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Abstract: Topcrosses are routinely used in maize-hybrid programs. This study
aimed to evaluate heterosis components and combining ability to predict hybrid
means between synthetics from two groups of S, maize lines using the intergroup
topcrosses model that includes S, lines. Two groups, each with 30 S, maize lines,
were crossed using an intergroup topcross system, with a mixture of lines from
one group as a tester for the contrasting group. Simultaneously, 30 S, lines from
each group were generated via self-pollination. Lines and topcrosses were ex-
perimentally evaluated and the data were analyzed using a model adapted to
the study design. The results showed the suitability of the proposed model for
studying heterosis components and general combining ability, detailing additive
and dominance effects. Prediction of hybrid means between synthetics showed
the potential of the lines to generate base populations for an interpopulation
breeding program.

Keywords: Testcross, diallel crossing, inbreeding depression, heterosis,
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INTRODUCTION

In maize breeding, diallel analyses are one of the most common methods for
generating genetic information that can be used to develop breeding strategies
(Nardino et al. 2020, Onofri et al. 2021). It is possible to make inferences about
the genetic control of the traits of interest from the information provided by
the diallels, evaluate the heterotic potential and genetic values of the parents
by their combining abilities, and predict the best crosses between the parents
(Hallauer et al. 2010, Coelho et al. 2020).

One of the main restrictions imposed by the diallel usage is the number
of hybrid combinations to be obtained and evaluated. This greatly increases
with an increase in the number of parents, making breeding programs more
expensive (Inocente et al. 2021). To reduce the number of crosses for evaluation,
breeders have opted to use topcrosses (Rodrigues et al. 2016, Rosa et al. 2020).
This method evaluates the lines in crosses with common testers, allowing the
assessment of the genetic values of individuals from the population to be
improved (Miranda Filho 2018).

The use of intragroup topcrosses was suggested by Chaves and Miranda
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Filho (1997) with the objective of reducing evaluation costs and allowing the estimation of genetic parameters for parent
selection, in addition to predicting the means of composite or synthetic populations. This method consists of crossing
each parent with a mixture of pollen from the entire set of parents. The parameter estimates are obtained according
to an adaptation of the model by Gardner and Eberhart (1966), and the prediction of means is made using data from
the evaluation of the parents and crosses. The intragroup topcross methodology was adapted by Moreira Junior et al.
(2022) at the interpopulation level, with the aim of evaluating two groups of lines from distinct heterotic groups; thereby,
reducing the number of combinations to be evaluated for a given number of parents. In this case, a mixture of parents
from each heterotic group acts as a tester for the other.

In a diallel design, where only the parents and their crosses are evaluated, the additive and dominant effects are
confounded; therefore, they must be jointly estimated. To discretely estimate the additive and dominant effects, one
option is to include the generation from the self-fertilization of the parents in the experiment (Gardner and Eberhart
1966). Knowledge of the magnitude of these effects can provide better knowledge about the genetic control of
quantitative traits (Chaves 2021), in addition to estimating inbreeding depression and the means of all potential lines
in the homozygotic generation (Vencovsky and Barriga 1992).

The objectives of this study were to evaluate the heterosis components and combining ability of two groups of S,
maize lines, to adapt the heterosis component analysis procedure based on the use of intergroup topcrosses (including
S, lines), and to predict the performance of potential synthetic crosses from the two groups of lines.

MATERIAL AND METHODS

The S, maize lines derived from the UFG-Samambaia population were used. The population was synthesized at the
Federal University of Goias from recombination by three cycles of nine commercial hybrids (C-901, C-701, G-85, AG-
951, AGX 7391, P3041, Z-8452, BR-201, and PL-3012), selected for their high productivity and adaptation to the climatic
conditions of the State of Goids. S, lines were obtained by the self-pollination of S plants in the summer of 2016/2017,
resulting in 390 lines with great variation in grain type. From the set of lines, 30 with dent grains (group A) and 30 with
flint grains (group B) were selected for use in the present study.

