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Genomic accuracy depends on… what? 

• Starting points for the discussion diverge among people
• Simulations, 𝑁𝑒, 𝑀𝑒, LD, relationships, 𝑛, ℎ2, …

• Historically:
• Forefathers of animal breeding assumed large populations and infinitesimal 

genomes:
• Selection index on “unrelated” candidates to selection

• Relationship matrix

• BLUP

• This leads to meaningful estimates of accuracy from a few parameters.

• Can we reach a similar consensus?
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What you can achieve with theory

Selection index
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BLUP

Pseudo-BLUP



Four “horsemen” that “ride” genomic selection

• Simulations

• Linkage disequilibrium

• Relationships

• Effective number of segments

Everyone agrees that these are important notions
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Simulations (1/2)

We rely too much on simulations as substitute for theory …and we do 
very poor simulations

• Genes are not QTN: biallelic, single nucleotide polymorphisms

• Genes have coding parts, deletions, enhancers, promoters

• Genes are multiallelic with “fuzzy” locations (PRNP, 𝛼𝑠1 casein…)

• Mutations are not the same across breeds

• Genes interact !!!!

• Genes mute
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Eight known mutations of the BMP15 gene

Exon 1 Exon 2

Mature protein

Intron

Lacaune    :        C 321 Y

Inverdale     :        V 299 D

Hanna           :      Q 291 term

Galway             :        T 239 term

Belclare  :        S 367 I 

Rasa aragonesa      : D6aa 154C : Cysteine

Y : Tyrosine

V : Valine

I  :  Isoleucine

S : Serine

D : Aspartic Acid

Olkuska     :    N 337 H 

Grivette        :        T 317 I 

Homozygous status

S : sterile

O : hyper-ovulating

S S O SSS OS

Slide by Loys Bodin



7Hashibe et al. (2008)

https://doi.org/10.1371/journal.pgen.1005765.g003

GxG

GxG GxE

More 
than 
QTN

Carlborg, Örjan, et al. "Epistasis and the release of genetic

variation during long-term selection." Nature genetics 38.4 (2006): 

418.

https://doi.org/10.1371/journal.pgen.1005765.g003


Simulations (2/2)

From simulations, we had the following “fake news”

• Additive variance diminishes quickly (but mutation, dominance, 
epistasis refill)

• Across-breed predictions are possible (but gene substitution effects 
depend on background, environment)

• Sequence is more accurate than SNP chips (but it has high 
redundancy and genes are not QTN)

• Bayesian regressions are better than GBLUP (most often they’re not)
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Linkage disequilibrium (1/2)

• We don’t have consensual global statistics to describe
• the relationship between LD and accuracy in a population

• Reduction of genetic variance due to LD (i.e. Bulmer effect)

• All that we have is those pairwise 𝑟2

• Do we need n-loci statistics or higher moments?

• Can we correlate LD measures with genomic accuracy?
• Maybe not
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• High LD phase agreement…

• But it does not result in higher accuracy
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Legarra et al. 2014

<10 kb ~250 kb



Linkage disequilibrium (2/2)

• Mental model of Bayesian regression: there will be at least one SNP 
in complete LD with the QTL
• Maybe, but then there will be many SNP in almost-complete LD

• Mental model of GBLUP: does 𝒁𝒁′ ≈ 𝑸𝑸′?

• Is any of these models correct? To what extent?
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Relationships (1/2)

Several definitions not easy to conciliate

Probabilistic: assuming an unrelated base population (which one ?)

• Expected IBD relationships conditional on the pedigree (A)

• Real unobserved IBD relationships ( 𝑹)

Statistical: using cross-products

• VanRaden’s 𝑮 (base population is whatever we use in 𝑝)
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Pedigrees go back in time “forever”

13ISAG 2017 | 16th - 21st July 2017, University College Dublin, Ireland58 |

GBLUPs Me, GBLUPs Me Not: Marrying Molecular Biology and Statistical Genomics

Pedigromics

Holstein pedigree of ~55K trios: Five 
‘largest’ sires (yellow) with 2,352 dams 

(red) and 7,073 progeny (green).

Courtesy: A Canovas (U of Guelph)

A closed rabbit line of 45 discrete generations: 
934 sires (yellow) with 1,950 dams (green) and 

3,492 progeny (red).

Courtesy: A Legarra (INRA), M Baselga (Valencia)

All G-matrices are equal

Universidad Politécnica de Valencia, Spain



Relationships (2/2)

We advertise the unified theory of relationships based on metafounders

• 𝑮 = crossproduct of 𝑍 = {−1,0,1} is the absolute reference (Christensen, 2012)

• As a byproduct, pedigree base populations are related 

• Other options?
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Relationships within/across Genetic Groups , 
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Effective number of segments (𝑀𝑒) (1/3)

• 𝑀𝑒 describes the “non infinitesimallity” of the genome

• If 𝑀𝑒 = ∞ (infinitesimal) then  𝑅𝑖𝑗 = 𝐴𝑖𝑗 and 𝑉𝑎𝑟  𝑅𝑖𝑗 − 𝐴𝑖𝑗 = 0

• If 𝑀𝑒 = 1 (single locus) then 𝑉𝑎𝑟  𝑅𝑖𝑗 − 𝐴𝑖𝑗 = 4 𝜙𝑖𝑗,𝑖𝑗 − 𝜙𝑖𝑗𝜙𝑖𝑗

• To me, 𝑀𝑒 is a parameter of the population like ℎ2

• To other people (Lee, Wientjes) this is data specific: an empirical 

quantity 
1

𝑣𝑎𝑟 𝐺𝑖𝑗−𝐴𝑖𝑗
or 

1

𝑟2
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𝐺𝑖𝑗 − 𝐴𝑖𝑗
2

increases according to theoretical 

equation 4 𝜙𝑖𝑗,𝑖𝑗 − 𝜙𝑖𝑗𝜙𝑖𝑗 based on pedigreey-axis: observed 𝐺𝑖𝑗 − 𝐴𝑖𝑗
2

x-axis: expected  𝑉𝑎𝑟  𝑅𝑖𝑗 − 𝐴𝑖𝑗 for 1 locus



Effective number of segments (𝑀𝑒) (2/3)

Paradoxes of data specific 𝑀𝑒; for 2 generations (Hill and Weir 2011) :

• 𝑀𝑒 = ∞ between father and offspring

• 𝑀𝑒 = 636 for fullsibs, 

• 𝑀𝑒 = 318 for halfsibs and 

• 𝑀𝑒 = 503 for cousins

I’d rather prefer a population parameter from which to deduce these 
values…

17



Effective number of segments (𝑀𝑒) (3/3)

Can it be a population parameter?

• The distribution of segments from an ideal infinite base population is 
described by the theory of junctions, too complicated 

• Segments should be created by meiosis and disappear by drift

• Is there an equilibrium?
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An attempt to conclude

• Simulations are misleading

• LD is not well quantified

• What do we mean by relationship?

• Can we better define 𝑀𝑒?

• We animal breeders should make an effort to clearly define concepts

• Lack of formalization leads to improvisation and misunderstanding

• Lack of agreement leads to disparate conclusions
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