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Summary

Selective sweeps of variation caused by fixation of major genes may have a dramatic impact on the
genetic gain from background polygenic variation, particularly in the genome regions closely linked
to the major gene. The response to selection can be restrained because of the reduced selection
intensity and the reduced effective population size caused by the increase in frequency of the major
gene. In the context of a selected population where fixation of a known major gene is desired, the
question arises as to which is the optimal path of increase in frequency of the gene so that the
selective sweep of variation resulting from its fixation is minimized. Using basic theoretical
arguments we propose a frequency path that maximizes simultaneously the effective population size
applicable to the selected background and the selection intensity on the polygenic variation by
minimizing the average squared selection intensity on the major gene over generations up to a given
fixation time. We also propose the use of mating between carriers and non-carriers of the major
gene, in order to promote the effective recombination between the major gene and its linked
polygenic background. Using a locus-based computer simulation assuming different degrees of
linkage, we show that the path proposed is more effective than a similar path recently published, and
that the combination of the selection and mating methods provides an efficient way to palliate the

negative effects of a selective sweep.

1. Introduction

DNA technologies are revealing an increasing num-
ber of loci controlling quantitative traits (QTLs;
Andersson & Georges, 2004 ; Mackay & Lyman, 2005),
which can potentially heighten the genetic improve-
ment in selection programmes. The use of gene-assisted
selection as a new source of breeding information can
provide extra gains in short periods of time (Gibson,
1994). However, the selection of a gene with a major
effect on the selected trait has two collateral effects.
First, selection on the major gene reduces the intensity
of selection applied at the level of unidentified genes,
often denoted as polygenes. Second, as the major gene
increases in frequency towards fixation, there is a
hitchhiking of polygenes, particularly those closely
linked to the major gene (Maynard-Smith & Haigh,
1974), implying a reduction in the effective size of the
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population. This selective sweep of polygenic vari-
ation implies, in turn, the loss of potential polygenic
response to selection. Thus, the increased genetic gain
from fixation of the major gene occurs at the cost of a
reduced response from the polygenic variation
(Gibson, 1994; Pong-Wong & Woolliams, 1998;
Villanueva et al., 1999).

Recent developments in breeding theory aim to re-
duce this loss in polygenic response when selecting
for a known gene of detectable effect. At the risk of
oversimplification, we can distinguish between two
major approaches among these recent developments.
The first approach (hereafter ““weighting method™)
consists of selecting on a performance aggregate
of the estimated breeding value for the polygenes
and the breeding value for the QTL, and where each
aggregate’s component is differentially weighted in
order to maximize the aggregate’s response at a given
time horizon. Although early weighting methods
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assumed constant weights over generations (Gibson,
1994 ; Pong-Wong & Woolliams, 1998), others allowed
the dynamic allocation of weights by the use of mul-
tiple-stage numerical optimizations (Dekkers & van
Arendonk, 1998 ; Manfredi et al., 1998, Chakraborty
et al., 2002; Dekkers et al., 2002; Villanueva et al.,
2004). This latter advance offered a better compromise
between short- and long-term gains than earlier
methods with fixed weights. Yet the optimal allo-
cation of weights is based on deterministic predictions
for the gain with standard truncation selection.

The second approach (hereafter ““path method”)
first defines a frequency path for the favourable gene
at the QTL, which is fixed at a given time horizon, and
then maximizes the marginal response for each fre-
quency step of this path (Meuwissen & Sonesson,
2004). Although the objectives in both path and
weighting methods are similar, that is to maximize
cumulated response over a given time horizon, the
way these objectives are achieved differs between the
two methods. Whereas the weighting method does not
control in a direct way the increase in frequency and
the fixation time of the major gene, these are directly
imposed in the path method. Under the weighting
method, the time horizon over which the optimization
operates might not necessarily coincide with the fix-
ation time of the major gene. The weighting method
simultaneously operates on the increase in frequency
of the favourable gene at the QTL and on the poly-
genic response, by the choice of optimal QTL and
polygene weights, for the best global (QTL and poly-
genic) response over the time horizon. In contrast, the
path method looks at optimal QTL paths for the best
polygenic response. This latter approach may be of
special relevance when a favourable gene with ident-
ified genotypes, affecting either the selected trait or
another trait, has been introgressed into the breeding
population and is to be brought to fixation within a
given desired time with minimum loss in the existing
polygenic variation.

The path method circumvents the allocation of
optimal weights of the weighting method, but it also
raises a new question: that of the choice of the fre-
quency path for the favourable gene. The frequency
path proposed by Meuwissen & Sonesson (2004) is
such that the selection intensity on the QTL remains
constant over generations. Meuwissen & Sonesson
(2004), however, did not provide a theoretical justifi-
cation for the choice of this criterion other than the
fact raised by Dekkers & van Arendonk (1998) in
their simulation work on weighting methods, by which
the implementation of optimal weights led to constant
selection intensity on the QTL. Based on theoretical
foundations alone, we address here the question of the
choice of a frequency path, and present a new path
method aimed at minimizing the loss of polygenic re-
sponse due to a selective sweep, whose frequency path

106

relies on a slightly different principle. We show by basic
theoretical arguments that the impact of the QTL
fixation on both the effective population size appli-
cable to the polygenes and the selection intensity on
the polygenic variation are minimized if the average
squared selection intensity on the QTL across gen-
erations is minimal, rather than if the selection inten-
sity is strictly constant, as proposed by Meuwissen &
Sonesson (2004). Additionally, our path method com-
bines a new feature involving a mating rule, by which
mating occurs between carriers of the favourable QTL
allele and non-carriers having the best available
polygenic values. This mating system is analogous to
the compensatory mating proposed by Santiago &
Caballero (1995), and is intended to break the nega-
tive associations between the QTL and the polygenes
by favouring the effective recombination between
them.

