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ABSTRACT. The objective of this study was to conduct a meta-analysis and test its efficiency in 

summarizing the heterogeneous data of heritability estimates for the traits of grain yield (GY) and popping 

expansion (PE), and to provide reliable estimates of selection gains in popcorn. Therefore, 97 heritability 

estimates (ℎ̂2) for popcorn GY and PE in the broad and narrow sense were used. The main procedures 

underlying the estimation of the combined heritability (ℎ̂+
2 ) using the technique of meta-analysis consisted 

of i) an exploratory analysis of the set of heritability estimates to detect outliers using a box-plot chart, ii) 

the verification of the required statistical assumptions, iii) testing the involved heritability estimates for 

homogeneity, and iv) the calculation of the estimates of combined heritability. The meta-analysis 

facilitated the synthesis of the information pertaining to heritability in popcorn. The combined heritability 

estimates (ℎ̂+
2 ) in the broad sense for GY and PE were 0.5208 ± 0.0229 and 0.6356 ± 0.0209, respectively, and 

in the narrow sense were 0.3290 ± 0.0292 and 0.3083 ± 0.0298, respectively. 
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Introduction 

The concept of heritability (h2), introduced to distinguish genetic and non-genetic differences among 

plants, is fundamental in popcorn breeding programs to guide decisions related to the selection method 

applied, traits selected in the early and advanced stages of the program, and the estimation of genetic gains. 

According to Fehr (1993), high heritability indicates that selection in the early generations of selfing is 

effective, whereas low heritability indicates that selection should only be applied in the more advanced 

generations as an increase in homozygosis increases narrow-sense heritability. 

Heritability reflects the inheritable proportion of phenotypic variation, that is, it quantifies the reliability 

of the phenotypic value as a guide to the genetic value. Only the phenotypic value of a plant is measurable, 

but it is the genetic value that will influence the next generation. Thus, it is important to know how much of 

the phenotypic variation is attributable to genotypic variation, which is measured by heritability (Falconer & 

Mackay, 1996; Ramalho, Abreu, Santos, & Nunes, 2012). Two types of heritability can be estimated: 

heritability in the broad sense (ℎ𝑎
2), defined as the ratio of genotypic to phenotypic variance, and in the narrow 

sense (ℎ𝑟
2), defined as the ratio of additive genetic to phenotypic variance (Allard, 1971). 

Popping expansion (PE) is an oligogenic trait, with heritability estimates varying from 70 to 90% (Pereira 

& Amaral Júnior, 2001; Rangel, Amaral Júnior, Gonçalves, Freitas Júnior, & Candido, 2011), increasing the 

chances of obtaining gains by selection (Alexander, 1988). According to the multiple inheritance studies 

(Dofing, D’Croz-Mason, & Thomas-Compton, 1991; Pereira & Amaral Júnior, 2001; Rangel et al., 2011; 

Moterle et al., 2012; Coan et al., 2019), the main component of genetic variation of PE is the additive genetic effect. 

On the other hand, the heritabilities of yield traits are generally lower than those estimated for PE; therefore, the 

selection of inbred families based on yield is more difficult. Additionally, for PE, as well as for grain yield (GY), 

substantial variation is observed in the heritability estimates, be it in the broad or narrow sense. 

In an analysis of S1 and S2 families of the popcorn population, Vilarinho, Viana, Santos, and Câmara (2003) 

found broad-sense heritabilities of 60 and 32% for PE, and 33.58 and 27.83% for GY, respectively. In another 

study, in a test of S2 families of the Beija-flor popcorn population, Santos, Viana, Vilarinho, and Câmara (2004) 

obtained broad-sense heritability estimates of 72% for PE and 56.92% for GY. For PE of genotypes with 

different inbreeding levels, Arnhold, Mora, and Deitos (2006) found estimates from 35.93 to 90% among 
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families, from 59.13 to 88.79% within families, and from 16.92 to 81.73 % at the plant level, whereas for GY, 

the estimates varied from 33.48 to 90.18% among families, from 22.47 to 55.99% within families, and from 

21.93 to 48.82% at the plant level. In experiments at three sites, with topcross hybrids derived from S3 lines, 

Arnhold, Mora, Silva, Good-God, and Rodovalho (2009) obtained heritability estimates between 67 and 85% 

for PE and between 48 and 62% for GY. In another study, with S3 families, Lima et al. (2020) obtained 

heritability estimates of 76% for PE and 40% for GY. 

