
This is an open access article
under the CC BY license

Creative Commons

Rev. Ceres, Viçosa, v. 70, n. 3, p. 81-90, may/jun, 2023

_______________________________________________
Submitted on February 10th, 2022 and accepted on September 20th, 2022.
1 This work is part of the first author’s research project funded by CAPES.
2 Universidade Federal de Goiás, Goiânia, Goiás, Brazil. ericamunique47@gmail.com; marcioguedesbio@gmail.com; ailtonjcf@gmail.com; angelinaciappina@gmail.com; edesiofr7@gmail.com; mar-
celapmr@ufg.br
*Corresponding author: ericamunique47@gmail.com

Genetic parameters and selection for multiple traits in recurrent selection 
populations of maize1

Érica Munique da Silva2* , Márcio Lisboa Guedes2, Ailton José Crispim Filho2, Angelina Luzia Ciappina2, Edésio 
Fialho dos Reis2, Marcela Pedroso Mendes Resende2

10.1590/0034-737X202370030009

ABSTRACT

The efficiency of recurrent selection depends, among other factors, on the estimation of parameters that guide the 
breeder to obtain genetic gains for multiple traits. The aim of this research was to estimate genetic and phenotypic 
parameters of maize populations during the third cycle of recurrent selection for traits of interest. The populations CRE-01 
and CRE-02, potential for resistance to corn stunt, were described using genetic and phenotypic parameters of variance 
components, heritability, variation indices and correlation between 16 agronomic traits. Direct and indirect selection gains 
were estimated for each trait and considering the Smith and Hazel, Mulamba and Mock and Z index. Both populations 
have genetic variability for the traits. High heritability estimates were obtained for most of the traits, which associated 
with the genetic variability, indicate that these populations may show continuous gains with recurrent selection. All 
selection indexes provided satisfactory genetic gains, but the Z index was the most promising considering the results of 
both populations. 
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 INTRODUCTION
Maize (Zea mays L.) is one of the cereal grains most 

used in industry and in human and animal diets (Galvão 
& Miranda, 2004), and it is second among crops in Brazil 
in terms of production and planted area (CONAB, 2018). 
Due to its economic importance, maize is frequently the 
object of study in agronomic sciences, and plant breeding 
programs have sought to obtain increasingly high-yielding 
cultivars. Among breeding methods available, recurrent 
selection using half-sib progenies is effective and easy to 
carry out (Hallauer et al., 2010).

The efficiency of recurrent selection depends on 
various factors, one of which is estimation of genetic and 
phenotypic parameters during selection cycles. These es-

timates guide breeding programs in definition of breeding 
strategies, the intensity of selection to be used, the way of 
evaluating the diverse traits, and the need for introducing 
new parents. In addition, this estimation makes it possible 
to predict genetic gains for future selection cycles and to 
evaluate the viability of the breeding program (Palomino et 
al., 2000; Ramalho et al., 2012).

The aim of plant breeding is to obtain gain from se-
lection in superior genotypes that have a set of favorable 
attributes in relation to yield and market demands (Vascon-
celos et al., 2010). However, desired traits are not always 
positively correlated, impeding selection. Knowing how 
traits are associated is important for success in selection 
and in identifying variables that can be used in indirect 
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selection for other traits (Bernardo, 2010).
Multiple traits can be selected simultaneous through 

selection indices, which consist of linear combination of 
the phenotypic values of all the traits in a single value 
(Ramalho et al., 2012). These indices allow gains to be 
obtained simultaneously even for negatively correlated 
traits, which represents a considerable advantage for plant 
breeding (Santos et al., 2007). Diverse indices have been 
described in the literature, most notably the indices of 
Mulamba & Mock (1978), Smith (1936) and Hazel (1943); 
Williams (1962); and Mendes et al. (2009).

In light of the foregoing, the aims of this study were 
to estimate genetic and phenotypic parameters of half-sib 
progenies of two maize populations in the third recurrent 
selection cycle, evaluate the potential of these populations 
in future selection cycles, and compare the efficiency of 
different selection indices for simultaneous selection of 
traits of agronomic importance.

 MATERIALS AND METHODS
Two maize populations in the third recurrent selection 

cycle with potential for resistance to corn stunt were 
evaluated for grain yield and primary and secondary yield 
components. These populations originated from crossing of 
inbred lines coming from the International Maize and Wheat 
Improvement Center (CIMMYT), introduced in 1999 
in the Maize Breeding Program of ESALQ/USP (Escola 
Superior de Agricultura “Luiz de Queiroz”, Universidade 
de São Paulo). The inbred lines with best expression for 
resistance to corn stunt were crossed with the commercial 
hybrid P3041, resistant to corn stunt, and with the CMS14 
population, developed by the Maize Breeding Program of 
EMBRAPA and chosen for its good yield standard. Cross-
ing the lines with the hybrid P3041 gave rise to the CRE-01 
population, and crossing with the CMS14 population gave 
rise to the CRE-02 population, as described in Oliveira et 
al. (2015) and Souza (2015).

