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Chapter 13

The animal model and selection
Julius van der Werf

I ntroduction

Theimportant genetic properties of the BLUP and the animal model are due to the use of the Numerator
Reaionships Matrix (NRM), i.e. isthe matrix with additive genetic relationships between animads. This
matrix was originaly used by Henderson to account for covariances between random effects, and
therefore to use information from relatives in estimation of breeding vaue. However, important
quantitative genetic properties such as accounting for selection over generations and accounting for
inbreeding were reveded later. The essenceis that the relationship matrix contains dl information about
the flow of genes through the population. It so dlows an explicit dissection of genetic variation due to
having different Sres and/or dams, or due to differences from Menddian sampling

This chapter will discuss some more genetic properties of BLUP EBV’'s, especidly in relaion to the
NRM.

Usudly, gatistical models assume random sampling of random effects, as otherwise, predictions and
estimates of variance components would be biased by sdlection. So how can we use BLUP procedures
for esimating breeding vaues, based on data where the whole purposeisto use highly sdected
individuals? And not only will we collect records on sdected animals, aso the variance among a group
of individuas changes dradtically after selection, and genetic variances in populationsis reduced as a
result of selection. Since these changes are Sgnificant and immediate, it is important that the models that
we use for genetic evauation and for prediction of response have the ability to account for such
sdlection. Fortunately they do, provided that the
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and the equation for anima 6:
ﬁ]"'61991 - %02 +%ﬁe =270
> 06 :%(270 - M- l31991) + %02

> 06:%(270_ m- 61991' %ﬁz)+%02

Therefore, the breeding value of animd 6 is estimated as a deviation of her phenotypic record from the
expected mean and from her dams breeding value. The expected mean isthe sum of dl fixed effects plus
the family mean. Since anima 6 has only one parent known, we take the deviation from one parent only
(haf sb family mean) and the weighting factor is the regresson of the within half sb family deviaion on
the within haf db family breeding vaue.

The variance of the within half gb breeding value is 0.75 times the genetic variance. The weight is
therefore equal to the following regression coefficient

Cov(uwhsf '(y - yhsfrrean)) — %Ss - %hz :9/
var(y - yhsfmean) S: +%S§ 1- h? +%h2 7

We can do the same thing for animal 5:

m+ b1991

-0, - 0, + 30, =301
20, =4 (301-m-b_ )+ (0 +0)
5 3 1991 3 1 2
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905 :%(301' m- b1991 - %(01 + l"]2)) +%(01 +02)

The breeding vaue of animd 5is aso estimated as a deviation of her phenotypic record from the
expected mean and from the mean of his parents breeding values. The expected mean is again the sum
of dl fixed effects plus the family mean. Since animd 5 has both parents known, we take the deviation
from the full b family mean and the weighting factor is the regresson of the within full Sb family
deviation on the within full b family breeding vdue.

The variance of the within full sb breeding vaue is 0.5 times the genetic variance. The weight is therefore
equd to the following regression coefficient

Cov(uwhsf v(y' yfsrmsan)) — %S; = %hz :}/
Var(y = Y o) si+%s; 1-h*+Jon °

Writing out the equation for animal 2 who is a parents with progeny:

M+ by + %50, +17£0, - G - 940, =251
20, = %7(251- m- b, ) - %701 + 670+ %706

S 02 :%7(251_ M- Dog0) +%7(CI5 - }/201)*'%706

Hence we see that the breeding value for anima 2 is estimated from her own record as deviaion from
the fixed effects (we have no family mean since she has no parents known), and from the estimated
breeding values of her progeny.

Notice that the breeding vaues are corrected for the other parent (i.e. there's a correction for the mate),
if the mate is known. In this case, the EBV of animd 5 is corrected for the contribution of hissre.

The weights for animal 2 are not very easy to recognize, but they are the same as sdection index
weights. We can check this by smplifying a bit the example, and ignore anima 5 as a progeny.

