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INTRODUCTION 
Genotype-environment interactions are defined as a change in relative performance of two or 
more genotypes measured in two or more environments. The interactions can be expected to 
occur whenever more than one genotype and more than one environment are involved. 
However, their significance may vary depending upon the magnitude of differences between 
the genotypic and environmental effects.  
The methods for estimating genotype-environment interactions depend upon the nature of 
genotypes and environments. The interactions may involve few discrete genotypes such as 
breeds, breed crosses, marker genotypes or major genes or a large number of random effects 
such as sires used in more than one environment. The environments usually include factors 
such as time, location, nutrition, management, housing, etc. 
There are several theories and procedures that have been based on different principles, 
assumptions and complex mathematical derivations. It is necessary to evaluate their underlying 
assumptions and compare their relative merits to identify procedures most suitable for a given 
situation. More important is an evaluation of their relative efficiency in determining the role of 
the interactions in selection and breeding programs. 
 
THE CONCEPT AND TERMINOLOGY 
The concept of genotype-environment interactions have been described in many ways. Several 
classifications and terminology have been proposed in the literature. These classifications 
differ greatly with respect to their basis, number of classes and terminology used but they 
contribute to an understanding of the meaning of genotype environment interactions. They are 
useful when there are few genotypes and few environments such as breeds, strains, lines, etc. 
tested in different management systems. In these cases usually both genotypes and 
environments are fixed effects.  
In a classical approach, Haldane (1946) suggested six types of relations depending upon the 
ranking order of the genotypes, considering two genotypes (A, B) and two environments (X,Y) 
as an example. The relative positions were assigned with the criterion that genotype A in 
environment X always had the highest rank. These relations were classified into four groups 
and graphically represented by McBride (1958). Weber and LeRoy (1956) suggested to 
classify them on the basis of the statistical significance of interactions and to consider the 
relations 1(a) and 1(b) as cases of no interactions while the others could be cases of significant 
interactions. 
The differences between these six relations are due to the relative magnitudes of genotypic 
(G), environmental (E) and interaction (I) effects as suggested by Mather and Jones (1958) and 
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shown in figure 1. These effects are expressed as absolute deviations from the overall mean. 
Here, G is the average effect of genotypes over both the environments, E as the average effect 
of environments over both genotypes, and the interaction effect I is estimated as (AX + BY) - 
(AY + BX). In cases where the genotypes, environments and interactions are fixed effects and 
the data are unbalanced, they can be estimated with usual least-squares analysis. In relations of 
type 1(a) and 1(b) the interaction effects are smaller than the genotypic or the environmental 
effects. In most such cases, the interactions are non-significant. More common and statistically 
significant interactions are observed, as in relations 2 and 3, when they are larger than either 
the genotypic or the environmental effects, but not larger than both effects.  
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4(a)    I > E > G 
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1(b)    E > G > I 
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4(b)    I > G > E 

 
♦A,  B are Genotypes ; X, Y are environments ; G, E and I are the average affects of 
genotypes, environments and interactions 

Figure 1. Relationship between relative magnitudes of genotypic, environmental and 
interaction effects with ranking order of genotypes 
 
More detailed comparisons of the different classifications and terminologies are given by 
Mathur and Horst (1994a). These comparisons suggest that there are three most important 
aspects while considering the nature of interactions : a) ranking order of the genotypes, b) 
relative magnitudes of genotypic, environmental and interaction effects, and c) statistical 
significance of interaction effects. 
These three aspects have been illustrated with an experiment considering different genetic 
groups in poultry tested under temperate (temp. 18 – 22 °C, RH 70-80 %) and warm (temp. 
32 °C, RH 45 %) climatic conditions in Germany by Mathur and Horst, (1994a). An example 
of relation 1(a) is the effect of dwarf gene. The egg production of dwarf layers was lower than 
normal layers in temperate stall and remained lower in warm stall. The genotypic and 
environmental effects were larger and interaction effects were very low and non-significant 
(G = 24.9, E = 17.2, I = 0.2). Another example is the egg production of naked-neck and normal 
layers. The naked-neck genotypes had lower egg production in temperate stall and higher in 
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warm stall. The interaction effect (3.8) was statistically significant and smaller than the 
environmental effect (9.4), but larger than the genotypic effect (1.4) leading to the relation of 
type 2. The results suggest different uses of these major genes for the breeding policies for 
tropical environments. Considering the effect of the dwarf gene, one may choose the normal 
genotype in both types of environments. However, considering the effect of the naked-neck 
gene, there are significant advantages to choosing normal layers for temperate and naked-neck 
layers for tropical environments i.e. specific genotypes for specific locations.  
 
