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ABSTRACT 

	[bookmark: _Hlk211422701]Aims: The development and release of high-yielding, and late leaf spot (LLS)-resistant groundnut varieties have significant market potential in Togo and West Africa. This study aimed to identify suitable breeding populations for developing farmer-preferred, LLS-resistant varieties.
Study design: F2 progenies from a North Carolina II factorial mating design were evaluated across three agroecological environments in Togo using an alpha lattice design.
Place and Duration of Study: F1s were produced at ICRISAT-WCA in Bamako (August–September 2019), and 16 F2 families were assessed across four agroecological zones in Togo (April–November 2021).
Methodology: Eight genotypes were crossed in a factorial mating design. Genetic analysis was used to assess LLS resistance and yield-related traits of the F2s progenies. General combining ability (GCA), specific combining ability (SCA), and heritability (h²) were estimated, and correlations between traits and marker-based genetic distances were evaluated.
Results: LLS resistance was mainly governed by additive gene effects (h² = 0.86–0.89), while most yield traits also showed additive variance (h² = 0.73–0.86), except pod weight. Significant GCA correlations were observed between LLS, hundred-seed weight (r = 0.90; P = 0.008), and shelling percentage (r = 0.83; P = 0.04), indicating that a selection index approach would be effective. No correlation was found between SNP-based genetic distance and SCA. Populations derived from lines 43AH and ICG7878 exhibited the highest GCA and are promising for LLS-resistant variety development, while populations from lines 12CS22 and 12CS36 are recommended for high-yielding variety advancement.
Conclusion: Additive gene effects predominate for LLS resistance and most yield traits, suggesting strong potential for genetic improvement. Specific F2 populations have been identified as promising candidates for developing farmer-preferred, high-yielding, LLS-resistant groundnut varieties in Togo.
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1. INTRODUCTION 

Groundnut (Arachis hypogaea L.) is a key legume crop in Togo, playing an important role in both agricultural economy and local diets (DSID, 2022). The rising demand for groundnut seeds and oil has prompted the establishment of breeding programs focused on improving desirable traits (Banla et al., 2018). Despite the availability of genetic engineering tools that can enhance agronomic traits (Khedikar et al., 2010; Krishna et al., 2015; Zongo et al., 2017), breeding programs in resource-limited settings, such as Togo, continue to rely on conventional breeding methods to improve crop characteristics (Salimath et al., 2007; Chukwu et al., 2019; Pallavi et al., 2023).
Selecting suitable parental lines for breeding remains a challenge in conventional breeding, and choosing poor combinations can waste valuable time and resources (Bertan et al., 2007; Syngenta, 2020). However, recent advancements in morphological (Cobb et al., 2013; Lobos et al., 2017) and molecular data (Khaki et al., 2020; Kassie et al., 2023), as well as machine learning techniques (Chung & Liao, 2020; Michel et al., 2022), have introduced more sophisticated tools for predicting offspring genetic potential. Despite these advancements, the traditional method of crossing genotypes to evaluate their potential remains effective in groundnut breeding (Wang et al., 2021; Jannat et al., 2022), relying on the performance of offspring to assess the potential of parental lines (Balzarini, 2000; Bertan et al., 2007; Piepho et al., 2008).
Assessing a line’s combining ability through specific mating designs not only helps in selecting the best parental combinations but also provides insights into gene action (Sprague & Tatum, 1942; Hallauer & Carena, 2010). The full factorial design, also known as the North Carolina II design, is one of the most reliable methods for identifying optimal parental combinations and estimating additive and non-additive variances for phenotypic traits (Desmae et al., 2019; Cobb et al., 2019).
Late Leaf Spot (LLS) caused by Nothopassalora personata (formerly Phaeoisariopis personata) is a major concern in groundnut production areas in Togo (Banla et al., 2018). LLS can reduce haulm quality and lead to up to 50-70% pod yield loss (Pande et al., 2003; Singh et al., 2011; Padmashree et al., 2023). Groundnut haulms are valuable as livestock fodder in Togo and many other West African countries, so preventing LLS-induced damage to leaves can significantly improve farmers' income. Resistant lines from cultivated Arachis species (Chu et al., 2019; Oteng-Frimpong et al., 2023; Sonaniya et al., 2025) are available and can be used to introgress LLS resistance into popular local varieties.
In addition to LLS resistance, farmers in Togo also prefer high-yielding groundnut varieties with large pods and seeds (Banla et al., 2018). A recent study on Togo’s groundnut germplasm revealed substantial genetic diversity, highlighting the potential for improving traits like yield (Banla et al., 2020). However, it also showed that LLS resistance often comes with unwanted agronomic traits, such as poor pod characteristics and late maturity. These findings underscore the need to develop groundnut lines that combine both LLS resistance and the yield traits favored by farmers. This study aims to identify the most promising populations from crosses between eight groundnut lines to combine LLS resistance with desired yield-related traits, contributing to the broader goal of enhancing groundnut cultivation in Togo.