If animd 2 had only one progeny (animd 6), than her BLUP equation would look like

0, =6/, (251- m- by,) +4,4,

but we saw earlier how the breeding value of animd 6 is estimated, therefore:

>0, =6/, (251- m- b,,) +4,[3(270- m- by, - ¥0,)+ 1)4,]

>0, :%4(251' M- by, ) + %9(270- M- bg,) +%9 0,
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> l32 = %5(251' m- b1990) + %5(270' m- b1991)

and the two welghts can be found exactly by sdection index to estimate the breeding vaue of an anima
based on her own and her progeny’ s phenotypic record using a heritability of 0.5. This again shows that
BLUP uses the same weights as sdection index. The difference is that the means (fixed effects) are more
properly corrected for.

BLUP accounts aso for possible genetic differences. It takes deviations from expected genetic means,
and the EBV is regressed towards the expected genetic mean. This expected genetic mean isin most
cases the family mean. Thisis an illugtration of aimportant properties of BLUP:

- It corrects for selection.
Since the better parents have usually (more) off spring, we expect that the average breeding value goesup in
later generations (in case of selection).

- The genetic trend is estimated from the average EBVs over time, i.e. the EBV s are plotted against
the birth year of the animals.

Breeding values are estimated as a deviation of _the phenotypic record from the expected mean and
from the mean of his parents breeding values. Hence, they are estimated conditiond on the parenta
breeding vaues. The regresson coefficient is based on the within family variance (genetic over totd).

For one parent known thisis ¥a/a/(Vet %V ), and for two parents known thisis %2V a/(Vet %2 V).
Offgpring within families will be estimated unbiasedly againgt each other, aslong as al, and not a selected
group of offspring gets evauated. The family mean will be estimated from parents EBV, and thiswill be
unbiased in its turn based on the same argument. The parents are likdy better than their family mates
(otherwise they wouldn't be selected) and thiswill be expressed in their EBV asthey will be positively
deviaing within their family. Hence, by using pedigree information and dl information that has been used
to base sdlection decisions on, dl animadswill obtain unbiased estimates of BV aslong as parents are
unbiased. This argument can be carried back to the base animals; those with no parents known. Since
there is no pedigree information from base animas, we will have to assume that they are sampled from
the same homogeneous base population (as we will regress their phenotype back to this mean). If base
animds are redlly from different subpopulations, possibly with different genetic means, we should regress
their performances back to the gppropriate mean. This can be achieved by assigning them to their
appropriate genetic group.

Genetic trend

Presumably, in effective breeding programs, the average genetic merit of the traits selected for changesin
adesired direction. BLUP accounts dso for possible genetic differences as it takes deviations from
expected genetic means, and the EBV s regressed towards the expected genetic mean. This expected
genetic mean isin most cases the family mean.

Thisisanillustration of aimportant properties of BLUP;

- It corrects for selection.
Since the better parents have usually (more) offspring, we expect that the average breeding value goesup in
later generations (in case of selection).
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The gendtic trend is estimated from the
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Asan illugration, compare the EBV with and without accounting for relationships across years
Offsoring 1 and 2 are from sire 1 and offspring 3 isfrom dre 2. A heritability of 0,25 is assumed here.
The smple example not only illugtrates the estimation of genetic trend, it dso shows how BLUP
separates between genetic and non-genetic trends.

1) No relationships across years. EBV's within ayear sum to zero.
Y ear effect is overestimated

year srel sire2 sire3
1 300 350 300 250
13 0 -13

offspr. loffspr. 2 offspr. 3

2 333 365 325 310
8 -2 -6

2)BLUP with relationships across years. EBV's in subsequent year are above zero.
Y ear effect esimate now only reflects

’ year srel sire2 sre3
environmentd trend. 1 300 350 300 250
14 -2 -13

offspr. 1offspr. 2 offspr. 3

2 329 365 325 310
13 5 -4
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BL UP accounting for changes of variance due to selection

It has been shown that variance in a population change dragticdly after one round of sdection. Since this
changeislarge and immediate, it isimportant that the models that we use for genetic evauation and for
prediction of response account for the Bulmer effect. This section describes how BLUP and REML
account for the Bulmer effect using the mixed modd.