In the second crop season of 2017, seeds of CRE-01 
and CRE-02 populations were planted in isolated lots of 
open pollination in the experimental area of the Agronomy 
School of the Universidade Federal de Goiás in Goiânia, 
GO (16°35’12’’S, 49º21’14’’W) to obtain half-sib prog-
enies. Experimental blocks were 300 m², with crop man-
agement based on recommendations for maize growing in 
the region and on crop needs. In July 2017, 160 half-sib 
families (HSF) were harvested from each population.

Experiments for evaluation of HSF were conducted 
in the experimental area of the School of Agronomy of 
the Universidade Federal de Goiás, in Goiânia, GO, in 
December 2017, using randomized block design with three 
replications, and plots of one 4-m row with 20 plants at 
a spacing of 0.20 m between plants and 0.90 m between 
rows. The progenies were evaluated for male flowering 
(MF), female flowering (FF), flowering interval (FI), plant 
height (PH), ear height (EH), relative ear position (REP), 
prolificacy (PROL), ear diameter (ED), ear length (EL), cob 
diameter (CD), number of kernels per row (NKR), number 
of rows per ear (NR), kernel length (KL), ear yield (EY), 
lodging and breakage (LDBR) and grain yield (GY). EY 
and GY were adjusted for 13% moisture and ideal stand (20 
plants) by covariance analyses, according to Vencovsky & 
Barriga (1992).

Individual analysis of variance was performed for 
each trait according to randomized block design. The 
mean squares of each source of variation were matched 
with their expected values to obtain the components of 
the phenotypic variance between progeny means ( 2

Pσ ), 
environmental variance ( 2

Eσ ) and genetic variance among 
progenies ( 2

Gσ ), according to Regazzi et al. (1999). These 
components were used to estimate the genetic parameters 
heritability, variation index and genetic gain. 

Heritability for selection based on progenies means (h2) 
were estimated according to the expression 2 2 2/G Ph σ σ=
. The confidence intervals for the heritability estimates 
were obtained as suggested by Knapp et al. (1985), con-
sidering a significance of 5%. Variation indices (θ) were 
obtained as /g eCV CVθ = , on what 2 /g GCV yσ=  is 
the genetic variation coefficient, and 2 /e ECV yσ=  is the 
environmental variation coefficient ( y  is the trait mean). 
Genetic gains were estimated as the expressions:
	

( ) ( ) ( )2 2/  and  % 1 00 /G PGs i Gs Gs yσ σ= =

on what ‘i’ was the standardized selection differential 
for selecting the 20% best progenies (Vencovsky & Barriga, 
1992). Genetic (rGxy), phenotypic (rFxy) and environmental 
(rExy) correlation were also obtained, according to the pro-
cedures described in Vencovsky & Barriga (1992). 

Simultaneous selection was carried out for multiple 
traits using the Z index (Iz) proposed by Mendes et al. 
(2009), the classic index (ISH) of Smith (1936) and Hazel 
(1943), and the rank summation index (IMM) of Mulamba 
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& Mock (1978). For the last two methods, the 0 value was 
used in the economic weight matrix for all traits.

To obtain the coincidence index between the prog-
enies selected by the indices two by two, the expression 

( ) ( ) ( ) %   /  1 00IC A C C B x= − −  of Hamblin & Zimmermann 
(1986) was used. The statistical analyses used in the exper-
iments were computed using the GENES (Cruz, 2006) and 
R computational programs (R Core Team, 2018).

 RESULTS AND DISCUSSION
The progenies showed significant differences (p ≤ 0.05) 

for all traits in both populations, except for kernel length 
(KL) and lodging and breakage (LDBR) in the CRE-02 
population, indicating that there is variability among the 
progenies for the traits evaluated, an essential condition for 
continuity of the recurrent selection program (not shown). 
The environmental coefficients of variation (CVe) ranged 
from 2.20% (number of rows per ear - NR) to 23.58% (grain 

yield - GY) in the CRE-01 population, and from 3.09% 
(female flowering - FF) to 31.47% (LDBR) in the CRE-02 
population (not shown). In spite of the high magnitudes of 
the CVe for LDBR, these estimates are in agreement with 
those found in the literature (Moraes & Brito, 2017; Revolti 
et al., 2016). 

In general, the CRE-01 population had higher herita-
bility estimates than the CRE-02 population (Table 1). It 
is noteworthy that in the CRE-01 population, the herita-
bility estimates were 17.54% higher for ear length (EL) 
and 24.76% higher for GY. For the CRE-02 population, 
this superiority was 147% and 14% compared to the data 
obtained by Souza (2015), who evaluated the second cycle 
of these populations. According to Ramalho et al. (2012), 
the increase in magnitude of the heritability estimates in the 
sequence of the cycles is an indication of the accumulation 
of favorable alleles in the population, showing that recur-
rent selection is an efficient breeding method.

