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Selection on a Modifier of Recombination
Rate Due to Linked Deleterious Mutations

S. Palsson

Several models have been suggested to explain the origin and maintenance of
recombination. Here | present the results from computer simulations of multilocus
haploid and diploid genotypes in small populations. Each chromosome consisted
of 1001 loci where deleterious mutations occurred. At “equilibrium” for mutation-
selection-genetic drift balance a single recombination variant was introduced to
the population in the middle of a chromosome. On average 75,000 replicates for
each combination of parameters were followed to fixation or loss of the modifier
allele. The results show that, in a small population, increased recombination can
be selected, even in the absence of epistasis or beneficial mutations. The effect of
the mutation rate for deleterious mutations depends on the ploidy level and the
recessiveness of deleterious mutations. A higher deleterious mutation rate is re-
quired for an increase in recombination rate to be favored in haploid populations.
Increased recombination could not evolve in the case of strong associative over-

dominance.

Different models have been proposed to
explain the origin and maintenance of re-
combination. Several models, relying on
large population size, have shown that
modifiers that increase recombination are
not favored except under some patterns of
epistasis or environmental change (Feld-
man et al. 1997; Kondrashov 1993). How-
ever, by considering the stochastic behav-
ior of new mutations and the Hill-
Robertson effect (Hill and Robertson
1966) among selected loci with beneficial
mutations and no epistatic effects, Otto
and Barton (1997) found that a neutral
modifier allele that increased recombina-
tion increased in frequency, on average,
because linked beneficial mutations had a
higher chance of fixation. The Hill-Robert-
son effect refers to a buildup of negative
linkage disequilibrium, so that deleterious
or positive mutations are in repulsion and
the efficacy of selection of a site linked to
other sites undergoing selection is weak-
ened. The advantage or disadvantage of
recombination follows the sign of the dis-
equilibrium, negative linkage disequilibri-
um rendering an advantage to mixis, pos-
itive linkage disequilibrium to linkage.
Recent studies by Gessler and Xu (1999)
and Hey (1998) on haploid organisms have
confirmed these predictions.

Selection in small diploid populations is
not simply directional against chromo-

somes carrying harmful mutations (Péals-
son and Pamilo 1999; Pamilo and Palsson
1998). Chromosomes that are most diver-
gent from each other carry different harm-
ful mutations, and selection depends not
only on the number of such mutations but
also on how often they are expressed as
homozygotes. This can result in frequen-
cy-dependent selection favoring rare vari-
ants at the level of chromosomes, with al-
leles at linked loci for deleterious alleles
being in repulsion equilibrium, and in bal-
ancing selection when recombination is
restricted. Such selection will promote
neutral variation at linked loci by associa-
tive overdominance (Frydenberg 1963),
opposite to the effect of background selec-
tion (Charlesworth et al. 1993), when link-
age is tight and the product of population
size (N), dominance (h), and selection (s)
coefficients, Nhs, is small, that is, close to
or lower than one (Palsson and Pamilo
1999).

Heterozygote advantage, whether main-
tained by associative or functional over-
dominance, results in a segregational load
(Crow 1970), which can be considerable if
there are many deleterious mutations at
linked loci (Franklin and Lewontin 1970;
Pélsson 2001). As crossing over breaks
down such chromosomal blocks and pre-
vents the accumulation of harmful muta-
tions, one might expect that a modifier fa-
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Figure 1. The simulated chromosome in the diploid
model. Each chromosome consisted of 1001 loci with
+ and — alleles, denoting their effects on fitness (w).
The fitness values of three possible genotypes at each
loci were +/+ =1, +/— =1—hs,and —/— =1 —s.
The fitness of the whole genotype was determined us-
ing a multiplicative model (see text). At the center of
the chromosome was a locus determining the recom-
bination rate: M/M = r, M/m = r', m/m = r'.

voring increasing recombination would be
favored even further in diploid popula-
tions than in haploid populations.

Here [ look particularly at the situations
when the product of Nhs is close to one
and explore whether the evolution of re-
combination rate, determined by a neutral
modifier, depends on conditions resulting
in associative overdominance (tight link-
age) or in background selection at a neu-
tral loci (Palsson and Pamilo 1999), and in
comparison, whether the evolution of re-
combination rate differs in diploid and
haploid genotypes. The study is based on
computer simulations of populations of in-
dividual chromosomes where the fate of a
mutation modifying the recombination
rate is studied; on average, 75,000 repli-
cates for each combination of parameters
were simulated.

