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Introduction
Genomic Selection as Breeding Standard

Genomics to predict breeding values is now standard in animal breeding
I Adopted in pretty much all species
I Mature and effective machinery for the prediction of GEBV

In dairy > 6 million individuals have genotype information.
I Their genotypes not fully integrated or exploited

Opportunity to incorporate population/herd management at the genomic
level.
I Purebred:

I Management of Lethal and Sub-Lethal Mutations.
I Functional Inbreeding Depression.
I Genetic Diversity.
I Breed/Population divergence.
I Optimal Matching of Genomes.
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Inbreeding in Dairy Cattle

The accumulation of inbreeding is unavoidable:
I Intense directional selection
I High variance of reproductive success
I Use of BLUP and truncation selection

Inbreeding "can" reduce the mean value of a trait
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How genomic selection influences inbreeding

I The rate of inbreeding per year increases due to shortening
of generation interval

I The rate of inbreeding per generation decreases because
MS is better assessed

I The rate of inbreeding per generation decreases because a
larger pool of genotypes can potentially be sampled

All of these are true but the "net" effect is a faster
accumulation of homozygosity in the population
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How genomic selection influences inbreeding

1
1CDCB, 2022
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What does Inbreeding Measures
And why do we care
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Inbreeding

The probability of 2 random alleles at the
same locus from 2 gametes which unite to
be IBD from a common ancestor Crow and
Kimura, 1970

genotype Frequency Genotypic Value
A1A1 R11 = p

2(1 � F ) + pF a

A1A2 2R12 = 2pq(1 � F ) d

A2A2 R22 = q
2(1 � F ) + qF �a

The mean of the inbred population will therefore
be:

µF = a(p � q) + 2d(1 � F )pq

The reduction in the population mean due to inbreeding �2pqFd :
https://www.overleaf.com/project/5d09064c0cb8bb7af1c4c8e8
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Inbreeding Depression

2
2from Charlesworth Hill 2009
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Genetic Variance Under Inbreeding

The total genetic variance in the populaton following inbreeding is (Weir and Cockerham,
1977)

VGF = (1 + F )VA + (1 � F )VD + 4FCAD + FVH � F
2
DH

where VA and VD are the additive genetic and dominance variances in the base population (F = 0).

CAD =
X

i

Pi↵i�ii ,VH =
X

i

Pi�
2
ii ,DH = (

X

i

Pi�ii)
2

When dominance variance is zero,
VAF

= (1 + F )VA

Under correct conditions inbreeding may have advantages for selection because the variance of
breeding values is increased.
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OK then. How Much Dominance is there then?
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OK then. How Much Dominance is there then?

3

VGF = (1 + F )VA + (1 � F )VD

3CDCB, 2019
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Primary Question

I How can two individuals with similar breeding value be
further discriminated on the basis of genomic diversity and
fitness

I How should we do breeding balancing short and long term
gains as well as fitness and overall variability?
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Primary Question
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Removing Recessive Load
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Determining Inbreeding Depression Based on Dominance Es-
timates

Finding Dominance is not easy:
I The proportion of the genetic variance at a causal variant that is captured by markers

is ⇢2 ( correlation between SNP and causal variant) for additive variance and ⇢4 for
dominance variance 4

I Independence between additive and dominance effects does not hold in reality 5

I Given the directionality of dominance, the a priori dominance effect of a gene should
be positive so we account for it with inbreeding 6

4Zhu et al 2015
5Huang and Mackay 2016
6Xiang et al. 2016

Christian Maltecca |



16

Removing Recessive Load
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Is Inbreeding still a useful Measure?
Yes it is
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How do we measure inbreeding

I Pedigree Based Inbreeding
I Expected probability of IBD
I Underestimate true inbreeding coefficient

I Genomic Based Inbreeding
I Realized proportion of genome IBS
I Approximate IBD probability

I ROH Based Inbreeding
I Estimate local (recent) autozygosity
I Approximate IBD probability