[bookmark: _Toc532655025]2. material and methods 
2.1 Plant materials
[bookmark: _Hlk211423387][bookmark: _Hlk6110937]Eight genotypes were selected from three clusters identified in a diversity study conducted with groundnut germplasm in Togo (Banla et al., 2020). Local farmer varieties (38AH, 09AH, 68AH, and 43AH) were used as male parents, while two genotypes (12CS_22 and 12CS_36) from Senegal and two genotypes (ICG7878 and ICGV02271) from ICRISAT were employed as female parents in the population development. These selections were made based on their contrasting characteristics for LLS incidence and pod characteristics (Table 1). The genetic distance between parents, as determined by SNP data, confirmed the phenotypic diversity among the parents (Table 2).
2.2 Population development
[bookmark: _Hlk211423676][bookmark: _Hlk211423567][bookmark: _Hlk211423791]The crosses were performed following a factorial mating design (North Carolina II design). F1 hybrids were produced at ICRISAT-WCA in Bamako during the rainy season from August to September 2018. Male parents were planted in a single row with 40 plants per male parent two weeks prior to female parents. Female parents were planted in four rows, each 4 meters long, with 30 cm spacing between hills and 1 meter between rows. Hand emasculation was carried out in the afternoon, followed by pollination in the early morning of the next day by skilled workers at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT, Bamako) under the researcher's supervision, with precautions taken to prevent contamination.
Verification of F1 hybridity was based on visual traits such as plant height, leaf color and shape, and pod shape and color in an unreplicated trial that included F1 seeds and both parents during the off-season. F2 seeds were subsequently harvested from the selected hybrids, and the F2 populations were used for multi-location trials.
[bookmark: _Toc9068604]Table 1 Parent genotypes characteristics
	Genotype
	Status
	Pedigree
	Cluster group
	LLS resistance
	Pod and seed size

	38AH
	Male
	Accession (Togo)
	II
	Low
	Small

	09AH
	Male
	Accession (Togo)
	II
	Low
	Small

	43AH
	Male
	Accession (Togo)
	II
	Low
	Small

	68AH
	Male
	Accession (Togo)
	I
	Moderate
	Large

	12CS_22
	Female
	Fleur11 x AiAB
	I
	Moderate
	Medium

	12CS_36
	Female
	Fleur11 x AiAB
	I
	Moderate
	Medium

	ICG 7878
	Female
	Accession (North Carolina)
	III
	High
	Medium

	ICGV 02271
	Female
	TAG 24 x ICGV 86031
	III
	High
	Medium


[bookmark: _Toc9068613]
Table 2. Euclidian distance between parent genotypes based on SNP data
	[bookmark: _Hlk527778012]
	09HA
	38AH
	43AH
	68AH
	12CS_22
	12CS_36
	ICG 7878
	ICGV 02271

	09AH
	0.00
	
	
	
	
	
	
	

	38AH
	9.63
	0.00
	
	
	
	
	
	

	43AH
	9.64
	2.59
	0.00
	
	
	
	
	

	68AH
	11.59
	12.01
	12
	0.00
	
	
	
	

	12CS_22
	11.65
	12.12
	12.07
	5.89
	0.00
	
	
	

	12CS_36
	11.53
	11.82
	11.89
	5.33
	4.6
	0.00
	
	

