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Abstract A detailed analysis is presented of the rela-
tionship between genetic markers and quantitative trait
loci (QTLs) in the process of marker-assisted selection
(MAS). We simulated MAS employing a multiple linear
regression to chose from among all of the markers in the
genome those to be utilized by selection and to estimate
their associated effects on the trait. The simulations
demonstrate that, even when such selection is quite
effective, the markers utilized by selection are not
necessarily the most tightly linked to the QTLs control-
ing the trait. Moreover, the additive effects associated
with the markers estimated by the regression may not
accurately reflect the contributions to the trait by the
most tightly linked QTLs.

Key words Marker-QTL association -
Marker-assisted selection

Introduction

For selection utilizing genetic markers to be effective in
improving a quantitative trait, the following two pro-
cesses are usually thought to be essential: detecting
markers closely linked to QTLs (mapping QTLs) and
determining the effects of these markers on the trait (the
contributions to the trait by QTLs linked to the mark-
ers). A number of methods for mapping QTLs and
estimating their effects have been suggested and inves-
tigated (Lander and Botstein 1988; Paterson et al. 1988,
1990; Knapp et al. 1990; Knott and Haley 1992; Haley
and Knott 1992; Darvasi et al. 1993; Dudley 1993; Zeng
1993, 1994).

Lande and Thompson (1990) proposed a method of
marker-assisted selection (MAS) in which genetic mar-
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kers are not used to actuaily map QTLs, but rather a
multiple linear regression of the phenotype on markers
1s employed to choose markers associated with QTLs
and to estimate their effects on the character. The chosen
markers are those that account for the major part of the
regression variance, and the coefficient of a marker in
the regression is regarded as its associated effect. In an
infinitely large population, the markers chosen in this
manner are expected to be the most closely linked to
QTLs among all the markers in the genome; and their
associated effects are expected to be estimates of the
contributions to the character by QTLs. Lande and
Thompson derived a selection index incorporating the
individual’s phenotype as well as the “molecular score”,
ie., the sum of the associated effects of the chosen
markers in the individual’s genotype. Our previous
simulations (Gimelfarb and Lande 1994a, b), as well as
those of Zhang and Smith (1992, 1993), demonstrated
that in populations obtained by a cross between inbred
lines, such a selection index can be quite effective for a
wide range of parameters, particularly when the popula-
tion size is sufficiently large.

Results from previous simulations indicated that
MAS in a finite population, even when it is quite effi-
cient, does not necessarily utilize markers that are most
closely linked to QTLs; and the effect of a marker
obtained by multiple regression does not necessarily
represent an estimate of the contribution to the charac-
ter by a linked QTL. In many simulations, for example,
the marker accounting for the largest proportion of the
regression variance was not the nearest to a QTL; and
the effects of markers included in the molecular score did
not match even approximately the contributions to the
character by QTLs. Also, increasing the number of
markers per chromosome from 6 to 51, and, hence,
allowing the regression to chose markers more tightly
linked to QTLs, had relatively little effect on selection
efficiency and could even produce a weaker response to
selection.

In the present paper, we report the results of a more
detailed investigation of the relationships between



markers and QTLs, in populations of finite size, in the
process of marker-assisted selection based on the
method of Lande and Thompson (1990).

Materials and methods

General aspects of simulations of marker-assisted selection are dis-
cussed in Gimelfarb and Lande (1994 a, b). The genetic map used in
the majority of the simulations reported here had seven chromosomes
of 100 centimorgans each. There were 15 QTLs contributing additive-
ly to a quantitative character. The distribution of the QTLs on the
chromosomes can be seen in Figs. 1-4 where the position of a QTL is
indicated by a diamond. Each QTL was assumed to have two alleles
contributing either positively or negatively to the character. The
absolute values of allelic contributions are shown in Figs. 1-4 under
the QTL symbols. The total contribution by a chromosome (the sum
of the allelic contributions by all QTLs on the chromosome}) in the
corresponding gametic phase is indicated in parentheses next to the
chromosome number. All chromosomes have the same total contri-
bution of 1.00 in the coupling gametic phase.

