
ABSTRACT: The development of new popcorn cultivars that include wide adaptation, high stability and superior performance characteristics 

is one of the main alternatives to mitigate the effects of the genotype × environment interaction. In this sense, our main goal was to evaluate 

the adaptability and stability of new popcorn hybrids using Bayesian additive main effects and multiplicative interaction (BAMMI) method for 

grain yield (GY) and popping expansion capacity (PE) traits. We evaluated GY and PE from 45 new popcorn hybrids and three commercial 

cultivars (IAC–125, Pop Top and Top Ten) as checks in six different environments. Genotype × environment interaction, correlation and 

stability analyses were performed using Bayesian approaches. The full models tested presented the lowest deviance information criterion 

(DIC) values when compared to null models, indicating the presence of the genotype × environment interaction for both evaluated agronomic 

traits. Negative correlations were observed between GY and PE (r = –0.24, 95% highest posterior density [HPD] = –0.31; –0.17) and confirm 

the difficulty to perform selection simultaneously for both characteristics. UEM–3 and UEM–7 hybrids showed wide stability and high a 

posteriori averages for GY and PE. Both cultivars can be registered and recommended for cultivation in popcorn producing regions.
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INTRODUCTION

Popcorn (Zea mays var. everta) is a food snack widely appreciated in Brazilian market in different social classes. Brazil is 
the second largest consumer, behind only from the United States. In 2018, Brazil produced approximately 260 thousand 
tons of popcorn and generated a movement of US$ 628 million dollars. In addition, there is a production growth projection 
of 48% in 2024 (Pereira Filho and Borghi 2019). In this context, the development and release of new popcorn cultivars is 
essential to avoid the dependence of foreign genotypes, to be able to attend producers and consumers demand as well to 
avoid the genetic vulnerability (Guimarães et al. 2018).

Before release new cultivars in the market, plant breeders need to perform experiments and investigate cultivars 
performance under different environmental conditions. Field experiments allow adaptation, stability and performance 
analysis of genotypes in facing different environmental conditions (Resende et al. 2019). Several statistical methods to study 
adaptability and stability have been developed and widely used in plant breeding programs (Annicchiarico 2002; Fasahat 
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et al. 2015). Additive main effects and multiplicative interaction analysis (AMMI) method stands out for its power to 
explain genotype × environment interaction, since it has greater capacity to capture the sum of the genotype × environment 
interaction squares compared to other methods (Gauch Junior 2013).

Some of the main methods used to evaluate adaptability and stability of new cultivars using Bayesian approaches are 
Eberhart and Russel (Couto et al. 2015; Euzebio et al. 2018), segmented regression (Nascimento et al. 2020), genotype plus 
genotype-by- environment interaction (GGE) biplot (Oliveira et al. 2016) and AMMI (Crossa et al. 2011; Freiria et al. 2020; 
Viele and Srinivasan 2000) methodologies. In general, Bayesian approaches to determine adaptability and stability show 
some advantages like the possibility to use data containing unbalanced structures, and/or under residual heterogeneity 
(Aczel et al. 2020). In addition, it allows to incorporate a priori information to obtain more accurate a posteriori estimation 
(Cotes et al. 2006; Silva et al. 2019).

The presence of credibility intervals for genotypic and environment scores is also considered an important advantage of 
AMMI Bayesian method in relation to AMMI frequentist (Oliveira et al. 2016). These credibility intervals lead to a greater 
precision to infer genotypic and environmental stability, since the subjectivity of the mean scores in relation to the proximity 
to the central point of the biplot (coordinates 0 and 0) is eliminated. Although there are no studies using Bayesian AMMI 
(BAMMI) model in popcorn, this method has been widely used to analyze adaptability and stability in several other crops 
(Bernardo Júnior et al. 2018; Corrêa et al. 2016; Teodoro et al. 2019; Zeffa et al. 2020).

In this study, our main goal was to evaluate adaptability and stability parameters using BAMMI approaches for grain 
yield and popping expansion capacity (PE) of new popcorn hybrids.

