


Heterosis and Combining Ability in 10×10 Diallel Crosses of Maize Inbred Lines (Zea mays L.) for Striga Tolerance

ABSTRACT
	Aims : To evaluate 45 F1 hybrids from a 10×10 diallel cross of maize inbred lines for Striga (Striga hermonthica) tolerance, estimate combining ability parameters, and identify the best hybrid combinations for infested zones in Côte d'Ivoire.
Study Design : Randomised complete block design with two replications per environment.
Place and Duration of Study : CNRA research station, Ferkessédougou, northern Côte d'Ivoire, 2024.
Methodology: Fifty-five genotypes (45 hybrids + 10 parents) were evaluated under non-infested and artificially Striga-infested conditions (5,000 germinable seeds m⁻²). Combining ability was estimated using Griffing's (1956) Method 2. Mid-parent (MPH) and better-parent (BPH) heterosis were computed. Pearson correlations were calculated among measured agronomic traits.
Results: Combined ANOVA showed highly significant effects (**) of genotype, environment and G×E interaction for all traits. Mean yield reduction due to Striga was 62.8% in parents and 45.3% in hybrids. Non-additive effects predominated in tolerance expression (σ²SCA/σ²GCA = 4.32 infested vs. 3.17 non-infested). Lines P8 (TZMI 20672) and P10 (TZMI 1262) showed the highest GCA effects under stress (0.92 and 0.88, respectively). Hybrids P5×P10, P2×P8 and P8×P10 yielded above 6.5 t ha⁻¹ under infestation with reductions below 35% and highly significant SCA effects.
Conclusion : Heterosis exploitation offers substantial gains in Striga tolerance. Lines P8 and P10 are major tolerance sources for breeding programmes. Hybrids P8×P10, P5×P10 and P2×P8 are priority candidates for multi-location evaluation and national catalogue registration.
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1. INTRODUCTION
Maize (Zea mays L.) is the most important cereal in sub-Saharan Africa, constituting the staple food for more than 300 million people. In Côte d'Ivoire, maize is the second cereal after rice, with an annual production of approximately 1.2 million tonnes, yet this output remains largely insufficient owing to major abiotic and biotic constraints (MINADER, 2023).
Among these constraints, Striga (Striga hermonthica (Del.) Benth.) is an obligate parasitic plant that infests more than 40 million hectares in Africa, causing yield losses estimated at between 20% and 100% (Ejeta, 2007). In Côte d'Ivoire, the northern and central-eastern regions are particularly affected, with losses estimated at 40–60% in susceptible local varieties (Yao et al., 2021). Annual economic losses attributable to Striga across the continent are estimated at more than US7 billions (Scholes & Press, 2008). Conventional control methods are frequently ineffective or inaccessible to smallholder farmers, making the use of tolerant varieties the most sustainable approach (Menkir et al., 2020 ; Yacoubou et al., 2021).
To date, no systematic study evaluating Striga tolerance through diallel crossing has been conducted in Côte d'Ivoire. The present study therefore represents a national first. Diallel crosses are powerful tools for estimating general combining ability (GCA), which reflects additive effects, and specific combining ability (SCA), which reflects non-additive effects (Griffing, 1956 ; Sprague & Tatum, 1942). Evaluation under contrasting conditions (infested vs. non-infested) allows tolerant genotypes to be identified and the genetic mechanisms underlying tolerance to be elucidated (Badu-Apraku et al., 2020 ; Adewale et al., 2022 ; Bankole et al., 2023).
The objectives of this study were to : (i) evaluate the performance of 45 hybrids and their 10 parents under two environments; (ii) quantify the effect of Striga and identify tolerant genotypes suited to Côte d’Ivoire ; (iii) estimate combining ability parameters; (iv) quantify heterosis; and (v) identify the best hybrid combinations for Striga-infested zones.
2. MATERIALS AND METHODS
2.1 Plant Material
The plant material comprised 10 maize parental inbred lines (Table 1) selected for their genetic diversity and potential for Striga tolerance, together with 45 F1 hybrids obtained by complete diallel crossing without reciprocals (Griffing Method 4). Seeds were produced at the CNRA research station in Ferkessédougou in 2024.
Table 1. Parental inbred lines used in the 10×10 diallel
	Code
	Designation
	Origin
	Characteristics

	P1
	TZMI2103
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P2
	TZMI2037
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P3
	TZMI 2031-2
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P4
	TZMI 2104
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P5
	TZMI 21011
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P6
	TZMI 2102
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P7
	TZMI 2033
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P8
	TZMI 20672
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P9
	9540
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content

	P10
	TZMI 1262
	IITA
	Striga tolerance, drought tolerance and pro-vitamin A content


