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ABSTRACT. We evaluated the potential of genetic distances estimated 
by microsatellite markers for the prediction of the performance of 
single-cross maize hybrids. We also examined the potential of molecular 
markers for the prediction of genotypic values and the applicability of 
the Monte Carlo method for a correlation of genetic distances and grain 
yield. Ninety S0:2 progenies derived from three single-cross hybrids 
were analyzed. All 90 progenies were genotyped with 25 microsatellite 
markers, including nine markers linked to quantitative trait loci for 
grain yield. The genetic similarity datasets were used for constructing 
additive genetic and dominance matrices that were subsequently used 
to obtain the best linear unbiased prediction of specific combining 
ability and general combining ability. The genetic similarities were also 
correlated with grain yield, specific combining ability and heterosis of 
the hybrids. Genetic distances had moderate predictive ability for grain 
yield (0.546), specific combining ability (0.567) and heterosis (0.661). 
The Monte Carlo simulation was found to be a viable alternative for 
a correlation of genetic distances and grain yield. The accuracy of 
genotypic values using molecular data information was slightly higher 
than if no such information was incorporated. The estimation of the 
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relationship using molecular markers proved to be a promising method 
for predicting genetic values using mixed linear models, especially 
when information about pedigree is unavailable.
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INTRODUCTION

The evaluation and selection of inbred lines to obtain single-cross hybrids is a com-
mon process and one of the major objectives in maize breeding programs. However, the testing 
stage can be considered the most expensive, since it requires a greater amount of resources, 
even when few inbred lines are crossed. This is because performance per se of the inbred lines 
does not always assure superior hybrids, and it is then necessary to evaluate these inbred lines 
in hybrid combinations (Hallauer et al., 1988; Troyer, 1994). 

Diallel crosses can be used to evaluate the inbred lines’ general combining ability 
(GCA) and specific combining ability (SCA). However, due to the great number of crosses 
that can be obtained with few genotypes, this cross design is little used in the initial stages of 
breeding programs. 

One alternative for this large number of genotypes in the early evaluation stages is the 
use of “top crosses”. However, according to Araújo (2001), this method is less accurate for 
GCA estimates in relation to complete and partial diallels; moreover, it is not possible to obtain 
SCA estimates between the inbred lines, which help the breeder in the selection of superior 
genotypes.

Another alternative is a prior selection, or screening, based on genetic distances of 
partially endogamic lines to cross only the promising genotypes in diallel crosses. The ad-
vantages of performing a diallel in partial inbred lines are due to the exploration of hybrid 
heterosis, which can be used directly for the production of hybrids prior to these lines, reach-
ing a high endogamy level, such as with lines S6 or S7 (Carlone and Russel, 1988; Amorim et 
al., 2006). Moreover, there is a high correlation between progeny performances in early and 
advanced generations, making it possible to use diallel crosses with partial inbred lines for 
prior selections of the elite single-cross hybrids (Bernardo, 1991).

According to Falconer and Mackay (1996), based on the quantitative genetics theory, 
there is a linear relationship between genetic distance, in the presence of loci with dominance, 
and heterosis. Thus, some studies have been conducted to predict heterosis, combining ability 
and grain yield on the basis of parental genetic distance, as pointed out by Dias et al. (2004). 
Moreover, several types of germplasm have been used from inbred and partial inbred lines 
to single-cross hybrids (Amorim et al., 2006; Guimarães et al., 2007; Balestre et al., 2008a). 
However, the results have demonstrated little efficacy and repeatability (Dias et al., 2004). 

Several factors can contribute to low efficacy in prediction performance from 
genetic distances using molecular markers. Among these factors, Bernardo (1992) high-
lights the presence of a small dominance effect on quantitative trait loci, low heritability, 
markers not linked to quantitative trait loci, or more than 70% of these markers not linked 
to quantitative loci, besides the great variation in allele frequency of the progenitors. 
Moreover, the choice of an adequate genetic distance coefficient for the datasets and study 
objectives can contribute to the magnitude of the correlation between genetic distance and 



1294

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 8 (4): 1292-1306 (2009)

M. Balestre et al.

heterosis (Reif et al., 2005; Balestre et al., 2008b). 
Correlation studies between genetic distance and grain yield commonly use hypoth-

esis tests, such as the Student t-test, which are not robust for data with strong deviation from 
normality or sample skewness. Data asymmetry can occur with genetic distance estimates 
(due to dependence on the data), leading to violations of the test assumptions and increasing 
the rate of type I and type II errors, i.e., rejecting a true hypothesis or accepting a false one, 
respectively. Thus, alternative tests for the t-test have been proposed for correlation studies by 
non-parametric statistics, such as the Mantel Z-test (Mantel, 1967). However, several studies 
have suggested the empirical correlation test between variables using Monte Carlo simulation 
(May et al., 2001; Fan et al., 2002). 

