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ABSTRACT
Although the distribution of frequencies of genes influencing quantitative traits is important to our

understanding of their genetic basis and their evolution, direct information from laboratory experiments
is very limited. In theory, different models of selection and mutation generate different predictions of
frequency distributions. When a large population at mutation-selection balance passes through a rapid
bottleneck in size, the frequency distribution of genes is dramatically altered, causing changes in observable
quantities such as the mean and variance of quantitative traits. We investigate the gene frequency distribu-
tion of a population at mutation-selection balance under a joint-effect model of real stabilizing and plei-
otropic selection and its redistribution and thus changes of the genetic properties of metric and fitness
traits after the population passes a rapid bottleneck and expands in size. If all genes that affect the trait
are neutral with respect to fitness, the additive genetic variance (VA) is always reduced by a bottleneck in
population size, regardless of their degree of dominance. For genes that have been under selection, VA

increases following a bottleneck if they are (partially) recessive, while the dominance variance increases
substantially for any degree of dominance. With typical estimates of mutation parameters, the joint-effect
model can explain data from laboratory experiments on the effect of bottlenecking on fitness and morpho-
logical traits, providing further support for it as a plausible mechanism for maintenance of quantitative
genetic variation.

THE effective size of a natural population is an im- can bring about dramatic changes in the genetic proper-
portant parameter in determining its genetic and ties of the population. As a population shrinks in size,

evolutionary processes. It may fluctuate substantially gene frequencies disperse and homozygote frequencies
rather than maintain a large and constant value as as- increase, resulting in consequent changes in other ge-
sumed in many models. The changes in the mean and netic properties such as the means and variances of
variability of fitness and other metric traits when a large fitness and other quantitative traits. In laboratory experi-
population at equilibrium suffers a sudden decrease in ments, the genetic variance is observed to increase dra-
size (a “bottleneck”) are important to the understand- matically for life-history traits that are closely related to
ing of nonequilibrium natural populations with fre- fitness (López-Fanjul and Villaverde 1989; Garcı́a
quent bottlenecks or extinction and recolonization. et al. 1994; Fernández et al. 1995; Meffert 1995) and
Laboratory experiments have been carried out to study to decrease for morphological traits (López-Fanjul et al.
the impact of population bottlenecks (Frankham 1981; 1989; Wade et al. 1996; Whitlock and Fowler 1999;
Bryant et al. 1986; López-Fanjul and Villaverde 1989; Saccheri et al. 2001) immediately after a brief period
López-Fanjul et al. 1989; Garcı́a et al. 1994; Fernández of inbreeding or bottlenecking. Two hypotheses have
et al. 1995; Meffert 1995; Wade et al. 1996; Fowler been proposed to explain the increased genetic variance
and Whitlock 1999; Whitlock and Fowler 1999; Sac- following bottlenecks: dominance (Robertson 1952;
cheri et al. 2001; Roff 2002), providing data that are Willis and Orr 1993) and epistasis of gene action (see
useful in our understanding of the impact of bottlenecks Goodnight 1988; López-Fanjul et al. 2002), i.e., inter-
and in testing for genetic models of the maintenance actions within and between loci, respectively. For viabil-
of genetic variation in populations. ity in Drosophila, the observed increase in additive ge-

Experiments show that a sudden decrease in popula- netic variance (VA) and the appearance of inbreeding
tion size, due to either artificial selection or a bottleneck, depression after a bottleneck can be explained by muta-

tion-selection balance (MSB), assuming values of the
mutation parameters estimated from empirical studies
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Our recent investigations (Zhang and Hill 2002; mutant effects on the metric trait is assumed to be sym-
metrical about zero and effects a and s are assumed toZhang et al. 2004) show that a joint-effect model of

pleiotropic and real stabilizing selection provides a plau- be independent, but |a | and h�, and s and h, are both
assumed to be negatively correlated in accordance withsible explanation for the high levels of genetic variance

observed for quantitative traits under strong apparent empirical data (Caballero and Keightley 1994). In
this article, both fitness traits (e.g., viability) and metricstabilizing selection in natural populations. An effective

way to further test the validity of the joint-effect model traits (e.g., morphology) are considered, with the latter
related to fitness only through real stabilizing selectionis to consider the change of genetic architecture due to

a sudden change in demography of the population (e.g., acting directly on the trait. At mutation-selection bal-
ance, it is assumed the mean fitness is expected to re-a bottleneck). One key assumption of the joint-effect

model, as that of Turelli (1985), is that mutant alleles main the same. Frequencies of genes of large effect can-
not increase substantially due to strong selection, whileunder strong selection are always very rare, so that a

severe reduction in population size causes such mutants the reduction in fitness due to fixation of genes of small
effect may be counteracted by the fixation of some rareeither to become instantly quite common or to be lost

from the populations. Such a dramatic change in ge- favorable genes. Thus the mutation model can be con-
sidered as a fixed model (Ohta and Tachida 1990).netic architecture makes the degree of nonadditivity of

gene action an important parameter in controlling the In the absence of epistasis, the stationary distribution
of allele frequency at the steady state of accumulation andbehavior of the genetic system. A comparison of the

substantial quantity of experimental data on the effect loss of mutations is given by Kimura’s (1969) diffusion
approximation,of a bottleneck on genetic variance with predictions

based on the joint-effect model enables a further check
φ(x) � 4Ne�[1 � u(x)]/[x(1 � x)G(x)], (1)on its validity.

Previous theoretical studies of the effects of popula- where � is the haploid genome-wide mutation rate; x is
tion bottlenecks using models including dominance the frequency of a mutant gene with effects (a, h�, s, h)
have either considered a single locus (Robertson 1952; segregating in the population [1/2N � x � 1 � 1/2N],
Willis and Orr 1993) or assumed an equilibrium popu- G(x) � exp{2Ne� x

0 s̃(�)d�}; the probability of ultimate
lation under a pure pleiotropic model without real stabi- fixation of a mutant with initial frequency x is u(x) �
lizing selection (Wang et al. 1998). In this article, we �x

0G(�)d�/�1
0G(�)d�; and the overall selection coefficient

generalize the results to assume a population at MSB s̃ determines the change in mean frequency through
under the joint-effect model of pleiotropic and real �x � �x(1 � x)s̃/2. In the joint-effect model, the overall
stabilizing selection at many loci (Zhang and Hill 2002; selection coefficient is
Zhang et al. 2004) and predict the changes in mean

s̃ � 2s[h 	 (1 � 2h)x]and variability of fitness and other metric traits expected
after a rapid bottleneck in population size and subse-

	
a 2

4Vs,r

{4h�2 � 2x[1 � (1 � 2h�)2(1 � 2x)2
quent rapid increase in size. These predicted changes
are compared with available observations from different

� 4(1 � 2h�)(1 	 h�)(1 � x)]}experiments.
(2)

Zhang et al. 2004).MODEL AND METHODS
For some special situations, the gene frequency distri-

The base population: A random mating population bution in a large equilibrium population can be dealt
of N diploid (monoecious) individuals is assumed to with analytically. For a neutral gene (i.e., Vs,r → ∞ and
have an effective size Ne and be at Hardy-Weinberg equi- s � 0), its frequency distribution depends on the muta-
librium. Following the notation and analysis of Zhang tion rate and the genetic drift caused by finite popula-
et al. (2004), it is assumed that, relative to a homozygote tion size and is
of the preexisting wild-type allele, mutants have a selec-

φ(x)neutral � 4Ne�/x . (1a)tive disadvantage due to their pleiotropic effect on fit-
ness of s in homozygotes and sh in heterozygotes and

For a mutant gene strongly selected against (i.e., Ns̃ 
 1),have effects on the metric trait of interest a in homozy-
its frequency distribution can be approximated bygotes and ah� in heterozygotes. In the equilibrium base

population, selection acts on the locus both as a direct φ(x |a, h�, s, h)strongselection � [4Ne�/x(1 � x)](1 � e2Nes̃(1�x))/(1 � e2Nes̃),
pleiotropic effect on fitness and through real stabilizing (1b)
selection of strength Vs,r on the metric trait. No overdom-

in which the overall selective value is approximated byinance, no epistasis, and no linkage disequilibrium in
the base population are assumed. Both mutational ef- s̃ � 2hs 	 (2h�a)2/4Vs,r (2�)
fects and their degrees of dominance vary among loci
and are assumed to follow a quadrivariate distribution (Zhang et al. 2004). If the effects of the mutant on the

metric trait are large and real stabilizing selection isP(a, h� s, h). For simplicity, the marginal distribution of
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strong (i.e., Vs,r is small), the gene frequency distribution where Sp(x ; s, h) � 2hsx(1 � x) 	 sx 2 and S r(x ; a, h�) �
(a 2/8Vs,r)[(1 	 d�2)H0 	 2d�C0 � d�2K0] are the fitnessdepends on both real stabilizing selection and pleiotro-

pic selection; otherwise its pleiotropic effects on fitness reductions due to the pleiotropic and real stabilizing
selection against a mutant with effects a, h�, s, h, and(direct selection) determine the distribution. Mutants

that are (partially) recessive for fitness in heterozygotes of frequency x, respectively. With strong selection, the
mean fitness due to pleiotropic effects can be approxi-have a chance to build up to intermediate frequencies,

especially in a small population because selection is not mated by e�� for complete recessives and e�2� for others
(Haldane 1937). It should be noted that the multiplica-very effective in eliminating them (Zhang et al. 2004).

The total number of segregating loci is given by tive model in general generates epistasis (Wade et al.
2001) on the linear scale, but such epistatic interaction

L � �
0

1

�
�∞

∞
�
0

1

�
0

∞
�
0

1
φ(x |a, h�, s, h)P(a, h�, s, h)dhdsdh�dadx is negligible except for genes of very large effect.

