


Biochemical Diversity and Genetic Variability among Walnut (Juglans regia L.) Genotypes from Jammu and Kashmir, India

Abstract
The present study evaluated the biochemical and nutritional composition of twenty-one walnut (Juglans regia L.) genotypes collected from diverse agro-climatic regions of Baramulla, Jammu and Kashmir, India. The investigation aimed to quantify genetic variability, heritability, and genetic advance for key kernel quality traits such as moisture, protein, ash, carbohydrate, oil, fatty acids, and flavonoid content. Moisture content ranged from 2.19 % to 3.25 %, whereas kernel oil content exhibited the greatest variability (50.39 %–70.55 %), with linoleic acid predominating (44.65 %–62.49 %). Protein content varied between 17.12 % and 20.88 %, and carbohydrate content between 8.48 % and 24.43 %. Ash content ranged from 1.12 % to 2.21 %, while total flavonoid content varied from 5.43 to 26.66 mg g⁻¹ QE. High heritability and expected genetic gain for oil, ash, carbohydrate, and flavonoid content highlight their suitability for selection-based improvement. Principal component analysis indicated that oil, linoleic acid, and flavonoid content contributed most to total variability among genotypes. The results demonstrate substantial biochemical diversity that can be utilized to develop nutritionally rich, industrially valuable walnut cultivars and support the sustainable production of high-quality genotypes in temperate regions, particularly Jammu and Kashmir.
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Introduction
Walnut (Juglans regia L.) is one of the most important nut crops of the temperate regions and is globally recognized for its nutritional richness and health-promoting properties. Belonging to the family Juglandaceae, it is cultivated primarily for its edible kernel, which serves as a valuable source of energy, essential fatty acids, proteins, carbohydrates, minerals, and bioactive compounds. The oil fraction of walnut is dominated by polyunsaturated fatty acids, mainly linoleic (C18:2 n-6), oleic (C18:1 n-9), and α-linolenic acids (C18:3 n-3), which together account for nearly two-thirds of total lipids. A balanced ratio of omega-6 to omega-3 fatty acids makes walnut a functional food known for cardioprotective, neuroprotective, and anti-inflammatory effects. In addition, walnut kernels contain considerable amounts of phenolic acids, flavonoids, tocopherols, and tannins that contribute to their antioxidant potential and health benefits.
Considerable variation in walnut kernel composition has been reported globally, influenced by genotype and growing environment. Studies from Turkey, Spain, Tunisia, Romania, and other walnut-producing regions indicate wide differences in oil composition, protein content, phenolics, and antioxidant activity. In India, however, biochemical evaluation of indigenous genotypes has received limited attention, as most studies have focused on morphological and yield characteristics. Jammu and Kashmir, the major walnut-producing region of India, harbors predominantly seedling-origin populations that exhibit substantial genetic heterogeneity. This diversity extends beyond nut and kernel morphology to include biochemical composition, which directly determines nutritional and commercial value.
Only a few biochemical studies have been reported for genotypes from the Kashmir valley, while information from the Jammu region remains scarce. Comprehensive assessment of regional germplasm for biochemical traits such as oil, protein, carbohydrates, and flavonoids is therefore critical. Understanding variability and heritability in these parameters can facilitate the identification of superior genotypes that combine nutritional excellence with industrial utility. The present investigation was thus undertaken to evaluate the biochemical composition and genetic variability of twenty-one Juglans regia L. genotypes collected from diverse agro-climatic regions of Jammu and Kashmir, India, with the objective of identifying nutritionally superior selections for future breeding and commercial improvement.
	Materials and Methods
Plant Material and Sampling
Twenty-one walnut (Juglans regia L.) genotypes were evaluated during the 2020 and 2021 harvest seasons. Samples were collected from diverse locations in the Baramulla district of Jammu and Kashmir, India, representing six major walnut-growing areas: Sopore, Tangmarg, Pattan, Binner, Rafiabad, and Kreeri. These sites encompass distinct agro-climatic zones. The same trees were sampled in both years to ensure consistency. Sampling procedures, storage conditions, and analytical timelines were standardized for all genotypes.	Comment by HP: Generate  and include here a GIS Map of the study sites 	Comment by HP: Can you briefly discribe here the sampling procedures and storage conditions