METHODS FOR ESTIMATING MAGNITUDE OF INTERACTIONS  
In many cases there are several genotypes as random effects. Common examples of these 
situations are sires tested over more than one environment. It is then possible and useful to 
estimate and compare the relative magnitudes of genotypic, environmental, and interaction 
effects using their respective variances. In animal breeding, most commonly, the environments 
are fixed effects. Therefore only the variances due to the genotype and interaction effects are 
relevant. An important parameter is the ratio of genetic variance to the sum of the genetic and 
interaction variances. If this ratio is close to 1, the interactions are small and non-significant. 
The lower the ratio, the larger the interaction.  
 
Methods for estimating the magnitude of genotype-environment interaction as genetic 
correlation. As suggested by Falconer (1952), the expression of the same trait in two 
environments can be considered as two different characters and the genetic correlation 
between them can be estimated in the same way as for any two correlated characters. This 
correlation is expected to be 1 if there are no interactions. The more it deviates from 1, the 
larger the interactions. A problem in estimating this correlation is that the observations of a 
genotype in different environments are taken on different individuals. Therefore the 
observations are not paired and a simple covariance analysis cannot be used.  
There are several methods to estimate this genetic correlation. These are mainly based on 
either a multivariate or a univariate approach. In a multivariate approach, the observations of a 
trait in different environments are considered as different characters and the genetic correlation 
is then estimated for each pair of environments. In a univariate approach, the expression of the 
trait is still considered as a single variable affected by genotypes, environments and genotype-
environment interaction and a single genetic correlation is estimated for all environments using 
methods similar to intraclass correlations. The methods using the univariate approach are 

based on comparisons of variance components due to genotypes ( ), interaction ( ) and 
other effects with the genetic covariance ( ) and genetic variances for each pair of 

environments (  and ) used in multivariate approach.  
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Comparison of univariate and multivariate methods. In a multivariate approach, the genetic 
correlation can be estimated using a multiple trait model like that for any two traits measured 
on different individuals e.g. for traits of growth and carcass quality. The use of multivariate 
approach for estimating the magnitude of genotype-environment interactions as genetic 
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correlation between measures of the same trait in two environments has been described by 
Fernando et al. (1984).  
A method for estimating the genetic correlation using the univariate approach was given by 
Robertson (1959), suggesting to estimate the genetic correlation from mean squares due to 
genotype, genotype-environment interaction and error. Dickerson (1962) proposed a formula 
based on variance components instead of the mean squares as well as an adjustment for 
differences among the genetic variances within environments. Yamada (1962) discussed the 
nature of their statistical models and expectations of mean squares used in these methods and 
provided the following formulae for random and mixed models considering environments as 
either random or fixed effects :  
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Where : σ  and  are the variance components due to genotypes and genotype-environment 
interaction, while V(σG) is the variance of genetic standard deviations within environments. In 
case of two environments V(σG)  = ½ (σG 1  - σ G 2)

