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Summary. The value of marker-assisted selection (MAS)
using linkage disequilibrium between genetic markers
and quantitative trait loci (QTL) was examined. To simu-
late the disequilibrium, four base populations were creat-
ed, F,, F5, F,, and F,,, by random mating from a cross
between two inbred lines. Selections were on breeding
values estimated from: (1) marker QTL (MQTL) associa-
tions (MAS); (2) conventional best linear unbiased predic-
tion (BLUP) methods; and (3) a combination of 1 and 2
(COMB). Alternative cases were studied by varying the
parameters (heritability, initial linkage disequilibrium,
and distribution of QTL effects). A genome with 100 QTL
and 100 markers randomly (but equally) spread over 20
chromosomes, each 100 centiMorgans (cM) in length,
was generated. Linkage disequilibrium (over 30 repli-
cates) of QTLs with their nearest marker averaged 0.153,
0.104, 0.068, and 0.047 for the four base populations, and
fell to 0.035, 0.025, 0.021, and 0.018, respectively, after ten
generations of MAS selection (heritability 0.25). The ini-
tial linkage disequilibrium had the greatest effect on the
genetic gain by MAS with the responses for the base
populations F,>F;>F,,>F,,. Genetic gains by con-
ventional BLUP selection were usually greater than by
MAS. However, MAS contributed to the combined selec-
tion (COMB) to give appreciably higher genetic respons-
es. Hybridization of selected lines after several genera-
tions of selection contributed little to generating further
linkage disequilibrium. Detection of markers closer to the
QTL will increase the linkage disequilibrium available for
selection. Eventually with very close linkage each QTL
allele can be uniquely identified in selection, and selection
will then be equivalent to selection on the QTLs them-
selves.
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Introduction

Much of the animal breeding work on marker-assisted
selection (MAS) has been concerned with the difficulties
in selection within families in outbreeding populations at
linkage equilibrium. This is because the linkage phase

“and the zygosity state for each individual needs to be

assessed and monitored in transmission to progeny
(Beckmann and Soller 1983; Soller and Beckmann 1983;
Smith and Simpson 1986; Kashi et al. 1990; Dekkers and
Dentine 1991). Another approach, using an animal model
for BLUP (Fernando and Grossman 1989; Fernando
1990; Goddard 1992), estimates an effect associated with
each marker allele in each individual, and is computa-
tionally demanding.

An alternative approach, proposed by Lande and
Thompson (1990), is based on linkage disequilibrium,
and allows selection across the whole population. With
the possibility of a very large number of DNA markers,
linkage disequilibrium between QTLs and their closely
linked markers can be detected in population studies,
even in outbreeding populations, and can be used in
selection. The objective of this research was to study, by
stochastic computer simulation, the effectiveness of such
selection, in comparison to conventional selection meth-
ods.

Methods

The method was to generate base populations with known ge-
netic markers in linkage disequilibrium with quantitative trait
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loci (QTL) with known effects. From the base populations, esti-
mates of marker QTL associations (MQTL effects) due to link-
age disequilibrium of the markers and the QTLs were derived by
BLUP. These regression estimates were used to calculate esti-
mated breeding values (EBV) for all individuals and the EBVs
were then used as the basis for selection. The responses to this
marker-assisted selection (MAS) (without information on phe-
notype) were compared with responses to conventional selection
on BLUP using an animal model on phenotypes and phenotypes
of relatives, and with the response to selection on the two sources
of information (MAS and BLUP) combined (COMB).

A genome of 20 Morgans was simulated, made up of 20
chromosomes, each 1 Morgan in length. A total of 100 additive
QTLs was simulated, accounting for all the genetic variance (V)
associated with the trait being considered. The QTL loci were
diallelic and were allocated at random 5 per chromosome and at
random along each chromosome. An example is given for one
chromosome in Table 1. The initial gene frequencies (p) in the
base population averaged 0.5. The gene effects (a;) were normally
distributed with a mean of 0 and a variance such that

100

V,=h?6*=3 2p(1-p)a?=Y 054> at p=05,
i=1

where h? is the heritability and ¢? is the phenotypic variance for
the trait. Examples of the distribution of QTL effects are given
in Fig. 1. The genome (QTLs and markers) simulated was the
same for all replicates (30) at a given heritability.

