 ± 0.65a
	33.31 ± 1.56ab



	AGS-292
	62
	21.70 ± 0.21p
	2.39 ± 0.22k − m
	16.73 ± 0.41k − m
	16.27 ± 0.50a − g
	31.52 ± 1.12ab



	AGS-329
	64
	22.63 ± 0.45n − p
	3.55 ± 0.26c − e
	17.50 ± 0.13i − m
	16.83 ± 1.01a − e
	30.94 ± 1.40ab



	AGS-331
	65
	23.06 ± 0.82m − o
	2.98 ± 0.35f − h
	18.55 ± 0.68g − l
	17.10 ± 0.74a − e
	31.99 ± 1.57ab



	AGS-332
	66
	22.32 ± 0.48°p
	2.92 ± 1.69f − i
	16.37 ± 0.66lm
	15.77 ± 0.46a − g
	27.94 ± 1.19ab



	AGS-333
	68
	26.25 ± 0.49g − l
	3.89 ± 0.03bc
	20.06 ± 0.43c − h
	18.40 ± 0.57a − c
	32.97 ± 1.50ab



	AGS-334
	69
	26.49 ± 0.36g − k
	4.24 ± 0.18b
	21.70 ± 0.59b − e
	15.50 ± 0.46b − g
	34.95 ± 1.32a



	AGS-336
	70
	27.61 ± 0.51e − h
	3.82 ± 0.52b − d
	20.43 ± 0.45c − g
	15.67 ± 0.52a − g
	31.78 ± 1.79ab



	AGS-337
	70
	25.33 ± 0.57i − l
	2.29 ± 0.39lm
	19.01 ± 0.44f − k
	14.67 ± 1.00d − i
	31.33 ± 1.73ab



	AGS-338
	65
	22.83 ± 0.48n − p
	2.51 ± 0.46i − m
	18.60 ± 0.33g − l
	14.07 ± 0.54e − j
	32.63 ± 1.85ab



	AGS-339
	65
	20.86 ± 0.38p
	2.76 ± 0.45g − k
	17.75 ± 0.40h − m
	17.26 ± 0.59a − d
	32.39 ± 2.07ab



	AGS-357
	62
	24.40 ± 0.21l − n
	3.69 ± 0.09cd
	17.87 ± 0.20h − m
	16.20 ± 0.18a − g
	30.53 ± 0.91ab



	AGS-380
	62
	22.43 ± 0.59°p
	2.93 ± 0.36f − i
	16.98 ± 0.54j − m
	16.57 ± 0.24a − f
	26.71 ± 0.62b



	AGS-402
	71
	24.67 ± 0.29k − m
	2.46 ± 0.02j − m
	19.63 ± 0.20d − i
	14.93 ± 0.23d − h
	29.72 ± 1.06ab



	AGS-404
	77
	29.55 ± 0.18b − d
	3.54 ± 0.32c − e
	24.57 ± 0.63a
	15.37 ± 0.55c − g
	33.48 ± 1.40ab



	AGS-406
	66
	22.14 ± 0.26°p
	2.20 ± 0.45m
	13.49 ± 0.41n
	16.47 ± 0.20a − f
	27.96 ± 1.21ab



	AGS-447
	63
	22.65 ± 0.40n − p
	2.30 ± 0.10lm
	15.69 ± 1.01mn
	15.67 ± 0.38a − g
	32.93 ± 1.29ab



	AGS-456
	62
	28.57 ± 0.58c − f
	3.70 ± 0.53cd
	18.14 ± 0.64g − m
	18.60 ± 0.43ab
	28.67 ± 1.20ab



	AGS-457
	62
	24.72 ± 0.30k − m
	3.25 ± 0.47ef
	16.92 ± 0.42j − m
	17.50 ± 0.45a − d
	29.34 ± 0.92ab



	AGS-458
	64
	32.74 ± 0.17a
	5.00 ± 0.03a
	21.23 ± 0.40b − f
	16.40 ± 0.66a − f
	27.80 ± 1.47ab



	AGS-459
	72
	27.99 ± 0.28d − g
	2.98 ± 0.18f − h
	19.57 ± 0.35d − i
	14.50 ± 0.51d − j
	32.32 ± 1.12ab



