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ABSTRACT
The effects of recessive, deleterious mutations on genetic variation at linked neutral loci can be heterozy-

gosity-decreasing because of reduced effective population sizes or heterozygosity-increasing because of
associative overdominance. Here we examine the balance between these effects by simulating individual
diploid genotypes in small panmictic populations. The haploid genome consists of one linkage group
with 1000 loci that can have deleterious mutations and a neutral marker. Combinations of the following
parameters are studied: gametic mutation rate to harmful alleles (U), population size (N), recombination
rate (r), selection coefficient (s), and dominance (h). Tight linkage (r # 1024) gives significant associative
effects, leading either to strong reduction of heterozygosity when the product Nhs is large or to a clear
increase when the product Nhs is small, the boundary between these effects being 1 , Nhs , 4 in our
simulations. Associative overdominance can lead to heterozygosities that are larger than predicted by the
background selection models and even larger than the neutral expectation.

THE selective effects on neutral loci due to linkage the number of such mutations but also on how often
they are expressed as homozygotes. This can result inhave been described for different modes of selec-

tion, for hitchhiking (Maynard Smith and Haigh frequency-dependent selection favoring rare variants at
the level of chromosomes and in balancing selection1974) or “selective sweep,” background selection

(Charlesworth et al. 1993; Hudson and Kaplan when recombination is restricted. Such selection pro-
motes neutral variation at linked loci, opposite to the1995a; Nordborg et al. 1996), and temporal fluctua-

tions in the direction of selection (Gillespie 1994; Bar- effect of background selection. Frydenberg (1963)
called this effect of recessive deleterious mutations onton 1995). Directional selection reduces variation of

neutral or nearly neutral variants, either because neutral linked loci associative overdominance, and further stud-
ies by Sved (1972) and Ohta (1973) quantified somealleles hitchhike with linked beneficial mutations that

sweep through the population or because background of its effects. Associative overdominance has been in-
voked as the cause for the observed relationship be-selection against deleterious mutations reduces the ef-

fective population size. The theory of background selec- tween individual heterozygosity and fitness (Ohta 1973;
Zouros and Mallet 1989; Pamilo and Pálsson 1998).tion is developed for large populations where Muller’s

ratchet is not effective and selection reduces the effec- Associative overdominance can result from both ga-
metic and genetic correlations, i.e., it should be strongertive population size approximately to a fraction f0, which

is the frequency of mutation-free chromosomes, and under inbreeding, in small populations, with tight link-
age and weak selection (Ohta 1971). Whether associa-consequently the amount of variation and the number

of segregating sites at linked loci are reduced to the tive overdominance based on recessive harmful mu-
tations can override the reduction of the effectivesame extent. Correlation of the recombination rate and

nucleotide diversity in Drosophila melanogaster agrees population size by background selection is the subject
of this study, and this is examined by exploring thewith the predictions of background selection (Begun

and Aquadro 1992; Aquadro et al. 1994; Charles- parameter space defined by recombination rate and the
worth 1996) although the data also agree with hitch- product Nhs. We look particularly at the situations when
hiking (Stephan 1995). the product Nhs is close to one, as the limiting value

Reality becomes more complicated in small popula- between neutrality and background selection is given
tions. Selection is not simply directional against chromo- by hs , 1/N [Charlesworth et al. 1993; compare with
somes carrying harmful mutations. Chromosomes that the limiting value s , 1/(2N) or s , 1/N for additive
are most divergent from each other carry different selection at a single locus (Kimura 1983, p. 44)].
harmful mutations, and selection depends not only on
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some. The number of new deleterious mutations per tion rate r . 1023 will remove any significant linkage
effects.gamete is selected in each generation randomly from

a Poisson distribution (with a mean of U/2), the sites Infinite-allele model: Our basic model concerning
the behavior of neutral markers assumes a locus whereat which deleterious mutations occur being sampled

from a uniform distribution. Two different mutation mutations follow the infinite-allele model. Repeated
mutations occur at the neutral locus at a rate of m 5rates are used in our simulations (U 5 0.1 and 0.01

per diploid genome per generation). These values are 2 3 1024 mutations/gamete/generation, each resulting
in a new allele. The marker heterozygosity is recordedconsistent with mutation rates used by Charlesworth

et al. (1993) and are somewhat conservative (Keightley and averaged over generations (50,000 or 100,000). The
expected neutral heterozygosity is 4Nm/(1 1 4Nm)1994).

