
So	far:	
*	Using	predicted	breeding	values	as	selection	criteria	to	find	parents	of	future
generations	using	all	available	phenotypic	information	together	with	pedigree
relationships.
*	Used	linear	mixed	effect	models	to	get	to	predicted	breeding	values

Traditional
approach

use	marker
information	on
a	large	scale
to	predict
breeding
values

no	marker

Making	selection	decisions	to
find	parents	of	future	generation
based	on	genomic	breeding
values.

Shift	in	paradigm,	mainly	in	cattle
breeding



*	Meuwissen	et	al.	(2001):	How	to	use	total	genotypic	values	for	prediction	of
breeding	values.	
*	Genotypic	values	(V_{ij})	for	a	single	locus	model:	with	values	

By	consequently	basing	selection	decisions	on	genomics	breeding	values,
costs	of	a	cattle	breeding	program	could	be	reduced	by	about	90%

accurate	predictions	at
very	young	ages

Cattle:	As	soon	as	calf	is	born,	a	hair	sample	taken	and	is	sent	to	the	lab	and	after	2-4	weeks,	genomic
breeding	values	are	available.	Reliabilities	range	between	30-50%



Animal	i:

Explanation:	when	going	from	one	locus
to	many	loci

For	allele	frequencies	that
considered	to	be	constant

Reason	for	linear	mixed	effect	models

The	idea	of	Meuwissen	allows	to	use	fixed	linear
effect	models





traditional

selection

genomic	selection

shorten	generation
interval







Linkage	disequilibrium
Pairs	of	Marker-QTL	alleles	that	are	more	frequent
than	expected	by	random

Genotypes	and	positions	are	known

unknown





fixed	effect



Recap	2022-12-09:
*	Genomic	Selection:	Selection	process	based	on	predicted	breeding	values	using
genomic	information
*	Genomic	(as	opposed	to	genetic)	is	used	when	marker	information	that	is	used	is	evenly
spread	across	the	whole	genome.	

Statistical	Models
*	Fixed	linear	effect	model	==>	estimates	of
"Marker-effects"
*	Marker-effects	correspond	to	a-values	from
single	locus	model
*	Genomic	breeding	values	from	summing	up
the	marker	effects	that	correspond	to	the
genotypes	of	a	given	animal.

Problem:	Too	many	effects	to	use	least	squares	in	a	simple	Regression	model.



Marker-effect
(a-value)	for
SNP	1Code	for	the

Genotype	of
animal	i	at
SNP1

Genotypic	values	in	1-locus	model

Problem:	Too	many	effects	to	use	least	squares	in	a	simple	Regression	model.
*	Already	Meuwissen	et	al.	(2001)	already	realized	that	problem,	they	proposed:	
>	First	run	a	single	marker	GWAS



Least	Squares:	

Because,	k	>>	N,	the	Matrix	

Possible	solutions:	
*Replace	least	square	with	LASSO
*Use	mixed	linear	effects	models	with	the	marker	effects	as
random	effects.

Solutions	are	obtaine	with	MME



Breeding	Value	based	model
*	Mixed	linear	effect	model

Solutions	are	obtained	via	MME
Traditional	BLUP	Animal	model,	vector	of	breeding	values:	u

Genomic	breeding	values:	g

genomic	relationship	matrix



direct	genomic
breeding	value,
corresponding	to
the	sum	of	all
genotypic	value
across	all	SNP



Marker	effect	model:	
*	Result	will	be	marker	effect	for	every	SNP	==>	vector	

*	Goal:	Genomic	breeding	(g)	value	from	Marker	Effects	q:



Currently	used	in	cattle	breeding

markers



Two	Step	in	practice:
*	Reference	population	of	animals	with	predicted	breeding	values	using	BLUP	animal	model	with	a	high
reliability	(>	0.35	-	0.5)
*	For	animals	in	the	reference	population,	we	have	marker	information	and	observations	are	available
*	Since	the	reference	population	consists	of	mostly	male	animals,	the	observations	are	based	on	de-
regressed	traditional	breeding	values
*	De-regression	is	the	transformation	of	the	variability	from	the	scale	of	the	predicted	breeding	values	back
to	the	scale	of	phenotypic	observations.	
*	Three	times	a	year	(April,	August	and	December)	marker	effects	are	estimated	using	the	reference
population	data.

