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ObjectivesObjectives
The development of an ecoThe development of an eco--physiological statistical physiological statistical 
framework for the simultaneous analysis of framework for the simultaneous analysis of GxEGxE and and 
QTLxEQTLxE in data from abiotic stress breeding programs, in data from abiotic stress breeding programs, 
adding value to existing data setsadding value to existing data sets
The statistical modeling should account for The statistical modeling should account for 

plot heterogeneity plot heterogeneity 
multiple environments (multiple environments (GxEGxE, , QTLxEQTLxE))
multiple traitsmultiple traits
multiple crossesmultiple crosses

Course material making the developed methodology Course material making the developed methodology 
accessible to GCP members and others interested, accessible to GCP members and others interested, 
including documentation and free software (including documentation and free software (GenstatGenstat
Discovery / R).Discovery / R).



Products/ deliverables 1Products/ deliverables 1

Mixed model methodology for multiMixed model methodology for multi--trait multitrait multi--
environment QTL analyses has been developed environment QTL analyses has been developed 
and tested in applications to CIMMYT maize and and tested in applications to CIMMYT maize and 
wheat datawheat data
Papers explaining the methodology and its Papers explaining the methodology and its 
application have been published/ are in press/ are application have been published/ are in press/ are 
about to be submitted (next slide)about to be submitted (next slide)
Course material has been developed and tested in Course material has been developed and tested in 
four courses (Spain, 3x South America)four courses (Spain, 3x South America)
GenstatGenstat Discovery programs are available (GCPDiscovery programs are available (GCP--
GDP)GDP)
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Research and educationResearch and education

A general approach to the analysis of GxE and 
QTLxE was developed over the last two years by 
continuous interaction with

Relevant data
CIMMYT maize
CIMMYT / CSIRO wheat

Interested students

An overview of the approach for use in research as 
well as in teaching is given on the next 5 slides



Modeling Modeling GxEGxE and and QTLxEQTLxE: 1: 1

Analysis of single traits in single environments: Analysis of single traits in single environments: 
Producing reliable genotypic means + weightsProducing reliable genotypic means + weights

Pay attention to the Pay attention to the designdesign of the experimentof the experiment
replicates, rows, columns, incomplete blocks

Take care to model Take care to model plot heterogeneityplot heterogeneity and trendsand trends
Spatial modeling of error variation (AR x AR)
Post blocking

Check Check model assumptionsmodel assumptions & identify outliers (& identify outliers (data qualitydata quality))
Produce Produce summary statisticssummary statistics

BLUEs (genotypic means)
Standard Errors

Evaluate the efficiency of the design on the basis of the Evaluate the efficiency of the design on the basis of the 
estimates for error variance components, spatial estimates for error variance components, spatial 
correlations and correlations and SEDSED’’ss



Modeling Modeling GxEGxE and and QTLxEQTLxE: 2: 2

Analysis of single traits in multiple environments: Analysis of single traits in multiple environments: 
Modeling Modeling GxEGxE

Construct Construct GxEGxE table of meanstable of means and corresponding table of and corresponding table of 
SEsSEs (used in weights in subsequent (used in weights in subsequent GxEGxE and and QTLxEQTLxE
analyses)analyses)
Fit Fit mixed modelmixed model: : P =P = E + G + GE = E + G + GE = E + GGEE + GGE
Take Take E fixedE fixed and and GGE randomGGE random
Assess Assess best model for VCOV of GGEbest model for VCOV of GGE using AIC/BICusing AIC/BIC

Model heterogeneity of genetic variances across 
environments
Model heterogeneity of genetic correlations 
between environments

Assess which environments are high/low variance, Assess which environments are high/low variance, 
calculate some form of heritabilitycalculate some form of heritability
Assess which pairs of environments are (Assess which pairs of environments are (dis)similardis)similar



Modeling Modeling GxEGxE and and QTLxEQTLxE: 3: 3

Single trait QTL mapping across multiple Single trait QTL mapping across multiple 
environments: Modeling environments: Modeling QTLxEQTLxE

Inspect Inspect genotypic score matrixgenotypic score matrix
Dimensions: genotypes x markers

Create Create genetic predictorsgenetic predictors, i.e., markers + virtual markers , i.e., markers + virtual markers 
from the genotypic score matrixfrom the genotypic score matrix

Dimensions: genotypes x genomic evaluation points
Scan genomeScan genome for QTLs by fitting mixed modelfor QTLs by fitting mixed model
P = E + QQE + GGEP = E + QQE + GGE

with QQE = QTL main effect + QTLxE
QQE represents QTL with effects that depend on 
environment

