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ABSTRACT

Weakly selected mutations are most likely to be physically clustered across genomes and, when sufficiently
linked, they alter each others’ fixation probability, a process we call interference selection (IS). Here we
study population genetics and evolutionary consequences of IS on the selected mutations themselves and
on adjacent selectively neutral variation. We show that IS reduces levels of polymorphism and increases
low-frequency variants and linkage disequilibrium, in both selected and adjacent neutral mutations. IS
can account for several well-documented patterns of variation and composition in genomic regions with
low rates of crossing over in Drosophila. IS cannot be described simply as a reduction in the efficacy of
selection and effective population size in standard models of selection and drift. Rather, IS can be better
understood with models that incorporate a constant “traffic” of competing alleles. Our simulations also
allow us to make genome-wide predictions that are specific to IS. We show that IS will be more severe at
sites in the center of a region containing weakly selected mutations than at sites located close to the edge
of the region. Drosophila melanogaster genomic data strongly support this prediction, with genes without
introns showing significantly reduced codon bias in the center of coding regions. As expected, if introns
relieve IS, genes with centrally located introns do not show reduced codon bias in the center of the coding
region. We also show that reasonably small differences in the length of intermediate “neutral” sequences
embedded in a region under selection increase the effectiveness of selection on the adjacent selected
sequences. Hence, the presence and length of sequences such as introns or intergenic regions can be a
trait subject to selection in recombining genomes. In support of this prediction, intron presence is positively
correlated with a gene’s codon bias in D. melanogaster. Finally, the study of temporal dynamics of IS after
a change of recombination rate shows that nonequilibrium codon usage may be the norm rather than

the exception.

HE general concept of effective population size

(N.), due to WRIGHT (1931, 1938), is usually associ-
ated with species-specific factors such as inbreeding,
unequal numbers of the two sexes, variance in mating
success, temporal variation in population size, popula-
tion subdivision, and pervasive selection. According to
theory, these factors are expected to have a genome-
wide influence on the standing crop of both weakly
selected and selectively neutral mutations because evo-
lutionary parameters governing these mutations, N.s (o)
and N (B), respectively, include effective population
size (see Table 1). However, polymorphism levels are
not constant across the genome but rather are corre-
lated with recombination rates, suggesting that addi-
tional factors may be influencing N. (AGUADE et al. 1989;
STEPHAN and LANGLEY 1989, 1998; BEGUN and AQua-
DRO 1992; MARTIN-CAMPOS et al. 1992; LANGLEY et al.
1993; Acuapt and LANGLEY 1994; AQUADRO et al. 1994;
STEPHAN 1994; NACHMAN 1997; DVORAK et al. 1998;
KRAFT et al. 1998; NACHMAN et al. 1998; PRZEWORSKI et
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al. 2000). This has led to theoretical investigations of
the effects of linkage and selection on neutral variation
levels.

Further investigation on whether N, can be viewed as
varying across a genome takes advantage of its conse-
quences on the effectiveness of weak selection. Theory
predicts that the evolutionary dynamics of mutations
whose selective effects are on the order of the reciprocal
of population size (z.e., a = 0.25-2.5) are expected to
be very sensitive to small shifts in N, (OHTA and KiIMURA
1971; Onura 1972, 1995; L1 1987). Two lines of evidence
are congruent with N, changing across genomes in Dro-
sophila (HILTON et al. 1994). The first comes from stud-
ies on the biased usage of synonymous codons (codon
bias), a paradigmatic example of weak selection for
translational efficiency in many organisms (GRANTHAM
et al. 1981; IREMURA 1981; BENNETZEN and HaLL 1982;
GrosJEAN and Frers 1982; KurrLanD 1987; SHARP and
L1 1987, 1989; SHIELDS et al. 1988; BULMER 1991; MORI-
YAMA and HARTL 1993; AkasHI 1994, 1995, 1996; EYRE-
WALKER 1996; CoMERON and KrREITMAN 1998; CoMm-
ERON et al. 1999; McVEAN and Vieira 2001). Codon
bias increases with recombination rates in Drosophila
melanogaster, indicating an increase in the effectiveness
of selection (and hence larger N,) in regions of high
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TABLE 1

Variables and parameters

Effective population size

Selection coefficient

Mutation rate per site per generation

Recombination rate between adjacent sites per
generation

N.s

Nep

N.c

ST v >

T ™R

oy, By, and py are the parameters corresponding to a, 3,
and p, respectively, when they refer to values used in computer
simulations.

recombination (KLiMAN and Hey 1993; COMERON et al.
1999), an effect that is also observed using the complete
D. melanogaster genome (J. M. COMERON, unpublished
data). Second, in interspecific comparisons in the D.
melanogaster species complex, the rate of replacement sub-
stitutions (K,) is significantly smaller in regions of high
recombination than in regions of low recombination
(HrutoN et al. 1994; ComERON and Krerrman 2000),
suggesting stronger purifying selection against deleteri-
ous amino acid changes in genes located in regions of
high recombination.

Several models of strong selection (o > 1) have been
proposed to explain why N, is reduced in regions of low
recombination: (i) the hitchhiking (HH) and pseudo-
HH (pHH) models, which invoke frequent positive Dar-
winian selection (MAYNARD SmiTH and HaicH 1974;
KAPLAN et al. 1989; GiLLESPIE 2000); (ii) the background
selection (BGS) model, which assumes a high and con-
stant rate of deleterious mutations (CHARLESWORTH ef
al. 1993; CHARLESWORTH 1994, 1996; HupsonN and
Karran 1995); (iii) the joint effects of positively and
negatively selected mutations (KiMm and STEPHAN 2000);
and (iv) models based on fluctuating selection (GILLES-
PiE 1997). The fixation of a favorable allele (:.e., selective
sweep or draft under the HH and pHH models, respec-
tively) alters the probability of fixation of linked selected
mutations present in the population, decreasing the
probability of fixation of other advantageous mutations
and increasing the chance of fixation of deleterious
mutations. A similar outcome will be produced by the
steady elimination of strongly deleterious alleles and
the indirect uniform reduction of N. under BGS. In all
of these models, mutations under strong directional
selection make linked mutations behave as if they are
evolving under a smaller population size (ROBERTSON
1961). The indirect effects of selected mutations on
linked variation will be greatest in the absence of recom-
bination and will decrease with increasing recombina-
tion.

