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Summary

The effect of population bottlenecks on the additive variance generated by two neutral independent
epistatic loci has been studied theoretically. Three kinds of epistasis were considered: (1)

additive x additive, (2) multiple dominant genotype favoured, and (3) Dobzhansky—Muller type.
The additive variance in an infinitely large panmictic population (ancestral variance) was compared
with its expected value at equilibrium, after ¢ consecutive bottlenecks of equal size N (derived
variance). Formulae were derived in terms of allele frequencies and effects at each locus and the
corresponding epistatic effects. An increase in the additive variance after bottlenecks will occur
only if its ancestral value is minimal or very small. This has been detected only for: (1)
intermediate ancestral allele frequencies at both loci; (2) extreme ancestral allele frequencies at one
or both loci. The magnitude of the excess was inversely related to N and ¢. With dominance gene
action, enhanced additive variance after bottlenecks implies a rise in the genotypic frequency of
homozygous deleterious recessives, resulting in inbreeding depression. Considering multiple loci,
simultaneous segregation of unfavourable alleles at intermediate frequencies, or of favourable
recessives at low frequencies, cannot easily be conceived of unless there is strong
genotype—environment interaction. With this possible exception, it is unlikely that the rate of
evolution may be accelerated after population bottlenecks, in spite of occasional increments of the

derived additive variance over its ancestral value.

1. Introduction

Theoretically, it has been shown that the additive
genetic variance generated by loci showing dominance
and/or epistasis can increase over its previous level
following population bottlenecks, as a fraction of the
ancestral non-additive variance can be ‘converted’ to
derived additive variance (Robertson, 1952; Good-
night, 1987, 1988; Cockerham & Tachida, 1988;
Tachida & Cockerham, 1989; Willis & Orr, 1993;
Whitlock et al., 1993; Cheverud & Routman, 1996).

This phenomenon has often been invoked in the
discussion of the consequences of very influential
evolutionary models, and has been considered an
additional benefit of genetic drift facilitating, rather
than hindering, evolutionary innovation. Thus, in
Wright’s (1931) ‘shifting-balance’ theory of evolution,
a transient increase in the additive variance in small
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demes may enhance the chance of a peak shift, by
flattening the adaptive surface. In models of founder-
effect speciation (Mayr, 1963; Carson, 1968;
Templeton, 1980), an increase in the additive variance
after population bottlenecks may result in a larger
rate of genetic change leading to reproductive isolation
and speciation. Nevertheless, the evolutionary sig-
nificance of the phenomenon has generally been taken
for granted rather than critically analysed (but see
Coyne et al., 1997).

Experimentally, enhanced additive variance after
bottlenecks has been observed for fitness-components
traits in Drosophila melanogaster (Lopez-Fanjul &
Villaverde, 1989; Garcia et al., 1994) and Tribolium
castaneum (Fernandez et al., 1995; Ruano et al., 1996;
Wade et al., 1996), and was invariably accompanied
by strong inbreeding depression, indicating directional
dominance. Thus, these results were explained pri-
marily by dominance, irrespective of possible epistasis
of the loci involved, as the experimental design did not
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allow a separate study of epistatic effects. It is not
clear, however, whether inbreeding depression can be
counteracted by increased additive variance and,
therefore, the impact of the latter on the outcome of
natural selection is uncertain.

In this paper, we have theoretically investigated the
effect of successive population bottlenecks on the
mean and the additive variance generated by two-loci
systems. Among the three epistatic models considered,
two are immediate extensions of classical models,
where epistasis has been imposed on systems showing
either additive or dominance action at the single locus
level (additive x additive epistasis or multiple domi-
nant genotype favoured, respectively). In the present
context, the multiple dominant epistatic model has
not been previously studied. It is, however, an
important case, as dominance at the single locus level
has commonly been found and, for a broad range of
dominance coefficients, this type of gene action has
been shown to be a sufficient condition for increases in
additive variance following bottlenecks (Robertson,
1952; Willis & Orr, 1993). The third model is the
epistatic situation, originally proposed by Dobzhansky
(1937) and Muller (1942), which has recently been
considered in models of founder-effect speciation
(Gavrilets & Hastings, 1996). Our approach follows
that of Robertson (1952), where the expected values
of the derived mean and additive variance, after
consecutive bottlenecks of size N, are obtained from
the expressions giving the corresponding ancestral
values in an infinite population at equilibrium and the
moments of the allele frequency distribution in
populations of size N with binomial sampling. For
additive x additive epistasis, this procedure allows a
formulation of the dynamics of the process in terms of
the ancestral additive and non-additive components
of the genetic variance, identical to that resulting from
measurements of co-ancestry and drift (Tachida &
Cockerham, 1989, and references therein). For all
models, explicit equations in terms of specific epistatic
effects and allele frequencies were obtained, thus
providing further insight into the necessary conditions
for the conversion of non-additive to additive variance
that have not been examined directly in previous
studies.

2. The model

We consider the variation due to segregation at two
neutral independent loci (A and B) at Hardy—
Weinberg equilibrium. At each locus there are two
alleles, with frequencies p, (¢, = 1—p,) and p, (¢, =
1—p,) at locus A and B, respectively.