	ICG 7878
	15.54
	15.54
	15.47
	14.57
	14.67
	14.57
	0.00
	

	ICGV 02271
	13.54
	14.63
	14.23
	13.82
	14.53
	14.22
	10.21
	0.00


2.3 Test environments and experimental design
[bookmark: _Hlk211424115]An alpha-lattice design with four blocks per replication and three replications was used to evaluate sixteen F2 cross-combination families along with their respective parental lines in Togo. All families were assessed in major agro-ecological areas, including Tantigou (E 0°12’3.6’’; N 10°52’23.88’’), Kara (E 1°11’34.8’’; N 9°32’45.6’’), Sotouboua (E 0° 11’37.2’’; N 8°33’54’’), and Ativeme (E 1°7’33.6’’; N 6°19’19.2’’) in 2020. These agro-ecological zones are representative of the environmental variations in Togo.
[bookmark: _Toc532655026]Each family was planted in 4 rows, each row measuring 4 meters in length, with a spacing of 50 cm between consecutive rows and 20 cm between plants within the same row. Prior to the podding stage, weeding was performed as needed through hoeing. From the podding stage to harvest, the field was kept weed-free through manual weeding.
2.4 Data collection 
[bookmark: _Toc532655027]Data were collected for late leaf spot disease (LLS) using a nine-point scale (Subrahmanyam et al., 1995) to score 10 randomly selected individual plants in the two central rows. Regarding the yield parameters, 40 plants were assessed for pod weight per plant and the number of pods per plant. Hundred-pod weight and hundred-seed weight were recorded on a per-plot basis. Similarly, thirty pods and seeds were randomly selected from the plot harvest for recording pod width, pod length, seed width, and seed length.
However, due to the severe drought in Ativémé, data from this site were deemed unreliable and consequently removed from the statistical analysis.
2.5 Data analysis
2.5.1 Variance component estimates
[bookmark: _Hlk6111758]A Restricted Maximum Likelihood (REML) model (Neff & Pitcher, 2005; Bates et al., 2015) was employed to partition phenotypic variances into additive, non-additive, and maternal effects using the 'fullfact' R package as follows:

were, Yijklmn represents the phenotypic response, μ is the mean value, Bi is the block effect, Lj is the location effect, Mk is the kth male effect, Fl is the lth female effect, Im is the mth interaction effect between males and females, and eijklmn is the random residual. Both the random and fixed effects of all factors were estimated.
[bookmark: _Hlk145318823]For normally distributed traits, the significance of block, location, male, female, and the interaction were estimated using the likelihood ratio test with the 'observLmer3' function in the 'fullfact' R package (Houde & Pitcher, 2016). Additive variance (VA), non-additive variance (VNA), and maternal variance (VM) were calculated as follows: VA = 4Vm; VNA = 4VI; VM = Vf - Vm; where Vm represents male variance, Vf is the female variance and VI the interaction between male and female variance (Lynch & Walsh, 1998). Narrow sense heritability was estimated and value below 0.4 was considered as low heritability, score of 0.4 to 0.6 as moderate heritability and greater than 0.6 as high heritability.
2.5.2 Combining ability estimates
[bookmark: _Hlk6111868]GCA and SCA were estimated using the "lme4" package in R software version 3.3.1 with the following model:

where  = the population mean;  = the general combining ability effect of the ith parent; = the general combining ability effect of the jth parent; the specific combining ability effect of the cross between ith and jth parents; = the environmental effect associated with ijkth observation; b = number of blocks/replication. The figures were generated using the ggplot2 package (Wickham, 2016). An evaluation of the correlation between genetic distance and SCA was carried out using the Euclidean genetic distance between the parents (Hedrick, 2005).

[bookmark: _Toc532655028]3. results and discussion
[bookmark: _Toc532655029]3.1. Results
3.1.1 Variance components in LLS and yield-related traits
The analysis of variance showed that there was a statistically significant difference between female lines for pod weight per plant [F(3, 104) = 4.41, P=0.006], shelling percentage [F(3, 104) = 7.47, P<0.001], pod width [F(3, 104) = 29.07, P<0.001], pod length [F(3, 104) = 9.22, P<0.001], seed length [F(3, 104) = 11.16, P<0.001], seed width [F(3, 104) =3.57, P=0.017], hundred pod weight [F(3, 104) = 8.61, P<0.001], hundred seed weight [F(3, 104) = 15.96, P<0.001] and for LLS [F(3, 104) = 70.47, P<0.001]. Among the male lines, statistically significant differences were found between them only for pod weight per plant [F(3, 104) = 4.03, P=0.010] and shelling percentage [F(3, 104) = 3.99, P=0.011].
Significant interactions between the environment and variance components for LLS (Table 3) and most yield-related traits (Table 4) were observed. Additive gene effects played the major role over the locations. Maternal effects were slightly higher in Sotouboua and Kara than in Dapaong. Across locations, additive genetics explained the largest part of the phenotypic variance observed (63.48%) for LLS disease incidence, while non-additive variance was very low (0.15 %) with high heritability estimated in each location (0.76-0.79). 
[bookmark: _Toc9068606]Table 3. Variance component for LLS by sites
	Sites
	