The genotypic value (and breeding value) for the m* individ-
val was derived as

100

G,= '21 (a;+ay),

where a;; and a,, are the effects of the two alleles j and k at the
it Jocus. The phenotypic value is

szGm+Em’

where E,, is an environmental contribution, N (0,(1—hk?) ¢2). For
100 QTLs, with normally distributed effects, the effects of many
of the QTLs will be quite small and there will be a smaller
number of QTLs with larger effects. It is sensible, if possible, to
concentrate selection on the QTLs with the larger effects.

In addition, 100 markers were simulated. Five were assigned
at random per chromosome. They also were diallelic with an
average initial gene frequency of 0.5.

Four levels of initial linkage disequilibrium between the
markers and the QTLs were simulated as follows. A population
at complete disequilibrium was generated as the cross between
two inbred lines. The QTL effects in the inbred lines were as-
signed at random with both positive and negative effects in each
line. If one line was homozygous (AA) for the positive allele, the
other line was homozygous (aa) for the negative allele, and vice
versa. Similarly for the markers, if one line was MM, the other
was mm. All F, individuals then have the same genotype. The F;
population was allowed to mate at random for several (2—-20)
generations with recombination, which gradually breaks down
the linkage disequilibrium over generations and allows gene
frequencies to drift from 0.5. The average linkage disequilibrium
between QTLs and their closest marker, measured as D=ru—st
[where r and u are the frequencies of the original gametes (AM
and am) and s and ¢ are the frequencies of the recombinant
gametes (Falconer 1989)], was recorded at each generation. The
levels of linkage disequilibrium for starting a MQTL selection
simulation from generations F,, F5, ¥, , and F, were chosen for
analysis. The map positions of the marker and the QTL are
known. The recombination rate was derived from the map dis-
tance (d) as r=0.5(1 —e~2%) (Haldane 1919).

Evaluating MQTL effects

The associations between the markers and the QTL, called
MQTL associations, were estimated in base populations (F,, Fs,
Fio and F,4) of 500 males and 500 females. The MQTL associ-
ations were estimated by BLUP by regression of individual phe-
notype on the number (0, 1, or 2) of a marker allele at a given
locus, for all marker loci simultaneously.

The BLUP procedure was a version of the model given by
Goddard (1992). The mixed model equations are:

al [xx Xz “[xy
Bl 12X ZZ+A | |Z'Y

where X is the design matrix (1,000 x 1) for fixed effects [the mean
(p) in this case]; Z is the design matrix (1,000 x 100) for marker
genotypic scores; A7 ! is the inverse of the variance-covariance
matrix (100 x 100) among markers; and e=o§/u§. A has the
following structure (Goddard 1992):

(273 1/6 0
16 2/3 1/6

1/6 2/3 1/6
| 0 16 2/3

The estimated breeding values (EBVs) for MAS are then
EBV=Z5.

An example of the MQTL effects () for one chromosome in one
replicate is given in Table 1.

Many of the MQTL have very small estimated effects and
tend to add noise to the system. Based on the correlation be-
tween true and estimated breeding values for differing numbers
of the top MQTLs, the top 20 MQTL estimates were selected
and the others omitted. The BLUP analysis was then re-run on
an independent set of data derived stochastically from the same
population to produce a set of unbiased MQTL effects, as sug-
gested by Lande and Thompson (1990). These were used to

Table 1. An example of an original chromosome simulated, al-
locating markers (M) and QTLs (Q) at random. The QTL effects
are drawn from a normal distribution of gene effects (both
positive and negative) contributing to the total additive genetic
variance. The marker (MQTL) effects estimated in a F, base
population are also given

True QTL Locus Map Estimated
gene effects position MQTL effect
(SD units) (Morgans) (SD units)
M 0.08 0.00
M 0.19 0.04
0.15 Q 0.22
M 0.23 0.10
—0.05 Q 0.25
0.02 Q 0.39
M 0.49 0.04
0.02 Q 0.73
—0.06 Q 0.95
M 0.99 —0.06




estimate breeding values for MAS. The same MQTL estimates
were used throughout the selection work and were not re-esti-
mated over the generations.

