Unravelling trait interrelationship and effects in mapping population derived from Jaya × Goa Dhan 2 of rice (Oryza sativa L.)

ABSTRACT
The study aimed to analyse the relationship between grain yield and its component traits in rice for identifying key contributors to yield improvement. An Augmented Randomized Complete Block Design (RCBD) was employed to evaluate 244 recombinant inbred lines (RILs) derived from the cross Jaya × Goa Dhan 2 along with ten check varieties. The experiment was conducted during the Rabi, 2022–23 at field conditions at ICAR-Central Coastal Agricultural Research Institute, Goa. Thirteen agronomic traits were recorded and subjected to correlation and path coefficient analysis to determine their direct and indirect effects on grain yield. Correlation analysis revealed significant positive associations of grain yield with straw yield (0.40), harvest index (0.56), total productive tillers (0.46), days to 50% flowering (0.34), total number of grains per panicle (0.20), number of fertile grains per panicle (0.25) and flag leaf width (0.14), whereas plant height (–0.23) and flag leaf length (–0.19) were negatively correlated. Path coefficient analysis indicated that harvest index (0.944) and straw yield (0.842) recorded the strongest positive direct effects, supported by moderate contributions from total productive tillers and number of fertile grains per panicle. The residual effect of 0.092 indicated that a portion of yield variation remained unexplained by the studied traits, suggesting the role of additional physiological and morphological factors in determining rice productivity. Overall, harvest index, straw yield and total productive tillers were identified as the most important determinants of grain yield, highlighting their potential as selection targets in rice breeding programs aimed at enhancing productivity.
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1. INTRODUCTION
Rice (Oryza sativa L., 2n = 24) is a major cereal crop that sustains over half of the global population (Khush, 2005; Darko et al., 2025), belonging to the family Poaceae and subfamily Oryzoideae, originated in south-east Asia. As a short-day, self-pollinating C3 plant adapted to hydrophilic conditions, rice is the principal source of dietary calories and protein for billions of people, with over 90% of its production and consumption concentrated in Asia (Glauber and Mamun, 2025). Globally, rice is cultivated on about        167.6 million ha, producing 527.6 million tons with an average yield of 4170 kg ha⁻¹ (Durand and Mulimbi, 2024). India possesses the largest rice-growing area (47.83 million ha) and ranks second in global production (137.82 million tons) with a yield of 2882 kg ha⁻¹. Domestically, rice is second to wheat in contribution to national food supply, and exports of ~10 million tons annually provide substantial foreign exchange earnings (Indiastat, 2024) and future demand is projected to reach 650 million tons by 2050 (Mishra et al., 2018), and the global food demand is expected to increase by upto 56% (Van et al., 2021) while crop yields could decline by as much as 23% as a result of climate change (Rezaei et al., 2023).
Selection based solely on grain yield may not always be reliable, as yield in rice is a polygenically controlled trait and is strongly influenced by multiple yield-contributing characters. Therefore, improvement programs must consider both yield and its component traits. Understanding the correlations between yield and associated attributes, as well as the interrelationships among these attributes, is crucial for effective selection. Correlation coefficients often reveal complex interactions among yield-related traits, making it difficult to identify their precise contributions. Path coefficient analysis serves as a powerful tool in this context, as it partitions correlations into direct and indirect effects, thereby offering clearer insights into the causal relationships among traits. This method estimates the direct influence of one variable (cause) on another (effect) while accounting for the confounding influence of additional variables, under the assumptions of linearity and additivity. Consequently, path analysis provides a more meaningful understanding of the actual contribution of individual characters to grain yield.