Besides QTLs, each chromosome also carried genetic markers. In
the majority of simulations, the number of markers was the same on
any chromosome, and they were equidistantly spaced along it. Simu-
lations were also conducted with the number of markers on a
chromosome equal to the number of QTLs with each marker occupy-
ing exactly the same position as a QTL. This case corresponds to a
situation where a precise location of a QTL (but not its contribution
to the character) is available prior to selection.

We also considered genetic maps with only one chromosome
carrying QTLs on it (either one QTL or three). In some simulations,
this was the only chromosome in the genotype, and it carried 11
genetic markers in addition to QTLs. In other simulations, the
genotype consisted of the total of ten chromosomes with only one
having a QTL on it and with the rest carrying genetic markers but no
QTLs.

Recombination was modelled as described in our previous paper
(Gimelfarb and Lande 1994a). No more than two crossovers were
allowed for any pair of homologous chromosomes, but the positions
of crossovers were random. Thus, there was interference with respect
to the number of crossovers but not with respect to their relative
position. The mapping function entailed by this recombination model
was very close to Haldane’s mapping function.

Selection was applied to an initial population representing the F,
generation of a cross between two inbred lines. Consequently, the
initial allelic frequencies were 0.5 for any QTL and any genetic
marker. Two gametic phases of QTLs in the initial populations were
considered: total coupling (the contributions to the character by
adjacent QTLs on a chromosome are in the same direction) and total
repulsion (the contributions by adjacent QTLs are in opposite direc-
tions). The phenotype, Z, of an individual was computed as

Z=g+e, 1

where g is the individual’s genotypic value, and e is a random
environmental contribution (normally distributed with zero mean
and variance v,). The genotypic value is the sum of the allelic
contributions by all of the QTLs in the individual’s genome. The
environmental variance, v,, was chosen so as to yield a given expected
value of the heritability in a population with the allelic frequencies the
same as in the initial population, but at linkage equilibrium. The
heritability was h* = 0.1 in all simulations.

Selection was based on an index incorporating the additive effects
of genetic markers as well as the phenotypic value of the trait. A fixed
proportion (25%) of individuals with the highest value of the index
were selected. Similar to our previous simulations with large popula-
tion size (Gimelfarb and Lande 1994a,b), the relative weight of
markers in the index was so high that selection was practically
independent of phenotypes and based on markers only. The additive
effects of markers were obtained by a two-stage linear regression of
the phenotype on markers as described by Gimelfarb and Lande
(1994a). In the first stage, a separate regression is fitted for each
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chromosome, and five markers with the highest contribution to the
R? value of the regression are selected from a chromosome using
stepwise multiple regression. In the second stage, a regression is fitted
using all of the markers selected in the first stage from all chromo-
somes, and a fixed number of markers with the highest contribution
to the R? value is chosen for inclusion in the selection index. The
number of markers included in the index was limited to seven in the
majority of simulations, although some simulations were conducted
with 15 markers in the index. The regression coeflicient of a marker
included in the index was regarded as the additive effect associated
with the marker.

Only one generation of selection is considered in this paper. A
result reported for a given set of parameters represents an average
over 100 replicated computer runs.

Results and discussion

Table 1 shows responses in the first generation of MAS
for a quantitative character controlled by 15 QTLs with
the genetic map as in Figs. 1-4. The headings Coupling
and Repulsion refer to total coupling and total repulsion
initial gametic phases. Population size, N, refers to the
number of individuals of each sex. Standard errors of the
mean responses in Table 1 are in the range of 0.5% to
3% of the reported values.

