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ABSTRACT

For different fitness mutational models, with epistasis introduced, we simulated the consequences of drift
(D scenario) or mutation, selection, and drift (MSD scenario) in populations at the MSD balance subse-
quently subjected to bottlenecks of size N¼2, 10, 50 during 100 generations. No ‘‘conversion’’ of nonadditive
into additive variance was observed, all components of the fitness genetic variance initially increasing with
the inbreeding coefficient F and subsequently decreasing to zero (D) or to an equilibrium value (MSD). In
the D scenario, epistasis had no appreciable effect on inbreeding depression and that on the temporal
change of variance components was relevant only for high rates of strong epistatic mutation. In parallel,
between-line differentiation in mean fitness accelerated with F and that in additive variance reached a
maximum at F � 0.6–0.7, both processes being intensified by strong epistasis. In the MSD scenario,
however, the increase in additive variance was smaller, as it was used by selection to purge inbreeding
depression (N $ 10), and selection prevented between-line differentiation. Epistasis, either synergistic or
antagonistic (this leading to multiple adaptive peaks), had no appreciable effect on MSD results nor,
therefore, on the evolutionary rate of fitness change.

THE roles of genetic drift and natural selection in
shaping the genetic variation of fitness due to

segregation at epistatic loci have often been discussed
since Wright’s (1931) pioneering treatment of the sub-
ject. In general, the pertinent analyses have been usu-
ally elaborated within an analytical framework where
changes in the mean and the components of the ge-
netic variance exclusively due to drift were first con-
sidered, this being followed by an examination of the
conditions that may subsequently allow for a more rap-
id selection response and/or facilitate the movement of
populations to new adaptive peaks.

Theoretically, it is well known that the contribution of
neutral additive loci to the additive genetic variance of
metric traits in populations decreases linearly as the
inbreeding coefficient F increases, until it ultimately
vanishes when fixation is attained (Wright 1951). For
neutral nonadditive loci, however, that contribution
may initially increase until a critical F value is reached
and then subsequently decline to zero. This is the case of
simple dominant loci (Robertson 1952; Willis and
Orr 1993), and it also applies to two-locus models show-
ing either additive 3 additive epistasis (Cockerham

and Tachida 1988; Goodnight 1988) or more com-
plex epistasis involving dominance at the single-locus
level (Cheverud and Routman 1996; López-Fanjul

et al. 1999, 2000; Goodnight 2000). Furthermore,
those models have been extended to cover multiple ad-
ditive 3 additive epistatic systems (Barton and Turelli

2004, López-Fanjul et al. 2006).
In parallel, laboratory experiments have also studied

the impact of population bottlenecks on the additive
variance of metric traits (see reviews by López-Fanjul

et al. 2003 and Van Buskirk and Willi 2006). For
morphological traits not strongly correlated with fitness,
a decrease in their additive variance together with little
or no inbreeding depression was often observed, both
results being compatible with the corresponding addi-
tive expectations and suggesting that the standing
variation of those traits is mainly controlled by quasi-
neutral additive alleles. Using typical estimates of
mutational parameters, Zhang et al. (2004) showed
that these experimental results can be explained by
assuming a model of pleiotropic and real stabilizing
selection acting on the pertinent trait. On the other
hand, life-history traits closely connected to fitness
usually show strong inbreeding depression and a dra-
matic increase in additive variance after a brief period
of inbreeding or bottlenecking, indicating that much
of that variance should be due to deleterious recessive
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alleles segregating at low frequencies. However, it
should be kept in mind that experimental results cannot
discern between simple dominance and dominance
with additional epistasis as causes of inbreeding-in-
duced changes in the additive variance.

In their discussion of the shifting-balance theory
(Wright 1931), Wade and Goodnight emphasized the
evolutionary importance of the ‘‘conversion’’ of epi-
static variance into additive variance, proposing that
drift-induced excesses in the additive variance for fitness
available to selection could enhance the potential for
local adaptation, a phenomenon that was not discussed
in the original formulation of Wright’s theory (Wade

and Goodnight 1998; Goodnight and Wade 2000;
but see Coyne et al. 1997, 2000). However, the additive
variance is inflated only under restrictive conditions
that often involve low-frequency deleterious recessive
alleles (Robertson 1952; López-Fanjul et al. 2002), so
that a drift-induced excess in the additive variance of
fitness will be associated with inbreeding depression
and, therefore, it is unlikely to produce a net increase
in the adaptive potential of populations. In addition,
previous considerations were based on the theoretical
analysis of the behavior of neutral genetic variation after
bottlenecks, and the role of selection acting on epistatic
systems controlling fitness has not been studied.

In this article we used analytical and simulation meth-
ods to investigate the contribution of epistatic systems to
the change in the mean and the genetic components of
variance of fitness during bottlenecking, due to the joint
action of mutation, natural selection, and genetic drift
(MSD). To develop a biologically reasonable model, we
assumed that mutations show a distribution of homozy-
gous and heterozygous effects close to those experi-
mentally observed in Drosophila melanogaster, and we
imposed different types of epistasis on this basic system.
The pattern and strength of epistatic effects on fitness is
largely unknown, but synergism between homozygous
deleterious mutations at different loci has often been
reported in Drosophila mutation-accumulation experi-
ments (Mukai 1969; Ávila et al. 2006). Therefore, we
studied the consequences of synergistic epistasis in pairs
of loci by increasing the deleterious effect of the double
homozygote above that expected from the deleterious
effects of the homozygotes at both loci involved. How-
ever, to explore the consequences of bottlenecking in
a multiple-peak adaptive surface, we also considered
cases of antagonistic epistasis where, at each pair of
loci, the fitness of the double homozygote for the del-
eterious alleles was larger than expected. Of course,
other epistatic models could also be considered, includ-
ing those showing higher-order interaction effects, but
the severe shortage of relevant empirical data makes
the choice highly subjective and, consequently, we re-
stricted our analysis to the simplest case. On the other
hand, our procedure has the practical advantage of
allowing the definition of epistasis by the addition of a

single parameter to those describing the properties of
individual loci.

Our aim was to describe and analyze drift-induced
changes in the components of the genetic variance of
fitness, where neutral predictions will be reliable only
during extreme and brief bottlenecks. For moderate
bottleneck sizes or long-term inbreeding, it becomes
necessary to consider the concurrent effects of natural
selection both on the standing variation and on that
arisen by new mutation. Moreover, the nature of the ge-
netic variability of fitness in the base population, arisen
by mutation and shaped by natural selection and drift, is
critical for the assessment of the consequences of sub-
sequent bottlenecks. For nonepistatic models, the ge-
netic properties of the trait can be theoretically inferred
from the pertinent mutational parameters and effective
population sizes by assuming a balance between mutation,
selection, and drift. This can be numerically achieved
using diffusion theory, and reliable approximations can
be easily calculated by analytical methods (Garcı́a-
Dorado 2007). Notwithstanding, the analytical study of
the contribution of epistasis to the genetic properties of
fitness at the MSD balance becomes particularly difficult
and it must be complemented with computer simulation.

