Studies of genetic correlation and path coefficient analysis between yield and yield attributing traits in biofortified lines of wheat (Triticum Aestivum L.)


Abstract
Field experiments were conducted at the Student Instructional Farm of Acharya Narendra Deva University of Agriculture and Technology, Kumarganj, Ayodhya, during the Rabi seasons of 2023-24 and 2024-25 to examine associations among grain yield, yield-attributing traits, and grain zinc and iron concentrations in 50 biofortified wheat lines with three checks, using an augmented design. Correlation analysis showed that days to 50% flowering was positively associated with spike length but negatively associated with biological yield and grain yield. Days to maturity was positively associated with plant height and negatively associated with harvest index and grain yield. Plant height was positively related to peduncle length, grain weight per spike, and test weight, but negatively related to tiller traits. Spikelets per spike, grains per spike, biological yield, and harvest index showed significant positive associations with grain yield. Grain iron concentration was positively associated with grains per spike, whereas zinc concentration was positively associated with peduncle length. Phenotypic path coefficient analysis indicated that harvest index and biological yield had the largest direct positive effects on grain yield. The negative associations of days to 50% flowering and days to maturity with grain yield were mainly attributable to indirect effects through biological yield and harvest index, while the direct effects of most other traits were comparatively small. These results identify harvest index and biological yield as the principal direct contributors to grain yield within the evaluated biofortified wheat material, with other traits contributing mainly through indirect associations.
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Introduction:
Wheat is one of the most important staple crops globally and contributes nearly 20% to the daily food requirement of the world (Reynolds et al., 2012). In India, wheat is cultivated on around 31.23 million hectares, yielding a production of 112.92 million tonnes with a productivity of 36.15 q/ha. In India, Uttar Pradesh holds first rank in wheat production, with 33.61 million tonnes from an area of 9.5 million hectares and a productivity of 38.40 q/ha (Economics, Statistics & Evaluation Division, 2024). It provides essential nutrients to about 40% of the global population. Wheat has played a crucial role in human diets since ancient times. Its protein content is approximately 12.1%, along with 1.8% lipids, 1.8% ash, 2.0% reducing sugars, 6.7% pentosans, 59.2% starch, 70% total carbohydrates, and 314 kilocalories per 100 grams, making it a significant source of energy (Lavkush et al., 2022). However, since the beginning of the 21st century, cases of hidden hunger and micronutrient deficiencies due to zinc and iron have been reported (White & Broadley, 2009). To combat this problem by ensuring food and nutrition security for poorer sections of the world, biofortification is a sustainable approach (Bouis et al., 2011). Biofortification refers to the process of breeding crops with the goal of improving their nutritional content in a cost-effective and sustainable way (de Valença et al., 2017). This process can involve either conventional plant breeding (White & Broadley, 2009) or recombinant DNA technology (Zimmermann & Hurrell, 2002). Being the second most important crop in India, biofortification of wheat plays a crucial role in reducing hidden hunger by developing improved cultivars with enhanced nutritional status achieved through increased uptake, mobilisation, and translocation of zinc and iron to the edible parts (Cakmak, 2008). Yield, being a complex trait, is governed by a large number of genes and depends on plant genotype and its interaction with the environment (Khatab et al., 2016). The influence of each trait on yield can be determined through correlation studies with a view to assessing the extent and nature of the relationships prevailing among yield and yield-attributing traits. Path analysis is a multivariate analysis that deals with a closed system of variables that are linearly related. Dewey and Lu (1959) first employed this method to disentangle the direct and indirect influences of components of seed yield. The path coefficient quantifies the interrelationships among different components and their direct and indirect effects on grain yield (Singh & Chaudhary, 1977). For effective selection of lines for higher yield along with high zinc and iron content, information on the association of zinc and iron contents with yield and other attributing traits is an added advantage. Recent literature continues to support wheat biofortification as a strategy for improving grain zinc and iron concentrations while maintaining attention to agronomic performance (Gupta et al., 2024; Hui et al., 2025). Genotypic differences in wheat performance under contrasting water-stress conditions further indicate that yield-related responses can vary with environmental conditions (El-Mantawy et al., 2022). Recent correlation and path coefficient analysis in wheat has also been used to distinguish trait associations and direct or indirect effects on grain yield, supporting its application in selection for yield-attributing traits (Dwivedi & Singh, 2025). However, within the biofortified wheat material evaluated in the present study, information is limited on the simultaneous association of grain zinc and iron concentrations with grain yield and yield-attributing traits and on the direct and indirect effects of these traits on yield. Addressing this gap can support the identification of traits to be considered together when selecting lines for grain yield and micronutrient concentration. In this manuscript, the association between micronutrients and yield components in wheat is comprehensively presented to identify traits that significantly affect grain yield and nutrient contents.
Materials and Methods
Experimental Material and Study Location
The present investigation was conducted using 50 biofortified wheat lines along with three check varieties, namely NW 1014, DBW 187, and DBW 222. The experimental material was evaluated to study the relationships among grain yield, yield-attributing traits, and grain zinc and iron concentrations. The field experiments were carried out at the Student Instructional Farm (SIF), Acharya Narendra Deva University of Agriculture and Technology, Kumarganj, Ayodhya, during the Rabi seasons of 2023–24 and 2024–25.
Experimental Design and Crop Management
The 50 biofortified wheat lines and three checks were evaluated using an augmented design during both experimental seasons. The crop was raised following the recommended package of agronomic practices to ensure satisfactory crop establishment and growth. The same set of experimental materials was used for the assessment of grain yield, yield-related traits, and grain micronutrient concentrations.
Recording of Observations
Observations were recorded for morphological, yield-attributing, yield, and micronutrient traits. Five plants were randomly selected from each plot for recording plant height (cm), spike length (cm), peduncle length (cm), number of productive tillers per plant, number of spikelets per spike, number of grains per spike, grain weight per spike (g), 1000-grain weight (g), biological yield (g), harvest index, grain zinc concentration (ppm), and grain iron concentration (ppm).
Days to 50% flowering and days to maturity were recorded on a plot basis. In addition to these traits, tillers per plant and grain yield were included in the correlation and path coefficient analyses reported in the study.
Estimation of Grain Zinc and Iron Concentrations
Grain zinc and iron concentrations were estimated using the non-destructive ED-XRF method. The resulting concentrations were expressed in parts per million (ppm) and were included with the agronomic and yield-related traits in the association analyses.
Correlation Analysis
Correlation coefficient analysis was performed to determine the degree and direction of association among the quantitative traits evaluated in the wheat genotypes. The analysis included days to 50% flowering, days to maturity, plant height, spike length, peduncle length, tillers per plant, productive tillers per plant, spikelets per spike, grains per spike, grain weight per spike, test weight, biological yield, harvest index, grain yield, iron concentration, and zinc concentration.
Phenotypic associations among the studied traits were assessed to identify characters associated with grain yield and micronutrient concentrations. Particular attention was given to the relationships of grain yield with its component traits and to the associations of grain zinc and iron concentrations with the agronomic characters.
Path Coefficient Analysis
Phenotypic path coefficient analysis was used to partition the associations of the studied traits with grain yield into direct and indirect effects. Grain yield was considered the dependent character, whereas the remaining traits included in the analysis were treated as explanatory characters.
The traits evaluated in the path analysis comprised days to 50% flowering, days to maturity, plant height, spike length, peduncle length, tillers per plant, productive tillers per plant, spikelets per spike, grains per spike, grain weight per spike, test weight, biological yield, harvest index, iron concentration, and zinc concentration.