Population after bottlenecking: Assume that a num-(from Kimura 1969). The gene frequency distribution
ber of replicate lines of size NF are drawn at randomconditional on its effect on the metric trait,
from a large equilibrium population (i.e., the base popu-
lation). After one generation of reproduction at size NF,�(x |a, h�) �

1
L�

0

∞
�
0

1
φ(x |a, h�, s, h)P(a, h�, s, h)dsdh, (3)

each line is assumed to expand immediately to a large
size with random mating so that no subsequent inbreed-

depends greatly on the mutational effect distribution ing or genetic drift occurs and the population is restored
P(a, h�, s, h). Distributions (1) and (3) are L-shaped. In to Hardy-Weinberg equilibrium. We assume no selection
practice, as we can identify genes only by whether they during and immediately after the bottleneck in popula-
increase or decrease the metric trait, rather than by tion size and ignore for the time being linkage disequi-
whether or not they are mutant genes, the distribution librium induced by the bottleneck. Therefore we can
of gene frequency with respect to the metric trait is use binomial sampling to obtain the redistribution of
U-shaped, under the assumption of symmetrical positive mutant frequencies. The probability that a mutant has
and negative effects of mutants on it. From this perspec- n copies (for n � 0, 1, . . . , 2NF) in bottlenecked popula-
tive, the frequency distribution of a neutral gene can tions such that its frequency is n/2NF is given by
equivalently be written as 2Ne�/[x(1 � x)] (Crow and
Kimura 1970). For fitness, the distribution is always

φF� n
2NF

� � �2NF

n ��1/2N

1�1/2N
xn(1 � x)2NF�nφ(x)dx (5)L-shaped, as all mutants are assumed deleterious.

The expectation I f of an arbitrary function f(x ; a, h�,
(Crow and Kimura 1970; Wang et al. 1998). Bottle-s, h) with respect to the equilibrium distribution φ(x) for
necking disperses the gene frequencies around theira mutant gene is given by If � �1/2N

1�1/2N φ(x |a, h�, s, h) �
means: the deleterious genes will be lost from manyf(x ; a, h�, s, h)dx . The corresponding measurable quan-
loci and increased in frequency at others, such that thetity, summing over all loci, is obtained by the integra-
average frequency of those remaining segregating istion of
increased substantially. For strongly selected mutants in

E[If] � �
�∞

∞
�
0

1

�
0

∞
�
0

1
If(a, h�, s, h)P(a, h�, s, h)dadh�dsdh . the equilibrium base population, the average frequency

of those still segregating jumps to a little over 1/2NF ,(4)
while segregating neutral genes have one, two, and three

The following quantities are useful in evaluating the copies with probabilities 55, 27, and 18%, respectively,
bottleneck effect, H � 2x(1 � x), C � 2x(1 � x)(1 � following a bottleneck of two individuals.
2x), K � H 2 � [2x(1 � x)]2; and their expectations With this new distribution of gene frequencies, the
are given subscripts 0 or F to refer to the base or bottle- expectation of any quantity f(x) after bottlenecking is
necked populations, respectively. To simplify subse- evaluated as
quent formulas, d � 2h � 1 and d� � 2h� � 1 are used
to represent the dominance effects. The expressions for

I f,F � �
2NF�1

n�1
f(n/2NF)φF(n/2NF), (6)additive variance (VA), dominance variance (VD), and

genetic variance (VG) contributed by a mutant gene with
and other parameters are obtained by substituting If,Feffects (a, h�, s, h) in the equilibrium base population
in (4). After a bottleneck of one generation, binomialare listed in Table 1.
sampling (Equation 5) givesThe total number of segregating mutants at mutation-

selection-drift balance [i.e., L0 � E(I f�1)] is approxi- E(HF) � f1H0, E(CF) � f1f2C0, E(KF) � f 1
2(1 � f2)H0 	 f1f2f3K0

mated by 4Ne�[ln(2N) 	 1] and 4Ne�[ln(1/s̃) 	 0.423] (7)
(Kimura 1969) in the extreme cases of neutral and
strongly selected genes, respectively; otherwise, L0 lies be- (cf. Robertson 1952; Silvela 1980), where H0 � 2p(1 �

p), C0 � 2p(1 � p)(1 � 2p), and K0 � 4p2(1 � p)2 fortween those two extreme values. The average frequency
of mutant genes is calculated as x0 � E(I f�x)/L0. Assum- a mutant gene of initial frequency p, and fi � 1 � i/

2NF, i � 1, 2, 3. Thus the heterozygosity is reduced bying a multiplicative model for fitness, the mean fitness
caused by all segregating loci is v0 � [E(I f�1�Sp�Sr

)/L0]L0, 1/2NF regardless of the number of alleles, their frequen-
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TABLE 1

Per locus genetic properties of the metric trait before and after a bottleneck of NF individuals

Equilibrium population Bottlenecked population

VA
a2

4
[(1 	 d�2)H0 	 2d�C0 � 2d�2K0]

a2

4
f1{[1 	 d�2(1 � 2f1 	 2f1f2)]H0 	 2f2[d�C0 � f3d�2K0]}

VD
a2

4
d�2K0

a2

4
d�2f1[ f1(1 � f2)H0 	 f2f3K0]

VG
a2

4
[(1 	 d�2)H0 	 2d�C0 � d�2K0]

a2

4
f1{[1 	 (1 � f1 	 f1f2)d�2]H0 	 f2[2d�C0 � f3d�2K0]}

VBF
a —

a2

4
{2(1 � f1)H0 	 2d�f1(1 � f2)C0 	 d�2f1[ f1(1 � f2)H0 	 ( f2f3 � f1)K0]}

V(VAF)b — (
a
2
)4(

3
4
)2(R0 	 R1d� 	 R2d�2 	 R3d�3 	 R4d�4)

Similar expressions for a fitness trait can be obtained by replacing a and d� � 2h� � 1 by s and d � 2h � 1, respectively. Here
H0 � 2p(1 � p), C0 � 2p(1 � p)(1 � 2p), K0 � H 2

0, fi � 1 � i/2N F, i � 1, 2, 3. R0 � (H0 � (5/3)K0)/2; R 1 � �C0 	 2H0C0;
R 2 � (3H0 � 5K0)/4 	 H0K0/2 � C 2

0; R 3 � �(C0 � 2H0C0 	 2C0K0)/4; R 4 � [8H0 � 24K0 	 4H0K0 � K 2
0]/256.

a This is different from Equation 7.5.23 of Crow and Kimura (1970), which is a good approximation only for slow inbreeding
(i.e., large N F).

b Only for NF � 2.

cies, their fitness effects, and the degree of dominance 3}/32 and the dominance variance will increase when
(cf. Crow and Kimura 1970, pp. 327–331). The quantity either p  0.193 or p � 0.807. Interactions between
E(KF) does not change proportionately, however, with im- genes at different loci (i.e., epistasis) complicate the
portant consequences on the components of genetic vari- simple relationships given here (see López-Fanjul et al.
ance following the bottleneck (see formulas in Table 1). 2002, 2003).

After the bottleneck, the additive genetic variance be- Due to sampling, there will be variance among repli-
comes, as a proportion of VA0, cate bottleneck lines in both the mean performance of

each line (described by the between-line variance, VBF)
VAF/VA0 � f1

[1 	 (1 � 2f1 	 2f1f2)d�2]H0 	 2f2(d�C0 � d�2f3K0)
(1 	 d�2)H0 	 2d�C0 � 2d�2K0

. and the additive genetic variance within each line [de-
(8) scribed by V(VAF)]. Intuitively, both can be large if rare

recessive genes mainly determine performance (see Fig-As fi  1 (i � 1, 2, 3), (8) shows that VAF  VA0 if d� �
ure 1, b and c). Assuming no selection during a bottle-0 (i.e., h� � 0.5), but VA can increase if d�  0 (i.e., h� 
neck, E(xF) � E(x) � p and E(x F

2) � E(xF)2 � p(1 �0.5) since bottlenecking largely reduces the negative
p)(1 � f1), and the expression for VBF can be obtainedcontributions (especially the item containing C0). Even
(see Table 1). If genes act additively, VBF � VA0/NF (Crowfor partial recessive mutants (h�  0.5), the change in

VA depends on the relative values of H0, C0, and K0, and Kimura 1970). Variance among bottlenecked lines
which in turn depend on the dynamic process in the in additive variance is defined as V(VAF) � E[V AF

2] �
base population. In the extreme case of a bottleneck of E[VAF]2. For lines that pass through one generation of
two individuals, (8) reduces to a bottleneck of two individuals, the expression for

V(VAF) is obtained (see Table 2). For the additive cases,
VAF/VA0 � (3/4){1 	 (2h� � 1)(1 � 2p)

V[VAF] � [9H0 � 15H 2
0]a 4/512 (cf. Avery and Hill

	 0.25(2h� � 1)2[1 � 2p(1 � p)]}/[1 	 (2h� � 1)(1 � 2p)]2.
1977; see also the appendix).(8�)

On the basis of his analysis of single recessive genes,
Robertson (1952) concluded: “If the recessives are atFigure 1a shows that bottlenecking can increase VA from
low frequency, the variation within lines increases . . .”(partially) recessive mutants, the amount of increase

depending on both the degree of dominance and the (see also Willis and Orr 1993). Many genes control
initial frequencies of mutants (Willis and Orr 1993). quantitative traits and their frequencies in natural popu-
If the mutant gene has an initial frequency �0.43, how- lations must follow distributions that depend on the
ever, VA contributed by it always falls, regardless of its demographic and dynamic processes as discussed above
dominance. The dominance variance becomes, as a pro- and that we need to consider. In this study, overdomi-
portion of VD0, nance and epistasis are ignored. Epistasis may play a

role in the maintenance of genetic variance in an equi-VDF/VD0 � f1[ f2f3 	 f1(1 � f2)H0/K0]. (9)
librium population and in their changes after bottle-
necks (Goodnight 1988; Gavrilets and De Jong 1993;If NF � 2, (9) reduces to VDF/VD0 � {9/[2p(1 � p)] 	
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Naciri-Graven and Goudet 2003). However, evidence
for epistasis affecting a quantitative trait is scarce (Bar-
ton and Turelli 1989; Barton and Keightley 2002)
and the epistatic variance, when found, is often small
relative to VA (e.g., Paterson et al. 1990). At least epista-
sis is not the primary cause of an increase in VA following
bottlenecks (López-Fanjul et al. 2002). Although over-
dominance may be important in some situations in the
maintenance of genetic variation and in causing inbreed-
ing depression, it is unlikely to be common (Charles-
worth and Charlesworth 1999). For simplicity, we
also ignore linkage disequilibrium induced by the bot-
tleneck, but its effects on changes in genetic parameters
are summarized in the appendix and reviewed in the
discussion. In what follows, we obtain analytical ap-
proximations for extreme situations and then use single-
locus Monte Carlo simulation (Zhang et al. 2004) to ex-
plore more general situations. Finally we compare the
theoretical predictions of our model, using typical esti-
mates of mutation and selection parameters, with labo-
ratory experimental data on the bottleneck effect.