This study evaluated the predictive potential of genetic distances estimated by mic-
rosatellite markers in the performance of hybrids from S0:2 lines, the potential of molecular 
markers in predicting the accuracy of genotypic values, and the applicability of the Monte 
Carlo method in the correlation study of genetic distance and grain yield.

MATERIAL AND METHODS

Material description

Ninety S0:2 progenies from three populations originating from three single-cross hy-
brids were used. There were 30 progenies from population A (hybrid P30F45), 31 from popu-
lation B (hybrid Dow 657) and 29 from population C (hybrid DKB333B). 

All 90 progenies were genotyped with 25 microsatellite markers (simple sequence re-
peats), with 9 markers linked to quantitative trait loci for grain yield. The others were selected 
according to the results from “bootstrap” analysis for those same populations (Amorim et al., 
2006). The extraction of DNA, reaction preparation and estimates of genetic distances were 
described earlier by Balestre et al. (2008b). Based on the results obtained by these authors, 
Roger’s modified distance (RMD) was used for the selection of 17 partial inbred lines with 
the objective of recovering the five most and least divergent combinations. Roger’s modified 
distance is the best suited expression for this type of analysis because it provides a coefficient 
recommended for the make up of heterotic groups (Reif et al., 2005), besides showing accept-
able values of distortion and stress for these populations (Balestre et al., 2008b). 

A partial diallel (11 x 6) was performed with the 17 selected partial inbred lines where, 
within each group, the lines were used to obtain the crosses between the most and least diver-
gent ones.

Experimental design and correction of averages by mixed models

Due to the small number of seeds, 60 were evaluated together with four checks and 
were evaluated in two locations in the county of Lavras (Campus of the Universidade Fed-
eral de Lavras and Vitorinha Farm), in the agricultural year of 2007/2008. One of the checks 
was the hybrid DKB199, and the other three checks were single-cross hybrids that originated 
populations A (P30F45), B (Dow 657) and C (DKB333B). The experimental design used was 
an 8 x 8 lattice with three repetitions. Each plot consisted of two 3-m long rows, fertilized with 
450 kg/ha NPK (8-28-16) at sowing and 100 kg/ha nitrogen as side dressing.
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The linear mixed model in the matrix form used for data analysis, considering recov-
ery in inter-block information, was expressed as:

(Equation 1)

where y is the vector of observed data, β is the vector of fixed effects (averages of repetitions), 
a is the random vector of genotypic values, g is the random vector of block effects within the 
repetitions, δ is the random error and X, Z1 and Z2 are the incidence matrices related to β, a 
and g, respectively.

Diallel analysis by mixed models

The joint diallel analysis, using method IV proposed by Griffing (1956), was per-
formed with the data corrected for each location. The analyses were done with the SAS® 
PROC IML system (SAS Institute, 2000). The estimates of fixed effects and best lenear unbi-
ased predictions (BLUPs) of combining abilities (SCA and GCA) were obtained as presented 
by Bernardo’s (1995) proposition for partial diallel. However, in this study the complete dial-
lel model was used, considering all genotypes within the same group.

The linear model considered is given by:

(Equation 2)

where y is the vector of the observations, β is the vector of fixed effects (overall mean and local 
ones), g is the vector of effects of GCA, s is the vector of SCA, e is the vector of errors, and X, 
Z1 and Z2 are the incidence matrices of effects β, g and s, respectively.

