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G × E occurs when changes in environment do not 
have the same effect on all genotypes: 

G × E is of great importance for the development 
of breeds with wide geographical use and/or wide 
coping capacity to global change 



Narraway, C., Hunt, J., Wedell, N., Hosken, D.J., 2010. Genotype-by-environment interactions for 
female preference. Journal of Evolutionary Biology 23, 2550–2557.  

GxE is common phenomenon 



Raymond, C.A., 2011. Genotype by environment interactions for Pinus 
radiata in New South Wales, Australia. Tree Genetics & Genomes 7, 819–833.  

GxE is common phenomenon 



The basic model 

E1 
hot 

E2 
cold 

GA 
breed A 

GB 
breed B 

breed effect 

environmental effect 

Breed and environmental effects are combined additively 
𝑷𝒊𝒊 =  𝑮𝒊 + 𝑬𝒊 

The phenotypic response of a genotype to a change in an environmental 
factor is often called Norm of Reaction (NoR) or simply plasticity 



The extended model 

Breed and environmental effects have an additional term of interaction 
𝑷𝒊𝒊 =  𝑮𝒊 + 𝑬𝒊 + 𝑮 × 𝑬𝒊𝒊 

G×E may cause changes in breeds’ ranking 

E1 
hot 

E2 
cold 

GA 
breed A 

GB 
breed B 

Change in rank: 
 
• there is no universal genotype 
• a specific genotype is bred for each environment 



The extended model 

Breed and environmental effects have an additional term of interaction 
𝑷𝒊𝒊 =  𝑮𝒊 + 𝑬𝒊 + 𝑮 × 𝑬𝒊𝒊 

G×E may cause changes in scale 

E1 
hot 

E2 
cold 

GA 
breed A 

GB 
breed B 

Change in scale: 
 
• Breed A is environmentally sensitive 
• Breed B is environmentally insensitive 



The extended model 

Breed and environmental effects have an additional term of interaction 
𝑷𝒊𝒊 =  𝑮𝒊 + 𝑬𝒊 + 𝑮 × 𝑬𝒊𝒊 

G×E may cause changes in ranking and scale simultaneously 

E1 
hot 

E2 
cold 

GA 
breed A 

GB 
breed B 

Changes in ranking and scale: 
 
• Breed A is environmentally sensitive and specially suited to cold 
• Breed B is environmentally insensitive but better suited to hot 



Genotype, environmental and interaction effects 



s1 s2 s3 mean g g effect
g1 3.00 3.00 3.00 3.00 0.83
g2 2.50 2.50 2.50 2.50 0.33
g3 1.00 1.00 1.00 1.00 -1.17

mean s 2.17 2.17 2.17 2.17
s effect 0.00 0.00 0.00

Interactions g x s
g1 0.00 0.00 0.00
g2 0.00 0.00 0.00
g3 0.00 0.00 0.00

s1 s2 s3 mean g g effect
g1 2.75 3.25 3.75 3.25 0.92
g2 2.00 2.50 3.00 2.50 0.17
g3 0.75 1.25 1.75 1.25 -1.08

mean s 1.83 2.33 2.83 2.33
s effect -0.50 0.00 0.50

Interactions g x s
g1 0.00 0.00 0.00
g2 0.00 0.00 0.00
g3 0.00 0.00 0.00

𝑔𝑖 = 𝑋�𝑖. − 𝑋�.. 

𝑠𝑗 = 𝑋�.𝑗 − 𝑋�.. 



s1 s2 s3 mean g g effect
g1 2.13 2.00 1.88 2.00 0.00
g2 2.00 2.00 2.00 2.00 0.00
g3 1.00 2.00 3.00 2.00 0.00

mean s 1.71 2.00 2.29 2.00
s effect -0.29 0.00 0.29

Interactions g x s
g1 0.42 0.00 -0.42
g2 0.29 0.00 -0.29
g3 -0.71 0.00 0.71

s1 s2 s3 mean g g effect
g1 3.00 2.00 1.00 2.00 0.00
g2 2.00 2.00 2.00 2.00 0.00
g3 1.00 2.00 3.00 2.00 0.00

mean s 2.00 2.00 2.00 2.00
s effect 0.00 0.00 0.00

Interactions g x s
g1 1.00 0.00 -1.00
g2 0.00 0.00 0.00
g3 -1.00 0.00 1.00

𝑔 × 𝑠𝑖𝑗 = 𝑋𝑖𝑗 − 𝑋�𝑖. − 𝑋�.𝑗 + 𝑋�.. 