The basic fitness model calculates the fitness of an (Kimura 1983). We examined the effects of background
by introducing neutral mutations at loci both at the tipindividual multiplicatively over the selected loci as
and in the center of the chromosome.

wyz 5 (1 2 s)y(1 2 hs)z,
To examine allele frequency dynamics, the simula-

tions are used for constructing empirical transition ma-where y and z are the numbers of homozygous and
heterozygous loci, respectively. The selection (s) and trices of allele frequencies at the neutral marker. The

observed mean change Dp 5 p1 2 p0 between two subse-dominance (h) coefficients and the population size (N)
are fixed in each simulation with the product Nhs vary- quent generations shows whether the selected loci cause

any frequency-dependent associative selection at theing from 0 to 20 (N ranges from 50 to 600, s from 0.02
to 0.1, and h from 0.0 to 0.5). linked neutral locus. The empirical transition probabili-

ties are used to construct Markov chains that are usedThe associative effects depend on the distribution of
deleterious alleles in the genomes, and this distribution to give cumulative heterozygosities (Hc) for newly intro-

duced mutations (see the two-allele model below). Thiscan be influenced by the fitness scheme. We therefore
expand the basic model by allowing epistatic interac- approach connects the two models used here, the two-

allele model and the infinite-allele model.tions and variation of selection coefficients among loci.
Synergistic epistasis, based on an approximation (assum- Two-allele model: To record the times to loss of re-

spective fixation of new mutations, we use a biallelicing small s) by Charlesworth et al. (1991) of Crow’s
(1970) quadratic fitness model employing an “effective model (Charlesworth et al. 1993). The model is first

run 2000 generations with mutations occurring at thenumber of mutations,” n, weights heterozygous loci by
the dominance coefficient as n 5 hz 1 y, and the fitness background loci, after which a neutral mutation is in-

troduced at a locus in the middle of the chromosomeis then given by
and the simulation is run until the mutation is either

wn 5 exp[2(an 1 bn2/2)]
fixed or lost. The number of deleterious mutations per
chromosome stabilizes within the prerun of 2000 gen-(Charlesworth et al. 1991). Values used in the simula-

tions are h 5 0.1 and the selection parameters a 5 0.01, erations, except in a few cases with extremely low re-
combination rates, when deleterious mutations keep0.1 and b 5 0.02, 0.1. When b 5 0 the synergistic model

reduces to the multiplicative model, with s 5 a ! 1. accumulating in the chromosomes (see below). We in-
troduce 5000 mutations in the same background geno-Varying selection is modeled by drawing the selection

coefficient (s) for each mutation from a g-distribution types sequentially and new backgrounds are generated
normally ten times, giving a total of 50,000 introductionswith parameters a 5 31.4 and b 5 0.691, based on the

maximum-likelihood estimates from the data of Mukai for each set of parameter values. In some cases with a
low recombination rate, deleterious mutations started toet al. (1972; see Charlesworth 1996) and assuming a

constant dominance coefficient h 5 0.1. accumulate in the chromosomes, and fewer simulations
are run.The fitness values are used to give a probability distri-

bution from which the parents of the next generation The number and time of fixations and losses of neu-
tral alleles are recorded, as are the cumulative heterozy-are drawn. Mating is random and the offspring consist

of two gametes randomly selected from the two parents. gosities Hc 5 2RT
i51xi(1 2 xi), where xi is the frequency

of the neutral mutation in generation i. The expectedThe number of crossovers is sampled from a Poisson
distribution with mean L (L 5 0, 0.01, 0.1, or 1.0). cumulative heterozygosity of a neutral allele until either

fixation or loss is He 5 2Ne/N and equal to 2.0 in ourThe recombination frequency r between adjacent loci
is given by Haldane’s equation (Haldane 1919) r 5 simulations.

A source code for the simulation program exists inde-1/2(1 2 exp(22L/(n 2 1))), where n is the number
of loci. The value of r thus ranges from 0 to 1023 in our pendently in Basic and C. Pseudo-random numbers are

generated in the C-code using procedures from Numeri-simulations. The crossover sites along the chromosomes
are sampled from a uniform distribution without any cal Recipes in C (Press et al. 1988).

