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Abstract 
 

Currently, climate change forces plant breeders to develop genotypes adapted to mega-

environments, which guarantees the correct production of the crop. The objective of this study was 

to determine the potential in grain yield and stability of soybean genotypes. For these purposes, 15 

soybean genotypes (seven varieties and eight experimental lines) were evaluated over four years 

(2014, 2015, 2016 and 2017), in a 5x5 square lattice design with three repetitions. The analysis of 

variance revealed significant differences in years, genotypes, and in the genotype-by-year 

interaction. Being the source of variation years, the one that had the greatest impact on yield with 

84.3%, followed by the genotype-by-year interaction (10%) and genotypes (5.6%). Likewise, the 

conditions of 2014 were more conducive for genotypes to have a higher yield. Regarding 

genotypes, G15, G7, G5 and G2 had the highest yield values throughout the four years. In terms of 

stability and yield, the relative yield method and the GGE Biplot representation agreed that the 

genotypes that have these two characteristics are G7 and G2. On the other hand, two mega-

environments formed, being genotype G15 the winner with respect to its performance in the first 

mega-environment, where the years 2015, 2016 and 2017 were included, in the same way, genotype 

G5 was the winner in the second mega-environment constituted by the year 2014. The two methods 

when complementing each other mostly explained the phenotypic variation in yield. 

 

Keywords: biplot, ideal genotype, relative yield. 

 

Reception date: July 2021 

Acceptance date: September 2021

mailto:maldonado.nicolas@inifap.gob.mx
mailto:ascencio.guillermo@inifap.gob.mx
mailto:garcia.juliocesar@inifap.gob.mx
mailto:alcala.juan@inifap.gob.mx


Rev. Mex. Cienc. Agríc.   vol. 12   num. 8    November 12 - December 31, 2021 
 

1352 

Introduction 
 

Soybean [Glycine max (L.) Merrill] is one of the most important crops in the world due to its 

diversity of uses and currently, the main source of edible oil among oilseed crops  (Bhartiya et 

al., 2014). It can adapt to various climates, although it develops optimally in tropical regions 

(Pecina et al., 2005). It is grown mainly in North America, South America and Asia; however, 

the main exporting countries are the United States and Brazil (Kumudini, 2010). According to 

the growing demand for the crop, superior genotypes that have yield potential and stability are 

sought, for which tests are used in several years and localities (Lu’quez et al., 2002; Smith et 

al., 2005; Yang et al., 2009). 

 

In this regard, one of the main challenges faced by plant breeders is the differential response of 

genotypes as a function of the environment (Kang and Gorman, 1989), known as genotype-by-

environment interaction (GEI). The expression of each characteristic in a crop is the result of the 

effect of genotype (G), the effect of the environment (E) and GEI (Yan and Tinker, 2005). But 

genotypic evaluation is limited only to the main effects of G, while GEI is ignored without 

considering the stability of genotypes (Yan and Tinker, 2006; Bhartiya et al., 2017). 

 

GEI using multi-environment trials (MET) makes it possible to accurately evaluate crop yields 

in different environments, predict yield levels, and examine genotype stability for the selection 

of the best genotypes in improvement programs (Magari and Kang, 1993; Ebdon and Gauch, 

2002; Mustapha and Bakari, 2014). A wide range of statistical techniques have been developed 

to study GEI, including univariate models, such as regression slope, deviation from the 

regression, environmental variance and yield stability, and multivariate models, such as the 

genotype main effect plus genotype by environment (GGE) and additive main effects and 

multiplicative interaction (AMMI) (Finlay and Wilkinson, 1963; Eberhart and Russell, 1966; 

Kang, 1993; Yan, 2001). 

 

These last two models are based on the principal component (PC) analysis and have the ability to 

classify genotypes based on some characteristic of interest and the stability that this characteristic 

shows in each genotype when evaluating them in different environments (Casanoves et al., 2005). 

For research purposes and to delineate mega-environments, the AMMI model, the SREG model 

and SHMM are considered equally effective (Gauch et al., 2008). The present research was carried 

out with the aim of comparing the relative yield method and the GGE Biplot representation and 

identifying soybean genotypes with good yield and stability under rainfed conditions in the 

southern region of Tamaulipas, Mexico. 