IITA : International Institute of Tropical Agriculture
2.2 Experimental Site
The trial was conducted at the CNRA research station in Ferkessédougou (9°35′ N, 5°12′ W), located in northern Côte d'Ivoire, characterised by an annual rainfall of 1,200–1,400 mm, ferralitic soils and a longstanding history of natural Striga hermonthica infestation.
2.3 Experimental Design
The 55 genotypes were evaluated in two environments: non-infested (ENV_N_INF) and artificially infested by Striga hermonthica (ENV_INF). Within each environment, the design was a randomised complete block with two replications. Each elementary plot comprised a 5 m row (0.8 × 0.25 m), equivalent to 50,000 plants ha⁻¹. Artificial infestation was achieved by incorporating 5,000 germinable Striga seeds per m² (Menkir et al., 2020).
2.4 Traits Measured
Observations were recorded for : male (MF) and female (FF) flowering days after sowing, the anthesis–silking interval (ASI = FF − MF), plant height (PH, cm) and ear height (EH, cm), thousand-kernel weight (TKW, g), grain yield (GY, t ha⁻¹), and number of grains per ear (NGE). The Striga Tolerance Index (STI) was calculated for each genotype as :
STI (%) = (1 − GY_infested / GY_non-infested) × 100
2.5 Statistical Analyses
Individual and combined analyses of variance were performed using standard linear models. Combining ability analysis was carried out according to Griffing (1956) Method 2 with a fixed-effects model. Heterosis was computed relative to the mid-parent value (MPH) and the better parent (BPH). Two types of heterosis were calculated for each hybrid in each environment:
MPH (%) = [(F₁ − P̄) / P̄] × 100
BPH (%) = [(F₁ − P sup) / P_sup] × 100
Analyses were performed using R version 4.3.1 (R Core Team, 2023) with the 'agricolae' and 'diallel' packages.
3. RESULTS AND DISCUSSION
3.1 Effect of Striga on Agronomic Performance
The combined analysis of variance (Table 2) revealed highly significant effects (denoted **) of genotype, environment and their interaction for all traits measured. The highly significant environment effect reflects the strong contrast between the two growing conditions — infested versus non-infested — created by artificial inoculation with 5,000 germinable Striga seeds m⁻². The significant genotype effect confirms that the 55 genotypes evaluated differ in their intrinsic agronomic potential, independently of the environment. More importantly, the highly significant G×E interaction for all traits, including grain yield (mean square = 4.83 t² ha⁻²) and TKW (589.4 g²), indicates that genotypes responded differentially to Striga infestation. This interaction is a strong argument for evaluating genotypes simultaneously under both infested and non-infested conditions, as performance under one environment does not reliably predict performance under the other. Similar patterns of highly significant G×E interactions under Striga stress have been consistently reported in West African maize improvement programmes (Badu-Apraku et al., 2020 ; Bankole et al., 2023). The CVs obtained for all traits (ranging from 5.3% to 12.4%) are within acceptable limits for field experiments of this type, indicating satisfactory experimental precision (Menkir et al., 2020).
Table 2. Mean squares for grain yield and yield components in the 10×10 maize diallel under Striga-infested and non-infested environments
	Source
	df
	GY
	TKW
	PH
	EH
	MF
	FF
	ASI
	NGE

	Environment (E)
	1
	28.45**
	3567.8**
	1845.6**
	892.3**
	45.6**
	52.8**
	7.2**
	1254.8**

	Block(E)
	2
	1.04 ns
	170.5 ns
	87.3 ns
	42.1 ns
	2.3 ns
	3.1 ns
	0.8 ns
	78.5 ns

	Genotype (G)
	54
	13.74**
	1928.6**
	876.4**
	423.7**
	18.9**
	21.4**
	3.6**
	987.3**

	G × E
	54
	4.83**
	589.4**
	234.5**
	112.8**
	5.2**
	6.3**
	1.1**
	234.6**

	Error
	108
	1.41
	105.6
	45.7
	21.3
	1.8
	2.1
	0.4
	56.8

	CV (%)
	−
	8.9
	6.5
	7.2
	8.1
	5.3
	5.6
	12.4
	9.8


ns: not significant; **: P < .01. GY: grain yield (t ha⁻¹); TKW: thousand-kernel weight (g); PH: plant height (cm); EH: ear height (cm); MF: male flowering (days); FF: female flowering (days); ASI: anthesis–silking interval (days); NGE: number of grains per ear.
3.2 Comparative Performance of Parents and Hybrids
Table 3 shows that Striga infestation caused a mean grain yield reduction of 62.8% in parents, dropping from 1.94 t ha⁻¹ under non-infested conditions to only 0.72 t ha⁻¹ under infestation. This level of yield loss is comparable to that documented by Yacoubou et al. (2021) in Benin (60–70% in susceptible genotypes) and slightly above the 50–60% range reported by Badu-Apraku et al. (2020) for early-maturing inbred lines in Nigeria. It confirms that Striga hermonthica remains one of the most devastating biotic constraints to maize production in sub-Saharan Africa (Ejeta, 2007 ; Scholes & Press, 2008).
In contrast, hybrids showed a significantly lower mean yield reduction of 45.3% (4.79 t ha⁻¹ under infestation versus 8.76 t ha⁻¹ under non-infested conditions). The most striking result is the yield advantage of hybrids over parents under stress : hybrids produced on average 4.79 t ha⁻¹ under infestation compared with only 0.72 t ha⁻¹ for parents — representing a ratio of approximately 6.6-fold. This considerable superiority of hybrids under stress confirms the relevance of heterosis as a mechanism for buffering the impact of Striga, as advocated by Menkir et al. (2020). Beyond yield, Striga infestation also severely affected plant and ear height (30.0% and 30.2% reduction in parents, respectively) and nearly halved NGE in parents (40.5% reduction), while hybrids maintained more moderate reductions of 22.6%, 22.9% and 32.0%, respectively. These results suggest a more efficient ability of hybrids to sustain biomass production and grain filling under parasite pressure.
The ASI is a particularly informative stress indicator: in parents, it increased from 0.3 days under non-infested conditions to 3.3 days under infestation — a more than tenfold increase — whereas in hybrids it increased from 0.6 to 2.7 days, representing a 4.5-fold increase. An extended ASI under stress reflects a disruption of the synchronisation between pollen shed and silk emergence, which is directly linked to reduced fertilisation and grain set (Ejeta, 2007). The smaller ASI increase in hybrids suggests a greater capacity to maintain water homeostasis and reproductive functioning under Striga-induced stress, which is consistent with the observations of Badu-Apraku et al. (2020) in West African diallel studies.
Table 3. Mean performance (± SD) of parents and hybrids under Striga infestation
	Group
	Environment
	GY (t ha⁻¹)
	TKW (g)
	PH (cm)
	EH (cm)
	MF (days)
	FF (days)
	ASI (days)
	NGE