ANALYTICAL APPROXIMATIONS

Let us consider first the situation where all mutant
genes have the same dominance coefficient and are
either neutral or strongly selected against, using diffu-
sion theory to obtain approximations for genetic param-
eters in a large equilibrium population and then their
changes due to a bottleneck of two individuals.

Neutrality: Under the assumption of neutrality, we
consider only traits that are not associated with fitness.
If the base population is at mutation-drift balance, the
following diffusion approximations hold: H 0 � 4Ne�
and C 0 � K 0 � (4/3)Ne�, valid for any degree of domi-
nance (Kimura 1969). With these approximations, ex-
pressions for genetic variances before and after a bottle-
neck of two individuals can be obtained (see Table 2).
It is clear that VAF/VA0 � [15 	 3(2h�)2]/[16 	 8(2h�)2]
1 and VDF/VD0 � 15/16. Thus a bottleneck in popula-
tion size leads to an increase in VA and VD at individual
loci if the recessive genes are initially at low frequency
(see Equations 8� and 9), but to an overall decrease in
VA and VD over the whole genome if the gene frequencies
are at mutation-drift equilibrium. Hence, for neutral
genes in the absence of epistasis and overdominance,
bottlenecking cannot increase VA and VD. The between-
line variance can be scaled as VBF/VA0 � 3[1 	 2h� 	
(1 � 2h�)2/2]/[8 	 4(2h�)2]  1. As shown in Figure 2, Figure 1.—Changes in genetic variances contributed by a
the prediction for additive genes, VBF � 0.5VA0 (Wright single locus as a function of the mutant gene frequency after a
1951), is also a good approximation for any degree of bottleneck of two individuals.
dominance (this still holds even in the case of domi-
nance and epistasis; see López-Fanjul et al. 2002, 2003),
whereas that for additive variance, VAF � 0.75VA0, is not. cv(VAF) � [V(VAF)]1/2/VAF � [27�4/(64�Ne)]1/2, (10)
Scaling the variability between bottlenecked lines in ad-
ditive genetic variance as their coefficient of variation, where �4 � E(a 4)/E(a 2)2 describes the leptokurtosis of

the distribution of mutational effects on the metric trait.we have
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TABLE 2

Genetic variances before and after a rapid bottleneck of two individuals and redistribution of gene frequency

Distribution of allele
frequency within a Strong selection
bottlenecked population General case Neutrality (i.e., 2Ns̃ 
 1)a

φF(1⁄4) H0 	 C0 � K0 4Ne� 8�/s̃
φF(1⁄2) 3K0/2 2Ne� 0
φF(3⁄4) H0 � C0 � K0 (4/3)Ne� 0

Basic properties: neutrality
(i.e., Vs,r → ∞ and s � 0) Equilibrium population Bottlenecked population

VA,T
b 2NeVm[2 	 (2h�)2]/3 NeVm[5 	 (2h�)2]/4

VD,T 2NeVm(2h� � 1)2/3 5NeVm(2h� � 1)2/8
VBF,T — NeVm[1 	 2h� 	 (2h� � 1)2/2]/2
V(VAF,T)c — 9�4[(NeVm)2/64N�] � [8⁄9 	 4⁄5(2h� � 1) 	 4⁄3(2h� � 1)2

	 5⁄21(2h� � 1)3 	 5⁄224(2h� � 1)4]

Basic properties:
strong selection Equilibrium population Bottlenecked population

VA,T
d �E{(h�a)2/s̃} (3�/4)E{[(h� 	 1⁄2)a]2/s̃}

VD,T (�/N)E{[(2h� � 1)a]2/s̃ 2} (9�/32)E{[(2h� � 1)a]2/s̃}
VBF,T — (�/2)E{[(1⁄4 	 3⁄2h�)a]2/s̃}
V(VAF,T) — (9�/8)E{[(2h� 	 1)a/4]4/s̃}

a The overall selective value is s̃ � 2hs 	 (2h�a)2/4Vs,r for an allele with effects (a, h�, s, h).
b The mutational variance is defined as Vm � 1⁄2�E(a2).
c The leptokurtosis of the distribution of mutational effects on the metric trait is �4 � E(a4)/E(a2)2.
d Expectation E{·} is given by Equation 4. Corresponding expressions for the fitness trait can be obtained by replacing h� by h

and a by s in the numerators of E{·}.

As shown in inequality (10), the maximum of cv(VAF) size Ne � 104 and genome-wide mutation rate � � 0.1,
the maximum of cv(VAF) is 0.036 if �4 � 3 (e.g., normallyincreases with leptokurtosis of mutational effects and
distributed effects) and 0.10 if �4 � 23.4 [e.g., mutationaldecreases with effective size of the base population and
effects follow a reflected gamma (1⁄4) distribution]. Eventhe mutation rate. For a base population of effective
allowing for the variation in VA among the bottlenecked
lines, it may not be possible for VA within a line to in-
crease following a bottleneck of two individuals under
the assumption of realistic values of rate and effect of
mutations. However, if the contribution due to linkage
disequilibrium induced by a bottleneck is included,
cv(VAF) can be much larger, especially just after bottle-
necking (see Avery and Hill 1977; also appendix) and
therefore VAF in a bottlenecked line may have at least a
transitory chance of exceeding VA0.

Strong selection: First we consider partially recessive
mutant genes for fitness. If 2Ns̃ 
 1, the diffusion ap-
proximations (Kimura 1969) show that H0 � C0 � 4�/s̃
and K 0 � 4�/(Ns̃ 2) � H 0/Ns̃ with the effective selec-
tion coefficient s̃ given by (2�), while the expectations
of higher moments are zero, due to the rarity of mutant
genes under strong selection (see Zhang et al. 2004).

Let the additive variance for the metric trait after
a bottleneck of two individuals be VAF,T. Under strong

Figure 2.—The additive genetic variance and the variance
selection, the contribution of a mutant gene can bebetween bottlenecked lines after a bottleneck of two individuals
simplified to VAF,T � (3/4)[(h� 	 1⁄2)a]2H 0/4. A partiallyrelative to the additive variance in the base population under

two extreme situations, neutrality and strong selection. recessive mutant for the metric trait appears almost
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exclusively in heterozygotes in the base population; if cv(VAF,W) � √(1 	 ��1)(1 	 2��1) √hs p/4� (14�)
it survives bottlenecking, however, its frequency rises to

or cv(VAF,W) � 2 √hsp/� for a gamma (1⁄2) distribution. [Forat least 1⁄4, and it contributes substantially to variability.
the metric trait, simple approximations like (13) and (14)Equivalently, the “effective” dominance of (partially)
have not been obtained.]recessive mutants increases to ĥ� � √3(2h� 	 1)/4. In-

In nature, a bottleneck in population size may usuallytegrating over all loci using (4), we can predict the
accompany or be induced by a change in environmentcontribution of all loci (see Table 2) to VAF,T for the
(Whitlock and Fowler 1999; Keller and Wallermetric trait. With the assumption of constant domi-
2003). If such a change is not large or does not greatlynance among loci, the change in VA following a bottle-
affect the expression of gene effects, it is feasible to analyzeneck is
the change in mean fitness. Mutational effects on the

VAF,T/VA0,T � 3[1⁄4 	 1/(8h�)]2. (11) metric trait are assumed to be symmetric and appear more
or less additive such that fitness due to stabilizing selection

Bottlenecking increases VA,T when h�  0.38 (cf. Willis
on the metric trait changes little following a bottleneck.

and Orr 1993) and such an increase is substantial as
Most of the reduction in fitness is due to the direct effectsh� approaches 0 (see Figure 2), very different from the
of mutants on fitness, so we need consider only these.

above neutral gene case. The between-line variance is
Under strong selection (2Ns̃ 
 1), EF(x2) � �/2s̃ and
HF � 3�/s̃ approximately, so the mean fitness due solely toVBF,T � (VA0,T/2)[3⁄4 	 1/(8h�)]2. (12)
pleiotropic effects, vF,W � [(LF � hsHF � sE(x 2

F))/LF]LF, is ap-
If h� � 1⁄2, VBF,T � VA0,T/2. For more recessive mutant proximated by
genes, VBF,T can exceed the additive genetic variance

vF,W � 1 � (3⁄2 	 1⁄4h)� � exp[�(3⁄2 	 1⁄4h)�]. (15)in the base population (see Figure 2). Under strong
selection and with (partial) recessivity, changes in VAF,T

The inbreeding depression in terms of the number ofand VBF,T differ dramatically from the predictions for
lethal equivalents is thus approximated byadditive genes. Equations 11 and 12 are also valid for

fitness traits by replacing h� by h. BW � �ln(vF/v0)/F � (1 � 2h)�/h (16)
In a large equilibrium population, the dominance

(Charlesworth and Charlesworth 1999; Kirkpatrickvariance of the fitness trait (denoted by subscript W) is
and Jarne 2000), where F is the inbreeding coefficient.very small, VD0,W � 1/N (cf. Figure 3 of Wang et al. 1998),
If the mutant gene acts additively, there is no inbreedingbecause (partially) recessive genes are found predomi-
depression and the mean fitness after the bottleneck re-nantly in heterozygotes (Zhang et al. 2004). Because
mains the same as in the large base population, exp(�2�)bottlenecking can dramatically increase the frequencies
(Haldane 1937). Inbreeding depression increases withof some mutant genes, VD,W may increase accordingly.
the degree of recessivity and the number of mutantIf there is much stronger pleiotropic selection than real
genes. [Stabilizing selection on the metric trait couldstabilizing selection (i.e., 2hs 
 (2h�a)2/4Vs,r, hence s̃ �
increase inbreeding depression more than indicated by2hs) the dominance variance of the fitness trait following
(16), as its mean may change away from its optimuma bottleneck is approximated by
value due to genetic drift.]