The additive variance in an infinitely large panmictic
population (ancestral variance V) is compared to its
expected value at equilibrium, after ¢ consecutive
bottlenecks of N randomly sampled parents each
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Table 1. Genotypic values for different two-loci
epistatic systems

AA, AA, ALA,
(a) Additive x additive epistasis (k,s > 0)
B,B, 1+k 1—s/4 1—s/2—k
BB, 1—s/4 1—s/2 1—3s/4
B,B, 1—s/2—k 1—3s/4 1—s+k
(b) Multiple dominant genotype favoured (k,s > 0)
BB, 1 1 1—s
BB, 1 1 1—s
B,B, 1—s 1—s 1—ks

(¢) Dobzhansky—Muller epistasis (h,k,m,n,s > 0; h,m < k,
n<1)

B,B, 1 1—hs 1—ns
B,B, 1—ms 1—s 1—hs
B,B, 1—ks 1—ms 1

(derived variance V). For any set of genotypes
considered (Table 1), the average effect of gene
substitution at each locus (o and g, respectively) can
be obtained from the corresponding marginal geno-
typic values (Crow & Kimura, 1970, p. 125), and V is
given by

Vi=20p,q,+2/°ps 45

We can also compute the rate of divergence between
lines V(M,), all of them independently started from
the ancestral population and subsequently maintained
with equal effective size N in each of ¢ consecutive
generations. For each genetic model in Table 1, that
can be accomplished by taking variances V(M) in the
corresponding expression giving the ancestral popu-
lation mean M. In parallel, the change in the
population mean is given by AM, = M*— M, where
M is the expected value of M after ¢ bottlenecks.

In general, equations for M, V, and V(M) are
polynomial functions of pf (i=1,2; k=1-4).
Expressions for M*, V¥ and V(M,) can readily be
obtained by substituting p¥ in M, V, and V(M) by the
exact kth moment of the allelic frequency distribution
with binomial sampling, given by Crow & Kimura
(1970, p. 335).

3. Analytical results
(1) Additive x additive epistasis

The genotypic values of Crow & Kimura’s (1970,
p.- 79) two-locus model have been used (Table 1a),
where s/4 is the additive effect and k& measures the
strength of epistasis (k,s > 0). After scaling (k=
hs/4), the average effects of gene substitution at each
locus are

o = k[1+h(1—2¢,)]/h
and
f = k[1+h(1—-2q,)]/h,
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and the ancestral additive variance V, is given by

Vy = 2k3(1+h)* (py 4, + P2 42) —81°py 4, P2 4,
—4h(p,+py) 4,951/ k.

The ancestral additive x additive variance V,, can
be obtained by subtracting the additive variance from
the total genotypic variance, yielding

Via = 4K°p 4, P2 4.

To obtain the derived additive variance V3 after ¢
consecutive bottlenecks of equal size N, we substitute
p, and p, ¢, in V, by their respective expected values p,
and p, g, A}, where A, = 1—1/2N, giving

V3 =2k X5[(1+h)* (py 41+ P2 4)
- 8h2/\sz1 410295
- 411(]71 +p2) 4 Q2]/h2-
After some rearrangement, we obtain

Vi =4 Vi+40(1=2) Vi

in agreement with previous results (Cockerham &
Tachida, 1988; Goodnight, 1988; Whitlock er al.,
1993). Alternatively,

Vi=Vi=1=2) @AV = TV)). (1)

From (1), the condition V¥ > V, can be expressed
as V,, > V,/4A,, as found by Goodnight (1988). As
V, , will generally be much smaller than V,, the former
condition is less likely to hold in those populations
reiteratively subjected to severe bottlenecks. For
instance, for ¢t = 1, the conditionis V,, > 0-33 V(N =
2)or V,, > 026 V,(N=10) but, fort =4,V,, > 078
V.(N=2) or V,,>031V,(N=10). Equation (1)
also shows that, for V3 > V,, V¥ initially increases
with A}, until a maximum is reached for A} =
(V,+4V,,)/8V,,. This indicates a direct relationship
between the effective population size and the number
of generations needed to attain the maximum value of
V¥, Obviously, V¥ will ultimately vanish when fixation
is reached.

Alternatively, V¥ > V, can be written as

4hq, q,[py +py+2(1+AY) hp,y p,] > (1+h)?
(P11 +P295)-

For equal allele frequencies at each locus (p, = p, =
1/2), the above condition reduces to 4% > 1/A, or k >
(1/v/A%) (s/4), showing again the inverse relationship
between the magnitude of the epistatic effect k (relative
to the additive effect s/4) and the number and severity
of the bottlenecks. In this particular case, the condition
implies that the epistatic effect must always be larger
than the additive effect.

After ¢ bottlenecks of size N, the derived
additive x additive variance V¥, is given by

VA*At = 4k2/\§tp1 q1D29> = /\gt VAA~

Therefore, V3, decreases by A% per generation until it
reaches zero. From (1), it follows that any excess of
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V¥ over its ancestral value V, can come only from the
corresponding reduction of V¥, —hence, the ex-
pression of non-additive variance being converted to
additive variance (Goodnight, 1988). The temporal
change of the ratio of the additive variance to the
additive x additive variance is given by

V33 Vi = (A) ViV +41 =)/ A,

From the genotypic values in Table 1 a, the ancestral
population mean M is given by

M =1+k+2k[2hqg, q,— (1 + 1) (g, + g,)]/h. )
Taking variances in this expression, we have
V(M) = 4k*{V(q,) [2hg, — (1 +h)I?

+ V(gy) [2hg, — (1 +W)]*

+4n*V(q,) Vig.)}/h*.