Columns MQ15and MQ7in Table 1 represent simu-
lations with the genetic map having each marker located
at the same position as a QTL. This corresponds to the
ultimate goal of QTL mapping utilizing genetic mark-
ers, namely to identify markers that are so tightly linked
to QTLs that “selection will then be equivalent to
selection on the QTLs themselves” (Zhang and Smith
1992). The difference between the columns MQ15 and
MQ7 is the former case all 15 markers in the genome
were used to compute the molecular score, whereas in
the latter case the molecular score was computed based
on the seven markers with the highest contribution to
the R? value of the regression. It may seem obvious that
responses in column M Q15 should represent the strong-
est possible response to MAS. It is important to keep in
mind, however, that, even if all QTLs in a genome are

Table 1 Response of the mean phenotype in the first generation of
MAS (N is the number of individuals of each sex; MQ15 and MQ7
correspond to map with markers only at the exact position of QTLs;
the number of markers included in the selection index is 7, except for
Q15, in which case it is 15)

N MQi15 MQ7  Markers/chromosome
6 11 21 51 101
Coupling
100 1.63 1.63 1.23 1.22 1.25 1.15 1.12
200 1.87 1.79 1.41 145 1.39 1.36 1.36
500 205 1.82 1.62 1.67 1.67 1.66 1.65
1000 212 1.98 1.74 1.74 1.82 1.80 1.80
Repulsion
100 0.80 0.81 0.60 0.56 0.57 0.55 0.60
200 1.02 0.99 0.74 0.75 0.70 0.70 0.70
500 1.21 1.19 0.98 0.98 0.98 0.96 0.93
1000 1.30 127 1.10 111 1.16 1.13 1.13
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mapped precisely by markers, selection is based not on
individual genotype, but rather on the molecular score,
1e., the sum of effects of the markers estimated by the
coefficients in the linear regression. The error in an
estimate of a marker effect depends on the number of
markers used to compute the molecular score: the more
markers used the greater will be the error. Hence, it is
not obvious that using fewer markers to compute the
molecular score should yield a weaker response to MAS
in a population of a given size, even if each marker is
located at the same position as a QTL. Comparing
columns MQ15 and MQ7, it can be seen that reducing
the number of markers contributing to the molecular
score from 15 to 7 generally produces a weaker response.
However, the differences between the responses are
small, particularly for the repulsion gametic phase, and
there are no differences between the responses if the
population size is 100 individuals of each sex.

The last five columns in Table 1 represent a more
realistic situation in which a precise map of QTLs is not
available, and each chromosome carries the same num-
ber(6,11,21, 51 or 101) of equidistant genetic markers. A
comparison between these columns reveals that increas-
ing the number of markers on a chromosome does not
necessarily lead to a stronger response to MAS based on
the molecular score. There appears to be an optimum
number of markers per chromosome producing the
highest response in a population of a given size and
initial gametic phase, but the differences between the
columns are quite small and mostly not significant
statistically.

The molecular score in the simulations represented
by the last five columns in Table 1 was computed based
on the seven markers with the highest contribution to
the R? of the regression. In simulations (data not shown)
either with only three markers or with 15 markers
contributing to the molecular score, response to MAS
were always weaker than the response in Table 1.

Figures 1 and 2 illustrate the probabilities that par-
ticular genetic markers are included, based on their
contributions to the R? of the regression, among the
seven markers contributing to the molecular score in a
population of 500 individuals of each sex. Each marker
is denoted by a symbol corresponding to a particular
number of markers per chromosome. The coordinate on
the horizontal axis of a marker indicates the position of
the marker on the chromosome. The probability that a
marker contributes to the molecular score is propor-
tional to the distance from the symbol of the marker to
the horizontal axis. The probability for a marker to be
included in the molecular score is generally higher for
markers located nearer to a QTL. However, this prob-
ability is not determined solely by the distance between
the marker and the nearest QTL but is affected also by
the total number of markers on the chromosome, as well
as by the number of QTLs on the chromosome, by the
effects of the QTLs on the character, by the distances
between the QTLs, and by the gametic phase. Thus, the
type of results illustrated in the figures should apply to

outbreeding populations in general, but on a smaller
scale of genetic distance over which there is significant
linkage disequilibrium.