Theoretical expectations: We use the theory devel-interference. The choic of recombination rates is made
to allow a comparison with the earlier work by Charles- oped by Nordborg et al. (1996) to calculate the ex-

pected effects of background selection. The approxi-worth et al. (1993), who predicted that the recombina-
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477Linkage and Selection

mate reduction in genetic diversity (p) relative to the the theoretical expectation of 2.0. The observed mean
heterozygosity for the infinite-allel model (0.0744) alsoneutral expectation (pn) due to background selection

is agrees with the neutral expectation (0.0741) for N 5
100 and m 5 2 3 1024. Tajima’s test of the coalescence

p/p0 ≈ exp 2 oqi/(1 1 ri)2,
tree also confirms the neutral expectation, as the test
statistic, 20.07 (SE 5 0.04), is not significantly differentwhere qi 5 3u/(2hisi 1 si) is the equilibrium frequency

of a deleterious mutation at locus i (u is the deleterious from zero.
Effect of linkage: The results under selection aremutation rate per locus), and ri 5 ri(1 2 sihi)/(sihi)

measures the effects of recombination frequency (ri) based on the mutation rate U 5 0.1 for the deleterious
alleles unless otherwise stated. When the recombinationbetween the neutral locus and the selected locus i. This

applies mainly for large populations, when the product rate between adjacent loci is r 5 1023, the heterozygosi-
ties of the neutral marker at the center of the chromo-Nhs . 1 and the recombination rate between adjacent

loci is ,1023. The cumulative heterozygosity is affected some agree well with the neutral expectations, or are
slightly less, for all combinations of N, h, and s usedto the same degree as genetic diversity within genera-

tions (Charlesworth et al. 1993). (Figure 1, a and b and Table 1). The times to fixation
or loss of the introduced alleles in the two-allele modelOhta (1971) derived an analytical formula for asso-

ciative overdominance, where the selection coefficient are also close to the neutral expectations of E(t fix) 5
4Ne 5 400 generations and E(t loss) 5 (2Ne/N)ln(2N) 5between a marker homozygote and heterozygote,

caused by a single background locus, is 10.6 generations when N 5 100 (Table 1).
With tighter linkage (r , 1023), the heterozygosities

s9 5 u(1/h 2 2)/(2N(r 1 hs) 1 1 1 r/(2hs)),
depart from the neutral expectations in a way that de-
pends on the other parameters (Table 1). The recombi-when u @ hs. The joint effect of all the background loci

is calculated as an accumulating product of 1 2 s9 over nation rate of r 5 1024 results in heterozygosities lower
than the neutral expectations when Nhs . 1. The largerall background loci, although such a multilocus s9 is not

always a good approximation of a real system (Pamilo the product Nhs the lower are the heterozygosities (Ta-
ble 1 and Figure 1, c and d). Very tight linkage (r 5and Pálsson 1998). The theory of associative overdomi-

nance does not give any prediction for the marker het- 1025), however, increases heterozygosities above the
neutral expectations for values of Nhs # 4 (Figure 1, eerozygosity.

Coalescence: Deleterious alleles are expected to af- and f).
The mean time to loss of the introduced neutral allelefect the coalescent times at linked neutral loci. As the

application of the coalescence theory is gaining popular- always decreases with reducing recombination rate, and
the above differences in the cumulative heterozygosityity, we also use this approach in the case of no recombi-

nation. Tajima (1989) proposed a test of neutrality that between the sets of parameter values depend largely on
the mean time to fixation. When the mean time tocompares the estimates of u 5 4Nm, P (the average

number of nucleotide differences), and Sn (number of fixation increases, so does its variance (Table 1). This
means that there are occasional runs where the intro-segregating sites). Different types of selection affect the

estimates in a different way. Let an 5 Rn21
i51 1/i, where n duced mutation segregates for a very long time, increas-

ing the mean heterozygosity. Heterozygosity at a neutralis the number of haplotypes. The difference P 2 Sn/an,
which is tested by Tajima’s test, is positive in the case marker at the tip of the chromosome is about the same

as at a locus in the middle when r 5 1023, lower whenof overdominance, zero for a neutral locus, and negative
under directional selection. Mean time to coalescence r 5 1024, and higher when r 5 1025 (Figure 2).

When recombination is rare or absent (r 5 1025, r 5(T2/2) (or the expected time to common ancestor of
two randomly sampled genes) is related to P as E(P) 5 0) the number of harmful mutations occasionally keeps

accumulating, and the chromosomes start to evolve toT2m, and the overall size of a tree (Tn) based on observed
coalescence times is related to Sn as E(Sn) 5 Tnm. Tajima’s a system of balanced lethals. The marker heterozygosi-

ties are in these cases underestimated in our simulationstest can therefore be based on Tn and T2 (Hudson and
Kaplan 1995b). Ten replicates without recombination and the mean time to fixation cannot be estimated

(Table 1). To further study the process in the case ofare simulated for 5000 generations each, both without
selection and with selection (s 5 0.1, h 5 0.2), and the no recombination, we look at the frequency changes

and the coalescence events (see below).mutation rate U 5 0.1. The coalescence tree is recorded
for the chromosomes remaining at the end of each Effect of mutation rate: Reducing the genomic rate

at the background alters the results in such a way thatsimulation and used for the test.
the observed heterozygosities for U 5 0.01 tend to be
smaller than for U 5 0.1, but can still be higher than

RESULTS
the neutral expectation (Table 1).