Results
Correlation coefficient analysis
[bookmark: _yay2aygigh1m]Phenotypic correlations among the sixteen quantitative traits of the studied wheat genotypes were computed and are presented in Table 1. Days to 50% flowering showed a significant positive association with spike length (0.271), while it showed significant negative correlations with biological yield (-0.293) and grain yield (-0.266). Days to maturity showed a significant positive association with plant height (0.266), while it showed significant negative correlations with harvest index (-0.308) and grain yield (-0.346). Plant height showed significant positive associations with peduncle length (0.584), grain weight per spike (0.346), and test weight (0.46), while it showed significant negative correlations with tillers per plant (-0.324) and productive tillers per plant (-0.416). Spike length showed a significant positive association with productive tillers per plant (0.287). Peduncle length showed significant positive associations with grain weight per spike (0.317), plant height (0.584), and Zn content (0.398). Tillers per plant showed a significant positive association with productive tillers per plant (0.729), while it showed significant negative correlations with spikelets per spike (-0.284), plant height (-0.324), and test weight (-0.358). Productive tillers per plant showed significant positive associations with tillers per plant (0.729) and spike length (0.287), while they showed negative correlations with plant height (-0.416) and test weight (-0.479). Spikelets per spike showed significant positive associations with grains per spike (0.837), harvest index (0.266), and grain yield (0.355), while they showed a significant negative correlation with tillers per plant (-0.284). Grains per spike showed significant positive associations with harvest index (0.44), grain yield (0.451), spikelets per spike (0.837), and Fe content (0.376). Grain weight per spike showed significant positive associations with plant height (0.346), peduncle length (0.317), and test weight (0.33). Test weight showed significant positive associations with grain weight per spike (0.33) and plant height (0.46), while it showed significant negative correlations with tillers per plant (-0.358) and productive tillers per plant (-0.479). Biological yield showed a significant positive association with grain yield (0.499), while it showed a significant negative correlation with days to 50% flowering (-0.293). Harvest index showed significant positive associations with spikelets per spike (0.266), grains per spike (0.44), and grain yield (0.789), while it showed a significant negative correlation with days to maturity (-0.307). Grain yield showed significant positive associations with spikelets per spike (0.355), grains per spike (0.451), biological yield (0.499), and harvest index (0.789), and it showed significant negative correlations with days to 50% flowering (-0.266) and days to maturity (-0.346). Fe content showed a significant positive association with grains per spike (0.376). Zn content showed a significant positive association with peduncle length (0.398).