Table 1: Heritability estimates for selection based on the mean of the progeny (h2, %), confidence interval for the heritability estimates 
(ICh2, %), variation index (θ), and gain from selection (Gs, %) for different traits in the CRE-01 and CRE-02 maize populations

Traits1
CRE-01 CRE-02

h2 	 ICh2 θ Gs h2 ICh2 θ Gs

FF 71.62 0.72 - 0.84 0.75 -22.55 54.88 0.61 - 0.78 0.64 -2.50

MF 62.52 0.62 - 0.79 0.92 -20.53 61.30 0.55 - 0.74 0.73 -2.46

FI 47.94 0.48 - 0.71 0.55   -3.19 33.91 0.34 - 0.63 0.41 -10.60-

PH 66.59 0.67 - 0.81 0.82 -18.24 37.37 0.37 - 0.64 0.10  -3.17

EH 54.52 0.55 - 0.74 0.63 -12.36 28.69 0.29 - 0.60 0.37  -3.33

REP 47.14 0.47 - 0.70 0.55   -7.21 6.54 0.07 - 0.47 0.15  -1.05

EL 49.38 0.49 - 0.71 0.57    8.41 42.01 0.42 - 0.67 0.49   9.54

KL 35.81 0.36 - 0.64 0.43    5.38 7.98 0.08 - 0.48 0.17   1.00

ED 51.18 0.51 - 0.72 0.59    5.63 39.52 0.40 - 0.66 0.47   9.45

CD 57.60 0.58 - 0.76 0.67  -5.84 40.53 0.41 - 0.66 0.48  -8.46

NR 59.46 0.59 - 0.77 0.70   1.66 44.60 0.45 - 0.69 0.52   7.36

NKR 33.03 0.33 - 0.62 0.41   4.55 24.92 0.25 - 0.57 0.33   6.36

LDBR 48.60 0.49 - 0.71 0.56 -4.19 24.12 0.76 - 0.87 0.33 -7.04

PROL 35.63 0.36 - 0.64 0.43   3.08 35.47 0.35 - 0.63 0.43   1.78

EY 87.45 0.87 - 0.93 1.52 43.90 96.92 0.97 - 0.98 3.24 81.37

GY 86.81 0.87 - 0.93 1.48 45.56 69.58 0.70 - 0.83 0.87 18.47
1/ FF: female flowering; MF: male flowering; FI: flowering interval; PH: plant height; EH: ear height; REP: relative ear position; EL: ear length; KL: 
kernel length; ED: ear diameter; CD: cob diameter; NR: number of rows per ear; NKR: number of kernels per row; LDBR: lodging and breakage; 
PROL: prolificacy; EY: ear yield; GY: grain yield. 
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The highest estimates of the variation index (θ) occurred 
for ear yield (EY) in both populations (Table 1). Faluba 
et al. (2010) highlighted that estimates of θ near or higher 
than 1.00 based on only one location are common, due to 
genetic variance being inflated by the genotype × envi-
ronment interaction. However, the high magnitudes of the 
heritabilities suggest that the indices greater than 1 mean 
that phenotypic expressions of these traits were mainly due 
to genetic causes, and not by being overestimated by the 
interaction (Cruz et al., 2014). These results indicate good 
perspectives of genetic gain for direct selection (Mistro et 
al., 2007), and also that simple methods of selection would 
be sufficient to obtain satisfactory gains. 

The values of heritability and variation index observed 
for traits related to height (plant height - PH, ear height - EH 
and relative ear position - REP) in the CRE-01 population 
indicate a reasonably favorable condition for selection. In 
contrast, the values obtained for these traits in CRE-02 
indicate that this population has little genetic variability 
and that the selection for these traits will likely not provide 
significant gains. When the previous recurrent selection 
cycles described in Oliveira (2013) and Souza (2015) are 
compared, a decrease in the magnitude of the heritability 
estimates was observed, indicating loss of favorable alleles 
in the CRE-02 population.

Heritability estimates for EL and KL (Table 1) are low-
er than those reported in the literature by Toledo (2010), 
Chavaglia (2016) and Chen et al. (2016). This may be due 
to the fact that these traits are highly affected by the envi-
ronment or to the fact that the genetic variances are small. 
Since the experiment was conducted in only one environ-
ment, the presence of greater environmental effects and, 
consequently, of greater heritability estimates, is common. 

The heritability estimates obtained for ear diameter 
(ED) and cob diameter (CD) were greater in the CRE-01 
population, which can be explained by the estimates of 
variation index, which for the CRE-01 population was 0.59 
(ED) and 0.67 (CD), whereas in the CRE-02 population, 
they were 0.47 (ED) and 0.48 (CD) (Table 1). Variation 
index greater than 0.5 indicate that the contribution of the 
genotype in expression of the phenotype is greater than 
the contribution of the environmental effect (Vencovsky, 
1987). Gains from selection for ED were higher than those 
obtained by Souza (2015), who in the second recurrent se-
lection cycle in these populations obtained values near zero.

Heritability estimates for LDBR were 48.60% (CRE-
01) and 24.12% (CRE-02) (Table 1). The heritabilities of 

the CRE-01 population were higher than those observed 
by Pinheiro (2004) for half-sib populations in the second 
recurrent selection cycle, that ranged from 0.70% to 
29.75%. The estimate of θ was greater than 0.5 only in the 
CRE-01 population, indicating that the selection practiced 
in the CRE-02 population will not lead to significant gains. 
According to Andrade & Souza Junior (2017), this trait is 
difficult to evaluate due to the strong effect of wind, rain, 
and insect infestation, which makes it difficult to replicate 
experiments. 