Usually, heritability is estimated from an analysis of variance. The occurrence of errors associated with 

heritability estimates and other components of genetic variance is normal (Pešek & Baker, 1969). There is a 

large variation in heritability estimates of the same trait that can be attributed to sampling, population 

differences, and environmental differences (Vencovsky, 1987). For certain traits, these variations in results 

hamper decision making. A possible way of overcoming this problem is to compute a mean based on the 

combination of estimates of pre-existing results (Koots, Gibson, Smith, & Wilton, 1994), establishing a 

synthesis. 

Combined estimates can be obtained by a meta-analysis (Giannotti, Packer, & Mercadante, 2005), which 

consists of a statistical procedure that provides a quantitative and summarized overview of different but 

related studies (Glass, 1976; Gurevitch, Koricheva, Nakagawa, & Stewart, 2018). The statistical methods used 

in the meta-analysis ensure that the combined estimate is accurate, mainly because of the increase in the 

number of observations, and consequently, the statistical power and possibility of detecting variability among 

the studies (Fagard, Staessen, & Thijs, 1996), which is not possible by simply averaging the published results. 

The objective of this study was to apply the methodology of meta-analysis to the problem of testing the 

efficiency of summarizing information from heritability estimates (ℎ̂
2
) in the broad and narrow sense, for GY 

and PE, to provide reliable estimates of heritability. 

Material and methods 

Two types of meta-analysis models can be applied to combine information: the fixed-effect and the 

random-effect models (Sousa & Ribeiro, 2009). For the fixed-effect model, the studies are assumed to be 

homogeneous, that is, the observed variability among the results of the studies underlying the meta-analysis 

is ascribed only to the internal sample variability of each study (Whitehead, 2002). On the other hand, the 

random-effect model assumes that the studies are dissimilar, with variability within and between studies. 

The data used in this study included 97 heritability estimates of S1 to S4 inbred popcorn families, in the 

broad and narrow sense, for GY and PE. These data were compiled and summarized from independent but 

related studies. These consisted of scientific articles published in national and international journals, annals 

of congresses, theses, and dissertations, as well as in the databases SCIELO, SCOPUS, and ISI, using the search 

terms: ‘heritability’, ‘popcorn’, ‘popping expansion’, ‘diallel’, ‘top cross’, and ‘genetic parameters’. 

To ensure the validity of the procedures used in the meta-analysis, the assumptions of the normality and 

independence of the heritability estimates must be met (Hedges & Olkin, 1985). The assumption of 

independence was partly satisfied because the estimates were extracted from different studies. However, the 

normality assumption was tested using the Shapiro-Wilk test (Shapiro & Wilk, 1965). 

The main procedures involved in calculating the estimates of combined heritability (ℎ̂+
2

), in the broad and 

narrow sense, for PE and GY in popcorn by meta-analysis were: i) exploratory analysis of the datasets 

(compiled heritability estimates), ii) verification of the required statistical assumptions, iii) homogeneity test 

of the heritability estimates involved, and iv) calculation of combined heritability estimates. 

The set of heritability estimates was subjected to exploratory analysis to detect outliers using a box-plot 

chart. This chart was used to evaluate the empirical data distribution, such as the position, dispersion, 

symmetry, and discrepancy of the data. In summary, the objective was to determine whether the datasets 

were comparable with each other (Bussab & Morettin, 2003). 

To obtain the combined estimate and test for homogeneity, the variances (𝑠𝑖
2) associated with the 

heritability estimates (ℎ̂𝑖
2) must be known. However, because the vast majority of studies did not contain this 

information it had to be calculated by the method described by Falconer and Mackay (1996): 𝑠𝑖
2 = 32ℎ̂𝑖

2
/𝑁, 

where N is the number of estimates involved in the meta-analysis. 