However, strong selection is not a requirement for
this effect. HiLL and RoBERTSON (1966), using simula-
tions of a two-locus model, showed that the probability

of fixation of a favorable mutation at one locus becomes
reduced due to the segregation of alleles at a second
selected locus. This so-called Hill-Robertson effect
(FELSENSTEIN 1974; LEWONTIN 1974) is caused by the
presence of selected mutations in the genetic back-
ground and the consequent increment of stochastic
sampling effects (z.e., variance of offspring number and
genetic drift) in finite populations (see also ROBERTSON
1961; Birky and WaLsH 1988). An increase in genetic
drift under a Hill-Robertson scenario has the conse-
quence of reducing the intensity of selection and it is
regarded as equivalent to a reduction of N, (ROBERTSON
1961; HiLL and ROBERTSON 1966; FELSENSTEIN 1974;
KrimMaAN and Hey 1993). These effects of interference
apply mostly to mutations under moderate/weak selec-
tion because these mutations have much longer sojourn
times than strongly selected mutations and this en-
hances the opportunity for weakly selected mutations
to influence one another’s fate.

Weakly selected mutations, taken individually, are not
expected to have a measurable effect on population
parameters or on the tree topology of linked neutral
mutations (GOLDING 1997; NEUHAUSER and KRONE
1997; PRZEWORSKI et al. 1999). Similarly, interference
between pairs of weakly selected mutations should also
be negligible because this interaction is expected to
be a second-order magnitude effect. We are, however,
interested in investigating interference due to segregat-
ing mutations under weak selection, which we call Inter-
ference Selection (IS), because for many organisms
weakly selected mutations are both abundant and physi-
cally clustered within genomes, and hence the magni-
tude of IS interactions becomes measurably large. First,
a large fraction of the mutations segregating in popula-
tions of many species may be weakly selected. Synony-
mous mutations, for example, are an abundant source
of weakly selected mutations in Drosophila and other
species. Weakly selected mutations may also be common
in many species among amino acid replacement
changes (OHTA 1995; ZENG et al. 1998) and in regulatory
regions (LUDWIG et al. 1998). Second, weakly selected
mutations are likely to be physically clustered in the
coding regions of genes and in regulatory regions, gen-
erating genomic regions with a high density of segre-
gating weakly selected mutations. Reduced physical
distance and hence recombination between these muta-
tions creates the opportunity for multiple interference
interactions. Nevertheless, it is not obvious whether IS
can be rationalized simply in terms of N, because the
magnitude of its effect will depend jointly on the muta-
tion rate to selected alleles, the intensity of selection,
and the recombination rate between mutations under
selection.

L1 (1987), using simulations, showed that weakly se-
lected mutations under complete linkage can interfere
with one another to cause shifts in the frequency of
favorable mutations at equilibrium. Later, COMERON e/
al. (1999) allowed the numbers of selected sites, selec-
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tion coefficients, and recombination rates to vary across
ranges of values thought to be biologically realistic for
species such as Drosophila. This multilocus study
showed that the level of codon bias (i.e., used as a proxy
for the effectiveness of selection and N,) decreases when
either the recombination rate decreases or the number
of weakly selected sites increases for different intensities
of weak selection. MCVEAN and CHARLESWORTH (2000)
further investigated both codon bias and level of poly-
morphism in selected sites under IS, confirming that
these traits are affected by IS not only for absolute link-
age but for a range of recombination rates observed
in outcrossing species. These studies proposed the
Hill-Robertson effect [the small-scale Hill-Robertson
(COMERON et al. 1999) or weak-selection Hill-Robertson
(McVEAN and CHARLESWORTH 2000) effect] and a re-
duction in N, to explain the results. These two studies,
however, analyzed only the consequences of IS on the
sites under selection, where the outcome is the compos-
ite effect of both selection on the mutations themselves
and IS (which at the same time alters the effectiveness
of selection).

TacHIDA (2000) studied evolutionary effects that se-
lection at many sites has on interlaced neutral sites with
total linkage. Here we extend this approach with the
analysis of many population and evolutionary parame-
ters under IS both on selected mutations and on adja-
cent neutral mutations, using a broad range of numbers
of selected sites, recombination rates, and weak selec-
tion coefficients. The effects of IS on adjacent neutral
variability are key to gaining insight into the mechanism
and evolutionary effects of IS and to appraising the
importance of IS as a viable evolutionary force.

We also investigate two other consequences of IS un-
der low rates of recombination. First, because genes
(exons and regulatory regions) are embedded in a ma-
trix of generally less severely constrained DNA, IS may
occur at sites with well-defined boundaries along the
DNA. Therefore, we study the expected consequences
of IS along such intervals under selection. We hypothe-
size that the effects of IS should not be uniform across
a gene, and we use simulations to generate predictions
that can be tested with Drosophila genomic data. Sec-
ond, neutral sequences located between groups or clus-
ters of selected sites under weak/moderate selection
(e.g., introns within coding regions of genes) can be
viewed as modifiers of recombination and hence can
alter the effectiveness of selection (CoOMERON and KREIT-
MAN 2000; CoMERON 2001). We investigate whether this
indirect selection on the presence and length of interme-
diate “neutral” sequences is plausible. If true, this makes
indels in introns and other noncoding regions potential
targets for selection.