Figures 1 and 2 show clearly that the probability that
a particular marker contributes to the molecular score
declines rapidly if more markers are added on the
chromosome. It is also of interest to know how adding
markers on a chromosome affects the probability that a
segment of the chromosome (rather than an individual
marker) is chosen by the regression to contribute to the
molecular score. Chromosomes in Figs. 3 and 4 are
divided into segments of 10 ¢cM each (except for the
segments at both ends of a chromosome whose length is
5 ¢M). The scale at the bottom of the figures indicates
positions of the mid-points of the segments. Each
segment contains only one marker if the chromosome
carries 11 markers, whereas there are ten markers in a
segment (except for the two extreme segments) in the
case of 101 markers per chromosome. The height of a
bar in Figs. 3 and 4 is propottional to the probability
thata chromosomal segment (i.e., for at least one marker
from the segment) contributes to the molecular score,
given that the seven markers with the highest contribu-

Fig.1 The probability that a marker on a chromosome in coupling
phase is chosen to contribute to the molecular score (diamonds
indicate QTLs with their allelic contributions shown below. The scale
on the horrizontal axes is in centimorgans. The distance between two
adjacent horizontal axes corresponds to a probability of 0.8)
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Fig. 2 The probability that a marker on a chromosome in repulsion
phase is chosen to contribute to the molecular score (symbols and
scaling as in Fig. 1)

tion to the R? value of the regression are chosen. For a
segment of 10 cM, this probability is not much affected
by the number of markers in the segment.

An important conclusion from Figs. 1-4 is that,in a
population of a given size, regression of the phenotype
on genetic markers in the F, generation of a cross
between two inbred lines is not capable of discriminat-
ing between different markers if the distance between
them is less than a particular value (approximately
10 ¢M in a population of 500 individuals of each sex for
the recombination model used in our simulations).
Knott and Haley (1992) investigated maximum-likeli-
hood methods for mapping of one and two QTLs on a
chromosome with equidistant genetic markers. They
found that there was very little difference in a population
of 1000 individuals between estimates of parameters
obtained with markers 20 cM apart and those obtained
with markers 10 ¢cM apart. In the work on mapping
QTLs using likelihood methods reported by Darvasi
et al. (1993), the power of a test for detecting a QTL was
practically the same with markers 10 ¢cM apart as with
markers only 0.1 ¢M apart in populations of 500 and
1000 individuals.

The reason why a regression of the phenotype on
genetic markers cannot discriminate between closely
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Fig. 3 The probability that a segment of a chromosome in coupling
phase is chosen to contribute to the molecular score (positions, in
centimorgans, of the middle points of segments are shown on the
lower scale. Diamonds indicate QTLs with their allelic contributions
shown below. The distance between two adjacent horizontal axes
corresponds to a probability of 0.8)

linked markers is that crossing two inbred lines creates
linkage disequilibria not only between markers and
QTLs but also between different markers. This causes
colinearity in the regression, and increasing the number
of markers per chromosome entails more colinearity.
Consequently, even though adding more markers
shortens the distance between a QTL and the nearest
marker, this does not mean that the nearest marker will
have the highest contribution to R?, and, hence, will be
chosen by the regression to contribute to the molecular
score. Colinearity can be alleviated by allowing for a few
generations of random mating prior to selection. How-
ever, random mating will also reduce the linkage dis-
equilibria between the markers and QTLs that MAS
utilizes. Simulations (data not shown) with 5, 10 and 20
generations of random mating before selection demon-
strated that, regardless of the number of markers per
chromosome, random mating prior to selection always
reduces the response to MAS. A similar finding
emerged in our previous simulations (Gimelfarb and
Lande 1994a) as well as in those of Zhang and Smith
(1992).

