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Abstract: The aim of this study was to ascertain the association between the
REML/BLUP and GGE Biplot methodologies for selection of superior genotypes
in regard to adaptability and yield stability for various regions of the Middle
North region of Brazil. Sixteen soybean genotypes were evaluated in eight
environments during the 2015/2016 and 2016/2017 crop seasons, analyzing
the following traits: number of days to maturity, plant height, one hundred
seed weight, and grain yield. In this study, the REML/BLUP and the GGE Biplot
methods are highly correlated in terms of genotype ranking for selection and
recommendation purposes. The genotypes BRASBT13-0528, M8372 IPRO, and
BRASBT13-0621 most approximate a hypothetical ideal genotype.

Keywords: Glycine max (L.) Merrill, GXE interaction, mixed models, multivari-
ate analysis.

INTRODUCTION

Soybean [Glycine max (L.) Merrill] is of great socioeconomic importance
for Brazil as it is the basis for various food products and for animal feed. In the
2017/2018 crop season, Brazilian production was 118.8 million tons, with a
mean yield of approximately 3334 kg ha (CONAB 2019).

The Brazilian Cerrado (tropical savanna) regions constitute 204 million
hectares, 10.7% of which are in the states of Maranhdo and Piaui, which
compose the Middle-North or Western Northeast region of Brazil. This region is
prominent in food production due to its climate conditions and soils conducive
to grain production (Cardoso et al. 2012). Over the past two decades, there has
been an expressive increase in soybean production in the region, from 459.3
thousand tons in the 1998/1999 crop season to about 5.5 million tons in the
2017/2018 crop season (CONAB 2019).

The increase in soybean production has mainly come about through advances
in crop breeding. Higher-yielding genotypes with desirable characteristics are
selected through experiments in different environments (years and locations),
which show that the same cultivar may perform differently according to the
growing environment. This fluctuation arises from the genetic and environmental
components and the interaction between them, known as the genotype x
environment (G x E) interaction (Bornhofen et al. 2017). The effects of this
interaction are one of the main challenges faced by breeders at the time of
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identification, selection, and recommendation of cultivars. This interaction may lead to inconsistency in classification
of genotypes in the various environments tested and minimize the magnitude of the association between phenotypic
and genotypic values (Polizel et al. 2013, Soares et al. 2017).

An alternative to attenuate the effects of the G x E interaction is the identification and selection of genotypes with
greater adaptability and yield stability. Numerous methods have been reported in the literature for studying adaptability
and stability in multi-environment trials. The methods proposed may be based on the components of analysis of variance,
on the regression method, on non-parametric methods, on multivariate methods, on mixed models, and on new
methods, such as factor analytic models (Van Eeuwijk et al. 2016, Carvalho et al. 2016, Li et al. 2017, Sousa et al. 2020).

Methodologies based on mixed models (REML/BLUP) are currently in wide use in plant breeding programs (Smith
et al. 2005, Torres Filho et al. 2017, Sousa et al. 2019). The REML (Restricted Maximum Likelihood) procedure estimates
the variance components and genetic parameters, and BLUP (Best Linear Unbiased Prediction) is the ideal selection
procedure for additive genetic and dominance effects and genotypic effects (Resende 2016). In the context of mixed
models, the following parameters can be obtained: harmonic mean of the genotypic values (HMGV), to infer stability
and yield; relative performance of genotypic values (RPGV), to analyze genotypic adaptability and yield; and harmonic
mean of the relative performance of the genotypic values (HMRPGV), to simultaneously evaluate stability, adaptability,
and yield (Resende 2007).

Considering the multivariate methods, a model frequently used, proposed by Yan et al. (2000), is the main effects
of genotypes + multiplicative effect of the genotype x environment interaction, called GGE Biplot. This analysis clusters
the additive effects of the genotypes with the multiplicative effects of the interaction and places them under principal
component analysis. Interpretation of the results of the GGE Biplot is facilitated by the graphic display of the biplots,
allowing important aspects to be observed, as for example, the formation of mega-environments, the genotypes and
ideal environments, and the most representative and discriminant environments, as well as easier comparison of the
genotypes evaluated (Yan et al. 2000).

In spite of the expansion of soybean in the Middle-North region of Brazil in recent years, there are few studies in
the literature aiming to select genotypes for adaptability and yield stability for the region. Thus, the aim of this study
was to ascertain the association between the REML/BLUP and GGE Biplot methodologies for the selection of soybean
genotypes with superior yield, stability, and adaptability for the Middle-North region of Brazil.