The present investigation was thus conducted to identify trait associations and the contribution of individual characters to yield through path coefficient analysis. Correlation studies help determine the extent of mutual relationships among characters and clarify which components should be prioritized in breeding for genetic improvement. Since rice yield is a quantitative character governed by numerous traits, selection for desirable plant types should emphasize key component traits rather than yield alone. 
2. MATERIAL AND METHODS
The experimental material consisted of 244 recombinant inbred lines (RILs) in the F7 generation, developed at ICAR–CCARI, Goa, from a cross between two contrasting rice cultivars, namely, Jaya (salinity susceptible) and Goa Dhan 2 (salinity tolerant) (Manohara et al. 2025). These lines were sequentially designated JGD RIL 1 to JGD RIL 244. In addition, five salinity-tolerant checks (FL 478, Goa Dhan 1, Goa Dhan 2, Goa Dhan 3 and Goa Dhan 4) and five susceptible checks (Jaya, Jyothi, Karjat 3, IR 29 and Pusa 44) were included. The set of 244 RILs, along with ten check varieties, were evaluated for correlation and path coefficient analysis using an Augmented Randomized Complete Block Design, where RILs were grouped into four blocks with replicated checks in each block. The trial was conducted at the experimental farm of ICAR–CCARI, Goa, during Rabi 2022–23.
The observations were recorded  for thirteen traits viz., plant height (PH), days to 50% flowering (DFF), total productive tillers (TPT), panicle length (PL), number of fertile grains per panicle (FG), total number of grains per panicle (GP), fertility percentage (FP), flag leaf length (FLL), flag leaf width (FLW), grain yield (GY), straw yield (SY), test weight (TW) and harvest index (HI). Correlation coefficients were calculated at the genotypic and phenotypic levels using the formulae suggested by Falconer (1981) as following: 
Phenotypic coefficient of correlation (rp) = r (xi. xj)p = 
Where; r (xi. xj)p is phenotypic correlation between ith and jth characters, Cov. (xi.xj) p is phenotypic covariance between ith and jth characters, V (xi) p is phenotypic variance of ith character and V (xj) p is phenotypic variance of jth character. Along with correlation estimations, path analysis was also carried out using the phenotypic correlation coefficients to know the direct and indirect effects of the components on yield as suggested by Wright (1921) and illustrated by Dewey and Lu (1959) and further classified as very high (>1.0), high (0.3-0.9), moderate (0.2-0.29), low (0.1-0.19) and negligible (<0.1) as suggested by Lenka and Misra (1973).
3. RESULTS AND DISCUSSION
The heat map illustrating the correlation coefficients among the thirteen quantitative traits is presented in Fig. 1, where deeper shades of blue indicate stronger positive correlations, while red shades represent the magnitude of negative correlations. Plant height exhibited significant positive correlations with flag leaf length (0.43), straw yield (0.10), number of grains per panicle (0.33), fertile grains per panicle (0.34) and panicle length (0.71). In contrast, it was negatively associated with grain yield (-0.23), harvest index    (-0.35) and productive tillers (-0.47). Days to 50% flowering showed significant positive correlations with flag leaf width (0.52), panicle length (0.21), number of grains per panicle (0.42), fertile grains per panicle (0.39), grain yield (0.34), harvest index (0.29) and productive tillers (0.15). Productive tillers were positively associated with harvest index (0.29), grain yield (0.46), days to 50% flowering (0.15) and straw yield (0.13), but negatively correlated with fertile grains per panicle (-0.19), total grains per panicle (-0.23), flag leaf length (-0.28), plant height (-0.47) and panicle length (-0.28). Panicle length was significantly and positively correlated with plant height (0.71), flag leaf length (0.29), straw yield (0.15), flag leaf width (0.17), days to 50% flowering (0.21), total grains per panicle (0.57) and fertile grains per panicle (0.56), while showing a negative association with productive tillers (-0.28). Fertile grains per panicle displayed strong positive correlations with panicle length (0.58), plant