MATERIAL AND METHODS

Plant material

We evaluated 45 simple popcorn hybrids developed by Breeding Program of Special Corn from Universidade Estadual 
de Maringá (UEM) and three commercial hybrids used as checks (IAC 125, Pop Top and Pop Ten). UEM’s popcorn 
hybrids were originated from crosses between inbred lines obtained from eight commercial cultivars: Zélia (triple hybrid), 
UEM–M2 (open pollination variety), Zaeli (simple hybrid), IAC–112 (modified simple hybrid), IAC–125 (topcross hybrid), 
BRS Angela (open pollination variety), Maradona (open pollination variety) and Colombina (open pollination variety).

Environment localization and experimental design

We analyzed 48 popcorn hybrids in six different environments during 2016 and 2017 seasons (Table 1). Experiments 
were arranged in a complete randomized block design with three replications. Each plot consisted of two lines of 4 m and the 
spaced between lines was 0.90 m. Sowing was carried out with plants spaced 0.20 m apart, totaling 40 plants in a useful area 
of 7.2 m2. Base fertilization was applied using formulated fertilizer 8–20–20 (N–P2O2–K2O) in a proportion of 280 kg·ha-1. 

Table 1. Identification and characterization of six environments analyzed in this study

Code Location State Season Coordinates Altitude Climate1

Env1 Londrina Paraná 2016 23° 22´ 51° 22´ 566 m Cfa

Env2 Campo Novo dos Parecis Mato Grosso 2016 13° 40´ 57° 53´ 572 m Aw

Env3 Maringá Paraná 2016 23° 25´ 51° 57´ 550 m Cfb

Env4 Sabáudia Paraná 2016 23° 19´ 51° 33´ 725 m Cfa

Env5 Londrina Paraná 2017 23° 22´ 51° 22´ 566 m Cfa

Env6 Campo Novo dos Parecis Mato Grosso 2017 13° 40´ 57° 53´ 572 m Aw

1 Köppen climate classification= Cfa: humid subtropical climate; Cfb: Oceanic Temperate climate; Aw: Tropical savanna climate with dry-winter.
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Nitrogen top-dressing fertilization with urea (250 kg∙ha–1) was carried out at V6 development stage. Additional cultural 
treatments were carried out in accordance with the practices commonly adopted for popcorn crop.

Agronomic trait analysis

Grain yield (GY, kg∙ha-1 with moisture of 13.5%) values was obtained by measuring grain mass of each plot using Schmildt 
et al. (2001) methodology for stand correction. Popping expansion capacity (mL∙g–1) was determined from the average 
value of two samples composed by 30 g of grains (moisture of 13.5%) obtained from the central part of ears. Grain samples 
were expanded in an electric popcorn maker using a constant temperature of 280 °C for 2 min and 10 s. Expanded popcorn 
volume were evaluated in a 2,000 mL graduated beaker.

Statistical analyses

The presence of genotype × environment interaction was evaluated for GY and PE comparing the following models: (i) 
full model (considering double interaction between genotype × environment); and (ii) null model (considering interaction 
absence between genotype × environment). The full model follows the mathematical model shown in Eq. 1:

  (1)

where: μ is the overall mean, gi is the fixed effect of genotype i, bj/k is the random effect of block j within environment k, ek 
is the fixed effect of environment k, geik is the fixed effect of genotype × environment interaction, and εijk ~ N (0, σ²) is the 
fandom effect of error associated with each experimental plot.

The marginal a posteriori distributions were performed considering noninformative a priori distributions for all model 
parameters using software R (https://www.r-project.org/) through the ‘MCMCglmm’ package (Hadfield 2010). A total of 
1,000,000 values were generated by Markov Chain Monte Carlo (MCMC) process, assuming a burn-in period and thinning 
interval of 100,000 and 5 iterations, respectively. The MCMC convergence was verified using Heidelberger and Welch (1983) 
criteria through ‘coda’ package (Plummer et al. 2006).

