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ABSTRACT. This study aimed to obtain estimates of stability and
adaptability of phase launched materials and materials recommended in
the country, for the northern and northwestern regions of Rio de Janeiro
State, Brazil, and made a comparative analysis of different methods to
evaluate stability and adaptability of grain yield and popping expansion.
To this end, 10 genotypes were evaluated (UNB2U-C3, UNB2U-C4,
BRS Angela, Vigosa, Beija-Flor, IAC 112, IAC 125, Z¢lia, Jade, and
UFVM2 Bario de Vigosa) in five environments. The Yates and Cochran
method revealed that genotypes UFV2M Barao de Vigosa, BRS Angela
and UNB2U-C3 were the most stable for grain yield. This method also
indicated superiority of genotypes UNB2U-C3, UNB2U-C4, BRS
Angela, Vicosa, IAC 125, and Z¢lia for popping expansion. The Plaisted
and Peterson and Wricke methods demonstrated that genotypes Zélia
and UNB2U-C4 were the most productive and stable. These methods
indicated genotypes UNB2U-C3 and BRS Angela as the most stable for
popping expansion. The Kang and Phan ranking system uses methods
based on analysis of variance and classified population UNB2U-C4 as
the genotype with the highest stability of grain production and confirmed
cultivar BRS Angela as the most stable for popping expansion.
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Genotypes IAC 112 and UNB2U-C4 were the most stable and adapted
for grain yield, according to the Lin and Binns method. The P, statistics
also ranked UNB2U-C3 and UNB2U-C4 as the genotypes with the best
predictability and capacity for popping expansion.

Key words: Zea mays; Genetic improvement; Popping expansion;
Productivity

INTRODUCTION

The areas of northern and northwestern Rio de Janeiro are not as agriculturally ad-
vanced as other regions in Brazil. These two regions have high rates of rural poverty and,
during the last three centuries, have experienced a sequence of economic cycles based on sug-
arcane, coffee, and cattle raising, which are declining there (Souza et al., 2009). Agricultural
diversification with new alternatives for profitable crops is therefore considered a necessary
strategy for minimizing socioeconomic problems.

Popcorn is considered an excellent alternative for farmers because it is a highly profit-
able culture with strong popular acceptance (Aguiar et al., 2008, Mendes de Paula et al., 2010;
Moterle et al., 2011, Rangel et al., 2011). Government estimates show that the price obtained
for a bag of popcorn (60 kg) is approximately three times higher than that for a bag of common
maize (Agrianual, 2010).

Launching improved materials requires experiments that investigate the performance
of cultivars under the environmental conditions of the region. These experiments are essen-
tial for the determination of which cultivars will thrive with respect to genotype x environ-
ment (GE) interaction (Prado et al., 2001). GE interaction can be classified as simple when it
results only from genetic variability in a genotype. It is classified as complex when there is
no correlation between measures of the same genotype in different environments, indicating
inconsistency of genotype superiority under environmental variations, which hinders the rec-
ommendation of cultivars with wide adaptability (Cruz and Regazzi, 1997).

To minimize the effects of GE interaction and achieve higher performance predictabil-
ity, the identification of the most stable genotypes and cultivars adapted to the specific condi-
tions of each environment is necessary (Vendruscolo et al., 2001). Several methods have been
described to study adaptability and stability-mainly methods based on analysis of variance
(Yates and Cochran, 1938; Plaisted and Peterson, 1959; Wricke, 1965; Annicchiarico, 1992),
nonparametric analyses (Lin and Binns, 1988; Huehn, 1990; Nascimento et al., 2010), simple
linear regression analysis (Theil, 1950; Finlay and Wilkinson, 1963; Eberhart and Russel,
1966; Tai, 1971), bi-segmented regression (Verma et al., 1978; Silva and Barreto, 1985; Cruz
etal., 1989; Storck and Vencovsky, 1994), quadratic regression (Brasil and Chaves, 1994), and
multivariate analysis, such as the additive main effects and multiplicative interaction analysis
(Zobel et al., 1988) and principal components analysis (Crossa, 1990). Also applicable is the
ranking method proposed by Kang and Phan (1991), which uses the weights between the pa-
rameters of adaptability and phenotype stability of correlated methods and the average of the
estimates of the trait analyzed to classify genotypes.

According to Cruz et al. (2004), the selection of the method to be used by breeders
depends on the number of environments available, the type of information required, and the
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needed experimental accuracy. In addition, some methods can be combined because they are
considered alternative or complementary. Above all, the methods should have a high level of
agreement in the parameters of stability and adaptability (Duarte and Zimmermann, 1995;
Scapim et al., 2010).

