Deciphering the morpho-physiological and grain yield trait architecture of pigeonpea (Cajanuscajan L.) through integrated variability and multivariate analyses

Abstract: 
Pigeonpea (Cajanuscajan (L.) Millsp.) is a major grain legume of the semi-arid tropics, contributing to food and nutritional security, yet its productivity remains constrained by limited genetic improvement and strong environmental sensitivity. A comprehensive understanding of genetic variability and trait interrelationships is essential for enhancing selection efficiency. In the present study, 40 pigeonpea genotypes were evaluated under field conditions to quantify genetic variability, associations among phenological, physiological, and yield-related traits, and identify major sources of phenotypic variation using multivariate analysis. Analysis of variance revealed significant genotypic differences for most of the traits. Correlation analysis showed that grain yield was positively associated with phenological traits and key physiological attributes, highlighting the integrated role of maturity duration and physiological efficiency in yield determination. Estimates of genotypic and phenotypic coefficients of variation indicated substantial variability for grain yield, plant height, primary branches per plant and seed weight. Broad-sense heritability ranged from low to high across traits.Principal component analysis identified three major components explaining more than 75% of the total phenotypic variation. The first principal component was primarily influenced by physiological traits, the second by phenological and yield-related traits, and the third by seed weight. Overall, the integration of variability parameters, correlation analysis, and PCA provided valuable insights into trait architecture in pigeonpea and identified key traits contributing to phenotypic diversity, supporting informed breeding and selection strategies.	Comment by HP: Write high variable traits 	Comment by HP: Write addive gene action traits . which one show high heratbility along with high GA
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1. Introduction
Pigeonpea (Cajanuscajan (L.) Millsp.) is an important grain legume crop of the semi-arid tropics, playing a vital role in food and nutritional security, soil fertility improvement, and livelihood support for smallholder farmers. It is a major source of dietary protein and micronutrients and contributes significantly to sustainable agricultural systems through biological nitrogen fixation (Saxena, 2020; Varshney et al., 2012; Crop Trust, 2022)). Despite its importance, pigeonpea productivity remains relatively low and unstable across environments due to a combination of genetic limitations and sensitivity to environmental fluctuations, particularly those related to temperature, atmospheric demand, and water availability(Chauhan et al., 2009; Bomma et al., 2024; Nam et al., 2001).
Improving yield potential and stability in pigeonpea requires a comprehensive understanding of the genetic variability present in key phenological, physiological, and yield-related traits. Phenological traits such as days to flowering and maturity determine crop duration and adaptation to specific agro-ecological zones, while growth and yield components including plant height, pods per plant, seed weight, and grain yield directly influence productivity. In addition, physiological traits such as net photosynthetic rate, transpiration rate, stomatal conductance, leaf temperature, and vapour pressure deficit are increasingly recognized as critical determinants of crop performance under variable environments, as they regulate carbon assimilation, water use, and canopy–atmosphere interactions(Sharma et al., 2021; Varshney et al., 2012; Singh et al., 2024).
Genetic improvement efforts are most effective when sufficient heritable variation exists for target traits. Estimation of genetic variability parameters, including genotypic and phenotypic coefficients of variation, heritability, and genetic advance, provides essential information on the extent of genetic control and the potential response to selection(Gupta et al., 2024; Patel et al., 2024; Kumar et al., 2024). Traits with high heritability coupled with high genetic advance are particularly valuable for breeding programmes, as they indicate the predominance of additive genetic effects and greater selection efficiency. Conversely, traits strongly influenced by environmental factors require alternative breeding strategies or indirect selection through correlated traits.
Trait interrelationships further complicate selection decisions, as improvement in one trait may positively or negatively influence others. Correlation analysis offers insights into the direction and strength of associations among traits, thereby aiding in the identification of complementary or antagonistic relationships(Rao et al., 2022; Chavan et al., 2024). Understanding these associations is especially important for complex traits such as grain yield, which is governed by the combined effects of phenology, plant architecture, and physiological efficiency. Integrating physiological traits with conventional agronomic traits has been suggested as an effective approach to dissect yield formation and improve selection precision in legumes.
While univariate analyses such as ANOVA, variability estimates, and correlation coefficients are informative, they often fail to capture the multidimensional nature of phenotypic variation. Multivariate approaches, particularly principal component analysis (PCA), provide a powerful framework to summarize complex datasets by reducing dimensionality and identifying the major sources of variation. PCA enables the identification of trait combinations that contribute most to overall variability and facilitates the visualization of genotype relationships in reduced dimensional space. Such approaches are increasingly employed in crop improvement studies to integrate phenological, physiological, and yield traits into coherent selection strategies.
In pigeonpea, multivariate analyses have been less extensively exploited compared with cereals, despite the crop’s complex growth habit and strong genotype-by-environment interactions. A systematic assessment combining genetic variability parameters, trait associations, and PCA can enhance understanding of trait architecture and guide the identification of promising genotypes and key selection criteria(Bomma et al., 2024; Srivastava et al., 2012; Ye et al., 2018). Moreover, integrating physiological traits into multivariate frameworks can provide mechanistic insights into yield variation and adaptation, particularly under environments characterized by fluctuating atmospheric and soil moisture conditions.
The present study was therefore undertaken to (i) quantify the extent of genetic variability for phenological, physiological, and yield-related traits in a diverse panel of pigeonpea genotypes; (ii) examine the relationships among these traits using correlation analysis; and (iii) identify the major sources of phenotypic variation and trait contributions through principal component analysis. By combining univariate and multivariate statistical approaches, this study aims to provide a comprehensive understanding of trait interrelationships and variability patterns, thereby supporting more informed selection strategies for pigeonpea improvement.