	Variance components (%)

	
	Vm
	Vf
	VI
	VA
	VD
	Vm
	VE
	h2

	Dapaong
	1.01
	24.89
	1.61
	51.80
	6.43
	23.88
	1.32
	0.76

	Kara
	0.00
	26.83
	0.00
	53.53
	0.00
	26.83
	6.25
	0.79

	Sotouboua
	0.00
	26.89
	1.01
	52.50
	4.05
	26.89
	2.42
	0.79

	Over location
	0.04
	19.73
	0.04
	63.48
	0.15
	19.69
	0.67
	0.88


VI, Vm and Vf represent the phenotypic variance components (%) of male effect, female effects, and male x female interaction, respectively. VA, VD and VM represent the variance components for additive genetic, dominance genetic and maternal genetic effect, respectively.
As for late leaf spot (LLS), additive genetic variance appeared to dominate over other variance components for yield-related traits (Table 4). The highest additive variance was observed for pod length and seed length, while the lowest was exhibited by hundred-seed weight and seed width. Heritability was high for pod length (0.77), pod width (0.73), seed length (0.86), hundred-pod weight (0.78), hundred-seed weight (0.84), and shelling percentage (0.74) and moderate for the number of pods per plant (0.55) and pod weight per plant (0.55).
Overall, dominance variance was observed in the number of pods per plant (Pods/plant) and pod weight per plant (Table 4). Maternal effects were not negligible for pod length (26.34%), pod width (36.44%), seed length (24.89%), hundred-seed weight (28.09%), and hundred-pod weight (28.09%).
[bookmark: _Toc9068607]Table 4. Variance components for yield and yield-related traits across sites
	
	Variance components (%)
	