The joint solution of the fixed and random effects was obtained by the equations sys-
tem, according to Henderson (1984):

(Equation 3)

with , where: A1 is the additive genetic similarity matrix among the partial in-
bred lines. The additive LR relationship matrix was obtained according to Lynch and Ritland 
(1999) by the following expression:

(Equation 4)

where:
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 is the additive relationship estimator between individual X (taken as reference) 	
	 with alleles a and b and individual Y with alleles c and d in locus k;

 : equals to 1 if a and b are identical, and equals 0 if otherwise;
: equals to 1 if a and c are identical, and equals 0 if otherwise;
: equals to 1 if a and d are identical, and equals 0 if otherwise;
: equals to 1 if b and c are identical, and equals 0 if otherwise;
: equals to 1 if b and d are identical, and equals 0 if otherwise;

pa and pb are the frequencies of alleles a and b through the lines for a given locus k.
Considering the relationship estimates are obtained along many loci, the use of 

weights for the estimates is suggested, besides reciprocal estimation of the  , i.e., initially, 
the individual X is taken as reference and later the individual Y (Lynch and Ritland, 1999). 
The final expression, considering all loci, the given weights for each locus, and the estimated 
relationship, is given by:

(Equation 5)

where wr,x(k) and wr,y(k) are the weights for the kth locus of estimates of ; Wr,x and Wr,y are the 
sum of weights attributed to all loci involved.

The dominance relationship matrix (A2) was constructed according to Henderson 
(1984) and Van Vleck (1993).

Also, Roger’s distances were used to make the matrices A1 and A2 using the expression sij = 
1 - dij, where dij is the RMD value. Thus, two similarity estimates were compared to determine the 
effect of the use of similarity-in-state (Roger’s distances) and similarity-by-descent (LR), in the pre-
diction accuracy of GCA and SCA values. Accuracy estimates of GCA and SCA were obtained by:

(Equation 6)

where di is the ith element of the diagonal of Z1Z1 + A1
-1γ1 and Z2 2

1
222´ γ−+ AZZ Z2 + A2

-1γ2 resulting from the 
inverse of the joint matrix of fixed and random effects.

Correlation study between RMD with grain yield, SCA and heterosis

The study of Pearson’s correlation was carried out using the variables unhusked ear 
yield (HEY), SCA, and heterosis with RMD. The analyses were performed with SAS®, using 
PROC CORR. The Mantel test was used to study the significance of the correlations (Manly, 
1991). Heterosis values were estimated based on the single-cross hybrids that originated the 
populations A, B and C, as suggested by Amorim et al. (2006). 

Besides the Mantel test, the correlation significance between RMD and HEY was 
tested by Monte Carlo simulation, which used the algorithms recommended by Fan et al. 
(2002). These authors suggested elaborating the data, fitted to the characteristics of a common 
sample, to observe how much the correlation coefficient can vary when several different-sized 
samples are removed from the group of data.
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Basically, the algorithm consists in: a) obtaining the first, second, third, and fourth 
moments of the sample, i.e., the average, variance, skewness and kurtosis; b) observing if 
there is any degree of dependence between the samples from which inferences will be made 
(correlation), and c) generating data fitted to the sample characteristics (Table 1).

Sample data	 N	 Average	 Standard deviation	 Skewness	 Kurtosis

   RMD	 60	 0.169	 0.101	 -0.332	 -1.098
   Yield	 60	 8.962	 1.529	 *	 *
   Correlation	 0.546				  

Simulated data	 N	 Average	 Standard deviation	 Skewness	 Kurtosis

   RMD	 2,000,000	 0.169	 0.102	 -0.345	 -0.975
   Yield	 2,000,000	 8.958	 1.528	 *	 *
   Correlation	 0.547

Table 1. Moments referring to genetic distance and yield of 60 maize hybrids, and group of fitted and simulated 
data using the Monte Carlo method based on sample data. 

*Data with normal distribution by the Shapiro-Wilk test. RMD = Roger’s modified distance.

The algorithm proposed by Fleishman (1978) was used to obtain random data with the 
desired skewness and kurtosis, and that proposed by Kaiser and Dickman (1962) for the data 
with the desired dependence (correlation).

Four different sample sizes were used (10, 30, 60, and 100). Each sample was repeated 
10,000 times, for a total of 40,000 samples with 2 million pieces of data. The probability of r > 
0 was tested by the expression proposed by May et al. (2001) and Fan et al. (2002). Moreover, 
a confidence interval was calculated for the correlation value between the variable HEY and 
RMD for a sample size of 60, which is equal to that obtained in this experiment.

RESULTS

BLUPs of HEY for each hybrid and the four checks are found in Table 2. Three 
crosses were superior to the check with the greatest yield (DKB199). The interpopulation 
hybrid 1BX28C was 1.66 t/ha more productive in terms of HEY than the hybrid DKB199. 
Moreover, six crosses had better performance in comparison to the hybrid DKB333B, which 
was one of the hybrids used to form one of the three base populations (population C) and 
which showed the best performance in relation to the other hybrids (DOW657 and P30F45). 

