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ABSTRACT. The aim of this study was to verify the adaptability and
stability of soybean cultivars with regards to yield and oil content. Data
of soybean yield and oil content were used from experiments set up
in six environments in the 2011/12 and 2012/13 crop seasons in the
municipalities of Patos de Minas, Uberaba, Lavras, and Sdo Gotardo,
Minas Gerais, Brazil, testing 36 commercial soybean cultivars of both
conventional and transgenic varieties. The Wricke method and GGE
biplot analysis were used to evaluate adaptability and stability of these
cultivars. Large variations were observed in grain yield in relation
to the different environments studied, showing that these materials
are adaptable. The cultivars exhibited significant differences in oil
content. The cultivars BRSGO204 (Goiania) and BRSMG (Garantia)
exhibited the greatest average grain yield in the different environments
studied, and the cultivar BRSMG 760 SRR had the greatest oil content
among the cultivars evaluated. Ecovalence was adopted to identify the
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most stable cultivars, and the estimates were nearly uniform both for
grain yield and oil content, showing a variation of 0.07 and 0.01%,
respectively. The GGE biplot was efficient at identifying cultivars with
high adaptability and phenotype stability.

Key words: GGE biplot; Glycine max L. Merrill; Wricke;
Genotype-environment interaction

INTRODUCTION

One of the greatest complications in plant breeding is the genotype-environment
interaction (G x E), both when selecting cultivars and when recommending them. The
multiplicity of loci involved in phenotypic expression and the influence of environmental
factors on the traits make gains in the plant-breeding process more difficult. As a result, the
use of cultivars that have wide adaptability and good stability is an alternative method that can
reduce the effect of this interaction.

Oil content in soybean seeds ranges from 15 to 22%, and protein content ranges from
36 to 40% (Arioglu, 2007). Studies have reported that factors such as climatic conditions, soil
characteristics, crop management practices, genotypic traits, and water stress, affect both oil
and protein content in soybean. In general, oil content increases as protein content decreases
in high-temperature growing areas (Kane et al., 1997; Piper and Boote, 1999; Noureldin et
al., 2002; Ning et al., 2003; Gunasekera et al., 2006; Miladinovic et al., 2006; Rotundo and
Westgate, 2009).

A 2-year study carried out in eight environments with different soils and climatic
conditions showed that soybean oil contents varied from 18.29 to 23.06% and that protein
contents varied from 29.25 to 38.57%. The authors of that study concluded that appropriate
genotypes should be selected for each environment in consideration of the oil and protein
content, as well as the projected use of the soybeans (Arslanoglu et al., 2011).

Grain production, and its adaptability, represents the most complex genetic control
trait, and the influence of environmental factors on this trait is pronounced. Several reports
have shown that there is G x E interaction and that predictable and unpredictable factors act
directly on the character of expression (Mundstock and Thomas, 2005).

Nevertheless, simultaneous selection for adaptability and stability of grain yield and
oil content in soybean is difficult and requires association between a parameter of stability
and another of adaptability (Rocha et al., 2006). Thus, the aim of this study was to verify the
stability and adaptability of soybean cultivars with regards to yield and oil content.

MATERIAL AND METHODS

Experiments were conducted during the 2012/13 crop season in four environments:
a) the EPAMIG experimental farm in Patos de Minas, at 1074 m altitude, 18°29°70’S,
46°26°55”W; b) the EPAMIG experimental farm in Uberaba, at 819 m altitude, 19°39°14”’S,
47°58°11°W; c) the experimental area at the Crop and Livestock Scientific and Technological
Development Center (Muquém Farm) of the Universidade Federal de Lavras - UFLA, at 954
m altitude, 21°12°117°S, 44°58’47°W; and d) the experimental area of the Alto Paranaiba
Agricultural Cooperative (COOPADAP) in Rio Paranaiba, at 1134 m altitude, 19°12°06”’S,
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46°10°07”W. In the 2011/12 crop season, two other experiments were set up in Lavras at the
Muquém Farm and at the Department of Agriculture at UFLA, for a total of six environments.
The results of soil analyses from each environment are shown in Table 1 and the climatic data
are shown in Figure 1.