	Traits
	Vm
	Vf
	VI
	VA
	VD
	Vm
	VE
	h2

	Pods / plant
	0
	3.27
	6.11
	55.12
	14.97
	2.07
	29.91
	0.55

	Pod length
	0.64
	26.98
	0
	84.27
	2.43E-14
	26.34
	22.22
	0.77

	Pod width
	0.017
	36.50
	0
	73.03
	0
	36.44
	26.97
	0.73

	Seed length
	1.29
	26.18
	0
	86.53
	0
	24.89
	13.46
	0.86

	Seed width
	1.49
	6.81
	0
	16.60
	0
	5.33
	83.39
	0.16

	100 Pod weight
	0
	12.74
	0
	31.92
	0
	12.74
	8.58
	0.78

	100 seed Weight
	0
	28.09
	6.1E-15
	21.07
	2.4E-14
	28.09
	15.72
	0.84

	Pod weight/plant
	5.08
	7.15
	3.74
	55.12
	14.97
	2.06
	29.90
	0.55

	Shelling %
	6.13
	17.37
	0
	74.02
	0
	11.23
	25.98
	0.74


[bookmark: _Toc532655030]Vm, Vf, and VI represent the phenotypic variance components (%) explained by male effects, female effects, and male x female interaction, respectively. VA, VD, VM and VE represent the variance components for additive genetic, dominance, maternal effects, and environmental respectively.
3.1.2 GCA for LLS and yield-related traits
Estimates of GCA effects across environments for the tested genotypes are presented in Figures 1 and 2. As suggested by Bookmyer et al. (2009) and Mukankusi et al. (2011), based on the LLS scale - where lower disease incidence corresponds to lower scores - negative combining ability effects are desirable for disease resistance. The results revealed that genotype and ICG7878 among the female lines (Figure 1a) and 43AH among the male lines (Figure 2a) exhibited higher GCA effects for LLS severity. Although the line 68AH showed a negative but low GCA for LLS incidence, all the other tested lines exhibited positive GCA effects for disease severity.
Regarding yield-related traits among the female parents, line 12CS36 exhibited the highest GCA for the number of pods per plant, pod length, seed length, and shelling percentage, while line 12CS16 showed the highest GCA for pod weight per plant and ranked second for the number of pods per plant, seed length, and shelling percentage (Figure 1). Line ICGV02271 recorded the highest GCA for seed length, hundred-pod weight, and hundred-seed weight (Figures 1f-h).
Despite exhibiting the highest GCA for pod width (Figure 1b), line ICG7878 showed negative GCA effects for most yield-related traits, particularly the number of pods per plant, hundred-pod weight, hundred-seed weight, pod weight per plant, and shelling percentage (Figure 1g-j).
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Figure 1. General combining ability for LLS and yield-related traits of the female genotypes used as parents
LLS= Late leaf spot; Pod/Plant= Number of pods per plant, Hund PW = hundred pod weight, Hund SW = hundred seed weight, PW/Plant L= pod weight per plant, Shelling%= Shelling percentage
Among the male parents, line 43AH exhibited the highest GCA for pod size (Figures 2b and 2c), seed width (Figure 2e), hundred-pod weight (Figure 2g), and shelling percentage (Figure 2d). Line 09AH also showed the highest GCA for seed length, while the other three male parents exhibited negative GCA values for this trait; it ranked second for hundred-seed weight, behind 38AH. In addition, 68AH was the best combiner for the number of pods per plant and pod weight per plant, and ranked second for pod width and hundred-pod weight (Figures 2c, 2f, 2g, and 2i). Line 43AH appeared to combine both good GCA effects for LLS resistance and favorable values for several yield-related traits.
[bookmark: _Toc532655031][image: ]
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Figure2. General combining ability for LLS and yield-related traits of the male lines used as parents
LLS= Late leaf spot; Pod/Plant= Number of pods per plant, Hund PW = hundred pod weight, Hund SW = hundred seed weight, PW/Plant L= pod weight per plant, Shelling%= Shelling percentage
3.1.3 SCA for LLS and yield-related traits