Selection on phenotype and combined selection

For comparison with MAS selection, selection was also carried
out using conventional BLUP selection on phenotypes without
marker information. Selection was on estimated breeding value
(EBV) derived by animal model BLUP (Quaas and Pollak 1980;
Kennedy and Sorensen 1988) using the phenotypes of individu-
als and their relatives.

For the combined selection (COMB) combining phenotype
and MQTL effects, a modification of the procedure proposed by
Lande and Thompson (1990) was used. The combined index
I=H b in which H has two column vectors. One is the breeding
values estimated from phenotypes by a BLUP animal model
(EBV,). The other is the EBVs estimated from MAS (EBV,). bis
a column vector of coefficients with two elements and is obtained
by:

=P 'G
with
Cov(EBY,, EBV,, )J

2
OEBV,,

2
_| TEBV,
':Cov (EBV,, EBV,)
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[
-
02
EBV,,

where o3y and ofgy are the variances of EBV from the BLUP
animal mofel for phenotype and from the MQTL effecis in
MAS, respectively. Cov(EBY,, EBV,,) is their covariance.

Selection

Selection was based on the EBV derived from the three methods
(MAS, BLUP, and COMB), selecting 30 males and 30 females
for breeding the next generation. Mating was at random, with
equal family size, producing 500 male and 500 female offspring.
Crossovers occurred at random according to the recombination
frequency. The individual chromosomes were followed so the
genotypes of marker and QTL loci could be studied and the gene
frequency and other parameters could be monitored. Selection
on EBVs was continued for ten generations and the genetic
responses were evaluated.

Parameters for the standard case studied are listed in
Table 2. Alternative parameter sets and models are also given.
Three levels of heritability for the trait selected were used, name-
ly, 0.1, 0.25, and 0.5. It was assumed that selection was possible
in both sexes at reproductive age.

In addition to a normal distribution of QTL gene effects, a
Gamma distribution was also studied, namely:

f(X)ZXC_ 1 e—Dx DC/I('; s
with C=1/9 and D chosen to satisfy V,. Examples of a Normal-

and of a Gamma-simulated distribution of gene effects are given
in Fig. 1.

Results

The individual QTLs contribute differentially to the total
genetic variance (V,). Thus, it will be practical (to reduce
the marker testing effort) to identify and concentrate
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0.02 0.04 0.06 0.08 0.10 0.12 0.1 0.16 0.18 0.20 0.22  0.61
QTL absolute effects (Heritability=0.25)

Fig. 1. Histograms of the number of QTL loci with different
(absolute) size of effects, simulated for a Normal and a Gamma
distribution, for a heritability of 0.25

Table 2. Parameter symbols and values used in the simulation.
Alternative values for other cases studied are given in brackets

Parameter Symbol Standard Alternative
Value Values
Additive genetic variation vV, 0.25 (0.1, 0.5)
Environmental variance &2 0.75 (0.9, 0.5)
Phenotypic variance a? 1.0
Genome length (20 chromo- 2000 cM
somes, each 100 cM)
Number of quantitative trait 100
loci (QTL)
Distribution of QTL effects Normal (Gamma)
(five QTLs per chromosome)
Approximate initial frequency 0.5
of QTL alleles (diallelic)
Number of marker loci on the 100
genome (five per chromosome)
Approximate initial frequency of 0.5
marker locus alleles (diallelic)
Selection method MAS (BLUP,
COMB)®

? MAS: marker-assisted selection; BLUP: best linear unbiased
prediction on phenotypes; COMB: combines MAS and BLUP

MAS selection on the MQTLs with the largest effects and
to omit the others which add (in estimation) more noise
than information to the system. The top 20 QTL (out of
100 simulated) accounted for about 67% of V, (normal
distribution of QTL effects and a heritability of 0.25),
while the top 40 QTLs accounted for about 87%. Table 3
shows the correlation between the true breeding value
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Table 3. Correlation (r) between the true (4) and estimated
breeding values (4) for a Normal distribution of QTL gene
effects. The base populations (F,, Fs, F,,, and F,;) correspond
to 2, 5, 10, and 20 generations of random mating following the
crossing of two inbred lines

