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Some important concepts

Genomics provides 
the means to 
characterize the 
allelic diversity in 
large collections of 
plant genetic 
resources

Phenomics allows 
to measure a 
number of traits in 
different genetic 
backgrounds and 
environmentsThe central dogma (Crick 1958): 

information flows from DNA to phenotypes



To mapgenotype-trait associationsmeansto detect , locate, 
andassess the importance of «genetic factors» affectingtraits 

Mapping genotype-trait associationsin plant genetic resources
unlockskey information for breeding:

1. Identifynew genetic factors/allelesthat can be usedto 
improvetraits of agronomicperformance and adaptation

2. Predictthe genomicpotential for anygivenindividualwith 
regardsto a trait of interest

3. Understandthe genetic basisof traits of interest
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The value of diversity contributed
by plant genetic resources

Relatedspecies

Elites

Breeding 
materials

Landraces

Wild relatives

ÅDependingon the type of allele pool, 
there are different typesand amountsof 
diversity available(and hencea different
potential in associationstudies)



Agronomy

ÅYield and yield 
component traits 
(e.g. spike size)

ÅDevelopemental
traits (e.g. flowering
time)

ÅQuality traits (e.g. 
micronutrients)

ÅMarket traits (e.g. 
colour, taste)

Adaptation

ÅResistanceto abiotic
stress (e.g. drought)

ÅResistanceto biotic
stress (e.g. disease)

Future-proofing

ÅWhat isneeededfor 
adataptationto 
future climates(e.g. 
frequency and 
intensityof extreme
events)
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Wealreadyknow it’snot an easy job:

ÅMost interestingtraits are controlledby multiple genetic factors

ÅMost plant genomesare complex; loci mayinteract

ÅIt isnot reallylike findinga needlein a haystack; it is finding a needle in 
pile of needles

Gene X

Our working hypothesis: there are one or more «genetic factors» 
somewhereon the genomeaffectinga trait of interest



Reverse genetics

Forward genetics

Gene(s)

Trait(s)

Gene(s)

Trait(s)

Is variation of a trait 
associated with 
genotypic variation?

What trait arises from 
the perturbation of a 
DNA sequence?

Agamous



Reverse genetics in plant genetic resources

ÅMutagenicagents (chemical/physical) are 
usedto create new variation

ÅIf youobservean interestingtrait in an 
individual, and if the mutation isknown, it
ispossibleto link it to the trait to the 
genomiclocation

ÅMutationscan either be untargetedor 
targeted(more to come once we discuss
genomeediting)



ÅStem rust (Pucciniagraminisf. sp. tritici) isa devastatingdiseasein wheat
that maycause up to 100% losses

ÅA major target of breeding from the green revolution

ÅThere is plenty of resistance genes that have been introgressedfrom wild 
species
ÅT. timopheevi

ÅAe. ventricosa

ÅAe. speltoides

ÅAe. tauschii

ÅS. cereale

ÅT. monococcum

ÅΧΦ

Forward genetics in plant genetic resources



ÅRace Ug99 (TTKSK) emergedand overcameresistanceof manyknown
genes

ÅNew resistancealleleswere found in africanlandracematerialsand 
transferredto elite materialsto conferresistance



Forwardand 
Reverse genetics 
are not at odds



Ouringredients:

1. Genetic materials, a set of plant genetic resourcesin which variation is 
present for certain traits

2. Phenotypic values measuredon the set of genetic materialsand 
representingvariationof interest

3. Molecular markers typedon the set of genetic materials; mostcommonly
SNPs, whichare bi-allelicand distributedgenomewide

4. Appropriate statistics to connectgenotypesand phenotypes; many
methods, sameunderlyingreasoning

A recipe for forward genetics: genome-wide 
association studies (GWAS)



ÅManydifferent methods, sameunderlyingreasoning: is there anygiven
allele (marker) associatedwith the valueof the trait of interest?

