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ABSTRACT
The pattern of response to artificial selection on quantitative traits in laboratory populations can tell us

something of the genetic architecture in the natural population from which they were derived. We modeled
artificial selection in samples drawn from natural populations in which variation had been maintained by
recurrent mutation, with genes having an effect on the trait, which was subject to real stabilizing selection,
and a pleitropic effect on fitness (the joint-effect model). Natural selection leads to an inverse correlation
between effects and frequencies of genes, such that the frequency distribution of genes increasing the
trait has an extreme U-shape. In contrast to the classical infinitesimal model, an early accelerated response
and a larger variance of response among replicates were predicted. However, these are reduced if the
base population has been maintained in the laboratory for some generations by random sampling prior
to artificial selection. When multiple loci and linkage are also taken into account, the gametic disequilibria
generated by the Bulmer and Hill-Robertson effects are such that little or no increase in variance and
acceleration of response in early generations of artificial selection are predicted; further, the patterns of
predicted responses for the joint-effect model now become close to those of the infinitesimal model.
Comparison with data from laboratory selection experiments shows that, overall, the analysis did not
provide clear support for the joint-effect model or a clear case for rejection.

MANY artificial selection experiments have been studies (Hill and Keightley 1988; Barton 1990; Hill
and Mbaga 1998). The conclusion is that artificial selec-applied to populations maintained in the labora-
tion is likely to overwhelm natural selection against mu-tory or recently derived from natural populations. Al-
tations due to their deleterious effects, and large and sus-though mainly directed to problems in animal and plant
tained response is possible despite the associated loss ofimprovement, they also have implications for evolutionary
fitness from the fixation of deleterious mutations (Bartonbiology and have the advantage over analyses of natural
1990; Hill and Mbaga 1998). This is generally in linepopulations in that parameters such as selection pressures
with observations from selection experiments. We haveare known (Hill and Caballero 1992; Falconer and
recently constructed models in which mutants have effectsMackay 1996). Information can be extracted from these
both on the trait, which is subject to some stabilizingexperiments to infer the genetic architecture of quanti-
selection, and on overall fitness due to directional or stabi-tative traits and to check the validity of theoretical mod-
lizing selection through pleiotropic effects on all otherels of the maintenance of polygenic variation.
traits (Zhang and Hill 2002; Zhang et al. 2004a). WithTo interpret the observed levels of quantitative ge-
typical estimated values of mutation and selection parame-netic variation in natural populations, the two classical
ters, the joint-effect model of pleiotropic and real stabiliz-models based on mutation-selection balance are real
ing selection provides a plausible explanation for the highstabilizing selection and pleiotropic selection. In the
levels of genetic variation observed in quantitative traits.former, natural selection is assumed to act directly and
Furthermore, the joint-effect model can explain data fromsolely on the quantitative trait (Kimura 1965; Turelli
laboratory experiments on the effect of bottlenecking on1984; Bürger 2000), while in the latter natural selection
fitness and morphological traits (Zhang et al. 2004b). Itis assumed to act through pleiotropic side effects of
is thus necessary to investigate the properties of such amutant alleles on fitness (Robertson 1967; Hill and
natural population at mutation-selection balance whenKeightley 1988; Barton 1990). The response to direc-
artificial selection is subsequently practiced. With predic-tional selection for a quantitative trait under the pleio-
tions of response to directional selection, the validity oftropic model has been considered in several theoretical
the joint-effect model can further be tested by comparison
with the data from selection experiments.

Response to short-term selection can be predicted
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and Mackay 1996). As selection proceeds, however, in captivity at restricted population size and under con-
ditions of reduced natural selection for many genera-there will be deviations from the initial equilibrium pre-

dictions because the population parameters change. In tions (e.g., Latter 1964; Frankham et al. 1968; McPhee
and Robertson 1970). This changes the initial gene-principle, long-term response depends on the number,

the frequency, and the effect of each gene influencing frequency distribution (Kimura 1955); in particular, it
reduces the negative correlation between gene effectsthe trait under study, together with the interactions intro-

duced by epistasis, the correlations induced by linkage and frequencies induced by natural selection. In natural
populations we have assumed that the variation main-disequilibrium, the strength of natural selection oppos-

ing directional selection, and the rate of occurrence tained is not affected by linkage among the mutant
genes because all mutants are deleterious and are as-and distribution of new mutations (Robertson 1960,

1967; Hill and Robertson 1966; Falconer and Mackay sumed to be eliminated, with none of large effect reach-
ing high frequency (Bulmer 1989; Turelli and Bar-1996; Hospital and Chevalet 1996; Mackay 2001;

Walsh 2004). The problem of predicting long-term ton 1990). Under these assumptions, loss of a mutant
gene by selection does not lead to much reduction inresponse far away from the equilibrium base population

parameters is a big challenge in quantitative genetics. effective selection pressure or reduction in effective
population size for other loci. With artificial selectionWhile it seems impossible to construct a simple model

that includes all the envisaged factors, some information in the base populations established from natural popula-
tions, ignoring the effects of linkage may be problem-to help a breeder to make decisions about the manage-

ment and selection of the population may be provided, atic, basically because genes of large positive effect are
now at low frequency, and their sweep through theand the predictions of the model can shed light on its

sufficiency to describe the genetic architecture of the population can have a substantial effect on the variabil-
ity and fixation probability of other loci (Hill and Rob-quantitative trait.

A reference point is provided by the infinitesimal ertson 1966; Robertson 1977).
In this article we relax many of the simplifying assump-model, in which a trait is assumed to be influenced by

many independent loci each with a small additive effect tions made in previous models to investigate the pattern
of short- and long-term response to artificial selectionsuch that selection does not affect allele frequencies

and the decline in genetic variance in the population and thereby also evaluate the joint-effect model by com-
paring predictions with experimental data on long-termis due solely to drift (Fisher 1918; Robertson 1960;

Bulmer 1980). At its simplest, this model predicts the selection.
limiting response is 2Ne times the initial response to
selection in the base population, where Ne is the effective