All tested models were compared using deviance information criterion (DIC) as proposed by Spiegelhalter et al. 
(2002) (Eq. 2):

  (2)

where: D(θ
_

) is a point estimate of the deviance obtained by replacing parameters with their respective a posteriori mean 
estimates in the likelihood function, while pD is the effective number of parameters in the model. Models with smaller DIC 
should be preferred over models with higher DIC. However, differences (D) between DIC values of models a and b are 
given by D – |DICa – DICb|, and thus, if D < 5, there is no significant difference between compared models; if 5 ≤ D ≤ 10, 
the difference is significant; and D > 10, the difference is highly significant.

Simple linear correlations analysis between GY and PE were performed using software R through the package 
‘BayesianFirstAid’ (Bååth 2014). Median scores were reported with their respective 95% highest posterior density (HPD) 
intervals. Correlation estimates were considered significant when the HPD intervals did not overlap zero. The marginal a 
posteriori distributions were performed considering noninformative a priori distributions for all model parameters. A total 
of 100,000 values were generated by MCMC process, assuming a burn-in period and thinning interval of 10,000 and 10 
iterations, respectively. The MCMC convergence diagnosis were verified using Heidelberger and Welch criteria (1983) 
through ‘coda’ package (Plummer et al. 2006).

Adaptability and stability of new popcorn hybrids were verified for GY and PE using BAMMI method following Eq. 3:

  (3)

https://www.r-project.org/
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where: 1n is the vector of order n × 1, μ is the overall mean, X1 is the genotypes matrix of order n × g, τ is the effect vector 
g × 1 for genotypes, X2 and δ are the matrices for environments of order n × a and the effect vector a × 1 for environments, 
respectively. λk is the singular value for kth principal component, t is the number of multiplicative terms [t ≤ min (g, a) – 1), 
αk and γk are the singular vectors of k for genotypes and environments, respectively; and ε is the vector n of error effect. 
Vector ε has a multivariate normal distribution with zero mean and variance–covariance matrix σε

2In. In this way, vector y 
also has a multivariate normal distribution.

The parameters estimations of the equation model previously presented assume that the conditional distribution of y, 
given that μ, τ, δ, λ, α, γ, and σε

2 is a multivariate normal distribution:

  (4)

where: In is the identity matrix of order n. The a priori distributions used for the parameters were the same as proposed by 
Crossa et al. (2011):

  (5)

  (6)

  (7)

 and 
σk ~ spherical uniform distribution on the corrected subspace; γk ~ spherical uniform distribution on the corrected 
subspace; and

  (8)

where: N represents the normal distribution, N+ is the positive normal distribution, and Inv – Scale – χ² is the inverse chi-
square distribution. In our study, a priori distributions were noninformative, with zero being used as a priori distribution for 
the mean in all genotypic and environmental effects, and high values for the variances, which resulted in: μμ = 0, μτ = 1g × 0, 
μδ = 1a × 0 and μλk = 0, and for the variances σ2

μ, σ
2
τ , σ

2
δ  and σλ2

k  = 1 × 1015. The a posteriori distribution was estimated as follows:

  (9)

  (10)

  (11)

  (12)

  (13)
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 (14)
  

  (15)

A total of 1,000,000 values were generated by MCMC process, assuming a burn-in period and thinning interval of 
100,000 and 5 iterations, respectively. The MCMC convergence was verified using Heidelberger and Welch (1983) criterion 
through ‘coda’ package (Plummer et al. 2006). The statistical analyses of BAMMI method were performed using R script 
developed by Crossa et al. (2011).

RESULTS AND DISCUSSION

Based on our DIC values, genotype × environment interaction was observed for both evaluated agronomic traits, since 
full models presented lower DIC values when compared to null models for GY and PE (Table 2). The presence of genotype 
× environment interaction for GY and PE has been reported in several popcorn studies, corroborating with this study and 
indicating that differential behavior of genotypes is environment-dependent (Gerhardt et al. 2019; Paula et al. 2010; Pena 
et al. 2012; Peterlini et al. 2020). In addition, these results confirm that adaptability and stability evaluation are important 
to mitigate the effects of the genotype × environment interaction (Resende et al. 2019).

