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Abstract – The objectives of this work were to analyze theoretical genetic gains of maize due to recurrent
selection among full-sib and half-sib families, obtained by Design I, Full-Sib Design and Half-Sib Design, and
genotypic variability and gene loss with long term selection. The designs were evaluated by simulation, based
on average estimated gains after ten selection cycles. The simulation process was based on seven gene systems
with ten genes (with distinct degrees of dominance), three population classes (with different gene frequencies),
under three environmental conditions (heritability values), and four selection strategies. Each combination was
repeated ten times, amounting to 25, 200 simulations. Full-sib selection is generally more efficient than half-sib
selection, mainly with favorable dominant genes. The use of full-sib families derived by Design I is generally
more efficient than using progenies obtained by Full-Sib Design. Using Design I with 50 males and 200 females
(effective size of 160) did not result in improved populations with minimum genotypic variability. In the populations
with lower effective size (160 and 400) the loss of favorable genes was restricted to recessive genes with reduced
frequencies.

Index terms: Design I, full-sib families, half-sib families, tandem selection, genetic gains.

Estratégias de melhoramento para seleção recorrente com milho

Resumo – Os objetivos deste trabalho foram analisar ganhos genéticos teóricos de milho como resultado da
seleção entre famílias de irmãos completos e de meios-irmãos, obtidas pelos Delineamentos I, de Irmãos Completos
e de Meios-Irmãos, e a variabilidade genotípica e perda de genes com seleção a longo prazo. Os delineamentos
foram avaliados por simulação, com base nos ganhos médios estimados após dez ciclos de seleção. O processo
de simulação considerou sete sistemas gênicos com dez genes (com distintos graus de dominância), três classes
de populações (com diferentes freqüências gênicas), sob três condições de ambiente (valores de herdabilidade),
e quatro estratégias de seleção. Cada combinação foi repetida dez vezes, totalizando 25.200 simulações. Seleção
entre famílias de irmãos completos é geralmente mais eficiente do que seleção com base em progênies de meios-
irmãos. Empregar famílias de irmãos completos obtidas pelo Delineamento I é geralmente mais eficiente que usar
progênies derivadas do Delineamento de Irmãos Completos. O Delineamento I, com 50 machos e 200 fêmeas
(tamanho efetivo de 160), não determinou população melhorada com variabilidade genotípica mínima. Nas
populações melhoradas com menor tamanho efetivo (160 e 400), a perda de genes favoráveis é restrita àqueles
recessivos em baixa freqüência.

Termos para indexação: Delineamento I, famílias de irmãos completos, famílias de meios-irmãos, seleção em
tandem, ganhos genéticos.

Introduction

Half-sib and full-sib families have been used and
proved effective in the improvement of maize populations
(Hallauer & Miranda Filho, 1988). Theoretically, full-sib
selection is more efficient than half-sib selection, due to
the better parental control. Consequently, predicted gains
due to selection are higher. Nevertheless, owing to the
possibility of exploiting a greater effective population size
with greater ease of operation, half-sib selection is the
common procedure.

The Design I, proposed by Comstock & Robinson
(1948), has been commonly used to obtain estimates
of the components of genotypic variance (Gouesnard
& Gallais, 1992; Almirall et al., 1996; Mas et al., 1998;
Smith et al., 1998; Pereira & Amaral Júnior, 2001;
Ortiz & Golmirzaie, 2002), but it is not employed as
genetic design in recurrent selection programs. A
recent exception is the work of Gonçalves et al. (2007)
with yellow passion fruit. Their objective was to
evaluate alternative strategies of progeny selection
for obtaining the best predicted genetic gain. The
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superior strategies were combined selection and half-
sib selection.

Melchinger et al. (2003) employed Design I as part
of a study on the influence of recombination in two
maize parent populations on the means and combining
ability variances of their interpopulacional hybrid.
They verified different types of epistasis and changes
in combining ability variances related to grain yield,
dry matter concentration and plant height. Following
the same objective, Badu-Apraku et al. (2004)
estimated genetic variances and covariances of the
maize population Pool 16 DT, from progenies derived
by Design I.  They verified strong family x
environment interaction, since the estimates of
genetic parameters varied in magnitude, and some
components of genotypic variance were negative.
Revilla et al. (2004) developed families from a maize
synthetic, following Design I. Their objective was to
assess genetic variability of timing for the transition
from juvenile to adult vegetative phases. The analyses
showed significant additive variance, no interaction
with environment and high heritabilities.

