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1. Introduction
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1.1 Hardy-Weinberg equilibrium
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• STATEMENT: Allele and genotype frequencies are constant across generations. It is used 
to define a hypothetical “idealized population”. HWE can always be achieved with one 
generation of random mating.

• IN STATISTICS:
• Alleles follow a binomial distribution
• Mean: 𝐄 𝐱 = 𝟐𝒑
• Variance: 𝐃 𝒙 = 𝟐𝒑(𝟏 − 𝒑)

• CONDITIONS:
• Random mating
• No evolutionary pressure (mutation, selection, migration)
• No overlapping populations

• FOR BREEDING: Observed within (but not across) F2 populations and open pollination 
populations. Used to create genetic maps and to estimate segregation distortion. HWE is 
often assumed to simplify calculations.

https://en.wikipedia.org/wiki/File:Hardy-Weinberg.svg
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• Notation (single-locus)
• Probability of observing each state of an allele

• Pr 𝐴 = 𝑝

• Pr 𝑎 = 𝑞 = 1 − 𝑝

• Probability of observing each state of a locus (genotypic frequencies)
• Pr 𝐴𝐴 = 𝑝2

• Pr 𝐴𝑎 = 2𝑝(1 − 𝑝)

• Pr 𝑎𝑎 = (1 − 𝑝)2

• Single-locus expression:
• Sum of probabilities always add to 1
• Allele: 𝒑 + 𝟏 − 𝒑 = 𝟏
• Locus: 𝒑𝟐 + 𝟐𝒑 𝟏 − 𝒑 + (𝟏 − 𝒑)𝟐= 𝟏

• FOR BREEDING: Allelic and genotypic frequencies from multiple loci across the genome are used 
to detect which genomic changes are occurring due to selection, drift, migration, bottlenecks.
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• Two-loci case:
• Allele: Pr 𝐴𝐵 , Pr 𝐴𝑏 , 𝑃𝑟 𝑎𝐵 , 𝑃𝑟(𝑎𝑏)
• Loci: Pr 𝐴𝐴𝐵𝐵 , Pr 𝐴𝐴𝐵𝑏 , Pr 𝐴𝐴𝑏𝑏 ,…
• Takes many generations for neighbor loci HWE 



• Checking HWE: Do my genotypic frequencies (the proportions of AA, Aa, aa) 
match with what is expected from the allele frequencies (p and q)?
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1.2 Fisher-Wright process
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• CONDITIONS:
• Finite populations
• Non-overlapping populations
• Diploid behavior
• Ongoing selection
• Allows for mutation

• CONSEQUENCE: More realistic model. Not commonly observed in nature, that is an acceptable scenario 
of plant breeding. FW process describes how alleles are driven to fixation in finite populations. It 
allows to trace the proportion of alleles in any generation (forward and backward).

• WATCH OUT FOR: FW process is an stationary Markov Chain, the rate of fixation is estimated from a 
small time frame and extrapolated. However, the relative contribution of any given locus or allele to 
complex traits is believed to change overtime.

• FOR BREEDING: Regression-type models for genomic prediction must be recalibrated every so often to 
capture the dynamic changes in the FW model: changes in population composition, allele effect, etc. 
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1.3 Beavis effect

10



• DEFINITION: A matter of statistical power in genetics. Small 
population sizes (N=100) greatly overestimate the estimate effect 
of a QTL, whereas a reasonable population (N=1000) provides a 
good approximation.

• Source: Beavis WD (1998) QTL analyses: power, precision, and 
accuracy. Molecular dissection of complex traits, 1998, 145-162.

• FOR BREEDING: Population size has a major effect on genetic 
studies in applied breeding: QTL identification for MAS and 
genome-wide prediction. 
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Xu S. Theoretical basis of the Beavis effect. Genetics. 2003 1;165(4):2259-68.



2. Changes in allele frequency
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2.1 Mutation
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• RELEVANCE: Mutation is the only natural source of 
new variation in all species. Important for 
phylogenetics to trace speciation.

• RANDOMNESS: Mutation are more likely to occur 
in some parts of the genome, such as euchromatin
(less condensed DNA). 

• CHANCES: Mutagenic agents increases the 
probability of mutation from 10−7 to 10−4

• FOR BREEDING: Mutational breeding is deprecated 
in crops, but it is still big deal in some clonally 
propagated species. The updated version is called 
‘gene editing’ based on CRISPR-Cas9 (site specific 
changes as opposed to random modification).

