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Abstract Selection on known loci affecting quantitative
traits (DSQ) was compared to phenotypic selection index
for a single and a two-trait selection objective. Two situa-
tions were simulated; a single known quantitative locus,
and ten identified loci accounting for all the additive ge-
netic variance. Selection efficiency of DSQ relative to trait-
based selection was higher for two-trait selection, than was
selection on a single trait with the same heritability. The
advantage of DSQ was greater when the traits were nega-
tively correlated. Relative selection efficiency (RSE) for a
single locus responsible for 0.1 of the genetic variance was
1.11 with heritabilities of 0.45 and 0.2 and zero genetic and
phenotypic correlations between the traits. RSE of DSQ
for ten known loci was 1.5 to 1.8 in the first 3 generations
of selection, but declined in each subsequent generation.
With DSQ most loci reached fixation after 7 generations.
Response to trait-based selection continued through gen-
eration 15 and approached the response obtained with DSQ
after 10 generations. The cumulative genetic response af-
ter 10 generations of DSQ was only 93% to 97% of the
economically optimum genotype because the less favor-
able allele reached fixation for some loci, generally those
with effects in opposite directions on the two traits.

Key words Quantitative trait loci - Marker assisted selec-
tion - Multi-trait selection index

Introduction

Nearly all commercial breeding schemes for quantitative
traits are based on selecting as parents for the next gener-
ation those individuals with the most desirable estimated
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aggregate breeding value. There is generally no attempt to
directly select for specific alleles affecting the traits under
selection. Genetic markers can be used to isolate the ef-
fects of individual chromosomal segments, even if the ef-
fectis responsible only for a small fraction of the total phe-
notypic variance (Sax 1923; reviewed by Soller 1990,
1991; Weller 1992). Until recently, the application of
“Marker-assisted selection” (MAS) was limited by the lack
of suitable segregating genetic markers in animal and plant
populations of commercial interest. New techniques have
been developed to determine polymorphisms in the DNA
base pair sequence, including restriction fragment length
polymorphisms (RFLP), DNA fingerprinting, and DNA
microsatellites (Beckmann and Soller 1983; Fries et al.
1990; Georges and Massey 1991; Jeffreys et al. 1985; Litt
and Luty 1989; Soller 1990; Soller 1991; Soller and Beck-
mann 1983; Weber and May 1989). Thus, it is now pos-
sible to find polymorphisms suitable for use as genetic
markers in all commercial species.

Since MAS will require additional investment in breed-
ing programs, it is critical to determine the additional ge-
netic gain that could be obtained. Weller and Fernando
(1991) list four ways by which MAS can contribute to ge-
netic progress within a breed:

1) by increasing selection intensity,

2) by decreasing generation interval,

3) by increasing accuracy of evaluation,

4) by planning matings among individuals.

The first two ways may not be applicable in many spe-
cies. By planned matings it is possible to utilize nonaddi-
tive genetic variation such as dominance and epistasis.
However, any gain due to nonadditive genetic variation
will not carry over into future generations. A priori it would
seem that if the individual quantitative trait loci (QTL) af-
fecting a quantitative trait are known, then it should be pos-
sible to devise a more efficient breeding scheme than mass
selection. However, in practice this is apparently not the
case. Weller and Soller (1981) studied strategies for incor-
porating a number of favorable genes into a single strain.
They found the optimum strategy to be random mating
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among the different strains and mass selection on the num-
ber of positive alleles in each progeny. The same strategy
would of course be followed if the individual QTL were
not known. Thus, most studies that have attempted to es-
timate the expected genetic progress via MAS have con-
centrated on the effect of MAS on increasing the accuracy
of evaluation (Lande and Thompson 1990; Smith and Webb
1981; Smith and Simpson 1986; Stam 1986; Zhang and
Smith 1992). Results generally show that although the gain
is significant for low heritability traits, it is insignificant
for high heritability traits.

All previous studies have concentrated on expected ge-
netic progress for a single trait. However, in practice, the
commercial breeding objective is nearly always composed
of several traits. Falconer (1989) noted that “negative” ge-
netic correlations, relative to the desired direction of se-
lection, will develop among traits under selection during
the course of a breeding program. (Henceforth the econom-
ically favorable phenotype will be termed “positive” and
the economically unfavorable phenotype will be termed
“negative”. Thus, if both traits are measured on scales in
which economically favorable is positive, then a “nega-
tive” genetic correlation is one in the opposite direction to
the selection objective.) Those alleles with positive effects
for both traits will be the first to undergo fixation, while
those alleles with positive effects on some traits and neg-
ative effects on others will not be appreciably affected by
selection. Thus, genetic progress for an index of traits with
major negative genetic correlations will be slow even if all
of the traits have high heritability.

If the negative genetic correlation between two traits is
incomplete, then it is still likely that a few QTL will have
positive effects on both traits. Weller et al. (1988) found
QTL with effects on pairs of traits in the direction oppo-
site to that of the genetic correlation. Selection for these
loci may be significantly more effective than the traditional
selection index. Lande and Thompson (1990) computed an
optimum selection index for multitrait MAS, but did not
evaluate the efficiency of MAS for a multitrait breeding
objective.