Table 1. Chemical characteristics of the soil in the environments evaluated during the 2011/2012 and
2012/2013 crop seasons.

Chemical properties Environments
Patos de Minas 12/13 Uberaba 12/13 | Muquém!12/13 Sdo Gotardo 12/13 | Muquém! 11/12 | DAG?11/12

pH H>O 5.88 6.00 59 5.27 54 52
P mg/dm™? 46.99 20.7 7.21 28.14 6.2 6.9
K 80 64 118 103 83 117
Ca cmol/dm™ 1.55 1.6 4.7 3.57 22 2.1
Mg 0.87 0.5 1.3 1.05 0.8 0.3
Al 0.04 0.1 0.0 0.08 0.1 0.2
H+AL 3.66 1.3 29 7.05 5.0 7.9
SB 2.62 2.3 6.3 4.88 3.2 2.7
CEC 6.28 3.6 9.2 11.93 8.3 10.6
\ % 41.78 63.5 68.51 40.94 38.9 259
OM dag/kg 2.68 1.2 2.61 4.68 3.0 3.4
Zn mg/dm™ 3.50 - 5.31 17.10 2.9 2.6
Fe 38.10 - 33.40 S1.5 34.2
Mn 76.40 13.33 14.50 5.0 13.9
Cu 14.80 0.60 11.30 1.9 3.0
B 0.17 0.33 0.50 0.2 0.1
S 8.09 - 2.19 80 35

H + Al = potential acidity; SB = sum of bases; CEC = cation exchange capacity at pH 7.0; OM = organic matter;
V = base saturation. 'Muquém: Centro de Desenvolvimento Cientifico e Tecnoldgico em Agropecuaria (Crop and
Livestock Scientific and Technological Development Center) of UFLA, Lavras, MG. *DAG = Departamento de
Agricultura (Department of Agriculture) of UFLA, Lavras, MG.
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Figure 1. Monthly variations in rainfall and temperature in the period from October to April during which
experiments were conducted in the evaluated municipalities.
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In each environment, 36 commercial soybean cultivars of different origins, both
conventional and transgenic (GM), were evaluated. The EMBRAPA cultivars evaluated
included BRSMG 68 (Vencedora), BRS 136, BRSMG Garantia, BRSGO204 (Goiania), MG/
BR 46 (Conquista), BRS 225 RR, BRS/GO Luziania, BRSMG 750SRR, BRS Milena, BRS
137, BRSMG 250 (Nobreza), CAC-1, Elite, Suprema, BRSMG 251 (Robusta), BRSMG 850
GRR, Monarca (CS 303), BRS Carla, and BRSMG 760SRR. Cultivars evaluated from TMG
included TMG 1179RR, TMG 801RR, and TMG 127RR. The Monsoy cultivars evaluated,
Monsoy 8229, Monsoy 8001, Monsoy 8000RR, and Monsoy 7211RR, came from the
Monsanto Corporation. The following cultivars were from the Nidera company: NA 7255RR
and NA 7620 RR. Cultivars that came from the Universidade Federal de Vigosa (UFV) were
UFV 16 (Capinopolis) and UFV TN 105. From EMGOPA, the cultivars Emgopa 316 and
Emgopa 315 were evaluated. Other cultivars coming from other companies/institutions were
DM Nobre (Dois Marcos), 98Y30 (Pioneer), AV 7002 (Aventis), and Preta (UFLA).