MODEL AND METHODS

The neutral model: We consider an extension of the
model developed by López-Fanjul et al. (2002), with
two neutral independent diallelic loci (i ¼ 1, 2) at
Hardy–Weinberg equilibrium segregating with frequen-
cies pi and qi (¼ 1 � pi). Genotypic values are given in
Table 1, using the standard notation for fitness models,
although the following analysis is concerned only with
neutral predictions. At the ith locus, the homozygous
effect is si and the degree of dominance in the absence
of epistasis is hi (hi ¼ 0, 0.5, or 1 for complete recessive,
additive, or complete dominance gene action, respec-
tively). This basic gene action can be viewed as that
shown by single loci segregating against a fixed genetic
background. Epistasis has been imposed on that basic
system and it is represented by a factor k affecting the
genotypic value of the double homozygote for the allele
decreasing the metric trait at each locus (k , 1, k . 1, or
k ¼ 1 for antagonistic, synergistic, or no epistasis,
respectively). At the ith locus, the marginal average
effect of gene substitution (ai), the marginal genotypic
value of the heterozygote (di, expressed as deviation
from the midhomozygote value), and the marginal
degree of dominance (gi) are given by

ai ¼ sihi 1 ½sið1� 2hiÞ1 cq2
j �qi ; ð1Þ

di ¼
½sið1� 2hiÞ1 cq2

j �
2

; ð2Þ

and
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gi ¼
2sihi

2si 1 cq2
j

; ð3Þ

where c¼ (k� 1)
P

i si . Thus, epistasis modifies the basic
properties of the ith locus, as ai, di, and gi become
dependent on the allele frequencies at the other locus
(qj). That is, they are contingent on the genetic
background. For a given k value, the basic (hi) and the
marginal (gi) degrees of dominance become closer as qj

decreases, and gi approaches zero (complete recessive)
as k and qj increase.

In an infinitely large panmictic population (base
population), the mean (ancestral mean M) and the
components of the genetic variance (additive, VA,
dominance, VD, and epistatic, VI, ancestral components
of variance) for the two-locus system considered are
given by

M ¼ 1� 2
X

i

sihiqi � 2
X

i

sið1� 2hiÞq2
i � c

Y

i

q2
i ;

ð4Þ

VA ¼ 2
X

i

a2
i piqi ; ð5Þ

VD ¼ 4
X

i

d2
i p2

i q2
i ; ð6Þ

and

VI ¼ c2
Y

i

q2
i ð1� q2

i Þ: ð7Þ

Thus, the epistatic component of variance VI is in-
dependent of the degree of dominance of the loci
involved.

Assume now that a number of replicates of size N are
drawn at random from the base population, the N
individuals in each replicate mating in panmixia to
produce a large sample of offspring in which Hardy–
Weinberg equilibrium is restored (ignoring transient
linkage disequilibrium). As Equations 4–7 are poly-
nomial functions of qi

m (i ¼ 1, 2, m ¼ 1–4), explicit
expressions for their expected values at the Hardy–

Weinberg equilibrium after t consecutive bottlenecks of
N parents (i.e., derived mean Mt and variance compo-
nents VAt

, VDt
, and VIt

) can be readily obtained by
substituting qi

m by the corresponding exact mth moment
of the allelic frequency distribution with binomial
sampling E(qi

m) given by Crow and Kimura (1970, p.
335). As E(qi

m) can also be expressed in terms of the
inbreeding coefficient after t generations (Ft), the equa-
tions for the derived mean and variance components
also apply when bottleneck sizes are not constant from
generation to generation and, thus, a single parameter
describes the outcome of an arbitrary bout of random
drift. Notwithstanding, equations for the derived vari-
ance components can be managed only numerically.

The derived values of the marginal average effect of
gene substitution at locus i (ait) and the marginal geno-
typic value of the heterozygote (dit) can be obtained by
taking averages in Equations 1 and 2, giving

ait ¼ ai 1 cFtqipj qj

and

dit ¼ di 1
cFtpjqj

2
:

Thus, temporal changes in ai and di will occur only in
the presence of epistasis (c 6¼ 0). Due to sampling, there
will also be variance in ai and di among replicated
bottleneck lines at a given generation (descriptive of the
spatial variation in a metapopulation structure), and
taking variances in Equations 1 and 2 gives

V ðaiÞ ¼ ½sið1� 2hiÞ1 cEðq2
j Þ�2V ðqiÞ1 c2Eðq2

i ÞV ðq2
j Þ

and

V ðdiÞ ¼
c2V ðq2

j Þ
4

:

Thus, spatial changes in di will occur only in the
presence of epistasis (c 6¼ 0) but those for ai require
only dominance (hi 6¼ 1

2 ), with or without additional
epistasis.

From Equations 5 and 6, the derived additive and
dominance components of variance after t bottlenecks
can be expressed as

VAt
¼ covða2

i ;HiÞ1 ð1� FtÞ
X

i

Hi ½V ðaiÞ1 a2
it �

and

VDt
¼ covðd2

it ;H
2
i Þ1 EðH 2

i Þ½V ðdiÞ1 d2
it �;

where Hi is the heterozygosity at the ith locus (¼ 2piqi).
These equations explicitly show how the derived com-
ponents of variance depend on the spatial and temporal
changes in ai and di and also on a covariance factor.
Although cov(dit

2 , Hi
2) does exist only with linkage

TABLE 1

Genotypic values for pairs of loci

A1A1 A1A2 A2A2

Analytical model
B1B1 1 1 � h1s1 1 � s1

B1B2 1 � h2s2 1 � h1s1 � h2s2 1 � s1 � h2s2

B2B2 1 � s2 1 � h1s1 � s2 1 � k(s1 1 s2)

Simulation model
B1B1 1 1 � h1s1 1 � s1

B1B2 1 � h2s2 (1 � h1s1)(1 � h2s2) (1 � s1)(1 � h2s2)
B2B2 1 � s2 (1 � h1s1)(1 � s2) (1 � ks1)(1 � ks2)
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disequilibrium, cov(ai
2, Hi) depends on the type of basic

gene action and requires only dominance (with or with-
out epistasis).

Taking expectations in Equation 4, the change in
mean after t bottlenecks is given by

DMt ¼ �2Ft

X

i

dipiqi � F 2
t c
Y

i

piqi ; ð8Þ

where (c
Q

i piqi)2 is the dominance 3 dominance
epistatic component of variance (Crow and Kimura

1970, p. 80). Thus, Equation 8 indicates that antagonis-
tic epistasis (k , 1) and/or basic dominant gene action
(hi . 0.5; i.e., di , 0) may imply an unrealistic
enhancement of the mean with inbreeding.

Finally, the between-line variance VB after t bottle-
necks can be obtained by taking variances in Equation 4.
Again, the corresponding analytical expression is in-
tractable but numerical solutions can be calculated for
any combination of allele frequencies.

Considering the whole genome as consisting of a
number of pairs of loci, each defined as in the above
model, neutral predictions for the change in mean DMt

and the VAt
, VDt

, VIt
, and VBt

variance components after
t bottlenecks were obtained by adding up the corre-
sponding contributions from each pair, ignoring link-
age disequilibrium.