To obtain the between-line variance V(M,) after ¢
successive bottlenecks of equal size N, we substitute
V(g,) in V(M) by its expected value p, ¢,(1 —A%). After
some rearrangement, we obtain

V(M) = 2(1=25) Vi +4(1=1,)* V.,

in agreement with Goodnight (1987). Thus, V(M,)
monotonically increases with time until a final value
2V, +4V,, is attained asymptotically. However, the
number of generations needed to obtain a fixed value
of V(M,) is inversely related to the bottleneck size.

Obviously, the previous equations can also be
expressed in terms of the inbreeding coefficient after ¢
generations (F, = 1—A%) and, therefore, they can also
be applied when bottleneck sizes are not constant
from generation to generation.

The derived mean M* after ¢ bottlenecks is obtained
by taking expectations in (2). It follows that M* = M,
a well-known result indicating that, with additive x
additive epistasis, the population mean does not
change with inbreeding (Crow & Kimura, 1970, p. 80).

With no additive x additive epistasis (« = £ = s/4,
k =0) the system reduces to a two-loci additive
model. In this case, it is well known (Wright, 1951)
that V3 = A, V,, ie. the additive variance always
declines after bottlenecks by a fraction A, per
generation, regardless of allele frequencies. In parallel,
V(M,) =2(1—=AX) V,, showing that the between-line
variance continuously increases after bottlenecks, until
a maximum value 2V, is reached at fixation.

(i1) Multiple dominant genotype favoured

Genotypic values are given in Table 15. The average
effects of gene substitution at each locus are

a = sq,[1+(k—2)43]
and
f = sq,[1+(k—2)q7].

Thus, the dominance effect s becomes a scale factor
and k specifies the kind of epistasis involved (0 < k <
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2, diminishing epistasis; k > 2, reinforcing epistasis).
For k = 2, the system reduces to a two-loci recessive
model with no epistasis. In this situation, Robertson
(1952) showed that the additive variance due to
segregation of rare recessives will increase after
consecutive bottlenecks, reaching a maximum when
AL is close to 0-5.
The ancestral additive variance is given by

Vi=25(p,qi+P:42) +2(k—=2) (P, 41 43+ 43 P2 45
+ (k=2 (P41 42+ 41 P2 G-
To obtain the derived additive variance V3 after ¢
bottlenecks of size N, we substitute ¢7, p, ¢? and ¢; by

their respective expected values (Crow & Kimura,
1970):

qz‘(l _pi/\;)’
(3N-2) 1
t t _ -
pzqz{/\Z(lON_6)+/\3 qi 2

t 2N—-1)
- [P;: %_(10]\[—6)]}
and

(18N—11) 1
—D.q, AR o)) | [/ Jp——
qz p1 %{[Az (10N 6) /\3 qz 2

: 2N-1)
_/\4 |:pz‘ qi_amv_@]}a

where A, =1—1/2N, A, =A,(1—-2/2N) and A, =
A4;(1—3/2N) are the roots of the transition matrix for
the allele frequency moments.

As indicated, expressions for V3 can easily be
obtained but the inequality V} > V, becomes ana-
lytically intractable, even in the simple case of a single
bottleneck and equal frequencies at both loci. Of
course, numerical solutions for any combination of
allele frequencies can be computed from the formulae.

In parallel, the dominance V,,, additive x additive
V.., additive xdominance V,, and dominance x
dominance V;,,, ancestral components of variance are
given by
Vo = 4di pi 41+ d3 p3 43) = «*pi+ /7Dy,
where d, = —s[1+(k—2)¢3]/2 = —a/2q,
— —sl1+(k=2)¢31/2 = /24, and
Via = 4s%(k—2)’p, 43 P2 45
Vip = 258°(k—2)* 1 4 2 42(41 P> +P1 45)
and
Voo = 8% (k=2)* pi 4i P34
Thus, expressions for V¥, Vi, Vi, and V), can also
be derived by substituting p* by its expected value, but
they can only be managed numerically.

From the genotypic values in Table 1 b, the ancestral
population mean is given by

M =1—s(q;+q3) —s(k—2) 43 ¢5. (3)

and d,
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Taking variances in this expression, we have

V(M) = s*{V(g)) [1+(k—2) E(g3)P
+ V(g3 [1+ (k—2) E(¢7))*
+(k—2)* Vg1 V(g2)}

The between-line variance V(M,) after ¢ consecutive
bottlenecks can be obtained by substituting V(¢?) in
V(M) by its expected value E(q})—[E(¢?)])?, both
frequency moments given by Crow & Kimura (1970)
(see above).

The equation for V(M) shows that V(M,) in the
absence of epistasis (k = 2) is always smaller than with
reinforcing epistasis (k > 2). For diminishing epistasis
(0 < k < 2), this condition holds only for small values
of ¢, and g¢,.

Taking expectations in (3), we obtain the change in
mean after ¢ bottlenecks:

AM, = —s(1 =) [p1 ¢+ P29, +(k—2) 4, 4x(1 — 4, q5)
—(k=2)p1 4,4, A3,
where the coefficient of the quadratic term A3’ is equal

to the dominance x dominance standard deviation, as
indicated by Crow & Kimura (1970, p. 80).

(iii) Dobzhansky—Muller epistasis

This genetic model (Table 1¢) is defined for 4, k, m, n,
s> 0, where 1, m <k, n < 1. Thus, it generates an
adaptive landscape with ridges connecting two peaks
separated by a valley (Gavrilets, 1997).