The Design I has the drawbacks of frequently
negative variance estimates, mainly dominance
variance, as well as inaccuracy in the estimation of
the dominance variance (Comstock & Robinson,
1948; Bridges & Knapp, 1987). The main reasons
for negative variances can be inadequate use of the
experimental design, an unfit sampling system,
inaccurate ranking of the crosses, and insufficient
number of females per male (Márquez-Sánchez &
Hallauer, 1970a, 1970b; Bridges & Knapp, 1987).
Márquez-Sánchez & Hallauer (1970a, 1970b) crossed
groups with different numbers of males (8, 16, 32
and 48) with a constant number of females, and
different groups of females (2, 4, 6, 8, and 10) with
a constant number of males. They concluded that six
to eight females per male and a minimum number of
48 males would be adequate for an accurate
estimation of genetic variance components for the
trait grain yield in maize (of low heritability), and that
a sample size of approximately 200 plants would be
sufficient to estimate genetic parameters.

The objectives of this study were to analyze
theoretical genetic gains of maize due to recurrent
selection among full-sib and half-sib families, obtained
by Design I, Full-Sib Design and Half-Sib Design, and
genotypic variability and gene loss with long term
selection.

Material and Methods

The relative merit of three genetic designs in recurrent
selection programs with maize was evaluated based on
average estimated genetic gain, after ten cycles,
obtained by simulations. The simulations considered
seven generic traits, three classes of populations, three
environmental conditions and four selection strategies.
The traits were characterized by different degrees of
dominance: 2 and -2 (overdominance), 1 and -1
(complete dominance), ½ and -½ (partial dominance) and
0 (absence of dominance). A positive degree of
dominance corresponded to a dominant favorable gene
(admittedly the one that increases the trait expression),
while a negative value expressed a recessive favorable
gene. The gene systems assumed ten genes with
assortative distribution, absence of epistasis, Hardy-
Weinberg equilibrium and linkage equilibrium.

Since the frequencies of the favorable genes in
a population can assume infinite values between 0 and 1,
it was tried to represent all possible populations in three
classes. To represent an unimproved population it was
assumed that the frequency of six of the favorable genes
was 0.1, the frequency of three was 0.5, and the
frequency of one was 0.9. To represent populations with
intermediate frequencies of favorable genes it was
assumed that the frequency of three of the ten was 0.4,
the frequency of five was 0.5 and the frequency of two
was 0.6. To characterize an improved population it was
assumed that the frequency of one favorable gene
was 0.1, the frequency of three was 0.5 and the
frequency of six was 0.9.

The experimental conditions or degree of error control
varied as well, which resulted in changes in the parametric
value of the broad-sense heritability, through the
magnitude of the introduced environmental effects. In
this way, situations of high (90%), intermediate (50%)
and low (10%) heritability were taken into consideration.
Owing to the problem of establishing exactly the desired
heritability value, a variation of plus-minus 1% of the
desired value was allowed.

The genetic designs were Design I, Full-Sib Design
(a variation of Design I, with one female by male) and
Half-Sib Design (another variation of Design I, with
males within females). With Design I the simulation
process assumed 50 males and 200 females (four
females by male). This implied an effective population
size of 160 (Krow &Kimura, 1970). With Full-Sib Design
the simulation process assumed 200 males and
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200 females. The effective population size in this case
was 400. With Half-Sib Design the simulation process
assumed 200 females and infinite male gametic pool. In
this case the effective population size was approximately
800. The expenses of the breeding processes were fixed
by selecting 200 progenies by cycle.

The simulation assumed completely randomized blocks
design, two replications and 25 plants by plot. Using the
average phenotypic values of progenies, the best
20 (10%) were selected, aiming at recombination. In
relation to recombination plots the simulation process
assumed parental control equal to 1 (recombination of
selected families only), 100 plants in each female line
and an infinite male gametic pool. The improved
population was obtained without selection in the
recombination plot. In the case of Design I, a second
among selection strategy was tandem selection –
selection of the 20 best half-sib progenies (40%) followed
by selection of the best full-sib family in each (25%).
The genetic gain by selection among families was
calculated by the difference between the parametric
mean of the improved population (cycle n + 1) and the
mean of the previous population (cycle n), and it was
expressed as percentage of the mean of the previous
population, as follows (Hallauer & Miranda Filho, 1988):

where, for each gene, p’ and p are the frequencies at
cycles n + 1 and n of the gene that increase trait
expression; m is the mean of the genotypic values of
the homozygotes; a is the deviation between the
genotypic value of the homozygote of greatest expression
and m; and d is the deviation due to dominance.

