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Screening of maize (Zea mays L.) genotypes for aluminium toxicity tolerance using field and in-vitro approaches
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Abstract
Aluminium (Al3+) toxicity severely limits maize productivity in acidic soils, particularly in the Terai region of North Bengal, highlighting the need to identify genotypes suitable for breeding programmes. The present study evaluated thirty-five maize genotypes during the kharif seasons of 2022 and 2023 under acidic soil conditions. Morphological and yield-related traits were analyzed using analysis of variance along with multivariate approaches including the rescaling method, principal component analysis, and membership index. Significant variation among the genotypes indicated substantial genetic variability, with plant height, ear height, final plant stand, and cob weight contributing substantially to the total variation. Based on pooled performance and rescaling analysis, genotypes AVT-30011, AVT-31006, AVT-33005, and AVT-31008 were identified as tolerant. In-vitro screening further validated their tolerance based on root growth performance under aluminium stress. These genotypes can be directly utilized as potential donor parents in hybrid breeding programmes aimed at developing aluminium-tolerant cultivars adapted to acidic soil environments.
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Introduction
Maize (Zea mays L.) is one of the most important cereal crops worldwide due to its wide adaptability and diverse uses in food, feed, and industrial sectors. In India, it ranks third after rice and wheat in terms of production and cultivated area, contributing significantly to food security and the agricultural economy (ICAR-IIMR, 2023). The crop is cultivated across several agro-ecological regions, including eastern India, where it plays an important role in sustaining rural livelihoods. In eastern and sub-Himalayan regions such as North Bengal, maize productivity is severely constrained by soil acidity and aluminium (Al³⁺) toxicity. In acidic soils (pH ˂ 5.5), aluminium becomes solubilized into its phytotoxic form, which inhibits root elongation and reduces plant growth and productivity (Alves et al., 2022; Ofoe et al., 2023; Guo et al., 2024). In the Terai agro-climatic zone of North Bengal, particularly in Cooch Behar, soils are predominantly acidic with considerable levels of exchangeable aluminium (0.2 to 0.5 ppm), affecting important yield-related traits (Sharma and Roy, 2022). Therefore, identification of maize genotypes capable of stable performance under aluminium-affected acidic soils is essential for sustaining maize production in this region.
Screening of genotypes under field and controlled conditions is crucial for identifying aluminium-tolerant lines. Aluminium toxicity primarily affects root growth, making root-related traits important indicators for tolerance (Yan et al., 2024; Szoke et al., 2024). It affects the root system by inhibiting root elongation, reducing cell division, and limiting nutrient and water uptake, making these traits critical for tolerance assessment (Yan et al., 2024; Long et al., 2024). Therefore, integration of field performance with in-vitro evaluation provides a more reliable assessment of genotype response under stress conditions. Despite the increasing importance of maize cultivation in eastern India, systematic evaluation of maize genotypes for aluminium toxicity tolerance using integrated field and in-vitro screening approaches under the acidic soil conditions of North Bengal remains limited. Furthermore, the application of multivariate selection approaches such as the rescaling method and membership index for identifying superior aluminium-tolerant genotypes is still unexplored in this region. From a breeding perspective, identification of aluminium-tolerant genotypes is essential for developing cultivars adapted to acidic soils. Such genotypes can serve as potential donor parents in hybrid breeding programmes. Incorporating such tolerant germplasm into breeding programmes can help develop maize varieties better adapted to aluminium-affected acidic soils of eastern India. Therefore, the present study aimed to evaluate thirty-five maize genotypes under the acidic soil conditions of the Terai region of North Bengal using integrated field and in-vitro screening approaches. The objective of the study was to identify superior aluminium-tolerant genotypes for their potential utilization in maize breeding programmes.
Materials and Methods 
1.1 Experiment site
The study was conducted at the Trial Farm of Uttar Banga Krishi Viswavidyalaya (UBKV), Pundibari, Cooch Behar, West Bengal, India, during the kharif seasons of 2022 and 2023. The soil of the experimental site was acidic with exchangeable aluminium content of 1.74 cmol(+) kg⁻¹ soil (soil testing reports, UBKV). 
1.2 Plant materials
Thirty-five single-cross maize hybrids under the Advanced Varietal Trial (AVT) of the All India Coordinated Research Project (AICRP) on Maize were used in the present study. The seed materials were collected from the AICRP Maize Centre, Cooch Behar. The experiment was conducted using a Randomized Block Design (RBD) with three replications, maintaining a spacing of 60 × 20 cm.
1.3 Field screening
Field evaluation was carried out under natural acidic soil conditions. Morphological and yield-related traits including shelling percentage (SP), plant height (PH), ear height (EH), final plant stand per plot (PSF), days to 75% dry husk (DHN75), days to 50% silk (D50SK), days to 50% pollen shed (D50PL), moisture percentage (MP), number of cobs (NOC), and cob weight (CWT) were recorded.
1.4 In-vitro screening
In-vitro screening was carried out in the SMSP-CSS State DNA-fingerprinting Laboratory, State Seed Testing Laboratory, UBKV. It was conducted using a hydroponic system in Hoagland’s nutrient solution supplemented with 5 ppm AlCl3.6H2O. Germinated seedlings were transferred to the nutrient solution and maintained under controlled conditions. After seven days of treatment, observations were recorded for root and shoot traits, including root length, root width, root weight, shoot weight, and number of lateral branches. The following indices were calculated: % response = (Growth parameters in control − Growth parameters in Al treatment) / Growth parameters in control × 100 (Kumwenda et al., 1996); Relative Root Length (RRL) % = Root length in Al solution / Root length in control × 100 (Duraes et al., 2001); and Specific Root Length (SRL) = Total root length / Root biomass (Gudu et al., 2005).
	1.5 Statistical analysis
All data were analysed using appropriate statistical methods. Analysis of variance (ANOVA) was performed using TNAUStat (RBDVARI and RBDPOOL), and significance was tested at 1% and 5%. Mean values and coefficient of variation (CV) were also estimated. Morphological traits were standardized using the rescaling method (0–100 scale) to rank genotypes based on overall performance. Correlation analysis was carried out to assess the association among root and yield-related traits under aluminium stress conditions. Principal component analysis (PCA) was performed using R software (version 4.3.2) with the FactoMineR and Factoextra packages to determine the contribution of traits to total variability. Membership index values were calculated and averaged across traits to classify genotypes into different tolerance groups. The rank of each genotype to Al stress was classified according to Table 1:
Table 1. Aluminium tolerance membership table
	Rank 1: Fi≥ 0.8
	Highly tolerant (HT)