Path Coefficient Analysis
Phenotypic path coefficient analysis was performed with grain yield as the dependent character and the remaining fifteen traits as explanatory characters. The estimates of direct and indirect effects are presented in Table 2. The largest positive direct effects on grain yield were recorded for harvest index (0.8466) and biological yield (0.5914). Spikelets per spike showed a smaller positive direct effect (0.0595), while the direct effects of the remaining traits were comparatively small: days to 50% flowering (-0.0275), days to maturity (0.0058), plant height (-0.0082), spike length (0.0124), peduncle length (0.0125), tillers per plant (0.0001), productive tillers per plant (-0.0081), grains per spike (-0.0012), grain weight per spike (0.0161), test weight (-0.0254), Fe content (-0.0014), and Zn content (0.0060). The negative correlation of days to 50% flowering with grain yield (-0.266) was explained mainly by negative indirect effects through biological yield (-0.1733) and harvest index (-0.0677). Similarly, the negative correlation of days to maturity with grain yield (-0.346) resulted mainly from indirect effects through harvest index (-0.2599) and biological yield (-0.0887), whereas its direct effect was negligible and positive (0.0058). The positive correlation of spikelets per spike with grain yield (0.355) comprised a direct effect of 0.0595 and important positive indirect effects through harvest index (0.2252) and biological yield (0.0721). The correlation of grains per spike with grain yield (0.451) was largely due to indirect effects through harvest index (0.3725), spikelets per spike (0.0498), and biological yield (0.0325), while its direct effect was negligible (-0.0012). Biological yield had a direct effect of 0.5914, partly offset by an indirect effect through harvest index (-0.1092), reproducing its correlation with grain yield (0.499). Harvest index had a direct effect of 0.8466, partly offset by an indirect effect through biological yield (-0.0763), reproducing its correlation with grain yield (0.789). Fe content showed a small negative direct effect (-0.0014), with its positive correlation with grain yield (0.138) arising mainly from a positive indirect effect through harvest index (0.1939) that was partly offset by a negative effect through biological yield (-0.0656). Zn content showed a small positive direct effect (0.0060), while opposing indirect effects through biological yield (0.1130) and harvest index (-0.1499) contributed to its near-zero correlation with grain yield (-0.013). The model had R² = 0.9940 and a residual effect of 0.0775; the sums of the direct and indirect effects reproduced the grain-yield correlations reported in Table 1.