This study aimed to (1) obtain estimates of stability and adaptability of phase-launched
materials for northern and northwestern Rio de Janeiro as well as for materials recommended
in the country, and (2) carry out a comparative analysis of methods for assessing stability and
adaptability of grain yield (GY) and popping expansion (PE).

MATERIAL AND METHODS

The experiments were carried out in 2007/2008 (Colégio Estadual Agricola An-
tonio Sarlo and Estagdo Experimental da PESAGRO-RIO, Campos dos Goytacazes; and
PESAGRO-RIO, Itaocara) and 2009/2010 (PESAGRO-RIO, Campos dos Goytacazes; Co-
légio Estadual Agricola de Cambuci, Cambuci; and PESAGRO-RIO, Itaocara) in five envi-
ronments representing northern and northwestern Rio de Janeiro. The following genotypes
of popcorn were used: UNB2U-C3, UNB2U-C4, BRS Angela, Vicosa, Beija-Flor, IAC
112, IAC 125, Zélia, Jade, and UFVM2 Barao de Vigosa. A randomized block experimental
design was used, with three replications. The plots had two 12-m rows, with spacing of
0.9 m between rows and 0.2 m between plants, totaling 120 plants per plot. Three seeds
were used per hole at a depth of 0.05 meters, and thinning was carried out 21 days after
emergence. Topdressing and other treatments recommended for the culture were performed
(Sawazaki, 2001).

Two main traits of the popcorn cultures were evaluated: GY and PE. GY was deter-
mined based on the average of the plot by the weighing of grains after their removal from
cob and expressed in kilograms per hectare. Grain PE was determined in a laboratory by
microwaving 30 g of seeds in a special plastic pot at 1000 W for 2 min and 40 s, with 2 rep-
lications per treatment. The expanded volume was measured in a graduated cylinder, and PE
was calculated from the ratio between the expanded final volume (milliliters) and the initial
weight of the grains (30 g).

Individual analyses of variance were conducted, followed by a joint analysis of
variance. In the joint analysis, the homogeneity of the residual variances of the experiments
(MSRs) was evaluated first and verified by the ratio between the highest and lowest residual
mean square of the tests (GY: 5.39 and PE: 3.69). According to Pimentel-Gomes (1990), the
variances are considered homogeneous when the ratio between the highest and lowest MSR
is less than 7.0.

The following methods were used to estimate phenotype stability and adaptability:
Yates and Cochran (1938), Plaisted and Peterson (1959), Wricke (1965), Lin and Binns
(1988), and Kang and Phan (1991). In this work, Kang and Phan (1991) commented on the
methods of Yates and Cochran (1938), Plaisted and Peterson (1959), and Wricke (1965).

RESULTS AND DISCUSSION

In the joint analysis of variance, significant differences were observed by applying
the F test for the characteristics GY and PE considering the sources of genotype variation
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and environment, which indicates the existence of genetic variability among genotypes and
environments (Table 1). GE was also significantly different for both traits, indicating that the
genotype response differed in the five environments evaluated. This result reveals the need for
more detailed study aimed at identifying materials with higher phenotype stability. Accord-
ing to Cruz et al. (2004), aside from affecting the process of cultivar recommendation, GE
interaction makes the job of breeders more precise, forcing them to use alternative methods to
identify genotypes with high genetic potential.

Table 1. Mean squares, averages and coefficients of variation of two experimental characteristics evaluated in
five environments and in ten popcorn genotypes.

SV d.f. Mean squares'
PE GY

Block/environment 10 3.55 729306.90
Genotype (G) 9 252.71%* 1392072.60**
Environment (E) 4 161.83%* 5442885.13**
GxE 36 25.64%* 589171.91%*
Residue 90 4.83 256577.77
Average - 27.53 1985.12
CVe (%) - 7.98 25.51
MSR/MSR - 3.69 5.39

YPE = popping expansion and GY = grain yield. ** = Significant at 1% probability.

GY ranged from 1340.72 kg/ha (2009/2010, PESAGRO-RIO, Itaocara) to 2390.82
kg/ha (2009/2010, Cambuci), with an average of 1985.12 kg/ha among the environments.
The highest productivity and the highest average productivity in all of the environments
were achieved by the hybrid IAC 112 (3533.92 and 2474.94 kg/ha, respectively). The popu-
lation UNB2U-C4, from the Universidade Estadual do Norte Fluminense Darcy Ribeiro
recurrent selection program, achieved the second highest productivity average in all of the
environments, with 2364.54 kg/ha. PE ranged from 25.76 mL/g (2007/2008, PESAGRO-
RIO, Campos dos Goytacazes) to 31.49 mL/g (2009/2010, Cambuci), with an average of
27.54 mL/gamong all environments. The highest PE and the highest average PE in all of the
environments were achieved by the hybrid IAC 125 (37.22 and 32.89 mL/g, respectively).
UNB2U-C4 achieved the fifth highest average (28.80 mL/g), following the genotypes BRS
Angela, IAC 112, and Zélia, with 32.61, 30.64, and 29.60 mL/g, respectively.