A triple lattice 6 x 6-statistical design was used and the experimental plots consisted of
four 5-m rows at a spacing of 0.50 m, constituting a useful area of 5 m? (encompassing the two
center rows). The experiments were set up in an area under a no-tillage system (NT) for 10 years
in a soybean/maize rotation. Desiccation was performed 10 days before sowing. Fertilization
followed the recommendations of the Soil Fertility Commission of the State of Minas Gerais
(Ribeiro et al., 1999) with 400 kg/ha of the commercial formula 2-30-20 being applied in the
planting furrow. Before sowing, the seeds were inoculated with Bradyrhizobium japonicum
using the Nitral peat-based inoculant at 1,200,000 bacteria per seed, at 4 mL/kg seed. Seeds were
sown manually at a density of 12 plants/m, and plants were thinned 25 days after germination.
The other crop treatments were carried out as recommended for each crop in the region.

For the purposes of evaluation, data were obtained for grain yield in kg/ha, and for
percent oil content in the grain at 13% moisture. Analyses were performed to determine lipid
content (oil) in the seeds and in the meal (ground seeds) of the soybean cultivars according to
the methods described in the Analytical Standards of the Instituto Adolfo Lutz (2008).

Individual analyses of variance per trait evaluated were carried out adopting a
procedure similar to that presented by Ramalho et al. (2012). Having obtained the phenotypic
mean values, combined analyses were carried out per location, also adopting the procedure
described by Ramalho et al. (2012). All statistical analyses were carried out through the R
program (R Development Core Team, 2011). The phenotypic mean values were clustered
using the Scott and Knott (1974) procedure at 5% probability.

To estimate the stability of the cultivars evaluated, the Wricke (1965) method was used.

Thus, the ecovalence of each genotype (W,) (Equation 1) was estimated through
partition of the sum of squares of the genotype-environment interaction according to the
equation:

2

We = Z(gakl)

-1

Z(j’u Ve Yat ?") (Equation 1)

3 3 2
5 1
in which y,, is the adjusted mean value of cultivar k in environment /; y, is the adjusted
mean value of cultivar k£ in the environments evaluated; y-1 is the adjusted mean value of
environment /; ¥-- is the overall mean value.

The relative contribution (Equation 2) of each cultivar to the cultivar-environment

interaction is given by:
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Wk
Z w, x 100 (Equation 2)
k

W.(%) =

The significance of stability of the cultivars provided by the Wricke method
(H,:W, =0) was verified by the statistical test presented by Resende (2002). The test is based
on the F-Snedecor distribution (Equation 3). In this study, since the effect of the genotype-
environment interaction is fixed, the mean square of the experimental error of the combined
analysis was used as a tester. Thus, the following expression will be used:

F = [KVVi/(K— DJ/(L-1)
c QME (a;L - 1;GLE)

(Equation 3)

in which K is the number of cultivars; L is the number of environments; OME is the mean
square of the error of the combined analyses; GLE represents the degrees of freedom of the
error of the combined analyses; and « is the level of significance, predefined at 0.05.

To show the interrelation between the environments and between the genotypes for
grain yield and oil production, the GGE biplot method was used, which considers the effect
of genotypes and of the genotype-environment interaction (Yan et al., 2000). Analyses were
carried out with the aid of the GGE biplot application (Yan, 2001).

Analysis using the GGE biplot method was carried out as described by Oliveira et al.
(2010), considering the simplified model of two principal components (Equation 4):

Y‘ij -u-P i~ Xléimu + }\‘Zéiznzj TE; (Equation 4)

where 4, and 4, are the singular values of PC1 and PC2, which are the first and second principal
components, respectively; the square of the sum of the singular value of a PC is the sum
of squares explained by the PC; ¢, and ¢, are the eigenvectors of genotype i for PC1 and
PC2, respectively; and 7;; and 7,; are the eigenvectors of environment j for PC1 and PC2,
respectively.

In addition, we estimated the Pearson phenotype correlation (rfxy) and its significance
by the Student #-test (Zar, 1996). Correlation analyses were performed using the Bioestat 5.0
software (Ayres et al., 2007).