The goals of the study presented here were to estimate
the maximum expected gain from selection on specific
QTL for a two trait breeding objective, with differing he-
ritabilities and with both positive and negative genetic and
environmental correlations. Two situations were consid-
ered: a single known QTL with effects on both traits, to-
gether with background genetic variation; and all QTL with
effects on both traits known.

Methods
Simulation of a single known QTL

The selectlon objective consisted of two tralts with Ehenotyplc var-
iances of o‘p 1 and Oy, genetic variances of o2 and G 2, a genetlc cor-
relation of 1,, and a phenotypic correlation of r,. 6 and 05 were
assumed to be equ ual to the genetlc variance of the identified QTL on
traits 1 and 2, 63, and GQZ, plus the genetic variance due to other,
not 1dent1f1ed loci. The population under selection was assumed to
be diploid. It was further assumed that there were only two alleles
for the QTL segregating in the population, that the effect of the QTL
on both traits was codominant, and that, prior to selection, mating
was random with respect to the QTL. Thus, the genetic correlation
between the traits on the QTL was either | or 1. No epistasis between
the QTL and other loci was assumed, thus, the correlation between
the QTL and the other loci was zero.

0gy and G, were computed as f1(0,}) and £,(03,), where f; and
f, are the fractions of the genetic variance for each trait attributed to
the identified QTL. It was assumed that f, = f,. Equal frequencies
were assumed for the two QTL alleles; thus:

05 = 2p (1-p)a; = 0.5a7 (0

where p is the allele frequency and a; is the substitution effect of the
QTL for trait i. The effects of the QTL on trait 1 were a;, 0, and —a,,
and the effects of the QTL on trait 2 were a,, 0, and —a,.

The phenotypic and genetic parameters of the two traits and the
QTL were used to derive the optimum linear selection index,

I=byx X; +byy X5+ bgq (2)

where X and X, are the phenotypic trait values for traits 1 and 2, g
is the “value” for the QTL, and by, by, and bg are the index coef-
ficients. (Since all individuals are selected from a common popula-
tion with a single mean, it is not necessary to subtract the trait means
or the mean of q.) By selection index theory (Hazel 1943), the vec-
tor of optimum index coefficients, by, is derived as follows:

=P lGv 3)

where P is the phenotypic matrix, G is the genetic variance matrix,
and v is the vector of economic values for the two traits and the QTL.
The elements of P and G are given in Table 1. ¢;;, and o, were set
equal to unity. r, was varied from ~0.8 to 0.8, and r, was set equal
to r,. q was set equal to 2, 1, and O for locus effects of a;, 0 and —a,
respectively. Thus, the variance of the QTL= 2(0.5)(0.5)=0.5. Since
the “heritability” of the QTL is 1, the phenotypic variance is equal
to the genetic variance. The genetic covariances between the QTL
and the two traits were 0.5a, and 0.5a,. Since, as stated, the “herit-
ability” of the QTL is 1, the phenotypic covariances are equal to the
genetic covariances. The genetic and phenotypic covariances
between the two quantitative traits were derived from the correspond-
ing variances and correlations. These values differs from the values
given in Appendix | of Lande and Thompson (1990) because the lat-
ter measured the standard deviation of the QTL in units of the quan-
titative trait, while in this study the QTL was measured in units of
the number of alleles with “positive” effects. Since each quantitative
trait is measured in different units, this notation is more appropriate
for a two-trait breeding objective. The economic values for the two
traits were set equal to unity, and the economic value for the QTL
was 0.

Table 1 The genetic and pheno-
typic variance-covariance ma-

Genetic matrix

Phenotypic matrix

trices for selection on two traits

and a single QTL? Trait Trait 1 Trait 2 QTL Trait 1 Trait 2 QTL
Trait 1 G, raGa1Gaz 2p (1-p)a, Opl 2 I 6p10p2 2p (1-p)a,
Trait 2 1,651 2p (1-p)a, T cplc ops 2p (1-p)ay
QTL 2p(1-p)a, 2p(1 -Pa;  2p(1-p) 2p(1- pgal 2p(1-p)a, 2p (1-p)

2 Explanation of symbols is given in the text



Maximum genetic response will be obtained when all traits with
genetic correlations with the traits in the aggregate genotype are in-
cluded in the index. If the i trait of the aggregate genotype is delet-
ed from the index, the variance of the selection 1ndex will be reduced
by b2 /w;, where b is the index coefficient for the i* 1 D trait (in thlS case
b; b o)» and w; is the diagonal element for the i' " trait in P! (Cun—
nlngham 1969) The relative selection efficiency of the index, in-
cluding the QTL information, RSE, is then computed as follows,
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RSE was computed with r, and r,, varied from ~0.8 to 0.8. f was
varied from 0 to 0.7. h% of the two tra1ts was varied from 0.05 to 1.
Values for the other parameters were held constant.

b; Pb;

RSE=| — L
bI Pb[ _bi /Wl

Simulation of ten QTL accounting for all the genetic variance

Previous studies have used various distributions to simulate QTL,
including the geometric (Lande and Thompson 1990) and gamma
(Zhang and Smith 1992) distributions. Hoeschele and VanRaden
(1993) used the exponential distribution under the assumption that
the frequency of loci decreases as a function of gene effect over the
entire range of effects. Since it will generally not be possible to de-
tect loci of very small effect, they suggested setting a lower bound
to the distribution. The following protocol was used to obtain a sim-
ilar situation and at the same time to account for all of the genetic
variance associated with the two traits by ten diallelic and uncorre-
lated QTL.