2. Materials and Methods
2. 1. Plant material
The current study used 40 pigeonpea Cajanuscajan (L.) accessions comprising 30 reference set accessions and 10 elite genotypes. The seeds were sourced from Rajendra Singh Paroda Genebank, ICRISAT. The genotypes included advanced breeding lines and germplasm accessions. The genotypes selection aimed to ensure adequate representation of contrasting plant architecture, maturity duration, and physiological responses relevant to productivity (Table 1).
2. 2. Field experiment
The field experiment was conducted under normal field conditions during the rainy 2024 at nucleus seed production farm,Vasantrao Naik Marathwada Agriculture University, Parbhani, Maharashtra (19.16° N, 76.77° E, 423 m above mean sea level).The trial was laid out in a randomized block design (RBD) with two replications. Each genotype was planted in two rows of 3 m length, maintaining a spacing of 0.90 m row to rows and 0.30 m spacing between plant to plant (3.0 × 0.9 × 0.3 m). Recommended agronomic practices for pigeonpea cultivation was duly followed during the experimentation.
2. 3. Data collection
Observations were recorded on phenological, physiological and yield-related traits. Phenological traits included days to flowering (DF) and days to maturity (DM). Growth and yield attributes included plant height (PH), pods per plant (PBPP), 100-seed weight (SW100), and grain yield (GY). Physiological measurements comprised leaf temperature (Tleaf), net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (C), and vapour pressure deficit (VPD).Physiological traits were measured at pod filling stage using Infra-red Gas Analyser (IRGA). Grain yield and 100 seed weight were measured after harvesting and drying at 12% moisture level.Generated data were used for subsequent statistical analyses.


Table 1. List of pigeonpea genotypes evaluated in the present study.
	Sr.No.
	Genotypes
	Sr.No.
	Genotypes
	Sr.No.
	Genotypes
	Sr.No.
	Genotypes

