Genetic Variability and Stability of Groundnut (Arachis hypogaea L.) Genotypes for Yield and Yield Components Across Locations




ABSTRACT

The present study was conducted using groundnut genotypes to analyze the genetic variability, stability and association among stability parameters of nine groundnut genotypes along with checks for yield and yield attributing traits. Analysis of variance revealed significant differences among the genotypes for all the characters studied. Among the nine traits studied, hundred pod kernel weight (g) showed the most promising combination of high heritability (73%) and genetic advance (14.21%), indicating the predominance of additive gene effects and suggesting that direct selection for this trait will be effective in yield improvement. Other traits such as hundred pod weight (g) and hundred kernel weight (g) also showed moderate potential for selection. Further, traits shelling percentage, days to maturity, dry haulm yield (g/plot) and dry pod yield (g/plot) are largely influenced by the environment, hence indirect selection through component traits may be more efficient. AMMI stability parameters and biplot analyses, revealed that, PGN C3 and PGN 2 genotypes were the most promising genotypes, combining high yield and favourable stability across environments. The combination of correlated (ASI, ASV, MASI, MASV) and less correlated (AMGE, Za, SIPC) indices would provide a more comprehensive understanding of genotype stability across environments. These stable lines could be used as parents in various breeding programs.
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Introduction
 “Groundnut (Arachis hypogaea L.) is an important oilseed crop cultivated on approximately 41.57 million hectares with a production of about 59.64 million tons worldwide” (FAOSTAT 2024). “Groundnut is one of the important oilseed crops of India. It is a herbaceous legume that is native to South America (Brazil) and belongs to the Fabaceae family. The crop consists edible oil (43-55%), protein (21-30%), carbohydrate (11-22%) and various nutritious components such as vitamin E, niacin, calcium, magnesium, phosphorus, zinc, iron, riboflavin, thiamine and potassium in its kernels. Groundnut fat consists of monounsaturated fatty acids, oleic acid (37-81.4%) poly unsaturated fatty acid, linoleic acid (3.8-401.2%)” (Janila et al., 2016). “In India the productivity and quality are likely to be impaired in coming years owing to fluctuating climatic conditions. The incidence of fungal disease like late leaf spot, rust  have increased in the recent years due to continuous cultivation of Kadiri6 and TAG24 varieties. The occurrence of late leaf spot and rust are common in rainfed ecologies world over and studies showed that in India they cause 51 per cent reduction in pod yield” (Pande et al., 2003 and Singh et al., 2011). “The fungal pathogen (Phaeoisariopsis personata) causes late leaf spot disease in groundnut.” (Delacy et al. 1996). Considerate the GEI and stability analysis can help plant breeders select stable genotypes. Several stability procedures have been developed to explain the GE interaction. These stability methods can be divided Significant G×E interactions (GEI) reduce the association between genotype and phenotype, making it hard to identify superior genotypes, thus affecting breeding progress.

“Heritability helps in feasibility of selection. Genetic advance as percent of mean (GAM) indicates the mode of gene action in the expression of a trait, which helps in deciding an appropriate breeding method. Studies on genetic variability, stability and genetic parameters (heritability, genetic advance, genetic advance as percentage of mean, phenotypic coefficient of variation, genotypic coefficient of variation, environment coefficient of variation in groundnut reveal important insights for breeding programs aimed at improving yield and adaptability. These parameters help quantify the extent and nature of genetic variation and its heritability, guiding breeders in selecting the most promising genotypes” (Patil et al. 2015). 

“To identify promising stable genotypes in multi environment trials we are frequently using two powerful statistical tools viz., additive main effects and multiplicative interaction (AMMI) and genotype main effect and genotype-by-environment interaction (GGE). The AMMI model combines analysis of variance for the genotype and environment main effects with principal components analysis of the G×E interactions” (Gauch and Zobel, 1996). “The GGE had the genotypic main effect coupled with the G×E interaction effect” (Yan et al., 2000). “GGE biplot analysis evaluates the performance of the genotypes in terms of both mean performance and their stability across environments and provides an easy and comprehensive solution to genotype by environment data analysis” (Yan and Tinker, 2006). 
“The AMMI model increases the probability of selection of high yielding genotypes. The other stability statistics like AMMI stability value (ASV) was considered” (Purchase et al., 2000) “because AMMI model does not make quantitative stability measure, which is essential to quantify and rank the genotypes in terms of their stability. Along with this, another stability statistics i.e. Genotype selection index (GSI) was also used which incorporates both mean yield and stability in a single criterion” (Farshadfar, 2011) to measure the stability of genotypes. 
Correlation among stability parameters helps to identify relationships between stability estimates, whether a genotype stable by one method is also stable by another.  It determines certain parameters can be used interchangeably or complementarily,  guides selection decisions for both stability and performance.
  
