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Comprehensive abstract 

Introduction 
In the field of cereal breeding, understanding the genotype × environment interaction (GEI) and the 

stability of various traits is recognized as the key to successfully producing high-quality agricultural 
products. GEI complicates the optimal selection of genotypes for target environments, making it 
essential to use appropriate statistical methods for analyzing and identifying stable and high-
performing genotypes. Multivariate statistical methods are powerful tools for analyzing complex 
multi-environment trial (MET) data. Statistical methods such as cluster analysis (CA), principal 
component analysis (PCA), principal coordinate analysis (PCoA), factor analysis (FA), as well as 
additive main effects and multiplicative interaction (AMMI), genotype main effects and genotype × 

environment interaction biplot (GGE-Biplot), shifted multiplicative model (SHMM), and best linear 
unbiased prediction (BLUP) have been well used with high accuracy in analyzing MET data. In this 
study, multivariate statistical methods used in the analysis of GEI and genotypes stability from MET 
data and their advantages and disadvantages are reviewed. Moreover, the application of genome-wide 
association studies (GWAS), quantitative trait locus (QTL) analysis and QTL-environment interaction 
(QEI), and genomic prediction (GP) in the genetic analysis of stability, as well as the softwares used 
for calculating various multivariate stability methods, are introduced. 

Research findings 
The results of this study showed that the AMMI model, which combines analysis of variance and 

principal component analysis, has a high capability to evaluate main effects and interactions. Also, the 
GGE-Biplot method and various diagrams presented in this method effectively displays the main 
effects of genotype and its interaction with the environment. QTL analysis and the study of QEI in 
MET data also lead to the identification of linked markers to stability that can be used in molecular 
breeding of crop plants. 
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Conclusion 
In the current study, multivariate methods used in GEI analysis were comprehensively and 

practically reviewed and introduced with the aim of better understanding GE interactions and 
identifying genotypes with broad adaptability and stable performance. The results of this study based 
on comprehensive studies showed that to make better decisions in selecting genotypes, it is necessary 
to consider all stability statistics, both univariate and multivariate, in the analysis of MET data. Recent 
advances in genomic technologies, including whole genome sequencing and GWAS, can significantly 
aid in understanding the complexities of GE and genetic of stability. 
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Figure 1. Showing the PC1 scores of genotypes and/or environments versus mean yield 
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Figure 2. Plotting the PC1 versus PC2 scores for genotypes or environments. H, high; L, low. 
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Figure 3. The which-won-where view of the GGE biplot to show which genotypes performed bets in which 
environments. Genotypes located on the vertices of the polygon performed either the best or the poorest in one or 
more environments. The equality line between G18 and G8 indicates that G18 was better in E7 and E5, whereas 
G8 was better in the other environments. The equality line between G18 and G7 indicates that G18 was better 
than G7 in all environments. Note that G3 and G1 are located on the line that connects G18 and G7. This means 
that the rank G18>G3>G1>G7 was true in all environments. The equality lines divide the biplot into sectors, and 
the winning genotype for each sector is the one located on the respective vertex. In this example, the nine 
environments fall into two sectors. This pattern suggests that the target environment may consist of two different 
mega-environments and that different cultivars should be selected and deployed for each. G18 was the winner in 
environments E7 and E5, and G8 was the winner for the other environments (Yan & Tinker, 2006). 
 

112  



                                                                #"��!I� 
 ��i5             �B H������ ��
� /H8�� #�
�D�� /3
� ���I7 /q��[1404 

\!7 4- �"��I� *�
� L��� H�=
N� L)AEC (�"�D %i����0D J������� 6i�� %D J����� ��$".?  �V�@)[��� ��$"���� q�����( .
J����� ���G4 �G10  
G16 %� %D "J����� ��$".?" 	$�[��� 
����0 <�4a��� �W�0TI� .�0
�� G12 %D#"�05 M�gVW$�� J����� 
%
>�07 ����7 .J����� G4 6i�� %D G8 <�4a� 
 ��"� ���P�D ��"�$���6*" �� �
` ��" G8 W�&���� ��!4I5 ���P�D %
7"� �7�D .

 �inW$" �\!7 G12 �"�"� �$P�D ��"�$�� �6*" ��" W$" #"�D �0g� 6��� %� ��!4I5 #?  % �I�<�> ���D �6*" %!4D L�@ #� ���0�� 
 %� 6*" W$"��!4I5 �i�� %
7"� �
D�e 6*". �� �d_"
 G12 �
` �" G13 %� ��!4I5 ��]
� 
 ����"�$�� ���"� M�gV�� �6*" "�$� G13 

