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ABSTRACT
Genetic improvement was assessed in four faba bean crosses, i.e., cross 1 (Sakha 1 x Line 1), cross 2 (Sakha 1 x Giza 429), cross 3 (Misr 1 x Sakha 3) and cross 4 (Giza 717 x Giza 674), using F2, F3, F4 and F5 segregating generations to improve yield and yield components of four faba bean crosses with pedigree method. This study was conducted out at the Experimental Farm of Sakha Agricultural Research Station Kafrelsheikh, Egypt, during four consecutive seasons from 2021/22 to 2024/25. The results revealed distinct genetic improvement as well as reduced variability over generations, with the most improvements seen for diseases resistance and yield traits. The scores for both rust and chocolate spot diseases consistently improved with almost all the F₅ progenies scoring within the resistant category. Flowering and maturity were earlier in several crosses, but cross 3 (Misr 1 × Sakha 3) had the earliest mean flowering of 43.7 days, and cross 4 (Giza 717 × Giza 674) had the earliest maturity of 144.7 days. Yield improvements were seen across all crosses with cross 4 having the highest scores for No. of pods, No. of seeds, and seed yield per plant at both the F₂ and F₅ generations, whereas cross 3 produced the highest value of 100 seed weight overall at a mean weight of 96.3 g, estimates of narrow-sense heritability ranged from moderate to high, with yield components and disease resistance having a strong additive gene effect, and a very high expected genetic advance. The first shifts (F₂–F₃) in generations with pedigree selection accounted for the majority of variability available, while later generations (F₄–F₅) continued to select and stabilize desirable traits with the increasing the genetic potential. Overall, the outcomes confirm that, the success of the pedigree selection method for developing superior, disease-resistant, high-yielding and early-maturing faba bean genotypes. additionally cross 4 was also the best candidate for future cultivar release.
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INTRODUCTION
Faba bean (Vicia faba L.) is one of the main legume crops grown in Egypt. It is an important source of plant protein in human food and animal feed. Moreover, it is pivotal to national food security to protect the livelihoods of thousands of smallholder farmers. Because of its high protein content of legume crops (24% - 33%) (Winch, 2006) and its incorporation into traditional Egyptian food staples, it remains an important component of the list to dietary staples today.  Today, it is also important across the globe for its economic value, particularly found in a large number of developing countries serving as an inexpensive means to provide protein nutritional needs to a large population [1-2].  From an agronomic perspective, faba bean provides nitrogen-fixing services from the atmosphere, thus providing value to soil fertility and sustainable local agricultural practices that reduce reliance on chemical fertilizers.
In the past years, however, there have been remarkable variations in faba bean cultivation in Egypt driven by climate change, decreases of water resources, and competition from more valuable crops. The area of national faba bean crop was about 43816 hectares with an average production of 159418 ton and an average seed yield of 3.6 tons per hectare, which covered about 41% of our critical needs for human consumption [3]. The pressures being faced emphasize the immediate potential to advance productivity and resilience to biotic and abiotic stresses. In response to growing domestic demand for faba bean and reduced reliance on imports, the genetic improvement of faba bean has quickly become a national priority to develop advance superior genotypes and varieties with high yielding potential, early maturity, disease-resistant and climate-resilient genotypes.
Plant breeders have made great efforts in the continuous search for better and more efficient methods of field crop yield improvements. There are several methods of selection to improve yield and yield attributes of the faba bean. Pedigree selection is one of the most widely used methods for breeding self-pollinated species to increase crop productivity. It has been in practice ever since for the improvement of faba bean productivity in Egypt [4-7].  
Success of the breeding program depends on the choice of populations capable of producing desired high yielding progeny. Selection in the promising segregating populations can identify superior performance genotypes, compared to their parents and local cultivars [8-9]. 
[bookmark: _Hlk215906369]The efficiency of selection in early segregating populations either local or exotic to enhance the faba bean performance was evidenced by many trials [10]. Selection using pedigree method has proven to be the best for improving yield potential, among different selection methods [4]. Abo El-Wafa et al [10] found significant gains in seed weight per plant after two cycles of pedigree selection of 36.91 and 27.39% over the check cultivar and best parent, respectively), while traits with high heritability and genetic advance such as number of pods per plant and seed yield per plant indicate good potential improvement based on selection using pedigree method [11-12]. 
The main objective of the present investigation was to study the efficiency of pedigree selection method to identification high yielding genotypes in four faba bean segregating populations.

MATERIAL AND METHODS
This study was conducted from 2021/22 to 2024/25 seasons, encompassing the selection and development of F2 to F5 faba bean populations at Sakha Agricultural Research Station, Kafr-El-Sheikh governorate, Egypt. The breeding materials used in this study were the F2, F3 and F4 generations of the four crosses, i.e., cross 1 (Sakha 1 x Line 1), cross 2 (Sakha 1 x Giza 429), cross 3 (Misr 1 x Sakha 3) and cross 4 (Giza 717 x Giza 674). The parental varieties are presented in Table 1. Pedigree selection method was used for reaction to foliar diseases (chocolate spot and rust), flowering date (day), plant height (cm), No. of branches per plant, No. of pods per plant, No. of seeds per plant, 100- seed weight (g), seed yield per plant and maturity date (day).
Table 1. Name, botanical groups and disease reactions characters of the seven parental faba bean genotypes used in this study.
	Parents
	Pedigree
	Foliar diseases characters

	
	