The simulation model: We used simulation to study
the consequences of mutation and selection in the
bottleneck process described above. The trait studied
was fitness, which is usually assigned to causes acting
multiplicatively so that the trait value is always positive.
Therefore, we simulated the variation in fitness due to
segregation at several independent pairs of loci in a
multiplicative way. Genotypic values for a pair of loci are
given in Table 1, and those for individuals were obtained
as the product of the corresponding contributions from
each pair of loci involved. This ensures that, in the
absence of epistasis (k¼ 1), relative deleterious effects at
each locus are independent of the genetic background.
For each base population or bottlenecked line, the
contributions of each pair of loci to the within-line VA,
VD, and VI variance components were computed from
expressions (5)–(7), and these were added up for all
pairs of loci involved. Therefore, under neutrality (D
scenario, see below), estimates from simulation data,
computed in the real scale, were directly comparable to
their corresponding analytical predictions. However,
due to the multiplicative model used in the simulations,
the temporal decay in mean fitness was smaller than that
corresponding to the nonmultiplicative model, and the
between-line variance for fitness became dependent on
the fitness average. Mean fitnesses from simulation
results are given in the real scale, since this provides a
more intuitive picture from which satisfactory predic-
tions can be obtained under the multiplicative model
(Garcı́a-Dorado 2008). Nevertheless, regarding the
between-line variance, a logarithmic transformation was

used to smooth the comparison between simulation and
analytical results; i.e., simulation estimates were com-
puted from log-transformed fitness values, and the
corresponding predictions were calculated using muta-
tional effects for log-scaled fitness, where detrimental
effects are larger than those corresponding to the real
scale, particularly in the case of severely deleterious
alleles. Thus, for the ith neutral locus, predictions for
the between-line variance were obtained using

si9 ¼ �log ð1� siÞ;

hi9 ¼
�logð1� hsiÞ

si9
¼ logð1� hisiÞ

logð1� siÞ
;

and

k9 ¼
P

i logð1� ksiÞP
i logð1� siÞ

:

Base population and mutational parameters: Individual-
based simulations were used to obtain a base population
under mutation–selection–drift balance (MSD), by al-
lowing the occurrence of nonrecurrent mutations in a
population of 103 individuals during 104 generations.
Potential parents for each individual were sampled with
replacement from the corresponding parental popula-
tion with a probability proportional to the parents’ fit-
nesses. Thus, a parent was chosen if a random number
was lower than its individual fitness and disregarded
otherwise.

Mutations were assumed to occur at a rate l per
haploid genome and generation, and their homozygous
effects were sampled from a gamma distribution f(s)
with shape parameter b and mean effect E ½s�. Three
different models covering a wide range of parameters
(first four columns in Table 2 and Figure 1) were used in
the simulations. Model I assumed few mutations of large
average effect. Model III considered a 10-fold mutation
rate and accounted for about the same rate of severely
deleterious mutations (say those with s . 0.3), but it also
allowed for a higher rate of mutations with tiny to mod-
erate effect (say those with s , 0.3), so that the average
deleterious effect was much smaller. Model II repre-
sented an intermediate situation, similar to model I
regarding the rate of moderate to severe deleterious
mutation, but accounting for a larger rate of tiny to mild
deleterious mutations. The shape parameters of the
gamma distributions were chosen such that the muta-
tional variance for each model was 0.002, a value
roughly close to that experimentally observed for fitness
in D. melanogaster (Garcı́a-Dorado et al. 1999, 2004).
The dominance coefficient of mutations, h, was ob-
tained from a uniform distribution ranging between
0 and exp(�Ks). This model also has experimental sup-
port (Caballero and Keightley 1994; Garcı́a-Dorado
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and Caballero 2000), and a value of K¼ 7.5 was used in
all cases to maintain the constant relationship between
E ½h� and s, as suggested by Garcı́a-Dorado (2003).

The total number of loci available for mutation (fifth
column in Table 2) was set up to allow a proportion of
segregating loci in the base population, which was�70–
80% for each model (sixth column in Table 2), so that
new mutations could always be assigned to nonsegregat-
ing sites as in a nonrecurrent model, and �55–60% of
those loci were segregating in pairs (seventh column in
Table 2). If a mutation got fixed, its effect in homozy-
gosis was accumulated to the basal fitness and the
corresponding locus was made available for new muta-
tion to economize computational resources. For each
combination of mutational models and epistatic effects
we obtained a set of 50 base populations (replicates).

Scenarios were run (i) without epistasis (k ¼ 1); (ii)
with synergistic epistasis (k ¼ 2 or 4), i.e., in the
theoretical model the deleterious effect of the double
homozygote was twofold or fourfold that without
epistasis; or (iii) with antagonistic epistasis (k ¼ 0 or
0.5), i.e., the double homozygote did not show a del-
eterious effect or this was half that without epistasis,
respectively. Note that the case k ¼ 0 produces a fitness
surface with two equal adaptive peaks, corresponding to
the fixation of the wild or the mutant alleles at both loci.
Moreover, for the particular case where both loci had
the same (s, h) values, k , h always produces a fitness
surface with two adaptive peaks.

Simulated bottlenecks: Starting from the base popula-
tions at the MSD balance, we simulated lines that were
maintained with a number N of breeding individuals per
generation (equivalent to consecutive bottlenecks) un-
der two different scenarios. The first one (D) considered
drift as the only agent of genetic change, to contrast the
results with the analytical neutral predictions. The
second scenario (MSD) allowed for natural selection
and mutation during the bottleneck process. From each
base population, 100 individuals were sampled without
replacement to estimate the mean and the variance
components at generation zero, thus simulating an
experimental situation. After evaluation, a set of N
parents was chosen at random in the D scenario or, as
explained above, checked for survival in the MSD

scenario. These parents were randomly paired, and
100 offspring were used to estimate the new mean and
variance components. This process was repeated during
100 generations and was replicated 1000 times for each
base population. Different bottleneck sizes of N¼ 2, 10,
and 50 individuals were considered for each mutational
model.

RESULTS

The base populations: In the base populations, the
allele frequency distributions were ‘‘L’’-shaped and, as
expected, their medians and variances were both in-
versely related to the average strength of selection (i.e.,
they increased from model I to III, Figure 2). Within
models, different k values did not result in appreciable
differences between those distributions and only results
for the nonepistatic case (k ¼ 1) are shown in Figure 2.

Table 3 gives averages over replicates for the mean
fitness in the base populations, the corresponding
genotypic variance VG and its components (VA, VD,
and VI, expressed as percentages of VG), and the gametic
disequilibrium averaged over all pairs of segregating

Figure 1.—Distribution of the mutational effects (s)
weighed by the mutation rate l. For any s interval, the area
under each line gives the corresponding expected number
of mutations per gamete and generation with the specified
deleterious effects (solid line, model I; dashed line, model
II; dotted line, model III).