Correlation coefficients (r) between GY and PE was negative and showed low magnitude (r = –0.24, 95% HPD = –0.31; 
–0.17) (Table 2). The negative relationship between GY and PE was already reported in previous popcorn studies where 
authors reported the difficulty to simultaneously select the two most important agronomic traits for the popcorn breeding 
programs (Bombonato et al. 2020; Brocolli and Burak 2004; Cabral et al. 2016; Dofing et al. 1991). Dofing et al. (1991) 
reported a low phenotypic correlation coefficient (rp = –0.34; p < 0.01) between GY and PE in popcorn when they were 
evaluating this relationship. However, it was already reported a moderate magnitude of correlation between GY and PE 
(–0.67; p < 0.05) in a study using 90 popcorn hybrids (Cabral et al. 2016).

A posteriori means of environmental effects (δ) and their respective HPD intervals are shown in Table 3. Overall means 
(μ) of GY and PE were 2,024 kg∙ha–1 (95% HPD = 1,993.4; 2,054.4 kg∙ha–1) and 28.6 mL∙g–1 (95% HPD = 27.5; 29.7 mL∙g–1), 
respectively, emphasizing the high potential of some evaluated new popcorn hybrids. Regarding environmental effects, 
only Env1 and Env2 environments were considered as being favorable environments for GY, since their a posteriori 
means were positive and above overall average (Table 3). Env3 and Env4 environments were classified as favorable for 
PE trait, while Env1 and Env6 were considered as unfavorable environments. Env2 and Env5 environments did not have 
a defined classification, since their HPD intervals overlapped zero. These results indicate that environments favorable 

Table 2. Deviance information criterion (DIC) for full model (considering interactions between genotype [G] × environment [E]) and null 
model (considering only additive effects between G and E) for grain yield and popping expansion capacity evaluated in 48 genotypes of 
popcorn in six environments and correlation between both traits.

Trait
DIC

Correlation (95% HPD)1

Full Null

Grain yield (kg∙ha–1) 13882.17 13933.44
–0.24 (–0.31; –0.17)

Popping expansion (mL∙g–1) 4507.95 4455.10

1Correlation coefficients are considered as significant when highest posterior density (HPD) intervals do not overlap the value of zero.
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to GY can be classified as unfavorable for PE, emphasizing the difficulty of simultaneously select both interesting 
agronomic traits.

The a posteriori means of genotypic effects (τ) with their respective HPD intervals are shown in Table 4. Twenty-three 
popcorn hybrids presented a posteriori positive means with HPD intervals that did not overlap the zero value for GY, showing 
means above the overall average. Five new hybrids stood out: UEM–2 (428.6 kg∙ha–1, 95% HPD = 416.6; 440.7 kg∙ha–1), 
UEM–3 (493.9 kg∙ha–1, 95% HPD = 481.9; 505.9 kg∙ha–1), UEM–5 (639.6.6 kg∙ha–1, 95% HPD = 627.6; 651.5 kg∙ha–1), 
UEM–7 (390.8 kg∙ha–1, 95% HPD = 378.8; 402.8 kg∙ha–1) and UEM–39 (403.2 kg∙ha–1, 95% HPD = 391.3; 415.17 kg∙ha–1). In 
addition, 13 new hybrids (UEM–2, UEM–3, UEM–4, UEM–5, UEM–6, UEM–7, UEM–9, UEM–18, UEM–19, UEM–24, 
UEM–26, UEM–27 and UEM–39) showed a posteriori means higher than the best commercial check IAC–125 (195.0 kg∙ha–1, 
95% HPD = 183.2; 207.1 kg∙ha–1).

For PE, 12 hybrids presented a posteriori positive means of genotypic effect (τ) with HPD intervals that did not overlap zero 
(Table 4). The hybrids that stood out the most were: IAC–125 (3.4 mL∙g–1, 95% HPD = 2.1; 4.7 mL∙g-1), Pop Top (2.9 mL∙g–1, 
95% HPD = 1.6; 4.3 mL∙g–1), Pop Ten (6.1 mL∙g–1, 95% HPD = 4.8; 7.5 mL∙g–1), UEM–1 (2.9 mL∙g–1, 95% HPD = 1.7; 4.3 mL∙g-1), 
UEM–7 (2.7 mL∙g–1, 95% HPD = 1.4; 4.0 mL∙g–1) and UEM–38 (2.4 mL∙g–1, 95% HPD = 1.1; 3.8 mL∙g–1). Although the 
three commercial checks stood out in relation to PE, nine new hybrids (UEM–1, UEM–3, UEM–7, UEM–11, UEM–16, 
UEM–34, UEM–36, UEM–38 and UEM–43) presented a posteriori means statistically equivalent to IAC–125 and Pop Top 
cultivars, since their HPD intervals were overlapped.