	1
	ICP 15014
	11
	ICP 7170
	21
	ICP 13192
	31
	AL 882

	2
	ICP 15021
	12
	ICP 11505
	22
	ICP 14303
	32
	PRG 176

	3
	ICP 15597
	13
	ICP 7269
	23
	ICP 7169
	33
	ICPL 88039

	4
	ICP 13186
	14
	ICP 4
	24
	ICP 11669
	34
	TS3R

	5
	ICP 10908
	15
	ICP 14853
	25
	ICP 13883
	35
	ICPL 19064

	6
	ICP 10915
	16
	ICP 2974
	26
	ICP 8148
	36
	TS3R Dwarf

	7
	ICP 6974
	17
	ICP 11611
	27
	ICP 8675
	37
	ICPL 19060

	8
	ICP 14421
	18
	ICP 14057
	28
	ICP 7650
	38
	ICPL 19070

	9
	ICP 7147
	19
	ICP 11543
	29
	ICP 7028
	39
	ICPL 22408

	10
	ICP 7130
	20
	ICP 11662
	30
	ICPL 87
	40
	IPAE 15-6



2. 4. Statistical analysis
Analysis of variance (ANOVA) was performed for each trait to test the significance of genotypic effects using a fixed-effects model appropriate for a randomized block design. Genetic variability parameters, including genotypic variance (σ²g), phenotypic variance (σ²p), genotypic and phenotypic coefficients of variation (GCV and PCV), broad-sense heritability (H²), genetic advance (GA), and genetic advance as percentage of mean (GAM)(Johnson et al. 1955; Schonfeld et al. 1986) were estimated in agricolaepackage ofRStudio v4.2.3(de Mendiburu 2021; Team 2022).	Comment by HP: Add citations for every analysis
Pearson’s correlation coefficients were computed to assess the associations among traits. Principal component analysis (PCA) was carried out based on data to identify major sources of variation and to determine the relative contribution of traits to overall phenotypic diversity. Principal components with eigenvalues greater than unity were retained for interpretation, and results were visualized using scree plots, biplots, and variablePC correlation plots.All statistical analyses and graphical visualizations were performed using RStudio v4.2.3 statistical packages likemetan, FactoMineRand ggplot2were employed for multivariate analysis and data visualization(Olivoto and Lucio2020; Josse and Husson2008; Wei et al. 2021; Wickham et al. 2016).
3. Results:
3.1 Descriptive statistics and trait distribution
Significant variation was observed formajority of the traits, as reflected by their means, dispersion measures, and distributional parameters (Table 2). Grain yield (GY) exhibited the highest variability, followed by stomatal conductance and net photosynthetic rate indicating wide phenotypic dispersion among genotypes. Based on the mean performance of the evaluated pigeonpea genotypes revealed substantial variation for grain yield, morpho-physiological, and physiological traits. Grain yield per plant ranged from 21 g to 435 g, while plant height (PH) varied from 59 to 183 cm and pods per plant (PBPP) ranged from 0.54 to 11.67. In contrast, relatively narrower ranges were observed for Tleaf (33.90–42.50 ċ) and VPD (2.05–6.32). Physiological traits, including E and Pn, also exhibited broad ranges across genotypes, reflecting marked variability in physiological responses (Table 3; Fig 1).
Distributional analysis revealed moderate deviations from normality for several traits. Positive skewness was observed for C (1.24), GY (0.90), Pn (0.72), and SW100 (0.63), indicating a higher frequency of lower values with extended right-hand tails. In contrast, DF, DM, PBPP, Tleaf and VPD exhibited slight negative skewness, reflecting a modest predominance of higher trait values. Kurtosis estimates were generally close to zero, suggesting predominantly mesokurtic distributions across traits; however, C displayed comparatively higher kurtosis (1.58), indicative of a more peaked distribution.
3.2 Analysis of variance for morphophysiological and grain yield of pigeonpea
The analysis of variance revealed significant differences between genotypes for several phenological, physiological, and yield-related traits (Table 4). Genotypic effects were highly significant for DF (P = 7.41 × 10⁻⁵), PH (P = 9.45 × 10⁻¹⁴), DM (P = 9.37 × 10⁻⁵), Tleaf(P = 0.0018), VPD (P = 0.0061), SW100 (P = 1.67 × 10⁻⁵) and GY (P = 1.38 × 10⁻¹¹), indicating the presence of considerable genetic variability for these traits. Pods per plant (PBPP) also exhibited significant genotypic variation (P = 0.013), whereas genotypic effects were non-significant for net photosynthetic rate (Pn), transpiration rate (E), and stomatal conductance (C).Replication effects non-significant for several physiological and yield traits, including less environmental or experimental influence across replications. The relative magnitude of genotypic mean squares exceeded the corresponding error mean squares for most traits showing significant effects, confirming the reliability of detected genotypic differences.	Comment by HP: Remove numeric which one as present in Table 4	Comment by HP: genotypic variation is enough, no need to explain others
Table 2. Descriptive statistics of phenological, physiological, and yield-related traits in pigeonpea
	Trait
	Mean
	SD
	Min
	Max
	Skewness
	Kurtosis

	DF
	93.31
	11.74
	68
	123
	0.2
	−0.13

	DM
	154.02
	17.12
	116
	183
	−0.40
	−0.58

	PH
	113.57
	29.79
	59
	183
	0.07
	−0.83

	PBPP
	6.49
	2.07
	0.54
	11.67
	−0.12
	−0.01

	Tleaf
	38.86
	2.01
	33.90
	42.50
	−0.14
	−0.77

	E
	3.5
	1.48
	0.84
	6.33
	0.18
	−1.04

	Pn
	13.55
	8.18
	0.07
	40.45
	0.72
	0.39

	C
	89.95
	62.37
	12.99
	328.21
	1.24
	1.58

	VPD
	4.55
	1.02
	2.05
	6.32
	−0.23
	−0.82

	SW100
	9.1
	2.11
	5.51
	14.62
	0.63
	0.03

	GY
	139.57
	105.55
	21
	435
	0.9
	−0.13






Note: DF: days to 50% flowering; DM: days to maturity; PH: plant height; PBPP: pods per plant; Tleaf: leaf temperature; E:  transpiration rate; Pn: net photosynthetic rate; C: stomatal conductance;  VPD: vapour pressure deficit; SW100: 100-seed weight; GY: grain yield; Mean represents the arithmetic average of observations; SD: standard deviation; Min: minimum observed value; Min: Maximum value; CV: coefficient of variation 



Table 3. Mean performance of pigeonpea genotypes for phenological, physiological, and grain yield related traits
	Geno
	DF
	PH
	PBPP
	DM
	Tleaf
	Pn
	E
	C
	VPD
	100 SW
	GY