QTL effects are estimated with respect to genetic predictors
E and QQE are fixed, GGE is random according to 
model assessed in modeling step 2



Modeling Modeling GxEGxE and and QTLxEQTLxE: 4: 4

RefinementsRefinements
Constructing Constructing multiple QTL modelsmultiple QTL models

One or more rounds of CIM
Backward selection from set of already identified QTLs

Testing for Testing for QTLxEQTLxE to see whether QQE can be reduced to to see whether QQE can be reduced to 
just QTL main effectjust QTL main effect
Regressing Regressing QTLxEQTLxE on environmental characterizationson environmental characterizations

This step is equivalent to fitting QTLs for response 
curves across environments (c.f. Tardieu) 

ValidatingValidating effects of effects of candidate genescandidate genes and QTLsand QTLs
Including Including genotypic genotypic covariablescovariables to correct for disturbing to correct for disturbing 
factorsfactors

Example in wheat: correction for disease resistance in 
QTLxE analysis of yield 

Including Including dominancedominance and and epistasisepistasis



Modeling Modeling GxEGxE and and QTLxEQTLxE: 5: 5

Further extensionsFurther extensions
Instead of working with Instead of working with GxEGxE summary table of means for summary table of means for 
MET analysis, MET analysis, work with the plot observationswork with the plot observations and include and include 
the error models for individual trials in the MET models the error models for individual trials in the MET models 
(phenotypic and QTL)(phenotypic and QTL)

Advantage: better weights for individual genotypes in 
individual trials
Disadvantage: logistically and numerically harder

MultiMulti--trait multitrait multi--environmentenvironment QTL mappingQTL mapping
Model genetic correlations in their dependence across 
environments (in addition to genetic variances)
Distinguish pleiotropy from linkage as basis for 
genetic correlation
Correct yield and yield components for phenology

Introducing multiple crosses (QTL x background)Introducing multiple crosses (QTL x background)



Wheat: some typical outputWheat: some typical output

MultiMulti--environment QTL analysis with additional environment QTL analysis with additional 
genotypic genotypic covariablescovariables



Environmenta Rye. Envb 1D-a 1D-b 4B-b 5A-a 6B-a 6D-a 7A-a 7B-a
Main   -6.11
BILO05 -14.83 11.71 -14.68 6.51 -5.15 -12.18 6.20 7.71
LUND05 -22.74 -3.00 -2.85 5.63 -9.09 -4.40 8.90 7.08
GATD02 -14.15 -1.04 -1.96 -2.38 -1.00 -7.52 8.87 -3.00
GATD04 -1.42 -0.72 -4.73 -0.95 2.55 -2.34 3.95 -3.92
GATD05 -13.27 0.33 -1.03 6.81 -0.54 -2.13 2.25 3.75
GATI06 -20.72 1.27 6.84 13.78 -0.44 0.87 18.92 -7.04
(avsed or s.e.) (8.0) (4.7) (4.4) (4.4) (4.7) (4.4) (1.5) (4.3) (4.3)

 

Seri x Seri x BabaxBabax, 6 environments, 6 environments
Yield QTLs depend strongly on the environment 
(QQE effects)



Table 1: Trial genetic variance for the GGE model and the percentage of variance explained by the multi-QTL model, SQ. The percentage of variance explained for each QTL in 
each environment, expressed as a function of the GGE and final QQE models ( GGE

qS , QQE
qS ). 

Environmenta genetic 
variance, 

GGE model 

SQ, % 
explained 

by QQE

Rye.Envb 1D-a 1D-b 4B-b 5A-a 6B-a 6D-a 7A-a 7B-a 

BILO05 2090 28 0.5, 2.1 3.3, 6.6 6.9, 13.6 0.0, 2.0 1.4, 0.6 5.7, 9.0 0, 0 0.8, 1.7 1.2, 3.2 
LUND05 1065 32 4.4, 13.4 0.2, 0.4 0.9, 1.0 1.3, 3.8 5.1, 9.6 0.4, 2.2 0.0, 0.5 4.5, 10.0 4.4, 6.3 
GATD02 560 40 3.9, 10.1 0, 0 0.2, 0.0 2.6, 0.1 0, 0 6.5, 15.9 6.7, 13.2 8, 21.9 0.7, 1.3 
GATD04 446 24 0, 0 0, 0 4.7, 5.8 0.8, 0.0 0.7, 0.7 0.4, 0.1 12.6, 15.7 1.4, 4.0 2.7, 2.5 
GATD05 987 0 2, 2.2 0, 0 0, 0 3, 3.6 0, 0 0, 0 0, 0 0, 0 0, 0 
GATI06 3623 11 1.3, 1.9 0, 0 0.8, 1.0 1.6, 4.6 0, 0 0, 0 0.5, 1.6 4.6, 8.5 0.0, 0.6 

 

Yield QTLs are small and depend strongly on 
the environment (% explained variance)



-log10(p) profile for 1B-a, 5A-a and 7A-a illustrating the effect the factor, rye on 
yield. Significance levels; solid = 0.20, dashed = 0. 10, dotted = 0. 05.