Table 2 presents the parameter estimates of phenotype stability and adaptability for
GY and PE, respectively. According to the method of Yates and Cochran (1938), the geno-
types that presented the mean square lowest estimates (stability “a” level) for the character-
istic GY were the varieties UFVM2 Barao de Vigosa and BRS Angela and the experimental
population UNB2U-C3, which are, therefore, considered the most stable in all environ-
ments. With respect to PE, the genotypes UNB2U-C3, UNB2U-C4, BRS Angela, Vigosa,
IAC 125, and Z¢lia contained the lowest mean square values. Therefore, they are classified
as the most stable.

Applying the methodologies developed by Plaisted and Peterson (1959) and Wricke
(1965) demonstrated that the genotypes UNB2U-C4 and Zélia were the most stable for GY,
whereas for PE, the most stable were UNB2U-C3 and BRS Angela, because they expressed
the highest phenotype stability-i.e., they achieved the lowest values of 6, and o,
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Table 2. Estimates of the parameters of stability and adaptability [YC: Yates and Cochran (1938), PP: Plaisted
and Peterson (1959), W: Wricke (1965) and LB: Lin and Binns (1988)] for average yield of grains and popping
expansion, in the evaluation of ten genotypes of popcorn.

Grain yield
Genotypes Average (kg/ha) YC PP A\ LB
A A
MS? Ls¥ 0:(%) ®i(%) P /10000 P(+) /10000  P(-) /10000
1 1920.76 438486.08 a 5.07 4.43 39.88 48.62 26.78
2 2364.53 759357.41 b 222 1.21 15.38 12.06 15.88
3 1875.68 144823.01 a 9.75 9.72 50.48 73.55 50.24
4 2132.65 97815392 b 6.52 6.08 27.62 27.33 26.78
5 1796.85 2738796.3 b 20.20 21.51 71.96 40.92 28.06
6 2474.94 1382675.21 b 17.89 18.91 8.72 5.93 12.90
7 1504.01 2466660.91 b 25.67 27.69 117.21 106.18 133.76
8 2022.22 1049174.68 b 2.84 1.92 34.44 23.90 26.20
9 2127.77 657696.70 b 4.43 3.72 23.04 20.94 20.37
10 1631.79 129608.06 a 5.37 4.78 73.63 92.26 118.52
Popping expansion
Genotypes Average (kg/ha) YC PP A\ LB
A A
MS¥ Ls¥ 0:(%) ®i(%) P /10000 P(+) /10000  P(-) /10000
1 26.21 9.08 a 5.22 2.25 29.28 33.34 64.71
2 28.80 4.81 a 9.79 9.67 14.12 3251 37.28
3 32.61 6.21 a 5.47 2.65 1.06 4.17 9.52
4 21.16 8.61 a 6.60 4.49 80.42 112.50 72.68
5 22.24 38.98 b 5.50 2.70 66.54 42.01 72.40
6 30.64 89.36 b 14.66 17.56 10.15 0 0.28
7 32.89 21.16 a 5.78 3.15 0.82 0 1.03
8 29.60 19.90 a 12.80 14.54 12.63 18.02 28.26
9 26.99 75.66 b 15.64 19.15 31.34 7.56 11.28
10 24.22 118.83 b 18.51 23.81 53.51 33.34 12.68

1 = UNB2U-C3; 2 = UNB2U-C4; 3 BRS Angela; 4 = Vigosa; 5 = Beija-Flor; 6 =TAC 112; 7=1AC 125; 8 = Z¢lia;
9 =Jade and 10 = UFVM2 Bardo de Vigosa. ?MS = mean square; LS = levels of stability.

According to the P, statistics of Lin and Binns (1988), the hybrid IAC 112 and the pop-
ulation UNB2U-C4 were the most stable genotypes for GY. According to the decomposition
rate of Pi, to quantify the response of genotypes in different environments, we observed that
IAC 112 was the most stable for GY, providing good response to favorable (P,) environments
in addition to being adapted to unfavorable (P, ) environments (lower P, and P, estimates). For
PE, the genotype IAC 125 expressed the lowest superiority index (P, = 0.82), followed by the
genotypes BRS Angela and IAC 112, with 1.06 and 10.15, respectively. In the decomposition
of the index, it seems that 125 IAC also displayed better results in both types of environments
(favorable and unfavorable) for popping expansion, occupying the second position in both.
The population UNB2U-C4 was classified according to the methodology of Lin and Binns
(1988) as the third most responsive for PE in unfavorable environments, which reflects a good
response in this genotype under those conditions.