Table 2 shows the probabilities that a particular
number of markers from a given chromosome are
chosen by the regression among the seven markers
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Fig.4 The probability that a segment of a chromosome in repulsion
phase is chosen to contribute to the molecular score (symbols and
scaling as in Fig. 3)

contributing to the molecular score. A comparison be-
tween the columns corresponding to 11 and 101 markers
per chromosome reveals that the probability that a
chromosome contributes markers to the molecular

score is determined not so much by the number of
markers on the chromosome as by the contribution to
the phenotype by all QTLs on the chromosome. Indeed,
any chromosome in coupling phase makes the same
contribution to the phenotype (Fig. 1), and the probabi-
lities in Table 2 are also roughly similar among chromo-
somes in coupling phase. On the other hand, chromo-
somes in repulsion phase contribute differentially to the
phenotype (Fig. 2), and the probabilities in Table 2 differ
substantially among such chromosomes. Moreover, the
probability that a chromosome in repulsion phase con-
tributes markers to the molecular score depends not
only on the total contribution by the chromosome to the
phenotype, but also on the relative position of the QTLs.
For example, the contributions by chromosomes 1 and 2
in repulsion phase are, respectively, 1.00 and 0.00
(Fig. 2). Yet, the difference between the probabilities that
the two chromosomes contribute a marker to the mo-
lecular score are not dramatically different (0.219 vs
0.153). On the other hand, the contribution by chromo-
some 3 in repulsion phase is zero, i.c., the same as by
chromosome 2, yet the probability of contributing a
marker to the molecular score is more than twice as high
for chromosome 2 as for chromosome 3. This can be
attributed to the fact that the distance between QTLs on
chromosome 2 is greater than the distance between
QTLs on chromosome 3 (Fig. 2).

The probabilities that two or more markers from a
chromosome are included among the seven markers
contributing to the molecular score are very low in
coupling phase (Table 2). They are substantially higher
in repulsion phase, although there does not seem to be a
clear relationship between this probability and the
number of QTLs on a chromosome.

Table 3 demonstrates some parameters of markers
contributing to the molecular score. Columns denoted
as al show the average effect associated with a marker, if

Table 2 The probability that

a given number of markers Chrm. 11 markers/chromosome 101 markers/chromosome
from a chromosome is chosen - -
to contribute to the molecular Markers in molecular score Markers in molecular score
score
>1 1 2 >3 >1 1 2 >3
Coupling
1 0.147 0.140 0.006 0.001 0.152 0.139 0.013 0.000
2 0.128 0.121 0.007 0.000 0.123 0.114 0.009 0.000
3 0.148 0.143 0.005 0.000 0.154 0.146 0.008 0.000
4 0.143 0.139 0.004 0.000 0.139 0.130 0.008 0.001
5 0.152 0.145 0.006 0.000 0.152 0.143 0.009 0.000
6 0.132 0.127 0.005 0.000 0.126 0.113 0.012 0.001
7 0.150 0.146 0.003 0.001 0.154 0.144 0.009 0.001
Repulsion
1 0.219 0.160 0.050 0.009 0.245 0.158 0.065 0.022
2 0.153 0.078 0.064 0.011 0.144 0.062 0.065 0.017
3 0.067 0.050 0.014 0.003 0.048 0.028 0.014 0.006
4 0.196 0.132 0.057 0.007 0.216 0.124 0.065 0.023
5 0.172 0.131 0.035 0.006 0.175 0.104 0.051 0.020
6 0.091 0.075 0.014 0.002 0.080 0.055 0.018 0.007
7 0.102 0.086 0.014 0.002 0.092 0.065 0.021 0.006
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Table 3 Some parameters of

markers contributing to the Chrm 11 markers/chromosome 101 markers/chromosome

molecular score (al effect of a

single marker; 42 summary al a2 d cr al a2 d cr

effect of two markers; d distance Coupling

between two markers; ¢r .