	ICP 15014
	78.5
	68.165
	4.67
	136.5
	35.9
	15.905
	3.465
	97.875
	3.52
	7.58
	32.35

	ICP 15021
	92.5
	104
	5.17
	151
	35.85
	18.34
	5.06
	187.75
	2.96
	9.26
	51

	ICP 15597
	98.5
	97.165
	2.77
	156
	36.3
	16.82
	5.02
	170.53
	2.915
	8.04
	34

	ICP 13186
	88
	118.17
	3.835
	162.5
	36.45
	13.41
	4.105
	182.84
	3.49
	6.275
	197.5

	ICP 10908
	68
	62.335
	3.665
	120.5
	38.25
	3.065
	1.68
	33.925
	4.855
	5.775
	30

	ICP 10915
	84
	81.165
	4.83
	134.5
	38.1
	15.56
	3.69
	118.495
	4.2
	8.325
	80.5

	ICP 6974
	103
	147.165
	9.17
	177.5
	36.95
	14.925
	5.22
	161.24
	3.3
	8.735
	106.5

	ICP 14421
	83.5
	114.665
	5.665
	143
	40.15
	6.195
	2.07
	37.895
	5.415
	9.335
	29

	ICP 7147
	92
	131.835
	6.335
	154.5
	38.2
	14.645
	4.62
	121.845
	3.955
	9.715
	302.5

	ICP 7130
	92.5
	132.5
	7
	159.5
	40.45
	8.905
	2.195
	41.04
	5.615
	9.445
	213

	ICP 7170
	97
	109.33
	6.5
	172.5
	40.2
	9.085
	2.51
	47.055
	5.34
	5.985
	247.5

	ICP 11505
	90.5
	91.835
	4.165
	180.5
	39.3
	9.735
	3.15
	64.33
	4.87
	12.275
	83

	ICP 7269
	98.5
	114
	8.165
	181
	38.6
	15.81
	4.075
	108.685
	4.27
	7.5
	193

	ICP 4
	98
	133.67
	7.17
	145
	39.4
	11.31
	3.59
	75.97
	4.75
	7.795
	210

	ICP 14853
	75.5
	66.83
	4.665
	134.5
	41.6
	5.3
	1.71
	27.205
	6.16
	9.57
	29

	ICP 2974
	78
	69.335
	4.335
	141
	41.25
	1.115
	1.145
	17.82
	6.265
	8.68
	25

	ICP 11611
	101.5
	166.835
	8.5
	167.5
	38.85
	16.6
	4.725
	117.22
	4.235
	7.445
	422.5

	ICP 14057
	87.5
	80.17
	5.17
	150.5
	39.6
	14.84
	3.885
	83.6
	4.685
	9.115
	89.5

	ICP 11543
	92
	78.835
	6.665
	157
	40.25
	8
	3.25
	63.96
	5.155
	10.715
	110.5

	ICP 11662
	88
	83.5
	5.335
	132
	39.7
	10.14
	2.785
	55.95
	5.1
	11.48
	79

	ICP 13192
	90
	79.335
	5.17
	124
	38.6
	14.125
	4.27
	115.505
	4.22
	7.52
	39

	ICP 14303
	87
	104
	5.5
	139
	39.75
	7.91
	2.2
	43.115
	5.29
	9.585
	57

	ICP 7169
	90.5
	111.17
	6
	164.5
	39.05
	15.09
	4.46
	104.585
	4.365
	9.295
	150

	ICP 11669
	108.5
	110
	8.5
	156.5
	39.8
	18.405
	2.88
	56.27
	5.08
	13.03
	111

	ICP 13883
	106
	118.83
	7.67
	161.5
	40.45
	11.74
	2.625
	47.875
	5.435
	14.195
	85

	ICP 8148
	115
	158.335
	7.335
	163
	39.15
	12.56
	3.67
	81.185
	4.61
	8.31
	363

	ICP 8675
	120.5
	147.835
	8.33
	168.5
	38.4
	18.05
	4.39
	115.605
	4.1
	5.615
	152.5

	ICP 7650
	89.5
	152
	8.83
	153
	38.2
	28.24
	4.78
	126.685
	3.855
	8.35
	328.5

	ICP 7028
	91.5
	151.165
	6.665
	153
	39.25
	13.43
	3.36
	85.265
	4.735
	10.26
	79

	ICPL 87
	82.5
	84.83
	6.67
	131
	37.1
	15.97
	4.15
	112.81
	3.695
	7.89
	42

	AL 882
	89
	91.5
	8
	140
	37.75
	17.8
	4.46
	135.335
	3.905
	11.075
	74

	PRG 176
	104.5
	119.665
	7.665
	166
	38.7
	18.9
	3.935
	108.045
	4.395
	9.66
	186

	ICPL 88039
	85.5
	124.33
	5.665
	144
	40.2
	23.39
	1.885
	34.465
	5.515
	8.95
	70.5

	TS3R
	102
	130.665
	8.665
	154.5
	37.8
	14.915
	4.785
	129.62
	3.725
	11.68
	271.05

	ICPL 19064
	100
	149.665
	7.335
	167.5
	38.6
	12.92
	3.68
	85.715
	4.335
	9.975
	190.5

	TS3R Dwarf
	98.5
	144.67
	9.5
	169
	37.4
	16.21
	5.27
	160.02
	3.495
	11.2
	165.5

