


Trait associations and Path analysis for green fruit yield in elite selections from multi-parent derived populations of Chilli (Capsicum annuum L.)

Abstract
Green fruit yield is a complex quantitative trait influenced by several yield-related components, and understanding the relative contribution of these traits is essential for effective selection in chilli breeding. The present study was undertaken to assess the association of green fruit yield with yield-related traits among elite selections derived from five superior eight-parent multi-parent (MP) populations of chilli. The selected MP-derived populations comprised D4 × D3, D4 × D2, D5 × D2, D6 × D2 and D7 × D2. Elite progenies derived from superior plants within these populations were evaluated during the 2020 rainy season at the experimental farm of the University of Agricultural Sciences, Bengaluru. Observations were recorded for average fruit weight, average fruit number plant-1, average fruit length, average fruit width and green fruit yield per plant. Phenotypic correlation coefficients were estimated separately for each MP-derived population, while path coefficient analysis was performed using the pooled dataset to partition the correlations into direct and indirect effects. Average fruit number plant-1 exhibited a strong and positive association with green fruit yield across all five populations. Average fruit length showed significant positive associations with green fruit yield. Path analysis revealed the highest positive direct effect for average fruit number plant-1, followed by average fruit width and average fruit weight. The findings suggest that fruit number plant-1 may serve as an important selection criterion for improving green fruit yield, with fruit length and fruit width serving as complementary traits depending on the genetic background of the population.
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Introduction
Chilli (Capsicum annuum L.) is an important vegetable and spice crop cultivated widely for its green and dry fruits (Deepika et al., 2026; Komala et al., 2023). Chilli is rich in minerals, essential vitamins, nutrients and phytochemical content (Ali et al., 2025; Karim et al., 2021; Madhavi Reddy et al., 2024). Green fruit yield is one of the major economic traits determining the productivity and commercial value of chilli cultivars. However, yield is a complex quantitative trait governed by several component traits and influenced by environmental conditions (Tilahun et al., 2022). Therefore, direct selection for yield alone may not always provide an efficient approach for improving yield potential (Balakrishnan et al., 2026). Several morphological and yield-related traits contribute to green fruit yield, including fruit number plant-1, fruit size, fruit weight and fruit dimensions. The magnitude and direction of their association with yield may vary depending on the genetic background of the breeding material. Identification of traits that consistently contribute to yield is therefore important for developing effective selection strategies. Recent chilli studies have likewise identified fruit number and fruit weight as important yield-associated traits, although the strength of individual trait relationships varies among genetic materials (Nayak et al., 2025; D. B. Singh et al., 2023).
Correlation analysis provides an estimate of the degree and direction of association between yield and its component traits (R. Singh et al., 2024). Positive correlation between a component trait and yield indicates that improvement of the trait may be accompanied by an increase in yield. However, correlation coefficients do not distinguish between direct effects and associations arising through other component traits. A trait may exhibit a strong correlation with yield because of its association with another trait that has a stronger direct influence on yield. Path coefficient analysis helps overcome this limitation by partitioning correlation coefficients into direct and indirect effects (Usman et al., 2017).
Multi-parent populations provide an opportunity to combine genetic variation from several founder lines and generate diverse recombinants. Such populations can provide useful material for identifying superior selections and understanding relationships among complex quantitative traits. Five superior eight-parent MP-derived populations were previously identified based on their breeding potential from a larger set of MP-derived populations (Siddu et al., 2025). The elite selections derived from these populations provide an opportunity to investigate the contribution of individual yield-related traits to green fruit yield across different population backgrounds. Multi-environment evaluations further show that yield-related attributes in chilli can vary with genotype and production environment, underscoring the value of evaluating selection responses within defined genetic backgrounds and environments (Sahmat et al., 2024; Subhavyuktha et al., 2024).
Although the present breeding material comprises elite selections from five superior eight-parent MP-derived populations, the relative direct and indirect contributions of the selected yield-related traits to green fruit yield have not been characterised across these population backgrounds. A population-wise assessment is therefore needed to determine whether the same yield components show consistent associations with green fruit yield across the selected MP-derived populations.
Therefore, the present study was undertaken to assess the association of green fruit yield with selected yield-related traits across five superior MP-derived populations and to partition these associations into direct and indirect effects through path coefficient analysis, with the objective of identifying yield components that consistently contribute to green fruit yield.
Materials and Methods
Experimental material
The experimental material comprised five superior eight-parent multi-parent (MP)-derived populations selected from an earlier study that evaluated the breeding potential of ten MP-derived populations (Siddu et al., 2025). The selected populations were D4 × D3, D4 × D2, D5 × D2, D6 × D2 and D7 × D2. Seeds of the selected MP-derived populations were obtained from the Hot Pepper Improvement Unit, Department of Genetics and Plant Breeding, College of Agriculture, University of Agricultural Sciences, Bengaluru, India. Within each of the five superior MP-derived populations, ten elite plants were identified based on their superior performance for yield and yield-related traits. Seeds harvested from these selected plants were advanced and evaluated during the present investigation.
Table 1. Multi-parent derived populations selected based on breeding potential and their parentage
	MP-derived population
	Parentage