The average effects of gene substitution at each
locus are

o= s[2(py—4) P29 — (P —q5) (M, 4, + hq, p,)
_(hPQ_MQ2) (p1p2 +4; qz)
—kpy 45+ nq, p3]

and

B = s12p, ¢:(p,—45) — (py — 1) (mpy 45+ hq, p,)
—(hg,—mp,) (P, P>+ 4.1 9,)
+kpi g, —nq’ p].
For equal allele frequencies at each locus (p, = p, =
1/2),
o=—pF=s2h—m)+n—k)]/8

and, when the two ridges are identical (h = m,n = k),
the gene action becomes underdominant for both loci.
Therefore, in this particular case, the ancestral genetic
variance is totally non-additive.

Expressions for V, and V3 can be obtained as
indicated, allowing computation of numerical solu-
tions for any combination of allele frequencies.
However, they are analytically unmanageable.

From the genotypic values in Table 1 ¢, the ancestral
population mean is given by
M =1—512(p, p>+4:9,) (hq, p,+mp, q,)

2

+nqips+kpt q;+4p, 4,05 4], “)
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and the between-line variance V(M,) after ¢ bottlenecks
can be obtained as indicated in the preceding sections.

Taking expectations in (4), the change in mean AM,
after ¢ bottlenecks is given by

AM, = —s(1 =AY [(k—2m) p, g, +(n—2h) p, q,
—(2m—2h—k+n)p, p,(p,—p,)
+(1+X) @m+dh—k—n+4)p, 4, p, 4,)-

4. Numerical evaluation

For all possible combinations of allele frequencies at
both loci, surfaces are represented giving the cor-
responding values of the following parameters: (1)

Weak epistasis
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ancestral mean M, (2) change of the mean after one
bottleneck AM, (N = 2), (3) ancestral additive vari-
ance V,, (4) ratio of derived to ancestral additive
variances V3 /V, after one bottleneck (N = 2), (5)
between-line variance V(M,) after one or ten bottle-
necks (N = 2).

(1) Additive x additive epistasis

Only two representative cases are shown (Fig. 1), with
weak (s = 0-1, k = 0-025, h = 1) or strong epistasis (s
=01, k =1, h = 40). An extreme case of the latter (s
= 0) has been considered by Cheverud & Routman
(1996).

Strong epistasis

77 T
03 - .
.og/{'d// \\\ N 08

0-9 06
f______ 92
0-9 0-4

—_

(=)

0-6

0-4

0-2

300
100

Fig. 1. Ancestral mean (a), ancestral additive variance () and ratio of derived to ancestral additive variances after one
bottleneck (¢, N = 2), plotted against two-locus allele frequencies, for weak or strong additive x additive epistasis (see
text for further explanation). Darker zones in (¢) correspond to variance ratios greater than one.
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For low k values, the surface representing the mean
as a function of the allele frequencies (Fig. 1a) has a
single peak at ¢, = ¢, = 0, the mean monotonically
decreasing as the frequencies depart from those values.
When larger values of k are considered, a second peak
appears at ¢, = ¢, = 1 and intermediate frequencies at
both loci determine a saddle.

The ancestral additive variance is plotted against
two-locus allele frequencies in Fig. 15. Differentiating
the expression for V, with respect to ¢, and ¢, and
setting the two equations equal to zero, maxima and
minima of the V, surface are given by

P14:(q, —p) [(1+h)* —8h*p, q,—4hq,] = p, q.(q,—p,)
[(1+7)*—8hp, g, —4hq,].

It follows that four maxima, equal two by two, occur
when one locus is fixed and the other segregates at
equal frequencies. For small & values, those maxima
corresponding to g, =0,¢9,=1/2and ¢, = 1/2, q, =
0 are highest. As k increases, the four maxima become
increasingly similar and the V, surface approaches
symmetry. The minimum V, is obtained for equal
frequencies at both loci (p, = p,, ¢, = ¢,), approaching
p. = ¢, =1/2when k is large (k > 1). The latter is also
the point of maximum V.

After a bottleneck (Fig. 1c¢) the derived additive
variance exceeds its ancestral value (V¥ > V) only for
those combinations of allele frequencies resulting in
the smaller ancestral additive variances. Milder bottle-
necks (N > 2, not shown) gave the same qualitative
results, but the increase in the derived additive
variance relative to the ancestral value was inversely
related to the bottleneck size. With successive bottle-
necks (N = 2), the shape of the surfaces giving V% /V,
remains unchanged but the corresponding values of
this ratio gradually decrease (not shown).

Summarizing, increases of the additive variance
following consecutive bottlenecks can be only ex-
pected if the ancestral additive variance is low and
the ancestral mean is small (weak epistasis) or
intermediate (strong epistasis) corresponding, respect-
ively, to extreme or intermediate frequencies at
both loci.

(1) Multiple dominant genotype favoured

Again, only two representative cases are shown (Fig.
2), for diminishing (s = 0-1, kK = 0-1) or reinforcing (s
=01, k = 3) epistasis.