	Parents
	Non-infested
	1.94 ± 0.35
	216.3 ± 28.5
	127.8 ± 9.2
	54.7 ± 7.8
	64.8 ± 2.8
	65.1 ± 2.9
	0.3 ± 0.5
	31.1 ± 5.2

	
	Infested
	0.72 ± 0.28
	168.5 ± 25.6
	89.5 ± 12.4
	38.2 ± 6.9
	67.5 ± 3.2
	70.8 ± 3.5
	3.3 ± 1.2
	18.5 ± 5.8

	
	Reduction (%)
	62.8
	22.1
	30.0
	30.2
	+4.2
	+8.8
	+1000
	40.5

	Hybrids
	Non-infested
	8.76 ± 1.42
	248.7 ± 22.4
	145.2 ± 10.5
	68.5 ± 7.2
	63.2 ± 2.5
	63.8 ± 2.6
	0.6 ± 0.4
	42.5 ± 6.8

	
	Infested
	4.79 ± 1.35
	205.3 ± 24.8
	112.4 ± 12.8
	52.8 ± 8.1
	65.8 ± 2.9
	68.5 ± 3.1
	2.7 ± 0.9
	28.9 ± 7.2

	
	Reduction (%)
	45.3
	17.5
	22.6
	22.9
	+4.1
	+7.4
	+350
	32.0


3.3 Parental Performance under Infestation
The individual performance of the 10 parental lines under Striga infestation (Table 4) revealed substantial variation in tolerance, with yield reductions ranging from 34.9% (P8) to 72.0% (P6). Lines P8 (TZMI 20672) and P10 (TZMI 1262) clearly stood out as the most tolerant, with yield reductions of only 34.9% and 37.1% respectively, and stressed yields of 1.25 and 1.58 t ha⁻¹, which are substantially above the group mean of 0.79 t ha⁻¹. In contrast, lines P6, P3, P1, P7 and P9 all exhibited reductions exceeding 68%, classifying them as susceptible. Lines P2 and P5 showed intermediate behaviour with reductions of 56.4% and 58.5%, respectively. These differences are illustrated in Fig. 1.
The superior tolerance of P8 and P10 is supported by several converging observations. First, their TKW under infestation was markedly higher than the group mean (215.6 g and 220.5 g versus 180.4 g), indicating a preserved capacity for carbohydrate accumulation in the grain despite parasite-induced carbon drain. Second, their plant height under infestation was considerably greater (112.5 cm and 118.5 cm versus the mean of 90.4 cm), reflecting a more vigorous vegetative growth that may limit the competitive advantage of Striga for photoassimilates. Third, and most importantly, they maintained an extremely short ASI of 1.2 and 1.0 days, respectively, compared with a group mean of 3.2 days, confirming their ability to sustain reproductive synchrony under stress. This pattern of tolerance is consistent with findings reported by Menkir et al. (2020), who identified short ASI, high TKW and high plant vigour as the key adaptive traits distinguishing tolerant from susceptible inbred lines in multi-environment Striga trials across West Africa. Similarly, Badu-Apraku et al. (2020) identified maintaining a short ASI as the most reliable indirect indicator of Striga tolerance, arguing that lines with ASI below 2 days under infestation have a substantially higher probability of transmitting tolerance to their hybrid offspring.
Table 4. Parental performance (± SD) under Striga infestation and tolerance classification
	Parent
	GY non-inf (t ha⁻¹)
	GY inf (t ha⁻¹)
	Reduction (%)
	TKW inf (g)
	PH inf (cm)
	ASI inf (days)
	NGE inf
	Tolerance

	P1
	1.84 ± 0.28
	0.58 ± 0.12
	68.5
	158.2 ± 18.5
	82.5 ± 8.5
	3.8 ± 1.2
	15.2 ± 4.2
	Susceptible

	P2
	2.18 ± 0.32
	0.95 ± 0.18
	56.4
	182.5 ± 20.2
	98.2 ± 9.2
	2.5 ± 0.8
	22.5 ± 5.5
	Moderate

	P3
	1.98 ± 0.30
	0.62 ± 0.14
	68.7
	152.3 ± 19.5
	80.5 ± 8.8
	4.2 ± 1.4
	14.8 ± 4.5
	Susceptible

	P4
	1.99 ± 0.31
	0.65 ± 0.15
	67.3
	165.8 ± 21.2
	85.6 ± 9.5
	3.5 ± 1.1
	16.5 ± 4.8
	Susceptible

	P5
	2.12 ± 0.34
	0.88 ± 0.16
	58.5
	172.4 ± 22.5
	95.3 ± 9.8
	2.8 ± 0.9
	21.2 ± 5.2
	Moderate

	P6
	1.86 ± 0.29
	0.52 ± 0.11
	72.0
	148.5 ± 18.8
	78.5 ± 8.2
	4.5 ± 1.5
	13.5 ± 4.0
	Susceptible

	P7
	1.35 ± 0.22
	0.42 ± 0.10
	68.9
	142.6 ± 17.5
	75.2 ± 7.8
	4.0 ± 1.3
	12.8 ± 3.8
	Susceptible

	P8*
	1.92 ± 0.30
	1.25 ± 0.22
	34.9
	215.6 ± 24.5
	112.5 ± 10.5
	1.2 ± 0.4
	28.5 ± 6.2
	Tolerant

	P9
	1.64 ± 0.25
	0.48 ± 0.11
	70.7
	145.8 ± 18.2
	76.8 ± 8.0
	4.8 ± 1.6
	12.5 ± 3.6
	Susceptible

	P10*
	2.51 ± 0.38
	1.58 ± 0.25
	37.1
	220.5 ± 25.8
	118.5 ± 11.2
	1.0 ± 0.3
	30.2 ± 6.5
	Tolerant

