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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 map genotype-trait associations means to detect , locate, 
and assess the importance of «genetic factors» affecting traits 

Mapping genotype-trait associations in plant genetic resources
unlocks key information for breeding:

1. Identify new genetic factors/alleles that can be used to 
improve traits of agronomic performance and adaptation

2. Predict the genomic potential for any given individual with 
regards to a trait of interest

3. Understand the genetic basis of traits of interest
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The value of diversity contributed
by plant genetic resources

Related species

Elites

Breeding 
materials

Landraces

Wild relatives

• Depending on the type of allele pool, 
there are different types and amounts of 
diversity available (and hence a different
potential in association studies)



Agronomy

• Yield and yield 
component traits 
(e.g. spike size)

• Developemental
traits (e.g. flowering
time)

• Quality traits (e.g. 
micronutrients)

• Market traits (e.g. 
colour, taste)

Adaptation

• Resistance to abiotic
stress (e.g. drought)

• Resistance to biotic
stress (e.g. disease)

Future-proofing

• What is neeeded for 
adataptation to 
future climates (e.g. 
frequency and 
intensity of extreme
events)
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We already know it’s not an easy job:

• Most interesting traits are controlled by multiple genetic factors

• Most plant genomes are complex; loci may interact

• It is not really like finding a needle in a haystack; it is finding a needle in 
pile of needles

Gene X

Our working hypothesis: there are one or more «genetic factors» 
somewhere on the genome affecting a 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

• Mutagenic agents (chemical/physical) are 
used to create new variation

• If you observe an interesting trait in an 
individual, and if the mutation is known, it
is possible to link it to the trait to the 
genomic location

• Mutations can either be untargeted or 
targeted (more to come once we discuss
genome editing)



• Stem rust (Puccinia graminis f. sp. tritici) is a devastating disease in wheat
that may cause up to 100% losses

• A major target of breeding from the green revolution

• There is plenty of resistance genes that have been introgressed from wild 
species
• T. timopheevi

• Ae. ventricosa

• Ae. speltoides

• Ae. tauschii

• S. cereale

• T. monococcum

• ….

Forward genetics in plant genetic resources



• Race Ug99 (TTKSK) emerged and overcame resistance of many known
genes

• New resistance alleles were found in african landrace materials and 
transferred to elite materials to confer resistance



Forward and 
Reverse genetics 
are not at odds



Our ingredients:

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

2. Phenotypic values measured on the set of genetic materials and 
representing variation of interest

3. Molecular markers typed on the set of genetic materials; most commonly
SNPs, which are bi-allelic and distributed genome wide

4. Appropriate statistics to connect genotypes and phenotypes; many
methods, same underlying reasoning

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



• Many different methods, same underlying reasoning: is there any given
allele (marker) associated with the value of the trait of interest?

• In other words, we want to know whether our response variable (y, the 
phentoype) is associated with our explanatory variable (x, the marker)

• We can address this in a simple statistical framework based on a linear 
model

𝑦 = 𝛽0 + 𝛽1𝑥 + 𝜀 𝐻0: 𝛽1 = 0 𝐻𝐴: 𝛽1 ≠ 0



1. Genetic materials: A 
representative collection of 250 
Ethiopian barley landraces and 
breeding lines

The recipe at work 

Research question: climate change is affecting seasonal rainfall
distribution in Ethiopia; there is the need to steer breeding towards
early flowering genotypes to improve local adaptation; plant genetic 
resources may have useful alleles to contribute to this



2. Phentoypic values: Days to flowering measured on all genetic materials for 
which genotypic data is also available



3. Molecular markers: 23K+ SNPs
describing the diversity of genetic 
materials across the whole genome



4. Appropriate statistics
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4. Appropriate statistics



SNP 1

SNP 1 00 00 01 01 11 00 11 00

SNP N 11 00 00 11 11 11 00 01

SNP 2 01 11 00 01 00 11 11 11

SNP 2

SNP N

• Each individual is different from the others; when we genotype them with SNPs, we obtain
biallelic markers at each locus, with different outputs depending on their allelic diversity

• We don’t really need to worry about nucleotides; let’s rather think in terms of alleles, and 
let’s call the allele 0 when it is the same as the reference genome and 1 when it is different