	Rust
	Chocolate spot

	Misr 1
	Giza 3 × A123/45/76
	Susceptible
	Susceptible

	Sakha 3
	Single plant Sel. From Giza 716
	Resistant
	Resistant

	Sakha 1
	Giza 716 x 620/283/85
	Resistant
	Resistant

	Giza 429
	Single plant selection from Giza-402
	Moderately Resistant
	Moderately Resistant

	Giza 674
	Giza 402 x BPL 561
	Moderately Resistant
	Moderately Resistant

	Giza 717
	503/453/83 x ILB 938
	Resistant
	Resistant

	Line 1 
	Nubaria 1 x Ohishima-Zaira
	Resistant
	Resistant


Reaction to foliar diseases was recorded in Mid - February and Mid- March for chocolate spot and rust diseases, respectively, according to the disease scales (0-9) suggested by Bernier et al [13] under natural infection.
In the 2021/22 season, 300 plants from each F₂ cross were sown in a randomized complete blocks design of three replications. The 50 top-performing plants (based on agronomic traits) selected to establish F₃ family rows, each individual plant progeny maintained on a separate page and sown in individual rows. During 2022/23, seeds were planted at 20 cm intra-row and 60 cm inter-row spacing, and selection occurred in two steps: first, 30 promising F₃ families were identified followed by selection of the best five plants (according to their phenotypic appearance), with the top progeny advanced as F₄ families. This process was repeated identically for F₄ in 2023/24, and F₅ in 2024/25, progressively reducing family numbers each generation until 15 pure lines/cross-population were retained in F₅ for final evaluation. Data was recorded on guarded plants from each cross-progeny. All cultural practices were maintained at optimum levels for maximum productivity.
Genetic parameters:
According to the procedure described by Smith and Kinman [14], narrow-sense heritability estimates was calculated by applying parent-offspring regression, which involves regressing offspring mean value on their parent value for each trait set to be studied. Hence, by this method, narrow-sense heritability (h2) could be calculated between (F2, F3), (F3, F4), and (F4, F5) as shown in Table (2):
Table 2. Narrow-sense heritability as the regression coefficient of Fn+1 mean on Fn parental value.
	Parent-offspring generation
	r y.x
	h2 = b y.x / 2r y.x

	F2 , F3
	3/4
	2/3 b F3 , F2

	F3 , F4
	7/8
	4/7 b F4 , F3

	F4 , F5
	15/16
	8/15b F4 , F5


Where:
b y.x = Covariance Y X / variance X
r y.x = Covariance Y X / (variance X . Variance Y) 1/2
Therefore :
h2 (F2, F3) = 0.45 b y.x / r y.x,b y.x = regression coefficient of F3 progeny mean on F2 parental value for respective characters.
h2 (F3, F4) = 0.32 b y.x / r y.x, b y.x = regression coefficient of F4 progeny mean on F3 parental value for respective characters.
h2 (F4, F5) = 0.28 b y.x / r y.x, b y.x = regression coefficient of F5 progeny mean on F4 parental value for respective characters.
The regression coefficient (b y·x) and the phenotypic correlation coefficient (r y·x) were calculated between successive generations, namely (F₂, F₃), (F₃, F₄), and (F₄, F₅), for each studied trait. The expected genetic advance (Gₐ) and the predicted genetic gain as a percentage of the mean (Ga %) from selection at the top 5 % selection intensity was estimated according to the method described by Hallauer and Miranda [15], using the following formulas:
Ga = K. h2 .σph
Where:
K: is a constant refers to the selection differential expressed as standard deviation unit at certain selection intensity (K = 2.06 at 5 % selection intensity).
h2 is the narrow - sense heritability and σph is the phenotypic standard deviation.
The predicted genetic advance (Ga %) from selection as percentage of mean was calculated as: Ga % = (G a  /X ) x 100
Data pertaining to the four cross-populations were subjected to the statistical analysis of variance according to Gomez and Gomez [16], for the F3, F4 and F5 generations. Mean values for each generation for the respective traits, were compared at 5 % level of probability using the Least Significant Differences (L.S.D) test. The phenotypic correlation coefficients (r) for the trait-pairs for each generation were similarly calculated using the methodology of Snedecor and Cochran [17].
RESULTS 
Disease resistance performance:
Table 3 shows the performance assessment of four faba bean cross populations for rust and chocolate spot resistance from F₂ up to F₅ generations. The evidence shows the potential of selection under pedigree selection to be efficient, as there were significantly high and/or significant differences in both traits among generations. The results indicate that the differences for disease infection traits between the crossings were significant for all crosses indicating that parental line selection has a significant effect on performance in the progeny. The diseases resistance reaction of the four crosses differed. The performance of the four faba bean crosses in the fifth generation (F₅) demonstrated the efficiency of selection for fixing desirable characters and the reduction in variability compared to the cross generation (F₂). All the crosses were resistant; cross 2 (Sakha 1 × Giza 429) and cross 3 (Misr 1 × Sakha 3) had lower rust scores (1.75 and 1.93, respectively) in F4 with stable improvement from the F₂. cross 1 and cross 4 had slightly higher infection values, but still within the resistant category. It can be concluded from this that all crosses retained enough resistance through generations.
Table 3: Mean, minimum, maximum and variance estimates for chocolate spot and rust infection traits of the different generations in four faba bean crosses.
	[bookmark: _Hlk215604199]Cross
	Statistical 
Parameter 
	Chocolate spot 
	Rust 

	
	