MODELS AND METHODS
size of the selected population (Robertson 1960), and
the variance among replicate lines becomes twice the Source natural population: Natural selection : For sim-

plicity, additive gene action within and across loci, link-initial genetic variance. These values are somewhat re-
duced if allowance is made for generation of linkage age equilibrium, and a randomly mating diploid popula-

tion are assumed. Infinitely many loci are also assumeddisequilibrium by artificial selection (i.e., the “Bulmer
effect”; see Wei et al. 1996). But, for example, loci with and at each locus there is a continuum of possible muta-

tional effects, which are sampled from the same distribu-large effects are usually found in QTL analyses of experi-
mental populations (e.g., Paterson et al. 1988) and tion, and consequently loci are interchangeable. At most

two alleles are segregating at each locus: the wild typeallele frequencies shift due to selection (Dekoeyer et
al. 2001). Assuming that effects of mutant genes follow and the mutant. Mutations have effects (a) on a quanti-

tative trait, symmetrically distributed around a � 0, anda gamma distribution but their frequencies are indepen-
dent of their effects (i.e., a neutral model), Hill and pleiotropic deleterious effects (s � 0) on fitness, with a

bivariate distribution P(a, s). The effects of mutations, |a |Rasbash (1986) examined the influence of number and
effects of mutant genes on response to selection and and s, were sampled from gamma distributions (Keight-

ley and Hill 1990; Otto and Jones 2000). Mutantvariance in response among replicates. They found that
the shape of the distribution of effects of mutant genes genes are assumed to be influenced by both pleiotropic

and real stabilizing selection, with the population meanon the quantitative trait is not usually important and the
influence of the initial frequency distribution is small. at its optimum. The total selection coefficient of new

mutants within each individual can thus be approxi-Previous studies were not based on a model of popula-
tion history, except very simplistic ones (Hill and Ras- mated by
bash 1986; Keightley and Hill 1989). In this study,

s̃ � �s � (1 � 2x)a 2/(4Vs,r) (1)
we assume the base population for artificial selection
was drawn randomly from a natural population assumed (Zhang and Hill 2002), where x is the frequency of

the mutant allele and Vs,r is the strength of real stabilizingto be at mutation-natural selection balance under joint
pleiotropic and real stabilizing selection. Prior to artifi- selection, the “variance” of the fitness profile, with a

large value implying weak selection. The observed stabi-cial selection, the base population may be maintained
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lizing selection would come from these two parts (i.e., Artificially selected population: The artificial selec-
the “joint-selection model”; see Zhang and Hill 2002). tion is assumed to be practiced by truncation selection

Distribution of gene frequencies: The natural population on individual phenotype and so is likely to overwhelm
was assumed to be at mutation-natural selection balance, natural selection against mutations due to their deleteri-
with the frequency distribution of mutant genes influ- ous effects on fitness (Hill and Mbaga 1998), particu-
encing the trait given by Kimura’s (1969) diffusion ap- larly for those genes that have a significant effect on the
proximation, trait and thus contribute most to the selection response.

Natural selection is thus neglected during the artificial�W(s̃, q) � 4M�[1 � u(Ms̃, q)]/[q(1 � q)G(q)]. (2)
selection. Two methods were employed to investigate
the response to selection. For independent loci, theHere �W is the expected number of sites in which the

mutants are in the frequency range q to q � dq, M is transition probability matrix describes the change in
the effective size of the natural population, and � is the gene frequencies at individual loci due to selection and
genome-wide haploid mutation rate. The probability of drift; while the individual-based Monte Carlo simulation
ultimate fixation of a gene of initial frequency q is takes into account multiple loci and linkage.

Transition matrix: With intensity i of selection on a
u(Ms̃, q) � �

x

0

G(�)d�/�
1

0

G(�)d� (3) quantitative trait with phenotypic variance � 2
P, the selec-

tive value of a gene is ia/�P � (i�E/�P)(a/�E) approxi-
mately (Falconer and Mackay 1996). For simplicity,(Kimura 1962), with G(�) � exp{2M��

0s̃(	)d	}. As subse-
the environmental variance � 2

E is assumed to be constantquent artificial selection in the laboratory can see only
during the selection. Although artificial selection obvi-the quantitative trait, it is relevant to obtain the fre-
ously changes the phenotypic variance as gene frequen-quency distribution of mutant genes conditional on
cies change, such a change is small compared with thetheir effects on the trait. As natural selection depends
range of gene effect a and it is reasonable to assumeon s and a2, and a is symmetrically distributed about 0,
constancy of i�E/�P. Further, the retention or loss ofthe pair of genes (�a, s) and (a, s) have an identical
favorable genes at low frequency is likely to be deter-frequency distribution. Genes can be identified as hav-

ing increasing or decreasing effects on the traits rather mined in the early generations before changes in vari-
than being mutant or wild type, so the L-shaped distribu- ance become important (for further analysis see Wei et
tion (2) can be transformed to an equivalent distribu- al. 1996). Neglecting natural selection, the selection
tion conditional on the size of a , coefficient is

S � ia/�P . (6)
(q |a) �
1

2LW
�

∞

0

[�W(q, a/2, s) � �W(1 � q, �a/2, s)]P(a, s)ds .

A Wright-Fisher model was assumed and details of(4)
the method are given by Hill and Rasbash (1986).

This is symmetrical about 0.5 and U-shaped. Here Essentially the mean and variance of change in gene
LW � �1

0�∞
�∞�∞

0 �W(q, a, s)P(a, s)dsdadq is the total num- frequency were computed for a range of a values and
ber of segregating mutants at mutation-selection-drift results were integrated over the distribution of a .
balance. Monte Carlo simulation: The initial cage populations

Cage population: In practice, the base populations were sampled assuming linkage and Hardy-Weinberg
used for artificial selection are not likely to be drawn equilibrium by: (i) determining the expected number
directly from nature but perhaps expanded from a small of segregating loci in the cage, LC ; (ii) sampling effects
number of captured individuals and then kept as stock ai, i � 1, . . . , LC using the assumed distribution f(a),
in the laboratory for many generations at effective sizes e.g., gamma 1⁄4 , for specified E(a2), with all LC loci segre-
insufficient to avoid loss of variation by genetic drift. gating for two alleles, mutant of effect ai and wild type
The process of maintenance can be described by the of effect � 0; (iii) sampling the initial frequency for
Wright-Fisher transition probability matrix. Suppose a each locus using the conditional distribution of fre-
caged population of Mc individuals was drawn randomly quency given a, i.e., Equations 4 and 5; (iv) randomly
and without any significant selection from the wild pop- assigning alleles to individual haplotypes to obtain the
ulation of M individuals (M � Mc). The probability that sampled allele frequency; and (v) obtaining replicate
there are n copies (i.e., its frequency is n/2Mc) of a cage populations by repeating the process from ii.
particular mutant in the initial cage population is The selection lines were initiated by sampling Mo ge-

notypes from the haplotypes in the cage population.
�C� n

2Mc

|a� � �2Mc

n ��
1�1/2M

1/2M

xn(1 � x)2Mc�n 
(x |a)dx . (5) The number of chromosomes of equal length, the num-
ber of loci per chromosome, and the map length of
the chromosomes were specified. Each generation, (i)The expected number of segregating loci in the cage
genotypic values were computed by summing gene ef-for the assumed joint distribution f(a) of effects a is