TABLE 2

Mutational parameters used in simulations

Model l E[s] b E[h] No. loci Segregating Epistatic

I 0.05 0.20 1.00 0.20 840 660 390
II 0.10 0.10 0.33 0.34 2,240 1,775 1,054
III 0.50 0.04 0.25 0.41 14,000 10,143 5,504

Rate of mutation per gamete and generation (l), average homozygous deleterious effect (E[s]), shape pa-
rameter for the gamma distribution of homozygous effects (b), and average degree of dominance (E[h]) for
new mutations assuming h uniformly distributed between 0 and exp(�7.5s) are shown. The numbers of sim-
ulated loci, those segregating at the MSD balance (base population), and those where the corresponding
epistatic pair is also segregating at the MSD balance are also given.
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loci, which was measured by D [the difference g(A1B1)
g(A2B2) � g(A1B2)g(A2B1), where g stands for gametic
frequency] or Z [the ratio g(A1B1)g(A2B2)/g(A1B2)
g(A2B1)]. In the absence of epistasis, the expected mean
at the MSD balance can be computed using diffusion
theory, where fitness is relative to that of a genotype
carrying none of the segregating deleterious alleles,
giving 0.916, 0.842, and 0.465 for mutational models I,
II, and III, respectively (see computing procedure in
Garcı́a-Dorado 2003). These values were in good
agreement with the corresponding mean fitnesses of
the simulated base populations relative to the genotype
carrying none of the segregating deleterious alleles.
They also were in reasonable agreement with their
deterministic expectations for an infinite population

(exp[�2l], i.e., 0.905, 0.819, and 0.368 for mutational
models I, II, and III, respectively), implying that natural
selection was the main force shaping the standing
fitness genetic variance. Table 3 also shows the mean
fitness relative to a genotype carrying none of the
deleterious alleles occurred during the 104 generations,
indicating that only the mutational model III produced
an appreciable load from deleterious fixation.

The genetic variance for fitness was small (averaging
6.4 3 10�3 for models I and II and 12.5 3 10�3 for model
III), the fraction corresponding to VD being about
double that for VA for models I and II (VD/VG ¼
65.4% vs. VA/VG¼ 33.73%, on average) and the reverse
for model III (VD/VG ¼ 35.0% vs. VA/VG ¼ 63.3%, on
average). On the whole, a considerably lower mean
fitness as well as a greater VG and VA/VG ratio were
obtained for model III, characterized by the highest rate
of tiny to mild deleterious mutation. Epistasis, either
synergistic or antagonistic, had little influence on the
above results. For all models and epistatic systems, the
VI/VG ratio obviously increased with the strength of
epistasis, although its value never exceeded 5% and it
was unrelated to those of the VA/VG and VD/VG ratios (as
shown by Equation 7).

Linkage disequilibrium, as measured by D, was
negligible (of the order of 10�6), and using a sequential
Bonferroni test, the only D value significantly different
from zero was negative, as expected from the action of
natural selection since it corresponded to k . 1. To
study the consequences of selection in a deterministic
model, the Z measure of disequilibrium can be more
informative since, for deleterious allele frequencies

Figure 2.—Log-scale distribution of the frequencies of
nonepistatic (k ¼ 1) mutant alleles at the base populations
for each model. A line within a box marks the median. The
boundary of the box closest to zero indicates the 25th percen-
tile and that farthest from zero the 75th percentile. Whiskers
left and right of the box indicate the 90th and 10th percen-
tiles. Points indicate the 5th and 95th percentiles.

TABLE 3

Average genetic parameters for fitness in the base populations

Model k Meana Meanb VG 3 103 % VA % VD % VI D 3 106 Z

I 1 0.914 0.914 5.97 31.78 68.22 0 0.4 1.35
2 0.915 0.915 5.75 32.45 67.51 0.05 1.2 1.21
4 0.917 0.917 5.99 29.91 69.86 0.22 �5.9* 1.11

II 0 0.821 0.842 6.34 36.82 61.95 1.23 �1.9 0.49*
0.5 0.822 0.840 6.33 37.95 61.92 0.13 0.3 1.09
1 0.822 0.841 6.91 34.72 65.28 0 6.1 0.94
2 0.824 0.843 6.45 36.61 62.84 0.55 �3.5 0.98
4 0.822 0.840 7.35 32.71 62.53 4.76 �4.6 0.90

III 1 0.381 0.457 12.05 65.61 34.39 0 4.0 1.06
2 0.382 0.457 12.25 64.32 35.13 0.55 5.5 1.14*
4 0.383 0.453 13.12 60.86 35.41 3.74 �1.9 1.03

Mean, genetic variance (VG), additive (VA), dominance (VD), and epistatic (VI) components of variance (ex-
pressed as percentages of VG), and linkage disequilibrium (D or Z), for the different models and types of gene
action (k ¼ 1, no epistasis; k ¼ 0, strong antagonistic epistasis; k ¼ 0.5, moderate antagonistic epistasis; k ¼ 2,
moderate synergistic epistasis; k¼ 4, strong synergistic epistasis) are shown. *Significance (P , 0.001) shown for
D or Z only.

a Fitness mean relative to that of a genotype carrying none of the deleterious mutations that occurred. It
includes the fitness decline from deleterious fixation.

b Fitness mean relative to that of a genotype carrying none of the segregating deleterious mutations.
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approaching zero, it remains at its quasi-equilibrium
value (Z ¼ 1, Z , 1, or Z . 1 for a nonepistatic,
synergistic, or antagonistic multiplicative fitness model,
respectively). However, random fluctuation in gametic
frequencies from mutation and drift will increase the
average Z value over its deterministic expectation. On
the other hand, linkage disequilibrium can be under-
estimated, since Z cannot be computed in the absence
of a repulsion gamete, and a logarithmic transformation
will be of no use in this case. In agreement with this, the
Z values reported in Table 3 had large standard errors
(ranging from 0.02 to 0.25) and oscillated erratically
around 1 (overall Z ¼ 1.03). Only two Z values sig-
nificantly departed from 1 after using a sequential
Bonferroni test, but they did so in the opposite direction
to that expected from the action of natural selection,
evidencing that random processes and sampling bias
were more important than natural selection in de-
termining the Z values.

The consequences of bottlenecking: synergistic vs.
nonepistatic systems: Estimates of the additive variance,
averaged over replicates, are shown in Table 4, both for
the base population (N ¼ 1000) and after 100 consec-
utive bottlenecks (N ¼ 2, 10, 50). Without epistasis (k ¼
1), expectations at the MSD balance computed from
diffusion theory and from a shortcut method (Garcı́a-
Dorado 2007) are also given in Table 4 and they were in
satisfactory agreement with each other for N $ 10. For
mild bottlenecks (N ¼ 50), the final inbreeding co-
efficient was F ¼ 0.63 and the population should still be
approaching the corresponding MSD balance. In this
situation, the derived variance after bottlenecks was
larger than expected at the new equilibrium, so that
some further reduction would follow as F approaches its
final value of 1. For strong bottlenecks (N ¼ 2, 10),
however, the final inbreeding coefficient was F � 1 and,
therefore, a new MSD balance should have been
attained at this stage. In agreement with this, MSD
expectations fitted the pertinent simulation results (k¼
1) for the base population (N ¼ 1000) and, after 100
generations, for N ¼ 10. The fit was still acceptable for
N ¼ 2 although, in this particular case, a continuous
theoretical treatment of the process is scarcely appro-
priate. In general, the effect of epistasis on the value of
the MSD additive variance obtained from simulation was
significant only for strong epistasis (k ¼ 4) and extreme
bottlenecks (N ¼ 2).