2 . Fernando et al. (1984) suggested that 
direct application of Yamada (1962)’s method gives biased estimates of genetic covariances if 
the data are unbalanced. Therefore, Yamada et al. (1988) used a mixed model approach to 
justify the formulae given by Yamada (1962). Further to that Itoh and Yamada (1990) used a 
more general approach. They pointed out some errors in the derivations used by Yamada et al. 
(1988) and suggested that the formulae by Yamada (1962) can be used for unbalanced data 
given specific assumptions and restrictions. A comparison of the derivations and assumptions 
used in these multivariate and univariate approaches is given by Mathur and Schlote (1995). A 
summary of the assumptions is given in table 1.  
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The assumptions of equal genetic interaction or residual variances are not always justified 
while those with respect to the covariances are difficult to test. The method given by Yamada 
(1962) and the modifications by Itoh and Yamada (1990) are more general in nature and have 
been used in many studies although it is more appropriate to use a multivariate approach. 
The multivariate approach is more complex and computationally more demanding. However, it 
is becoming more and more common over the past few years, especially due to computational 
feasibility of solving large number of equations. In dairy cattle, the multivariate approach was 
used by Cienfuegos-Rivas et al. (1999) to study the genotype-environment interactions for 
milk yield in Holstein sires in Mexico and United States. The genetic correlation for milk yield 
in Mexico and US was 0.71, suggesting significant interactions. The herds in Mexico and US 
were further classified in to two categories, high and low, based on herd-year phenotypic 
standard deviations (HYSD) and the correlation was estimated for each pair of these 
environments. Then the largest correlation was between low US and high Mexican 
environment (0.93) suggesting that low US environment was a better predictor of performance 
in Mexican environments. In a similar study Costa et al. (2000) estimated the genetic 
correlations between Holstein populations in US and Brazil. The correlations were generally 
high for milk, 0.85 and fat 0.88 suggesting no significant interactions.  
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Table 1. Comparison of assumptions used in different methods  
 

  Univariate Methods 
  

Assumptions 
 

Robertson 
(1959) 

Dickerson 
(1962) 

Yamada 
(1962) 

Fernando 
et al. 

(1984) 

Yamada  
et al. 

(1988) 

Itoh and 
Yamada 
(1990) 

1 Equal genetic 
variances σ=σ

2
G2

2
G1

 Yes No No No No No 

2 Equal interaction 
variances σ=σ

2
I2

2
I1

 Yes Yes Yes No Yes No 

3 Equal residual 
variances σ=σ

2
e2

2
e1

 Yes Yes Yes No No No 

4 No covariances 
among genetic group 
effects 

A = I 
Yes Yes Yes Yes Yes Yes 

5 No covariances 
among interaction 
effects 

σI12 = 0 
Yes Yes Yes Yes Yes No 

6 No covariances 
among residual 
effects 

R = I 
Yes Yes Yes Yes Yes Yes 

7 No covariances 
between genotype and 
interaction effects 

σGIi = 0 
Yes Yes Yes Yes No No 

 
Correlations between breeding values. A simpler method is estimating the breeding value of 
each of the sires in each of the two environments and calculating a product-moment correlation 
between them. In addition to this, a bivariate distribution of these breeding values can be 
plotted to examine the pattern of relationship between them. This relationship can be non-
linear (Mukherjee et al., 1980) suggesting that sires with highest breeding values in one 
environment may not be best for the other environment but that there are specific optimums for 
specific environmental conditions. The sires can also be ranked on the basis of their breeding 
values within environments and rank correlations (Parekh and Pande, 1982) can also be used 
to make decisions about selection of superior individuals.  
However, correlations between the estimated breeding values may also deviate from 1 because 
of reasons other than the genotype-environment interaction, i.e. expectations under the ideal 
situation of total absence of interaction may be lower than 1 e.g. depending upon sample size, 
heritability and accuracy of the estimates of breeding values. The genetic correlation estimate 
is biased, unless appropriate account is made of progeny distribution between fixed effects 
(Cameron, 1993). A test of significance under such circumstances is proposed by Simianer 
(1991). An alternative method is to use the expectation of this correlation determined by 
accuracy of the two progeny tests (Christensen, 1970). The magnitude of interaction effects 
should then be proportional to the deviation of the estimated genetic correlation from this 
expected value and not from the expected value of 1.  

Session 18. Genotype by environment interaction Communication N° 18-01   



7th World Congress on Genetics Applied to Livestock Production, August 19-23, 2002, Montpellier, France 

The correlation between breeding values has been used in several studies (Mukherjee et al., 
1980 ; Mathur and Horst, 1994b ; Petek et al., 1999, etc.). Petek et al. (1999) used correlations 
between breeding values to study genotype environment interactions in broilers. The 
genotypes were sires and natural climatic conditions in spring and summer were considered as 
environments. The genetic correlations were significantly lower for several traits. They were 
even negative (- 0.22) for weight gain from 4 to 7 weeks and at 7 weeks of age indicating that 
genotypes that gained more weight in spring gained less weight under hot conditions in 
summer. 
 