Table 5. Average genetic mean (in genetic standard deviation
units) and standard deviation from 30 replicates for selection by
marker-assisted sclection (MAS), best linear unbiased predic-
tion of breeding value (BLUP), and combination (COMB) of
the two methods; for different heritability (h2?), with a Normal
distribution of QTL effects, base population with two genera-
tions of random mating (F,) '

Top r Top Base population
QTL MQTL
loci loci F, F F,, Fy
(%) (%) r ¥ r ¥
1 0.28 1 022 019 012 0.10
5 0.56 5 046 039 021 0.19
10 0.68 10 056 048 026 0.23
20 0.82 20 064 055 035 027
40 0.93 40 0.76 0.68 040 0.32
60 0.98 60 078 069 042 033
80 1.00 80 081 0.69 044 034
100 1.00 100 079 071 043 0.34
v,=0.25

Table 4. Average linkage disequilibrium (30 replicates) of QTL
and their nearest marker at the start and after ten generations of
selection on marker-assisted selection (MAS) and combined in-
dex (COMB) for a Normal distribution of QTL gene effects in
four base populations (F,, Fs, F,, Fy0)

Population Before MAS COMB
selection After After
selection selection
h2=0.1
F, 0.153 0.036 0.046
Fs 0.104 0.034 0.034
F, 0.068 0.022 0.028
Fio 0.047 0.017 0.026
h?=0.25
F, 0.153 0.035 0.040
F, 0.104 0.025 0.034
Fip 0.068 0.021 0.024
Fao 0.047 0.018 0.022
h?=0.50
F, 0.153 0.028 0.031
F, 0.104 0.024 0.030
Fio 0.068 0.020 0.025
Fao 0.047 0.016 0.021

(A) and the EBV (4) estimated from the QTLs them-
selves, and for the MQTL associations for different per-
centages of the top effects and for four base populations.
The correlations of 4 and A4 are initially high and gradu-
ally fall as linkage disequilibrium (Table 4) decreases. To
make the selection on MQTL effects tractable, in view of
marker testing and recording costs, the top 20 MQTLs
were used in selection.

With a high level of disequilibrium in the F, base
population (Table 4), good rates of genetic response were
obtained with marker-assisted selection (Table 5), al-

Gener- MAS BLUP COMB
ation

Mean SD Mean SD Mean SD
W =0.1 1 0.00+0.05 0.00+0.06 0.0040.05
2 0934+0.10 1.044024 1.174+0.17
3 1.4540.10 1.6240.25 1.93+0.17
4 1.79+0.41 2124025 2424017
5 2.08+0.11 2274026 2.8740.18
6 2294013 2404026 3.134-0.18
7 2444014 2.76+0.27 3.4140.18
8 2.534+0.16 3.014+0.27 3.6440.18
9 2.584+0.16 3.24+0.28 3.80+4+0.17
10 2.614+0.46 3594027 3.954+0.16
h?=0.25 1 0.00+0.08 0.00+0.10 0.004+0.08
2 1.03+0.14 1104030 1.42+0.21
3 1.62+£0.17 1904031 2.184+0.23
4 2.08+022 2414032 2.98+0.25
5 2384024 2.81+0.31  3.60+0.29
6 2.584+0.27 3.141+£0.32 3.90+0.26
7 2754027 3424034 4.10+0.24
8 2.884+0.28 3.69+0.34 4.23+0.24
9 2.96+032 3954036 4.34+0.25
10 3.03+£032 4114034 4424026
h?=0.50 1 0.00+0.12  0.00+£0.17 0.00+0.12
2 1.2440.22 1304041 1.504+0.25
3 1.9340.25 2134040 2414+0.29
4 2444026 2.70+0.42 3.27+0.26
3 2844032 3124043 3.854+0.26
6 3.21+£0.39 3.554042 4.3010.32
7 3494044 3804043 4444032
8 3.634+045 4214043 4.8040.33
9 3744045 4524044 498+0.32
10 3.86+0.41 4814042 5.0940.29

though the response tended to decrease over the genera-
tions as the linkage disequilibrium was exploited, and as
recombination reduced the value of the MQTL associa-
tion information. In this simulation, selection on pheno-
types by BLUP always gave higher responses than selec-
tion using markers (MAS), and the responses continued
longer. As expected, with a fixed number of loci, com-
pared with an infinite number, the genetic variation de-
creases steadily as the gene frequencies moved away from
0.5, and some loci were fixed. Combined selection,
combining MAS and BLUP in an index, always gave a
further increased response. The differences between the
selection methods were well estimated with 30 replicates
and the averages showed a consistent pattern. The re-
sponse with MAS declined as the initial disequilibrium
(Table 4) fell in the base population (Tables5, 6, 7,