VDF,W � (9/32)(2Nhsp)VD0,W, (13) Now consider completely recessive mutant genes for
fitness, which, with strong selection, are at low frequency,where s p is the mean pleiotropic effect of mutations on
√u/s approximately (Haldane 1927). With approxima-fitness. Thus the dominance variance increases substan-
tions VA0,W � E[2s2p3], VD0,W � E[s2p2], VAF,W � E[(3/tially such that VDF,W is nearly independent of the size
2)s2p], VDF,W � E[9s2p/64], VBF,W � E[s2p/64], vF,W � 1 �of the base population. The expression for V(VAF,W) (see
E[sp]/4, V(VAF,W) � E[81(s/2)4(3/4)2p/16], the effectsTable 2) shows that variation among bottlenecked lines
of a bottleneck of two individuals are characterized byin additive variance is contributed by the more recessive
the following relationships with the strength of pleiotro-mutants. If s̃ � 2hs, its coefficient of variation (CV) can
pic selection:be approximated by

VAF,W/VA0,W � s p, VBF,W/VA0,W � s p, VDF,W/VD0,W � s p
1/2,cv(VAF,W) � √[E(s3

p)h/�]/2s p. (14)
BW � s p

1/2, cv(VAF,W) � s p
1/4. (17)

As in the case of neutrality, cv(VAF,W) decreases with an
increasing mutation rate; it also depends on selection Comparison of Equation 17 with Equations 11–16 shows

that completely and partially recessive genes behaveintensity and skew of pleiotropic effects of mutations.
In contrast to V(VAF,W), cv(VAF,W) is smaller for more reces- quite differently. For instance, approximations for both

VAF,W/VA0,W and VBF,W/VA0,W are independent of selectionsive mutants (see also Figure 4f). When the pleiotropic
effects of mutations follow a gamma (�) distribution, intensity for partially recessive mutants but proportional

to selection intensity for completely recessive mutants.we have
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genetic parameters after a bottleneck are nearly inde-
pendent of their degrees of dominance. As selection
increases, mutant genes of large effects within the equi-
librium base population become rare, magnifying the
differences in bottleneck effect caused by degrees of
dominance (Figure 4, a–f). For partially recessive genes
under strong (Ns p � 100) or very weak (Ns p � 1) selec-
tion, predictions from the diffusion approximation are
close to those from simulations. As the selection coeffi-
cient becomes larger, mean fitness reduces while the
number of lethal equivalents (BW), relative increase in
additive variance (VAF,W/VA0,W), dominance variance (VDF,W/
VD0,W), between-line variance (VBF,W/VA0,W), and the CV of
additive variance [cv(VAF,W)] increase. These results are
similar to those from the pure pleiotropic selection
model (Figure 4 of Wang et al. 1998).

Completely recessive mutant genes behave quite dif-Figure 3.—Gene frequency distribution conditional on a �
0.05 and h� � 0.5 under different selection models in a popula- ferently (Figure 4). As selection becomes weak, fitness
tion of size 105. The pleiotropic effect on fitness is assumed to contributed by them decreases to a minimum when
be constant or to be distributed exponentially. Genes are additive Ns p � 1 and then increases to approach unity, in con-for both fitness and the metric trait, with the mean pleiotropic

trast to the monotonic increase of fitness contributedeffect sp � 0.1, stabilizing selection of strength Vs,r � 20VE, and
by partial recessives. This reflects the conflict betweenhaploid genome mutation rate � � 0.1. Numbers in parentheses

are the number of segregating loci. the drift of heterozygotes and strong selection on homo-
zygotes of complete recessives. Complete recessives can
cause huge relative increases in VAF,W/VA0,W and VBF,W/

NUMERICAL RESULTS
VA0,W and also a large inbreeding depression (BW), but
contribute much less to the relative increase in VDF,W/Distribution of gene frequencies: Figure 3 shows the

distributions of gene frequencies in a large equilibrium VD0,W and cv(VAF,W). These changes with selection inten-
sity concur with the diffusion approximation (17).population under different selection models. Under the

pure pleiotropic selection model (i.e., Vs,r → ∞ and s̃ � Variable dominance: We assume the degrees of domi-
nance for the effects of mutations on both the metrics), mutant gene frequencies are usually very low such

that only a small genetic variance of a metric trait (VG,T) trait and fitness vary as modeled by Caballero and
Keightley (1994). Two classes of mutations are as-can be maintained if genes have the same fitness effect

(Barton 1990). If s is assumed to follow a leptokurtic sumed: lethal (mutants of s � 0.9–1.0) and nonlethal
(Wang et al. 1998; Davies et al. 1999). The effects ondistribution, however, some mutant genes with large

effects on the metric trait can be found at high frequen- the metric trait for both classes of mutants follow the
reflected gamma (1⁄4) distribution and their dominancecies so that VG,T increases without bound as population

size increases (Keightley and Hill 1990). Both behav- coefficients vary randomly in the range [0, exp(�K |a |)],
where K is a constant chosen to have a given mean h �.iors seem to conflict with empirical observations. With

the joint-effect model, mutant genes having large effects The metric trait is assumed to be under real stabilizing
selection of strength Vs,r � 20VE, where VE is the environ-on the metric trait but small pleiotropic effects on fitness

undergo sufficient selection to reach moderate but not mental variance. Lethals occur at a rate 0.03 per haploid
genome per generation and have a constant dominancehigh frequencies. Thus the joint-effect model can pre-

dict genetic variances for metric traits that are com- coefficient h � 0.03 (Crow 1993). Values of s for non-
lethal mutations are assumed to follow a gamma (1⁄2)patible with the observations (Zhang and Hill 2002;

Zhang et al. 2004). distribution with overall mean s p � 0.073. If we assume
that mutants with effect s � 0.01 are detectable (WlochConstant dominance: Numerical results were obtained

from simulations to analyze more general models and et al. 2001), this distribution for s predicts that 71% of
mutants are detectable and these have mean pleiotropicto check the validity of the above analytical approxima-

tions. We first assume mutant genes have constant domi- effect s *P � 0.1. The dominance coefficient h for nonle-
thal mutations is also assumed to vary inversely andnance coefficients but varying effects on the metric trait

and varying pleiotropic effects on fitness. Figure 4 gives exponentially with s, but constrained by h � h� and h �
0.03 to ensure that the deleterious mutants are lesssimulation results for a range of selection intensities

and results from diffusion approximations for the cases recessive than lethals (Zhang et al. 2004). Ifh is assumed
to be 0.3, the detectable and “realized” value (h*) is lessof neutrality and strong selection. For nearly neutral

mutant genes, their contributions to the changes in than this. Simulation results were obtained by averaging
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Figure 4.—Changes in genetic proper-
ties after a rapid bottleneck of two indi-
viduals under different selection intensities
in a population of size 105. (a) Mean fitness
within the base population (v0); (b) number
of lethal equivalents (BW); (c) additive vari-
ance within line; (d) between-line variance;
(e) dominance variance; (f) coefficient of
variation among lines in additive variance.
Curves are simulation results, and points are
the diffusion approximations under neu-
trality and strong selection. Mutant genes
are assumed to have the constant domi-
nance coefficients: h� � 0.5 and h � 0.0
(solid line), 0.1 (dashed line), or 0.3 (dotted
line). Effects on the metric trait and pleio-
tropic effects on fitness of mutations follow
a reflected gamma (1⁄4) and a gamma (1⁄2)
distribution, respectively. Values of parame-
ters used are � � 0.1, s p � 0.1, and Vs,r �
20VE.