Effect of dominance: The heterozygosity at the neu-No background selection: The mean cumulative het-
erozygosity (Hc 5 2.054, SE 5 0.07) in the two-allele tral marker is largely predicted by the product Nhs (for

a given value of r), but there is residual variation de-model without background selection agrees well with
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478 S. Pálsson and P. Pamilo

Figure 1.—The effect of selection at a neutral locus in the middle of the chromosome in the infinite-allele model. y-axis: ratio
(KO/N) of the observed heterozygosity to the expected neutral heterozygosity. x-axis: the product Nhs. The top row has various
selection coefficients with h 5 0.1, and the bottom row has various dominance coefficients with s 5 0.1. The recombination rate
r decreases from left to right (r 5 1023, 1024, 1025). (a–c) The selection coefficients s 5 0.05, 0.1, and 0.2 are denoted by numbers
2, 3, and 4, respectively. (d–f) The dominance coefficients h 5 0.0, 0.1, 0.2, 0.3, and 0.5 are denoted by numbers 1, 3, 5, 6, and
7, respectively. The population size (N) varies accordingly to give the shown values of the product Nhs.

pending on the individual parameters. The associative and predicted values is large in cases where the pre-
dicted heterozygosities are small and particularly wheneffect is larger with strong dominance (small h), and

small h values can lead to high heterozygosities when the populations are small, and the deviations are largest
for r 5 1025.linkage is tight. The observed heterozygosities exceed

the neutral expectation up to Nhs 5 5 when h 5 0.1 Comparison with Ohta’s model: When linkage is tight
(r 5 1025), the coefficient of associative overdominanceand up to Nhs ≈ 2 when h 5 0.3 (Figure 1f).

Effect of selection: When the product Nhs is kept s9 calculated according to Equation 4 correlates well with
heterozygosity, and the observed heterozygosity exceedsfixed, there is a tendency that weak selection leads to

lower heterozygosities than strong selection (s 5 0.2; the neutral expectation when s9 . 0.07 (Figure 4). For
r 5 1024, the correlation between s9 and heterozygosityFigure 1c). However, this relationship is reversed when

linkage is tight (r 5 1025) and Nhs . 3 (Figure 1e). is weak.
Frequency-dependent selection: The Markov chains,Simulations with synergistic selection and with varying

selection coefficients give qualitatively similar results to based on the observed allele frequency changes in the
infinite-allele model, result in cumulative heterozygosi-those with fixed values of s and multiplicative selection.

Although, synergistic selection is comparable to a ties very close to those observed in the two-allele model
(Table 2). Plotting the observed allele frequency changestronger selection, the mean number of mutations per

individual when a 5 0.01 is similar to when the s value is Dp against the frequency p0 in the parental generation
shows some clear patterns. The Dp values are large for00.5–0.08, and the heterozygosity is less than the neutral

expectation when a and b are equal to 0.1 for r 5 1025. tight linkage, reflecting small effective population size
and strong drift. No frequency dependence is observedComparison with the background selection model:

The mean heterozygosity from our simulations tends when r 5 1023. There is frequency-dependent selection
favoring rare alleles (Figure 5a) in the case where theto exceed that predicted by the background selection

model (Figure 3). The departure between the observed observed heterozygosity clearly exceeds the neutral ex-
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TABLE 1

Variation at a neutral locus under a two-allele model

s h r n Hc f l

U 5 0.01
0.02 0.1 1023 10 2.04 6 0.24 431.8 6 45.8 10.1 6 0.54

1024 10 1.91 6 0.21 362.7 6 37.1 10.0 6 0.53
1025 10 2.16 6 0.26 418.9 6 49.7 10.6 6 0.63

0.0 8 13.02 6 2.63 905.4 6 125.5 10.4 6 0.75
0.2 0.01 1023 10 1.98 6 0.22 402.5 6 40.8 9.8 6 0.52

1024 10 1.80 6 0.21 373.5 6 42.7 9.7 6 0.51
1025 10 1.68 6 0.18 338.2 6 30.3 9.5 6 0.46

