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ABSTRACT. The objective of this study was to evaluate the performance 
of 119 full sib progenies of the fifth cycle of reciprocal recurrent 
selection (RRS) derived from of Universidade Federal de Lavras maize 
breeding program. The experiment was carried out in an 11 x 11 triple 
lattice design at two locations (Lavras, Lambari). The plots consisted of 
two rows of 3 m, with four plants per 1 m and 0.60 meters of spacing 
between lines. The grain yield was obtained as kg/plot through weighing 
of husked ears. The contrast between progenies and controls was not 
significant, indicating there were no significant differences among the 
average grain yields of the progenies and controls. When considering 
the joint analysis, heritability was 64.2%; however, this estimate did not 
differ from the values estimated for each location separately. Estimates 
of genetic and phenotypic variance among progenies ranged from 0.21 
to 0.28 and 0.30 to 0.47, respectively. Estimates of selection gain, for 
10% selection intensity, indicated gains of 16% in the joint analysis 
of the two locations. The progenies of the fifth cycle of RRS had high 
average grain yield, associated with high variability. In comparison to 
the average grain yields exhibited by the controls, it was concluded that 
the progenies have the potential to be commercially exploited.
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INTRODUCTION

One of the greatest contributions of science to society is the phenomenon of hetero-
sis. Reciprocal recurrent selection (RRS) is one of a variety of techniques used to enhance 
heterosis in maize. RRS was originally proposed by Comstock et al. (1949) to improve the 
hybrid between two populations exploiting additive and non-additive effects. Furthermore, 
this method allows the improved populations to be sources of inbred lines, producing hybrids 
superior to those obtained from the original populations (Bértran and Hallauer, 1996; Hallauer 
et al., 2010). The main purpose of RRS is to genetically improve germplasm as a resource for 
breeding programs (Hallauer and Carena, 2012).

In RRS, two populations are evaluated in reciprocal crosses in which each population 
is used as tester for the other. In reciprocal crosses that present superior combining ability, 
the progenies of each population are selected and the genotypes are recombined to gener-
ate enhanced populations (Souza Jr., 2011), so that the evaluation is made among popula-
tions and recombination is done within each population, thereby maintaining the identity of 
each population. Therefore, in this type of process two types of progeny are required, one for 
evaluation (interpopulational) and the second for recombination (intrapopulational; Souza Jr., 
2001). Therefore, improvement of the interpopulation hybrid depends on the improvement of 
heterosis between crossing of the populations as well as the improvement, per se, of the popu-
lations. However, in many situations it has been reported that these interpopulational selec-
tion methods have significantly increased the interpopulational hybrid response in one of the 
populations, with unsatisfactory response, or even a negative response, in another population 
(Souza Jr., 1999). For a more comprehensive discussion of RRS we suggest reading Hallauer 
et al. (2010) and Souza Jr. (2011).

In most cases, RRS was used in populations obtained from a large number of genitors, 
synthetics, varieties or compounds (Hallauer and Carena, 2012), thus, a pertinent question re-
lates to the behavior of populations obtained from a few individuals. One option for obtaining 
these populations is the use of commercial single hybrids because they have the advantages of 
wide adaptability and high grain yield potential, since they are only recommended if they have 
high performance in a high number of environments. Allied to this, these hybrids are highly 
heterozygous, generating S0 populations with high genetic variability. Thus, two important as-
pects are associated with the choice of a population when seeking genetic enhancement, high 
average and genetic variability.

In order to verify the efficiency of a recurrent selection program one should determine 
the genetic progress of the selection periodically. In a few reports in this regard, considering 
populations from-single cross hybrids, satisfactory responses conducted with selection were 
observed (Raposo and Ramalho, 2004; Reis et al., 2014).

Within this context, the objective of the present study was to evaluate the performance 
of sib progenies of the fifth cycle of RRS of maize derived from the breeding program of 
Universidade Federal de Lavras (UFLA).