Of the 120 pairs of traits (combination of the 16 traits 
two by two), only 32 had significant genetic correlation in 
at least one of the two populations (Table 2). The signifi-
cant phenotypic correlations ranged from weak, below 0.4 
(between PH and GY), to very strong, above 0.9 (between 
REP and CD). LDBR trait did not show significant genetic 
correlation with the other traits. GY showed genetic cor-
relation with number of kernels per row – NKR (0.59 and 
0.734), prolificacy – PROL (-0.505 and 0.439), and EY 
(0.998 and 0.991) in both populations; with PH (0.384), 
EH (0.4575), and KL (0.4971) in the CRE-01 population; 
and with EL (0.463) in the CRE-02 population (Table 2).

The genetic correlation coefficients between EP and 
EH were positive and of great magnitude in the two pop-
ulations evaluated (Table 2), indicating that many of the 
genes involved in determination of EY are also involved 
in determination of EH. These results corroborate those 
found by Bianco et al. (1987), Pinheiro (2004), and Nzuve 
et al. (2014). These traits not only correlate with each other 
but also have positive genetic correlation with EY in both 
populations, and with GY in the CRE-01 population. Thus, 
some genes that act in promoting the growth of larger plants 
are connected or also affect yield. In addition, we can affirm 
that there is a relation between the primary and secondary 
yield components. These results are different from those 
found by Souza et al. (2008), who did not obtain significant 
correlations among these traits, and corroborate with the 
results of Dao et al. (2017). PROL showed positive correla-
tion with EY and GY in CRE-02, and negative correlation 
with these same traits in CRE-01. Initially, this result would 
indicate that selection for PROL is advantageous in the 
CRE-01 population and disadvantageous in the CRE-02 
population. Negative genetic correlations between PROL 
and GY were found by Nardino et al. (2016), who explain 
this result based on the negative correlation of PROL with 
traits that positively affect GY, and that the genes that act to 
increase PROL are negatively correlated with ED, number 
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of kernel rows and EY. In the present study, the genetic 
correlation observed between PROL and number of kernel 
rows was negative in the CRE-01 population and positive 
in the CRE-02 population (Table 2).

The genetic correlation between PROL and GY should 
be interpreted carefully. When there is more than one ear 
on the plant, the second is generally small, with poor kernel 
set or ear development. PROL does not always result in an 

increase in GY (Santos et al., 2013). Plants with a greater 
number of ears may exhibit problems in grain production 
fields due to the low efficiency of kernel set in the ear 
(around 30%) when the fasciation rate is high (Durães, 
1999). The divergent results obtained for the CRE-01 and 
CRE-02 populations suggest that PROL should not be 
considered in selection of higher yielding genotypes in this 
study.

Table 2: Estimates of the genetic correlation coefficients between multiple traits in the CRE-01 (above the diagonal) and CRE-02 
(below the diagonal) maize populations 