MATERIAL AND METHODS

Data from the Value for Cultivation and Use (VCU) trials were used from the following sixteen soybean genotypes, with
their respective maturity groups: twelve lines with the Intacta® technology originating from the Soybean Breeding Program
of Embrapa Meio-Norte [BRASBT13-0054, 8.2 (G1); BRASBT13-0176, 8.1 (G2); BRASBT13-0200, 8.4 (G3); BRASBT13-0468,
8.0 (G4); BRASBT13-0528, 8.2 (G5); BRASBT13-0553, 8.5 (G6); BRASBT13-0590, 7.9 (G7); BRASBT13-0621, 8.4 (G8);
BRASBT13-0646, 8.1 (G9); BRASBT13-0715, 7.9 (G10); BRASBT13-0762, 8.1 (G11); and BRASBT13-0834, 8.2 (G12)] and
four cultivars [M7739 IPRO!(G13), 7.7; M8372 IPRO! (G14), 8.3; M9144 RRY, 9.1 (G15); and BRS8980 IPRO?, 8.9 (G16)].

Trials set up in different regions in the states of Maranhdo (MA) and Piaui (Pl), Brazil, were conducted during the
2015/2016 (Chapadinha — MA, lat 03° 44’ 30” S, long 43° 21’ 37” W, alt 105 m asl; Caxias — MA, lat 04° 51’ 32” S, long
43° 21’ 22" W, alt 66 m asl; Sdo Raimundo das Mangabeiras — MA, lat 07° 01’ 09” S, long 45° 28’ 51” W, alt 234 m asl;
Tasso Fragoso — MA, lat 08° 28’ 30” S, long 45° 44’ 34” W, alt 242 m asl) and 2016/2017 (Bom Jesus — PI, lat 09° 04’ 28"
S, long 44° 21’ 31” W, alt 277 m asl; Chapadinha — MA, lat 03° 44’ 30" S, long 43° 21’ 37” W, alt 105 m asl; Sdo Raimundo
das Mangabeiras — MA, lat 07° 01’ 09” S, long 45° 28’ 51” W, alt 234 m asl; Tasso Fragoso — MA, lat 08° 28’ 30” S, long
45° 44’ 34” W, alt 242 m asl) crop seasons, totalizing eight growing environments.

The experiments were conducted in a randomized block design with three replications. The experimental plot was
composed of four 5-meter rows spaced at 0.5 m between rows. The two center rows were used for data collection,
disregarding the 0.5 m from the ends as a border area. All the trials were sown mechanically, uniformly distributing
15 seeds per linear meter. All crop management practices were undertaken according to crop requirements, following
Sediyama et al. (2015).
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At crop maturity, the following agronomic traits were evaluated in the area of the plot used for data collection:
number of days to maturity (NDM), defined as the period from sowing to the R8 phenological stage, in which 95% of
the pods in the area are mature; plant height (PH), measured in cm, comprising the distance between the soil surface
and the tip of the main stem, in ten random plants; one hundred seed weight (HSW), weight in g of 100 seeds taken at
random; and grain yield (GY), corresponding to the grain yield of plants after harvest and processing, with grain weights
adjusted to 13% moisture and the value extrapolated to kg ha™.

To estimate the variance components and to predict of the effects of genotypes and of the genotype x environment
interaction by REML/BLUP, the follow mixed model was used: y = Xr + Zg + Wi + e, where y is the data vector; r, g, i, and
e correspond to the effects of the blocks added to the overall mean (considering all the replications of all the locations
—assumed as fixed), genotypic effects (assumed as random), effects of the G x E interaction (random), and the random
errors, respectively; and X, Z, and W represent the incidence matrices for the aforementioned effects.

The following parameters were estimated: phenotypic variance (0;); genotypic variance (oé); residual variance (o
2); variance of the genotype x environment interaction (o2); genotypic correlation (rgloc =o0Z/ c; +02); heritability of
the average of genotypes (h fng = c; /(czg + 02 /e)), where e is the number of environments; accuracy in the selection

of genotypes (fgg = w/ﬁ_f"g); and the relative coefficient of variation, calculated by CVg/CVE, where v, and CV_ are the
coefficient of genetic and environmental variation, respectively. To test the significance of the random effects of the
model, the likelihood ratio test (LRT) was conducted, generating a Deviance Analysis table (Resende 2016).

Based on this model, the genotypic values free of all interaction with environments were obtained by u + g, in which
uis the mean of all the environments and g, is the genotypic effect free of the genotype x environment interaction. For
each environment j, the genotypic values were predicted by u + g, + (ge)l_j, where L is the mean of environment j, g.is
the genotypic effect of genotype i in environment j, and (ge)l.jis the effect of the G x E interaction in relation to genotype
i and environment j (Resende 2007).

For adaptability and stability analyses, only the GY trait was considered. By the REML/BLUP method, the
following parameters were obtained: harmonic mean of genotypic values (HMGV) obtained by the equation

HMGV, = e/z ; (1/GVI.].), where e is the number of environments in which genotype i was evaluated, and GC,-/ is the
genotypic value of genotype i in environment j; relative performance of genotypic values (RPGV) obtained by the expression
RPGV =(1/e) 2 ; (G‘/,y/“/) , Where K, is the mean of environment j; harmonic mean of RPGV (HMRPVG) calculated by the

equation HMRPGV = e/z ; (l/RPGVj), whose terms have already been explained (Resende 2007). The mean genotypic

value, capitalizing on adaptability, is obtained by RPGV multiplied by the general mean of all environments (RPVG*p), and
the average genotypic value penalized by instability and capitalized by stability is calculated by the HMRPGV multiplied
by the general mean of all environments (HMRPGV*p). The mixed model analysis, analysis of deviance, and adaptability
and stability analyses were performed using the SELEGEN-REML/BLUP software (Resende 2007, 2016).