	ICPL 19060
	91
	116
	5.33
	163.5
	38.8
	17.765
	2.66
	56.27
	4.745
	9.165
	62

	ICPL 19070
	92
	132.5
	6.83
	166
	39.9
	15.915
	3.255
	64.1
	5.01
	8.295
	173

	ICPL 22408
	104
	143.165
	8.335
	162
	39.5
	9.625
	2.82
	70.595
	5.025
	8.7
	306.5

	IPAE 15-6
	98
	121.83
	7.665
	157.5
	40.6
	9.18
	2.7
	49.545
	5.47
	8.3
	70.8



Note:  DF: days to 50% flowering; DM: days to maturity; PH: plant height; PBPP: pods per plant; Tleaf: leaf temperature; E:  transpiration rate; Pn: net photosynthetic rate; C: stomatal conductance; VPD: vapour pressure deficit; SW100: 100-seed weight; GY: grain yield
	Trait
	Source
	df
	Mean square
	F value
	P value

	DF
	Replications
	1
	7.81
	0.13
	0.0724

	
	Genotypes
	39
	217.33
	3.53
	7.41 × 10⁻⁵

	
	Error
	39
	61.58
	
	

	PH
	Replications
	1
	2114.49
	18.45
	1.12 × 10⁻⁴

	
	Genotypes
	39
	1628.43
	14.21
	9.45 × 10⁻¹⁴

	
	Error
	39
	114.64
	
	

	PBPP
	Replications
	1
	5.45
	1.96
	0.0169

	
	Genotypes
	39
	5.73
	2.06
	0.013

	
	Error
	39
	2.78
	
	

	DM
	Replications
	1
	22.05
	0.17
	0.0686

	
	Genotypes
	39
	459.84
	3.46
	9.37 × 10⁻⁵

	
	Error
	39
	133.02
	
	

	Tleaf
	Replications
	1
	104.2
	68.25
	0.0564

	
	Genotypes
	39
	3.97
	2.6
	1.80 × 10⁻³

	
	Error
	39
	1.53
	
	

	Pn
	Replications
	1
	197.47
	2.61
	0.0114

	
	Genotypes
	39
	54.75
	0.72
	0.842

	
	Error
	39
	75.73
	
	

	E
	Replications
	1
	23.06
	15.78
	0.056

	
	Genotypes
	39
	2.38
	1.63
	2.98 × 10⁻⁴

	
	Error
	39
	1.46
	
	

	C
	Replications
	1
	21928.75
	6.72
	0.013

	
	Genotypes
	39
	4055.06
	1.24
	0.250

	
	Error
	39
	3261.62
	
	

	VPD
	Replications
	1
	6.09
	10.24
	0.063

	
	Genotypes
	39
	1.35
	2.27
	6.10 × 10⁻³

	
	Error
	39
	0.6
	
	

	SW100
	Replications
	1
	12.53
	7.83
	0.051

	
	Genotypes
	39
	6.82
	4.26
	1.67 × 10⁻⁵

	
	Error
	35
	1.6
	
	

	GY
	Replications
	1
	6576.28
	4.19
	0.055

	
	Genotypes
	39
	19600.36
	12.48
	1.38 × 10⁻¹¹

	
	Error
	34
	1570.51
	
	


Table 4. Analysis of variance (ANOVA) for phenological, physiological, and grain yieldrelated traits in pigeonpea
























Note: DF: days to 50% flowering; DM: days to maturity; PH: plant height; PBPP: pods per plant; Tleaf: leaf temperature; E:  transpiration rate; Pn: net photosynthetic rate; C: stomatal conductance; VPD: vapour pressure deficit; SW100: 100-seed weight; GY: grain yield


3.3. Genetic Variability parameters 
Considerable variability was observed among genotypes for most of the studied traits (Table 5). Grain yield exhibited the highest genotypic and phenotypic coefficients of variation (GCV = 70.96%; PCV = 73.75%), followed by PH (GCV = 24.22%; PCV = 25.12%), PBPP (GCV = 18.74%; PCV = 26.10%), SW100 (GCV = 18.13%; PCV = 20.61%), E (GCV = 19.38%; PCV = 31.15%), and C (GCV = 22.14%; PCV = 50.06%). In contrast, DF, DM, VPD, and Tleaf showed relatively low GCV and PCV values, indicating comparatively lower variability for these traits.Broad-sense heritability (H²) estimates ranged from 0.20 to 0.93. High heritability was recorded for PH (0.93), GY (0.93), SW100 (0.77), DF (0.72), and DM (0.72), whereas moderate heritability was observed for PBPP (0.52), Tleaf (0.62), and VPD (0.56). Low heritability estimates were noted for E (0.39) and Pn (0.29), while stomatal conductance exhibited 20% heritability due to the reduced of detectable genotypic variance.Genetic advance (GA) and genetic advance as percentage of mean (GAM) varied markedly among traits. Grain yield recorded the highest GA (196.31) and GAM (140.66%), followed by PH (GA = 54.64; GAM = 48.11%) and 100 SW (GA = 2.99; GAM = 32.87%). PBPP also exhibited moderate to high GAM (27.73%), whereas DF (16.58%), DM (14.54%), VPD (20.77%), and Tleaf (4.59%) showed comparatively lower GAM values. 	Comment by HP: Remove numeric write only results. Not like thesis 
Table 5. Genetic variability parameters for phenological, physiological, and yield-related traits in pigeonpea
	Trait
	Mean
	GV
	EV
	PV
	GCV (%)
	PCV (%)
	H² (b.s.)
	GA
	GAM (%)