As often highlighted in evolution studies (Maynard-
Smith & Haigh, 1974; Braverman et al., 1985; Barton,
1998; Santiago & Caballero, 1998, 2005), the de-
pletion of genetic diversity driven by selective sweeps
of major genes may be amplified in a context of
physical linkage. None of the existing methods, how-
ever, has considered the eventuality of physical link-
age between the QTL and its polygenic background.
To address this issue we evaluate the efficiency of the
new path method under a range of linkage levels, by
implementing a locus-based simulation model. The
analysis allows us to focus not only on the polygenic
response but also on the distribution of gene fre-
quencies for individual polygenes, the percentage of
favourable polygenes that are lost by drift during
the selective sweep, and the identity of descent of
individual neutral genes. Finally, we analyse and dis-
cuss the differences between the proposed path and
that presented by Meuwissen & Sonesson (2004).

2. Frequency path for the QTL and mating system

Selection for a QTL has two main effects on the
genetic variation and selection response from the
polygenic background. First, it reduces the selection
intensity applied on the polygenes and, accordingly,
the genetic gain from selection. Second, it reduces the
effective population size applicable to the polygenes,
the loss of their variation from genetic drift con-
tributing further to the loss in polygenic genetic re-
sponse. Thus, the path of increase in gene frequency
of the QTL should be derived taking into account
both effects.

(1) Minimization of the impact of fixation of a QTL
on the selection intensity for polygenes

The impact of the QTL fixation on the selection
intensity of polygenes can be assessed by considering
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phenotypic distribution of individuals
with the unfavorable QTL allele.
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Fig. 1. Phenotypic distribution for the selected trait for
carriers and non-carriers of the favourable QTL allele.
a,/op, effect of the QTL in phenotypic standard deviations;
p: and p/, proportion of selected individuals carrying

and not carrying the favourable allele at generation

t, respectively; Z, height of the distribution at the
truncation point; ¢, frequency of the favourable allele

at generation f.

that the population has an infinite size. In order to
simplify the derivation, let us first assume a haploid
population (Appendix A shows the corresponding
derivation for a diploid population). Every generation
a proportion of individuals P is selected by truncation,
that is, selection intensity i is constant over genera-
tions. If the QTL were absent, the expected response
would be R=i(0%/op), where 0% and o% are the
phenotypic variance and the genotypic variance for
polygenes, respectively.

Now let us consider that there is a QTL desired to
be fixed in n generations. Selecting the QTL at gener-
ation ¢ is equivalent to assigning it an effect @, (Fig. 1).
A proportion P and an effect of the marker «, deter-
mine the selected proportions p; and p; from the dis-
tributions with and without the QTL respectively. In
fact, Za,/o,~p,—p, (see Falconer & Mackay, 1996,
pp. 199-201), where Z is the height of the ordinate at
the point of truncation (Fig. 1). We can give a; as a
function of the selected proportions:

_Pi—pi

Pi—Di{ Op
a, = 7 - 0.

P i

Op=

The proportions p, and p; can be given as functions
of the increase A, in frequency (g,) of the QTL:

Afzthrl_qt:p;?t —4q;
thus
A
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Considering the above QTL effect, then the expected
response of polygenes will be reduced to
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The total loss of response due to the increase in the
QTL frequency until its fixation at generation n is
then

RF=i

n R n
Y(R=RH === YV, (1)
=1 2i% /5
where
A
— 2
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is the squared selection intensity applied to the QTL
(note that A,, the change in gene frequency, is the
selection differential at the major gene, and ¢,(1 —gq,)
is the variance of allele frequencies). Therefore, in
order to minimize the loss of response in the polygenic
background, the average squared selection intensity
at the QTL across generations (Z’;ZIV,) has to be
minimized.

(i1) Minimization of the impact of fixation of a QTL
on the effective population size

The theory of effective population size (Robertson,
1961; Santiago & Caballero, 1995; Woolliams &
Bijma, 2000) can be easily adapted to predict the
consequences of selection of a favourable major gene
on unlinked polygenes over consecutive generations.
Again, in order to simplify the derivation, let us
assume a haploid population (the derivation for a
diploid population is given in Appendix B). The ex-
pected effective population size (Ne) for unlinked
neutral genes resulting from selection on the QTL at
generation ¢ can be given as

N
14027,

(Robertson, 1961 ; Santiago & Caballero, 1995), where
N is the constant number of reproductive individuals,
Q? is the term accounting for the accumulation of
selection advantages of individuals over generations
(which will be considered nearly constant over gen-
erations), V; is the variance of the contributions in
QTL copies by individuals of generation ¢,

2 2 2
1— A
V[:q[(th) +(1—61f)< %4—1) P
qi 1—q, a:(1-q)

or, as above, the squared selection intensity applied to
the QTL.

