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Introduction: Biofortified maize varieties could contribute to the fight against hunger and malnutrition of the increasing human population and help meet the high demand of maize for human consumption, industrial use and feed for animal and poultry. The understanding of the genetic mechanisms conditioning the inheritance of grain yield and other agronomic and quality traits is essential in the development of superior maize genotypes. The main objective of this study was to determine the combining ability for grain yield and other agronomic traits of QPM and non-QPM inbred lines crossed with two QPM and two non-QPM testers.

Materials and methods: A total of 130 hybrids were obtained by crossing 10 non-QPM and 23 QPM lines with four elite testers (two QPM and two non-QPM). The 130 single cross hybrids were evaluated at 13 sites in 2018 and 2019.

Results and discussion: The results showed significant general combining ability (GCA) for lines and testers as well as significant specific combining ability (SCA) for hybrids for most of the measured traits. Non-additive gene action controlled the inheritance of grain yield while agronomic and quality traits were controlled by additive gene action. QPM lines 11, 14 and 28 and non-QPM tester CML444 showed desirable GCA effects for grain yield, indicating that these lines in combination with tester CML444 should be considered when targeting development of superior maize genotypes with QPM traits.

Conclusions: Based on the SCA values, crosses 120, 108, 105, 99, 85, and 41 were identified as the best hybrids across the locations. It is recommended that maize breeding programs targeting the development of high yielding QPM hybrids should exploit QPM lines with high GCA values for heterosis to be realized. In addition, the identified superior hybrids may be further evaluated and consequently promoted for commercial release which could increase incomes of farmers and help to alleviate poverty, hunger and malnutrition in southern Africa and sub-Saharan Africa at large.
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Introduction

Maize (Zea mays L.) ranks among the top three most important cereal crops worldwide based on its yield potential and wide adaptability. In maize breeding programs, inbred lines are used to generate hybrids for commercial production. Because of their increased yield potential, hybrid maize varieties are used worldwide to attain higher grain yield. In breeding, it is essential to understand how inbred lines or parents combine for the development of superior hybrids (Amegbor et al., 2017; de Abreu et al., 2019). Vacaro et al. (2002) and Wegary et al. (2013) noted that the performance of any genetic material is dependent on its potential per se performance as well as the combining ability of the lines in crosses. However, since heterosis for superior performance is controlled primarily by specific combining ability (SCA), lines should be selected based on their SCA with testers. Combining ability studies generate useful information on the genetic mechanisms governing how quantitative traits are inherited. This serves as a guide for plant breeders in selecting superior parental lines for further crop improvement or use in hybrid production for commercial purposes (Abuali et al., 2012; Ali et al., 2012; Saif-ul-Malook et al., 2016).

Two types of combining abilities are commonly used in breeding and biometrical genetics, and these are general combining ability (GCA) and SCA (Abuali et al., 2012; Haydar and Paul, 2014). The GCA is the average contribution an inbred makes to hybrid performance in a series of hybrid combinations in comparison to other inbreds in the same series of hybrid combinations and this is due to additive gene action. The SCA, on the other hand, is the contribution of an inbred to hybrid performance in a cross with a specific inbred in relation to its contributions in crosses with an array of other inbreds (Haydar and Paul, 2014). In developing hybrids, one must choose an appropriate mating design to generate the hybrids. Even though there are several mating designs used in plant breeding, they all come with advantages and disadvantages. Several researchers use the diallel and North Carolina mating designs. However, it is very expensive to use a diallel when there is a high number of lines used in generating the hybrids. Therefore, in that case it is better to use the line x tester mating design which estimates GCA and SCA and has been extensively used in studies (Nduwumuremyi et al., 2013; Wegary et al., 2014; Tilahun et al., 2019).

Developing maize hybrids with improved nutritional quality through biofortification can help improve nutritional deficiencies in sub-Sahara Africa (SSA) and other developing regions. This is attainable if biofortified crop varieties are produced and readily accessible by the end users (De Groote et al., 2010, 2014). Globally, two billion individuals have been reported to be adversely affected by micronutrient deficiencies and there are about 800 million malnourished people in the world (Global Nutrition Report, 2017; Hossain et al., 2019).

There are several studies on QPM under stress and non-stress conditions in Southern Africa and this has led to the release of about 40 QPM varieties and hybrids in South Africa, Zambia, Lesotho, Zimbabwe, Malawi and Mozambique (Twumasi-Afriye et al., 2016). In spite of this large number varieties and hybrids that were released, only two varieties are being grown, thus ZS261 and Q623 in Zimbabwe and South Africa, respectively (Goredema-Matongera et al., 2021). Consumption of maize products with enhanced lysine and tryptophan content could help alleviate the growing challenge posed by malnutrition in several parts of the world (Menkir et al., 2008; Mpofu et al., 2012). Several authors have reported on the nutritional advantages of QPM in feeding experiments involving livestock, especially monogastric animals; and children (Mpofu et al., 2012). Children who were fed with meals made from QPM were healthier than those fed with food products from normal maize (Gunaratna et al., 2010; Tandzi et al., 2017).

Research on daily intake of QPM food products of primary school children in countries such as Malawi, Lesotho and Zambia have shown its importance in providing sufficient amounts of essential amino acids in human diets (Nuss and Tanumihardjo, 2011; Tandzi et al., 2017). Several studies of QPM combining ability under varying environmental conditions, with the aim to identify QPM donors and testers using several mating designs, have been reported (Mbuya et al., 2011; Amin et al., 2014; Sarika et al., 2018). QPM genotypes generally had lower grain yield, therefore, the major aim of QPM breeding programs currently is to improve both grain yield and nutritional value instead of focusing only on quality traits (Li and Vasal, 2016). Even though there are variations between QPM and non-QPM genotypes for insect attacks, kernel rots and moisture content, there are no differences in physico-chemical properties such as starch and oil contents (Li and Vasal, 2016; Synrem et al., 2017).