Intrapopulation hybrids as productive as interpopulation ones were found (Table 2). 
However, the greatest yields were found in interpopulation hybrids, and together, their aver-
age performance was 9.84 t/ha versus the intrapopulation average yield, which was 8.24 t/ha.

Only 30% of the interpopulation hybrids showed negative heterosis, while all intra-
population ones had performance below that of the genitor single-cross hybrid, reflecting 
negative heterosis estimates. This result demonstrates that obtaining interpopulation hybrids 
from S0:2 progenies is extremely viable, since 70% of the interpopulation hybrids surpassed the 
average performance of the single-cross hybrids used in the formation of the base population 
(Table 2). It is important to note that the heterosis applied in this study does not reflect the clas-
sic concept of heterosis, since single-cross hybrids that originated the populations were used 
as reference instead of the S0:2 lines.
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The estimates of SCA and GCA are presented in Table 3. The estimates of GCA were 
extremely low, i.e., varying from -0.009 to 0.005 and reflecting a small variance of GCA 
(Table 2). In contrast, the estimates of SCA varied from 3.339 to -3.399 converging to a high 
variance value of the SCA (Table 3).

Genotype	 Yield	 Heterosis	 Genotype	 Yield	 Heterosis

1BX28C	 12.375	  2.998	 19CX25C	 8.713	 -1.710
14CX29A	 11.222	  1.300	 15CX7C	 8.712	 -1.711
30BX28C	 10.813	  1.436	 12CX25C	 8.707	 -1.716
*DKB199	 10.715	 -	 19CX23C	 8.695	 -1.728
30BX23C	 10.690	  1.313	 22CX23C	 8.583	 -1.840
1BX7C	 10.649	  1.272	 30BX29A	 8.579	 -0.296
29CX28B	 10.628	  1.251	 12CX28C	 8.560	 -1.863
*DKB333B	 10.423	 -	 15CX29A	 8.545	 -1.377
30BX7C	 10.412	  1.035	 *DOW 657	 8.331	 -
12CX28B	 10.264	  0.887	 19CX7C	 8.511	 -1.912
15CX28B	 10.194	  0.817	 12CX23C	 8.467	 -1.956
5CX29A	 10.029	  0.107	 14CX23C	 8.464	 -1.959
27BX28C	   9.942	  0.565	 1CX29A	 8.434	 -1.488
27BX23C	   9.928	  0.551	 5CX25C	 8.301	 -2.122
22CX29A	   9.894	 -0.027	 5CX7C	 8.238	 -2.185
5CX28B	   9.894	  0.517	 12CX7C	 8.167	 -2.256
14CX28B	   9.879	  0.502	 14CX28C	 8.152	 -2.271
19CX28B	   9.745	  0.368	 19CX28C	 8.142	 -2.281
27BX7C	   9.653	  0.276	 5CX23C	 8.134	 -2.289
1BX23C	   9.631	  0.254	 1BX25C	 8.091	 -1.286
22CX28C	   9.566	 -0.857	 29CX25C	 8.087	 -2.336
1CX28C	   9.558	 -0.865	 22CX25C	 8.084	 -2.339
1BX29A	   9.467	  0.591	 29CX23C	 7.866	 -2.557
5CX28C	   9.424	 -0.999	 29CX7C	 7.835	 -2.588
*P30F45	   9.420	 -	 1CX7C	 7.797	 -2.626
19CX29A	   9.417	 -0.504	 14CX7C	 7.741	 -2.682
1CX28B	   9.273	 -0.104	 15CX25C	 7.480	 -2.943
15CX23C	   9.268	 -1.155	 14CX25C	 7.407	 -3.016
27BX25C	   9.115	 -0.262	 1CX23C	 7.398	 -3.025
15CX28C	   9.113	 -1.310	 1BX28B	 7.310	 -1.021
27BX29A	   9.064	  0.189	 22CX7C	 7.050	 -3.373
1CX25C	   8.761	 -1.662	 27BX28B	 5.627	 -2.704
Average	   9.010

Table 2. BLUPs of unhusked ear yield (t/ha) and heterosis of intra- and interpopulation hybrids evaluated in two 
locations in the agricultural year 2007-2008. 

Lavras, UFLA, 2009. *Controls; A = population originating from the single-cross hybrid P30F45; B = population 
originating from the single-cross hybrid Dow 657; C = population originating from the single-cross hybrid DKB333B.