RESULTS AND DISCUSSION

Accuracy estimates reflect the precision with which the experiments were conducted
and also the existence of variability. Accuracy estimates above 70% are considered to be of
importance (Resende and Duarte, 2007). In this study, high estimates were observed for both
grain yield and for oil content in soybean (Table 2). From the combined analysis of variance
presented in Table 2, it may be observed that in the six environments studied, there was a
significant difference (P < 0.01) for the grain yield and oil content traits. These results confirm
that there was variability among the cultivars tested for these characteristics in this study.

The treatment-environment interaction (T x E) was significant for the traits evaluated;
this shows that the behavior of the cultivars differed in the different environments, i.c., the
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genotypes evaluated showed inconsistent behavior in each environment, and the magnitude of
responses for grain yield and oil content changes in response to environmental variation (Table
2). The G x E interaction is frequently reported in the literature for different self-pollinating
crops (Ramalho et al., 2012), which is an important factor in the soybean crop.

Table 2. Combined analysis of variance in the traits grain yield (kg/ha) and percent oil content.

Sources of variation d.f. Mean square

Yield Oil content
Treatment (T) 35 589,228.6%* 10.5787668**
Replication/E 12 596,675.2 3.1851747
Environment (E) 5 86,061,506.2%* 25.0703879%**
TxE 175 354,081.4%* 4.3056105%*
Error 420 160,788.6 0.95
Overall mean - 2364.72 21.19
Accuracy (%) - 85.25 95.40

**Significant at 1% probability by the F-test. d.f. = degrees of freedom.

Grain yield varied from 1885.5 to 2769.4 kg/ha in the cultivars BRSGO (Goiania)
and NA 7620 RR, respectively, under the six environments studied (Table 3). Carvalho et
al. (2010) observed that the grain yield of soybeans ranged from 2958 to 3575 kg/h in the
municipalities of Lavras and Itutinga, MG.

In general, all the cultivars evaluated in this study exhibited an average yield that was below
the national average of 2842 kg/ha, according to the 11th survey (August 2014) of the Companhia
Nacional de Abastecimento (National Food Supply Agency) - Brasilia (CONAB, 2014).

This may be due to the grain yield being greatly affected by various environmental
factors, such as temperature, moisture, and photoperiod, which undergo variation throughout
the year. Figure 1 shows that in the 2012/13 crop year there were rains in the harvest period,
particularly in the municipality of Uberaba. This substantially reduced grain yield. Another
factor may be related to the adaptation of these cultivars to the regions evaluated in the present
study, combined with the different genotypes and the G x E interaction.

In general, the cultivars tested exhibited high levels of oil (Table 3), with mean
variation from 22.8 to 19.9%. Arioglu (2007) reported that the oil content in soybean seeds
varies from 15 to 22%. The overall mean oil content of the cultivars was 21.2%.

In the present study, the cultivar BRSMG 760 SRR was found to have the best
performance in terms of greater oil content in the six environments evaluated, which is predictive
of the good adaptation and stability of this cultivar for oil production in these environments.

Ecovalence was adopted to identify the most stable cultivars (Wricke, 1965). The most
stable cultivar according to this method is the one with the lowest estimate for ecovalence. In
other words, it is the genotype with the least contribution to the G x E interaction (Ramalho et
al., 2012). In this study, the cultivars exhibited near uniformity; the lowest estimate obtained
for ecovalence was 2.75% for the cultivars AV 7002 and TMG 127 and the highest estimate
was 2.82% for the cultivar TMG 1179, giving a variation of only 0.07% (Table 3).

Ecovalence estimated according to the method described by Lin et al. (1986) allows
stability to be estimated in the agronomic sense, i.e., the cultivar is stable if its response to
the environment is parallel to the mean performance in the different experiments in varied
environments. In the present study, although wide variability in soybean grain yield was found
in the different environments studied, no variability was found in the estimated ecovalence of
the cultivars. As evaluated for grain yield, the ecovalence estimates (i) did not show broad
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variability for oil content in the environments evaluated, with indices of 2.77 and 2.78%.