Ne,
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The harmonic mean of the effective size (Ne)
over the selection process on the major gene,
from the first generation to fixation at generation
n, 1s

2
v
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Ne Ne; Ne Ne, N
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- N
Ne= ———. 3)
1+Z 37,

Therefore, in order to maximize Ne, again the average
squared selection intensity at the QTL across genera-
tions (}_, V;) must be minimized.

Thus, both the impact of the QTL fixation on the
reduction of selection intensity and on the reduction
of effective population size are minimized through the
minimization of the average squared selection inten-
sity at the QTL (see equations 1-3). This target makes
the progression of the QTL through the pedigree
theoretically distinguishable from that recently pro-
posed by Meuwissen & Sonesson (2004). In this latter
case, the target is similar but slightly different, to
maintain a strictly constant selection intensity at the
QTL (see Section 5 below). If the three genotypes of
the major locus are distinguishable, the intended in-
crements of frequency of the QTL can be achieved by
selecting the appropriate number of homozygous and
heterozygous carriers.

(iii) System of mating to break the negative
associations between the QTL and the polygenes

The derivation of the previous section shows the
procedure to obtain the QTL frequency path that
maximizes the effective population size expressed
in equation (3). This expression includes a term Q?
accounting for the accumulation of selective ad-
vantages of individuals over generations (Robertson,
1961). As shown by Santiago & Caballero (1995),
this term can be virtually cancelled out by the mating
between individuals from the largest selected families
to individuals from the smallest, which was called
compensatory mating (see also Caballero et al., 1996
and Sonesson & Meuwissen, 2000). In the present
context of selection for a QTL, the equivalent pro-
cedure to be applied would consist of mating in-
dividuals carrying at least one copy of the major allele
to non-carriers, as described in the next section.
Under linkage, this mating method yields the ad-
ditional advantage of increasing the effective rate of
recombination between the major gene and poly-
genes.
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3. Simulation methods
(1) Model and parameters

Simulations were carried out modelling a diploid
population subject to contrasting breeding regimes.
Their aim was to simulate the dynamics of a major
gene and its linked polygenic background when
they were subjected to selection across ¢ generations.
Directional selection proceeded on a quantitative
trait, whose underlying genetic model comprised a
biallelic QTL of large detectable selective effect, and
199 biallelic loci with minor effects (polygenes).
Additive gene action was assumed within and between
loci for both the QTL and the polygenes. Each of
the polygenes had an effect of 1 unit, with genotypic
values being 1, 0 and —1, for the favourable homo-
zygote, heterozygote and unfavourable homozygote,
respectively. The QTL had an effect 4,,,, (also defined
as half the difference between the two homozygotes),
which was measured in units of phenotypic standard
deviations for the polygenes at the initial generation
t=0 (Amg=1 or 1-5 phenotypic standard deviations).
As a reference for comparisons, we used a model
where the QTL is absent (denoted hereafter as nmg for
“no major gene’’). All favourable and unfavourable
alleles of polygenic loci were set at intermediate fre-
quencies of 0-5 at =0, while only one copy of the
favourable QTL was present at 1=0. Mutation was
assumed to be absent.

In the absence of the QTL, the selection criterion
was the phenotypic value from polygenes, which was
obtained as the sum of a genotypic value and an en-
vironmental deviation. This latter was sampled across
generations as a normal deviate with mean zero and
variance o%=[0%(1 —h*)/h*], where h® is the narrow-
sense heritability for polygenic variation at =0
(values of /=01 and 0-4 were considered), and ¥ is
the additive genetic variance at t=0. When a major
QTL was considered, the selection criterion was the
sum of its genotypic value and the phenotypic value
from polygenes. Two contrasting methods based on
this sum were applied, as will be explained in the next
section.

An additional set of 200 neutral loci was included in
order to allow for the calculation of probabilities of
identity-by-descent across the pedigree, and the cor-
responding coancestry coefficients (Lynch & Walsh,
1998). The coancestry per generation was given by the
average over all the entries of the matrix of coances-
tries, including self-coancestries and the reciprocals.
At the founder generation, each individual carried
two unique alleles per neutral locus. All polygenes and
neutral loci were assumed to be uniformly distributed,
equally spaced, and alternating across a single
chromosome L c¢cM long. The QTL was located in the
centre of the chromosome. Several genome lengths
were investigated, from L=10 to 300 cM, and L=<,
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which correspond to recombination rates between any
two consecutive loci of 0-0005 to 0-005, and 0-5, re-
spectively. Regardless of the level of physical linkage,
crossings-over occurred without interference.

Each simulation started as a base population with
N =40 founder genotypes (half of each sex), assumed
to be in linkage equilibrium, and reproduced for a
variable number of non-overlapping generations
maintaining the same breeding size and sex ratio. A
number of N/2 mating couples were established each
generation, following either of the two mating systems
explained below. Each dam produced 10 full-sibs
with equal numbers of male and female candidates
for selection per family. One thousand replicates in
which the QTL became fixed were analysed for
each simulated case. Other replicates where the
QTL was lost were discarded for analysis. Standard
errors for the polygenic response and frequency
at selective loci presented below were obtained from
the variance between replicates of the corresponding
estimates.