	 23C	 25C	 28B	 7C	 28C	 29A	 GCA

30B	  1.661	 -	 -	  1.386	   1.776	 -0.457	  0.005
27B	  0.905	  0.098	 -3.399	  0.633	   0.911	  0.034	 -0.001
19C	 -0.328	 -0.304	  0.718	 -0.508	 -0.889	  0.387	 -0.001
22C	 -0.438	 -0.931	 -	 -1.968	   0.537	  0.866	 -0.002
1B	  0.604	 -0.930	 -1.721	  1.625	   3.339	  0.432	  0.004
1C	 -1.623	 -0.253	  0.248	 -1.219	   0.530	 -0.594	 -0.003
14C	 -0.557	 -1.608	  0.855	 -1.277	 -0.877	  2.194	 -0.003
29C	 -1.156	 -0.928	  1.602	 -1.183	 -	 -	 -0.002
5C	 -0.889	 -0.715	  0.867	 -0.781	   0.393	  0.999	 -0.001
12C	 -0.553	 -0.306	  1.240	 -0.849	 -0.468	 -	 -0.004
15C	  0.247	 -1.535	  1.169	 -0.306	   0.084	 -0.484	 -0.002
GCA	 -0.003	 -0.009	  0.001	 -0.006	   0.005	  0.004

	
 0.002

	
 1.622

	
 1.137

	
 0.741

Table 3. BLUPs of general combining ability (GCA) and specific combining ability (SCA) of 17 lines S0:2, 
considering a complete unbalanced diallel model.

Lavras, UFLA, 2009.
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The model considering the genotypes in a single group (unbalanced complete diallel) 
was more accurate than the partial diallel model with and without the relationship information, 
i.e., a model that considers the genitors in distinct groups (Figure 1).

Figure 1. Accuracy of general combining ability (A) and specific combining ability (B) BLUPs considering the 
unbalanced complete diallel with Lynch and Ritland’s (LR) relationship, Roger’s modified distance (RMD), partial 
diallel with Lynch and Ritland’s [PD (LR)] relationship, and partial diallel with no marker information [PD (SP)].

Accuracy using the RMD coefficients, representing similarity-by-state, can lead to an 
increase in the prediction error variance and, consequently, loss of accuracy of genetic values 
in comparison with estimators that eliminate this bias (Figure 1). Moreover, it can be noted 
that the model without relationship information had accuracy loss in GCA and SCA estimates 
in relation to the coefficient LR. 
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Nevertheless, accuracy values using RMD were advantageous only for GCA 
BLUPs in relation to the two models of partial diallel. However, for SCA accuracy values, 
RMD gave lower values in comparison with the partial diallel model with and without 
relationship information (Figure 1).

The twelve most divergent hybrids, on average, were very productive and showed, 
on average, positive estimates of SCA and heterosis (Table 4). In contrast, the twelve least 
divergent hybrids displayed poor performance in yield and negative SCA and heterosis values. 

	 Twelve most divergent crosses

Order	 Cross	 Distance	 Yield	 SCA	 Heterosis

  1	 1BX25C	 0.337	   8.091	 -0.926	 -1.286
  2	 27BX25C	 0.313	   9.115	  0.110	 -0.262
  3	 14CX28B	 0.306	   9.879	  0.854	  0.502
  4	 14CX29A	 0.306	 11.222	  2.190	  1.300
  5	 22CX29A	 0.283	   9.894	  0.860	 -0.027
  6	 19CX28B	 0.274	   9.745	  0.716	  0.368
  7	 1BX23C	 0.272	   9.631	  0.598	  0.254
  8	 30BX23C	 0.271	 10.690	  1.656	  1.313
  9	 30BX28C	 0.271	 10.813	  1.759	  1.436
10	 1CX28B	 0.265	   9.273	  0.248	 -0.104
11	 5CX28B	 0.265	   9.894	  0.865	  0.517
12	 15CX28B	 0.265	 10.194	  1.169	  0.817

