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ABSTRACT. The aim of this study was to evaluate repeated measures 
over the years to estimate repeatability coefficient and the number of 
the optimum measure to select superior genotypes in Annona muricata 
L. The fruit production was evaluated over 16 years in 71 genotypes 
without an experimental design. The estimation of variance components 
and the prediction of the permanent phenotypic value were performed 
using REML/BLUP proceedings. The coefficient of determination, 
accuracy, and selective efficiency increased when measures increased. 
The coefficient of determination of 80% was reached beyond 8 crop 
seasons with high accuracy and selective efficiency. Thus, the evaluation 
of 8 crop seasons can be suitable to select superior genotypes in the 
A. muricata L. breeding program. Predicted selection gain had a high 
magnitude for fruit production indicating that it is possible to take a 
progressive genetic advance for this trait over cycle breeding.
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INTRODUCTION

Annona muricata L. is a perennial crop cultivated in tropical climates and is adapted 
to several environments conditions. Its fruit has numerous uses, which can be stand out the 
in natura consumption and the cosmetic fabrication (Badrie and Schauss, 2010). Despite 
its economic importance in Colombia, there are no commercial varieties cultivated in this 
country. Besides that, it is very challenging to do experiments with perennial species due to 
the need to evaluate several crop seasons to identify superior genotypes for an important trait. 
Thus, much time is spent as well as the huge labor investment to lay the experiment over crop 
seasons. Therefore, the use of statistical methods more suitable to analyze field experiments is 
important because they can help breeders to make better decisions about the experiment, and 
consequently maximizing the selection efficiency in the breeding program.

The prediction of genetic parameters such as heritability and repeatability is one of 
the most important contributions of the quantitative genetics for the plant breeding (Resende, 
2015). Currently, the standard analytic proceeding used to quantitative genetic approaches 
and selection plants is REML/BLUP (restricted maximum likelihood/best linear unbiased 
prediction). According to Resende and Rosa-Perez (2001), the main advantages of the mixed 
model methods (REML/BLUP) to predict genotypic values and to estimate genetic parameters 
are: can be applied to unbalanced data, allows to analyze data without experimental design, 
allows to use a large number of data that come from several experiments, generating 
information more accurately, allows to analyze the data taking off fixed effects, and predicts 
genotypic values unbiased and accurate, consequently maximizing the selection gain.

Experimental analysis considering repeated measures in the same genotypes over 
crop seasons has some particularities since these measurements are correlated and may be 
covariance heterogeneity between crop seasons (Resende, 2007; Mariguele et al., 2012). 
Interestingly, this kind of analysis has been used to predict genotypic values in the specific 
point among crop seasons or for all crop seasons.

An efficient model to analyze data that have repeated measures is the multivariate 
model in which each crop season is assigned as a different variable. However, if more than 
three crop seasons are considered, it is hard to adjust this model (presenting convergence 
problems) since it is super-parameterized (Resende et al., 2014). When data from individual 
plants with repeated measures without experimental design are used, the basic repeatability 
model without experimental design can be performed efficiently (Resende, 2007).

Based on the above considerations, the objective of this study was to evaluate repeated 
measures over crop seasons for estimating the repeatability coefficient and the optimum number 
of measurements to be carried out in the selection of superior A. muricata L. genotypes.

MATERIAL AND METHODS

The trial was carried out at campus Halcones Farm, in Cerritos - Risaralda, Colombia 
(4°48'48.00''N, 75°42'58.63''W, at approximately 1345 m in altitude) (WGS 84). Region climate, 
according to Köppen’s classification, is AF, with rainfall scattered throughout the year, with average 
temperatures of 23°C, annual rainfall of 2100 mm and relative humidity around 75%. Planting 
was carried out using 8 x 8 m spacing, without an experimental design. The cultural practices 
were carried out according to the recommended cultural management for A. muricata L. Sixteen 
measurements of the fruit yield of 71 A. muricata L. genotypes were carried out from 2000 to 2016.
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The basic repeatability model without experimental design is given by the Equation 1:

y Xm Wp e= + + (Equation 1)

where y is the vector of data; m is the vector of measurements (assigned as fixed) plus the 
general mean; p is the vector of permanent effects of plants (genotypic effects plus permanent 
environmental effect) (assigned as random); and e is the vector of errors or residuals (assigned 
as random). X and W are the incidence matrix for  and p, respectively, (Resende, 2007).

