Association studies for yield related traits in elite maize (Zea mays L.) inbreds

Abstract	Comment by mahfut mahfut: On abstract: please add introduction, problems, aims, methods, results.
The present study on “Association studies for yield related traits in elite maize (Zea mays L.) inbreds was carried out at Experimental Farm, Department of Genetics and Plant Breeding, CSK HPKV, Palampur during kharif, 2024 using Randomized Block Design with 3 replications. The experimental material consisted of 30 diverse maize inbred lines including two checks viz., BAJIM-08-26 and BAJIM-08-27. Grain yield per plant exhibited a significant positive correlation with plant height, cob height, cob length, cob girth, number of kernel rows per cob, number of kernels per row, 100-kernel weight and shelling percentage both at phenotypic and genotypic levels which indicated that selection based on these agro-morphological traits would be rewarding for obtaining high grain yield per plant. The highest direct effect on grain yield per plant was observed for days to 50% silking followed by number of kernels per row, cob height, number of kernel rows per cob and100-kernel weight. Therefore, these agro-morphological traits should be prioritized as key selection criteria in maize breeding programs aimed at improving yield. Emphasizing these key traits can enhance the efficiency of selection and accelerate the development of high yielding maize hybrids.
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Introduction 
Maize (Zea mays L., 2n =20) is an incredibly versatile and fast-growing crop, which thrives across diverse agro-climatic zones. It is grown in tropical, sub-tropical and temperate regions of the country. It plays a critical role in agriculture by serving as a key food source for both people and livestock. Its broad cultivation and wide-ranging uses highlights maize’s vital contribution to global food security and numerous industries, from food processing to biofuel production. As demand for maize continues to rise, optimizing its yield becomes more important than ever. Therefore, unlocking the complex relationship between yield and its related traits holds the key in development of high-performing maize varieties. This knowledge empowers breeders to create resilient, high yielding crops that can adapt to changing environmental conditions and meet the challenges of a growing population. Ultimately, advancing maize breeding programs will drive sustainable agricultural growth and strengthen food systems worldwide. 
Correlation coefficient is a statistical tool in plant breeding that quantifies the degree and direction of the association between two or more traits. It is denoted by ‘r’. A positive ‘r’ value indicates the changes in two traits are in same direction whereas negative ‘r’ value indicates the changes are in opposite directions. It is independent of the unit of measurement. Correlation values lie between -1 to +1. In addition, association studies enable plant breeders to select traits that directly contribute to yield, which can subsequently be improved through hybridization. 
Path coefficient is a statistical tool that splits the correlation coefficient into measures of the direct and indirect effects of various component traits on a specific dependent variable. It is basically a standardized partial regression coefficient which measures the direct and indirect contribution of each independent trait on the dependent trait. This approach is more effective than simple correlation analysis, as it enables breeders to identify which component traits have the most significant direct effect on the target trait and which traits indirectly contribute to its improvement. 
Thus, the success of any breeding or selection program depends on how well breeders leverage these correlations to make informed decisions, prioritize traits and design strategies that can lead to improvements in grain yield. Therefore, the proposed study aimed to investigate the correlation and path analysis for yield related traits in elite maize inbreds.
Materials and methods	Comment by mahfut mahfut: On methods: add references on all parameters 
The experimental material comprised of 30 diverse maize inbred lines including 2 checks viz., BAJIM-08-26 and BAJIM-08-27 (Table 1). The crop was sown in kharif, 2024 at the Experimental Farm, Department of Genetics and Plant Breeding, Chaudhary Sarwan Kumar Himachal Pradesh Krishi Vishvavidyalaya, Palampur. The weekly average maximum and minimum temperatures ranged from 25.9°C to 28.5°C and 12.8°C to 19.8°C, respectively, while the relative humidity ranged from 64 to 92% during the crop period. The data were recorded on ten plants selected at random from each entry in each replication for all the agro-morphic traits included in the study except for days to 50% pollen shed, days to 50% silking and days to 75% brown husk which were recorded on a plot basis.	Comment by mahfut mahfut: add references
Table 1 List of maize inbred lines used in the present study
S.N.		Inbred						Source
1 		BAJIM-06-2				AICRP, HAREC, Bajaura
2		BAJIM-06-6				AICRP, HAREC, Bajaura	
3		BAJIM-09-10				AICRP, HAREC, Bajaura
4		BAJIM-09-64				AICRP, HAREC, Bajaura		5		BML-7				AICRP, PJTSAU, Hyderabad
6		CML 40				ICAR-IIMR, New Delhi
7		CML 119				ICAR-IIMR, New Delhi
8		CML 138				ICAR-IIMR, New Delhi
9		CML 331				ICAR-IIMR, New Delhi	 
10		CML 442				ICAR-IIMR, New Delhi
11		CML 542				ICAR-IIMR, New Delhi
12		CML 564				ICAR-IIMR, New Delhi
13		CML 577				ICAR-IIMR, New Delhi
14		DML 194				ICAR-IIMR, Ludhiana
15		DML 313				ICAR-IIMR, Ludhiana	
16		EC672693B-1-1-1		 	ICAR-IIMR, Ludhiana
17		IML 5					ICAR-IIMR, Ludhiana
18		IML-15-48				ICAR-IIMR, Ludhiana
19		IML-15-268				ICAR-IIMR, Ludhiana
20		IML-16-108				ICAR-IIMR, Ludhiana		21		KDM-323				AICRP, SKUAS&T, Srinagar
22		KDM-356				AICRP, SKUAS&T, Srinagar
23		KGI 3-1				AICRP, SAREC, Kangra
24		KGI 3					AICRP, SAREC, Kangra
25		KGI 75				AICRP, SAREC, Kangra
26		KGI 72				AICRP, SAREC, Kangra
27		LM 13					AICRP, PAU, Ludhiana
28		V335					   VPKAS, Almora
	