	Mean
	1.94 ± 0.35
	0.79 ± 0.32
	59.3
	180.4 ± 28.5
	90.4 ± 13.5
	3.2 ± 1.4
	18.8 ± 6.2
	—


*Lines identified as tolerant (reduction < 40%).
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Fig. 1. Grain yield (± SD) of parental inbred lines under non-infested and Striga-infested conditions, with corresponding yield reduction (%). Asterisks (*) indicate tolerant lines (reduction < 40%). Error bars represent ± SD.
3.4 Combining Ability Analysis
Table 5 shows that both GCA and SCA mean squares were highly significant (**) for grain yield and TKW in both environments. The significance of GCA indicates the presence of additive genetic effects controlling these traits, whilst the significance of SCA confirms that non-additive effects (dominance and epistasis) also play an important role. The simultaneous significance of both components is consistent with the findings of Adewale et al. (2022), who reported significant GCA and SCA effects for yield in diallel crosses of tropical maize under multiple stress environments in Nigeria.
The σ²SCA/σ²GCA ratio for grain yield was 3.17 under non-infested conditions and 4.32 under infested conditions. A ratio greater than 1 indicates that non-additive effects predominate over additive effects in the genetic control of the trait (Sprague & Tatum, 1942). The increase of this ratio from 3.17 to 4.32 under Striga stress is particularly informative : it shows that non-additive gene action intensifies under infestation conditions, meaning that the expression of hybrid vigour becomes relatively more important as environmental stress increases. This pattern has been consistently reported in Striga-infested maize environments. Bankole et al. (2023) found σ²SCA/σ²GCA ratios between 3.5 and 5.1 under Striga infestation in northern Nigeria, whilst Badu-Apraku et al. (2020) reported values in the range of 2.8–4.0 for yield under Striga stress in multi-location trials across West Africa. The practical implication of this dominance of non-additive effects is that hybrid breeding, rather than open-pollinated variety development, is the most efficient strategy for exploiting Striga tolerance in commercial varieties. Consequently, the identification of specific hybrid combinations through SCA analysis, rather than selection based on parental per se performance, becomes the priority for applied breeding programmes.
For TKW, the σ²SCA/σ²GCA ratio was 1.64 under non-infested and 1.71 under infested conditions, values substantially lower than those for grain yield. This suggests that TKW is controlled more by additive effects than grain yield, a result in agreement with Adewale et al. (2022), who found that TKW tends to have higher narrow-sense heritability than yield in stressed maize environments. This distinction has practical importance: whilst hybrid performance is the key target for yield under Striga, TKW could be improved through recurrent selection within lines, which is a cheaper and faster approach.
Table 5. Combining ability mean squares and variance components for grain yield under Striga-infested and non-infested environments
	Source
	df
	Non-inf GY
	Inf GY
	Non-inf TKW
	Inf TKW

	GCA
	9
	8.42**
	6.85**
	2450.3**
	1850.5**

	SCA
	45
	5.83**
	6.12**
	876.4**
	698.7**

	Error
	54
	1.41
	1.25
	105.6
	98.4

	σ² GCA
	—
	0.58
	0.47
	195.8
	146.5

	σ² SCA
	—
	1.84
	2.03
	321.5
	250.5

	σ²SCA / σ²GCA
	—
	3.17
	4.32
	1.64
	1.71


GCA : general combining ability; SCA : specific combining ability; **: P < .01. GY : grain yield (t ha⁻¹) ; TKW : thousand-kernel weight (g).
3.5 General Combining Ability (GCA)
Table 6 and Fig. 2 present the GCA effects for grain yield. Across both environments, lines P8 (TZMI 20672) and P10 (TZMI 1262) consistently showed the highest and most significant positive GCA effects (**). Under non-infested conditions, their GCA effects were 0.86 and 0.74, respectively. Under Striga infestation, these values increased to 0.92 and 0.88, respectively — both remaining highly significant. This increase of GCA effects under stress is a critical finding: most lines showed lower GCA estimates under infestation than under non-infested conditions, reflecting the general depression in yield potential caused by the parasite. The fact that P8 and P10 showed the opposite trend — higher GCA under stress — strongly suggests the expression of stress-specific tolerance alleles that are activated or more fully expressed in the presence of Striga. This observation is in line with the findings of Menkir et al. (2020), who reported that certain IITA inbred lines belonging to the TZMI series showed enhanced combining ability for tolerance under Striga infestation relative to control conditions, and attributed this to the action of quantitative trait loci specifically activated by the parasite. Badu-Apraku et al. (2020) similarly observed that lines with the highest GCA under Striga stress were those that had been subjected to multiple cycles of selection under infested conditions, and argued that this stress-specific GCA increase reflects the fixation of alleles conferring genuine parasitism resistance rather than mere yield compensation.
At the other end of the spectrum, lines P6 (TZMI 2102) and P9 (9540) showed consistently negative and highly significant GCA effects in both environments (P6: −0.52 and −0.78; P9: −0.68 and −0.85, under non-infested and infested conditions respectively). These lines act as "drainers" of hybrid performance and should be excluded from crossing programmes targeting infested zones. Lines P2 and P5, whilst showing only moderate GCA effects under stress (0.38 and 0.28), exhibited good stability (differences of 0.04 and 0.03 between environments), indicating consistent, if moderate, additive contributions to hybrid performance across both environments. This stability makes them valuable as secondary parents in crosses where P8 or P10 cannot be used as both parents.
Table 6. General combining ability estimates (± SE) for grain yield under Striga-infested and non-infested environments
	Parent
	Code
	GCA non-infested
	GCA infested
	Stability (difference)