The lines were crossed in autumn 2018 in an intergroup reciprocal topcross scheme, as proposed by Moreira Junior
etal. (2022), in the experimental area of the School of Agronomy of the Federal University of Goias. In an isolated area,
the lines of each group were sown in individual rows of 4 m in length and 0.80 m spacing (female rows), interspersed
by tester rows (male rows) composed of a balanced mixture of seeds of the inbred lines of the contrasting group. Male
rows were sown every three female rows on two dates spaced one week apart to ensure uniformity in pollen supply. To
avoid coincidence between the flowering phases, the planting of the lines of each group was carried out 25 days apart.
At flowering, the female rows were detaselled and pollinated freely by the pollen mixture of the contrasting group. The
seeds collected in each row constituted two groups of topcross hybrids (A xB, andB_x A ) Three crosses of the Ax B
group were not included in the experiments because there were insufficient seeds for sowmg At the same time, a2 m
row of each line was sown with 10 seeds to proceed with self-fertilization to advance the lines from S, toS,, with 75%
inbreeding. Due to seed insufficiency, some genotypes could not be evaluated in the field.

The genotypes were evaluated in six trials (first trial: 21 S, lines from group A, second trial: 16 S, lines from group B,
third trial: 30 S, lines from group A, fourth trial: 30 S, lines from group B, fifth trial: 27 hybrids from the A x B crosses,
and sixth trial: 30 hybrids from the B x A crosses) in a randomized complete block design with four replications and
plots of 2.88 m? (a 3.6 m row with 18 plants and a row spacing of 0.8 m), totaling 62.500 plants ha™. The experiments
were conducted in March 2019 in the experimental area of the School of Agronomy of the Federal University of Goias,
Goiania, Goias, Brazil (lat 16° 3' 48" S, long 49° 16’ 39” W, alt 730 m asl). The soil in the experimental area was a dark
red latossol (Embrapa 2018). In each trial, three common genotypes were included as control treatments: AG 1051
(double-cross hybrid), BM 3061 (three-way cross hybrid), and UFG-Samambaia (open-pollinated variety). For some
S, lines (eight from group A and four from group B), three replications were performed according to seed availability.

The agronomic traits evaluated were male flowering (days), female flowering (days), plant height (m), ear height
(m), ear yield (t ha), and grain yield (t ha™). The ear and grain yield traits were adjusted for 13% moisture and for the
ideal stand using analysis of covariance, as described by Vencovsky and Barriga (1992).
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The data for each variable were subjected to analysis of variance (ANOVA) according to the randomized complete
block design. The homogeneity of variance among the six trials was tested using the relationship between the intrablock
errors of the individual analyses. The values obtained did not exceed seven units, indicating that the assumption of
the joint ANOVA was met. The pooled residual mean square was obtained by the average of the mean squares of the
individual trials, weighted by their respective degrees of freedom. The means of the genotypes from different trials
were adjusted using the multiplicative model and the means of the common control genotypes (Chaves et al. 1989),
as the additive correction of the data could cause an overestimation of the means of the S and S, lines because of the
differences in productive potential between the lines and controls.

Analysis of the table data from the reciprocal topcrosses was performed using an adaptation of the model provided
by Moreira Junior et al. (2022). As S, (parents), S,, and topcross hybrids were evaluated, it was possible to replace the
effects of lines in groups Aand B, v, and v, respectively, by additive effects (a. and aj) and dominant effects (d, and dj).
this way, the analysis of the table provided by the topcross method with intergroup reciprocal testers with the inclusion
of the S, generation can be performed from the model:

T=pu+c+ (%)ai + ‘%)di +h+ h., for the topcrosses of group A;

T=p-c+ ‘%)a]_ + (%)dj +h+ hj, for the topcrosses of group B;
51,. =u+k+a+d,forS, linesof group A;
S, =u-k+ a+ d/' for S, lines of group B;