Table 3. Phenotypic mean values of the traits grain yield (kg/ha) and oil content (lipids, %) obtained in the
cultivar selection trial.

Cultivar Yield (kg/ha) Wiyicld (%) Oil content (%) Wioil (%)
BRSGO204 (Goiénia) 2769.4 +239.42 2.80 20.9 +£0.2° 2.77
BRSMG (Garantia) 2761.1 £215.7% 2.78 20.2 £0.3° 2.78
BRSMG68 (Vencedora) 2729.6 +293.2% 2.79 21.8+£0.4° 2.78
AV 7002 2583.2 +251.1* 2.75 20.8 +0.4° 2.77
BRS Milena 2546.3 +270.6* 2.76 21.4+0.2° 2.77
MG/BR 46 (Conquista) 2524.2 +268.8% 2.77 213+0.28 2.78
CAC -1 2494.1 +224.0* 2.76 21.0+0.2° 2.77
Monsoy 8229 2493.4 +242.0* 2.77 21.3+04° 2.77
BRS 750 SRR 2477.8 +284.0* 2.79 21.6+£0.28 2.77
Monsoy 8000 RR 2472.2 +234.6 2.76 21.3+04° 2.77
Suprema 2472.1 +190.8* 2.78 21.5+0.3° 2.77
BRSGO (Luziania) 24447 +257.8* 2.76 20.0 £0.3° 2.77
Monsoy 8001 2430.4 +275.8% 2.79 22.4£0.2¢ 2.77
Monarca (CS303) 24259 +£221.2% 2.77 20.1 +£0.2° 2.77
Elite 2377.7+217.4% 2.78 20.5+0.3° 2.77
DM Nobre 23423 +£261.0° 2.79 20.8 + 0.4° 2.77
Emgopa 316 2341.4 +£221.1° 2.76 21.7+0.3% 2.77
BRSMG 251 (Robusta) 2318.7£217.9° 2.78 20.7 +£0.3% 2.77
TMG 801 RR 2318.1 £251.8 2.78 20.3 +0.3% 2.77
Preta 2283.2 +£269.7° 2.77 21.8+0.3% 2.77
BRS Carla 2280.4 + 240.8° 2.79 22.1+0.2° 2.77
BRSMG 760 SRR 2276.8 +264.4° 2.78 22.8+0.2° 2.77
UFV 16 (Capinopolis) 2268.4 +221.8° 2.76 22.0+0.2° 2.77
NA 7255 RR 2247.2 +241.5° 2.80 21.9+0.1° 2.77
P 98Y30 2244.7 +181.2° 2.77 22.1+0.28 2.77
BRSMG 250 (Nobreza) 2226.2 +232.8° 2.76 20.6 +0.3° 2.77
Emgopa 315 22153+ 153.0° 2.79 21.2+0.3 2.78
BRS 850 GRR 2209.1 + 192.0° 2.76 20.2 +0.1° 2.77
BRS 136 2201.7 +£229.7° 2.77 20.4 +0.5° 2.78
UFV TN 105 21772 +214.1° 2.78 19.9 £0.4° 2.77
BRS 137 2158.1 +£208.2° 2.76 21.9+0.3° 2.77
TMG 127 RR 2103.1+211.2° 2.75 22.1+0.3% 2.77
Monsoy 7211 RR 2096.4 +213.3° 2.76 21.0 +0.4° 2.78
BRS 225 RR 2072.7 £217.8° 2.79 21.2+04° 2.77
TMG 1179 RR 2060.5 +219.9° 2.82 20.0 +£0.2° 2.77
NA 7620 RR 1885.5 + 144.8° 2.81 21.6£0.3? 2.78
Overall mean 23425 100% 21.2 100%

Mean values followed by the same letters in the columns do not differ among themselves (means + SE). Stability
analysis according to the Wricke (1965) model, Wi (%) is the parameter of stability of the Wricke method.