Discussion
In the present study on wheat, correlation analysis revealed several significant associations among the traits, which can guide effective selection in breeding programmes. Days to 50% flowering showed a significant positive correlation with spike length, suggesting that a longer flowering duration may be linked to longer spikes, but it was negatively correlated with both biological yield and grain yield, indicating that delayed flowering could reduce yield. Days to maturity was positively associated with plant height but negatively associated with harvest index and grain yield, aligning with earlier studies indicating that late maturity may reduce harvest efficiency (Ali et al., 2008). Plant height showed a strong positive correlation with peduncle length, grain weight per spike, and test weight, but a negative association with tillers per plant, suggesting competition for resources. Spike length was positively linked with productive tillers, while peduncle length showed positive correlations with grain weight per spike and zinc content. Notably, tillers per plant had a very strong positive correlation with productive tillers but negative correlations with test weight and spikelets per spike. Grains per spike were positively correlated with harvest index, grain yield, and iron content, emphasising their role in yield improvement. Biological yield and harvest index both had positive and strong relationships with grain yield. Comparable wheat studies have likewise identified important associations between grain yield and component traits, supporting their use in selection, as reported by Neeru et al. (2017) and Khan et al. (2013). The study confirms that traits such as productive tillers, spikelets per spike, grains per spike, and harvest index are important for improving yield and nutrient content in wheat. Similar findings were reported by Hakimi et al. (2017), who observed positive associations of grain yield with biological yield, grains per spike, and harvest index, reinforcing the role of these traits as yield determinants. Meena et al. (2014) reported positive associations of effective tillers, grains per spike, and grain yield per spike with grain yield, supporting the importance of component traits in selection. Similarly, Arya et al. (2017) documented substantial variability in flowering, maturity, peduncle length, productive tillers, spikelets per spike, grains per spike, biological yield, harvest index, and grain yield in wheat, supporting the value of these characters in breeding. Khan and Dar (2010) reported significant interrelationships among wheat quantitative traits and used path analysis to separate direct and indirect effects on yield.

The phenotypic path analysis showed that harvest index (0.8466) and biological yield (0.5914) had the largest direct positive effects on grain yield per plant. Their importance is also consistent with their strong positive correlations with grain yield. Days to maturity showed only a small positive direct effect (0.0058); its negative correlation with grain yield (-0.346) was explained mainly by indirect effects through harvest index (-0.2599) and biological yield (-0.0887). Days to 50% flowering also had only a small negative direct effect (-0.0275), with most of its negative association with grain yield arising indirectly through biological yield and harvest index. Spikelets per spike had a positive direct effect (0.0595), but much of its positive correlation with grain yield was mediated through harvest index and biological yield. Likewise, the positive association of grains per spike with grain yield was predominantly indirect, particularly through harvest index. These results indicate that harvest index and biological yield are the principal direct contributors within the reported phenotypic correlation structure, whereas several other traits influence grain yield mainly through their associations with these two components. The direct effects of Fe and Zn contents were negligible, and their relationships with grain yield were largely attributable to opposing indirect effects through other traits. This interpretation is consistent with previous correlation, path, and genetic analyses of wheat yield-contributing traits (Ahmad et al., 2018; Bhushan et al., 2013; Barman et al., 2020; Shahzad et al., 1998).
Conclusion
The study identified important associations among grain yield, yield components, and micronutrient traits in the evaluated biofortified wheat lines. Grain yield showed significant positive correlations with spikelets per spike, grains per spike, biological yield, and harvest index, whereas days to flowering and maturity were negatively associated with yield. Grain iron concentration was positively associated with grains per spike, while zinc concentration showed a positive association with peduncle length. The phenotypic path analysis indicated that harvest index and biological yield had the largest direct positive effects on grain yield. The negative associations of days to 50% flowering and days to maturity with grain yield were mainly attributable to indirect effects through biological yield and harvest index rather than large negative direct effects. Spikelets per spike and grains per spike also contributed predominantly through indirect pathways. These observations support consideration of harvest index and biological yield as major direct selection criteria, while other yield components and micronutrient traits should be interpreted in the context of their indirect associations.