	P1
	TZMI2103
	0.18 ± 0.18 ns
	−0.25 ± 0.16 ns
	0.43

	P2
	TZMI2037
	0.42 ± 0.18 *
	0.38 ± 0.16 *
	0.04

	P3
	TZMI2031-2
	−0.23 ± 0.18 ns
	−0.45 ± 0.16 *
	0.22

	P4
	TZMI2104
	−0.05 ± 0.18 ns
	−0.32 ± 0.16 ns
	0.27

	P5
	TZMI21011
	0.31 ± 0.18 ns
	0.28 ± 0.16 ns
	0.03

	P6
	TZMI2102
	−0.52 ± 0.18 *
	−0.78 ± 0.16 **
	0.26

	P7
	TZMI2033
	−0.38 ± 0.18 *
	−0.52 ± 0.16 *
	0.14

	P8
	TZMI20672
	0.86 ± 0.18 **
	0.92 ± 0.16 **
	−0.06

	P9
	9540
	−0.68 ± 0.18 **
	−0.85 ± 0.16 **
	0.17

	P10
	TZMI1262
	0.74 ± 0.18 **
	0.88 ± 0.16 **
	−0.14


SE : standard error; ns : not significant; *: P < .05 ; **: P < .01.
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Fig. 2. General combining ability (GCA) effects for grain yield of the 10 parental inbred lines under non-infested (blue) and Striga-infested (red) conditions. Shaded columns indicate tolerant lines P8 and P10. Annotations show significance levels for non-infested/infested GCA effects (P < .01 ; P < .05 ; ns : not significant).
3.6 Specific Combining Ability (SCA) under Stress
Table 7 and Fig. 3 present the SCA effects and yield performance of the top 15 hybrid combinations under Striga infestation. Four hybrids showed highly significant SCA effects (***): P2×P8 (SCA = 1.42 ± 0.28), P5×P10 (1.28 ± 0.28), P8×P10 (1.15 ± 0.28) and P8×P9 (1.08 ± 0.28). Three additional hybrids — P1×P5, P2×P10 and P4×P9 — showed significant SCA effects (*). The occurrence of the highest SCA effects specifically under Striga infestation is consistent with the predominance of non-additive gene action observed for the σ²SCA/σ²GCA ratio, and confirms that the identification of superior hybrid combinations requires direct evaluation under infested conditions rather than prediction from parental GCA alone.
An examination of the parental origins of the top hybrids reveals interesting patterns. Hybrid P8×P10, combining the two best GCA parents (0.92 and 0.88), produced a moderate but significant SCA effect (1.15) and the lowest yield reduction of all evaluated hybrids (31.4%). This "tolerant × tolerant" combination maximises both additive and non-additive contributions to tolerance. Hybrid P2×P8 produced the highest SCA effect of all (1.42), despite P2 having a moderate GCA (0.38). This indicates strong complementarity between these two lines, and suggests the presence of favourable dominant or epistatic allelic interactions at loci controlling tolerance to Striga. This type of favourable interaction between a line with modest GCA and a line with high GCA is well documented in diallel breeding theory (Hallauer et al., 2010) and was similarly reported by Bankole et al. (2023) in Nigerian maize, where the highest SCA effects were not always produced by crosses between the two best GCA parents. Hybrid P8×P9 (SCA = 1.08***) is a particularly instructive case: P9 has one of the most negative GCA effects under stress (−0.85), yet its cross with P8 yields 6.45 t ha⁻¹ under infestation with only 39.0% reduction. This hybrid demonstrates that a susceptible parent can contribute favourably to hybrid tolerance if it carries complementary alleles at specific loci, underscoring the principle articulated by Sprague & Tatum (1942) that per se performance of parents cannot replace the direct evaluation of all hybrid combinations.
It is also notable that several hybrids with non-significant SCA effects  such as P1×P8 (0.58), P3×P10 (0.38) and P4×P8 (0.32) nonetheless yielded above 5.1 t ha⁻¹ under infestation with reductions between 33.8% and 38.8%. In these cases, the high performance is primarily attributable to the high GCA of P8 or P10, reflecting the additive component of tolerance. Menkir et al. (2020) similarly observed that when one parent carries very high GCA, even low or non-significant SCA effects can still generate commercially useful hybrid performance under Striga stress.
Table 7. Specific combining ability estimates (± SE) for grain yield under Striga-infested environment (top 15 crosses)
	Cross
	Hybrid
	GY inf (t ha⁻¹)
	SCA
	Signif.
	GY non-inf (t ha⁻¹)
	Reduction (%)
	GCA1
	GCA2

	P2×P8
	2037×20672
	6.85 ± 0.85
	1.42 ± 0.28
	***
	10.12 ± 1.25
	32.3
	0.38
	0.92

	P5×P10
	21011×1262
	7.12 ± 0.92
	1.28 ± 0.28
	***
	10.65 ± 1.32
	33.1
	0.28
	0.88

	P8×P10
	20672×1262
	6.78 ± 0.88
	1.15 ± 0.28
	***
	9.89 ± 1.18
	31.4
	0.92
	0.88

	P8×P9
	20672×9540
	6.45 ± 0.82
	1.08 ± 0.28
	***
	10.58 ± 1.28
	39.0
	0.92
	−0.85

	P1×P5
	2103×21011
	5.82 ± 0.72
	0.82 ± 0.28
	*
	9.88 ± 1.20
	41.1
	−0.25
	0.28

	P2×P10
	2037×1262
	6.12 ± 0.78
	0.78 ± 0.28
	*
	9.94 ± 1.22
	38.4
	0.38
	0.88

	P4×P9
	2104×9540
	5.45 ± 0.68
	0.75 ± 0.28
	*
	10.27 ± 1.25
	46.9
	−0.32
	−0.85

	P3×P7
	2031-2×2033
	4.85 ± 0.62
	0.62 ± 0.28
	ns
	8.95 ± 1.10
	45.8
	−0.45
	−0.52