	F₂
	F₃
	F₄
	F₅
	F₂
	F₃
	F₄
	F₅

	Cross 1
(Sakha 1 x Line 1)
	Mean
	3.60
	3.59
	3.42
	3.49
	2.87
	2.70
	2.46
	2.41

	
	Min
	2.00
	2.00
	2.00
	2.00
	1.00
	2.00
	1.00
	2.00

	
	Max
	5.00
	5.00
	4.00
	4.00
	5.00
	5.00
	4.00
	4.00

	
	Var
	0.79
	0.75
	0.51
	0.57
	1.39
	0.84
	0.43
	0.34

	Cross 2
(Sakha 1 x Giza 429)
	Mean
	2.97
	3.08
	2.82
	3.40
	1.93
	1.77
	1.75
	2.36

	
	Min
	2.00
	2.00
	2.00
	3.00
	1.00
	1.00
	1.00
	2.00

	
	Max
	5.00
	4.00
	5.00
	5.00
	4.00
	3.00
	4.00
	3.00

	
	Var
	0.70
	0.73
	0.88
	0.57
	0.60
	0.62
	0.65
	0.23

	Cross 3
(Misr 1 x Sakha 3)
	Mean
	3.40
	3.31
	3.62
	3.51
	2.06
	1.93
	1.94
	2.03

	
	Min
	2.00
	2.00
	2.00
	2.00
	1.00
	1.00
	1.00
	1.00

	
	Max
	5.00
	5.00
	5.00
	5.00
	3.00
	3.00
	3.00
	3.00

	
	Var
	0.58
	0.65
	0.63
	0.59
	0.30
	0.29
	0.19
	0.17

	Cross 4
(Giza 717 x Giza 674)
	Mean
	3.05
	2.68
	3.11
	3.30
	2.14
	1.99
	2.11
	2.18

	
	Min
	2.00
	2.00
	3.00
	3.00
	1.00
	1.00
	2.00
	2.00

	
	Max
	5.00
	3.00
	4.00
	4.00
	4.00
	3.00
	3.00
	3.00

	
	Var
	0.78
	0.47
	0.32
	0.54
	0.47
	0.24
	0.10
	0.18

	F test
	*
	**
	**
	**
	**
	**
	**
	**

	LSD 0.05
	0.61
	0.60
	0.30
	0.36
	0.62
	0.65
	0.33
	0.18


*and** significant at0.05 and 0.01 levels of probability, respectively.
Yield traits: 
Regarding flowering date, cross 3 was improved considerably from 45.97 days in F₂ to 43.72 days in F₅, the earliest among crosses (Table 4). cross 2 also made progress for flowering date (from 54.51 to 51.52 days), while cross 4 was still relatively later (54.88 days in F₅). With regard to plant height decreases between generations were observed, with cross 1 decreasing from 128.22 cm (F₂) to 116.97 cm (F₅), and cross 4 from 139.0 cm to 122.6 cm. cross 2 was the shortest throughout (115.4 cm in F₅). cross 4 was the tallest in F5 generation among crosses.
Table 4: Mean, minimum, maximum and variance estimates for flowering date and plant height traits of the different generations in four faba bean crosses.
	Cross
	 Statistical 
Parameter  
	Flowering date (day)
	Plant height (cm)

	
	
	F₂
	F₃
	F₄
	F₅
	F₂
	F₃
	F₄
	F₅

	Cross 1
(Sakha 1 x Line 1)
	Mean
	48.28
	50.63
	52.22
	51.49
	128.22
	129.76
	126.96
	116.97

	
	Min
	35.00
	40.00
	40.00
	40.00
	90.00
	100.00
	90.00
	90.00

	
	Max
	60.00
	60.00
	60.00
	60.00
	170.00
	165.00
	155.00
	140.00

	
	Var
	50.65
	38.57
	38.00
	19.77
	241.24
	122.73
	124.92
	112.91

	Cross 2
(Sakha 1 x Giza 429)
	Mean
	54.51
	55.13
	55.04
	51.52
	113.57
	127.81
	124.41
	115.40

	
	Min
	45.00
	45.00
	45.00
	45.00
	76.00
	95.00
	105.00
	90.00

	
	Max
	65.00
	60.00
	65.00
	60.00
	156.00
	165.00
	140.00
	135.00

	
	Var
	34.55
	15.81
	41.24
	25.23
	218.37
	104.33
	64.17
	102.90

	Cross 3
(Misr 1 x Sakha 3)
	Mean
	45.97
	47.11
	43.73
	43.72
	128.20
	135.93
	126.47
	120.94

	
	Min
	40.00
	40.00
	40.00
	40.00
	90.00
	115.00
	90.00
	75.00

	
	Max
	55.00
	60.00
	50.00
	50.00
	170.00
	175.00
	155.00
	150.00

	
	Var
	15.59
	15.99
	13.22
	7.17
	239.95
	115.31
	102.58
	118.38

	Cross 4
(Giza 717 x Giza 674)
	Mean
	53.45
	54.33
	54.54
	54.88
	139.00
	133.38
	119.61
	122.60