s1 s2 s3 mean g g effect
g1 1.50 2.50 3.50 2.50 0.71
g2 1.25 1.75 2.25 1.75 -0.04
g3 1.00 1.13 1.25 1.13 -0.67

mean s 1.25 1.79 2.33 1.79
s effect -0.54 0.00 0.54

Interactions g x s
g1 -0.46 0.00 0.46
g2 0.04 0.00 -0.04
g3 0.42 0.00 -0.42

s1 s2 s3 mean g g effect
g1 1.00 1.25 1.50 1.25 -0.38
g2 0.75 1.63 2.50 1.63 0.00
g3 0.50 2.00 3.50 2.00 0.38

mean s 0.75 1.63 2.50 1.63
s effect -0.88 0.00 0.88

Interactions g x s
g1 0.63 0.00 -0.63
g2 0.00 0.00 0.00
g3 -0.63 0.00 0.63



G x E and phenotypic plasticity 

• G x E implies plasticity in at least 
one genotype 
 

• Plasticity need not imply G x E 
 

• Phenotypic plasticity is a change 
in phenotype due to changes in 
environment 
 

• NoR is the function of 
phenotypes over environmental 
changes of a given genotype 
 

• The genetic variation in 
phenotypic plasticity is G x E and 
it is identified whenever there 
are intercrossing NoRs 



• Two-way (factorial) designs are 
one of the simplest 
experimental layouts to detect 
and assess G x E 
 

• Often genetic groups (families) 
are sampled randomly from a 
larger founder population, 
whose genetic variation we 
intent to gauge 

Assessing G x E 

genotypes (families) are assumed to be 
random effects in the model 



The issue with environments being fixed or random 

If environments are random 
samples from universe of possible 
environments & are usually many : 
niches in a species distribution 
area, gradient of a climate index, … 

If environments are explicitly 
selected & are the ones of interest & 
are often few: typically treatments 
like irrigated vs. non irrigated, old 
trusted testing sites, … 

? 



ANOVA: single step 𝒐𝒐 double step 

𝑦 = µ + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑓𝑠𝑓𝑠𝑠𝑦 + ε 

𝑦 = µ + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑓𝑠𝑓𝑠𝑠𝑦 + ε 

𝑓𝑠𝑚𝑚𝑚𝑚𝑚𝑚. 1 

𝑓𝑠𝑚𝑚𝑚𝑚𝑚𝑚.𝑘 

�̀� = µ + 𝑓𝑠𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑓𝑠𝑓𝑠𝑠𝑦
+ 𝑓𝑠𝑚𝑚𝑚𝑚𝑚𝑚 × 𝑓𝑠𝑓𝑠𝑠𝑦 + ε 

step 1: by macroenv 
step 2 on spatially adjusted data 

𝑦 = µ + 𝑓𝑠𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠:𝑓𝑠𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑓𝑠𝑓𝑠𝑠𝑦 + 𝑓𝑠𝑓𝑠𝑠𝑦 × 𝑓𝑠𝑚𝑚𝑚𝑚𝑚𝑚 + ε 



genetic correlations between traits measured in different environments 

• Same trait measured in two or 
more environments over same 
genetic composition can be treated 
as two different genetically 
correlated traits 
 

• The resulting correlation between 
these two traits is often denoted as 
type B genetic correlation 
 

• The simplest formulation is  
σ2

f / (σ2
f + σ2

i) [1] 

[1] Yamada, Y. 1962. Genotype by environment interaction and genetic correlation of the same 
trait under different environments. Jap. J. Genet. 37: 498-509. 



genetic correlations between traits measured in different environments 

σ2
f 

σ2
i 

σ2
e 

cor B 

pearson 

0.1397 

0.1101 

0.2465 

0.5592 

0.5959 

0.4600 

0.1961 

0.2441 

0.7011 

0.7145 

0.6701 

0.0219 

0.2441 

0.9684 

0.9852 





genetic correlations between traits measured in different environments 

• type B genetic correlation (corr B) = σ2
f / (σ2

f + σ2
i)  

when variance among genetic groups (families) is the same in both 
environments; 
 

• obtained from a two-way mixed model decomposition; 
 

• any corr B < 1 indicates G × E and some changes in ranking: the 
lower the corr B, the greater the G × E; 
 

• corr B = 1 do not necessarily imply absence of G × E: there can be 
scale effects; 
 

• corr B matrix can be used to delineate breeding or deployment 
zones: threshold levels σ2

i > 0.5 × σ2
f , which is a corr B of 0.67 [1]. 