SCA estimation revealed a significant environmental effect in a multi-environment analysis for all assessed traits. The environmental effect appeared as slight changes in SCA rankings across different environments. Both positive and negative SCAs were observed for yield-related traits and LLS severity across the three environments (Figure 3a). Eight combinations exhibited negative SCA for LLS, with the lowest values found in 12CS22×38AH, ICG 7878×68AH, and ICGV 02271×43AH, representing moderate × susceptible, resistant × moderate, and resistant × susceptible interactions, respectively. 
[image: ]
Figure 3. Specific combining ability of cross combination for LLS and hundred Pod weight.

For pod-related parameters, different cross combinations appeared as the best specific combiners (Figure 4). The combinations 12CS36×68AH and 12CS32×43AH were the best for the number of pods per plant and pod weight per plant, respectively (Figures 4a and 4b). The combinations ICGV7878×38AH, 12CS22×68AH, and ICGV02271×38AH showed the highest SCA values for pod length (Figure 4c), while 12CS36×68AH and 12CS22×09AH exhibited the highest SCA effects for pod width (Figure 4d). For hundred-pod weight, ICGV02271×43AH and ICGV7878×68AH recorded the highest SCA values (Figure 3b).
Regarding shelling percentage and hundred-seed weight, the highest SCA values were obtained for the combinations ICG7878×43AH, 12CS22×68AH, 12CS22×09AH, and ICGV02271×38AH (Figure 5b). For seed size, the combinations ICGV02271×09AH, ICGV02271×38AH, and ICG7878×09AH exhibited the highest SCA values for seed length, whereas ICGV02271×43AH, 12CS36×68AH, and ICGV7878×38AH showed the highest SCA values for seed width (Figure 5d).
.[image: ]
Figure 4. Specific combining ability of cross combination for pod traits
[bookmark: _Toc532655032]All of these highest SCA combinations involved pairs of high GCA×high GCA, high GCA×low GCA, and low GCA×low GCA for the different traits. There was no statistically significant difference in specific combining ability for pod length, pod width, seed length, and seed width between the cross combinations.
[image: ]
Figure 5. Specific combining ability of cross combination for yield and seed related traits
3.1.4 GCA and Phenotypic Traits: Correlation Analysis
[bookmark: _Hlk6198943]The phenotypic trait correlation analysis revealed low, moderate, and high correlations (Table 5). LLS showed a negative correlation with pod width (r=-0.48; P<0.001) and a positive but low correlation with hundred-pod weight (r=0.21; P=0.05) and hundred-seed weight (r=0.28; P<0.001). A strong positive correlation was observed between the number of pods per plant and hundred-pod weight (0.45; P<0.001) as well as pod weight per plant (r=0.67; P<0.001). Other moderate to strong positive correlations were found between: Hundred-pod weight and hundred-seed weight (r=0.57; P<0.001), Hundred-pod weight and pod weight per plant (r=0.47; P<0.001), Pod weight per plant and shelling percentage (r=0.43; P<0.001) (Table 5).
[bookmark: _Hlk211424933][bookmark: _Hlk211424974]Regarding GCA correlations, high positive correlations were observed for: Pod length and seed length (r=0.74; P=0.02), number of pods per plant and seed length (r=0.76; P=0.05), number of pods per plant and pod weight per plant (r=0.72; P=0.04), LLS and hundred-seed weight (r=0.90; P=0.008), LLS and shelling percentage (r=0.83; P=0.04). Conversely, high negative GCA correlations were found between: Pod length and pod width (r=−0.88; P=0.007), Pod width and shelling percentage (r=−0.73; P=0.05), Seed length and seed width (r=−0.81; P=0.02)
A comparison of phenotypic trait correlations and GCA correlations showed that the number of pods per plant was positively and strongly correlated with pod weight per plant, hundred-seed weight, and hundred-pod weight in both cases. However, pod weight per plant showed a moderate correlation with hundred-pod weight and shelling percentage in phenotypic traits but had no significant GCA correlation. Additionally, LLS GCA was positively correlated with hundred-seed weight and shelling percentage, despite the weak or negative correlations observed for these traits at the phenotypic level (Table 5).
[bookmark: _Toc9068612]Table 5. GCA and phenotypic traits’ correlation
	[bookmark: _Hlk149056049]
	LLS
	PPP
	PL
	PW
	SL
	SW
	HPW
	HSW
	PWP
	SH