	
	Min
	40.00
	45.00
	50.00
	50.00
	99.00
	120.00
	90.00
	105.00

	
	Max
	60.00
	60.00
	60.00
	60.00
	179.00
	145.00
	140.00
	140.00

	
	Var
	24.59
	17.20
	15.43
	13.90
	367.17
	40.40
	78.08
	101.05

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

	LSD 0.05
	3.64
	4.46
	1.66
	2.27
	17.34
	8.96
	6.06
	10.67


*and** significant at0.05 and 0.01 levels of probability, respectively.
Result of yield component traits, revealed potential promising crosses for productivity. cross 4 (Giza 717 x Giza 674) excelled in number of branches per plant (5.85) in the F₃ (Table 5), also ranked first in number pods (25.02) and No. of seeds per plant (76.83) in F5 (Table 6). cross 3 had the highest seed yield per plant in the F₃, whereas Cross 4 led in the F₂ and F₅, showing good yield stability (Table 6). cross 2, on the other hand, consistently had the fewest number of pods per plant, which explains its low yield potential, despite its better disease resistance.
Table 5: Mean, minimum, maximum and variance estimates for No. of branches per plant and No. of pods per plant traits of the different generations in four faba bean crosses.
	Cross
	Statistical 
Parameter  
	No. of branches per plant
	No. of pods per plant

	
	
	F₂
	F₃
	F₄
	F₅
	F₂
	F₃
	F₄
	F₅

	Cross 1
(Sakha 1 x Line 1)
	Mean
	2.74
	4.65
	4.68
	4.37
	20.61
	32.00
	33.41
	21.83

	
	Min
	1.00
	2.00
	2.00
	1.00
	4.00
	14.00
	18.00
	10.00

	
	Max
	7.00
	10.00
	17.00
	12.00
	54.00
	99.00
	86.00
	52.00

	
	Var
	1.60
	3.29
	4.20
	3.55
	76.12
	207.51
	89.26
	49.31

	Cross 2
(Sakha 1 x Giza 429)
	Mean
	2.93
	3.36
	4.48
	4.18
	24.09
	25.63
	32.99
	24.09

	
	Min
	1.00
	1.00
	2.00
	1.00
	10.00
	11.00
	12.00
	14.00

	
	Max
	14.00
	7.00
	10.00
	9.00
	75.00
	78.00
	64.00
	47.00

	
	Var
	2.75
	1.58
	3.17
	2.27
	127.79
	153.81
	150.40
	44.41

	Cross 3
(Misr 1 x Sakha 3)
	Mean
	1.90
	4.64
	4.46
	3.54
	20.62
	33.71
	27.00
	20.26

	
	Min
	1.00
	2.00
	2.00
	1.00
	4.00
	13.00
	10.00
	10.00

	
	Max
	6.00
	12.00
	12.00
	8.00
	54.00
	86.00
	67.00
	46.00

	
	Var
	1.21
	2.72
	2.45
	1.75
	75.76
	155.44
	97.58
	36.68

	Cross 4
(Giza 717 x Giza 674)
	Mean
	4.05
	5.85
	4.24
	3.88
	23.59
	41.03
	24.04
	25.02

	
	Min
	1.00
	2.00
	1.00
	2.00
	10.00
	18.00
	9.00
	10.00

	
	Max
	11.00
	16.00
	11.00
	8.00
	63.00
	123.00
	62.00
	41.00

	
	Var
	4.65
	6.82
	3.65
	1.75
	87.66
	392.20
	83.85
	31.84

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

	LSD 0.05
	1.02
	1.32
	1.52
	0.92
	2.13
	12.45
	7.00
	2.76


*and** significant at0.05 and 0.01 levels of probability, respectively.

 
Table 6: Mean, minimum, maximum and variance estimates for No. of seeds per plant and seed yield per plant traits of the different generations in four faba bean crosses.
	Cross
	Statistical
Parameter
	No. of seeds per plant
	Seed yield per plant (g)

	
	
	F₂
	F₃
	F₄
	F₅
	F₂
	F₃
	F₄
	F₅

	Cross 1
(Sakha 1 x Line 1)
	Mean
	61.53
	89.31
	90.30
	60.94
	53.72
	73.29
	73.32
	54.25

	
	Min
	23.00
	41.00
	40.00
	22.00
	20.70
	38.74
	28.60
	19.20

	
	Max
	153.00
	342.00
	270.00
	161.00
	141.00
	283.75
	220.10
	157.90

	
	Var
	524.22
	1432.87
	763.52
	593.54
	418.99
	1139.88
	474.24
	488.00

	Cross 2
(Sakha 1 x Giza 429)
	Mean
	69.69
	75.61
	93.25
	66.46
	58.52
	63.65
	78.65
	58.47

	
	Min
	23.00
	36.00
	28.00
	30.00
	23.00
	26.32
	32.70
	25.90

	
	Max
	203.00
	185.00
	235.00
	130.00
	167.00
	173.08
	171.90
	120.08

	
	Var
	822.96
	1032.52
	1441.83
	414.07
	591.54
	777.85
	823.98
	386.32

	Cross 3
(Misr 1 x Sakha 3)
	Mean
	63.71
	110.32
	85.62
	56.37
	56.95
	103.38
	76.42
	54.08

	
	Min
	25.00
	27.00
	17.00
	23.00
	23.70
	27.70
	18.20
	18.24

	
	Max
	155.00
	255.00
	220.00
	129.00
	144.00
	246.20
	235.50
	153.94

	
	Var
	527.13
	1616.23
	1006.20
	359.59
	412.50
	1411.33
	769.00
	354.61

	Cross 4
(Giza 717 x Giza 674)
	Mean
	73.03
	111.81
	71.61
	76.83
	68.20
	97.45
	65.24
	71.91