The additive genetic variance of QTL j on trait i, Gau, was sim-
ulated by sampling from a chi-squared distribution with ten degrees
of freedom. Chi-squared deviates were multiplied by 62/100, where
o2 is the additive genetic variance for trait i, to account for the facts
that the mean of the chi-squared distribution with ten degrees of free-
dom is approximately equal to 10 and that the sum of the variance
for the ten loci should equal 2. As in the case of a single known
QTL, the phenotypic Var1ances and standard dev1at10ns were as-
sumed equal to unity for both traits. Thus, 62=hZ, where b? is the
heritability for trait 1.

As with the previous simulation, the population was assumed to
be diploid, and each QTL had only two alleles that acted codomi-
nantly. Thus, the QTL effects were either a;; or ~a;; for homozygotes
and 0 for heterozygote, where a; is the substltutlon effect for locus
jontraiti. Following Hoeschele and VanRaden (1993), the initial al-
lele frequencies for QTL j, p;, and 1-p; were derived by sampling
from a uniform distribution. a;; was then derived from the following
equation:
0= 2p; (1 - p) af. )

In order to avoid immediate fixation of rare alleles, pj>0.95 or
<0.05 were set to 0.95 and 0.05, respectively. The relative large in-
fluence of very high and low allele frequencies on the substitution
effect of the QTL was also curtailed. As shown by Hoeschele and
VanRaden (1993) a dependency between p; and a;; is unavoidable if
total genetic variance is considered to be %med The empmcal dis-
tribution of a;; obtained from a sample of 5000 with h?=0.2 is given
in Fig. 1. The mode of the distribution is approximately 0.2. Even
though the sample was quite large, this is still an empirical distribu-
tion based on a computer-generated sample. Therefore, the curve
is not completely smooth. This distribution differs from that of
Hoeschele and VanRaden (1993) chiefly in that there is a positive
probability of detecting QTL with effects less than the mode, this is
similar to the empirical results of Weller et al. (1988).

For each locus, positive effects on both traits were simulated a
priori for the same allele. As explained above, since codominance is
assumed, the genetic correlation for each QTL was originally equal
to unity. An overall genetic correlation of —0.4 was simulated by mul-
tiplying the effects of the first seven loci on the second trait by —1.
Since QTL effects were simulated individually at random, the se-
quence of the loci with negative or posmve genetic correlatlons 1s
1rnmater1al The expected genetic variance for traitiis 10 O'a, , where

o1 is the mean QTL variance. The expected genetic covariance is:
3 041,043, — 7 G51.0,n. =~ 4 0, 0,5, where 0,; and 0,, are the mean
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Fig. 1 The empirical distribution of QTL substitution effects in phe-
notypic standard deviation units obtained from a sample of 5000 with
heritability of 0.2
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Fig. 2 The empirical distribution of the sum of the effects of allele
distribution on both traits obtained from a sample of 5000 with h*=0.2
for both traits and a genetic correlation of 0

QTL standard deviations for traits 1 and 2, respectively. Thus, the
expected genetic correlation is —0.4. Similarly expected genetic cor-
relations of 0.4 or 0.0 were simulated by multiplying the effects on
the second trait of the first three or five loci by -1. The empmcal dis-
tribution of a,;+a,; obtained from a sample of 5000 with h*=0.2 for
both traits andJ a genenc correlation of O is given in Fig. 2. This dis-
tribution is bimodal with one mode near zero for loci with opposite
effects on both traits and a second mode at 0.4 for loci with effects
in the same direction. Overall this distribution is less skewed than
the distributions for the individual alleles.

Genotypes of individuals in the base population were simulated
by selecting two random numbers for each locus from a uniform dis-
tribution over the range of (0, 1). For each of the two random num-
bers generated for each focus of each individual the allele with a pos-
itive effect on the first trait was selected if the random value was <p;.
Otherwise, the alternate allele was selected. The genetic value of trait
ifor the m™ individual, G, was then computed as follows:

Gim = Z, (ajj +agy) . (6)

where ay; and & are the genetic effects on trait i of the two alleles
k and 1 at the j™ locus. The economic aggregate genotype for indi-
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Table 2 Parameters, symbols (in parentheses), and values used in
the simulation with all QTL assumed known

Table 3 Efficiency of selection with a single known QTL for a two-
trait breeding objective, relative to index selection on the pheno-
types, as a function of the proportion of the genetic variance due to

