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Abstract
Small cardamom, one of the most valuable spice crop hails from the Western Ghats exhibits a rich diversity in its morphology and quality. The variation of small cardamom genotypes for nutritional and biochemical parameters of capsules were studied for 18 genotypes and 3 check varieties maintaining as field gene bank at Cardamom Research Station, Pampadumpara, Kerala Agricultural University during the season 2024 and 2025. The enchanting flavor and fragrance of the cardamom capsule are mainly contributed by the essential oil and oleoresin content. Chlorophyll content of the husk contribute to the greenness of capsule while the starch, crude fiber and antioxidant content determines the nutritional quality. Design used was Augmented Randomized Complete Block Design (Augmented RCBD). Statistical analysis of the data identified distinctive variation among the genotypes studied in terms of genotypic coefficient of variation (GCV) and phenotypic coefficient of variation (PCV). All the studied biochemical parameters come under moderate and high PCV and GCV category. There is no much difference between GCV and PCV thus influence of environment on the studied characters is less. As the commercially important characters essential oil content and chlorophyll content of capsules showed high heritability and genetic advance as per cent of mean (GAM), these characters could be selected for further breeding programmes. Principal component analysis (PCA) of the biochemical parameters identified two principal components with a cumulative variance of 78.20 per cent. Essential oil, oleoresin, starch, crude fiber and antioxidant activity showed more than 10 per cent of variance in both the principal components.
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1. Introduction
The ‘queen of spices’, Elettaria cardamomum (L.) Maton, coming under the ginger family ‘zingiberaceae’ is currently the third most expensive spice in the world, after saffron and vanilla.  It is commonly referred as small or green cardamom or ‘choti elaichi’. It is a pseophytic, herbaceous and rhizomatous crop. Small cardamom fruits developed from the inferior ovary is widely referred as ‘capsules’ or ‘cardamom of commerce’ generally used in food, pharmaceutical and cosmetic industries and known for its rich aroma and flavor. In India cardamom is mainly cultivated in the states of Kerala, Karnataka and Tamil Nadu with total area of cultivation of 70,410 ha. The total production of small cardamom during 2023-24 was 25,230 MT (Spices Board, 2024).
[bookmark: _Hlk204280898]The pricing of cardamom capsules is mainly based on its size, green colour, aroma and flavor components. The intensity of green colour of the capsules is directly proportional to the amount of chlorophyll present in the husk (Zachariah and Korikanthimath, 2002). Essential oil and oleoresin content determine the distinctive flavour and aroma of capsules. Major components of essential oil that gave the fragrance were reported as α-terpinyl acetate (42.3%), 1,8-cineole (21.4%), linalyl acetate (8.2%), limonene (5.6%) and linalool (5.4%) (Marongiu et al., 2004). The essential oil yield from hydro-distillation process ranges from 4 to 7 % (Abbasipour et al., 2011). The nutritional composition of cardamom capsules including their carbohydrate, crude fiber and protein content, plays a key role in contributing to their health benefits (Abera et al., 2019).
As small cardamom is a cross-pollinated crop it is showing genetic variability in Cardamom Hill Reserve. Based on adaptability, panicle characteristics, and capsule features cardamom is classified into Malabar type, Mysore type, and Vazhukka type (Govindarajan et al., 1982). A good amount of genetic variability exists within these types, especially in terms of the yield and yield attributing factors (Kuruvilla et al., 2002). A wide variety of cardamom genotypes of excellent quality is found in India. When these genotypes are gathered and evaluated, genotypes with best quality can be identified and thus breeding programmes will be strengthened. Amma et al. (2010) assessed the variability of Malabar, Mysore, Vazhukka and Guatemalan cultivars with respect to the biochemical characteristics of the capsules indicating the diversity in terms of chemical quality. The genetic variability study of ten landraces conducted by Hrideek et al. (2015) reported genetic advance of 0.006 to 0.19 for quality parameters of capsules. Akhila et al. (2017) reported the variability of four different landraces in terms of physical and chemical quality parameters and identified ‘Pappalu’, ‘Kalarickal Bold’ and ‘Pulari’ as the best for breeding programmes. A study conducted by Oommen et al. (2018) demonstrated that small cardamom plants grown in different zones of cardamom growing hills shows variability in both physical and chemical quality parameters. Preethy et al. (2023) studied genetic diversity of sixty seven germplasm accessions and the quality traits of capsules showed wide variability.