I HBD Based Inbreeding
I Estimate local autozygosity
I Models IBD probability
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Pedigree vs. Genomic Inbreeding
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Pedigree and Genomic Relatedness
Definition and advantages
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Not all Inbreeding is Created Equal
Inbreeding Load
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Not all Inbreeding is Created Equal
Inbreeding Load
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Characterizing Local Inbreeding
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ROH
Definition and advantages

a

aBaes, 2018
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Identifying and managing inbreeding at the global and local
level with the use of genomic information
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ROH and related
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Optimal Contribution Selection
ROH
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https://jeremyhoward.github.io/Geno_Diver_Website/index.html
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Optimal Contribution Selection
ROH
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Optimal Contribution Selection
ROH

Christian Maltecca |



30

Optimal Contribution Selection
ROH
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Optimal Contribution Selection
ROH

7
7Cole, 2019
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Mating Design
Local Inbreeding

a

aCole, 2019
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Mating Design
Local Inbreeding
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Mating Design
Local Inbreeding
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Mating Design
Local Inbreeding
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Mating Design
Local Inbreeding
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HaploFinder
Inbreeding Load
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HaploFinder
Inbreeding Load
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Inbreeding offset
Inbreeding Load
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Inbreeding offset
Inbreeding Load
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Characterizing Age of Inbreeding
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Identify Homozygous by descent
Characterizing HBD segments and age related autozygosity

I HBD happens when individuals inherit copies of ancestral
chromosome

I Copies are inherited through different patterns
I The length of HBD depend on the number of generations

and the population structure
I Inbreeding can then be divided into different age classes

and these related to the overall depression load based on
their age8

8Druet, et al. 2017
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HBD
Characterizing the population through HBD
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HBD
Characterizing the population through HBD
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HBD
Characterizing the population through HBD
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Integrating Global And Local Measures of Inbreeding

Near future
I Characterization annotation of

haplotypes
I Refining HBD structure

Mid future
I Validation of haplotypes in larger

populations (across breeds)
I Implement ILM for validated haplotypes

EBVc0 = EBV � �0FP

EBVc1 = EBV � �1FG

EBVc2 = EBV � �1FGhbd1
...� �nFGhbdn

EBVc3 = EBV��1FGhbd1
...� �nFGhbdn

� �n+1FILM
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It’s Complicated



Managing Diversity (minus the logistics)

Genetic 
Load

Selection 
Limits

Mutation 
load

Inbreeding 
load

Standing 
Variation

Genetic 
Architecture

Operational 
models

Variance 
conversionSelection, Purging

Variation
Deployment

We are all going to die

There’s nothing left to select



Mutation 
load

Inbreeding 
load

Selection, Purging

Genome wide homozygosity measures are bad indicators of genetic load
• We use them because we struggle to identify (sublethal) deleterious 

variants
• Genetic architecture is a direct function of the selection process

• How much directional dominance there is in dairy cattle is still an 
open question 

Genetic Load

We often assume that purging is not happening or not fast enough
• Dairy populations are under strong indirect and direct selection for 

“functional fitness”
• Fitness it’s hard to define and quantify on the field

Inferring genomic architecture of inbreeding from breeding 
populations is more complicated than for additive variation
• It is not economically feasible to conduct selection 

experiments in dairy
• Some of these questions cannot truly be answered 

retrospectively

• Increase focus on deep phenotyping
• Increase integration of functional annotation
• Increase numbers of genotyped individuals
• Refine analysis tools
• Integrating of model organism approaches
• Investigating the potential advanced technologies
• Data sharing 

On the short-term homozygosity will remain an issue best managed trough logistic structuring of the breeding process 



Genetic 
Architecture

Operational 
models

Variance 
conversion

Genetic Diversity

http://mooselab.cropsci.illinois.edu/longterm.html#:~:text=In%201896%2C%20University%20of%20Illinois,of%20grain%20protein%20or%20oil.

Johansen et al., 2010 Genome wide effect of long-term divergent selection DOI: 10.1371/journal.pgen.1001188





Genetic recombination is usually considered to facilitate adaptive
evolution. However, recombination prevents the reliable
cotransmission of interacting gene combinations and can disrupt
complexes of coadapted genes. If interactions between genes
have important fitness effects, restricted recombination may lead
to evolutionary responses that are different from those predicted
from a purely additive model and could even aid adaptation.



Future Direction
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Removing Recessive Load
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