�� �>�D L$"�7 ��!4I5 ��
RD #� � 6*" ��"� )Yan & Tinker, 2006(.  
Figure 4. The average-environment coordination (AEC) view to rank genotypes relative to an ideal genotype (the 
center of the concentric circles). The genotypes G4, G10 and G16 which are closer to the ‘ideal genotype’ are 
more desirable than others. Also, G12 is known as the poorest genotype. G4 was more stable and desirable than 
G8 even though G8 had higher average yield. According to this figure, G12 is highly stable. This does not mean 
G12 was any good; it only means that the relative performance of G12 was consistent. G12 was even poorer than 
the highly variable, least stable genotype G13, because G13 performed reasonably well in at least some 
environments (Yan & Tinker, 2006). 
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Figure 5. The environment-vector view of the GGE biplot to show similarities among test environments in 
discriminating the genotypes. E7 and E5 were positively correlated (an acute angle), E7 and E8 were slightly 
negatively correlated (an obtuse angle), and E5 and E8 were not correlated (a right angle). Here the largest angle 
is slightly larger than 90° (between E7 and E8), implying that the GE is moderately large. The distance between 
two environments measures their dissimilarity in discriminating the genotypes. Thus, the nine environments fell 
into two apparent groups: E7 and E5 formed one group, and the remaining environments formed another. The 
concentric circles on the biplot help to visualize the length of the environment vectors, which is proportional to 
the standard deviation within the respective environments and is a measure of the discriminating ability of the 
environments. Therefore, among the nine environments, E7 and E5 were most discriminating (informative) and 
E8 least discriminating (Yan & Tinker, 2006). 
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Figure 6. The discrimination and representativeness view of the GGE biplot to show the discriminating ability 
and representativeness the test environments. E1 has a smaller angle with the AEA. Thus, E1 is most 
representative whereas E7 and E8 least representative. Test environments that are both discriminating and 
representative (e.g., E1) are good test environments for selecting generally adapted genotypes. Discriminating 
but non-representative test environments (e.g., E7 and E8) are useful for selecting specifically adapted genotypes 
if the target environments can be divided into mega-environments (Yan & Tinker, 2006). 
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Figure 7. The discrimination and representativeness view of the GGE biplot to rank test environments relative to 
an ideal test environment (represented by center of the concentric circles). It is a point on the AEA in the positive 
direction (“most representative”) with a distance to the biplot origin equal to the longest vector of all 
environments (“most informative”). E1 is closest to this point and is, therefore, best, whereas E7 and E8 were 
poorest for selecting cultivars adapted to the whole region (Yan & Tinker, 2006). 
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Figure 8. Ranking test environments for the relative performance of a genotype (G8). G8 has lower than average 
yield in E7, near-average yield in E5, and higher than average yield in other environments (Yan & Tinker, 2006). 
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Figure 9. Ranking genotypes based on performance in a specific environment (E5). Genotypes G12, G14, G13, 
G7, and G17 have lower than average yield, G1 and G8 have near average yield, and all others have higher than 
average yields. The highest yielder in E5 is G18 and the lowest yielder is G12 (Yan & Tinker, 2006). 
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Table 2. The capability of different software for computing the stability statistics

Software Software capabilities Reference 
GGE Biplot AMMI model, GGE, PCOA (Yan, 2001) 
GENES Wricke’s ecovalence, Regression coefficient, 

Deviation from regression, Environmental 
variance, Tai’s stability statistics, Shukla’s 
stability variance, Superiority index, AMMI model, 
GGE 

(Cruz, 2013) 

GenStat AMMI model, GGE, PCOA (http://www.vsni.co.uk) (GENSTAT, 
2008) 

IRRISTAT Regression coefficient, Deviation from regression, 
Pinthus’s coefficient of determination, AMMI 
model, GGE 

(https://international-rice-
researchinstitute.software.informer.com) 
(IRRISTAT for Windows, 2021) 

AMMISOFT AMMI model, GGE (Gauch & Moran, 2019) 
GEA-R Wricke’s ecovalence, Regression coefficient, 

Deviation from regression, Tai’s stability 
statistics, Shukla’s stability, Pinthus’s coefficient 
of determination, Coefficient of variance, Nassar 
and Huhn’s and Huhn’s statistics, Superiority 
index, AMMI model, GGE 

(Pacheco et al., 2015) 

STABILITYSOFT Mean variance component, GE variance 
component, Wricke’s ecovalence, Regression 
coefficient, Deviation from, Shukla’s stability 
variance, Coefficient of variance, Nassar and 
Huhn’s and Huhn’s statistics, Kang’s rank-sum, 
Thennarasu’s non-parametric statistics, 

(Pour‐Aboughadareh et al., 2019) 

SAS Mean variance component, GE variance 
component, Wricke’s ecovalence, Regression 
coefficient, Deviation from regression, Shukla’s 
stability variance, Coefficient of variance, Nassar 
and Huhn’s and Huhn’s statistics, Yield stability 
index , Superiority index , Thennarasu’s non-
parametric statistics, AMMI model, GGE, PCOA, 
SHMM, Correspondence Analysis, PCA, FA, CA 

(Piepho, 1999; Hussein et al., 2000; 
Akbarpour et al., 2016; Dia et al., 2016) 

R Most Stability Statistics with Different Packages (Olivoto & Lúcio, 2020) 
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Table 3. A summary of R packages for analyzing MET data and the types of calculated parametric statistics 
Description URL Package name 

Calculation of AMMI-based stability 
parameters 

(https://CRAN.R-project.org/package=stability) stability 

Calculation of AMMI and GGE-Biplot 
methods 

(https://CRAN.R-project.org/package=ammistability) ammistability  

Calculation of GGE-Biplot (https://CRAN.R-project.org/package=gge) gge 
Calculation of GGE-Biplot (https://CRAN.R-project.org/package=GGEBiplots) GGEBiplots 
Calculation of GGE-Biplot, PCoA and 
genotypic response analysis 

(https://CRAN.R-
project.org/package=CAinterprTools) 

ggplot2 

Calculation of principal component 
analysis (PCA) and consistency analysis 

(https://CRAN.R-project.org/package=factoextra) factoextra 

Calculation of two-dimensional 
Y×WAASB graph 

(https://CRAN.R-project.org/package=rYWAASB) rYWAASB 

Calculation of WAASB, WAASBY, 
MTSI and MGDI and facilitating the 
calculation of FAI-BLUP and SIIG  

(https://CRAN.R-project.org/package= metan) metan 
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