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ABSTRACT
The general theory of the effective size (Ne) for populations under directional selection is extended to

cover linkage. Ne is a function of the association between neutral and selected genes generated by finite
sampling. This association is reduced by three factors: the recombination rate, the reduction of genetic
variance due to drift, and the reduction of genetic variance of the selected genes due to selection. If the
genetic size of the genome (L in Morgans) is not extremely small the equation for Ne is

Ne 5 N exp12 C 2

(1 2 Z) L2,
where N is the number of reproductive individuals, C 2 is the genetic variance for fitness scaled by the
squared mean fitness, (1 2 Z) 5 Vm/C 2 is the rate of reduction of genetic variation per generation and
Vm is the mutational input of genetic variation for fitness. The above predictive equation of Ne is valid for
the infinitesimal model and for a model of detrimental mutations. The principles of the theory are also
applicable to favorable mutation models if there is a continuous flux of advantageous mutations. The
predictions are tested by simulation, and the connection with previous results is found and discussed. The
reduction of effective size associated with a neutral mutation is progressive over generations until the
asymptotic value (the above expression) is reached after a number of generations. The magnitude of the
drift process is, therefore, smaller for recent neutral mutations than for old ones. This produces equilibrium
values of average heterozygosity and proportion of segregating sites that cannot be formally predicted
from the asymptotic Ne, but both parameters can still be predicted by following the drift along the lineage
of genes. The spectrum of gene frequencies in a given generation can also be predicted by considering
the overlapping of distributions corresponding to mutations that arose in different generations and with
different associated effective sizes.

DIRECTIONAL selection generates differences in dants for a number of generations until it is eliminated
the reproductive success of individuals, increasing by segregation and recombination. This problem was

the variance of change in gene frequency and reducing first addressed by Robertson (1961), and recently, ade-
the genetic diversity of neutral alleles. A population, quate solutions were given by Woolliams et al. (1993)
then, behaves for these parameters like an ideal unse- and Santiago and Caballero (1995) for directional
lected population of size Ne, the effective population selection on quantitative traits determined by an un-
size (Wright 1931), which is in general smaller than linked system of additive loci. But the drift process is
the actual number of reproductive individuals. If selec- larger when selection acts on a linked set of loci as random
tion acts on a noninherited trait, Ne is simply a function associations last longer under linkage. Although previous
of the variance of the number of progeny per parent, formulations predict the inbreeding coefficient that is
and predictions have been developed for a variety of calculated by tracing the paths in a genealogy indepen-
cases (see review by Caballero 1994). dently of the existence of linkage, this may be different

When differences in fitness are inherited, the effective from the real inbreeding coefficient that represents the
population size cannot be predicted from the variance probability of identity by descent of genes carried by
of progeny number at a given generation. The drift individuals. The reason for this is that both copies of a
process is amplified over generations because the ran- neutral gene in the same individual do not have identi-
dom association that originated in a given generation cal probabilities of being transmitted to the following
between neutral and selected genes remains in descen- generations, as they are embedded in different chromo-

somes with different selective genes.
Hudson and Kaplan (1995) and, more generally,
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TABLE 1the background selection model (Charlesworth et al.
1993), which is based on the continuous appearance of Summary of most common notations
linked deleterious mutations in the population. Barton

(1995) made similar derivations for the fixation proba- N Number of reproductive individuals
bility of a favorable allele. In parallel, models dealing Ne Asymptotic effective population size (with sub-

script i refers to generation i)with the hitchhiking of neutral genes caused by the
Ne,Ht Harmonic mean of the effective size betweenspread of selectively favorable mutations at linked loci

generations 1 and t(Maynard-Smith and Haigh 1974) have been refined
l Chromosome length Morgansin recent years (Wiehe and Stephan 1993, and refer-
n Number of chromosomes in the genome

ences therein). L Total length of the genome in Morgans (5 l n)
Here, we develop a prediction of the effective popu- r Recombination fraction

lation size under linkage, extending the argument of x Genetic distance in Morgans
t Heterozygous effect of selected geneRobertson (1961) and Santiago and Caballero

m Mutation rate per locus, gamete and generation(1995). They have basically shown that the effective size
U Total genomic (diploid) mutation rateof a population is a function of the variance of the
p Equilibrium heterozygosity (with subscript 0

cumulative selective values associated with neutral refers to no selection)
genes. Simplifying for second-order terms, under ran- s Equilibrium proportion of segregating sites
dom mating and Poisson distribution of family size, the (subscript 0 refers to no selection)
equation for the effective population size becomes Z Reduction in genetic variance per generation

due to selection and drift
Ne 5 N/(1 1 Q 2 C 2), Zi Reduction in genetic variance between gener-

ations 1 and iwhere N is the number of reproductive individuals, C 2

C 2 Variance of relative fitnesses of individualsis the genetic variance of fitness of individuals (these c 2
j Contribution of selected locus j to the genetic

are measured relatively to the mean fitness), and Q is variance for fitness
the sum of a series of relative terms, the first one being Vm Mutational input of variance per generation
the change of one unit in neutral gene frequency be- for fitness

Q9 Long term selective values of the chromosomecause of new associations created in a given generation
initially carrying the neutral alleleand the rest being the remaining fractions of this change

Q″ Long term selective values of the homologousin the following generations. For example, for unlinked
chromosome

genes and weak selection, Q ≈ 1 1 1⁄2 1 1⁄4 1 1⁄8 1
... 5 2 (Robertson 1961), because the average selective
advantages of individuals (and, therefore, the changes

mutations of strong favorable effect passing quicklyin gene frequency of neutral alleles) are expected to be
through the population and further recovery of varia-reduced by one-half each generation in its descendants,
tion by neutral mutation (Wiehe and Stephan 1993).because of segregation and recombination. The com-
Finally, we show that the two categories of estimatorsplete argument can be found in the derivations leading
of polymorphism, basically mean heterozygosity per siteto Equation 16 in Santiago and Caballero (1995).
and proportion of segregating sites, are related to theThus, the term Q 2 C 2 is the variance of the long-term
effective size to different extent, but predictions canselective values, and with no linkage and weak selection
still be made from effective size theory.it approximates 4C 2. This does not hold, however, un-

der linkage, but the argument can be rebuilt to consider
the decline of the association between a neutral gene