(ii) Breeding systems

Two contrasting selection methods were applied for
comparison: truncation selection based on the sum
of the QTL genotype and the polygenic phenotype
(in brief TS), and a path selection scheme (PS) based
on the number of favourable copies for the QTL and
the polygenic phenotype. The TS scheme is equivalent
to the standard gene-assisted selection, although with
the particularity of using the polygenic phenotype in-
stead of the estimated breeding value from standard
BLUP. The PS scheme follows the frequency path
that describes the increase in frequency of the
favourable QTL up to a given fixation horizon (7%,
generations). This path was expressed in terms of the
number of favourable copies for the QTL in the
selected candidates per generation (mg7y); for t=i).
Note that, under Mendelian segregation, the expected
QTL frequency in the offspring before selection
equals that of the mating parents, or selected candi-
dates. The optimal vector of m 7, was obtained by
applying the simulated annealing technique, well
adapted to the solution of combinatorial problems
(Press et al., 1992). The objective was to find the
optimal allocation of gene copies from generation
t=1 to t=Tfix—1 (note that mrry=1 and
Mrry1Hix=2N are constants), so that ) '_ V, is
minimal: see equations 1-3).

Simulated annealing proceeded in a large sequence
of iterations, each consisting of randomly changing
the current vector of QTL frequencies by a single
gene swap to create a new solution in the neighbour-
hood of the current solution. Once the new solution
was created the corresponding change in Z’;:th
was computed to decide whether the newly created
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solution could be accepted as the current solution.
When the change in }_, ¥, was negative the newly
produced solution was directly taken as the current
solution. Otherwise, it was accepted according to
the Metropolis’s criterion based on Boltzman’s prob-
ability (Press et al., 1992). Once the vector of morr)
values was obtained, selection proceeded by finding
the set of carriers that made up the required number
of copies of the favourable QTL, and that had the
maximum polygenic phenotype among all carriers
(including homozygotes and heterozygotes). A max-
imization of the polygenic phenotype was also carried
out among non-carriers of the favourable QTL, where
the best non-carriers completed the remaining selec-
tions up to N. Whenever the resulting number of
selected copies of the favourable QTL was one
copy below the required number in m 7y, and only
homozygotes at the QTL were available for sub-
sequent selections, the decision on whether to select
the last candidate as a carrier or non-carrier relied on
which one of the two had the highest polygenic
phenotype.

Two scenarios were considered regarding the mat-
ing strategy among selected individuals: random
mating (in brief RM), and compensatory mating
(CM). This latter is based on two complementary
theoretical principles to limit the effects of hitchhiking
of the QTL. First, the effective recombination rate
between QTL and polygenes is favoured by mating
carriers of at least one copy of the favourable QTL
preferably with non-carriers. This was performed by
ranking sires in ascending order according to the
number of copies of the favourable QTL they carried,
and their corresponding dam mates in descending
order according to the same criterion. This assort-
ment created a negative correlation between mates for
the number of copies of the favourable QTL. The se-
cond theoretical principle is that the selection inten-
sity on the favourable polygenes is increased when
these genes appear preferably associated with the
favourable QTL. In practical terms this was attained
by mating the homozygotes for the favourable
QTL with the best-performing non-carriers, and the
heterozygotes with the second-best-performing non-
carriers, thus creating a positive correlation between
the number of copies of the favourable QTL of the
selected carrier and the polygenic phenotype of its
non-carrier mate. This CM scheme was applied from
t=0 in all generations where non-carriers of the
favourable QTL were available among the candidates
for selection.

Regarding the two alternative mating patterns
(RM and CM) and the two selection methods (TS and
PS), four combinations of mating and selection pro-
cedures were compared. These combinations are
denoted hereafter as RMTS, RMPS, CMTS and
CMPS, respectively.
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Fig. 2. Polygenic cumulated response of different selection and mating methods expressed as a ratio to the response of
nmg (without QTL), for different QTL effects (4,,,=1-0 and 1-5, in brackets), two values of heritability (/%) and different
levels of linkage in centimorgans (L). The black symbols denote the generation (¢) at which the QTL is fixed. For RMPS
and CMPS the fixation time of the QTL is established at 7, =26 and its effect is irrelevant. RM, random mating; CM,
compensatory mating; TS, truncation selection; PS, path selection. Standard errors at t=26: 0-006—0-0086 (4>=0-1,
L=20cM); 0-0042-0-0049 (#*=0-1, L =200 cM); 0-0035-0-0039 (/*=0-1, L=0); 0-0025-0-0028 (/*=0-4, L =200 cM).

4. Results
(1) Polygenic gain

Polygenic response is given hereafter in units of
measurement of the selected trait. Fig. 2 shows the
polygenic cumulated response over generations for
models that consider the presence of the QTL, two
values of heritability and several linkage levels, ex-
pressed as a ratio of the cumulated polygenic response
in the absence of the QTL (nmg model). Thus, the
lower a line is below the value of 1, the higher is the
loss of polygenic response with the corresponding
breeding method. The figure also shows the fixation
times of the QTL, which were within 26 generations,
except for CMTS with #*=0-1 and L=20cM that
was at generation 28. The polygenic response was
particularly depressed under RMTS, especially during
the period of maximum change of the QTL frequency,
i.e. at intermediate frequencies of the QTL. This de-
pression was not entirely recovered in later genera-
tions, and was especially conspicuous with large
effects for the QTL, strong linkage and low heri-
tabilities. Although following a similar pattern to that
of RMTS, the loss in polygenic response was reduced

under CMTS (a similar result was observed compar-
ing CMTS and RMTS for a QTL of effect 1'5;
not shown). Unlike these previous methods, RMPS
and especially CMPS showed little loss in polygenic
response, both resulting in the closest levels of re-
sponse to those of nmg. Therefore, both mating and
selection tools (CM and PS) brought improvements
in polygenic response over RMTS. Yet the highest
advantages were observed under the combina-
tion of both breeding tools in CMPS. The ranking
of breeding alternatives for the highest polygenic
response (i.e. CMPS>RMPS>CMTS>RMTS) re-
mained unchanged across the different parametric
scenarios considered (not shown).