Model

[ simulated diploid genotypes consisting
of a single pair of chromosomes carrying
1001 loci spread uniformly along the chro-
mosome (as in Palsson and Pamilo 1999)
(see Figure 1). The number of new dele-
terious mutations per gamete in each gen-
eration was selected randomly from a
Poisson distribution (with a mean of U),
the sites at which deleterious mutations
occurred being sampled from a uniform
distribution. Mutation rates used in the
simulations varied (2*U = 1.0, 0.1, 0.05,
0.01 per diploid genome per generation,
and U = 0.5, 0.05 per haploid genome per
generation). These values are equal to or
lower than mutation rates used by Hey
(1998) and Palsson and Pamilo (1999).
Mating was random.

The range of parameters was selected
both to allow comparisons with previous
studies on haploid populations by Hey
(1998) and diploid populations by Palsson
and Pamilo (1999), where the same para-
metric conditions as studied here led ei-
ther to increased heterozygosity at a neutral
marker due to associative overdominance
or to a reduction in heterozygosity due to

Table 1. The ratio of the number of fixations of a modifier allele in diploid genotypes to the expected

number of fixations with no background selection

h U r F=0 P =10 P=104 P =10
05 05 0 0.99 (75) 1.21* (75) 2.84* (88) 4.30* (65)
10-3 0.24* (88) 0.22* (100) 0.33* (75) 0.94 (75)

0.05 0 1.05 (75) 1.08 (75) 1.12* (75) 1.07 (75)

10-3 0.74* (88) 0.69* (75) 1.07 (75) 1.01 (75)

0.1 0.05 0 0.00* (40) 0.00* (35) 0.00* (105) 0.00* (105)
10-5 0.00* (37) 0.00* (52) 0.43* (105) 0.53* (170)

10-4 0.09* (110) 0.30* (105) 1.03 (105) 1.19* (105)

10-3 0.14* (115) 0.22* (110) 0.66* (140) 0.94 (120)

0.025 0 0.15* (40) 0.24* (31) 0.33* (85) 0.19* (85)

105 0.16* (40) 1.07 (71) 1.75% (75) 1.56* (75)

0.005 0 093 (75) 1.07 (75) 1.07 (75) 1.00 (75)

rand r’ are the recombination rates of the unmodified and modified chromosomes, respectively.

N =100,s = 0.1.

The number of replicates (X1000) for a given observation is presented in parentheses.
Denotes significant deviations from the neutral expectation (P < .05).

background selection (Charlesworth et al.
1993). Certain combinations were selected
to explore whether mutation rates could
alter the result. A higher mutation rate
causes an increased mutational load,
which can favor the effect of associative
overdominance. At low mutation rates (U
= 0.025 and 0.005) I present results with
dominance and no recombination to study
whether associative overdominance can
arise. Simulations with no dominance (h =
0.5) allow comparison between haploid
and diploid cases, as under diploidy no
overdominance should be expected and
are studied for U = 0.5 and 0.05.

The fitness of an individual was deter-
mined using a multiplicative model: w,, =
(1 — sy(1 — hs)?, where y and z are the
number of homozygous and heterozygous
loci in its genome, respectively. The coef-
ficient of selection (s) was equal to 0.1,
and the dominance coefficient (h) was set
to 0.1 or 0.5. The population size (V) was
set to 100 or 500.

Haploid genotypes were modeled in the
same way, except that they consisted of a
single chromosome and the individual fit-
ness was calculated as w, = (1 — s). The
population size (V) was set to 200 or 1000
to keep the total number of chromosomes
equivalent to the diploid model.