Average		  0.285	   9.087	  0.842	  0.402

	 Twelve least divergent crosses

Order	 Cross	 Distance	 Yield	 SCA	 Heterosis

  1	 27BX28B	 0.074	   5.627	 -3.406	 -2.704
  2	 1CX28C	 0.061	   9.558	  0.524	 -0.865
  3	 12CX28C	 0.058	   8.560	 -0.473	 -1.863
  4	 19CX7C	 0.030	   8.511	 -0.499	 -1.912
  5	 22CX23C	 0.030	   8.583	 -0.433	 -1.840
  6	 22CX7C	 0.030	   7.050	 -1.958	 -3.373
  7	 1CX7C	 0.030	   7.797	 -1.207	 -2.626
  8	 14CX7C	 0.030	   7.741	 -1.265	 -2.682
  9	 29CX7C	 0.030	   7.835	 -1.172	 -2.588
10	 5CX7C	 0.030	   8.238	 -0.771	 -2.185
11	 12CX7C	 0.030	   8.167	 -0.836	 -2.256
12	 15CX7C	 0.030	   8.712	 -0.294	 -1.711

Average		  0.039	   8.032	 -0.982	 -2.217

Table 4.  Selection of the 12 most divergent crosses and comparison with the 12 least divergent ones, considering 
the values of yield, heterosis and specific combining ability (SCA). 

Lavras, UFLA, 2009. A = population originating from the single-cross hybrid P30F45; B = population originating 
from the single-cross hybrid Dow 657; C = population originating from the single-cross hybrid DKB333B.

However, the most divergent hybrid was not the most productive; on the contrary, its 
performance was below the overall mean. Similarly, the least divergent hybrid was not the one 
with the worst performance of the group of hybrids evaluated (Table 4).

Still, on average, the most divergent hybrids were the most productive ones, concur-
ring with medium-range correlation values between RMD and yield, SCA and heterosis (Table 
5). All these values differed from zero by the Mantel test. However, when considered sepa-



1301

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 8 (4): 1292-1306 (2009)

Prediction of genotypic values

rately, intra- and interpopulation hybrids, there was no significant correlation between RMD 
and the variables yield, SCA and heterosis.

Distance 	 Yield	 SCA	 Heterosis

RMD	  0.546+	  0.567+	  0.661+

RMD intra	 0.107	 0.141	 0.153
RMD inter	 0.031	 0.015	 0.047

Table 5. Correlation between Roger’s modified distance (RMD) and yield, specific combining ability (SCA) and 
heterosis referring to 60 hybrids evaluated in two locations in the agricultural year 2007/2008. 

Lavras, UFLA, 2009. +Significant at 1% probability by the Mantel test based on 10,000 simulations.

The coefficient of correlation (r) between RMD and yield (0.546) varied from -0.64 to 
0.97, depending on the sample size (Figure 2). The probability of r being greater than zero for 
sample size 10 was 95.7%. This probability P (r ≤ 0|r) was practically zero for all other sample 
sizes, demonstrating that, independent of the sample size, there was a positive association 
between RMD and ear yield. 

Figure 2. Sample size (μ), standard deviation (σ) and average correlation ( xr ) of data obtained by Monte Carlo 
simulation, fitted to genetic distance and yield values of 60 hybrids from partially endogamic lines.
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Taking sample size 60 as reference, one can note that the correlation value be-
tween RMD and yield, in 98% of the samples, varied from 0.35 to 0.70, with an average 
of 0.538 using 600,000 data randomly sampled within the populations simulated and fitted 
according to phenotypic values and genetic distance. This result supports the correlation 
values found for each environment (0.402 and 0.603).

On average, all samples showed correlation values near those of sample values (Fig-
ure 2), which was expected from the result of the test population (Table 1).

DISCUSSION

The use of hybrids from partially endogamic lines, obtained from single-cross com-
mercial hybrids, has been suggested by several authors (Souza Jr., 1992; Carvalho et al., 2003; 
Amorim et al., 2006). All these studies have reported genotypes with superior performance 
compared to the checks (parental hybrids). In the present study, the results were not different, 
i.e., most interpopulation hybrids were better than the average of the parental hybrids (71%). 

This result was greater than that found by Amorim et al. (2006) with S0 hybrids 
for the same populations (11.65%). Moreover, six crosses were greater than DKB333B, 
while Amorim et al. (2006) evaluated 163 hybrids and found nothing better than this com-
mercial hybrid. In contrast, Carvalho et al. (2003) found that 17% of the S2 x S2 hybrids 
were superior to the hybrid DKB333B, demonstrating the great potential of using this type 
of germplasm for hybrid synthesis.

Although some intrapopulation crosses gave hybrids with performance above the 
overall mean, these hybrids were no better than their parents. One possibility is that only 33 in-
trapopulation hybrids were evaluated, accounting for the low performance of these genotypes, 
due to the greater probability of finding endogamic combinations. However, considering that 
only 27 interpopulation hybrids were evaluated and that most of them showed high perfor-
mance, it is reasonable to state that this type of cross would be preferred for these populations.