height (0.34), flag leaf length (0.16), straw yield (0.16), flag leaf width (0.42), days to 50% flowering (0.39), total grains per panicle (0.91) and grain yield (0.25). Negative correlations were recorded with test weight (-0.25) and productive tillers (-0.19). Total grains per panicle had significant positive correlations with panicle length (0.57), plant height (0.33), flag leaf length (0.20), straw yield (0.14), flag leaf width (0.49), days to 50% flowering (0.42), fertile grains per panicle (0.91) and grain yield (0.20). Negative correlations were observed with test weight (-0.30), fertility percentage (-0.33) and productive tillers (-0.23). Fertility percentage was positively associated with test weight (0.18) but negatively correlated with total grains per panicle (-0.33), days to 50% flowering (-0.15), flag leaf width         (-0.23) and flag leaf length (-0.12). Flag leaf length showed positive correlations with panicle length (0.29), plant height (0.43), flag leaf width (0.14), total grains per panicle (0.20) and fertile grains per panicle (0.16). Negative correlations were detected with days to 50% flowering (-0.13), fertility percentage (-0.12), grain yield (-0.19), harvest index (-0.28) and productive tillers (-0.28). Flag leaf width was positively correlated with panicle length (0.17), flag leaf length (0.14), days to 50% flowering (0.52), number of grains per panicle (0.49), fertile grains per panicle (0.42) and grain yield (0.14), but showed a negative correlation with fertility percentage (-0.23). Grain yield was positively associated with straw yield (0.40), flag leaf width (0.14), days to 50% flowering (0.34), total grains per panicle (0.20), fertile grains per panicle (0.25), harvest index (0.56) and productive tillers (0.46), but negatively correlated with plant height (-0.23) and flag leaf length (-0.19). Straw yield showed significant positive correlations with panicle length (0.15), plant height (0.12), total grains per panicle (0.14), fertile grains per panicle (0.16), grain yield (0.40) and productive tillers (0.13), while exhibiting a negative relationship with harvest index (-0.49). Test weight was positively associated with fertility percentage (0.18), but negatively correlated with fertile grains per panicle (-0.25), total grains per panicle (-0.30) and days to 50% flowering (-0.15). Harvest index exhibited strong positive correlations with productive tillers (0.29), grain yield (0.56) and days to 50% flowering (0.29). On the other hand, negative correlations were observed with panicle length (-0.13), plant height (-0.35), flag leaf length (-0.28) and straw yield (-0.49).
Understanding the direction and strength of associations among different traits facilitates indirect selection for grain yield in breeding programs, since direct selection for such a complex trait is often less effective due to its polygenic nature and strong environmental influence (Grafius, 1956). 	Grain yield per hectare showed significant positive correlations with straw yield (0.40), flag leaf width (0.14), days to 50% flowering (0.34), total grains per panicle (0.20), fertile grains per panicle (0.25), harvest index (0.56) and productive tillers (0.46). Similar correlation was reported for number of fertile grains per panicle, total number of grains per panicle and total productive tillers by Panika et al. (2022) and Kiran et al. (2023). These associations indicate that selecting for these traits can lead to an indirect improvement in grain yield. Conversely, a negative correlation between but negatively correlated with plant height (-0.23) and flag leaf length (-0.19). suggests that genotypes with more height tend to have lower yields, which could be an important selection criterion for breeding programs aimed at improving yield.