2 � 108 nonlethal and 5000 lethal mutants sampled h� � 0.4 (see also Zhang et al. 2004). Following a bottle-
neck VA,T increases if h � � 0.45. As h � increases, VAF,T/from the distributions described above. Results listed in

Tables 3–6 were obtained assuming a base population VA0,T decreases and approaches 0.75, the prediction
for additive neutrality when h � � 0.5 (Wright 1951).of effective size 104 and a subsequent rapid bottleneck

of two individuals. However, VAF,T maintains approximately the same level
(�0.34), independent of the mean dominance coeffi-Change in the metric trait: Assuming h � 0.3 and � �

0.3 for nonlethal mutations, the simulation results un- cients. Variation among bottlenecked lines in additive
variance is quite substantial, such that VA,T can still in-der different mean dominance coefficients h � are listed

in Table 3. With this combination of mutation parame- crease in some bottleneck lines even when h � � 0.48
(cf. Whitlock and Fowler 1999). Ash � decreases, VBF,T/ter values, the base population maintains a high level

of additive genetic variance in the metric trait (VA0,T) if VA0,T increases, exceeding 1.0 whenh � � 0.38. The domi-
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TABLE 3

Prediction of the changes in genetic variance of a metric trait after a rapid bottleneck of two individuals as a
function of the mean dominance of mutational effects on the metric trait

h� h* VA0,T VD0,T
VAF,T

VA0,T

√V(VAF,T)
VA0,T

VDF,T

VD0,T

VBF,T

VA0,T

0.20 0.105 0.0777 0.132 4.35 0.576 2.76 1.35
0.30 0.142 0.0804 0.126 4.27 0.556 2.85 1.34
0.36 0.163 0.104 0.102 3.27 0.430 3.02 1.12
0.38 0.170 0.114 0.0901 2.98 0.392 3.12 1.05
0.40 0.177 0.145 0.0778 2.43 0.308 3.23 0.924
0.45 0.190 0.284 0.0399 1.30 0.157 3.11 0.648
0.48 0.196 0.376 0.0239 0.928 0.119 2.85 0.545
0.50 0.199 0.464 0.0237 0.757 0.118 2.57 0.493

The base equilibrium population has effective size 104. Two classes of mutations are assumed: lethal and
nonlethal. The effects on the metric trait of both classes follow a reflected gamma (1⁄4) distribution and their
dominance coefficients vary negatively and exponentially with homozygous effect a. The metric trait is assumed
to be under real stabilizing selection of strength Vs,r � 20VE. Lethals, s � 0.9–1.0, high recessivity with h �
0.03 occurring at a rate 0.03 per haploid genome per generation. Nonlethal mutations, s follows a gamma
(1⁄2) distribution with an overall mean sp � 0.073, but detectable mean s*p � 0.1 assuming the detectable
mutants have effect s � 0.01, occurring at a rate � � 0.3. The proportion detected is thus 71%. The overall
mean h is 0.3, but the detectable and “realized” value (h*) is less (second column). Parameters of the fitness
trait are little dependent on h�. Taking an unweighted average over the above values of h�, v0 � 0.531, inbreeding
depression (BW) � 3.39, VA0,W � 0.00644, VD0,W � 0.00161; and VAF,W/VA0,W � 22.8, VDF,W/VD0,W � 103.0, VBF,W �
0.0326, and cv(VAF,W) � 0.364.

nance variance increases to �2.5 times its original value worth and Hughes 2000). Following a bottleneck,
both VA,W and VD,W increase substantially relative to theirwhen h � � 0.5, but VDF,T decreases with increasing h �.

Since it is assumed that h � h �, h* increases from 0.105 equilibrium values when h  0.5 (and h*  0.34). The
between-line variance VBF,W exceeds VA0,W and becomesto 0.199 as h � increases from 0.2 to 0.5, but without

much effect on the fitness trait. increasingly so with decreasing h . It is striking that a
population passing a rapid bottleneck can have abun-Change in the fitness trait: Assuming h � � 0.5 and � �

0.3 for nonlethal mutations, the simulation results dant variance in fitness: VAF,W � 0.14, VDF,W � 0.16, and
VBF,T � 0.033, nearly the same for each h investigated.for different mean dominance coefficients h are listed

in Table 4. With these parameters, when h � 0.25 The absolute magnitude of variation in the fitness traits
following a bottleneck is determined mainly by the(and thus h* � 0.15), our model can predict values of

the equilibrium additive variance in the fitness trait that strength of selection and the number of mutant genes,
while the degrees of dominance affect mostly theirare compatible with the typical estimate of 0.005 (Charles-

TABLE 4

Prediction of changes in genetic variance in the fitness trait after a rapid bottleneck of two individuals as a
function of the mean dominance of mutational effect on the fitness trait

h h* v0 BW VA0,W VD0,W
VAF,W

VA0,W

√V(VAF,W)
VA0,W

VDF,W

VD0,W

VBF,W

VA0,W

0.10 0.038 0.551 5.81 0.00330 0.00306 47.9 13.6 60.1 10.0
0.15 0.069 0.539 5.06 0.00367 0.00270 43.3 14.9 68.5 9.26
0.20 0.110 0.537 4.13 0.00420 0.00209 35.5 10.6 81.8 7.62
0.25 0.154 0.526 3.54 0.00557 0.00178 28.5 9.83 101 6.28
0.30 0.199 0.523 2.81 0.00703 0.00141 20.4 7.79 111 4.55
0.36 0.250 0.517 2.28 0.00964 0.00108 13.7 5.68 130 3.22
0.40 0.282 0.519 2.13 0.0119 0.00114 11.0 4.60 121 2.61
0.45 0.316 0.516 2.10 0.0150 0.00142 9.40 3.65 104 2.27
0.50 0.343 0.521 1.94 0.0173 0.00106 7.51 3.17 128 1.91

Average dominance coefficient for mutational effect on the metric trait is 0.5; other parameters are as in
Table 3. Parameters of the metric trait are slightly dependent on h. Taking an unweighted average over the
above values of h, VA0,T � 0.496, VD0,T � 0.0237, VAF,T/VA0,T � 0.754, VDF,T/VD0,T � 2.65, VBF,T � 0.244, and cv(VAF,T) �
0.140.
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TABLE 5

The frequencies and relative contributions (%) to genetic variance and mean of both the metric trait
and the fitness trait of mutants in different classes of effect on fitness both before (top section,

subscript 0) and after (bottom section, subscript F) a bottleneck of two individuals

Nsp 0–50 50–100 100–200 200–300 300–400 400–500 �500 Lethals

100x0 2.59 0.292 0.179 0.123 0.106 0.088 0.060 0.028
h 0.341 0.329 0.313 0.292 0.271 0.249 0.132 0.03
M (%) 18.8 7.47 10.07 7.21 5.66 4.65 37.0 9.09
L0 (%) 29.6 8.76 10.54 6.85 5.15 4.03 29.5 5.54
v0 0.891 0.954 0.937 0.955 0.962 0.969 0.781 0.944
VA0,T (%) 70.7 7.29 6.08 2.76 1.82 1.31 8.52 1.53
VD0,T (%) 92.7 3.67 2.231 0.539 0.275 0.175 0.375 0.007
VA0,W (%) 1.00 1.73 4.44 4.91 5.22 5.09 52.9 24.7
VD0,W (%) 0.747 0.784 1.601 1.435 1.623 1.357 42.3 50.2

x F 0.343 0.258 0.255 0.254 0.253 0.252 0.251 0.250
LF (%) 85.6 4.44 3.36 1.50 0.969 0.63 3.18 0.274
vF 0.869 0.937 0.911 0.934 0.943 0.953 0.556 0.755
VAF,T (%) 72.9 7.30 5.85 2.67 1.77 1.211 6.97 1.26
VDF,T (%) 69.2 9.75 7.68 3.38 2.144 1.448 5.98 0.441
V(VAF,T) (%) 55.5 9.06 8.51 4.03 2.87 2.21 14.0 3.84
VBF,T (%) 72.1 7.18 5.87 2.67 1.77 1.24 7.71 1.41
VAF,W (%) 0.065 0.123 0.348 0.427 0.523 0.548 29.0 69.0
VDF,W (%) 0.019 0.04 0.125 0.168 0.224 0.241 25.3 73.9
V(VAF,W) (%) 0.000 0.000 0.000 0.001 0.002 0.003 5.53 94.4
VBF,W (%) 0.146 0.260 0.703 0.823 0.951 0.972 32.3 63.8
BW 0.100 0.072 0.112 0.090 0.082 0.068 1.36 0.89

Mutation parameters are � � 0.3, h� � 0.5, and h � 0.3 (with the detectable average h* � 0.2), and other
parameters are as in Table 3. x, average mutant frequency at segregating loci (overall average x0 � 0.0085 and
x F � 0.33); h, average dominance coefficient for fitness; M (%), percentage of mutants generated each
generation; L (%), percentage of segregating loci; VA,T (%), percentage contributed to VA,T by mutants of this
class of effect, and similarly for other components; v, mean fitness caused by each class of mutant (overall
mean fitness is the product of the fitness over classes); BW, inbreeding depression caused by each class of
mutants.

changes relative to their equilibrium values. The vari- 0.06 and 0.03%, respectively, in the equilibrium popula-
tion of size 104 (Table 5). Some 19% of new mutantsance among bottlenecked lines in additive variance is

substantial and increases relative to VA0,W when h de- are under relatively weak pleiotropic selection (Ns p �
50) and have an average frequency of 2.6%. About 30%creases. The mean fitness in the base population is deter-

mined mainly by the mutation rate, given by exp(�2�) of segregating mutants have Ns p � 500 because they are
highly recessive, another �30% of segregating mutants(Haldane 1937), although there is a small decrease

from 0.55 to 0.52 as h increases from 0.1 to 0.5. The have Ns p  50, and mean fitness is controlled mainly
by them. About 77% of VA0,W and 92% of VD0,W is contrib-inbreeding depression increases with decreasingh , BW �

5 when h  0.2. uted by the very deleterious (i.e., Ns p � 500) and lethal
mutants, while mutants of small pleiotropic effects con-Genetic bases of variation and its redistribution following a

bottleneck: Following Caballero and Keightley (1994) tribute little to variance in fitness. Mutants of large pleio-
tropic effects therefore contribute substantially to varia-and Wang et al. (1998), we use simulation to analyze

the contributions of different classes of mutants to the tion in fitness, but not to metric traits, and vice versa.
Hence if mutational effects on the trait and fitness, agenetic variances before and after bottlenecking (Ta-

ble 5). As real stabilizing selection is weak relative to and s, are assumed to be independently distributed, the
mutant genes that determine the additive and domi-pleiotropic selection, classes of mutants are divided ac-

cording to the magnitude of Ns p. nance variation in fitness are different from those that
determine the corresponding variances in the metricThe average dominance coefficient of each class of

mutants decreases with increasing pleiotropic selection, trait. It is therefore sufficient to focus only on nonlethal
mutants to investigate the maintenance of quantitativei.e., mutants of larger pleiotropic effect appear more

recessive, as assumed in the model. Although 37% of genetic variation (see Zhang et al. 2004).
As mutants under stronger selection that survive anew mutants have Ns p � 500 and an additional 9% are

lethal, they segregate at very low frequencies, averaging bottleneck undergo greater increase in their frequen-
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TABLE 6