Table 2 presents yield genotypic values and not the phenotypic averages. Thus, mul-
tiple comparison tests are not recommended for genotypic values since BLUP is considered 
to be an estimator of the “shrinkage” type, which penalized the genotypes that were most af-
fected by the genetic evaluation, bringing the values near the overall average.

Some aspects of SCA and GCA and their respective variances deserve being high-
lighted. According to Sprague and Tatum (1942), GCA reflects the average performance of a 
progenitor in a group of crosses. Moreover, according to Boer and Hoeschele (1993), endo-
gamic crosses affect the estimates of variance components, a fact that can be observed in a 
complete diallel, where related and non-related individuals are crossed. In the present study, 
the results were not different, i.e., the estimate of GCA variance component reflecting the vari-
ability of the parent’s performance in the crosses was very low and near zero.

Considering the concept of GCA and endogamic and non-endogamic crosses eval-
uated jointly in complete diallels, one can note in Table 2 that the lines showing good 
performance in interpopulation crosses (non-endogamic) usually displayed low yield in 
intrapopulation crosses (endogamic). This result could have contributed to the underesti-
mation of GCA values, which were near zero, and consequently, GCA variance was near 
zero (Table 3). Thus, it can be inferred that the group of hybrids evaluated in this study was 
not strongly affected by the parents’ GCA in the crosses, converging to very distinct values 
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of additive and non-additive variances in relation to GCA and SCA from what would be 
expected for these variance components in maize crop (Hallauer and Miranda Filho, 1981).

Another important aspect to be highlighted is the reason for using an unbalanced 
complete diallel instead of a partial diallel model for the analysis. As stated in Material and 
Methods, the crosses were performed in an 11 x 6 scheme, which would lead to a partial dial-
lel to evaluate GCA and SCA. However, these crosses were obtained with the objective of 
recovering the most and least divergent combinations, which led to the allocation of related 
individuals out the groups, i.e., not necessarily in distinct groups. 

In this study, the use of a partial diallel loses part of the relationship in matrix A, while 
the complete diallel, even when highly unbalanced, can recover this information, leading to 
greater accuracy in predicting GCA and SCA values. This fact is evident in Figure 1, where the 
six last progenitors, when allocated in a group apart from all others (11 x 6), had smaller GCA 
BLUP accuracy in relation to the unbalanced complete diallel and, consequently, smaller ac-
curacy values of SCA, which is also affected by the loss of relationship information (Figure 1).

Therefore, the preference for the use of an unbalanced complete diallel instead of a partial 
one can be justified. It should be noted that the traditional approach of diallel crosses by ordinary 
least squares, or even the use of mixed models, without the use of relationship information, would 
not allow the recovery of information, since it does not assume covariance among the genotypes. 
Thus, it is possible to infer that, when relationship information on the genotypes evaluated is unavail-
able, the information provided by markers can contribute to prediction accuracy of genetic values.

Nevertheless, some authors (Bauer et al., 2006; Balestre et al., 2008c) have suggested 
the use of similarity-in-state to predict genetic values using the methodology of BLUP. However, 
observing accuracy values for the predictions of SCA and GCA (Figure 1), it can be noted that 
the LR coefficient yielded a greater magnitude of accuracy values in comparison with RMD. 

This greater prediction error caused by RMD on SCA and GCA values was expected, 
due to the recovery of genetic information that takes into consideration only the evolution 
aspect (similarity-in-state) of the individuals and not their relationship. Thus, in greater or 
lesser weight, all genetic covariance values are recovered by the linear predictor (BLUP) for 
each SCA and GCA values, including those individuals that do not share alleles inherited 
from common progenitors. However, this bias is eliminated by the use of Lynch and Ritland’s 
(1999) coefficient since, despite using molecular data (similarity-by-state), it takes into con-
sideration the conditional probability that two individuals have alleles inherited from common 
progenitors (similarity-by-decent). Thus, it can be inferred that the use of clean similarity-in-
state for the construction of matrix A can lead to error in the prediction of genetic values.