	Rank 2: 0.6 ≤ Fi ˂ 0.8
	Tolerant (T)

	Rank 3: 0.4 ≤ Fi<0.6
	Intermediate tolerant (IT)

	Rank 4: 0.2 ≤ Fi<0.4
	Susceptible (S)

	Rank 5: Fi<0.2
	Highly susceptible (HS)



Results and Discussion
The evaluation of thirty-five maize genotypes under acidic soil conditions revealed significant genetic variability for most of the studied traits, indicating differential responses to aluminium (Al³⁺) toxicity. The mean performance data are presented in detail in Supplementary Tables S1, S2, and Table 2. Pooled ANOVA (Table 2) indicated significant differences among genotypes for plant height (PH), ear height (EH), final plant stand (PSF), days to 75% dry husk (DHN75), moisture percentage (MP), and days to 50% silk (D50SK). However, days to 50% pollen shed (D50PL) remained non-significant. Cob weight (CWT), although non-significant in individual seasons, became significant under pooled analysis, indicating the influence of environmental factors on yield expression. The number of cobs (NOC) was excluded from further multivariate analysis due to redundancy with PSF, as all hybrids were single-cob types. The pooled ANOVA further confirmed significant genotypic effects for most traits, highlighting their suitability for selection under Al stress. Similar variability under aluminium stress has been reported earlier in maize and other crops, thereby facilitating effective selection of tolerant genotypes (Bhukya et al., 2024; Zishiri et al., 2024).
Table 2. Pooled ANOVA of the maize genotypes
	Genotypes
	SP
	PH
	PSF
	EH
	DHN75
	D50SK
	D50PL
	MP
	NOC
	     CWT

