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Abstract The current theoretical knowledge concerning the influence of epistasis on heterosis is 5 

based on simplified multiplicative model. The objective of this study was to assess the impact of 6 

epistasis in the heterosis and combining ability analyses, assuming additive model, hundreds of 7 

genes, linkage disequilibrium (LD), dominance, and seven types of digenic epistasis. We developed 8 

the quantitative genetics theory for supporting the simulation of the individual genotypic values in 9 

nine populations, the selfed populations, the 36 interpopulation crosses, 180 doubled haploids 10 

(DHs) and their 16,110 crosses, assuming 400 genes in 10 chromosomes of 200 cM. Epistasis only 11 

affects population heterosis if there is LD. Only additive x additive and dominance x dominance 12 

epistasis can affect the components of the heterosis and combining ability analyses of populations. 13 

Both analyses can lead to completely wrong inferences regarding the identification of the superior 14 

populations, the populations with greater differences of gene frequencies, and the populations with 15 

maximum variability, when the number of interacting genes and the magnitude of the epistatic 16 

effects are high. There was a decrease in the average heterosis by increasing the number of epistatic 17 

genes and the magnitude of their epistatic effects. The same results are generally true for the 18 

combining ability analysis of DHs. Surprisingly, the combining ability analyses of subsets of 20 19 

DHs showed no significant average impact of epistasis on the identification of the most divergent 20 

ones, even assuming a high number of epistatic genes and great magnitude of their effects. 21 

However, a significant negative effect can occur. 22 
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Introduction 30 

The knowledge on the molecular basis of heterosis is increasing from studies involving 31 

metabolomic-, proteomic-, transcriptomic-, and genomic-based analyses (Li et al. 2020; Liu et al. 32 

2020a; Luo et al. 2021; Shi et al. 2019; Yi et al. 2019). The results from these studies – 33 

differentially accumulated metabolites and proteins and differentially expressed genes in the inbred 34 

lines and the single cross, as well as heterotic and epistatic candidate genes from genome-wide 35 

association studies (GWAS) and quantitative trait loci (QTL) mapping – have provided consistent 36 

evidence supporting the main hypotheses that explain the genetic basis of heterosis: dominance 37 

complementation, overdominance, and epistasis (Kaeppler 2012; Liu et al. 2020b; Mackay et al. 38 

2021; Schnable and Springer 2013). In these reviews, the authors emphasize that the hypothesis are 39 

non-mutually exclusive, that no simple unifying explanation for heterosis exists, and that, because 40 

heterosis is of greatest magnitude for highly complex traits, it should be attributable to a large 41 

number of genes with small effects showing intra- and inter-allelic interaction, most of these genes 42 

showing dominance. 43 

The planned use of heterosis has revolutionized maize breeding since the 1930’s and is also 44 

currently employed in modern rice and tomato breeding. From the quantitative genetics point of 45 

view, assuming absence of epistasis, the heterosis between populations is a function of dominance 46 

and squared difference of allelic frequencies (Gardner and Eberhart 1966). The most widely used 47 

method for heterosis analysis (Analysis II) was proposed by Gardner and Eberhart (1966). 48 

However, the most employed methods for the analysis of diallel crosses for cross- and self-49 

pollinated crops were proposed by Griffing (1956). Griffing’s experimental methods and models 50 

(random or fixed) can be summarized as combining ability analyses. 51 
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Regarding open-pollinated populations, analysis II of Gardner and Eberhart (1966) and 52 

experimental method 2, model 1 (fixed) of Griffing (1956) are equivalent. The variety effect in the 53 

restricted model, the variety mean in the unrestricted model (because the variety effect is not 54 

estimable), and the general combining ability (GCA) effect indicates the superiority of the 55 

population regarding allelic frequencies. If there is dominance, the heterosis/heterosis effect and the 56 

specific combining ability (SCA) effect express the differences of allelic frequencies between 57 

populations. The average heterosis and the predominant sign of the SCA effects of a population 58 

with itself indicate the dominance direction. The variety heterosis/variety heterosis effect and the 59 

absolute value of the SCA effect of a population with itself express the differences of allelic 60 

frequencies between the population and the average frequencies in the other diallel parents. The 61 

specific heterosis/specific heterosis effect jointly expresses the differences of allelic frequency 62 

between the populations and between the populations and the average frequencies in the parental 63 

group (Viana 2000a, 2000b) (see also the erratum in Viana (2002)). By including the selfed 64 

populations, the change in the population mean due to inbreeding also indicates the dominance 65 

direction but additionally the populations with higher genetic variability (allelic frequencies closer 66 

to 0.5) (Viana and Matta 2003). 67 

Currently, most of the studies involving diallel crosses with populations and 68 

inbred/pure/doubled haploid (DH) lines are focused in the identification of heterotic groups, most of 69 

them including molecular markers (Lariepe et al. 2017; Laude and Carena 2015; Punya et al. 2019; 70 

Yu et al. 2020). The main findings from these studies are that the suggested heterotic groups relate 71 

with previously known heterotic groups, geographical origin, and pedigree, and that the correlation 72 

between heterosis or SCA effect with molecular divergence is not consistent. For maize grain yield, 73 

the correlation ranged from intermediate negative (0.38) to intermediate positive (0.60). 74 

Few previous theoretical studies prove the contribution of epistasis for heterosis. Assuming 75 

combined multiplicative action of two additive genes, Minvielle (1987) and Schnell and Cockerham 76 

(1992) concluded that dominance is not necessary for heterosis. Additionally, Schnell and 77 
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Cockerham (1992) showed that the multiplicative action of more genes increase the contribution of 78 

dominance, but not epistasis, to heterosis. Cockerham and Zeng (1996) and Garcia et al. (2008) 79 

modelled epistatic linked QTLs. Their QTL mapping for maize and rice agronomic traits showed 80 

that the potential of additive x additive, additive x dominance, and dominance x dominance epistatic 81 

effects for linked QTLs can be very substantial. Because the current theoretical knowledge 82 

concerning the influence of epistasis on heterosis is based on multiplicative model, assuming very 83 

few genes, only additive x additive epistasis, and linkage equilibrium, the objective of this 84 

simulation-based study was to assess the impact of epistasis in the heterosis and combining ability 85 

analyses, assuming additive model, hundreds of genes, linkage disequilibrium (LD), dominance, 86 

and seven types of digenic epistasis. 87 

Material and Methods 88 

Theory 89 

Assume N (N > 3) non-inbred random cross populations in Hardy-Weinberg equilibrium, LD, 90 

and digenic epistasis. Based on the quantitative genetics theory for modelling epistasis and LD 91 

developed by Kempthorne (1954) and Kempthorne (1973), respectively, the genotypic mean of the 92 

j-th population (generation 0) is 93 

𝑀𝑗 = 𝑚 + 𝑣𝑗 + 𝐸(𝐴𝐴)𝑗
(0)

+ 𝐸(𝐷𝐷)𝑗
(0)

= 𝑚 + 𝑣𝑗
∗ 

where 𝑚 is the sum of the means of the genotypic values of the homozygotes for each gene, 𝑣𝑗  is the variety 94 

effect assuming no epistasis, 𝐸(𝐴𝐴)𝑗
(0)

 is the expectation of the additive x additive epistatic genetic 95 

values of the individuals, 𝐸(𝐷𝐷)𝑗
(0)

 is the expectation of the dominance x dominance epistatic 96 

genetic values, and 𝑣𝑗
∗
 is the variety effect. The parametric value of 𝑣𝑗  was derived by Viana (2000a). 97 

(see also the erratum in Viana (2002)). For two epistatic genes (A/a and B/b), 98 