Genotypic and environmental scores with their respective HPD intervals for GY and PE traits are shown in Figs. 1 
and 2, respectively. The first two principal components (PC1 and PC2) explained together 87.92 and 59.26% for GY and 
PE, respectively, of the total variation observed. The HPD intervals overlapping in the central point indicate the presence 
of genotypic or environmental stability. In addition, HPD intervals overlapping between genotypes or environments 
indicates similar responses between genotypes (Crossa et al. 2011; Oliveira et al. 2016). In relation to GY, the genotypic 
scores showed that 34 hybrids presented high stability since their HPD intervals overlapped with zero values on both 
axes (Fig. 1a). Wide behavioral stability was also observed for PE, since only UEM–24 and UEM–28 new hybrids were 
classified as unstable (Fig. 2a).

For the environment scores, Env1, Env2 and Env5 for GY, and Env2 and Env3 for PE were the environments which 
contributed more to genotype × environment interaction, since their HPD intervals did not overlap zero value on the axis 
of PC1 and PC2 simultaneously (Figs. 1b and 2b). These environments can be classified as being unstable environments 
and with low predictability (Crossa et al. 2011; Teodoro et al. 2019). Environmental stability refers to the reliability of 
the genotypes ordering in a given environment in relation to the classification of overall means (Bernardo Júnior et al. 
2018; Lin and Binns 1994). In this context, Env3, Env4 and Env6 for GY and Env1, Env4, Env5 and Env6 for PE can 
be classified as stable environments, since they presented genotypes ranking with low discordance in relation to the 
classification of overall means.

Table 3. A posteriori mean of Bayesian additive main effects and multiplicative interaction (BAMMI) for grain yield (GY, kg∙ha–1) and popping 
expansion capacity (PE, mL∙g–1) of 48 popcorn genotypes in six environments for overall mean (μ) and environment effect (δj).

Parameter1/
Mean (95% HPD) Environments

GY PE GY PE

δ1 (Env1) 651.8 (640.8; 662.7) –3.1 (–4.3; –1.9) Favorable Unfavorable

δ2 (Env2) 1061.0 (1050.1; 1072.0) – 0.1 (–1.3; 1.15) Favorable Undefined

δ3 (Env3) –779.1 (–790.1; –768.1) 1.5 (0.3; 2.8) Unfavorable Favorable

δ4 (Env4) –728.9 (–739.8; –717.9) 4.2 (3.0; 5.4) Unfavorable Favorable

δ5 (Env5) –102.7 (–113.7; –91.7) 0.9 (–0.3; 2.1) Unfavorable Undefined

δ6 (Env6) –102.2 (–113.3; –91.3) –3.4 (–4.7; –2.2) Unfavorable Unfavorable

μ (mean) 2024.0 (1993.4; 2054.4) 28.6 (27.5; 29.7)

1/Environment description is showed in Table 2.
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Table 4. A posteriori mean of Bayesian additive main effects and multiplicative interaction (BAMMI) for grain yield (GY) and popping expansion capacity 
(PE) of 48 popcorn genotypes in six environments for overall mean (μ) and genotypic effects (τi) with their respective 95% highest posterior density (HPD). 