	AGS-460
	72
	25.30 ± 0.28i − l
	2.49 ± 0.42i − m
	19.06 ± 0.46f − k
	12.30 ± 0.59h − k
	27.98 ± 1.45ab



	AGS-461
	67
	26.91 ± 0.25f − i
	3.96 ± 0.27bc
	21.98 ± 0.34−d
	13.67 ± 0.57f − j
	32.91 ± 1.16ab



	AGS-610
	63
	26.73 ± 0.36g − j
	3.98 ± 0.42bc
	19.41 ± 0.36e − j
	11.77 ± 0.95i − k
	25.75 ± 1.09b



	DSB-15
	66
	25.47 ± 0.27i − l
	3.14 ± 0.06e − g
	19.45 ± 0.29e − j
	13.27 ± 0.96g − k
	31.57 ± 1.30ab



	EC595818
	67
	22.58 ± 0.24n − p
	2.66 ± 0.08h − l
	17.52 ± 0.19i − m
	13.43 ± 0.35f − k
	32.66 ± 1.39ab



	EC595823
	62
	30.69 ± 0.17b
	3.88 ± 0.10bc
	21.37 ± 12.34b − f
	11.60 ± 0.06jk
	32.19 ± 0.98ab



	EC595824
	68
	29.25 ± 0.48b − e
	4.23 ± 0.03b
	22.34 ± 0.46a − c
	15.73 ± 0.69a − g
	32.92 ± 1.71ab



	GC-84501-32-1
	75
	29.85 ± 0.38bc
	3.41 ± 0.37de
	22.28 ± 0.37a − c
	10.34 ± 0.44k
	29.07 ± 1.79ab



	Harit Soya
	75
	29.17 ± 0.30b − e
	3.71 ± 0.06cd
	23.08 ± 13.33ab
	16.57 ± 0.67a − f
	29.19 ± 1.33ab



	HAVSB-1
	70
	25.88 ± 0.15h − l
	2.10 ± 0.17m
	18.26 ± 0.54g − l
	16.33 ± 0.38a − g
	30.50 ± 1.25ab



	Karune
	70
	30.86 ± 0.14b
	4.82 ± 0.23a
	22.29 ± 0.25a − c
	15.50 ± 0.58b − g
	33.39 ± 1.16ab



	NRC-105
	68
	24.85 ± 0.25j − m
	2.84 ± 0.29f − j
	18.06 ± 0.28g − m
	13.65 ± 0.61f − j
	33.23 ± 1.64ab



	Swarna Vasundhara
	67
	30.96 ± 0.24b
	5.08 ± 0.34a
	23.66 ± 0.40ab
	17.47 ± 0.40a − d
	30.91 ± 0.89ab




All presented values are mean of three replications & mean values with different superscript alphabets within the same column are statistically different (p-value < 0.05).



TABLE 2  F-value and P-values for the different biochemical characteristics.


	Biochemical characteristics
	F-value





	Carbohydrates
	68.14**



	Reducing Sugars
	79.89**



	Total Sugars
	46.53**



	Total Oil
	12.34**



	Palmitic Acid
	5.66**



	Arachidic Acid
	23.35**



	Behenic Acid
	84.42**



	Lignoceric Acid
	7.32**



	Oleic Acid
	628.71**



	Linoleic Acid
	675.75**



	Linolenic Acid
	29.55**



	Total Protein
	2.65**



	Trypsin Inhibitor Units (TIU)
	346.16**



	Lipoxygenase (LOX)
	1,568.48**



	Vitamin C
	1,049.22**



	Tocopherols
	1,641.1**



	Total Phenols
	5,467.66**



	Isoflavones
	33.31**




*Significant at P ≤ 0.05.