Similar reports of positive correlation of plant height with panicle length by Fentie et al. (2021) and Heera et al. (2023), with number of filled grains per panicle by Lakshmi et al. (2020). Negative correlation of plant height with total productive tillers by Lakshmi et al. (2020). And similarly, positive correlation of panicle length with number of filled grains per panicle was reported by Fentie et al. (2021) and Heera et al. (2023), with total grains per panicle by Bhargava et al. (2021), while total productive tillers have shown negative association with number of filled grains per panicle as reported by Lakshmi et al. (2017) and positive correlation with total grains per panicle by Sahithi et al. (2023). Kondi et al. (2022) also reported similar results of positive correlation with total productive tillers and negative correlation with plant height. Similarly, Kiran et al. (2023) also reported positive association of grain yield with total productive tillers, number of filled grains per panicle and total number of grains per panicle. Parte et al. (2022) also reported similar findings of positive correlation of grain yield with harvest index.
The results of path effects are shown in Table 1 and Figure 2. Plant height exerted a low positive direct effect (0.063) on grain yield, complemented by indirect influences through straw yield (0.105) and number of fertile grains per panicle (0.028). However, strong negative indirect effects via harvest index        (–0.335), total productive tillers (–0.043) and panicle length (–0.022) resulted in an overall negative correlation (–0.228) with yield. Days to 50% flowering had a small positive direct effect (0.041), which was notably strengthened by its indirect contributions through harvest index (0.276) and fertile grains per panicle (0.033). Negative effects operated through total grains per panicle (–0.027), panicle length (–0.007) and straw yield (–0.005). Total productive tillers exhibited a moderate direct effect (0.093) on yield, reinforced by substantial indirect effects via harvest index (0.271), straw yield (0.110) and grains per panicle (0.015). Small negative indirect pathways through plant height (–0.029), fertile grains per panicle (–0.016) and fertility percentage (–0.006) minimized the overall impact, yet the total association remained strongly positive (0.456). Panicle length recorded a small negative direct influence (–0.032), although positive indirect effects were channelled through straw yield (0.124), fertile grains per panicle (0.048) and plant height (0.044). These were offset by negative effects from harvest index (–0.123), grains per panicle             (–0.036) and productive tillers (–0.026). The number of fertile grains per panicle showed a moderate positive direct effect (0.084) on yield, supported by indirect contributions through straw yield (0.131), harvest index (0.100), plant height (0.021) and flowering time (0.016). Negative indirect effects were mediated by grains per panicle (–0.057), productive tillers (–0.018) and panicle length (–0.018). Total grains per panicle had a small negative direct effect (–0.063), though it contributed positively via straw yield (0.114), fertile grains per panicle (0.076) and harvest index (0.059). Negative but minor pathways were linked to productive tillers (–0.021) and panicle length (–0.018). Fertility percentage exerted a low negative direct effect                (–0.050), but this was partly compensated by indirect effects through harvest index (0.073), straw yield (0.036) and productive tillers (0.011). Flag leaf length had a very low negative direct effect (–0.015), but indirect positive contributions from straw yield (0.094), plant height (0.027) and fertile grains per panicle (0.014) failed to outweigh the strong negative effects of harvest index (–0.260), productive tillers (–0.026) and grains per panicle (–0.013). Flag leaf width showed a negligible positive direct effect (0.007), enhanced by days to 50% flowering (0.021), straw yield (0.031), fertile grains per panicle (0.035) and harvest index (0.086). Negative indirect contributions from grains per panicle (–0.031) and productive tillers (–0.011) reduced its overall impact. Straw yield contributed the largest positive direct effect (0.842) on grain yield. However, this was tempered by a substantial negative indirect influence from harvest index (–0.462). Test weight exhibited a minimal direct effect (0.005), but was slightly favourable overall through indirect positive contributions of straw yield (0.046) and grains per panicle (0.019), despite negative effects from fertile grains (–0.021). Harvest index recorded the second-highest positive direct effect (0.944) on grain yield, only weakly reduced by the negative indirect influence of straw yield (–0.412). Its overall association remained strongly positive (0.558) via multiple indirect pathways. The phenotypic residual effects for grain yield were estimated as 0.092 values suggest that a substantial proportion of variation in yield is attributed to factors beyond the traits analysed, as well as to environmental variation.