	AVT-30003
	81.85
	172.53
	58.05
	104.56
	97.54
	55.69
	55.02
	11.18
	58.05
	5.49

	AVT-30005
	83.98
	194.00
	56.36
	115.63
	97.54
	50.96
	53.33
	14.43
	56.36
	6.21

	AVT-30010
	82.77
	203.04
	57.71
	99.29
	97.54
	55.69
	57.38
	14.11
	57.71
	5.84

	AVT-30009
	84.91
	197.71
	61.43
	106.59
	97.87
	54.00
	52.65
	14.25
	61.43
	6.65

	AVT-30011
	86.57
	192.38
	60.75
	112.19
	97.87
	55.02
	60.42
	16.24
	60.75
	7.27

	AVT-30012
	84.66
	195.88
	60.75
	110.84
	99.23
	52.31
	50.96
	18.25
	60.75
	6.54

	AVT-30002
	84.04
	191.09
	55.35
	110.36
	98.21
	60.42
	52.65
	18.64
	55.35
	5.31

	AVT-30007
	84.14
	206.35
	57.37
	120.22
	97.87
	55.69
	53.33
	14.14
	57.37
	6.46

	AVT-30008
	84.82
	195.48
	57.38
	107.06
	98.55
	55.35
	55.69
	12.00
	57.38
	6.53

	AVT-30004
	83.04
	185.90
	57.04
	99.02
	98.55
	53.66
	55.69
	18.43
	57.04
	5.95

	AVT-30006
	84.29
	200.81
	54.00
	115.90
	98.21
	57.72
	50.96
	14.21
	54.00
	6.46

	AVT-30001
	86.41
	197.24
	60.08
	119.21
	98.21
	51.64
	50.29
	16.50
	60.08
	7.23

	AVT-31003
	84.99
	194.67
	61.09
	123.39
	93.82
	50.29
	55.69
	15.17
	61.09
	8.94

	AVT-31009
	83.37
	185.63
	62.44
	123.66
	94.16
	50.29
	50.29
	8.26
	62.44
	8.03

	AVT-31007
	81.79
	199.94
	59.74
	120.69
	93.15
	47.25
	52.65
	15.37
	59.74
	7.69

	AVT-31006
	82.53
	223.02
	58.73
	133.65
	94.16
	48.60
	53.33
	15.07
	58.73
	7.71

	AVT-31008
	82.48
	225.85
	57.04
	135.61
	93.49
	53.33
	55.69
	18.68
	57.04
	8.02

	AVT-31002
	82.43
	196.83
	60.75
	115.49
	94.50
	50.29
	55.69
	5.71
	60.75
	7.77

	AVT-31001
	82.23
	211.00
	60.41
	126.90
	93.82
	47.25
	50.29
	16.78
	60.41
	7.73

	AVT-31004
	83.04
	222.01
	62.44
	134.12
	94.16
	46.58
	50.96
	16.44
	62.44
	8.00

	AVT-31005
	81.61
	191.43
	57.71
	122.92
	93.49
	46.58
	48.60
	13.54
	57.71
	7.52

	AVT-32007
	81.78
	191.09
	45.56
	113.40
	95.18
	49.62
	58.05
	5.59
	45.56
	4.87

	AVT-32004
	84.46
	184.21
	58.05
	112.45
	95.85
	50.63
	53.33
	18.24
	58.05
	5.95

	AVT-32005
	87.36
	169.29
	55.69
	97.74
	95.51
	57.04
	58.05
	16.74
	55.69
	6.93

	AVT-32006
	85.28
	209.25
	42.19
	131.76
	94.50
	52.65
	50.29
	7.33
	42.19
	6.09

	AVT-32001
	90.07
	174.83
	56.70
	105.64
	94.84
	57.71
	55.02
	14.91
	56.70
	8.48

	AVT-32003
	85.02
	180.29
	44.21
	100.17
	94.50
	62.44
	55.02
	17.94
	44.21
	5.86

	AVT-32002
	88.17
	178.20
	59.06
	92.61
	95.85
	55.02
	58.05
	7.21
	59.06
	5.95

	AVT-33001
	84.20
	133.65
	55.01
	81.74
	92.14
	52.65
	50.29
	10.74
	55.01
	5.06

	AVT-33006
	87.86
	163.28
	54.34
	100.78
	91.47
	50.29
	52.65
	16.51
	54.34
	6.36

	AVT-33003
	85.84
	172.33
	56.36
	96.53
	90.79
	52.65
	52.65
	16.51
	56.36
	6.42

	AVT-33005
	88.18
	190.82
	58.05
	122.04
	90.45
	47.25
	47.93
	14.14
	58.05
	8.70

	AVT-33002
	83.74
	179.75
	55.35
	117.11
	90.79
	47.93
	50.29
	12.76
	55.35
	7.74

	AVT-33007
	83.62
	165.65
	45.23
	100.04
	91.13
	58.05
	57.38
	19.43
	45.23
	5.00

	AVT-33004
	83.12
	184.01
	60.41
	117.52
	90.79
	51.98
	53.33
	12.17
	60.41
	7.03

	GMean
	84.42
	190.27
	56.65
	112.77
	95.02
	52.70
	53.54
	14.22
	56.65
	6.79

	max
	90.07
	225.85
	62.44
	135.61
	99.23
	62.44
	60.42
	19.43
	62.44
	8.94

	min
	81.61
	133.65
	42.19
	81.74
	90.45
	46.58
	47.93
	5.59
	42.19
	4.87

	CV(%)
	3.56
	12.19
	10.96
	13.23
	0.73
	10.96
	12.21
	11.45
	10.96
	23.85

	F test

	Genotype
	**
	 **
	 **
	 **
	 **
	**
	ns
	**
	**
	**

	Season
	**
	 ns
	 ns
	 ns
	 **
	ns
	ns
	ns
	ns
	ns

	Year×Genotype

	ns
	ns
	ns
	ns
	ns
	ns
	ns
	ns
	ns
	ns


( SP = shelling percentage, PH =  plant height (cm), EH = ear height (cm), PSF = final number of plant stand/ plot , MP =  moisture percentage, D50PL = days to 50% pollen shed, D50SK = days to 50% silk, DHN75 = days to 75%dry husk, NOC = number of cobs and  CWT = cob weight, GMean= Grand mean, max = maximum, min = minimum, CV = Coefficient of variation, ns = non-significant, * = significant difference at 0.05 level and ** = significant difference at 0.01 level.)
The rescaling method enabled effective ranking of genotypes based on pooled field performance (Table 3). AVT-30011 recorded the highest rescaling value (0.70) and was classified as tolerant, followed by moderately tolerant genotypes such as AVT-32001 (0.67), AVT-31003 (0.63), and AVT-32005 (0.62). In contrast, genotypes AVT-33001 (0.37), AVT-32006 (0.30), AVT-32007 (0.28), and AVT-30008 (0.26) were classified as susceptible. This method effectively integrates multiple traits for identifying superior genotypes under stress conditions. Similar multi-trait selection approaches have been reported in previous studies conducted by Mubushar et al. (2022); Longmei et al. (2023), and Kaur et al. (2025).



       Table 3. Genotypes ranking on basis of pooled data of field performance

	Genotypes
	Rescaling value
	Rank
	Level of tolerance

	AVT-30011
	0.708409
	1
	T

	AVT-32001
	0.675992
	2
	MT

	AVT-31003
	0.630877
	3
	MT

	AVT-32005
	0.628132
	4
	MT

	AVT-30001
	0.610012
	5
	MT

	AVT-30012
	0.598779
	6
	MT

	AVT-30009
	0.581074
	7
	MT

	AVT-31008
	0.568241
	8
	MT

	AVT-30002
	0.568066
	9
	MT

	AVT-30007
	0.558441
	10
	MT

	AVT-30004
	0.557312
	11
	MT

	AVT-32002
	0.550003
	12
	MT

	AVT-32004
	0.540712
	13
	MT

	AVT-31004
	0.540117
	14
	MT

	AVT-31009
	0.523719
	15
	MT

	AVT-30010
	0.52356
	16
	MT

	AVT-30006
	0.523122
	17
	MT

	AVT-30005
	0.51382
	18
	MT

	AVT-30003
	0.510252
	19
	MT

	AVT-31006
	0.510166
	20
	MT

	AVT-33005
	0.50721
	21
	MT

	AVT-31001
	0.499842
	22
	MT

	AVT-33004
	0.491368
	23
	MT

	AVT-31002
	0.490897
	24
	MT

	AVT-31007
	0.488585
	25
	MT

	AVT-33006
	0.485396
	26
	MT

	AVT-33003
	0.472374
	27
	MT

	AVT-32003
	0.460336
	28
	MT

	AVT-31005
	0.4296
	29
	MT

	AVT-33002
	0.424413
	30
	MT

	AVT-33007
	0.411967
	31
	MT

	AVT-33001
	0.375527
	32
	S

	AVT-32006
	0.300081
	33
	S

	AVT-32007
	0.28583
	34
	S

	AVT-30008
	0.264692
	35
	S



In-vitro screening under hydroponic conditions further revealed significant genotypic variation for root and shoot traits, indicating substantial genetic diversity for aluminium tolerance at the seedling stage (Table 4). Root traits, particularly root length under treatment (RLT), root weight under treatment (RWTT), and lateral branching (LBT) were highly sensitive to Al stress and served as key indicators of tolerance. Genotype AVT-30011 maintained higher root length under stress (14.85 cm), indicating minimal inhibition, whereas AVT-31006 exhibited the highest root biomass (0.98 g) under Al treatment, reflecting an efficient tolerance mechanism. Genotype AVT-33005 exhibited the highest lateral branching (58.49), indicating enhanced root system plasticity, which is essential for nutrient uptake and stress adaptation. Shoot-related traits supported these findings, where genotypes such as AVT-31008 and AVT-31007 maintained higher shoot biomass (1.37 g and 0.98 g, respectively). Similar studies were reported by Al-Ashkar et al. (2020) on wheat and Zishiri et al. (2022, 2025) on maize, further validating the use of these phenotypic traits for screening stress tolerance in maize genotypes. The observed variation in both root and shoot traits among genotypes suggests that aluminium tolerance is governed by multiple physiological mechanisms rather than a single trait.










Table 4. Mean performance of 35 maize genotypes in aluminium concentration
	Geno\Char
	RLC
	RLT
	RWC
	RWT
	RWTC
	RWTT
	SWTC
	SWTT
	LBC
	LBT
	PH
	PSF
	CWT