Check (s)
1		BAJIM-08-26			 	AICRP, HAREC, Bajaura
2		BAJIM-08-27			 	AICRP, HAREC, Bajaura	

Statistical analysis 
Character association between yield and related traits were studied through correlation analysis as given by Al-Jibouri et al. (1958). The proportion of direct and indirect contributions of various agro-morphic traits to the total correlation coefficients with grain yield per plant was estimated through path coefficient analysis as suggested by Wright (1921) and elaborated by Dewey and Lu (1959). OPSTAT software was used in analysis.
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Correlation analysis
Correlation coefficient analysis was used to measure the mutual relationship between 12 agro-morphological traits to determine the component trait on which selection can be emphasized for yield improvement. Grain yield per plant showed significant and positive correlation with plant height (0.625 and 0.699), cob height (0.586 and 0.666), cob length (0.822 and 0.957), cob girth (0.747 and 0.965), number of kernel rows per cob (0.619 and 0.787), number of kernels per row (0.705 and 0.897), 100-kernel weight (0.796 and 0.894) and shelling per cent (0.598 and 0.866) both at phenotypic and genotypic levels (Table 2).
Days to 50% pollen shed had a significant and positive correlation with days to 50% silking (0.958) and days to 75% brown husk (0.495) and also showed significant and negative correlation with plant height (-0.249), cob height (-0.260) and 100-kernel weight (-0.227). Days to 50% silking showed significant positive correlation with days to 75% brown husk (0.515) and also showed significant and negative correlation with plant height (-0.256), cob height (-0.253) and 100-kernel weight (-0.242). Days to 75% brown husk showed significant positive correlation with shelling per cent (0.257). Plant height was significantly and positively correlated with cob height (0.756), cob length (0.687), cob girth (0.512), number of kernel rows per cob (0.433), number of kernels per row (0.608), 100-kernel weight (0.656) and shelling per cent (0.492). Cob height exhibited a significant positive correlation with cob length (0.591), cob girth (0.475), number of kernel rows per cob (0.421), number of kernels per row (0.472), 100-kernel weight (0.563) and shelling per cent (0.381). Cob length exhibited significant and positive correlation with cob girth (0.749), number of kernel rows per cob (0.501), number of kernels per row (0.679), 100-kernel weight (0.729) and shelling per cent (0.510). Cob girth exhibited significant positive correlation with number of kernel rows per cob (0.385), number of kernels per row (0.594), 100-kernel weight (0.713) and shelling per cent (0.378). Number of kernel rows per cob showed significant and positive correlation with number of kernels per row (0.466), 100-kernel weight (0.473) and shelling per cent (0.472). Number of kernels per row had a significant positive correlation with 100-kernel weight (0.609), shelling per cent (0.471). 100-kernel weight showed significant and positive correlation with shelling per cent (0.535) at phenotypic level.