The surface giving the level of the ancestral mean
for each combination of allele frequencies is shown in
Fig. 2a. For diminishing epistasis, this surface is of the
saddle type, the mean being highest for ¢, = ¢, =0
and ¢, = ¢, = 1, and lowest for ¢, = 1, ¢, = 0 and ¢,
=0, g, = 1. With reinforcing epistasis, the surface has
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a single peak at q; = q, = 0. The changes in mean
value after a single bottleneck are also represented in
surface form in Fig. 25. With reinforcing epistasis, a
reduction in the mean was observed for all com-
binations of allele frequencies. On the other hand, an
unrealistic enhancement of the mean was detected in
the special case of diminishing epistasis and large
frequencies of the recessive alleles at both loci, since
the values of the A A,B,B, and A,A,B,B, genotypes
are smaller than that of the A,A,B,B, homozygote.
After successive bottlenecks (N =2), the shape
of the surfaces giving AM, remained unaltered, but
the magnitude of the changes was larger (not
shown).

The ancestral additive variance is plotted against
two-locus allele frequencies in Fig. 2¢. Maxima and
minima of this V, surface are given by the expression

p143(q,—3p) [1+(k—2) g3] = p»q5(q,—3p,)
[1+(k—-2)q3],

indicating that there are four local maxima, equal two
by two, when one locus is fixed and the other
segregates at a frequency ¢ = 3/4. Those maxima for
q,=0,q,=3/4and q, = 3/4, g, = 0 are highest with
diminishing epistasis and lowest with reinforcing
epistasis. With reinforcing epistasis, there is an
additional maximum at ¢, = g, = 3/4, which exceeds
all local maxima. Minima exist only for diminishing
epistasis at ¢, = ¢, = 3/4. Thus, the V, surface has
three ‘folds’ of low variance, corresponding to zones
of highest and lowest means, ascending to a peak
(reinforcing epistasis) or converging in a valley
(diminishing epistasis). The non-additive ancestral
variance is always maximum at ¢, = ¢, = 3/4, ir-
respective of the value of k.

After a bottleneck (Fig. 2d), the derived variance
exceeds the ancestral one (V¥ > V,) only for those
combinations of allele frequencies resulting in small
values of V, (folds and valley). At those frequencies,
milder bottlenecks (N > 2, not shown) also resulted in
larger additive variances, but the increment was
smaller as the size of the bottleneck increased. The
shape of the surfaces giving the value of V¥ /V, after
successive bottlenecks (N = 2) did not change, but the
variance ratio diminished as the number of bottlenecks
increased (not shown).

In the case of two non-epistatic recessive loci
(Robertson, 1952), the results (not shown) are very
similar to those obtained for multiple dominant
genotype favoured with reinforcing epistasis, but the
increase in the variance after a bottleneck was
smaller. Summarizing, an increase in the additive vari-
ance after bottlenecks can be attained only at the
expense of a rise in the genotypic frequencies of homo-
zygous recessives, thus lowering the population
mean.


https://doi.org/10.1017/S0016672398003619

Epistasis and additive variance after bottlenecks 51

Diminishing epistasis Reinforcing epistasis
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Fig. 2. Ancestral mean (a), change of the mean after one bottleneck (b, N = 2), ancestral additive variance (¢) and ratio
of derived to ancestral additive variances after one bottleneck (d, N = 2), plotted against two-locus allele frequencies, for
multiple dominant genotype favoured reinforcing or diminishing epistasis (see text for further explanation). Darker zones
in (d) correspond to variance ratios greater than one.
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Fig. 3. Ancestral mean (a), change of the mean after one bottleneck (b, N = 2), ancestral additive variance (c) and ratio
of derived to ancestral additive variances after one bottleneck (d, N = 2), plotted against two-locus allele frequencies, for
one-ridge or two-ridges Dobzhansky—Muller epistasis (see text for further explanation). Darker zones in (d) correspond

to variance ratios greater than one.
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Fig. 4. Between-line variance after one (a) or ten (b) bottlenecks (N = 2), plotted against two-locus allele frequencies, for
weak or strong additive x additive epistasis (see text for further explanation).

(ii1) Dobzhansky—Muller epistasis

Two representative examples (Gavrilets, 1997) are
shown (Fig. 3) corresponding to one ridge (s = 0-5, &
=n=1,m= 002, k=004) or two ridges (s = 0-02,
h=m=05, k=n=1) connecting the two peaks of
the ancestral mean surface (Fig. 3 ). After bottlenecks,
the population mean always increases, since the
genotypic value of the double heterozygote is lowest.
Only the surface representing the changes in the mean
after a single bottleneck is shown (Fig. 3b). The
surfaces corresponding to successive bottlenecks (N =
2) had the same shape but the magnitude of the
change increased with bottleneck number (not shown).

The ancestral additive variance (Fig. 3 ¢) shows four
local maxima, equal two by two, when only one locus
segregates. Their values and the corresponding gene
frequencies depend on the type of gene action at the
segregating locus (given by the values of the //n and
m/k ratios). In the one-ridge case considered (h = n, k
= 2m) single gene action is additive in two instances
(p, = 1 or p, = 0) and recessive in the other two (p, =
0 or p, = 1), and the corresponding maxima additive
variances are larger with recessive action (at ¢, = 0, ¢,
= 1/4 and ¢, = 3/4, g, = 1) than with additive action
(atg,=1,¢9,=1/2and ¢, = 1/2, g, = 0). In the two-
ridge case studied (& = m, n = k) the gene action at the
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segregating locus is always additive and the gene
effects are equal in all instances. Therefore, the four
local maxima (at p, =g, =1/2) are also equal. In
parallel, intermediate gene frequencies at both loci
correspond to minimum additive variance (two ridges)
or to a saddle of the additive variance surface (one
ridge).