Adaptability and yield stability were also evaluated by the GGE Biplot method, proposed by Yan and Rajcan (2002).
Analysis was based on information of genotypic means, considering the model ij_“ =G +A+GA, where Vij represents
the genotypic value of genotype / in environment j; 4 is the overall mean of the observations; G, is the principal effect of
genotypei; Ais the principal effect of environment j; and GA,is the effect of the genotype i and environment j interaction.

The GGE Biplot model does not separate the genotype (G) effect from the effect of the (G x E) interaction, maintaining
them together in two multiplicative terms, represented by the expression: Y,—u- 6/. =g.6,+09,e,*¢€;, where Y, is
the yield expected from genotype i in environment j; u is the overall mean of the observations; 61, is the principal effect
of environment j; g, and e, are the principal scores of genotype i and environment j, respectively; g, and e, are the
secondary scores for genotype i and environment j, respectively; and, £ is the unexplained residue for both effects.

The biplot of the GGE Biplot model was constructed by means of simple dispersion of g, and g,,for genotypes and e,
and e, for environments by decomposition of the singular value, according to the equation Y,-,- - Yj = )\leilpjl + }\zsizpjz +€,
where A, and A, are the highest eigenvalues of the first principal component (PCA1) and second principal component
(PCA2), respectively; £, and €, are the eigenvalues of genotype i for PCA1 and PCA2, respectively; and P, and p,are the
eigenvalues of environment j for PCA1 and PCA2, respectively (Yan and Rajcan 2002, Yan and Tinker 2006). Analysis was
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performed with the assistance of the R statistical environment (R Development Core Team 2014) using the GGEBiplotGU!
package (Frutos et al. 2014), selecting the no-scaling model; tester-centered G + GE, which corresponds to the GGE
Biplot model; the singular value partitioning (SVP) method of the column metric preserving type; and the biplot type
considering the first and second principal components (PC).

RESULTS AND DISCUSSION

By the likelihood ratio test, a significant effect (P < 0.01) was observed for genotypes and for the G x E interaction
for all the traits evaluated (Table 1). Thus, it can be inferred that there is genetic variability for the traits, allowing
selection of genotypes with superior performance, and that the genotypes exhibited differential performance according
to the crop environment. The significance of the G x E interaction can affect selection of the best genotypes, hindering
recommendation of new cultivars by breeders. Freiria et al. (2018), Hamawaki et al. (2018), and Volpato et al. (2018)
also found significance for interaction upon studying soybean genotypes.

The variance components revealed a greater contribution from genotypic variance in phenotypic expression (cﬁ) of
the NDM and PH traits (Table 1). In contrast, for HSW and GY, a greater contribution was observed from environmental
variance and from variance of the G x E interaction for phenotypic variation. The relative coefficient of variation, higher
than 1.0 for the NDM and PH traits and lower than 1.0 for HSW and GY, also shows that most of the phenotypic variation
is attributed to genetic causes in the first case and to environmental variation in the second case. Therefore, although
the traits evaluated showed complex inheritance, HSW and GY were more affected by the environment. This result
was expected, since GY is controlled by many genes and is highly affected by the crop environment (Costa et al. 2015).

The coefficients of mean heritability of genotype were 0.70 for GY and 0.97 for NDM (Table 1). The parameter is
estimated using means of blocks as the criterion of evaluation and/or selection (Resende 2007). In accordance with the
values obtained for all the traits (> 0.70), selection of soybean genotypes based on predicted genotypic values can be
performed relatively easily. GY and HSW showed lower heritability compared to NDM and PH, since GY and HSW were
more affected by the environment and the G x E interaction in their phenotypic expression.

Selective accuracy was used as a parameter to evaluate experimental accuracy. The selective accuracy is one of the
most relevant parameters for evaluation of the quality of experiments, defined as the correlation between the genotypic
values predicted from experimental data and the true genotypic values (Resende and Duarte 2007).

The traits NDM, PH, HSW, and GY had selective accuracy of 0.98 (very high experimental precision), 0.98 (very
high experimental precision), 0.88 (high experimental precision), and 0.84 (high experimental precision), respectively

Table 1. Analyses of deviance, x2 test and estimates of variance components, heritability of the average of genotypes, selective ac-
curacy, genotypic correlation, and relative coefficient of variation for the traits number of days to maturity (NDM), plant height (PH),
one hundred seed weight (HSW), and grain yield (GY) of 16 soybean genotypes evaluated in eight environments of the Middle-North
region of Brazil in the 2015/2016 and 2016/2017 crop seasons