Table 6. Average genetic mean (in genetic standard deviation
units) and standard deviation from 30 replicates for selection by
marker-assisted selection (MAS), and combination (COMB) of
MAS and BLUP selection; for different heritability (h2), with a
Normal distribution of QTL effects, base population with five
generations of random mating (Fs)
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Table 7. Average genctic mean (in genetic standard deviation
units) and standard deviation from 30 replicates for selection by
marker-assisted selection (MAS), and combination (COMB) of
MAS and BLUP selection; for different heritability (%), with a
Normal distribution of QTL effects, base population with ten
generations of random mating (F,,)

Generation MAS COMB Generation MAS COMB
Mean SD Mean SD Mean SD Mean SD
h?=0.1 1 0.004+0.06 0.00+0.05 h=0.1 1 0.00+0.06 0.00+0.06
2 0.64+0.09 1.09+0.13 2 0.35+0.13 1.04+0.15
3 0.8740.11 1.8140.15 3 0.45+0.15 1.64+0.17
4 0.98+0.15 2.40+0.15 4 0.60+0.18 2.14+0.17
5 1.11+0.16 2.794+0.17 5 0.734+0.18 2.4940.18
6 1.2640.17 3.06+0.18 6 0.83+0.18 2.79+0.18
7 1.36+0.19 3.314+0.20 7 0.89+0.19 3.044+0.19
8 1.4240.20 3.5440.22 8 0.94+0.21 3.27+0.19
9 1.48+0.21 3.704+0.22 9 1.004:0.20 3.49+0.20
10 1.5140.22 3.85+0.23 10 1.0340.20 3.68+0.20
W2 =0.25 1 0.00+0.09 0.00+0.09 W2 =025 1 0.00+0.09 0.00+0.10
2 0.884-0.18 1.214+0.19 2 0.564+0.18 1.20+0.23
3 1.17+0.22 2.0740.23 3 0.83+0.22 2.004+£0.24
4 1.4340.25 2.834+0.26 4 0.98+0.23 2.58+0.25
5 1.66+0.26 3.254+0.29 5 1.114+0.26 3.01+0.25
6 1.82+0.29 3.52+0.28 6 1.20+0.26 3.37+0.27
7 1.88+0.33 3.7340.28 7 1.344-0.31 3.66+0.25
8 1.93+0.36 3.934+0.29 8 1.43+0.31 3.86+0.25
9 1.994+0.38 4.11+0.30 9 1.48+0.35 4.04+0.25
10 2.03+0.40 4.2740.29 10 1.52+0.39 4.21+0.27
2 =0.50 1 0.00+0.12 0.00+0.13 h?=0.50 1 0.00+0.13 0.00+0.13
2 1.1140.23 1.2840.20 2 0.70+£0.27 1.27+0.20
3 1.55+0.27 2.2040.22 3 0.98+0.33 2.24+0.22
4 1.8940.29 3.014+0.28 4 1.184+0.41 2.83+0.28
5 2.184+0.37 3.54+0.29 5 1.37+0.46 3.294+0.29
6 2.39+0.39 3.9240.31 6 1.554+0.49 3.67+0.31
7 2.53+0.46 4.244-0.34 7 1.64+0.52 4.00+0.34
8 2.664+0.45 4.504+0.34 8 1.7240.53 4.2940.34
9 2.7440.47 4.74+0.34 9 1.794+0.59 4.56+0.34
10 2.80+0.49 4,96+0.32 10 1.85+0.60 4.82+0.32

and 8). The linkage disequilibrium fell faster with selec-
tion than with random mating (Table 4), showing that
the disequilibrium was being used by the selection. The
response to combined selection also fell with the initial
disequilibrium but still exceeded BLUP selection on its
own (Tables 5, 6, 7, and 8). The gene frequencies of the
20 QTLs with the largest effects increased with MAS,
most with high initial linkage disequilibrium and with
high heritability (Table 9), possibly because the top 20
MQTLs are then more likely to be more closely associat-
ed with the top 20 QTLs. The gene frequencies of the top
20 QTLs also increased with BLUP and with combined
selection, showing how the genetic variance with a fixed
number of loci was steadily being used up.