0.0 10 1.77 6 0.24 347.0 6 31.0 9.7 6 0.63
Neutral 10 2.05 6 0.07 396.4 6 13.1 10.1 6 0.17

U 5 0.1
0.02 0.1 1023 12 2.10 6 0.20 388.0 6 36.6 10.4 6 0.52

1024 12 2.76 6 0.28 564.0 6 55.3 11.5 6 0.62
1025 3 2.35 6 0.23 7.5 6 0.30

0.2 0.01 1023 10 1.89 6 0.21 378.8 6 36.5 9.7 6 0.50
1024 10 1.91 6 0.18 317.2 6 25.7 10.9 6 0.49
1025 3 2.63 6 0.26 4.9 6 0.16

0.1 0.1 1023 12 1.91 6 0.22 385.0 6 47.7 9.8 6 0.54
1024 12 1.57 6 0.17 291.6 6 21.6 9.3 6 0.47
1025 6 5.54 6 0.64 7.3 6 0.39

0.0 2 5.26 6 0.53 6.1 6 0.34
0.1 0.2 1023 10 1.86 6 0.21 362.7 6 38.1 9.7 6 0.52

1024 15 1.25 6 0.13 245.6 6 24.1 8.6 6 0.37
1025 10 2.75 6 0.43 544.7 6 85.3 9.7 6 0.66

0.0 9 10.68 6 1.35 7.4 6 0.47

Hc, f, and l denote, respectively, cumulative heterozygosity, mean time to fixation and loss, 6 standard error
calculated over n replicates. The simulations were done with different combinations of recombination rate
(r), selection (s), and dominance (h) parameters. The population consisted of N 5 100 individuals. Each
replicate (n) is based on 5000 introductions of a neutral mutation at a background of 1000 loci.

pectation (by a factor of 1.26; r 5 1024, s 5 0.02, h 5 The Tajima’s tests gave significantly positive values
whether based on the coalescence tree (D 5 4.817, SE 50.1, N 5 100, U 5 0.1). As there are many rare alleles

(new mutations), their frequency increases must be 0.316) or on the number of mutations (D 5 1.22, SE 5
0.06). The results under selection depend on the num-compensated by negative Dp’s of common alleles. A low

recombination rate (r 5 1025) can occasionally lead to ber of generations simulated, as the size of the tree
and the test statistic D increase with time when theformation of complementary chromosomes that accu-

mulate harmful mutations and evolve to a system equiva- chromosomes evolve into a system of balanced lethals.
The effects of associative overdominance were alsolent to balanced lethals (Figure 5b). Such a case shows,

of course, clear frequency-dependent selection. observed with the Fu and Li test (Fu and Li 1993),
with the internal branches becoming excessively longCoalescence: Background selection in the absence of

crossing over and with parameters s 5 0.1, h 5 0.1, and compared to the external branches.
N 5 100 gives a mean coalescence time T2/2 5 2156
(SE 5 400), which greatly exceeds the neutral expection

DISCUSSION
of 2N 5 200 generations. The same holds for the mean
overall size of the tree Tn 5 9470 (SE 5 1426), while The results show joint effects of reduced effective

population size and associative overdominance, the bal-the neutral expectation is 2349.
The distribution of branch lengths in the simulations ance depending on the interaction of the recombina-

tion rate, population size, dominance, and selection.of a completely neutral model fits well an exponential
distribution, whereas the tree with harmful mutations Any significant linkage effects require that the recom-

bination rate between adjacent loci is r , 1023. Associa-has few and very long internal branches, and many short
external branches, and the total tree length increases. tive overdominance is clearest close to the origin of the

parameter space defined by the recombination rate rMean branch length increases with selection from 5.6 to
23.8 generations, and the maximum time to coalescence and the product Nhs. In other words, the requirements

are tight linkage r # 1024, small population size, strongincreases from 441 to 4959 generations.
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Figure 3.—Departure of observed heterozygosities fromFigure 2.—Ratio (KC/T) of the marker heterozygosity at the
those predicted by the background selection model. y-axis:center of the chromosome to that at the tip of the chromo-
ratio (KO/B) of the observed heterozygosity to the heterozygos-some, as a function of the product Nhs. The results are from
ity predicted by the background selection model. x-axis: thethe same simulations as presented in Figure 1. Results for
ratio (KB/N) predicted by the background selection (Nord-different recombination rates r 5 1023, 1024, 1025 are denoted
borg et al. 1996). The results are from the same simulationswith d, 1, and s, respectively.
as presented in Figure 1. Results for different recombination
rates r 5 1023, 1024, 1025 are denoted with d, 1, and s,
respectively. The ratios at r 5 1025 have been transformed asdominance, and relatively weak selection. The boundary log(KO/B) 1 1.