DERIVATION OF EXPRESSIONS
and selected genes on chromosomes. The problem of
the reduction of the effective size under linkage is re- The general model: We consider a monoecious dip-

loid population with random mating and a constantduced to the problem of finding the appropriate value
of Q 2, and the same argument used by Santiago and number of reproductive individuals, N. Every individual

in the population is made up of two haploid homolo-Caballero (1995) can be followed.
Initially, to make predictions independently of gene gous complements with n chromosomes l Morgans (M)

long each. (Table 1 shows the most common notationfrequencies and effects, an infinitesimal model (an in-
finite number of genes of small effect) is considered, but used in this article.) Each complement is referred to as

a “gamete” (i.e., there are 2N gametes in the popula-predictive equations are also valid for the background
selection model of Charlesworth et al. (1993), and tion). It is assumed that there is no genetic correlation

between gametes in parents. The mapping function ofwe connect our equations with those of Nordborg et al.
(1996) for this model. Moreover, we apply the principles Haldane (1919), r 5 [1 2 exp(22x)]/2, is assumed

to relate the recombination fraction r and the geneticof the theory to the selective sweep model (Maynard-

Smith and Haigh 1974) in considering a continuous distance x in Morgans. A large number n of loci uni-
formly distributed on the chromosomes determines fit-flux of weakly advantageous mutations, instead of rare
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ness. Allelic effects can be different for different loci, affects both partial covariances (S 91 and S ″1 ) in an identi-
cal way: Every generation, the genetic variation of thebut gene action is additive within loci; that is, the fitness
selected locus is assumed to be reduced by selection andvalue of the heterozygote is the average value of the
drift by a constant proportion (1 2 Z). Thus, both covari-corresponding homozygotes. This latter assumption,
ances are reduced to a proportion Z. On the contrary,however, can be removed for some models (see below).
the decline because of recombination is different forGene effects are multiplicative between loci. This ge-
both partial covariances. The association between thenetic system is at mutation-selection-drift equilibrium
neutral allele and the selective value of the same gametewith a mean fitness of one; i.e., each parent has two
is maintained with a probability 1 2 r 5 (1 1 e22x)/2descendants on average, and the genetic variance for
(i.e., if they do not recombine). Therefore the expectedfitness of individuals is C 2, which is assumed to be small.
partial covariance that remains in generation 2 isAs the effects of loci are multiplicative, the relation-

ship between variance of individuals and the contri-
butions of the n selective loci to variation is C 2 5 S 92 5 cov2(pi, f 9j ) 5 cov1(pi, f 9j )11 1 e22x

2 2Z
Pn

j51 (1 1 c 2
j ) 2 1, where c 2

j is the square of the coeffi-
5 S 91(1 2 r)Z .cient of variation contributed by locus j, i.e., the variance

for fitness of the locus, scaled such that the average The effect of recombination on the other partial covari-
fitness is 1. ance (between the neutral allele and the selected gene

Consider a neutral locus in the middle of a chromo- in the other gamete) is opposite to the previous one.
some. We assume that the neutral alleles at this locus Recombination incorporates the selected allele of the
are initially produced by mutation, but this is not a homologous gamete into the gamete carrying the neu-
necessary assumption of the model. Due to the finite tral gene with a probability r. Therefore, the remaining
size of the population, the sampling process generates covariance in generation 2 is
random associations between the neutral alleles and
selected loci. The expected change in gene frequency S ″2 5 cov2(pi, f ″j ) 5 S ″1 rZ.
of the neutral allele (S) is the covariance between the

In the following generations, both covariances are re-frequency of the allele in gametes (p) and the selective
duced in the same proportion (1 2 r)Z per generation,value ( f ) of individuals carrying the gametes, S 5 cov
the selected allele remaining in the same gamete as the(p, f ) (see Santiago and Caballero 1995, p. 1016).
neutral gene as the condition for the maintenance ofWe derive this expected change next.
the association, i.e.,Let pi be the frequency of an allele of the neutral

locus in gamete i (pi can be 0 or 1). For the moment, S 93 5 S 92(1 2 r)Z 5 S 91(1 2 r)2Z 2,
we consider one single selected locus j with additive S ″3 5 S ″2 (1 2 r)Z 5 S ″1 r(1 2 r)Z 2;
effects of alleles. Locus j is at a genetic distance of x M

S 94 5 S 93(1 2 r)Z 5 S 91(1 2 r)3Z 3,from the neutral locus. Let us consider a copy of the
S ″4 5 S ″3 (1 2 r)Z 5 S ″1 r(1 2 r)2Z 3;neutral allele present in a given individual, and let f 9j

be the selective value contributed by the selected allele and so on. The sum of all these covariances from genera-
present in the same gamete as the neutral allele and tion 1 to infinity is the total change in gene frequency
f ″j the selective value contributed by the homologous over generations due to the association newly created
selected allele in the other gamete. Under random mat- between the neutral allele and the selected locus j in the
ing, the expected change in gene frequency (i.e., covari- initial generation. New associations are created between
ance) of the copy of the neutral allele in the first genera- the neutral gene and the selected locus in successive
tion (S1) can be partitioned into the change due to the generations until an asymptotic stage is reached. From
selected allele in the same gamete as the neutral gene

Santiago and Caballero (1995) we note that this
(S 91 ) and the change due to the homologous selected asymptotic stage is obtained as the sum of the expected
allele in the other gamete in the same individual (S ″1 ), changes in gene frequency over generations, given a

change of one unit in the first generation,S1 5 cov1(pi, f 9j 1 f ″j ) 5 cov1(pi, f 9j )
1 cov1(pi, f ″j ) 5 S 91 1 S ″1 .

Q 9j 5
1
S 91

o
∞

i51
S 9i 5

2
2 2 Z 2 Ze22x

, (1a)
A fraction of the random associations generated in the
first generation will remain in the following generations

Q ″j 5
1

S ″1
o
∞

i51

S ″i 5
2(1 2 Ze22x)

2 2 Z 2 Ze22x
. (1b)even if the population is expanded to an infinite size

after the first generation. The expected value of the re-
maining covariances in the second generation depends [Note that in the derivation of Equation 17 of Santiago

on two factors: the change in expressed genetic variance and Caballero (1995) the term r has a different mean-
of the selected locus and the recombination rate be- ing than in this article, being the correlation of gene

frequencies between mates. In the present derivationtween the selected and the neutral loci. The first factor
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this term is zero because random mating and large pop- to 1 as x tends to 0. Thus, the average Q ″2 ranges from
1 (complete linkage) to 4 (no linkage). Q 92 approxi-ulation sizes are assumed.]