Limitation 
The study was conducted at a single institutional location over two Rabi seasons and evaluated a defined set of 50 biofortified lines with three checks. Consequently, the observed correlations and path coefficients reflect the evaluated genetic material and experimental environments. The analysis identifies associations and direct or indirect statistical effects but does not establish causal biological relationships. Further evaluation across additional environments would be required before extending the selection implications beyond the material and conditions examined. The path coefficients were derived from correlation values reported to three decimal places; therefore, minor rounding-related differences may occur compared with analyses based on the original unrounded data.
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Table 1 Phenotypic Correlation coefficients among the traits under study
	Variables
	DF
	DM
	PH
	SL
	PL
	TPP
	PTPP
	SPS
	GPS
	GWPS
	TW
	BY
	HI
	GY
	Fe C
	Zn C

	DF
	1.0 
	0.216
	0.101
	0.271 *
	0.079
	-0.035
	-0.098 
	0.036
	0.048
	-0.143
	0.104 
	-0.293 *
	-0.080
	-0.266 *
	0.170
	0.011

	DM
	
	1.0 
	  0.266 *
	0.230
	0.140 
	0.130 
	0.077 
	0.112
	-0.107
	-0.180
	0.184 
	-0.150
	-0.307 *
	-0.346 **
	-0.250
	0.237

	PH
	
	
	1.0 
	-0.094 
	0.584 **
	-0.324 *
	-0.416 **
	0.190
	0.137
	0.346 **
	0.460**
	-0.049
	-0.055
	-0.069
	-0.015
	0.254

	SL
	
	
	
	1.0 
	0.086 
	0.194 
	0.287 *
	0.125
	0.096
	-0.088
	-0.171
	-0.083
	0.216
	0.150
	0.010
	0.024

	PL
	
	
	
	
	1.0 
	-0.183 
	-0.157 
	-0.022
	-0.030
	0.317 *
	0.137
	0.095
	-0.127
	-0.040
	0.022
	0.398 **

	TPP
	
	
	
	
	
	1.0 
	0.729 **
	-0.284 *
	-0.088
	-0.229
	-0.358 **
	0.029
	-0.116
	-0.094
	0.142
	-0.010

	PTPP
	
	
	
	
	
	
	1.0 
	-0.231
	-0.146
	-0.232
	-0.479 **
	-0.106
	0.012
	-0.058
	0.061
	-0.066

	SPS
	
	
	
	
	
	
	
	1.0 
	0.837 **
	0.130
	0.191
	0.122
	0.266 *
	0.355 **
	0.253
	0.183

	GPS
	
	
	
	
	
	
	
	
	1.0 
	0.110
	0.130
	0.055
	0.440 **
	0.451 **
	0.376 **
	0.089

	GWPS
	
	
	
	
	
	
	
	
	
	1.0 
	0.330 *
	-0.042
	0.123
	0.100
	0.202
	0.148

	TW
	
	
	
	
	
	
	
	
	
	
	1.0 
	-0.016
	-0.036
	-0.051
	0.017
	0.003

	BY
	
	
	
	
	
	
	
	
	
	
	
	1.0 
	-0.129
	0.499 **
	-0.111
	0.191

	HI
	
	
	
	
	
	
	
	
	
	
	
	
	1.0 
	0.789 **
	0.229
	-0.177

	GY
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0 
	0.138
	-0.013

	Fe C
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0 
	-0.023

	Zn C
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1.0 



DF: days to 50% flowering, DM: Days to maturity, PH: plant height, SL: Spike length, PL: peduncle length, TPP: tillers per plant, PTPP: productive tillers per plant, SPS: spikelets per spike, GPS: grains per spike, GWPS: grain weight per spike, TW: test weight, BY: biological yield, HI: harvest index, GY: grain yield, Fe content and Zn content
*, **: Significant at ∞ = 0.05 and ∞ = 0.01 respectively.



Note: Diagonal values are direct effects. Off-diagonal values are indirect effects contributed through the trait shown in each row to the grain-yield correlation of the trait shown in each column. The final GY (r) row gives the resulting phenotypic correlations with grain yield, corresponding to Table 1.
Table 2: Estimates of direct and indirect phenotypic effects of independent traits on grain yield
	Traits
	DF
	DM
	PH
	SL
	PL
	TPP
	PTPP
	SPS
	GPS
	GWPS
	TW
	BY
	HI
	Fe C
	Zn C

	DF
	-0.0275
	-0.0059
	-0.0028
	-0.0075
	-0.0022
	0.0010
	0.0027
	-0.0010
	-0.0013
	0.0039
	-0.0029
	0.0081
	0.0022
	-0.0047
	-0.0003