MATERIALS AND METHODS

Forward computer simulations: A Wright-Fisher model was
simulated with N diploid individuals (2N chromosomes) as

previously described (COMERON et al. 1999; see also L1 1987)
and with the following modifications. Every chromosome is
composed of two adjacent stretches of sites, each of length L,
with one stretch evolving neutrally (neutral sequence) and
one evolving under weak selection (selected sequence). In
each generation the total number of mutations and recombi-
nation events are drawn from a Poisson distribution with mean
4By and 3Lpy, respectively (see Table 1 for definitions). The
number of recombination events per meiosis is not restricted
(assuming no chiasma interference) to avoid underestimating
the effect of recombination in long sequences when pyis high.
The mutation process allows only two allelic states at a site,
and reversible mutation is permitted, mimicking the mutation
process between preferred (p) and unpreferred (u) codons.
Mutation rates from p to u and vice versa are w and v, respec-
tively, where w + v = w and y (y = v/p) is the mutational
bias. Unless otherwise indicated, we applied a mutation rate
of By = 0.01, with y = 0.45. The previous assumption of only
two allelic states (L1 1987; COMERON et al. 1999; MCVEAN and
CHARLESWORTH 2000; TacHIDA 2000), one favorable and the
other deleterious, is a reasonable approximation for weakly
selected mutations at synonymous sites in organisms like Dro-
sophila where G/C-ending codons are the preferred state
(SHIELDS et al. 1988; AkasH1 1994, 1995). Based on preliminary
studies (APPENDIX), our simulated populations were com-
posed of 1000 chromosomes; a sample size of 12 sequences
was used to estimate population genetic parameters.

The fitness of each individual is based only on the selected
sequence. The selection differential between p (preferred al-
lele) and u (unpreferred allele) in the selected sequence is
+s; fitness is multiplicative over sites and mutations are semi-
dominant in their effect on fitness. Each new generation is
obtained by first choosing N individuals (2N chromosomes)
with probability proportional to their relative fitness. The next
generation is constituted by randomly pairing the 2N chromo-
somes (each composed by the selected and adjacent neutral
sequence), which are possibly mutated and/or recombined
to form N new diploid individuals.

As indicated in RESULTS, the time to reach base composition
equilibrium under a mutation-selection-drift (MSD) balance
and IS (e.g., codon usage) when By = 0.01 may take on the
order of =100-250 N generations. Accordingly, our study of
IS at equilibrium begins after a minimum of 250 Ngenerations
to assure base composition equilibrium. Each independent
population realization was analyzed every N generations for
a minimum of 1000 N generations. Population parameters
were estimated in 20 independent samples. All estimates of
population and evolutionary parameters (heterozygosity, nu-
cleotide diversity, frequency skew, fixation rates) as well as the
frequency of preferred codons (P) were obtained by studying
the same number of sites, 250, regardless of the total number
of sites in the sequence when L = 250. These studied sites
were homogeneously distributed across the sequence, unless
explicitly indicated, to assure an average estimate of the param-
eters across the region. In every simulation both the selected
and neutral sequences were analyzed. The ranges of parameter
values we investigated for recombination, selection, and
length were 0 = py = 0.4, 0.25 = ay = 25,and 125 = L =
2500. The ranges of recombination rates under study are rep-
resentative of most eukaryotes, including D. melanogaster. As-
suming N, = 1 X 10° for D. melanogaster (ANDOLFATTO and
PrzeEwORsKI 2000) and using laboratory-based rates of cross-
ing over, the complete D. melanogaster genome would satisfy
py < 0.05, py < 0.1 after taking into account gene conversion
(HiLLikeER and CHOVNICK 1981; ANDOLFATTO and NORDBORG
1998; ANDOLFATTO and PrRzZEwWORSKI 2000). D. melanogaster
genomic regions with py = 0.004 may contain ~15% of genes
using rates of crossing over; these genomic regions are defined
by the cytological bands 1A-2C/20C-20F (X chromosome),
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21A/38B-40F/41A-44B/60D-60F (chromosome 2), 61A-
61B/76B-80F/81A-84E (chromosome 3), and the complete
fourth chromosome. When the contribution of gene conver-
sion to the total recombination is taken into account, py =
0.004 may apply to >10% of D. melanogaster genes.

To evaluate the relative change in the effectiveness of selec-
tion on the selected sequences caused by varying the parame-
ters (changing recombination rates and L and presence and
length of intermediate regions) we compared the estimated
value of the parameter a on the basis of the observed P.
Following directly from the probability of fixation of p and u,
and P at equilibrium under the infinitely many sites model
and free recombination (WRriGHT 1931; CRow and KiMURA
1970; Ewens 1979), we have for diploid organisms

= (el
4 (1 - Py
(see L1 1987; BuLMER 1991), when B < 1. We call this the
single-site model based on MSD (SS-MSD).

Linkage disequilibrium (LD) was estimated as the average
over all pairwise comparisons of polymorphic sites by using D’
(LD-D'; LEWONTIN 1964); coupling gametes were composed
of the most frequent alleles (LANGLEY et al. 1974). We used
LD-D' because this measure is the least affected by the fre-
quency of the mutations compared to measures such as D
(LEwoNTIN and Kojima 1960) or Zns (HiLL and ROBERTSON
1968; KeLLy 1997) in conditions of reduced or no recombina-
tion. However, LD-D' is not entirely independent of the fre-
quency of the mutations (LEWONTIN 1988), and so we also
studied the extent of LD within predefined frequency classes.
We avoided using sequence-based estimates of recombination
such as Hudson’s C (C,.; HUDSON 1987) because its mean is
influenced not only by the frequency of mutations but also
by the number of segregating sites when this number is not
large, a number that is changed by IS. To make comparable
estimates of LD between sequences of different length, all
estimates of LD were obtained using the polymorphisms de-
tected within 250 contiguous sites; otherwise, the average dis-
tance between polymorphisms increases with I, biasing the
comparisons of LD.

Analyses of the D. melanogaster genome: We studied the
complete D. melanogaster genome (ApAMS et al. 2000; Version
2 (October 2000), http:/www.ebi.ac.uk/genomes). The analy-
ses were performed using all 9172 genes with empirical data
supporting both their presence and specified exon/intron
structure (i.e., with complete mRNA information and no evi-
dence of multiply spliced forms). The study of intergenic
sequences was carried out using only those intergenic se-
quences (6271) that are flanked by two genes with empirical
data supporting both their presence and specified gene struc-
ture.