	
	Min
	18.00
	44.00
	13.00
	38.00
	18.80
	38.24
	12.80
	28.35

	
	Max
	240.00
	290.00
	235.00
	128.00
	165.70
	215.96
	159.70
	128.90

	
	Var
	1103.58
	2553.38
	957.63
	365.95
	703.64
	1597.52
	693.72
	407.05

	F test
	*
	*
	*
	**
	*
	*
	*
	**

	LSD 0.05
	8.39
	36.80
	21.87
	7.61
	8.72
	31.08
	18.02
	9.36


*and** significant at0.05 and 0.01 levels of probability, respectively.
Regarding 100-seed weight as shown in Table 7, cross 3 had the heaviest seeds in F₅ (96.29 g versus 90.36 g in F₂), followed by Cross 4 (93.20 g versus 96.15 g in F₂). cross 1 and cross 2 had relatively smaller weights remaining around 88 – 89 g throughout. In terms of maturity date, cross 4 was the earliest one (144.67 days in F5) compared to cross 1, which had the latest F5 mean value (154.85 days).
Table 7: Mean, minimum, maximum and variance estimates for 100-seed weight and Maturity date traits of the different generations in four faba bean crosses.
	Cross
	Statistical
Parameter
	100-seed weight (g)
	 Maturity date (day)

	
	
	F₂
	F₃
	F₄
	F₅
	F₅

	Cross 1
(Sakha 1 x Line 1)
	Mean
	87.82
	81.66
	82.77
	89.54
	154.85

	
	Min
	60.44
	62.10
	45.38
	57.10
	135.00

	
	Max
	128.07
	118.03
	124.25
	122.98
	168.00

	
	Var
	122.78
	93.12
	206.18
	155.88
	60.31

	Cross 2
(Sakha 1 x Giza 429)
	Mean
	87.92
	84.28
	86.86
	87.99
	147.27

	
	Min
	54.42
	57.68
	61.61
	61.76
	135.00

	
	Max
	726.09
	112.62
	119.67
	113.91
	156.00

	
	Var
	2436.14
	86.68
	174.46
	152.00
	40.57

	Cross 3
(Misr 1 x Sakha 3)
	Mean
	90.36
	94.61
	90.37
	96.29
	150.09

	
	Min
	62.37
	70.95
	66.64
	63.13
	140.00

	
	Max
	133.33
	137.52
	118.37
	131.39
	160.00

	
	Var
	134.20
	150.10
	120.35
	131.24
	19.00

	Cross 4
(Giza 717 x Giza 674)
	Mean
	96.15
	89.19
	92.34
	93.20
	144.67

	
	Min
	64.94
	70.77
	58.67
	74.61
	135.00

	
	Max
	122.68
	123.37
	122.08
	140.56
	151.00

	
	Var
	191.05
	111.21
	123.11
	79.35
	39.24

	F test
	*
	**
	ns
	ns
	**

	LSD 0.05
	6.43
	4.35
	10.46
	7.31
	4.30


*and** significant at0.05 and 0.01 levels of probability, respectively.
Each cross has its own unique value, and also demonstrates the necessity for breeders to choose based on important characteristics. cross 2 (Sakha 1 x Giza 429) has the best prospect of enhancing disease resistance (particularly to Rust) and developing short and early maturity types. cross 4 (Giza 717 x Giza 674) is highly vigorous with excellent diseases resistance, high branch and pod numbers, good yield (especially in F₂ and F₅), and had large seed size. cross 3 (Misr 1 x Sakha 3) is valuable because of early flowering and high yield capacity. Improvement in effective selection of traits including disease resistance confirms and supports the pedigree method. The progeny of cross 4 are the most valuable for continued development as new, improved cultivars.
Genetic Parameters:
Narrow-sense heritability and genetic advance results indicated large variation (Tables 8, 9 and 10). Most were estimated to have moderate to high heritability estimates, indicating predominance of additive gene effects, so the response to selection was more effective in the early generations. 
For disease resistance, some crosses showed a high potential. For instance, in cross 1, the heritability to resistance against chocolate spot increased from 34.57 % in F₃ to 49.61 % in F₅, in addition to a high GA % of 11.35 %, justifying the selection process. cross 4 presented a remarkable enhancement for the same trait, where h² increased from an historic low of 16.69 % during F₃ to a very high 66.82 % during F₅, while GA % improved from 4.07 % to 15.44 %, indicating much enhancement was possible even at subsequent generations.
Table 8: Narrow-sense heritability (h2), expected (GA) and predicted (GA %) genetic advance in four faba bean cross-progenies for Chocolate spot, rust and flowering date traits.
	Cross
	Genetic parameter
	Chocolate spot
	Rust
	Flowering date

	
	
	F3
	F4
	F5
	F3
	F4
	F5
	F3
	F4
	F5

	Cross 1
(Sakha 1 x Line 1)
	h2
	34.57
	26.81
	49.61
	35.14
	27.90
	36.90
	49.91
	40.67
	36.75

	
	GA
	0.36
	0.19
	0.40
	0.45
	0.26
	0.30
	4.34
	3.51
	2.29

	
	GA %
	10.06
	5.64
	11.35
	16.70
	10.45
	12.40
	8.57
	6.72
	4.44

	Cross 2
(Sakha 1 x Giza 429)
	h2
	28.70
	67.17
	20.87
	30.00
	51.81
	20.07
	24.32
	101.13
	21.73

	
	GA
	0.29
	0.83
	0.17
	0.33
	0.59
	0.14
	1.35
	9.09
	1.53

	
	GA %
	9.48
	29.43
	4.89
	18.69
	33.57
	5.75
	2.46
	16.52
	2.97

	Cross 3
(Misr 1 x Sakha 3)
	h2
	38.04
	36.68
	44.63
	32.48
	30.21
	38.45
	27.30
	20.21
	49.30