Robertson (1961) and Santiago and Caballero mates 1/r 2 (Equation 1a) in large populations under
weak selection (i.e., Z ≈ 1), so it may take values much(1995) showed that the effective population size can be

predicted from the variance of the cumulative selective larger than 4 for tight linkage (r ! 1⁄2). Thus, Q ″2 can
usually be neglected relative to Q 92, and Equation 4bvalues associated with the neutral gene, as Ne 5 N/(1 1

Var. of cumulative selective values). The variance of the can be reduced to
cumulative selective values due to locus j is Q 2

j c 2
j , and

this can be again partitioned into the variance due to Ne ≈ N exp12C 2Q 92

2 2 , (5)
the selected allele originally located in the gamete with
the neutral gene, and the variance due to the selected without losing much precision. The term Q 92, which
allele in the other gamete, refers to the effect of selected genes in the same gamete

as the neutral gene, has two components. One is due
Q 2

j c 2
j 5 Q 92

j
c 2

j

2
1 Q ″2

j
c 2

j

2
5

Q 92
j 1 Q ″2

j

2
c 2

j . to selected loci in chromosomes other than that of the
neutral locus (with probability [n 2 1]/n). The other

If j were the only locus with effect on fitness in the component is due to loci in the chromosome carrying
genome, the effective population size would be the neutral gene (with probability 1/n). As the neutral

gene is assumed to be located in the middle of the
chromosome, the second component can be obtainedNe (due to j) 5

N
1 1 c 2

j ((Q 92
j 1 Q ″2

j )/2)
. (2)

by integration over one-half of the chromosome length.
Thus, using Equation 1a and the above probabilities,From Equations 1a and 1b we note that Q 9j and Q ″j take

the value 2/(2 2 Z) ≈ 2 when the neutral gene and the
Q 92 5 1 2

2 2 Z2
2n 2 1

n
1

2
nl #

l/2

0
1 2
2 2 Z 2 Ze22x2

2

dxselected locus are located in different chromosomes
(i.e., x 5 ∞), the population size is large, and selection
does not change the genetic variance very quickly (i.e.,

5
n 2 1

n 1 2
2 2 Z2

2

Z ≈ 1). Therefore, with no linkage, Q 92 5 Q″2 ≈ 4, and
Equation 2 yields

1
4
nl1

l
(2 2 Z)2

2
1

(2 2 Z)(2 2 Z 2 Ze2l )Ne 5 N/(1 1 4C 2) (3)

(Robertson 1961; Santiago and Caballero 1995).
1

ln(2 2 Z 2 Ze2l )
(2 2 Z)2

1
1

(2 2 Z )(2 2 2Z)Barton (1995) and Nordborg et al. (1996, Appendix
iii) arrived at the conclusion that with no linkage Ne 5
N/(1 1 2C 2) instead of Equation 3, but this is not 2

ln(2 2 2Z)
(2 2 Z)2 2 .

correct as we discuss.
Now consider the n selected loci with different contri- Numerical analysis (data not shown) indicates that

bution to the variance for fitness. With multiplicative the relevant parameter is the product L 5 nl, that is,
effects among them, the total variance of the cumulative the genetic size of the genome. Variations in the distri-
selective values for all the selective loci in the genome is bution of the sizes of the chromosomes do not make

much difference if the size of the whole genome is
P
n

j51
11 1 c 2

j
Q 92

j 1 Q ″2
j

2 2 2 1. constant. Thus, the first term in the above equation can
be dropped by setting n 5 1 and substituting l by L :

Therefore, the asymptotic value of Ne is
Q 92 5

4
L1 L

(2 2 Z)2
2

1
(2 2 Z)(2 2 Z 2 Ze2L)Ne 5

N
1 1 Pn

j51(1 1 c 2
j ((Q 92

j 1 Q ″2
j )/2)) 2 1

1
ln(2 2 Z 2 Ze2L)

(2 2 Z)2 1
1

(2 2 Z)(2 2 Z)≈ N exp12o
n

j51

c 2
j
Q 92

j 1 Q ″2
j

2 2 . (4a)

2
ln(2 2 2Z)

(2 2 Z)2 2 . (6)
If c 2

j and Q 2
j values are uncorrelated (i.e., independence

between Z and c 2 values), Equation 4a reduces to
The following approximations to the above expression
can be made:Ne ≈ N exp12C 2 Q 92 1 Q ″2

2 2 , (4b)
if L → ∞ (no linkage), then Q 92 5 Q ″2 ≈ 4,

and Equation 4b should be used,where Q 92 5 Rn
j51Q 92

j n and Q ″2 5 Rn
j51Q ″2

j /n.
if L → 0 (complete linkage), then Q 92 → 1/(1 2 Z)2For large populations Q ″j is nearly 2 when linkage is

not very tight (Equation 1b), and it asymptotically tends and Q ″2 can be neglected,
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follows we show expressions for Ne that generalize thoseif L @ 0 (say L . 0.2), then Q 92 $ 2/(1 2 Z )L
predictions, including the effect of finite populations.and Q ″2 can be neglected. (7)
Expressions obtained in the previous section are fully

Then, a general expression for Ne with linkage can be applicable, but we consider now a selection coefficient
obtained by substituting Q 92 from Equation 6 into Equa- t against heterozygotes. In this case, the assumption
tion 5. For L . 0.2 or so, using the approximation (7), previously made of additive gene action within a locus
Equation 5 can be simplified to can be removed, because for the background selection

model, the effect on the heterozygote and not on the
Ne ≈ N exp12 C 2

(1 2 Z)L2 . (8) mutant homozygote is critical. If the frequency of a
deleterious allele in a particular generation i is qi, the

If selection is weak and linkage is not very tight, i.e., the genetic variance contributed by this locus is propor-
exponent is smaller than 1 or so, Equation 8 can be tional to qi (1 2 qi) ≈ qi , as the deleterious allele fre-
expressed in a way more familiar to the classical equa- quency will be generally small, and the expected gene
tions for the effective population size, Ne ≈ N/[1 1 C 2/ frequency in the next generation is qi11 ≈ qi 2 qi(1 2 qi)t ≈
(1 2 Z)L]. qi(1 2 t). Therefore, the proportional change in the

Application to particular genetic systems: The above genetic variance of the selected locus due to selection
equations for predicting the effective population size is qi11(1 2 qi11)/qi(1 2 qi) ≈ qi11/qi 5 (1 2 t). This
are a function of the proportional reduction of the is the factor by which genetic variance is changed by
genetic variation (1 2 Z) at selected loci. Two processes selection for this model. This result can also be obtained
are involved in the dynamics of the genetic variation of directly from Equation 9, noting that under mutation-
loci: selection and drift. It is generally assumed that selection balance C 2 5 Ut (Crow and Kimura 1970)
drift eliminates variation at a constant rate 1/2Ne. The and Vm 5 Ut 2, where U is the total genomic (diploid)
change in genetic variance due to selection depends on mutation rate for detrimental genes. Combining both
the genetic system. For some models, this change is drift and selection, the reduction of the association be-
constant. Particularly, phenotypic selection on an infin- tween neutral and selected genes in one generation is
itesimal model (Bulmer 1980; Santiago 1998) and the approximately
background selection model (Charlesworth et al.
1993) erode variation at a rate that is independent of Z 5 (1 2 t)11 2

1
2Ne

2 ≈ 1 2 t 2
1

2Ne

. (10)
the changes in gene frequency at particular loci.