Heterogeneous codon bias across exons: Two groups of genes
were investigated. The first group (659 genes) was composed
of all genes with a single long exon (>1000 bp or >333 amino
acids). The second group (187 genes) included all genes with
long coding regions (>333 amino acids) interrupted by in-
trons and satisfying two criteria: (i) all (one or more) introns
should be centrally located, dividing the coding region into
two comparable regions (i.e., introns located between 30 and
70% of the relative total length of the coding region), and
(ii) at least one intron should be >100 bp. The synonymous
codon usage bias was measured using the frequency of GC-
ending codons (GC3), the frequency of GC-ending codons
in four-fold degenerate amino acids (GC4), and the frequency
of preferred codons in D. melanogaster (AxasH1 1995). As indi-
cated, GC3 is a good measure of codon bias in D. melanogaster
and at the same time is equivalent to the in silico study of IS
with two alleles.
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FiGURe 1.—Relative effectiveness of selection (o) per site
based on the frequency of preferred sites (P) for different
recombination rates (py) and scaled selection coefficients
(ay). Results are shown for two extreme cases of number of
sites under selection (L), L = 125 and L = 2500.

Codon bias and the proportion of selected sites in a gene: The
analysis was carried out using all 7499 complete genes (out
of 9172) with introns. As a proxy for the relative number (or
density) of selected sites in a gene, we used the proportion of
the length of the coding region (PLCR) in a gene, measured
as the ratio between the length of the coding region and the
length of the coding region plus the total length of the introns.

The recombination rate for each gene in the D. melanogaster
genome was estimated as previously described (see COMERON
et al. 1999 for details) on the basis of the cytological position
associated to each genomic scaffold sequence. All statistical
analyses were carried out using Statistica for Windows 5.1
(1997).

RESULTS

Effects of IS on population and evolutionary
parameters at selected and adjacent neutral sequences

Effectiveness of selection: We investigated the effec-
tiveness of selection on weakly selected mutations by
analyzing the proportion of preferred mutations at equi-
librium (P; L1 1987; COMERON e¢f al. 1999; McVEAN and
CHARLESWORTH 2000). In contrast to neutral polymor-
phism, for which measures such as heterozygosity (0) are
nearly linearly related to N, the relationship between P
and the selection parameter o (NN.s) is strongly nonlin-
ear. For instance, a 5% increase in P represents a 50,
21, and 27% increase in « when the original Pis 0.5, 0.6,
and 0.9. Therefore, although our simulations measure
shifts in P with changes of parameters affecting IS, the
magnitude of these shifts is better reflected by the
change in the parameter a needed to account for the
results under a no-interference model (SS-MSD). As
Figure 1 shows, the effectiveness of selection, as mea-
sured by a, decreases as the recombination rate de-
creases, and this effect increases with L (see also Com-
ERON et al. 1999 and McVEAN and CHARLESWORTH 2000
for the effect of IS on measures of codon bias and P).
In addition, the relative reduction in the effectiveness
of selection due to IS increases with the strength of
selection acting on individual mutations (ay < 2.5).
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Polymorphism levels: We studied the effect of IS on
polymorphism levels, as measured by heterozygosity, in
selected (0,) and neutral (0,) sequences. Under single-
site models of weak selection (SS-MSD), the expecta-
tions are clear. A general reduction of the intensity of
selection (o) predicts a relative increase of 0, making
0, closer to 0,. On the other hand, a reduction in N,
will cause a direct reduction in 6,. The expected net
consequence of reducing N,, hence «, for mutations
under SS-MSD is a reduction of 6, because the reduction
of 0, is always greater than the expected increase of
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FIGURE 2.—Relative level of polymor-
phism (heterozygosity; 0) in selected (0,)
and adjacent neutral sequences (6,). Re-
sults are shown for different recombination
rates (py), scaled selection coefficients per
site (ay), and number of selected sites (L).
Horizontal lines indicate the expected val-
ues under a single-site model and mutation-
selection-drift balance (SS-MSD). Sample
size (n) = 12. (H) Selected (6,). (H) Neu-
tral (6,). (A) px = 0, (B) py = 0.004, (C)
. py = 0.4.
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selected polymorphism due to a reduced selection, al-
though this decrease of 0, is not expected to be propor-
tional to the reduction of N,. For strong selection, a
moderate reduction of N. would not alter 6.

Our results (Figure 2) show that 0, is below the levels
expected on the basis of the imposed strength of selec-
tion acting on these mutations under SS-MSD. For all
combinations of selection intensity (ay) and recombina-
tion rates (py), 0, decreases as the number of sites under
selection (L) increases (see also MCVEAN and CHARLES-
worTH 2000). The relative impact that increasing L
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has in reducing heterozygosity is similar for different
selection intensities when py = 0 (e.g., 6, for L = 2500
is 70-75% of that for L = 125, both for ay = 0.25
and oy = 2.5), and this impact decreases, but is still
noticeable, for very weak selection and high recombina-
tion (e.g., ay = 0.25 and py = 0.4). For ay = 0.25, we
also studied whether an even higher recombination rate
(py = 1.0) would completely eliminate IS. The results
show that py = 1.0 does eliminate most IS on 6, when
L = 125 compared to SS-MSD expectations, but IS is
still detectable for larger L.

Heterozygosity is also reduced in the adjacent neutral
sequences as a result of linkage to sites under weak
selection. The most extreme reductions in neutral varia-
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tion are observed for py = 0 (Figure 2A), where increas-
ing either L or ayin the selected sequence substantially
reduces 0,. The impact that the L has on 0, increases
with the intensity of selection. For example, when L =
2500, 0, is ~75 and ~50% of that observed when L =
125 for oy = 0.25 and oy = 2.5, respectively. When py = 0
and L is large, there is a tendency to observe similar
levels of polymorphism in selected (0,) and adjacent
neutral mutations (0,), which are most evident for oy =
0.25 (when L = 2500), implying that linked selectively
neutral sites and sites under weak selection may not be
distinguishable by this criterion. Increasing L reduces
0, even when the recombination rate is high (Figure 2,
B and C). This observed reduction in 6, is similar for
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different selection intensities when recombination is
highest (py = 0.4), likely reflecting a recombination
rate threshold for IS.

Divergence and divergence to polymorphism ratio:
Under SS-MSD equilibrium the rate of fixation or diver-
gence of selected mutations rapidly decreases with in-
creasing selection intensity a. We focused on the rate
of divergence when py = 0 to illustrate the effect of IS on
this evolutionary parameter (Figure 3A). As expected,
selection acting at linked sites does not influence diver-
gence for neutral mutations. The fixation rate of muta-
tions under selection increases with L for any given ay,
indicative of a reduction in the effectiveness of selection
due to IS.