The frequency distribution of the grain yield data in kg/ha shown in Figure 2 is
consistent with the soybean grain yield having wide variability in the different environments
and crop years studied, manifesting non-coinciding yield behavior of the different soybean
cultivars evaluated in this study.

Partition of the G x E interaction through GGE biplot analysis showed that the
principal components (PC1 and PC2) represented 60.5 and 65.2% of the sum of squares of the
G x E of the mean grain yield and oil content in soybean grain, respectively. These values lend
moderate reliability to the explanation of total variation through performance of the genotypes
and their interaction with the environment (G + G x E). Performance in grain yield and oil
content of the soybean cultivars in the different environments and crop years may be explained
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by the lack of a coinciding pattern of the cultivars evaluated in the analyses shown in Figures
3A and 4A (Morrison et al., 2008; Zhe et al., 2010).
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Figure 2. Frequency distribution of grain yield (kg/ha) in the different environments studied.

GGE biplot analysis allows visualization of the performance of different genotypes
in a determined environment or in various environments. Figures 3A and 4A shows that for
the mean yield of soybean cultivars among the six environments studied, there are four mega-
environments, namely Sdo Gotardo and Patos de Minas 2012/13 crop year; the Department of
Agriculture - UFLA (AG) 2011/12 crop year; the Muquém farm in both crop years studied;
and the municipality of Uberaba. The cultivars are graphically represented by numbers. We see
that in the environment that includes the municipalities of Patos de Minas and Sao Gotardo, the
cultivars with greatest yield were 3, 2, and 15. On the Muquém Farm, the greatest yields were for
cultivars 18 and 24. For the municipality of Uberaba, cultivars 15 and 1 had the greatest yields.
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Figure 3. Diagram showing mean vs stability. A. Mean grain yield (kg/ha). B. Oil content of 36 soybean cultivars.
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Figure 4. GGE biplot. A. Grain yield (kg/ha). B. Oil content of 36 soybean cultivars.

In contrast, the analysis of oil content in soybean cultivars, as shown in Figures 3B and
4B, shows that three mega-environments were formed, Muquém 2011/12 crop year; another
with a greater number of municipalities: Sdo Gotardo, Uberaba, Muquém 2012/13, and Patos
de Minas; and the Department of Agriculture - UFLA. Thus, a different pattern is observed
in the cultivars, due to the traits evaluated. Meotti et al. (2012) analyzed the agronomic
performance of soybean cultivars and also observed differentiated patterns and associations of
different cultivars as a result of the different traits analyzed, such as temperature, sowing time,
and yield analyzed by GGE biplot.

In Figure 5A and B, a polygon is shown, which unites the more distant cultivars at the
origin of the biplot. These cultivars, located at the vertex, are most sensitive as they are more
responsive to the environment. In contrast, a cultivar located at the origin would be the same
in all the environments, and therefore is not responsive in all aspects to the environments.
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Figure 5. GGE biplot Which Won Where/What. A. Grain yield (kg/ha). B. Oil content of 36 soybean cultivars.

There was a negative phenotype correlation (r; ) between yield and oil content (Table
4), such that high grain yield is associated with lower oil content. For the Wi association no
significant effect was observed. It is therefore possible to select cultivars with low interaction
for both traits.

Table 4. Pearson phenotype correlation (r; ) of the variables studied.

| Oil ‘ | Wioil
Yield | -0.1819%* | Wigield | 0.1579™

**Significant at 1% probability; "non-significant.

In conclusion, the cultivars BRSGO204 (Goiania) and BRSMG (Garantia) exhibited
the greatest adaptability of mean grain yield in the environments studied. The cultivar BRSMG
760 SRR obtained the greatest oil content of the soybean cultivars evaluated. The GGE biplot
was efficient to identify those cultivars with high adaptability and phenotype stability.
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