Effect NDM PH HSW GY
Complete 1388.36 2066.21 447.76 4896.90
1458.84 2153.1 478.83 4911.70
Genotypes (G)
(70.48+) (86.89%) (31.07*) (14.8*)
. . . 1544.18 2138.67 471.59 4933.12
Genotype x environment interaction (G x E)
(155.82*) (72.46%) (23.83*) (36.22*)
Genotypic variance 23.56 132.31 0.34 48,480.70
Genotype x environment interaction variance 13.72 50.60 0.30 90,347.60
Residual variance 6.77 54.22 0.76 170,544.38
Phenotypic variance 44.06 237.14 1.40 309,372.69
Heritability of the average of genotypes 0.97 0.95 0.78 0.69
Selective accuracy 0.98 0.98 0.88 0.84
Genotypic correlation among environments 0.63 0.72 0.53 0.35
Relative coefficient of variation (CVg/CVe)! 1.87 1.56 0.67 0.53
Overall mean 104.89 67.01 14.39 2982.26

1 CVg, coefficient of genetic variation; and CVe, coefficient of environmental variation. ++ Chi-square at 1% probability.
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(Resende and Duarte 2007). Thus, accuracy values demonstrated high experimental quality and, therefore, credibility
and security in selection of superior genotypes for the traits evaluated. Similar values were found by Silva et al. (2017),
Matei et al. (2017), and Torres et al. (2018), also in soybean.

For GY and HSW, the estimates of correlation between the environments (0.35 and 0.53, respectively) were of
smaller magnitude than the estimates for NDM and PH (0.63 and 0.72, respectively) (Table 1). Such estimates show the
predominance of the complex type interaction, inhibiting selection and recommendation of superior genotypes (Costa
et al. 2015).

When the effects of treatments are accepted as random, it is not necessary to perform multiple mean comparison
tests (Resende 2004). Thus, from the estimates of the genotypic means free of interaction for the traits evaluated (Table
2), the cycle of the genotypes, with a mean of 104.89 days, ranged from 96.85 days (G13) to 114.98 days (G16). The lines,
in general, were earlier than the controls. Evaluation of the soybean cycle is of fundamental importance to correctly
plan the time of sowing and harvest, which may affect growth and development of the crop (Hu and Wiatrak 2012).

For PH, a variation from 50.80 cm (G7) to 83.43 cm (G6) was observed, with a mean of 67.01 cm. The controls were
slightly taller than the lines. The soybean plant should achieve a height from 60.0 cm to 110.0 cm for better combine
harvesting efficiency (Shigihara and Hamawaki 2005).

The HSW ranged from 13.61 g (G1) to 15.13 g (G13), with a mean of 14.39 g. The lines and the controls had similar
mean HSW, of 14.33 g and 14.55 g, respectively. This trait is related to seed vigor and, consequently, plant vigor, and is
highly correlated with soybean grain yield (Arshad et al. 2006).

The genotype G7 was the lowest yielding (2597.19 kg ha) and G16 was the highest (3238.09 kg ha) (Table 2). In
general, the lines yielded less than the controls, with mean yield of 2970.00 kg ha™ and 3019.07 kg ha, respectively.
Among the lines, G5, G8, and G3 stand out, with grain yield of 3181.64 kg ha?, 3139.96 kg ha?, and 3128.61 kg ha?,
respectively, higher than the controls G13 and G15.

Table 2. Predicted genotypic values free of interaction with environments for the traits number of days to maturity (NDM), plant
height (PH), one hundred seed weight (HSW), and grain yield (GY) of 16 soybean genotypes evaluated in eight environments of the
Middle-North region of Brazil in the 2015/2016 and 2016/2017 crop seasons

D NDM (days) PH (cm) HSW (g) GY (kg ha?)
u+g IC (95 %)? u+g IC (95 %)? u+g IC (95 %)? u+g, IC (95 %)?

G1 103.65 100.14 - 107.15 60.43 52.63 - 68.22 13.61 13.07 - 14.14 2978.5 2734.22 - 3222.78
G2 103.22 99.71-106.73 57.45 49.66 - 65.25 13.87 13.33-14.40 3030.08 2785.80 - 3274.36
G3 106.3 102.79 - 109.80 56.55 48.76 - 64.35 14.61 14.07 - 15.14 3128.61 2884.32 - 3372.89
G4 101.88 98.37 - 105.38 60.62 52.83-68.42 14.7 14.16 - 15.23 2768.12 2523.84 -3012.40
G5 103.88 100.37 - 107.38 80.3 72.51-88.10 13.68 13.15-14.22 3181.64 2937.35 - 3425.92
G6 107.99 104.48 - 111.49 83.43 75.64 -91.23 14.93 14.06 - 15.12 3029.24 2784.95 - 3273.52
G7 100.73 97.22-104.23 50.8 43.00 - 58.60 14.59 14.60 - 15.66 2597.19 2352.90 - 2841.47
G8 106.45 102.94 - 109.95 82.77 74.97 - 90.56 15.13 12.96 - 14.03 3139.96 2895.68 - 3384.24
G9 103.26 99.75 - 106.76 65.98 58.19 - 73.78 13.5 14.03 - 15.10 2877.54 2633.26 - 3121.82
G10 100.11 96.60 - 103.61 55.46 47.66 - 63.25 14.57 13.99 - 15.06 2889.36 2645.07 - 3133.64
G11 103.19 99.68 - 106.69 77.37 69.57 - 85.16 14.53 13.75-14.82 3035.08 2790.80 - 3279.36
G12 104.49 100.98 - 107.99 72.32 64.52 - 80.12 14.29 14.51 - 15.58 2984.67 2740.39 - 3228.95
G13 96.85 93.34-100.35 52.6 44.80 - 60.40 15.05 14.45 - 15.52 2665.45 2421.17 - 2909.73
G14 107.6 104.09 - 111.10 65.67 57.87-73.46 14.99 13.62 - 14.68 3214.02 2926.73 - 3458.30
G15 113.71 110.20-117.21 73.32 65.52-81.11 14.15 14.39 - 15.46 2958.72 2714.44 - 3203.00
G16 114.98 111.47 - 118.48 77.12 69.33 - 84.92 14.01 13.48 - 14.55 3238.09 2993.80 - 3482.37
Lines 103.76 66.96 14.33 2970
Controls 108.29 67.18 14.55 3019.07