The SS-MSD model also predicts that the diver-
gence:polymorphism ratio (Div/Pol) for weakly se-
lected mutations decreases with increasing a because
weak selection has stronger effects in reducing the rate
of fixation than the level of polymorphism. Figure 3B
shows the Div/Pol ratio for the region containing muta-
tions under selection again for py = 0. For the case of
L =125, Div/Pol decreases with selection but to a lesser
degree than that expected for a SS-MSD case. For the
intermediate case of L = 500, Div/Pol is only barely
affected by selection. More exceptional is the situation
in which the number of sites under selection is moderate
tolarge (e.g., L = 2500): In these cases Div/Polincreases
not only relative to single-site expectations but also rela-
tive to neutral expectations. This trend results from two
opposing effects of IS on selected mutations, increasing
divergence and reducing polymorphism. Neutral sites
(Figure 3C) show a consistent increase in the Div/Pol
ratio with increasing IS, caused by the effect that IS has
in reducing levels of linked neutral polymorphism.

Mutation frequency spectrum: The SS-MSD models
predict that, as o increases, weakly selected mutations
will become less abundant and allele frequencies at poly-
morphic sites will decrease compared to neutral expec-
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FIGURE 4.—Tajima’s D sta-
tistic under IS in selected and
adjacent neutral sequences
for py = 0. Results are shown
for different scaled selection
coefficients per site (oy) and
different numbers of selected
sites (L). n = 12.

tations. Figure 4 plots Tajima’s D statistic, a measure
of the skew of allele frequency compared to neutral
frequency spectrum, for selected and neutral sequences
under complete linkage. In the selected sequence, a
more negative Tajima’s D is observed with increasing
selection intensity, as expected (see TacHipa 2000).
As L increases, and hence IS, a further excess of rare
mutations is seen compared to single-site expectations
for any given ay. This trend does not hold, however,
when ayand Lare large, (i.e., oy = 2.5, L> 500), where
Tajima’s D becomes unaffected or even less negative.
This is, however, not surprising because Tajima’s D sta-
tistic is not entirely independent of the number of segre-
gating sites: It tends toward zero as the number of segre-
gating sites in a sample becomes small for any given
(nonneutral) frequency of variants. Therefore, IS in-
creases the relative frequency of rare variants (hence it
induces a negative Tajima’s D) but IS also decreases the
number of segregating sites, thus biasing Tajima’s D
estimates closer to zero when IS and its reduction of
the number of segregating sites are severe.

The frequency spectrum of neutral mutations departs
from the neutral equilibrium expectation, showing an
excess of low frequency alleles when IS occurs in the
adjacent selected sequence. Tajima’s D becomes more
negative as the number of selected sites or ay on these
sites increases. When IS is strongest, the skew toward
low frequencies becomes similar for both selected and
neutral mutations, a trend we have also encountered
for heterozygosity.

IS also influences the allele frequency of variants in
the selected sequences when recombination is highest
(py = 0.4) while the frequency spectrum of neutral
variants in adjacent sequences remains mostly unaf-
fected. The skew toward low frequency variants in the
selected sequences increases with L, although to a lesser
degree compared to py = 0.004, and this effect intensi-
fies with increasing ay.
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different numbers of sites (L) in the selected sequence and
ay = 1. (B) LD-D' for different scaled selection coefficients
per site (ay) for L = 2500.

IS and linkage disequilibrium: HiLL and ROBERTSON
(1966) showed that as recombination decreases (hence
IS increases) there is an increment in repulsion associa-
tions between mutations under selection. MCVEAN and
CHARLESWORTH (2000) further showed that this nega-
tive LD decreases with the recombinational distance
between selected sites. Here, we investigated how the
intensity of selection and the number of sites under
selection—two contributors to IS—each influence the
extent of LD, as measured by D' (LD-D’; LEWONTIN
1964). Again, we studied both selected and neutral mu-
tations to better infer the mechanism influencing LD.
Figure 5A shows that negative LD increases with L, for
both intermediate- and no-recombination cases. The
increment in LD is detected not only in the selected
sequence but also in the adjacent neutral sequence.
When L (and therefore IS) is small, LD-D" is clearly
different for the selected and neutral sequences. But
for larger values of L the magnitude of LD becomes
more similar for the two classes of mutations. Increasing
the intensity of selection ayincreases LD (with repulsion
associations) in the selected sequences to a greater ex-
tent than in the adjacent neutral sequences (see Figure
5B for L = 2500). When recombination is very high
(py = 0.4), LD-D' also varies in the selected sequences

for different ay, but not in the adjacent neutral se-
quences.

However, the conditions that increase negative LD
are the very same conditions for which there is an excess
of low-frequency variants (with more negative Tajima’s
D estimates). Because most measures of LD correlate,
to some degree, with the frequency of the mutations
under study (LEwWONTIN 1988; see MATERIALS AND
METHODS), the observation of greater negative LD-D’
in the same situations in which Tajima’s D is also more
negative might well be two faces of the same phenome-
non: IS skews the frequency of mutations in the popula-
tion. To assess whether the increment in D’ with IS is
only the result of an increasing skew in the mutational
frequency spectrum, we studied the average LD-D’ for
different average Tajima’s D classes (i.e., as a proxy of
different frequency classes); our interest centered on
the results within each frequency class. Investigation of
adjacent neutral sequences allowed us to eliminate the
direct effects that selection has on the frequency spec-
trum of the selected mutations. Results, shown in Figure
6, show that LD-D" becomes increasingly negative for
each frequency class as selection intensity ay (and IS)
increases. Therefore, the observed increase in LD with
IS, as measured by D', is not only the consequence of
a shift in the frequency spectrum.