Pomological Evaluation
After harvest, walnut fruits were dried and stored at 25 °C until analysis. Pomological traits were assessed based on nut weight, length, width, and thickness, kernel weight, shell thickness, and kernel percentage. Kernel percentage was calculated as:
                              Kernel recovery percentage = Kernel weight x 100
     Nut weight 
(IPGRI, 1994).
Moisture Content
Moisture content was determined using the oven-drying method as described by AOAC (1995). Approximately 5 g of finely chopped kernels were weighed into pre-dried moisture dishes and oven-dried at 105 °C until constant weight. Moisture percentage was calculated as:
Moisture (%) = Initial Weight – Final Weight​×100
                        	 Initial weight
This procedure provides an accurate measure of kernel moisture, which influences nut quality, storability, and susceptibility to rancidity or microbial spoilage.
Ash Content
Ash content was determined by the gravimetric method (AOAC, 1995). About 5 g of ground kernel sample was placed in a pre-weighed porcelain crucible and incinerated in a muffle furnace at 600 °C for six hours until a light grey or white ash was obtained. After cooling in a desiccator, the crucibles were reweighed, and ash content was calculated as:
Ash (%) = Weight of Ash​  ×100
          Initial Weight of Sample
This parameter represents the total mineral concentration and contributes to the nutritional evaluation of walnut kernels.
Protein Content
Protein content was estimated by the micro-Kjeldahl method (AOAC, 1995). A 0.25 g sample was digested with a catalyst mixture (CuSO₄ + K₂SO₄) and concentrated H₂SO₄ at 410 °C until a clear solution was obtained. The digest was diluted and distilled with 15 N NaOH, and released ammonia was collected in boric acid solution containing mixed indicators. The distillate was titrated with standardized 0.1 N H₂SO₄, and nitrogen percentage was calculated using:
N (%) = (ml H2SO4for sample - ml of H2SO4 for blank) x Normality of H2SO4x 1.4007 Weight of sample (g) Protein (%) = N (%) x 5.32 (AOAC, 1995).
Protein percentage was obtained by multiplying nitrogen percentage by 5.32.
Carbohydrate Content
Carbohydrate content was estimated by difference as proposed by Grosso et al. (2000):
Carbohydrate content (%) = 100 % - (moisture (%) + protein (%) + oil (%) + ash (%) (Grosso et al., 2000). 
This indirect method provides an approximate value of total carbohydrates when direct measurement is not feasible.
Oil Extraction
Kernel oil was extracted using a Soxhlet apparatus with hexane as solvent for six hours. Approximately 5 g of powdered kernels was used per sample. The combined hexane extracts were evaporated under vacuum at 40 °C, and the resulting oil was stored in amber vials at –40 °C until further analysis.
Fatty Acid Analysis (GC-FID)
Fatty acids were analyzed as fatty acid methyl esters (FAMEs) prepared by trans-esterification of walnut oil with methanolic KOH (IOOC, 2001). The upper hexane layer containing FAMEs was collected and analyzed using GC-FID. Quantification was based on retention times compared with authentic standards, and fatty acid composition was expressed as a percentage of total fatty acids.
Total Flavonoid Content
Total flavonoids were quantified following Chang et al. (2002). A reaction mixture containing 1.5 mL of 60 % methanol, 1 mL of 2 % AlCl₃, 6 mL of 5 % potassium acetate, and 1 mL of extract (1 mg mL⁻¹) was incubated at room temperature for 40 min. Absorbance was measured at 415 nm using a spectrophotometer. Quercetin was used as the reference standard, and results were expressed as milligrams of quercetin equivalents per gram of extract (mg g⁻¹ QE).
Results
Variation in Kernel Quality Traits
Significant variation was observed among the twenty-one walnut genotypes for all biochemical parameters evaluated (Table 1). Mean oil content ranged from 50.39 % to 70.55 %, while protein content varied between 17.12 % and 20.88 %. Carbohydrate content showed wide diversity, ranging from 8.48 % to 24.43 %, whereas moisture and ash contents exhibited relatively narrow ranges of 2.19–3.25 % and 1.12–2.21 %, respectively. The observed variability confirms the presence of a broad genetic base suitable for selection and improvement of kernel quality traits.
Table 1. Descriptive statistics (mean, standard deviation, and range) for biochemical traits in 21 walnut genotypes.	Comment by HP: In your results and discussion following, you indicate influence of environment in the observed genetic and biocehmical variation . 
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	Parameter
	Mean
	Standard Deviation
	Minimum
	Maximum