The model was first run for 2000 gener-
ations, with mutations and selection oc-
curring at the background loci, after which
a single neutral modifier mutation (in the
frequency of 1/2N) was introduced at a lo-
cus in the middle of a chromosome sam-
pled randomly from the population. The
simulation was continued until the muta-
tion was either fixed or lost. The recom-
bination rates between adjacent loci were
r =0, 105 104 or 10-3. For each initial
recombination rate (r) a dominant muta-
tion was introduced which gave the same

peojumoq

recombination rate or modified it to r' =
0, 10-5, 104, 10-3. On average, 75,000 rep-g
licates were done for each parametric=
combination (replicates of each run are3
given in Table 1). Additional runs were=
done with tight initial linkage (r = 0) and?ni
with h = s = 0.1 by introducing the mod-&
ifier mutation after 500 generations (as the:c.;
strength of associative overdominance3
may increase during the initial period)3
and then increasing the population size to
2000 individuals to test whether the ef-8
fects of associative overdominance were=
still detectable in larger populations.

To follow the effects of linked selected <
loci on variation at the modifier locus I cal-=
culated the cumulative heterozygosity
caused by a new neutral mutation as H, = ©
23x,(1 — x,), where x, is the frequency of 5
the modifier allele in generation i before S
its fixation or loss. The expectation of cu—§
mulative heterozygosity is proportional to {3
the expected nucleotide diversity and is;h
equal to 2 under a strict neutral modelg
without background selection (Charles—§
worth et al. 1993; Kimura 1969, 1971). H.o
values greater than this expectation dem-_.
onstrate the presence of associative over-(;
dominance. The heterozygosity (H.) to-=.
gether with the probability of fixation P,
and number of generations to fixation (F,)®
or loss (L,) adds information on whether
the modifier allele can invade the popula-
tion and how well it persists. If the modi-
fier allele sweeps through the population
the number of fixations can be high and
the heterozygosity low. If its selected
against, both the number of fixations and
heterozygosity will be low, and if it expe-
riences frequency-dependent selection
due to associative overdominance it can
show high heterozygosity without being
fixed.

To relate the fate of the modifier allele

e/palal
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Table 2. The heterozygosities at the modifier locus

h U r F=0 P =10 r =10 F =10
05 05 0 04 (0.01) 043 (0.01) 0.70 (0.01) 1.60 (0.04)
10-3 0.23 (0.00) 0.22 (0.00) 0.28 (0.01) 0.79 (0.02)
0.05 0 0.89 (0.02) 0.98 (0.02) 1.30 (0.04) 1.89 (0.06)
10-2 0.92 (0.02) 0.93 (0.02) 1.36 (0.04) 1.79 (0.05)
0.1 0.05 0 14.00¢ (0.61) 8.85¢ (0.49) 0.23¢ (0.02) 0.04 (0.00)
10-5 24.97¢ (0.96) 16.67« (0.65) 1.00¢ (0.06) 0.89 (0.03)
10-4 1.78 (0.08) 1.68< (0.09) 1.65 (0.04) 1.99 (0.05)
10-3 0.95 (0.03) 1.05 (0.03) 1.33 (0.03) 1.75 (0.04)
0.025 0 16.06¢ (1.45) 10.73¢ (0.79) 0.62 (0.03) 0.31 (0.02)
10-5 16.59¢ (0.97) 6.39¢ (0.45) 2.03 (0.05) 2.10 (0.06)
0.005 0 1.65 (0.06) 1.81 (0.05) 2.03 (0.06) 1.94 (0.06)

r and r’ are the recombination rates of the unmodified and modified chromosomes, respectively. The results are

based on the same simulations as presented in Table 1.
Standard errors are in parentheses.
« Estimated values are underestimates, see text.

with its genetic background at the same
chromosome I noted the sign of the link-
age disequilibrium (p; — p,p) and calcu-
lated the test statistic Z,; developed by
Kelly (1997). Z, averages the values of
linkage disequilibrium (d;), the squared
correlation of allelic identity between loci
i and j (see Hartl and Clark 1989) across
all polymorphic sites in a region. [ selected
10 polymorphic sites distributed uniform-
ly along the chromosome.

A source code for the simulation pro-
gram was written in C. Pseudo-random
numbers were generated using proce-
dures from Press et al. (1988).