The derived additive variance after a bottleneck
(Fig. 3d) exceeded the ancestral value only at
intermediate (two ridges) or extreme (one ridge)
frequencies. In those situations, the ancestral additive
variance is very small and the ancestral non-additive
variance i1s maximum. After successive bottlenecks (N
= 2), a similar outcome was obtained but for a much
restricted set of allele frequencies (not shown).

(iv) Between-line variance after bottlenecks

For each type of epistasis considered, the surfaces
giving the ancestral additive variance (Figs. 15, 2c¢,
3¢) and the between-line variance after one bottleneck
(Figs. 4a, Sa, 6 a) have the same shape but, in all cases,
the values of the latter were, approximately, one-half
those of the former. Thus, at low levels of inbreeding,
the between-line variance with epistasis behaves
similarly to that with pure additive gene action as, at
that stage, the contribution of the ancestral non-
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Fig. 5. Between-line variance after one (a) or ten (b) bottlenecks (N = 2), plotted against two-locus allele frequencies, for
multiple dominant genotype favoured reinforcing or diminishing epistasis (see text for further explanation).

additive variance to the between-line variance is
always small.

With weak additive x additive or reinforcing (mul-
tiple dominant favoured) epistasis, the ancestral
additive variance surface has no minimum and the
shape of the between-line variance surface does not
appreciably change after successive bottlenecks. With
additive x additive epistasis, the between-line variance
after 10 bottlenecks (Fig. 4b) was very close to the
additive expectation, since the epistatic variance was
always small relative to the additive variance and,
therefore, its contribution to the between-line variance
[4(1 =A%) V, ] was negligible. With reinforcing epis-
tasis, the dynamics of the process is much slower than
expected with additive gene action and, after 10
bottlenecks, the between-line variance was approxi-
mately equal to the ancestral additive variance (Fig.
5b).

With strong additive x additive, diminishing (mul-
tiple dominant favoured) and Dobzhansky—Muller
(two ridges) epistasis, intermediate frequencies at both
loci determine both minimum additive and maximum
non-additive ancestral variances. Thus, the contri-
bution of non-additive variance to the between-line
variance may be large. After two or three bottlenecks
(N = 2, not shown), the most important change of the
between-line variance surface was the conversion of
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the initial minimum at intermediate frequencies to a
level top. Thereafter, the shape of the between-line
surface did not change much (Figs. 45, 5b, 6b).

5. Discussion

Of the countless ways in which epistasis can be
modelled, we have concentrated on two immediate
extensions of previous work by adding epistasis to
systems showing either additive or complete recessive
action at the single locus level. In these cases, we have
found that an increase in the additive variance after
population bottlenecks will occur only if its ancestral
value is either minimal or very small. In both instances,
the difference between the additive and non-additive
ancestral components of variance is large and,
therefore, the potential for conversion of the second
to the first is also large. The following conclusions
apply to populations subjected to a single bottleneck
of any size, albeit the excess of the derived additive
variance over its ancestral value decreases as the
bottleneck size increases. They also apply to successive
bottlenecks of equal size, but the rate of increase of
the derived additive variance declines with the number
of bottlenecks until a maximum value is reached,
subsequently decreasing to zero.

An excess of the derived additive variance over its
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Fig. 6. Between-line variance after one (a) or ten (b) bottlenecks (N = 2), plotted against two-locus allele frequencies, for
one-ridge or two-ridges Dobzhansky—Muller epistasis (see text for further explanation).

ancestral value has been only detected in two
situations, sharply differing in their corresponding
degree of genic heterozygosity. With strong additive x
additive, diminishing (multiple dominant favoured)
and Dobzhansky—Muller (two ridges) epistasis, that
excess occurs for intermediate frequencies at both
loci, determining: (1) a valley of the ancestral mean
surface, (2) minimum ancestral additive variance, (3)
maximum ancestral non-additive variance. On the
other hand, with weak additive x additive and re-
inforcing (multiple dominant favoured) epistasis, the
ancestral mean surface has a single peak and the
ancestral additive variance surface shows no mini-
mum. In this situation, the derived additive variance
exceeds its ancestral value only when alleles of negative
effects segregate with high frequency at both loci
(additive x additive epistasis) or for recessives segre-
gating with low frequencies at both loci or with low
frequency at one locus and high frequency at the
other. In practice, this latter case is equivalent to that
of a single dominant locus, as the corresponding
epistatic components of variance will be much smaller
than the dominance component.

Strictly, our analysis assumes neutrality, but the
conclusions can be qualitatively extended to fitness.
In this case, it is difficult to conceive of a situation in
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which the frequencies of deleterious alleles are
intermediate (additive x additive epistasis), unless
large genotype—environment interaction implies a
reversal of the sign of the allelic effects, converting
harmful alleles to beneficial ones. Moreover, for
recessive alleles at low frequencies, the enhancement
of additive variance after bottlenecks will always be
penalized by a large inbreeding depression, excepting
the case of favourable recessives. In practice, however,
simultaneous segregation of low-frequency favourable
recessives at a number of loci is improbable excepting,
again, with strong genotype—environment interaction.
On the other hand, the main feature of Dobzhansky—
Muller epistatic models is an adaptive lanscape where
peaks are connected by ridges, making it unnecessary
to cross adaptive valleys. Nevertheless, we have shown
that the derived additive variance will be larger than
its ancestral value only for those gene frequencies
determining the valley but not the ridges. Therefore,
bottlenecks will not make the chance of a peak shift
greater. Summarizing, for the epistatic models studied,
occasional increases in the derived additive variance
can be observed. However, it is unlikely that the rate
of evolution may be accelerated after population
bottlenecks, unless unrealistic parameter values are
assumed.
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For a broad range of dominance coefficients,
population bottlenecks have been shown to increase
the contribution of individual loci to the additive
variance (Robertson, 1952; Willis & Orr, 1993). Thus,
a relevant part of our analysis is that comparing the
behaviour of dominant loci with and without epistasis.
Our results clearly show that, for those systems
implying dominance at the single locus level, ad-
ditional epistasis will not greatly affect the value of the
derived additive variance over single locus expec-
tations, as those combinations of allele frequencies
resulting in derived additive variance larger than its
ancestral value, also result in small epistatic variances.
This is an important point, as deleterious recessive
alleles have commonly been found but experimental
evidence for epistasis remains elusive (see below).
Therefore, dominance can be considered as the
primary cause of an increase in the ancestral additive
variance after bottlenecks.