The genetic modd assumed for showing these propertiesis (again) the infinitesma modd, i.e
the only changes in genetic variance due to sdection are due the gametic disequilibrium and inbreeding,
but not to change of gene frequencies. This assumption is reasonable when short-term responses are
considered (Bulmer 1971).

Kennedy and Sorensen (1988) have given an excdlent explanation of the genetic properties of
the mixed model, and showed that the mixed modd accounts for changes of genetic variance after
selection. They refer to Henderson’s (1975) paper on properties of BLUP under a selection modd,
where he used an argument of Pearson (1903) to show that the mixed modd equationsyield BLUPin
case of selection, given that dl the data used in making selection decisons are included in the analyss.
Pearson’ s result gives the variance of avariable x after selection on a corrdated varidbley as

Se =S:-oov(xYy)’s (1- (55 /s;))=s:-cov(xy)’s ’s 2(L- 1- K)s? = (1-rK)s

wherer isthe correlation between x and y and k isthe proportiona reduction in phenotypic variancein
the selected group. Using Pearson’ sresult, we can write the genetic variance in a selected group (after
mass sdlection) as (1-h7k)s 2, since the correlation between additive genetic value and phenotype is
equa to h (the square root of the heritability). Using this formulaand assuming equal selection intengties
gives the genetic variance in the progeny of sdlected parents as (1-¥47k) s 2, aresult aso found by
Bulmer (1971).

Kennedy and Sorensen (1988) point out that Henderson (1975) has shown that BLUP correctly
accounts for selection because Pearson’ s rules for conditiona variances apply. That is, if the base
population is unselected, and the next generation descends from the best parents of the previous
generation, than both generations can be evaluated in an unbiased fashion. Although the 2™ generation
animas are not random animds (but from selected parents), they are unsdected within their families. In
satigtica terms, the distribution (i.e. mean as well as variance) of the second generation conditiond on
the first generation is not affected by sdection. In quantitative genetic terminology, this conditiona
vaiance is equd to the within family variance, or the Menddian sampling variance. The parenta
contributions are evauated unbiasedly if their contemporaries that they were selected from are in the
model

In an earlier chapter we have written A as TDT’ where T describes the flow of genes over the
generations and D described the variance of the part of the breeding value of each animal that is not
explained by its ancestors. The breeding vaues can be written asa=Tf , i.e. they are alinear
combingtion of vauesin f , which are not affected by selection. The matrix T describes how agiven
breeding vaueisalinear function of effects of ancestors that each was not affected by selection. This
assumes that unknown ancestors not in the modd (not in &) were unselected. For our example, T was
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Therefore, aslong as the base population is unseected, and the Menddian sampling terms are not
affected by sdlection, asisthe case with an infinitesma model, then var(a)= As 2, even though selection
may have operated in subsequent generations, and the effects of linkage disequilibrium and inbreeding
are accommodated (Kennedy and Sorensen, 1988).

An example might illudtrate that Pearson’ s rules for conditiond variance lead to the same results
asBulmer (1971). The exampleis (dightly) adapted from Henderson (1982).
Consder amodel y = a+ e, bang phenotype explained by additive genetic and environmentd effects.
Heritability is0.30. In the genetic part of the modd we can replace the additive genetic value by the
vaueof the2gametes y, =g+ g™ +e.
Now consider 2 sires and we are interested in selecting one of them (based on its phenotype)
The variance of the gametic effects before selection is

ggl._go 015 0 0

gsgpb #15 0 0 09
G = var(g)= varg N

P 0 015 O

égz p § 0 0 0 0.154
Now suppose we sdlect on the phenotypes. After selection among the 2, the variance of the phenotypes