	
	GA
	0.35
	0.32
	0.37
	0.25
	0.18
	0.22
	1.53
	1.03
	1.85

	
	GA %
	10.53
	8.91
	10.46
	12.67
	9.48
	11.06
	3.24
	2.35
	4.23

	Cross 4
(Giza 717 x Giza 674)
	h2
	16.69
	18.44
	66.82
	16.00
	23.73
	50.99
	23.28
	47.60
	37.25

	
	GA
	0.11
	0.08
	0.51
	0.11
	0.11
	0.31
	1.35
	2.62
	1.94

	
	GA %
	4.07
	2.65
	15.44
	5.55
	5.02
	14.06
	2.49
	4.80
	3.54


Meanwhile, some traits continued to respond consistently to selection for multiple generations, all the way to F₅. For instance, plant height in cross 2 had a heritability of 75.11 % in F₅ and a GA % of 9.24 %.  In terms of performance for 100-seed weight, cross 4, exhibited great performance. Here the heritability attained the maximum level of 57.15 % in the F₄ generation starting at 21.77 % in the F₃ generation, then remained high at 57.05 % in F₅, as GA % improved through 3.60 % to 9.61 % to 7.63 %, demonstrating the potential for further improvement of this character.
For yield and its components, the highest estimates were recorded consistently across early generations. For cross 2, the heritability for No. of pods/plant (72.12 %) and seed yield/plant (76.09 %) were estimated to be high in the F₃ generation, accompanied by high GA % estimates of 48.87% and 46.67 %, respectively. But by the F₅ generation, the heritability for seed yield in cross 2 decreased sharply to 39.50 % with a GA % of 18.59 %. Hence, this situation demonstrates that proceeding with early generation selection was very successful to capture its genetic variability and that further large improvements can be achieved with the use of a wider genetic base.
Each cross had strength in a particular trait. cross 1 had the ability for disease resistance, which had a stable reaction to the disease (e.g., rust h² of 36.90 % in F₅). cross 2 scored high for genetic advance early in generations for number of seeds (GA % of 34.83 % in F₃). cross 3 particularly stood out for flowering date (h² of 49.30 % in F₅) and good seed weight performances, while cross 4 emerged as most attractive to improve 100 seed weight and maintain yield potential in later generations. 
Table 9: Narrow-sense heritability (h2), expected (GA) and predicted (GA %) genetic advance in four faba bean cross-progenies for plant height, No. of branches per plant and No. of pods per plant traits.
	Cross
	Genetic parameter
	Plant height
	No. of branches per plant
	No. of pods per plant 

	
	
	F3
	F4
	F5
	F3
	F4
	F5
	F3
	F4
	F5

	Cross 1
(Sakha 1 x Line 1)
	h2
	26.17
	41.15
	43.70
	54.98
	40.69
	40.39
	65.60
	23.86
	24.46

	
	GA
	4.06
	6.44
	6.50
	1.40
	1.17
	1.07
	13.23
	3.16
	2.40

	
	GA %
	3.13
	5.07
	5.56
	30.01
	24.93
	24.38
	41.34
	9.45
	11.02

	Cross 2
(Sakha 1 x Giza 429)
	h2
	17.37
	58.29
	75.11
	59.81
	38.00
	29.97
	72.12
	31.82
	16.36

	
	GA
	2.48
	6.54
	10.67
	1.05
	0.95
	0.63
	12.52
	5.46
	1.53

	
	GA %
	1.94
	5.25
	9.24
	31.26
	21.14
	15.13
	48.87
	16.56
	6.33

	Cross 3
(Misr 1 x Sakha 3)
	h2
	29.49
	22.59
	50.41
	33.14
	32.50
	33.59
	34.96
	32.24
	25.83

	
	GA
	4.43
	3.20
	7.68
	0.77
	0.71
	0.62
	6.10
	4.46
	2.19

	
	GA %
	3.26
	2.53
	6.35
	16.50
	15.98
	17.58
	18.10
	16.52
	10.81

	Cross 4
(Giza 717 x Giza 674)
	h2
	19.50
	66.48
	41.22
	29.97
	44.12
	24.66
	48.99
	20.14
	24.73

	
	GA
	1.73
	8.22
	5.80
	1.10
	1.18
	0.46
	13.58
	2.58
	1.95

	
	GA %
	1.30
	6.88
	4.73
	18.73
	27.86
	11.78
	33.10
	10.74
	7.81



Table 10: Narrow-sense heritability (h2), expected (GA) and predicted (GA %) genetic advance in four faba bean cross-progenies for No. of seeds per plant, seed yield per plant and 100 seed weight traits.
	Cross
	Genetic parameter
	No. of seeds per plant
	Seed yield per plant
	100 seed weight

	
	
	F3
	F4
	F5
	F3
	F4
	F5
	F3
	F4
	F5

	Cross 1
(Sakha 1 x Line 1)
	h2
	57.95
	30.95
	37.50
	59.79
	29.14
	41.73
	34.28
	67.66
	33.86

	
	GA
	30.71
	11.97
	12.79
	28.26
	8.88
	12.91
	4.63
	13.60
	5.92

	
	GA %
	34.38
	13.26
	20.99
	38.56
	12.12
	23.79
	5.67
	16.43
	6.61

	Cross 2
(Sakha 1 x Giza 429)
	h2
	58.54
	46.92
	28.20
	76.09
	34.84
	39.50
	27.55
	51.19
	46.54