Temporal dynamics after a change of recombina-
tional environment: Genome-wide and/or gene-specific
changes in recombination rates may be common in
many evolutionary systems, and so it is important to
study the time needed to reach new equilibria. For in-
stance, in Drosophila there is extensive gene order shuf-
fling within chromosomal arms between species (LEM-
EUNIER and ASHBURNER 1976; PINSKER and SPERLICH
1984; PAPACEIT and PrREVOSTI 1989; WHITING ef al. 1989;
SEGARRA and AGUADE 1992; KrEss 1993; LozovsKAya
et al. 1993; GALLEGO et al. 1999), which most likely causes
frequent changes in recombination rates (CHARLES-
WORTH 1994).

We studied the number of generations needed to
reach equilibrium after a change in the recombination
rate under IS conditions. For simplicity we assumed a
population at equilibrium under the initial conditions
and the instantaneous fixation of a randomly chosen
allele in a new recombinational environment. Such a
situation might apply to a gene located near the break-
point of a chromosomal rearrangement that was quickly
driven to fixation (possibly by natural selection). In
accord with expectations, most population and evolu-
tionary parameters reach their new equilibria much
sooner than codon usage (Figure 7, A and B). Under
neutrality, few N, generations (=4N, for diploid individ-
uals) after a hitchhiking event are sufficient to achieve
near-equilibrium levels of polymorphism (PERLITZ and
STEPHAN 1997). Under IS the time required for weakly
selected mutations to reach values close to those at equi-
librium for parameters such as 0, or Tajima’s Dincreases
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with ay, requiring =20-40N generations when oy = 2.5
while this time is close to 4N generations when ay = 0.5.

Multilocus parameters, such as those that estimate
codon usage, take a very large number of generations
to reach a new equilibrium following perturbation. In-
deed, codon usage requires =100-250N or ~1-2.5/w
generations to reach the new equilibrium. This required
time is not strongly dependent on the number of sites
under selection, but it is dependent, as expected, on
(data not shown). Two other features of codon bias
evolution following a change of recombination environ-
ment were also observed. First, the change in codon
bias is faster when the number of preferred mutations
is increasing (i.e., changing from low to high recombina-
tion) than when the number is decreasing. Second, the
weaker the selection the longer the period required to
reach the new base composition equilibrium in either
direction. These two features can be easily explained
by three factors: (i) The average time to fixation of
weakly advantageous mutations is shorter than that ex-
pected for weakly deleterious mutations, (ii) the speed
to fixation of preferred mutations increases with o, and
(iii) mutational pressure toward unpreferred mutations
is higher when the ancestral sequence has higher P.

We also observed a tendency for population and evo-
lutionary parameters to “overshoot” their equilibrium
values when a sequence changes from no recombination
to a high recombination rate (stronger for ay = 2.5
than for ay = 0.5), but this effect is not detectable in the
opposite direction. This overshoot creates a transient
situation more nearly resembling a neutral equilibrium.
Under the conditions we investigated, population pa-
rameters are closest to the neutral expectations =4-5N
generations after the fixation of a single sequence in
an environment with high recombination. For instance,
in the case of ay = 2.5, 6, changes through time from
zero (rightafter the fixation event) to the newIS equilib-
rium under high recombination (after = 40N genera-
tions) with an intermediate state 50% higher than that
finally observed at equilibrium.

Ficure 6.—Linkage dis-
equilibrium measured by D’
(LD-D") in neutral se-
quences adjacent to se-
lected sequences in differ-
ent Tajima’s D classes for
different scaled selection
coefficients per site (o).
L = 2500 and py = 0.

IS and its effect across regions under uniform selec-
tion: Consider an interval of a recombining genome in
which segregating sites under selection result in IS, and
further assume this interval is embedded in a region
containing few additional mutations under selection.
Since the magnitude of the IS effect acting ata particular
site in this interval will be governed by the interactions
between the segregating sites located on both sides of
thatsite, itis reasonable to expect that IS will be stronger
at sites embedded in the middle of a region under
selection than at sites located close to an edge of this
region. This situation may apply to many protein-coding
regions in eukaryotic genomes, butit would be pertinent
to any group of physically clustered sites under weak
selection surrounded by largely unconstrained sites.
Here, we investigate the magnitude of the “center” vs.
“edge” effect for plausible rates of recombination and
selection. The issue under scrutiny is whether IS differs
measurably between the center and edge of a region
under selection when both mutation rates and selection
coefficients are uniformly distributed across the region.

We studied population and evolutionary parameters
across sequences with 2500 sites under uniform selec-
tion, recombination, and mutation, with emphasis on
a lateral and the central region of 250 sites each. Two
indicators of IS are depicted in Figure 8 for the central
and lateral regions: the proportion of preferred codons
(P) and the divergence to polymorphism (Div/Pol) ra-
tio. As expected, no effect is seen for the no-recombina-
tion case (py = 0). For intermediate recombination
rates, IS differs between regions, with the central region
showing stronger IS (central regions have lower P and
higher Div/Pol ratio than lateral regions). This hetero-
geneous distribution of IS across regions (the center
effect) decreases when recombination is very high, but
it can still be seen for high recombination (py = 0.4)
when selection intensity is weak (ay = 0.5).

The effect of neutral sequences between regions un-
der selection: We studied whether or not small changes
in the overall recombination rate belween two regions
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F1GURE 7.—Temporal dynamics in selected sequences across 250 N generations after a change of recombination environment
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lines from high recombination to total linkage. The frequency of preferred codons (P), polymorphism levels (6, n =

12),

Tajima’s D (n = 12), and fixation rates are shown for L = 2500. Each value represents the average of 10 independent simulations.

under selection, caused only by a change in the physical
distance between them, have a detectable effect on the
overall IS. Here, the simulation procedure allowed us
to generate a variable number of neutral sites (i.e., mid-
dle or “spacer” sequence) between two sequences under
selection. The two regions under selection were identi-
cal, with equal numbers of selected sites, selection coef-

ficients per site, and mutation and recombination rates
per site. Mutation and recombination rates per site in
the spacer sequence are the same as in the flanking
selected sequences, but the mutations were selectively
neutral. Thus, with respect to IS the presence and length
of the intermediate neutral region alters only the num-
ber of recombination events between the two selected
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of preferred codons (P) and divergence:polymorphism ratio (Div/Pol). The complete sequence under selection has 2500 sites
and the lateral and central regions have 250 sites each. Selection coefficients and recombination and mutation rates are uniformly

distributed across the entire sequence.

regions; it does not change directly any parameter on
the flanking selected sequences.