	AVT30003
	10.20
	8.61
	0.10
	0.18
	0.11
	0.15
	0.44
	0.65
	10.20
	10.34
	172.53
	58.05
	5.49

	AVT30005
	10.07
	8.50
	0.10
	0.18
	0.11
	0.15
	0.43
	0.64
	10.07
	10.21
	194.00
	56.36
	6.21

	AVT30010
	10.30
	8.69
	0.10
	0.19
	0.11
	0.15
	0.44
	0.66
	10.30
	10.44
	203.04
	57.71
	5.84

	AVT30009
	6.82
	4.39
	0.15
	0.10
	0.03
	0.02
	0.83
	0.43
	25.35
	6.57
	197.71
	61.43
	6.65

	AVT30011
	10.30
	14.85
	0.10
	0.12
	0.03
	0.41
	0.62
	0.70
	6.52
	18.20
	192.38
	60.75
	7.27

	AVT30012
	11.22
	5.36
	0.10
	0.10
	0.08
	0.04
	0.70
	0.33
	17.68
	6.12
	195.88
	60.75
	6.54

	AVT30002
	9.35
	8.16
	0.14
	0.15
	0.14
	0.13
	0.84
	0.50
	5.78
	10.64
	191.09
	55.35
	5.31

	AVT30007
	9.92
	8.66
	0.14
	0.16
	0.15
	0.14
	0.89
	0.53
	6.13
	11.29
	206.35
	57.37
	6.46

	AVT30008
	7.02
	4.53
	0.16
	0.10
	0.03
	0.02
	0.86
	0.44
	26.12
	6.76
	195.48
	57.38
	6.53

	AVT30004
	8.83
	10.30
	0.20
	0.12
	0.11
	0.15
	0.88
	0.89
	5.61
	7.75
	185.90
	57.04
	5.95

	AVT30006
	10.94
	4.97
	0.13
	0.13
	0.06
	0.05
	0.60
	0.73
	12.45
	5.56
	200.81
	54.00
	6.46

	AVT30001
	11.27
	5.12
	0.14
	0.14
	0.07
	0.05
	0.61
	0.75
	12.83
	5.72
	197.24
	60.08
	7.23

	AVT31003
	11.61
	5.27
	0.14
	0.14
	0.07
	0.05
	0.63
	0.77
	13.22
	5.90
	194.67
	61.09
	8.94

	AVT31009
	6.39
	6.49
	0.14
	0.15
	0.17
	0.39
	1.50
	0.41
	21.42
	20.40
	185.63
	62.44
	8.03

	AVT31007
	7.82
	9.89
	0.10
	0.12
	0.11
	0.06
	0.99
	0.98
	14.96
	27.95
	199.94
	59.74
	7.69

	AVT31006
	10.61
	10.93
	0.14
	0.16
	0.15
	0.98
	1.01
	0.86
	24.04
	18.03
	223.02
	58.73
	7.71

	AVT31008
	8.12
	6.62
	0.14
	0.17
	0.13
	0.19
	0.96
	1.37
	31.56
	37.63
	225.85
	57.04
	8.02

	AVT31002
	6.46
	5.71
	0.20
	0.18
	0.03
	0.02
	0.84
	0.48
	38.71
	38.18
	196.83
	60.75
	7.77

	AVT31001
	6.90
	6.45
	0.15
	0.13
	0.29
	0.07
	0.35
	0.57
	9.71
	7.28
	211.00
	60.41
	7.73

	AVT31004
	7.76
	7.25
	0.16
	0.15
	0.33
	0.08
	0.39
	0.64
	10.92
	8.19
	222.01
	62.44
	8.00

	AVT31005
	8.73
	8.16
	0.18
	0.16
	0.37
	0.09
	0.44
	0.72
	12.29
	9.22
	191.43
	57.71
	7.52

	AVT32007
	9.82
	9.18
	0.21
	0.19
	0.41
	0.10
	0.49
	0.81
	13.82
	10.37
	191.09
	45.56
	4.87

	AVT32004
	10.73
	10.03
	0.23
	0.20
	0.45
	0.11
	0.54
	0.88
	15.09
	11.32
	184.21
	58.05
	5.95

	AVT32005
	11.05
	10.33
	0.23
	0.21
	0.47
	0.11
	0.55
	0.91
	15.54
	11.66
	169.29
	55.69
	6.93

	AVT32006
	11.39
	10.64
	0.24
	0.21
	0.48
	0.12
	0.57
	0.94
	16.02
	12.02
	209.25
	42.19
	6.09

	AVT32001
	6.66
	6.48
	0.24
	0.15
	0.06
	0.08
	0.86
	0.73
	25.50
	18.62
	174.83
	56.70
	8.48

	AVT32003
	5.08
	5.85
	0.17
	0.19
	0.02
	0.03
	0.79
	0.74
	15.76
	38.43
	180.29
	44.21
	5.86

	AVT32002
	5.88
	6.78
	0.20
	0.22
	0.02
	0.04
	0.92
	0.85
	18.24
	44.48
	178.20
	59.06
	5.95

	AVT33001
	17.21
	13.54
	0.10
	0.17
	0.12
	0.13
	1.04
	0.68
	26.13
	20.34
	133.65
	55.01
	5.06

	AVT33006
	9.45
	12.89
	0.24
	0.17
	0.03
	0.06
	0.55
	0.44
	36.38
	45.76
	163.28
	54.34
	6.36

	AVT33003
	11.05
	12.40
	0.20
	0.13
	0.07
	0.11
	0.43
	0.98
	35.02
	29.58
	172.33
	56.36
	6.42

	AVT33005
	9.28
	8.17
	0.27
	0.28
	0.08
	0.04
	0.87
	0.90
	59.60
	58.49
	190.82
	58.05
	8.70

	AVT33002
	12.21
	9.14
	0.16
	0.11
	0.11
	0.21
	1.03
	0.86
	35.64
	42.85
	179.75
	55.35
	7.74

	AVT33007
	10.20
	6.40
	0.14
	0.15
	0.02
	0.04
	0.71
	0.57
	24.82
	24.48
	165.65
	45.23
	5.00

	AVT33004
	6.21
	10.10
	0.10
	0.15
	0.03
	0.05
	0.93
	0.76
	24.24
	19.70
	184.01
	60.41
	7.03

	GMean
	9.34±0.09
	8.31±0.09
	0.16
	0.16
	0.15
	0.13
	0.73±0.01
	0.72±0.01
	19.65±0.22
	19.16±0.32
	190.27
	56.65
	6.79

	Fratio
	648.21**
	879.57**
	417.53**
	246.49**
	2123.34**
	2380.20**
	1126.57**
	577.62**
	2925.46**
	1971.47**
	225.85**
	62.44
	8.94

	df-Geno
	34.00
	34.00
	34.00
	34.00
	34.00
	34.00
	34.00
	34.00
	34.00
	34.00
	133.65
	42.19
	4.87

	df-Error
	68.00
	68.00
	68.00
	68.00
	68.00
	68.00
	68.00
	68.00
	68.00
	68.00
	1.86
	1.98
	1.35

	C.D.(5%)
	0.26
	0.25
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.60
	0.90
	68.00
	68.00
	68.00

	CV(%)
	1.73
	1.87
	2.57
	2.62
	3.61
	4.62
	1.77
	2.11
	1.90
	2.90
	13.39
	3.59
	0.94


(RLC= root length control, RLT= root length treated, RWC= root width control, RWT= root width treated,  RWTC= root weight control, RWTT= root weight treated, SWTC= shoot weight control, SWTT= shoot weight treated, LBC= number of lateral branches in control, LBT= number of lateral branches in treated, PH= plant height, PSF= final number of plant stand /plot, CWT= cob weight, G mean= grand mean, df-Geno= degree of freedom of genotypes, df-Error= degree of freedom of error, C.D= critical difference, CV = Coefficient of variation, ** = significant difference at 0.01 level.)