For additive gene action within and between loci,
the between-line variance after a bottleneck (N = 2) is
equal to V,/2. This prediction holds approximately
both for simple dominance and for the epistatic
models considered. The reason for this is that only
small fractions of the non-additive components of
variance contribute to the between-line variance, those
components being generally smaller than the additive
component. Thus, one can safely make the general-
ization that, at low levels of inbreeding, the behaviour
of the between-line variance of a trait will not be
greatly affected by the type of gene action of the loci
involved. That approximation also holds after several
bottlenecks, excepting the cases of strong additive x
additive, diminishing (multiple dominant favoured)
and Dobzhansky—Muller epistasis, with both loci
initially segregating at intermediate frequencies. Only
in the latter situations does the between-line variance
strongly depart from non-epistatic loci predictions.

The behaviour of the additive variance after
bottlenecks has also been studied by Cheverud &
Routman (1996) for specific two-loci models in which
genotypic values equal the epistasis values (‘physio-
logical epistasis’), concluding that the derived additive
variance will always exceed the ancestral variance
after one or several bottlenecks. Nevertheless, these
models are very restrictive, implying: (1) minimum
ancestral additive variance with intermediate fre-
quencies at both loci, (2) maximum ancestral additive
variance when one locus is fixed, (3) underdominance
(overdominance) at one or both loci considered, with
additive x dominance or dominance X dominance epi-
stasis, respectively. Moreover, Cheverud & Routman
(1996) considered only the special case of an
ancestral population segregating with intermediate
frequencies at both loci, i.e. the case of maximum
potential for conversion of non-additive to additive
variance. These restrictions have a marked influence
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on the dynamics of the additive variance in bottleneck
populations. As we have shown, their conclusion of
the additive variance invariably increasing after
bottlenecks cannot be extended to non-intermediate
ancestral allelic frequencies or to other, simpler
epistatic models (weak additive x additive or rein-
forcing epistasis) with intermediate frequencies.
Some of our models imply an enhancement of the
mean with inbreeding (diminishing epistasis, for high-
frequency recessives; Dobzhansky—Muller epistasis,
for all allele frequencies). Dobzhansky—Muller epi-
static models were originally proposed in the study of
the evolution of reproductive isolation. In this context,
their validity is an open question that can only be
established empirically. Recently, that type of gene
action has been claimed to be a general property of
multidimensional adaptive landscapes (Gravilets &
Gravner, 1997). However, this generality is ques-
tionable, since the model implies an enhancement of
the population mean with inbreeding. After a single
bottleneck (N = 2), this is also the case for Cheverud
& Routman (1996) models (additive x dominance
epistasis, for ¢, > 1/2; dominance x dominance epis-
tasis, for extreme frequencies at any one locus). That
undesirable property makes those models unrealistic,
since it contradicts the general observation of fitness-
related traits being subjected to inbreeding depression.
The case of additive x additive epistasis has been
studied by Goodnight (1987, 1988) in terms of co-
ancestry measures and ancestral components of the
genetic variance. For independent loci, we have
obtained the same results. In our model, alternative
formulae were found in terms of genotypic effects and
allelic frequencies, thus providing further insight into
the problem. Starting from an ancestral population at
linkage equilibrium, Goodnight was able to show that
recombination does not affect the contribution of the
ancestral additive variance to either the derived
additive variance or the between-line variance. How-
ever, large recombination rates increase the con-
tribution of the ancestral epistatic variance to the
derived additive variance, but decrease it to the
between-line variance. After a single bottleneck (N =
2), those effects are small and, therefore, it is unlikely
that linkage can qualitatively affect our results. In a
similar analysis, Tachida & Cokerham (1989) also
reached the same conclusion. Nevertheless, the effect
of linkage disequilibrium on the additive variance
after multiple bottlenecks has not been analysed. The
case of rare non-epistatic recessives has been con-
sidered by Wang et al. (1998 a). They have shown that
linkage disequilibrium can lead only to a small
transient increase in the derived additive variance,
above that expected from drift alone. Deviation from
Hardy—Weinberg proportions, however, can result in
a substantial increment in the derived additive
variance, but this effect vanishes completely once the
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population is expanded. In parallel, the between-line
variance due to non-epistatic recessives is not affected
by linkage disequilibrium generated by sampling if
there is no disequilibrium in the base population
(Avery & Hill, 1979).