𝐸(𝐴𝐴)𝑗
(0)

= 2∆𝑎𝑏𝑗
(−1)(𝛼𝐴𝛼𝐵 − 𝛼𝐴𝛼𝑏 − 𝛼𝑎𝛼𝐵 + 𝛼𝑎𝛼𝑏) = 2∆𝑎𝑏𝑗

(−1)(𝑎𝑎) 
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𝐸(𝐷𝐷)𝑗
(0)

= [∆𝑎𝑏𝑗
(−1)

]
2

(𝛿𝐴𝐴𝛿𝐵𝐵 − 2𝛿𝐴𝐴𝛿𝐵𝑏 + 𝛿𝐴𝐴𝛿𝑏𝑏 − 2𝛿𝐴𝑎𝛿𝐵𝐵 + 4𝛿𝐴𝑎𝛿𝐵𝑏 − 𝛿𝐴𝑎𝛿𝑏𝑏 + 𝛿𝑎𝑎𝛿𝐵𝐵 −99 

2𝛿𝑎𝑎𝛿𝐵𝑏 + 𝛿𝑎𝑎𝛿𝑏𝑏) = [∆𝑎𝑏𝑗
(−1)

]
2

(𝑑𝑑)  100 

where ∆𝑎𝑏𝑗
(−1)

 is the measure of LD in the gametic pool of the generation 1 (the difference between 101 

the products of the haplotypes, ∆𝑎𝑏𝑗
(−1)

 = 𝑃𝐴𝐵𝑗
(−1)

. 𝑃𝑎𝑏𝑗
(−1)

− 𝑃𝐴𝑏𝑗
(−1)

. 𝑃𝑎𝐵𝑗
(−1)

) (Kempthorne 1973) and 𝛼𝛼 and 102 

𝛿𝛿 stand for the additive x additive and dominance x dominance epistatic effects. 103 

Because the population is not inbred and taking into account the restrictions proposed by 104 

Kempthorne (1954), 105 

𝐸(𝐴𝐷)𝑗
(0)

= 𝑓22𝑗
(0)(2𝛼𝐴𝛿𝐵𝐵) + 𝑓21𝑗

(0)(2𝛼𝐴𝛿𝐵𝑏) + ⋯ + 𝑓00𝑗
(0)(2𝛼𝑎𝛿𝑏𝑏) = 𝐸(𝐷𝐴)𝑗

(0)
 = 0 106 

where 𝑓𝑖𝑘𝑗
(0)

 is the probability of the genotype with i and k copies of the genes that increase the trait 107 

expression (A and B) (i, k = 0, 1, or 2). These probabilities are presented by Viana (2004), where, 108 

for example, 𝑓22𝑗
(0)

= 𝑝𝑎𝑗
2 𝑝𝑏𝑗

2 + 2𝑝𝑎𝑗𝑝𝑏𝑗∆𝑎𝑏𝑗
(−1)

+ [∆𝑎𝑏𝑗
(−1)

]
2

, where p stands for the allelic frequency of 109 

the gene that increase the trait expression. 110 

The genotypic mean of the interpopulation cross between the j-th and the j’-th populations is 111 

𝑀𝑗𝑗′ = 𝑚 +
1

2
𝑣𝑗 +

1

2
𝑣𝑗′ + 𝐻𝑗𝑗′ + 𝐸(𝐴𝐴)𝑗𝑗′ + 𝐸(𝐷𝐷)𝑗𝑗′ = 𝑚 +

1

2
𝑣𝑗 +

1

2
𝑣𝑗′ + 𝐻 + 𝐻𝑗 + 𝐻𝑗′ + 𝑆𝑗𝑗′ +112 

𝐸(𝐴𝐴)𝑗𝑗′ + 𝐸(𝐷𝐷)𝑗𝑗′  113 

where 𝐻𝑗𝑗′, 𝐻, 𝐻𝑗, and 𝑆𝑗𝑗′ are, respectively, the heterosis, the average heterosis, the variety 114 

heterosis, and the specific heterosis assuming no epistasis, 𝐸(𝐴𝐴)𝑗𝑗′ is the expectation of the 115 

additive x additive values in the F1, and 𝐸(𝐷𝐷)𝑗𝑗′ is the expectation of the dominance x dominance 116 

values in the F1. The parametric values of the components 𝐻𝑗𝑗′, 𝐻, 𝐻𝑗, and 𝑆𝑗𝑗′ were derived by 117 

Viana (2000a). For two epistatic genes (see the derivation in the appendix), 118 

𝐸(𝐴𝐴)𝑗𝑗′ = ∆𝑎𝑏𝑗
(0) (𝑎𝑎) + ∆𝑎𝑏𝑗′

(0) (𝑎𝑎) = (1 − 𝑟𝑎𝑏)(𝐸(𝐴𝐴)𝑗
(0)

+ 𝐸(𝐴𝐴)𝑗′
(0)

)/2 

𝐸(𝐴𝐷)𝑗𝑗′ = 𝐸(𝐷𝐴)𝑗𝑗′ = 0 

𝐸(𝐷𝐷)𝑗𝑗′ = ∆𝑎𝑏𝑗
(0)

. ∆𝑎𝑏𝑗′
(0) (𝑑𝑑) = (1 − 𝑟𝑎𝑏)2∆𝑎𝑏𝑗

(−1)
. ∆𝑎𝑏𝑗′

(−1)(𝑑𝑑) 
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where 𝑟𝑎𝑏 is the recombination frequency. 119 

Then, 120 

Mjj′ = m +
1

2
𝑣𝑗

∗ +
1

2
𝑣𝑗′

∗ + 𝐻𝑗𝑗′ + {𝐸(𝐴𝐴)𝑗𝑗′ − (1/2)[𝐸(𝐴𝐴)𝑗
(0)

+ 𝐸(𝐴𝐴)𝑗′
(0)

]} + {𝐸(𝐷𝐷)𝑗𝑗′ −121 

(1/2)[𝐸(𝐷𝐷)𝑗
(0)

+ 𝐸(𝐷𝐷)𝑗′
(0)

]} = m +
1

2
𝑣𝑗

∗ +
1

2
𝑣𝑗′

∗ + 𝐻𝑗𝑗′
∗ = m +

1

2
𝑣𝑗

∗ +
1

2
𝑣𝑗′

∗ + 𝐻∗ + 𝐻𝑗
∗ + 𝐻𝑗′

∗ +122 

𝑆𝑗𝑗′
∗   123 

where 124 

𝐻∗ = (1/𝐶𝑁
2) ∑ ∑ 𝐻𝑗𝑗′

∗𝑁
𝑗′=2

𝑁−1
𝑗=1< = 𝐻 + [𝐸(𝐴𝐴).. − 𝐸(𝐴𝐴).