At equilibrium, the mutational input per generation
Equation 10 can also be obtained from the formula by(Vm) equals the loss of variation by drift and selection.
Keightley and Hill (1988) and Bürger et al. (1988),Therefore, the proportion of the expressed genetic vari-
i.e., C 2 5 2NeVm/(1 1 2Ne t). Substituting into Equationance C 2 that is lost by drift and selection per generation
9 we get Equation 10. Thus, the appropriate value ofis Vm/C 2. The remaining fraction of the expressed varia-
Q 9j can be obtained from Equation 1a,tion, which is expected to be maintained after one gen-

eration of selection, is
Q 9j ≈

1
r 1 (1 2 r)/2Ne 1 t

. (11)

Z 5 1 2
Vm

C 2
. (9)

The value of Q 92 is given by Equation 6; if the genome
size is not extremely small (L . 0.2), using (7) and (10)This term can be substituted in the previous equa-
we get Q 92 ≈ 2/[L(t 1 1/2Ne), and Equation 8 becomestions to obtain the appropriate Q 92 and Ne values. For

example, the predictive Equation 8 becomes Ne ≈ N
Ne 5 N exp12 C 2

L(t 1 1/2Ne)
2 . (12)exp[2(C 2)2/(L Vm)].

Infinitesimal model: All the previous equations apply
under the infinitesimal model. Favorable and deleteri- When the effect of drift is negligible (i.e., t @ 1/2Ne),

then C 2 5 Ut and Ne 5 N exp(2U/L) ≈ N/[1 1 (U/L)],ous mutation models reduce to the infinitesimal model
if effects are very small. If the population is small, selec- which agrees with the approximation of N. H. Barton

(unpublished results; see p. 671 of Caballero 1994;tion is not very strong, and linkage is not very tight, the
equilibrium variance can be approximated by C 2 5 Barton 1995). This equation can also be derived from

Equation 4 of Nordborg et al. (1996), after substituting2NeVm (Lynch and Hill 1986; see Santiago 1998 for
a general equation to predict C 2 and Vm under linkage), our Equation 11, which is in fact the average value of

the cumulative effect of a large number of selective lociand Z 5 1 2 (Vm/C 2) ≈ 1 2 1/(2Ne).
Deleterious mutations model: This is equivalent to the evenly spaced on the genome.

Without recombination (L 5 0) and t @ 1/2Ne, Equa-background selection model of Charlesworth et al.
(1993). Predictions of heterozygosity for this model tion 6 reduces to Q 92 5 1/t 2. Substituting this and C 2 5

Ut into Equation 5, Ne ≈ N exp[2U/(2t)]. This equationhave been developed by Hudson and Kaplan (1995)
and more generally by Nordborg et al. (1996). In what is identical to the expression of Kimura and Maru-
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yama (1966) and Haigh (1978) for the size of the when the selected allele has any gene frequency (q1) in
the range 0 to 1. Thus, the appropriate value of Q 9j ischromosome class with the lowest number of deleter-

ious mutants. As all the chromosomes in the population the mean weighted value of the Q 9j (q1) values corre-
sponding to all the possible initial frequencies q1 inwill be derived from one member of the best class, the

size of this chromosome class is indeed the effective the range 0 to 1, the weights being the product of the
proportional contribution of the possible initial fre-population size given in number of chromosomes.

Charlesworth et al. (1993) found the equivalent alge- quencies to the observed genetic variance and the prob-
ability of being at all the possible values of the initialbraic solution for the heterozygosity, p 5 p0 exp(2U/

2t), where p0 represents the expected heterozygosity if frequency. In a deterministic mutation-selection model,
the probability of having a particular frequency, q, isthere is no selection.

Favorable mutations model: Assume that the selective proportional to 1/[q(1 2 q)] (Crow and Kimura 1970),
and the contribution of the gene to the variance isvalues of the three genotypes at any selective locus j are

1, 1 1 t, and 1 1 2t, respectively. The predictive equa- proportional to q(1 2 q). Therefore, the product of
these terms is independent of the gene frequency fortions previously shown do not hold if favorable muta-

tions are not effectively neutral (i.e., t . 1/2Ne, after large Ne t. Hence, Q 9j can be approximated as the aver-
age value of a number m of Q 9j (q1) values correspondingKimura 1983) as changes in variance are dependent on

the dynamics of the gene frequencies. However, the to initial frequencies q1 evenly spaced through the spec-
trum of gene frequencies from 0 to 1,general principles of the theory are also applicable for

large effects if there is a continuous flux of advantageous
mutations. Assume that the frequency of the favorable Q 9j 5

R
m/(m11)
q151/(m11) Q 9j (q1)

m
. (13)

allele in the generation in which the neutral allele of
reference appears by mutation is q1. The expected gene The appropriate Q 92 value of the neutral locus is the
frequency of the selected allele in the next generation average value of the Q 92

j values corresponding to all the
is q2 ≈ q1 1 q1(1 2 q1)t and the proportional change in selective loci j in the genome. This average value has
genetic variance due to selection is q 2(1 2 q2)/q1(1 2 q1). to be substituted into Equation 5. Therefore, although
Drift also reduces the genetic variance by 1 2 1/2Ne, it seems difficult to reach a simple algebraic equation
therefore, Z1 5 (1 2 1/2Ne)q2(1 2 q2)/q1(1 2 q1). Here to predict Ne for the model of favorable mutations, the
we consider only the effect of the gamete associated principles previously shown can be applied to find nu-
with the neutral gene (i.e., we neglect Q ″j ), obtaining merical approximations.
Q 9j with the same argument leading to Equation 1a. If the
frequency of recombination between the neutral gene

ASYMPTOTIC EFFECTIVE SIZE, HETEROZYGOSITY,and the selected locus j is r, and the covariance be-
AND POLYMORPHISMtween them in the first generation is S 91, the expected

changes in gene frequency in the following generations The parameter Ne that we have derived is the asymp-
are totic effective population size. If a neutral allele appears

in the population at a given generation by mutation,S 92 5 S 91(1 2 r)Z 1 ,
the drift process will be initially weak on it, but random
associations with selected genes will accumulate overS 93 5 S 91(1 2 r)211 2