ID: genotype identification; G1 - BRASBT13-0054, G2 - BRASBT13-0176, G3 - BRASBT13-0200, G4 - BRASBT13-0468, G5 - BRASBT13-0528, G6 - BRASBT13-0553, G7 -
BRASBT13-0590, G8 - BRASBT13-0621, G9 - BRASBT13-0646, G10 - BRASBT13-0715, G11 - BRASBT13-0762, G12 - BRASBT13-0834, G13 - M7739 IPRO', G14 - M8372 IPRO',
G15 - M9144 RR', G16 - BRS8980 IPRO’; ' Controls; ? Confidence intervals associated with the genotypic value estimates at 5% probability.
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From analysis of the predicted genotypic values for grain yield in all the environments evaluated (Table 3), a change
could be seen in the order of the best genotypes due to the crop environment, showing the effect of the genotype x
environment interaction and the low genotypic correlation observed for the trait (Table 1).

In the set of environments tested, the highest yields were for genotypes G16, G14, G5, and G3, with 3238.09,
3214.02, 3181.64, and 3128.61 kg ha?, respectively. The genotype G5 had the highest absolute yield (4955.08 kg ha),
in environment A8. In contrast, G7 had the worst yield performance, at 1113.15 kg ha?, in environment A2.

The results of stability (HMGV), adaptability (RPGV), and simultaneous stability and adaptability (HMRPGV) (Table
4) show that the five best genotypes based on the HMGV, RPGV, and HMRPGYV criteria correspond to the five highest
yielding genotypes (Table 4). In relation to HMGV, there was an inversion between the genotypes G5 and G14. For RPGV
and HMRPGYV, the order of the five best genotypes was the same as obtained for the mean genotypic value.

The five best genotypes (G16, G14, G5, G8, and G3) by the HMRPGV*p criterion had grain yield of 3293.69 kg ha,
3257.66 kg ha?, 3235.49 kg ha?, 3184.15 kg ha?, and 3140.50 kg ha?, respectively, representing superiority over the
overall mean of 10%, 9%, 8%, 7%, and 5%, respectively. Among the advantages of using HMRPGV*p are selection through
genotypic adaptability and stability, since the effects of genotypes are considered as random; the ability to work with
unbalanced data and heterogeneity of the variances; and provision of results regarding the actual magnitude of the
trait evaluated, allowing it to be used for any number of environments (Resende 2007).

By the “which-won-where” pattern of the GGE Biplot (Figure 1A), the polygon was delimited by the genotypes G16,
G14, G5, G3, G1, G7, and G13, which correspond to the genotypes present in the vertices more distant from the origin
of the biplot and with the best performance in one or more environments (Yan and Rajcan 2002). The vectors (red lines)
that go out from the center of the biplot (0.0) delimited the diagram in six sectors, forming two mega-environments: |)
A1, A4, A6, A3 and Il) A2, A5, A8. A mega-environment can be defined as a cluster of positively correlated environments
or sub-regions in which a genotype or a group of genotypes is specifically adapted and achieves better performance
(Yan et al. 2000). The genotypes located in sectors that do not have any clustered environment showed low yield and
were therefore unfavorable in all the environments tested.