between the two opposite linkage effects, one increasing
and the other decreasing heterozygosity at linked loci,
lies generally within the range 1 , Nhs , 4 for the The effect of background selection depends on the

increased fitness variance among individuals, as thatparameter values used in our simulations.
The heterozygosity-decreasing effects of background variance reduces the effective population size (Charles-

worth et al. 1993). In small populations and with tightselection, as derived by Nordborg et al. (1996) for large
populations, explain part of our results. Heterozygosity linkage, the harmful mutations are at linkage disequilib-

ria with the alleles at a linked marker locus and there canat the neutral marker is close to the neutral expectation
when r 5 1023 and tends to drop below that level when develop chromosomal segments with several deleterious

mutations linked with a specific marker allele (Svedr 5 1024. However, the reduction is not as large as
predicted by the model, indicating that associative over- 1972). Selection acting on such linkage groups can take

the form of overdominance, which is seen at the individ-dominance plays a role in determining the variation
pattern at the marker locus. Reducing the recombina- ual level as an association between heterozygosity and

fitness (Pamilo and Pálsson 1998). Low genomic muta-tion further to r 5 1025 finally shifts the balance toward
associative overdominance and the heterozygosity ex- tion rate (U 5 0.01) can only lead to such linkage dis-

equilibria if selection is weak (s 5 0.02); stronger selec-ceeds the neutral level for small values of Nhs. The
simultaneous action of both factors is seen in the mean tion eliminates harmful mutations more efficiently.

Whether heterozygosity-increasing or -decreasing ef-times to fixation and loss. Reduced recombination al-
ways decreases the mean time to loss of a new neutral fects dominate depends also on the product Nhs. With

low recombination, slightly deleterious mutations accu-mutant, showing the effect of reduced effective popula-
tion size. This is true even in the cases where the average mulate in small populations and selection becomes

stronger as it acts on a block of several mutations, re-heterozygosity is high, and this high level is caused by
a long time to fixation keeping the population polymor- sulting in associative overdominance. As the product

Nhs gets larger, purifying selection generally becomesphic.
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associative overdominance while others are affected
more by purifying background selection even when the
values of the genetic parameters are the same. In our
results, we focused on the mean effects, but one must
remember that the variances can be large.

The theoretical models developed to date for the
effect of deleterious mutations have clear limitations
when applied to small populations. Ohta’s (1971, 1973)
theory on associative overdominance requires tight link-
age (or large s9 values) for heterozygosity to be elevated
above the neutral expectation. When s9 values are small,
drift and purifying background selection override asso-
ciative overdominance, and heterozygosity is reduced
even though it still shows a positive relationship with s9
at the individual level (Pamilo and Pálsson 1998). The
background selection model fails to predict the behav-
ior of a linked marker when the parameter values are
within the region leading to associative overdominance.
Large heterozygosity values and a positive relationship
between heterozygosity and s9 indicate that both types of
selection are operating at the same time. The analytical
solution of Nordborg et al. (1996) for background se-
lection is derived for large populations, assuming, e.g.,
that the frequency of a deleterious mutant allele at lo-
cus, i, qi ! (hsi 1 ri(1 2 hsi))Ne. This assumption is most

Figure 4.—Ratio (KO/N) of the observed heterozygosity to likely to be violated for low recombination rate, weak
the expected neutral heterozygosity as a function of the coef- selection, and small population size, and as pointed outficient of associative overdominance (s9) as predicted by Ohta

by Nordborg et al. (1996) and confirmed in this study,(1971). The results are from the same simulations as presented
it will lead to underestimation of heterozygosity at thein Figure 1. Results for different recombination rates r 5 1023,

1024, 1025 are denoted with d, 1, and s, respectively. neutral marker.
The theoretical studies of background selection have

largely relied on the assumption that there exists a classmore efficient, reducing Ne and variation at neutral loci
of chromosomes free of harmful mutations with a fre-as predicted by background selection, and the results
quency of f0. This basic assumption underlies the modeldepend on the interaction of h and s values as can be
of Hudson and Kaplan (1995b) based on the coales-seen in Table 1.
cence theory. About 10% of the values of the Tajima’sOur results indicate that associative overdominance
D statistic in the study of Hudson and Kaplan (1995b)is partly caused by frequency-dependent selection fa-
with N 5 100 and sh 5 0.02 were highly negative,voring rare types, but the main effect is due to a pro-
,21.61. In our study with sh 5 0.01 all Tajima’s Dlonged time to fixation. This means that the neutral
statistics are positive, showing the overdominance effect.mutations are linked to specific genetic backgrounds
The difference in results shows that the assumptionsand that the resulting heterozygosity varies among mark-
used in models for large populations do not in fact holders. Some of them, with a suitable background, show
for small populations.