Homozyogous reference: 00 Heterozygous: 01 Homozygous aternative: 11

ID1 ID2 ID3 ID4 ID5 ID6 ID7    …   ID N Ref. genome
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Gene X

Running a GWAS fitting a 
linear model to connect
phenotypes and alleles at
each locus



No association; this is the 
outcome expected on most
tests (as most of the 
markers/loci have nothing to 
do with the trait)

Association; it seems that the response
variable is associated with the explanatory
variable, and we expect it to happen rarely. To 
what extent the association is significant, the 
statistics tells us

𝑦 = 𝛽0 + 𝛽1𝑥 + 𝜀𝑦 = 𝛽0 + 𝛽1𝑥 + 𝜀

11 11



• The model is tested on all markers; if you have 1M markers, that’s 1M tests!
• Each test is specific to a marker, which is specific to a genomic location
• The common representation of the outcome is a Manhattan plot which puts 

together position on the genome (x) and significance of the associated test (y)

Marker-trait 
association

Statistical 
threshold



Remember that SNP markers, however many they may be, seldom
represent the full extent of variation in the genome

• Markers are our proxy to represent variation in the DNA level; they
are the mean to an end and not the end itself

The reason why we capture the «effect» of 
a specific genetic factor on the value of the 
trait through GWAS is that linkage 
disequlibrium (LD) exists between the 
marker and the causative variant



A key concept when it comes to 
mapping is that of linkage 
disequilibrium (LD)

• LD is the non random association
of alleles at different loci in a 
given population

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

• Recombination decreases LD

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





Back to Ethiopian barley genetic resources now

What’s next?

• Characterize gene 
models in the region

• Develop segregating
populations to fine 
map genetic elements

• Design cheap markers 
tagging loci of interest

• Derive sequences to be 
tested with reverse 
genetics



Trait determination complexity

• Most traits of agronomic interest are complex

• They have a quantitative manifestation that is the 
result of the cumulative contribution and 
interaction of n loci, each with a fraction effect on 
the trait

• Hence, the term Quantitative Trait Loci (QTL) 
mapping



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

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

Caveats

GWAS



Developement of mapping populations



• It is becoming increasingly clear that
traits are controlled by manifold, 
small effect loci

• Quantitative genetic mapping 
studies are tipically underpowered
to capture small effects (few cases, 
many variables)

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

An issue with complexity



ℎ2 = 1

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



GWAS/forward genetics is a statistical excercise. Presence of a QTL/marker-trait 
assciation is defined on the basis of a significance threshold, and depending on it
theres a certain chance of committing Type I and Type II errors

Reverse genetic approaches may be used to «validate» associations



Once marker-trait associations are identified

Design markers 
that can be 
used by 
breeders to 
follow the 
segregation of 
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 
association is discovered, it
can be used to accelerate 
the developement of new 
varieties with improved
traits 







• Stem rust (Puccinia graminis f. sp. tritici) is a devastating disease in wheat
that may cause up to 100% losses

• A major target of breeding from the green revolution

• There is plenty of resistance genes that have been introgressed from wild 
species
• T. timopheevi

• Ae. ventricosa

• Ae. speltoides

• Ae. tauschii

• S. cereale

• T. monococcum

• ….

Forward genetics in plant genetic resources



• Race Ug99 (TTKSK) emerged and overcame resistance of many known
genes

• New resistance alleles were found in african landrace materials and 
transferred to elite materials to confer resistance



From López-Cortegano, Caballero 2018

• It is becoming increasingly clear that 
traits are controlled by manifold, 
small effect loci

• Forward genetics are tipically
underpowered to capture small 
effects (few cases, many variables)

• Large studies are starting to fill in 
the gap

It is easier to map QTL for disease
resistance than to map QTL for yield



The mapping resolution
depends on recombination
density

It is very infrequent to be able to 
identify individual causative 
variants, and this depends on a 
number of factors:
• Marker density
• Recombination density
• Complexity of the trait
• Quality of the annotation

Towards gene identification



Developement of mapping populations



Decomposing phenotypic variance in quantitative 
traits

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

• The best performer in one 
environment may not be the best 
in another

𝑉𝑝 = 𝑉𝑔 + 𝑉𝑒 + 𝑉𝑔𝑒



Decomposing genotypic variance in quantitative 
traits

Genetic variance can also be decomposed in fundamental components:
• 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

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

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

𝑉𝐺 = 𝑉𝐴 + 𝑉𝐷 + 𝑉𝐼



The heritability of a given trait is calculated as the fraction of the trait 
variance that can be explained by genotypic variance

𝐻2 =
𝜎𝑔

𝜎𝑔 + 𝜎𝑒

• 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

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

colour).