MATERIAL AND METHODS

The RRS program of UFLA began in 2003, employing a method similar to that pro-
posed by Souza Jr. (1987). The choice of genitors was determined by a diallel in which they 
had a high specific and general combining ability. The two populations, named 1 and 2, are 
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derived from two commercial single cross hybrids (SH), and were obtained by randomly in-
tercrossing 3000 F1 plants of each SH in two isolated fields that generated two populations 
in Hardy-Weinberg equilibrium. For a more comprehensive discussion of the UFLA’s RRS 
program we recommend reading Reis et al. (2013, 2014).

To evaluate the progenies of the fifth RRS cycle, initially, the seeds of the recombina-
tion units of two populations selected after evaluation of the fourth selection cycle were sown 
and intrapopulation recombination was conducted, which provided the two populations in 
cycle 5 (C5). Seeds of each of the two C5 populations were sown in alternate rows with 50 cm 
of spacing between rows in order to facilitate specific crosses to obtain full sib progeny and 
prolific plants. A total of 119 interpopulational full sib progenies were obtained, which were 
submitted for evaluation. The second ear was protected and self-pollinated to obtain the S1 
progenies used as recombination units for the next cycle.

The full sib progenies, along with two commercial hybrids used as controls (P30F53 
and GNZ 9501), were evaluated in an 11 x 11 triple lattice experimental design in two loca-
tions, Lavras and Lambari. The plots consisted of two 3-m rows with 12 plants per row, with 
four plants per 1 m and 0.60 m spacing between rows.

Grain yield was evaluated based on the husked ear weight per plot (kg/plot). The 
weight of the ears was corrected for the ideal stand using analysis of covariance and for grain 
moisture of 13%.

First, individual analyses of variances were carried out based on the following model:

(Equation 1)( )= + + + +ijk i j k k ijky u t b r e

where, ijky is the observation regarding treatment i in block j within repetition k; u is the 
constant associated with the observations; it  is the random effect of treatment i, where i = 1, 
2, 3... 121; ( )j kb is the random effect of block j, in repetition k, where j = 1, 2... 11; kr is the 
fixed effect of repetition k, where k = 1, 2, 3; and ijke  is the experimental error of the plot that 
received treatment i in block j, in repetition k, assuming that the errors are independent and 
normally distributed with average zero and 2.eσ

In the joint analysis model for the locations, we used the adjusted mean consider-
ing the effect of treatment as random and the effect of location as fixed, according to the 
model below:

= + + + +is i s isy u t l tl e (Equation 2)

where, isy is the observation regarding treatment i, in location s; u is the constant associ-
ated with the observations; it  is the effect of treatment i, where i = 1, 2, 3... 121; sl is the 
effect of location s, where s = 1, 2; istl is the effect of the interaction between treatment i 
and environment s; and e is the average experimental error of individual analyzes at each 
location, assuming that the errors are independent and normally distributed with average 
zero and 2

eσ .
Genetic and phenotypic parameters for the grain yield were estimated from the ex-

pectations of mean squares using the method of moments. The confidence interval associated 
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with the estimates of genetic and phenotypic variances of progenies was estimated using the 
following equation:

(Equation 3)
2 2

2
2 2
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where, CI is the confidence interval; nt is the number of degrees of freedom associated with 
the estimation of genetic and phenotypic variances; 2σ is the estimate of genetic and pheno-
typic variances; and 2χ is the tabulated chi-square. The value of nt for progeny genetic vari-
ance in the joint analysis was obtained through the Satterthwaite method because in this case 
the estimate of the variance is obtained by linear combination of mean squares:

(Equation 4)
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where, pMS is the mean square of progenies; plMS is the mean square of the progenies-loca-
tion interaction; f1 is the degrees of freedom of progenies; and f2 is the degrees of freedom of 
the progenies-location interaction.

The broad sense heritability ( 2h ) averages among progenies were estimated using the 
following expression:

(Equation 5)
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where, 2
gσ  is the estimate of the genetic variance of the joint analysis; 2

eσ  is the estimate of 
the variance of the error of the joint analysis; and r is the number of repetitions.

The estimate of the error associated with heritability was obtained using the method 
proposed by Knapp et al. (1985). Estimates of the expected gain after progeny selection were 
also obtained. The expected gain was obtained by multiplying heritability by the selection 
differential.