	Moisture Content
	2.63
	0.27
	2.19
	3.25

	Ash Content
	1.62
	0.30
	1.12
	2.21

	Protein Content
	19.03
	1.02
	17.12
	20.88

	Carbohydrate Content
	18.66
	4.16
	8.48
	24.43

	OIL content
	57.65
	4.92
	50.39
	70.55

	OLEIC Acid
	18.41
	2.92
	11.43
	23.28

	LINOLEIC Acid
	52.17
	4.54
	44.65
	62.49

	Total FLAVONOID
	15.70
	6.28
	5.43
	26.66



Moisture and Ash Content
Moisture content varied between 2.19 % and 3.25 %, with a population mean of 2.63 ± 0.06 %. The highest value was recorded in genotype SWS-02 (3.25 %), followed by SWS-03 (3.10 %) and SWS-04 (2.92 %), whereas TWS-05 (2.19 %) showed the lowest. The phenotypic coefficient of variation (PCV) (16.55 %) was slightly higher than the genotypic coefficient of variation (GCV) (11.86 %) (Table 2), suggesting moderate environmental influence. Broad-sense heritability for moisture content was 51.3 %, with an expected genetic gain of 22.86 % of the mean, indicating moderate potential for selection-based improvement.
Ash content ranged from 1.12 % to 2.21 %, with a population mean of 1.62 ± 0.07 %. Genotype SWS-01 recorded the highest value (2.21 %), followed by SWS-02 (2.11 %) and RWS-17 (1.96 %). PCV (21.73 %) and GCV (20.63 %) were both high, indicating that ash content is primarily genetically controlled and less affected by environmental variation. Heritability in the broad sense was 72.3 %, and expected genetic gain was 38.83 % of the mean, showing that direct selection could effectively enhance this trait.
Protein and Carbohydrate Content
Protein content varied from 17.12 % to 20.88 %, with a mean of 19.03 ± 0.22 %. Genotype SWS-01 recorded the maximum protein content (20.88 %), while TWS-05 had the lowest (17.12 %). PCV (10.34 %) was slightly higher than GCV (10.31 %), and heritability was moderate (61.5 %), with an expected genetic gain of 21.19 % of the mean. These results suggest that both genetic and environmental factors influence kernel protein, yet selection could yield meaningful improvement.
Carbohydrate content ranged from 8.48 % to 24.43 %, with a mean of 18.66 ± 0.90 %. The highest value was recorded in SWS-01 (24.43 %), followed by SWS-02 (23.78 %) and SWS-03 (23.52 %). High PCV (15.62 %) and GCV (15.58 %) along with heritability (78.4 %) and genetic gain (32.33 %) indicate strong genetic control and excellent potential for selection-based enhancement.
Table 2. Variability and Genetic Parameters for Kernel Moisture, Ash, Protein, and Carbohydrate Content
	Parameter
	Moisture (%)
	Ash (%)
	Protein (%)
	Carbohydrate (%)