Hence in the present study, different stability statistics were used to identify the stable genotypes across the environments, to find out the association among stability statistics and to validate stability of tested genotypes through GGE biplot.

Materials and Methods
The experiment was carried out at the AICRP on Groundnut Supporting Centre, Regional Agricultural Research Station, Palem, Nagarkurnool, Telangana during the Rabi season, 2023-24. The experimentation site has a semi-arid climate and is located at 16º351 latitude, 78º11 longitude and 642 m above mean sea level in the Southern Telangana Zone. Nine genotypes were raised in a randomized block design with three replications with spacing of 30 cm between rows and 10 cm between the plants, together with advanced breeding lines and checks (PGN 1, PGN 2, PGN 3, PGN C1, PGN C2, PGN C3, PGN C4, PGN C5 and PGN C6) reports were used in the present paper to study the influence of genotype x environment interaction on the yield stability of genotypes evaluated at three environments viz., Palem (E1), Jagtial (E2) and Thornala  (E3) locations (Table 1) with AMMI model and GGE Biplot.

The observations of Hundred pod weight (g), Hundred pod kernel weight (g), Hundred kernel weight (g), Sound mature kernel %, Days to maturity, shelling outturn (%),   Dry halm yield (g/plot), Kernel yield (g/plot), Dry pod yield (g/plot), were recorded and the mean values were considered for analysis. Analysis of variance for Randomized Complete Block Design was done initially to find out the genotypic differences between the lines based on the method given by Panse and Sukhatme, (1954). 

The data of dry pod yield of nine genotypes were collected from three environments i.e., Palem, Jagtial and Thornala. The ANOVA for dry pod yield (g/plot) for each environment from nine genotypes was analyzed using R-Studio software. The Bartlett's test of homogeneity of error variances showed a non-significant Chi-square, accepting the hypothesis of homogeneous error variance (Gomez and Gomez, 1984). The AMMI analysis (Gauch, 2006) and GGE analysis based on two principal components (Yan and Kang, 2003) were done using the data of three environments with R software. The AMMI model first fits additive effects for the main effects of genotypes and environments followed by multiplicative effects for GE interaction using principal component analysis. The data were subjected to statistical analysis using for various genetical parameters and calculated analysis of variance (Federer 1956). Genotypic variance (Vg) and phenotypic variance (Vp) were estimated for the character having significant mean square due to the genotypes. Genotypic coefficient of variation (GCV) and Phenotypic coefficient of variation (PCV) were computed for each character as per the method suggested by Burton and Devane (1953). Heritability (broad sense) and genetic advance as percent of mean were estimated and categorized as suggested by Johnson et al. (1955).

AMMI model does not provide quantitative measure of stability; but genotypes have to be quantified and ranked according to their yield stability. The AMMI stability values (ASV) were calculated to study the stability of genotypes across the environments (Purchase et al., 2000). The lower stability value indicated high stability and vice versa.
The AMMI Stability Value (ASV) = √[((SSIPCA1 / SSIPCA2) x (IPCA1 score))2 + (IPCA2 score) 2], where SSIPCA1 and SSIPCA2 are the sums of squares for the first and second interaction principal component axes (IPCA1 and IPCA2), respectively, and the IPCA1 and IPCA2 scores are the genotype scores in the AMMI model. 

 	GSI incorporates both the ASV index and mean seed yield in single criteria (GSIi) and was calculated for each genotype (Farshadfar and Sutka, 2003):
GSIi=RYi+RASVi, 
where GSIi is genotype selection index for i-th genotype, RYi is the rank of mean seed yield for the i-th genotype, RASVi is the rank for the AMMI stability value of the i-th genotype. 