Analyzing GY according to the ranking system of Kang and Phan (1991) with the sum
of 2 rankings (GY and stability parameter) for 3 weights (Yates and Cochran, Plaisted and
Peterson, and Wricke), the population UNB2U-C4 demonstrated the lowest grade, thus being
classified as providing the highest concomitant average yield and behavior stability (Table 3).
In the results for PE, the cultivar BRS Angela received the lowest score in the ranking systems
and was considered to provide the best PE when simultaneously compared with behavior sta-
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bility. Considering PE with the stability parameter of the method of Yates and Cochran (1938)
in the ranking we performed, the experimental population UNB2U-C4 was the second most
stable and expanding. For the other 2 weights, this population was reclassified to the fourth po-
sition demonstrating the same grade as that of the triple hybrids IAC 112 and Z¢lia (see Table
3). Therefore, promising results are expected for the achievement of new cycles of recurrent
selection with UNB2U.

Table 3. Genotype ranking by the methodology of Kang and Phan (1991), applied to the methods of Yates
and Cochran (1938) (YC), Plaisted and Peterson (1959) (PP) and Wricke (1965) (W) in the evaluation of ten
genotypes of popcorn for grain yield and popping expansion.

Grain yield
Genotypes" Grain yield Rank for grain yield YC PP W
Rank  Rank total Rank  Rank total Rank Rank total

1 1920.76 6 3 9 4 10 4 10
2 2364.53 2 5 7 1 3 1 3
3 1875.68 7 2 9 7 14 7 14
4 2132.65 3 6 9 6 9 6 9
5 1796.85 8 10 18 9 17 9 17
6 2474.94 1 8 9 8 9 8 16
7 1504.01 10 9 19 10 20 10 20
8 2022.22 5 7 12 2 7 2 7
9 2127.77 4 4 8 3 7 3 7

10 1631.79 9 1 10 5 14 5 14

Popping expansion

Genotypes" Popping expansion  Rank for popping YC PP w

expansion
Rank Ranktotal Rank  Rank total Rank Rank total

1 26.21 7 4 11 1 8 1 8
2 28.80 5 1 6 6 11 6 11
3 32.61 2 2 4 2 4 2 4
4 21.16 10 3 13 5 15 5 15
5 22.24 9 7 16 3 12 3 12
6 30.64 3 9 12 8 11 8 11
7 32.89 1 6 7 4 5 4 5
8 29.60 4 5 9 7 11 7 11
9 26.99 6 8 14 9 15 9 15

10 24.22 8 10 18 10 18 10 18

U1 = UNB2U-C3; 2 = UNB2U-C4; 3 = BRS Angela; 4 = Vigosa; 5 = Beija-Flor; 6 =TAC 112; 7=1AC 125; 8 =
Z¢lia; 9 = Jade and 10 = UFVM2 Bario de Vigosa.

Tables 4 and 5, which contain the associations between the methods for the charac-
teristics GY and PE, show that 44.44 and 30.55% of the algorithms, respectively, revealed
statistical significance, indicating that these methods partly agree. The methods of Plaisted and
Peterson (1959) and Wricke (1965) obtained a correlation 1.00 for both GY and PE. The per-
fect agreement of these two methods of stability in the estimates of the parameters reveals that
the indication of cultivars is the same, regardless of the method, and that using both methods
is unnecessary. This result agrees with those obtained by Silva and Duarte (2006), Cargnelluti
Filho et al. (2009), and Vilela et al. (2011).

For PE, the method of Yates and Cochran (1938), Plaisted and Peterson (1959), and
Wricke (1965) correlated positively and highly significantly with the parameters of Lin and
Binns (1988) for both P,.and P, . Based on these significant agreements among the parameters,
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we can infer that the most stable genotypes, according to the methodologies of Yates and
Cochran (1938) and Plaisted and Peterson (1959) or Wricke (1965), are likely adaptable and
stable for both favorable and unfavorable environments for PE. A high positive significance
(P <0.01) also occurred among P, , P, and P, of Lin and Binns (1988) for GY and PE, pos-
sibly owing to the relative agreement in genotype rankings in both favorable and unfavorable
environments.