	Population mean
	2.63 ±0.06
	1.62±0.065
	19.033±0.22
	18.66 ±0.90

	Range
	2.19–3.25
	1.12–2.21
	17.12–20.88
	8.48–24.43

	Phenotypic variance
	0.077
	0.090
	1.04
	17.31

	Genotypic variance
	0.076
	0.090
	1.04
	17.31

	PCV (%)
	10.53
	18.56
	5.37
	22.29

	GCV (%)
	10.51
	18.55
	5.37
	22.29

	Heritability (h², broad sense)
	99.6
	99.88
	99.98
	100

	Expected genetic gain (%)
	21.60
	38.19
	11.07
	45.92
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Oil, Fatty Acids, and Flavonoid Content
Kernel oil content exhibited wide variability among genotypes, ranging from 50.39 % to 70.55 %, with a mean of 56.72 % (Table 3). The highest oil content was recorded in PWS-25 (70.55 %), followed by TWS-08 (65.32 %) and SWS-03 (64.06 %), whereas PWS-09 (50.39 %) and KWS-18 (50.42 %) had the lowest. PCV (13.73 %) and GCV (13.37 %) were similar, and heritability was high (83.1 %), with an expected genetic gain of 26.67 %, confirming a strong genetic basis for oil content.
Oleic acid content ranged from 11.43 % to 23.28 % (mean 18.41 %); with PWS-10 showing the highest value (23.28 %). Linoleic acid content varied from 44.65 % to 62.49 % (mean 52.17 %), with TWS-08 (62.49 %) and SWS-03 (61.29 %) showing the highest levels. Oleic acid exhibited moderate heritability (53.1 %) and expected genetic gain (16.71 %), whereas linoleic acid showed heritability (65.4 %) and genetic gain (10.80 %), suggesting moderate scope for improvement.
Total flavonoid content ranged from 5.43 to 26.66 mg g⁻¹ QE, with a population mean of 15.70 mg g⁻¹ QE (Table 3). Genotype TWS-06 had the highest flavonoid content (26.66 mg g⁻¹ QE), while RWS-16 showed the lowest (5.43 mg g⁻¹ QE). High PCV (41.94 %), GCV (36.42 %), and heritability (75 %) with a genetic gain of 25.45 % indicate that flavonoid content is largely governed by genetic factors and can be effectively enhanced through selection.
Table 3. Variability and Genetic Parameters for Kernel Oil, Fatty Acid, and Total Flavonoid Content
	Parameter
	Oil (%)
	Oleic acid (%)
	Linoleic acid (%)
	Total flavonoids (mg/g QE)

	Population mean
	56.72
	18.41
	52.17±0.99
	15.70 ±1.37

	Range
	50.39–70.55
	11.43–23.28
	44.65–62.49
	5.43–26.66

	PCV (%)
	13.73
	18.08
	8.73
	41.94

	GCV (%)
	13.37
	13.24
	7.08
	36.42

	Heritability (h², broad sense)
	0.831
	0.531
	0.654
	0.75

	Expected genetic gain (%)
	26.67
	16.71
	10.80
	25.45


Correlation Analysis
Correlation coefficients among biochemical traits (Table 4) revealed significant positive associations between oil and linoleic acid contents, implying that genotypes with higher oil yield tend to possess greater linoleic proportions. Moderate positive relationships were also observed between oil and oleic acid and between protein and flavonoid contents. Moisture content showed a negative correlation with oil and flavonoid contents, suggesting that lower-moisture kernels generally possess superior biochemical quality. These patterns are consistent with earlier findings in Juglans regia.
Table 4. Pearson correlation coefficients among biochemical traits in 21 walnut genotypes.
	Traits
	Moisture content
	Ash content
	Protein content
	Carbohydrate content
	Oil content
	Oleic acid
	Linoleic acid
	Total Flavonoid

	Moisture Content
	1
	0.140585
	0.333516
	0.4511
	-0.06684
	0.085404
	0.136988
	0.249589

	Ash content
	0.140585
	1
	0.475928
	0.334814
	0.014493
	-0.23293
	0.092121
	-0.04325

	Protein content
	0.333516
	0.475928
	1
	0.774763
	0.01265
	-0.16941
	0.154358
	-0.04028

	Carbohydrate content
	0.4511
	0.334814
	0.774763
	1
	0.24659
	0.042582
	0.296596
	-0.02057

	Oil content
	-0.06684
	0.014493
	0.01265
	0.24659
	1
	0.711275
	0.877743
	0.363381

	Oleic acid
	0.085404
	-0.23293
	-0.16941
	0.042582
	0.711275
	1
	0.758414
	0.308499

	Linoleic acid
	0.136988
	0.092121
	0.154358
	0.296596
	0.877743
	0.758414
	1
	0.300105

	Total Flavonoid
	0.249589
	-0.04325
	-0.04028
	-0.02057
	0.363381
	0.308499
	0.300105
	1