The simulations were repeated for a Gamma distribu-
tion of gene effects with a few large effects and many
small effects. The top 10% of QTLs contributed over

96 percent of the additive genetic variation and the corre-
lations between true and estimated breeding value from
the top QTL and MQTL effects were higher than for the
normal distribution of effects (Table 10). Faster carly
responses were obtained with MAS than for the normal
distribution, but the responses plateaued earlier and at
lower levels (Table 11). The long-term (10 generations)
responses with BLUP and combined selection, and the
linkage disequilibrium (Tables 12 and 13), were also less
than for the normal distribution of gene effects, as is
expected with fewer and larger QTL effects.

Discussion

As shown theoretically by Lande and Thompson (1990),
combined selection on markers and on phenotype can
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Table 8. Average genetic mean (in genetic standard deviation
units) and standard deviation from 30 replicates for selection by
marker-assisted selection (MAS), and combination (COMB) of
MAS and BLUP selection; for different heritability (4?), with a
Normal distribution of QTL effects, base population with 20
generations of random mating (F,,)

Generation MAS COMB
Mean SD Mean SD
h?=0.1 1 0.00+0.05 0.004+0.04
2 0.33+0.12 1.014+0.11
3 0.43+0.13 1.584+0.13
4 0.52+0.15 2.094+0.14
5 0.57+0.15 2.43+0.15
6 0.63+0.15 2.7240.14
7 0.66+0.16 2.9740.16
8 0.69+0.18 3.21+0.16
9 0.72+0.18 3.43+0.16
10 0.74+0.18 3.6240.16
h?=0.25 1 0.0040.09 0.00+0.10
2 0.534+0.16 1.114+0.18
3 0.67+0.20 1.9240.21
4 0.78 +£0.20 2.50+£0.22
5 0.86+0.22 2.9540.23
6 0.924+0.22 3.3240.23
7 0.9840.22 3.6140.23
8 1.044-0.23 3.814+0.23
9 1.084-0.25 397+0.25
10 1.1340.29 4.16+0.27
h?=0.50 1 0.00+0.12 0.00+0.11
2 0.65+0.25 1.2240.18
3 0.9240.30 2.1940.20
4 1.104+0.34 2.784+0.24
5 1.2440.34 3.2640.25
6 1.3240.34 3.6240.28
7 1.4340.35 3.954+0.28
8 1.4940.36 4.23+0.28
9 1.5240.43 4.5140.28
10 1.57+0.46 4.7540.29

increase rates of genetic response. With outbreeding pop-
ulations of livestock that have been largely closed for
many generations, linkage disequilibrium will be limited
with loosely linked markers, corresponding more to the
F,, and F,, than the F, and F; base populations.

A feature of the selection was the continuous reduc-
tion in response over the ten generations of selection.
This was due to the reduction in additive genetic variance
as gene frequencies moved from the initial average value
of 0.5, and some of the larger QTLs reached extreme
frequencies, and the favorable alleles, or their markers,
became fixed. If QTLs with moderate to large effects
exist, past selection would have used them, and they
would be at high frequency or fixed. The exception would
be a large QTL currently in transition to a high frequen-
¢y. Thus, a priori, it would not be expected that there
would be many genes of large effect segregating. In fact,

Table 9. Average gene frequency (mean and SD on 30 repli-
cates) of 20 QTLs with the largest effects at the tenth generation
of selection by marker-assisted selection (MAS), best linear un-
biased prediction of breeding value (BLUP), and a combined
index (COMB); for different heritability (%) with a Normal
distribution of QTL effects. All selections initiated at gene fre-
quencies of 0.5 but at different levels of linkage disequilibrium*