Even though several studies have been conducted on QPM for grain yield and nutritional characteristics to address hidden hunger in resource limited populations, important information on the combining ability of genotypes for these quality traits is lacking for the QPM inbred lines recently developed by the International Maize and Wheat Improvement Center (CIMMYT) Zimbabwe maize breeding program. Information on combining ability of lines used in crop development will identify superior lines to be crossed to develop hybrids with improved yield and quality traits. Genetic enhancement of grain yield and its associated traits depends on the nature and the degree of genetic variation in available germplasm. Grain yield is the most important trait of interest to the breeder and farmer. However, grain yield is a polygenically inherited trait determined by several genes. Amegbor et al. (2022a) observed that the grain yield of QPM crosses with non-QPM was higher than non-QPM crossed with non-QPM and QPM crossed with QPM. It is therefore necessary to understand the mode of inheritance of yield in QPM and non-QPM inbred lines. The aim of this study was to determine the combining ability of QPM and non-QPM lines with QPM and non-QPM testers for grain yield and quality trait performance.



Materials and methods


Germplasm, field evaluation, and data collection

A total of 33 inbred lines (23 QPM and 10 non-QPM) and four inbred testers were obtained from CIMMYT, Zimbabwe. The inbred lines were developed from germplasm with varied genetic backgrounds by conversion of early and medium maturing elite maize with tolerance to drought, low N and maize streak virus (MSV) with introgression genes from temperate germplasm (Supplementary Table 1). The four testers were crossed with the 33 inbred lines to create 132 single cross hybrids. Two of the crosses were not included in the evaluation due to insufficient seed (Supplementary Table 2).



Experimental sites, design, agronomic practices and obtaining seed samples for laboratory analysis

The trial was planted at 13 sites in the 2017/2018 and 2018/2019 seasons in two countries in Southern Africa. At Zimbabwe, the trial was planted at eight sites during 2017/2018 cropping season. In South Africa, the study was conducted at five sites. These included two sites at Potchefstroom and one site at Cedara during the 2017/2018 cropping season. During the 2018/2019 cropping season, the trial was repeated at one location each at Potchefstroom and Cedera (Supplementary Table 3).

At all sites, the trials were planted in a 5 x 26 alpha lattice design with two replications. Each plot consisted of a single 4 m row, with a 0.75 and 0.25 m inter and intra-row spacing, respectively. Seeding rates were two kernels per sowing hill, with one seedling maintained per hill at 28 days after sowing. The final plant population was 53,333 plants per hectare. At 4 weeks after sowing (4 WAS), compound fertilizer (NPK) 3:2:1 (25) + Zn was used for basal application at Potchefstroom at a rate of 200 kg ha−1. For top-dressing, limestone ammonium nitrate (LAN) containing 28% N was applied at 8 WAS at a rate of 100 kg ha−1. The compound fertilizer used at Cedara was monoammonium phosphate (MAP) applied at a rate of 250 kg ha−1. A total of 150 kg ha−1 of LAN was top-dressed two times at 4 WAS and 8 WAS. Recommended fertilizer for optimal maize production was adopted for the trials established in Zimbabwe with 250 kg ha−1 N, 83 kg ha−1 P and 111 kg ha−1 K. NPK was applied at 4 WAS and supplementary N was top-dressed at 8 WAS. Weeds were controlled using chemical and cultural methods at all sites.



Collection of samples for biochemical analyses

Seeds for laboratory analysis were generated in the field by self-pollinating two ears in each experimental unit for four sites in South Africa (Potchefstroom 2017/2018 and 2018/2019; and Cedera 2017/2018 and 2018/2019) and two sites from Zimbabwe (Harare and Glendale 2017/2018). Because the fields were planted with QPM and non-QPM, the main purpose for the self-pollination was to prevent xenia effect. Cobs from each experimental unit were dried after harvest and the kernels were bulked after shelling for determination of tryptophan, starch, moisture, protein and oil. In this study, lysine was not determined because of the strong positive correlation reported between lysine and tryptophan in several studies (Vivek et al., 2008; Sarika et al., 2017).



Determination of tryptophan

For tryptophan determination, 80 mg of defatted flour was weighed and digested with 3 ml of 4 mg ml−1 papain solution for 16 h. The hydrolysate was mixed with 0.1 M glyoxylic acid, 1.8 mM ferric chloride and 7N H2SO4 as described by Nurit et al. (2009). Absorbance of tryptophan was detected at 560 nm via a mass spectrophotometer (Jenway Spectrophotometer Model 7315). The concentration of tryptophan (%) was estimated using a standard regression as described by Nurit et al. (2009). Absorbance of tryptophan was detected at 560 nm via a mass spectrophotometer (Jenway Spectrophotometer Model 7315). The concentration of tryptophan (%) was estimated using a standard regression as described by Nurit et al. (2009).



Determination of protein, starch, oil, and moisture content

A 500 g sample of maize seeds was taken from each experimental unit after harvesting and drying of the seeds. Relative contents of grain protein, starch, oil and moisture contents were estimated (percentage weight basis, %wt) using a Grain Analyzer, Model DA 7250 (Perten Instruments, Sweden). The measurement of the characteristics was based on the calibration of this near-infrared spectrometer (NIR) by Agri-Environ Solutions (www.aelab.co.za).



Estimation of quality index

The protein QI was estimated as the concentration of tryptophan over protein content expressed as:
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Trait measurement

Data was obtained for days to 50% pollen shed (DA) and days to 50% silk emergence (DS). Anthesis-silking interval (ASI) was estimated as the interval between DS and DA. Other traits recorded were plant height, ear height, root lodging, stalk lodging, plant aspect and ear aspect. At harvest, ears per plant (EPP) was estimated by dividing the total number of ears harvested per experimental unit by the plant stand recorded at harvest. In addition, ear rot per plot was scored and grain yield (t ha−1) was estimated based on 80% shelling percentage following Amegbor et al. (2022b).



Data analysis

The data obtained from the 13 sites were combined to estimate GCA and SCA for the field experiment while the laboratory data was obtained from six sites. Line x tester analysis was performed for both field and laboratory experiments. The GCA and SCA and their standard errors were computed for grain yield and other measured traits using the PROC Mixed Procedure in SAS version 9.4 (SAS, 2011). The variation among hybrids was partitioned into sources due to lines, testers and line x testers. GCA of testers (male) was obtained based on their performance in the F1 hybrid combinations with all possible lines (females). Similarly, GCA of each line was also determined based on the performance of F1 hybrids with all possible testers. GCA and SCA effects were determined for each agronomic trait for each location and across locations following the procedure described by Kaur et al. (2019).