20.6817 0.3183¢

03183 0.6817
Using Pearson’ srule, the variance among the gametes after sdlection isequd to

after selection is (based on order atistics) equa to var(ys)= V=

G = G—COV(g y)var(y) ™ (var(y)-var(y)var(y) “cov(y.g)=
= —BV(V-VV'B where B = cov(y,g)

21428 - 0072 0072 0072
_¢-0072 1428 0072 0072 -
- ¢ 0072 .0072 .1428 0.00727
0072 .0072 -.0072 1428 &

Note that in this result, the covariance between gametes on the same animals is negative after selection.
Furthermore, the variance of breeding valuesisvar(a) = var(g®) + var(g™) +2cov(g”,g™)=
.1428+.1428+2* (-.0072)=0.2712. This agrees with the variance reduction expected from Bulmer’s
formula For sdlecting 1 out of 2, i=.564 and x=0, therefore k= 0.318. The variance of g after
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selection on phenotypeis (1-h’k) s 2=(1-.3*.318)*.3 = 0.271. The additive genetic variance in the
progeny (a,) of this selected anima (giving only the paterna gamete, to mate with an unsdected materndl

gamete) isvar(ay) = var(g®) + var(g™) = 0.2928. Hence, 50% of the loss in genetic variance due to
section is recovered in the next generation.

Which variance should be used in BLUP?

In the previous we showed that the ‘base population’ variance is not the same as the variance in later
generdions. The genetic variance in a given generation can be divided in a part coming from variation
between base parents and a part resulting from Mendelian sampling. This causes a somewhat
complicated dilemma: whet is the relevant genetic variance in a selection program. Is it the variance of
the base population, or the variance at the current generation? The answer isthat both are relevant. The
base population variance remains important, because the Mendelian Sampling component of the
variance (within FS family variance) remains to be 50% of the base population variace. The sire
variance as well asthe dam variance (i.e. the between family variance) are significantly reduced in a
selection program. Estimates of genetic variance based on between family variance components are
therefore not appropriate for populations under selection. Instead, and anima modd is used, and
variance components are estimated with REML. In principle, if dl genetic relationships are included
back to the base population, and if dl datais used in the andlysis that was included in the selection
decisons, REML will provide estimates of the base populations variance (Sorensen and Kennedy,
1984). It should be noted that including rel ationships does not only account for gametic disequilibrium
due to sdlection, buy aso for reduction of variance due to inbreeding and the buildup of covariances of
related animals. Of course a debate exists on what is the base population (how many generations do we
need to go back), and we should redlize that practicdly it is usudly not possible to include relationships
and data since the gtart of selection. The conclusion isthat genetic variances that are estimated can be
expected to be somehow biased by sdection, generdly more if more of the selection history is omitted
from the andysis (Van der Werf and De Boer, 1990).
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Exercisel

Given are pedigree and records on the following 8 animals
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animal sires dam weight

10
9
8
7
9
10
8
11
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Set up the inverse of the direct inverse additive genetic relationship matrix
Also construct the different matrices to build the NRM (A -matrix). Make P, T, D and L.

- Cadculate BLUP EBV’sfor these animals (only account for the mean).
- Determinethe average EBV for each generation
- Check that for animal 8, the EBV isestimated as:

A

aB :%(ésire+édam)+b(y_ m- %ésire- %édam)

- Work out the value for b from the MME
- Work out the value of b theoretically

Exercise 2: Relationship matrix accounting for selection
Consider the following data set, with 9 animals having yearling weight records

animal sires dam weight

270

300

0 320
310

300

3075

315

303

307;

<
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~

Estimate breeding values (use h2=0.25) for the 9 animals.
For this, edit datain STBLUP.XLS, and run this program in excel.

Compare then the following models:

- no consideration of pedigree or generation effects (put all fixed effect codesto 1

- without consideration of pedigree, but account for selection differences by grouping animals by generation
(asfixed effects)

- use only male pedigree (dams unknown), as well as groups

- use al known pedigree aswell as groups
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