LC � �∞
0 �2Mc�1

n�1 �C(n/2Mc|a)f(a)da . fects over haplotypes and loci for each individual; (ii)
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a normal deviate (mean 0, variance 1) was sampled to 1996). The initial response to selection is R1 � iVG0
/�P ,

give the environmental deviation and thus the pheno- which is essentially model independent.
Taking into account the linkage (gametic) disequilib-typic value; (iii) individuals were ranked on phenotypic

value and the highest Np was selected; (iv) each offspring rium induced by the Bulmer effect for unlinked loci
and the contribution from new mutations, the changewas drawn independently by random mating without

random selfing (i.e., no family structure or sexes); and in the genetic variance for the infinitesimal model is
given by(v) Mo offspring genotypes were sampled, with successive

crossover positions sampled from an exponential dis-
VGt

� 1⁄2[(1 � 1/Ne)(1 � i(i � x)h 2
t�1)VGt�1

� VM]tribution with the parameter depending on the length of
the chromosome. Selection was continued for a speci- � 1⁄2Va t�1

,
fied number of generations, with replicate sampling of

Vat
� (1 � 1/2Ne)Va t�1

� VM (8a)selection lines from the same cage and replicate cage
populations. Each generation, the mean phenotypic

(Keightley and Hill 1987; Chevalet 1994; Hospitalvalue and within-line genetic variance were computed
and Chevalet 1996; Walsh 2004), where VG is thefor each line, and, from the former, the variance be-
additive variance and the heritability h2 � VG/(VG � VE),tween lines was computed.
Va is the genic variance (i.e., the sum of the variancesMutations were assumed to follow reproduction and
contributed by individual loci, excluding disequilibrium),precede selection. The number of mutation events on
and x is the truncation point on the standard normaleach haploid follows a Poisson distribution with mean
distribution corresponding to intensity of selection i. Thusequaling the mutation rate �, with sites of mutation
the increment in phenotypic mean is, assuming the breed-randomly distributed among the haploids. The effect
ers’ equation, �Rt � iVGt�1

/√(VE � VGt�1
), and the cumu-of new mutation, �, was assumed to be symmetrical

about zero and to follow a leptokurtic distribution, e.g., lative response and its variance among replicates are calcu-
lated asa reflected gamma 1⁄4 of E[�2] � √2VM/� , with the effect

of the mutant allele equal to the original effect plus �
Rt � i �

t

T�0

VGT
/√VGT

� VE , (8b)(Turelli 1984).
Alternative genetic models: Two other models are

considered in this study for comparison with the joint- V(Rt) � �
t�1

T�0

VGT
/Ne. (8c)

effect model.
Neutral model: All genes are neutral with respect to There are no simple general analytical formulas for

fitness in the natural population regardless of their ef- evaluating the effect of linkage in the infinitesimal model,
fect on the metric trait, with these effects following a although some results have been obtained for particular
gamma distribution. Gene frequencies are determined cases (Hill and Robertson 1966; Robertson 1977;
by mutation-drift balance, and the frequency of the in- Keightley and Hill 1987; Barton 1995; Hospital
creasing alleles follows a U-shaped distribution �0(q) � and Chevalet 1996; Santiago 1998). Therefore, to
2M�/[q(1 � q)] (Hill and Rasbash 1986). Compared investigate the more complicated but realistic situations,
with the joint-effect model above, the neutral model Monte Carlo simulations were used. The genetic vari-
differs only in that gene frequencies are independent ance was assumed to be caused by a large number (n)
of their effects prior to artificial selection. of loci distributed evenly along the chromosome, each

Infinitesimal model and its modifications: The formulas of contributing the same expected genetic variance, and
Robertson (1960), Bulmer (1974), and Hill (1982a,b) with no initial correlation between the effects at differ-
were employed to generate predictions for the infinites- ent loci on the same gamete, i.e., linkage equilibrium.
imal model. If loci are assumed independent and link- The initial populations were sampled by assuming the
age disequilibrium and new mutation are ignored (the expected variance contributed by each locus was VG0

/n,
model assumed by Robertson 1960), selection is as-

where VG0
is the initial genetic variance at the start of thesumed not to alter the gene frequency and genetic vari-

artificial selection. The effects of alleles were thereforeance declines only due to drift as
sampled from a normal (0, VG0

/(2n)) distribution, so that
VGt

� VG0
(1 � 1/2Ne)t . (7a) a large number of alleles segregated at each locus. As n

increases, the simulations should approach the “infini-
The cumulative response and the variance of response

tesimal model”; a value of n � 5740 was used. New
among replicates at generation t are given by

mutations were sampled using the same variance of
allelic effects: each generation mutations occurred ran-Rt � 2NeR1[1 � exp(�t/2Ne)] , (7b)
domly among only 2n(VM/VG0

) alleles to generate muta-
V(Rt) � �

t�1

T�0

VG T
/Ne � 2VG0

[1 � (1/2Ne)t], (7c) tional variance VM. Otherwise simulations were under-
taken in the same way as when base populations were
assumed to be drawn from the wild at mutation-selectionrespectively (Robertson 1960; Falconer and Mackay



415Response to Artificial Selection on Natural Populations

TABLE 1

Comparison between neutral and natural selection models that maintain the initial genetic variance
VG0

� 05VE and a natural selection model with captive maintenance

Effect |a |/�P 0.01 0.01–0.1 0.1–0.25 0.25–0.5 �0.5

Neutral model (M � 250; a, gamma 1⁄4 , � � 0.3)a

LC
b 644 483 129 108 21

VG0
(%) 0.2 14 41 34 10

Natural selection without maintenance (M � 104 ; s, gamma 1⁄2 ,
mean 0.06; a, reflected gamma 1⁄4 , � � 0.3, Vs, r � 40VE)c

LC 2758 2038 394 51 3
VG0

(%) 0.2 27 50 19 3

Natural selection followed by captive maintenance (M � 104 ; s, gamma 1⁄2 ,
mean 0.06; a , reflected gamma 1⁄4 , � � 0.3, Vs, r � 40VE)d