Even though several studies were conducted to assess the variability of small cardamom genotypes with respect to overall morphological characteristics there is no much relevant studies exclusively assessing variability in biochemical quality of the capsules of various genotypes. The pricing of small cardamom in market is exclusively based on its qualitative characters thus documenting the characteristics of capsules of available genotypes helps developing new varieties with superior quality. This research paper is focusing on characterizing capsules of genotypes and assessing the variability of small cardamom plants maintained at Cardamom Research Station, Kerala Agricultural University, Idukki, Kerala.
2. Materials and Methods
The matured small cardamom capsules from eighteen accessions numbered as CRSP 26 (G1), CRSP 27 (G2), CRSP 28 (G3), CRSP 29 (G4), CRSP 30 (G5), CRSP 33 (G6), CRSP 34 (G7), CRSP 35 (G8), CRSP 36 (G9), CRSP 37 (G10), CRSP 38 (G11), CRSP 39 (G12), CRSP 40 (G13), CRSP 41 (G14), CRSP 42 (G15), CRSP 44 (G16), CRSP 46 (G17), CRSP 47 (G18) and three check varieties viz., ‘Green gold’ (C1), ‘KAU-PV-5’ (C2) and ‘PV 2’ (C3) of three-year old plants maintaining at the Cardamom Research Station, Pampadumpara situated at 9°45’ N latitude and 77°10’E longitude at an altitude of 1100 m above mean sea level as field gene bank were used for nutritional and biochemical variation study in small cardamom capsules during the period 2024 to 2025. Malabar, Myzore and Vazhukka type were included in the study. The plants were maintained as per the package of practices provided by Kerala Agricultural University (KAU, 2024).
Chlorophyll content of the capsules were analysed using the method given by Arnon, 1949. Starch and crude fiber were determined by the method prescribed by Sadasivam and Manickam (1996). Essential oil was estimated by hydrodistillation method using Clevenger apparatus and oleoresin content is estimated by solvent extraction method using Soxhlet apparatus (Pruthi, 1999). The 2,2 diphenyl 2-picrylhydrazyl hydrate (DPPH) radical scavenging assay as provided by AOAC, (2005) was used to measure the antioxidant activity of small cardamom capsule.
GRAPES software was used to analyze the data statistically. Statistical genetics tool Augmented RCBD was the design used for the study. This design is used when there is a limitation of available resources for taking sufficient replication. The test genotypes were unreplicated and the three check varieties have 8 replications. Block adjusted mean values were used for statistical analysis. Principal component analysis was used to study the relationship between the genotypes and variables studied. 
3. Results and Discussion 
The variability study of different small cardamom genotypes for the biochemical quality parameters found that there is significant variation among all the characters studied.  Chlorophyll content of the small cardamom capsule husk of the selected genotypes ranged from 0.156 mg g-1 to 0.340 mg g-1 with a mean value of 0.263 mg g-1. Essential oil content ranged from 3.17% to 6.13% with a mean value of 4.37%. Oleoresin content ranged from 2.97% to 7.31% with a mean value of 4.89%. Starch content ranged from 29.38% to 47.46% with a mean value of 36.08%. Crude fiber content ranged from 7.12% to 14.87% with a mean value of 10.35%. Antioxidant activity ranged from 52.04% to 77.15% with a mean value of 66.54% (Table 1). Significant variability in the capsule characteristics of the small cardamom genotypes was reported by many workers. Variation in the antioxidant activity of the cardamom capsules was reported by Amma et al. (2010). Akhila et al. (2017) reported significant variation for oleoresin and essential oil among the qualitative parameters studied.
Among the biochemical characters highest GCV (22.31%) and PCV (22.98 %) were shown by crude fiber, highest heritability (96.35%) and genetic advance (15.99) were shown by antioxidant activity. Thus, crude fiber and antioxidant content determines the selection of genotypes among biochemical quality. Lowest GCV (11.87%) and PCV (12.09%) were shown by antioxidant activity, lowest heritability (67.74%) was shown by oleoresin content and lowest GAM (23.92%) was shown by starch content (Table 2). Chlorophyll content and crude fiber comes under high GCV and PCV category and all other parameters come under moderate GCV and PCV category. High category of heritability and GAM was shown by all the studied parameters. 
Hrideek et al. (2015) reported that total chlorophyll of the capsules have high GCV and PCV, oleoresin content reported low GCV and moderate PCV while the volatile oil content showed non-significant variation among the genotypes. He also reported moderate and high heritability category for quality parameters similar to our study. As there is less difference between the GCV and PCV there was less environment influence on the studied characters. In black pepper (Piper nigrum L.), Bekele et al. (2017) reported high GCV and PCV only for essential oil and acid insoluble ash, all other biochemical characters showed moderate GCV and PCV. Fruit characters of nutmeg (Myristica fragrans Hout.) showed moderate to high GCV and PCV (Sundar et al., 2024). As our study reported high heritability and genetic advance for commercially important characters viz., chlorophyll content and volatile oil content, there is less influence of environment in these characters and they can be used for selection programmes further.
Table 1. Nutritional and biochemical parameters of small cardamom genotypes capsules
	Genotype
	Chlorophyll content (mg g-1)
	Essential oil (%)
	Oleoresin (%)
	Starch (%)
	Crude fiber (%)
	Antioxidant   activity (%)