(0)] + [𝐸(𝐷𝐷).. − 𝐸(𝐷𝐷).
(0)]  125 

𝐻𝑗
∗ = [1/(𝑁 − 1)] ∑ 𝐻𝑗𝑗′

∗𝑁
𝑗′=1
𝑗′≠𝑗

=126 

𝐻𝑗 + {𝐸(𝐴𝐴)𝑗. − (1/2) [𝐸(𝐴𝐴)𝑗
(0)

+ [1/(𝑛 − 1)] ∑ 𝐸(𝐴𝐴)𝑗′
(0)𝑁

𝑗′=1
𝑗′≠𝑗

]} + {𝐸(𝐷𝐷)𝑗. − (1/127 

2) [𝐸(𝐷𝐷)𝑗
(0)

+ [1/(𝑛 − 1)] ∑ 𝐸(𝐷𝐷)𝑗′
(0)𝑁

𝑗′=1
𝑗′≠𝑗

]}  128 

and 𝑆𝑗𝑗′
∗ = 𝐻𝑗𝑗′

∗ − 𝐻∗ − 𝐻𝑗
∗ + 𝐻𝑗′

∗ . 129 

Thus, assuming LD, only the additive x additive and dominance x dominance epistatic effects 130 

affects the variety effect and the heteroses. However, as demonstrated below, all epistatic effects 131 

affect the change in the population mean due to inbreeding. The genotypic mean of the j-th selfed 132 

population is 133 

𝑀𝑗𝑠 = 𝑚 + 𝑣𝑗 + 𝑑𝑗 + 𝐸(𝐴𝐴)𝑗𝑠
(𝑛)

+ 𝐸(𝐴𝐷)𝑗𝑠
(𝑛)

+ 𝐸(𝐷𝐴)𝑗𝑠
(𝑛)

+ 𝐸(𝐷𝐷)𝑗𝑠
(𝑛)

 

where 𝑑𝑗 is the change in the population mean due to inbreeding assuming no epistasis and n is the 134 

number of selfing generations. The parametric value of 𝑑𝑗 was derived by Viana and Matta (2003). 135 

For two epistatic genes, the epistatic components are 136 

𝐸(𝐴𝐴)𝑗𝑠
(𝑛)

= 𝐸(𝐴𝐴)𝑗
(0)

+ 𝑐1(1 − 2𝑟𝑎𝑏)∆𝑎𝑏𝑗
(−1)(𝑎𝑎)  137 

𝐸(𝐴𝐷)𝑗𝑠
(𝑛)

= 𝐹(𝑞𝑏𝑗 − 𝑝𝑏𝑗)∆𝑎𝑏𝑗
(−1)(𝛼𝐴𝛿𝐵𝐵 − 2𝛼𝐴𝛿𝐵𝑏 + 𝛼𝐴𝛿𝑏𝑏 − 𝛼𝑎𝛿𝐵𝐵 + 2𝛼𝑎𝛿𝐵𝑏 − 𝛼𝑎𝛿𝑏𝑏) +138 

[𝑐1(1 − 2𝑟𝑎𝑏)∆𝑎𝑏𝑗
(−1)

/2](𝛼𝐴𝛿𝐵𝐵 − 𝛼𝐴𝛿𝑏𝑏 − 𝛼𝑎𝛿𝐵𝐵 + 𝛼𝑎𝛿𝑏𝑏)  139 
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𝐸(𝐷𝐴)𝑗𝑠
(𝑛)

= 𝐹(𝑞𝑎𝑗 − 𝑝𝑎𝑗)∆𝑎𝑏𝑗
(−1)(𝛿𝐴𝐴𝛼𝐵 − 2𝛿𝐴𝑎𝛼𝐵 + 𝛿𝑎𝑎𝛼𝐵 − 𝛿𝐴𝐴𝛼𝑏 + 2𝛿𝐴𝑎𝛼𝑏 − 𝛿𝑎𝑎𝛼𝑏) +140 

[𝑐1(1 − 2𝑟𝑎𝑏)∆𝑎𝑏𝑗
(−1)

/2](𝛿𝐴𝐴𝛼𝐵 − 𝛿𝑎𝑎𝛼𝐵 − 𝛿𝐴𝐴𝛼𝑏 + 𝛿𝑎𝑎𝛼𝑏)  141 

𝐸(𝐷𝐷)𝑗𝑠
(𝑛)

= 𝐸(𝐷𝐷)𝑗
(0)

+ 𝑝1𝛿𝐴𝐴𝛿𝐵𝐵 + ⋯ + 𝑝9𝛿𝑎𝑎𝛿𝑎𝑎  142 

where 𝑐1 = 2{1 − [(1 − 2𝑟𝑎𝑏)/2]𝑛}/(1 + 2𝑟𝑎𝑏), 𝐹 is the inbreeding coefficient, 𝛼𝛿 and 𝛿𝛼 stand 143 

for the additive x dominance and dominance x additive epistatic effects, and, for example, the 144 

probability 𝑝1 is 145 

𝑝1 = (𝐹/2)(𝑓21𝑗
(0)

+ 𝑓12𝑗
(0)

+ 𝑓11𝑗
(0)

/2) − (1 − 𝐹)(1 − 𝑐𝑛)𝑓11𝑗
(0)

/4 + 𝑐1(1 − 2𝑟𝑎𝑏)∆𝑎𝑏𝑗
(−1)

/4  146 

where 𝑐 = 1 − 2𝑟𝑎𝑏(1 − 𝑟𝑎𝑏). 147 

Then, 148 

𝑀𝑗𝑠 = 𝑚 + 𝑣𝑗
∗ + 𝑑𝑗

∗ 

where 𝑑𝑗
∗ = 𝑑𝑗 + [𝐸(𝐴𝐴)𝑗𝑠

(𝑛)
− 𝐸(𝐴𝐴)𝑗

(0)
] + 𝐸(𝐴𝐷)𝑗𝑠

(𝑛)
+ 𝐸(𝐷𝐴)𝑗𝑠

(𝑛)
+ [𝐸(𝐷𝐷)𝑗𝑠

(𝑛)
− 𝐸(𝐷𝐷)𝑗

(0)
]. 149 

Assuming no LD, 𝐸(𝐴𝐴)𝑗𝑠
(𝑛)

= 𝐸(𝐴𝐷)𝑗𝑠
(𝑛)

= 𝐸(𝐷𝐴)𝑗𝑠
(𝑛)

= 0. In the case of a combining ability 150 

analysis, the genotypic means of the j-th population and the interpopulation cross between the j-th 151 

and the j’-th populations are, respectively, 152 

𝑀𝑗𝑗 = 𝑀.. + 2𝑔𝑗
∗ + 𝑠𝑗𝑗

∗  

𝑀𝑗𝑗′ = 𝑀.. + 𝑔𝑗
∗ + 𝑔𝑗′

∗ + 𝑠𝑗𝑗′
∗  

where 𝑀.. = (1/𝑁2) ∑ ∑ 𝑀𝑗𝑗′
𝑁
𝑗′=1 = (1/𝑁) ∑ 𝑀𝑗.

𝑁
𝑗=1

𝑁
𝑗=1  is the diallel mean, 𝑔𝑗

∗ is the GCA effect for 153 

population j, 𝑠𝑗𝑗
∗  is the SCA effect of a population with itself, and 𝑠𝑗𝑗′

∗  is the SCA effect for 154 

populations j and j’. The GCA effect is, assuming LD and epistasis, 155 

𝑔𝑗
∗ = 𝑀𝑗. − 𝑀.. = 𝑔𝑗 + 𝑎𝑎𝑗.