LC 1253 915 154 20 1
VG0

(%) 0.2 27 48 21 3

a For neutral genes VG0
� 2MVM, where M is the effective size of the population, and the mutational variance

is VM � 1⁄2�E(a2) � 10�3VE . The parameter of the distribution of a depends on the value of the haploid genome
mutation rate, �.

b LC is the number of segregating loci within the cage population of size 160.
c Effects on the trait (a) and pleiotropic effects on fitness (s) are assumed to be independent.
d The cage population was kept for 32 generations with 160 individuals, so at the start of artificial selection

VG0
� 0.5 � [1 � 1/(2 � 160)]32 � 0.45VE .

balance under the joint pleiotropic and stabilizing selec- tropic effect s P is required as the distribution of s be-
tion model. comes more leptokurtic; less genes are then likely to

be segregating, but at higher frequencies. For a given
distribution of s (e.g., gamma 1⁄2), as gene effects on the

RESULTS trait become more leptokurtic, a smaller s P is needed
and there are more segregating genes, but most haveDistribution of gene frequencies in natural popula-
smaller effects on the trait. If the mutation rate is higher,tions The effects and the initial frequencies of mutant
such that more genes of smaller effect are segregating,genes have an important influence on the response to
or when real stabilizing selection weakens (i.e., increas-selection, but there is little detailed information on how
ing Vs,r), a larger s P is required. For a neutral model, athey are distributed. Since heritabilities are typically in
higher proportion of the segregating genes are at inter-the range 0.2–0.5 for the traits in most populations used
mediate frequencies than when mutants are at a selec-in selection experiments (Falconer and Mackay 1996;
tive disadvantage (see Table 1 and Figure 1a).Roff 1997), we assume that the initial heritability in the

Figure 1b gives the gene frequency distributions fornatural population is 1⁄3 , i.e., VG0
� 0.5VE , with the rate

the joint pleiotropic and real stabilizing selection modeland distribution of effects and frequencies of mutants
conditional on the gene effects (a) on the quantitativesuch that this equilibrium value is generated. For exam-
trait. Genes of large effect remain at very much lowerple, a natural population of effective size 250 can main-
frequencies than those of small effect, and these in turntain this genetic variance if it is assumed that all the
remain at lower frequencies than the highly heterozy-genes influencing the trait are neutral with respect to
gous neutral genes. Although these models imply thatfitness and that the mutational variance takes the typical
the total number of genes influencing a trait of interestvalue of VM � 10�3VE (Lynch and Hill 1986). With
may be very large, perhaps thousands, most are of verynatural selection, larger population sizes are required
small effect and the number having effects likely to beto produce the same amount of variation, and a typical
detectable in QTL experiments, say a � 0.1�P, is smalleffective size of 104 (Frankham 1995) is assumed in this
(see Table 1; cf. Falconer and Mackay 1996; Ottostudy. Definition and characteristics of the models are
and Jones 2000; Hayes and Goddard 2001). Althoughlisted in Table 1 and their corresponding steady-state
those genes of medium to large effects are still few ingene frequency distributions are shown in Figure 1.
number, they contribute much of the genetic varianceTo produce the same level of genetic variation in the
and the response of the trait to artificial selection.wild population (e.g., VG0

� 0.5VE) for a given distribu-
Artificial selection: To understand the basic pro-tion of a (e.g., reflected gamma 1⁄4), a larger mean pleio-
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more than linearly until intermediate generations (see
Figure 2; cf. Barton and Keightley 2002; Walsh
2004). Such an increase in VG and the subsequent accel-
erated response become larger with increased selection
intensity, population size, and gene effects because the
impact of artificial selection depends on the product
Nia/�P (Robertson 1960). With fixation of most genes
of large effect, VG reduces below that expected from
genetic drift, R and SD(R) increase more slowly, and
selection reaches its limit more quickly, with R∞  2NR1

and V∞(R) � 2VG0
. As the distribution of pleiotropic ef-

fects on fitness in the source natural population be-
comes less leptokurtic in the model, mean response and
the variance among replicate lines are expected to be
higher.

Unlinked loci: With truncation selection and multiple
loci, the Bulmer effect (Bulmer 1971) induces negative
disequilibrium (i.e., negative correlation of frequencies
of the alleles that increase the trait). The influence of
the Bulmer effect on response was investigated using
Monte Carlo simulation and assuming free recombina-
tion. The variance is reduced, with much of this reduc-
tion occurring in the first generation (see Figure 2c,
solid lines), and hence the rate and cumulative response
to selection in a finite population are also reduced (Wei
et al. 1996; Walsh 2004). The increase in VG in the
early stages of selection as a consequence of increase
in frequency of rare genes of large effect and the acceler-
ated increase in R found for independent genes are
thereby offset to some extent.Figure 1.—Distributions of gene frequencies correspond-

ing to the three models, with parameters as given in Table 1. Influence of linkage: The impact of the Bulmer effect,
The distributions are symmetrical about 0.5 and only the left which operates in small and large populations, is in-
half is displayed. (a) Distributions shown for recently captured creased when there is linkage because the disequilib-populations (thin solid line) and for populations maintained

rium generated by truncation selection is released morefor 32 generations at size of 160 individuals (dashed line). For
slowly (Bulmer 1976; Hospital and Chevalet 1996).comparison the distribution for neutral genes in a captured

populations of size 250 is also shown (thick solid line). (b) Further, the linkage between loci also reduces the effi-
Distribution conditional on the effect (a) on the trait for cacy of selection in finite populations (Hill and Rob-
captured populations. Thick solid line in b is the same for ertson 1966), because the coupling gametes for genesneutral genes as in a.

that increase the trait and are initially absent may not
occur before one or the other is lost and due to the

cesses, we consider for the joint-effect model three alter- reduced effective size around favorable loci as they in-
native genome structures: independent loci (no gametic crease through selective sweeps—the so-called “Hill-
disequilibrium), unlinked loci, and linked loci. Robertson effect.” Taking Drosophila as a model, the

Independent loci: Results (dashed lines in Figure 2) genome was assumed to comprise three chromosomes
were obtained using the transition probability matrix of equal map length, with genes equally spaced among
method. Many genes that have large effect but remain them. It is clearly seen in Figure 2 that, as linkage be-
at low frequencies under natural selection are lost from comes tighter, there are greater reductions in variance
the population, but others increase quickly in frequency within and between lines and in response (cf. Hill and
with artificial selection. These more than counterbal- Robertson 1966; Robertson 1970, 1977). Moreover,
ance the loss of variation from fixation of increasing the influence of linkage on expected response increases
genes initially at high frequency (i.e., where the mutant over generations. For instance, with three chromosomes
allele decreased the trait value) and lead to an increase in which all genes are completely linked, the limit to
in the within-line genetic variance VG in the early stages response is approached by generation 10 whereas if
of selection (up to generation 15), even though inbreed- genes are unlinked responses continue, such that the
ing is rising. Hence the response R and the standard difference in response at generation 50 is 8.9 units or
deviation in response among replicates SD(R) increase 2.3 times higher than that for complete linkage. With
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recombination, the impact is reduced, such that for
chromosomes of map length 1 M there is a reduction
of 3.1 in R50. Thus one or two crossovers recover most
of the reduction in response induced by linkage (cf.
Keightley and Hill 1983). Tight linkage leads to a
higher variance of response in the early generations
and a smaller variance later.