 

Materials and methods 
 

Location of the experimental site 

 

The research was carried out in the spring-summer (P-V) cycles from 2014 to 2017, under rainfed 

conditions at the National Institute of Forestry, Agricultural and Livestock Research (INIFAP, for 

its acronym in Spanish), Las Huastecas Experimental Field, located at 22º 33’ 57.88” north latitude 

and 98º 09’ 52.47” west longitude with an altitude of 17 m. This region has a semi-warm humid 

tropical climate, with an average annual temperature of 24.5 ºC and a rainfall of 842 mm. 
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Plant material 

 

Fifteen genotypes were used, including varieties and experimental lines from the soybean genetic 

improvement area of the INIFAP Annual Oilseeds Program, which have different characteristics 

of agronomic interest such as health, appearance, grain production and adaptability to the Huasteca 

region (Table 1). 

 
Table 1. Identification of varieties and experimental lines. 

Id Genotypes 

G1 H02-1337 

G2 H02-1987 

G3 H02-2082 

G4 H10-0556 

G5 H10-3056 

G6 H98-1240 

G7 H98-1325 

G8 H98-1521 

G9 Huasteca 100 

G10 Huasteca 200 

G11 Huasteca 300 

G12 Huasteca 400 

G13 Huasteca 600 

G14 Huasteca 700 

G15 Tamesí 

 

 

Methodology 

 

The preparation of the land was carried out starting with the fallow at a depth of 30 cm, followed 

by two passes of harrow at 20 days after the fallow and finally the furrowing was carried out at a 

distance of 76 cm. 

 

Sowing was carried out on plots of 4 furrows of 5 m in length with a density of 250 000 plants 

ha-1. The rest of the agronomic management was carried out according to the soybean 

technological package for southern Tamaulipas (Maldonado, 2017). At the time of harvest, the 

grain yield was recorded with a moisture content of 14% in units of kg ha -1. 

 

Design 

 

The experiment was established under a 5x5 square lattice design, with three repetitions. Two 

factors were considered, the first was the genotypes, which were randomized in the lattice, and the 

second the years. 
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Statistical analysis 

 

With the information from each environment, the combined analysis of variance was 

performed, and the Tukey test was applied with 0.05 of significance level for the comparison 

of the means of yields of the genotypes and years. To estimate yield stability, the relative yield 

(RY) method was used, this method consists of expressing the yield of each genotype in each 

environment in a relative way to the average of the given environment, assigning the latter the 

value of 100. Genetic materials that have a yield lower than the average of all genotypes in the 

same environment will have RY values of less than 100, while those with higher yields will 

have values greater than 100. 

 

The standard deviation, calculated as the square root of the variance of the relative yields of each 

genetic material across environments, is the measure of stability. The most stable genotypes will 

be those with the lowest standard deviation (Yau and Hamblin, 1994). A line graph was developed 

for the interpretation of climate data. For the genotype-by-environment interaction, principal 

component analyses were performed, from which GGE Biplot graphs (genotype plus genotype by 

environment) were developed (Yan et al., 2007). Analyses were carried out using the R statistical 

package version 3.6 (R, 2020) and SAS version 9.4 (SAS, 2014). 

 

Results and discussion 
 

Analysis of variance 

 

In the present work, it was observed that the repetitions within years did not influence yield so 

it can be assumed that the land conditions were homogeneous. On the other hand, years, as well 

as genotypes and their interaction, in addition to the first two main components, showed 

significant differences (p≤ 0.01), this could be due to the genetic diversity presented by the 

genotypes, the particular conditions that the years presented and the different response of the 

genotypes in each year. 

 

Regarding heritability, this character showed low values, where the environmental component 

contributed the largest proportion of the total variation, so it is assumed that the character is 

controlled by several genes of small effect (Table 2). Likewise, the relative contribution of the 

variance of the genotype-by-year component was higher compared to the component of genotype 

variance. These results are similar to those reported by Shukla et al. (2015); Vaezi et al. (2017), 

who mention that most of the variation is attributable to environmental effects followed by the 

genotype-by-environment interaction and genotype. 

 
Table 2. Principal components and mean squares of the analysis of variance for the yield variable. 

SV DF MS  SS(%) 

Years 3 22 496734 ** 74.7 

Rep (years) 8 99 660 ns 0.9 

Gen 14 322 278 ** 5 

Gen*years 42 191 069 ** 8.9 
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SV DF MS  SS(%) 

CP1 16 248 131 **  

CP2 14 202 728.5 **  

CP3 12 96 615.4 ns  

Error 112 84 894  10.5 

H2 (%)  8   

R2 (%)  89   

CV (%)  11.2   
*= significant at 0.05; **= significant at 0.01; ns= not significant; SV= source of variation; DF= degrees of freedom; 

Rep= repetition; Gen= genotypes; CP= principal components; R2= coefficient of determination; CV= coefficient of 

variation; MS= mean squares; SS(%)= percentage of sum of squares. 