So far, this discussion has been limited to investi-
gating the consequences of population bottlenecks on
the mean and additive variance generated by two-loci
epistatic systems. An extension of these results to the
whole set of loci determining the additive variance of
a quantitative trait will, in principle, require a complete
specification of genotypic effects and allelic fre-
quencies, as the contribution of loci with the same
type of gene action to the difference between the
ancestral and the derived additive variances can even
be of different sign, depending on their respective
allele frequencies. Generalization into multilocus
systems can only be made if individual loci show the
same type of gene action and segregate with similar
frequencies. Only in this situation do our theoretical
results provide a framework within which some
experimental data can be interpreted. The following
discussion will be restricted to Drosophila melano-
gaster, where detailed genetic information on pertinent
traits is available.

At one extreme of the spectrum, we have traits such
as abdominal or sternopleural bristle number. In
natural populations, much of the genetic variance of
these characters has been shown to be contributed by
a small number of loci segregating at intermediate
frequencies, with quasi-neutral effects on fitness and
considerable, nearly additive effects on bristle number
(Robertson, 1967; Gallego & Lopez-Fanjul, 1983).
Recent data on spontaneous mutations have con-
firmed that those with an effect on bristles smaller
than one-half phenotypic standard deviation of the
trait are predominantly additive and quasi-neutral
(Santiago et al., 1992; Lopez & Lopez-Fanjul, 1993).
Furthermore, if deleterious mutations affecting those
traits occur at low rate, as suggested by recent
analyses (Garcia-Dorado, 1997; Garcia-Dorado et
al., 1998), quasi-neutral additive alleles can be found
segregating at intermediate frequencies in natural
populations, contributing a large fraction of the total
variance. Evidence for epistasis is ambiguous. No
epistatic effects between pairs of mutations affecting
abdominal bristle number were found by Caballero et
al. (1991) and Merchante et al. (1995). Epistatic effects
were found in a single third chromosome extracted
from a line previously selected for sternopleural bristle
number (Shrimpton & Robertson, 1988). However,
those effects were small relative to the additive variance
of the base population. The discrepancy may be taken
as an indication of epistatic effects not being large.
For abdominal bristle number, the effect of three
consecutive bottlenecks (N = 2) has been studied in a
highly replicated experiment (Lopez-Fanjul et al.,
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1989). With additive x additive epistasis, an increase
in the additive variance following bottlenecks can be
expected only if V, , > V, /4AL,1.e. V,, > 0:59V, in our
case (A, = 3/4, t = 3). This inequality is unlikely to
hold as it implies strong epistatic effects. In agreement
with previous information on the genetic architecture
of the trait, no inbreeding depression was detected
and the between-line and within-line additive variance
(estimated from the response to divergent artificial
selection) very closely approached the expectations
under the pure additive model.

At the other end of the spectrum we consider
viability, accounting for about one-third of total
fitness effects (Sved, 1971). Recent information indi-
cates that most mutations affecting viability show a
large homozygous disadvantage (Garcia-Dorado,
1997; Garcia-Dorado et al., 1998). Therefore, in
natural populations, much of the genetic variance of
the trait should be due to partially (or totally) recessive
deleterious alleles segregating at low frequencies.
However, the additive variance has been shown to be
much larger than the dominance component (Mukali,
1985). This conforms with an average dominance
coefficient of newly arisen mutations (excluding
lethals) of about 0-36 (Mukai, 1969). Again, evidence
of epistasis for viability is inconclusive. Comparing
individuals homozygous and heterozygous for entire
second and third chromosomes extracted from re-
cently collected populations, Temin et al. (1969)
found no interactions, Kosuda (1971) detected a small
but significant interaction, and a larger but just
significant interaction was reported by Seager &
Ayala (1982). Synergistic effects of viability mutations
have been described but were not large (Mukai, 1969;
Simmons & Crow, 1977). Furthermore, synergism
may be an artifact caused by instability of transposable
element copy number leading to a non-linear increase
in the mutation rate (Keightley, 1996). The effects of
one or several bottlenecks (N = 2) have been studied
by Lopez-Fanjul & Villaverde (1989) and Garcia et al.
(1994). The ancestral mean viability was depressed by
about 0-7 % per 1% increase in inbreeding coefficient,
indicating strong directional dominance of some of
the loci involved. The additive variance after a
bottleneck (estimated from the response to upward
artificial selection) significantly increased above the
ancestral value by a factor of about 3-3. However, as
indicated by our analysis, the between-line variance
could not be statistically discerned from the ex-
pectation under pure additive gene action. In natural
populations of Tribolium similar results were obtained
(Fernandez et al., 1995; Wade et al., 1996). The
response to artificial selection to increase viability in
lines previously subjected or not to a single bottleneck
(N = 2) has been studied by Garcia et al. (1994). Equal
short-term response and selection limits were obtained
in both cases, indicating that the excess of additive
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variance following the bottleneck only compensated
the strong inbreeding depression incurred. Using
mutational information, Wang et al. (1998b) have
been able to show that the inbreeding depression and
the increase in additive variance of viability following
a bottleneck can be mainly ascribed to lethals and
partially recessive mutations of large deleterious effect.

In conclusion, an increase in additive variance after
population bottlenecks could only facilitate the
transition towards a higher peak of the adaptive
surface in very specific situations, particularly those
involving a strong genotype—environment interaction.
For Drosophila viability, such interaction has been
detected both in natural populations and for spon-
taneous mutations (Ferndndez & Lopez-Fanjul, 1997
and references therein). The evolutionary relevance of
this phenomenon, however, has not been explored in
the present context.
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