The genetic distances obtained by microsatellite markers showed moderate efficacy in 
the prior selection of the hybrids evaluated in this study. The twelve most divergent hybrids, 
on average, were greater in yield, SCA and heterosis in relation to the least divergent, result-
ing in a selection efficiency of 20% in relation to the greatest observed yield values. However, 
the top performance hybrid was not within the group of selected hybrids, demonstrating that a 
promising combination can be lost by the use of genetic distance prior to selection (Table 4).

The correlation results between RMD and yield (0.546) were practically identical to 
those obtained by Amorim et al. (2006) for S0 progenies from these same populations (0.55). 
This allows the inference that there is repeatability in the association between RMD and yield 
for the populations involved in this study. This correlation value is considered of medium 
magnitude, but does allow prediction reliability. This occurs because there was no association 



1304

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 8 (4): 1292-1306 (2009)

M. Balestre et al.

between RMD and yield in the separation of intra- and interpopulation hybrids, i.e., although 
there is average joint prediction efficacy for the inter- and intrapopulation hybrids, RMD had 
small prediction efficacy for intra- or interpopulation crosses. 

This result disagrees with those obtained by Reif et al. (2003), Amorim et al. (2006) 
and Balestre et al. (2008c), who found large differences in correlation values in separate inter- 
and intrapopulation groups. However, those authors disagree on the magnitude of the associa-
tion found between RMD with yield in intra- and intergroup hybrids. 

Thus, it can be inferred that, although the correlation results are apparently acceptable, 
RMD showed only average magnitude selection efficacy, when high variability in the values for 
genetic distance and yield was observed. When this variability decreased, in the case of separat-
ing inter- and intrapopulation hybrids, this moderate efficacy vanished, which was expected by 
Pearson’s correlation. These same inferences can be made for SCA and heterosis, although the 
correlation between RMD and heterosis (0.661) showed a greater value in comparison with yield 
and SCA. Also, for the correlation between RMD and yield, Monte Carlo simulation results can 
be used, for illustration purposes, to demonstrate its application in correlation studies.

Focusing on the study of Amorim et al. (2006), it can be noted that these authors used 
only 24 hybrids for the correlation study of a group of 163 hybrids evaluated, where only one-
half of them (12) were intra- and the other half interpopulation. These authors found that the 
high correlation value between RMD and yield was obtained only when inter- and intrapopu-
lation hybrids were separated, and then, only the interpopulation hybrids showed high cor-
relation (0.84), while low correlation values were obtained (0.18) with intrapopulation ones.

Considering that the same populations were used in the present study, that the prog-
enies used in the crosses are derived from the same ones used by Amorim et al. (2006), and 
that the correlation coefficient obtained in this study was practically the same as that obtained 
by those authors, it is possible to infer that these authors obtained a high correlation value 
between RMD and yield for interpopulation hybrids (0.84) by chance, due to the small sample 
size (12) removed from the data group with a correlation value of 0.55 and size of 24. The 
Monte Carlo simulation method supports this inference (Figure 1). 

It can be noted that drawing several samples of size 10 from populations with a fixed 
correlation of 0.55, the density of samples that presented similar values (0.55) was basically 
the same density of samples with correlation of 0.80 (Figure 2), i.e., incurs in sampling error 
on the correlation estimate. 

However, this parity disappears when using larger samples (60 and 100), with the pop-
ulation coefficient prevailing (Figure 2). Similar results were observed by Millsap (1988), in 
correlation studies with Monte Carlo simulation. That author concluded that samples smaller 
than 60 can be biased due to sampling error, which was also observed in this study, where a 
sample size of 60 gave practically the same result as that with sample size of 100. Moreover, 
the correlation values obtained on the individual analyses were within the confidence interval 
for sample size of 60 (0.402 and 0.603).

Thus, it is possible to test the significance of the correlation coefficient for asymmetric 
data (RMD) with a correlation study using Monte Carlo simulation, as well as to obtain the 
required information to determine sample size in order to avoid the risk of obtaining random 
correlation values, as emphasized by Fan et al. (2002). 

Based on the results of the present study, it can be concluded that the use of partially 
endogamic lines is a viable alternative for the production of high performance hybrids and that ge-
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netic distances provide moderate yield predictive ability, combination ability and hybrid heterosis.
Monte Carlo simulation is a viable alternative to test the correlation between genetic 

distance and yield, and can be used to determine the adequate sample size in association stud-
ies between these two variables. 

Relationship estimates by molecular markers through Lynch and Ritland’s coefficient 
have been shown to be a promising methodology for predicting genetic values in mixed linear 
models (BLUP), especially when no pedigree information is available.
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