	DF
	93.31
	78.2
	60.38
	108.39
	9.48
	11.16
	0.72
	15.47
	16.58

	PH
	113.57
	756.9
	114.64
	814.22
	24.22
	25.12
	0.93
	54.64
	48.11

	PBPP
	6.49
	1.48
	2.78
	2.87
	18.74
	26.1
	0.52
	1.8
	27.73

	DM
	154.03
	164.8
	130.25
	229.92
	8.33
	9.84
	0.72
	22.39
	14.54

	Tleaf
	38.86
	1.22
	1.53
	1.98
	2.84
	3.62
	0.62
	1.78
	4.59

	Pn
	13.55
	2.75
	7.36
	10.13
	6.59
	12.65
	0.27
	1.69
	7.06

	E
	3.5
	0.46
	1.46
	1.19
	19.38
	31.15
	0.39
	0.87
	24.83

	C
	89.95
	396.72
	3261.62
	2027.53
	22.14
	50.06
	0.2
	18.15
	20.18

	VPD
	4.55
	0.38
	0.6
	0.67
	13.49
	18.04
	0.56
	0.95
	20.77

	SW100
	9.1
	2.72
	1.59
	3.52
	18.13
	20.61
	0.77
	2.99
	32.87

	GY
	139.57
	9808.75
	1570.95
	10594.22
	70.96
	73.75
	0.93
	196.31
	140.66


Note: DF: days to 50% flowering; DM: days to maturity; PH: plant height; PBPP: pods per plant; Tleaf: leaf temperature; E:  transpiration rate; Pn: net photosynthetic rate; C: stomatal conductance; VPD: vapour pressure deficit; SW100: 100-seed weight; GY: grain yield


3.4 Correlation coefficient analysis among morpho-physiological and seed yieldtraits
Correlation analysis based on pooled data revealed several significant associations among phenological, physiological, and yield-related traits (Table 6). Grain yield per plant (GY) exhibited strong and significant positive correlations with PH (r = 0.682, p < 0.001), PBPP (r = 0.467, p < 0.001), DF (r = 0.447, p < 0.001), and DM (r = 0.406, p < 0.001). Similarly, GY showed moderate positive associations with E (r = 0.317, p < 0.01) and Pn(r = 0.263, p < 0.05). Strong interrelationships were observed among physiological traits, with transpiration rate displaying a highly significant positive correlation with carbon assimilation rate (C; r = 0.937, p < 0.001) and Pn (r = 0.613, p < 0.001).	Comment by HP: Remove values and add discussion about trait interrelation ship.

Table 6. Pearson’s correlation coefficients among phenological, physiological, and yield-related traits in pigeonpea
	DF
	PH
	PBPP
	DM
	Tleaf
	Pn
	E
	C
	VPD
	100 SW
	GY
	 

	DF
	1
	0.584***
	0.439***
	0.599***
	-0.04
	0.257*
	0.315**
	0.209
	-0.18
	0.13
	0.447***

	PH
	0.584***
	1
	0.607***
	0.556***
	-0.117
	0.289**
	0.326**
	0.205
	-0.187
	0.045
	0.682***

	PBPP
	0.439***
	0.607***
	1
	0.337**
	-0.118
	0.29**
	0.375***
	0.243*
	-0.208
	0.26*
	0.467***

	DM
	0.599***
	0.556***
	0.337**
	1
	0.024
	0.129
	0.254*
	0.182
	-0.109
	0.095
	0.406***

	Tleaf
	-0.04
	-0.117
	-0.118
	0.024
	1
	-0.512***
	-0.785***
	-0.811***
	0.91***
	0.015
	-0.096

	Pn
	0.257*
	0.289**
	0.29**
	0.129
	-0.512***
	1
	0.613***
	0.576***
	-0.589***
	0.103
	0.263*