	DM
	0.0012
	0.0058
	0.0015
	0.0013
	0.0008
	0.0007
	0.0004
	0.0006
	-0.0006
	-0.0010
	0.0011
	-0.0009
	-0.0018
	-0.0014
	0.0014

	PH
	-0.0008
	-0.0022
	-0.0082
	0.0008
	-0.0048
	0.0027
	0.0034
	-0.0016
	-0.0011
	-0.0029
	-0.0038
	0.0004
	0.0005
	0.0001
	-0.0021

	SL
	0.0034
	0.0029
	-0.0012
	0.0124
	0.0011
	0.0024
	0.0036
	0.0016
	0.0012
	-0.0011
	-0.0021
	-0.0010
	0.0027
	0.0001
	0.0003

	PL
	0.0010
	0.0017
	0.0073
	0.0011
	0.0125
	-0.0023
	-0.0020
	-0.0003
	-0.0004
	0.0040
	0.0017
	0.0012
	-0.0016
	0.0003
	0.0050

	TPP
	-0.0000
	0.0000
	-0.0000
	0.0000
	-0.0000
	0.0001
	0.0001
	-0.0000
	-0.0000
	-0.0000
	-0.0000
	0.0000
	-0.0000
	0.0000
	-0.0000

	PTPP
	0.0008
	-0.0006
	0.0034
	-0.0023
	0.0013
	-0.0059
	-0.0081
	0.0019
	0.0012
	0.0019
	0.0039
	0.0009
	-0.0001
	-0.0005
	0.0005

	SPS
	0.0021
	0.0067
	0.0113
	0.0074
	-0.0013
	-0.0169
	-0.0137
	0.0595
	0.0498
	0.0077
	0.0114
	0.0073
	0.0158
	0.0150
	0.0109

	GPS
	-0.0001
	0.0001
	-0.0002
	-0.0001
	0.0000
	0.0001
	0.0002
	-0.0010
	-0.0012
	-0.0001
	-0.0002
	-0.0001
	-0.0005
	-0.0005
	-0.0001

	GWPS
	-0.0023
	-0.0029
	0.0056
	-0.0014
	0.0051
	-0.0037
	-0.0037
	0.0021
	0.0018
	0.0161
	0.0053
	-0.0007
	0.0020
	0.0033
	0.0024

	TW
	-0.0026
	-0.0047
	-0.0117
	0.0043
	-0.0035
	0.0091
	0.0122
	-0.0049
	-0.0033
	-0.0084
	-0.0254
	0.0004
	0.0009
	-0.0004
	-0.0001

	BY
	-0.1733
	-0.0887
	-0.0290
	-0.0491
	0.0562
	0.0171
	-0.0627
	0.0721
	0.0325
	-0.0248
	-0.0095
	0.5914
	-0.0763
	-0.0656
	0.1130

	HI
	-0.0677
	-0.2599
	-0.0466
	0.1829
	-0.1075
	-0.0982
	0.0102
	0.2252
	0.3725
	0.1041
	-0.0305
	-0.1092
	0.8466
	0.1939
	-0.1499

	Fe C
	-0.0002
	0.0004
	0.0000
	-0.0000
	-0.0000
	-0.0002
	-0.0001
	-0.0004
	-0.0005
	-0.0003
	-0.0000
	0.0002
	-0.0003
	-0.0014
	0.0000

	Zn C
	0.0001
	0.0014
	0.0015
	0.0001
	0.0024
	-0.0001
	-0.0004
	0.0011
	0.0005
	0.0009
	0.0000
	0.0011
	-0.0011
	-0.0001
	0.0060

	GY (r)
	-0.2660
	-0.3460
	-0.0690
	0.1500
	-0.0400
	-0.0940
	-0.0580
	0.3550
	0.4510
	0.1000
	-0.0510
	0.4990
	0.7890
	0.1380
	-0.0130



R SQUARE = 0.9940   RESIDUAL EFFECT = 0.0775
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Fig. 1 Phenotypic path diagram showing direct effects of traits under study on grain yield
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Phenotypic Path Diagram for Grain Yield (GY)

Direct path coefficients derived from the phenotypic correlation matrix in Table 1