	
	GA
	26.34
	24.94
	8.03
	29.71
	14.00
	10.87
	3.59
	9.47
	8.03

	
	GA %
	34.83
	26.75
	12.09
	46.67
	17.80
	18.59
	4.26
	10.90
	9.13

	Cross 3
(Misr 1 x Sakha 3)
	h2
	40.83
	37.14
	25.07
	41.98
	38.41
	27.38
	27.72
	33.26
	46.73

	
	GA
	22.98
	16.49
	6.66
	22.08
	14.91
	7.22
	4.75
	5.11
	7.49

	
	GA %
	20.83
	19.26
	11.81
	21.36
	19.51
	13.35
	5.02
	5.65
	7.78

	Cross 4
(Giza 717 x Giza 674)
	h2
	29.46
	27.61
	22.43
	32.18
	30.34
	26.11
	21.77
	57.15
	57.05

	
	GA
	20.84
	11.96
	6.01
	18.01
	11.19
	7.38
	3.21
	8.88
	7.12

	
	GA %
	18.64
	16.70
	7.82
	18.48
	17.15
	10.26
	3.60
	9.61
	7.63


Correlation analysis:
Correlation coefficients, calculated between the studied traits during four generations (F₂–F₅) over the four faba bean populations (Table 11), showed distinct and very significant trends for several morphological, physiological, and yield-related traits that proved to be of common genetic origin. During the majority of generations, a very significant positive correlation between chocolate spot and rust reaction has been established, which means that the resistance to both diseases is controlled by either common genes or very tight genetic linkage. In contrast, the influence of disease infections was significantly and negatively correlated with the number of branches, the number of pods, the number of seeds, and the total seed yield per plant, revealing that higher infection severity results in lowered productivity. In the first generations, the height of the plant was not much linked to yield component parameters, while in F₅ it was positively and significantly correlated. The number of pods, the number of seeds per pod, and the number of branches had the strongest correlation with seed yield. The 100-seed weight was mostly negatively correlated with the number of pods and the number of seeds, suggesting a trade-off between seed size and seed number. However, in a few instances, weight of 100 seeds and total yield were found to have a positive correlation.
Table 11: Correlation coefficients among nine faba bean traits across four generations (F2 - F5).
	Traits
	Generations
	Rust
	Flowering date
	Plant height
	No. of branches per plant
	No. of pods per plant
	No. of seeds per plant
	Seed yield per plant
	100-seed weight

	Chocolate spot
	F2
	-0.578**
	-0.611**
	0.611**
	-0.490**
	-0.446**
	0.040NS
	-0.439**
	0.519**

	
	F3
	0.002NS
	-0.471**
	-0.239**
	0.791**
	0.900**
	-0.862**
	-0.845**
	-0.782**

	
	F4
	0.673**
	-0.800**
	-0.765**
	0.898**
	0.928**
	-0.814**
	-0.827**
	-0.796**

	
	F5
	0.994**
	-0.826**
	-0.848**
	0.968**
	0.795**
	0.257**
	-0.432**
	-0.812**

	Rust
	F2
	
	0.924**
	-0.962**
	0.819**
	0.734**
	-0.093*
	0.668**
	-0.837**

	
	F3
	
	-0.158**
	-0.176**
	0.141**
	0.081NS
	0.065NS
	-0.114*
	-0.371**

	
	F4
	
	-0.411**
	-0.326**
	0.738**
	0.609**
	-0.539**
	-0.557**
	-0.552**

	
	F5
	
	-0.823**
	-0.852**
	0.973**
	0.801**
	0.256**
	-0.436**
	-0.815**

	Flowering date
	F2
	
	
	-0.927**
	0.784**
	0.709**
	-0.065NS
	0.667**
	-0.800**

	
	F3
	
	
	0.749**
	-0.042NS
	-0.503**
	0.385**
	0.441**
	0.422**

	
	F4
	
	
	0.777**
	-0.603**
	-0.768**
	0.675**
	0.670**
	0.613**

	
	F5
	
	
	0.705**
	-0.789**
	-0.601**
	-0.114**
	0.435**
	0.644**

	Plant height
	F2
	
	
	
	-0.803**
	-0.722**
	0.092*
	-0.672**
	0.837**

	
	F3
	
	
	
	0.308**
	-0.303**
	0.203**
	0.232**
	0.279**

	
	F4
	
	
	
	-0.462**
	-0.756**
	0.639**
	0.649**
	0.612**

	
	F5
	
	
	
	-0.810**
	-0.617**
	-0.114**
	0.508**
	0.782**

	No. of branches per plant
	F2
	
	
	
	
	0.897**
	0.204**
	0.537**
	-0.685**

	
	F3
	
	
	
	
	0.743**
	-0.675**
	-0.680**
	-0.682**

	
	F4
	
	
	
	
	0.836**
	-0.722**
	-0.734**
	-0.719**

	
	F5
	
	
	
	
	0.850**
	0.284**
	-0.392**
	-0.791**

	No. of pods per plant
	F2
	
	
	
	
	
	0.441**
	0.550**
	-0.617**

	
	F3
	
	
	
	
	
	-0.665**
	-0.654**
	-0.756**

	
	F4
	
	
	
	
	
	-0.634**
	-0.665**
	-0.789**

	
	F5
	
	
	
	
	
	0.640**
	0.018NS
	-0.688**

	No. of seeds per plant
	F2
	
	
	
	
	
	
	0.363**
	0.017NS

	
	F3
	
	
	
	
	
	
	0.968**
	0.673**

	
	F4
	
	
	
	
	
	
	0.969**
	0.536**

	
	F5
	
	
	
	
	
	
	0.701**
	-0.253**

	Seed yield per plant
	F2
	
	
	