	E
	0.315**
	0.326**
	0.375***
	0.254*
	-0.785***
	0.613***
	1
	0.937***
	-0.913***
	0.08
	0.317**

	C
	0.209
	0.205
	0.243*
	0.182
	-0.811***
	0.576***
	0.937***
	1
	-0.929***
	-0.004
	0.219

	VPD
	-0.18
	-0.187
	-0.208
	-0.109
	0.91***
	-0.589***
	-0.913***
	-0.929***
	1
	0.038
	-0.175

	100 SW
	0.13
	0.045
	0.26*
	0.095
	0.015
	0.103
	0.08
	-0.004
	0.038
	1
	-0.093

	GY
	0.447***
	0.682***
	0.467***
	0.406***
	-0.096
	0.263*
	0.317**
	0.219
	-0.175
	-0.093
	1


Note: DF: days to 50% flowering; DM: days to maturity; PH: plant height; PBPP: pods per plant; Tleaf: leaf temperature; E:  transpiration rate; Pn: net photosynthetic rate; C: stomatal conductance; VPD: vapour pressure deficit; SW100: 100-seed weight; GY: grain yield

3.5. Principal component analysis:
In this study, principal component analysis (PCA) was performed to elucidate the multivariate structure and major sources of variation among morpho-physiological and yield-related traits in pigeonpea. The PCA effectively captured the extent of variability among the evaluated traits. The eigenvalues and percentage of variance explained by the principal components are presented in Table 7. The first three principal components (PCs) had eigenvalues greater than unity and together explained 75.68% of the total variation. The first principal component (PC1) accounted for 42.74% of the total variance (eigenvalue = 4.70), followed by PC2 explaining 22.85% (eigenvalue = 2.51). In contrast, PC3 contributed a comparatively lower proportion of the variance (10.09%, eigenvalue = 1.11). Subsequent components each explained less than 7% of the total variance, suggesting that the majority of trait variability can be effectively represented by the first three components.The PCA biplot illustrated the distribution of traits and genotypes along the first two principal components (Fig. 1a,b,c). Genotypes positioned closer to each other exhibited similar trait profiles, whereas those located farther apart showed greater divergence. Vector projections indicated the relative contribution of individual traits to each component, with longer vectors reflecting stronger influences on genotype differentiation.
Trait loadings revealed distinct patterns of variation across the principal components. PC1 was predominantly associated with physiological traits, with major contributions from transpiration rate (E; 18.21%), stomatal conductance (C; 15.96%), vapour pressure deficit (VPD; 15.67%), leaf temperature (Tleaf; 11.78%), and net photosynthetic rate (Pn; 10.46%), indicating that this axis primarily represented physiological regulation. In contrast, PC2 was mainly influenced by phenological and yield-related traits, particularly plant height (PH; 17.41%), days to maturity (DM; 14.98%), days to flowering (DF; 14.52%), grain yield (GY; 11.62%), and pods per plant (PBPP; 9.95%), reflecting variation related to growth duration and yield formation. PC3 was almost exclusively governed by 100-seed weight (SW100), which contributed 80.03% to this component, indicating that PC3 primarily captured variation associated with seed size.The scree plot exhibited a sharp decline in explained variance after PC3 (Table 8 Fig. 1d), supporting the retention of the first three principal components for meaningful interpretation of trait diversity and genotype differentiation.	Comment by HP: Add superior genotypes combination of desirable traits. based on PCA plot 

Table 7. Eigenvalues and proportion of variance explained by different principal components
	Prin_comp
	eigenvalue
	percentage of variance
	cumulative percentage of variance

	PC1
	4.702
	42.743
	42.743

	PC2
	2.513
	22.848
	65.591

	PC3
	1.11
	10.092
	75.682

	PC4
	0.765
	6.958
	82.64

	PC5
	0.547
	4.975
	87.615

	PC6
	0.443
	4.031
	91.646

	PC7
	0.372
	3.385
	95.031

	PC8
	0.294
	2.677
	97.708

	PC9
	0.166
	1.509
	99.217

	PC10
	0.049
	0.441
	99.658

	PC11
	0.038
	0.342
	100


Note: PCs: Principal components
Table 8. Trait loadings on principal components (PCs) derived from principal component analysis
	Variables
	PC1
	PC2
	PC3
	PC4
	PC5
	PC6
	PC7
	PC8