 

Comparison of means and stability 

 

According to Table 3, a variation was observed in overall yield averages. As for the years, on 

average 2014 had the highest yield value, being 32.6% higher than the average of the rest of the 

years. Likewise, 2016 obtained the lowest value, this was related to the rainfall that occurred during 

the crop cycle, and especially the amount and distribution of rainfall that occurred during the grain-

filling period. This coincides with López-Castañeda (2011), who mentions that water stress reduces 

stomatal conductance and net assimilation rate during grain filling, which reduces yield. 

 
Table 3. Relative yield of soybean genotypes over four years. 

Gen 
2014  2015  2016  2017 Average 

 yield 
RY s² 

Yield (%) R  Yield (%) R  Yield (%) R  Yield (%) R 

G15 3 613.8 106  3 118 134  1 878.3 108  3 458.2 123 3 017.1 a 118 13 

G7 3 500.4 103  2 785.4 119  1 784.7 103  3 000.8 107 2 767.8 ab 108 7.8 

G5 3 908.7 115  2 237.2 96  1 903.5 110  2 842 101 2722.9 abc 106 8.5 

G2 3 464.6 102  2 358.8 101  1 705.6 98  2 962.1 106 2622.8 abc 102 2.9 

G14 3 518.8 104  2 322.1 100  1 950.2 113  2 617 93 2 602 bc 102 8.1 

G9 3 798.6 112  2 011.1 86  1 670 96  2 833.2 101 2 578.2 bc 99 10.6 

G3 3 636.1 107  2 337.1 100  1 559.6 90  2 752.7 98 2 571.4 bc 99 7 

G1 3 095.1 91  2 514.9 108  1 742.5 101  2 906.8 104 2 564.8 bc 101 7.1 

G13 3 124.6 92  2 450.5 105  1 723.6 99  2 905.3 103 2 551 bc 100 5.9 

G10 2 903.1 85  1 912.9 82  2 281 132  2 956.2 105 2 513.3 bc 101 22.8 

G6 3 179.3 94  2 270.9 97  1 567.8 90  2 801.7 100 2 454.9 bc 95 4.1 

G8 3 525.3 104  2 349.8 101  1 530.5 88  2 368.7 84 2 443.6 bc 94 9.4 

G11 3 010.5 89  2 385.7 102  1 753 101  2 412.3 86 2 390.4 bc 94 8.4 

G4 3 419.9 101  1 835.2 79  1 530.3 88  2 706.4 96 2 373.0 bc 91 9.7 

G12 3 280 97  2 080.7 89  1 419.8 82  2 585.9 92 2 341.6 c 90 6.1 

͞x 3398.6 a 100  2331.4 c 100  1733.4 d 100  2807.3 b 100    

Soybean genotypes with the same letter are statistically the same; Gen= genotypes; R(%)= relative percentage; ͞x= 

average; RY= relative yield; s²= standard deviation of relative yield. 
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On the other hand, temperature was not a limiting factor since it decreased considerably when 

reaching the stage of physiological maturity (R8) (Figure 1). The genotypes that stood out in terms 

of their yield were G15 (Tamesí), G7 (H98-1325), G5 (H10-3056) and G2 (H02-1987), surpassing 

the average of the rest of the genotypes by 17.5, 10, 8.6 and 5.1% respectively. These percentages 

in terms of years and genotypes confirm the impact that the environment has on the expression of 

the character. Regarding the RY method, the genotypes that had the highest relative yield and 

stability were G7 (H98-1325), G5 (H10-3056) and G2 (H02-1987), having values higher than 100 

in RY and a lower standard deviation compared to the average. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Climate data on the P-V cycle from 2014 to 2017 in INIFAP-Las Huastecas. 

 

Regarding principal components (CP) for yield, the first two CPs explained 75.15% of the total 

variation. CP1 explained the largest variation (46.94%) followed by CP2 (28.21%). To represent 

stability in this biplot, the axis of the environment coordinate (AEC) abscissa is the green horizontal 

line of a single arrow passing through the origin of the biplot. With respect to the axis of the AEC 

ordinate, it is represented with the green vertical line that passes through the biplot origin and is 

perpendicular to the AEC abscissa, in this way, the genotypes that show greater distance on the 

AEC abscissa in any direction will be more unstable (Yan et al., 2007). 