Traits1 FF MF FI PH EH REP EL KL ED CD NR NKR LDBR PROL EY GY

FF - ++0.83 +0.64 0.10 0.11 0.03 0.21 -0.03 0.27 0.36 0.26 -0.05 -0.40 -0.18 -0.04 -0.06

MF ++0.85 - 0.10 -0.13 0.00 0.21 0.13 -0.03 0.17 0.24 0.19 -0.10 -0.49 0.13 -0.20 -0.21

FI 0.13 -0.41 - 0.35 0.19 -0.22 0.20 -0.01 0.24 0.31 0.20 0.05 -0.03 -0.50 0.20 0.18

PH -0.01 -0.04 0.06 - ++0.81 -0.22 0.11 0.22 0.32 0.15 0.23 0.23 -0.09 -0.24 +0.40 +0.38

EH 0.07 -0.06 0.23 +0.94 - 0.38 0.17 0.40 0.37 0.04 0.12 0.56 -0.13 -0.18 +0.48 +0.46

REP 0.23 -0.10 0.59 0.30 0.59 - -0.04 0.09 0.04 -0.04 -0.12 0.33 0.14 0.05 0.15 0.15

EL 0.15 0.07 0.12 0.44 0.63 0.70 - 0.23 0.33 0.16 0.11 0.54 -0.64 -0.05 0.26 0.25

KL 0.44 0.38 0.05 0.21 0.39 0.69 0.26 - +0.61 -0.28 0.22 0.61 -0.27 -0.23 +0.49 +0.49

ED 0.28 0.21 0.08 -0.05 -0.21 -0.40 0.12 0.83 - +0.58 +0.54 0.38 -0.51 -0.31 0.35 0.34

CD 0.05 0.02 0.05 -0.18 -0.56 ++1.00 -0.02 0.49 +0.90 - +0.43 -0.17 -0.34 -0.13 -0.08 -0.10

NR 0.22 0.11 0.18 -0.12 -0.16 -0.11 -0.25 0.29 0.30 0.19 - 0.35 -0.24 0.01 0.17 0.17

NKR -0.02 0.01 -0.06 0.65 +0.94 ++1.00 0.62 0.48 0.08 -0.31 -0.39 - -0.18 -0.17 +0.60 +0.59

LDBR 0.03 -0.22 0.46 0.50 0.58 0.40 -0.02 0.15 -0.01 -0.14 -0.16 0.14 - -0.67 0.16 0.13

PROL -0.15 -0.08 -0.12 0.46 +0.64 0.67 0.50 0.06 -0.19 -0.34 ++0.86 +0.80 0.18 - +-0.51 +-0.51

EY -0.33 -0.27 -0.06 0.49 +0.61 0.56 0.45 0.53 0.31 0.03 -0.05 +0.70 0.13 +0.44 - ++1.00

GY -0.39 -0.29 -0.12 0.45 0.60 0.62 +0.46 0.61 0.32 -0.03 -0.02 +0.73 0.04 +0.44 ++0.99 -
1/ FF: female flowering; MF: male flowering; FI: flowering interval; PH: plant height; EH: ear height; REP: relative ear position; EL: ear length; KL: 
kernel length; ED: ear diameter; CD: cob diameter; NR: number of rows per ear; NKR: number of kernels per row; LDBR: lodging and breakage; 
PROL: prolificacy; EY: ear yield; GY: grain yield. 
++ and +: Significant at 1% and 5%, respectively, by the bootstrap method with 5000 simulations.

The complexity of genetic control of GY in maize 
means that selection for this trait is not performed only 
in a direct manner, but also considering the other yield 
components. According to Edmeades et al. (1998), an ideal 
secondary component should be genetically correlated and 
have greater heritability than the trait of interest, be easily 
measured, be stable within the period of measurement, not 
be associated with yield penalization under non-severe con-
ditions, preferentially be measurable before or during flow-
ering so that the undesirable parents not be crossed, and be 
a reliable estimator of yield potential before final harvest.

EY showed very strong and positive correlation with 
GY, 0.998 for the CRE-01 population and 0.991 for the 
CRE-02 population, agreeing with results obtained by 
Lopes et al. (2007) and Casarotto (2013), that describe EY 
as one of the traits with greatest effect on yield. 

Differences were observed in the magnitude and in the 
direction of the phenotypic and environmental correlations 
between the traits studied in the CRE-01 and CRE-02 pop-
ulations (Table 3). The significant phenotypic correlations 
ranged from very weak, below 0.3 (between MF and GY), 
to very strong, above 0.9 (between EY and GY). Weak 
phenotypic correlations may have been detected due to the 
high degree of freedom included in the t-test. 

In general, positive environmental correlation indicates 
that the environmental effects that act to increase phenotyp-
ic expression in one character also contribute to increase 
phenotypic expression in another character (Ramalho et al., 
2012). For phenotypic correlation, positive values indicate 
a linear relationship between the variables in general, i.e., 
an increase in one variable leads to an increase in another 
(Carvalho et al. 2004).
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Table 3: Estimates of the genetic correlation coefficients between multiple traits in the CRE-01 (above the diagonal) and CRE-02 
(below the diagonal) maize populations 