The decay in mean fitness after t successive bottle-
necks (up to 100) of size N (2, 10, or 50) is shown in
Figure 3 for the three mutational models, the two
scenarios, and the different types of gene action. In
the D scenario, simulation results fitted very precisely
the analytical neutral predictions, as shown in Table 5
where only values for model I and N¼ 50 are given. The
decay was larger for model III, characterized by the
highest rate of mildly deleterious mutations, and it was
practically unaffected by epistasis. In the MSD scenario,

the decay was even less affected by epistasis, so that,
as shown in Figure 3, it reasonably agreed with the
analytical predictions for the MSD nonepistatic case
(Garcı́a-Dorado 2008). For N ¼ 2, these predictions
were slightly above the true mean in the long term, due
to the bias introduced by assuming additive gene action
in the prediction of the deleterious fixation rate at the
new MSD balance. In some cases, fitness showed a slight
fitness rebound after an initial inbreeding depression.
This was appreciable only for models I and II with N ¼
10 and cannot be accounted for by Garcı́a-Dorado’s
approach. For N $ 10, the MSD decline (both predicted
and simulated) was much smaller than that obtained in
the D scenario, an outcome that must be ascribed to
natural selection (partially) purging recessive deleteri-
ous alleles. For N ¼ 2, however, selection was quite
inefficient, implying early fitness declines almost as
large as those obtained in the D scenario and substantial
later declines from new deleterious mutation.

Figure 4 shows the additive (VA), dominance (VD),
and epistatic (VI) components of the genetic variance
after t consecutive bottlenecks of size N ¼ 2, 10, 50,
plotted against the corresponding inbreeding coeffi-
cient F. In each model, variance components are given
for the D and MSD scenarios and the three types of gene
action considered per scenario. In the D scenario, the
magnitude of each variance component for given F and
k values was of course the same for all bottleneck sizes
(black lines), and the simulation results fitted very
precisely the corresponding analytical predictions for

TABLE 4

Comparison between simulation results and predictions
for the MSD additive variance after bottlenecks

Model k N ¼ 1000 N ¼ 50 N ¼ 10 N ¼ 2

I Simulation 4 0.0019 0.0041 0.0060 0.0045
2 0.0019 0.0041 0.0059 0.0039
1 0.0018 0.0041 0.0059 0.0036

Diffusion 1 0.0018 0.0036 0.0058 0.0029
Shortcut 1 0.0019 0.0035 0.0045 0.0021

II Simulation 4 0.0024 0.0049 0.0067 0.0048
2 0.0024 0.0045 0.0058 0.0038
1 0.0024 0.0045 0.0056 0.0035

Diffusion 1 0.0023 0.0040 0.0050 0.0025
Shortcut 1 0.0024 0.0039 0.0043 0.0020

III Simulation 4 0.0079 0.0129 0.0128 0.0066
2 0.0079 0.0122 0.0115 0.0048
1 0.0080 0.0119 0.0109 0.0044

Diffusion 1 0.0076 0.0103 0.0099 0.0034
Shortcut 1 0.0080 0.0100 0.0085 0.0023

Values of the MSD additive variance obtained by simulation
in the base population (N ¼ 1000) or after 100 bottlenecks
(N ¼ 2, 10, 50, estimated from samples of 100 offspring in
each line), for the different models and types of gene action
(k¼ 1, no epistasis; k¼ 2, moderate synergistic epistasis; k¼ 4,
strong synergistic epistasis), and MSD expectations (k ¼ 1) de-
rived from diffusion theory or a shortcut method (Garcı́a-
Dorado 2007) are shown.
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the additive variance (Table 5). In the MSD scenario,
however, the magnitude of a variance component for
the same F and k values depends on the pertinent
bottleneck size. In this case, predictions are available
only for the additive variance contributed by nonepi-
static loci (Garcı́a-Dorado 2007) but they are not
shown since they underestimate the transient increase
in additive variance after bottlenecks when the degree
of dominance was very small (Garcı́a-Dorado 2008).

In all instances, the additive, dominance, and epi-
static components of the genetic variance behaved in a
similar manner, initially increasing with F up to a
maximum value and subsequently declining to zero in
the D scenario or to an equilibrium value in the MSD
scenario, where continued mutation prevented the
final exhaustion of those variance components (in the
case of the epistatic variance, the equilibrium value was

so small that it cannot be appreciated in Figure 4). In
the MSD scenario, selection eroded the variance com-
ponents after bottlenecks with respect to their corre-
sponding values in the D scenario, slightly for N¼ 2 but
substantially for N $ 10. In general, the highest peaks
were reached in the D scenario (or in the MSD scenario
for N ¼ 2), at a value of F � 0.5 (VA), 0.3 (VD), or 0.4
(VI), while peaks for N $ 10 in the MSD scenario were
much lower and were attained at smaller F values as N
increased. For all models and scenarios, only strong
synergistic epistasis induced a significant departure
from the pattern of change observed for the additive
and dominance variance without epistasis. This de-
parture consisted of an increase in the pertinent
variance value that, in the MSD scenario, became
negligible for N $ 10, particularly in the case of the
additive component.

Figure 3.—Mean fitness M after t consecutive bottlenecks for each model: black lines, for the D scenario; red, green, and blue
lines, for MSD simulation results for size N ¼ 2, 10, and 50, respectively; yellow lines, for MSD predictions in each case. Different
strokes are for different types of gene action (solid lines, no epistasis, k ¼ 1; dashed lines, moderate synergistic epistasis, k ¼ 2;
dotted lines, strong synergistic epistasis, k ¼ 4).
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Table 5 shows that the value of the between-line
variance VB observed in the D scenario for the log-scaled
trait was in good agreement with the corresponding
neutral predictions computed from appropriately trans-
formed effects (see model and methods). The evolu-
tion of the between-line differentiation after bottlenecks
(log-scaled), plotted against F, is shown in Figure 5 for
N ¼ 10. As expected from theory, the increase in the
between-line variance in the D scenario accelerated with
inbreeding, at a rate that was larger for epistatic systems
than for simple dominants, particularly for model III and
strong epistasis. On the contrary, the increase in VB in the
MSD scenario was very small and for models I and II,
where most deleterious mutations had important effects
that are efficiently selected against, the corresponding
plot visually overlaps with the abscissa axis in Figure 5.
Summarizing, uniform purifying selection impeded

differentiation among the lines for all k values, despite
the continuous input of new nonrecurrent mutations.

The change in the variance of the additive variances
of the lines V(VA) after bottlenecks plotted against the
pertinent F values is shown in Figure 6 for model I, the D
and MSD (N ¼ 10) scenarios, and all k values. In the D
scenario, V(VA) initially increased until an F value�0.6–
0.7 was reached and subsequently declined to zero, the
excess for strong synergistic epistasis being much larger
than those for moderate epistasis or simple dominance.
In the MSD scenario, however, the transient increase in
V(VA) for strong epistasis was much smaller and it was
practically negligible in the remaining cases.