ÅIn other words, we want to know whetherour responsevariable(y, the 
phentoype) isassociatedwith our explanatoryvariable(x, the marker)

ÅWecan addressthis in a simplestatisticalframework basedon a linear 
model
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1. Genetic materials: A 
representativecollectionof 250 
Ethiopianbarleylandracesand 
breeding lines

The recipe at work 

Research question: climatechangeisaffectingseasonalrainfall
distribution in Ethiopia; there is the needto steerbreeding towards
earlyfloweringgenotypesto improvelocaladaptation; plant genetic 
resourcesmayhaveusefulallelesto contributeto this



2. Phentoypic values: Days to floweringmeasuredon all genetic materialsfor 
whichgenotypicdata isalsoavailable



3. Molecular markers: 23K+ SNPs
describingthe diversity of genetic 
materialsacrossthe wholegenome



4. Appropriate statistics
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Individual

Phenotypic 
variation (y)

4. Appropriate statistics



SNP 1

SNP1 00 00 01 01 11 00 11 00

SNP N 11 00 00 11 11 11 00 01

SNP2 01 11 00 01 00 11 11 11

SNP 2

SNP N

ÅEachindividualisdifferent from the others; whenwe genotypethem with SNPs, we obtain
biallelicmarkers at eachlocus, with different outputs dependingon their allelicdiversity

ÅWedon’treallyneedto worry aboutnucleotides; let’srather think in termsof alleles, and 
let’scall the allele 0 whenit is the sameasthe referencegenomeand 1 whenit isdifferent

Homozyogousreference: 00 Heterozygous: 01 Homozygousaternative: 11

ID1 ID2 ID3 ID4 ID5 ID6 ID7    …   ID N Ref. genome
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00 01 11 00 01 11

SNP (x) SNP (x)

Gene X

Running a GWAS fitting a 
linear model to connect
phenotypesand allelesat
eachlocus



No association; this is the 
outcomeexpectedon most
tests(asmostof the 
markers/loci havenothingto 
do with the trait)

Association; it seemsthat the response
variableisassociatedwith the explanatory
variable, and we expectit to happenrarely. To 
what extent the associationissignificant, the 
statisticstells us

ώ ‍ ‍ὼ ‐ώ ‍ ‍ὼ ‐
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Å The model is testedon all markers; if youhave1M markers, that’s1M tests!
Å Eachtest isspecificto a marker, whichisspecificto a genomiclocation
Å The common representationof the outcomeisa Manhattan plot whichputs 

togetherposition on the genome(x) and significanceof the associatedtest (y)

Marker-trait 
association

Statistical 
threshold



Rememberthat SNP markers, howevermanythey maybe, seldom
representthe full extentof variationin the genome

ÅMarkers are our proxy to representvariationin the DNA level; they
are the meanto an end and not the end itself

The reasonwhywe capturethe «effect» of 
a specificgenetic factoron the valueof the 
trait throughGWAS is that linkage 
disequlibrium (LD) exists between the 
marker and the causative variant



A key concept whenit comesto 
mapping is that of linkage 
disequilibrium(LD)

ÅLD is the non random association
of allelesat different loci in a 
givenpopulation

ÅIt occurs when alleles at different 
loci are inherited together more 
often than expected by chance

ÅRecombination decreases LD

ÅThroughout time, populations 
move from disequilibrium to 
equilibrium (assuming that 
recombination occurs)





Back to Ethiopianbarleygenetic resourcesnow

What’snext?

ÅCharacterizegene 
models in the region

ÅDevelopsegregating
populationsto fine 
mapgenetic elements

ÅDesign cheap markers 
tagging loci of interest

ÅDerive sequencesto be 
testedwith reverse 
genetics



Trait determination complexity

ÅMost traits of agronomicinterestare complex

ÅTheyhavea quantitative manifestationthat is the 
resultof the cumulative contributionand 
interaction of n loci, eachwith a fractioneffect on 
the trait

ÅHence, the term Quantitative Trait Loci (QTL) 
mapping



The identification of genotype-trait association is a challenging effort  
depending on many variables, including:
Å Diversity available in plant genetic resources
Å Sample size and experimental design (statistical power)
Å Nature and extent of molecular characterization of the mapping panel / 

Frequency of recombination (linkage disequilibrium)
Å Organization of the genetic diversity in the population (genetic structure)
Å Complexity of the trait and heritability

Caveats

GWAS



Developementof mapping populations



Å It isbecomingincreasinglyclear that
traits are controlledby manifold, 
small effect loci

Å Quantitative geneticmapping 
studies are tipicallyunderpowered
to capturesmall effects(few cases, 
manyvariables)

Å Large human studies (e.g. UK 
BioBank) are filling in the gap

An issue with complexity



Ὤ ρ

Heritability is the proportion of phenotypic variance that can be explained 
by genotypic variance; the higher, the easier to map