Table 3. Estimates of the genotypic values of grain yield of 16 soybean genotypes evaluated in eight environments of the Middle-
North region of Brazil in the 2015/2016 and 2016/2017 crop seasons

. Al A2 A3 A4 A5 A6 A7 A8 . nci‘;gfrf‘z nt
n+g +(ge), H+g,
G1 2295.39 1544.87 2190.16 3026.39 3681.77 3144.65 3081.80 4855.96 2978.50
G2 2207.54 1311.37 2212.21 3631.67 3900.98 2984.74 3165.79 4915.47 3030.08
G3 2090.21 1615.81 2275.52 3904.74 3953.79 3145.08 3417.36 4899.05 3128.61
G4 2314.45 1625.03 1743.53 3353.78 3166.06 2757.12 2510.28 4275.66 2768.12
G5 2888.66 1523.83 2298.54 3957.97 3468.65 3219.47 3512.39 4955.08 3181.64
G6 2016.89 1467.14 2220.59 4015.36 3422.51 3159.8 3395.19 4623.95 3029.24
G7 2105.76 1113.15 1517.41 3377.29 3186.58 2592.34 2397.1 3770.32 2597.19
G8 2703.85 1472.75 2376.55 4086.37 3605.53 3518.82 3018.65 4631.01 3139.96
G9 2310.96 1326.47 1937.25 3757.26 3399.66 2778.62 2945.92 4369.03 2877.54
G10 2254.6 1419.41 1666.35 3723.97 3566.47 2840.22 3167.35 4303.36 2889.36
G11 2717.66 1382.18 2331.75 3670.17 3734.28 3164.87 2978.36 4399.78 3035.08
G12 2134.08 1331.22 2105.74 3528.21 3508.58 3182.38 3363.03 4728.61 2984.67
G13 2503.2 1197.99 1618.49 3318.58 3411.01 2746.62 2131.22 3806.12 2665.45
Gl4 2906.55 1482.21 2213.94 4161.64 3884.17 3050.2 3606.36 4838.92 3214.02
G15 2359.52 1225.8 2015.31 4136.6 3746.73 2684.14 3223.39 4234.42 2958.72
G16 3211.68 1372.81 2543 4193.52 3513.8 3496.05 3653.77 4396.79 3238.09
Mean  2438.81 1400.75 2079.15 3740.22 3571.91 3029.07 3097.99 4500.22 2982.27

ID: genotype identification; G1 - BRASBT13-0054, G2 - BRASBT13-0176, G3 - BRASBT13-0200, G4 - BRASBT13-0468, G5 - BRASBT13-0528, G6 - BRASBT13-0553, G7 -
BRASBT13-0590, G8 - BRASBT13-0621, G9 - BRASBT13-0646, G10 - BRASBT13-0715, G11 - BRASBT13-0762, G12 - BRASBT13-0834, G13 - M7739 IPRO’, G14 - M8372 IPRO',
G15-M9144 RR', G16 - RS8980 IPRO’; ' Controls; A1 — Chapadinha (MA), A2 — Caxias (MA), A3 —Sdo Raimundo das Mangabeiras (MA), A4 — Tasso Fragoso (MA), A5 —Bom
Jesus (PI), A6 — Chapadinha (MA), A7 — Sdo Raimundo das Mangabeiras (MA), A8 — Tasso Fragoso (MA).
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Table 4. Genotypic stability (HMGV), genotypic adaptability (RPGV), simultaneous genotypic adaptability and stability (HMRPGV),
genotypic value multiplying adaptability (RPGV*W), and genotypic value penalized by instability and multiplied by adaptability
(HMRPGV*W) of 16 soybean genotypes, evaluated in eight environments of the Middle-North region of Brazil in the 2015/2016 and
2016/2017 crop seasons

ID HMGV ID RPGV RPGV*u ID HMRPGV HMRPGV*u
Gl6 2916.25 Gl6 1.12 3331.03 Gl6 1.10 3293.69
G5 2882.30 G14 1.10 3266.03 G14 1.09 3257.66
G14 2877.76 G5 1.09 3245.02 G5 1.08 3235.49
G8 2833.78 G8 1.07 3194.83 G8 1.07 3184.15
G3 2796.73 G3 1.06 3163.42 G3 1.05 3140.50
G11 2721.47 G11 1.03 3069.20 G11 1.03 3059.44
G1 2675.58 G6 1.02 3034.73 G6 1.01 3012.50
G6 2670.01 G2 1.01 3007.61 G2 1.00 2994.52
G2 2619.82 G1 1.01 3000.66 G1 1.00 2974.91
G12 2592.20 G12 0.99 2963.89 G12 0.99 2950.82
G15 2528.92 G15 0.98 2920.51 G15 0.97 2903.19
G9 2506.80 G10 0.96 2851.67 G9 0.95 2839.41
G10 2502.13 G9 0.95 2841.24 G10 0.95 2836.03
G4 2476.82 G4 0.93 2759.11 G4 0.92 2730.73
G13 2258.22 G13 0.87 2588.15 G13 0.86 2554.07
G7 2156.15 G7 0.83 2479.16 G7 0.83 2467.34

ID: genotype identification. BRASBT13-0054 (G1), BRASBT13-0176 (G2), BRASBT13-0200 (G3), BRASBT13-0468 (G4), BRASBT13-0528 (G5), BRASBT13-0553 (G6), BRAS-
BT13-0590 (G7), BRASBT13-0621 (G8), BRASBT13-0646 (G9), BRASBT13-0715 (G10), BRASBT13-0762 (G11), BRASBT13-0834 (G12), M7739 IPRO (G13), M8372 IPRO (G14),
M9144 RR (G15), BRS8980 IPRO (G16).