We studied intermediate rates of recombination (py=
0.004 and py = 0.0004) for the case of a neutral sequence
located between two sequences each of 500 selected
sites. Figure 9A depicts the relative change of the effec-
tiveness of selection (i.e., a based on P) caused by the
presence and length of the spacer sequence. The results
show that the length of an intermediate neutral region
has a detectable effect. In all cases, longer spacers lead
to an increase of the effectiveness of selection (a reduc-
tion in IS) on the adjacent selected mutations. Serving
as illustration, for the case of ay = 1 and py = 0.004
the presence of a 1000-bp-long region in the middle of
the selected sequence is equivalent to a relative increase
0f 7.4% in the overall fitness associated with the selected
sequences (i.e., a gain of 2.3% preferred codons). A

substantial fraction of the potential increment in fitness
in regions of moderate to high recombination is
achieved with short/intermediate sequences (<1000
bp), while for regions of more severely restricted recom-
bination longer sequences are required to produce an
equivalent increment in fitness. The maximum relative
gain in fitness is higher for ay = 2.5 than for ay =
1 for the two rates of recombination investigated, as
expected (see Figure 1).

Empirical tests of IS based on D. melanogaster’s genome

Distribution of codon bias within genes: As indicated
in our simulations, IS is expected to be stronger in the
center of regions under IS than in the margins of these
regions. This leads to the first test prediction: Codon
usage bias, a measure of the effectiveness of selection, will be
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lower in the middle of coding regions of genes than in the
amino- or carboxy-terminal regions. Comparing codon bias
levels within genes eliminates expression level and gene
length as factors that can alter codon usage (MORIYAMA
and PowrerLL 1998; COMERON ef al. 1999; DURET and
MoucHIrROUD 1999). It also controls for any possible
heterogeneity in mutational tendencies, either across
the genome or associated with transcription rates. We
have not attempted to control for heterogeneity in
amino acid constraints within genes, but we expect this
to obscure rather than to enhance the predicted IS
effect (see also below).

We restricted our attention to the set of genes in the
D. melanogaster genome composed of single long exons

(>333 amino acids; see MATERIALS AND METHODS), a
total of 659 genes. The frequency of GC at the third
position of codons (GC3) was used as a measure of
codon usage bias (SHIELDS et al. 1988; ArasHI 1994,
1995; see MATERIALS AND METHODS). For each gene, we
measured GC3 in three sections of 100 codons, the
first and last 100 codons (proximal and distal regions,
respectively) and 100 codons in the middle of the gene
(central region). As shown in Figure 10A, average GC3
frequencies differ significantly across the three regions
(Friedman ANOVA test, x> = 28.7, P< 1 X 107%), with
a lower GC3 in the central region. A similar result is
obtained when the average GC3 of the two lateral sec-
tions is compared to the central section (x* = 26.0, P
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FIGUrRe 10.—GC content at the third position of codons (GC3), as a measure of codon bias, across the same gene in D.
melanogaster. (A) Central and lateral (5" and 3") regions of 659 genes constituted by a single long exon (>333 amino acids). (B)
Central and lateral (5’ and 3") regions of 187 genes (>333 amino acids) containing only centrally located introns. Central and
lateral regions are 100 codons long. The central region of genes without introns shows a significantly reduced GC3 and other
measures of codon bias, compared to the lateral regions of the same genes (see text for details).

<1 X 107% or when each lateral region is compared
separately to the central section (x* = 23.0, P <1 X
107 %and x* = 10.5, P= 0.001, respectively). On average,
the lower GC3 content in the central region of coding
regions is equivalent to a reduction in o of ~10% on
synonymous mutations compared to lateral regions.

IS simulations also show that the intensity of IS in-
creases with the length of the gene region (and hence
number of sites) subject to weak selection. This leads
to the second test prediction: The relative reduction in
codon bias in the center of a gene will be positively correlated
with the length of the coding region. Consistent with this
prediction, we find a highly significant positive correla-
tion between the length of the coding region and the
difference of GC3 between lateral and central regions
in the same set of 659 genes analyzed above (Spearman’s
correlation R = 0.207, P < 1 X 107°%). Quantitatively
similar results are obtained with the frequency of pre-
ferred codons and with GC content at fourfold degener-
ate sites; data not shown.

According to our simulations, the presence of neu-
trally evolving sequences placed in the center of a region
subject to weak selection can relieve the IS effect. This
leads to the third test prediction: Centrally located introns
will ameliorale the effect of IS in the ceniral region of genes
that contain them. To test this prediction, we compared
codon bias in these same 659 genes, which lack introns,
with comparable genes with introns located in the cen-
ter of the coding regions (see MATERIALS AND METH-
obs). Figure 10B shows the results for the 187 genes
obtained from the genome database satisfying these cri-
teria. For these genes, there is no apparent reduction
of GC3 in the middle of the coding regions. Accordingly,
we do not detect significant heterogeneity of GC3 be-
tween the three regions (x? = 2.94, P > 0.20) or a
difference between the GC3 content of central and the
two lateral regions (P> 0.15). In addition, the central

sections of coding regions of genes with central in-
tron(s) have a significantly higher GC3 content than
the equivalent central sections in genes without introns
(Mann-Whitney U-test, P = 2 X 107°% whereas both
lateral sections show similar frequencies (P = 0.61 and
P = 0.09). Therefore, the lower GC3 frequency in the
middle of the coding region in genes without introns
cannot be the result of general relaxed selection on
codon bias in the central part of coding regions.

Proportion of selected sites in a gene and codon bias:
According to our simulations, the presence of neutral
sequences embedded in a region under selection causes
an increase in the effectiveness of selection on adjacent
selected sequences, the length of such neutral se-
quences being positively correlated with the increment
of the effectiveness of selection. We investigated, there-
fore, a fourth test prediction: Codon bias will be positively
correlated with measures of a gene’s intron length and number.
As a first approximation, we studied the relationship
between measures of codon bias (e.g., GC3) and total
intron length in the set of all genes with confirmed
intron/exon structure. There is a weak positive relation-
ship between GC3 and total intron length, both using
allintrons (R= 0.040, P = 0.0007) and after eliminating
the small fraction of introns with detectable remnants
of TE elements (R = 0.041, P = 0.0005).