	LLS
	
	0.003
	0.02
	-0.48***
	-0.12
	-0.10
	0.21*
	0.28***
	0.04
	-0.07

	PPP
	0.23
	
	0.36***
	0.10
	0.02
	0.23**
	0.45***
	0.31***
	0.67***
	0.21*

	PL
	0.38
	0.49
	
	0.17*
	0.37***
	0.17*
	0.30***
	0.38***
	0.33***
	0.37***

	PW
	-0.71*
	-0.57
	-0.88**
	
	0.01
	0.33***
	0.14
	0.04
	0.11
	0.18*

	SL
	0.12
	0.76*
	0.74*
	-0.69
	
	0.11
	-0.16
	0.10
	0.14
	0.33*

	SW
	-0.07
	-0.55
	-0.63
	0.66
	-0.81*
	
	0.40***
	0.31***
	0.27***
	0.17*

	HPW
	0.62
	-0.45
	-0.23
	0.01
	-0.68
	0.59
	
	0.57***
	0.47***
	0.11

	HSW
	0.90**
	-0.16
	0.13
	-0.41
	-0.18
	0.24
	0.77*
	
	0.33***
	0.38***

	PWP
	0.54
	0.72*
	0.21
	-0.48
	0.25
	-0.11
	0.23
	0.22
	
	0.43***

	SH
	0.83*
	0.34
	0.59
	-0.73*
	0.23
	0.08
	0.50
	0.67
	0.61
	


[bookmark: _Toc532655033]Top right diagonal = Phenotypic trait correlation, bottom left diagonal = GCA corelation, LLS=late leaf spot, PPP=Number of pods per plant, PL=pod length, PW=pod width, SL=Seed length, SW=Seed width, HPW= 100 pod weight, 100Seed weight, PWP=pod weight per plant, and SH = Shelling %; Significance codes: **0.01; *0.05
3.1.5 SCA and genetic distance (GD) correlation
[bookmark: _Toc9068614][bookmark: _Hlk149056109]The SCA correlation analysis (Table 6) revealed distinct patterns among the studied traits. Significant positive correlations were observed between late leaf spot (LLS) scores and pod weight per plant (r=0.51; P=0.04) as well as with seed width (r=0.65; P=0.01), suggesting that genotypes showing higher SCA effects for yield components also tended to be more susceptible to LLS. Pod width was strongly and positively associated with hundred pod weight (r=0.62; P=0.009), hundred seed weight (r=0.66; P=0.006), and seed width (r=0.91; P=0.007), indicating that wider pods generally contained larger and heavier seeds. Likewise, hundred pod weight was positively related to seed width (r=0.66; P=0.009), and hundred seed weight correlated strongly with seed width (r=0.74; P=0.007), emphasizing the close interdependence between seed size and yield components.
In contrast, pod width and seed width showed significant negative correlations with shelling percentage (r=−0.49; P=0.048 and r=−0.66; P=0.008, respectively), implying that larger pods and seeds tend to have a lower proportion of kernel weight to pod weight. The estimation of the correlation between genetic distance among parents and their SCA effects showed no significant relationship for any of the traits assessed (results not presented).
Overall, the correlation pattern indicates that yield-related traits are positively interrelated, while disease severity is positively associated with some yield traits in an undesirable way, emphasizing the need to select genotypes that combine high yield with low LLS scores. The absence of a significant correlation between genetic distance and SCA effects suggests that hybrid performance was not directly related to parental genetic divergence.