	P1×P8
	2103×20672
	5.95 ± 0.75
	0.58 ± 0.28
	ns
	9.32 ± 1.15
	36.2
	−0.25
	0.92

	P2×P5
	2037×21011
	5.25 ± 0.65
	0.52 ± 0.28
	ns
	9.45 ± 1.18
	44.4
	0.38
	0.28

	P1×P10
	2103×1262
	5.75 ± 0.72
	0.48 ± 0.28
	ns
	8.68 ± 1.05
	33.8
	−0.25
	0.88

	P7×P9
	2033×9540
	4.25 ± 0.55
	0.42 ± 0.28
	ns
	8.76 ± 1.08
	51.5
	−0.52
	−0.85

	P3×P10
	2031-2×1262
	5.35 ± 0.68
	0.38 ± 0.28
	ns
	8.54 ± 1.02
	37.4
	−0.45
	0.88

	P6×P8
	2102×20672
	5.15 ± 0.65
	0.35 ± 0.28
	ns
	8.42 ± 1.00
	38.8
	−0.78
	0.92

	P4×P8
	2104×20672
	5.55 ± 0.70
	0.32 ± 0.28
	ns
	8.87 ± 1.08
	37.4
	−0.32
	0.92


***: P < .001; *: P < .05 ; ns : not significant. SE : standard error.
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Fig. 3. Grain yield (± SD) of the 10 best hybrid combinations under non-infested (blue) and Striga-infested (red) conditions, with corresponding yield reduction (%) shown as a dashed line. The horizontal dotted line indicates the 6.5 t ha⁻¹ commercial threshold. Superscripts denote significance of SCA effects (** P < .01; * P < .05).
3.7 Variance Components and Heritability
Table 8 presents the variance components and heritabilities for grain yield and TKW in both environments. For grain yield, total genotypic variance decreased from 4.13 under non-infested conditions to 2.50 under infestation, reflecting the general reduction in genotype discriminating power caused by Striga-induced phenotypic depression. This contraction of genotypic variance under stress is a commonly reported phenomenon in Striga-infested trials and explains why selection under non-infested conditions is insufficient to identify tolerant genotypes (Yacoubou et al., 2021 ; Bankole et al., 2023). The G×E variance component (σ²G×E = 1.71) under non-infested conditions confirms the differential response of genotypes across environments, which was also reflected in the highly significant G×E interaction in the ANOVA.
Broad-sense heritability (h²bs) for grain yield was moderate to high in both environments: 0.75 under non-infested and 0.67 under infested conditions. These values are comparable to those reported by Badu-Apraku et al. (2020), who found broad-sense heritabilities between 0.62 and 0.78 for yield in Striga-infested environments across Nigeria and Benin, and slightly above the 0.55–0.65 range reported by Adewale et al. (2022) under combined drought and Striga stress. The moderate decrease in h²bs under infestation (from 0.75 to 0.67) reflects the increased contribution of error and interaction variance relative to genotypic variance under stress, but the value of 0.67 remains high enough to justify direct selection under infested conditions.
Narrow-sense heritability (h²ns) was low for grain yield in both environments (0.21 non-infested; 0.25 infested), confirming the predominance of non-additive effects and explaining the limited efficiency of mass selection for yield improvement. The slight increase of h²ns under stress (0.21 to 0.25), whilst modest in absolute terms, is consistent with the observed increase in the relative importance of additive variance under infestation and is in line with the findings of Menkir et al. (2020), who argued that repeated cycles of selection under Striga specifically tend to fix additive tolerance alleles, progressively increasing h²ns. For TKW, both broad- and narrow-sense heritabilities were considerably higher (h²bs = 0.88 and 0.80; h²ns = 0.45 and 0.30 under non-infested and infested conditions respectively), confirming that TKW is a trait more amenable to direct selection and could serve as an effective secondary criterion in tolerance breeding programmes.
Table 8. Variance components for grain yield and thousand-kernel weight under Striga-infested and non-infested environments
	Variance component
	Non-inf GY
	Inf GY
	Non-inf TKW
	Inf TKW