Results


Analysis of variance for general and specific combining ability at Potchefstroom, Cedara, and Zimbabwe

The ANOVA for combining ability for trials conducted at Potchefstroom during 2018 and 2019 cropping seasons showed significant effects of line and tester and for line x tester for all the traits examined except for stalk lodging and husk cover (Table 1). At Cedara, line x tester SCA effect was also significant for most of the traits except stalk lodging and husk cover. Apart from grain yield, ear aspects and root lodging, other traits measured were not significant for site x line x tester.


TABLE 1 Mean squares from analysis of variance for general and specific combining ability for grain yield and other agronomic traits of QPM lines at Potchefstroom, Cedara and Zimbabwe during the 2018 and 2019 cropping seasons.
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At Cedara, ANOVA for the two seasons revealed highly significant (P < 0.01) line GCA for grain yield, days to pollen shed, plant and ear heights, ear aspect, root and stalk lodging. GCA for tester was not significant for anthesis-silking interval, ear aspect, ears per plant, husk cover and number of ear rots (Table 1). Site significantly interacted with line for grain yield, days to pollen shed, ear aspect, root lodging and ear rot, while the site x tester effect was significant for grain yield, days to pollen shed, plant height, ear aspect and root lodging.

The ANOVA of the trials conducted at eight sites in Zimbabwe showed significant line GCA for all the traits measured (Table 1). Similarly, there was significant tester GCA for all the traits examined with the exception of husk cover. Site x line effect was also significant for all the traits measured, except for husk cover, while, apart from plant height and husk cover, site x tester effect was significant for all measured traits. The SCA for line x tester was not significant for root lodging, stalk lodging and husk cover. Site x line x tester effect in Zimbabwe trials was significant for grain yield, ear aspect, ears per plant, stalk lodging and ear rot.



Analysis of variance for GCA and SCA of 130 hybrids evaluated across 13 locations

Site mean squares were significant (P < 0.05) in the combined ANOVA for all measured traits (Table 2). The GCA of lines was significant (P < 0.05) for all the measured traits while the GCA of the testers was also significant (P < 0.01) for all the measured traits, except husk cover. Site x line effect was only significant (P < 0.05) for anthesis-silking interval, ear aspect, husk cover and root lodging, while site x tester effect was significant for the majority of the traits measured, except days to pollen shed, plant height, husk cover and ear rot. The line x tester SCA was significant for grain yield, anthesis-silking interval, plant and ear heights, ear aspect, husk cover, root lodging and ears per plant. However, root lodging was the only trait with significant site x line x tester effects. Across the 13 locations, percentage sum of squares due to SCA was higher than that due to GCA for grain yield, anthesis-silking interval, ears per plant and husk cover. On the other hand, GCA sum of squares primarily explained variation for days to pollen shed, plant and ear height, ear aspect, root and stacking lodging and ear rot.


TABLE 2 Mean squares from analysis of variance for general and specific combining ability for grain yield and other agronomic traits across 13 locations in South Africa and Zimbabwe during the 2018 and 2019 cropping seasons.
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GCA effects of lines for grain yield and traits measured from the field experiments across 13 locations

For grain yield, lines 11, 13, 14, and 28 had positive and significant GCA while lines 16, 18, and 32 had significant (P < 0.05) negative GCA for grain yield (Table 3). A total of 15 lines, representing 45.45% of the total lines, had significant and negative GCA for days to pollen shed. For anthesis-silking interval, only lines 20 and 32 GCA were negative and significant (P < 0.05). Lines 11, 26, 28, and 29 showed significant and negative GCA effects for ear aspect. Five lines representing 15.15% of the total, recorded positive and significant GCA for ears per plant. None of the lines had negative and significant GCA effects for root lodging while lines 10, 11, and 21 showed positive and significant GCA for root lodging. Lines 8 and 32 had negative and significant (P < 0.05) GCA for stalk lodging while lines 5, 6, and 18 recorded positive and significant GCA. For ear rot, lines 14 and 20 had positive and significant GCA while line VL0510130 exhibited negative and significant GCA effects.


TABLE 3 General combining ability effects of 33 lines for grain yield and other traits evaluated at 13 locations during the 2018 and 2019 seasons in South Africa and Zimbabwe.
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GCA effects of testers for grain yield and traits measured from the field experiments across 13 locations

QPM tester 2 had negative and significant GCA for grain yield while non-QPM tester 4 had positive and significant (P < 0.01) GCA for grain yield (Table 4). For days to pollen shed, testers 1 and 4 recorded negative effects while testers 2 and 3 had significant positive GCA effects. Tester 3 had significant positive effects for anthesis-silking interval, while tester 4 had a significant negative effect. QPM tester 2 recorded significant positive GCA effects for ear aspect and number of ears per plant. Non-QPM tester 3 had significant negative GCA effects for ear aspect and number of ears per plant. None of the testers displayed neither positive and significant nor significant negative GCA effects for root lodging. QPM testers 1 and 2 had positive and significant GCA values for husk cover, while the non-QPM tester had negative and significant GCA effects for husk cover. Tester 1 recorded positive and significant GCA effects for ear rot, while tester 2 had negative and significant effects for ear rot.


TABLE 4 General combining ability effects of four testers for grain yield and other traits evaluated at 13 locations during the 2018 and 2019 seasons.
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SCA effects for the crosses for grain yield and traits measured from the field experiments across 13 locations

The SCA values for the crosses ranged from −3.00 to 1.17 for yield. Thirty crosses, representing 23.08% of the total, showed both positive and negative SCA effects (Supplementary Table 4). Of these, 17 crosses had positive and significant effects while 13 crosses showed negative and significant SCA effects. Hybrid 22 x 2 (entry 85) showed the highest SCA effects for grain yield. Twelve hybrids showed significant and negative SCA effects for days to pollen shed. For anthesis-silking interval, only four crosses showed significant negative SCA effects while for ear aspect, only nine crosses of the 130, had negative and significant SCA effects (Supplementary Table 4). Only eight hybrids recorded significant positive SCA effects for number of ears per plant with hybrid 18 x 1 having the highest value. Across the 13 locations, only hybrid 10 x 1 out of the 130 crosses recorded significant and negative SCA effects for root lodging, while for stalk lodging, three crosses had positive and significant SCA effects and 6 x 4 had negative and significant SCA effects for stalk lodging. The SCA of ear rot, ranged from −5.33 for 21 x 1 to 6.82 for 8 x 4. Of all the hybrids, only three had significant and negative SCA effects and three also recorded positive and significant SCA values for ear rot.