Various Additive Main effects and Multiplicative Interaction (AMMI) based stability parameters could have strong positive (or) negative correlations depending on the specific parameters and the dataset, but significant positive correlations are common among most metrics. Some parameters, like the Modified Ammi Stability Index (MASI) and Ammi Stability Value  (ASV) are oftenly positively associated with each other, while others may show weaker (or) even negative correlations with yield. The several studies show significant positive rank correlations between many AMMI-based stability metrics. 

Results and Discussion
The analysis of variance (ANOVA) revealed that highly significant differences among environments (p < 0.001) with an F-value of 19.17, indicating that the tested environments were distinctly variable and contributed substantially to the observed performance differences. Replications were non-significant (p = 0.36), suggesting that experimental error due to replication was minimal and the experimental design was reliable. Significant differences were observed among genotypes (p < 0.01) with an F-value of 3.9, highlighting the presence of considerable genetic variability among the tested entries. 

This variability provides an opportunity for effective selection and genetic improvement. The genotype × environment interaction  was also highly significant (p < 0.001), indicating that genotypes responded differently across environments. Such differential responses emphasize the necessity of stability analysis to identify genotypes that combine high mean performance with consistent adaptability across diverse conditions.

The residual variance was relatively low compared to the environment and interaction components, further validating the robustness of the experimental data. The coefficient of variation (CV) was 12%, which falls within an acceptable range, indicating good precision of the experiment. These results justify the use of AMMI biplot analysis to further explore stable and high-performing genotypes across environments.
[bookmark: _Hlk210128642]“The AMMI analysis revealed that substantial variation among genotypes for mean performance and stability parameters. The grand mean dry pod yield was 1448 g/plot, with genotypic means ranging from 1277 g/plot (PGN C2) to 1618 g/plot (PGN C3). While, the genotype PGN C3 recorded the highest mean dry pod yield (1618 g/plot), followed by PGN C6 (1529 g/plot) and PGN 1 (1583 g/plot), indicating superior productivity across environments. Further, stability measured by the AMMI Stability Value (ASV) and the Genotype Selection Index (GSI), revealed that PGN C2 has ASV (3.2) and GSI (0.446) was the most stable genotype with broad adaptability, despite its lower mean yield. PGN 2 has GSI 1.23) and PGN C3 GSI (1.864) combined relatively high yield with favourable stability, making them promising candidates for both productivity and adaptability” (Muhammad et al.2020).
[bookmark: _Hlk210128673]In contrast, PGN C6 (ASV = 109.6 and GSI = 15.479) and PGN C4 (ASV = 101.4 and  GSI = 14.318) exhibited very high ASV values, indicating poor stability and specific adaptation rather than wide adaptability. The genotypes, PGN C1 and PGN C5 showed intermediate yield levels with moderate stability. Hence, the integration of mean performance and stability indices suggests that PGN C3 and PGN 2 are the most promising genotypes, offering high yield with acceptable stability(Table 2) (Oral et al. 2018).

“The hundred pod weight (g) recorded a high mean (106 g) with moderate phenotypic (7.72%) and genotypic coefficients of variation (6.01%). Broad sense heritability was moderate (61%) coupled with a genetic advance (GA) of 10.21, indicating that selection based on this trait would be effective for improvement” (Mahatma et al. 2019).
“Hundred pod kernel weight (g) exhibited relatively higher PCV (9.49%) and GCV (8.09%) and high heritability (73%). The genetic advance as percent of mean (GAM) (14.21%) was also higher, indicating that additive gene action plays a major role and selection would be highly rewarding” (Bhargavi et al.2017).
The hundred kernel weight (g) exhibited moderate PCV (8.27%) and GCV (6.3%), with heritability of 58%. Although heritability is moderate, the genetic advance (3.85%) and genetic advance as percent of mean (9.88%) suggest that selection would result in modest improvement.
The traits sound mature kernel (%) and shelling percentage showed low heritability (16%) and negligible genetic advance and genetic advance as percent of mean, implying strong environmental influence and limited scope for direct selection.
Days to maturity showed very low variability, PCV (2.42%), GCV (1.1%) with low heritability (21%) and minimal genetic advance as percent of mean (1.03%). This suggests that maturity is highly influenced by the environment and difficult to improve through direct selection.
The traits, dry haulm yield (g/plot), kernel yield (g/plot) and dry pod yield (g/plot)
recorded high phenotypic variability (8–9%) but extremely low genotypic variability (~1%) and very low heritability (10%). Genetic advance and genetic advance as percent of mean were also minimal (1.0), suggesting that these yield traits are predominantly governed by environmental factors rather than genetics (Vishnuvardhan et al. 2012 and Chavadhari et al.2017 ).
Among all traits studied, hundred pod kernel weight showed the most promising combination of high heritability and genetic advance, indicating the predominance of additive gene effects and suggesting that direct selection for this trait will be effective in yield improvement. Other traits such as hundred pod weight and hundred kernel weight also showed moderate potential for selection. In contrast, traits like shelling percentage, days to maturity, dry haulm yield (g/plot) and dry pod yield (g/plot) are largely influenced by the environment, hence indirect selection through component traits may be more efficient.