**Highly significant at P ≤ 0.005.





3.1.2 Oil content and fatty acid profile

Total oil content and fatty acid profile are important parameters determining the nutritional quality of vegetable soybeans (7). The total oil content ranged from 10.34 ± 0.44 to 18.67 ± 0.65% (Table 1), with an overall mean of 15.41 ± 0.92%. The maximum content was found in AGS-190 (18.67 ± 0.65%), followed by AGS-456 (18.60 ± 0.43%) and AGS-333 (18.40 ± 0.57%). The range of oil content is similar to that of grain soybeans, as supported elsewhere (21), where no significant difference was found among maturity groups for either protein or oil content. The variation in the fatty acid composition for all 34 vegetable soybean genotypes is displayed in Figure 2 and Supplementary Table S2. Significant genotypic effects were observed for both monounsaturated fatty acids and polyunsaturated fatty acids (PUFAs; Table 2). Oleic acid content varied significantly among all 34 genotypes. The mean value for oleic acid content ranged from 24.96 ± 0.07% to 52.10 ± 0.14%, with an overall mean of 37.75 ± 0.59%. Genotype AGS-190 had the highest oleic acid content of 52.10 ± 0.14%, followed by HAVSB-1, which had 48.92%. The minimum oleic acid content was observed in genotype AGS-460 (24.96 ± 0.07%). Similarly, the mean values of linoleic acid for all the 34 genotypes ranged from 23.16 ± 0.4% to 51.76 ± 0.23% with an overall mean of 37.77 ± 0.59%. Genotype AGS 460 was recorded with the highest linoleic acid content of 51.76 ± 0.23%, followed by AGS-332 (50.55 ± 0.46%). The minimum linoleic acid content was found in AGS-190 (23.16 ± 0.4%). The maximum linolenic acid content was found in genotype AGS-338 (10.13 ± 0.17%), followed by AGS-380 (9.77 ± 0.12%), whereas genotype AGS-457 was found to have a minimum linolenic acid content of 7.24 ± 0.17%. The relatively high content of polyunsaturated fatty acids (PUFAs) accompanied by a high concentration of lipoxygenase contributes to undesirable beany off-flavor in soybeans (23). It is worth noting that the fatty acid profiles in vegetable soybeans differ from those in grain soybeans, as reported by (24, 25), where grain soybeans had lower oleic acid and higher linoleic acid content, affecting the oxidative stability of the extracted oil. This difference could be attributed to factors such as seed size and maturity period, where maturity period showed a negative correlation with oleic acid and a positive one with linoleic and linolenic acids, contributing to higher oil stability in immature seeds. As unsaturation steps successively take place, a harvest at the R6 stage in vegetable soybeans will have better oxidative stability as expected.


[image: Bar chart titled “Fatty Acid Profile” showing percentages of different fatty acids in various samples. Fatty acids include palmitic, oleic, linoleic, linolenic, arachidic, behenic, and lignoceric. Bars represent varying proportions for each sample, such as AGS-534, AGS-420, and more. Each fatty acid is color-coded for clarity.]
FIGURE 2
 Fatty acid composition of vegetable soybean genotypes.




3.1.3 Variation in total protein content (%)

Due to the presence of high quantities as well as the quality of protein, soybeans become one of the most promising candidates for alleviating protein energy malnutrition (3). All 34 genotypes under investigation significantly differed in the total protein content of vegetable soybean seeds. The mean values for total protein content ranged from 25.75 ± 1.09% for AGS-610 to 34.95 ± 1.32% for AGS-334, with an overall mean of 30.98% (Tables 1, 2). Protein content is a critical parameter in evaluating the nutritional quality of vegetable soybeans, as it contributes significantly to its value as a plant-based source of essential amino acids for human nutrition. This gives vegetable soybeans an edge against other pulses as the soy protein is known to have a better amino acid composition (26). The selection of cultivars yielding higher total protein content holds promise (27).




3.2 Assessment of genotypic differences for undesirable characteristics
 
3.2.1 Trypsin inhibitor (TI) activity

Trypsin inhibitors constitute a significant class of protease inhibitors present in leguminous seeds. Soybeans are especially rich in such protease inhibitors. The major protease inhibitors present in soybean seeds include a Kunitz inhibitor and Bowman-Birk protease inhibitor (28). The mean value of trypsin inhibitor units ranged from 17.50 ± 0.29 to 39.33 ± 0.17 TIU/mg with an overall mean of 30.84 ± 0.47 TIU/mg (Table 3). Among the 34 genotypes studied, the minimum trypsin inhibitor activity was found in AGS-292 (17.50 ± 0.29 TIU/mg) and the maximum in EC595824 (39.33 ± 0.17 TIU/mg), which are similar to the earlier reported findings, i.e., 43.7 ± 2.93 and 41.0 ± 0.44 (29).