1
2Ne

2
2q3(1 2 q3)
q1(1 2 q1) generations making drift increase until an asymptotic

value is reached. In the first generation, the magnitude5 S 91(1 2 r)2 Z 2 ,
of the drift process on the neutral allele can be quanti-
fied by the variance in allele frequency in the first gener-S 94 5 S 91(1 2 r)311 2

1
2Ne

2
3q4(1 2 q4)
q1(1 2 q1) ation. Although this refers only to the particular neutral

5 S 91(1 2 r)3Z 3 , genes that appeared one generation ago, we refer to it
as the effective population size in the first generation,and so on. Zi is the proportional change in genetic

variance from the initial generation to generation i due
Ne,1 ≈

N
1 1 C 2((Q 92

1 1 Q ″2
1 )/2)to selection and drift. Therefore, the value of Q 9j given

an initial frequency q1 for the selected locus when the
neutral gene appears is (see Equation 1a) ≈ N exp12C 2Q 92

1 1 Q ″2
1

2 2 . (14)

Q 9j (q1) 5
1
S 91

o
∞

i50

S 9i 5 o
∞

i50

Zi11 1 e22x

2 2
i

, Q 91 can be computed as the average value for all the Q 9j1
values of selected loci, being obviously equal to one,

where i represents the successive generations and qi are Q 9j1 5 (1/S 91)R1
i51 S 9i 5 1, so that Q 91 5 1. The value of

the sequential frequencies of the selective allele in the Q″1 is also 1. As stated before, the asymptotic value
consecutive generations, which are obtained as qi ≈ qi21 of Q″ is less than or equal to 2, and after a few genera-

tions it will be much smaller than Q 9 under linkage, so1 qi21(1 2 qi21)t. Now, the neutral mutation may appear
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Heterozygosity: Under the infinite sites model, the
heterozygosity contributed by a new mutation (i.e., with
frequency 1/2N) is 2(1/2N)(1 2 1/2N) ≈ 1/N. Then,
with a mutation rate m per locus and generation, the
number of new mutations per generation is 2Nm, and
the input of heterozygosity per generation is about 2m.
The neutral variability generated by these mutations
decreases at an increasing rate, which is a function of
the consecutive values of Ne, i, so the remaining propor-
tion after t generations is R t 5 Pt

i51(1 2 1/2Ne,i).
Therefore, the expected heterozygosity at equilibrium
(p) is the sum of the contributions by mutations during
all the previous generations,

p 5 2m(1 1 o
∞

t51
R t). (16)

Figure 1.—Reduction of the probability of segregation and
the heterozygosity contributed by a locus with a single copy

If there is no selection, or selection acts on a noninher-of a neutral gene in the initial generation. The reductions
are given as a percentage of the values in the initial generation. ited trait, there is a single value of Ne for the consecutive
The effective population size (Ne,i) associated with that locus generations. Thus, R t 5 (1 2 1/2Ne)t, and substituting
in generation i is also plotted. N 5 100, L 5 1, C 2 5 0.02,

this into Equation 16, p 5 4Nem, as expected (Crowand t 5 0.01 (deleterious mutations model). The last element
and Kimura 1970, p. 323). Furthermore, when selectionin each series corresponds to the asymptotic value (both heter-

ozygosity and probability of segregation equal 0). is on an inherited trait and the selective effects are large,
the consecutive values of Ne,i decay very quickly reaching
values close to the asymptotic effective size, Ne, in awe can ignore it in Equation 14 and henceforth. The
few generations. Under this condition, heterozygositymagnitude of the drift process on the neutral allele
is again well approximated by p 5 4Nem. Otherwise,from generation 1 to 2 is analogously quantified by the
this equation underestimates heterozygosity because thevariance in allele frequency from generation 1 to 2,
effective size associated with a mutation is larger thanwhich we refer to as Ne,2. This is calculated using Q 92,
the asymptotic Ne for a long period of time. This isthe average of all the Q 9j2 (see the accumulation of terms
illustrated in Figure 1, which shows the expected hetero-stated before), obtained as Q 9j2 5 (1/S 91)R2

i51S 9i 5 1 1
zygosity for consecutive generations of a neutral allele(1 2 r)Z, and
starting with a single copy in the initial generation. It is
observed that the heterozygosity has a rate of reductionNe,2 ≈ N exp12 C 2

2
Q 92

2 2 . (15)
lower than that of Ne,i. However, the degree of disassocia-
tion between heterozygosity and the asymptotic Ne isFrom generation 2 to 3, Ne, 3 can be calculated using
much smaller than that between the proportion of seg-Q 93 which is the average of all the Q 9j 3, obtained as
regating sites and the asymptotic Ne, as we explain next.Q 9j 3 5 (1/S 91)R3

i51S 9i 5 1 1 (1 2 r)Z 1 (1 2 r)2Z 2, and
Proportion of segregating sites: Under an infinite sitesso on up to infinite, Q 9j,∞ 5 Q 9j , when the asymptotic

model, the proportion of segregating sites increases byeffective population size, Ne,∞ 5 Ne (equations in the
2Nm, the number of new mutations per generation. Theprevious sections), is reached.
equilibrium proportion of segregating sites, s, can beThere is no simple solution for the Q 9 terms for con-
obtained by calculating the probability that mutants ap-secutive generations (except for infinite generations;
pearing in previous generations are still segregating ini.e., Equation 6). Therefore, numerical methods have
the current one. Looking backward in time, the remain-to be applied to estimate the values of the partial effec-
ing fraction of the segregating sites produced t genera-tive sizes in consecutive generations. If genetic variance
tions ago is a function of the magnitude of the driftfor fitness is not large, in the first generation Ne,1 is close
process until the current generation. As we have seen,to the census size N of the population. In the following
this magnitude is represented by the partial Ne,i valuesgenerations the effective size drops toward its asymptotic

value (see Figure 1). For a new neutral mutation, the from generation 1 to generation t and it can be summa-
decay of genetic variance is 1/2Ne,1 in the first genera- rized by the harmonic mean Ne,Ht of these t values, i.e.,
tion, 1/2Ne,2 in the second generation, and so on. A 1/NeHt 5 (1/t) Rt

i51(1/Ne,i). Thus, the probability of
consequence of this cumulative effect of drift on new segregation in the current generation of mutations ap-
mutations is that there is not a simple formula to con- peared t generations ago (Pt) can be approximated by
nect asymptotic population size, heterozygosity, and
proportion of segregating sites for neutral alleles, as we Pt 5 1 2 exp122