• WATCH OUT FOR: Most mutation have deleterious 
effects.
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Loewe, L. (2008) Genetic mutation. Nature Education 1(1):113
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2.2 Migration
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• RELEVANCE: Exogenous sources of alleles from other 
populations

• FOR NATURE: Outbreeding

• FOR BREEDING: Occurs intentionally or unintentionally 
• (1) exchange of genetic material among breeders; 

• (2) incorporation of new material;

• (3) seed or pollen contamination.

• WATCH OUT FOR (1): Contaminations in small 
population with high genetic value: crossing blocks and 
seed production.

• WATCH OUT FOR (2): Gene flow when managing 
genetically modified material.
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Maize

Word of caution for
Crossing blocks



Illustration of signature 
of demography and 
gene flow using PCs
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2.3 Selection
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• Directional selection: One direction increases the fitness: either higher 
and lower vales, but not both.

• Stabilizing selection: An equilibrium exist and the population is better off 
under an intermediate phenotypic value (or because extremes are lethal).

• Disruptive selection: Either extreme is a better fit than an intermediate 
form.

• FOR BREEDING: yield undergoes positive directional selection (more is 
better), while composition and maturity often undergo stabilizing 
selection (keep germplasm within target maturity).

• WATCH OUT FOR: Most traits of interest are genetically correlated, the 
best phenotype is provided by combination of traits: breeders must 
manage genetic tradeoffs (often through selection indexes).
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• RISE AND FATE OF ALLELES:
• Maximum variability point occurs at p=0.5
• Overtime, high fitness alleles trend to go to fixation whereas low 

fitness allele trend to go to extinction
• Heritability is proportional to the frequency of alleles that affect 

the trait (eyes color has h2=0 in a population with no variation for 
the trait)

• CONSEQUENCE: Phenotype of the population shifts towards 
the most fit balance.

• FOR BREEDING: Allele come from introducing new lines 
(migration rather than mutation). Breeders’ job is to sort out 
which allele are valuable for the program.

• WATCH OUT FOR: Pushing selection too hard to avoid 
compromising long term genetic gains 
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• BOTTLENECK: Kohn et al. report natural selection 
causing hitchhiking over a substantial genomic 
region around fitness related genes.

• CONSEQUENCE: Loss of genetic diversity in the 
genomic regions surrounding these major fitness 
genes.

• FOR BREEDING: “QTL drag” is caused by MAS or 
selection on traits controlled by major QTLs.

• WATCH OUT FOR: Pushing selection too hard to 
avoid compromising long term genetic gains.
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Illustration of bottleneck or selective sweep
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2.4 Genetic Drift
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• RANDOMNESS: The allele frequency of most polymorphism with 
little or no effect on fitness fluctuates at random, often leading 
alleles to fixation or extinction.

• FOUNDER EFFECT: The magnitude of genetic drift is aggravated 
under sampling bottlenecks – when a new population is derived 
from a non-representative subset of the original population.

• CONSEQUENCE: Diversity losses and random changes in the 
genomic composition. Effects of drift in the genome can be easily 
confounded with selection.

• FOR BREEDING: Most breeders are not concerned about drift. 
Much of the selection performed in early generations causes drift. 
Having the same family being selected in separate experiments 
mitigates drift.

• WATCH OUT FOR: Unlike practical breeding per se, geneticist that 
attempt to infer signatures of selection should pay close attention 
to drift (keyword: replication).
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2.5 Hill-Robertson effect
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• CONCEPT: Genetic drift and mutation tend to slow down the 
process of evolution by selection. Linkage/LD between sites 
under selection harm the overall genetic progress. Introduced by 
Hill and Robertson (1966, Genetical Research 8:269–294).

• CONSEQUENCE: Drift and mutation (and epistasis) reduce the 
effectiveness of selection in finite population. It results in more 
drift and lower 𝐍𝐞 than expected. Recombination becomes key 
to overcome HR effect.

• FOR BREEDING: Producing crosses with large offspring reduce 
chances of getting stuck with suboptimal haplotypes. 
Transgressive segregation often means to overcome HR effect.

• WATCH OUT FOR: The heritability and number of genes involved: 
More complex/polygenic the trait is, the harder is to obtain true 
transgressive individuals. Larger offspring mitigate HR by 
mutation, drift, hitchhiking and undesirable epistasis.
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More genes controlling the trait (L) and smaller the 
population (𝜌), less effective the selection (P) will be
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3. Population management
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3.1 Effective population size
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• DEFINITION: There exist several definitions for Ne, 
depending on the context or research area. Ne can be 
thought as a canonical representation of a given 
population that comprises all the genetic variability in a 
minimal number of individuals under random mating.

• Some factors that influence Ne:
• Both mutation and recombination increase Ne
• Incorporating unrelated individuals increases Ne
• Number of lines used as parents for the next generation

• FOR BREEDING: Recurrent estimation of Ne is a 
practical way to monitor the level of inbreeding and 
genetic variability of breeders’ germplasm.