/i

S,=ptk+a+ (%)di, for S, lines of group A; and
_ 1 .
Szj =u-k+ a+ (7)dj, for S, lines of group B

where T, Tis the observed means of topcrosses from groups A and B, respectively; S, , S, is the observed means of S,

lines of groups A and B, respectively; 52 'S, is the observed means of S, lines of groups A and B, respectively; U is the
average of means of the potential homozygotlc lines from groups A and B cis the deviations of the mean of each group
of topcrosses from the mean of the two groups; a,, ais the additive effects of lines from groups A and B, respectively;
d, d is the dominance effects of lines from groups A and B, respectively; h is the average heterosis of the potential
crosses between lines from groups Aand B; h,, hj is the heterosis effect of lines from groups A and B, respectively; and k
is the deviation of the means of the potential homozygotic lines from groups A and B, from the mean of the two groups
(1). In this study, the adjusted means of T, T, 51 ) S, S 2 and Szj were used according to the aforementioned adjustment
procedure.

The estimates of the parameters and the sums of squares for the ANOVA were obtained using the least-squares
method. The parameters were estimated using § = (X’X)"%(X’Y) and the sum of the squares of the model using
5Q=p'(X'Y), where B is the vector of the parameter estimates of the model, X is the incidence matrix of the parameters,
and Y is the vector of observations. The calculation of the sum of squares for each effect was performed sequentially by
the difference in the sum of squares of the model with and without the inclusion of each effect. To solve this system,
the following restrictionsh were imposed:

X,a=%X a=%X_ h=% h=0.

The inbreeding depression (ID) of the S, generation relative to S, was estimated using the following formula:

ID, = (%)di, for the lines of group A; and

ID, = (%)dj, for the lines of group B.
The general combining ability (GCA) was estimated by:
GCA, = 5 (a +d - d )+ h,, for lines of group A; and

GCA = 7(0}, + dj -d)+ hj, for lines of group B
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where HA is the mean of the dominance effects of group A and HB is the mean of the dominance effects of group B. The
ANOVA and estimations of parameters were performed in R software, using the features of the ‘Matrix’ package (R
Core Team 2019).

The means of the single-cross hybrids between the lines of groups A and B were predicted using the model described
by Miranda Filho and Geraldi (1984), reduced for the specific heterosis:

(:‘,,/, =u+(1/2)v,+ (1/2)v]. +h+ h + hj, where &,y is the predicted mean of the hybrid of lines i and j.

Replacing the parameters by their estimators as a function of parents and topcrosses, it follows that (Moreira Junior
et al. 2022):

éij =T+T- (1/2)(7'_(A) +T(B)), where T_(A) and T_(B) are the general means of the topcrosses of groups A and B, respectively.

The predicted mean of the cross between the two synthetics formed by subsets of parents from each group was
obtained as follows:

_ 1 ¢k i K, _l = = . .. . .
(i) _7121_=17'i+ 3 Zj_:lTj . (TW + T(B)), where K, and K, are the number of lines that participate in the formation

of synthetics from groups A and B, respectively.

Owing to the high number of possible combinations (more than 1 billion), only predictions of hybrids between
synthetics with the same number of lines in both groups were performed (k, = k,). The ten best lines of each group
were selected according to the highest estimates of the general combining ability (GCA) for grain yield (Miranda Filho
and Chaves 1991). Predictions were made for all synthetics of the same size (from two to ten) and for all traits, using
the values obtained from the topcrosses.

RESULTS AND DISCUSSION

ANOVA by intergroup topcross model

There was a significant difference (p < 0.05) among the genotypes for male and female flowering and plant height
in all trials. For ear height, the genotypes differed from each other (p <0.05) in trials involving the S lines of groups A
and B, the S, lines of group B, and the topcrosses of group B. For ear and grain yields, there was a significant difference
among the genotypes in the trials with S, lines from group B and topcrosses from group B. These results indicated the
presence of genetic variability in these traits among the evaluated genotypes.

When using two groups of lines with distinct heterotic patterns and one group as a tester for the other, a mixture
of single-cross hybrids was obtained. Therefore, information about a line used in crosses with reciprocal testers must
correspond to the average performance of this line in hybrid combinations (Moreira Junior et al. 2022). For this purpose,
the values of the topcrosses were assumed to correspond to the marginal mean of the intergroup diallel table. In this
situation, it is not possible to estimate the specific combining abilities of particular crosses, and it is possible to estimate
only the general combining ability of the evaluated lines.