Analysis of variance for general and specific combining ability of lines and testers evaluated for quality characteristics at Potchefstroom, Cedara and Zimbabwe

The ANOVA for combining ability for the seed samples from Cedara during the 2017/2018 and 2018/2019 seasons showed significant line GCA and tester GCA for all the traits measured, except tester GCA for moisture content (Table 5). Apart from oil content, there were significant line x tester (SCA) effects for all the quality traits. With the exception of protein and starch content, all the quality traits showed significant site x line x tester effects (Table 5).


TABLE 5 Mean squares from analysis of variance for general and specific combining ability for six quality traits of 33 inbred lines and four testers at Potchefstroom, Cedara and Zimbabwe during the 2017/2018 and 2018/2019 cropping seasons.
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Analysis of the Potchefstroom trials showed significant (P < 0.01) GCA for lines and testers for all the quality traits (Table 5). The SCA for line x tester was significant only for tryptophan, protein, oil and fiber. Site x line x tester effect was only significant for tryptophan, protein and starch (Table 5).

The ANOVA for combining ability from two sites in Zimbabwe showed significant (P < 0.01) line GCA and significant tester GCA for all the traits that were analyzed. The site x line x tester effect was significant only for tryptophan, while there was a significant site effect for all the quality traits (Table 5). There was significant SCA for line x tester for all quality traits (Table 5).



Analysis of variance of GCA and SCA of 33 lines and four testers for six quality traits across six environments

The combined ANOVA showed significant genotype effects for all the quality traits and QI (P < 0.05). GCA of lines as well as testers were significant for all the traits (P < 0.01). The SCA of line x tester was also significant for all the quality traits and QI (Table 6). Similar observations were recorded for site, site x line and site x tester for all the traits analyzed. Apart from oil and fiber contents, all quality traits showed significant site x line x tester effects across the six environments. The percentage sum of squares for GCA was higher than for SCA for all the quality traits analyzed and calculated QI, indicating dominance of additive effects over non-additive gene effects for the traits (Table 6).


TABLE 6 Mean squares from combined analysis of variance for general and specific combining ability for six quality traits of 33 inbred lines and four testers across six sites during the 2017/2018 and 2018/2019 cropping seasons.
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GCA effects of 33 lines for six quality traits across six locations

The GCA effects for the lines varied for the quality traits analyzed (Table 7). For tryptophan, only lines 1, 2, 6, 7, 8, 12, 13, 15, 17, and 18 recorded positive and significant GCA, while lines 19, 20, 21, 22, 28, 29, 30 32, and 35 had significant and negative GCA. Lines 4, 7, 10 and 14 had significant and positive GCA for moisture content (Table 6). For protein content, 14 lines (42.42% of entries) had positive and significant GCA effects while 13 lines (33.39% of entries) had negative but significant GCA effects (Table 7). Eight lines (24.24% of entries) recorded positive and significant GCA effects and nine lines (33.39% of entries) had negative and significant GCA for oil content. For fiber content, nine lines had positive and significant GCA effects while 10 lines recorded significant but negative GCA effects. Lines 5, 13, 16, 19, 26, 27, 29 and 31 showed positive and significant GCA effects for starch while nine lines also recorded negative and significant GCA effects for starch (Table 7). Inbred lines 1, 3, 6, 7, 12, 13, 15, 16, 17, 18, and 31 showed positive and significant GCA effects for QI.


TABLE 7 General combining ability effects of 33 lines for quality traits across six sites during the 2017/2018 and 2018/2019 cropping seasons in South Africa and Zimbabwe.
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SCA effects among the crosses for quality traits across six locations

The SCA values for tryptophan of the crosses ranged from −0.013 to 0.018 for entries 113 and 78, respectively (Supplementary Table 5). A total of 21 hybrids (6 QPM hybrids and 15 non-QPM hybrids) representing 16.15% of the total crosses had significant and positive SCA effects for tryptophan. For moisture content, 11 crosses had significant and positive GCA effects and 11 crosses again showed negative and significant SCA effects. Ten crosses had positive and significant SCA effects for oil content, while four crosses showed negative and significant SCA effects. Hybrid L7 x CML444 (non-QPM) (27) showed the highest SCA effects for oil content. Seventeen hybrids (13.08%) showed significant and positive SCA effects for protein content with that of hybrid L35 x CZL15049 (non-QPM) (127) being the highest. For fiber content, a total of 20 crosses showed significant negative SCA effects while 22 crosses also had positive and significant SCA effects. Hybrids L10 x CML444 (non-QPM) (39) and (L10 x CZL15049 (QPM) (37) recorded the least and the highest SCA values for fiber content, respectively. Only eight hybrids had positive and significant SCA effects for starch content with L15 x CZL059 (QPM) (58) being the highest, while 13 crosses recorded significant and negative SCA effects with L10 x CZL15049 (QPM) (37) recording the lowest value (Supplementary Table 5). The genetic analysis for QI indicated that, 25 hybrids recorded positive and significant SCA. Hybrid 78 (L20 x CML444 non-QPM) recorded the highest SCA value of 0.24 for QI (Supplementary Table 5).




Discussion

The results from this study, involving QPM and non-QPM lines crossed with QPM and non-QPM testers, showed variation and significant differences for GCA for lines and testers and SCA effects for the single cross hybrids. This indicates the presence of additive and non-additive genetic effects conditioning the inheritance of grain yield and most of the characters examined. The variance due to GCA sum of squares and SCA sum of squares as percentage of total sum of squares was estimated to quantify gene effects that determined the inheritance of the traits measured. Non-additive gene effects primarily controlled grain yield. These findings differ from earlier reports by Abbas et al. (2016) and Chiuta and Mutengwa (2020), who found additive gene action controlling the inheritance of grain yield under non-stress conditions. However, the findings from our experiments are consistent with the earlier results reported by Asefa et al. (2008) who found SCA to be a more important contributor to grain yield than GCA. These differences might be due to the varied germplasm used with diverse genetic makeup, as well as the conditions under which the study was carried out, since environment is an important determinant of genotype performance.

Positive and significant GCA is important for grain yield improvement of inbreds, but SCA is most important for superior hybrid performance. Lines or testers with positive GCA values suggest that they will contribute positively to grain yield, while lines and testers with negative GCA are undesirable as they may not contribute positively to the traits of interest.