Path coefficient analysis partitions correlation coefficients into direct and indirect effects of different traits on grain yield. This enables the identification of both primary and mediated causes of associations, providing deeper insights into the underlying mechanisms of trait interrelationships and allowing the relative importance of each contributing factor to be evaluated. Thus, partitioning correlations into direct and indirect effects is essential for identifying the actual contribution of individual traits to grain yield. The integration of correlation analysis with path coefficient analysis provides a clearer understanding of the cause–effect relationships among traits, thereby supporting rice breeding programs aimed at simultaneously improving multiple attributes along with yield. In the present study, the phenotypic correlations between grain yield per plant and its related yield components were decomposed into direct and indirect effects through path analysis and the outcomes were critically analysed and interpreted. Similar positive direct effect on grain yield was reported by Ali et al. (2013), Manohara and Singh (2015), Aarthi et al. (2019), Saha et al. (2019), Sumithra et al. (2019), Muthuvijayaragavan and Murugan (2020), Manohara et al. (2020) and Kumar et al. (2023), Nandini et al. (2025) and Praveena et al. (2025). Conversely, the negative direct effect on yield was also registered in the current study which was in accordance with previous studies of Karim et al. (2014), Singh et al. (2016), Tripathi et al. (2018), Saha et al. (2019), Shrivatsav et al. (2020). The residual effect reflects the extent to which the considered traits account for variation in grain yield. In the present study, the residual effect was positive (0.092), suggesting that the traits included in the analysis did not fully explain the observed variability in yield. This indicates the need to explore additional morpho-physiological attributes that may contribute to enhancing grain productivity in rice.
4. CONCLUSION
[bookmark: _Hlk183685723][bookmark: _Hlk198899984][bookmark: _Hlk200024137]Overall, the study revealed significant correlations among most of the evaluated traits, with positive associations of straw yield, flag leaf width, days to 50% flowering, total grains per panicle, fertile grains per panicle, harvest index and productive tillers with grain yield. These traits emerge as key yield-contributing characters, suggesting that their improvement through selection could enhance grain yield in rice. In contrast, plant height and flag leaf length exhibited significant negative correlations with yield, indicating that applying simultaneous selection pressure in the opposite direction may also be beneficial. Path coefficient analysis further emphasized the strong direct effects of straw yield and harvest index, along with moderate direct contributions from productive tillers and fertile grains per panicle, underscoring their utility as selection criteria for yield improvement. The residual effect (0.092) indicated that a considerable proportion of yield variation remained unexplained by the traits studied, highlighting the importance of examining additional morpho-physiological attributes that may contribute to enhancing rice productivity.
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Fig. 1 Correlation heatmap for grain yield and its attributes during Rabi 2022-23
PH – Plant height (cm), DFF – Days to 50% flowering, TPT – Total productive tillers, PL – Panicle length (cm), FG – Number of fertile grains per panicle, GP – Total number of grains per panicle, FP – Fertility percentage (%), FLL – Flag leaf length (cm), FLW – Flag leaf width (cm), GY - Grain yield (kg ha-1),                SY – Straw yield (kg ha-1), TW – Test weight (g), HI – Harvest index
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Fig. 2 Path diagram for direct and indirect effects of yield attributes on grain yield during Rabi 2022-23 