The partitioning of genotype effects according to the topcross model showed significance for the effects of additivity
and dominance of groups A and B, between and within the line groups (Table 1). These results indicate the possibility of
selecting parents from both groups to form base populations for recurrent selection at intrapopulation and interpopulation
levels. In the latter case, one population from each group was obtained, maintaining heterotic groups.

For the traits related to flowering, it was observed that the additive gene effects had greater expression than the
dominance effects (Table 1). The predominance of additive effects in the genetic control of traits related to flowering
indicates the easy identification of superior genotypes with a higher concentration of favorable alleles. There was no
significant difference in the dominance effects (p > 0.05) for plant height and ear height in group A (Table 1), which
indicated that the lines of this group were similar in terms of the contribution of dominance effects for these traits.
Furthermore, for these traits, greater contributions of additive effects were observed for total variation in relation to
dominance effects. Other studies have also reported a predominance of additive effects and partial dominance in the
genetic control of plant and ear height (Senhorinho et al. 2015, Coelho et al. 2020). For ear and grain yields, no significant
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Table 1. Mean squares of analysis of variance according to intergroup reciprocal topcrosses model for the following traits: male flowering
(MF - days), female flowering (FF — days), plant height (PH —m), ear height (EH — m), ear yield (EY —t ha), and grain yield (GY —t ha?)

Sources of variation dft MF FF PH EH EY GY
Genotypes 153 7597 85707 0.026" 00107 36097 23007

Additivity GA? 29 9.386™ 8.686™ 0.020™ 0.010™ 0.660" 0.410"
Additivity GB? 29 8.093™ 10.059" 0.043™ 0.022" 0.559" 0.289"
Dominance GA 21 1.133° 1.229 0.006 0.003 0.324 0.193
Dominance GB 16 2.287" 4.394™ 0.010™ 0.006" 1.409™ 0.895™
Between groups (lines) 1 62.200" 47.900™" 0.168" 0.018" 0.019 0.001
Average heterosis 1 404.200™ 512.700"" 1.306™ 0.210™ 427.298" 274.478"
Heterosis GA 26 0.581 1.273 0.006 0.004 0.718" 0.487"
Heterosis GB 29 1.383™ 2.517" 0.005 0.003 0.689™ 0.430™
Between groups (topcrosses) 1 5.900™ 5.100° 0.037" 0.001 21.529™ 13.569™
Error i 0.689 1.239 0.004 0.003 0.231 0.146

*, " significant at the 5% and 1% levels, respectively, by the F test. * Degrees of freedom; 2 Group A (dent grains); * Group B (flint grains); * Error degrees of freedom varied
from 422 to 432 for different traits.

differences were observed (p > 0.05) in the dominance effects for the lines of group A. It is worth mentioning that the
absence of significance within a group does not mean the absence of dominance effects but that the contribution of
parents to these effects is similar.

The contribution of average heterosis was predominant in relation to the other effects, being significant (p < 0.05)
for all evaluated traits (Table 1). The traits grain yield, ear yield, female flowering and male flowering showed the highest
percentages of participation of the average heterosis in the total variation, which were 78.01%, 77.38%, 39.09% and
36.92%, respectively. These results demonstrated that the topcrosses were significantly superior in relation to the mean
of the parental lines. Significant participation of average heterosis in grain yield has also been reported in other studies
(Dond et al. 2011, Laude and Carena 2014).

No significant differences (p > 0.05) were observed in line heterosis for plant height and ear height between the two
groups, which shows that the parents of both groups contributed similarly to the crosses (Table 1). Male and female
flowering traits showed significant values (p < 0.05) only for line heterosis in group B (Table 1). These results indicate
that there is variability in the manifestation of hybrid vigor, in other words, genetic divergence between the parents in
the contribution to heterosis only for the lines of group B. Ear yield and grain yield showed significant mean squares
(p < 0.05) for line heterosis for both groups (Table 1), which indicates the dispersion of allelic frequencies of the lines
(Oliveira et al. 2004). Significant values (p < 0.05) were found for the deviations of the line groups in relation to the
means of the two groups for male and female flowering, ear height, and plant height (Table 1). These results showed
that there were statistical differences between the groups of lines S, and S, of group A, and lines S, and S, of group B,
in relation to the average of the two groups for these traits.