Parameter Values the known QTL. Heritabilities for the traits were 0.45 and 0.20. The
QTL has two alleles with initial frequencies of 0.5. Efficiencies are
Additive genetic variance (6,3)* 0.05 0.20 0.40 given for genetic correlations, r,, of —0.40 and 0.40. Phenotypic cor-
Phenotypic variance (cpz) 1 relations were set equal to the genetic correlations
Economical value (v;) 1
Genetic correlation (r,) -0.40 0 0.40  Proportion Correlations®
Environmental correlation (r.) -0.40 0 0.40
Initial frequency of QTL alleles (p;) 0.05-0.95 -0.40 0.40
*Since o7 =1, 6,7=h{, the heritability for trait i 0.00 1.000 1.000
0.10 1.163 1.070
0.20 1.342 1.157
vidual m, H,,, was then computed as follows: 0.30 1.546 1.240
0.40 - 1.327
HszlmVI+G2mV27 (7) 0.50 - 1.419
where v, and v, are the economic values for traits 1 and 2. The ec- 8,6]8 _ %g;?

onomic values for the two traits were set equal in all simulations.

The environmental value of trait i for the m™ individual was com-
puted as E.+E;,,, where E_, is the environmental effect common
to both traits for the m'™ individual, and E,,, is environmental effect
specific to trait i for the m™ individual. E_,, and By, were simulat-
ed by sampling from normal distributions with means of zero, and
variances of E2_ and 1-h?~E2,, respectively, where EZ, is the com-
mon environmental variance, and h? is the heritability for trait i. The
phenotypic value of trait i for the m™ individual, X;,, is then com-
puted as follows:

Xim = Gim + Ecm + Eism (8)

The phenotypic variance for each trait was set to unity. The in-
itial phenotypic covariance between the traits was equal to the ge-
netic covariance computed above plus E2,.

Simulation of population and selection program

One thousand individuals were simulated for the base population as
described above. Animals were randomly assigned as males or fe-
males. Fifty males and 200 females were selected for breeding the
next generation. In order to reduce inbreeding, mating was disassor-
tive with respect to the selection objective. Each male was mated to
4 females, with the males with the highest index values mated to the
females with the lowest index. One thousand individuals were sim-
ulated for the next generation. The genotype of each progeny was
simulated by selecting at random one allele from each parent for each
loci. The environmental effect for each progeny was simulated as de-
scribed previously.

Selection on H,,, denoted “direct selection of QTL” (DSQ), was
compared to selection on the optimum linear selection index, I,
based on each individual’s phenotypic values for the two fraits,
“trait-based selection index” (TSI), computed as follows:

ImszXIm'}'b2X2m (9)

where b, and b, are the index coefficient for traits 1 and 2, respec-
tively. Index coefficients were computed with Eq. 3 using the two-
trait phenotypic and genetic variance matrices. After every genera-
tion, genetic and phenotypic variances and covariances were recom-
puted using the genetic and phenotypic values for the individuals
simulated in that generation. These values were then used to recom-
pute the index coefficients derived from Eq. 3.

DSQ was continued for 10 generations and TSI for 15 genera-
tions. The individual alleles were followed in both selection meth-
ods. The mean breeding value in each generation was calculated for
both DSQ and TSI. The genetic response per generation was com-
puted as the difference between the mean breeding values of the cur-
rent and previous generations. The gene frequencies of the ten QTL
were monitored in order to detect allele fixation. The maximum ob-
tainable genetic response in economic units was also calculated for
each simulation.

The selection procedure was repeated 15 times for each param-
eter set. Environmental and genetic correlations of -0.4, 0, and 0.4

#Relative efficiency is not listed for parameter combinations outside
the parameter space

Table 4 Comparison of selection efficiencies for a single trait and
atwo-trait selection objective, as a function of the heritabilities, when
a single QTL was known. The QTL has two alleles with initial fre-
quencies of 0.5. The proportion of the additive genetic variance due
to the QTL was set at 0.10 or 0.30. For two-trait selection, the ge-
netic and phenotypic correlations were —0.40, and the heritability of
the traits were equal

Heritability Proportion=0.10 Proportion=0.30
Two traits One trait Two traits One trait
0.05 2.668 1.678 4.472 2.549
0.10 1.948 1.348 3.162 1.872
0.20 1.464 1.152 2.236 1.422
0.45 1.124 1.035 1.491 1.110
0.80 1.011 1.003 1.118 1.010

and heritabilities of 0.05, 0.2, and 0.4 were simulated. The parame-
ter values used are given in Table 2. In order to compare the results
of this study to previous studies, selection on a single trait was also
simulated for both a single known QTL and all known QTL. In the
single trait simulations heritability was varied from 0.05 to 0.8 for a
single known QTL and from 0.05 to 0.4 for the simulations with all
QTL assumed known.