Ad

Figure 1. Analysis of adaptability and stability of 16 soybean genotypes evaluated in eight environments of the Middle-North region
of Brazil in the 2015/2016 and 2016/2017 crop seasons. 1A — “which-won-where” pattern of the GGE biplot, showing the genotypes
with best performance in the production environments evaluated; 1B - “average versus stability” GGE biplot, with the average-envi-
ronment axis showing grain yield and stability of the genotypes; 1C — diagram with average-environment axis classifying the sixteen
soybean genotypes in relation to the hypothetical ideal genotype, represented by the center of the concentric circles. BRASBT13-0054
(G1), BRASBT13-0176 (G2), BRASBT13-0200 (G3), BRASBT13-0468 (G4), BRASBT13-0528 (G5), BRASBT13-0553 (G6), BRASBT13-0590
(G7), BRASBT13-0621 (G8), BRASBT13-0646 (G9), BRASBT13-0715 (G10), BRASBT13-0762 (G11), BRASBT13-0834 (G12), M7739 IPRO
(G13), M8372 IPRO (G14), M9144 RR (G15), BRS8980 IPRO (G16); A1 — Chapadinha (MA), A2 — Caxias (MA), A3 — S0 Raimundo das
Mangabeiras (MA), A4 —Tasso Fragoso (MA), A5 — Bom Jesus (PI), A6 — Chapadinha (MA), A7 — Sdo Raimundo das Mangabeiras (MA),
A8 — Tasso Fragoso (MA).
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According to the “mean x stability” diagram (Figure 1B), the continuous green line with a single arrow, called the
“average-environment axis” (AEA), indicates the genotypes that exhibited greater mean yield performance. The second
continuous green line, perpendicular to the AEA, indicates greater variability (lower stability) in any direction, such that
the greater the length of the dotted green line, the less stable the genotype is (Yan and Tinker 2006). In addition, it
allows separation of the genotypes that are above or below the mean.

The genotypes that had higher grain yield are, in decreasing order, G16, G14, G5, G8, G3, G6, G2, G11, and G12. In
contrast, G15, G10, G9, G4, G13, and G7 had the lowest yields, with performance lower than the mean. In relation to
stability, the genotype G4 was the most stable, while the genotype G16 had the lowest stability. The genotypes G14
and G5 stand out because of simultaneous high yields and high stabilities.

The genotypes that are nearest the center of the concentric circles are the most desirable (Figure 1C). The genotype
should have both high yield performance and high stability (Yan et al. 2000). Therefore, the REML/BLUP and GGE Biplot
methodologies coincide in identification of superior soybean genotypes for the Middle North region of Brazil. Among

the 16 genotypes evaluated, G5, G14, and G8 most approximate a hypothetical ideal genotype.

REFERENCES

Arshad M, Naazar A and Abdul G (2006) Character correlation and path
coefficient in soybean [Glycine max (L.) Merrill]. Pakistan Journal of
Botany 38: 121-130.

Bornhofen E, Benin G, Storck L, Woyann LG, Duarte T, Stoco MG
and Marchioro SV (2017) Métodos estatisticos para estudo de
adaptabilidade e estabilidade em trigo. Bragantia 76: 1-10.

Cardoso MJ, Carvalho HWL, Rocha LMP, Pacheco CAP, Guimaraes LIM,
Guimaraes PEO, Parentoni SN and Oliveira IR (2012) Identificacdo de
cultivares de milho com base na andlise de estabilidade fenotipica
no Meio-Norte brasileiro. Revista Ciéncia Agronomica 43: 346-353.

Carvalho LCB, Damasceno-Silva KJ, Rocha MM and Oliveira GCX (2016)
Evolution of methodology for the study of adaptability and stability
in cultivated species. African Journal of Agricultural Researh 11:
990-1000.

CONAB - Companhia Nacional de Abastecimento (2019) Follow-up of the
Brazilian soybean crop in Brazil. Available at: < https://www.conab.
gov.br/>. Accessed on Feb, 18.

Costa AF, Leal NR, Ventura JA, Gongalves LSA, Amaral Junior AT and Costa
H (2015) Adaptability and stability of strawberry cultivars using a
mixed model. Acta Scientiarum Agronomy 37: 435-440.

Freiria GH, Gongalves LSA, Furlan FF, Fonseca Junior NS, Lima WF and Prete
CEC (2018) Statistical methods to study adaptability and stability in
breeding lines of food-type soybeans. Bragantia 77: 253-264.

Frutos E, Galindo MP and Leiva V (2014) An interactive biplot
implementation in R for modeling genotype-by-environment
interaction. Stochastic Environmental Research and Risk Assessment
28:1629-1641.

Hamawaki OT, Nogueira APO, Teixeira FG, Bicalho TF, Jorge GL, Hamawaki
RL, Machado Junior CS, Gomes GF and Hamawaki CL (2018)
Adaptability and stability of soybean genotypes in the states of
Maranhdo, Piaui, Tocantins and Bahia. Genetic and Molecular
Research 17: gmr16039895.