Traits1  FF MF FI PH EH REP EL KL ED CD NR NKR LDBR PROL EY GY

FF **0.77 ** 0.58 -0.00 0.01 0.02 0.10 -0.04 *0.17 0.26** **0.22 -0.06 -0.14 -0.15 -0.06 -0.08

MF **0.74 -0.07 -0.14 -0.05 0.15 0.08 -0.02 0.12 0.17* *0.17 -0.08 *-0.20 0.06 -0.15 *-0.16

FI *0.20 **-0.51 *0.18 0.07 -0.17 0.06 -0.04 0.12 0.19* 0.11 -0.00 0.04 **-0.32 0.10 0.08

PH -0.02 -0.06 0.06 **0.75 -0.11 0.13 0.13 0.224 0.12 0.14 0.22 -0.03 -0.08 **0.37 *0.36

EH 0.02 -0.01 0.05 **0.80   **0.47 0.15 **0.25 **0.24 0.01 0.06 **0.35 -0.06 -0.06 ** 0.39 **0.37

REP 0.07 0.05 0.01 0.11 **0.68   -0.02 0.10 0.03 -0.078 -0.06 *0.17 -0.02 0.00 0.13 0.13

EL 0.09 0.00 0.11 **0.23 **0.23 0.09   **0.23 **0.31 0.12 0.09 **0.61 **-0.23 -0.02 ** 0.23 **0.23

KL 0.14 0.09 0.05 0.13 0.10 0.02 **0.28   **0.66 -0.37** **0.26 **0.37 -0.15 -0.10 ** 0.35 ** 0.35

ED 0.15 0.11 0.04 0.03 -0.05 -0.11 **0.29 **0.80   0.45** **0.51 **0.30 **-0.22 *-0.20 ** 0.30 ** 0.30

CD 0.06 0.06 -0.01 -0.09 *-0.19 *-0.20 0.11 -0.03 **0.57   **0.33 -0.07 -0.10 -0.13 -0.05 -0.06

NR 0.12 0.06 0.07 0.01 -0.02 -0.03 -0.00 **0.31 **0.45 0.30**   *0.20 -0.14 -0.04 0.13 0.14

NKR -0.01 -0.04 0.04 **0.27 **0.30 *0.16 **0.70 **0.33 **0.28 0.02 -0.01   -0.04 -0.11 **0.44 ** 0.43

LDBR 0.04 -0.04 0.10 0.14 0.14 0.05 -0.04 0.01 -0.01 -0.02 0.00 0.02   **-0.22 0.02 0.00

PROL -0.09 -0.07 -0.01 **0.21 **0.24 0.13 **0.53 0.05 -0.08 -0.18* **-0.65 **0.76 0.02   **-0.30 **-0.30

EY **-0.26 **-0.22 -0.02 **0.31 **0.33 *0.18 **0.34 **0.26 **0.26 0.07 0.02 **0.47 -0.01 **0.35   ** 0.99

GY **-0.30 **-0.24 -0.04 **0.29 **0.31 *0.17 **0.34 **0.29 **0.27 0.04 0.05 **0.48 -0.04 **0.34 ** 0.98  
1/ FF: female flowering; MF: male flowering; FI: flowering interval; PH: plant height; EH: ear height; REP: relative ear position; EL: ear length; KL: 
kernel length; ED: ear diameter; CD: cob diameter; NR: number of rows per ear; NKR: number of kernels per row; LDBR: lodging and breakage; 
PROL: prolificacy; EY: ear yield; GY: grain yield.

Phenotypic correlation is composed of genetic and 
environmental causes; however, only the genetic associa-
tions are inheritable and can be used for direction of plant 
breeding programs (Faluba et al. 2010; Cabral et al., 2011). 
Thus, in plant breeding, it is indispensable to distinguish 
and quantify the degree of genetic and environmental as-
sociation between the traits, i.e., how much the phenotypic 
correlation is due to genetic correlation and how much is 
due to environmental correlation. However, traits that are 
genetically correlated but do not exhibit significant pheno-
typic correlation might not exhibit response in selection, 
since selection is performed based on phenotype (Cabral 
et al., 2011).

EY is phenotypically correlated with KL and ED in 
CRE-01 population, EL in CRE-02 population, and with 
plant and EH, NKR and PROL in both populations. The 
negative correlation between PROL and EY may be due to 
the second ear being very small, with poor kernel set, and 
deformed. As commented above, PROL does not always 
result in an increase in GY (Santos et al., 2013). 

GY exhibited positive phenotypic correlation with 10 
(CRE-01) and 13 (CRE-02) of the 16 traits evaluated. One 

specific trait correlated with many others hinders selection 
of maize genotypes since this creates difficulties in iden-
tification of traits of greater interest (Lopes et al., 2007). 
EL also exhibited significant and positive phenotypic 
correlation with GY, as already reported by several authors 
(Alvi et al., 2003; Selvaraj & Nagarajan, 2011; Nzuve et al. 
2014). The lack of correlation between GY with MF and FF 
indicates that the cycle of the material did not affect yield 
(Santos et al., 2002).

Some traits exhibited phenotypic correlation without 
exhibiting genetic correlation, such as EH with relative 
REP, KL and EL with NKR in the CRE-01 population, and 
flowering interval (FI) with male flowering (MF), FF with 
GY, EH with relative REP, and EL with NKR in the CRE-02 
population, which suggests that phenotypic correlation may 
have occurred due to environmental correlation. However, 
these results may have arisen from the significance tests 
applied, bootstrap for the genetic correlation estimates, 
and the t-test for the estimates of phenotypic correlation. 
According to Silva & Ferreira (2003), the t-test tends to 
show an increase in the probability of occurrence of type II 
error with the increase in variances. The bootstrap method 
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has an opposite response, i.e., as the variances increase, 
the probability of type II error declines. The nature and the 
magnitude of the phenotypic correlations are not always 
similar to the genetic correlations, and that may lead to 
erroneous conclusions or to inefficient selection strategies 
(Nardino et al. 2016). 

A selection intensity of 20% was applied in each in-
dex, which makes for a total selection of 31 progenies of 
the CRE-01 population and 32 progenies of the CRE-02 
population. The greatest coincidence among the progenies 
selected occurred between the ISH and IZ, and the lowest 
coincidence between the IMM and ISH (Table 4). According 
to Pedrozo et al. (2009), the higher the coefficient of 
coincidence between the selection indices, the greater the 
agreement of results of selection between them.

Table 4: Coincidence index of the half-sib progenies selected by 
the Z index (IZ), the classic index (ISH) and the rank summation 
index (IMM)  

Index1
Population

CRE-01 CRE-02

ISH x IMM 35.48 20.14

ISH x IZ 71.33 65.28

IMM x IZ 42.65 27.08

The coincidence of selection among the indices varied 
according to the population. This may have occurred due 
to the differences in their genetic constitution, since each 
population was composed of a different group of genotypes 
(Pedrozo et al., 2009).