Prediction of changes in genetic variances of the fitness trait and the metric trait following a rapid bottleneck
of two individuals as a function of the mutation rate of nonlethal mutations

� v 0 VA0,T VD0,T
VAF,T

VA0,T

√V(VAF,T)
VA0,T

VDF,T

VD0,T

VBF,T

VA0,T

0.05 0.854 0.208 0.00709 0.803 0.372 4.65 0.505
0.10 0.774 0.300 0.0114 0.770 0.236 3.77 0.497
0.30 0.522 0.464 0.0237 0.757 0.119 2.57 0.493
0.60 0.292 0.600 0.0329 0.743 0.0745 2.22 0.490
1.00 0.133 0.751 0.0467 0.736 0.0421 1.86 0.489

� BW VA0,W VD0,W
VAF,W

VA0,W

√V(VAF,W)
VA0,W

VDF,W

VD0,W

VBF,W

VA0,W

0.05 1.22 0.00260 0.000742 40.4 17.2 163 8.46
0.10 1.53 0.00347 0.000810 32.3 12.9 158 6.92
0.30 2.81 0.00703 0.00141 20.4 7.79 111 4.55
0.60 4.71 0.0122 0.00197 15.2 4.49 99.5 3.52
1.00 7.20 0.0193 0.00298 12.6 2.84 84.2 3.06

Average dominance coefficient for mutational effect on the metric trait and fitness is h� � 0.5 and h �
0.3 (with the detectable average h* � 0.2), respectively; other parameters are as in Table 3.

cies, the reduction in fitness (inbreeding depression) � for deleterious mutants but a fixed rate (0.03) for
lethals are listed in Table 6. With an increase in thefollowing a bottleneck is due mostly to very deleterious

(Ns p � 500) and lethal mutants. Much of the increase mutation rate, values of genetic variance components
in both the equilibrium base population and the bot-in VA,W and VD,W is due to lethal mutants as bottleneck-

ing increases the relative contribution of lethal mutants tlenecked populations increase, but the relative changes
in VAF,W/VA0,W, VDF,W/VD0,W, VBF,W/VA0,W, and VDF,T/VD0,T de-and decreases that of deleterious mutants (Table 5).

Changes in mean fitness and variance in fitness are closely crease a lot and in VAF,T/VA0,T and VBF,T/VA0,T decrease
slightly due to bottlenecking. That is, for higher �, highrelated (cf. Garcı́a et al. 1994; Wang et al. 1998), for

variation between bottlenecked lines [both VBF,W and variances in the base and bottlenecked populations but
low relative increases in these variances following a bot-V(VAF,W)] is contributed mostly by rare lethals and very

deleterious mutants. Although the majority of the segre- tleneck are expected. This reflects the fact that, as �
increases, nonlethal mutants become common and im-gating mutants (�86%) are of the smallest pleiotropic

effects (Ns p  50), they contribute little to the change portant in relation to lethals and thus the effect of
genetic drift weakens on the parameters that were deter-in variance in fitness.

The relative contribution to additive variance in the mined mainly by nonlethals. Thus with an increasing
mutation rate, V(VAF,T), which is mostly determined bymetric trait (VA,T) of each class of mutants is nearly the

same in the bottlenecked and base populations, and nonlethals, decreases, while V(VAF,W), predominantly
controlled by lethals (see Table 5), remains approxi-those to VBF,T are similarly distributed. However, the rel-

ative contribution to the dominance variance of the mately the same. If mutants are infrequent, say � � 0.10,
V(VAF,T) is so high that there are likely to be bottleneckedmetric trait (VD,T) after the bottleneck from mutants of

smallest pleiotropic effect is reduced. The increase in lines with an increase in VA in the metric trait, even for
h� � 0.5 (cf. Avery and Hill 1977). With a large �,VD,T is due to the dramatic increase in frequencies of

segregating mutants. The variation between lines for however, the mean fitness reduces and the inbreeding
depression increases.the metric trait [both VBF,T and V(VAF,T)] is contributed

primarily by very common mutants with the smallest Impact of a correlation between |a | and s: For a metric
trait that is correlated with fitness, such as life history,pleiotropic effects (64 and 79%, respectively) and sec-

ondarily by rare lethals and very deleterious mutants it is biologically plausible that mutational effects on the
trait and fitness are correlated (see Keightley and Hill(18 and 9%, respectively). As the mutational effects on

the metric trait are assumed to follow a highly leptokur- 1990), which for a symmetrically distributed metric trait
implies a correlation between |a | and s. Such a cor-tic distribution [reflected gamma (1⁄4)] in Tables 3–6,

mutants having a large effect on the metric trait are relation can reduce the variance of the metric traits
although it has little influence on the fitness trait. Inuncommon, but results (not shown here) confirm that

most VBF,T and V(VAF,T) is contributed by such mutants. particular, as the correlation increases, mutant genes
that control the fitness trait play a more important roleEffect of mutation rate: For h � 0.3 and h � � 0.5, simu-

lation results for different values of the mutation rate in determining the variability in the metric trait. The
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variance of the metric trait is thereby reduced, as mutant tants would be detected if mutant effects have an overall
mean of sp � 0.073 and are distributed as gamma (1⁄2).genes of large pleiotropic effects on fitness remain at

low frequencies (see also Zhang et al. 2004). For ex- Given the means for detectable mutants, h* � 0.2,
s*P � 0.1 (Garcı́a-Dorado et al. 2004), andh � � 0.5 andample, let us assume that effects of nonlethal muta-

tions have a correlation coefficient, � � cov(|a |, s)/ � � 0.3, the joint-effect model predicts (Tables 3 and
4) VA0,T � 0.46 and VA0,W � 0.007, which agree well with√V[|a |]V[s], but any change in the variance of a from
typical observations for Drosophila, on which most datalethals is unaffected, simply because they contribute
have been obtained (Falconer and Mackay 1996;little to the observed variance in the metric trait. A bi-
Charlesworth and Hughes 2000). The model alsovariate gamma distribution with corr(|a |, s) � � was
predicts the mean fitness v0 � 0.52, which is somewhatconstructed using algorithm GTVR (Schmeiser and Lai
below observations (Wang et al. 1998). Following a bot-1982). Consider the example listed in Table 5: as �
tleneck of two individuals, both additive variance andincreases from 0 to 1⁄4, VA0,T decreases from 0.46 to 0.33,
between-line variance in the metric trait are expectedand VD0,T decreases from 0.024 to 0.015, but the rela-
to fall (VAF,T/VA0,T � 0.76 � 0.12, and VBF,T/VA0,T � 0.49),tive changes in VAF,T/VA0,T, √V(VAF,T)/VA0,T, VDF,T/VD0,T, and
very close to neutral additive predictions (WrightVBF,T/VA0,T remain approximately the same. This shows
1951), and dominance variance to increase (VDF,T/that the changes in genetic parameters after bottlenecks
VD0,T � 2.6). These values agree well with experimentalare due mainly to degree of dominance and little affected
observations on morphological traits in Drosophilaby the correlation between the effects of mutations.
(López-Fanjul et al. 1989; Whitlock and Fowler
1999) and in B. anynana (Saccheri et al. 2001). Vari-

COMPARISON BETWEEN EMPIRICAL ances in fitness are expected to increase (VAF,W/VA0,W �
AND PREDICTED RESULTS

20 � 8 and VBF,W/VA0,W � 4.6), and inbreeding depression
(BW) is �2.8 lethal equivalents. These predictions areA number of experiments have been conducted, all

with insects, in which the effects of a bottleneck in close to or in the range of empirical data reviewed by
Lynch and Walsh (1998) and Wang et al. (1998). Ifpopulation size on quantitative genetic parameters have

been examined. In a large-scale experiment Whitlock h � 0.2 and h* � 0.1 while all other parameters have
the same values as above, VA0,W is predicted to be reducedand Fowler (1999) estimated additive genetic and re-

sidual variances for morphological traits in Drosophila to 0.0042, slightly less than the typical estimate of 0.005
(Charlesworth and Hughes 2000), and VAF,W/VA0,W �melanogaster. The mean change in VA was in very good

agreement with predictions from additive theory, de- 36 � 11 and VBF,W/VA0,W � 7.6, somewhat higher than
empirical data from bottlenecking experiments (Wangcreasing proportional to F, with a CV of VA � 25–37%.

On average the residual variance increased by 11% rela- et al. 1998). The predicted inbreeding depression, BW �
4.1 (Table 4), however, conforms to the empirical evi-tive to the base population, with a CV � 16–32%, which

implies VDF,T/VD0,T � 0.8–2.1 if the residual variance is dence (Lynch and Walsh 1998, Chap. 10). With a large
dominance coefficient, say h � 0.36 and h* � 0.25,due mainly to the dominance variance. Saccheri et al.

(2001), using Bicyclus anynana to study the effects of however, our predictions of VAF,W/VA0,W and for VBF,W/VA0,W

and BW are in good agreement with empirical data (seebottlenecks of 2, 6, and 20 individuals on wing pattern
characters and wing size, also found decreases in VA, Table 4).