TABLE 3  Mean performance of vegetable soybean genotypes for vitamins, antinutritional factors, and bioactives.


	Genotype
	LOX enzyme activity (ΔA/min/mg soluble protein × 10−3)
	Tocopherols (mg/100 g)
	Total phenolic content (mg GAE/100g)
	Isoflavones (mg/100 g)
	Vitamin C (mg/100g)
	Trypsin Inhibitor Units (TIU/mg)





	AGS-190
	53.96 ± 0.45e
	41.78 ± 1.56p
	1,265.21 ± 2.73f
	12.70 ± 0.36cde
	56.42 ± 0.23g − i
	32.33 ± 0.17fg



	AGS-292
	77.54 ± 0.86b
	48.64 ± 1.12mn
	770.00 ± 3.29k
	11.34 ± 0.85de
	48.11 ± 0.16mn
	17.50 ± 0.29p



	AGS-329
	62.87 ± 0.88c
	83.58 ± 1.40hi
	1,369.72 ± 4.32c
	13.29 ± 0.33cde
	48.27 ± 0.27mn
	33.00 ± 0.29fg



	AGS-331
	39.52 ± 1.26ij
	41.91 ± 1.57°p
	723.33 ± 3.33l
	14.79 ± 0.59cd
	49.73 ± 0.07lm
	33.33 ± 0.17ef



	AGS-332
	46.62 ± 0.69g
	68.26 ± 1.19k
	1,301.08 ± 2.43d
	11.73 ± 0.88de
	57.70 ± 0.18g
	36.00 ± 0.29c



	AGS-333
	43.28 ± 0.41h
	34.61 ± 1.50r
	514.38 ± 6.11s
	19.47 ± 0.30ab
	57.41 ± 0.18gh
	29.67 ± 0.17j



	AGS-334
	39.78 ± 0.65ij
	56.05 ± 1.32l
	711.40 ± 5.03lm
	12.41 ± 0.90cde
	56.34 ± 0.28ghi
	37.83 ± 0.17b



	AGS-336
	33.30 ± 0.22l
	116.44 ± 1.79de
	892.00 ± 6.81j
	21.97 ± 0.31a
	61.37 ± 0.36f
	34.50 ± 0.29de



	AGS-337
	25.44 ± 0.29no
	32.84 ± 1.73r
	1,069.00 ± 2.52g
	13.95 ± 0.34cde
	55.37 ± 0.06ij
	29.50 ± 0.29j



	AGS-338
	26.63 ± 0.46m − o
	53.39 ± 1.85l
	605.62 ± 4.21°p
	11.84 ± 0.56cde
	47.00 ± 0.19no
	32.50 ± 0.29fg



	AGS-339
	42.76 ± 0.28h
	81.65 ± 2.07i
	623.14 ± 2.49°
	11.29 ± 0.33de
	52.38 ± 0.50k
	37.50 ± 0.29b



	AGS-357
	56.97 ± 0.73d
	177.41 ± 0.91a
	593.42 ± 5.12pq
	11.36 ± 0.33de
	46.23 ± 0.38°
	36.00 ± 0.29c



	AGS-380
	41.70 ± 0.38hi
	45.38 ± 0.62no
	1,276.84 ± 4.40ef
	19.13 ± 0.57ab
	42.54 ± 0.46p
	31.67 ± 0.44gh



	AGS-402
	25.17 ± 0.53°
	39.60 ± 1.06pq
	565.06 ± 6.87r
	18.81 ± 0.52b
	53.92 ± 0.18j
	33.00 ± 0.29fg



	AGS-404
	27.54 ± 0.52mn
	36.96 ± 1.40qr
	977.97 ± 5.95h
	12.17 ± 0.58cde
	72.29 ± 0.36c
	30.33 ± 0.17ij



	AGS-406
	40.62 ± 0.28ij
	67.40 ± 1.21k
	478.82 ± 3.28t
	22.26 ± 0.58a
	46.25 ± 0.21°
	31.00 ± 0.29hi