Gains from indirect selection (Gs) and the ratio be-
tween the gain from direct selection and gain from indirect 
selection estimated from the indices varied for the different 
traits (Table 5). The sum of the gains of all the traits for 
the indices in the CRE-01 population were 7.06 (ISH), 
3.37 (IMM), and 6.52 (IZ); and in the CRE-02 population, 
they were 4.23 (ISH), 0.70 (IMM), and 3.96 (IZ) (Table 5). 
The comparison between the yield gain obtained by direct 
selection and by the simultaneous selection indices shows 
that the gain from direct selection is greater; however, 
the indices obtain simultaneous gains even for negatively 
correlated traits, which represents a big advantage for plant 
breeding (Santos et al., 2007).

The percentage gains predicted (Gs%) for ISH show that 
positive gains were obtained for all the traits evaluated, ex-
cept for LDBR (-6.57%) and PROL (-2.07%) in the CRE-01 

population (Table 5). The negative gains for these traits are 
advantageous since LDBR leads to lower EY, compromis-
ing the quality of the grain upon entering in contact with 
the soil, and also losses in mechanized harvest (Schmitz et 
al., 2010). PROL had negative genetic correlation with GY 
in the CRE-01 population. The percentage gains predicted 
for this index in the CRE-02 population allowed positive 
gains to be obtained for all the traits evaluated, except for 
LDBR (-2.71%). In both populations, very small positive 
gains were obtained for the traits PH, EH, and REP; al-
though these gains are considered undesirable due to plant 
breeding programs looking for smaller plants. The greatest 
gains were obtained for the EY trait at 40.05% for CRE-01 
and 14.05% for CRE-02.

The ratio between gain from direct selection and 
gain from selection by the indices (∆G) in GY and in the 
other traits in both populations imply that although direct 
selection among progenies provides greater expectation of 
genetic progress for most of the traits evaluated, the use of 
the ISH is viable, because it obtained gains more distributed 
throughout all the traits without detracting from the main 
trait, which is GY (Table 5). 

The results found in the CRE-01 and CRE-02 popula-
tions corroborate with those obtained by Gabriel (2006) 
from reciprocal recurrent selection in full-sib progenies in 
maize. The author concluded that the gains predicted from 
the selection index of Smith (1936) and Hazel (1943) are 
greater than those predicted from the indices of Mulamba 
& Mock (1978) and Williams (1962). Advantageous results 
from the use of the ISH were also obtained by Granate et al. 
(2002), in which the ISH was superior to the indices of Pesek 
& Baker (1969) and Williams (1962). 

The IMM of Mulamba & Mock (1978) showed the lowest 
gains related to GY, 11.99% for CRE-01 and 4.70% for 
CRE-02; and also related to EY, 13.68% for CRE-01 and 
6.15% for CRE-02, which are the main traits of interest 
in a maize breeding program. In the CRE-02 population, 
only this index led to negative gains for FF (-0.38%), MF 
(0.25%), and FI (-0.52%). Reduction in the days of these 
traits generates individuals with shorter cycles, reducing 
the time of the crop in the field and making it more suitable 
for use in a second crop season (Chavaglia, 2016).

The results obtained for the ratio between gain from 
direct selection and gain from selection by the indices in 
GY for selection through the IMM, (25.74 in CRE-01 and 
25.43 in CRE-02), suggest that acquisition of gains that 
are more distributed in all the traits evaluated had a very 
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negative effect on the main trait. Divergent results were 
obtained by Berilli et al. (2013), who used the indices of 
Smith (1936) and Hazel (1943), Mulamba & Mock (1978), 
and Williams (1962) in full-sib progenies and obtained bet-
ter fitted predictions of gains from selection with the IMM, 
which led to greater gain in yield and reduced or negative 

gains in deleterious traits. Entringer et al. (2016) carried 
out selection of S1 progenies of sweet corn and obtained 
greater gains using the Mulamba & Mock (1978) index 
compared to the indices of Smith (1936) and Hazel (1943), 
Williams (1962), and Pesek & Baker (1969).

Table 5: Estimates of gains from indirect selection performed from the] ISH, IMM, and IZ, (Gs and Gs%), and ratio between gain from 

direct selection and gain from selection by the indices (∆Gs%) for the diverse traits in the CRE-01 and CRE-02 populations