The deviations in the means of each group of topcrosses in relation to the mean of the two groups were significant
(p £0.05) for male and female flowering, plant height, ear yield, and grain yield (Table 1), which were unexpected. These
results may be due to an imbalance in pollination to obtain topcrosses, causing some parents to contribute differently
to their development (Moreira Junior et al. 2022). However, it is most likely that the correction of the genotype means
using the means of the common controls caused a reduction in the means of one of the groups of topcross hybrids,
since the productivity of the controls was considerably lower in one of the tests containing hybrids.

Estimates of parameters

There were large variations between the minimum and maximum values for the additive and dominance effects
of parents in groups A and B (Table 2). For additivity effects, a restriction was imposed such that the sum of all effects
must be zero, implying positive and negative values. No restrictions were imposed on dominance effects. These results
suggest the feasibility of selection among parents aimed at genotypes with higher frequencies of favorable alleles for
the formation of new base populations for breeding programs (Senhorinho et al. 2015).

Crop Breeding and Applied Biotechnology - 22(3): e423722311, 2022 5
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Table 2. Range of variation of additive effects (&) and (&j), dominance effects (3,.) and (8/.), line heterosis (fli) and (ﬁj), inpreeding de-
pression (ID) and (/Dj) , general combining ability (GCA) and (GCA],), means of the groups of lines (i), average heterosis (71), difference
between groups of lines (k), and difference between groups of topcrosses (¢). MF: male flowering (days); FF: female flowering (days);
PH: plant height (m); EH: ear height (m); EY: ear yield (t ha?), and GY: grain yield (t ha?)

) Traits

Estimates Groups MIF FF PH h EY oY

a minimum A ldent -5.84 -6.49 -0.29 -0.19 -1.31 -1.08
&, maximum (dent) 9.17 7.90 032 0.29 1.68 1.28
& minimum B (fint) -6.50 -6.86 -0.46 -0.25 -1.60 -1.28
& maximum " 9.65 5.01 036 0.40 1.67 115
d. minimum -9.53 -7.27 -0.56 -0.49 -1.95 -1.42
3’. maximum A (dent) 2.14 4.69 0.23 0.13 1.96 1.46
d mean -2.06 -1.64 -0.08 -0.08 0.50 0.40
d minimum -10.70 -9.02 -0.16 -0.34 0.93 0.93
d maximum B (flint) 3.35 3.76 0.48 021 476 3.73
d mean -3.38 -1.92 0.18 -0.01 2.79 219
h, minimum Ald -1.61 -2.49 -0.18 -0.16 -1.72 -1.47
h, maximum (dent) 2.76 2.00 0.12 0.13 243 1.98
h minimum B (it -2.96 -3.95 -0.15 -0.07 -2.09 -1.60
h, maximum (flint) 213 2.78 0.14 0.12 1.67 1.44
1D, minimum Ald -4.76 -3.64 -0.28 -0.25 -0.97 -0.71
1D, maximum (dent) 1.07 2.34 0.12 0.06 0.98 0.73
ID, minimum B (flint -5.35 -4.51 -0.08 -0.17 0.47 0.46
1D, maximum (flint) 1.67 1.88 0.24 0.11 2.38 1.86
GCA, minimum Al -1.76 -3.05 -0.20 -0.12 -1.68 -1.45
GCA, maximum (dent) 2.52 2.79 0.12 0.17 2.40 1.94
GCA, minimum B (it -2.17 -3.35 -0.23 -0.13 -2.55 -1.92
GCA, maximum (flint) 2.73 3.34 0.15 0.16 2.06 171
i - 60.52 62.99 1.63 0.89 1.07 0.63
A - -3.79 -4.28 0.21 0.08 3.84 3.07
k - -0.94 -0.84 0.09 0.02 0.56 0.44
¢ - 0.46 0.39 0.03 0.00 0.88 0.70