The simulations were made using Microsoft Excel
workbook, with many of its built-in functions. The
sequence of events were: (1) specification of the trait
and of the favorable genes effects, inserting the values
of dominance degree (the same for each gene);
(2) characterization of the population, inserting the
favorable gene frequencies; (3) specification of the
environmental conditions, defining the desired heritability;
(4) computation of the parametric population mean
(cycle 0); (5) simulation of the parents (of females and
males in the cases of Design I and Full-Sib Design, and

of females in the case of Half-Sib Design) and plant
genotypes (150 for each progeny); (6) simulation of the
genotypic values, environmental effects and phenotypic
values of the plants in each family; (7) analysis of
variance of the plot phenotypic values (mean phenotypic
value of 25 plants); (8) estimation of genetic parameters
(additive and due to dominance genetic variances, and
heritabilities) and prediction of gains; (9) identification
of the superior families, taking into account the selection
unit and the selection strategy; (10) computation of the
gene frequencies in the recombination plot, the same of
the improved population (cycle 1); and (11) computation
of the improved population mean and of estimated gain
(first cycle).

For subsequent cycles the same order of steps were
taken, except steps (1) and (3). Note the correspondence
between steps (10) and (11) – for cycle n – with steps
(2) and (4) – for cycle n + 1.

Each combination of trait (7), population (3), heritability
(3), selection unit/selection strategy (4) – half-sib
selection, full-sib selection; full-sib selection derived by
Design I and tandem selection – and cycles (10) was
replicated ten times, totaling 25,200 simulations.

Results and Discussion

Although obtained by simulation assuming gene
systems with only ten genes, absence of epistasis and
linkage equilibrium, the mean values of estimated gains
(Tables 1, 2 and 3) are consistent with experimental
results with maize and other species of plants and
animals. Considering the gene system determining maize
grain yield, the average degree of dominance was
estimated at 1.64 by Robinson et al. (1949), 1.96 by
Cockerham & Zeng (1996) and 2.57 by Edwards &
Lamkey (2002). In view of the high standard deviations
associated with these estimates (Comstock & Robinson,
1948), overdominance and complete dominance can be
assumed in this system. The favorable genes are
dominant, due to the positive heterosis in all studies, as
in Bordallo et al. (2005).

In the cases of overdominance and complete
dominance with favorable dominant genes, the mean
annual estimated gains varied from 0.37% to 3.05%
(mean of 1.30%), and from 0.64 to 3.35% (mean of
1.60%) (Table 1). The lowest values were the result of
half-sib selection (families obtained by Half-Sib Design)
in populations with intermediate gene frequency or
improved populations. In an improved population the
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theoretically gains are of small magnitude, due to the
narrowed effects of gene substitution (Hallauer &
Miranda Filho, 1988). The highest values, also
theoretically expected due to stronger effects of gene
substitution (Hallauer & Miranda Filho, 1988), are the
results of full-sib selection in unimproved populations.
The gains in grain yield in a single cycle, estimated by
Granate et al. (2002) with half-sib families, by Pereira
& Amaral Júnior (2001) with progenies of half-sibs and
of full-sibs derived by the use of Design I, and by Daros
et al. (2002) with full-sib families obtained by Full-Sib
Design were 4.22, 6.26 and 9.42, and 4.70%,
 respectively. The means of the estimated gains in the
first two cycles (Table 2) through half-sib and full-sib
selections, assuming overdominance and complete
dominance, favorable dominant genes and unimproved
populations, were 4.75 and 6.13% (6.39, 6.23 and 5.79%
in the cases of selection among progenies derived by
Full-Sib Design, of selection among families obtained by
Design I and of tandem selection, respectively). Results
with long term selection were obtained by Carvalho et al.
(2003). Based in 13 cycles of half-sib selection
considering grain or ear weight they verified reduction

in the additive genetic variance after the first three
cycles, associated with a predicted mean gain of
10.60%. The expected and estimated mean gains
between cycles six and 15 were 20.00 and 4.03%,
associated with a mean heritability of 52.02%.
Assuming an unimproved population and
overdominance/complete dominance, the mean
estimated gain obtained by simulation was 2.81%.

Apart from only two exceptions in 18  simulations,
regarding traits such as maize grain yield, the population
improvement based on full-sib families was more
efficient than improvement based on half-sib progenies.
The mean estimated gain through full-sib selection was,
at least, by 5.1% higher than that obtained with half-sib
selection in the case of complete dominance,
an unimproved population and low heritability. The highest
predominance was 70.8%, assuming overdominance,
population with intermediate gene frequencies and high
heritability. In  general, the mean estimated gain through
selection using full-sib families was 19.6% higher than
with half-sib progenies (25.4% with overdominance and
13.8% with complete dominance) (Table 1).