Influence of effective size of selected population and selection
intensity: Figure 3, a–c, shows the influence of pop-
ulation size during artificial selection under two recom-
bination rates, 1 M per chromosome and free recom-
bination among loci. In the early generations (up to
approximately generation 5), no significant influence
of population size is seen, but as selection proceeds,
differences emerge and increase. With a small popula-
tion size, VG declines steadily and response approaches
its limit sooner. At larger population sizes, VG can in-
crease in the early generations (say from about genera-
tion 10 for N � 60) and the response continues longer,
particularly with free recombination (cf. Bürger 2000,
p. 321). It is seen in Figure 3a that the effect of linkage
is small when the population size is small, presumably
because the strong drift masks the effects of recombina-
tion, which appear as the parameter Ne � recombination
rate in the long term (cf. Hill and Robertson 1966;
Robertson 1970; Keightley and Hill 1987; Santiago
1998). With a large population size, linkage reduces vari-
ance in response among replicates (Figure 3b); whereas
for smaller populations linkage increases V(R) in the early
generations, but decreases it later (cf. Figure 2b).

Figure 3, d–f, shows the impact of selection intensities
for two recombination rates. With strong selection, VG

can increase during generations 4–7 and declines faster
afterward; the response accelerates in the early genera-
tions and thus a larger cumulative response is generated.
The effects of linkage in reducing both R and VG in-
crease with selection intensity. Results in Figure 3 are
given for only the first 50 generations; at later genera-
tions the relation between response and selection inten-
sity changes, such that the limit is maximized with selec-
tion of �50% (Hill and Robertson 1966; Robertson
1970; Hospital and Chevalet 1996). With strong selec-
tion, linkage causes a larger variance in response inFigure 2.—Influences of linkage and the Bulmer effects
early generations but a smaller variance later (Figureon (a) response, (b) standard deviation of response among
3e, cf. Figure 2b).replicate lines, and (c) the within-line genetic variance. The

base population was assumed to sample from natural popula- Influence of maintenance of the base population and the
tions at mutation-selection balance, with its initial gene fre- neutral model: With the joint-effect model, genes of large
quency distribution given by Equation 5. The natural popula- effect tend to be at very extreme frequencies (Table 1,
tion size M was 104 and the equilibrium genetic variance was

Figure 1a), whereas with a neutral model the distribu-VG0
� 0.5VE . A cage population of size M c � 160 was drawn

tion does not depend on size of effect and is of lessfrom this before artificial selection of intensity i � 0.966 (i.e.,
extreme shape. Such differences lead to only negligible40% selected) and size N � 40. Two methods are used: transi-
differences in the expected response and the variancestion matrix for independent individual loci (dashed lines),

and Monte Carlo simulation for genome comprising three within and among lines in very early (say up to three)
chromosomes, each with a map length 0, 1⁄4 , 1⁄2 , 1, 4, and ∞ generations, with response in good agreement with the
morgans (M; thin solid lines). Simulations for one completely breeders’ equation, R � ih2�P ; however, they cause sig-
linked genome (thick solid lines) are included for compar-

nificant differences subsequently (Figure 4). With theison.
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Figure 3.—Effects of population
size (with 40% selected; left) and se-
lection intensity (with a selection
population size N � 40; right) on (a
and d) expected response, (b and e)
standard deviation of response
among replicates, and (c and f) the
within-line genetic variance. Two
linkage structures are considered:
each chromosome of map length 1
M (dashed line) and free recombina-
tion (solid line). In f, note that with
free recombination, selection of 20%
(thick solid line) produced a higher
VG than selection of 70%, between
generations 3 and 21. The popula-
tion was previously under natural se-
lection as in Figure 2.

neutral model (Hill and Rasbash 1986), there is rapid Kimura 1955; cf. the extreme effects of a population
bottleneck, Zhang et al. 2004b). With sufficient inbreed-fixation of large-effect genes in the early stage, VG de-

clines faster than by genetic drift, and R increases more ing, VG will increase little following selection, but when
selection occurs on lines taken directly from nature, VGslowly than predicted by the infinitesimal model, whereas

V(R) is slightly greater because sampling of genes of can increase substantially in early generations of selec-
tion (see Figure 4c), as those remaining genes of largelarge effect has a large influence.

As populations under artificial selection may not have effect have become of more intermediate frequency. Both
R and SD(R) are reduced toward values for the neutralbeen drawn directly from nature, “maintenance” here

refers to the procedures that are involved in collecting model (see Figure 4, a and b). Any artificial selection dur-
ing the maintenance of the base populations increasesand initially managing the cage population. For exam-

ple, capture of a small number of individuals or keeping the frequencies of large-effect genes and subsequently
enhances the increases in VG and R (data not shown).the populations at limited size for many generations

will introduce inbreeding and cause both loss of genetic Therefore selection and random sampling during the
maintenance of the populations have opposite influ-variance and a redistribution of gene frequencies, with

the number of segregating genes reduced and their ences on both initial gene frequency distributions and
subsequent response patterns.frequency distribution more uniform (see Figure 1a;
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Influence of new mutations: In Figure 5, the contribu- Comparisons with the infinitesimal model and its modifica-
tions: For the infinitesimal model, simulation predic-tions to the response of new mutations subsequent to

the start of artificial selection are shown for complete tions are in good agreement with that from Equation
8 for free recombination (see Figure 5, d–f; Keightleylinkage, one each chromosome, 1 M per chromosome,

and free recombination. New mutations that occur on and Hill 1987). With the infinitesimal model, linkage
reduces the response and the within-line genetic vari-the segregating loci increase VG and R, negligibly so in

the early generations but becoming of significance with ance (cf. Robertson 1977) as described above for popu-
lations previously under mutation-natural selection bal-long-term selection, proportionately so especially for

tight linkage (see Figure 5, a–c). For instance, new muta- ance. New mutations have a similar influence on the
predictions of the infinitesimal model as for the joint-tions increase R50 by 8% for chromosomes of length 1