∗ + 𝑑𝑑𝑗.
∗  

where 𝑔𝑗 is the GCA effect assuming no epistasis. The parametric value of 𝑔𝑗 was derived by Viana 156 

(2000b) (see also the erratum in Viana (2002)). The additive x additive and dominance x dominance 157 

epistatic components are 158 
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𝑎𝑎𝑗.
∗ =159 

{(1/𝑁) [𝐸(𝐴𝐴)𝑗
(0)

+ ∑ 𝐸(𝐴𝐴)𝑗𝑗′
𝑁
𝑗′=1
𝑗′≠𝑗

] − (1/𝑁2)[∑ 𝐸(𝐴𝐴)𝑗
(0)𝑁

𝑗=1 + 2 ∑ ∑ 𝐸(𝐴𝐴)𝑗𝑗′
𝑁
𝑗′=2

𝑁−1
𝑗=1< ]} =160 

𝑎𝑎𝑗. − 𝑎𝑎..  161 

𝑑𝑑𝑗.
∗ =162 

{(1/𝑁) [𝐸(𝐷𝐷)𝑗
(0)

+ ∑ 𝐸(𝐷𝐷)𝑗𝑗′
𝑁
𝑗′=1
𝑗′≠𝑗

] − (1/𝑁2)[∑ 𝐸(𝐷𝐷)𝑗
(0)𝑁

𝑗=1 + 2 ∑ ∑ 𝐸(𝐷𝐷)𝑗𝑗′
𝑁
𝑗′=2

𝑁−1
𝑗=1< ]} =163 

𝑑𝑑𝑗. − 𝑑𝑑..  164 

Note that ∑ 𝑔𝑗
∗𝑁

𝑗=1 = 0, for all j, because ∑ 𝑔𝑗 = 0𝑁
𝑗=1 , for all j (Viana 2000b). The SCA effect 165 

of a population with itself is 166 

𝑠𝑗𝑗
∗ = 𝑠𝑗𝑗 + 𝐸(𝐴𝐴)𝑗

(0)
− 𝑎𝑎.. − 2𝑎𝑎𝑗.

∗ + 𝐸(𝐷𝐷)𝑗
(0)

− 𝑑𝑑.. − 2𝑑𝑑𝑗.
∗  

where 𝑠𝑗𝑗 is the SCA effect of a population with itself assuming no epistasis. The parametric value 167 

of sjj was derived by Viana (2000b). Finally, the SCA effect for the populations j and j’ is 168 

𝑠𝑗𝑗′
∗ = 𝑠𝑗𝑗′ + 𝐸(𝐴𝐴)𝑗𝑗′ − 𝑎𝑎𝑗.

∗ − 𝑎𝑎𝑗′.
∗ − 𝑎𝑎.. + 𝐸(𝐷𝐷)𝑗𝑗′ − 𝑑𝑑𝑗.

∗ − 𝑑𝑑𝑗′.
∗ − 𝑑𝑑.. 

where 𝑠𝑗𝑗′ is the SCA effect for the populations j and j’ assuming no epistasis. The parametric value 169 

of 𝑠𝑗𝑗′ was derived by Viana (2000b). Note that ∑ 𝑠𝑗𝑗′
∗𝑁

𝑗′=1 = 0 , for all j, because ∑ 𝑠𝑗𝑗′
𝑁
𝑗′=1 = 0 , for 170 

all j. Note also that ∑ 𝑠𝑗𝑗
∗𝑁

𝑗=1 + 2 ∑ ∑ 𝑠𝑗𝑗′
∗𝑁

𝑗′=2
𝑁−1
𝑗=1< = 0 because ∑ 𝑠𝑗𝑗

𝑁
𝑗=1 + 2 ∑ ∑ 𝑠𝑗𝑗′

𝑁
𝑗′=2

𝑁−1
𝑗=1<  (Viana 171 

2000b). Thus, this combining ability model is restricted with N + 1 linearly independent restrictions 172 

(a full-rank model). The genotypic mean of the j-th selfed population is 𝑀𝑗𝑗 = 𝑀.. + 2𝑔𝑗
∗ + 𝑠𝑗𝑗

∗ + 𝑑𝑗
∗. 173 

In the case of a diallel involving N DH/inbred/pure lines, the genotypic value of a single cross 174 

is 𝑀𝑗𝑗′ = 𝑀.. + 𝑔𝑗 + 𝑔𝑗′ + 𝑠𝑗𝑗′ + 𝐼𝑗𝑗′ = 𝑀.. + 𝑔𝑗
∗ + 𝑔𝑗′

∗ + 𝑠𝑗𝑗′
∗ , where 𝑀.. = (1/𝐶𝑁

2) ∑ ∑ 𝑀𝑗𝑗′
𝑁
𝑗′=2

𝑁−1
𝑗=1<  175 

is the diallel mean, 𝐼𝑗𝑗′ is the epistatic genetic value, 𝑔𝑗
∗ = (𝑁 − 1) ∑ 𝑀𝑗𝑗′

𝑁(𝑗′≠𝑗)
𝑗′=1 − 𝑀.. = 𝑔𝑗 +176 

(𝐼�̅�. − 𝐼.̅.), and 𝑠𝑗𝑗′
∗ = 𝑠𝑗𝑗′ + (𝐼𝑗𝑗′ − 𝐼�̅�. − 𝐼�̅�′. + 2𝐼.̅.), where 𝑔𝑗 and 𝑠𝑗𝑗′ are the GCA and SCA effects 177 
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assuming no epistasis. Note that ∑ 𝑔𝑗
∗𝑁

𝑗=1 = 0, because ∑ 𝑔𝑗 = 0𝑁
𝑗=1 , and ∑ ∑ 𝑠𝑗𝑗′

𝑁
𝑗′=2

𝑁−1
𝑗=1< = 0. 178 

However, ∑ ∑ 𝑠𝑗𝑗′
∗𝑁

𝑗′=2
𝑁−1
𝑗=1< = [𝑁(𝑁 − 1)/2]𝐼.̅. because ∑ ∑ 𝐼𝑗𝑗′

𝑁
𝑗′=2

𝑁−1
𝑗=1< ≠ 0. 179 

Simulation 180 

The simulated data set was generated using the software REALbreeding (available by 181 

request). REALbreeding has been used in studies related to genomic selection (Viana et al. 2019), 182 

GWAS (Pereira et al. 2018), QTL mapping (Viana et al. 2017), LD (Andrade et al. 2019), 183 

population structure (Viana et al. 2013b), heterotic grouping/genetic diversity (Viana et al. 2020), 184 

and plant breeding (Viana et al. 2013a). 185 

In summary, the software simulates individual genotypes for genes and molecular markers 186 

and phenotypes in three stages using inputs from user. The first stage (genome simulation) is the 187 

specification of the number of chromosomes, molecular markers, and genes as well as marker type 188 

(dominant and/or codominant) and density. The second stage (population simulation) is the 189 

specification of the population(s) and sample size or progeny number and size. A population is 190 

characterized by the average frequency for the genes (biallelic) and markers (first allele). The last 191 

stage (trait simulation) is the specification of the minimum and maximum genotypic values for 192 

homozygotes, the minimum and maximum phenotypic values (to avoid outliers), the direction and 193 

degree of dominance, and the broad sense heritability. The current version allows the inclusion of 194 

digenic epistasis, gene x environment interaction, and multiple traits (up to 10), including 195 

pleiotropy. The population mean (M), additive (A), dominance (D), and epistatic (additive x 196 

additive (AA), additive x dominance (AD), dominance x additive (DA), and dominance x 197 

dominance (DD)) genetic values or GCA and SCA effects, or genotypic values (G) and epistatic 198 

values (I), depending on the population, are calculated from the parametric gene effects and 199 

frequencies and the parametric LD values. The population in LD is generated by crossing two 200 

populations in linkage equilibrium followed by a generation of random cross. The parametric LD is 201 

∆𝑎𝑏
(−1)

= [(1 − 2𝑟𝑎𝑏)/4](𝑝𝑎1 − 𝑝𝑎2)(𝑝𝑏1 − 𝑝𝑏2), where the indexes 1 and 2 stand for the gene 202 

frequencies in the parental populations. The phenotypic values (𝑃) are computed assuming error 203 
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effects (𝐸) sampled from a normal distribution (𝑃 = 𝑀 + 𝐴 + 𝐷 + 𝐴𝐴 + 𝐴𝐷 + 𝐷𝐴 + 𝐷𝐷 +  𝐸 =204 