MAS BLUP COMB
mean SD mean SD mean SD
h?=0.1
F, 0.84+0.04 0.79+0.05 0.8240.05
F, 0.59+0.10 0.7940.04 0.814+0.05
Fio 0.56+0.10  0.78+0.04  0.80+0.05
F, 0.54-+0.08 0.78+0.04 0.80+0.04
h?=0.25
F, 0.86+0.05 0.80+0.05 0.8440.04
F; 0.69+0.09 0.7940.05 0.83+0.05
Fio 0.60+0.09 0.80+0.04 0.82+0.05
Fuo 0.56+0.08 0.79+0.04 0.814+0.04
h?=0.5
F, 0.884-0.05 0.81+0.04 0.854+0.03
Fs 0.80+0.06 0.80+0.04 0.83+0.04
Fi, 0.70+0.08 0.80+0.04 0.82+0.03
Fuo 0.65+0.07 0.794+0.04 0.82+0.03

I

Shown in Table 4

Table 10. Correlation (r) between the true (4) and esiimated
breeding values (4) for a Gamma distribution of QTL gene
effects

Top r Top Base population
QTL MQTL —_—
loci loci F, F,
(%) (%) r r
1 0.86 1 0.67 0.47
2 0.92 2 0.73 0.57
5 0.95 5 0.82 0.64
10 0.98 10 0.81 0.64
20 0.99 20 0.82 0.63
40 1.00 40 0.80 0.64
60 1.00 60 0.79 0.63
80 1.00 80 0.81 0.65
100 1.00 100 0.80 0.64
V,=0.25

from the continuous responses achieved in many selected
lines and populations in practice, it would seem that
there are many QTLs with small effects, rather than a few
QTLs with large effects. This makes identification and
use of MQTL associations more difficult and less useful.

The proportion of the additive genetic variation ex-
plained by the markers depends on the linkage disequi-
librium The disequilibrium will be partial, rather than
complete. The procedure of double sampling, proposed



Table 11. Average genetic mean (in genetic standard deviation
units) and standard deviation from 30 replicates for selection by
marker-assisted selection (MAS), best linear unbiased predic-
tion of breeding value (BLUP), and combination (COMB) of
two methods; for different heritability (h?), with a Gamma dis-
tribution of QTL effects, base population with five generations
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Table 13. Average linkage disequilibrium of the top ten QTL
and nearest marker at the start and after ten generations of
selection on marker-assisted selection (MAS) and combined in-
dex (COMB) for a Gamma distribution QTL gene effects (Fs
base population)

random mating (F;) Before MAS COMB
selection After After
Gener- MAS BLUP COMB selection selection
ation
Mean SD Mean SD Mean SD h?=0.1 0.104 0.035 0.047
h?=0.25 0.104 0.030 0.046
=01 1 0.00+0.11  0.0040.05 0.0040.07 h?=0.50 0.104 0.028 0.041
2 1.564+0.10 1.394-0.06 1.5140.17
3 1.84+0.10 1.674+0.08 1.74+0.15
4 1.87+0.10 1.74+0.18 1.99+0.14
5 1.90+0.09 1.82+0.20 2.15+0.10 )
6 1.964-0.11 1.87+0.19 221+0.12 by Lande and Thompson (1990) to get unbiased MQTL
7 1.99+0.12 1.89+0.23 2.2340.09 effects, gives higher sampling errors of the effects for the
8 1.99+0.43  1.92£023  2.25+0.09 same total number of animals tested. Sampling errors of
9 1.99£0.14 = 1.95£0.23 2253009 the effects reduce the effecti f the MQTL inf
10 1.99+0.16 1.97+0.23 2.25+0.09 ettee : ecliveness ol the nlor-
mation in selection, and large test numbers are needed.
h?=0.25 1 0.00+0.11 0.00-+0.07 0.00+0.11 The information is also likely to be breed and line
2 1.624+0.09 1.514+0.18  1.60+0.23 specific, rather than being general across populations as
3 1.9040.11 1.68+0.31 1.8640.16 : :
for other genetic parameters. It will usually not be worth-
4 2.04+0.10 1.794£0.31 2.24+0.15 . . .
5 2144012 1914031 2.40+0.13 while to re-estimate the MQTL effects until a number (n)
6 2204013  2.00+032 2.46+0.14 of generations have passed, unless the linkages are quite
7 2224014 2074031 2.52+40.15 loose, >0.1 Morgan, since the disequilibrium falls as
8 2244017 212+£032  2.54+0.15 (1—r)", where r is the recombination frequency. The
9 2.2440.19 2164032 2.54+0.15 thods tend t timate the MOTL effects individuall
10 2244019 2204032 2.54+0.16 methods tend to estimate the MQTL effects individually
because extreme QTL genotypes are at low frequency in
h*=0.50 1 0.00+0.16 0.00£0.10 0.0040.15 the base populations. The MQTL effects may interact
g ;g;fgig i gi fgg 132381’2 with each other, so that their cumulative effect may be
1 593 i 017 212 i 032 235 + 017 les‘s tha.n the sum of the 1n§1Yldual eftfect.s, giving n‘egatlve
5 2354021 2264034 2.5440.17 epistasis. The relevant trait in selection is economic mer-
6 2.39+0.23  2.33+034 2.62+0.19 it. Some loci may have positive effects for some traits but
7 2434024 2384035 2.69+0.21 have unfavorable effects for others. It is their net effect
8 2461025 2434034  273+0.22 on economic merit which is important in selection.
9 2484025 2474036 2.74+0.22 Mark isted selecti b ful in th ]
10 2501025 2511034 2741024 arker-assisted selection may be useful in the selec-