correlation between effects of 1 1.05 1.17 40.0 —0.98 1.10 0.86 19.2 -0.98

two markers) 2 091 1.52 63.8 —0.89 0.98 1.21 32.8 —-0.99
3 1.04 0.87 39.1 —0.88 1.09 0.88 14.5 —0.99
4 0.99 1.30 56.0 —-0.92 1.04 1.02 33.0 —-0.97
5 1.04 0.83 44.3 —-0.79 1.11 0.99 257 —091
6 0.90 1.27 52.7 —-092 0.99 0.94 15.8 —0.96
7 1.02 1.20 32.5 —-0.94 1.10 0.85 154 —0.96

Replusion

1 1.03 0.86 329 -0.77 1.10 0.89 19.7 —0.98
2 0.04 0.03 60.5 —0.99 0.01 0.03 41.6 -0.99
3 0.10 0.02 34.2 —1.00 —0.07 0.12 15.2 —1.00
4 ~0.81 —0.50 49.5 —-0.82 -0.89 —-0.57 357 —0.98
5 -0.77 —0.64 321 —0.82 —0.85 —0.60 15.9 —0.98
6 047 0.20 32.8 —0.94 0.68 0.49 27.8 —0.95
7 0.57 0.49 38.8 —0.94 0.77 0.52 124 —0.99

it is the only marker from the corresponding chromo-
some. These effects are quite similar to the total contri-
butions by chromosomes to the phenotype (Figs. 1 and
2). The rest of the columns in the table show parameters
of two markers contributing to the molecular score, if
they come from the same chromosome. Parameter a2 is
the sum of the average effects associated with the mark-
ers, whereas parameters d and cr are, respectively, the
average distance (in centimorgans) between the two
markers and the average correlation between their asso-
ciated effects. Similar to the effect associated with a
single marker, the sum of the effects associated with two
markers corresponds roughly to the total contribution
by a chromosome to the phenotype. This does not
imply, however, that the effect associated with each
marker reflects the contribution by a QTL to the pheno-
type. Indeed, the correlation between the effects asso-
ciated with two markers is close to —1 in almost all
cases, meaning that the associated effects of the markers
are usually large and of opposite sign, irrespective of the
number of QTLs on the chromosome and their gametic
phase. It should be noted that a similar pattern of the
associated effects of markers occurred also in runs with
maps having all markers located at exactly the same
position as the QTL, and with the molecular score
computed based on all of the markers in the genome
(column MQ15 in Table1). In one such run, for
example, the associated effects were —3.15 and 2.14 for
the markers located at the first and the second QTL,
respectively, on chromosome 3. Thus, the associated
effect of a marker included in the molecular score may
not accurately estimate the contribution to the pheno-
type by a QTL.

So far we have considered genotypes with each chro-
mosome carrying at least one QTL. This, however, may
not always be the case, and there can be instances in
which some chromosomes do not carry a QTL control-
ling a particular trait. To investigate the role of unlinked
markers in marker-assisted selection we examined this

case as well as the situation in which a chromosome
carries QTLs but does not have any genetic markers.
Table 4 presents responses to MAS in simulations with
genotypes having one chromosome carrying QTLs
(either one located at 50 ¢cM, or three located at 15 cM,
50 ¢cM and 85 cM). The contribution to the character
was 1.0 by a unique QTL and 1/3 by each of the three
QTLs. Headings of the columns in the table indicate the
total number of chromosomes in the genotype (either 1
or 10) as well as the number of markers contributing to
the molecular score (either 3 or 6). In simulations repre-
sented by columns 1(3) and 1 (6), the chromosome with a
QTL was the only chromosome in the genotype, and it
carried 11 equidistant markers in addition to QTLs. In
other simulations, the genotype consisted of ten chro-
mosomes, only one of which had a QTL, whereas the
rest carried 11 equidistant markers but no QTLs. In
columns denoted 10(3) and 10 (6), the chromosome with
a QTL also carried 11 equidistant markers, whereas in
columns 10 (3)* and 10 (6)*, the chromosome with a
QTL did not have genetic makers on it. The length of