The homogeneity test is important for determining the best model for a particular meta-analysis. Thus, 

based on ℎ̂𝑖
2
and 𝑠𝑖

2, we tested the null hypothesis, that is, the statement that the studies that make up the 
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meta-analysis are homogeneous, Ho: ℎ̂1
2

= ℎ̂2
2

= ⋯ = ℎ̂𝑘
2
, against the hypothesis that at least one heritability 

estimate differs from the others, utilizing ++Cochran's Q test (Cochran, 1937), given by: 𝑄 = ∑ 𝑊𝑖
𝑘
𝑖=1 (ℎ̂𝑖

2 −

ℎ̂+
2 )2~𝑥𝑘−1

2 , where 𝑤𝒊 is the weight of study i, given by 𝑊𝑖 = 1/𝑠𝑖
2; ℎ̂𝑖

2
 is the i-th heritability for a given trait; ℎ̂+

2  

is the combined estimate of the heritabilities, given by, ℎ̂+
2

= ∑ 𝑤𝑖
𝑘
𝑖=1 ℎ̂𝑖

2
∑ 𝑤𝑖

𝑘
𝑖=1⁄ , and k is the number of values 

sampled for that trait (Hedges & Olkin, 1985). A significant result of the statistical test implies that the 

variation in the estimates among the studies is greater than that expected by chance; thus, the hypothesis 

that the estimates do not differ from each other is rejected (Wang & Bushman, 1999). If the null hypothesis 

is not rejected, the studies are considered homogeneous (p ≥ 0.01). 

Thus, in the case of homogeneity, we adopted the fixed-effect model, with the structure: ℎ̂𝑖
2 = ℎ̂+

2 + 𝑒𝑖 and, 

in case of heterogeneity, the random-effect model was used, structured as: ℎ̂𝑖
2

= ℎ̂+
2

+ 𝜀𝑖 + 𝑒𝑖, where 𝜀𝑖 is the 

random effect of each study i; and 𝑒𝑖 is the random error of study i. In the random-effects model, it is assumed 

that random errors have a normal distribution, with mean 0 and known variance 𝑠𝑖
2(𝑒𝑖~𝑁(0, 𝑠𝑖

2)), the same 

assumption as that of the fixed-effect model. The random effects have a normal distribution with a mean of 

0 and unknown variance 𝜏2 (𝜀𝑖~𝑁(0, 𝜏2 )). In this model, the point estimate for ℎ̂+
2

 similarly consists of the 

weighted mean between the effect measures of each study with the difference in the estimate of 𝜏2  influencing 

the weighting (Deeks, Higgins, & Altman, 2019). Because εi and ei are independent, we have ℎ𝑖
2~𝑁(ℎ̂+

2
, 𝜏2 + 𝑠𝑖

2). 

The parameter 𝜏2  represents the variability between the studies and it should be estimated when using the 

random-effect model. Subsequently, the combined standard deviation associated with ℎ̂+
2

 was obtained by 

𝑠+ = √1 ∑ (1/𝑤𝑖)
𝑘
𝑖=1⁄ . 

Statistical analyses were performed with the Rcmdr plug-in and metafor package of R software (R Core 

Team, 2019). 

Results and discussion 

The minimum and maximum values and amplitude of variation of the heritability estimates (ℎ̂
2

) in the 

broad and narrow sense for PE and GY (Table 1) were 3.5 and 3.3 times higher than the minimum broad and 

narrow-sense values for GY, respectively. However, for PE, the amplitudes were 4.9 and 4.2 times higher than 

the minimum value in the broad and narrow sense, respectively. These high amplitudes confirmed the 

discordant results indicated by the literature, consequently justifying the application of the technique of 

meta-analysis. 

For the exploratory analysis of the set of heritability (ℎ̂
2

) estimates of the traits under study, a box-plot 

chart was used (Figure 1) to show the distribution and summary of the main statistics of the data, as well as 

those performed by Senhorinho et al. (2019). For the estimates of broad-sense heritability (ℎ̂𝑎
2), values below 

0.2667 were considered discrepant for PE. For narrow-sense heritability estimates (ℎ̂𝑟
2
), values above 0.6784 

for GY and 0.8273 for PE were also considered discrepant. 

Table 1. Minimum and maximum values and amplitude of heritability estimates (ℎ̂2 ) for grain yield (GY) and popping expansion (PE) 

in popcorn. 

 Heritability estimates (ℎ̂2 ) 

Traits Broad sense (ℎ̂𝑎
2) 

 

 

Narrow sense (ℎ̂𝑟
2) 

 Minimum Maximum Amplitude Minimum Maximum Amplitude 

GY 0.2193 0.9984 0.7791 0.1572 0.6784 0.5212 

PE 0.1692 0.9995 0.8303 0.1585 0.8273 0.6688 

Source: first author. 