GWAS/forwardgenetics isa statisticalexcercise. Presenceof a QTL/marker-trait 
assciationisdefinedon the basisof a significancethreshold, and dependingon it
theresa certainchance of committingTypeI and TypeII errors

Reverse genetic approachesmaybe usedto «validate» associations



Once marker-trait associations are identified

Design markers 
that can be 
usedby 
breedersto 
follow the 
segregationof 
a trait of 
interest FRIGIDA



Selection based on traits Selection based on markers

Use of mapping information for breeding

Modifying genes

Once a marker-trait 
associationisdiscovered, it
can be usedto accelerate 
the developementof new 
varietieswith improved
traits 







ÅStem rust (Pucciniagraminisf. sp. tritici) isa devastatingdiseasein wheat
that maycause up to 100% losses

ÅA major target of breeding from the green revolution

ÅThere is plenty of resistance genes that have been introgressedfrom wild 
species
ÅT. timopheevi

ÅAe. ventricosa

ÅAe. speltoides

ÅAe. tauschii

ÅS. cereale

ÅT. monococcum

ÅΧΦ

Forward genetics in plant genetic resources



ÅRace Ug99 (TTKSK) emergedand overcameresistanceof manyknown
genes

ÅNew resistancealleleswere found in africanlandracematerialsand 
transferredto elite materialsto conferresistance



From López-Cortegano, Caballero 2018

Å It isbecomingincreasinglyclear that 
traits are controlledby manifold, 
small effect loci

Å Forwardgenetics are tipically
underpoweredto capturesmall 
effects(few cases, manyvariables)

Å Large studies are startingto fill in 
the gap

It iseasierto mapQTL for disease
resistancethan to mapQTL for yield



The mapping resolution
dependson recombination
density

It isveryinfrequentto be ableto 
identify individualcausative 
variants, and this dependson a 
numberof factors:
Å Marker density
Å Recombinationdensity
Å Complexityof the trait
Å Quality of the annotation

Towards gene identification



Developementof mapping populations



Decomposingphenotypicvariancein quantitative 
traits

ÅThe performance of each 
individual is determined both by 
its genotype composition and by 
the environment

ÅThe best performer in one 
environment may not be the best 
in another

ὠ ὠ ὠ ὠ



Decomposinggenotypicvariancein quantitative 
traits

Genetic variance can also be decomposed in fundamental components:
Å Additive genetic variance (A), refers to the deviation from the mean 
phenotype due to inheritance of a particular allele and this allele’s relative 
effect on phenotype, i.e., relative to the mean phenotype of the population

Å Dominance variance (D) due to interactions between alternative alleles at a 
specific locus

Å Interaction or epistatic variance (I) due to interaction between alleles at 
different loci

ὠ ὠ ὠ ὠ



The heritability of a giventrait iscalculatedasthe fractionof the trait 
variancethat can be explainedby genotypicvariance

Ὄ
„

„ „

Å If H2 is 0, none of the phenotypic variation can be explained by the genetic 
variation, it is all due to variation in the environment

Å If H2 is small, the trait is strongly influenced by the environment (e.g., yield)
Å If H2 is large, the trait is only slightly influenced by the environment (e.g. flower 

colour).

Ὤ
„

„ „

Broad senseheritability: all sources 
of genetic varianceare considered

Narrowsenseheritability: onlyadditive 
genetic varianceisconsidered



In a breeding perspective, 
heritability isquite
important



Common misconceptionsaboutheritability

Å“A heritability of .4 means that 40% of the trait is determined by 
genetics”. Nope. A heritability of 0.4 indicates that 40% of all the 
phenotypic variation for that trait is due to variation in genotypes for 
that trait (and not that in each plant 0.4 of the phenotype is 
determined by genes)

Å“A low heritability means that trait is not determined by genes”. 
Also wrong; low heritability may be due to low variance (in the 
population) or too much error

Å“A heritability is a fixed value”. It really is a population value and 
depends on genetic materials and experimental conditions in which 
variances are assessed

Å“A high heritability implies a major-effect QTL”. It could actually be 
due to a number of different QTL (each with small effects)



QTL mapping
ÅA QTL is a locus contributing to the phenotypic value of a complex 

(multigenic) trait

ÅQTL mapping aims at the dissection of complex traits into Mendelian 
factors: understand their location and their relative importance