Hu M and Wiatrak P (2012) Effect of planting date on soybean growth,

yield, and grain quality: Review. Agronomy Journal 104: 785-790.

Li Y, Sountama M, Burdon RD and Dungey HS (2017) Genotype by
environment interactions in forest tree breeding: Review of
methodology and perspectives on research and application. Tree
Genetics & Genomes 13: 60

Matei G, Benin G, Woyann LG, Dallé SC, Milioli AS and Zdziarski AD (2017)
Agronomic performance of modern soybean cultivars in multi-
environment trials. Pesquisa Agropecudria Brasileira 52: 500-511.

Polizel AC, Juliatti FC, Hamawaki OT, Hamawaki RL and Guimardes SL (2013)
Phenotypical adaptability and stability of soybean genotypes in the
state of Mato Grosso. Bioscience Journal 29: 910-920.

R Development Core Team (2014) R: A language and environmental
for statistical computing. R Foundation for Statistical Computing.
Available at: <http://www.R-project.org>. Accessed on February
18, 2019.

Resende MDV (2004) Métodos estatisticos 6timos na andlise de
experimentos de campo. Embrapa Floresta, Colombo, 57p.

Resende MDV (2007) SELEGEN REML/BLUP: sistema estatistico e selecdo
genética computadorizada via modelos lineares mistos. Embrapa
Florestas, Colombo, 359p.

Resende MDV (2016) Software SELEGEN-REML/BLUP: a useful tool for
plant breeding. Crop Breeding and Applied Biotechnology 16:
330-339.

Resende MDV and Duarte JB (2007) Precisdo e controle de qualidade
em experimentos de avaliagdo de cultivares. Pesquisa Agropecuaria
Tropical 37: 182-194.

Sediyama T, Felipe LS and Borem A (2015) Soja: do plantio a colheita.
Editora UFV, Vigosa, 333p.

Shigihara D and Hamawaki OT (2005) Selegdo de gendtipos para
juvenilidade em progénies de soja Horizonte Cientifico 4: 1-26.

Silva KB, Bruzi AT, Zambiazzi EV, Soares |0, Pereira JLAR and Carvalho MLM
(2017) Adaptability and stability of soybean cultivars for grain yield
and seed quality. Genetic and Molecular Research 16: gmr16029646.

8 Crop Breeding and Applied Biotechnology - 20(2): e282920217, 2020



Adaptability and yield stability of soybean genotypes by REML/BLUP and GGE Biplot

Smith AB, Cullis BR and Thompson R (2005) The analysis of crop cultivar
breeding and evaluation trials: an overview of current mixed model
approaches. Journal of Agricultural Science 143:449-462.

Soares 10, Bruzi, AT, Zambiazzi, EV, Guilherme SR, Bianchi MC, Silva KB,
Fronza V and Teixeira CM (2017) Stability and adaptability of soybean
cultivars in Minas Gerais. Genetics and Molecular Research 16:
gmr16039730.

Sousa AMCB, Silva VB, Lopes ACA, Ferreira-Gomes RL and Carvalho LCB
(2020) Prediction of grain yield, adaptability, and stability in landrace
varieties of lima bean (Phaseolus lunatus L.) Crop Breeding and
Applied Biotechnology 20: 295120115

Souza TJF, Rocha MM, Damasceno-Silva KJ, Bertini CHCM, Silveira LM,
Sousa RR and Sousa JLM (2019) Simultaneous selection for yield,
adaptability, and genotypic stability in immature cowpea using REML/
BLUP. Pesquisa Agropecuaria Brasileira 54: 1-9.

Torres FE, Benites SB, Ribeiro LP, Correa AM, Silva Junior CA and Teodoro
PE (2018) Selection of soybean genotypes for to cerrado/pantanal
ecotone via REML/BLUP. Bioscience Journal 34: 333-340.

Torres Filho J, Oliveira CNGS, Silveira LM, Nunes GHS, Silva AJR and Silva
MFN (2017) Genotype by environment interaction in green cowpea
analyzed via mixed models. Revista Caatinga 30: 687-697.

Van Eeuwijk FA, Bustos-Korts DV and Malosetti M (2016) What should
students in plant breeding know about the statistical aspects of
genotype x environment interactions? Crop Science 56: 2119-2140.

Volpato L, Simiqueli GF, Alves RS, Rocha JRASC, Del Conte MV, Resende
MDYV, Carneiro PCS and Silva FL (2018) Selection of inbred soybean
progeny (Glycine max): an approach with population effect. Plant
Breeding 137: 1-8.

Yan W and Rajcan | (2002) Biplot evaluation of test sites and trait relations
of soybean in Ontario. Crop Science 42: 11-20.

Yan W and Tinker A (2006) Biplot analysis of multi environment trial
data: principles and applications. Canadian Journal of Plant Science
86: 623-645.

Yan W, Hunt LA, Sheng Q and Szlavnics Z (2000) Cultivar evaluation and
mega-environment investigation based on the GGE Biplot. Crop
Science 40: 597- 605.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.

Crop Breeding and Applied Biotechnology - 20(2): e282920217, 2020 9