VARI-

ABLE

SMITH & HAZEL MULAMBA & MOCK Z INDEX

CRE-01 CRE-02 CRE-01 CRE-02 CRE-01 CRE-02

Gs Gs% ∆Gs Gs Gs% ∆Gs Gs Gs% ∆Gs Gs Gs% ∆Gs Gs Gs% ∆Gs Gs Gs% ∆Gs

FF 0.53 0.86 0.00 0.68 1.04 -42.55 0.46 0.76 0.00 -0.25 -0.38 15.35 0.63 1.02 0.00 0.56 0.88 -35.25

MF 0.24 0.40 0.00 0.72 1.11 -46.12 0.15 0.25 0.00 -0.16 -0.25 10.33 0.32 0.53 0.00 0.54 0.85 -34.54

FI 0.17 1.55 -159.65 0.06 0.49 -0.38 0.20 1.83 -188.20 -0.06 -0.52 0.40 0.17 1.59 -163.43 0.09 0.74 -0.56

PH 0.04 1.72 -1.50 0.02 1.01 -32.59 0.04 1.81 -1.58 0.02 0.70 -22.14 0.06 3.03 -2.65 0.03 1.30 -40.90

EH 0.02 1.88 -13.17 0.02 1.29 -40.42 0.02 1.98 -13.90 0.01 0.87 -26.11 0.03 2.99 -20.98 0.02 1.60 -47.92

REP 0.00 0.32 -10.50 0.00 0.14 -30.43 0.00 0.39 -12.66 0.00 0.08 -17.77 0.00 0.50 -16.05 0.00 0.15 -33.20

EL 0.44 2.61 3.19 0.37 2.12 0.15 0.35 2.04 2.50 0.08 0.46 0.03 0.45 2.67 3.27 0.35 2.14 0.14

KL 0.01 1.20 22.20 0.00 0.39 40.14 0.01 0.80 14.79 0.00 0.33 32.87 0.02 1.91 35.34 0.01 0.57 56.42

ED 0.07 1.58 8.07 0.05 1.08 0.12 0.08 1.80 9.18 0.04 0.89 0.09 0.10 2.07 10.56 0.08 1.82 0.19

CD 0.05 1.68 -23.30 0.01 0.41 -0.58 0.07 2.51 -34.82 0.01 0.34 -0.48 0.05 1.84 -25.49 0.03 1.11 -1.56

NR 0.33 2.20 888.03 0.04 0.29 0.28 0.21 1.37 552.15 0.03 0.24 0.23 0.40 2.65 1070.44 0.15 1.05 0.99

NKR 0.51 1.51 5.68 0.34 0.95 0.01 0.40 1.19 4.46 0.20 0.57 0.01 0.56 1.67 6.27 0.43 1.27 0.02

LDBR -0.13 -6.57 208.29 -0.03 -2.71 217.92 -0.14 -7.15 226.70 0.01 1.07 -95.18 -0.05 -2.43 77.00 -0.03 -2.24 200.43

PROL -0.02 -2.07 -73.97 0.03 1.22 172.32 -0.03 -2.48 -88.60 0.02 0.66 90.69 -0.02 -1.84 -65.92 0.03 1.04 142.02

EY 2.70 40.05 89.24 1.26 14.05 20.11 0.92 13.68 30.48 0.47 6.15 7.56 2.13 31.56 70.33 1.10 14.42 17.64

GY 2.09 40.35 86.59 0.66 9.43 58.73 0.62 11.99 25.74 0.28 4.70 25.43 1.65 31.89 68.44 0.57 9.53 51.35

Total 7.05 4.23 3.36 0.70 6.50 3.96

1/FF: female flowering; MF: male flowering; FI: flowering interval; PH: plant height; EH: ear height; REP: relative ear position; EL: ear length; KL: 
kernel length; ED: ear diameter; CD: cob diameter; NR: number of rows per ear; NKR: number of kernels per row; LDBR: lodging and breakage; 
PROL: prolificacy; EY: ear yield; and GY: grain yield.

Garcia & Souza Junior (1999) stated that the use of the 
IMM is very simple since phenotypic values are not used 
directly, but rather a number associated with each one of 
them. Thus, variance is the same for all the traits, avoiding 
transformations of data. However, it is not known if the 
differences between the means are significant or not, which 
may lead to erroneous interpretations.

The gains in percentage predicted for the IZ allowed 
positive gains to be obtained for all the traits evaluated, ex-
cept for LDBR (-2.43%) and PROL (-1.84%) in the CRE-
01 population. In the CRE-02 population, they allowed 

positive gains to be obtained for all the traits evaluated, 
except for LDBR (-2.24%). In the CRE-02 population, the 
IZ had greater gains for EY (14.42%) and GY (9.53%) com-
pared to the other indices. The results in both populations 
indicate that more distributed gains were obtained in all the 
traits evaluated, without a negative effect on the main trait, 
making the use of the IZ viable. 

The IZ exhibited greater gains for the main traits than 
the IMM did, and was thus more efficient. This result corrob-
orates those obtained by França et al. (2016), who carried 
out simultaneous selection in sweet sorghum progenies 
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and also obtained better results with the IZ. Compared to 
the ISH, the IZ exhibited greater total gains in the CRE-02 
population and lower gains in the CRE-01 population. 
However, in the CRE-01 population, the IZ allowed gains to 
be obtained with distribution that was more in fitting with 
the purposes of selection. 

In general, the ISH led to better gains in the CRE-01 
population, and the IZ was more efficient for the CRE-02 
population. Nevertheless, good results were also obtained 
from the use of the IZ in the CRE-01 population. Due to 
the ease of obtaining the IZ and the satisfactory gains for 
this index in both populations, the IZ is most recommended 
for selection of multiple traits in maize breeding programs 
(França et al., 2016),

CONCLUSIONS
The CRE-01 and CRE-02 populations have genetic 

variability for primary and secondary yield components.
The high heritability of most of the traits associated 

with genetic variability of the populations indicate that 
these populations have potential for providing continuity to 
the recurrent selection program and achieving gains from 
selection. 

The Z index allows positive gains to be obtained for 
primary and secondary yield components and is recom-
mended for selection of multiple traits in maize breeding 
programs.
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