Table 1. Mean values of estimated gains (%) after ten simulated selection cycles, assuming overdominance (d/a = 2 and -2) and
complete dominance (d/a = 1 and -1)(1).

(1)h2 (%) = heritability; FS = full-sib; HS = half-sib.
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Among the selection procedures with full-sib families
none was clearly superior to others, for traits such as
maize grain yield. In seven of the 18 simulations the
highest mean estimated gains were obtained with
selection among full-sib progenies derived by Design I;
in six, highest values were obtained with tandem
selection; in the other five simulations, with selection
among families derived by Full-Sib Design. The
differences among mean gains were generally of small
magnitude, between 1 and 6% (4.8% on the average;
3.9% with overdominance and 5.7% with complete
dominance) (Table 1).

Robinson et al. (1949) and Cockerham & Zeng (1996)
obtained results with maize that indicate partial
dominance and absence of dominance in the gene
systems that control the traits plant height, ear height,
number of ears, prolificacy, number of kernel rows per
ear, and weight of 500 grains. The gains estimated in
these studies are however indirect and therefore
unsuitable for a comparison with the gains estimated
here.

Considering positive partial dominance and absence
of dominance, also in 16 of 18 simulations, the mean
estimated gains were lower with half-sib selection, in
comparison with selection based on full-sib progenies
(Table 3). Compared to the mean estimated gain through
half-sib selection, the overall mean of the mean estimated

gains with full-sib selection was at least 0.8% higher
with no dominance. The maximum efficiency, in absence
of dominance as well, was 35.2% (overall mean value
of 11.7%; on average 9.6% with partial dominance and
13.8% without dominance) (Table 3). Therefore, the
efficiency of selection based on full-sib families tends to
be greater, the higher the degree of dominance of the
favorable genes.

In contrast to the results with overdominance and
complete dominance, with favorable dominant genes,
higher estimated gains through selection were obtained
with selection among full-sib families derived by Design I
in the cases of partial dominance with favorable dominant
genes and absence of dominance, compared to the other
selection procedures based on full-sib progenies. In 10 of
the 18 simulations the highest mean estimated gains were
obtained with selection among full-sib progenies derived
by Design I; in five, with tandem selection; in the other
three simulations the highest gains were obtained with
selection among families obtained by Full-Sib Design.
The greatest differences between mean estimated gains
with full-sib selection varied from 0.4 to 17.5% in the
absence of dominance (mean of 7%), and from 1.1 to
6.8% with partial dominance (mean of 8.2%), with
an average of 7.6% (Table 3).

In the case of selection for favorable recessive genes,
half-sib selection is not always the least efficient

Table 2. Mean values of estimated gains (%) in the first two simulated selection cycles, assuming dominant favorable genes(1).

(1)h2 (%) = heritability; d/a = degree of dominance; FS = full-sib; HS = half-sib.
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procedure, compared to selection based on full-sib
progenies. In 14 of the 27 simulations that included
overdominance, complete dominance and partial
dominance, the lowest mean gain was obtained though
half-sib selection (Tables 1 and 3). The mean estimated
gain through full-sib selection exceeded the gain through
half-sib selection by up to 32.5%, with a minimum of
0.6% and mean of 11.6%. In the cases where the mean
estimated gain through half-sib selection exceeded the
mean gain through full-sib selection, the minimum,
average and maximum values were 2, 5.1 and 10.2%,
respectively (Tables 1 and  3). The selection for
recessive favorable genes confirmed once more the
superiority of the selection among full-sib progenies
obtained by Design I, compared to the other two selection
strategies among full-sib families. In 14 of the
27 evaluated situations, the highest mean estimated gains
were obtained through selection among full-sib families
derived by Design I; in seven, the highest values were
obtained with tandem selection; in the other six situations,
through selection among progenies obtained by Full-Sib
Design. The difference in mean estimated gain between
the selection strategies varied from 0.7 to 35.7%, with
an average of 9% (Tables 1 and  3).