Unlike Fig. 2, which shows results for a selection
horizon of 26 generations, Fig. 3 illustrates a case
comparing different fixation times (7fix) for the QTL
with CMPS versus RMTS. Two results can be high-
lighted. First, the benefit of CMPS does not depend
exclusively on the choice of a Tfix for the favourable
QTL longer than those characteristically shown by
RMTS. For instance, at equal fixation times for the
QTL (compare RMTS(1-0) and CMPS(16), for which
the QTL is fixed at r=16), the advantage of CMPS



Managing QTL selective sweeps

1
0.9
0.8
0.7

\& &
A e PTT LI TTIL)
\ XXxxxxxxmxxxXX xxx

P

0.6
0.5

Polygenic response

0 3 6 9 1215 18 21 24 27 30 33 36
t

— RMTS(L.5) ----RMTS(1.0) x CMPS(16) = CMPS(26) - CMPS(36)

Fig. 3. Polygenic cumulated response of different selection
and mating methods expressed as a ratio to the response
of nmg (without QTL). In brackets, the effect of the QTL
(RMTYS) or the fixation time (CMPS) in generations (7).
Initial heritability #*=0-1 and linkage L =200 cM.
Standard errors at t=26: 0:0033—0-0035 (CMPS);
0-0037-0-0039 (RMTYS).

over RMTS was still substantial and did not decrease
after the fixation of the favourable QTL. Second,
longer selection paths for the QTL brought some
extra polygenic response, particularly during the
early generations. No further improvement, however,
was attained with the longest horizon, Tfix=236,
compared with that obtained with 7fix=26. In gen-
eral, the difference in polygenic response between
paths using different fixation horizons under CMPS
was substantially smaller than the difference in re-
sponse between RMTS and CMPS.

Fig. 4 shows the proportion of favourable poly-
genic alleles that were lost before the fixation of the
favourable QTL (Fig. 4a), and the level of polygenic
response (Fig. 4b) and additive genetic variance for
polygenes (Fig. 4¢) at the time of a QTL’s fixation, all
as a function of chromosome lengths. The polygenic
response (Fig. 4b) and the additive variance (Fig. 4¢)
are taken as the ratio between the corresponding
values assuming the presence of the QTL and those
for the nmg model (absence of QTL). The proportion
of lost alleles at the polygenes can be taken as a
measure of the available variability for selection and,
therefore, as a predictor of the long-term potential
gain from polygenes. Results in Fig. 44 indicate that
this available variability was substantially reduced
with linkage, and that this reduction was more impor-
tant under RMTS than with CMPS, which showed
levels close to those found in the absence of the QTL
(nmg). Similarly, close linkage reduced substantially
the level of polygenic response (Fig. 45), although this
reduction was always more important under RMTS
than with CMPS. This disadvantage in response of
RMTS could be partially attributed to allele losses
during the selective sweep, as seen previously in Fig. 4 a.
The same cause, however, cannot be advocated with
equal support for the difference in response between
nmg and CMPS, given the relatively slight differ-
ences in percentage of lost alleles between the two
procedures. Regarding the levels of additive genetic
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variance (Fig. 4¢), CMPS always showed the highest
variances, and RMTS the lowest, across the range
of chromosome lengths. The difference between
CMPS and RMTS was larger the closer the linkage,
suggesting that CMPS was particularly efficient in
preserving polygenic diversity from selective sweeps
under close linkage.

Fig. 5 shows the frequency of favourable polygenic
alleles across the chromosome at the time of fixation
of the favourable QTL for CMPS and RMTS. For
comparison, the average allele frequency is also plot-
ted in the case where the QTL is absent (nmg) at the
same time period (horizontal broken line). The selec-
tive sweep driven by the QTL caused a larger fre-
quency depression under RMTS than with CMPS.
The extent of this depression increased with linkage
and was particularly important in the vicinity of the
QTL. For CMPS, this “damage” in frequencies was
less important and more localized around the QTL
than with RMTS.

(i1) Genetic drift and inbreeding

The lower polygenic response and genetic variance of
RMTS relative to CMPS can be partially attributed to
genetic drift. Fig. 6 shows the extent of genetic drift
for polygenes and neutral loci around the QTL, both
for CMPS and RMTS. The quantities represented are
the variance of favourable allele frequencies between
replicates, for polygenes, and identity-by-descent
probabilities, for neutral loci. The same estimates are
given for the nmg model for the sake of comparison.
Both the allelic frequency variance and identity-
by-descent showed similar patterns for the two
methods, resulting in a conspicuous drift peak centred
on the QTL. RMTS resulted in higher drift levels
than CMPS across the chromosome, with an increas-
ing difference between the two methods with linkage.
CMPS restricted efficiently the extent of the drift peak
caused by the QTL, attaining drift levels at the base
of the peak similar to or even lower than those shown
by nmg.