ℎ2 =
𝜎𝑔

𝜎𝑔 + 𝜎𝑒
Broad sense heritability: all sources 
of genetic variance are considered

Narrow sense heritability: only additive 
genetic variance is considered



In a breeding perspective, 
heritability is quite
important



Common misconceptions about heritability

• “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)

• “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

• “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

• “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
• A QTL is a locus contributing to the phenotypic value of a complex 

(multigenic) trait

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

QTL mapping to-dos
• Control environment & vary genetics
• Use a panel of genetically diverse plants 

with different trait levels
• Leverage statistical association between 

alleles and trait levels to find genomic 
loci and possibly genes

𝑦 = 𝛽0 + 𝛽1𝑥 + 𝜀



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



QTL mapping requires four
things:

1. Segregating genetic 
materials

2. Genetic markers 
characterizing the 
mapping population

3. Consistent and 
reproducible phenotypic 
data

4. Appropriate statistics



Diversity panels  groups of individuals
collected from nature and resulting from 
an history of intermating

• Tipically high diversity

• High recombination density

• Differently from experimental crosses, 
the pedigree (derivation) of individuals
is unkown



Multiparental mapping populations (MPPs)  artificial segregant
populations developed intercrossing 2+ parental lines 

• Tipically high diversity

• High recombination
density

• Known pedigree and 
balanced diversity



2. Molecular markers

• Gentotyping information is necessary to characterize the genetic diversity in 
the mapping population

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

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

• Looking 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 when it comes to 
mapping is that of linkage 
disequilibrium (LD)

• LD is the non random association
of alleles at different loci in a 
given population

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

• Recombination decreases LD

• Throughout 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

• In order to support QTL mapping, measurements must be 
repeatible (remember G x E) and accurate (lower error)

• Nowadays, phenotyping comes in a –omics dimension



4. Appropriate statistics

• Many different methods exist, depending on population, 
distribution of traits, genetic mechanisms considered, molecular
markers, …

• Two main avenues:
• Linkage / interval mapping; When pedigree is known (artificial

populations) and intervals of markers – rather than individual markers –
is used to support mapping. The resulting statistic is the logarithm of 
odds (LOD), or the log of the probability of having a QTL in a specific
location over the probability of not having it

• Genome-wide association studies / LD mapping; a mapping conducted
marker by marker, used in diversity panels. The resulting statistic is a p-
value coming from testing the alternative hypothesis of a genotypic
effect on the trait

𝑦 = 𝛽0 + 𝛽1𝑥 + 𝜀



Linkage mapping

• Low marker 

density required

• Fully known 

pedigree

• More robust

• Limited variation

• Low definition

• Time demanding

Association (GWAS)

• High marker density 

necessary

• Hidden structure, LD

• Higher false positive 

rate

• Broad variation

• High definition

• Faster, cheaper





Forward genetics is a statistical excercise
(LOD or pvalue). Presence of a QTL is defined
on the basis of a significance threshold

𝑦 = 𝛽0 + 𝛽1𝑥 + 𝜀

𝐻0: 𝛽1= 0 𝐻𝐴: 𝛽1 ≠ 0



Multiple testing problem: when conducting multiple statistical tests 
simultaneously, the chance of incorrectly rejecting a true null hypothesis 
(false positive) increases
• Bonferroni: the nominal test p-value (tipically 0.05) is divided by the 

number of independent tests performed
• False Discovery Rate (FDR): an adjusted p-value distribution that is

specific to each test and that takes in account the expected proportion of 
false positives among all significant tests

• Permutations: scrambling the phenotypic values and looking for QTL 
(expecting not to find any). Reapeat a large n of times and produce a 
distribution of statics that represents noise. Then pick a threshold
according to the distribution











From QTL to genes

• Typically QTL regions identified contain many
genes/genetic factors

• Molecular markers are a proxy of genetic factors
to which they are associated through linkage 
disequilibrium (LD)