Principal Component Analysis (PCA)
Principal component analysis (PCA) based on eight biochemical traits indicated that the first two components explained most of the total variance among genotypes. Oil, linoleic acid, and flavonoid content contributed strongly to the first component, whereas moisture, protein, and ash had higher loadings on the second. The PCA biplot clearly separated certain genotypes such as PWS-10 and TWS-06, reflecting distinct biochemical profiles. This confirms substantial biochemical diversity within the studied germplasm, which can be utilized to identify superior genotypes combining high oil content with favorable fatty acid composition and antioxidant potential. The first two principal components (PC1 and PC2) together explained a major portion of the total variance among the studied walnut genotypes, indicating that a few biochemical traits accounted for most of the observed diversity (Figure 1, Table 5). PC1 was mainly influenced by oil, oleic, and linoleic acid contents, which contributed strongly and negatively to this component, distinguishing high-oil genotypes from those with lower oil content. PC2 showed high positive loadings for protein, carbohydrate, and ash contents, representing variation in nutrient reserves.
The biplot clearly separated several genotypes, particularly PWS-10 and TWS-06, from the remaining population, reflecting their distinct biochemical composition characterized by higher oil, linoleic acid, and flavonoid contents. Genotypes positioned toward the upper right quadrant were associated with higher protein and carbohydrate concentrations, whereas those on the left side of the biplot corresponded to oil-rich and flavonoid-rich types. The wide dispersion of genotypes across quadrants confirms the existence of substantial biochemical diversity within the evaluated germplasm, highlighting their potential for selection and improvement of kernel quality traits.

[image: ]
Figure 1. PCA biplot showing the distribution of 21 walnut genotypes based on eight biochemical traits. Arrows indicate the direction and contribution of each trait to the principal components.
(The biplot should show PC1 vs. PC2 with genotypes labeled, and vectors for traits such as oil, linoleic acid, flavonoid, etc.)
		Table 5. Principal component loadings for biochemical traits of 21 walnut genotypes.
	Trait
	PC1
	PC2

	Moisture Content
	-0.18682
	0.31593

	Ash Content
	-0.07950
	0.42169

	Protein Content
	-0.17626
	0.56341

	Carbohydrate Content
	-0.29310
	0.48973

	Oil Content
	-0.51388
	-0.19456

	Oleic Acid
	-0.45068
	-0.31411

	Linoleic Acid
	-0.54571
	-0.10448

	Total Flavonoid
	-0.27715
	-0.13289



Discussion

The study revealed clear and meaningful variation among the twenty-one walnut (Juglans regia L.) genotypes for their biochemical and nutritional characteristics, including moisture, protein, ash, carbohydrate, oil, fatty acid composition, and flavonoid content. This diversity forms a valuable foundation for walnut improvement programs that aim to enhance both nutritional quality and industrial use. The broad range observed in kernel oil (50.39–70.55%) and protein (17.12–20.88%) confirms a wide genetic base among the studied genotypes. Similar variability has been reported in earlier work from other walnut-growing regions, highlighting that both genotype and local environmental factors influence kernel composition (Amaral et al., 2003; Muradolu, 2005; Kodada et al., 2016).

Low kernel moisture, as recorded in several genotypes, is considered desirable since it improves storage stability and reduces the risk of microbial spoilage. Comparable patterns have been described by Ozkan and Koyuncu (2005), who reported that reduced moisture content helps maintain kernel quality. Variation in ash content (1.12–2.21%) indicates differences in mineral accumulation among genotypes and agrees with the findings of Eturk et al. (2020). The high heritability and genetic gain estimates for ash, carbohydrate, oil, and flavonoid content suggest that these traits are mainly governed by additive genetic factors and can be effectively improved through direct selection.

Protein and carbohydrate contents showed moderate heritability values, implying that both genetic and environmental influences play a role in determining these traits. Comparable results were reported in walnut germplasm from Turkey and Iran (Simsek et al., 2017; Mahmoodi et al., 2012). The wider range of carbohydrate variation in this study (8.48–24.43%) than in some previous reports could reflect the diverse agro-climatic conditions of the collection sites and the heterogeneous genetic background of the trees.

Oil and fatty acid composition are among the most critical determinants of walnut’s nutritional and industrial quality. In this study, linoleic acid was predominant (44.65–62.49%), while oleic acid occurred in moderate quantities (11.43–23.28%), in agreement with earlier research (Savage, 2001; Pereira et al., 2008). Differences in fatty acid ratios can be attributed to both genetic makeup and environmental factors affecting lipid biosynthesis (Li et al., 2014; Eturk et al., 2020). The high heritability (83.1%) observed for oil content confirms its strong genetic control, indicating that selection for high-oil types would be effective and stable across environments.