The results of the mean estimated gains reported for
each cycle (Tables 1, 2 and 3) are consistent with the theory
of Quantitative Genetics, giving credibility to the simulated
data. The conditions were therefore adequate for
an evaluation of the efficiency of the selection procedures
under study. Independently of the trait, of the improvement
level of the reference population and of the selection
strategy, gains were proportional to their heritability. Even
in the condition of low heritability, all selection procedures
promote population improvement. The mean gain associated
with the initial heritability of 0.1 was 1.92% and rose to
2.63 and 2.84% when the heritability was 0.5 and 0.9.
Invariably, the analysis of the gains per cycle indicated
higher gains in the early cycles and gradual reduction
thereafter. The gains were inversely proportional to the
improvement degree of the population. The gains were
also proportional to the degree of dominance; they were
lower with overdominance and favorable dominant genes
and higher with overdominance and favorable recessive
genes. With favorable dominant genes and no dominance,
mean gains were higher when the base population was
unimproved, independently of the heritability and selection
strategy. The same was true for traits determined by
favorable recessive genes. With overdominance and

Table 3. Mean values of estimated gains (%) after ten simulated selection cycles, assuming partial dominance (d/a = ½ and -½)
and absence dominance (d/a = 0)(1).

(1)h2 (%) = heritability; FS = full-sib; HS = half-sib.
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complete dominance but favorable recessive genes, mean
gains were higher when the base population had
intermediate gene frequencies.

Independent of the degree of  population improvement,
of the trait and of the heritability, the efficiency in promoting
improvement was greater when full-sib families were used,
compared to half-sib progenies. The superiority of the
selection among full-sib progenies obtained by Design I,
compared to half-sib selection varied from 4.5 to 12.2%
(8.3% in the mean), depending on the degree of  population
improvement, or from 4.3 to 16.6% (10.7% in the mean),
depending on the trait, or from 4.1 to 15.1% (9.5% in the
mean), depending on the heritability. Although the
differences were not very large, it was more efficient to
use full-sib families derived by Design I than progenies
obtained by Full-sib Design. The mean estimated gain in
the first case was by 2.5 to 3.0% higher than in the second.
In summary, in the long term all selection procedures,
including mass selection, lead to the same level of population
improvement.

For the genotypic variability in the population after
10 cycles, considering again a trait such as maize grain
yield, determined by a gene system with overdominance
and complete dominance, with favorable dominant genes,
there was no evidence of greater variability associated
with the population of largest effective size (Table 4).
In only three of the 18 simulations the population with

greatest variability was the one obtained with half-sib
selection, of largest effective size (800). In spite of the
smaller effective size (160), the population under
selection among full-sib progenies derived by Design I
generally presented the highest value of genotypic
variance (Table 4). The analysis of traits determined by
partially dominant favorable genes or without dominance,
evidenced a greater variability in populations obtained
by half-sib selection in eight of the 18 situations under
study. Among the strategies based on full-sib progenies,
the population of greatest genotypic variability resulted
from tandem selection (Table 5). In relation to
traits determined by favorable recessive genes, it may
be concluded that the population obtained by
half-sib selection tends to have a greater genotypic
variability than the ones derived by full-sib selection.
This was the case in 15 of the 18 simulations (Tables 4
and 5). Nevertheless, the lowest variability was not
systematically associated with the population of smallest
effective size, subjected to selection among full-sib
progenies obtained by Design I, including tandem
selection.

In an additional evaluation of the selection procedures
regarding the loss of favorable genes by genetic drift,
the analysis of gene frequencies per selection cycle in
the different replications showed the following (Table 6):
there was only random loss of favorable recessive genes

Table 4. Mean relative values of genotypic variance (%) after ten selection cycles, for different selection strategies(1).

(1)h2 (%) = heritability; FS = full-sib; HS = half-sib.
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in gene systems with overdominance and occasionally
with complete dominance, and in cases of low frequency
in the original population (0.1); the loss was most frequent
in populations subjected to selection based on full-sib
families, certainly due to the smaller effective size
(160 and 400); even in populations under half-sib
selection an occasional loss of favorable recessive genes
at low frequency is possible.

Conclusions

1. Full-sib selection is generally more efficient than
half-sib selection, mainly with favorable dominant
genes.

2. The use of full-sib families derived by Design I is
generally more efficient than using progenies obtained
by Full-Sib Design.

Table 5. Mean relative values of genotypic variance (%) after ten selection cycles, for different selection strategies(1).

(1)h2 (%) = heritability; FS = full-sib; HS = half-sib.

Table 6. Final gene frequencies after ten selection cycles, for different selection strategies, assuming recessive favorable
genes(1).

(1)h2 (%) = heritability; d/a = degree of dominance; FS = full-sib; HS = half-sib.
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3. Using Design I with 50 males and 200 females
(effective size of 160) does not provide improved
populations with minimum genotypic variability.

4. In the populations with lower effective size
(160 and 400) the loss of favorable genes is restricted
to recessive genes with reduced frequencies.
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