Table 12. Average gene frequency (mean and SD on 30 repli-
cates) of ten QTLs with the largest effects at the tenth generation
of selection by marker-assisted selection (MAS), best linear un-
biased prediction of breeding value (BLUP), and combined in-
dex (COMBY); for different heritability (#*) with a Gamma distri-
bution of QTL effects. All selections initiated at a gene frequency
of 0.5 at the same level of linkage disequilibrium (Fy)*

MAS BLUP COMB

mean SD mean SD mean SD
h?=0.1 0.774+0.04 0.80+0.05 0.9340.07
h?=0.25 0.7940.05 0.814+0.05 0.93+0.07
h*=0.5 0.81+0.05 0.82+0.04 0.944+0.06

2 See Table 13

tion of sex limited traits, in early selection of animals for
further testing, and to allow selection of juveniles or
embryos (Georges and Massey 1991). With linkage equi-
librium, marker-assisted selection must be within fami-
lies, requiring large amounts of data to determine within-
family linkage phase and zygosity at the QTL, and with
loss of information in tracking the markers and the asso-
ciations over generations. Linkage disequilibrium allows
the determination and use of MQTL effects across a
population. However, only the genetic variation associat-
ed with the disequilibrium is exploited by MAS, and this
gets used up as the disequilibrium is exploited. Lande and
Thompson (1990) propose hybridization among selected
lines to regenerate the disequilibrium. Selecting in an elite
stock for economic merit would be done in replicate lines
which would be hybridized later. Keeping two, or more,
lines with the same testing facilities as for one large line
will reduce the selection intensity and so also the genetic
response compared with that made in a single line. Also,
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the regeneration of the disequilibrium in the hybrid or
line cross will depend on the different genetic drift within
the replicate lines. It was shown theoretically by Lande
and Thompson (1990), and supported by studies of dis-
equilibrium on crossing replicate lines after selection in
this simulation, that genetic drift is not effective in creat-
ing new disequilibrium. In fact, with selection by MAS
for the same MQTL associations in replicate lines, genet-
ic drift of the large MQTL is restricted by selection, and
recombination may cancel or offset the disequilibrium
generated by crossing replicate lines. Thus, the opportu-
nities of continued selection response by cycles of selec-
tion and hybridization of restricted lines are likely to be
quite limited.

A more powerful way to increase the useful disequi-
librium will be to find markers even closer to the QTLs.
With 100 markers and 100 QTLs in this study, the aver-
age map distance of a QTL to the nearest marker was
0.147 Morgans. This could be steadily reduced as more
random markers are found. Alternatively, a specific
search for DNA markers closer to the individual QTL
could be made by “chromosome walking” and similar
methods. Eventually, with identification and choice of
very close unique polymorphic markers, each QTL allele
(identical by descent) will be uniquely associated with its
own DNA marker, or marker haplotype. At this level the
disequilibrium will be complete, and selection can be
effective on the individual QTL alleles themselves. This
corresponds to direct selection on QTL alleles (Smith
1967).
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