A considerable range was also recorded for total flavonoid content (5.43–26.66 mg g⁻¹ QE), confirming significant diversity in antioxidant potential among genotypes. This agrees with the observations of Ghasemi et al. (2011) and Bayazit and Sumbul (2012). Genotypes such as TWS-06 and PWS-10, which combined high flavonoid and oil contents, appear particularly promising for breeding nutritionally superior cultivars with added nutraceutical value.

The correlation analysis indicated positive associations between oil and linoleic acid contents, suggesting that genotypes rich in oil often have higher proportions of polyunsaturated fatty acids. The negative correlation between moisture and oil content supports the preference for drier kernels in quality improvement programs. Similar inter-trait relationships were also observed by Shah et al. (2021) and Ali et al. (2022).

Principal component analysis further demonstrated that oil, oleic, and linoleic acids contributed most to the total variation, whereas protein and carbohydrate content defined the second principal axis. The clear separation of genotypes like PWS-10 and TWS-06 in the PCA plot reflects their distinct biochemical composition. These findings emphasize the presence of diverse biochemical profiles among walnut genotypes, which can be exploited for breeding programs targeting both nutritional enhancement and industrial suitability.

The present study revealed significant variability among twenty-one walnut (Juglans regia L.) genotypes for biochemical and nutritional traits, including moisture, protein, ash, carbohydrate, oil, fatty acid composition, and flavonoid content. Such diversity is crucial for breeding programs aimed at improving both the nutritional and industrial value of walnut kernels. The wide range in kernel oil (50.39–70.55 %) and protein (17.12–20.88 %) content underscores the strong genetic base present within the studied population. Similar findings have been reported in diverse walnut-growing regions, confirming that genotype and environmental conditions jointly influence kernel composition (Amaral et al., 2003; Muradolu, 2005; Kodada et al., 2016).
Low moisture content in kernels, as observed in several genotypes, is desirable for longer storage life and reduced microbial spoilage risk. Comparable trends were reported by Ozkan and Koyuncu (2005), who noted that moisture stability directly contributes to kernel quality. Ash content, an indicator of total mineral concentration, also showed wide variation (1.12–2.21 %), aligning with values reported by Eturk et al. (2020). High heritability and genetic gain for ash, carbohydrate, oil, and flavonoid content suggest that these traits are primarily governed by additive genetic effects and can be effectively improved through phenotypic selection.
Protein and carbohydrate content exhibited moderate heritability, implying both genetic and environmental influences on these parameters. Previous studies also noted comparable levels of variation in protein and carbohydrate contents among walnut genotypes from Turkey and Iran (Simsek et al., 2017; Mahmoodi et al., 2012). The carbohydrate variability observed in this study (8.48–24.43 %) was notably higher than some earlier reports, suggesting the influence of diverse local conditions and genetic backgrounds.
Oil and fatty acid composition are key determinants of walnut’s nutritional and industrial quality. The dominance of linoleic acid (44.65–62.49 %) and moderate levels of oleic acid (11.43–23.28 %) are consistent with earlier findings (Savage, 2001; Pereira et al., 2008). Variations in fatty acid proportions may be attributed to genetic factors and climatic differences affecting lipid biosynthesis (Li et al., 2014; Eturk et al., 2020). The high heritability (83.1 %) observed for oil content indicates a strong genetic basis, suggesting that selection for high-oil genotypes would be effective and stable across environments.
Total flavonoid content varied substantially (5.43–26.66 mg g⁻¹ QE), confirming wide genetic diversity in antioxidant potential among genotypes. This variation aligns with the findings of Ghasemi et al. (2011) and Bayazit and Sumbul (2012), who reported comparable ranges in seedling-origin walnuts. Flavonoid-rich genotypes such as TWS-06 and PWS-10 hold promise for nutritional enhancement and potential nutraceutical applications.
Correlation analysis showed positive associations between oil and linoleic acid, indicating that genotypes with higher oil content generally possess greater proportions of polyunsaturated fatty acids. The negative correlation between moisture and oil content further supports the preference for drier kernels in high-quality walnut production. Similar inter-trait relationships have been reported by Shah et al. (2021) and Ali et al. (2022).
Principal component analysis confirmed that oil, oleic, and linoleic acids were the major contributors to total variability (PC1), while protein and carbohydrate content defined the second component (PC2). The clear separation of certain genotypes such as PWS-10 and TWS-06 in the PCA biplot demonstrates their distinct biochemical profiles. These genotypes combine superior oil and flavonoid content, making them promising candidates for future breeding efforts focused on nutritional and industrial value.
Conclusion
The present study highlights substantial biochemical and genetic variability among walnut genotypes from Jammu and Kashmir, indicating significant potential for selection and improvement. High heritability and genetic gain for oil, ash, carbohydrate, and flavonoid content emphasize their suitability as key selection criteria in breeding programs. The identification of genotypes combining high oil yield with favorable fatty acid composition and antioxidant potential provides valuable material for developing nutritionally superior and commercially viable walnut cultivars.
Integrating biochemical characterization with molecular marker-assisted selection can further enhance breeding efficiency and accelerate genetic improvement. The results also emphasize the need for conservation and utilization of indigenous walnut germplasm to sustain productivity and promote value-added walnut production in temperate regions such as Jammu and Kashmir.
FutureProspects