Table 1. Direct and indirect effects of yield attributes on grain yield during Rabi 2022-23 
	Trait
	DFF
	PH
	TPT
	PL
	FG
	GP
	FP
	FLL
	FLW
	SY
	TW
	HI
	GY

	DFF
	0.041 
	0.001 
	0.014 
	-0.007 
	0.033 
	-0.027 
	0.008 
	0.002 
	0.003 
	-0.005 
	-0.001 
	0.276 
	0.338***

	PH
	0.001 
	0.063 
	-0.043 
	-0.022 
	0.028 
	-0.021 
	0.003 
	-0.006 
	0.000 
	0.105 
	0.000 
	-0.335 
	  -0.228***

	TPT
	0.006 
	-0.029 
	0.093 
	0.009 
	-0.016 
	0.015 
	-0.006 
	0.004 
	-0.001 
	0.110 
	0.000 
	0.271 
	0.456*** 

	PL
	0.009 
	0.044 
	-0.026 
	-0.032 
	0.048 
	-0.036 
	0.004 
	-0.004 
	0.001 
	0.124 
	0.000 
	-0.123 
	   0.010

	FG
	0.016 
	0.021 
	-0.018 
	-0.018 
	0.084 
	-0.057 
	-0.004 
	-0.002 
	0.003 
	0.131 
	-0.001 
	0.100 
	0.252*** 

	GP
	0.017 
	0.021 
	-0.021 
	-0.018 
	0.076 
	-0.063 
	0.017 
	-0.003 
	0.003 
	0.114 
	-0.002 
	0.059 
	   0.199** 

	FP
	-0.006 
	-0.004 
	0.011 
	0.003 
	0.007 
	0.021 
	-0.050 
	0.002 
	-0.002 
	0.036 
	0.001 
	0.073 
	   0.092

	FLL
	-0.005 
	0.027 
	-0.026 
	-0.009 
	0.014 
	-0.013 
	0.006 
	-0.015 
	0.001 
	0.094 
	0.000 
	-0.260 
	  -0.186** 

	FLW
	0.021 
	0.000 
	-0.011 
	-0.005 
	0.035 
	-0.031 
	0.011 
	-0.002 
	0.007 
	0.031 
	-0.001 
	0.086 
	   0.142*

	SY
	0.000 
	0.008 
	0.012 
	-0.005 
	0.013 
	-0.009 
	-0.002 
	-0.002 
	0.000 
	0.842 
	0.000 
	-0.462 
	0.396***

	TW
	-0.006 
	0.001 
	0.007 
	-0.002 
	-0.021 
	0.019 
	-0.009 
	0.001 
	-0.001 
	0.046 
	0.005 
	0.002 
	   0.043

	HI
	0.012 
	-0.022 
	0.027 
	0.004 
	0.009 
	-0.004 
	-0.004 
	0.004 
	0.001 
	-0.412 
	0.000 
	0.944 
	0.558*** 


Residual effect = 0.092

PH – Plant height (cm), DFF – Days to 50% flowering, TPT – Total productive tillers, PL – Panicle length (cm), FG – Number of fertile grains per panicle, GP – Total number of grains per panicle, FP – Fertility percentage (%), FLL – Flag leaf length (cm), FLW – Flag leaf width (cm), GY - Grain yield (kg ha-1), SY – Straw yield (kg ha-1), TW – Test weight (g), HI – Harvest index


image1.png
Pearson's
Correlation
-1.0 -0.5 0.0 05 1.0

011 0.12 0.15
) Y W
0.04 0.14 0.01 0.17
ns ot ns b
-0.01 -0.13 0.01 0.21
pie 8 e s

0.14 0.20

0.16 0.16.
0.15 -0.11 0.05 -0.04 0.01 0.05
A ns ns ns ns ns
0.18 0.09 -0.15 0. 0.04 -0.12 -0.07 -0.08
" ns 2 o ns u ns ns
0.09 0.04 0.25 0.20 0.14 -0.23 0.01
ns ns » it hA ns
0.08 0.00 0.11 0.08 .2 0.09 -0.13
ns ns ns ns w ns W

0.12 0.08 -0.2: 0.15 -0.12 0.13
ns ns & ns 2

& & & <§<(< Q\§ 2 o & Q

ns p >=0.05; *p <0.05; ** p < 0.01; and *** p < 0.001

PH

FLL

sy

FLW

DFF

GP

FG

™

FP

GY

HI

TPT




image2.png
Days to 50%
flowering
> 3
QV =]
Q) =
Plant height . ..
. ant heig - — Rabi 2022-23 (Normal Condition)
S
) 3 3
Number of total | < <
QQA’ productive tillers ~
Q° =3 Q =
S o S
S S =
' T S
@"L Panicle length - Y
> g g 2 2
< S 3 =S
Al Number of fertile < S vl < vl S
QQ grains per panicle ~
g g o 3 b
e = b= a fa)
S g ? g 3
063 Total number of ' < © v < vl <
02 grains per panicle o ©
S s} S = = ~
E g E g g 5
3 3 S 3 3 >
-0.050 Fertility < v S v T < 2 =
percentage
(‘\l =3 < ~ -
2 g g 2 g g 2 o
Grain yield g S S 3 > S 8
Y 0015 = v S v < S v < S
Flag leaflength =
—
S =3 =) o
0.007 g S 8 g g g g g
d g 3 S > 3
> S T g g S 3
Flag leaf width Y A S v S v e =
')
=1 v =) < < o
284, = S = S @ = 2 3 3
7 : S S ! : S 3
Seed yield S v vl v S S =l
—
=3 o o P — I ~ o -
p S 8 s g S g g ] g
T S = S < < S S S
Test weight A/ A/ S v v v Sy : =
<3 pal — [se] 3 o
g g 5 - g 3 S -
° < S S - S S S 3 g
Harvest index y v y S v v v = v =
Residual
effect

(0.092)