Introducing genotypic 
covariables to correct 
for disturbing factors 
in QTLxE analysis for 
yield



Co-incidence of yield and anthesis QTL and specific environment 
effects for linkage group 1D-b

QQE image plots: red = Babax allele +, blue = Seri allele + 

yield 

anthesis 

ant           yield 

(a) 

(b) 

(c) 

Cross over 
QTLxE



Maize: some typical output Maize: some typical output 

MultiMulti--trait multitrait multi--environment QTL analysis with environment QTL analysis with 
separate modeling of relations between separate modeling of relations between 
environments and between traitsenvironments and between traits
P1xP2, 8 environments, 5 traits (Yield, ASI, Male P1xP2, 8 environments, 5 traits (Yield, ASI, Male 
flowering, Nr of ears, Plant height)flowering, Nr of ears, Plant height)
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P1xP2, 8 environments, 5 traits
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Strong inconsistencies

•For the same trait 
across environments, 
including cross overs
(QTLxE)

•For pairs of traits 
across environments 
(Changing rG)



Deliverables in relation to the model Deliverables in relation to the model 
crops: maize & wheat (to be crops: maize & wheat (to be ctdctd.).)

Identification and estimation of Identification and estimation of QTL locations and QTL locations and 
effectseffects for productivity under droughtfor productivity under drought
Assessment of the Assessment of the stabilitystability of QTL expression across of QTL expression across 
environments and genetic backgroundsenvironments and genetic backgrounds
Models for Models for QTLxEQTLxE in relation to in relation to environmental environmental 
characterizationscharacterizations
Insight in the Insight in the genetic basis of correlations genetic basis of correlations between traitsbetween traits
Assessment of Assessment of pleiotropic / linkage pleiotropic / linkage relations between relations between 
QTLsQTLs



QTLxEQTLxE and MASand MAS

QTLxEQTLxE is the rule, a QTL main effect is an exception (small is the rule, a QTL main effect is an exception (small 
populations / homogeneous set of environments).populations / homogeneous set of environments).
Given the enormous inconsistency of QTLs across Given the enormous inconsistency of QTLs across 
environments and traits, what kind of MAS can help us to environments and traits, what kind of MAS can help us to 
improve yield?improve yield?
There is no decent theory for multiThere is no decent theory for multi--trait MAS in the face of trait MAS in the face of 
QTLxEQTLxE and changing genetic correlations between traits and changing genetic correlations between traits 
across environmentsacross environments
To assess the consequences of To assess the consequences of QTLxEQTLxE work on selection work on selection 
response theory is neededresponse theory is needed



PlanningPlanning

Further development of the methodologyFurther development of the methodology
Comparison of multiComparison of multi--trait multitrait multi--environment environment QTLxEQTLxE
analyses between 3 biparental populations of maize analyses between 3 biparental populations of maize 
(paper)(paper)
MultiMulti--trait (including canopy temperature) multitrait (including canopy temperature) multi--
environment analysis environment analysis QTLxEQTLxE in wheat (paper)in wheat (paper)

Further development of course materialFurther development of course material
Manual for Manual for QTLxEQTLxE analysis (Chapter in GCP analysis (Chapter in GCP phenotypingphenotyping
book)book)
A set of A set of GenstatGenstat Discovery procedures for Discovery procedures for QTLxEQTLxE analysis analysis 
(maybe also R)(maybe also R)
One or two One or two QTLxEQTLxE courses (Africa /China)courses (Africa /China)



Relation with other GCP workRelation with other GCP work

QTLxEQTLxE courses in collaboration with SP5courses in collaboration with SP5
QSS (QSS (QTLxEQTLxE Support System) Support System) 

Whole crop modeling in maize (Francois Tardieu)Whole crop modeling in maize (Francois Tardieu)
Aluminum tolerance in sorghum (Jurandir Aluminum tolerance in sorghum (Jurandir MagalhMagalhããeses))
Durum wheat (Roberto Durum wheat (Roberto TuberosaTuberosa))
Others?Others?
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