	AGS-447
	34.81 ± 0.17l
	52.54 ± 1.29lm
	951.71 ± 6.38i
	13.95 ± 0.35cde
	38.12 ± 0.13q
	37.33 ± 0.17b



	AGS-456
	63.64 ± 0.27c
	76.90 ± 1.20j
	954.12 ± 1.18i
	11.53 ± 0.85de
	33.97 ± 0.05s
	33.00 ± 0.29fg



	AGS-457
	36.96 ± 0.08k
	88.97 ± 0.92g
	888.95 ± 3.43j
	11.24 ± 0.32e
	41.54 ± 0.19p
	30.00 ± 0.29ij



	AGS-458
	33.80 ± 0.24l
	118.30 ± 1.47d
	1,260.09 ± 4.13f
	11.92 ± 0.59cde
	36.38 ± 0.17r
	22.50 ± 0.29n



	AGS-459
	26.95 ± 0.09m − o
	114.00 ± 1.12e
	1,661.37 ± 4.95b
	14.24 ± 0.62cde
	73.52 ± 0.21bc
	26.50 ± 0.29l



	AGS-460
	28.02 ± 0.09m
	127.35 ± 1.45c
	1,819.29 ± 2.30a
	11.42 ± 0.56de
	69.64 ± 0.55d
	27.33 ± 0.17kl



	AGS-461
	45.34 ± 0.06g
	103.15 ± 1.16f
	950.00 ± 2.58i
	11.35 ± 0.90de
	76.26 ± 0.44a
	27.67 ± 0.17kl



	AGS-610
	22.07 ± 0.24p
	119.19 ± 1.09d
	975.50 ± 4.95h
	13.67 ± 0.88cde
	49.55 ± 0.32lm
	19.83 ± 0.33°



	DSB-15
	39.12 ± 0.51j
	72.78 ± 1.30j
	514.41 ± 2.95s
	13.18 ± 0.34cde
	54.83 ± 0.24ij
	31.83 ± 0.44gh



	EC595818
	27.98 ± 0.36m
	103.87 ± 1.39f
	590.71 ± 3.69pq
	11.85 ± 0.57cde
	50.28 ± 0.46l
	28.00 ± 0.29k



	EC595823
	63.86 ± 0.46c
	113.62 ± 0.98e
	983.42 ± 1.45h
	21.97 ± 0.90a
	46.12 ± 0.05°
	28.00 ± 0.29k



	EC595824
	109.58 ± 0.21a
	142.94 ± 1.71b
	1,293.23 ± 2.74de
	15.24 ± 0.59c
	55.99 ± 0.07hi
	39.33 ± 0.17a



	GC-84501-32-1
	26.07 ± 0.05m − o
	46.31 ± 1.79no
	665.09 ± 8.79n
	18.76 ± 0.59b
	69.33 ± 0.87d
	24.00 ± 0.29m



	Harit Soya
	26.89 ± 0.05m − o
	76.34 ± 1.33j
	697.07 ± 8.42m
	19.82 ± 0.86ab
	73.60 ± 0.61bc
	38.17 ± 0.33ab



	HAVSB-1
	32.78 ± 0.29l
	42.36 ± 1.25°p
	586.5889 ± 3.90pq
	13.08 ± 0.82cde
	57.97 ± 0.47g
	34.83 ± 0.44cd



	Karune
	24.99 ± 0.28°
	86.34 ± 1.16gh
	649.3333 ± 3.28n
	11.85 ± 0.92cde
	64.66 ± 0.52e
	24.00 ± 0.29m



	NRC-105
	51.15 ± 0.28f
	42.87 ± 1.64°p
	581.9792 ± 6.64qr
	12.53 ± 0.93cde
	51.05 ± 0.31kl
	28.00 ± 0.29k



	Swarna Vasundhara
	49.49 ± 0.53f
	44.91 ± 0.89no
	533.7374 ± 3.42s
	11.12 ± 0.55e
	74.40 ± 0.31b
	32.67 ± 0.17fg




All presented values are mean of three replications & mean values with different superscript alphabets within the same column are statistically different (p-value < 0.05).