While this study provides a comprehensive understanding of biochemical diversity and genetic variability among walnut genotypes from Jammu and Kashmir, there is still ample scope for future research. Combining biochemical evaluation with molecular marker-based selection could greatly enhance the efficiency of walnut improvement programs. Tools such as QTL mapping, GWAS, and genomic selection can help identify key loci associated with traits like oil quality, protein content, and antioxidant capacity.

Emerging technologies like CRISPR/Cas9 gene editing also offer opportunities for precise modification of genes involved in lipid metabolism and flavonoid synthesis. Integrating data from genomics, transcriptomics, proteomics, and metabolomics will allow a deeper understanding of how biochemical traits are regulated and influenced by environmental factors. Such an integrative approach will be crucial for developing climate-resilient walnut cultivars that maintain kernel quality under variable growing conditions.

In addition, establishing regional germplasm banks and applying conservation genomics will ensure the long-term preservation of local walnut diversity. Encouraging farmers to cultivate improved genotypes with high oil and flavonoid content can help raise both nutritional value and economic returns. Altogether, strengthening research in walnut genomics and promoting value-added utilization of native germplasm will support sustainable production and economic growth of the walnut sector in temperate regions such as Jammu and Kashmir.

Although the present investigation provides valuable insights into the biochemical diversity and genetic variability among walnut (Juglans regia L.) genotypes, further research is required to maximize the potential of this germplasm for breeding and commercial utilization. Integrating molecular marker-assisted selection (MAS) with conventional approaches can significantly accelerate the development of nutritionally enriched walnut cultivars. Advanced genomic tools such as quantitative trait loci (QTL) mapping, genome-wide association studies (GWAS), and genomic selection can help identify alleles associated with desirable biochemical traits, including oil quality, protein content, and antioxidant capacity.
Emerging molecular technologies such as CRISPR/Cas9-mediated genome editing provide additional opportunities for precise modification of genes involved in lipid metabolism and flavonoid biosynthesis. Multi-omics approaches combining genomics, transcriptomics, proteomics, and metabolomics can offer deeper insights into the molecular regulation of kernel composition and its interaction with environmental factors. This integrative understanding will be crucial for developing climate-resilient cultivars capable of maintaining kernel quality under changing climatic conditions.
In addition, conservation genomics and the establishment of regional germplasm repositories will help preserve the genetic diversity of local walnut populations, ensuring long-term sustainability of breeding programs. Promoting the cultivation of improved genotypes with superior biochemical profiles can enhance both nutritional security and economic returns for farmers, contributing to the sustainable growth of the walnut industry in temperate regions, particularly Jammu and Kashmir.
Highlights
· Biochemical and nutritional traits of 21 Juglans regia L. genotypes from diverse agro-climatic regions of Jammu and Kashmir were evaluated.
· Wide genetic variability was observed for key kernel quality traits, including oil, protein, carbohydrate, and flavonoid content.
· High heritability and genetic gain for oil, ash, carbohydrate, and flavonoids suggest strong potential for selection and breeding.
· Principal component and correlation analyses revealed distinct biochemical groupings and key contributing traits.
· The findings identify promising genotypes for breeding nutritionally superior and industrially valuable walnut cultivars.
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