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Identification of high-yielding genotypes through multivariate analysis in Small Cardamom [Elattaria cardamomum (L.) Maton]
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	A field experiment was conducted to evaluate the variability among 20 high-yielding small cardamom accessions, including the widely recognized "Green Gold" variety. The study comprised hybrids, breeding lines, and seedling selections, all chosen for their exceptional yield potential. The trial was carried out over four years at the Cardamom Research Station of Kerala Agricultural University, using a randomized block design (RBD). Analysis of ten yield-contributing traits revealed significant genetic diversity among the accessions at the 1% probability level. Among the genotypes, PS 27 recorded the highest fresh weight, whereas Pl. No. 14 registered the highest dry weight, indicating an excellent dry recovery percentage. PS 27 also showed superior performance in capsule volume, with Pl. No. 19 and HY 9 exhibit comparable results. HY 9 recorded the highest weight for 100 capsules, further highlighting the bold capsule characteristics of PS 27. PS 3 had the maximum seed count, followed by PS 27, while Pl. No. 14 showed superior performance in most traits, except for the 100-capsule weight. The results highlighted PS 27 and Pl.No. 14 as promising candidates for breeding programs targeting yield improvement in cardamom. Cluster analysis grouped the accessions into three clusters based on 75% genetic similarity, with Cluster II comprising the majority of genotypes, whereas PS 27 was uniquely placed in Cluster III. Pl.No. 14 and Green Gold were grouped in Cluster I, reflecting their superior yield and morphological traits. The first four principal components explained 82.5% of the total variation, underscoring the potential of morphologically diverse genotypes to strengthen breeding strategies for small cardamom.
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1. INTRODUCTION 
Small cardamom (Elettaria cardamomum [L.] Maton), a species within the Zingiberaceae family, stands out as one of the most valuable spice crops in India. The state of Kerala, often termed the "Spice Bowl of India," holds a prominent position in the cultivation of spices, particularly cardamom and black pepper, both of which significantly bolster the country's export revenues. Cardamom is indigenous to the lush evergreen forests of the southern Western Ghats and grows best in the Cardamom Hill Reserves (CHR), located in southern India. It thrives at altitudes ranging from 800 to 1300 meters above sea level, where it is grown as an understory crop beneath the shade of forest trees (Hrideek et al., 2015).
Being a cross-pollinated crop propagated through both seeds and vegetative suckers, cardamom displays a high degree of genetic diversity. However, evolving environmental conditions in the Cardamom Hill Reserves (CHR) highlight the need for the development of robust and adaptable varieties. To address these challenges, it is essential to identify genotypes that possess favorable traits, supported by adequate variability in key economic attributes, to ensure their effective integration into breeding efforts (Prasath & Venugopal, 2004). The morphological traits of cardamom germplasm exhibit a wide range of variability (Abraham & Tulasidas, 1958). 
A repository of 195 distinct cardamom accessions has been maintained at the Cardamom Research Station in Pampadumpara to enable significant research. Exploring the genetic diversity within this superior germplasm is crucial for identifying promising lines that possess specific desirable traits (Ali et al., 2008) and for selecting genetically distinct parents. Genetic variation among parental lines plays a vital role in exploiting transgressive segregation in breeding efforts and deriving heterosis in progeny (Joshi et al., 2004).
Cluster analysis and Principal Component Analysis (PCA) are commonly employed techniques for assessing genetic diversity, as they provide valuable information on genetic relationships and variability. These approaches have proven essential in analyzing family linkages and distinguishing distinct clusters among various accessions (Rogers, 1972). The current study aimed to evaluate and quantify the variability among high-yielding cardamom accessions, identify superior genotypes with enhanced yield potential, and examine character associations to support targeted breeding efforts.
2.materials and methods 
2.1 Experimental genetic accessions
A total of 21 cardamom accessions, including hybrids, advanced breeding lines, plant selections, nursery seedling selections, and farmer varieties, were used in the study. These accessions were obtained from an ex-situ field gene bank maintained at the Cardamom Research Station of Kerala Agricultural University, Pampadumpara. The selection was based on the observed seedling vigour. Comprehensive details of the accessions are presented in Table 1. 
Table 1. List of cardamom [E. cardamamom (L.) Maton] germplasm accessions
	Sl.No
	Accession
	Remarks

	1.
	Pl. No. 10 
	Plant selection from commercial plantation of CRS, Pampadumpara

	2.
	Pl.No. 19 
	Plant selection from commercial plantation of CRS, Pampadumpara

	3.
	PPK 2 
	Vazhukka, selection form green gold. Extra-long panicle but small capsules, land races identified from farmer’s field