At genotypic level, days to 50% pollen shed had a significant and positive correlation with days to 50% silking (0.983) and days to 75% brown husk (0.633) and also showed significant negative correlation with plant height (-0.313), cob height (-0.340) and 100-kernel weight (-0.290). Days to 50% silking showed significant and positive correlation with days to 75% brown husk (0.652) and a significant negative correlation with plant height (-0.332), cob height (-0.334) and 100-kernel weight (-0.319). Days to 75% brown husk showed significant positive correlation with number of kernel rows per cob (0.353) and shelling per cent (0.403). Plant height was significantly and positively correlated with cob height (0.842), cob length (0.793), cob girth (0.673), number of kernel rows per cob (0.532), number of kernels per row (0.716), 100-kernel weight (0.754) and shelling per cent (0.660). Cob height had a significant positive correlation with cob length (0.735), cob girth (0.602), number of kernel rows per cob (0.543), number of kernels per row (0.605), 100-kernel weight (0.644) and shelling per cent (0.566). Cob length exhibited significant and positive correlation with cob girth (0.963), number of kernel rows per cob (0.734), number of kernels per row (0.939), 100-kernel weight (0.868) and shelling per cent (0.851). Cob girth exhibited significant positive correlation with number of kernel rows per cob (0.719), number of kernels per row (0.922), 100-kernel weight (0.911) and shelling per cent (0.723). Number of kernel rows per cob showed significant and positive correlation with number of kernels per row (0.665), 100-kernel weight (0.685) and shelling per cent (0.915). Number of kernels per row had a significant positive correlation with 100-kernel weight (0.789) and shelling per cent (0.840). 100-kernel weight showed significant and positive correlation with shelling per cent (0.834). Similar findings were also reported earlier by Tejaswini et al. (2022), Reddy et al. (2022) and Garko et al. (2023). 

Path analysis 
Path coefficient analysis was performed by taking grain yield per plant as the dependent variable. The correlation coefficients were split into direct and indirect effects through path coefficient analysis both at phenotypic and genotypic levels. The highest direct effect on grain yield per plant was exhibited by cob length (0.299) followed by 100-kernel weight (0.244) at phenotypic level. Days to 50% pollen shed (0.052), cob height (0.095), number of kernel rows per cob (0.179), number of kernels per row (0.167), shelling per cent (0.134) exhibited positive and low direct effects whereas days to 50% silking (-0.089), days to 75% brown husk (-0.035) and plant height (-0.142) exhibited negative and low direct effects (Table 3). Similar findings were also reported previously by Krishna et al. (2021) for cob length, number of kernel rows per cob, number of kernels per row and cob height and Saritha et al. (2022) for number of kernels per row and 100-kernel weight.
At genotypic level, highest direct effect on grain yield per plant was observed for days to 50% silking (1.260) followed by number of kernels per row (1.061). Cob height (0.066), number of kernel rows per cob (0.547) and 100-kernel weight (0.628) exhibited positive and low direct effects. Similar findings were also reported earlier by Zarei et al. (2012) for plant height and 100-kernel weight, Natraj et al. (2014) for 100-kernel weight, number of kernels per row and cob height, Chaurasia et al. (2020) for days to 50% silking, cob height and 100-kernel weight and Reddy et al. (2022) for 100-kernel weight.

Days to 50% pollen shed (-1.276), days to 75% brown husk (-0.118), plant height (-0.149), cob length (-0.511), cob girth (-0.247) and shelling per cent (-0.203) exhibited negative and low direct effects. These traits were found to contribute to grain yield per plant indirectly through days to 50% silking, number of kernels per row and 100-kernel weight. Similar findings were also reported previously by Mishra et al. (2016) and Reddy et al. (2022).

The current study showed that the direct effects observed at phenotypic level differed from those at genotypic level. This can be attributed to varying degrees of environmental influence on the traits, as also reflected in the component variance and correlation coefficient analysis. Specifically, traits like days to 50% pollen shed, days to 50% silking, cob length, cob girth and shelling per cent showed direct effects of opposite signs at the phenotypic and genotypic levels. This indicates that environmental factors significantly impact these traits, potentially altering both the direction and magnitude of their direct and indirect effects. Hence, it is important to understand the contribution of different traits to grain yield per plant at the genotypic level, as phenotypic path analysis alone may not accurately reflect the true genetic relationships among various agro-morphological traits.

In path coefficient analysis, the measure of the effect of other possible independent traits, which were not included in the study, on the dependent trait is known as residual effect. The low residual effects (0.16708 at the phenotypic level and 0.07791 at the genotypic level) indicated that the traits included in the path analysis were both relevant and sufficient. This suggested that the selected contributing traits accounted for most of the variation observed in the dependent variable i.e., grain yield per plant. 