Results

The proportion of modifier mutations that
were fixed without background selection
(s = 0) agrees well with the expectation of
the neutral model (P, = 1/2N). When N =
100, 256 fixations occurred in 50,000 rep-
licates (0.0051), which is not significantly
different from the expectation (1/2N =
0.005). The observed heterozygosity of
the introduced alleles (H, = 2.049) and the
number of generation times to fixation or
loss (F, = 421.7 and L, = 10.1, respective-
ly) are also close to the neutral expecta-
tions of heterozygosity (H, = 2.0), and to
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Figure 2. The effects of background selection at a neutral modifier locus. The upper row presents results of the
simulations with N = 100 (also presented in Table 1) and the lower row with N = 500 based on 25,000 replicates
for each simulation. h = s = 0.1. x axis: the recombination rate (r') caused by an introduced mutation. y axis:

(a,d) ratio H,

o/n

of the observed cumulative heterozygosity to the expected neutral heterozygosity; (b,e) ratio P,,,
of the observed number of fixations to the expected neutral number of fixations; (c,f) ratio L

of the observed

o/n

number of generations to loss to the neutral expectation of the number of generations to loss. The symbols {cir},
{utri}, +, and X denote the recombination rates (r) 0.0, 10-5, 104, 103, respectively.
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the number of generations to fixation (F)
= 4N, = 400) and to loss (L, = (2N./
N)In(2N) = 10.6).

Diploid Model

The number of fixations at the modifier lo-
cus when recombination is not altered (r
= r") is in agreement with the expectation
of the neutral model, except in some cases
when linkage is tight (Table 1). Increased
recombination is generally favored unless
there is tight linkage, and recombination
is favored more strongly at the high mu-
tation rate in the case of no dominance (h
= 0.5). When the deleterious mutations
are recessive (h = 0.1), no fixations are
observed at the modifier locus when U =
0.05, and when there is no recombination,
at a low frequency of recombination (r =
10-%), the modifier has a lower probability
of being fixed than expected with no se-
lection, but it more often gets fixed if it
increases the recombination rate. If the
modifier is introduced into a background
with tight linkage (' = 0 or 10-°) at the
mutation rate U = 0.025, recombination is
favored, but at a still lower mutation rate
(U = 0.005) the probability of fixation is
not or is only slightly affected by the re-
combination rate determined by the mod-
ifier.

Heterozygosities at the modifier locus,
as well as the probabilities of fixations, in-
creased generally with increased recom-
bination, except in cases when the varia-
tion exceeded the neutral expectation and
when linkage was tight (r = 0 or 10-5) (see
Table 2 and Figure 2 which presents com-
parisons of the statistics for N = 100 and
500). The numbers of generations to loss
(Figure 2¢,f) were affected in a similar way
as heterozygosity, although the average
numbers never exceeded the neutral ex-
pectation. The number of generations to
fixation (results not shown) generally in-
creased with an increased recombination
rate of the modifier allele r' and were close
to the neutral expectation when r' = 1073,
but a different behavior was observed in
cases when the original linkage (r) was
tight, that is, whenr =0, > 0,and N =
500, the number of generations to fixation
decreased when r' increased.

The average amount of linkage disequi-
librium (Z,) when the modifier was lost
decreased with recombination rate, as ex-
pected. As an example, when s = h = (.1
and N = 100, the linkage disequilibrium
was 0.41, 0.21, 0.05, and 0.02 when recom-
bination rate (r) was 0.0, 105, 10~%, and
103, respectively. When a modifier allele
for a higher recombination became fixed,
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the linkage disequilibrium decreased, for
example, when r' = 1073, Z ; was one-third
of the linkage observed when r = 1074,
whereas when r = 1073, linkage disequilib-
rium increased by a multiple of three, and
increased by a multiple of eight when
modifiers were fixed that lowered recom-
bination (' = 10-4, 10-%). A negative dis-
equilibrium (repulsion) was observed in
all cases when selection favored increased
recombination rate; a positive disequilib-
rium (coupling) was only observed when
the modifier got lost, and it reduced the
recombination rate, ' < rand r = 1.0.

The number of segregating deleterious
mutations increased and exceeded the al-
lowed number of 150 mutations per gam-
ete in some cases when linkage was tight.
In such cases the simulations were
stopped and the heterozygosity and other
statistics are therefore underestimated. At
a population size of 100 this occurred
mainly when r = 0.0 or 10-°, and r' = 0.0
or 103, and when N = 500 the increase
was observed when r = 0.0 and ' = 0.0
or 10~°. The average frequency of the
modifier allele fluctuated around 0.5 when
the simulations were stopped (with most
values close to the average), reflecting a
balanced equilibrium maintained by fre-
quency-dependent selection due to asso-
ciative overdominance, as described in
Palsson and Pamilo (1999), where delete-
rious mutations accumulate within linked
segments. Such cases, when accumulation
of deleterious mutations occurred, are
characterized by a cumulative heterozy-
gosity (H,) for neutral alleles well above
the expectation of 2.0, varying from 6.4 to
25.0, whereas in the other cases (when the
number of deleterious mutations did not
accumulate), heterozygosities were less
than or equal to 2.0, as expected under
background selection (Table 2).