The high estimates of u + a (Table 2) indicate that the genotypes derived from the selected lines had a high mean
after self-fertilization. On the other hand, high estimates of d indicate the existence of a greater number of segregating
loci, which will generate genetic variability among the lines in the S_ generation. This effect is lost during self-fertilization
but manifests in the hybrids obtained from these lines (Cruz et al. 2012). Thus, it is recommended to select genotypes
that associate desirable values for the estimates of additive and dominance effects, according to the desired traits. Some
negative estimates for the expected means for yield traits occur because, as dominance effects are closely related to
inbreeding, the values of the additive effects and means of all homozygous lines (1 + a) may be underestimated (Simon et
al. 2004). The estimates of dominance effects that were significant (p < 0.05) were higher than the estimates of additive
effects for ear and grain yield (Table 2). These results indicate that the contribution of heterozygous loci is greater for
these traits, which present greater genetic complexity in relation to other traits (Botelho et al. 2016).

The average heterosis values (h) reflect the potential of the parents of each group in hybrid combinations and
indicate the superiority of the mean of the hybrids over the mean of the parents (Oliveira et al. 2004). For traits related
to flowering, the manifestation of heterosis was predominant in the sense of increasing earliness (Table 2). For the
other traits, heterosis increased the average number of topcross hybrids. The k component, which reveals the expected
deviations between the means of the homozygous lines of groups A and B in relation to the mean of the two groups,
was small for most traits (Table 2). The c component measures the deviations of topcross groups A and B in relation to
the average of the two groups and presented, in general, low values.
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Table 3. Estimates of u + a for grain yield (t ha) of synthetics of different sizes (k) from groups A (dent) and B (flint), and predicted
means of the single-cross hybrid (k = 1) and of hybrids between synthetics (k = 2 to k = 10) formed by subsets of parents of groups
A and B for the following traits: male flowering (MF — days), female flowering (FF — days), plant height (PH — m), ear height (EH —m),
ear yield (EY —t ha), and grain yield (GY —t ha?)

Predicted means (GY) of Predicted means of hybrids between

size (k) homozygous lines lines (k = 1) or synthetics (k = 2 to k = 10)

Group A Group B MF FF PH EH YE GY

Bray, Bray,
1 0.56 1.18 54.19 52.94 1.96 0.98 8.91 6.99
2 1.16 1.24 54.06 53.44 1.97 0.95 8.31 6.64
3 1.01 1.42 54.69 54.68 1.86 0.92 7.70 6.04
4 0.84 1.33 54.87 55.67 1.90 0.93 7.45 5.77
5 0.74 1.11 55.53 56.47 1.94 0.98 7.51 5.78
6 0.70 0.94 55.64 56.75 1.93 0.98 7.52 5.80
7 0.55 0.98 56.04 57.09 1.92 0.99 7.33 5.63
8 0.66 1.03 56.06 57.04 1.89 0.97 7.15 5.48
9 0.59 1.02 55.99 56.99 1.89 0.98 6.99 5.36
10 0.70 0.93 55.98 57.09 1.90 0.99 7.01 5.35

Estimates of inbreeding depression for groups A (75,,) and B (75/.) showed wide variation for all traits (Table 2). The ear
and grain yield traits showed the highest estimates of inbreeding depression. This is because the effects of dominance are
more important for these traits because of their greater genetic complexity. The general combining ability estimates for
groups A (G’EAI.) andB (G?Aj.) showed large variations between minimum and maximum values. Low GCA values indicate
that the averages of the hybrids in which one parent participates do not differ significantly from the general average of
the diallel (Cruz and Vencovsky 1989). On the other hand, the high estimates, both positive and negative, indicate that
the population is much better or worse than the others included in the diallel in relation to the average of its hybrids.

For grain yield, when simultaneously considering the estimates of u + a, parent heterosis, inbreeding depression, and
general combining ability, the line GA21 (group A) stands out. It was among the five best for all the mentioned parameters,
showing that it is suitable for use in breeding programs aimed at the formation of hybrids or synthetics. For group B,
line GB41 stood out, which was highlighted for the estimates despite not being among the best for the u + a estimates.