𝐺 + 𝐸 or 𝑃 = 𝑀 + 𝐺𝐶𝐴1 + 𝐺𝐶𝐴2 + 𝑆𝐶𝐴 + 𝐼 + 𝐸 = 𝐺 + 𝐸). 205 

Heterosis and combining ability analyses of populations 206 

Aiming to assess the impact of epistasis in the heterosis and combining ability analyses of 207 

populations, we simulated nine populations, the nine selfed populations, and the 36 interpopulation 208 

crosses (see the characterization of the populations in Table 1), assuming 400 genes in 10 209 

chromosomes of 200 cM (40 genes by chromosome) determining grain yield. The populations with 210 

average allelic frequency of 0.5 differ for the LD level (higher for population 4 and lower for 211 

population 6). We assumed positive dominance and average degree of dominance of 0.6 (range 0.1 212 

to 1.2). The minimum and maximum genotypic values for homozygotes were 30 and 160 g/plant. 213 

The minimum and maximum phenotypic values were 10 and 180 g/plant. The broad sense 214 

heritability at the plant level was 10% and the sample size was 100. We defined seven types of 215 

digenic epistasis and an admixture of these types, assuming 25 and 100% of epistatic genes. The 216 

types of digenic epistasis are: complementary (𝐺22 = 𝐺21 = 𝐺12 = 𝐺11 and 𝐺20 = 𝐺10 = 𝐺02 =217 

𝐺01 = 𝐺00; proportion of 9:7 in a F2), duplicate (𝐺22 = 𝐺21 = 𝐺20 = 𝐺12 = 𝐺11 = 𝐺10 = 𝐺02 =218 

𝐺01; proportion of 15:1 in a F2), dominant (𝐺22 = 𝐺21 = 𝐺20 = 𝐺12 = 𝐺11 = 𝐺10 and 𝐺02 = 𝐺01; 219 

proportion of 12:3:1 in a F2), recessive (𝐺22 = 𝐺21 = 𝐺12 = 𝐺11, 𝐺02 = 𝐺01, and 𝐺20 = 𝐺10 = 𝐺00; 220 

proportion of 9:3:4 in a F2), dominant and recessive (𝐺22 = 𝐺21 = 𝐺12 = 𝐺11 = 𝐺20 = 𝐺10 = 𝐺00 221 

and 𝐺02 = 𝐺01; proportion of 13:3 in a F2), duplicate genes with cumulative effects (𝐺22 = 𝐺21 =222 

𝐺12 = 𝐺11, and 𝐺20 = 𝐺10 = 𝐺02 = 𝐺01; proportion of 9:6:1 in a F2), and non-epistatic genic 223 

interaction (𝐺22 = 𝐺21 = 𝐺12 = 𝐺11, 𝐺20 = 𝐺10, and 𝐺02 = 𝐺01; proportion of 9:3:3:1 in a F2). 224 

Because the genotypic values for any two interacting genes are not known, there are infinite 225 

genotypic values that satisfy the specifications of each type of digenic epistasis. For example, fixing 226 

the gene frequencies (the population) and the parameters m, a, d, and d/a (degree of dominance) for 227 

each gene (the trait), the solutions 𝐺22 = 𝐺21 = 𝐺12 = 𝐺11 = 5.25 and 𝐺20 = 𝐺10 = 𝐺02 = 𝐺01 =228 

𝐺00 = 5.71 or 𝐺22 = 𝐺21 = 𝐺12 = 𝐺11 = 6.75 and 𝐺20 = 𝐺10 = 𝐺02 = 𝐺01 = 𝐺00 = 2.71 define 229 
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complementary epistasis but the genotypic values are not the same. The solution implemented in the 230 

software allows the user to control the magnitude of the epistatic variance (V(I)), relative to the 231 

magnitudes of the additive and dominance variances (V(A) and V(D)). As an input for the user, the 232 

software requires the ratio V(I)/(V(A) + V(D)) for each pair of interacting genes (a single value; for 233 

example, 1.0). Then, for each pair of interacting genes the software samples a random value for the 234 

epistatic value 𝐼22 (the epistatic value for the genotype AABB), assuming 𝐼22𝑁(0, 𝑉(𝐼)). Then, the 235 

other epistatic effects and genotypic values are computed. We assumed ratios 1 and 10. Increasing 236 

the ratio increases the magnitude of the additive, dominance, and epistatic genetic values. 237 

The influence of epistasis in the heterosis and combining ability analyses of the populations 238 

was measured by the following correlations: 239 

1. the correlations between the average frequency for the genes that increase the trait expression and 240 

the parametric (true) variety and GCA effects. 241 

2. the correlations between the average absolute allelic frequency differences between populations 242 

and the parametric heterosis, specific heterosis, and SCA effect. 243 

3. the correlations between the absolute allelic frequency differences between a population and the 244 

other diallel parents and the parametric variety heterosis and the absolute SCA effect of a 245 

population with itself. 246 

4. the correlation between the absolute value of the average frequency for the genes that increase 247 

the trait expression minus 0.5 and the parametric change in the population mean due to inbreeding. 248 

Combining ability analysis of DHs 249 

To assess the influence of epistasis in the combining ability analyses of DH lines, we used 250 

REALbreeding to sample 20 DHs from each population and to generate the 16,110 single crosses. 251 

The broad sense heritability for the DHs and single crosses were 30% and 70%, respectively. Again, 252 

because REALbreeding provides the genotype and the parametric genotypic value for each DH and 253 

the parametric values of the GCA, SCA, and epistatic effects for each single cross, we did not 254 

process the phenotypic data for their estimation. The impact of epistasis in the combining ability 255 
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analyses of the DHs was measured by the correlations between the average frequency for the genes 256 

that increase the trait expression and the parametric GCA effect and between the average absolute 257 

allelic frequency differences and the parametric SCA effect. We also processed analyses sampling 258 

20 DHs (from 180), which was replicated 100 times. To avoid the influence of the experimental 259 

error, experimental method 4, model I (Griffing 1956) was fitted, using the parametric single cross 260 

genotypic values. 261 

Results 262 

Compared to the absence of epistasis, the existence of inter-allelic interactions can lead to a 263 

significant increase or decrease in the population mean. The change depends on the population 264 

allelic frequencies, type of epistasis, percentage of interacting genes, and ratio V(I)/(V(A) + V(D)) 265 

(Table 1). In general, the population mean change was lower with dominant epistasis and higher 266 

with dominant and recessive epistasis. Under epistasis, the decrease in the population mean due to 267 

inbreeding was comparable to the decrease in the absence of epistasis, but increasing the percentage 268 

of interacting genes and the ratio V(I)/(V(A) + V(D)) led to an insignificant increase in the 269 

population mean, depending on the epistasis type. 270 

If there is no epistasis, the heterosis and combining ability analyses of populations perfectly 271 

indicate the superior populations, from the estimates of the population means (unrestricted model), 272 

variety effects (restricted model), or GCA effects, and the most divergent populations, from the 273 

analysis of the heteroses (unrestricted model), heterosis effects (restricted model), or SCA effects 274 

(Table 2). If there is epistasis, however, both analyses can lead to completely wrong inferences 275 

regarding the identification of the superior populations, the populations with greater differences of 276 

gene frequencies, and the populations with maximum variability (allelic frequencies close to 0.5). 277 

This will occur because of negative or lower correlations between variety mean/variety effect or 278 

GCA effect with the average allelic frequency, between heterosis/heterosis effect or SCA effect 279 

with the average allelic frequency difference, and between the change in the population mean due to 280 

inbreeding and the average frequency minus 0.5. This negative impact of epistasis on the heterosis 281 
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and combining ability analyses will occur when the number of interacting genes and the ratio 282 