In the cases when the simulations were
stopped, average linkage disequilibrium
increased as well and became 1.3-2.5
times larger than when the modifier was
lost, ranging from 0.48 to 0.78 (SE = 0.08
— 0.18). The increase was lowest when the
modifier increased recombination from 0
to 10-5.

Haploid Model

An increased recombination rate was fa-
vored when the mutation rate per gamete
was high (U = 0.5; Table 3); however, at a
lower mutation rate (U = 0.05), the num-
ber of fixations of the modifier was not sig-
nificantly different from the expectation.

Table 3. The ratio of the number of fixations of
a modifier allele to the number expected with no
background selection in the haploid model

N U r r=0 r =103
200 0.5 0 0.96 1.27*
103 0.71* 0.99
0.05 0 1.00 1.05
10 1.02 1.02
1000 0.5 0 1.00 2.40*

103 0.47* 1.04

rand r’ are the recombination rates of the unmodified
and the modified chromosomes, respectively.

The results are based on an average of 60,000 repli-
cates each, s = 0.1.

Denotes significant deviation from the neutral expec-
tation (P < .05).

Discussion

Deleterious mutations can favor increased
recombination rate if a genetic variation
exists for such modifiers and resist an in-
vasion of a modifier reducing recombination
rate. In addition to the effect of increased
mutation rate to favor recombination, a
breakup of linked segments harboring dele-
terious mutations in diploid organisms can
contribute further to the evolution of re-
combination.

The probability of fixation of a modifier
allele that increases recombination in-
creases above neutral expectations in the
haploid model under a high mutation rate.
In a study by Hey (1998) of small haploid
populations, a neutral modifier increasing
recombination was favored when muta-
tions at the background loci were benefi-
cial, but only slightly when background
mutations were deleterious. A more recent
study by Gessler and Xu (1999) showed a
clear advantage of recombination in a hap-
loid population with deleterious muta-
tions. They interpreted their results in
terms of Muller’s ratchet, as increasingly
favorable conditions were created for the
spread of recombination as the ratchet
proceeded faster forward with an in-
creased mutation rate. This study shows
a more complex dynamic in a diploid mod-
el with recessive mutations, as a larger
number of mutations segregate within a
population and increased recombination
is favored at lower mutation rates than in
a haploid model.

The fate of a modifier of recombination
rate can be understood by considering the
effects of background selection and asso-
ciative overdominance. Selection against
deleterious mutations leads to a stronger
selection against the modifier allele if it re-
duces the recombination frequency, re-
sulting in lower heterozygosity at the
modifier locus, and it becomes more diffi-

cult for the modifier allele to invade the
population. If the allele favors recombina-
tion, background selection will act more
strongly against the original allele and the
modifier allele will increase in frequency,
resulting in an increase in both the aver-
age heterozygosity at the locus and in the
fixation probability of the modifier allele.

A different behavior was observed in
the diploid model, when linkage was tight
and mutations were partially recessive,
than in the haploid model. The heterozy-
gosity of the modifier marker can be ele-
vated due to strong associative overdomi-
nance, when selection favors heterozygous
segments, and such a heterozygosity in-
creasing effect would be strengthened by Y
true overdominance at linked loci. In such3
cases the number of segregating deleteri-3
ous alleles can accumulate. Since homo-§
zygous modifier locus may have an in-=
creased probability of being homozygous 3
for a number of deleterious mutations, the =
modifier has a low or zero probability of?ni
being fixed and is strongly selectedg\’
against, as seen with low heterozygosityz‘c}
values, even though it favors recombina-3
tion. Increased recombination may in ad-3
dition generate homozygous deleteriouss
segments linked to the modifier when it is 8
heterozygous and reduce further its prob-=
ability to invade the population. One%
should note that increased recombination &:
was favored compared to the case when(_:j‘.
the introduced mutation at the modifier @
locus did not alter the recombination rateg
when the effect of associative overdomi-5
nance was weaker. Such results were ob-g
served when the recombination rate was @
r = 10~° but not at r = 0 when U = 0.05,3
and for r = 0 at a lower mutation rate of ot
U = 0.25 (Table 1). The inertia toward in-g
creased recombination requires a sufﬁ-§
cient number of segregating mutations;o
when the mutation rate is low or if theZ.
modifier mutation occurs before muta-5
tions start to accumulate, the modifier canS.
be favored. When the modifier mutation is N
entered after 500 generations, increased'®
recombination could evolve, although it
has a lower chance of being fixed than
with no background selection.