Results

Estimation of relative selection fequency (RSE)
for a single known QTL

RSE as a function of f is given in Table 3 for r,=—0.4 and
0.4 and heritabilities of 0.45 and 0.2. In all cases, it was
assumed that r,=r,. As expected, RSE increases with in-
crease of f. Since a genetic correlation of unity is assumed
for the QTL, the maximum possible f under the restrictions
given are 0.3 for r,=—0.4 and 0.7 for r,=0.4. At greater val-
ues than these limits, the single identified QTL would re-



Table 5 The effect of the genetic and phenotypic correlations
between the two traits on the relative selection efficiency of indices
including information on a single QTL, as compared to the pheno-
typic selection index. Heritabilities were 0.45 and 0.20. The QTL
has two alleles with initial frequencies of 0.5. The proportion of the
additive genetic variance due to the QTL was set at 0.10 or 0.30
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Table 6 Efficiency of selection with a single known QTL for a two-
trait breeding objective, relative to index selection on the pheno-
types, as a function of heritabilities of the two traits. The QTL has
two alleles with initial frequencies of 0.5. The genetic and pheno-
typic correlations between the traits were —0.40. The proportion of
the additive genetic variance due to the QTL was set at 0.10 or 0.30

I,=1, Proportion of the genetic variance Proportion  h3 h?
0.10 0.30% 0.05 0.20 0.45 0.80
-0.80 1.281 - 0.1 0.05 2.668 1.425 1.087 1.008
-0.60 1.209 - 0.10 2.023 1.523 1.124 1.015
-0.40 1.163 1.546 0.20 1.425 1.464 1.163 1.027
-0.20 1.133 1.424 0.30 1.214 1.320 1.163 1.033
0.00 1.111 1.346 0.45 1.087 1.163 1.124 1.033
0.20 1.093 1.288 0.60 1.036 1.080 1.078 1.025
0.40 1.077 1.240 0.80 1.008 1.027 1.033 1.011
0.60 1.062 1.193 1.00 1.000 1.006 1.009 1.002
0.80 1.040 1.127

0.3 0.05 4.472 2.089 1.285 1.034
4 Relative efficiency is not listed for parameter combinations outside 0.10 3.281 2.326 1.405 1.066
the parameter space 0.20 2.089 2.236 1.547 1.123
0.30 1.612 1.925 1.575 1.164
0.45 1.285 1.546 1.491 1.189
0.60 1.130 1.306 1.356 1.175
sult in a genetic correlation greater than the assumed val- 0.80 1.034 1.123 1.189 1.118
1.00 1.001 1.030 1.069 1.044

ues. For the values tested, the gain in selection efficiency
due to DSQ with r,=—0.4 was more than twice the gain with
r,=0.4. For £=0.1, h?=0.45 and h3=0.20, a selection index
including a single known QTL accounting for only 0.045
of the total variance for trait 1 increases RSE by 16% if
r,=-0.4.

Comparison of RSE for a single trait and a two-trait se-
lection objective as a function of heritability are given in
Table 4. The proportion of the additive genetic variance
due to the QTL was set at 0.10 or 0.30. For two-trait se-
lection, the genetic and phenotypic correlations were
—0.40, and the heritability of the traits was equal. Previous
studies have shown that the RSE of DSQ increases as a
function of the proportion of the additive genetic variance
associated with the QTL (Lande and Thompson 1990;
Smith and Simpson 1986; Stam 1986). This also occurred
with two genetically correlated traits. The increase in se-
lection efficiency was generally three times greater for the
two-trait selection objective, than for the single trait ob-
jective.

The effect of the genetic and phenotypic correlation
between the two traits on RSE is given in Table 5. Herit-
abilities for the two traits were 0.45 and 0.20. RSE was
computed for {=0.1 and f=0.3. The genetic and phenotypic
correlations were assumed to be equal for all simulations.
RSE decreased with increase in the genetic correlation. At
r,=0.8, RSE for the two-trait objective is only slightly
greater than for a single trait with h?=0.45. However, with
f=0.1, the gain in selection efficiency increases sevenfold
from r,=0.8 to r,=—0.8. For £=0.3, there is a twofold gain
inRSE fromr,=0.4 tor,=-0.4. As explained above, r,<-0.4
is outside the parameter space for £>0.3. Values for RSE
for these combinations are therefore not given.

RSE with a single known QTL for a two-trait breeding
objective, relative to index selection on the phenotypes, as
a function of heritabilities of the two traits is given in Ta-
ble 6. The genetic and phenotypic correlations between the

traits is -0.40. f was set at 0.10 and 0.30. Similar to single-
trait simulations (Lande and Thompson 1990; Smith and
Simpson 1986; Stam 1986), RSE is highest when heritabil-
ities are low for both traits. Contrary to the results for sin-
gle trait simulations, RSE is still relatively high for two
traits with moderate heritabilities (0.2 to 0.5), provided that
they are negatively correlated. Since f is computed rela-
tive to the genetic variances of the two traits, the effect of
the QTL relative to the phenotypic variance increases as a
function of the heritabilities. Nevertheless, for both f val-
ues, RSE is maximum when both heritabilities are 0.05. As
the heritability of one trait increases, the heritability of the
other trait at which RSE is maximum also increases, but
not symmetrically. For example, with f=0.1, and h3=0.2,
maximum RSE as a function of h3 is obtained at 0.1.