	4.
	BEP 1 
	Vazhukka, close internodes, land races identified from farmer’s field

	5.
	PS 27 
	Malabar, pale green-coloured capsules, plant selection from commercial plantation of CRS, Pampadumpara

	6.
	BEP 2 
	Vazhukka, light green-coloured capsules, four panicles per tiller, selection from farmer’s field

	7.
	PL.No. 1 
	Vazhukka, plant selection from commercial plantation of CRS, Pampadumpara

	8.
	NS 25 
	Malabar, nursery seedling selection based on vigour

	9.
	HY 9 
	Malabar, selection from F1s of cross between PV1&Clone 57

	10.
	NS 18 
	Vazhukka, nursery seedling selection

	11.
	HY 6 
	Malabar, long panicle, more internodal distance, selection from F1s of cross between PV1&Clone 57

	12.
	PS 3 
	Malabar, green-coloured large round capsules, plant selection from commercial plantation of CRS, Pampadumpara

	13.
	PS  34 
	Plant selection from commercial plantation of CRS, Pampadumpara

	14.
	PL.No. 4 
	Vazhukka, plant selection from commercial plantation of CRS, Pampadumpara

	15.
	NS 50 
	Vazhukka, nursery seedling selection based on vigour

	16.
	Pl.No. 14 
	Vazhukka, round bold capsules, plant selection from commercial plantation of CRS, Pampadumpara

	17.
	NS 20 
	Malabar, nursery seedling selection based on vigour

	18.
	NS 34 
	Vazhukka, nursery seedling selection based on vigour

	19.
	NS 29 
	Vazhukka, nursery seedling selection based on vigour

	20.
	NS 24 
	Vazhukka, nursery seedling selection based on vigour

	21.
	GG 
	Vazhukka, fertilizer responsive high yielding variety, popular farmer variety known as green gold



1.2 Germplasm characterization
The research was carried out at the experimental farm of the Cardamom Research Station in Pampadumpara, located in Idukki district, Kerala. This site lies at an elevation of 1100 meters above mean sea level, positioned at 9°51′0″ N latitude and 76°56′24″ E longitude. The soil in the area is categorized as forest loam, with a pH ranging between 5 and 6.
The experiment was laid out in a randomized block design (RBD) with three replications. Each plot contained 12 plants, planted at a spacing of 3 x 3 m. The variety "Green Gold" served as the check. All recommended agronomic practices prescribed by Kerala Agricultural University were followed consistently during the study. The germplasm accessions were evaluated based on ten traits related to yield and yield components. The characterization was carried out following the IPGRI descriptor guidelines for E. cardamomum.
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Fig.1.  Capsules of PS 27 and PPK 2

2.3 Data analysis
A pooled analysis of yield and its contributing traits was carried out using data collected over four-year period. The recorded trait data were analyzed using multivariate statistical techniques. To determine the extent of variability among the landraces and varieties, analysis of variance (ANOVA) was performed with the help of the statistical software GRAPES. Cluster analysis and principal component analysis (PCA) were utilized to examine the grouping patterns and interrelationships among the cardamom genotypes. For cluster analysis, a distance matrix was created using Euclidean dissimilarity coefficients calculated for each pair of genotypes. PCA was conducted using a correlation matrix derived from the quantitative traits to identify the principal components responsible for the observed variation. Both cluster analysis and PCA were carried out using Minitab 18 software. Additionally, correlation coefficients were calculated to determine associations among different traits.
3. ReSULTS AND DISCUSSION