Parameter
Mean (95% HPD) Wide stability1/

GY (kg∙ha–1) PE (mL∙g–1) GY PE
τ1 (IAC–125) 195.0 (183.2; 207.1) 3.4 (2.1; 4.7) + +
τ2 (Pop Top) –314.3 (–326.3; –302.4) 2.9 (1.6; 4.3) + +
τ3 (Pop Ten) –66.2 (–78.1; 54.2) 6.1 (4.8; 7.5) – +
τ4 (UEM–1) –334.6 (–346.6; 322.5) 2.9 (1.7; 4.3) – +
τ5 (UEM–2) 428.6 (416.6; 440.7) –3.2 (–4.6; –1.9) + +
τ6 (UEM–3) 493.9 (481.9; 505.9) 1.4 (0.1; 2.7) + +
τ7 (UEM–4) 268.4 (256.37; 280.3) –1.2 (–2.5; 0.1) + +
τ8 (UEM–5) 639.6 (627.6; 651.5) 0.4 (–0.9; 1.7) – +
τ9 (UEM–6) 470.1 (458.2; 481.9) –1.4 (–2.8; –0.1) – +
τ10 (UEM–7) 390.8 (378.8;402.8) 2.7 (1.4; 4.0) + +
τ11 (UEM–8) –46.5 (–58.4; 34.6) 1.2 (–0.1; 2.6) + +
τ12 (UEM–9) 229.1 (217.1; 241.26) –1.8 (–3.1; –0.5) + +
τ13 (UEM–10) 70.8 (58.9; 82.8) –0.7 (–2.1; 0.6) + +
τ14 (UEM–11) –43.7 (–55.7; 31.8) 1.5 (0.2; 2.9) + +
τ15 (UEM–12) –942.9 (–954.8; –930.9) –0.5 (–1.9; 0.8) – +
τ16 (UEM–13) 70.5 (58.5; 82.5) 1.2 (–0.1; 2.5) – +
τ17 (UEM–14) –257.1 (–268.9; –244.9) 0.7 (–0.6; 2.0) + +
τ18 (UEM–15) –582.1 (–594.1; –570.1) 1.1 (–0.2; 2.5) + +
τ19 (UEM–16) –358.5 (–370.4; –346.6) 2.1 (0.8; 3.5) + +
τ20 (UEM–17) –273.8 (–285.8; –261.8) –0.4 (–1.7; 1.0) – +
τ21 (UEM–18) 254.1 (242.1; 266.1) –2.3 (–3.6; 0.9) + +
τ22 (UEM–19) 309.2 (297.3; 321.2) –3.8 (–5.1; –2.4) – +
τ23 (UEM–20) 103.4 (91.3; 115.4) –0.5 (–1.8; 0.9) + +
τ24 (UEM–21) –57.6 (–69.6; –45.7) –3.9 (–5.3; –2.6) + +
τ25 (UEM–22) –40.7 (–52.6; –28.6) 0.6 (–0.7; 2.0) + +
τ26 (UEM–23) 66.1 (54.2; 78.1) –1.3 (–2.7; –0.0) – +
τ27 (UEM–24) 343.4 (331.4; 355.2) –2.8 (–4.12; –1.5) + –
τ28 (UEM–25) –6.3 (–18.3; 5.7) –2.0 (–3.3; –0.7) – +
τ29 (UEM–26) 264.6 (252.7; 276.5) 0.9 (–0.4; 2.3) + +
τ30 (UEM–27) 359.8 (347.8; 371.7) –0.8 (–2.2; 0.5) + +
τ31 (UEM–28) 25.6 (13.7; 37.5) –0.9 (–2.2; 0.4) – –
τ32 (UEM–29) 113.6 (101.7; 125.7) –1.3 (–2.7; –0.0) – +
τ33 (UEM–30) –88.8 (–100.7; –769) –3.0 (–4.3; –1.7) – +
τ34 (UEM–31) –304.4 (–316.3; –292.5) –0.4 (–1.8; 0.9) + +
τ35 (UEM–32) –61.5 (–73.6; –49.6) –1.6 (–2.9; –0.2) + +
τ36 (UEM–33) 11.4 (–0.1; 23.3) 1.3 (–0.0; 2.6) + +
τ37 (UEM–34) –255.8 (–267.8; –243.8) 1.6 (0.3; 2.9) + +
τ38 (UEM–35) –239.1 (–251.1; 227.2) –1.9 (–3.2; –0.6) + +
τ39 (UEM–36) –411.8 (–423.9; 399.8) 1.9 (0.5; 3.2) + +
τ40 (UEM–37) –379.4 (–391.4; –367.5) 0.5 (–0.8; 1.9) + +
τ41 (UEM–38) 106.3 (94.4; 118.4) 2.4 (1.1 3.8) + +
τ42 (UEM–39) 403.2 (391.3; 415.1) –1.6 (–2.9; –0.2) + +
τ43 (UEM–40) –338.0 (–349.9; –326.1) 0.5 (–0.8; 1.9) + +
τ44 (UEM–41) 143.9 (131.8; 155.8) 0.5 (–0.8 1.9) + +
τ45 (UEM–42) –127.2 (–139.3; 115.3) –1.9 (–3.3; –0.6) + +
τ46 (UEM–43) 154.9 (142.9; 166.9) 2.2 (0.9; 3.6) – +
τ47 (UEM–44) –7.9 (–19.9; 4.1) –0.3 (–1.7; 1.0) + +
τ48 (UEM–45) –378.1 (–390.1; –366.3) –0.6 (–1.9; 0.7) + +
μ (mean) 2024.0 (1993.4; 2054.4) 28.6 (28.5; 28.7)