*	For	new-born	animals,	hair	samples	are	sent	to	the	Lab
*	DNA	is	extracted	and	the	genotypes	at	all	marker	positions	are	determined
*	The	marker	genotypes	together	with	marker	effects	are	used	to	predict	direct	genomic	breeding	values,
as	shown	before
*	Done	every	2	weeks

+	Procedure	works	well.	
+	As	a	consequence	many	selection	decisions	can	be	taken	base	on	young	animals.	
+	This	allows	to	shorten	the	generation	interval	(from	5-7	years	down	to	2	years)
+/-	In	the	long	run,	not	so	many	bulls	are	going	to	be	progeny	tested	anymore	==>	reference	population
does	not	grow	anymore	
-	animals	in	reference	population	are	getting	older	and	further	away	from	the	current	breeding	population
with	a	negative	effect	on	the	accuracy	of	marker	effects	estimates.	
-	heavily	dependent	on	the	reference	population.	
-	As	soon	as	all	male	animals	are	genotyped,	new	data	can	only	come	from	cow	genotypes.	But	since
their	reliability	is	seldom	high,	they	are	not	considered	in	the	reference	population.





BVM

Solutions	for	g	will	be	obtained	by
Mixed	Model	Equations



So	far:	Breeding	Value	Based	Model	using	a	single	step	procedure	is	only	applied	to	a
population	with	complete	marker	information	and	observations	for	all	animals.	



reference	polulation

young	animals

young	animals



Same	partitioning	for	vector	g





In	Summary,	so	far:

*	Direct	genomic	breeding	values	based	on	MEM:	
1.	estimate	Marker	effects	==>	q
2.	Use	q	together	with	marker	genotypes	to	get	genomic	breeding	values

==>	Two	step	procedure	with	an	additional	advantage:	not	dependent	on	genomic
relationship

*	Breeding	value	based	model	in	a	single	step	procedure
*	Linear	mixed	effect	models	to	predict	directly	predict	genomic	breeding	values	for	animals
with	and	without	observations.	
*	Solutions	were	obtained	from	Mixed	Model	equations	which	depend	on	Genomic
Relationship	Matrix	G

==>	How	to	compute	G?



genetic	variance	expalined
by	all	SNP	markers



vector	of	marker
effectsgenomic	breeding	value	for	animal	i

Genotype-code	for	animal	i	at	SNP	position	1,	can	either	be	-1,	0	or	1

*	diagonally	dominant,	==>	in	general,	diagonal	elements	should	be	larger
than	off-diagonal	elements
*	some	degree	of	sparsity,	==>	many	off-diagonal	elements	are	close	to	0

necessary	conditions	that	G	is
non-singular,	that	means	that	an
inverse	of	G	exists



numerator	relationship	matrix



Identiy	by	descent	(IBD):	based	on	common	ancestry	defined	in	the	pedigree

Identiy	by	state





is	unknown,	question	is	how	should	matrix	U	look	like	such	that
desired	properties	of	g	are	fullfilled.





Genotype	codes	for	animal	i:	
G1G1:	1
G1G2:	0
G2G2:	-1

genomic
components
of	observation
y	for	animal	i





genotype	codes



Variance	of	marker	effects,	assumed	to	be	given
genetic	variance
based	on	genomic
breeding	values

variance-covariance	matrix	of	marker
effects



Allele
frequency	of
SNP	j

Solve	for	G:	





Genotype	codes	obtained	from	SNP
data

In	practice:	
*	The	computed	matrix	G	is	often	singular	==>	cannot	be	inverted.	
*	G	can	be	approximated	by	G*	=	G	+	0.01	*	I	or	G*	=	G	+	0.01	*	A
*	G*	can	be	inverted	and	is	used	in	the	Mixed	model	equations.



BVM	is	a	linear	mixed	effect	model	using	genomic	relationship	matrix	G.
G	is	computed	as	shown.