3.2.2 Lipoxygenase (LOX) enzyme activity

Soybean oil fraction contains a high content of unsaturated fatty acids. Lipoxygenase acts on unsaturated fatty acids, such as linoleic acid, to generate hexanals, which contribute toward off-flavor, thereby decreasing consumer acceptability (23). Therefore, various breeding in recent years have focused on reducing lipoxygenase activity, including the development of null lines (23, 30). The mean lipoxygenase (LOX) enzyme activity of 34 vegetable soybean genotypes is summarized in Table 3. LOX activity ranged from 22.07 ± 0.24 to 109.58 ± 0.21 ΔA/min/mg soluble protein × 10−3, with an overall mean of 41.98 ΔA/min/mg soluble protein × 10−3. The lowest LOX activity was observed in AGS-610 (22.07 ± 0.24 ΔA/min/mg soluble protein × 10−3), followed by Karune (24.99 ± 0.28 ΔA/min/mg soluble protein × 10−3), while the highest activity was recorded in EC595824 (109.58 ± 0.21 ΔA/min/mg soluble protein × 10−3). These values are comparable to previously reported values of 8 ± 1.22 and 27.0 ± 2.18 ΔA/min/mg soluble protein × 10−3 (31). Due to protein denaturation, lipoxygenase loses almost all its activity at higher processing temperatures, such as blanching/boiling, roasting, and extrusion. Therefore, traditional cooking methods more than suffice to remove LOX activity.




3.3 Comparative analysis of vitamins and bioactive compounds
 
3.3.1 Vitamin C content

Ascorbic acid (vitamin C) is a vital antioxidant important for both plants and humans (32). The mean performance of 34 vegetable soybean genotypes for vitamin C content (mg/100 g) is presented in Table 3. A significant difference was observed among all genotypes (Table 2), with a range of 33.97 ± 0.05% to 76.26 ± 0.44%. The highest vitamin C content was recorded in AGS-461 (76.26 ± 0.44 mg/100 g), followed by Swarna Vasundhara (74.40 ± 0.31 mg/100 g) and Harit Soya (73.60 ± 0.61 mg/100 g). These findings align with previous research (33, 34), which reported mean values ranging from 34.8 to 88.7 mg/100 g seed. Enhanced levels of vitamin C are also desirable, as it aids in the absorption of iron by chelation.



3.3.2 Variation in tocopherols

Tocopherols are the primary antioxidants present in the lipophilic fraction (35). The mean value of the tocopherol content is represented in Table 3. Among 34 genotypes studied, genotype AGS-357 recorded a maximum tocopherol content of 177.41 ± 0.91 mg/100 g, followed by EC595824 (142.94 ± 1.71 mg/100 g). These results are in agreement with previous research (25), in which tocopherol content ranged from 42.2 to 331.1 mg/100 g in soybeans. Similar findings were also previously reported (36) for tocopherol levels in vegetable soybeans.



3.3.3 Total phenolic (TP) content

In soybeans, too, several phenolics are present, such as p-hydroxybenzoic acid, vanillic acid, and ferulic acid (37, 38). Many compounds belonging to the phenolic class are known to have high antioxidant activity. Phenolics also become essential in combating different stresses in plants. The minimum and maximum total phenolic contents were recorded in genotypes AGS-406 [478.82 ± 3.28 mg gallic acid equivalent (GAE)/100 g] and AGS-460 [1,819.29 ± 2.30 mg gallic acid equivalent (GAE)/100 g], respectively, and showed a significant genotypic effect (Tables 2, 3). The values reported in the present study are higher than the earlier findings (36), i.e., 68–139 mg GAE/100 g of seed.



3.3.4 Isoflavones

Isoflavones are a major class of bioactive compounds present in soybeans. They mediate a symbiotic association with rhizobium and can also serve as precursors for glyceollin, a class of phytoalexins. In humans, isoflavones are considered beneficial due to their anticancerous activities (39). The mean values for isoflavone content ranged from 11.12 ± 0.55 to 22.26 ± 0.58 mg/100 g. A significant genotypic effect was observed among the genotypes for isoflavones (Table 2). Interestingly, the minimum isoflavone content was recorded in Swarna Vasundhara (11.12 ± 0.55 mg/100 g), as shown in Table 3. These findings align with previous research conducted in a previous study (33), which reported mean values ranging from 22.67 to 92.62 mg/100 g. Kumar et al. (22) also studied total isoflavone content in vegetable soybeans and found similar mean values in the range of 8.64–33.19 mg/100 g. Moreover, the ability of isoflavones to inhibit lipoxygenase makes them interesting from a breeding perspective (40, 41).