V(I)/(V(A) + V(D)) (or the magnitude of the epistatic effects) are high. 283 

Assuming a ratio of 1 and 100% of interacting genes, a negative impact was observed for 284 

duplicate and dominant epistasis (Table 2). For dominant and recessive epistasis, there was no 285 

impact for discriminating the superior populations. The identification of the superior populations 286 

and the most contrasting populations were not affected assuming complementary, recessive, 287 

duplicate genes with cumulative effects, non-epistatic genic interaction, and an admixture of the 288 

epistasis types. Similar to the results observed for a ratio of 1, under a ratio of 10, as exemplified for 289 

an admixture of epistasis types, the inferences from both analyses will be wrong for all types of 290 

epistasis only assuming a high number of interacting genes. Concerning the average heterosis, there 291 

is no significant difference between the values observed assuming no epistasis (3.9%) and digenic 292 

epistasis (2.1 to 6.2%). In general, assuming epistasis, there was a decrease in the average 293 

heterosis by increasing the percentage of epistatic genes and the ratio V(I)/(V(A) + V(D)). The 294 

influence of epistasis on both the variety and specific heterosis follows the effect described for 295 

heterosis. Interestingly, epistasis has a less pronounced effect on the SCA effect of a population 296 

with itself, compared to the effect observed on the change in the population mean due to inbreeding. 297 

The previous results were in general also observed for the combining ability analysis of all 298 

180 DH lines (Table 3 and Table 4). That is, a negative impact of epistasis on the identification of 299 

the superior and the most contrasting DHs, assuming duplicate and dominant epistasis with 100% of 300 

interacting genes, regardless of the ratio V(I)/(V(A) + V(D)). There was also a negative influence of 301 

complementary and recessive epistasis, as well as of an admixture of epistasis types under a ratio of 302 

10. No impact on the combining ability analysis of DHs was observed for duplicate genes with 303 

cumulative effects and non-epistatic genic interaction, even assuming 100% of interacting genes 304 

and ratio 10 (Table 3). Regardless of the ratio V(I)/(V(A) + V(D)), there was maximization of the 305 

average heterosis with duplicate genes with cumulative effects and non-epistatic genic interaction 306 
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(34 to 37%). For the other epistasis types and admixture of epistasis types, increasing the 307 

percentage of epistatic genes and the ratio V(I)/(V(A) + V(D)) decreased the average heterosis. 308 

Surprisingly, the combining ability analyses of 100 subsets of 20 DHs showed no significant 309 

average impact of epistasis on the identification of the most divergent DHs, even assuming 100% of 310 

epistatic genes and ratio of 10 (Table 4). However, a significant negative effect can occur. The 311 

minimum correlation between SCA effect and the average allelic frequency difference was 0.66 312 

under no epistasis and 0.36 assuming recessive epistasis, 100% of epistatic genes, and ratio of 10. 313 

Except for duplicate genes with cumulative effects and non-epistatic genic interaction, under 100% 314 

of epistatic genes, epistasis can negatively affect the identification of the superior DHs even 315 

assuming a ratio V(I)/(V(A) + V(D)) of 1. The correlations between GCA effect and the average 316 

allelic frequency were predominantly negative with duplicate, dominant, and dominant and 317 

recessive epistasis. By increasing the ratio to 10, the same negative influence of epistasis on the 318 

correlations occurred for complementary and recessive epistasis, as well as for an admixture of 319 

epistasis types. 320 

Discussion 321 

Based on a huge amount of empirical data, geneticists agree that genotypic value is mainly 322 

attributable to additive effects of genes and intra-allelic interactions (dominance). Reviewing 323 

empirical data, especially results from QTL mapping, Mackay (2014) emphasizes that epistasis is 324 

common for quantitative traits but with a controversial significance. The author also highlight that 325 

the controversial role of epistasis is simply because inter-allelic interactions are more difficult to 326 

detect. However, recent investigations based on the analysis of transcriptome and genomic 327 

prediction of complex traits support that epistasis is the rule (Vitezica et al. 2018; Zhao et al. 2019). 328 

Based on the available quantitative genetics theory (Cockerham and Zeng 1996; Garcia et al. 2008; 329 

Kao and Zeng 2002; Minvielle 1987; Schnell and Cockerham 1992), geneticists also agree that 330 

epistasis can determine heterosis but with a controversial role. However, the controversial 331 

significance of epistasis on heterosis is simply because it is difficult to measure the relative 332 
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importance of intra- and inter-allelic interaction. Nevertheless, it should be emphasized that most of 333 

the empirical results indicates a higher significance of dominance (Garcia et al. 2008; Kaeppler 334 

2012; Liu et al. 2020b; Mackay et al. 2021; Schnable and Springer 2013). 335 

Most of the empirical evidence for epistasis came from QTL mapping (Mackay 2014). 336 

However, QTL mapping provides limited estimates of genetic effects and degree of dominance 337 

since they refer only to identified QTLs. Schnell and Cockerham (1992) emphasize that the marker 338 

contrasts estimate only a small fraction of epistatic effects for linked QTLs. Further, the estimates 339 

for low heritability QTLs show high sampling error (Viana et al. 2017). Due to missing heritability, 340 

genomic prediction also provides limited estimates of genetic variances (no one covariance) (Kim et 341 

al. 2017). Thus, geneticists agree that a significant contribution to the knowledge on the role of 342 

epistasis in determining quantitative traits and their genetic variability should come from the 343 

analysis of theoretical models and from simulated data generated based on the theoretical models 344 

(Hill and Maki-Tanila 2015; Maki-Tanila and Hill 2014). 345 

The quantitative genetics theory presented in this study reveals some important new findings, 346 

confirm previous inferences, and clearly show that the breeders cannot even test if there is epistasis 347 

when processing heterosis and combining ability analyses of populations or DH/inbred/pure lines. 348 

Our results from the analyses of the simulated data demonstrate that epistasis can impact these 349 

important and commonly used analyses in plant breeding. Epistasis determines all genetic 350 

components of heterosis and combing ability analyses. Epistasis can negatively affects the heterosis 351 

and combining ability analyses of populations only if there is LD. Only additive x additive and 352 

dominance x dominance effects can negatively influence the genetic parameters for both analyses 353 

with populations. However, the change in the population mean due to inbreeding is determined by 354 

all epistatic effects. If the diallel parents are DH/inbred/pure lines, both GCA and SCA effects can 355 

be negatively affected by epistasis. In a non-multiplicative model, there can be heterosis without 356 

dominance, as proved for multiplicative model (Minvielle 1987; Schnell and Cockerham 1992). Our 357 

analyses assuming no dominance showed that the magnitude of the average heterosis can 358 
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significantly increase, as exemplified assuming non-epistatic genic interaction, 100% of epistatic 359 

genes, and ratio V(I)/(V(A) + V(D)) of 1. For populations and DHs, the average heterosis achieved 360 

impressive values (44 and 58% respectively). 361 

As previously emphasized, breeders cannot even test epistasis in the heterosis and combining 362 

ability analyses simply because there is a distinct epistatic component of mean for each population, 363 

selfed population, DH/inbred/pure line, and their F1. Thus, it is not possible to estimate these 364 

epistatic components. This finding implies that breeders cannot avoid the negative impact of 365 

epistasis in the heterosis and combining ability analyses if the genetic system involves a high 366 

number of epistatic genes with great effects. Concerning the relative magnitude of the epistatic 367 

genetic values, we observed that, when the impact of epistasis was negative, not necessarily the 368 

absolute magnitude of the epistatic values was superior to the absolute magnitude of the additive 369 

value. For DHs, assuming duplicate epistasis, 100% of epistatic genes, and ratio V(I)/(V(A) + 370 