1/Genotypes considered with (+) and without (–) wide stability based on Figs. 1 and 2.
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1Hybrids and environment not plotted on the graphs showed HPD intervals overlapping with zero value in both principal components (PC1 and PC2). Env1 = Londrina 
(2016). Env2 = Campo Novo dos Parecis (2016). Env5 = Londrina (2017). Source. Elaborated by the authors.
Figure 1. Genotype (a) and environment (b) scores with their respective 95% highest posterior density (HPD) intervals of 48 popcorn hybrids 
evaluated for grain yield (kg∙ha–1) in six environments.
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Novo dos Parecis (2016). Env3 = Maringá (2016). Source. Elaborated by the authors.
Figure 2. Genotype (a) and intervals environment (b) scores with their respective 95% highest posterior density (HPD) of 48 popcorn hybrids 
evaluated popping expansion capacity (mL∙g–1) in six environments.
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Through the coordinates of PC1 and PC2 it is possible to infer about the specific adaptation of hybrids to certain 
environments (Figs. 1 and 2). In this sense, considering only hybrids and environments that showed significant contribution 
for genotype × environment interaction to GY, eight new hybrids (UEM–6, UEM–12, UEM–13, UEM–17, UEM–25, UEM–
28, UEM–29 and UEM–33) showed specific adaptation to Env1, while six hybrids (Pop Ten, UEM–1, UEM–5, UEM–23, 
UEM–29 and UEM–43) showed specific adaptation to Env2 (Fig. 1b). In relation to PE, hybrids UEM–24 and UEM–28 
showed specific adaptation to Env2 and Env3 environments, respectively (Fig. 2b).

Although the selection of genotypes is carried out for specific environments, usually the plant breeders select stable 
genotypes that also showed high GY and PE overall means (Amaral Júnior et al. 2016; Bombonato et al. 2020; Scapim et al. 
2010; Silva et al. 2013). In this way, the hybrids UEM–3 and UEM–7 stood out being highly stable and showing high GY and 
PE values (Table 4). For GY, both hybrids presented a posteriori means higher than the other three commercial checks, while 
for PE the a posteriori means of these hybrids were did not differ statistically to IAC–125 and Pop Top commercial checks. 
Therefore, UEM–3 and UEM–7 new hybrids have the potential to be registered as a cultivar in the Ministry of Agriculture, 
Livestock and Supply (MAPA – Ministério da Agricultura, Pecuária e Abastecimento) and recommended to popcorn producers.

CONCLUSION

Our results indicated the presence of genotype × environment interaction for GY and PE traits. Negative correlations were observed 
between GY and PE, confirming the difficulty to select popcorn genotypes with high GY and PE at the same time. In addition, 
we also observed that the favorable environments for GY were not always favorable for PE. UEM–3 and UEM–7 new hybrids are 
promising options to recommend for popcorn-producing regions, since they showed wide stability and high GY and PE values.
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