RELATIVE EFFICIENCY OF SELECTION IN A DIFFERENT ENVIRONMENT  
Having identified a particular genotype (breed, line, strain) an important decision needs to be 
taken regarding the environment (e.g. management units, climate, county etc.) where selection 
for further improvement should be conducted. The question is if the selection should be carried 
out under more favorable environmental conditions that allow maximum expression of the 
genotype or it should be carried out in the environment where the genotype is actually destined 
to live. There are arguments that suggest progress can be maximized by selecting under 
conditions most favorable for the expression of the trait (Hammond, 1947). However, there are 
reasons to believe that genetic superiority in one environment may not hold for other 
environmental conditions. An answer to this question can be attempted through the estimates 
of relative efficiency of indirect selection in a different environment compared to direct 
selection in the target environment like for any two correlated characters. The relative 
efficiency depends upon the genetic correlation and heritabilities of the trait in the two 
environments. In most cases, when the interaction is high, the indirect selection is less efficient 
(Mathur and Horst, 1994b ; Cienfuegos-Rivas et al., 1999). However, in presence of 
interactions, the heritability of the trait in the two environments may not be same (Cahaner, 
1990) as a result the indirect selection in a different environment may be more effective if the 
heritability is significantly higher than in the target environment. 
 
OPTIMISING SELECTION OVER SEVERAL ENVIRONMENTS 
In international evaluations, it is often intended to select sires to maximize overall response 
across several countries, due to a variety of reasons, even if it is relatively less efficient than  
direct selection in a specific country. For this purpose, a method applied to a multiple-trait, 
across country evaluation (MACE) of dairy sires has been used by Tagoshi et al. (2001). It is 
suggested to partition the sire effect in two parts : a constant genotypic effect common to all 
environments and an environment specific genotypic effect responsible for the interactions. A 
measure of genotype-environment interactions based only on the later component is used. 
Thereafter, the constant and interaction components of the genotypes are combined into an 
optimum index to improve both genetic variability and overall response across three countries. 
The relative efficiency of the optimum index compared to the unpartitioned index depends 
upon the genetic correlations among the constant components, correlations among the 
interaction components and the economic weights. The advantage of optimum index increases 
as the intensity of the genotype-environment interaction increases. When the genetic 
correlation is high and the relative economic weights are equivalent among countries, selection 
in a country with large sire variance is more effective. 
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CONCLUSION 
The methods of classification and qualitative description of interactions are useful when there 
are very few genotypes and environments. More meaningful conclusions can be drawn by 
evaluating the relative magnitudes of genotypic, environmental and interaction effects and 
changes in ranking orders of genotypes over the environments in addition to the statistical 
significance. 
When there are several random genotypes tested over few environments, their magnitude 
should be evaluated through the comparison of relative magnitudes of the variances due to 
genotypes and interactions and genetic correlation between measures of same trait in different 
environments. Comparisons of the univariate and multivariate apaches to estimate this 
correlation suggest that equivalence of the two approaches is possible under several 
assumptions and restrictions. Many of these assumptions are fulfilled under restrictive 
situations in animal breeding. 
It seems more appropriate to use the multivariate approach to estimate the genetic correlation 
for each pair of environments to evaluate the significance of the interactions on breeding 
programs. More research is required to develop appropriate tests the significance of the 
deviation of the estimated correlation from the expected value of 1 and to compute expected 
values of genetic correlation when there are no interactions. 
The presence of genotype-environment interactions requires additional efforts in selecting 
genotypes most suitable for the given environmental niche. At the same time, they also offer, 
additional opportunities for genetic improvement, especially for adverse environmental 
conditions. There is a need to evaluate both statistical and biological significance of interaction 
effects and make their appropriate use to develop more effective animal breeding programs.  
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