The selection gain (SG) considering two different selection intensities (10 and 20%) 
was estimated using the expression:

(Equation 6)
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where, i  is the standardized selection differential; and 2
fσ  is the estimate of the phenotypic 

variance.
The error associated with the SG S was estimated using the expression presented by 

Bridges et al. (1991):

(Equation 7)

22 22

1 2

2( ) 1 / 4 /
      = + +             

p E E
p

p

MS MS MSiS SG MS
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where, S (SG)G is the error associated with the gain expected with the selection; pMS is the 
mean square of the progeny; DF is the degrees of freedom of the progeny; EMS is the mean 
squared error; and DF2 is the degrees of freedom associated with the error.

The index of coincidence was estimated between locations and then comparing each lo-
cation with the joint analysis using the estimator proposed by Hamblin and Zimmermann (1986):

(Equation 8)i
A CIC
M C
−

=
−

where, C is the number of selected progenies in both locations due to chance. It is assumed 
that among the number of selected treatments, a proportion equal to the intensity of selection 
coincide by chance. Thus, if in 100 treatments it was decided to select 10% (or 10 individuals), 
10% of 10 (or 1), will coincide due to chance; A is the number of common treatments selected 
in both locations; M is the number of treatments selected in one location.

All analyzes for this study were performed using the R software (R Development Core 
Team, 2014).

RESULTS AND DISCUSSION

The significance of the source of variation for the fixed effect of location indicates that 
location has a significant effect on grain yield, irrespective of the treatment condition (Table 
1). The significant effect of progenies on grain yield demonstrates the existence of variability, 
a fact that is important because one of the basic principles for the success of recurrent selec-
tion is the maintenance of genetic variability over selection cycles. This also shows that there 
are differences in the complementarity between the crossings of the two populations. This is 
an important aspect because with it the selection of the best combinations can be performed, 
which is one of the assumptions of RRS.

The interaction between progenies and controls (Prog vs Test) was not significant, 
indicating no significant differences between the average grain yield of the progenies and the 
controls. Given that the controls correspond to commercial hybrids, it can be inferred that the 
progenies have the potential to generate hybrids that are able to compete in the maize market.
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There was a significant difference in the average performance of treatments, between 
locations, for grain yield (Table 1). Partitioning the sum of squares of the interaction between 
progenies and location shows that the grain yield of progenies was not consistent at both 
locations. The same was observed for the controls and location interaction, in which the con-
trols exhibited different behavior between the two locations. However, the contrast between 
controls and progenies when accounting for location was not significant, indicating consistent 
behavior in both locations.

The experimental precision, obtained by selective accuracy (Resende and Duarte, 
2007), was 0.80, which according to the criteria of these authors indicates high experimental 
precision. Importantly, to obtain reliable genetic and phenotypic parameter estimates, the ac-
curacy with which the experiments are conducted is of fundamental importance. Broad sense 
heritability estimates obtained for each location and for both locations together were different 
from zero (Table 2). For the joint analysis, heritability was 64.2%, but this estimate does not 
differ from the other estimates of heritability for each location. In previous cycles of the same 
populations evaluated in this study, estimates of smaller magnitudes were obtained, 29.8 and 
51.5% for cycles zero and three, respectively (Reis et al., 2014). The increase in the magnitude 
of the heritability estimates in the cycle sequences presented here is indicative of the accu-
mulation of favorable alleles in the populations, showing that reciprocal recurrent selection is 
an efficient method of improvement. These estimates are consistent with results found in the 
literature (Hallauer and Carena, 2012).

SV d.f.      MS

Locations (L)     1   9.9040**
Treatments (Trt) (120)   1.8825**
   Progenies (Prog) 118   1.8076**
   Among Controls (Test)     1 12.3818**
   Prog vs Test     1   0.2245NS

Trt vs L (120)   0.6469**
   Prog vs L 118   0.5393**
   Test vs L     1   1.9685*
   (Prog vs Test) vs L     1   0.0200NS

Error 420   0.4050
Overall average 3.65 
Progenies average  4.10 
Control average 3.21 
Selective accuracy 0.80

SV = source of variation; d.f. = degrees of freedom; MS = mean squares. *,**F test significant at 1 and 5% 
probability, respectively.