The significant effects of site, site × GCALine and site × GCATester on grain yield and most of the characters measured suggested that site had a large effect on GCA and that there was a site with GCA interaction for both lines and testers; and GCA effects ranking was different between sites. However, the absence of significant site x line x tester effect on grain yield and some of the other traits examined suggested that the yield performance of the set of hybrids evaluated was constant across the 13 locations. The substantial GCALine, GCATester, and SCALine × Tester mean squares for ears per plant and ear aspect emphasized the crucial roles of additive and non-additive genetic effects in the expression of these secondary traits.

The positive and significant GCA effects recorded for lines 11, 13, 14, and 28 (all QPM) for grain yield. Among the testers, only non-QPM tester 4 showed positive significant GCA for GCA. This suggests that these QPM lines have the prospects to be utilized in breeding superior hybrids when crossed with non-QPM lines. Using these parents should lead to progenies with high grain yield because of being sourced from genetically diverse backgrounds (Fasahat et al., 2016; Amegbor et al., 2022b). Since ear rot is an important trait in breeding for QPM genotypes, lines with negative and significant GCA effects need to be selected and used in making crosses to overcome the issues surrounding soft kernels of QPM genotypes. Lines 18 and 30 have the potential to pass kernel hardness to their progeny, thereby preventing kernel rots (Vancetovic et al., 2015).

In the current study, there was larger contribution of GCA sum of squares for all the quality traits analyzed than the SCA sum of squares. This indicated that the quality traits measured were determined predominantly by additive genetic effects. This is in line with results reported in several studies involving QPM and non-QPM genetic materials for quality traits, particularly tryptophan, protein, starch and oil contents (Njeri et al., 2017; Darshan and Marker, 2019). With the predominance of additive genetic effects and the large genetic variability for the quality traits, selection methods such as recurrent selection using half-sibs can be used to improve this germplasm.

Inbred line CZL1477 (15), with significant positive GCA effects for tryptophan across the six sites, is the only inbred line having the favorable alleles to be used by breeding programs with the aim of developing hybrids with high tryptophan. On the other hand, the two QPM testers (CZL15049 and CZL059) were superior contributors with positive and significant GCA effects for tryptophan content. The significant GCA effects of the 14 parental lines for protein content across the six sites denotes their ability to transfer this trait to their progeny. Therefore, lines with high and stable protein content with significant positive GCA effects are good genetic materials to be used in QPM inbred line recycling programs (Njeri et al., 2017). Similarly, lines and testers having positive and significant GCA effects for oil content are desirable as contributors in breeding for high oil contents. This agrees with the studies by Laude and Carena (2014), Kostadinović et al. (2016) and Synrem et al. (2017). For nutritional benefits, it is desirable to select lines with negative and significant GCA effects for starch and fiber. However, industries with the aim of producing genotypes with high starch content could select lines with significant positive GCA effects for starch and lines with low GCA for fiber contents (Cuevas-Rodríguez et al., 2006; Mamun et al., 2015; Ai and Jane, 2016).

The crosses showing positive and significant specific combinations for tryptophan, protein, and oil contents are desirable for commercial hybrid production and vice versa for the hybrids with negative and significant SCA effects for starch and fiber contents. Even though only 10 inbred lines recorded significant GCA for tryptophan, several hybrids were found to have positive and significant SCA, with hybrids L20 x CML444 (78) and L21 x CML444 (82) being the superior genotypes. Similarly, non-QPM hybrid L35 x CZL15049 (127) was the best genotype for protein content. These findings were similar with the results reported by Wegary et al. (2013), Williams and Kucheryavskiy (2016), Synrem et al. (2017), and Tilahun et al. (2019) on significant SCA effects for quality traits.

The genetic analysis for QI indicated that the majority of the QPM lines recorded positive and significant GCA, while the non-QPM lines recorded negative and significant GCA. Some of the QPM lines such as 5, 9, and 11 recorded non-significant negative GCA. Lines with significant GCA values could be selected for hybrid development with enhanced quality traits. These lines could also be useful in the development of populations. Interestingly, some of the hybrids that are classified as non-QPM for example 78 (L20 x CML444; non-QPM) and 82 (L21 x ML444; non-QPM) showed significant and positive SCA effects for QI, more than the QPM hybrids. This may be linked to one of the parents being QPM for those hybrids, implying that heterosis for QI could be achieved when QPM lines are crossed with non-QPM lines because of the genetic distance the lines and testers. Inheritance of QI traits for the genetic materials studied was controlled by additive genetic effects (Amegbor et al., 2022a). The observed results are consistent with the study reported by Machida et al. (2010) and Ignjatovic-Micic et al. (2013) who also detected the predominance of GCA over SCA.



Conclusions

Significant variations for grain yield, agronomic and quality traits were found for lines, testers, and line x tester. Inbred lines and testers having positive and significant GCA effects for grain yield and quality traits have the potential to transfer traits related to high yield and enhanced nutritional value to their first filial generation. For the field experiments, non-additive genetic effects controlled more than 50% of inheritance of grain yield and the inheritance of anthesis-silking interval, husk cover and ears per plant while additive genetic effects controlled the inheritance of ear rot, plant and ear heights, days to pollen shed, ear aspect as well as root and stalk lodging. Inbred lines 11 and 14 and non-QPM tester CML444 showed desirable GCA effects for grain yield. Inbred lines 1, 2, 6, 7, 8, 12, 13, 15, 17, and 18 and QPM testers CZL15049 and CZL059 showed desirable GCA effects for tryptophan, suggesting these lines and testers should be considered for QPM inbred development for high tryptophan content. The superior hybrids identified for various quality traits will be important for the food and animal feed industries to enhance human and animal nutrition. It is also recommended that these hybrids should be further evaluated across several locations due to the environment's interaction with these quality traits. Inbred lines and testers with good GCA effects for quality traits could be utilized by other maize improvement programs for development of superior QPM hybrids. Promotion and adoption of these superior QPM hybrids for grain yield and quality traits from the present study would contribute significantly to fight against malnutrition in SSA.
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Source Tryptophan (%) Moist (%) Protein (%) Oil (%) St