Comparison of response to selection on ten QTL
accounting for all of the genetic variance
and trait-based selection

Response for 15 generations of TSI and 10 generations of
DSQ, computed as the mean genetic level of the popula-
tion in economic units, are given in Table 7. Genetic and
phenotypic correlations were assumed to be equal for all
simulations. The heritabilities of the traits were 0.40 and
0.20, and a monetary value of one was assumed for each
unit of the phenotypic standard deviation. Aggregate gen-
otype values are the means of 15 simulations. Responses
to the first generation of TSI were close to the values ex-
pected by selection index theory (Falconer 1989). As ex-
pected, genetic gains increased with increase in the genetic
correlations. Total genetic response was always greater by
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Table 7 Response for 15 generations of selection, computed as the
mean genetic level of the population in economic units, for trait-
based selection index (TSI) and direct selection on quantitative trait
loci (DSQ) when all the QTL are known. Genetic and phenotypic
correlations were assumed equal for all simulations. The heritabil-
ities of the traits were 0.40 and 0.20, and a monetary value of one
was assumed for each unit of the genetic standard deviations. Ag-
gregate genotype values are the means of 15 simulations

Generation  1,=1,=~0.40 r,=1,= 0.00 r,=1,= 0.40
TSI DSQ TSI DSQ TSI DSQ
1 0.00 0.00 0.00 0.00 0.00 0.00
2 0.48 0.83 0.56 0.98 0.68 1.21
3 0.90 1.43 1.02 1.75 1.28 2.07
4 1.30 1.90 1.52 2.42 1.87 2.90
5 1.65 2.20 2.01 2.98 238 3.64
6 1.90 2.36 2.41 3.33 291 4.07
7 2.08 2.44 2.74 3.55 333 431
8 2.20 2.50 3.01 3.65 3.66 4.47
9 2.27 2.52 3.19 3.70 391 454
10 2.34 2.53 332 3.74 4.08 4.35
11 2.39 - 3.43 ~ 422 -
12 242 - 3.51 - 433 -
13 2.45 - 3.58 ~ 439 -
14 247 - 3.63 - 443 -
15 2.48 - 3.66 - 446 -

DSQ. Most of the genetic response was obtained in the first
generations, especially for DSQ. By generation 15 cumu-
lative response by TSI was nearly equal to that obtained
by DSQ after 10 generations.

In most cases, the genetic variances increased during
the first few generations of TSI but not DSQ. Under the
assumed model, two alleles at each locus and codominance,
the genetic variance is greatest when frequencies of both
alleles are 0.5. Thus, selection for rare alleles increases
variance, while selection for alleles with high frequency
reduces variance. Due to the dependency in the model
between substitution effect and allele frequency, most loci
with large effects will have extreme allele frequencies, The
genetic variances of both traits decreased after generation
2-4 by both selection methods. The reduction in the vari-
ances was larger with DSQ than with TSI. In most cases,
the genetic correlation between the traits became more neg-
ative during selection, although in some simulations the
genetic correlation increased.

The effect of the genetic and phenotypic correlations on
the efficiency of DSQ, relative to TSI is given in Table 8.
Heritabilities for the traits were 0.40 and 0.20. Selection
efficiencies were derived by dividing the cumulative ge-
netic response by DSQ at each generation by the cumula-
tive genetic response obtained by TSI. RSE decreased at
each generation and was close to 1.1 by generation 10 for
all three sets of correlations. RSE was slightly lower with
negative correlations and nearly equal for the other two
cases.

Different results were obtained when the phenotypic
and genetic correlations were not equal. The effect of the
environmental correlation on the RSE of DSQ with a con-
stant genetic correlation is given in Table 9. The genetic

Table 8 The effect of equal genetic and phenotypic correlations on
the efficiency of direct selection on quantitative trait loci with all
QTL known for a two-trait selection objective, relative to trait-based
selection. Heritabilities for the traits were 0.40 and 0.20. Results are
the means of 15 replicates

Generation r,=rp,=-0.40 r,=1,=0.00 r,=1,=0.40
1 - - ~
2 1.739 1.754 1.762
3 1.588 1.722 1.618
4 1.466 1.590 1.552
5 1.332 1.487 1.533
6 1.241 1.383 1.399
7 1.173 1.292 1.296
8 1.137 1.215 1.223
9 1.107 1.161 1.161
10 1.078 1.125 1.115

Table 9 The effect of the environmental correlation on the efficien-
cy of direct selection on quantitative trait loci with all QTL known
for a two-trait selection objective, relative to trait-based selection.
The genetic correlation was —0.4 for all simulations. Heritabilities
for the traits were 0.40 and 0.20. Results are the means of 15 repli-
cates

Generation Environmental correlations
-0.4 0 0.4
1 _ _ —
2 1.739 1.960 2.275
3 1.588 1.878 2.098
4 1.466 1.683 1.935
5 1.332 1.523 1.695
6 1.241 1.404 1.520
7 1.173 1.315 1.413
8 1.137 1.238 1.322
9 1.107 1.195 1.242
10 1.078 1.147 1.179

correlation was —0.4 for all simulations. RSE is greatest
when the phenotypic and genetic correlations are in oppo-
site directions. Under these circumstances TSI is least ef-
ficient. As in the previous table, RSE decreases at each
generation, but with r,=0.4, RSE=1.18 even after 10 gen-
erations.