The significance of the difference in the adjustment of different models was tested 
using the likelihood rate test (LRT) proposed by Wilks, and defined by the Equation 2:

12 e p e pLog L Log Lλ + = −  (Equation 2)

where Lp+1 and Lp are the peaks of the likelihood function associated with the full model and 
the reduced model, respectively. Thus, λ should be compared with the probability density 
function (χ2, Table 1) for a determined number of degrees of freedom and error probability 
(Dobson, 1990). The number of degrees of freedom is defined by the difference between the 
number of parameters or variance components between the evaluated models.

The efficiency of the use of m measurements in each plant compared with the use 
of one measurement in each plant regarding genetic gain with selection is defined by the 
Equation 3:
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where f is the selective efficiency;  is the number of measurements, and ρ is the repeatability 
coefficient. This expression is valid for asexual and sexual strategies for reproducing the selected 
genotype. The m value to reach an f fraction of the maximum coefficient of determination is 
defined by Equation 4:
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The mean components (individual BLUPs) based on the permanent phenotypic effect 
of 71 evaluated soursop genotypes were obtained aiming to rank and select superior genotypes.

The basic repeatability model without experimental design was adjusted using the 
Selegen REML/BLUP software (Resende, 2016).

RESULTS

Table 1 shows the deviance and the LRT for the parameters estimated based on 
statistical analysis for fruit production evaluated in 71 A. muricata L. genotypes over 16 crop 
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seasons. The null hypothesis was the full model, and the reduced model did not differ. The 
permanent effect was significant, i.e., the full model fitted the data better than the reduced model.

Table 1. Deviance and the likelihood rate test (LRT) for parameters of the statistical analysis evaluating 71 
Annona muricata L. genotypes over 16 crop seasons.

1Genotypic effects plus permanent environment effects; **significant at 1% of probability by the chi-squared test.

Effect Deviance LRT 
Permanent1 11064.79 324.74** 
Resídual - - 
Full model 10740.05 - 

 

Variance components (individual REML) and the coefficient of determination or 
reliability coefficient (Goddard, 1992) are in Table 2. Heritability was moderate, and the 
reliability coefficient was high.

Table 2. Permanent phenotypic variance among plants (genotypic variance plus permanent environment variance 
over crop seasons) (Vpp), temporary environment variance (Vte), individual phenotypic variance (Vp), individual 
repeatability (r = h2) and its confidence interval, repeatability of the average of  crop seasons or repeated measures 
(rm), selection accuracy based on the average of m crop seasons or repeated measures (Acm), and selection reliability.

Vpp Vte Vp r = h2 rm Acm Selection reliability 
2368.30 4388.00 6757.30 0.35 ± 0.05 0.90 0.95 0.90 

 

The coefficient of determination, selection accuracy, and selective efficiency between 
the use of m measures compared with the use of just one measure were calculated aiming 
to establish the optimum number of measures to make selection for fruit production in A. 
muricata L. To reach f = 0.80 or 80% of the maximum coefficient of determination  are needed 
7.43  8 measurements (Figure 1). On the other hand, four measurements are needed to reach 
selection accuracy greater than 0.80 (Figure 2). The selective efficiency increased over the 
eighth measurements and stabilized after that (Figure 3).

Figure 1. Coefficient of determination in function of the number of measurements for fruit production evaluated in 
71 Annona muricata L. genotypes.
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The mean components (individual BLUP) based on the permanent phenotypic effect 
were obtained considering the selection of 10 genotypes (14.08%), and the predicted selection 
gain for fruit production was 84.06% (Table 3).

Figure 2. Selection accuracy in function of the number of measurements for fruit production evaluated in 71 
Annona muricata L. genotypes.

Figure 3. Selective efficiency in function of the number of measurements for fruit production evaluated in 71 
Annona muricata L. genotypes.