Correlation analysis revealed weak to moderate correlations among root and yield-related traits, indicating limited direct associations between these parameters under aluminium stress (Fig. 1). Lateral branching showed a positive association with cob weight, suggesting its potential role in supporting yield under stress conditions. Similar weak associations among root and shoot traits have been reported under abiotic stress conditions (Richard et al., 2015; Gurmu et al., 2025). 
[image: ]
Fig. 1 Correlation between the root morphological and yield-related traits
Principal component analysis of in-vitro traits further revealed that the first four principal components explained a substantial proportion of the total variability (Table 5). PC1 to PC13 explained 99.49% of the variance, where PC1 accounted for the maximum variance (21.76%), followed by PC2 (20.17%). The PCA biplot clearly differentiated genotypes based on trait associations, with AVT-30011, AVT-31006, and AVT-33005 showing strong associations with favorable traits under stress (Fig. 2). Similarly, PCA has been widely used in hydroponic and in-vitro screening studies to identify key traits and classify genotypes based on stress response, particularly through root and biomass-related parameters (Brhane et al., 2023; Farid et al., 2024; Channapur et al., 2025).



Table 5. Principal component analysis of 35 maize genotypes, eigen values and percentage of total variance for the root morphological characters in control and Al treated concentration

	
	PC1
	PC2
	PC3
	PC4
	PC5
	PC6
	PC7
	PC8
	PC9
	PC10
	PC11
	PC12
	PC13

	Eigen value
	2.83
	2.65
	1.85
	1.68
	0.92
	0.73
	0.58
	0.53
	0.50
	0.25
	0.19
	0.15
	0.09

	Variance (%)
	21.76
	20.17
	14.16
	12.98
	7.11
	5.66
	4.49
	4.68
	3.89
	1.89
	1.49
	1.17
	0.74

	Cumulative variance (%)
	
21.76
	
41.23
	
55.39
	
68.37
	
75.48
	
81.14
	
85.63
	
90.31
	
94.20
	
96.09
	
97.58
	
98.75
	
99.49




[image: ]
Fig.2 PCA biplot for the 35 maize genotypes and root morphological characters along with the first two principal components
The membership index provided an integrated assessment of genotypic performance by combining multiple trait responses into a single index (Table 6). Genotype AVT-30011 recorded the highest membership score and was classified as highly tolerant, whereas most genotypes were classified under tolerant or intermediate categories and AVT-30008 was identified as susceptible. The effectiveness of the membership index lies in its ability to capture the cumulative influence of multiple traits and minimize bias associated with single-trait evaluation, thereby enabling more precise and reliable genotype classification compared to PCA and cluster analysis. Similar applications of membership function values have been previously reported in maize and other crops to classify genotypes into tolerance groups under abiotic stress conditions (Ding et al., 2022; Asfawu et al., 2025).
Table 6. Membership index for the representative maize genotypes based on three selected root traits
	Genotype
	RP_RL
	RP_RW
	RP_RWT
	RP_SW
	RP_LB
	RRL%
	SRL
	Mean rank

	
	Score
	Class
	Score
	Class
	Score
	Class
	Score
	Class
	Score
	Class
	Score
	Class
	Score
	Class
	Score
	Class