5. Discussion

The selective sweep of variation caused by the in-
crease in frequency of a major selected gene has two
collateral effects. The first is the reduction in selection
response from polygenes, which can be attributed to a
diminution in the selection intensity that is applied to
them (Pong-Wong & Woolliams, 1998). The second is
the decrease in effective population size (Robertson,
1961; Santiago & Caballero, 1995; Woolliams &
Bijma, 2000) caused by the selection of the QTL
which, in turn, further affects the long-term polygenic
response. This effect is exacerbated for the polygenes
closely linked to the selected QTL (Santiago &
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Polygenic cumulated response at the QTL fixation time (7%, =26 for CMPS, variable for RMTS), and =26 (nmg),
relative to the response with nmg. (¢) Additive polygenic variance at the QTL fixation time (7, =26 for CMPS, variable
for RMTS), and =26 (nmg), relative to the variance with nmg. Initial heritability /2=0-1. RMTS with QTL effect
A,e=1-0. Standard errors of polygenic cumulated response at the time of fixation of the favourable QTL for RMTS:
0-0039 (L=2)—0-0077 (L=10 cM); for CMPS: 0-0029 (L =) —0-007 (L=10 cM).
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0-012 (extremes) with 20 cM.

Caballero, 1998 this paper). Whereas the first effect
has been the focus of most previous studies of QTL
selection, the second has received less attention. Our
results showed that selective sweeps driven by a major
known QTL are responsible for substantial perma-
nent losses in neighbouring polygenic variability, and
that they might also affect more distant loci for larger
QTL effects. The development of specific breeding
tools to palliate these eventual losses is, therefore,
fully justified.

In one of the approaches followed, which we have
called the weighting method, the objective is to achieve
the maximum accumulated genetic gain over a time
horizon from both the QTL and polygenes (Dekkers
& van Arendonk, 1998; Manfredi et al., 1998;
Villanueva et al., 2004). In general, the weighting

method does not explicitly control the QTL path
through the selection process, although Settar et al.
(2002) carried out an explicit constraint on the QTL
frequency where the QTL path is set by the user
to meet particular demands, like economic targets.
The weighting method depends on the availability of
long-term deterministic predictions for the genetic
gain. These predictions, developed for the case of re-
current conventional truncation selection (Dekkers
& Chakraborty, 2001), are needed to evaluate the
feasible sets of QTL weights over the optimization
process for genetic gain maximization.

The alternative approach, which we have called the
path method, assumes a fully detectable QTL, which
allows the application of an explicit path for the pro-
gression of the QTL allele over generations up to the
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chromosome with effect 4,,,,=1-0) and CMPS (with fixation time 7j;,=26). The horizontal broken line corresponds to

the average levels for nmg at t=26. Initial heritability #2=0-1. Standard errors: 0-0017 (chromosome’s centre), 0-0074
(extremes) with RMTS; 0-003 (centre), 0-0073 (extremes) with CMPS.

fixation horizon (Meuwissen & Sonesson, 2004). This
method circumvents the need for determining the
optimal QTL weights, as the fixation of the favour-
able QTL is decided a priori without dependence on
the polygenic background. The path proposed by
Meuwissen & Sonesson (2004) was derived in such a
way that a constant selection intensity is applied at the
QTL for a given selection horizon. The reasoning be-
hind this choice was the simulation evidence by which
the optimization of QTL weights over generations
leads to approximately constant selection intensity at
the QTL, first noticed by Dekkers & van Arendonk
(1998).

The method presented here shares the same principle
as that of Meuwissen & Sonesson (2004) (denoted
hereafter the M&S path), thus to decide the

progression of the QTL allele up to its fixation. How-
ever, our principle, relying on effective population size
and selection response theory (hereafter the PS path),
is slightly but functionally different. The rationale of
the PS path is to minimize the average squared selec-
tion intensity at the QTL across generations, whereas
that of the M&S path is to keep a strictly constant
value. Thus, whereas the PS path is equivalent to
minimizing the sum of Y /_ V,=Y""_ A?/[q,(1—q,)]
(see equations 1-3), the M&S path is equivalent to
minimizing the variance among all the terms
A} /lg.(1—q,)]. The M&S path was derived by the re-
current deterministic approach based on equation 5 of
Meuwissen & Sonesson (2004). In order to compare
the two paths on identical grounds, the M&S path was
also obtained by simulation, by using an annealing
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Fig. 7. (a) QTL frequency path across generations for
RMTS with QTL effect A,,,=1-0 and L =20 cM. Other
strategies (with a QTL fixation time of Ty, =13 or 26) are:
PS, minimum average of the squared selection intensity;
M&S, constant selection intensity obtained by minimum
variance of the squared selection intensity (equivalent to
the recurrent deterministic approach of Meuwissen &
Sonesson, 2004). (b) Selection intensity on the QTL allele
(VY2; see equation 2) across generations for the same cases
of PS and M&S as in (a). (¢) Average difference per
generation in gene frequency between the PS and

MA&S paths for different times to fixation of the QTL.

function for minimizing the variance of terms in
Yo _ A7 /lg/(1—g,)]. The resulting path was identical
to that obtained by the recurrent deterministic
approach. Both M&S and PS were implemented
assuming random mating. The two paths are plotted
in Fig. 7a for QTL fixation times of 13 and 26

115

generations, together with the path described by a
QTL allele under RMTS, as a reference.