3.4 Interrelationship between nutritional, antinutritional factors, and bioactives

The correlations among various parameters were studied to understand their interrelationships (Figure 3). Our analysis revealed a significantly positive correlation between total oil content and oleic acid. This finding is notable because high oleic acid content is a desirable trait in oilseed crops, enhancing the oil's oxidative stability, which is beneficial for cooking and industrial uses. The positive correlation suggests that breeding for higher oil content could also increase oleic acid levels, thereby improving the nutritional value and stability of the oil. Conversely, we found significant negative correlations between oleic acid and linoleic acid, as well as between total oil content and linoleic acid. This is expected considering the substrate—product relationship, in which oleic acid undergoes desaturation to form linoleic acid. Linoleic acid, a polyunsaturated fatty acid, is essential in human diets, but excessive amounts can decrease oxidative stability in oils. This finding is crucial for developing oilseed varieties with high oil content and enhanced stability, as reducing linoleic acid while increasing oleic acid can improve the oil's shelf life and health benefits. Moreover, lipoxygenase acts on the linoleic acid to generate off-flavor-causing compounds. Our research aligns with previous findings by Kumar et al. (24). No significant positive or negative correlation of isoflavones, tocopherols, and linolenic acid with any other parameters, as shown in Figure 3, may be due to the distinct genetic and biochemical pathways governing the synthesis of these compounds compared to those controlling oil content and major fatty acid composition.


[image: Correlation matrix depicting relationships between various compounds such as palmitic acid, tocopherols, and total sugars, with values ranging from -1 to 1. Negative correlations are in red, positive in blue.]
FIGURE 3
 Correlation between all the parameters estimated (empty cells represent no correlation) TIU, trypsin inhibitor units.


The hierarchical cluster analysis generated a heatmap that illustrates genotype-parameter associations. Genotypes were categorized into two main groups, Groups A and B, with several subgroups within each. Group A included genotypes such as AGS-406, Harit Soya, AGS-336, GC-84501-32-1, AGS-402, Swarna Vasundhara, AGS-333, AGS-380, AGS-190, AGS-404, AGS-337, AGS-338, AGS-334, AGS-447, AGS-331, and HAVSP-1, while the remaining genotypes were placed in Group B. Interestingly, AGS-292 remained as an outlier, suggesting the unique genetic attributes. This could be due to its fatty acid composition, which is different from other genotypes. Similarly, parameters were clustered into Group I and Group II, as shown in Figure 4. The majority of nutritional components are strongly associated with genotypes present in Group A. Bioactive compounds such as tocopherols and isoflavones are highly concentrated in the genotypes categorized in Group B. This clustering pattern provides insights into breeding programs, facilitating the enhancement of specific desirable traits. This detailed clustering pattern aids in strategic genotype selection and breeding for optimal trait enhancement that can help combat malnutrition more effectively.


[image: Hierarchical clustering heatmap showing the expression levels of various compounds across different samples. Columns represent compounds such as isoflavones and total protein, while rows represent different samples labeled with codes like AGS-292. The color key indicates expression levels from low (dark blue) to high (dark red).]
FIGURE 4
 Heat map with hierarchical clustering of genotypes and parameters. The color gradient signifies standardized Z-scores of biochemical parameters across genotypes, quantifying the relative deviation of each value from the overall mean.