Cumulative genetic response with DSQ and maximum
obtainable genetic response, in economic units, for differ-
ent genetic correlations are given in Table 10. The maxi-
mum obtainable response is the difference between the av-
erage genetic mean of the base population and the genetic
mean of the most economically favorable genotype. The
phenotypic correlations were set equal to the genetic cor-
relations, and the heritability of the two traits was 0.40 and
0.20. Cumulative responses were less than the maximum
obtainable genetic response for all simulations because in
most simulations the less favorable allele reached fixation
for at least one of the loci. Most of these were loci in which
the allele effects on the two traits were in opposite direc-
tions.

The proportion of loci reaching fixation during the first
15 generations of TSI and 10 generations of DSQ are given



Table 10 Cumulative genetic response with direct selection on quan-
titative trait loci and maximum obtainable genetic response, in eco-
nomic units, for different genetic correlations. The phenotypic cor-
relations were set equal to the genetic correlations, and heritabilities
of the two traits were 0.40 and 0.20. Results are the means of 15 rep-
licates

Genetic Cumulative Maximum obtain- Percent of max-
correlation genetic response able genetic imum obtainable
response response reached
-0.40 2.53 2.71 934
0.00 3.74 3.84 97.4
0.40 4.55 4.88 93.2

Table 11 Proportion of loci reaching fixation during the first 15 gen-
erations of trait-based selection index (TSI), and direct selection on
quantitative trait loci (DSQ) when all QTL were known. The herit-
abilities of the two traits were 0.40 and 0.20. Results are based on
15 replicates

Generation r,=r,=-0.40 1,=1,=0.00 r,=r,=0.40
TSI DSQ TSI DSQ TSI DSQ
1 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.01 0.00 0.01
3 0.00 0.07 0.00 0.06 0.01 0.07
4 0.06 0.23 0.03 0.13 0.03 0.15
5 0.07 0.37 0.05 0.27 0.11 0.27
6 0.11 0.51 0.09 0.47 0.14  0.49
7 0.14 0.68 0.12 0.67 0.17 0.71
8 0.19 0.80 0.17 0.78 0.19 0.83
9 0.27 0.91 0.22 0.87 020 095
10 0.32 0.95 0.25 0.91 024 098
11 0.37 - 0.36 - 031 -
12 0.46 - 0.40 - 038 -
13 0.51 - 0.42 - 043 -
14 0.57 - 0.47 - 051 -
15 0.60 - 0.54 - 059 -

Table 12 The effect of heritability on the efficiency of direct selec-
tion on quantitative trait loci with all QTL known for a two-trait or
single trait selection objective relative to trait-based selection. The
genetic correlation was —0.4, the environmental correlation was O,
and the heritability of the two traits was equal for the two-trait sim-
ulations. Results are the means of 10 replicates

Gene- Two traits

ration

Single trait

h?=0.05 h?=0.20 h?=0.40 h%=0.05 h*=0.20 h®=0.40

1 - - — — - -
2 5.10 2.55 1.95 4.10 2.16 1.55
3 4.50 2.40 1.82 3.84 2.03 1.57
4 4.15 2.08 1.67 3.52 1.98 1.50
5 3.58 1.87 1.46 3.27 1.91 1.47
6 3.14 1.63 1.32 3.08 1.78 1.41
7 271 1.45 1.23 2.85 1.62 1.37
8 2.42 1.36 1.18 2.71 1.48 1.30
9 2.21 1.29 1.15 2.50 1.35 1.23

10 2.02 1.25 1.13 2.27 1.24 1.16
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in Table 11. The heritability of the two traits was 0.40 and
0.20. Genetic and phenotypic correlations were set equal
at either 0.4, 0 or 0.4, Nearly complete fixation was ob-
tained for DSQ, but for TSI no more than 0.6 of the loci
reached fixation even after 15 generations. As expected,
loci for which allele effects on both traits were in the same
direction reached fixation earlier. For both DSQ and TSI,
fixation was slowest with zero correlations.

The effect of heritability on the efficiency of DSQ with
all QTL known for a two-trait or single- trait selection ob-
jective, relative to TSI, is given in Table 12. The genetic
correlation was —0.4 for the two-trait simulations, the en-
vironmental correlation was zero, and heritability of the
two traits were equal. In the early generations, RSE was
higher for two-trait selection, but at later generations the
differences were minimal. The difference in efficiency
between single and two-trait selection was greater for low
heritability traits.