Correlation among AMMI Stability Parameters
[bookmark: _GoBack]The correlation matrix of various AMMI stability parameters revealed that a strong positive association among most of the indices, indicating that they provide similar information regarding genotype stability. The parameters such as ASI (AMMI Stability Index), ASV (AMMI Stability Value), ASTAB (AMMI Stability Parameter), AVAMGE (Average Sum of the Absolute Value of the GEI), DA (Deviation from the Average Environment Coordination), DZ (Deviation from Zero), FA(Finlay–Wilkinson’s Regression), MASI (Modified AMMI Stability Index) and MASV (Modified AMMI Stability Value) were highly correlated with each other (r = 0.75–1.00), indicates that these stability parameters measure similar aspects of genotype stability and adaptability across environments. Whereas the parameters SIPC (Sum of the Interaction Principal Component Scores), Za (Absolute Value of the Relative Contribution of Interaction Principal Component Axes), MASI (Modified AMMI Stability Index) and MASV (Modified AMMI Stability Value) are almost perfectly correlated (r = 0.99), suggesting they provide identical genotype ranking for stability. The AMGE (AMMI-based Mean Genotypic Estimate) showed weak to negative correlation (r = –0.15 to –0.68) with most stability parameters. This indicated that higher mean dry pod yield performance tends to associate with lower stability indices.
 
Remarkably, AMGE (Absolute Value of the GEI) showed weak or negative correlations with most other stability parameters, indicating that it may be capturing a distinct component of stability compared to the rest. This suggests that AMGE (Absolute Value of the GEI)  should be used  cautiously and preferably in combination with other stability indices for robust selection decisions. Hence, the results highlighted that while many AMMI stability parameters are highly redundant due to strong inter correlations, the indices like AMGE, SIPC and Za provide additional, complementary insights. Therefore, using a combination of correlated (ASI, ASV, MASI, MASV) and less correlated (AMGE, Za, SIPC) indices would provide a more comprehensive understanding of genotype stability across environments (Table 3).

Conclusion 
[bookmark: _Hlk210128240]Based on the above results, the hundred pod kernel weight (g) showed the most promising combination of high heritability and genetic advance, indicating the predominance of additive gene effects and suggesting that direct selection for this trait will be effective in yield improvement. Whereas the other traits such as hundred pod weight (g) and hundred kernel weight (g) also showed moderate potential for selection. Further, traits shelling percentage, days to maturity, dry haulm yield (g/plot) and dry pod yield (g/plot) are largely influenced by the environment, hence indirect selection through component traits may be more efficient. AMMI stability parameters and biplot analyses, revealed that, PGN C3 and PGN 2 genotypes were the most promising genotypes, combining high yield and favourable stability across environments. The combination of correlated (ASI, ASV, MASI, MASV) and less correlated (AMGE, Za, SIPC) indices would provide a more comprehensive understanding of genotype stability across environments.
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Table1: Analysis of variance
	Source
	Df
	Sum Sq
	Mean Sq
	F value
	Pr(>F)