If the overall rate of nonlethal mutations is small, saywhich were not significantly different from the neutral
additive model. For viability, López-Fanjul and colleagues � � 0.1, then VA0,W � 0.0035 is slightly lower and VAF,W/

VA0,W � 32 � 13 and VBF,W/VA0,W � 6.9 are slightly higherfound that VAF,W/VA0,W � 1.6–14.9 and VBF,W/VA0,W � 0.7–3.9
following a bottleneck of two individuals in D. melanogaster than observations, but B � 1.5 agrees well with empirical

data (Table 6). In such a situation, the variation amongand Tribolium castaneum (López-Fanjul and Villaverde
1989; Garcı́a et al. 1994; Fernández et al. 1995; see also bottlenecked lines in additive variance of the metric trait

V(VAF,T) is large, and a further amount is contributedreview by Wang et al. 1998). The empirical data show
that across wide species and populations, the inbreeding by disequilibrium (see appendix) such that in some

bottlenecked lines VA might increase even if the averagedepression in terms of lethal equivalents is in the range
from 0.1 to 5.4 (Lynch and Walsh 1998, Chap. 10). VA decreases (cf. Bryant et al. 1986; Fowler and Whit-

lock 1999; Whitlock and Fowler 1999). If � is large,Garcı́a-Dorado et al. (2004) reviewed experimental
evidence and suggested that mutants of sufficient effect say 0.6, the variances VA0,W � 0.012, VAF,W/VA0,W � 15 �

4, VBF,W/VA0,W � 3.5 and BW � 4.7 are in agreement withto be detected (denoted *) in laboratory experiments
must be such that �* � 0.1, s *P � 0.1, and h* � 0.2. Ex- empirical data, but the mean fitness v0 � 0.3 of the base

population seems lower than that observed (Wang et al.periments fail to detect mutations with small effects on
fitness (Keightley and Eyre-Walker 1999; Lynch et al. 1998). While V(VAF,T) becomes small (see Table 6), the

probability that some bottlenecked lines have an in-1999; Otto and Jones 2000; Goddard 2003), so if the
minimum pleiotropic effect on fitness detectable, sd, is creased VA,T is very small, but as the number of mutants

increases, the contribution of linkage disequilibrium to0.01 (Wloch et al. 2001), then 71% of nonlethal mu-



1488 X.-S. Zhang, J. Wang and W. G. Hill

V(VAF,T) increases (see appendix). Taking this into ac- with s. For example, if sd � 0.01, s follows a gamma (1⁄2)
distribution, and h varies inversely and exponentiallycount, the theoretical prediction of CV is compatible

with data (López-Fanjul et al. 1989; Fowler and Whit- with s, s p � 0.073 and h � 0.3 (see Table 4); whereas if
s follows an exponential or a less leptokurtic distributionlock 1999; Whitlock and Fowler 1999).
(Wang et al. 1998), s p � s*p and h � h*. Although mu-
tants going undetected in laboratory experiments may

DISCUSSION
not be important for fitness traits (Wloch et al. 2001),
they are important for metric traits (Table 5). ThusThe joint-effect model of pleiotropic and real stabiliz-

ing selection provides an interpretation for the high information on sd is also necessary for modeling mainte-
nance of genetic variation in metric traits incorporatinglevels of quantitative genetic variation observed in an

equilibrium population (Zhang and Hill 2002; Zhang typical estimates of mutation parameters.
The problem of detectable levels of mutational ef-et al. 2004). It is shown in this study that, under some

combinations of mutation parameters, the joint-effect fects, expressed as sd, renders inaccurate the measure-
ment of distributions of mutational effects. Experimen-model can also explain the observed values of additive

genetic variance in the fitness trait. Further, if a large tal evidence indicates, however, that distributions of
pleiotropic effects on fitness are bimodal (Davies et al.equilibrium population passes through a single genera-

tion bottleneck and then quickly returns to its original 1999; Wloch et al. 2001). Consequently, two distinctive
classes of mutants are assumed here, lethal and non-size, the model predicts the changes in the mean and

variance components of the metric and fitness traits that lethal, while their effects on the metric trait are assumed
to be identical. With assumptions of effects and degreeare compatible with experimental data.

In this study, two types of traits are assumed: a “fitness of dominance of mutants in accordance with empirical
data on mutation parameters (Caballero and Keight-trait,” which is closely related to overall fitness and thus

under relatively strong selection, and a “metric trait,” ley 1994; Lyman et al. 1996; Wang et al. 1998; Lynch
et al. 1999; Garcı́a-Dorado et al. 2004), the joint-effectwhich is under relatively weak real stabilizing selection

and is thus only loosely related to fitness. Hence the model predicts the changes in genetic variances of both
the metric and fitness traits due to a rapid bottleneck oftwo traits are assumed not to be strongly correlated. To

understand in terms of MSB models the levels of the two individuals. Namely there are decreases in additive
variance and an increase in dominance variance (e.g.,mean and genetic variances for both types of traits main-

tained in the equilibrium population and their changes residual variance) of metric traits and increases in addi-
tive variance of fitness traits. Those predictions are com-caused by a rapid bottleneck, knowledge of the effects

and rates of mutations is very important. Direct and patible with data from bottleneck experiments (Fowler
and Whitlock 1999; Whitlock and Fowler 1999; Sac-accurate information is lacking and most is based on

a few model organisms such as Drosophila. Garcı́a- cheri et al. 2001; López-Fanjul et al. 2003).
Linkage disequilibrium (LD) is induced by the bottle-Dorado et al. (2004) reviewed experimental evidence,

suggesting that mutants detectable in laboratory experi- neck in population size. It has no effect on between-
line variance (VB) and negligible effect on the expectedments have �* � 0.1, s*P � 0.1, and h* � 0.2, different

from those used by Wang et al. (1998). As mutations with within-line variance (VA) in quantitative traits that are
determined by many loci (Avery and Hill 1977, 1979;small effects on fitness fail to be detected experimentally

(Keightley and Eyre-Walker 1999; Lynch et al. 1999; appendix). However, LD can inflate the variance among
lines in the additive genetic variance V(VAF) substantiallyOtto and Jones 2000; Goddard 2003), the mutation

parameters have to be conjectured. Different designs and dominance variance (VD) in fitness traits. This in-
crease in both V(VAF) and VD is transient if the populationof experiments and different methods of analysis of

data may give rise to different minimum detected effect, is expanded rapidly following the bottleneck, although
it is likely to last longer for species such as Drosophiladenoted as sd. For example, Davies et al. (1999) esti-

mated that sd � 0.07% and that �96% of mutations with few chromosomes and no crossing over in males
(see appendix). Thus, in experiments on Drosophila, thewere undetected in their mutation-accumulation exper-

iments on Caenorhabditis elegans and that estimates de- observed values of V(VAF) and VD within the expanded
populations may come mainly from LD. The practicalpended on the assumed distribution of mutation effects.

Wloch et al. (2001) estimated sd � 0.01 in an experi- problem is to obtain precise estimates of the variance
among lines in additive variance in any experiment ofment in which they applied tetrad analysis to a large

number of clones of yeast and so could measure individ- manageable size. Four sources of variance (at least) can
be identified: (1) real variance differences between linesual mutations. The numbers of undetected mutants are

unknown. If only one-quarter can be measured, as sug- due to the sampling of genes into the bottlenecked
populations; (2) LD arising from sampling in the bottle-gested by Garcı́a-Dorado et al. (2004), then typical

estimates of parameters for all mutations become � � neck that has not been lost due to recombination nor
subsequently gained because the resultant replicate pop-0.4, s p  0.1, and h � 0.2. Both s p and h depend on

assumptions on the distribution of s and how h varies ulations are actually finite in size (say, M ; see appendix);
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(3) sampling of families used to estimate variance, e.g., they survived a bottleneck of two individuals, be at a
frequency of 1⁄4 before selection rapidly decreased theirthe sample of sires for a half-sib analysis; and (4) sam-

pling of offspring. Of these, item 1 is V(VAF), item 2 is frequencies. With purging selection, the additive vari-
ance of the fitness trait is increased by less than ourof order V A

2/M, 3 is of order V A
2/(number of families

sampled), and 4 is of order (VP)2/(number of offspring predictions, but even so the amount is limited (see re-
views by Roff 2002 and Keller and Waller 2003).sampled). The LD term may be trivial relative to the

other sources of error due to undertaking the estimation The additive variances of the metric trait may be little
affected since it is predicted to derive mostly from mu-in populations and with samples of finite size.

The distribution of gene frequency in the base popu- tants of small pleiotropic effects.
In conclusion, our analysis shows that mutant geneslation that is determined by the selection acting on the

mutant genes has an important role in determining the that produce variability in fitness traits are quite differ-
ent from those causing variability in metric traits thatchanges in parameters following a rapid bottleneck.

Neutral mutant genes can occur at intermediate fre- are not to be strongly correlated with fitness. Mutants
of large pleiotropic effects on fitness, which are likelyquencies in the equilibrium population and genetic

variances contributed by them decline following a bot- to be highly recessive for fitness and segregate at very
low frequencies in equilibrium populations, mainly de-tleneck regardless of their degree of dominance. The

impact on the genetic variance of mutants with a dele- termine the variance of fitness traits in equilibrium pop-
ulations and the inbreeding depression and changesterious pleiotropic effect on fitness with bottlenecking

depends greatly on their degree of dominance for fit- in variance following a bottleneck. Mutants of small
pleiotropic effects on fitness, which are at most partiallyness (Figure 4). The relation between h and s used in

this and other studies (Caballero and Keightley recessive for fitness, are not under strong selection and
are likely to segregate at intermediate frequencies.1994; Wang et al. 1998), however, is supported by only

a few available data (Caballero and Keightley 1994; Those mutant alleles largely determine the properties
of the metric traits (Zhang et al. 2004). The joint-effectDeng et al. 2002). More data are needed to establish

the relationship between the effects and dominance of model of pleiotropic and real stabilizing selection is
obviously itself a simplification in that epistasis andmutant genes to better investigate the maintenance of

genetic variance within equilibrium populations and the other complications such as genotype � environment
interaction are ignored, but nevertheless provides anconsequence of a population bottleneck.

Although we focus here on the effects of a rapid bot- interpretation for observations on genetic variation in
both fitness and metric traits maintained in natural pop-tleneck of two individuals, other numerous cases (e.g.,

one bottleneck of more individuals, two generations of ulations. Furthermore, with specific combinations of
mutation parameters it can also predict the changesfour individuals, . . .) can be analyzed in the same way.