 

Therefore, genotype G2 (H02-1987), followed by G14 (Huasteca 700) and G7 (H98-1325) were 

the most stable, while genotypes G10 (Huasteca 200), G9 (Huasteca 100) and G5 (H10-3056) were 

highly unstable in all years for the yield variable (Figure 2). In this sense, Brar et al. (2010) 

mentions that the ideal genotype must have high stability to ensure adaptability to a target region 

and minimize the risk of yield loss due to environmental conditions. 
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Figure 2. Stability of genotypes over the years. 

 

 

Ideal genotype  

 

In this aspect, the four genotypes that came closest to the ideal were G15 (Tamesí), having the 

highest average yield, followed by G7 (H98-1325), G5 (H10-3056) and G2 (H02-1987). On 

the other hand, genotypes G3 (H02-2082), G13 (Huasteca 600) and G14 (Huasteca700) had a 

behavior similar to the general average. However, G4 (H10-0556), G12 (Huasteca 400) and 

G11 (Huasteca 300) were considered the least ideal as they had on average the lowest yield 

over the years. 

 

Genotype G10 is also on this last list because it had the most extreme values (high and low) 

over the years (Figure 3). These observations relate to Farshadfar et al. (2013), who mention 

that an ideal genotype is one that has a high average grain yield and high stability. It should be 

noted that the genotypes were distributed in the four quadrants, which indicates the genetic 

diversity that they have, which is indispensable in a genetic improvement program (Figure 3). 

Rimieri (2017) mentions that the variability available for selection is found in previously 

adapted genotypes, since the variability of species in the wild generally cannot be used 

directly. 
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Figure 3. GGE Biplot of the ideal soybean genotype. 

 

 

Mega-environments 

 

The relationship shown by the years depended on the cosine of the angle of the vectors, which 

approximates the correlation coefficient, where the acute angle indicated a positive relationship, 

however the obtuse angle revealed a negative relationship and the right angles meant that there was 

none (Yan, 2002; Haider et al., 2017), being able to form two groups of mega-environments: the 

first group was formed by the years 2015, 2016 and 2017, likewise, the second group was formed 

by the year 2014. The latter presented a right to obtuse angle with respect to the years of the first 

group. On the other hand, the years 2014 and 2015 were the most discriminatory due to the length 

of their vectors, which were greater than the rest of the years. This data is essential to reduce costs 

and improve the accuracy of selection (Imtiaz et al., 2013). 

 

In order to observe the best genotypes in each environment and groups of environments, the 

‘which-won-where’ pattern was used. The biplot was divided into five sectors, where the four years 

fell in two, indicating the presence of significant cross interaction. According to Yan et al. (2007), 

when different environments fall in different sectors, it implies that there are high-yield genotypes 

for those sectors. Likewise, Yan and Kang (2003) mention that from the polygonal view, the 

presence or absence of the genotype-by-environment cross-interaction that explains the existence 

of different mega-environments can be better observed. 
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On the other hand, genotype G15 (Tamesí) had a high yield in the years 2015, 2016 and 2017, 

while genotype G5 (H10-3056) showed the best yield in 2014, suggesting that specialized 

genotypes can be developed for specific environments (Figure 4). This behavior is because the 

genotypes located at the vertices of each sector indicated a better or worse behavior in one or 

another environment (Yan et al., 2000; Dia et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. ‘Which (which genotype)-won-where’ biplot of 14 genotypes in four years. 

 

According to the above results, genotypes could be classified into four groups. The first group was 

made up of genotypes G15 (Tamesí), G7 (H98-1325) and G2 (H02-1987), these being the most 

yielding and stable, which are the main characteristics for improvement. The second was made up 

of genotypes G1 (H02-1337), G13 (Huasteca 600) and G5 (H10-3056), which were yielding but 

unstable, ideal for crossbreeding and selection. 

 

The third group consisted of genotypes G12 (Huasteca 400), G4 (H10-0556), G6 (H98-1240) 

and G14 (Huasteca 700), stable but with yield equal to or less than the average. Finally, the 

fourth group was formed by genotypes G11 (Huasteca 300), G9 (Huasteca 100), G8 (H98-

1521), G3 (H02-2082) and G10 (Huasteca 200), unstable with yield equal to or less than the 

average, these last two groups would be discarded for a genetic improvement program. Related 

to this, López et al. (2011) mention that studies of adaptability and stability of yield are of vital 

importance to determine the response of genotypes in different localities, years and cycles of 

the crop. 
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Conclusions 
 

The RY method and the GGE Biplot representation turned out to be efficient when complementing 

each other, since on the one hand the first one considers the genotypes and part of the environment; 

however, in the second, the genotype effect plus its interaction with the environment is determined. 

Genotypes G15, G7 and G2 will contribute with greater yield potential per unit area and good 

stability for the tropics of Mexico. 
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