• WATCH OUT FOR: Controlling the number of crosses 
and individuals per cross, as well as the relatedness 
among the parental lines.
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3.2 Short and long term genetic gains
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• CHALLENGE: Dealing with the side effects of 
directional selection in a breeding population.

• FOR BREEDING: Mostly about the tradeoff 
imposed of selection intensity.

• WATCH OUT FOR:
• Sort-term losses: Control number of crosses and 

offspring size; target crosses with better odds of 
transgressive segregation.

• Long-term losses: Controlled selection intensity; 
avoid inbreeding with within-family selection; 
maintain or expand effective population size 
(incorporating new germplasm, new QTLs).
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3.3 Inbreeding and heterosis
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http://oregonstate.edu/instruct/css/330/six/

Inbreeding

Heterosis: Hybrid from single cross

Decay of heterosis: Double-cross hybrid

- Inbreeding is the result of selfing (or double-haploids)
- In maize, they inbred crosses within the heterotic group
- Inbred lines are just used as parents

- Heterosis or hybrid vigor is the result of outbreeding
- The maximum level of heterosis is observed by crossing 

inbred lines from two different heterotic groups

- Cross between two hybrids: Parents will be related at some extend
- Does not present the same level of heterosis as single-cross hybrids



• Inbreeding depression: In many plant species (cassava, corn, tomatoes) and all animal species, 
driving a population to a restrict genetic background has serious implications of vigor and 
fitness – due to the accumulation of deleterious alleles in homozygous state.

• Heterosis (hybrid vigor): The inverse scenario of inbreeding depression. Improvement in 
fitness (or yield) attributed to dominance due to outbreeding: Hybrids F1 over perform the 
parental lines.

• FOR BREEDING:
• Heterosis is the foundation of commercial breeding for some crops (maize, canola, sorghum, and also rice)
• Limitation – Not all crop have a reproductive biology that allows for feasible hybrid production
• Breeding programs develop the parental liner by their general (GCA) and specific combining ability (SCA) 

• WATCH OUT FOR:
• Watch out for how one define the parental genetic pools (referred to as heterotic groups)
• Heterosis may not be big thing for all crops
• Heterosis is not a heritable property
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l = # of alleles
n = # of individuals



Instead of breeding the hybrids, programs that take advantage of heterosis
breed parents with good combining ability – capable of generating better 
hybrids when crossed with another group of parents
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Xu et al (2013). The genetic basis of white 
tigers. Current biology, 23(11), 1031-1035.

A single amino acid change in transporter SLC45A2 causes the white tiger phenotype



• Fixation index – the ration between the variance of a subpopulation and the variance of the total population

𝐹𝑆𝑇 =
𝜎𝑆
2

𝜎𝑇
2 =

𝜎𝑆
2

𝑝(1 − 𝑝)

• FST is 1 when an allele is fixed in different directions between two populations
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Wright, S. (1949). The genetical structure of populations. Annals of Human Genetics, 15(1), 323-354.

( LITERATURE  MASTER  PIECE !! )
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3.4 Pedigree and relatedness
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• CONCEPT: The “coefficient of relationship” was introduced by Samwell Wright 
(1922) as the expected consanguinity between individuals based on the their 
shared ancestry.

• FOR BREEDING:
• CROSSING: Pedigree information is used for crossing decisions to avoid inbreeding or 

driving the germplasm towards a specific subset of families.
• ADVANCEMENTS: Pedigree is used in mixed models to define the additive relationship 

among individuals. BLUPs generated with pedigree information are referred to as 
“breeding values”, which corresponds to the values that are heritable. Breeding values 
are believed to be better proxies for the selection of complex traits by taking into 
account the information from relatives, hence leading to a better distinction between 
the genetic effect of interest and environmental effects (or non-additive genetics).

• WATCH OUT FOR: Complexity of the pedigree (number of generations you 
want to trace back the material under evaluation).
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The pedigree relationship matrix 
expands one individuals at time, 
which adds one column and row

The pedigree must be written in 
time order, starting from 

individuals of unknown parentage

ID Dam Sire
1 0 0
2 0 0
3 0 0
4 0 1
5 1 2
6 3 0
7 4 5
8 5 6
9 7 8

Each cell (𝑎𝑖𝑗) in of A represents the 

relationship between a pair of 
individuals, estimated as the average 

between the maternal (𝑑𝑖) and paternal 
(𝑠𝑗) relatedness between individuals
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• DEFINITION: Genetic distance is a measure of the genetic divergence between species or 
between populations within a species

• USE: Characterize the structure of a population and to verify relatedness among individuals.
• NOTICE: Genetic distances may vary according to the dataset (ie. number and quality of the SNPs).