V(D)) of 1, the absolute epistatic value corresponded to 13%, on average, of the single cross 371 

genotypic value. 372 

In conclusion, we have a positive message for the breeders: in general, especially if only a 373 

minor fraction of the genes are epistatic or if the magnitude of the epistatic effects are of reduced 374 

magnitude, the epistasis will not have any impact on the heterosis and combining ability analyses. 375 

However, breeders should be conscious that a negative impact can occur. We also emphasize that 376 

our simulated data provided results that are supported from field data. For example, the higher 377 

heterosis for the most contrasting populations (that can be assumed as heterotic groups; 1.4 and 378 

10.5% for the heterosis involving populations 1x2 and 1x10, respectively, assuming a ratio of 1, 379 

100% of epistatic genes, and an admixture of epistasis types), the higher heterosis for 380 

interpopulation single crosses relative to the intrapopulation heterosis (average intra- and inter-381 

population heteroses of 12.0 and 15.6%, also assuming a ratio of 1, 100% of epistatic genes, and an 382 

admixture of epistasis types), and the lower percent values of the average heterosis for populations 383 
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(in the range 2.1 to 6.2) than for DHs (in the range 12.2 to 36.6), as observed in several studies 384 

(Lariepe et al. 2017; Laude and Carena 2015; Punya et al. 2019; Yu et al. 2020). 385 
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Appendix 392 

The epistatic components of the genotypic mean for the interpopulation cross between 393 

populations j and j’ can be derived from the gametic probabilities and epistatic effects of the 394 

genotypic values (G) summarized in the table below, where the genotypic values are defined by 395 

Kempthorne (1954), 396 

  𝑝𝑎𝑗′𝑝𝑏𝑗′ + ∆𝑎𝑏𝑗′
(0)

 𝑝𝑎𝑗′𝑞𝑏𝑗′ − ∆𝑎𝑏𝑗′
(0)

 𝑞𝑎𝑗′𝑝𝑏𝑗′ − ∆𝑎𝑏𝑗′
(0)

 𝑞𝑎𝑗′𝑞𝑏𝑗′ + ∆𝑎𝑏𝑗′
(0)

  

𝑝𝑎𝑗𝑝𝑏𝑗 + ∆𝑎𝑏𝑗
(0)

 𝐺22 𝐺21 𝐺12 𝐺11 𝐸(𝐺)11𝑗 

𝑝𝑎𝑗𝑞𝑏𝑗 − ∆𝑎𝑏𝑗
(0)

 𝐺21 𝐺20 𝐺11 𝐺10 𝐸(𝐺)10𝑗 

𝑞𝑎𝑗𝑝𝑏𝑗 − ∆𝑎𝑏𝑗
(0)

 𝐺12 𝐺11 𝐺02 𝐺01 𝐸(𝐺)01𝑗 

𝑞𝑎𝑗𝑞𝑏𝑗 + ∆𝑎𝑏𝑗
(0)

 𝐺11 𝐺10 𝐺01 𝐺00 𝐸(𝐺)00𝑗 

 𝐸(𝐺)11𝑗′ 𝐸(𝐺)10𝑗′ 𝐸(𝐺)01𝑗′ 𝐸(𝐺)00𝑗′ 𝐸(𝐺)𝑗𝑗′ 

For example, assuming the restrictions defined by Kempthorne (1954), the marginal means 397 

for the additive x additive effects, fixing a population, are 398 

𝐸(𝐴𝐴)11𝑗 = (𝑝𝑎𝑗′𝑝𝑏𝑗′ + ∆𝑎𝑏𝑗′
(0)

)(4𝛼𝐴𝛼𝐵) + ⋯ + (𝑞𝑎𝑗′𝑞𝑏𝑗′ + ∆𝑎𝑏𝑗′
(0)

)(𝛼𝐴𝛼𝐵 + 𝛼𝐴𝛼𝑏 + 𝛼𝑎𝛼𝐵 +399 

𝛼𝑎𝛼𝑏) = 𝛼𝐴𝛼𝐵 + ∆𝑎𝑏𝑗′
(0) (𝑎𝑎)  400 

E(AA)10j = αAαb + ∆abj′
(0) (aa) 
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E(AA)01j = αaαB + ∆abj′
(0) (aa) 

E(AA)00j = αaαb + ∆abj′
(0) (aa) 

Then, 401 

𝐸(𝐴𝐴)𝑗𝑗′ = ∆𝑎𝑏𝑗
(0) (𝑎𝑎) + ∆𝑎𝑏𝑗′

(0) (𝑎𝑎) 
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Table 1 Parametric average frequency for the genes that increase the trait expression (�̅�) and means of the populations (M) and the selfed populations 

(MF) for grain yield (g/plant), assuming no epistasis (No), seven types of digenic epistasis
a
 and an admixture of these types (All), 25 and 100% of 

epistatic genes (% eg), and ratio V(I)/(V(A) + V(D)) of 1 

Pop. �̅� % eg  M   MF 

   No Co Du Do Re DR Dg Ne All  No Co Du Do Re DR Dg Ne All 

1 0.2 0/25 67.9  76.6 73.8  86.2     62.2  72.8 67.2  82.1    

  100  103.3 116.2 96.2 103.1 141.0 75.9 73.0 98.2   101.1 120.3 86.6 100.5 142.4 73.3 68.8 95.4 

2 0.3 0/25 84.5  91.8 89.8  99.8     77.2  86.4 82.4  94.1    

  100  109.2 114.4 102.7 109.4 139.2 86.9 85.9 105.8   105.1 118.5 96.7 104.7 139.5 79.6 77.3 101.6 

3 0.4 0/25 97.5  100.7 100.0  107.5     88.9  94.4 93.0  100.8    

  100  117.4 109.2 106.7 117.5 139.7 100.2 99.6 112.6   110.8 112.7 105.0 110.5 138.7 87.4 85.8 106.6 

4 0.5 0/25 113.6  112.3 111.7  121.2     104.4  105.5 105.8  113.7    

  100  127.8 105.8 102.2 126.6 142.8 120.6 120.2 122.6   119.0 108.4 106.6 117.6 140.4 101.7 101.6 114.5 

5 0.5 0/25 112.8  111.0 110.2  119.2     104.0  104.7 104.8  112.0    

  100  126.2 106.9 106.7 126.7 141.4 117.7 118.4 122.6   118.0 109.7 110.4 118.2 139.6 100.0 100.7 114.6 

6 0.5 0/25 109.3  109.6 108.0  118.3     100.9  103.6 102.3  111.4    

  100  124.4 107.5 108.3 122.5 139.3 112.8 112.9 119.4   117.0 110.4 110.5 115.0 137.7 97.3 96.8 112.9 

7 0.6 0/25 124.9  120.3 119.1  129.5     116.5  114.0 115.0  122.4    

  100  134.9 104.9 98.0 133.3 144.0 135.1 134.3 127.6   125.9 106.7 106.2 124.0 140.9 115.0 115.0 120.1 

8 0.7 0/25 135.2  128.3 124.4  138.5     127.9  122.9 121.4  132.2    

  100  140.5 104.3 90.3 141.0 147.2 150.4 148.8 133.7   131.8 105.6 100.9 132.2 143.5 130.2 129.6 126.2 