Table 2. Estimates of phenotypic (P) and genotypic (G) correlation coefficients for various agro-morphological traits in maize inbreds
	Traits
	Days to 50% silking
	Days to 75% brown husk
	Plant height
	Cob height
	Cob length
	Cob girth
	No. of kernel rows per cob
	No. of kernels per row
	100-kernel weight
	Shelling (%)
	Grain yield per plant

	Days to 50% pollen shed
	P
	0.958*
	0.495*
	-0.249*
	-0.260*
	-0.099
	-0.116
	-0.019
	0.061
	-0.227*
	0.009
	-0.135

	
	G
	0.983*
	0.633*
	-0.313*
	-0.340*
	-0.125
	-0.152
	-0.014
	-0.017
	-0.290*
	-0.099
	-0.174

	Days to 50% silking
	P
	
	0.515*
	-0.256*
	-0.253*
	-0.124
	-0.156
	-0.050
	0.045
	-0.242*
	-0.031
	-0.170

	
	G
	
	0.652*
	-0.332*
	-0.334*
	-0.113
	-0.170
	-0.073
	-0.065
	-0.319*
	-0.202
	-0.213

	Days to 75% brown husk
	P
	
	
	0.060
	0.029
	0.106
	0.004
	0.191
	0.201
	0.049
	0.257*
	0.086

	
	G
	
	
	0.081
	-0.008
	0.128
	0.125
	0.353*
	0.174
	0.081
	0.403*
	0.133

	Plant height 
	P
	
	
	
	0.756*
	0.687*
	0.512*
	0.433*
	0.608*
	0.656*
	0.492*
	0.625*

	
	G
	
	
	
	0.842*
	0.793*
	0.673*
	0.532*
	0.716*
	0.754*
	0.660*
	0.699*

	Cob height 
	P
	
	
	
	
	0.591*
	0.475*
	0.421*
	0.472*
	0.563*
	0.381*
	0.586*

	
	G
	
	
	
	
	0.735*
	0.602*
	0.543*
	0.605*
	0.644*
	0.566*
	0.666*

	Cob length 
	P
	
	
	
	
	
	0.749*
	0.501*
	0.679*
	0.729*
	0.510*
	0.822*

	
	G
	
	
	
	
	
	0.963*
	0.734*
	0.939*
	0.868*
	0.851*
	0.957*

	Cob girth 
	P
	
	
	
	
	
	
	0.385*
	0.594*
	0.713*
	0.378*
	0.747*

	
	G
	
	
	
	
	
	
	0.719*
	0.922*
	0.911*
	0.723*
	0.965*

	No. of kernel rows per cob
	P
	
	
	
	
	
	
	
	0.466*
	0.473*
	0.472*
	0.619*

	
	G
	
	
	
	
	
	
	
	0.665*
	0.685*
	0.915*
	0.787*

	No. of kernels per row
	P
	
	
	
	
	
	
	
	
	0.609*
	0.471*
	0.705*

	
	G
	
	
	
	
	
	
	
	
	0.789*
	0.840*
	0.897*

	100-kernel weight 
	P
	
	
	
	
	
	
	
	
	
	0.535*
	0.796*

	
	G
	
	
	
	
	
	
	
	
	
	0.834*
	0.894*

	Shelling (%)
	P
	
	
	
	
	
	
	
	
	
	
	0.598*

	
	G
	
	
	
	
	
	
	
	
	
	
	0.866*


*Significance at P ≤ 0.05


Table 3. Estimates of phenotypic (P) and genotypic (G) path coefficients for various agro-morphological traits in maize inbreds
	Traits
	
	Days to 50% pollen shed
	Days to 50% silking
	Days to 75% brown husk
	Plant height 
	Cob height 
	Cob length 
	Cob girth 
	No. of kernel rows per cob
	No. of kernels per row
	100-kernel weight 
	Shelling (%)
	Grain yield per plant 

	Days to 50% pollen shed
	P
	0.052
	-0.085
	-0.017
	0.035
	-0.025
	-0.030
	-0.017
	-0.003
	0.010
	-0.056
	0.001
	-0.135

	
	G
	-1.276
	1.238
	-0.075
	0.047
	-0.023
	0.064
	0.037
	-0.008
	-0.018
	-0.182
	0.020
	-0.174

	Days to 50% silking
	P
	0.049
	-0.089
	-0.018
	0.036
	-0.024
	-0.037
	-0.023
	-0.009
	0.008
	-0.059
	-0.004
	-0.170

	
	G
	-1.254
	1.260
	-0.077
	0.050
	-0.022
	0.058
	0.042
	-0.040
	-0.070
	-0.200
	0.041
	-0.213

	Days to 75% brown husk
	P
	0.026
	-0.046
	-0.035
	-0.008
	0.003
	0.032
	0.001
	0.034
	0.033
	0.012
	0.034
	0.086