M. Even with the contribution from new mutations, selection model (Figure 5, d–f; cf. Figure 5, a–c). For
tightly linked chromosomes, the same predictions forgenetic variance declines to a very low value (cf. Barton

and Keightley 2002). R, SD(R), and VG are obtained from the two different
models. This is expected from the central limit theorem:
trait values contributed from each completely linked
chromosome are simply the sum of a large number of
allelic effects and thus approach the normal distribution
regardless of the distribution of these effects. For a ge-
nome of one linked chromosome, our simulation results
for the joint-effect model (see solid lines in Figure 2)
agree with formulas based on the infinitesimal model
given by Keightley and Hill (1987). With recombina-
tion, however, the models deviate. In the extreme case
of free recombination, the joint-selection model leads
to an increase in VG and hence a nonlinear increase in
R in the early generations, due to the surviving genes
of large effect and low initial frequency, but not for the
infinitesimal model where VG declines monotonically.

Comparison between data from selection experi-
ments and theoretical predictions: Extensive data are
collected in artificial selection experiments and compar-
isons with theory could be done in many ways. Conve-
niently, Weber and Diggins (1990) and Weber (2004)
have summarized data from such experiments with Dro-
sophila melanogaster in terms of R 50/R1, the total response
to generation 50 normalized by response in generation
1. These are plotted in Figure 6 together with theoretical
results for different selection intensities and population
sizes. Selection intensity and heritability cancel out from
the ratio R 50/R1 in predictions from the classical infini-
tesimal model of independent loci (Robertson 1960,
see Equation 7); however, they do affect predictions
when linkage disequilibrium is included. The experi-

Figure 4.—Influence of maintenance of the base popula-
tion prior to artificial selection on (a) response, (b) standard
deviation of response among replicate lines, and (c) the
within-line genetic variance. Base populations for artificial
selection are either drawn immediately from the wild (“NS”)
or maintained captive for 32 generations at a constant size of
160 individuals (“NS-c”) under two recombination rates: free
recombination between loci (thin solid lines) and three chro-
mosomes each of length 1 M (dashed lines). Also shown for
comparison are the predictions of the infinitesimal model
including the Bulmer effect (thick solid lines) and simulation
results for the neutrality model (“neutral”). Artificial selection
is as in Figure 2 (N � 40, 40% selected).
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Figure 5.—Influence of new muta-
tion and comparison between predic-
tions from the natural selection
model (left) and from the infinites-
imal model and modification of it
(right). For the natural selection
model (a–c), effects of new mutations
were sampled from a reflected gamma
1⁄4 distribution with mutation rate � �
0.3 per generation per haploid ge-
nome. For the infinitesimal model (d–
f), effects of mutations within each lo-
cus are sampled from a normal dis-
tribution of mean 0 and variance VG0

/
(2 � 5740) with a rate 2 � 5740 �
(VM/VG0

) per generation per genome,
where VM � 10�3VE and VG0

� 0.45VE.
Artificial selection is as in Figure 2 (N �
40, 40% selected). Three linkage pat-
terns are considered: each chromo-
some of map length 0, 1, and ∞ M.
Solid lines represent predictions
without new mutations while dashed
lines show prediction with contribu-
tion from new mutation. For compar-
ison, d–f also show the Robertsonian
formulas, where genetic drift alone
affects frequencies (thin solid lines)
and also predictions with incorpora-
tion of linkage disequilibrium due to
the Bulmer effect (thick solid lines).

mental data, for which selection intensities ranged from The Ne so computed is equivalent to that from the pedi-
gree inbreeding, rather than that of neutral genes inter-0.6 to 1.8, have been classified into two broad groups:

strong selection (i � 1.0; Figure 6, diamonds) and weak spersed within the chromosomes (cf. Santiago 1998).
Theoretical predictions are given for three differentselection (i � 1; Figure 6, circles). These data have been

plotted against Weber’s estimates of effective popula- proportions of selected and consequent intensities (70,
40, and 20% selected, corresponding to i � 0.5, 1.0.tion size, which are often much smaller than the actual

number of individuals. To compare the simulations with and 1.4, respectively) with chromosomes of length 1 M
and initial heritability h 2

0 � 0.31, parameters that areexperiments, the effective size (Ne) of selected popula-
tions in the simulated models has also been computed intended to be typical for populations of Drosophila used

for selection experiments (Latter 1964; Frankham et al.and used in Figure 6. To estimate Ne, an additional set of
15 neutral loci with free recombination among them was 1968; McPhee and Robertson 1970; Weber and Diggins

1990; Falconer and Mackay 1996).assumed to have initial allele frequencies one-half and
no subsequent mutations. The average heterozygosity was In general, larger R50/R1 values were found with weaker

selection for a given Ne (Figure 6). For base populationsrecorded each generation and Ne was estimated from the
decline in heterozygosity (Falconer and Mackay 1996). founded immediately from natural populations at muta-
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Figure 6.—Comparison between predicted and experimental values of the total response after 50 generations, relative to the
initial response (R 50/R1), plotted against the effective size of the population under artificial selection. Theoretical predictions
are based on selection of 20% (dotted lines), 40% (dashed lines), and 70% (solid lines) selection, assuming three chromosomes
each of length 1 M. Data points (diamonds, i � 1.0; circles, i  1.0) are experimental results on selection in Drosophila, from
Weber and Diggins (1990). (a) Artificial selection starting from base populations drawn immediately from a natural population
at mutation-selection balance under the joint pleiotropic and stabilizing selection model, with contributions from new mutations
(thick solid lines) and without new mutations (thin solid lines). (b) Artificial selection starting from base populations taken
from nature and kept for 32 generations at a size 160, including contributions from new mutations. (c) The predictions from
the infinitesimal model, modified to include new mutation and linkage. Robertsonian predictions with new mutation and the
Bulmer effect (thick solid line, assuming 40% selected) are shown in c for comparison.