9 0.8 0/25 146.5  136.5 130.2  146.9     140.9  132.2 128.5  141.7    

  100  147.9 103.9 82.1 147.4 149.6 166.2 164.3 139.6   141.2 104.5 93.2 139.9 146.3 149.2 148.4 133.5 
a
C = complementary, Du = duplicate, D = dominant, R = recessive, DR = dominant and recessive, Dg = duplicate genes with cumulative effects, and Ne = non-epistatic genic 

interaction. 
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Table 2 Correlations between the average frequency for the genes that increase the trait expression, 

the average absolute allelic frequency differences between populations, the absolute average allelic 

frequency differences between a population and the other diallel parents, or the average frequency 

for the genes that increase the trait expression minus 0.5 and the genetic components of the 

heterosis and combining ability analyses, and average heterosis (g/plant), assuming no epistasis 

(No), seven types of digenic epistasis
a
 and an admixture of these types (All), 25 and 100% of 

epistatic genes (% eg), and ratios V(I)/(V(A) + V(D)) of 1 and 10 

Parameter % eg No Co/1 Du/1 Do/1 Re/1 DR/1 Dg/1 Ne/1 Ne/1
b
 All/1 All/10 

𝑣𝑗
∗ 0/25 1.00  0.99 0.98  1.00     0.99 

 100  1.00 0.93 0.58 1.00 0.84 0.99 1.00 0.99 0.99 0.88 

𝐻𝑗𝑗′
∗  0/25 0.99  0.98 0.91  0.98     0.90 

 100  0.89 0.90 0.44 0.90 0.11 0.77 0.85 0.77 0.95 0.82 

𝐻∗  0/25 4.3  3.2 3.6  3.2     2.0 

 100  3.6 1.5 1.0 3.6 0.3 6.9 7.3 41.3 3.5 2.6 

𝐻∗ (%) 0/25 3.9  2.9 3.3  2.7     1.8 

 100  2.9 1.4 1.0 2.9 0.2 5.8 6.2 43.9 2.9 2.1 

𝐻𝑗
∗ 0/25 0.95  0.92 0.84  0.93     0.78 

 100  0.76 0.87 0.41 0.78 0.20 0.60 0.70 0.45 0.85 0.79 

𝑆𝑗𝑗′
∗  0/25 0.76  0.76 0.75  0.76     0.70 

 100  0.74 0.72 0.54 0.74 0.07 0.70 0.73 0.70 0.74 0.65 

𝑔𝑗
∗ 0/25 1.00  1.00 1.00  1.00     0.99 

 100  0.99 0.89 0.84 0.99 0.92 0.99 0.99 0.99 1.00 0.89 

𝑠𝑗𝑗′
∗  0/25 0.82  0.81 0.77  0.80     0.72 

 100  0.77 0.62 0.39 0.76 0.12 0.74 0.77 0.72 0.77 0.64 

𝑠𝑗𝑗
∗  0/25 0.95  0.92 0.87  0.92     0.76 

 100  0.76 0.91 0.76 0.77 0.73 0.58 0.69 0.43 0.83 0.78 

𝑑𝑗
∗ 0/25 0.94  0.91 0.30  0.90     0.87 

 100  0.63 0.11 0.14 0.59 0.23 0.49 0.56 0.01 0.68 0.44 
a
Co = complementary, Du = duplicate, Do = dominant, Re = recessive, DR = dominant and recessive, Dg = duplicate 

genes with cumulative effects, and Ne = non-epistatic genic interaction; 
b
No dominance.
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Table 3 Correlations between the average frequency for the genes that increase the trait expression or the average allelic frequency differences 

between the DH lines and the genetic components of the combining ability analysis, and average heterosis (g/plant), assuming no epistasis (No), seven 

types of digenic epistasis
a
 and an admixture of these types (All), 25 and 100% of epistatic genes (% eg), ratio V(I)/(V(A) + V(D)) of 1 and 10, and 20 

DHs by population 

Parameter % eg No Co/1 Du/1 Do/1 Re/1 DR/1 Dg/1 Ne/1 Ne/1
b
 All/1 Co/10 Re/10 Dg/10 Ne/10 All/10 

𝑔𝑗
∗ 0/25 1.00  0.99 0.98  0.99     0.97 0.97   0.97 

 100  0.98 0.79 0.72 0.98 0.81 0.99 0.99 0.99 0.97 0.83 0.94 0.99 0.99 0.73 

𝑠𝑗𝑗′
∗  0/25 0.98  0.88 0.77  0.89     0.59 0.62   0.48 

 100  0.77 0.41 0.29 0.81 0.06 0.80 0.87 0.90 0.65 0.37 0.64 0.80 0.85 0.38 

H 0/25 19.3  14.0 15.0  15.2     10.3 10.4 - - 10.0 

 100  15.9 7.4 0.9 16.7 2.7 32.2 33.5 42.0 15.2 -9.7 19.4 31.8 32.8 12.0 

H (%) 0/25 20.3  14.2 15.6  14.3     9.3 9.5 - - 9.4 

 100  14.1 6.5 0.9 14.9 1.9 34.9 36.6 58.1 14.0 -6.7 12.2 34.3 36.0 8.9 
a
Co = complementary, Du = duplicate, Do = dominant, Re = recessive, DR = dominant and recessive, Dg = duplicate genes with cumulative effects, and Ne = non-epistatic genic 

interaction; 
b
No dominance. 
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Table 4 Average, minimum, and maximum correlations between the average frequency for the genes that increase the trait expression or the average 

allelic frequency differences between the DH lines and the genetic components of the combining ability analysis, and average heterosis (g/plant), 

assuming no epistasis (No), seven types of digenic epistasis
a
 and an admixture of these types (All), 25 and 100% of epistatic genes (% eg), ratio 

V(I)/(V(A) + V(D)) of 1 and 10, and 100 samples of 20 DHs. 

Parameter % eg  No Co/1 Du/1 Do/1 Re/1 DR/1 Dg/1 Ne/1 Ne/1
b
 All/1 Co/10 Re/10 Dg/10 Ne/10 All/10 

𝑔𝑗
∗ 0/25 Av. 0.89  0.82 0.79  0.81     0.73 0.68   0.69 

  Min. 0.63  0.30 0.14  0.17     0.16 0.17   0.05 

  Max. 0.98  0.88 0.97  0.96     0.95 0.91   0.97 

 100 Av.  0.67 0.20 0.55 0.72 0.25 0.91 0.91 0.94 0.67 0.47 0.75 0.92 0.90 0.40 

  Min.  0.24 0.86 0.90 0.10 0.57 0.68 0.70 0.74 0.13 0.91 0.94 0.78 0.56 0.84 

  Max.  0.93 0.70 0.23 0.96 0.81 0.98 0.98 0.99 0.94 0.02 0.19 0.99 0.99 0.60 

𝑠𝑗𝑗′
∗  0/25 Av. 0.84  0.83 0.83  0.83     0.81 0.82   0.82 

  Min. 0.66  0.62 0.66  0.68     0.63 0.69   0.71 

  Max. 0.93  0.93 0.92  0.94     0.91 0.94   0.92 

 100 Av.  0.83 0.78 0.80 0.82 0.80 0.85 0.85 0.86 0.83 0.77 0.72 0.85 0.86 0.75 

  Min.  0.65 0.39 0.47 0.65 0.53 0.74 0.75 0.75 0.71 0.48 0.36 0.74 0.70 0.48 

  Max.  0.93 0.90 0.89 0.90 0.92 0.92 0.92 0.94 0.92 0.88 0.90 0.91 0.93 0.89 
a
Co = complementary, Du = duplicate, Do = dominant, Re = recessive, DR = dominant and recessive, Dg = duplicate genes with cumulative effects, and Ne = non-epistatic genic 

interaction; 
b
No dominance. 
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