Ne,Ht

Nt 2 (17)
address next.
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(Gale 1990, p. 108). This equation gives overestimates
of Pt in the long term, say for t . Ne,Ht. Therefore, in
practice we utilize this equation until the difference for
two consecutive generations, Pt 2 Pt11, is smaller than
the expected asymptotic rate of decay 1/2Ne. After that,
the recursive equation Pt11 5 Pt(1 2 1/2Ne) is used.
The proportion of segregating sites s can be computed
as the sum of the remaining contributions from all the
previous generations,

s 5 2 N m o
∞

i50
Pi . (18)

The proportion of segregating sites is generally much
more dependent on N than on Ne because only a small
proportion of new mutations segregate for a long pe-
riod. For example, if there is no selection, the s value
for the whole population is approximately 4Nm ln 2N
(see Ewens 1979). The input of segregating sites per
generation is 2Nm. At equilibrium, this is also the num-
ber of sites that become monomorphic per generation.
Therefore, the proportion of polymorphic loci that be-

Figure 2.—Example of the dependence of the asymptotic
come monomorphic per generation is 2Nm/s 5 1/(2 reduction of proportion of segregating sites (s), heterozygosity
ln 2N), which is a relatively large proportion. For exam- (p), and effective population size (Ne) on the number of

reproductive individuals (N ). C 2 5 0.001, t 5 0.01 (deleteriousple, for a population of N 5 100, about 10% of the
mutations model), and L 5 0.segregating sites are lost by drift every generation. This

is also illustrated in Figure 1. The probability of segrega-
tion of an initially single-copy neutral allele has most of

spectrum of frequencies of neutral genes a numberits reduction in the initial generations. Given this large
of generations after their appearance (e.g., Crow andrate of loss of polymorphic loci per generation, it is
Kimura 1970). According to our results, these methodsclear that the proportion of segregating sites is very
should consider the evolution of the consecutive valuesdependent on the mutations arising few generations
of the effective size for the n generations, but the appli-ago and, therefore, the Ne,i values of the initial genera-
cation would be quite complex. However, the precisiontions have much influence. Because these initial Ne,i
is not much affected if the harmonic mean Ne,Ht of thevalues are closer to the census size N than to the asymp-
partial Ne,i values for the t generations is used as thetotic effective size, Ne, the proportion of segregating
constant effective population size for the t generations.sites in the whole population is only slightly dependent
The distribution of neutral gene frequencies in the pop-on Ne. On the contrary, the rate of loss of heterozygosity
ulation can then be computed as a combination of dis-per generation is relatively small (1/2N with no selec-
tributions for neutral mutations that appeared in thetion). For example, for a population of size N 5 100,
actual generation, one generation ago, two genera-it is only 0.5% per generation. Therefore, the heterozy-
tions ago, etc., up to infinity. An illustration of this isgosity is more dependent on the asymptotic effective
given in the next section.population size, Ne. The above arguments indicate that

if the asymptotic Ne is much smaller than the census
size N, heterozygosity will be more affected by selection

EVALUATION OF RESULTS
than the proportion of segregating sites because the
latter depends strongly on N. This dependence of the The above predictions and equations were checked by

Monte Carlo simulations. Random mating populationsasymptotic reduction of s, p, and Ne,i on population size
predicted under a model of deleterious mutations is with N diploid individuals were simulated. The selective

system was controlled by n loci evenly distributed inshown in Figure 2. The larger the population size the
stronger the selection as the mutant effects are assumed linear chromosomes. Further n neutral loci were allo-

cated alternating with the selected loci. The populationto be constant (t 5 0.01). Reductions of Ne,i and p
are close and tend to be equal with large N (strong was initially run for thousands of generations so that

the selective system could reach mutation-selection-driftselection), as previously noted by Charlesworth et al.
(1995) for background selection. The proportion of equilibrium. Thereafter, two different sets of runs were

carried out according to the objective. In the simula-segregating sites is much less affected by the increase
in strength of selection. tions used to evaluate Ne, alleles from each neutral locus

were initially set at frequency 0.5. The population wasAllele frequency spectrum: The application of the
classic theory of Ne provides methods to predict the then simulated for 100–300 generations until the asymp-
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TABLE 2

Simulations (and predictions in parentheses) based on multiplicative gene action
with mutants of equal effect, t, on the heterozygote

C 2 3 102 N L Ne/N p/p0 s/s0

Deleterious mutations (t 5 0.05 when N 5 100, otherwise t 5 0.02)
4.94 100 1 0.37 (0.41) 0.42 (0.45) 0.60 (0.65)
3.51 100 0 0.07 (0.11) 0.19 (0.19) 0.45 (0.52)
0.20a 800 0 — (0.17) 0.16–0.30 (0.21) 0.54–0.60 (0.54)
0.20a 10,000 0 — (0.09) 0.09 (0.10) 0.39 (0.41)
0.20a 1,000,000 0 — (0.08) 0.08 (0.08) 0.21 (0.31)

Favorable mutations (t 5 0.14)
3.57 1,000 0 — (0.007) 0.023 (0.021) 0.30 (0.28)
1.68 10,000 0 — (0.001) 0.004 (0.003) 0.17 (0.24)

Predictions for the model of deleterious mutations were made using Equations 5, 6, and 10, and those for
the model of favorable mutations using Equations 5 and 13, as explained in the text.

a Simulations taken from Table 1 of Charlesworth et al. (1995).

totic effective size was clearly reached. Fifty additional from Nordborg et al. (1996) with U 5 0.4, L 5 1 and
mutation effects with mean t 5 0.04 drawn from a gammagenerations were run. At least 200 independent repli-

cates of this process were simulated. The variance (Vari) distribution with parameters a 5 0.70 and b 5 0.032
give an average p/p0 of 0.67. The prediction from Equa-of the frequency of the neutral genes was computed for

each generation i over loci and replicates. The effective tion 4a is 0.65, and that from the approximation (4b)
population size at a given generation i was computed as (assuming no correlation between C 2

i and Q 92
i ) is 0.67,

Ne,i 5 0.5(0.25 2 Vari21)/(Vari 2 Vari21). The observed suggesting that the shape of the distribution of effects
asymptotic Ne value was computed as the average of the is not very important for the effective population size.
Ne,i values of the 50 additional generations. A different Finally, Figure 4 represents an example of the agree-
set of simulations was run to evaluate the heterozygosity ment between observed and expected allele frequency
and the segregation of polymorphic loci. In this case, spectrums. The expected frequency distribution, under
the neutral genes were introduced as mutants, and the selection for the whole population of mutations origi-
population was run until the equilibrium heterozygosity nated t generations ago, was obtained by using transi-
and polymorphism was reached. The selective value of tion matrix methods. The partial Ne,i values for genera-
an individual was calculated as (1 1 t)k for the model tions 1 to t were predicted, and the harmonic mean
of favorable mutations and (1 2 t)k for the model of
detrimental mutations, where k is the number of mutants
carried by the individual. Every generation the mean
fitness of the population was set to 1, and the variance
of relative fitnesses of individuals (C 2) was computed.