	AVT30011
	0.84
	HT
	0.94
	HT
	0.96
	HT
	0.88
	HT
	1.00
	HT
	0.16
	HS
	0.78
	T
	0.80
	HT

	AVT30009
	0.84
	HT
	0.94
	HT
	0.96
	HT
	0.88
	HT
	1.00
	HT
	0.16
	HS
	0.76
	T
	0.79
	T

	AVT31002
	0.63
	T
	0.74
	T
	0.96
	HT
	0.85
	HT
	0.71
	T
	0.37
	S
	1.00
	HT
	0.75
	T

	AVT30012
	0.98
	HT
	0.67
	T
	0.98
	HT
	0.90
	HT
	0.97
	HT
	0.02
	HS
	0.45
	IT
	0.71
	T

	AVT33006
	0.22
	S
	0.90
	HT
	0.85
	HT
	0.74
	T
	0.61
	T
	0.78
	T
	0.74
	T
	0.69
	T

	AVT33005
	0.64
	T
	0.64
	T
	0.98
	HT
	0.62
	T
	0.71
	T
	0.36
	S
	0.70
	T
	0.67
	T

	AVT32001
	0.56
	IT
	0.95
	HT
	0.91
	HT
	0.71
	T
	0.81
	HT
	0.44
	IT
	0.25
	S
	0.66
	T

	AVT31003
	1.00
	HT
	0.67
	T
	0.96
	HT
	0.53
	IT
	0.93
	HT
	0.00
	HS
	0.34
	S
	0.63
	T

	AVT33007
	0.85
	HT
	0.57
	IT
	0.85
	HT
	0.74
	T
	0.71
	T
	0.15
	HS
	0.54
	IT
	0.63
	T

	AVT30001
	1.00
	HT
	0.67
	T
	0.96
	HT
	0.53
	IT
	0.93
	HT
	0.00
	HS
	0.33
	S
	0.63
	T

	AVT30006
	1.00
	HT
	0.67
	T
	0.95
	HT
	0.53
	IT
	0.93
	HT
	0.00
	HS
	0.32
	S
	0.63
	T

	AVT33004
	0.00
	HS
	0.27
	S
	0.88
	HT
	0.73
	T
	0.78
	T
	1.00
	HT
	0.70
	T
	0.62
	T

	AVT30004
	0.39
	S
	1.00
	HT
	0.90
	HT
	0.63
	T
	0.56
	IT
	0.61
	T
	0.20
	S
	0.61
	T

	AVT33002
	0.75
	T
	0.92
	HT
	0.86
	HT
	0.72
	T
	0.63
	T
	0.25
	S
	0.12
	HS
	0.61
	T

	AVT31005
	0.59
	IT
	0.76
	T
	1.00
	HT
	0.31
	S
	0.81
	HT
	0.41
	IT
	0.30
	S
	0.60
	T

	AVT32004
	0.59
	IT
	0.77
	T
	1.00
	HT
	0.31
	S
	0.81
	HT
	0.41
	IT
	0.29
	S
	0.60
	T

	AVT32006
	0.59
	IT
	0.76
	T
	1.00
	HT
	0.31
	S
	0.81
	HT
	0.41
	IT
	0.29
	S
	0.60
	T

	AVT32005
	0.59
	IT
	0.75
	T
	1.00
	HT
	0.31
	S
	0.81
	HT
	0.41
	IT
	0.30
	S
	0.60
	T

	AVT32007
	0.59
	IT
	0.76
	T
	1.00
	HT
	0.31
	S
	0.81
	HT
	0.41
	IT
	0.29
	S
	0.60
	T

	AVT31001
	0.59
	IT
	0.74
	T
	1.00
	HT
	0.31
	S
	0.81
	HT
	0.41
	IT
	0.30
	S
	0.59
	IT

	AVT31004
	0.59
	IT
	0.75
	T
	1.00
	HT
	0.31
	S
	0.81
	HT
	0.41
	IT
	0.29
	S
	0.59
	IT

	AVT31009
	0.52
	IT
	0.57
	IT
	0.83
	HT
	1.00
	HT
	0.73
	T
	0.48
	IT
	0.02
	HS
	0.59
	IT

	AVT31007
	0.31
	S
	0.51
	IT
	0.97
	HT
	0.64
	T
	0.36
	S
	0.69
	T
	0.56
	IT
	0.58
	IT

	AVT33003
	0.43
	IT
	0.95
	HT
	0.90
	HT
	1.00
	HT
	0.77
	T
	0.57
	IT
	0.37
	S
	0.57
	IT

	AVT32003
	0.40
	IT
	0.59
	IT
	0.90
	HT
	0.67
	T
	0.14
	HS
	0.60
	IT
	0.67
	T
	0.57
	IT

	AVT33001
	0.72
	T
	0.08
	HS
	0.93
	HT
	0.81
	HT
	0.79
	T
	0.28
	S
	0.34
	S
	0.57
	IT

	AVT30002
	0.64
	T
	0.57
	IT
	0.94
	HT
	0.84
	HT
	0.37
	S
	0.36
	S
	0.19
	HS
	0.56
	IT

	AVT30007
	0.64
	T
	0.56
	IT
	0.94
	HT
	0.84
	HT
	0.37
	S
	0.36
	S
	0.18
	HS
	0.56
	IT

	AVT32002
	0.40
	IT
	0.59
	IT
	0.88
	HT
	0.67
	T
	0.14
	HS
	0.60
	IT
	0.58
	IT
	0.55
	IT

	AVT31006
	0.51
	IT
	0.56
	IT
	0.48
	IT
	0.71
	T
	0.81
	HT
	0.49
	IT
	0.00
	HS
	0.51
	IT

	AVT31008
	0.69
	T
	0.45
	IT
	0.90
	HT
	0.42
	IT
	0.63
	T
	0.31
	S
	0.09
	HS
	0.50
	IT

	AVT30005
	0.67
	T
	0.05
	HS
	0.91
	HT
	0.39
	S
	0.70
	T
	0.33
	S
	0.16
	HS
	0.46
	IT

	AVT30010
	0.67
	T
	0.02
	HS
	0.91
	HT
	0.38
	S
	0.70
	T
	0.33
	S
	0.17
	
	0.45
	IT

	AVT30003
	0.67
	T
	0.00
	HS
	0.90
	HT
	0.39
	S
	0.70
	T
	0.33
	S
	0.16
	
	0.45
	IT

	AVT30008
	0.16
	HS
	0.54
	IT
	0.00
	HS
	0.57
	IT
	1.00
	HT
	0.84
	HT
	0.09
	
	0.31
	S


(RP_RL= % response of root length, RP_RW= % response of root width, RP_RWT= % response of root weight, RP_SW= % response of shoot weight, RP_LB= % response of number of lateral branches, RRL= Relative root length, SRL= specific root length).
The comparative analysis of field and in-vitro screening revealed both consistency and variation among genotypes. AVT-30011 emerged as the most stable genotype across both conditions, confirming its strong tolerance to aluminium toxicity. Genotypes such as AVT-33005, AVT-31006, and AVT-32005 also showed good agreement between field and in-vitro performance. However, certain genotypes exhibited contrasting responses, indicating the influence of environmental factors and genotype × environment interactions.
Despite the successful identification of promising aluminium-tolerant maize genotypes through integrated field and in-vitro screening approaches, certain limitations of the present study should be acknowledged. The field evaluation was conducted under acidic soil conditions of a single agro-climatic region of North Bengal over only two kharif seasons, which may not fully capture the extent of genotype × environment interactions across diverse soil types and climatic conditions. In addition, the hydroponic screening system, although effective for rapid evaluation of seedling-stage tolerance, may not completely replicate the complex physicochemical and biological interactions associated with aluminium toxicity under natural field environments. Furthermore, the present study primarily focused on morphological, root, and yield-related traits, whereas molecular-level validation of the identified tolerant genotypes was not undertaken. Therefore, further multi-location trials, long-term field evaluation, and  integration of molecular and transcriptomic approaches would be beneficial for confirming the stability, adaptability, and genetic basis of aluminium tolerance in the selected maize genotypes.

From a breeding perspective, the identified genotypes provide valuable genetic resources for improving aluminium tolerance in maize. Genotypes AVT-30011, AVT-33005, AVT-31006, and AVT-32005 can be effectively utilized as donor parents in breeding programmes. The integration of field and in-vitro screening, supported by multivariate approaches such as PCA, rescaling, and membership index, enhances the efficiency and precision of genotypic selection. These genotypes can be further utilized in hybrid development, QTL mapping, and transcriptomic studies aimed at elucidating the genetic basis of aluminium tolerance. Overall, the findings of this study contribute to the development of efficient breeding strategies for improving maize productivity in acidic soil regions.
Conclusion
The present study identified significant genetic variability among maize genotypes under aluminium stress and successfully identified tolerant genotypes through integrated field and in-vitro screening combined with multivariate approaches. Genotypes such as AVT-30011, AVT-31006, and AVT-33005 exhibited stable performance and can serve as potential donor parents for breeding programmes targeting acidic soils. Root morphological traits were proved to be useful for early-stage screening, while multivariate tools enhanced the precision of genotypic selection. The combined strategy provides an effective framework for selecting aluminium-tolerant genotypes and can be effectively applied in hybrid development and future crop improvement programmes.
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Supplementary materials
Screening of maize (Zea mays L.) genotypes for aluminium toxicity tolerance using field and in-vitro approaches
This section contains additional tables supporting the results presented in the main manuscript.
Supplementary Table S1. Mean performance of maize genotypes, kharif season 2022
	Genotypes
	SP
	PH
	PSF
	EH
	DHN75
	D50SK
	D50PL
	MP
	NOC
	CWT