	G1 (CRSP 26)
	0.284
	3.37
	3.46
	35.15
	9.85
	68.86

	G2 (CRSP 27)
	0.272
	3.43
	4.36
	31.52
	13.95
	77.15

	G3 (CRSP 28)
	0.156
	3.17
	2.97
	33.36
	11.48
	74.83

	G4 (CRSP 29)
	0.313
	4.12
	5.31
	47.46
	7.32
	53.82

	G5 (CRSP 30)
	0.199
	4.81
	4.95
	41.34
	8.47
	67.62

	G6 (CRSP 33)
	0.335
	5.37
	6.30
	40.39
	7.52
	69.79

	G7 (CRSP 34)
	0.340
	4.27
	5.36
	31.49
	11.05
	68.39

	G8 (CRSP 35)
	0.258
	3.97
	5.67
	33.09
	10.12
	75.14

	G9 (CRSP 36)
	0.311
	3.70
	3.74
	33.36
	10.84
	69.24

	G10 (CRSP 37)
	0.300
	4.12
	4.09
	30.81
	10.52
	63.59

	G11 (CRSP 38)
	0.233
	3.83
	3.46
	30.06
	13.98
	70.80

	G12 (CRSP 39)
	0.230
	4.23
	5.04
	35.30
	8.68
	53.59

	G13 (CRSP 40)
	0.285
	4.63
	5.19
	33.26
	13.45
	69.71

	G14 (CRSP 41)
	0.177
	4.01
	5.38
	29.38
	14.87
	70.17

	G15 (CRSP 42)
	0.293
	4.42
	4.61
	43.79
	7.12
	70.80

	G16 (CRSP 44)
	0.175
	4.03
	3.86
	38.51
	9.18
	55.21

	G17 (CRSP 46)
	0.209
	3.77
	3.07
	30.26
	13.58
	56.69

	G18 (CRSP 47)
	0.181
	4.30
	4.25
	39.37
	8.34
	52.04

	C1 (Green gold)
	0.322
	6.13
	7.31
	41.39
	8.07
	70.00

	C2 (KAU-PV-5)
	0.333
	6.08
	7.21
	39.2
	9.28
	69.83

	C3 (PV 2)
	0.322
	6.04
	7.10
	39.10
	9.61
	70.00

	Mean
	0.26
	4.37
	4.89
	36.08
	10.35
	66.54

	CV (%)
	5.06
	3.36
	8.38
	7.03
	5.89
	2.25



Table 2. Genetic parameters of the small cardamom genotypes
	[bookmark: _Hlk209122595]Characters
	Phenotypic variance
	Genotypic variance
	Genotypic coefficient of variation
	Phenotypic coefficient of variation
	Heritability (broad sense %)
	Genetic advance (as % of means)