The consequences of bottlenecking: antagonistic vs.
nonepistatic systems: Given the qualitative agreement
between the results obtained from the three mutational
models reported above, only the intermediate model

Figure 4.—Additive (VA), dominance (VD), and epistatic (VI ) components of variance plotted against the inbreeding coeffi-
cient F after t consecutive bottlenecks of size N (red lines, N ¼ 2; green lines, N ¼ 10; blue lines, N ¼ 50) for each model, scenario
(black lines, D; colored lines, MSD), and type of gene action (solid lines, no epistasis, k ¼ 1; dashed lines, moderate synergistic
epistasis, k ¼ 2; dotted lines, strong synergistic epistasis, k ¼ 4).
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II was explored for the effects of antagonistic epistasis
(k ¼ 0 or 0.5) and, as the results for the two k values
considered were very similar, only those for k ¼ 0 are
given. The evolution of the overall mean, the additive
variance, and the between-line variance after bottle-
necks is presented in Figure 7, both for the epistatic (k¼
0) and the nonepistatic case (k ¼ 1). In the D scenario,
the behavior of the above parameters was very close for
those k values and also for synergistic epistasis (k ¼ 2),
although the mean fitness depression with antagonistic
(synergistic) epistasis was slightly smaller (larger) than
that in the absence of epistasis, and the opposite was
observed for the increases in the components of the
genetic variance and the between-line variance. In the
MSD scenario, the discrepancies between the results
obtained with (k ¼ 0) or without epistasis (k ¼ 1) were
even smaller than in the D scenario. Thus, in practice,
the efficiency of natural selection to promote new
favorable epistatic combinations was not enhanced by
bottlenecking. Furthermore, selection prevented be-
tween-line differentiation irrespective of the presence
of epistasis. Therefore, the antagonistic epistasis systems
studied did not qualitatively modify the evolutionary
pattern for synergistic epistasis described above, in spite
of the two-peak adaptive surface produced by the
former system.

DISCUSSION

The genetic model: Computer simulations were
carried out to produce a biologically plausible repre-
sentation of the genetic variation for fitness in a
population at the MSD balance (base population) with
or without epistasis. To do that, we used three different
models to describe the deleterious properties of spon-
taneous mutation covering the typical range of empir-
ical estimates (Garcı́a-Dorado et al. 1999, 2004). Thus,
all models accounted for similar inputs of mutational
variance and mutation rates for moderate to severe

deleterious effects, and they also assumed the same
negative exponential relationship between the ex-
pected degree of dominance and the homozygous
deleterious effect, but they differed in the mutation
rates for tiny to mild deleterious effects.

Epistasis embraces a huge variety of types but reports
of significant epistatic effects on metric traits usually
come from crosses between highly divergent lines, these
results being scarcely relevant to the description of the
genetic architecture of outbred populations. For mor-
phological traits, epistasis may be ascribed to interac-
tions between the average effects of quasi-additive loci,
which will mainly contribute to the additive 3 additive
epistatic component of variance. For fitness, however,
epistasis is generally assumed to be pervasive, although
the type and magnitude of the interactions between the
nonadditive genes involved have been poorly explored
(see reviews by Barton and Keightley 2002 and
Carlborg and Haley 2004). Notwithstanding, syner-
gism between the deleterious effects of homozygous
mutations at different loci has often been reported in
D. melanogaster (Mukai 1969; Whitlock and Bourguet

2000; Ávila et al. 2006) and Saccharomyces cerevisiae
(Dickinson 2008). Furthermore, a recent analysis sug-
gests that the average degree of epistasis for fitness
correlates to genomic complexity, interactions tending
to be antagonistic in unicellular eukaryotes and syner-
gistic in higher eukaryotes (Sanjuán and Elena 2006).
Thus, of the countless ways in which epistasis for fitness
could be modeled, we chose a simple one where, for
each pair of loci, the genotypic effect of the double
homozygote for the alleles that decrease fitness was
increased (synergistic epistasis) or diminished (antago-
nistic epistasis), therefore contributing to all possible
epistatic components of variance (additive 3 additive,
additive 3 dominant, and dominant 3 dominant). Of
course, higher-order interactions could also be con-
sidered but they will not be prevalent, as blocks com-
posed of large numbers of epistatic loci are unlikely to

TABLE 5

Comparison between predicted and simulated genetic parameters for the neutral model

t E[M] M E[VA] VA E[VB] VB

k ¼ 1 20 0.815 (0.002) 0.815 (0.002) 0.023 (0.000) 0.024 (0.000) 0.035 (0.002) 0.033 (0.002)
50 0.713 (0.003) 0.713 (0.003) 0.050 (0.001) 0.050 (0.001) 0.260 (0.014) 0.231 (0.012)

100 0.613 (0.004) 0.613 (0.004) 0.051 (0.001) 0.051 (0.001) 0797 (0.041) 0.678 (0.036)
k ¼ 2 20 0.818 (0.002) 0.819 (0.002) 0.023 (0.000) 0.023 (0.000) 0.037 (0.002) 0.033 (0.002)

50 0.718 (0.003) 0.719 (0.003) 0.050 (0.001) 0.050 (0.001) 0.271 (0.017) 0.231 (0.015)
100 0.619 (0.004) 0.622 (0.004) 0.051 (0.001) 0.051 (0.001) 0.830 (0.051) 0.716 (0.042)

k ¼ 4 20 0.816 (0.001) 0.815 (0.001) 0.024 (0.000) 0.024 (0.000) 0.042 (0.003) 0.039 (0.003)
50 0.712 (0.001) 0.713 (0.001) 0.053 (0.001) 0.053 (0.001) 0.320 (0.022) 0.287 (0.020)

100 0.610 (0.002) 0.614 (0.002) 0.058 (0.001) 0.058 (0.001) 1.028 (0.066) 0.833 (0.055)

Comparison is shown of values predicted by the neutral analytical model for the mean E(M), additive variance E(VA), and be-
tween-line variance E(VB) after t consecutive bottlenecks of size N ¼ 50 and those obtained by simulation (M, VA, and VB) in the D
scenario (model I), for different types of gene action (k ¼ 1, no epistasis; k ¼ 2, moderate synergistic epistasis; k ¼ 4, strong syn-
ergistic epistasis). Standard errors are in parentheses.
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segregate at the MSD balance. Even in our case, where
the genome consisted of pairs of epistatic loci, only
about half of the segregating loci at the base population
showed epistasis (Table 2). Notwithstanding, a sub-
stantial proportion of the genome still remains involved
in epistatic interactions, thus providing conservative
results with respect to the impact of epistasis on the
change of the mean and the genetic variance after
consecutive bottlenecks.

The genetic variation of fitness at the base population
described above was subsequently exposed to the joint
action of continued mutation, selection, and drift (MSD
scenario) or to drift alone (D scenario). The pertinent
changes in the mean and the components of the within-
line genetic variance, as well as those in the between-line
variance, were compared among scenarios. In the
neutral case, a close fit was found between the simula-
tion results and those computed by analytical methods
for all types of gene action considered, but natural
selection completely transformed the whole picture.

The base populations: For mutational models I and
II, a close agreement was found between the mean
fitness of the base populations in the absence of
epistasis, relative to that of the original deleterious-free
genotype, and their expectation at the MSD balance
computed from diffusion theory. This implies that
deleterious fixation caused no substantial load after
104 generations, when the base population was evalu-
ated. Furthermore, the observed mean fitness values
were in rough agreement with their deterministic
predictions for an infinite population, implying that,
for N $ 103, the main factor limiting the segregation
load was the deleterious mutation rate, rather than the
form of the distribution of deleterious effects or the type
of gene action. Thus, for those mutational models,
natural selection was the main force shaping the genetic
architecture of fitness in populations of effective size
$103. For model III, however, with a larger rate of
slightly deleterious mutations, the load from deleteri-
ous fixation was appreciable, although small, and the

segregating load was somewhat smaller than its de-
terministic prediction, indicating that the role of ge-
netic drift in determining the genetic architecture of
fitness was a mild one. In addition, the population
mean fitness was virtually unaffected by epistasis. This is
to be expected, due to the scarce influence of epistasis
on the ancestral fitness additive variance, as is discussed
below.