tion-selection balance, the simulation predictions of the choice of the parameters, theoretical predictions can
fit with the empirical data.ratio R50/R1 with and without new mutations are given

in Figure 6a. It is noted that with weak selection, predic- Although predictions from Robertson’s (1960) for-
mula deviate further with increasing effective size oftions of R50/R1 based on the joint selection model are

close to that of the infinitesimal model (see Figure 6c). selected population (Weber and Diggins 1990; Weber
2004), multilocus models including linkage disequilib-With stronger selection, the predicted values of R50/

R1 fall but the contribution from new mutations rises, rium due to both the Bulmer and Hill-Robertson effects
can bring theoretical predictions down to observed re-reflecting that new mutations of large effect are more

likely to be fixed under strong selection. For small effec- sults even when new mutations are included (Figure
6c). Comparing the predictions from formulas (8) thattive size, say Ne  20, there is a good agreement between

theoretical predictions and experimental data. For large take into account linkage disequilibrium due only to the
Bulmer effect and simulations including linkage dis-effective sizes, predictions for 40% selection without

new mutation appear to fit well with data, as do those equilibrium, it is obvious that linkage has a large influ-
ence on the predictions (also see discussion below).for 20% selection with new mutations. Assuming prior

captive maintenance of the base population (32 genera- Thus the infinitesimal model with some realistic param-
eters can be modified to give a good fit with data. Intions at size 160 individuals prior to selection) under

the joint-effect model, predictions under strong selec- the light of this, it seems that the infinitesimal model
is adequate despite its obviously incorrect assumptionstion (i.e., i � 1.0) with new mutations seem to fit the

data for large population sizes (Figure 6b) whereas on the number and effect size of genes (cf. Goddard
2001).those for weak selection are too high. It is obvious that

if the base population is kept at a small size longer
before selection starts, the predictions of the ratio R50/ DISCUSSIONR1 will be further reduced given the same initial genetic
variance (i.e., the heritability). For traits of high herita- Patterns of response to artificial selection have been
bility, initial responses will be higher, but the ratio R50/ investigated under the assumption that the base popula-
R1 is likely to be smaller due to the effect of more linkage tion has been drawn from a natural population at muta-
disequilibrium. For example, the ratio R50/R1 reduces tion-selection balance under the joint pleiotropic and
from 27 to 23 as h2

0 increases from 0.31 to 0.52 for real stabilizing selection model (Zhang and Hill 2002;
artificial selection in a population of size N � 40 and Zhang et al. 2004a). Natural selection produces extreme
40% selection from base populations following captive distributions of the frequencies of genes of large effect

under this model, and such inversely related frequenciesmaintenance for 32 generations at size 160. By suitable



422 X.-S. Zhang and W. G. Hill

and effects of genes could give rise to different response It is also clearly shown in Figure 3 that the influence of
linkage on absolute response is greater for large popula-patterns from those of the infinitesimal (Robertson 1960)

and the neutral models (Hill and Rasbash 1986). How- tion sizes and high intensities of selection (i.e., high
population size times selection value; cf. Keightley andever, other factors can also have an impact. These in-

clude maintenance of the population in a cage prior to Hill 1987; Santiago 1998). McPhee and Robertson
(1970) demonstrated the effects of linkage by suppressingselection and linkage disequilibrium due to both the

Bulmer and the Hill-Robertson effects. These factors crossing over on chromosomes II and III in D. melanogaster.
Comparing selection for sternopleural bristles in experi-considerably affect the predicted response patterns and

generally give predictions that are in broad agreement ments of size N � 20 (Ne � 10) and 40% selection under
normal recombination and when crossing over was al-both with observations in selection experiments (Clay-

ton et al. 1957; Frankham et al. 1968; Yoo 1980; Atkins most completely suppressed on the two large autosomes,
they found the response at the limit was reduced by onand Thompson 1986; Martinez et al. 2000; Hill and

Bünger 2004) and from predictions for the infinitesi- average 25%. Our predictions on the effect of linkage
appear to agree with this observation (Figure 3).mal model (Goddard 2001).

Gene effects are assumed to follow a leptokurtic gamma With decreasing selection intensity, there is less rapid
increase in mean and variance among replicates in re-distribution in the models presented here. Under a combi-

nation of pleiotropic and real stabilizing selection, the sponse, while VG declines less quickly. This is because
genes of large effect have increasing chance of being losttotal numbers of genes influencing the trait in a cage

population are large, ranging from �103 to 104, but �90% under weak selection. For the same selection intensity, a
smaller population produces a lower response, but aof these are of effect a  0.1�P and account for only �27%

of the genetic variance (see Table 1), whereas those with larger SD(R) in the early generations (Figure 3). The
mutational variance appears to have nearly the sameeffects a � 0.1�P contribute most of the genetic variance

and response. The presence of few genes of large effects value, VM � 10�3 VE , across a wide range of populations
and species (Lynch and Walsh 1998; Lynch et al. 1999;(Table 1) is compatible with findings from QTL map-

ping experiments (Falconer and Mackay 1996, p. 371; Keightley 2004), but there is less information on the
mutation rate per locus. If this rate is high, the averageWeber et al. 1999; Otto and Jones 2000). These genes

of large effect under apparent stabilizing selection re- effects of genes that can maintain the same VG0
become

main at low frequencies in the wild (Figure 1b) and small. As the impact of artificial selection depends on
the product Nia/�P, it is obvious that the response pat-thus contribute a small proportion of the initial genetic

variance (Table 1). If acting independently, their fre- tern predicted is close to that from the infinitesimal
model when Nia is small.quencies can increase rapidly under strong artificial se-

lection and hence cause an increase in VG in the early For simplicity, independent effects of genes on the trait
and through pleiotropic effects on fitness were assumedstages of selection (cf. Keightley and Hill 1989; Walsh

2004), resulting in an accelerated response and a rapid in this study. If gene effects on the trait and fitness are
correlated due to pleiotropy, genes of large effect on theincrease in variance of response among replicates (Figure

2); but these effects are largely masked by negative ga- trait will remain at much lower frequencies. With such a
correlation, fitness will be reduced as artificial selectionmetic disequilibrium.