Table 2 shows some simulations of asymptotic values
of Ne, p, and s. Predictions were generally close to simu-
lations. As was explained before, the effective size is
progressively reduced over generations until the asymp-
totic value is reached. A comparison with simulations is
made in Figure 3. Predictions of the equilibrium hetero-
zygosity and proportion of segregating sites in Table
2 were made from these values of Ne,i in consecutive
generations as explained above. As expected, the abso-
lute reduction of Ne is generally greater than the reduc-
tion of heterozygosity and polymorphism (cf. Figure 2)
because p and s depend not only on the asymptotic

Figure 3.—Three examples of the progressive reduction
Ne but also on nonasymptotic values, particularly s. A of Ne,i associated with a new neutral mutation in a population
tendency of convergence between the ratios p/p0 and of size N 5 100. Simulated (boxes) and predicted (lines)

values for 40 generations. The last element in each seriess/s0 with increasing population size is predicted, as
corresponds to the asymptotic Ne value. C 2 ≈ 0.044 and t 5noted by Charlesworth et al. (1995) for background
0.05 (deleterious mutations model). Solid boxes, four chromo-

selection (see also Figure 2). somes 1 Morgan long each; open boxes, one chromosome 1
Predictions are also accurate when mutations of un- Morgan long; and solid triangles, one chromosome with no

recombinations.equal effects are considered. For example, simulations
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tions). As the effect of the genes decreases, with t ,
1/2Ne and getting close to the assumptions of the infini-
tesimal model, the predictions are more dependent on
Ne, and the bigger the population, the smaller the ratio
Ne/N (see Table 2).

Our predictions of Ne can be made in terms of com-
pound parameters, such as the variance for fitness, C 2,
and the new input of mutational variance, Vm, but not
necessarily on mutation rates and mutational effects
of spontaneous mutations, whose magnitudes are in a
current debate (e.g., Peck and Eyre-Walker 1997).
Houle et al. (1996) have reviewed estimates of C 2/Vm

for a variety of traits and species, obtaining an average
value of 50 for life-history traits. This is an estimate of
the average persistence time of detrimental mutations.
For viability in Drosophila C 2 5 0.01, approximately,

Figure 4.—Example of gene spectrum in a population of for the whole genome (Mukai 1988). Because the ge-
500 individuals under a multiplicative deleterious mutations nome size of Drosophila melanogaster is about 1.25 (con-
model and no recombination. C 2 5 0.00426, t 5 0.01. Only sidering that there is no recombination in males), substi-gene frequencies between 0 and 0.02 are represented. Simu-

tuting Vm/C 2 5 0.02, C 2 5 0.01, and L 5 1.25 intolated values in boxes. Top line: prediction under selection;
Equations 8 and 9, we obtain Ne 5 0.67N, which is abottom line, prediction under a pure neutral model (see text

for explanations). considerable reduction in effective size due to inherited
differences in viability alone.

A main requisite for our model to work is the continu-
Ne,Ht of these was used as the constant effective size of ous flux of genetic variation for fitness in all the chromo-
mutations originated t generations ago. Predictions some regions. Mutation introduces new variation at neu-
(top line) were made by accumulating all the expected tral sites while selection reduces the genetic variability.
distributions for neutral mutations originated in all the This requirement is far away from the strong selective
previous generations and in the current one. Simula- sweep model assumed by Wiehe and Stephan (1993),
tions (boxes) were very close to these predictions. The for which the hitchhiking of neutral alleles by favorable
bottom line shows the expected distribution, which mutations can be considered as a two-step process. First,
would have been predicted under a pure neutral model a strongly selected gene passes quickly through the pop-
without selection. This was calculated assuming the con- ulation, wiping out linked variation, and second, poly-
stant effective population size, which explains the ob- morphism is recovered by mutation in a period where
served level of heterozygosity in the population. no hitchhiking occurs. Therefore, our equations for

favorable mutations are not applicable to the assump-
tions made by Wiehe and Stephan (1993). For exam-

DISCUSSION
ple, with parameters N 5 1000, L 5 0, t 5 0.2, the
average simulated heterozygosity (p/p0) is 0.031, 0.084,The fundamental concept in our analysis is that the

parameter Ne, which summarizes the magnitude of the and 0.246 when a single selective locus is segregating
all the time, one-third of the time, or one-twelfth ofdrift process in a genomic region or in the whole ge-

nome, is a function of the rate of reduction of the the time, respectively. The corresponding predictions
obtained with our method are 0.028, 0.033, and 0.041,covariance between the neutral genes and the selected

system. This reduction depends on three factors: the respectively. Thus, the two latter, including periods of
recovery of polymorphism, deviate from the assump-genetic size of the genome (i.e., the recombination

rate), the change of variance of the selected loci due tions of our model, and predictions become more and
more inaccurate.to selection, and the reduction of variance due to drift.

At equilibrium, the total rate of reduction is Vm/C 2 5 Our derivation follows the arguments of Robertson

(1961) and Santiago and Caballero (1995). The vari-1/2Ne 1 t for models in which this rate is independent
of the gene frequencies (i.e., infinitesimal model or ance of long-term selective values (Q 2C 2) is partitioned

into two components, one due to the chromosome car-deleterious mutations model). When the effects of the
selected loci on fitness are large in relation to Ne, say rying the neutral allele of reference (Q 92) and the other

due to the homologous chromosome (Q ″2). With not @ 1/2Ne, the relative influence of genetic drift is small
and predictions become independent of Ne. In this case, linkage, large populations and weak selection, both

terms approximate a value of 4 and Equation 3, Ne 5there is full agreement with equations from Hudson

and Kaplan (1995), Barton (1995), and Nordborg et N/(1 1 4C 2), is obtained, as deduced by Robertson

(1961) and Santiago and Caballero (1995). However,al. (1996) for background selection (deleterious muta-
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Barton (1995) and Nordborg et al. (1996) arrived at genes throughout the genome does not seem to be
uniform (Gardiner 1996), suggesting that the sourcethe conclusion that with no linkage Ne 5 N/(1 1 2C 2).