The M&S path describes an approximately sym-
metrical curve from the initial p=1/2N to p=1, where
an equal number of generations occur before and
after p=0-5. The PS path, however, is asymmetrical
relative to p=0-5, showing a slower rate of increase of
the QTL allele during the initial two-thirds of the
QTL segregation period, with faster increases during
the last generations before fixation. The explanation
can be seen in Fig. 7b, which shows the selection in-
tensity (V2) applied to the QTL for each of the paths.
Whereas the M&S path applies a constant intensity,
the PS path applies a lower intensity in the early
stages and a higher intensity in the later ones. Due to
the counteracting effect between the selection pressure
on the QTL and that on the polygenes, less selection
pressure on the QTL corresponds to a greater em-
phasis of the selection pressure on the polygenes.
Thus, the PS path favours the progression of the
polygenes relaxing the pressure on the QTL during
the first stages of the process, when the risk of loss
caused by drift and hitchhiking is highest (Caballero
et al., 1996), and increases the pressure on the QTL,
relaxing that on the polygenes, when most of the
favourable polygenic variability has been efficiently
ensured.

The two paths become closer to each other the
longer the fixation time of the QTL, as the average
selection intensity on the QTL becomes smaller.
This is shown in Fig. 7¢, which presents the average
difference in frequency between the two paths per
generation for increasing fixation times of the QTL.
An infinite time to fixation is equivalent to assuming
a continuous time process, in which case the two
paths are identical (J. A. Woolliams, pers. comm.).
However, for a realistic finite-generation discrete
model, the two paths differ from each other as shown
in Fig. 7a,b.

These differences in QTL paths between the two
methods can have consequences in terms of the man-
agement of the polygenic variation. To illustrate this,
we show in Fig. 8a and b the difference in polygenic
gain and coancestry per generation, respectively, be-
tween the PS and M&S paths, together with filled
symbols to indicate when the difference was signifi-
cantly larger than zero. Both the differences and the
standard errors of the differences were obtained from
replications of the simulated populations. Without
linkage (L=%), PS obtained higher polygenic re-
sponse than M&S once the favourable QTL became
fixed (Fig. 8 a), also accumulating less coancestry (Fig.
8b). With L=20 cM, the advantage in polygenic re-
sponse of PS over M&S was more important than that
observed with L=, and covered most of the gen-
erations previous to the QTL’s fixation. This latter
happened at the cost of less important differences in
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Fig. 8. (a) Difference in polygenic response between PS
and M&S across generations, for two levels of linkage
in centimorgans (L) and QTL fixation time 7y, =26.

(b) Difference in coancestry between PS and M&S across
generations. Initial heritability #2=0-1. Filled symbols in
graphs (a) and (b) indicate differences significantly larger
than zero at a 5% level.

coancestry after the QTL’s fixation. The temporal
reduction of the advantage in polygenic response
of PS around the QTL’s fixation, when the increase
in frequency of the QTL is at a slower rate with M&S
than with PS, was not enough to reverse the PS’s
cumulated advantage attained earlier. In conclusion,
PS was more efficient than M&S in converting
polygenic variation into genetic gain, especially
under strong linkage, as higher levels of polygenic
gain were obtained without impairing the coancestry
levels.

An aspect often ignored in the optimization of
breeding schemes is the possibility of applying
non-random mating designs (Caballero et al., 1996).
Santiago & Caballero (1995) suggested the com-
pensatory mating system, by which negative assorta-
tive mating is imposed such that males of the largest
selected families are mated with females of the lowest
selected families, to minimize the rapid progression
driven by directional selection of successful lineages.
Here, we applied the same principle of compensatory
mating in the CM strategy, where the successful
lineages are those carrying the favourable QTL.
The CM strategy is expected to be more efficient at
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intermediate frequencies of the QTL, when the num-
ber of carriers approximately equals that of non-
carriers. It also improves its efficiency the longer the
time to fixation of the QTL, as more generations are
available to accomplish the mating system. Our re-
sults suggest that CM is beneficial both if applied
alone or in combination with PS selection. Its benefits
are also larger under linkage (cf. RMTS and CMTS in
Fig. 2a,c). The reason is that CM increases the fre-
quency of heterozygotes (Santiago & Caballero, 1995)
and, hence, favours the efficiency of recombination.

Manfredi et al. (1998) carried out one of the few
mixed inheritance studies considering a mating struc-
ture according to the parental genotypes of a biallelic
QTL. They optimized the proportion of descendants
born from each of the nine classes according to the
genotypes of the mating parents, in order to maximize
the cumulated discounted genetic gain of QTL and
polygenes over a given time horizon. Contrary to CM,
the strategy of Manfredi er al. (1998) favours the
mating between carriers, driven by a discount rate,
while penalizing the mating between carriers and non-
carriers. As a result, a rapid fixation of the favourable
QTL was obtained, often before six generations under
the conditions of their simulations, resulting in a high
weight given to the short-term performance over
longer periods. It is likely that this method would not
prevent the negative effects of selective sweeps in the
long run, and high levels of inbreeding would be ex-
pected, especially if the favourable QTL starts at low
frequencies.

We have shown the way by which the optimal fre-
quency path for a QTL should be obtained given its
initial frequency and its final frequency (fixation is not
a requisite for the model). There is a single optimal
path for a particular final QTL frequency, which
maximizes genetic gains for polygenes. Under this
perspective, the problem of maximizing the global re-
sponse for a function of QTL and phenotypic weights
is equivalent to the problem of finding the final QTL
frequency that maximizes the global response for that
function. It is thus possible to ascertain what is the
most appropriate QTL frequency at the time horizon
so as to balance the earlier and later gains.