	D4 × D3
	[(LG 174 × BD) × (Vang × CA14)] × [(UA × PJ) × (PS × CMS 6B)]

	D4 × D2
	[(LG 174 × BD) × (Vang × CA14)] × [(PC1 × CMS 10B) × (JL × CMS 8B)]

	D5 × D2
	[(LG 174 × BK) × (Vang × CA14)] × [(PC1 × CMS 10B) × (JL × CMS 8B)]

	D6 × D2
	[(GB × BK) × (Vang × LG 181)] × [(PC1 × CMS 10B) × (JL × CMS 8B)]

	D7 × D2
	[(GB × CA14) × (Vang × LG 181)] × [(PC1 × CMS 10B) × (JL × CMS 8B)]


Abbreviations: BD – Byadgi Dabbi; GB – Gouribidanur; UA – Utkal Awa; BK – Byadgi Kaddi; JL – Japani Long; PJ – Phule Jyothi; PS – Pusa Sadabahar; Vang – Vangara; 6B – CMS 6B; 8B – CMS 8B; 10B – CMS 10B; PC1 – Pant C1; CA14 – CA 14; LG174 – LG 174; LG181 – LG 181.

Field evaluation
Forty-day-old seedlings of each progeny line were transplanted separately in contiguous blocks during the 2020 rainy season at the experimental farm of the University of Agricultural Sciences, Bengaluru. The progeny rows were established with an inter-row spacing of 75 cm and an intra-row plant spacing of 45 cm. Throughout the crop growth period, recommended agronomic and plant protection measures were implemented to ensure the maintenance of a healthy and uniform crop stand. The blocks were arranged sequentially in the field to maintain the identity of the respective MP-derived populations during evaluation.
Trait recording
Data were recorded for individual plants with respect to five quantitative traits, namely mean fruit weight, mean number of fruits per plant, mean fruit length, mean fruit width, and green fruit yield per plant.
Data were collected from all plants within the selected progeny lines representing the five MP-derived populations. The dataset comprised observations from D4 × D3, D4 × D2, D5 × D2, D6 × D2 and D7 × D2 populations.
Statistical analysis
Phenotypic correlation coefficients were estimated using the following formula (Al-Jibouri et al., 1958) separately for each of the five MP-derived populations to determine the association of individual yield-related traits with green fruit yield per plant.      
rxy    = CoVxy Varx Vary                             
Where,   
       rxy	=   Phenotypic correlation coefficient between the characters x and y
      CoVxy   =    Phenotypic covariance between characters x and y
      Varx       =    Phenotypic variance of the character x
      Vary      =     Phenotypic variance of the character y
 Path coefficient analysis was subsequently performed using the pooled dataset to partition the association of the component traits with green fruit yield into direct and indirect effects, following the methodology proposed by Wright (1921) and subsequently illustrated by Dewey and Lu (1959).  Green fruit yield per plant was considered the dependent variable, while average fruit weight, average fruit number plant-1, average fruit length and average fruit width were considered component traits. The diagonal elements of the path coefficient matrix represented direct effects, while the off-diagonal elements represented indirect effects through the corresponding traits.
3. Results and Discussion
 Phenotypic association of yield-related traits with green fruit yield
Phenotypic correlation analysis was performed separately for each of the five superior MP-derived populations to determine the consistency of association between yield-related traits and green fruit yield. The results revealed predominantly positive associations, although the magnitude and significance of the relationships varied among traits and populations.
Table 2. Phenotypic correlation coefficients of yield-related traits with green fruit yield per plant in five superior MP-derived populations of chilli
	Trait
	D4 × D3
	D4 × D2
	D5 × D2
	D6 × D2
	D7 × D2