Table 6. Correlation pattern between SCA 
	
	LLS
	PP
	PWP
	PL
	PW
	HPW
	HSW
	SH
	SL
	SW

	LLS
	
	
	
	
	
	
	
	
	
	

	PP
	0.56*
	
	
	
	
	
	
	
	
	

	PWP
	0.51*
	0.49*
	
	
	
	
	
	
	
	

	PL
	0.63**
	0.16
	-0.03
	
	
	
	
	
	
	

	PW
	0.57*
	0.25
	0.18
	0.59*
	
	
	
	
	
	

	HPW
	0.47
	0.42
	0.23
	0.18
	0.62**
	
	
	
	
	

	HSW
	0.24
	0.31
	0.09
	0.15
	0.66**
	0.41
	
	
	
	

	SH
	-0.39
	0.10
	0.10
	-0.36
	-0.49*
	-0.08
	-0.37
	
	
	

	SL
	-0.33
	-0.34
	-0.36
	-0.01
	-0.18
	-0.06
	-0.27
	0.02
	
	

	SW
	0.65**
	0.28
	0.10
	0.51*
	0.91**
	0.66**
	0.74**
	-0.66**
	-0.22
	

	GD vs SCA
	-0.06
	-0.22
	0.05
	-0.20
	-0.11
	-0.13
	-0.23
	0.22
	-0.39
	-0.17


[bookmark: _Hlk532559018]LLS=late leaf spot, PP=Number of pods per plant, PL=pod length, PW=pod width, SL=Seed length, SW=Seed width, HPW= 100 pod weight, 100Seed weight, PWP=pod weight per plant, SH= Shelling % and GD vs SCA = Genetic distance and SCA correlation; 
Significance codes: **0.01; *0.05
3.2. Discussion
The groundnut market in Togo favors large pod and seed sizes, but production is limited by late leaf spot (LLS) disease and low-yielding varieties (Banla et al., 2018). This highlights the need for improved varieties adapted to local conditions. This study evaluated LLS resistance and yield traits in groundnut F2 populations derived from selected national germplasm to identify promising breeding lines.
3.2.1 Gene action
In this study, additive genetic effects were found to be more significant than non-additive effects for LLS resistance. A relatively high heritability for LLS incidence suggests that selection for LLS resistance in early generations can be effective. This result is consistent with previous studies that also found LLS resistance to be predominantly controlled by additive gene action (Wambi et al., 2015). Non-additive effects varied across the studied locations but remained lower than the additive effects. Similar findings have been reported in other studies on LLS resistance (Dwivedi et al., 2002; Pasupuleti et al., 2013; Wambi et al., 2015). Furthermore, a maternal effect was detected for LLS resistance, indicating that selecting the resistant female parent for breeding population development is a promising approach.
For yield traits, additive gene action also predominated, similar to the pattern observed for LLS resistance. Traits such as pod length, pod width, seed length, seed width, hundred-seed weight, and shelling percentage were more strongly influenced by additive genetic effects, consistent with previous genetic studies on groundnut yield traits (Azad et al., 2014; Gupta et al., 2015; Abady et al., 2021). However, some studies have reported non-additive gene effects for pod yield traits (Mothilal & Ezhil, 2010; Patil et al., 2017; Vishnuprabha et al., 2021). Differences in heritability estimates are often due to factors such as the genetic makeup of the populations used, experimental designs, or analytical methods. The varying magnitudes of heritability observed for traits like pod length, pod width, seed length, hundred-pod weight, hundred-seed weight, and shelling percentage indicate that improvement can be achieved for pod and seed size through selection, with each agronomic trait responding differently to selection (He et al., 2017).
3.2.2 Implications of Trait Correlations for groundnut breeding in Togo 
From an ecological genetics perspective, genetic correlations can constrain phenotypic evolution and adaptation, especially over short time scales (Agrawal et al., 2010). However, favorable correlations among traits of interest to breeders offer valuable opportunities for simultaneous genetic improvement (Neyhart et al., 2019).
In this study, strong correlations were observed between the number of pods per plant and pod weight per plant, hundred-seed weight, and hundred-pod weight for both phenotypic traits and GCA. These positive correlations suggest that selection could lead to simultaneous improvement in these traits. Despite weak or negative phenotypic correlations between LLS and hundred-seed weight and shelling percentage, strong positive GCA correlations were observed for these traits. The inconsistency between phenotypic and GCA correlations indicates that these traits are governed by different genetic mechanisms.
Unfavorable correlations, whether negative or positive, can limit the potential for simultaneous genetic gain in key traits (Conner et al., 2011). In this study, considering that LLS is a major disease affecting groundnut production in Togo, the GCA correlations between LLS and hundred-seed weight, shelling percentage, and pod width pose a challenge for the breeding program. However, these results suggest that using a selection index approach and marker-assisted selection could help identify transgressive segregants with both high yield and LLS resistance. Overall, the favorable or neutral correlations observed for most traits in this study present significant opportunities for the Togo groundnut breeding program.
3.2.3 Identification of optimal populations for LLS resistance and yield improvement
Interactions between the environment and genetics, along with the involvement of multiple Quantitative Trait Loci (QTL) in LLS resistance (Han et al., 2018; Chu et al., 2019; Zhang et al., 2020), have restricted the deployment and utilization of markers in groundnut breeding, despite recent progress (Dang et al., 2021). Thus, accurate identification of good combiners remains a crucial step in groundnut breeding programs, particularly with limited access to new technologies (Jannat et al., 2022).
In this study, GCA estimates identified genotypes 43AH and ICG 7878 as the best general combiners for LLS resistance. Notably, the local cultivar 43AH exhibited a significant GCA effect for yield-related traits such as pod width, hundred pod weight, pod weight per plant, and shelling percentage, making it a promising candidate for population development targeting multiple traits. In contrast, the top general combiner for LLS resistance, ICG 7878, appears to carry undesired genes for most yield-related traits, suggesting the need for background selection in the population derived from this genotype to eliminate negative genes. Genotypes 12CS_22 and 12CS_36 from Senegal outperformed other lines in terms of yield improvement, warranting a focus on populations derived from these genotypes for enhancing local cultivars for yield characteristics. Overall, local cultivars did not exhibit a significant difference in GCA effect for the number of pods per plant, pod length, and seed width. These genotypes, selected and maintained by farmers for preferred traits like earliness and yield, show similarities across different origins, possibly due to the relatively uniform environmental conditions in groundnut production areas in Togo. 
In this study, high SCA were obtained by crossing genotypes with high LLS-resistance x high LLS-resistance, high resistance x low resistance, and low resistance x low resistance GCA. For pure line development, as intended in the current breeding program, the focus should be on obtaining superior transgressive segregants from these populations (Kuczyńska et al., 2007). In such cases, the pedigree breeding method or single seed descent (Yan et al., 2017) should be efficient for advancing generations from crosses ICGV 02271×43AH and ICG7878×68AH for LLS resistance, and 12CS22×68AH and 12CS32×43AH for high yield. 
The variations in soil types, rainfall, and other environmental factors across the studied locations highlight the significant interactions between the environment and GCA for yield-related traits. Additionally, differences in production constraints, agronomic practices, and preferences in key groundnut-producing areas of Togo suggest that the environmental specificity within the country should be considered when developing product profiles.
4. Conclusion
The predominance of additive gene action for Late Leaf Spot (LLS) resistance and most yield-related traits suggests that improvement can be achieved through selection in the developed populations. Populations derived from 43AH and ICG7878 for LLS resistance, and 12CS22 and 12CS36 for yield-related traits, are the most promising for the current breeding program objectives. Despite the positive correlation between LLS and some yield traits, multi-trait improvement can be implemented in these promising populations. The identified breeding promising populations should be advanced and subjected to selection for disease resistance and yield traits to address farmers' constraints and meet trait preference targeted at the diverse environmental conditions of groundnut production in Togo.
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