With loose linkage, Fisher’s theorem of natural
selection will hold at the quasi-linkage equilibrium even
in the presence of epistasis, because the fitness change
due to natural selection acting upon the additive 3

additive component of the epistatic variance will be
compensated by that caused by the erosion of linkage

Figure 6.—Variance of the additive variance V(VA) plotted
against the inbreeding coefficient F after t consecutive bottle-
necks of size N ¼ 10, for model I and the different scenarios
(thick lines, D; thin lines, MSD) and types of gene action
(solid lines, no epistasis, k ¼ 1; dashed lines, moderate syner-
gistic epistasis, k ¼ 2; dotted lines, strong synergistic epistasis,
k ¼ 4).

Figure 5.—Between-line variance VB (log-scaled trait) plotted against the inbreeding coefficient F after t consecutive bottle-
necks of size N ¼ 10, for the different models, scenarios (thick lines, D; thin lines, MSD), and types of gene action (solid lines,
no epistasis, k ¼ 1; dashed lines, moderate synergistic epistasis, k ¼ 2; dotted lines, strong synergistic epistasis, k ¼ 4).
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disequilibrium through recombination (Crow and
Kimura 1970, p. 217). Therefore, the rate of fitness
change will be equal to the genic variance for fitness,
which includes the effects of gametic disequilibrium
(Kimura 1965). Strictly, these considerations apply to
large populations where the evolution of gene frequen-
cies is driven by natural selection and the consequences
of new mutation are disregarded. Our results show
that, in populations at the MSD balance, the epistatic
component of the genetic variance for fitness was
negligible, so that the gametic disequilibrium induced
by epistasis between unlinked deleterious mutations is
expected to be irrelevant. In fact, when linkage disequi-
librium was computed as Z (the parameter to which the
quasi-equilibrium predictions refer), the values ob-
tained were more affected by new mutation and drift

than by selection acting on epistatic effects. In addition,
we carried out some simulations where, after running
the base population, all loci were randomized before
bottlenecking to eliminate gametic disequilibrium, but
we found no change in the results.

Epistasis did not appreciably constrain the frequency
distribution or the number of segregating deleterious
alleles. This is due to those frequencies being very low at
the MSD balance, making it very unlikely that pertinent
mutations in each pair of loci will be present in the same
individual and, therefore, their epistatic effect will not
be expressed. As a consequence, the magnitude of the
additive variance was also practically independent of
epistasis. It should be noted that this additive variance is
that corresponding to a panmictic population at linkage
equilibrium, obtained by adding up the theoretical

Figure 7.—Mean fitness (M) plotted against bottleneck number (t). Additive (VA), dominance (VD), and epistatic (VI) com-
ponents of variance, and between-line variance (VB), plotted against the inbreeding coefficient F after t consecutive bottlenecks of
size N (red lines, N¼ 2; green lines, N ¼ 10; blue lines, N¼ 50) for model II and each scenario (black lines, D; colored lines, MSD)
and type of gene action (solid lines, no epistasis, k ¼ 1; dashed lines, strong antagonistic epistasis, k ¼ 0).
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contributions of all pairs of loci computed from
Equations 1 and 5. Nevertheless, since linkage disequi-
librium became irrelevant, this additive variance should
be practically equal both to the genic variance for fitness
and to the rate of fitness increase from natural selection.
In general, the situation was characterized by a small
genetic variance with a relatively important additive
component, a description that might seem inconsistent
with most of the genetic variance being due to the
segregation of deleterious (partially) recessive muta-
tions at low frequencies, which will mostly contribute to
the dominance variance. However, this result is in
qualitative agreement both with the empirical observa-
tions and with the theoretical expectations. The reason
is that, at the MSD balance, the frequency distribution of
alleles with different deleterious effects and dominance
coefficients is spread by drift, so that those loci gener-
ating the smallest VA/VG ratios (those segregating for
rare severely deleterious alleles with important recessive
action) will make a minor contribution to the overall
fitness genetic variance, as discussed by Hill et al.
(2008).

Temporal changes after continued bottlenecking:
Changes in mean fitness: In the D scenario, a dramatic
decay in mean fitness was observed for the three
mutational models, but the effect of epistasis was very
slight unless epistasis was strong (k ¼ 4) and the rate of
tiny to mild deleterious mutation was high (model III).
On the contrary, in the MSD scenario, substantial in-
breeding depression was attained only after extreme
bottlenecks, which also produced an additional decline
in mean from the accumulation of new deleterious
mutations that became important in the long term. On
the whole, the simulation showed that the selective
purge of partially or totally recessive deleterious alleles
due to their increased effect during inbreeding was very
efficient, except in the case of extreme bottlenecks. It
also showed that the synergistic effects of epistatic
deleterious alleles segregating in the base population
would scarcely contribute to depression even in the
absence of selection. In all cases where natural selection
efficiently purged inbreeding depression it also re-
moved any further decline in mean due to synergy.
However, in the case of antagonistic epistasis, selection
was unable to promote the transition to the alternative
adaptive peak corresponding to fixation of the initially
deleterious mutations at the loci involved.

Changes in the components of the within-line genetic
variance: In both scenarios, all components of the
genetic variance increased with F until a maximum
value was reached, subsequently decreasing to zero (D
scenario) or to a final equilibrium value (MSD sce-
nario). Purging selection, however, eliminated a large
fraction of the excess in variance components, and the
remaining part of that excess was attained at lower F
values. Only for extreme bottlenecks (N ¼ 2) drift
dominated over selection so that similar results were

obtained in both scenarios. This is relevant to most
experimental results that refer to lines that passed
through one generation of a bottleneck of two individ-
uals, where a considerable increase in the within-line
additive variance together with a large inbreeding
depression was detected for D. melanogaster or Tribolium
castaneum viability (see reviews by López-Fanjul et al.
2003, Zhang et al. 2004, and Van Buskirk and Willi

2006). In Drosophila, that increase continued after
three bottlenecks (up to F ¼ 0.50) and was followed by
a decrease after six bottlenecks (F ¼ 0.73), also in
agreement with theory (Garcı́a et al. 1994). However,
from the evolutionary point of view, such extreme and
continued bottlenecks are unlikely to be relevant. Our
results illustrate that bottleneck-induced excesses in
additive variance are associated with drastic inbreeding
depression. Therefore, after population expansion,
natural selection acting upon such excesses will remove
just the fraction of the inbreeding depression due to
deleterious alleles still segregating at the population.
Obviously, for traits that are not strongly related to
fitness, no association between increased additive vari-
ance and inbreeding depression is expected. In this
instance, any excess in additive variance after bottle-
necking could be used by natural selection if the trait
becomes adaptive, but it should be noted that such traits
will not usually show the nonadditive (dominance) gene
action required to produce an excess in additive va-
riance with inbreeding.