Cedara 2018 and 2019

Rep 1 0.000007 0.07 0.07 0.005 0.39 0.00
Year 1 0.002731** 1799.64** 12.94** 29.611** 105.62** 1.38%*
GCALine 32 0.000808** 1.82%* 1.96** 2.496** 8.57* 0.22%*
GCATester 3 0.020580** 1.39 10.11% 15.019** 38.30* 5.60"*
Year*Line 32 0.000148** 1.30* 0.62 0529 1.94 0.04%*
Year*Tester 3 0.000390** 1.69* 217* 1.368 5.26* 0.02
SCALine*Tester 94 0.000380** 0.96* 0.80* 0.755 2.83* 0.09**
Year*Line* Tester 94 0.000162** 0.87* 049 0.702 1.80 0.04**
Error 259 0.000025 0.59 045 0.680 145 0.01
Potchefstroom 2018 and 2019

Rep 1 0.00001 0.16 0.69 1.69 0.09 0.01
Year 1 0.00004 4291.63* 70.92%* 35.92%* 70.82%* 0.38"*
GCALine 32 0.00101** 2.64* 370" 268" 11.76* 024
GCATester 3 0.03915* 624" 13.30% 10.60* 41.75% 7.65"*
Year*Line 32 0.00017** 2.76* 0.96* 0.81 3.17% 0.04**
Year*Tester 3 0.00048** 177 7.99% 049 8.98** 0.12**
SCALine*Tester 94 0.00037** 1.53 0.90* 0.71 2.06 0.07**
Year*Line* Tester 94 0.00017** 1.53 0.64* 0.64 227* 0.03**
Error 259 0.00003 142 049 057 1.66 0.01
Zimbabwe

Rep 1 0.000008 124.75" 2.33* 0.0003 1.80% 0.01
Site 1 0.008371* 67.04" 9.81%* 7.8667** 23.11% 125"
GCALine 32 0.001469* 17.01** 4.28 3.1268** 516" 0.22**
GCATester 3 0.019617** 110.72%* 77.99% 13.6516" 16.72* 435"
Site* Line 32 0.000151** 3.89 046 0.0701 041 0.02"*
Site* Tester 3 0.000225** 8.15 038 0.1511 0.81 0.01
SCALine*Tester 94 0.000453** 7.66* 118" 0.2618"* 1.03" 0.07**
Site* Line* Tester 94 0.000195* 318 027 0.0902 0.32 0.02*
Error 259 0.000043 381 034 0.0973 041 0.01

GCA, general combining ability; SCA, specific combining ability.

*P < 0.05,**P < 0.01.
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Rep 1 0.000007 36.83% 228 061 0.06 0.02
Site 5 0.007482** 3452.19* 385.05%* 3372 1560.82** 1.28%
GCALine 32 0002509 11.28% 7.92%% 695" 18.38* 0.58*
GCATester 3 0076647 43.48% 77.95% 35.99% 83.86™ 17.09*
Site*Line 160 0.000249* 363" 081%* 055 253" 0.04*
Site* Tester 15 0000758 17.30° 680" 1.06* 559" 013"
SCALine* Tester 94 0.000754** 3.99" 139% 0.67* 271 0.15"
Site* Line* Tester 470 0000198 235 058" 0.50 152 0.04*
Error 779 0.000032 2,05 0.42 045 117 0.01
%GCA S8 8141 56.72 78.86 84.01 76.73 83.06
%SCA SS 18.59 4328 2114 15.99 2327 16.94

GCA, general combining ability; SCA, specific combining ability.

*P < 0.05,**P < 0.01.
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Line Name GY AS| PH EPP EA HC

1 CZL0920 —020 —0.74* —027 220 —3.92* 0.05* 0.07 0.26 —213 —0.71 —1.60
2 CZL1330 0.04 —0.99* 0.14 —238 —3.63 0.09** 0.13 —0.14 1.56 —0.02 1.80
3 CZL15041 —0.01 0.64 0.13 6.89"* 7.20%* 0.01 —0.06 —0.40 =229 —0.74 0.99
4 CZL15055 0.19 —2.26" 0.02 —6.82** |-10.05** | —0.07** | —0.07 0.01 —128 —L10 0.81
5 CZL15073 0.01 —171* | -0.02 —0.76 —4.01* 0.02 —0.05 1.28%* 1.50 3.20 2.97*
6 CZL15073 0.33 =2.17% 0.01 —1117** | —8.36** 0.04 0.02 —0.11 146 0.58 3.42%
7 TL135470 023 —2.15% 028 —8.25* | —4.59* —0.01 —0.01 1.18** 029 —1.58 —1.31
8 VL06378 0.14 091* | —0.17 14.66** 9.70** 0.07* 0.04 —0.38 1.19 -3.92 —3.39*
9 TL155805 0.37 0.70% 021 5.35% 6.34% | —0.01 —0.07 —0.04 —1.26 2.99 —135
10 TL147078 0.46 1.24* 0.06 10.44** 1187 | —0.04 —0.11 —0.40 —152 5.29% 0.08
11 TL147070 0.77** 2.11% 0.10 19.41% 16.98** 0.02 —0.13* —0.29 —170 6.39%* L16
12 TL13609 —0.50 0.81* 0.00 6.72%* 0.80 —0.01 0.00 —0.34 0.61 —2.15 —155
13 TL145743 0.52* 2.29% 0.05 —0.41 1.69 0.05* —0.05 —0.43 —0.32 —2.43 —1.38
14 TL156614 0.54* —0.28 0.15 —3.09 —2.03 0.03 0.08 0.88** 10.02* | —2.04 —0.61
15 CZL1477 0.21 —0.81* —0.04 11.34** 446" —0.04 —0.05 —0.13 —2.50 —0.80 —0.22
16 CZL15074 —0.89** 0.97** 0.04 —5.42% —1.61 —0.02 0.21** —0.37 1.43 0.38 0.79
17 CZL0616 —0.06 2.15% 023 =771 | =203 —0.06* 0.14% —0.12 —249 -3.16 —0.94
18 CZL083 —0.75* 177 | —0.08 —5.09* 0.95 —0.05* 0.16* 0.49 —3.50% 1.30 4177
19 CML572 —0.32 —2.54* 0.08 —7.24* |-1143* | —0.05 —0.07 0.81* —0.55 —1.09 —0.99
20 EBL167787 —0.25 —1.80* | —0.32* 4.64 4.01* —0.04 —0.06 —0.03 8.18** 122 -122
21 CZL0520 —020 —233** | —0.03 —1.90 4.64* —0.04 0.02 —0.33 223 4.19* —0.94
22 CZL99005 —0.22 2.51% | —0.02 —5.51* 5.82%* 0.01 —0.08 0.05 —2.85 —-1.90 1.05
23 CML502 —0.17 1.82%* 0.10 5.15% -2.12 —0.01 0.05 0.09 1.91 —1.36 —0.75
24 CML144 0.09 3.02* | —0.06 8.44%* 1.05 0.01 0.16* —0.07 —0.59 —1.61 —2.36
25 CMLI159 —0.10 2.101%* 0.05 —6.75% 0.21 0.01 0.09 —0.40 —3.25 —0.14 2.06
26 CMLI181 0.01 —0.17 0.14 =271 —8.13* | —0.05* —0.13* —0.18 —1.63 093 0.58
27 CML197 —048 —3.09* | —027 —8.68** | —9.64** 0.02 0.16* —0.14 291 0.24 —2.07
28 CML312SR 0.67* 2.84** 0.21 16.06** | 22.86** 0.00 —020** | —034 0.18 347 0.59
29 CML488 —0.01 —2.16* | —0.16 —830* | —9.36" 0.02 —0.17* 0.05 —2.03 0.41 0.62
30 CML491 —0.06 —0.77* —0.12 —12.61** | —8.02** 0.09** 0.01 —0.41 —3.78% =271 —1.38
31 LH51 0.16 276" | —0.13 —3.43 0.08 0.02 —0.06 —0.14 0.71 -2.19 1.58
32 CZL00025 —0.96" | =5.07** | —0.37* —7.46** |-1347* —0.04 0.18** 0.03 1.64 —0.21 —3.25*
35 CML444 0.10 —-131* | -0.12 3.70 1.37 —0.04 —0.12 0.06 029 —0.49 1.53
SE 025 035 0.15 233 1.96 0.02 0.07 035 151 2.16 1.35