[1] Raymond, C.A., 2011. Genotype by environment interactions for Pinus radiata in 
New South Wales, Australia. Tree Genetics & Genomes 7, 819–833. 



how families contribute differently to G x E? 

Wricke’s ecovalence: sum of squared interactions, for a given genotype from a 
factorial genotype (family) by environment experiment 
 

𝑊𝑖
2 =  � 𝑋𝑖𝑗 − 𝑋𝑖. − 𝑋.𝑗 + 𝑋..

2 

 
it can be made relative to total sum of squared interactions 

σ2
f = 0.07581 

σ2
i = 0.03927 

σ2
e = 0.29903 



how families contribute differently to G x E? 

σ2
f = 0.1645 

σ2
i = 0.0048 

σ2
e = 0.2905 





Alternatives to univariate analyses for G x E and type B correlations 

Univariate two-way analysis are: 
 
• prone to biased type B correlations due to unbalanced-ness in data 

and heterogeneous variances across environments 
 

• frequently producing correlation estimates out of the theoretical 
parametrical space 
 

•  unable to account for relatedness between genetic groups 
 

Multivariate methods can estimate genetic variances (within 
environments) and covariances (between environments) simultaneously 
and properly. 
 
• This latter feature will be ready soon in breedR via multiple trait 

analyses 
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Compared to clones, does the use of relatives across environments produce 
different norms of reaction? 

Norm of reaction Composite norms of reaction 



Allelic sensibility (or pleiotropic plasticity) : modification of the effect of a gene 
on one (or several) traits as function of an environmental cline [e] 

g = ae2 + be + c 

g(e) 

allele x allele y 

Locus i Locus j Locus k 

allele x allele y allele x allele y 

Δe 

phenotype 

Loci with gene effects defined by functions of [e] 



Genetic regulation or epistasis: modification of the effect of one (or several) gene(s) on 
the phenotype via epistatic interactions with another gene that responds to an 
environmental cline [e] 

Loci with gene effects defined by functions of [e] 

Allelic sensibility (or pleiotropic plasticity) 

allele x allele y 

Locus i Locus j Locus k 

allele x allele y allele x allele y 

g(e) 
Δe 

phenotype 



epistatic effect 

Δ in shape or level of 
regulated gene 

non-plastic gene 

Genetic regulation or epistasis: modification of the effect of one (or several) gene(s) on 
the phenotype via epistatic interactions with another gene that responds to an 
environmental cline [e] 

Loci with gene effects defined by functions of [e] 

Allelic sensibility (or pleiotropic plasticity) 



plasticity gene 

Genetic regulation or epistasis: modification of the effect of one (or several) gene(s) on 
the phenotype via epistatic interactions with another gene that responds to an 
environmental cline [e] 

Loci with gene effects defined by functions of [e] 

Allelic sensibility (or pleiotropic plasticity) 

epistatic effect 

Δ in shape or level of 
regulated gene 



How to build composite NoRs? 

One family: 10 sibs, one per 
environment 

Iteration over n (10) offspring 
→ n composite NoRs 

Cases in following comparisons: 
• same underlying gene effect functions, gene pool and 

environmental effects distribution 
• same population size, family sizes 



How to build composite NoRs? 

One family: 10 sibs, one per 
environment 

Iteration over n (10) offspring 
→ n composite NoRs 

Cases in following comparisons: 
• same underlying gene effect functions, gene pool and 

environmental effects distribution 
• same population size, family sizes 



h2[e]=0.6 h2[e]=0.2 Depends on 
heritabilities at each 
environment [e] 

Depends on 
underlying gene 
effects function [e] 

What are the main factors affecting the distribution of composite NoRs over given 
environmental cline? 



Clones 

Composite clonal NoRs versus composite fullsib NoRs: weak plasticity functions [e] 

Full-sibs 

h2 =
0.

6 
h2 =

0.
2 Ratio σ2

env / σ2
ind 

on 50 replicates 



Composite clonal NoRs versus composite fullsib NoRs: strong plasticity functions [e] 

Clones Full-sibs 

h2 =
0.

6 
h2 =

0.
2 Ratio σ2

env / σ2
ind 

on 50 replicates 



Composite Full-sibs NoRs versus composite Half-sibs NoRs: strong plasticity functions [e] 
h2 =

0.
6 

h2 =
0.

2 

Full-sibs Half-sibs 

Ratio σ2
env / σ2

ind 
on 50 replicates 
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