In the particular case of multiple neutral loci showing
additive 3 additive epistasis at different levels, it has
been analytically shown that an increase in the additive
component of variance after bottlenecks is invariably
associated with a parallel erosion of the epistatic
components of variance as inbreeding progresses, start-
ing from the reduction of that corresponding to the
highest-order interaction and subsequently followed by
the decrease of the lower-order components. This
result, first obtained by Goodnight (1988) for two-
locus systems and later extended to multiple-locus
systems by Barton and Turelli (2004) and López-
Fanjul et al. (2006), suggested a conversion process
where the additive variance inflates over time at the
expense of a loss in nonadditive variance. However, for
neutral nonadditive loci (with or without epistasis), it
has been theoretically shown that an excess in additive
variance after bottlenecks will not be generally com-
pensated by a corresponding decrease in nonaddi-
tive variance (López-Fanjul et al. 2002; Barton and
Turelli 2004), except in specific epistatic situations
such as those involving marginal overdominance
(underdominance) for basic loci segregating at equi-
librium (intermediate) frequencies. In agreement with
this prediction, our results clearly show that the values
of all variance components were inflated after bottle-
necks, both under drift alone and when selection was
acting.
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On the whole, theoretical analyses indicate that
dominance can be generally considered as the primary
cause of an increase in the components of the additive
variance after bottlenecks, this being merely modulated
by epistasis (López-Fanjul et al. 2002; Barton and
Turelli 2004). Only for specific models involving high
levels of multilocus interaction, the role of dominance
was subordinated to that of epistasis (Naciri-Graven

and Goudet 2003) but, as discussed by Turelli and
Barton (2006), these models are biologically implausi-
ble as, contrary to empirical observations, they imply a
large contribution of the epistatic variance to the total
genetic variance. Our simulation results for simple
dominant nonepistatic loci indicate that the changes
in the additive and dominance components of the
genetic variance after bottlenecks, both in the D and
in the MSD scenarios, were practically indistinguish-
able from those obtained with additional moderate
epistasis (synergistic or antagonistic) and significant
departures from this pattern were observed only in the
case of strong epistasis, although they were generally
small. As expected when most genetic variance can be
ascribed to the segregation of rare (partially) recessive
alleles, the values of the additive and dominance com-
ponents of variance after an equal number of bottle-
necks were of the same order, with VA . VD in the D
scenario and VA , VD in the MSD scenario. Further-
more, the value of the epistatic component of variance
was always very small, about one order of magnitude
below those of the additive or the dominant compo-
nents in the case of strong epistasis and much lower for
moderate epistasis.

The effect of the mutational model used was generally
small unless the level of epistasis was strong. However,
higher mutation rates and smaller average deleterious
effects (model III) resulted in larger changes in the
magnitude of the variance components after bottle-
necks. After many bottlenecks, the values attained with
dominance or moderate epistasis were quite similar and
significant departures were detected only in those cases
combining strong epistasis (k¼ 4), extreme bottlenecks
(N ¼ 2), and the highest mutation rate for tiny to mild
deleterious effects (model III).

Spatial changes after continued bottlenecking: At low
levels of inbreeding, it has been shown that the behavior
of the between-line variance due to neutral loci is not
greatly affected by their type of gene action (López-
Fanjul et al. 2002; Barton and Turelli 2004). For high
levels of inbreeding, however, the between-line variance
contributed by rare recessives will greatly exceed the
additive expectation and this excess will be larger in the
presence of epistasis. These theoretical predictions have
also been substantiated by our simulations where, in the
D scenario, between-line differentiation in mean fitness
showed an accelerated increase with F that can be
intensified (diminished) with the strength of synergistic
(antagonistic) epistasis. In the MSD scenario, however,

the between-line variance practically vanished for all
types of gene action considered.

After bottlenecks, most of the spatial variation of the
genetic variance generated by neutral additive loci
among replicated lines [V(VA)] is expected to be due
to the buildup of transient linkage disequilibrium
between pairs of loci caused by sampling (Avery and
Hill 1977). However, for neutral nonadditive loci, our
simulation estimates of the variance components, which
do not include the effect of gametic disequilibrium as
they were computed from allele frequencies, showed
that V(VA) increased up to a maximum value that was
attained at F � 0.6–0.7 and subsequently declined to
zero, as VA dissipated in all replicates as fixation pro-
gressed. With strong epistasis, the magnitude of this
temporal increment in V(VA) induced by drift was much
higher than that observed with dominance only. With
selection, however, the values of V(VA) were practically
indistinguishable from zero unless strong epistasis was
considered. Thus, in both scenarios, drift-induced
changes in VA and V(VA) showed similar patterns.

The effect of epistasis on diversification in an adap-
tive surface was also considered. This was achieved by
studying a model with antagonistic epistasis that deter-
mines two adaptive peaks of equal height, correspond-
ing to the double homozygotes for the wild or the
mutant allele at both loci, respectively. In this case, the
increases in additive variance and between-line variance
after bottlenecks were very small, unless extreme bot-
tlenecking drastically reduced the effectiveness of se-
lection. Therefore, natural selection was unable to push
the population to the new peak. Of course, a peak shift
might occur if the population happens to drift toward
the new peak during extreme bottlenecking, followed
by an expansion allowing for efficient selection, but the
probability of this case should be small. The situation
may be different if combinations of new antagonistic
mutations produce a new adaptive peak higher than
the original one, as selection will be stronger in the
neighborhood of this peak. Although this pattern of
gene action is probably very uncommon, it could be
worthwhile to explore its consequences under brief
bottlenecks followed by expansion and to assay how
likely is natural selection to promote genetic diversifi-
cation by driving populations to different adaptive
peaks. Genetic diversification from spatially varying
selective pressures, implying genotype 3 environment
interactions for fitness, could also be affected by
epistasis, but this exceeds the scope of our work that is
concerned only with uniform and constant natural
selection.

Summarizing, drift, acting as the only evolutionary
agent, can induce excesses both in the additive variance
of a trait and in its between-line differentiation in mean
and additive variance, particularly when strong epistasis
is present. For fitness, however, the deleterious proper-
ties of spontaneous mutations primarily imply purifying
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selection. Our results show that the balance between
drift and purifying selection is such that the actual
increase in additive variance was very limited and the
between-line differentiation was efficiently halted.
Thus, nonadditive gene action, including epistasis, does
not usually increase evolutionary rates, even for systems
generating two-peak adaptive surfaces.
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A.P.-F. is currently funded by an Ángeles Alvariño research fellowship
from Xunta de Galicia. This work was supported by grants CPE03-004-
C2 (Plan Estratégico del Instituto Nacional de Investigación y
Tecnologı́a Agraria y Alimentaria, Spain), CGL2006-13445-C02/
BOS, and CGL2008-02343/BOS (Ministerio de Educación y Ciencia,
Spain, and Fondos Feder) and by Xunta de Galicia.

LITERATURE CITED

Avery, P. J., and W. G. Hill, 1977 Variability in genetic parameters
among small populations. Genet. Res. 29: 193–213.

Ávila, V., D. Chavarrı́as, E. Sánchez, A. Manrique, C. López-Fanjul
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