	AVT-30003
	80.84
	170.40
	57.33
	103.26
	96.33
	55.00
	54.33
	11.04
	57.33
	5.42

	AVT-30005
	82.94
	191.60
	55.66
	114.20
	96.33
	50.33
	52.66
	14.25
	55.66
	6.13

	AVT-30010
	81.75
	200.53
	57.00
	98.06
	96.33
	55.00
	56.66
	13.93
	57.00
	5.76

	AVT-30009
	83.86
	195.26
	60.66
	105.26
	96.66
	53.33
	52.00
	14.073
	60.66
	6.56

	AVT-30011
	85.50
	190.00
	60.00
	110.80
	96.66
	54.33
	59.66
	16.04
	60.00
	7.18

	AVT-30012
	83.61
	193.46
	60.00
	109.46
	98.00
	51.66
	50.33
	18.03
	60.00
	6.46

	AVT-30002
	83.00
	188.73
	54.66
	109.00
	97.00
	59.66
	52.00
	18.40
	54.66
	5.24

	AVT-30007
	83.10
	203.80
	56.66
	118.73
	96.66
	55.00
	52.66
	13.97
	56.66
	6.38

	AVT-30008
	83.77
	193.06
	56.66
	105.73
	97.33
	54.66
	55.00
	11.85
	56.66
	6.45

	AVT-30004
	82.01
	183.60
	56.33
	97.80
	97.33
	53.00
	55.00
	18.20
	56.33
	5.87

	AVT-30006
	83.25
	198.33
	53.33
	114.46
	97.00
	57.00
	50.33
	14.04
	53.33
	6.38

	AVT-30001
	85.34
	194.80
	59.33
	117.73
	97.00
	51.00
	49.66
	16.30
	59.33
	7.14

	AVT-31003
	83.94
	192.26
	60.33
	121.86
	92.66
	49.66
	55.00
	14.98
	60.33
	8.83

	AVT-31009
	82.34
	183.33
	61.66
	122.13
	93.00
	49.66
	49.66
	8.15
	61.66
	7.93

	AVT-31007
	80.78
	197.46
	59.00
	119.20
	92.00
	46.66
	52.00
	15.18
	59.00
	7.59

	AVT-31006
	81.51
	220.26
	58.00
	132.00
	93.00
	48.00
	52.66
	14.88
	58.00
	7.61

	AVT-31008
	81.46
	223.06
	56.33
	133.93
	92.33
	52.66
	55.00
	18.45
	56.33
	7.91

	AVT-31002
	81.41
	194.40
	60.00
	114.06
	93.33
	49.66
	55.00
	5.63
	60.00
	7.67

	AVT-31001
	81.21
	208.40
	59.66
	125.33
	92.66
	46.66
	49.66
	16.57
	59.66
	7.63

	AVT-31004
	82.02
	219.26
	61.66
	132.46
	93.00
	46.00
	50.33
	16.23
	61.66
	7.90

	AVT-31005
	80.60
	189.06
	57.00
	121.40
	92.33
	46.00
	48.00
	13.37
	57.00
	7.43

	AVT-32007
	80.77
	188.73
	45.00
	112.00
	94.00
	49.00
	57.33
	5.51
	45.00
	4.81

	AVT-32004
	83.42
	181.93
	57.33
	111.06
	94.66
	50.00
	52.66
	18.01
	57.33
	5.88

	AVT-32005
	86.28
	167.20
	55.00
	96.53
	94.33
	56.33
	57.33
	16.53
	55.00
	6.84

	AVT-32006
	84.23
	206.66
	41.66
	130.13
	93.33
	52.00
	49.66
	7.24
	41.66
	6.01

	AVT-32001
	88.95
	172.66
	56.00
	104.33
	93.66
	57.00
	54.33
	14.72
	56.00
	8.38

	AVT-32003
	83.97
	178.06
	43.66
	98.93
	93.33
	61.66
	54.33
	17.71
	43.66
	5.78

	AVT-32002
	87.08
	176.00
	58.33
	91.46
	94.66
	54.33
	57.33
	7.12
	58.33
	5.88

	AVT-33001
	83.16
	132.00
	54.33
	80.73
	91.00
	52.00
	49.66
	10.61
	54.33
	4.99

	AVT-33006
	86.77
	161.26
	53.66
	99.53
	90.33
	49.66
	52.00
	16.31
	53.66
	6.28

	AVT-33003
	84.78
	170.20
	55.66
	95.33
	89.66
	52.00
	52.00
	16.31
	55.66
	6.34

	AVT-33005
	87.09
	188.4667
	57.33
	120.53
	89.33
	46.66
	47.33
	13.97
	57.33
	8.59

	AVT-33002
	82.70
	177.5333
	54.66
	115.66
	89.66
	47.33
	49.66
	12.6
	54.66
	7.64

	AVT-33007
	82.58
	163.6
	44.66
	98.80
	90.00
	57.33
	56.66
	19.19
	44.66
	4.94

	AVT-33004
	82.09
	181.7333
	59.66
	116.06
	89.66
	51.33
	52.66
	12.0233
	59.66
	6.94

	GMean
	83.37
	187.92
	55.95
	111.37
	93.84
	52.04
	52.87
	14.043
	55.95
	6.71

	max
	88.96
	223.07
	61.67
	133.93
	98.00
	61.67
	59.67
	19.19
	61.67
	8.83

	min
	80.60
	132.00
	41.67
	80.73
	89.33
	46.00
	47.33
	5.52
	41.67
	4.81

	CV(%)
	3.55
	12.1909
	10.96
	13.23
	0.72
	10.95
	12.21
	11.45
	10.96
	23.84

	F test
	ns
	*
	*
	**
	**
	ns
	ns
	**
	**
	ns



(Note: SP = shelling percentage; PH =  plant height (cm); EH = ear height (cm); PSF = final plant stand/ plot; MP =  moisture percentage; D50PL = days to 50% pollen shed; D50SK = days to 50% silk; DHN75 = days to 75% dry husk; NOC = number of cobs; CWT = cob weight (kg); GMean= Grand mean; max = maximum; min = minimum; CV = Coefficient of variation;  ns = non-significant; * = significant difference at 0.05 level; ** = significant difference at 0.01 level)