	Average fruit weight 
	0.01 NS
	0.08 NS
	0.20 NS
	0.04 NS
	0.15 NS

	Average fruit number plant-1 
	0.80 **
	0.90 **
	0.84 **
	0.90 **
	0.71 **

	Average fruit length
	0.32 **
	0.36**
	0.40 **
	0.22 *
	0.32 **

	Average fruit width 
	0.07 NS
	0.25*
	0.31 **
	0.11 NS
	0.45 **


Note: NS = non-significant; * = significant at P ≤ 0.05; ** = significant at P ≤ 0.01.
Average fruit number plant-1
Among the traits evaluated, average fruit number plant-1 exhibited the strongest and most consistent positive association with green fruit yield across all five MP-derived populations. The correlation coefficient ranged from 0.71 in D7 × D2 to 0.90 in D4 × D2. Thus, despite differences in population background, fruit number plant-1 consistently exhibited a strong positive association with green fruit yield. The consistency of this relationship across all five populations suggests that fruit number plant-1 is an important yield-associated trait in the elite selections evaluated. Since green fruit yield is determined by the cumulative production of fruits per plant, an increase in fruit number plant-1 can be expected to contribute substantially to total plant yield. These observations were consistent with previous reports (Afroza et al., 2013; Bijalwan & Mishra, 2016; Bundela et al., 2018; Datta & Jana, 2010; Gupta et al., 2009; Patel et al., 2015; Sarkar et al., 2009; Shweta et al., 2018; P. K. Singh et al., 2014; Y. Singh et al., 2009; Sreelathakumary & Rajamony, 2002; Vijaya et al., 2014).
Average fruit length
Average fruit length showed a positive association with green fruit yield in all five populations. The correlation coefficients ranged from 0.22 in D6 × D2 to 0.40 in D5 × D2. The positive relationship indicates that fruit length contributes to variation in green fruit yield; however, the magnitude of the correlation was consistently lower than that observed for fruit number plant-1. These findings were consistent with previous reports (Afroza et al., 2013; Bijalwan & Mishra, 2016; Gupta et al., 2009; Shweta et al., 2018; Sreelathakumary & Rajamony, 2002; Vijaya et al., 2014; Vikram et al., 2014).
Average fruit width
The association of average fruit width with green fruit yield varied among the five populations. The strongest positive association was observed in D7 × D2 (r = 0.45), followed by D5 × D2 (r = 0.31) and D4 × D2 (r = 0.25). These associations were significant. The population-specific nature of the association suggests that the contribution of fruit width to green fruit yield may depend on the genetic background of the population. The relatively strong association observed in D7 × D2 indicates that fruit width may have greater importance as a complementary selection criterion in this particular population. These observations were consistent with R. Singh et al. (2024).
Average fruit weight
Average fruit weight exhibited relatively weak associations with green fruit yield across all five populations. The correlation coefficients ranged from 0.01 in D4 × D3 to 0.20 in D5 × D2, and the associations were non-significant. The weak relationship suggests that variation in individual fruit weight alone did not account for a substantial proportion of the variation in green fruit yield among the elite selections. This finding differs from an earlier report in chilli, in which average fruit weight showed a significant positive association with fruit yield, indicating that the relative contribution of fruit size to yield may vary among genetic backgrounds and populations (Chakrabarty & Islam, 2017).
Pooled path coefficient analysis
Population-wise correlation analysis identified fruit number plant-1 as the most consistently associated trait with green fruit yield. To further determine whether the observed associations resulted from direct contributions or relationships mediated through other traits, path coefficient analysis was conducted using the pooled dataset.
The path analysis revealed considerable differences in the magnitude of direct effects among the component traits. Average fruit number plant-1 recorded the highest positive direct effect (0.78), followed by average fruit width (0.25) and average fruit weight (0.12). Average fruit length exhibited a comparatively small positive direct effect of 0.04 (Chethan Kumar et al., 2019; Janaki et al., 2018; Rana et al., 2015).
Table 3. Phenotypic path coefficient analysis showing direct and indirect effects of yield-related traits on green fruit yield per plant in chilli
	Trait
	Fruit weight
	Fruit number plant-1
	Fruit length
	Fruit width
	Green fruit yield