	Environments
	2
	12,05,030.69
	6,02,515.35
	19.165
	<0.001***

	REP(ENV)
	6
	2,13,278.00
	35,546.33
	1.131
	0.36

	Genotypes
	8
	9,94,844.47
	1,24,355.56
	3.956
	<0.01**

	GEN:ENV
	16
	22,83,093.31
	1,42,693.33
	4.539
	<0.001***

	Residuals
	48
	15,09,042.67
	31,438.39
	-
	-

	CV(%)
	12
	-
	-
	-
	-

	Grand mean
	1,448
	-
	-
	-
	-


* represents p-value < 0.05, ** represents p-value < 0.01







Table 2 - Mean dry pod yield (g/plot), IPCA1 and IPCA2 scores and AMMI stability values of nine genotypes. 

	Sno.
	Genotypes
	Mean
	IPCA1
	IPCA2
	ASV
	GSI

	1
	PGN 1
	1,583
	4.19
	3.58
	25.8
	3.636

	2
	PGN 2
	1,461
	0.27
	8.56
	8.7
	1.23

	3
	PGN 3
	1,317
	−8.38
	8.95
	51.7
	7.305

	4
	PGN C1
	1,481
	9.04
	−2.07
	55.1
	7.772

	5
	PGN C2
	1,277
	0.52
	−0.04
	3.2
	0.446

	6
	PGN C3
	1,618
	−1.08
	−11.46
	13.2
	1.864

	7
	PGN C4
	1,368
	−16.66
	−2.85
	101.4
	14.318

	8
	PGN C5
	1,395
	−5.93
	−4.20
	36.3
	5.125

	9
	PGN C6
	1,529
	18.02
	−0.47
	109.6
	15.479

	
	Mean
	1448
	
	
	
	



* Significant at 0.05 probability level; **Significant at 0.01 probability level










Table 3: Variability parameters in groundnut for yield and yield components




	Trait
	Mean
	Std. Error of Mean
	Std. Deviation
	Min
	Max
	Coefficient of Variation (%)
	GCV (%)
	PCV (%)
	ECV (%)
	Broad-Sense Heritability (H2)
	Genetic Advance (GA)
	GAM (%)

	Hundred pod weight (g)
	106
	1.43
	12.9
	76
	142
	12.2
	6.01
	7.72
	6.26
	61
	10.21
	9.66

	Hundred pod weight (g)
	71
	1.15
	10.3
	50
	97
	14.5
	8.09
	9.49
	9.42
	73
	10.16
	14.21

	Hundred kernel weight (g)
	39
	0.78
	7
	22
	55
	18
	6.3
	8.27
	9.92
	58
	3.85
	9.88

	Sound mature kernel (%)
	80
	1.41
	12.7
	30
	98
	15.8
	0
	8.95
	4.55
	16
	0
	0

	Shelling (%)
	68
	0.64
	5.7
	53
	78
	8.5
	1.2
	3
	8.26
	16
	0.67
	0.99

	Days to maturity
	110
	0.62
	5.6
	102
	125
	5.1
	1.1
	2.42
	1.03
	21
	1.13
	1.03

	Dry halm yield (g/plot)
	1916
	139.48
	1255.4
	562
	4500
	65.5
	1.0
	8.3
	14.43
	10
	1.0
	1.0

	Kernel yield (g/plot)
	977
	21.26
	191.4
	626
	1600
	19.6
	1.0
	9.01
	12.9
	10
	1.0
	1.0

	Dry pod yield (g/plot)
	1448
	30.95
	278.5
	1000
	2200
	19.2
	1.0
	8.51
	12.25
	10
	1.0
	1.0



Fig. 1. Correlation between different AMMI stability parameters
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AMGE (Absolute Value of the GEI), ASI (AMMI Stability Index), ASV (AMMI Stability Value), ASTAB (AMMI Stability Parameter), AVAMGE (Average Sum of the Absolute Value of the GEI), DA (Deviation from the Average Environment Coordination), DZ (Deviation from Zero), FA(Finlay–Wilkinson’s Regression), MASI (Modified AMMI Stability Index) , MASV (Modified AMMI Stability Value, SIPC (Sum of the Interaction Principal Component Scores) and Za (Absolute Value of the Relative Contribution of Interaction Principal Component Axes)
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