GY, Grain yield; DA, Days to anthesis; ASI, anthesis silking interval; PH, plant height; EH, ear height; EA, ear aspect; RL, root lodging; SL, stalk lodging; ER, ear rot; EPP, ear per plant; SE,

Standard error.
*P < 0.05,**P < 0.01.





OPS/images/fsufs-07-1123224-t004.jpg
Status GY As| PH =] RL SL HC EA ER EPP
1 QM 005 | —204* | —002 | —893* |-1198* | 118 031 0.007** | 0.055 219% | —003
2 QM —0.61** 187 | 0.09 472% | 523" | 009 147% | 0006 | 0.068* | —1.88" | 0.04*
3 Non-QPM 0.05 083 | 0.4 781% | 638" | —0.04 046 | —0.004* | —0.118" | —0.98 | —0.04*
4 Non-QPM 047 | —054* | —021* | =330" | 069 | —122 | —215" | —0.008" | —0.001 056 0.03
R-square 0.15 024 0.07 0.87 1 13 0.55 0.001 0.030 0.63 001

GY, Grain yield; DA, Days to anthesis; ASI, anthesis silking interval; PH, plant height; EH, car height; RL, root lodging: SL, stalk lodging; HC, husk cover; EA, car aspect; ER, car rot; EPP, car

per plant.
*P < 0.05,**P < 0.01.





OPS/images/fsufs-07-1123224-t007.jpg
Tryptophan

1 CZ1L0920 0.007* —047 0.29* —0.34* 0.07 0.12**
2 CZL1330 0.006* 0.32 —0.25% 0.24 0.40 0.05

3 CZL15041 0.004 —0.02 —0.03 —0.50** 031 0.09*
4 CZL15055 0.002 0.54* —0.20 —0.18 —0.14 0.03

5 CZL15073 —0.002 —0.51 —0.50** 0.05 0.84™* —0.03
6 CZL15073 0.005* 0.27 0.01 —0.33* 0.08 0.09**
7 TL135470 0.006* 0.88"* —0.27* —0.47* 0.11 0.12**
8 VL06378 0.007* —0.03 037 021 —0.98* 0.05

9 TL155805 0.001 —0.20 051 0.64** —0.54* —0.05
10 TL147078 0.004 0.78* 0.48* —0.09 —0.51* 0.05

11 TL147070 0.003 —0.40 0.65* 0.63** —0.83** —0.03
12 TL13609 0.006* —0.41 0.54** —0.14 —0.28 0.09**
13 TL145743 0.006* 0.27 —0.38* —0.72* 0.78"* 0.14**
14 TL156614 0.003 0.59% —0.26* —0.39* 032 0.05

15 CzL1477 0.011** —0.54 0.09 0.30% —L41* 0.10**
16 CZL15074 0.003 0.18 —0.16 —0.48** 0.75* 0.07**
17 CZL0616 0.006* 0.48 0.35% —0.06 —0.60** 0.07**
18 CZL083 0.006* 0.39 0.24% —0.57** 0.31 0.15**
19 CML572 —0.010** —0.14 —0.67** 0.14 0.58% —0.14*
20 EBL167787 —0.010** —0.09 —0.36"* 0.57** 0.42 —0.17**
21 CZL0520 —0.009** —0.93* 0.15 0.26* 0.19 —0.14*
22 CZ199005 —0.016** 0.32 —0.53** 023 0.02 —0.21**
23 CML502 0.004 0.42 0.44** —0.02 —0.93* 0.05

24 CML144 0.004 0.08 0.32* 0.01 —0.59% 0.04

25 CMLI59 0.002 —0.3 —0.07 —0.17 0.32 0.03

26 CMLI181 0.001 0.09 0.14 —0.71** 0.52*% 0.08**
27 CML197 0.002 —0.49 —0.44% —0.03 0.55% 0.04

28 CML312SR —0.011** 0.42 0.50* 0.76** —113* —0.17**
29 CML488 —0.011** —0.59* —0.34% 0.15 0.95** —0.15**
30 CML491 —0.009** 0.20 0.43* 0.08 0.12 —0.12**
31 LH51 0.004 —0.46 —0.40** —0.24 0.66* 0.07**
32 CZL00025 —0.016** —1.25* —0.58** 0.71** 0.22 —0.24**
35 CML444 —0.015** 0.29 —0.29* 0.80%* —0.43 —0.23**
SE 0.002 027 0.11 0.13, 023 0.03

*P <0.05,**P < 001.
SE, standard error.
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Source DF GY DA ASI PH EA RL SL