Mean time to fixation increases in the case of associa-
TABLE 2 tive overdominance. In an extreme case without recom-

bination, the gamete pool splits in two major divisions,Total heterozygosities in the two-allele and the
with a short time to coalescence within but a very longinfinite-allele model
time between divisions. Neither major division of haplo-

r s Hc HM types can get fixed as the homozygotes have much lower
fitness than heterozygotes. The population enters a bal-1023 0.02 2.10 2.04
anced equilibrium in a way similar to a case of multilocus0.1 1.91 1.96
heterosis described by Franklin and Lewontin (1970).1024 0.02 2.76 2.83
Most mutations are rapidly lost, however, as time to0.1 1.57 1.53
coalescence within the divisions becomes shorter, indi-

Same denotation is used as in Table 1. Dominance coeffi-
cating a small effective size of the divisions augmentedcient is h 5 0.1. HM is the heterozygosity obtained by the
by background selection. Crossing over breaks downMarkov chain method when applying the observed transition

matrix from the simulations. such chromosomal blocks, preventing the accumulation
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Figure 5.—Allele frequency changes (Dp) between two successive generations for a neutral marker as a function of the initial
allele frequency (p0). The values are means from five simulations of the infinite-allele model for a marker at the center of the
chromosome. Nonparametric regression lines are fitted by the lowess method, a weighted robust regression where nearby points
of p0 get the most weight (Venables and Ripley 1994), and bootstrapped over data points 100 times. Population size N 5 100,
background mutation rate U 5 0.1, and selection coefficient and recombination rate are (a) s 5 0.02 and r 5 1024 and (b)
s 5 0.01 and r 5 1025.

of harmful mutations. But a related phenomenon is still zygosity is reduced in areas of low recombination
(Charlesworth et al. 1993; Nordborg et al. 1996)seen when the neutral markers are at linkage disequilib-
whereas our results show that the opposite can be truerium with closely linked deleterious mutations, and the
in some situations. Comparisons of genomic areas witheffect is seen as a long time to fixation of a neutral
different rates of recombination can test these predic-mutation.
tions. Deleterious mutations can at the same time bothEven though the populations studied here are of small
reduce the effective population size and cause associa-size, from 100 to 600 individuals, the result may also be
tive overdominance, and the latter effect can explainof concern for larger populations either when they are
why the data do not fit the predictions of the back-subdivided or if they undergo a reduction in population
ground selection, particularly in species where the pop-size, which further causes a temporary linkage effect.
ulation sizes are small or have fluctuated.The effective population sizes are often only 10% of the

actual size (Frankham 1996). Associative overdomi- We thank the reviewers for many valuable comments and Martin
Lascoux for discussions and comments. This work was supported bynance may contribute to deviation of observed patterns
grants from the Carl Trygger Foundation and was done partly by usingfrom the predictions of background selection theory
the computer facilities at the Plant Breeding Department, Swedish(Charlesworth 1996; Kirby and Stephan 1996), but Agricultural University.

most studies on the relationship between recombination
rate and sequence variation have been conducted on
large populations of Drosophila where the associative LITERATURE CITED
overdominance effect is predicted to be weak. There Aquadro, C. F., D. J. Begun and E. C. Kindahl, 1994 Selection,
are, however, many species of both animals and plants recombination, and DNA polymorphism in Drosophila, pp. 46–56

in Non-neutral Evolution: Theories and Molecular Data, edited by B.in which conditions necessary for the associative over-
Golding. Chapman and Hall, London.dominance are met. Barton, N., 1995 Linkage and limits to natural selection. Genetics
140: 821–841.The background selection models predict that hetero-

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/153/1/475/6047938 by guest on 25 M

ay 2023



483Linkage and Selection

Begun, D. J., and C. F. Aquadro, 1992 Levels of natural occurring Kimura, M., 1983 The Neutral Theory of Molecular Evolution. Cam-
bridge University Press. Cambridge, United Kingdom.DNA polymorphism correlate with recombination rate in Drosoph-

Kirby, D. A., and W. Stephan, 1996 Multi-locus selection and theila melanogaster. Nature 356: 519–520.
structure of variation at the white gene of Drosophila melanogaster.Charlesworth, B., 1996 Background selection and patterns of ge-
Genetics 144: 635–645.netic diversity in Drosophila melanogaster. Genet. Res. 68: 131–149.