QTL mapping to-dos
ÅControl environment & vary genetics
ÅUse a panel of genetically diverse plants 

with different trait levels
ÅLeverage statistical association between 

alleles and trait levels to find genomic 
loci and possibly genes

ώ ‍ ‍ὼ ‐



The identification of QTL is a challenging effort  depending on many 
variables, including:
Å Diversity in the mapping panel
Å Frequency of recombination (linkage disequilibrium)
Å Nature and extent of molecular characterization of the mapping panel
Å Complexity of the trait (heritability)
Å Sample size (statistical power)



QTL mapping requiresfour
things:

1. Segregatinggenetic 
materials

2. Genetic markers 
characterizingthe 
mapping population

3. Consistent and 
reproducible phenotypic 
data

4. Appropriate statistics



Diversity panels Ą groups of individuals
collectedfrom nature and resultingfrom 
an history of intermating

ÅTipicallyhigh diversity

ÅHigh recombinationdensity

ÅDifferentlyfrom experimentalcrosses, 
the pedigree (derivation) of individuals
isunkown



Multiparentalmapping populations(MPPs) Ą artificial segregant
populationsdevelopedintercrossing2+ parental lines 

ÅTipicallyhigh diversity

ÅHigh recombination
density

ÅKnownpedigree and 
balanceddiversity



2. Molecular markers

ÅGentotypinginformation is necessary to characterize the genetic diversity in 
the mapping population

ÅYou have all sort of molecular markers to choose from, the most accurate 
being single nucleotide polymorphisms (SNPs)

ÅA haplotype is a 
combination of alleles at 
multiple loci that are 
transmitted together on 
the same chromosome

ÅLooking back at genetic 
materials, a haplotype 
represents a group of loci 
within an organism that 
was inherited together 
from a single parent.



A key concept whenit comesto 
mapping is that of linkage 
disequilibrium(LD)

ÅLD is the non random association
of allelesat different loci in a 
givenpopulation

ÅIt occurs when alleles at different 
loci are inherited together more 
often than expected by chance

ÅRecombination decreases LD

ÅThroughout time, populations 
move from disequilibrium to 
equilibrium (assuming that 
recombination occurs)



https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1002822



3. Well measured phenotypes

ÅIn order to support QTL mapping, measurementsmust be 
repeatible(rememberG x E) and accurate (lower error)

ÅNowadays, phenotypingcomesin a –omicsdimension



4. Appropriate statistics

ÅManydifferent methodsexist, dependingon population, 
distributionof traits, genetic mechanismsconsidered, molecular
markers, …

ÅTwo mainavenues:
ÅLinkage / interval mapping; Whenpedigree isknown(artificial

populations) and intervalsof markers –rather than individualmarkers –
isusedto support mapping. The resultingstatisticis the logarithmof 
odds(LOD), or the log of the probabilityof havinga QTL in a specific
location over the probabilityof not havingit

ÅGenome-wide association studies / LD mapping; a mapping conducted
marker by marker, usedin diversity panels. The resultingstatisticisa p-
valuecoming from testing the alternative hypothesisof a genotypic
effect on the trait

ώ ‍ ‍ὼ ‐



Linkage mapping

Å Low marker 

density required

Å Fully known 

pedigree

Å More robust

Å Limited variation

Å Low definition

Å Time demanding

Association (GWAS)

ÅHigh marker density 

necessary

ÅHidden structure, LD

ÅHigher false positive 

rate

ÅBroad variation

ÅHigh definition

ÅFaster, cheaper





Forwardgenetics isa statisticalexcercise
(LOD or pvalue). Presenceof a QTL isdefined
on the basisof a significancethreshold

ώ ‍ ‍ὼ ‐
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Multiple testing problem: when conducting multiple statistical tests 
simultaneously, the chance of incorrectly rejecting a true null hypothesis 
(false positive) increases
Å Bonferroni: the nominaltest p-value(tipically0.05) isdividedby the 

numberof independenttestsperformed
Å False Discovery Rate (FDR): an adjustedp-valuedistribution that is

specificto eachtest and that takes in account the expected proportion of 
false positives among all significant tests

Å Permutations: scrambling the phenotypicvaluesand lookingfor QTL 
(expectingnot to find any). Reapeata large n of times and produce a 
distributionof staticsthat representsnoise. Thenpicka threshold
accordingto the distribution











From QTL to genes

Å TypicallyQTL regionsidentifiedcontainmany
genes/genetic factors

Å Molecularmarkers are a proxy of genetic factors
to whichthey are associatedthroughlinkage 
disequilibrium(LD)