Supplementary Table S2. Mean performance of maize genotypes, kharif season 2023
	Genotypes
	SP
	PH
	PSF
	EH
	DHN75
	D50SK
	D50PL
	MP
	NOC
	CWT

	AVT-30003
	82.86
	174.66
	58.76
	105.85
	98.74
	56.37
	55.69
	11.31
	58.76
	5.56

	AVT-30005
	85.01
	196.39
	57.06
	117.05
	98.74
	51.59
	53.98
	14.61
	57.06
	6.29

	AVT-30010
	83.79
	205.55
	58.43
	100.52
	98.74
	56.38
	58.08
	14.28
	58.43
	5.91

	AVT-30009
	85.96
	200.15
	62.18
	107.90
	99.08
	54.67
	53.30
	14.42
	62.18
	6.73

	AVT-30011
	87.64
	194.75
	61.50
	113.57
	99.08
	55.69
	61.16
	16.44
	61.50
	7.36

	AVT-30012
	85.70
	198.30
	61.50
	112.20
	100.45
	52.96
	51.59
	18.47
	61.50
	6.62

	AVT-30002
	85.08
	193.45
	56.03
	111.72
	99.42
	61.16
	53.30
	18.86
	56.03
	5.37

	AVT-30007
	85.18
	208.89
	58.08
	121.70
	99.08
	56.37
	53.98
	14.32
	58.08
	6.54

	AVT-30008
	85.87
	197.89
	58.08
	108.37
	99.77
	56.03
	56.37
	12.15
	58.08
	6.61

	AVT-30004
	84.07
	188.19
	57.74
	100.25
	99.77
	54.32
	56.37
	18.65
	57.74
	6.02

	AVT-30006
	85.33
	203.29
	54.67
	117.33
	99.42
	58.42
	51.59
	14.39
	54.67
	6.54

	AVT-30001
	87.47
	199.67
	60.82
	120.68
	99.42
	52.28
	50.91
	16.71
	60.82
	7.31

	AVT-31003
	86.04
	197.07
	61.84
	124.91
	94.98
	50.91
	56.38
	15.36
	61.84
	9.04

	AVT-31009
	84.40
	187.92
	63.21
	125.18
	95.32
	50.91
	50.91
	8.36
	63.21
	8.13

	AVT-31007
	82.80
	202.40
	60.48
	122.18
	94.30
	47.83
	53.30
	15.56
	60.48
	7.78

	AVT-31006
	83.55
	225.77
	59.45
	135.30
	95.32
	49.20
	53.98
	15.25
	59.45
	7.80

	AVT-31008
	83.50
	228.64
	57.74
	137.28
	94.64
	53.98
	56.37
	18.91
	57.74
	8.11

	AVT-31002
	83.44
	199.26
	61.50
	116.92
	95.66
	50.91
	56.38
	5.77
	61.50
	7.86

	AVT-31001
	83.23
	213.61
	61.16
	128.46
	94.98
	47.83
	50.91
	16.99
	61.16
	7.82

	AVT-31004
	84.07
	224.75
	63.21
	135.78
	95.33
	47.15
	51.59
	16.64
	63.21
	8.10

	AVT-31005
	82.61
	193.79
	58.43
	124.43
	94.64
	47.15
	49.20
	13.71
	58.43
	7.62

	AVT-32007
	82.79
	193.45
	46.12
	114.80
	96.35
	50.22
	58.76
	5.65
	46.12
	4.93

	AVT-32004
	85.50
	186.48
	58.77
	113.84
	97.03
	51.25
	53.98
	18.46
	58.77
	6.02

	AVT-32005
	88.44
	171.38
	56.38
	98.95
	96.69
	57.74
	58.76
	16.94
	56.38
	7.02

	AVT-32006
	86.34
	211.83
	42.71
	133.39
	95.67
	53.30
	50.91
	7.42
	42.71
	6.16

	AVT-32001
	91.18
	176.98
	57.40
	106.94
	96.01
	58.43
	55.69
	15.0967
	57.40
	8.59

	AVT-32003
	86.07
	182.52
	44.76
	101.40
	95.67
	63.21
	55.69
	18.16
	44.76
	5.92

	AVT-32002
	89.26
	180.40
	59.79
	93.75
	97.03
	55.69
	58.76
	7.3
	59.79
	6.02

	AVT-33001
	85.23
	135.30
	55.69
	82.75
	93.28
	53.30
	50.91
	10.8767
	55.69
	5.12

	AVT-33006
	88.94
	165.30
	55.01
	102.02
	92.59
	50.91
	53.30
	16.7167
	55.01
	6.44

	AVT-33003
	86.90
	174.45
	57.06
	97.71
	91.91
	53.30
	53.30
	16.7167
	57.06
	6.50

	AVT-33005
	89.27
	193.18
	58.77
	123.55
	91.57
	47.83
	48.51
	14.32
	58.77
	8.80

	AVT-33002
	84.77
	181.97
	56.03
	118.56
	91.91
	48.51
	50.91
	12.9133
	56.03
	7.84

	AVT-33007
	84.64
	167.69
	45.78
	101.27
	92.25
	58.76
	58.08
	19.67
	45.78
	5.06

	AVT-33004
	84.15
	186.28
	61.16
	118.97
	91.91
	52.61
	53.90
	12.3267
	61.16
	7.11

	GMean
	85.46
	192.62
	57.35
	114.15
	96.19
	53.35
	54.19
	14.3942
	57.35
	6.87

	max
	91.18
	228.65
	63.21
	137.28
	100.45
	63.21
	61.16
	19.67
	63.21
	9.05

	min
	82.61
	135.30
	42.71
	82.76
	91.57
	47.15
	48.52
	5.66
	42.71
	4.94

	CV(%)
	3.56
	12.19
	10.96
	13.23
	0.72
	10.96
	12.21
	11.4511
	10.96
	23.84

	F test
	     ns
	      *
	       *
	      **
	    **
	     ns
	     ns
	     **
	      *
	ns



(Note: SP = shelling percentage; PH =  plant height (cm); EH = ear height (cm); PSF = final plant stand/ plot; MP =  moisture percentage; D50PL = days to 50% pollen shed; D50SK = days to 50% silk; DHN75 = days to 75% dry husk; NOC = number of cobs; CWT = cob weight (kg); GMean= Grand mean; max = maximum; min = minimum; CV = Coefficient of variation;  ns = non-significant; * = significant difference at 0.05 level; ** = significant difference at 0.01 level)
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