Although our theoretical model is of simple
conception, with some basic assumptions, we do not
expect this simplicity to distort the outcome funda-
mentally. First, comparisons were made between sys-
tems of similar complexity (i.e. M&S and PS). Second,
transient effects of selection on genetic variability,
which are not explicitly taken into account in the
model, are not expected to be essentially different be-
tween the alternative paths considered here. Our
greatest assumption was probably to deduce the
selective effect of the major gene from its quanti-
tative effect and selection pressure. Here, we fol-
lowed standard theoretical arguments in Falconer &
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Mackay (1996). Our simulations did not consider the
possibility of applying optimum contribution selec-
tion (Villanueva et al., 2004; Meuwissen & Sonesson,
2004) in our PS scheme, but the good performance of
the QTL frequency path in PS is inherent to the path
itself, and it is therefore unlikely to be diminished by
using that selection tool. Finally, the study only con-
sidered a single QTL, but the main principles behind
PS could be applied to multiple QTLs. A priori, an
optimal path could be drawn for each newly identified
gene, and optimization could be developed to best fit
selection to the multiple paths.

Appendix A. Minimization of the impact
of fixation of a QTL on the selection intensity
for polygenes: a diploid model

Let us assume an infinite population of diploid in-
dividuals. A quantitative trait is controlled by an
infinite number of unlinked and additive genes (poly-
genes). The phenotypic variance for the trait is
0% =0% + 0%, where 0% and 0% are the additive and the
environmental variances, respectively. The selection
intensity i is constant over generations. At any gen-
eration ¢, the expected response due to polygenes is
R=i(0%/op). At generation =0, there is a known
major QTL with alleles M and m (M at frequency g,)
that is desired to be at frequency ¢, in n generations.
The frequencies of the three genotypes MM, Mm and
mm are those expected at Hardy—Weinberg equilib-
rium. Selection induces additive (a;) and dominance
(d;) effects on the QTL. If we take into account these
effects, the expected response of polygenes will be
reduced to

2
0y

/~2 2 2
Op + OM(IZ + OMdf

where 0%/, =24, (1 —q,) a; and %4, =2q, (1—q,) d,)’
are the variances of the additive and dominance
effects induced by the QTL, respectively. The term a,
is the average effect of the gene, a,=a,+d, (1—¢q,) q,
(see Falconer & Mackay, 1996).

The additive variance %, can be also given as a
function of the observed increase in QTL frequency
A, from generation ¢ to 1+ 1. To do this, we equate the
expected response with the observed response of the
QTL given in phenotypic units,

RFf=i
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O px
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where 0% =0% 403, + 03, Then,
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op+2 = +0Mdt

qz(l q) i
The term 63,4 does not contribute to the increase in
QTL frequency but it reduces the response of poly-
genes. This non-additive variance can be virtually
cancelled out by selecting a proportion of hetero-
zygotes Mm that is equal to the average of the selected
proportions of the two homozygotes. Thus,
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The total loss of response over the term of selection
of the marker is
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as for the haploid model (equation 1), except for a
factor of 2.

Appendix B. Minimization of the impact of fixation of a
QTL on the effective population size: a diploid model

We shall use the same terminology as in Appendix A.
Here, a finite population of full-sib families is as-
sumed, but the population size is large enough to
consider that the effect of drift on the polygenic vari-
ation is small, i.e., 0% is constant over the time to fix-
ation of the QTL. If the effect of the QTL on Ne is not
considered,

N N N
Ne,: = 1 +Q2l2p = laz
14022 2%

1+

(Santiago & Caballero, 1995).
We also assume that the cumulated effect of selection
on Ne (Q?) is nearly constant over generations. C? is
the variance of the contributions from generation ¢ to
t+1, and p is the intraclass correlation of full sibs.
Now, we take into account the additive and the
dominance effects of the QTL. Then, the variance of
the contributions increases, and Ne decreases to

N

L I
U\/Iut + 24 'vhh

Nej =

1+ 02 22”

[7

N

o

L, & & 1,
.9 70 T 3 .9 20
1+Q2122 A 4(17(2 q1) i +12 4021(//

r* r*

2 >
*

where the asterisks imply that the QTL is included.
Note that Q% is only associated with the additive
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component of the variance of the contributions. The
dominant variance o3, does not contribute to the
increase in QTL frequency but it reduces Ne. This
variance can be cancelled out by selecting a pro-
portion of heterozygotes Mm that is the average of
the selected proportions of the two homozygotes.
Thus, the equation is simplified to

N N

Net*: 2 o A2
iia 1+Q2 2202 +Q2 A

Lo &
.9 30 T
1 4 Q22 24 —ugu 2 (=47
P*

Now, we shall calculate the average effect over the
time of selection of the QTL assuming that o}, is
nearly constant over generations,

n 1 n 1 N N 1
Ne* Nef = Ney Nejk
n+ nQ2l 2‘74 + Qz Z (‘Iz(l *l]z))
= N .
Therefore,
N N
Ne* =

n

2:2 7 21 A? '
1+Q 1 T%* +Q n ggl (41(1*41)>

which is analogous to equation (3) for the haploid
model.
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