Nordborg et al. (1996, Appendix iii) linked this to the of genetic variability for fitness is not evenly distributed
in the genome. The exact magnitude of these deviationsprevious expression by arguing that in the former the

term C 2 is, in fact, C 2/2, because it refers to the vari- is unknown, but the former equations could also be
applied if the density of genetic variability for fitnessance of fitness of families (couples) instead of indi-

viduals. This is not correct, however. In the argument were more or less proportional to the rate of recombina-
tion. Otherwise, the computation of the appropriateof Robertson (1961) and Santiago and Caballero

(1995), C 2 is the variance of the relative fitness values value of Q 92 must consider the particular distribution
of selected genes and genetic distances between theseof couples because these were fixed (monogamous mat-

ings) but this was assumed to be the fitness associated genes and the neutral locus.
The reduction of effective size associated with a neu-with neutral alleles, and all four alleles (in the couple)

had the same associated fitness. The model would be tral gene is progressive: The magnitude of the drift
process is smaller for new neutral mutations than forequivalent for monoecious populations (Caballero

and Santiago 1995). old ones, and this process accumulates on neutral genes
over generations until an asymptotic value is reached.The reason for the confusion is clear from the deriva-

tion in this article. Barton (1995) and Nordborg et al. The consequence is that heterozygosity will always be
larger than that expected if all the neutral genes in the(1996) considered only the gamete carrying the neutral

allele as the determinant for the fitness associated to population had a constant effective size equal to the
asymptotic value (Ne) and, therefore, cannot be formallythis allele. This is the same as neglecting Q ″2, as we did,

for example, to obtain Equation 5. Now, for large popu- predicted in the simple way, 4Nem. The magnitude of
the underprediction depends on how quickly the asymp-lation size (Z ≈ 1), Q 9 ≈ 1/r, and from Equation 5, Ne 5

N/(1 1 C 2/2r 2), which agrees with Barton’s expres- totic Ne value is reached (see Figure 3). For a given
genome size or recombination rate, this relies on thesion. If now r 5 0.5, the above expression yields Ne 5

N/(1 1 2C 2). However, neglecting Q″2 is allowed only rate of reduction of the genetic variance. Under the
assumptions of the infinitesimal model, the reductionfor moderate or strong linkage because only for r ! 0.5

is Q 92 @ Q ″2. The intuitive explanation is that with tight of the variance in the selected system will be mainly due
to drift if selection is weak, the reduction of effectivelinkage, the fitness associated with the neutral allele

depends mostly on that of the gamete carrying it and size will be slow, and the difference between the real
heterozygosity and that expected from the asymptoticQ 92 @ Q ″2. However, for very loose linkage or no linkage,

the fitness of the homologous gamete is also important: Ne will be the highest. As the effect t of selected genes
becomes larger, the rate of reduction increases and theQ 92 ≈ Q ″2 ≈ 4, and Ne 5 N/(1 1 4C 2).

To reduce the complexity of the derivation, we have asymptotic Ne is reached earlier. In a model of deleteri-
ous mutations of large effect (the background selectionconsidered that the recombination rate is constant

across the chromosome and the neutral gene is located model), heterozygosity tends to be almost equal to 4Nem
as mutations reach their asymptotic value of Ne in ain the middle of a chromosome. An equivalent deriva-

tion can also be developed for a neutral gene at any few generations. Nordborg et al. (1996) developed a
prediction of the reduction of heterozygosity due tolocation. The neutral location does not make a big dif-

ference unless the gene is in the final region of the linked selected loci under background selection (for-
mally p/p0), which is identical to our prediction of thechromosome tip. In this region, the effect of drift is

smaller as closely linked selective genes can only (or asymptotic Ne/N when drift is not considered. This pre-
diction turns inexact as the population size or the effectmainly) be located at one side of the neutral gene,

reducing down to a half the random associations with of selected genes decreases (Nordborg et al. 1996),
because the associated effective sizes of neutral allelesselected genes. As these regions in both tips are very

small, their weight on the average Ne value for the whole become further and further away from the asymptotic
value. An issue related to those above refers to the reduc-genome is irrelevant and the result for the central loca-

tion is a very good approximation to the average Ne. tions in the probability of fixation of advantageous muta-
tions because of their linkage to other selected loci (seeThis effect indicates that Ne is mainly determined by

the strength of selection acting on the region closely Barton 1994). Mutants of very large effect, whose fate
is decided in a few generations, are affected by thelinked to the neutral locus. An equivalent conclusion

has been reached by Nordborg et al. (1996) under the asymptotic Ne less than mutants of small effect and, there-
fore, the fixation probability of the former is reducedbackground selection model.

Regional variations in the frequency of recombina- by a smaller amount (Caballero and Santiago 1998).
The progressive reduction of the effective size asso-tion are often observed (see Lichten and Goldman

1995), with a general pattern of reduced recombination ciated with mutations can also explain the apparent
disconnection between heterozygosity and number ofin proximal regions (e.g., Nachman and Churchill

1996). Additionally, the distribution of transcriptional segregating sites under selection, which is the basis of
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statistical tests of neutrality (e.g., Fu 1996). Actually, Finally, some remarks concerning artificial selection
can be made. In the general theory of quantitative traits,those tests compare the observed spectrum of gene fre-

quencies with its expectation under a pure neutral linkage is usually ignored as farm species generally have
several chromosomes, suggesting that the assumptionmodel. As we have seen, the proportion of segregating

sites is little dependent on Ne, as it is mostly due to of free recombination is close to reality. Additionally,
linkage makes the analytical model more cumbersome:recent mutations, which have associated effective sizes

close to the census size of the population and far away Additive models are complicated by the effect of the
generation of negative covariances between genes af-from the asymptotic value. For very large populations,

however, the number of generations that effectively con- fecting fitness (Bulmer 1980; Santiago 1998). Al-
though our theory takes into account this effect, whichtribute to the proportions of segregating sites is larger.

Therefore, the drop of effective size during the initial is included the term Z 5 1 2 Vm/C 2, its application to
a model in which parents are selected individuals andgenerations affects it more, making heterozygosity and

number of segregating sites similarly reduced. This ef- the genetic values of both “gametes” are negatively cor-
related is not straight. Further insight into these modelsfect has been described by Charlesworth et al. (1995).

The spectrum of gene frequencies can be approxi- is necessary to assess the impact of linkage in artificial
selection programs.mated from the evolution of Ne associated to mutations

over generations. For mutations originated t genera- We thank B. Charlesworth, W. G. Hill, and N. Barton for
tions before the actual generation, the magnitude of helpful comments. This work was supported by grant PB95-0909-C02-

02 from Ministerio de Educación y Cultura (Spain) to E.S. and bythe drift process can be summarized by the harmonic
grant 64102C605 from Universidad de Vigo to A.C.mean (Ne,Ht) of the Ne,i values from generation i 5 1 to t.

The remaining proportion of heterozygosity can be pre-
dicted by (1 2 1/2Ne,Ht)t. Analogously, the proportion
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