Under strong selection and with all mutant genes as- observed experimentally in genetic variance for both
types of traits and in inbreeding depression after popula-sumed to have the same dominance coefficient, for ex-

ample, the changes in additive and between-line vari- tion bottlenecks. This investigation therefore provides
further support to our conclusion that mutation-selec-ance after a bottleneck of NF individuals are given by

VAF,T/VA0,T � (1 � 1/2NF)[1 � 1/NF 	 1/(2NFh�)]2 and tion balance is a simple and plausible mechanism for
maintenance of quantitative genetic variation in naturalVBF,T/VA0,T � (1/NF)[1 � 1/2NF 	 1/(4NFh�)]2, respec-

tively, using the formula listed in Table 1. As the size populations.
of the bottleneck increases, its effect on variation re- We are grateful to two reviewers for helpful comments. This work
duces. In general, the bottleneck effect can be scaled was supported by a grant from the Biotechnology and Biological

Sciences Research Council (15/G13242).approximately by F (inbreeding coefficient) if purging
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APPENDIX: INFLUENCE OF LINKAGE (Hill and Robertson 1968). The first term in (A3) is
DISEQUILIBRIUM ON PARAMETERS IN the contribution from individual loci, VDF (Table 1).

BOTTLENECK LINES
Hence, assuming for simplicity NF � 2,

The population bottleneck generates LD due to sam-
Var(D) � VDF 	 (3/16)E���

i�j
[2�ipi 0(1 � pi 0)][2�jpj 0(1 � pj 0)]	.pling. This does not affect mean performance in the

replicate populations (lines) subsequently established (A5)
if there is no epistasis or selection, but can influence

The expectation in (A5) is over the distribution of ef-both the mean and the variability among replicates of
fects of loci and gene frequencies in the base popula-the components of genetic variance.
tion, and those at different loci are assumed uncorre-Expectation of within-line variance: We use results of
lated. The quantity E{�i2�ipi 0(1 � pi 0)} � BT is theAvery and Hill (1979), but with the notation modified.
expected inbreeding depression in the metric trait fol-The mutant gene at locus i has frequency pi, and for
lowing complete inbreeding without any selection (seethe quantitative trait, for example, the homozgote wild
also Avery and Hill 1979) or the derivative of inbreed-type, the heterozygote, and the mutant homozygote
ing depression to inbreeding coefficient [for fitness, thehave genotypic values 0, aih�i , and ai, respectively. The
relevant quantity is given by BW from (16), using theaverage effect of the gene substitution is �ii � ai[pi 	
first derivative at F � 0]. Hence the expectation of ah�i (1 � 2pi)] and the excess of the heterozygote over
random cross product term in (A4) is (BT/n)2, andthe homozygote mean is �i � ai(h�i � 1⁄2). The genotypic

variance within lines is Var(D) � VDF 	 (3/16)(1 � 1/n)B T
2 � VDF 	 (3/16)B T

2,
(A6)Var(W) � �

i
[2�i

2pi(1 � pi) 	 4� i
2p i

2(1 � pi)2]
assuming that many loci influence the trait. Equation

	 ��
i�j

[2�i �jDij 	 4�i �jD ij
2], (A1) A6 is in terms of quantities that have already been com-

puted.
where i, j � 1, . . . , n, for n loci, and Dij is the LD In subsequent generations in a large expanded popu-
coefficient at loci i and j . Because of LD, additive genetic lation, the LD coefficients at loci i and j decline through
and dominance terms are not orthogonal, but it seems recombination in proportion to (1 � cij)2, where cij is the
appropriate to take 4 � (covariance of half sibs) as a recombination fraction. To compute the consequent
practical predictor of the VA. Hence the additive vari- decline in variance, assumptions have to be made of no
ance is further mutation or selection and about the distribution

of loci affecting the trait. The simplest assumption, if
Var(A) � �

i
[2�i

2pi(1 � pi)] 	 ��
i�j

[2�i�jDij]. (A2) not the most realistic, is that such loci are uniformly
distributed throughout the genome, such that the de-

The terms in �i�jDij in (A2) comprise second moments, cline in variance is proportional to the mean of (1 �
e.g., E(Dij); third moments, e.g., E[(1 � 2pi)Dij]; and cij)2D2

ij across the genome, regardless of effects on the
fourth moments, e.g., E[(1 � 2pi)(1 � 2pj)Dij]. In a trait. Hence, at generation t after the bottleneck, let
population previously in linkage equilibrium, these mo-

Var(D)t � VDF 	 (3/16)ytB T
2, (A7)ments are all zero, and if there is no selection or other

directional force, remain so in subsequent generations. where y1 � 1. For mammals with, say, 20 chromosomes
E[(1 � 2pi) (1 � 2pj)Dij] � 0 after the first generation each of length 1 M (a “mouse”), 95% of pairs of loci
if there is further drift, but not if the population is are on different chromosomes, so an adequate approxi-
rapidly expanded. Hence we assume there is no LD mation is yt � (1⁄4)t�1. An extreme example is D. melano-
contribution to the additive genetic variance; i.e., gaster, which has in effect three chromosomes of approx-
Var(A) � VAF, where VAF is the variance from individual imately equal length (each, say, 1 M), and no crossing
loci (Table 1). over in males. Hence, for loci l map units apart and

As it is not usually feasible to partition the residual assuming Haldane’s mapping function, (1 � cij)2 �
genetic variance further, the residue of Var(W) after [1⁄4(3 	 e�2l)]2, the overall coefficient is
removing Var(A) can be regarded as dominance vari-

yt � (2/3)(1⁄4)t�1 	 (1/3)(1⁄4)2(t�1)El[(3 	 e�2l)2(t�1)],ance. From (A1) and (A2)

where El[(3 	 e�2l)2] is obtained by integrating l overVar(D) � �
i

[4�i
2pi

2(1 � pi)2] 	 ��
i�j

[4�i�jD ij
2]. (A3)

all pairs of sites on the chromosome assuming a uniform
distribution.The terms in pairs of loci �i�jD2

ij are fourth moments as
Examples: If mutational effects are symmetrically dis-the �i are constants, and E(Dij

2) � 0 due to sampling.
tributed, as we have assumed for the metric trait, thenAfter one generation in a bottleneck of size NF,
BT � 0 and there is no contribution from LD to the
dominance variance. Hence we consider the contribu-E(D ij

2) � (1/2NF)(1 � 1/2NF) pi0(1 � pi 0)pj 0(1 � pj 0) (A4)
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tions to the dominance variance in fitness (in which a involve LD. In the absence of dominance, the expectation
of the variance is a second moment in gene frequencies,and h� are replaced by s and h in the above equations)
and the variance of the variance a tractable fourth momentand a specific example. Assume a and s follow gamma
(Avery and Hill 1977). In the presence of dominance,(1⁄4) and (1⁄2) distributions with means s p � 0.073, h �
there is no reason to assume that because the fourth0.3, h � � 0.5, and � � 0.3. For the fitness trait, BW �
moment E[(1 � 2pi)(1 � 2pj)Dij] is zero, so is the corre-�3.0 and VDF � 0.176; thus Var(D)t � 0.176 	 1.68yt.
sponding eighth moment. Evaluation is not impossible,For t � 2, 4, and 6, and a mouse, yt � 0.25, 0.016, and
but would be very tortuous (see Hill and Weir 1988). In0.001; and for D. melanogaster, yt � 0.43, 0.19, and 0.13,
view of the small contribution of this fourth moment andrespectively.
thus potentially of its square, we assume the contributionExtensions and comments: If the populations after the
is merely a function of the heterozygosity so as to get somebottleneck are small (effective size M) such that further
feel for the magnitude of terms, with results holding moresampling from drift can induce LD, approximate results
precisely for additive gene action. We use results of Averycan be obtained from
and Hill (1977), who expressed the variation as a simple

D ij(t)
2 � (1 � cij)2(1 � 1/2M)Dij(t�1)

2 function of initial additive variance and population size.
From (A2)

	 (1/2M)(1 � 1/2M)2(t�1)pi 0(1 � pi 0)pj 0(1 � p 0) (A8)
Var[Var A] � V(VAF) 	 Var���

i�j
[2�i�jDij]	,(an approximation to the loss through drift and recom-

bination and the gain through drift from reduced heter- where the first term is that for single loci (Table 1). Using
ozygosity; see Avery and Hill 1977). For free recombina- similar arguments as for the dominance case, since Var
tion, if M is moderately large, Dt

2 → 2/(3M). Providing (Dij) � E(Dij
2), to obtain the expectation of the variance

M � 10 and t � 3 in the example, LD contributes less of the sum of the contributions and assuming many loci
than individual loci for the case of mammals. as in (A6)

An important proviso, regardless of the population size,
Var[Var A] � V(VAF) 	 (3/16)2ytV A0

2, (A9)is that there is negligible variance of inbreeding coefficient
in the populations after the bottleneck (Avery and Hill where VA0 is the additive variance in the base population.
1979). If, for example, some individuals are offspring of Equation A9 has a form similar to that given by Avery and
full sibs, the variance increases markedly, in proportion Hill (1977, except they ignored the single-locus sampling
to the product (variance in pedigree inbreeding) and term) and formally holds only for additive gene action. If
(inbreeding depression in the sublines). Thus mating rela- the population remains of finite size, the term in V A0

2

tives should be avoided as far as possible within the lines does not disappear (cf. A8), and for unlinked loci asymp-
when estimating dominance variance. totes at 2V A0

2/3M (Avery and Hill 1977).
Variance of within-line variance: The expectation of Example: For the metric trait in the example discussed

Var(A) is given in (A2), and in the special context of a above, VA0 � 0.5 and V(VAF) � 0.003. Hence Var[Var A] �
0.003 	 0.094yt. The LD term dominates.population that rapidly expands, simplifies, and does not