	σ² GCA
	0.58
	0.47
	195.8
	146.5

	σ² SCA
	1.84
	2.03
	321.5
	250.5

	σ² G×E
	1.71
	—
	241.9
	—

	σ² Error
	1.41
	1.25
	105.6
	98.4

	σ² Phenotypic
	5.54
	3.75
	864.8
	495.4

	σ² Genotypic
	4.13
	2.50
	759.2
	397.0

	h² (broad sense)
	0.75
	0.67
	0.88
	0.80

	h² (narrow sense)
	0.21
	0.25
	0.45
	0.30


3.8 Correlations Between Traits under Stress
Table 9 presents the Pearson correlation coefficients between agronomic traits measured under Striga-infested conditions. Grain yield showed highly significant positive correlations with NGE (r = .78**), TKW (r = .72**), PH (r = .58**) and EH (r = .52**). These positive associations suggest that genotypes capable of maintaining vigorous vegetative growth and effective grain filling under infestation — as reflected by taller plants, heavier grains and more grains per ear — are also the most productive. The strong correlation with NGE (r = .78) is particularly noteworthy, as it indicates that grain number per ear is the primary yield component affected by Striga, likely through competition for photosynthates during the critical period of grain initiation. This observation is consistent with the mechanistic model of Striga damage proposed by Scholes & Press (2008), who demonstrated that Striga principally acts as a carbon parasite that intercepts photoassimilates during the reproductive phase, directly reducing the number of grains set per ear.
Grain yield showed highly significant negative correlations with ASI (r = −.58**), female flowering (r = −.52**) and male flowering (r = −.45**). The negative correlation with ASI is mechanistically straightforward: a prolonged ASI indicates a disruption of the synchrony between pollen shed and silk emergence, which directly reduces fertilisation rate and grain number. The stronger negative correlation with ASI than with either flowering date alone confirms that the de-synchronisation of male and female flowering — rather than absolute earliness or lateness — is the critical reproductive dysfunction induced by Striga. This result is congruent with findings reported by Ejeta (2007) and Badu-Apraku et al. (2020), who consistently identified the ASI as the most important physiological indicator distinguishing tolerant from susceptible maize germplasm under Striga infestation. Badu-Apraku et al. (2020) specifically advocated for using the ASI as an inexpensive indirect selection criterion in programmes where direct measurement of Striga-induced yield loss across multiple environments is logistically difficult.
The strong positive correlation between PH and EH (r = .88**) indicates that ear placement is closely tied to overall plant vigour, and both traits are correlated with yield under stress. Similarly, the strong positive correlation between male and female flowering (r = .88**) confirms the general genetic co-regulation of flowering time, whilst the distinct negative effect of ASI on yield highlights the importance of evaluating de-synchronisation specifically, rather than flowering dates alone. Overall, the correlation structure observed under Striga infestation in this study is remarkably consistent with that reported in Striga-infested environments across West Africa (Menkir et al., 2020; Bankole et al., 2023), suggesting that the adaptive traits conferring Striga tolerance operate through similar physiological mechanisms regardless of the specific geographic location or genetic background of the materials evaluated.
Table 9. Pearson correlation matrix between agronomic traits measured under Striga infestation
	Trait
	GY
	TKW
	PH
	EH
	MF
	FF
	ASI
	NGE

	GY
	1.00
	
	
	
	
	
	
	

	TKW
	0.72**
	1.00
	
	
	
	
	
	

	PH
	0.58**
	0.48**
	1.00
	
	
	
	
	

	EH
	0.52**
	0.42**
	0.88**
	1.00
	
	
	
	

	MF
	−0.45**
	−0.35*
	−0.25
	−0.22
	1.00
	
	
	

	FF
	−0.52**
	−0.42**
	−0.32
	−0.28
	0.88**
	1.00
	
	

	ASI
	−0.58**
	−0.48**
	−0.35*
	−0.32
	0.25
	0.58**
	1.00
	

	NGE
	0.78**
	0.62**
	0.52**
	0.48**
	−0.38*
	−0.42**
	−0.45**
	1.00


**: P < .01 ; *: P < .05.
3.9 Heterosis and Striga Tolerance
Table 10 presents the 15 best-performing hybrids under infested conditions, ranked by their tolerance rank — a composite criterion integrating yield under stress, yield reduction and SCA effect. MPH values under infestation ranged from 379% (P8×P10) to 865% (P4×P9), whilst BPH values ranged from 239% (P3×P10) to 749% (P4×P9). The very high MPH and BPH values observed under infestation relative to non-infested conditions reflect the dramatic suppression of parental yields by Striga: since parents yield on average only 0.79 t ha⁻¹ under stress, even moderate hybrid yields produce mathematically large heterosis ratios. Nevertheless, the biological significance of these values is real — they confirm that F1 hybrids are enormously superior to their parents under infestation, and that this superiority is substantially greater than under non-infested conditions. This environment-specific amplification of heterosis under Striga stress is consistent with the theoretical framework of Reif et al. (2007), who predicted that heterosis should be maximised in environments that accentuate functional dominance and epistasis. It also aligns with the empirical observations of Hallauer et al. (2010), who noted that stress environments tend to elevate heterosis estimates because the stress differentially penalises inbred lines (which lack heterozygote advantage) more than hybrids.
The MPH and BPH values obtained in this study (up to 865% and 749%, respectively) substantially exceed those reported by Bankole et al. (2023) in Striga-infested environments in Nigeria, where the maximum MPH was approximately 450%. Part of this difference is likely attributable to the higher level of genetic diversity among the parents used in the present study, which were selected to represent diverse heterotic groups within the IITA TZMI germplasm pool. Greater genetic divergence between parents is known to translate into higher heterosis (Reif et al., 2007). The severity of the Striga infestation at Ferkessédougou, with 5,000 germinable seeds m⁻², may also contribute to the higher heterosis estimates by more severely depressing parental yields relative to hybrid yields.
Three hybrids warrant particular attention as candidates for further development. Hybrid P8×P10 (20672×1262) produced 6.78 t ha⁻¹ under infestation with a yield reduction of only 31.4% — the lowest observed among all 45 evaluated hybrids. Its MPH of 379% and BPH of 329% under infestation, combined with a highly significant SCA effect (1.15**), confirm the favourable combining ability between these two tolerant parents. This "tolerant × tolerant" cross maximises both additive (high GCA of both parents) and non-additive (significant SCA) contributions to tolerance. Hybrid P5×P10 (21011×1262) achieved the highest grain yield under stress of all evaluated hybrids (7.12 t ha⁻¹) with a reduction of 33.1%, making it the most productive hybrid in absolute terms under infestation. Its SCA effect of 1.28 (***) indicates a strong complementarity between P5 (moderate GCA = 0.28 under stress) and P10 (high GCA = 0.88), which is consistent with the "moderate × high GCA" crossing strategy recommended by Menkir et al. (2020) for maximising heterosis in tolerance breeding. Hybrid P2×P8 (2037×20672) produced the highest SCA effect of all crosses (1.42***) with a yield of 6.85 t ha⁻¹ and a reduction of 32.3%, illustrating the "strong complementarity" pattern described above where P2 (GCA = 0.38) interacts particularly favourably with P8 (GCA = 0.92).
These three hybrids, together with P8×P9 (ranked 5th, yield 6.45 t ha⁻¹, reduction 39.0%), represent the priority candidates for multi-location evaluation across the Striga-infested zones of northern and central-eastern Côte d'Ivoire. Their performance profiles — high yield under stress combined with low reduction percentages and significant SCA effects — satisfy the multi-criteria selection criteria advocated by Yacoubou et al. (2021) for identifying commercially viable Striga-tolerant hybrids in West African contexts.
Table 10. Most heterotic crosses under Striga infestation, their mean performance (± SD), tolerance index and combining ability effects
	Cross
	Hybrid
	GY inf (t ha⁻¹)
	GY non-inf (t ha⁻¹)
	Reduction (%)
	MPH% inf
	BPH% inf
	GCA1
	GCA2
	SCA
	Rank