	
	G
	-0.807
	0.822
	-0.118
	-0.013
	-0.001
	-0.065
	-0.031
	0.193
	0.185
	0.051
	-0.082
	0.133

	Plant height 
	P
	-0.013
	0.023
	-0.002
	-0.142
	0.072
	0.205
	0.077
	0.078
	0.101
	0.160
	0.066
	0.625*

	
	G
	0.400
	-0.419
	-0.010
	-0.149
	0.056
	-0.405
	-0.166
	0.291
	0.763
	0.473
	-0.134
	0.699*

	Cob height 
	P
	-0.014
	0.022
	-0.001
	-0.107
	0.095
	0.177
	0.071
	0.075
	0.079
	0.137
	0.051
	0.586*

	
	G
	0.438
	-0.420
	0.001
	-0.126
	0.066
	-0.376
	-0.148
	0.297
	0.644
	0.404
	-0.115
	0.666*

	Cob length 
	P
	-0.005
	0.011
	-0.004
	-0.098
	0.056
	0.299
	0.113
	0.090
	0.113
	0.178
	0.068
	0.822*

	
	G
	0.159
	-0.142
	-0.015
	-0.118
	0.049
	-0.511
	-0.238
	0.401
	1.001
	0.544
	-0.173
	0.957*

	Cob girth 
	P
	-0.006
	0.014
	0.000
	-0.073
	0.045
	0.224
	0.150
	0.069
	0.099
	0.174
	0.051
	0.747*

	
	G
	0.194
	-0.214
	-0.015
	-0.101
	0.040
	-0.492
	-0.247
	0.394
	0.982
	0.572
	-0.147
	0.965*

	No. of kernel rows per cob
	P
	-0.001
	0.004
	-0.007
	-0.062
	0.040
	0.150
	0.058
	0.179
	0.078
	0.116
	0.063
	0.619*

	
	G
	0.018
	-0.092
	-0.042
	-0.079
	0.036
	-0.375
	-0.177
	0.547
	0.708
	0.430
	-0.186
	0.787*

	No. of kernels per row
	P
	0.003
	-0.004
	-0.007
	-0.086
	0.045
	0.203
	0.089
	0.083
	0.167
	0.149
	0.063
	0.705*

	
	G
	0.021
	-0.082
	-0.021
	-0.107
	0.040
	-0.480
	-0.227
	0.364
	1.061
	0.495
	-0.171
	0.897*

	100-kernel weight 
	P
	-0.012
	0.021
	-0.002
	-0.093
	0.053
	0.218
	0.107
	0.085
	0.102
	0.244
	0.072
	0.796*

	
	G
	0.370
	-0.402
	-0.010
	-0.113
	0.043
	-0.444
	-0.225
	0.375
	0.841
	0.628
	-0.169
	0.894*

	Shelling (%)
	P
	0.000
	0.003
	-0.009
	-0.070
	0.036
	0.153
	0.057
	0.085
	0.079
	0.131
	0.134
	0.598*

	
	G
	0.127
	-0.255
	-0.048
	-0.099
	0.038
	-0.435
	-0.178
	0.501
	0.895
	0.523
	-0.203
	0.866*


[bookmark: _Hlk205656309]*Significance at P ≤ 0.05		Bold diagonal values indicate direct effect            Residual effects: P = 0.16708, G = 0.07791

Conclusion
Correlation coefficient analysis provides valuable information about yield contributing traits. This information is useful in selection of elite inbred lines of maize from diverse genetic populations. Based on present study, it was observed that grain yield per plant exhibited a significant and positive correlation with plant height, cob height, cob length, cob girth, number of kernel rows per cob, number of kernels per row, 100 kernel-weight and shelling (%) both at phenotypic and genotypic levels indicating that selection based on these traits would be effective for obtaining high grain yield per plant. 
Path coefficient analysis provides insight into the cause and effect relationships underlying the correlations between traits. Besides, it also helps to identify key contributors to grain yield, thus forming a sound basis for selecting superior inbred lines from genetically diverse breeding populations. Among the traits analysed, days to 50% silking, number of kernels per row, 100 kernel-weight and number of kernel rows per cob were identified as the best selection indices due to their high direct and indirect contributions to grain yield per plant. 
Therefore, integrating these traits into maize hybrid development programme is recommended to accelerate genetic gain, enhance yield potential, and develop high-performing, climate-resilient maize hybrids suitable for diverse agro-ecologies of the state. 
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