Maynard Smith, J., and J. Haigh, 1974 The hitch-hiking effect ofCharlesworth, B., M. T. Morgan and D. Charlesworth, 1991
favourable gene. Genet. Res. 23: 23–35.Multilocus models of inbreeding depression with synergistic selec-

Mukai, T., S. I. Chigusa, L. E. Mettler and J. F. Crow, 1972 Muta-tion and partial self-fertilization. Genet. Res. 57: 177–194.
tion rate and dominance of genes affecting viability in DrosophilaCharlesworth, B., M. T. Morgan and D. Charlesworth, 1993
melanogaster. Genetics 72: 335–355.The effect of deleterious mutations on neutral molecular varia-

Nordberg, M., B. Charlesworth and D. Charlesworth, 1996tion. Genetics 134: 1289–1303.
The effect of recombination on background selection. Genet.Crow, J. F., 1970 Genetic loads the the cost of natural selection,
Res. 67: 159–174.pp. 128–177 in Mathematical Models in Population Genetics, edited

Ohta, T., 1971 Associative overdominance caused by linked detri-by K.-I- Kojima. Springer-Verlag, Berlin.
mental mutations. Genet. Res. 18: 277–286.Frankham, R., 1996 Effective population size/adult population size

Ohta, T., 1973 Effect of linkage on behaviour of mutant genes inratios in wildlife: a review. Genet. Res. 66: 95–107.
finite populations. Theor. Popul. Biol. 4: 145–162.Franklin, I., and R. Lewontin, 1970 Is the gene the unit of selec-

Pamilo, P., and S. Pálsson, 1998 Associative overdominance, het-tion? Genetics 65: 707–734.
erozygosity and fitness. Heredity 81: 381–389.Frydenberg, O., 1963 Population studies of a lethal mutant in Dro-

Press, W. H., B. P. Flannery, S. A. Teukolsky and W. T. Vetterling,sophila melanogaster. I. Behaviour in populations with discrete gen-
1988 Numerical Recipes in C. The Art of Scientific Computing. Cam-erations. Hereditas 48: 89–116.
bridge University Press, New York.Fu, Y.-X., and W.-H. Li, 1993 Statistical test of neutrality of muta-

Stephan, W., 1995 An improved method for estimating the rate oftions. Genetics 133: 693–709. fixation of favourable mutations based on DNA polymorphismGillespie, J. H., 1994 Alternatives to the neutral theory, pp. 1–17 data. Mol. Biol. Evol. 12: 959–962.in Non-neutral Evolution: Theories and Molecular Data, edited by B. Sved, J. A., 1972 Heterosis at the level of the chromosome and at
Golding. Chapman and Hall, London. the level of the gene. Theor. Popul. Biol. 3: 491–506.

Haldane, J. B. S., 1919 The combination of linkage values, and the Tajima, F., 1989 Statistical method for testing the neutral mutation
calculation of distance between the loci of linked factors. J. Genet. hypothesis. Genetics 123: 597–601.
8: 299–309. Venables, W. N., and B. D. Ripley, 1994 Modern Applied Statistics

Hudson, R. R., and N. L. Kaplan, 1995a Deleterious background with S-Plus. Springer-Verlag, New York.
selection with recombination. Genetics 141: 1605–1617. Zouros, E., and A. L. Mallet, 1989 Genetic explanations of the

Hudson, R. R., and N. L. Kaplan, 1995b Gene trees with back- growth/heterozygosity correlation in marine mollusks, pp. 317–
ground selection, pp. 140–153 in Non-neutral Evolution: Theories 324 in Reproduction, Genetics and Distribution of Marine Organisms,
and Molecular Data, edited by B. Golding. Chapman and Hall, 23rd Eur. Mar. Biol. Symp., edited by J. S. Ryland and P. A.
London. Tyler. Olsen and Olsen, Fredensborg, Denmark.

Keightly, P. T., 1994 The distribution of mutation effects on viabil-
ity in Drosophila melanogaster. Genetics 138: 1315–1322. Communicating editor: W. Stephan

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/153/1/475/6047938 by guest on 25 M

ay 2023


