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Breeding: a source of genetic diversity?

Restoux, 2023

Improvement genes
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Breeding redistributes diversity

Sled dog society of Wales ©
Leroy
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Genetic diversity management : Why and How

!"# = 2&'(# with    2&' = 2&)') 1 − , and so !"# = 2&)')(# 1 − ,
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Genetic diversity, Inbreeding and its consequences

2018
2019

Croquet et al., 2006

Leroy, 2014
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The genetic load

• Continuous accumulation of 
mutations

• Deleterious

• Recessive

• Low frequencies in the 
population (~mu)

• Segregate and hardly eliminated 
in absence of inbreeding

• Fixed and segregating mutations -
> genetic load (heterosis vs ID)
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Bovine Leucocyte Adhesion Deficiency (BLAD)

Healthy carrier bulls
Healthy carrier cows
Affected calves
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Combination of genetic load and inbreeding

Charlesworth & Willis, 2009 Restoux et al., 2009
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Management of inbreeding depression

Inbreeding depression is the expression of genetic load through inbreeding. 

Thus, two options are possible :

1. Avoid inbreeding
a. Estimate inbreeding
b. Set a breeding scheme to limit it

2. Reduce / control inbreeding load
a. Evaluate inbreeding load
b. Set a breeding scheme to reduce it

Charlesworth & Willis, 2009
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European local dairy cattle breeds

Abondance
46 810 females

Tarentaise
17 269 females

Vosgienne
5 363 females

MRY
8 068 females

Norwegian Red
175 975 females
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The impact of genomic selection
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Context: Progeny testing (pre GS)

Candidate 
sires for 
selection

Testing station

EBV

Marketed bulls

Evaluation

Selection
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Context: Genomic selection rationale

Evaluation
Selection

Genotyped 
candidates

Marketed bulls

Reference population 
(genotypes + performances)

Evaluation
GEBV
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Potential impact of GS

Decrease of generation 
interval Increase of # candidates

Genetic Diversity
?

- +
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Decrease of generation interval
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Changes in the use of sires
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More balanced use of sires
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Pedigree-based kinship/inbreeding evolution
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Molecular-based kinship/inbreeding evolution
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Main results

• Massive decrease in generation interval

• Inconsistent impact on the number of sires used

• But more balanced contributions of each of them

• No major change in inbreeding rates

• Mainly due to old inbreeding (probably less deleterious)

• Genomic selection itself is not the main driver of diversity evolution 

• Management associated to it and its implementation is the key
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Managing inbreeding

Max ΔG | ΔF

Min ΔF | ΔG

(cf Geronimo WP3 / RUMIGEN WP4)



GEroNIMO and RUMIGEN Joint Final Event

Genetic modeling

• Deleterious (negative effect)

• Recessive (dominance effect)

• Low frequencies in the 
population (~mutation rate, !)

• Segregate and hardly eliminated 
in absence of inbreeding
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Main rationale

Genotype / Allele Dosage (# allele A)
(BB) /0 (AB) / 1 (AA) /2 

GAA GAB

GBB

Inbreeding load:
1. Deleterious
2. Recessive
3. Rare

Context:
No access to whole genome
LD between causal and neutral SNPs

To consider:
Avoid confounding effects between SNP 
under scrutiny and individual level in:
• Breeding value level
• Inbreeding

Restoux et al., in prep

Charlesworth & Willis, 2009
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Global inbreeding depression

!" = $ + &"'( + )" + *" (M0)

Global effect of (pedigree) 
inbreeding on the phenotype

Milk yield
Quté Lait

Fat yield
MG

Protein
yield
MP

Fat 
percent.

TB

Protein
percent.

TP
SCS

R12 
Abondance

Favour, 
NS

Unfavour.
NS

Favour.
NS

Unfavour.
Signif

Favour, 
NS

Favour, 
NS

R31 
Tarentaise

Unfavour.
Signif

Unfavour.
trend

Unfavour.
trend

Favour, 
NS

Favour, 
NS

Favour, 
NS

R57 
Vosgienne

Unfavour.
Signif

Unfavour.
Signif

Unfavour.
Signif

Unfavour.
Signif

Unfavour.
NS

Unfavour.
NS

Significant effect trend effect Non significant effect

Favourable effect Unfavourable effect

Unfavourable effect of global inbreeding on phenotype observed for some traits 
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Detection of genetic load regions

Model M1 Model M2

Without IBD consideration With IBD consideration

Additive Effects

Dominance Effects

Impact on global 
inbreeding depression
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Remove these mutations?
Purging ?

Too costly -> Needs large population
Welfare impact

Dussex et al., 2023
Weighting  ?

Mating plan level
If too numerous could affect selection efficiency

Considering other relationship matrices  ?

Which ones ?
Addverse effects
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What about genome editing?
• Need to edit many positions to be efficient

• Need to edit many individuals

• Promotion of few edited sires
• Same problem than with ‘star system’

• Edited animals should not become the gold 
standard at the expense of non-edited ones 

-> Same issue than with local breeds

• We need to include the diversity question into our 
room of acceptance for this biotechnology too (cf
Rasmus talk).