Table 4. Estimates of Spearman correlations between the methods of stability and adaptability for the analysis of
the effectiveness of different algorithms to identify genotypes of popcorn evaluated for grain yield.

Methodologies' PP W YC weighted by PP weighted by W weightedby LB *,) LB(®P) LB(P)
Kang and Phan  Kang and Phan ~ Kang and Phan
YC 0.4788™ 0.4788™ 0.4877 0.1651m 0.3963" -0.030™  -0.224™  0.14025™
PP 1.00%* 0.6128™ 0.8440%* 0.9512%%  0.4909™  0.4545™  0.4878™
W 0.6128™ 0.8440%** 0.9512%*  0.4909™  0.4545™  0.4878
YC weighted by Kang and Phan 0.7352* 0.7014* 0.7691** 0.6128™  0.8524**
PP weighted by Kang and Phan 0.9046%** 0.8563** 0.8257** (.7784**
W weighted by Kang and Phan 0.6036™  0.5427™  0.5552m
LB (P) 0.9515%* 0.9512%*
LB (P,) 0.8536%*

"YC = Yates and Cochran (1938); PP = Plaisted and Peterson (1959); W = Wricke (1965); LB (P,) = general Lin
and Binns (1988); LB (P,) = general Lin and Binns (1988) for favorable environments; and LB (P, ) = general Lin
and Binns (1988) for unfavorable environments.

Table 5. Estimates of Spearman correlations among methods of stability and adaptability for the analysis of the
efficiency of different algorithms to identify genotypes of popcorn evaluated for the popping expansion.

Methodologies' PP \ YC weighted by PP weighted by W weightedby LB (P, LB(P) LB(P)
Kang and Phan ~ Kang and Phan  Kang and Phan
YC 0.6121™ 0.6121™ 0.3564 0.2691" 0.4390m 0.1515™ 0.8024** 0.7818**
PP 1.00%* -0.1688™ -0.428" -0.274m 0.1636™ 0.7538* 0.7818**
W -0.1688™ -0.428" -0.274" 0.1636™ 0.7538* 0.7818**
YC weighted by Kang and Phan 0.7352* 0.7014* -0.125™  0.3920™ 0.3689™
PP weighted by Kang and Phan 0.9046**  -0.116™ 0.0981™ 0.0672"
W weighted by Kang and Phan -0.244  0.1529 0.1280™
LB (P,) 0.0608™ 0.0545™
LB (P,) 0.9969%*

Y C = Yates and Cochran (1938); PP = Plaisted and Peterson (1959); W = Wricke (1965); LB (Plg) = general Lin
and Binns (1988); LB (P,) = Lin and Binns (1988) general for favorable environments; and LB (P, ) = Lin and
Binns (1988) general for the unfavorable environments.

Using the method of Kang and Phan (1991) for GY, the method of Yates and Cochran
(1938) started to correlate positively (P < 0.01) with the methods of Plaisted and Peterson
(1959) and Wricke (1965), both also weighted by the same ranking methodology. Further-
more, on the effect of weighting in the method of Yates and Cochran (1938) for GY, a mark-
edly increased correlation occurred between the stability parameter and the parameters of Lin
and Binns (1988), and GY became positively correlated at 1% probability with P, (r=0.76)
and P, (r=0.85). The weighting proposed by Kang and Phan (1991) became the parameter of
Plaisted and Peterson (1959), highly correlated with all parameters of Linn and Binns (1988):
P, (0.85),P.(0.82),and P, (0.77) for GY. Similar results were obtained by Vilela et al. (2011),
which highlights the usefulness of the method of Kang and Phan (1991) for generating more
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robust data, specifically with respect to the estimates of the parameters of the methods of Yates
and Cochran (1938) and Plaisted and Peterson (1959).

The analysis of the usefulness of the method of Kang and Phan (1991) for the char-
acteristic PE revealed results that differed from those found for GY. The weights of Kang and
Phan (1991) for PE, in the method of Yates and Cochran (1938), became highly significant
only for the methods of Plaisted and Peterson (1959) and Wricke (1965), also weighted by
the same ranking system. It resulted in a sharp decrease in the correlations among all the pa-
rameters of the methods of Lin and Binns (1988), however. The correlations with the method
of Plaisted and Peterson (1959) were also sharply reduced among the other parameters of the
various methods after weighting by the method of Kang and Phan (1991). It was also observed
with the parameters of Wricke (1965), which did not correlate with any other parameter of
stability (see Table 5) after weighting by the method of Kang and Phan (1991). For PE, the
use of the method of Kang and Phan (1991) did not reveal positive attributions for the data of
this study.
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