No exclusion criterion was adopted for the discrepant values because, in the studies from which they were 

originally extracted, the authors explained the reasons why they obtained low or high heritability values for 

the traits studied (Giannotti et al., 2005). As conditions for the validity of the statistical methods used in the 

meta-analysis, the assumptions of the normality and independence of the heritability estimates must be 

satisfied. The assumption of independence was partly satisfied because the estimates were extracted from 

different studies. The normality assumption, on the other hand, was tested by the Shapiro–Wilk test, and all 

traits evaluated in the broad and narrow sense had a normal probability distribution (Table 2). 
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Figure 1. Box-plots of heritability estimates (%) in the broad sense (𝒉̂𝒂
𝟐) and narrow sense (𝒉̂𝒓

𝟐), for the traits of yield (GY) and popping 

expansion (PE) in popcorn 

Table 2. Values of the Shapiro–Wilk (W) test statistics for normality, the homogeneity test (Q), the combined estimate of heritabilities 

(ℎ̂+
2 ), and the combined standard deviation (𝑠+) associated with ℎ̂+

2 , for the traits of grain yield and popping expansion in popcorn 

Broad-sense heritability 

Trait W Q ℎ̂+
2  𝑠+ 

Grain yield 0.9835 NS 0.0977 NS 0.5208 0.0229 

Popping expansion 0.9286 NS 0.1125 NS 0.6356 0.0209 

Narrow-sense heritability 

Trait W Q ℎ̂+
2  𝑠+ 

Grain yield 0.9746 NS 0.0116 NS 0.4126 0.0250 

Popping expansion 0.9309 NS 0.0205 NS 0.4233 0.0230 
NS was non-significant by the Shapiro-Wilk test and Q test at a 1% probability. 

Once the required assumptions were met, the homogeneity between the heritability estimates was tested 

using the Q statistic. This homogeneity test is fundamental for decisions regarding the choice of either a fixed 

or random-effect model. The hypothesis of homogeneity among heritability estimates was accepted for all 

studied traits, and consequently, the fixed-effect model was adopted (Table 2), based on: ℎ̂𝑖
2

= ℎ̂+
2

+ 𝑒𝑖. 

For the combined estimates of heritabilities (ℎ̂+
2

) for the evaluated traits and the combined standard 

deviations associated with these combined estimates (Table 2), we found broad-sense heritability values of 

0.5208 for GY and 0.6356 for PE. These values were different from the results obtained if a simple arithmetic 

mean was calculated, having values of 0.5925 and 0.7182, respectively. It is worth mentioning that for PE, the 

value obtained is below, but relatively close to the lowest value (70%) of the parameter established by Pereira 

and Amaral Júnior (2001) and Lima et al. (2020), who determined that heritability estimates should be within 

a range between 70 and 90%. Therefore, the PE estimate by the meta-analysis was sufficiently high to ensure 

satisfactory gains with selection. 

For narrow-sense heritability, ℎ̂+
2

 values of 0.4126 for GY and 0.4233 for PE were obtained. These values 

also differed from those of the arithmetic mean, in which the estimates were 0.3677 and 0.3766, respectively. 

Heritability in the narrow sense considers only the effect of additive genes, unlike heritability in the broad 

sense, which considers the effect of additive and non-additive genes. Consequently, heritability in a narrow 

sense will always tend to be less. These were far different from the extreme values found in the literature, 

corresponding to less than half of the amplitude obtained for the traits PE and GY by meta-analysis. The 

magnitude of heritability indicates whether the trait of interest is inheritable. Thus, high-performing parents 

tend to produce high-performing progenies. 
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In scientific research, the number of similar articles published in different areas of knowledge, resulting 

from similar research objectives, is increasing, thereby generating interest in the estimation of the synthesis 

of their results (Fagard et al., 1996; Wang et al., 2013), as in this study. In this context, the application of 

meta-analysis has contributed to obtaining an overall measure of the traits under study, which is even more 

relevant when considering the extreme lack of studies involving this technique, especially in the areas of 

breeding and crop production. 

Conclusion 

The method of meta-analysis is recommended to synthesize information about heritability in popcorn, 

and is indispensable for the appropriate analysis of the dataset to be summarized, such that reliable estimates 

can be obtained to achieve satisfactory gains with selection. The combined heritability estimates (ℎ̂+
2

) in the 

broad sense for GY and PE were 0.5208 ± 0.0229 and 0.6356 ± 0.0209, respectively, and in the narrow sense 

were 0.3290 ± 0.0292 and 0.3083 ± 0.0298, respectively. 
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