Rank Genotype Pp u + Pp Selection gain (%) 
1 35 129.87 264.72 129.87 
2 54 126.44 261.28 128.16 
3 65 104.47 239.31 120.26 
4 4 81.45 216.29 110.56 
5 24 75.60 210.44 103.57 
6 15 72.40 207.24 98.37 
7 39 69.83 204.67 94.29 
8 71 61.54 196.38 90.20 
9 1 60.89 195.73 86.94 
10 38 58.12 192.96 84.06 

 

Table 3. Permanent phenotypic effect (Pp), permanent phenotypic value (u + Pp), and selection gain (%) based 
on the selection of 10 superior Annona muricata L. genotypes for fruit production.
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DISCUSSION

Techniques for genetic evaluation involve the prediction of genotypic values and the 
estimation of variance components simultaneously. The optimum proceeding to predict the 
genotypic values at the individual level is called BLUP (Henderson and Quaas, 1976). The BLUP 
prediction assumes that the variance components are known. However, in the practice views are 
needed truly estimates of the variance components (genetic parameters) to obtain the empirical 
BLUP (Harville and Carriquiry, 1992). Therefore, the optimum proceeding to make the genetic 
evaluation is REML/BLUP, also defined as mixed model methodology (Resende, 2007).

Besides the mixed model that is suitable for genetic estimation, the likelihood principle 
also allows comparing several models since they have a hierarchical structure. When the full 
model performs exactly the phenotypic data, as shown in this study, the difference between 
two adjusted models can be tested by the LRT (Resende et al., 2014). Thus, the LRT (Table 1) 
revealed that the genotypic effects plus the permanent environmental effects were significant 
pointing out that the full model is the best model to fit the data.

The estimative of the individual repeatability (r = h2) is one of the most important 
findings in this study since there are few types of research in perennial plants that have estimated 
this parameter. In this study, the estimate individual repeatability for fruit yield is classified as 
a moderate magnitude and the mean repeatability of  crop seasons or repeated measurements 
are classified as high magnitude (Resende, 2002). Similar findings were reported for other fruit 
crops such as acerola (Lopes et al., 2001), guava (Degenhardt et al., 2002), araça and pitanga 
(Brazilian fruit crops) (Danner et al., 2010), peach (Della Bruna et al., 2012), sweet orange 
(Negreiros et al., 2014), and banana (Lessa et al., 2014).

The proximity between the predicted genotypic values and the true genotypic value 
for genotypes can be evaluated based on the parameters called selective accuracy (Vleck et 
al., 1987), which means the correlation between the predicted genotypic values and the true 
genotypic values. The selective accuracy depends on the heritability and repeatability, the 
number and the quality of the information, and the methodology used to predict the genotypic 
values. The selective accuracy is the principal component for the genetic progress since it 
is a parameter associated with the selection precision, which breeders can change aiming to 
maximize the genetic gain (Resende, 2002). In this study, the selective accuracy based on 
the average of the  crop seasons or repeated measurements (Acm) was high (0.95) indicating 
high precision according to the classification proposed by Resende and Duarte (2007), and 
consequently, high selection reliability (0.90), since it is a coefficient of determination that 
corresponds to the square of the selective accuracy (Goddard, 1992).

The coefficient of determination, the selective accuracy, and the selective efficiency 
increased when the number of measurements increased as expected. With the evaluation of 8 
crop seasons, it was possible to reach 80% of the maximum coefficient of determination (m = 
∞) with high accuracy and high selective efficiency. Therefore, the 8 crop seasons evaluated 
can be suitable to select superior genotypes in the A. muricata L. breeding aiming to increase 
the fruit yield.

Predicted gains with selection were high magnitudes for yield fruit, which the selection 
of the 10 superior genotypes made a predicted gain of 84.06%. Moreover, the determination 
of the optimum number of genotypes that should be selected to compose the population to 
produce seeds and to maintain the population effective size NE (usually 30 ≤ NE ≤ 50) may 
consider the endogamy (Resende and Bertolucci, 1995). Thus, we suggest that in future 
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researches evaluating A. muricata L., statistic and genetic designs should be performed to 
allow the estimation of genetic parameters more accurately. Besides, the superior Annona 
muricata L. identified in this research can be used for diallel crossing aiming to obtain hybrids 
with high-yield fruit.

CONCLUSIONS

The coefficient of determination, accuracy, and selective efficiency increase when 
the number of measures increased. Eight crop seasons were enough to obtain 80% of the 
maximum coefficient of determination with high accuracy and high selective efficiency.

The predicted selection gain was high for fruit production, which indicates that it is 
possible to obtain genetic advance in this trait over breeding cycles.
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