	
	
	
	
	-0.485**

	
	F3
	
	
	
	
	
	
	
	0.765**

	
	F4
	
	
	
	
	
	
	
	0.682**

	
	F5
	
	
	
	
	
	
	
	0.490**



DISCUSSION
This study successfully demonstrates the efficacy of pedigree selection method in imparting significant genetic improvement for important agronomic and disease resistance traits in four faba bean crosses over four successive generations (F₂ to F₅). The results agree with the essential aim of the pedigree breeding method: to leverage additive genetic variation, establish superior alleles, and progressively improve genetic homogeneity in superior lines [18]. The observed reduction in variability for most of the traits from F₂ to F₅ generations is a common indication of successful selection when genetic diversity is utilized and then reduced to consolidate superior genotypes, as also reported in other legume crops [19-20].
These results validate the efficacy of the pedigree selection for the fixation of favorable alleles and for the improving of genetic homogeneity. For all characters, there was an overall decrease in variance and predicted genetic gain from F₃ to F₅. Rapid decrease in variability was obtained by Abou-Zaid et al [21] stated that selection reduces the variance.
The particular values give breeders practical guidelines of: severe selection early for yield components, selection for plant height and seed weight continued until the later generations, and choosing the best cross for each of the desired characters. These findings were in agreement with Deshmukh et al [22] who reported that pedigree selection for high yield recorded the highest No. of pods and seed yield per plant.
The high genetic advance (GA %) of yield traits (No. of seeds, No. of pods, seed yield per plant) in the F₃ generation, which sharply declined in F₄ and F₅, indicate that such traits are controlled by non-additive gene action (e.g., epistasis and dominance) in early segregating generations. This is reflected by the need for strong selection on yield potential from as early as generation F₃ in order to reach into this exploitable variation before fixation. This is consistent with the findings of Gharzeddin et al [23] and their concept of the need for early generation selection for traits like yield in self-pollinated crops. Conversely, traits like 100-seed weight and plant height showed increasing or permanent heritability and genetic gain into later generations (F₄, F₅), which indicates much more strong additive genetic control, this allows the breeders to effectively select for such traits in later generations with greater confidence [24].
The highest and consistent positive correlations between yield components (No. of pod, No. of seeds, and 100 seed weight per plant) in all generations as well as crosses are of the highest importance. The existence of such a network of correlations would mean that indirect selection on any one of these components, particularly on number of pods and seeds per plant, will always lead to a gain in total seed yield. This facilitates breeding, allowing efficient selection on highly heritable and easily measurable component traits, a precept well understood in plant breeding [25]. Furthermore, the large positive correlation of chocolate spot and rust resistance in all the crosses suggests the possibility of pleiotropy or closely linked genes governing resistance to the two diseases. This is a highly favorable situation, as it indicates that the choice for resistance to one condition will also further improve resistance to the other and therefore breeding efficiency. Recent genomic studies in faba bean have already initiated QTL mapping of disease resistance, which could validate these phenotypic observations [26].
High cross-specificity for performance and genetic parameters highlights the very significant influence of parent association on breeding outcomes. cross 4 (Giza 717 × Giza 674) was the most promising with a superior interaction of disease resistance, high performance stability over generation, and large seed size. Its high heritability of succeeding generations' 100-seed weight (57.15% in F₄) indicates high potential for further genetic improvement in this economically valuable character. This cross is near the top of the list for release as a cultivar. Conversely, cross 2 (Sakha 1 × Giza 429) exhibited excellence in some areas including rust resistance and the development of shorter genotypes, while cross 3 (Misr 1 × Sakha 3) was best for earliness. The variability is a testament to breeders to establish accurate breeding objectives and select parental crosses accordingly because the genetic makeup of traits is highly population-dependent [27]. 
These correlations provide valuable guidelines to breeders, helping improve selection efficiency. The positive correlation that exists between chocolate spot and rust indicates a common genetic control; therefore, resistance to one may serve as a boost to the other-a desirable situation when developing multi-disease resistant cultivars. The negative correlation between disease severity and yield-related traits confirms that selecting for disease resistance could indirectly result in improved yield performance. The changing relationship between plant height and yield across generations likely indicates increasing genetic stability, implying that selection for plant height should be postponed to later generations. The strong correlations between seed yield and number of pods, seeds per pod, and number of branches suggest that these easily measurable traits might be considered as reliable indirect selection criteria with the early generations. The 100-seed weight, on the other hand, showed a trade-off with pod and seed number, but the existence of genotypes that combine large seed size and high yield is an indicator of potential for balanced improvement through a multi-trait selection index.
The findings are in agreement with those of Ahmed et al., [4] and Abo El-Wafa et al. [10], who demonstrated that yield and its components parameters have a very high and stable correlation with one another, which makes them the main focuses in faba bean genetic programs. The results also highlight the need to include early selection for yield traits and disease resistance in the formation of selection indices in order to increase the overall breeding efficiency. 
CONCLUSION
The pedigree method was very effective for faba bean improvement. The study provides a distinct, generation-stage selection strategy: severe early selection (F₃) for yield traits and diseases resistance, followed by progressive selection for quantitative characters like seed size and plant architecture in later generations (F₄/F₅). The study effectively obtained genetically improved, homozygous F₅ lines with increased yield, diseases resistance, and acceptable agronomic traits. cross 4 is identified as the top superior population and one from which the ensuing pure lines hold out the potential for the immediate release as new, high-yielding, and resilient faba bean varieties for Egypt, enhancing national food security and ending import dependence.
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