	DF
	5.517
	14.518
	0.094
	15.892
	4.993
	11.988
	45.88
	0.179

	PH
	6.99
	17.405
	1.645
	3.144
	0.39
	0.217
	0.642
	55.066

	PBPP
	6.132
	9.952
	5.571
	20.657
	11.495
	30.547
	4.857
	5.946

	DM
	3.813
	14.975
	0.191
	38.201
	0.313
	3.218
	32.606
	1.068

	Tleaf
	11.783
	12.067
	0.037
	0.009
	2.877
	0.729
	1.15
	15.659

	Pn
	10.462
	0.847
	1.195
	4.58
	74.518
	0.553
	7.406
	0.029

	E
	18.21
	2.701
	0.121
	0.369
	1.826
	0.027
	0.019
	4.283

	C
	15.955
	6.3
	0.051
	1.487
	1.952
	0.051
	0.06
	4.773

	VPD
	15.669
	8.663
	0.189
	0.662
	1.459
	0.017
	0.374
	0.23

	100.SW
	0.157
	0.953
	80.033
	0
	0.174
	16.42
	1.436
	0.273

	GY
	5.312
	11.619
	10.872
	15
	0.001
	36.233
	5.569
	12.494



Note: DF: days to 50% flowering; DM: days to maturity; PH: plant height; PBPP: pods per plant; Tleaf: leaf temperature; E:  transpiration rate; Pn: net photosynthetic rate; C: stomatal conductance; VPD: vapour pressure deficit; SW100: 100-seed weight; GY: grain yield
[bookmark: _GoBack][image: ]Fig. 1. Boxplots illustrating the phenotypic variation in morpho-physiological and yield-related traits across evaluated genotypes.
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Fig. 2. Principal component analysis (PCA) highlighting trait interrelationships and variance structure:a) variable loading plot; b) genotype–trait biplot; c) correlation of variables with principal components and d) scree plot representing eigenvalues and cumulative variance explained.


4. Discussion:
The significant phenotypic and genetic variability observed among pigeonpea genotypes for grain yield and morpho-physiological traits would be a potential genetic source for targeted crop improvement. The wide range of yield-related traits, such as plant height and Number of branches per plant, suggests that the population having diverse alleles. Such wide variability is characteristic of germplasm with high evolutionary potential, offering anelite performer that can be leveraged for both direct selection and parental crossing in transgressive breeding programs (Saxena et al., 2019). The normal distribution of most traits, though with moderate skewness for yield and physiological parameters, confirms that these are quantitatively inherited traits governed by complex polygenic systems. Specifically, the positive skewness observed for grain yield highlights the few superior genotypes, emphasizing the necessity for high-intensity selection to capture high-value genetic combinations (Varshney et al., 2017).
Analysis of variance revealed relative contributions of genetics and environment to the observed phenotypes. While significant genotypic effects were detected for phenological and yield traits, the non-significant effects observed for gas-exchange parameters like net photosynthetic rate and stomatal conductance suggest a high degree of phenotypic plasticity and environmental modulation. This is a critical observation for environment specific breeding; it implies that physiological efficiency in pigeonpea is a dynamic response to the soil-plant-atmosphere continuum (SPAC) rather than a fixed genetic trait (Zaman-Allah et al., 2011). The high broad-sense heritability coupled with high genetic advance as a percentage of the mean (GAM) for grain yield and plant height points toward the predominance of additive gene action. This genetic architecture indicates that these traits are can be improved by selection breeding. Conversely, the low heritability of physiological traits suggests that their improvement may require advanced phenotyping and the use of proxy traits as indirect selection indices (Prasad et al., 2010).
The functional interrelationships between these traits, as revealed by correlation and principal component analysis (PCA), provide a multivariate perspective on pigeonpea productivity. The strong positive association between grain yield and gas-exchange rates suggests that superior productivity is built upon enhanced carbon assimilation and efficient water transport. This is further supported by PCA, where PC1the dominant axis of variationwas primarily driven by physiological regulation. This indicates that the primary source of diversity within the germplasm is the capacity for canopy thermoregulation and gas exchange. PC2, representing the maturity duration with seed yield, suggesting that long-duration genotypes possess a greater sink capacity (Rao et al., 2012). Interestingly, the independence of 100-seed weight in PC3 suggests that seed size is genetically dissociated from other growth and physiological traits, allowing for integrated improvement of seed quality without compromising plant architecture.
Collectively, these findings emphasize that a holistic breeding approachintegrating additive morpho-yield traits with plastic physiological traits could be essential for developing the next generation of pigeonpea ideotypes. Selecting for genotypes that maintain high photosynthetic rates while managing transpiration through stable leaf temperatures will be vital for ensuring climate resilience and food security in semi-arid environments (Foyer et al., 2016).

5. Conclusion
This study demonstrates substantial genetic variability in pigeonpea for phenological, physiological, and yield-related traits, indicating strong potential for selection and genetic improvement. Traits such as grain yield was governed by coordinated phenological development and physiological efficiency, as revealed by significant trait associations and strong interrelationships among stomatal conductance. Principal component analysis captured most of the phenotypic variation within a few components, with physiological traits, phenological attributes, and seed weight emerging as major and largely independent axes of variation. Overall, the integrated use of variability parameters, correlation analysis, and PCA provides a robust framework for trait prioritization and supports the incorporation of physiological traits into pigeonpea breeding strategies to enhance selection efficiency and genetic gain.	Comment by HP: Short out superior genotypes and best performaing traits and identify divergemnt parents through PCA
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