Potchefstroom 2018 and 2019

Rep 1 1.84 0.16 0.93 3969.03** 88.68 0.25 0.11 78.85 987.71 0.02 215.12
Year 1 2845.99" | 979.25** 1.84 4212548 | 19741.85* 0.64* 7.57* 222626™ | 18372.80™| 293" | 17594.95**
GCA (Line) | 32 9.23** 128.13** 1.87* 1662.64** | 2019.68** 0.41%* 0.09* 185.09" | 547.55* 0.49* 750.64**
GCA 3 17226" | 729.93** 9.04** 9143.28* | 16352.36* | 0.97** 0.28* 53930 | 2178.98** | 0.94** 674.00%*
(Tester)

Year*Line 64 5.65% 5.99% 115% 260.16** 123.79 0.55% 0.05* 14332 | 468.26** 0.48* 258.04**
Year* 6 18.03* 17.85* 0.49 800.75** 23126 2.49* 0.21% 1114.46* | 1699.07** 0.08 184.42
Tester

SCA 94 8.17* 7.42% 113% 614.15% 327.58% 025* 0.06* 100.84* 152.33 026 149.15*
(Line*Tester)

Year*Line* | 188 438" 332 0.59 183.07 141.04 0.24 0.04 96.61* 210.01% 0.30% 19111
Tester

Error 389 1.69 3.68 073 163.35 145.07 0.17 0.04 7592 171.04 0.23 113.65
Cedara 2018 and 2019

Rep 1 373 14.89 222 124621 1467.31% 0.042 0.005 1005.94** | 4035 5.10% 3.82
Year 1 114.08* | 2324.27** 0.18 186831.04** | 104032.73% | 0.56 0.001 1947629 | 13144.50%*|  18.19** | 29362.80"*
GCA 32 7.92%% 95.59"* 171 726.71%% 1068.07** 0.43* 0.015 602.08** | 482.44%* 028 466.88
(Line))

GCA 3 27.80% | 298.12** 0.97 3687.03** | 6524.59** 0.19 0.033 1576.93** | 1604.46** 037 484.80
(Tester)

Year*Line 32 9.03** 17.11%* 1.59 428.84 289.52 0.45% 0.024 395.22%% 262.33 037 72327+
Year*Tester 3 22.10% 28.79* 0.87 1523.67** 609.41 0.82** 0.003 1205.82* | 77.81 045 290.05
SCA 94 7.18% 10.14* 1.36 584.49** 387.92% 0.35% 0.014 223.30* 21473 034 51433
(Line*Tester)

Year*Line* 94 53 676 0.99 401.73 260.52 0.45* 0.021 240.27*% 229.98 029 429.80
Tester

Error 259 151 7.59 14 369.45 235.93 022 0.018 142.08 21243 034 461.41
Zimbabwe 2018

Rep 1 4.62* 32.25% 398 11150.89" | 6595.97** 1.48% 0.30* 600.22 5.12 741 40.44
Site 7 1149.62* | 8012.63** | 108.62** | 203931.89**| 93895.25** | 11.17** 1.66** 66361.61** 883.61** | 49.69** | 6909.50"*
GCA (Line) 32 16.15* 219.53** 2.38* 5695.34** 4238.37** 1.62** 0.17** 451.76** 74.02** 33.19* 563.92**
GCA 3 63.21* 1348.61* 15.92%* 41038.23** | 40356.22** 8.79** 1.85* 1464.44** | 379.67** 4.39 2010.81**
(Tester)

Site*Line 224 239 8.12* 1.58** 360.24* 259.59** 0.25** 0.04% 273.05** 47.18** 11.76 149.03**
Site*Tester 21 5.07% 30.54%% 3514 361.79 713.88% 0.42% 0.17% 1035.82% | 76.56* 1392 399.01%*
SCA 94 7.58% 19.55% 1.65* 1124.33% 531.50 0.50% 0.12% 170.30 32.76 12.10 105.59%
(Line*Tester)

Site*Line* 658 1.50% 449 123 27891 150.94 0.13* 0.04* 171.16 3311 1048 87.62*
Tester

Error 1,039 LIL 439 124 296.92 187.29 0.11 0.03 184.17 26.83 1095 78.14

DE, degrees of freedom; GY, Grain yield; DA, Days to anthesis; ASI, anthesis silking interval; PH, plant height; EH, ear height; EA, ear aspect; EPP, ear per plant; RL, root lodging; SL, stalk
lodging; HC, hick cover; ER, ear rot.

*P < 0.05,*P <

0.01.
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Source DF GY DA AS| PH EH ER EA EPP RL SL

Rep 1 0.08 33.42 0.27 9851.68** 2831.28** 7.97 0.40 172 0.09 6.32 117.30
Site 12 1386.42** | 9176.85** 168.02** 157807.42** | 65344.70** | 25867.33** 10.04** 178.37* | 2.57** | 619* 13639.82**
GCA (Line) 32 14.78** 302.86** 2.05% 5841.34** 4947.64* 562.90** 1.01** 19.08** 0.14** | 777.32% 228.37%*
GCA 3 121.49* 1697.53** 16.22** 43271.07** 49665.48** | 2167.99** 5.77** 2.84 1.62** | 650.20%* 1213.84*
(Tester)

Site*Line 256 4.56 9.08 1.66** 403.94 286.42 168.89 0.33* 9.13** 0.04 345.96** 135.02
Site* Tester 24 18.21** 43.61 3.48** 605.12 786.79%* 316.33 0.73* 7.99 020" 1337.72%* | 241.62*
SCA 94 10.05* 20.46 1.68** 1419.75** 652.69% 136.78 041** 8.90% 0.11* | 201.52* 108.35
(Line* Tester)

Site*Line* 752 2.66 4.69 119 311.63 180.62 128.98 0.17 743 0.04 210.01** 84.85
Tester

Error 2209 | 4.16 44.84 119 800.28 33893 281.57 0.19 6.80 1.06 142.43 143.89
%GCA SS 47.00 88.49 42.07 70.36 83.36 65.60 56.51 42.52 47.53 58.61 51.81
9%SCA SS 53.00 11.51 57.93 29.64 16.64 34.40 43.49 57.48 5247 41.39 48.19

DE, degree of freedom; GY, Grain yield; DA, Days to anthesis; ASI, anthesis silking interval; PH, plant height; EH, ear height; EA, ear aspect; RL, root lodging; SL, stalk lodging; ER, ear rot; EPP,
ear per plant; GCA, general combining ability; SCA, specific combing ability; S5, sum of squares.

*P < 0.05,**P < 0.01.
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