Negative linkage (gametic) disequilibrium (LD) caused proceeds. Maintaining populations in the laboratory in
bottles or cages for many generations before selection,by the reduced variation among selected individuals (Bul-

mer 1971, 1976; Hospital and Chevalet 1996) and the as is often the case (Latter 1964; Frankham et al. 1968;
McPhee and Robertson 1970), presumably mitigatesabsence of coupling haplotypes of favorable genes (Hill

and Robertson 1966) reduce the genetic variance of the the effect of natural selection to generate an extremely
U-shaped probability distribution of allele frequencies.trait and thus response, as shown by simulations presented

here (Figure 5). If the gene frequencies are at mutation- For example, there are initially predicted to be 54 segre-
gating genes with effects a � 0.25�P, which contributedrift equilibrium (i.e., neutral model), the reductions

in R50 are 3% from the Bulmer effect with free recombi- 21% of VG0
; whereas after 32 generations in a population

nation (Figure 4; cf. Hill and Rasbash 1986; Walsh of 160 individuals, only 21 are left; although their fre-
quencies will have risen such that they still contribute2004) and an additional 19% with linkage (assuming

three chromosomes each of length 1 M), respectively, 24% of that initially (Table 1). Such random sampling
in the laboratory reduces the accelerated response andgiven N � 40 and 40% selected; while the corresponding

reductions are 26 and 23% if the natural population is variance among replicates expected with immediate selec-
tion from the newly captured population particularly ifat mutation-selection balance under the joint-selection

model (Figure 2a). For the infinitesimal model, these linkage is weak (Figure 4).
In this investigation, additivity of gene action is as-reductions are 7 and 24% (Figure 5). This indicates that

with free recombination, the Bulmer effect depends on sumed for both the quantitative trait and the pleiotropic
fitness effect. Empirical data indicate that gene actionthe genetic architecture; whereas the additional reduc-

tion due to linkage seems less dependent on the model. is approximately additive for its effect on the trait, but
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is quite recessive for its pleiotropic fitness effect, with eration of full-sib mating (N � 2, t � 1, F � 0.25)
mean dominance coefficient (h) in the range 0.1–0.2 suggests that while such a bottleneck reduces variance
(Garcı́a-Dorado et al. 2004). If the effective size (M) and response by one-quarter, it does not have a major
of the wild population is sufficiently large that Mhs � 1, impact on the expected pattern of response for linked
most mutant genes are likely to segregate as heterozy- loci (e.g., three chromosomes of 1 M each), although
gotes, and s in Equation 1 should be replaced by 2hs the variance among replicates is slightly increased.
(Zhang et al. 2004a). As the dominance coefficients of Frankham (1981) concluded from a review of experi-
mutant genes for fitness are negatively correlated with ments that, indeed, the effect of a population bottleneck
their effect (Caballero and Keightley 1994), with is to reduce initial response by one-quarter, but that
varying dominance both the mean and the leptokurtosis long-term responses are unpredictable. Therefore it
of the distribution of pleiotropic effects of heterozygotes turns out that a bottleneck does not have strong discrim-
are likely to be less. Therefore the influence of domi- inating power, particularly when effects of linkage on
nance could be modeled by decreasing the values of response are incorporated.
these parameters, leading to a less extreme initial distri- There is much more prospect in distinguishing be-
bution of gene frequencies and a closer agreement with tween genetic models using QTL mapping to directly
predictions from the infinitesimal model. reveal the genetic architecture of the chromosomal re-

Taking into account all those effects, the patterns of gions that control the traits (Barton and Keightley
responses predicted from the joint-effect model (Figure 2002). QTL mapping results indicate that there are in-
6, a and b) are broadly compatible with those observed deed genomic regions having large effects, although not
in selection experiments (see, e.g., Falconer and Mackay all experiments have sufficient precision to distinguish
1996), although we have considered in detail only the between single and multiple linked QTL. Our results
ratio R50/R1. However, the difficulty in drawing any clear indicate that apparent fits of response to selection to
conclusions about the validity of the joint-selection infinitesimal model predictions do not preclude the
model is that many factors can alter theoretical predic- existence of genes of large effect and provide a bridge
tions. The infinitesimal model (Fisher 1918) has the between the apparently contradictory observations.
simple assumption that there are infinite numbers of Concerns have been expressed that mutation-selec-
genes of infinitesimal additive effect, but there is evi- tion balance could not be a plausible mechanism for the
dence of genes of large effect from QTL experiments maintenance of quantitative genetic variability because
(Paterson et al. 1988; Goddard 2001; Hayes and God- variance would increase on artificial selection (May-
dard 2001). Nevertheless good agreement has been nard Smith 1989, Chap. 6). The results obtained here
shown for periods of many generations between infini-

for multiple linked loci meet this objection because
tesimal predictions and response patterns observed in

the gametic disequilibrium generated counteracts theselection experiments (e.g., Clayton et al. 1957; Frank-
increase in variance at independent loci. Further, cap-ham VG0

et al. 1968; Yoo 1980; Atkins and Thompson
tive maintenance also reduces the initial increase in1986; Martinez et al. 2000) and domestic animals (Hill
variance with artificial selection. Although the impactand Bünger 2004). After considering realistic factors that
of linkage is likely to be weaker in mammals and birdsinfluence the selection populations, the infinitesimal pre-
with many more chromosomes than Drosophila, artificialdictions of R50/R1 are also in good agreement with experi-
selection experiments and breeding programs in suchmental data (Figure 6c). This observation may imply that
species are typically not founded directly from naturalthe infinitesimal prediction of response is robust at least
populations.until the medium term (Goddard 2001), perhaps for

In conclusion, this study has shown that it is possiblecompensating reasons: for example, the presence of genes
to obtain satisfactory predictions of response to artificialof large effect at low frequency.
selection in laboratory populations derived from naturalThus the two very distinct genetic models lead to
populations over quite a wide range of possible parame-similar response patterns such that differences may be
ter values. However, the analysis also shows that thedifficult to discern in selection experiments conducted
response is rather robust to model assumptions, andin the laboratory with a limited number of replicates.
that, for example, an infinitesimal model may fit quiteIn view of the very extreme initial distribution of gene
well. Thus the results did not provide very strong sup-frequencies and effects in the joint-effect model, pat-
port for the joint-effect model of pleiotropic and realterns of response might be substantially affected by put-
stabilizing selection as the mechanism for maintenanceting the population through a bottleneck of very few
of quantitative variation in natural populations (Zhangindividuals, not least because genes of large effect that
and Hill 2002; Zhang et al. 2004a), nor did they provideare initially rare will have a high chance of loss before

selection starts (Robertson 1960; Frankham 1981). any clear case for rejection.
Maintenance of the population prior to selection with We are grateful to two reviewers for helpful comments. This work
N � 160 and t � 32, i.e., �F � 0.1, had little effect was supported by a grant from the Biotechnology and Biological

Sciences Research Council (15/G13242).(Figure 4). Further simulation (not shown) for one gen-
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