Prediction of hybrid means

Anindex for the selection of parents to obtain composites or synthetics based on the effects of variety (v) and heterosis
of varieties (h) was proposed by Miranda Filho and Chaves (1991). The larger the size of the composite (k), the closer
the index is to the values of general combining ability (GCA). Therefore, this estimate is adequate for the selection of
the best parents to obtain synthetic populations. Thus, the average predictions obtained in this work were performed
by selecting ten lines from each group according to the best estimates of the general combining ability for grain yield.

As expected, the predicted means of the single-cross hybrid between the two lines with the best general combining
ability in each group were higher than those of the hybrids between synthetics with two or more lines for ear and grain
yield. The mean values for the other traits were similar (Table 3). This occurs because all heterosis of the two best lines
is computed in the prediction of the single-cross hybrid, resulting in the manifestation of hybrid vigor, which can be
increased if the two lines present high specific combining ability (Hallauer et al. 2010, Xiao et al. 2021). In general, the
greater the number of lines involved in the formation of the synthetic (k = 2 to k = 10), the lower the predicted hybrid
means for several traits (Table 3). Prediction of hybrid means between synthetics from different groups is important,
especially when the objective of the program is the formation of base populations for reciprocal recurrent selection.

The estimates of u + a for groups A and B decreased with an increase in the size of the synthetics (Table 3). Although
the lines of group A presented lower estimates, all were adequate. This indicates that the synthetics of both groups
have the potential to produce lines with good performance per se, with the aim of conducting a program of reciprocal
recurrent selection.

Crop Breeding and Applied Biotechnology - 22(3): e423722311, 2022 7
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The results indicate variability in heterosis components and general combining ability between the lines, demonstrating
the feasibility of selecting parents for a hybrid breeding program or for reciprocal recurrent selection. The adaptation of
the topcross method with intergroup testers (including the S, lines) proved to be efficient for data analysis, separately
estimating additive and dominance effects. In addition, the inclusion of S, lines allows the estimation of inbreeding
depression and the prediction of the potential of homozygous lines derived from the tested genotypes. Finally, the
prediction of hybrid means allows for the selection of superior lines for the formation of synthetic populations with

better yield potential when crossed.

ACKNOWLEDGMENTS

L. J. Chaves has been continuously supported by research grant from National Council for Scientific and Technological

Development, CNPq, Brazil.

REFERENCES

Botelho FBS, Bruzi AT, Lima IP, Rodrigues CS and Botelho RTC (2016)
Inbreeding depression in single, three way and double-cross hybrids
of maize. Genetics and Molecular Research 15: gmr.15035497.

Chaves LJ (2021) Triple full-sibs: A method for estimating components of
genetic variance and progeny selection in plants. Crop Science 61: 1-9.

Chaves LJ and Miranda Filho JB (1997) Predicting variety composite means
without diallel crossing. Brazilian Journal of Genetics 20: 501-506.

Chaves LJ, Vencovsky R and Geraldi |0 (1989) Modelo ndo-linear aplicado
ao estudo dainteragdo de gendtipos x ambientes em milho. Pesquisa
Agropecudria Brasileira 24: 259-268.

Coelho IF, Alves RS, Rocha JRASC, Peixoto MA, Teodoro LPR, Teodoro PE,
Pinto JFN, Reis EF and Bhering LL (2020) Multi-trait multi-environment
diallel analysis for maize breeding. Euphytica 216: 1-17.

Cruz CD and Vencovsky R (1989) Comparagdo de alguns métodos de
analise dialélica. Revista Brasileira de Genética 12: 425-438.

Cruz CD, Regazzi AJ and Carneiro PCS (2012) Modelos biométricos
aplicados ao melhoramento genético. Editora UFV, Vigcosa, 514p.

Dona S, Paterniani MEAGZ, Gallo PB and Duarte AP (2011) Heterose e
seus componentes em hibridos de populagdes F, de milho. Bragantia
70: 767-774.

Embrapa — Empresa Brasileira de Pesquisa Agropecudria (2018) Sistema
brasileiro de classificagdo de solos. Embrapa, Brasilia, 356p.