The results are similar for the two pop-
ulation sizes studied. However, a notewor-
thy difference is observed in cases where
there is an accumulation of deleterious
mutations, which occur under more strin-
gent conditions when the population size
is larger. Although the populations are of
small size, the effects of associative over-
dominance are likely to hold in large dip-
loid populations when the recombination
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rate is close to zero. Additional runs with
N = 2000 and no recombination resulted
in accumulation of segregating mutations
and elevated heterozygosity at the modi-
fier locus compared to the neutral expec-
tation. Whether the effect of associative
overdominance can be of any importance
in large populations, such as in Drosophi-
la, may be questioned, but it is important
to keep in mind that the effective popula-
tion sizes are often only 10% of the actual
size (Frankham 1996).

A more complex model than was stud-
ied here may be needed to explain selec-
tion for the evolution of reduced recom-
bination if recombination already exists,
which is known as the reduction principle
(see Feldman et al. 1997). The reduction
principle has been shown to apply with in-
finite populations and when there is sta-
bilizing selection or overdominance at
multiple loci with multiplicative selection
but low recombination rate (Bergman and
Feldman 1990; Maynard-Smith 1988), or
any other model where linkage disequilib-
rium is maintained at equilibrium [Feld-
man et al. (1997), who present a extensive
review of the studies on the evolution of
recombination].

Several experiments have shown genet-
ic variation for recombination rate [e.g.,
Korol and Iliadi (1994), and a recent re-
view by Burt (2000)]. Variation in recom-
bination rate has been found among spe-
cies (Burt and Bell 1987) and individuals
(Broman et al. 1998), among and along the
chromosomes (e.g., True et al. 1996), and
between the sexes with crossing over be-
ing more frequent in the homogametic
sex, in accordance with a rule proposed
by Haldane (1922). Such differences have
been found in humans (Broman et al.
1998), and an extreme example is found in
Drosophila, where crossing over is gener-
ally entirely suppressed in males. The re-
combination rate tends to be higher in do-
mestic animals than in other animals
(Burt and Bell 1987), who suggested that
high rates of recombination could be in-
directly selected in breeding programs be-
cause of their effect in removing negative
correlations between favored traits.

This study suggests that it can be diffi-
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cult for a modifier favoring an increased
recombination rate to invade a population
where associative overdominance has
evolved. One example of such a situation
may be found in crested newts (Triturus
cristatus carnifex and Triturus marmaratus)
(Macgregor and Horner 1980), where het-
eromorphism for chromosome 1 is a re-
quirement for normal development; anoth-
er one could be the evolution of the sex
chromosomes. Self-incompatibility loci,
major histocompatibility complex (MHC)
loci, and sex-determining loci (where het-
erozygous loci may determine the devel-
opment of one of the sexes) may be can-
didates for loci where any linked effects
can be strengthened, and which would in
turn affect the evolution at a modifier loci.
Beye et al. (1999) found a hotspot of re-
combination in the sex locus region in the
honeybee (Apis mellifera), which is char-
acterized by a strong heterozygotic advan-
tage possibly due to antagonistic selec-
tion. Whether such heterozygous loci may
favor increased recombination, to uncou-
ple the overdominant locus from the rest
of the chromosome where harmful muta-
tions could start to increase in frequency,
appears to depend on the strength of the
associative overdominance effect across
the region. A response in increased recom-
bination rate may result in mismatches be-
tween a physical map and a genetic map,
and reduce any effects of deleterious mu-
tations on linked neutral loci.
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