	Average fruit weight 
	0.12
	-0.003
	-0.0002
	0.11
	0.23

	Average fruit number plant-1 
	-0.001
	0.78
	0.006
	-0.01
	0.77

	Average fruit length
	-0.001
	0.13
	0.04
	-0.01
	0.16

	Average fruit width 
	0.05
	-0.04
	-0.001
	0.25
	0.26


The high direct effect of fruit number plant-1 was accompanied by a strong positive correlation with green fruit yield (r = 0.77). This indicates that the strong association between fruit number plant-1 and green fruit yield was predominantly attributable to its direct contribution rather than being mediated through other component traits. The indirect effects of fruit number plant-1 through fruit weight, fruit length and fruit width were relatively small, further supporting its importance as a direct yield component.
Average fruit width showed a positive direct effect of 0.25 and a positive correlation with green fruit yield (r = 0.26). Its indirect effect through fruit weight was positive (0.05), whereas its indirect effects through fruit number plant-1 (-0.04) and fruit length (-0.001) were relatively small and negative. Thus, the overall positive association of fruit width with yield was primarily supported by its direct effect.
Average fruit weight recorded a positive direct effect of 0.12. Its overall correlation with green fruit yield was 0.23, which was partly supported by a positive indirect effect through fruit width (0.11). The indirect effects through fruit number plant-1 and fruit length were negligible and negative.
Average fruit length recorded the lowest direct effect (0.04), despite showing a positive correlation with green fruit yield (r = 0.16). Its positive indirect effect through fruit number plant-1 (0.13) was considerably greater than its direct effect. This indicates that the association of fruit length with green fruit yield was largely mediated through its relationship with fruit number plant-1.
Conclusion
The population-wise correlation analysis showed that average fruit number plant⁻¹ had the strongest and most consistent positive association with green fruit yield across the five superior MP-derived populations. This trait also recorded the highest positive direct effect in the pooled path coefficient analysis, indicating that its relationship with green fruit yield was largely attributable to a direct contribution rather than to indirect effects through other traits. Average fruit width showed a moderate positive direct effect, while average fruit weight also had a positive direct effect but displayed weak and non-significant population-wise correlations with green fruit yield. Average fruit length was positively associated with green fruit yield across populations, although its pooled direct effect was small and part of its association was mediated through fruit number plant⁻¹. Taken together, the results support the use of fruit number plant⁻¹ as a principal selection criterion for improving green fruit yield in the elite selections evaluated. Fruit length and fruit width may provide complementary selection information, with their relative importance depending on the genetic background of the MP-derived population.
Limitations
The study was based on elite selections from five superior MP-derived populations evaluated during a single rainy season at one experimental location. Accordingly, the observed trait associations and pooled path coefficients primarily describe the evaluated genetic materials under the conditions of this experiment. The population-dependent relationships observed for some traits, particularly fruit width, indicate that selection responses may differ among genetic backgrounds. Validation across additional seasons, locations and larger sets of selections would strengthen the assessment of the consistency of these associations.
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