Table 4 Response of the mean phenotype in the first generation of
MAS by a character controlled by QTLs located on one chromosome
(percentages refer to the proportion of the markers in the molecular
score coming from chromosomes without QTLs)

No. QTLs Total number of chromosomes
(markers in molecular score)
1(3) 103) 10(3)* 1(6) 10(6) 10(6)*
One QTL 0.89 0.85 0.15 0.88 0.75 0.12
(58%) (72%)
Three QTLs, 0.69 0.67 0.26 0.69 0.65 0.22
coupling (19%) (53%)
Three QTLs, 0.26 0.18 0.02 0.26 0.17 0.02
repulsion (44%) (59%)

* Markers are only on chromosomes without QTLs
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any chromosome was 100 centimorgans. Percentages in
the table refer to the proportion among the markers
contribution to the molecular score of those coming
from chromosomes that do not carry a QTL. This
proportion is, obviously, 0% if there is only one chro-
mosome in the genome, or 100% if genetic markers are
located only on chromosomes without a QTL.

One of the consequences of increasing the number of
markers in a genome, as discussed earlier, is more
colinearity in the regression of the phenotype on mark-
ers due to linkage disequilibrium between markers on
the same chromosome. Another consequence of increas-
ing the number of markers is that in a population of
finite size it will cause more associations between QTLs
and markers that are not linked to any QTL at all. It
seems obvious that such spurious associations between
markers and QTLs represent “noise” and, hence, should
reduce the response to MAS. Indeed, comparisons be-
tween columns 1 (3) and 10 (3), as well as between
columns 1 (6) and 10 (6), in Table 4 show that adding
markers on chromosomes not carrying a QTL generally
decreases the reponse to MAS. However, the decrease in
the response is not very large (indeed it is very small in
the case of three QTLs in coupling phase). This is quite
surprising, given that a substantial proportion of
markers chosen to contribute to the molecular score in
the case of ten chromosomes come from the chromo-
somes that do not carry a QTL. Zhivotovsky (1976)
conducted computer simulations of selection based ex-
clusively on genetic markers not linked to any QTL in a
population representing a finite sample from a large
population in linkage equilibrium. He found that such
selection can produce a non-zero response. Columns10
(3)* and 10 (6)* in Table 4 also demonstrate that MAS
can utilize the associations between genetic markers and
QTLs that are not due to genetic linkage, but rather are
caused by finite population size. Indeed, except for the
case of three QTLs in repulsion phase, there is a non-
zero response to selection based on markers that are
located on chromosomes not carrrying a QTL. Unlike
associations between QTLs and linked markers which
can persist for many generations, associations between
QTLs and unlinked markers decay within a few gener-
ations. This may be one of the reasons why the efficiency
of MAS in generations following the first one is im-
proved if the set of markers contributing to the molecu-
larscore, as well as their additive effects, are re-evaluated
in each generation rather than being evaluated only in
the first generation (Gimelfarb and Lande 1994a).

The main conclusion emerging from the present work
is that, even though MAS based on the method of Lande
and Thompson (1990) (employing a multiple linear re-
gression of the phenotype on genetic markers) can be
quite effective in finite populations, the markers chosen
by the regression to be utilized by selection are not

necessarily those closest to QTLs, and their associated
effects may not correspond to the contributions to the
trait by linked QTLs. Any marker contributing substan-
tially to the R? value of the regression, even if it is not
linked to a QTL, can be effectively utilized by selection.
Increasing the number of markers per chromosome does
not necessarily result in a stronger response to selection,
since the regression does not discriminate among
markers if the distance between them is less than a
particular value (10 cM for an F, population of 500
individuals of each sex).
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