• COMMON METRICS GENETIC DISTANCES:
• Nei Distance (Linear): dND = − ln

𝑥′𝑦

𝑥′𝑥 ∗ 𝑦′𝑦

• Provesti Distance (Absolute) = dPD =
 𝑗 𝑥𝑗−𝑦𝑗

2𝑚

• Modified Rogers’ Distance (Euclidean):  dMRD =
 𝑗 𝑥𝑗−𝑦𝑗

2

2 𝑚
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AA-AA or aa-aa = 0
Aa-AA or Aa-aa = 0.5
AA-aa = 1



Genetic distance is quite intuitive
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Provesti
distance



Breeding values from pedigree

54DOW RESTRICTED

Pedigree

A = 27 Missing E = 21

E = 27 C = 20 B = 27

B = 21 A = 25 Missing

Field map (line and its yield)

Example from Xavier et al. 2016 TAG, 129(10), 1933-1949 Mixed model equation (Henderson Model 3)



Using genomic information instead of 
pedigree to build the relationship matrix
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• There are many different methodologies, the resulting variance components may 
differ a little but the rank of breeding is expected to be the same. For example:

a. 𝐺 =
𝑀−𝑃 𝑀−𝑃 ′

2  𝑗 𝑝𝑗(1−𝑝𝑗)

b. 𝐺 =
𝑀𝑀′

𝑘

c. 𝐺 = 1 +
𝑀𝑀′

𝑚

d. 𝐺 = 1 −
 𝑗 𝑚𝑥𝑗−𝑚𝑦𝑗

2𝑚
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Xu S (2013) Mapping quantitative trait loci by controlling polygenic background effect. Genetics 195(4): 1209-1222.

Zeng ZB, Wang T, Zou W (2005) Modeling quantitative trait loci and interpretation of models. Genetics 169(3):1711-25.

𝒛 = 𝑐𝑜𝑑𝑒 𝟎, 𝟏, 𝟐 − 𝑚𝑒𝑎𝑛(𝑧)

𝒘 = 𝑐𝑜𝑑𝑒 𝟎, 𝟏, 𝟎 − 𝑚𝑒𝑎𝑛(𝑤)

Additive

Dominance

• PS. You can simply use the function G2A_Kernels( Genotypes ) from NAM



Example: G Matrices (from Xu 2013)
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• Matrix 𝐙 codes additive (-101) and the matrix 𝐖 codes dominance (010)



Example: G Matrices (from Xu 2013)
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• Below, we are estimating the additive and dominance relationships

• 𝐀 =
𝐙𝐙′

𝒌𝐚
, 𝐰𝐡𝐞𝐫𝐞 𝒌𝐚 = 𝐦𝐞𝐚𝐧 𝐝𝐢𝐚𝐠 𝐙𝐙′

• 𝐃 =
𝑾𝑾′

𝒌𝒅
, 𝐰𝐡𝐞𝐫𝐞 𝒌𝒅 = 𝐦𝐞𝐚𝐧 𝐝𝐢𝐚𝐠 𝑾𝑾

′



Example: G Matrices (from Xu 2013)
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• Below, we are estimating the epistatic relationships

• 𝐀 × 𝐀 =
𝐙𝐙′∘𝐙𝐙′

𝒌𝐚𝐚
, 𝐰𝐡𝐞𝐫𝐞 𝒌𝐚𝐚 = 𝐦𝐞𝐚𝐧 𝐝𝐢𝐚𝐠 𝐙𝐙′ ∘ 𝐙𝐙′

• 𝐀 × 𝐃 =
𝐙𝐙′∘𝑾𝑾′

𝒌𝐚𝐝
, 𝐰𝐡𝐞𝐫𝐞 𝒌𝐚𝐝 = 𝐦𝐞𝐚𝐧 𝐝𝐢𝐚𝐠 𝐙𝐙′ ∘ 𝑾𝑾′

• 𝐃 × 𝐃 =
𝑾𝑾′∘𝑾𝑾′

𝒌𝒅𝒅
, 𝐰𝐡𝐞𝐫𝐞 𝒌𝒅𝒅 = 𝐦𝐞𝐚𝐧 𝐝𝐢𝐚𝐠 𝑾𝑾′ ∘ 𝑾𝑾′



Follow up & remarks
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Successful selection with or without genomic tools is obtained 
with the proper combination of strategy-data-method
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As the selection stage advances within a breeding cycle, the contribution from 
more and better phenotypic information overweight genomic information
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