Table 1. Summary of joint analysis of variance for grain yield (kg/plot), for the two study locations of Lavras 
and Lambari, Brazil.

 h2 (%) 2
gσ


  
SG(2)

Lavras  59.8 (44.28-70.63)1  0.28 (0.22-0.37)1  0.47 (0.37-0.62)1  24 (± 2)3

Lambari 74.2 (64.23-81.15) 0.24 (0.19-0.31) 0.32 (0.25-0.42) 16 (± 4)
Joint 64.2 (51.60-72.89) 0.21 (0.15-0.31) 0.30 (0.23-0.39) 16 (± 8)
1Confidence intervals at 5% of probability; 2SG = values presented in percentage (%) and obtained considering a 
selection index (i) of 10%; 3standard error associated with the selection gain.

Table 2. Heritability estimates (h2) for the average grain yield of progenies, genetic variance ( 2
gσ
 ), phenotypic 

variance ( 2
fσ
 ), and selection gain (SG) for maize grown at two locations in Brazil and in the joint analysis 

between these two locations.
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Estimates of genetic and phenotypic variance among progenies ranged from 0.21 
to 0.28 and 0.30 to 0.47, respectively (Table 2). For these estimates, the lower limits were 
always positive, indicating that these components are different from zero. As with herita-
bility estimates, what is expected in an RRS program is that the genetic variance estimates 
increase with advancing cycles, indicating an accumulation of favorable alleles. The com-
parison of these results with others found in the literature is not relevant due to the different 
units used.

SG estimates, for 10% selection intensity, indicate gains of 16% in the joint analysis 
of locations (Table 2). In studies conducted using the same populations with interpopula-
tional hybrids of previous RRS cycles, gains under 14% were reported (Reis et al., 2013, 
2014). The results presented here corroborate those previously reported for heritability.

The comparison between SG estimates is not always very easy because there are dif-
ferences in the experimental accuracy of assessments and regarding the selection intensity 
used. However, some inferences can be made in this regard. In the literature, there are reports 
of gain achieved with long term RRS with various selection cycles. In these cases, the aver-
age gain ranged from 7 to 13% per cycle (Santos et al., 2007; Hallauer and Carena, 2012; 
Berilli et al., 2013), which is lower than the values reported in the present study.

Another fact related to the coincidence of the productive performance of progeny 
in both locations is the index of coincidence, obtained by considering the two locations 
(Lavras vs Lambari) and also considering the joint analysis (Lavras vs Joint and Lambari 
vs Joint; Table 3). Considering the selection intensity of 10%, the coincidence between 
the two locations was very low (16.7%); however, for the joint analysis, this value was 
higher (58.3%). As expected, with a selection intensity of 20% there is a greater coinci-
dence in all cases. With these results it is clear that to practice selection in one location, 
be it Lavras or Lambari, leads to significant losses in SG. Therefore, the best strategy is 
to make the selection using the average of the two locations, based on the results of the 
joint analysis.

 ICi (10%)    ICi (20%)

Lavras vs Lambari 16.7%    45.8%
Lavras vs Joint 58.3% 75%
Lambari vs Joint 58.3% 75%

Table 3. Estimates of the index of coincidence (ICi) of the best treatments selected, at different selection intensities, 
for maize progenies grown at two locations in Brazil and in the joint analysis between these two locations.

These results show that in the present study substantial progress can be made in the 
selection of hybrid populations derived from commercial single cross hybrids. It is notewor-
thy that as commercial hybrids perform well, the strategy of using these hybrids is interest-
ing to plant breeding programs since it is possible to ally high average with variability to 
select in future cycles. In this context, the fifth cycle of RRS among full sib progenies suc-
ceeded in maintaining genetic variability and favorably increased the average grain yield.

In conclusion, the progenies of the fifth RRS cycle have high average grain yield 
associated with high variability. Compared with the averages presented for the controls, it 
was concluded that the progenies have the potential to be commercially exploited.
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