• A new technology is not good or bad per se, it 
depends on how we use and implement it into the 
field
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Recommendation

Characterize / Monitor

Conserve

Value / Use

Levels of genetic diversity

• Which kind of genetic diversity?
e.g. Improvement, neutral, rare, commons, deleterious…

• What about phenotypic variability ?
cf GxE, Landscape genomics, resistance genes…

Conservation programs

• Avoiding inbreeding
• Maintaining genetic diversity (adapted OCS, cf Theo’s talk)
• Remove deleterious alleles (weighting SNP, cf WP8 RUMIGEN)
• Reintroduce genetic diversity (cryobanking)

Breeding programs

• Balance genetic gain and conservation of genetic diversity 
on both short and long term

• …
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Genetic load : « unfavourable effect of being homozygous on a local 
segment » à model #2 : use ROH information

!" = $ + &"'( + )" + *1", *2", *4", *5",

011,∗
0112,∗
022,∗
0222,∗

+ 3",

012, = reference = 0

11

12 2211R

22R

011,∗

011R,∗ 022,∗

022R,∗ roh22

roh11

011,∗ = 011, − 012,
011R,∗ = 0112, − 012,
022,∗ = 022, − 012,
022R,∗ = 0222, − 012,

*1", *2", *4", *5", = 1 0 0 0 for genotype 11 not in ROH segment at variant k
= 0 1 0 0 for genotype 11 in ROH segment at variant k
= 0 0 1 0 for genotype 22 not in ROH segment at variant k
= 0 0 0 1 for genotype 22 in ROH segment at variant k
= 0 0 0 0 for genotype 12 at variant k

First idea  :
à search for variants with significant unfavourable

789ℎ11, or 789ℎ22, effects ?
i.e. unfavourable effect of being locally homogeneous ?

)"~<(0, ?@A)



Genetic load : « unfavourable allele hidden by recessive determinsm »

!" = $ + &"'( + )" + *"+,--+ + -"+-./+ + 0"+
where )"~2(0, 678)

*"+= genotype (nb of alleles 2) carried by animal i at variant k
-"+ = covariable for dominance for animal i at variant k

Genotype at 
variant k *"+ -"+

11
12
22

0
1
2

0
1
0

11 12 22

2*add

dom

&" = pedigree inbreeding coefficient of animal i

,--+= additive effect of variant k
-./+ = dominance effect of variant k
'( = global inbreeding effect on phenotype

add effect < 0
Unfavourable additive effect of allele 2 on the phenotype

dom effect > 0
The unfavourable allele 2 carried by heterogeneous
individuals is « hidden »

à model #1 = additive + dominance



à Introducing ‘add_bis’ and ‘dom_bis’ effects from contrasts between estimated effects 
à Take advantage of the (likely) better LD between markers and CM in ROH segments (no recombination)

11

12
2211R

22R

!11#∗

!11R#∗ !22#∗

!22R#∗ 2*add_bis

dom_bis

'((_*+,# = 0 −0,5 0 0,5
!11#∗
!112#∗
!22#∗
!222#∗

(34_*+,# = 0 −0,5 0 − 0,5
!11#∗
!112#∗
!22#∗
!222#∗

à Search for variant with significant 5'((_*+, and 5(34_*+, effects & favourable 5(34_*+, effect

= variant with unfavourable recessive determinism

à model #2 : better estimation of additive and dominance effect ? 

NB : 67,6_,6'6+,6+8# =
59::9;<=

><?_9@@=

May be larger if 
higher LD with
CM ?

Larger because
less observations



Evaluate the contribution of SNP to total inbreeding depression
!" = $ + &"'() + *" + +"),--) + -")-./) + 0") (M1)

!" = $ + &"'1) + *" + 21") 22") 24") 25")

711)∗
7119)∗
722)∗
7229)∗

+ 0") (M2)

!" = $ + &"': + *" + 0" (M0)

à run M0 model (i.e. without any variant) à ;': ( and PEV( ;':) )
run GWAS with M1 and M2 models à for each variant k, get ;'() and ;'1) ( and PEV( ;'()) & PEV( ;'1)) )

Assuming that global Inbreeding effect ' ≈ S
all genomic

segments

(local inbreeding effect of a genomic segment)

à shouldn’t a variant associated with a local genetic load effect « absorb » a portion of global Inbreeding effect ' ?

?

?

If ;': < 0 :  ?@A_C,DE) = ;FGH;FIJ
;FG

∗ 100

If ;': > 0 :  ?@A_C,DE) = H(∗( ;FGH;FIJ)
;FG

∗ 100
For m	= 1 and 2 :

?@A_C,DE) > 0  ↔ variant k explains a portion of 
global unfavourable inbreeding effect

à sign of local inbreeding
depression ??@A_C,DE) < 0  ↔ sign of local inbreeding favourable

effect ?