The principal component analysis (PCA) of the genotypes revealed that the first principal component (PC1) accounted for 25.6% of the total variation, while the second principal component (PC2) explained 16.5%, indicating that much of the variability within the dataset could be attributed to PC1, with a significant, although smaller, contribution from PC2. The genotypes were scattered across the graph with no apparent clustering, suggesting a wide range of genetic variation and biochemical profiles. Oil content and oleic acid were strongly positively correlated with both principal components, indicating that these traits are major contributors to the observed variability. In contrast, linoleic acid showed a negative correlation with both components, positioned on the same line but in the opposite direction to oleic acid, suggesting that as oleic acid increases, linoleic acid decreases. Genotypes such as AGS-190 and AGS-456 are positioned near these variables, indicating a high concentration of oil content and oleic acid in these genotypes. Similarly, the trends of other parameters and genotypes showing higher concentrations of specific traits are depicted in Figure 5. The total protein content, carbohydrates, and total sugars aligned on the same vector in the PCA biplot, indicating a very strong positive correlation among these parameters. Additionally, reduced sugars are closely aligned with this vector, suggesting a significant association. This strong interdependence highlights a shared underlying biochemical or metabolic pathway, providing valuable insights into the functional relationship between these components. These insights are pivotal for developing targeted breeding strategies to optimize both the nutritional and industrial value of the crop. By utilizing these PCA findings, breeders can strategically choose and breed genotypes that align with specific breeding goals, thereby enhancing crop quality and associated health benefits. For example, targeting traits, such as oleic acid and linoleic acid, through selective breeding can lead to the optimization of the oil quality of vegetable soybean genotypes.


[image: PCA biplot showing the distribution of various genotypes such as AGS-406, AGS-380, and Harit_Soya across two principal components (Dim1 and Dim2). Vectors represent different variables like oil content, tocopherols, and reducing sugars, indicating correlations with the genotypes. The plot highlights which traits are associated with specific genotypes.]
FIGURE 5
 Principal component analysis (PCA) of vegetable soybean genotypes with various biochemical parameters under study.




3.5 Superior genotypes with multiple desirable traits

A two-way ANOVA was conducted, and the resulting high F values across all traits indicate substantial variation caused by genotypes, while the extremely low P-values (< 0.0001) confirm the statistical significance of these effects (Table 2). This finding suggests that genotypes play a dominant role in determining these traits, highlighting meaningful differences among individual genotypes. This study identified several genotypes with multiple desirable traits, which could be valuable for further breeding efforts. A detailed list of such genotypes with multiple desirable traits is listed in Table 4. For instance, AGS-336 not only exhibited high isoflavone content but also had high oleic acid and low linoleic acid content, contributing to oil stability without compromising tocopherols. Similar is the case with AGS-406 and EC595823. The genotype AGS-292 had low anti-nutrient factors, trypsin inhibitors, along with low levels of lignoceric and linolenic acids, indicating potential for improved consumption. AGS-190 is a promising genotype for oil extraction and oxidative stability of oil owing to its high oil content, high oleic acid, and low linolenic acid. Similar results were found in AGS-357, AGS-456, and AGS-337. These genotypes aim to address malnutrition by providing improved nutritional profiles and reduced anti-nutrient factors. This combination of health-promoting fatty acids, antioxidants, and improved nutrient absorption creates a holistic approach to health, offering benefits across multiple systems, from cardiovascular to metabolic health.

TABLE 4  Elite vegetable soybean genotypes with multiple desirable traits.


	Cultivar
	Additional traits





	High isoflavones (>20 mg/100 g) for promoting general health



	AGS-336
	High tocopherols, high oleic acid, low linoleic acid



	AGS-406
	High oleic acid, low saturated fats, low linoleic acid



	High tocopherols (>120 mg/100 g) for antioxidants



	and promoting cardiovascular health



	AGS-357
	High oleic acid, low linoleic acid



	AGS-460
	Low saturated fats, high linoleic acid



	Low trypsin inhibitor activity (<20 TIU/mg) for better



	nutrient availability



	AGS-292
	Low lignoceric and linolenic acids



	AGS-610
	High polyunsaturated fatty acids (PUFAs)



	High oil content (>18%) for high-calorie food



	AGS-190
	High oleic acid, low linoleic acid



	AGS-456
	High oleic acid, low linoleic acid



	High oleic acid (>48%)



	AGS-190
	High oil content, low linoleic acid



	HAVSB-1
	Low PUFAs



	High linoleic acid (>50%)



	AGS-460
	High tocopherol, low saturated fats



	EC595823
	High isoflavones, high tocopherols, low saturated fats



	Low linoleic acid (<25%)



	AGS-190
	High oil content, high oleic acid, low behenic acid



	AGS-337
	High oleic acid, low arachidic acid
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