	P8×P10
	20672×1262
	6.78 ± 0.88
	9.89 ± 1.18
	31.4
	379
	329
	0.92
	0.88
	1.15**
	1

	P2×P8
	2037×20672
	6.85 ± 0.85
	10.12 ± 1.25
	32.3
	523
	448
	0.38
	0.92
	1.42**
	2

	P5×P10
	21011×1262
	7.12 ± 0.92
	10.65 ± 1.32
	33.1
	478
	351
	0.28
	0.88
	1.28**
	3

	P1×P10
	2103×1262
	5.75 ± 0.72
	8.68 ± 1.05
	33.8
	432
	264
	−0.25
	0.88
	0.48
	4

	P8×P9
	20672×9540
	6.45 ± 0.82
	10.58 ± 1.28
	39.0
	645
	416
	0.92
	−0.85
	1.08**
	5

	P2×P10
	2037×1262
	6.12 ± 0.78
	9.94 ± 1.22
	38.4
	384
	287
	0.38
	0.88
	0.78*
	6

	P1×P8
	2103×20672
	5.95 ± 0.75
	9.32 ± 1.15
	36.2
	550
	376
	−0.25
	0.92
	0.58
	7

	P3×P10
	2031-2×1262
	5.35 ± 0.68
	8.54 ± 1.02
	37.4
	386
	239
	−0.45
	0.88
	0.38
	8

	P6×P8
	2102×20672
	5.15 ± 0.65
	8.42 ± 1.00
	38.8
	482
	312
	−0.78
	0.92
	0.35
	9

	P4×P8
	2104×20672
	5.55 ± 0.70
	8.87 ± 1.08
	37.4
	494
	344
	−0.32
	0.92
	0.32
	10

	P1×P5
	2103×21011
	5.82 ± 0.72
	9.88 ± 1.20
	41.1
	697
	561
	−0.25
	0.28
	0.82*
	11

	P2×P5
	2037×21011
	5.25 ± 0.65
	9.45 ± 1.18
	44.4
	420
	345
	0.38
	0.28
	0.52
	12

	P4×P9
	2104×9540
	5.45 ± 0.68
	10.27 ± 1.25
	46.9
	865
	749
	−0.32
	−0.85
	0.75*
	13

	P3×P7
	2031-2×2033
	4.85 ± 0.62
	8.95 ± 1.10
	45.8
	833
	684
	−0.45
	−0.52
	0.62
	14

	P7×P9
	2033×9540
	4.25 ± 0.55
	8.76 ± 1.08
	51.5
	845
	713
	−0.52
	−0.85
	0.42
	15

	Mean hybrids
	—
	4.79 ± 1.35
	8.76 ± 1.42
	45.3
	486
	365
	—
	—
	—
	—

	Mean parents
	—
	0.79 ± 0.32
	1.94 ± 0.35
	59.3
	—
	—
	—
	—
	—
	—


MPH% inf: mid-parent heterosis under infested conditions ; BPH% inf: better-parent heterosis under infested conditions. **: P < .01 ; *: P < .05.
4. CONCLUSION
This study represents the first systematic evaluation of Striga tolerance through diallel crossing conducted in Côte d'Ivoire. The results confirm the devastating effect of Striga, with a mean yield reduction of 62.8% in parents and 45.3% in hybrids. The sixfold yield advantage of hybrids over parents under stress demonstrates the value of exploiting heterosis for tolerance to this parasite.
Genetic analysis reveals the predominance of non-additive effects in the expression of Striga tolerance (σ²SCA/σ²GCA = 4.32 under infestation vs. 3.17 under non-infested conditions), highlighting the need to prioritise combining ability tests rather than selection based on per se performance.
Lines P8 (TZMI 20672) and P10 (TZMI 1262) are identified as major sources of tolerance, with yield reductions under stress below 38%, GCA effects above 0.88, and a very short ASI (1.0–1.2 days). Three hybrids stand out in particular: P8×P10 offers the best tolerance (31.4% reduction, 6.78 t ha⁻¹ under stress); P5×P10 achieves the highest stressed yield (7.12 t ha⁻¹, 33.1% reduction); and P2×P8 shows the highest SCA effect (1.42, 32.3% reduction).
These hybrids are priority candidates for multi-location evaluation with a view to national catalogue registration and dissemination to growers. Lines P8 and P10 should be incorporated as parents in CNRA improvement programmes to develop new generations of tolerant hybrids adapted to Ivorian conditions.
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Fig. 1. Grain yield of parental inbred lines under non-infested and Striga-infested
conditions, with corresponding yield reduction (%). * Tolerant lines (reduction < 40%).

3.0

Il |Infested

I Non-infested

—0— Reduction (%)

100

P1

P2 P3 P4 P5 P6 P7 P8 P9 P10
Parental inbred line

Yield reduction (%)




image2.png
GCA effect for grain yield (t ha-?)

Fig. 3. General combining ability (GCA) effects for grain yield of the 10 parental inbred
lines under non-infested and Striga-infested conditions. Shading: tolerant lines.
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Fig. 2. Grain yield (% SD) of the 10 best hybrid combinations under non-infested and
Striga-infested conditions, with yield reduction (%). ** P < .01; * P < .05 (SCA effect).
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