Discussion

The current study assumed that QTL genotype was known
without error. Although segregating genetic markers can
be used to derive unbiased estimates of linked QTL effects
{Weller 1986; Fernando and Grossman 1989), the estimates
will also have an estimation error variance. Although
bracketing QTLs with genetic markers does improve the
accuracy of the estimate, some error will remain even with
a dense genetic marker map. Furthermore, the current op-
timum method for genetic evaluation is the Best Linear Un-
biased Prediction, which includes information from all
known relatives (Wiggans et al. 1988). Inclusion of infor-
mation from relatives can have a significant impact for low
heritability traits. Thus, in practice trait-base selection is
slightly more efficient than the scheme described, while
direct selection on QTL can only be approximated by MAS
with a dense map of genetic markers. Thus, the results pre-
sented should be considered upper limits for the gains pos-
sible with MAS.

The results presented in this study for single-trait selec-
tion were not significantly different from those obtained
from previous studies (Lande and Thompson 1990; Smith
and Webb 1981; Smith and Simpson 1986). In general, pre-
vious results have shown that for high heritability traits,
the expected gain by MAS is small. Expected gains are
greater if MAS is used to increase selection intensity and
decrease generation interval (Kashi et al. 1986; Kashi et
al. 1990; Meuwissen and Van Arendonk 1992) or to select
individuals without records for the quantitative trait (Stam
1986). For low heritability traits, expected gains are rela-
tively higher, but the likelihood of identifying QTL for
these traits is also less. A markedly different situation was
found for two-trait selection. Even with relatively high he-
ritabilities, the RSE of DSQ as compared to TSI was greater
than 1.1 for most of the cases studied. This is equivalent
to a 10% increase in genetic gain per generation and com-
pares very favorably with other techniques that have been
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suggested to increase rates of genetic gain, such as multi-
ply ovulation and embryo transplant based nucleus herd
breeding schemes, sexed semen, and more complex meth-
ods of genetic evaluation (Nicholas and Smith 1983; Van
Vleck 1981; Wiggans et al. 1988).

Similar to single-trait selection, RSE of DSQ with two-
trait selection is greater for low heritability traits and when
the genetic and environmental correlations are in opposite
directions. In this case, the genetic and phenotypic corre-
- lations may also be in opposite directions, and selection on
phenotype will not be very efficient. The effects of herit-

o ability and the correlations on DSQ with all QTL identi-

fied were generally similar to the results obtained with a
single identified QTL. In the current study it was assumed
* that all loci had effects on both traits and that all effects
were codominant. This led to the result that the genetic cor-
relation for a specific QTL was either 1 or —1. A more re-
alistic situation may be that some loci will only have sig-
nificant effects on a single trait or that there will be differ-
ent dominance relationships for the two loci. In this case,
genetic correlations will not be complete.

Most previous studies considered only the result of a
single generation of DSQ. For example, for single-trait se-
lection, in which the QTL accounting for all of the addi-
tive genetic variance were known, Lande and Thompson
(1990) found selection efficiencies similar to the efficien-
cies of generation 2 in Table 12. This study considered 15
generations of TSI and 10 generations of DSQ with all
QTLs known. During the course of a breeding program,
allele frequencies change, which affects the variance due
to the known QTL. The rate of loci fixation, especially for
alleles with favorable effects on both traits, was rapid.
Thus, the gain obtained by DSQ, as compared to TSI, de-
creases from generation to generation. If selection is con-
tinued, TSI “catches up” with DSQ, although the lag is 1
generation at the beginning and increases to 7 generations.
This of is, course, a highly significant difference, espe-
cially for large farm animals.

Zhang and Smith (1992) considered the result of sev-
eral generations of MAS, but only for single-trait selec-
tion, and assumed incomplete linkage between the QTL
and the genetic markers. They found that under their cir-
cumstances selection index was more efficient than MAS
alone. Clearly incomplete linkage between the markers and
QTL reduces the efficiency of MAS.

The rapid rate of allele fixation corresponds to the re-
sults of Weller and Soller (1981) that mass selection on
several identified loci is remarkably efficient. Although
only a single generation of selection was considered for
cases in which only a single QTL was known, the multilo-
cus results indicate that if only a single QTL is identified,
alocus of the type considered would rapidly reach fixation
in a finite population. Similar results were found by Sae-
fuddin and Gibson (1991) who considered several gener-
ations of selection for a single trait with a single known
QTL and background polygenic variation. Although re-
sponse was greater in the early generations for an index in-
cluding direct selection on the QTL, they found that re-
sponse in the later generations was greater with phenotypic

selection. However, they note that their index was not op-
timal because it did not account for covariances between
the QTL and the polygenic variation.

With ten identified QTLs, random initial allele fre-
quency, and some loci with effects in opposing directions
on the two traits, the less favorable allele reached fixation
in a few cases. It is possible that a genotype closer to the
optimum at fixation could be obtained by selecting for in-
dividuals with the maximum number of loci with the more
desirable genotype, rather than on the aggregate genotype.
This would of course result is less economic progress in
the early generations.

Although disassortative mating was employed, it is
likely that very similar results would have been obtained
by random mating among the selected individuals. With a
population of this size, the increase in inbreeding per gen-
eration with random mating would be minimal.

RSE for DSQ was significantly higher with a negative
genetic and positive phenotypic correlation. Although this
situation is not common in practice, there are examples for
traits of economic importance, such as milk production and
somatic cell concentration (Weller et al. 1992).
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