	Chlorophyll content (mg g-1)
	0.003
	0.003
	20.15
	20.93
	92.70
	40.03

	Essential oil (%)
	0.32
	0.29
	12.35
	12.99
	90.42
	24.22

	Oleoresin (%)
	0.80
	0.54
	15.03
	18.27
	67.74
	25.52

	Starch (%)
	30.08
	22.95
	13.27
	15.20
	76.28
	23.92

	Crude fiber (%)
	5.65
	5.33
	22.31
	22.98
	94.27
	44.68

	Antioxidant activity (%)
	64.74
	62.38
	11.87
	12.09
	96.35
	24.04



The principal component analysis of nutritional and biochemical quality parameters of small cardamom identified 2 major principal components with eigen value greater than 1 and cumulative variance of 78.20 per cent (Table 3). The parameters that contribute most to the PC1 include essential oil, oleoresin, chlorophyll content, starch and crude fiber with more than 10 per cent variation. Similarly, in PC2 the variability is due to chlorophyll content, starch, crude fiber and antioxidant activity (Table 4.). Component loading and scoring of nutritional and biochemical quality parameters distributed 21 cardamom genotypes into four quadrants (Fig. 1). The first quadrant contains genotypes C1, C2, C3, G6 and G7 and possess higher mean values for essential oil, oleoresin and total chlorophyll. The genotypes in the second quadrant including G11, G14, G2, G13, G8, G9 and G10 has higher mean values for crude fiber and antioxidant activity. Similarly, the genotypes present in the fourth quadrant viz., G4, G18, G12 G5 and G15 exhibit higher mean values for starch. Principal component analysis done by Preethy et al. (2024) for 10 yield attributing characters of 21 genotypes of cardamom identified four main principal components with a cumulative variation of 82.5 per cent. In the present study all parameters contribute more in first two PC’s thus these characters contributed more to the variation in total genotypes studied. 
	Principal components
	Eigenvalue
	Percentage of variance
	Cumulative percentage of variance

	PC1
	3.09
	51.52
	51.52

	PC2
	1.60
	26.68
	78.20

	PC3
	0.60
	9.94
	88.14

	PC4
	0.49
	8.10
	96.24

	PC5
	0.13
	2.10
	98.34

	PC6
	0.10
	1.66
	100.00
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Table 4. Percentage contribution of nutritional and biochemical variables
	Sl. no.
	Variables
	PC1
	PC2

	1
	Essential oil
	24.41
	3.29

	2
	Oleoresin
	23.02
	8.60

	3
	Total chlorophyll
	13.43
	13.00

	4
	Starch
	20.15
	14.10

	5
	Crude fiber
	18.92
	16.43

	6
	Antioxidant activity
	0.07
	44.60
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Fig. 1. Biplot of genotypes across PC1 and PC2 for nutritional and biochemical parameters
Conclusion
The current study revealed significant variability among all the small cardamom genotypes for all the nutritional and biochemical traits of dried capsules including chlorophyll content, essential oil, oleoresin, starch, crude fiber and antioxidant activity. Chlorophyll content and crude fiber comes under high GCV (>20%) and PCV (>20%) category and all other parameters come under moderate GCV (10-20%) and PCV (10-20%) category. High category of heritability (>60%) and GAM (>20%) was shown by all the studied parameters. As there is no much difference occurs between GCV and PCV there is less influence of environmental factors in studied characters. So, these characters form the basis for further breeding programmes. The principal component analysis identified two major PC’s with a cumulative variance of 78.20 per cent. All the studied parameters showed more than 10 per cent variance in each of the major principal components. The study concluded that there occurs sufficient variability in small cardamom genotypes for nutritional and biochemical traits.
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