Gardner CO and Eberhart SA (1966) Analysis and interpretation of the
variety cross diallel and related populations. Biometrics 22: 439-452.

Hallauer AR, Carena MJ and Miranda-Filho JB (2010) Quantitative genetics
in maize breeding. Springer, New York, 664p.

Inocente G, Garbuglio DD, Aradjo PM and Ruas PM (2021) Heritability
and combined parental information to define the number of crosses
in circulant diallels. Crop Breeding and Applied Biotechnology 21:
e37472125.

Laude TP and Carena MJ (2014) Diallel analysis among 16 maize
populations adapted to the northern U.S. Corn Belt for grain yield
and grain quality traits. Euphytica 200: 29-44.

Miranda Filho JB (2018) Testadores e dialelos. In Lima R and Borém A (eds)
Melhoramento de Milho. Editora UFV, Vigosa, p. 130-158.

Miranda Filho JB and Chaves LJ (1991) Procedures for selecting composites
based on prediction methods. Theoretical and Applied Genetics
81: 265-271.

Miranda Filho JB and Geraldi 10 (1984) An adapted model for the analysis
of partial diallel crosses. Revista Brasileira de Genética 7: 677-688.

Moreira Junior WN, Costa NV and Chaves LJ (2022) Analysis of heterosis
components and prediction of hybrid means based on intergroup
topcrosses in maize. Crop Breeding and Applied Biotechnology
22: e4070221.

Nardino M, Barros WS, Olivoto T, Cruz CD, Silva FF, Pelegrin AJ, Souza VQ,
Carvalho IR, Szareski VJ, Oliveira AC, Maia LC and Konflanz VA (2020)
Multivariate diallel analysis by factor analysis for establish mega-
traits. Anais da Academia Brasileira de Ciéncias 92: e20180874.

Oliveira JP, Chaves LJ, Duarte JB, Brasil EM, Ferreira Junior LT and Ribeiro
KO (2004) Teor de proteina no grdo em populagdes de milho de alta
qualidade proteica e seus cruzamentos. Pesquisa Agropecudria
Tropical 34: 45-51.

Onofri A, Terzaroli N and Russi L (2021) Linear models for diallel crosses:
a review with R functions. Theoretical and Applied Genetics 134:
585-601.

R Core Team (2019) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna. Available
at <https://www.r-project.org/>. Accessed on November 28, 2019.

Rodrigues CS, Pacheco CAP, Guedes ML, Pinho RGV and Castro CR (2016)
Selection of inbred maize (Zea mays L.) progenies by topcrosses
conducted in contrasting environments. Genetic and Molecular
Research 15: gmr.15038827.

Rosa JC, Faria MV, Zaluski WL, Gava E, Andreoli PHW and Sagae VS (2020)
Forage potential of S, corn progenies in topcrosses and selection of
testers of different genetic bases. Pesquisa Agropecuaria Brasileira
55:e01283.

Senhorinho HIC, Pinto RJB, Scapim CA, Milani KF and Nihei TH (2015)
Combining abilities and inbreeding depression in commercial maize
hybrids. Semina: Ciéncias Agrarias 36: 4133-4150.

8 Crop Breeding and Applied Biotechnology - 22(3): 423722311, 2022



Selection of maize lines and prediction of hybrid and synthetic means using intergroup topcrosses

Simon GA, Scapim CA, Pacheco CAP, Pinto RJB, Braccini AL and Tonet A 496p.
(2004) Depressdo por endogamia em populagdes de milho-pipoca.

Xiao Y, Jiang S, Cheng Q, Wang X, Yan J, Zhang R, Qiao F, Ma C, Luo J, Li
Bragantia 63: 55-62. g gQ g gR, Qi

W, Liu H, Yang W, Song W, Meng Y, Warburton ML, Zhao J, Wang X
Vencovsky R and Barriga P (1992) Genética biométrica no and Yan J (2021) The genetic mechanism of heterosis utilization in
fitomelhoramento. Revista Brasileira de Genética, Ribeirdo Preto, maize improvement. Genome Biology 22: 1-29.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

Crop Breeding and Applied Biotechnology - 22(3): e423722311, 2022 9