Significant differences (at the 1% probability level) were found among the genotypes for all ten yield attributing traits. Among the evaluated accessions, PS 27 exhibited the highest fresh capsule weight (5185 g per plant), with Pl.No. 14 following closely; both were statistically on par. Notably, the trend was reversed for dry capsule weight, as Pl.No. 14 showed a superior dry recovery percentage.
PS 27 (Fig. 1) exhibited the highest 100-capsule volume, and was statistically on par with Pl.No. 19, BEP 1, HY 9, NS 18, HY 6, NS 20, Pl.No. 14, and NS 24. The maximum 100-capsule weight was recorded in HY 9, with PS 27 ranking next, highlighting the notable capsule boldness of PS 27 in comparison to the other genotypes.
PS 3 recorded the highest seed count per capsule (22.5), with PS 27 ranking next. NS 50 showed the maximum number of panicles per clump, a value statistically similar to that of Pl.No. 14. The longest panicle length was noted in Pl.No. 14 (87.33 cm), followed by Pl.No. 4, BEP 2, Pl.No. 1, and PS 3, all of which exhibited statistically on par values.
Except for 100-capsule weight, Pl.No. 14 excelled in the majority of evaluated traits, with PS 27 closely trailing. The results highlight Pl.No. 14 and PS 27 (Fig. 2) as superior genotypes, making them suitable for inclusion in future breeding initiatives focused on enhancing yield potential.
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Fig. 2. Basal region of plants showing the panicles and orientation in Pl.No. 14 and PS 27
3.1. Principal component analysis
Principal component analysis (PCA) and cluster analysis serve as essential methodologies for assessing genetic diversity, enabling the identification of relative differences among accessions (Shajitha et al., 2015). In this study, PCA was employed to examine the extent of variation and distribution trends among small cardamom accessions. The principal factor analysis was performed using the principal component (PC) method for factor extraction, emphasizing key morphological traits that played a major role in phenotypic diversity. The selection of parental lines was primarily based on the contribution of specific traits to overall divergence.
PCA revealed the primary contributors to total variation at distinct points. Eigenvalues were utilized to determine the number of major principal components explaining variability. Differentiation among populations was observed across various axes of divergence, accounting for the overall variation. The first principal component (PC1) explained the highest proportion of variability (35.0%), followed by PC2 (23.4%), PC3 (14.2%), and PC4 (9.9%). Together, the first four principal components accounted for 82.5% of the total variation among the studied accessions.
All evaluated traits showed a positive influence on PC1. In contrast, fresh weight, dry weight, 100-capsule volume, 100-capsule weight, and seed number demonstrated negative contributions to PC2, underscoring the complex contributions of these traits to the phenotypic variability observed among the accessions.
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Fig. 3.  PCA scatter plot showing distribution pattern of the cardamom genotypes assayed
To visualize the distribution of cardamom accessions, the first two principal components were plotted on a scatter plot (Fig. 3), providing an informative representation of the genotypes. Genotypes PS 27, Pl.No. 4, Pl.No. 14, and NS 25 exhibited the greatest divergence based on the scatter plot. These genotypes, with their significant variability, are ideal candidates for hybridization programs and are expected to produce highly heterogenic crosses. Morphologically diverse genotypes identified through this analysis can serve as valuable resources for future breeding programs aimed at enhancing yield and other desirable traits.
3.2. Cluster analysis
Cluster analysis is an effective approach for assessing family relationships among genotypes (Mellingers, 1972). Unlike cluster analysis, which assigns each germplasm line to a single cluster, principal component analysis (PCA) offers the advantage of accounting variability across multiple components. In the present study, the gene bank accessions were classified into three distinct clusters at a 75% genetic similarity, reflecting the extent of variability among the accessions and their phenotypic performance
Cluster I comprised Pl.No. 10, HY 9, HY 6, Pl.No. 1, PPK 2, NS 34, Pl.No. 14, and Green Gold (GG). Cluster II included the largest number of genotypes, while PS 27 uniquely formed Cluster III. Pl.No. 14 and Green Gold, included in Cluster I, demonstrated their superiority in yield and morphological similarity. The maximum inter-cluster distance was observed between Clusters II and III, indicating significant genetic diversity.
The mean cluster values indicated substantial variation among the traits studied. Cluster III recorded the highest values for fresh yield, dry yield, 100-capsule volume, 100-capsule weight, seed count, and tiller number per clump. Meanwhile, Cluster I showed high mean values for traits such as plant height, panicle length, and the number of racemes per panicle.
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Fig. 4. Phenogram illustrating the clustering pattern of cardamom [Elettaria cardamomum (L.) Maton] accessions based on morphological traits.
No clear relationship between the collection source and the clustering pattern was observed. Instead, the clustering primarily reflected groupings based on quantitative traits, a pattern that was further supported by the PCA results. The distinct clustering of genotypes indicates a high degree of genetic diversity among the germplasm accessions examined.
3.3. Association of different yield and yield attributing characters
The small cardamom genotypes analysed in this study demonstrated significant positive correlations among various quantitative traits. Fresh yield showed a strong positive correlation with dry yield, while traits such as 100-capsule volume, 100-capsule weight, and seed number were also significantly and positively interrelated. Moreover, seed number exhibited a positive correlation with the number of tillers per clump. These results indicate that selecting for these traits concurrently may enhance the development of high-yielding varieties. Similar findings were reported by Backiyarani et al. (2002), who noted that most traits, except 100-capsule weight, were significantly correlated with yield per clump.
A significant positive correlation was observed among plant height, panicle length, and the number of racemes per panicle, suggesting that taller plants are likely to produce more panicles. This relationship implies that increased plant height may lead to greater accumulation of photosynthates, thereby enhancing overall yield. Comparable results were documented by Backiyarani et al. (2000). These correlated traits offer valuable insights for focusing on crop improvement in cardamom.
According to Jagadev et al. (1991), traits that make the greatest contribution to genetic divergence should be given priority when selecting cluster type for further evaluation and identifying suitable parent lines for hybridization.
4. CONCLUSION
This research investigated intra-specific variation in cardamom with an emphasis on yield and yield-associated traits, uncovering considerable genetic diversity among the studied germplasm accessions. PS 27 and Plant No. 14 emerged as superior genotypes compared to the commonly cultivated Njallani Green Gold. It is concluded that traits associated with both vegetative and reproductive stages provide valuable insights for analysing phenotypic diversity in cardamom. Among the accessions analyzed, PS 27, Plant No. 14, Plant No. 4, and NS 25 stood out as genetically distinct. Additionally, most yield-related traits showed positive correlations with both fresh and dry yields. The genetic diversity insights from this study are valuable for identifying diverse parental lines and strengthening cardamom breeding efforts in Indian cardamom.
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