We also studied the relationship between codon bias
and measures of the proportion of sites under selection
in a gene. As a simple measure of the density of sites
under selection in a gene, we used the PLCR in a gene
when embedded introns are included (see MATERIALS
AND METHODS). The prediction under IS is again ex-
plicit: Codon bias (as measured by GC3) will decrease as PLCR
increases. The analysis of all 7499 genes with introns
reveals a significantly negative relationship between GC3
and PLCR (R = —0.136, P < 1 X 107°); equivalent
results are obtained using other measures of codon bias.
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Ficure 11.—Relationship between the proportion of the
length of the coding region (PLCR) in a gene and GC3 in D.
melanogaster (see MATERIALS AND METHODS). The five PLCR
classes divide the data set of 7499 genes into subsets of equiva-
lent size (n = 1500 genes). The analysis of all genes with
introns in D. melanogaster shows a significantly negative rela-
tionship between PLCR and GC3 (and other measures of
codon bias; R = —0.136, P < 1 X 107% see text for details).

Figure 11, a display of GC3 when genes are grouped
with respect to PLCR into five sets of equal sample size,
shows that the effect may be stronger when PLCR is
medium/high.

Gene length may have a confounding effect on the
relationship between GC3 and PLCR because the length
of coding region is negatively related to codon bias
(MoriyaMA and PoweLL 1998; COMERON et al. 1999;
DureT and MoucHIROUD 1999). Gene length is, for
obvious reasons, positively correlated with PLCR (R =
0.11, P< 1 X 107°). Multiple linear regression analysis
corroborates that GC3 is negatively associated with
PLCR (partial r = —0.094, P <1 X 107%) after control-
ling for the length of the coding region (multiple » =
0.19, P<1 X 107°%). Thus, there is a significant negative
relationship between GC3 and PLCR not attributable
to gene length.

Gene length and intron presence: IS predictions of
the favorable consequences of intermediate or spacer
sequences forecast that intron length will increase with the
length of the coding region. The average length of introns
increases with the total length of the coding region
(R = 0219, P <1 X 107%. This relationship is not
attributable to differences in either recombination rates
or gene expression levels and remains significant (P <
1 X 107%) after controlling for these variables. A greater
number of introns are also observed in long genes (R =
0.53, P<1 X 107°% although this observation could be
connected to causes other than IS.

Intergenic distance and gene length: In addition to
having longer (and a greater number of) introns in
relation to the length of a coding region, is there also
evidence for greater intergenic distance as a function of length
of coding regions of adjacent genes? This result is expected
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F1GURE 12.—Relationship between the total length of two
adjacent coding regions and the size of the intergenic se-
quence between these two genes in D. melanogaster. The analy-
sis of 6271 intergenic sequences flanked by well-defined genes
(see text) shows a positive relationship between the length of
these intergenic sequences and the length of flanking coding
sequences (R = 0.097, P <1 X 1079).

under a scenario where longer intergenic regions are
favored when, otherwise, IS between adjacent genes
would be enhanced, i.e., when the lengths of the neigh-
boring coding regions increase. To address this seventh
test prediction, we investigated the length of intergenic
regions separating well-defined genes (see MATERIALS
AND METHODS). The results, displayed in Figure 12, re-
veal a positive relationship between the length of the
6271 intergenic sequences investigated and the length
of the flanking coding regions (R = 0.097, P < 1 X
107°); a positive relationship is also observed in regions
of high recombination (>3 X 107%/bp/generation; R =
0.104, P<1 X 107°% n = 2367). Alternative explanations
to this observation based on functional considerations
might also be proposed, such as genes with longer cod-
ing regions, if they are functionally more complex,
might require tighter gene regulation (and hence
longer noncoding regions). But we are unaware of any
explicit empirical support for this class of alternative
explanations. If our interpretation of this correlation is
correct, it would suggest that IS between adjacent genes
might not be negligible in most of the range of recombi-
nation rates in Drosophila. This relationship is not an
indirect consequence of the effect that recombination
rates might have on both parameters: The length of the
intergenic regions decreases with increasing recombina-
tion rates (R = —0.034, P = 0.008) but no relationship
is detected between the length of coding regions and
recombination (P > 0.40).

DISCUSSION

The Hill-Robertson effect, broadly defined, considers
the reduction in the efficacy of selection as an indirect
consequence of selection at a linked locus. This effect
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is generally interpreted as being equivalent to a reduc-
tion in N, (ROBERTSON 1961; FELSENSTEIN 1974; KLIMAN
and HEy 1993). Previous simulation studies on the evo-
lutionary dynamics of tightly linked weakly selected mu-
tations conform to this interpretation; i.e., the relative
strength of selection acting on a weakly selected muta-
tion decreases from its parametric value as the number
of additional linked mutations under selection increases
(CoMERON et al. 1999; McVEAN and CHARLESWORTH
2000). But, as we show here, other consequences of this
form of'selection are not explicable by a reduction in N,
and therefore they do not conform to general notions of
the Hill-Robertson effect. Hence we favor the use of
the term “interference selection” to distinguish it from
other types of selection (see below). We also avoided
using the term “hitchhiking” to describe IS because
it is a term generally associated with strong positive
selection.

Previous investigation of IS under plausible condi-
tions of recombination, selection, and mutation allowed
us to integrate two empirical observations about codon
bias in Drosophila genes not easily explained by single-
site models of selection (COMERON et al. 1999): (i) a
positive relationship between codon bias and the level
of nucleotide diversity in D. melanogaster (MORIYAMA
and PowEeLL 1996) and (ii) a negative relationship be-
tween gene length and both K| and codon bias (Com-
ERON and AGUADE 1996; PowELL and MorivyAMA 1997;
MorivyaMA and PoweLL 1998; COMERON et al. 1999;
DURET and MoucHIROUD 1999). The present study
delves deeper into consequences of IS on the efficacy
of selection, and it also considers its effects on linked
neutral variability. We also use IS theory as a guide to
discover new regularities in the genomic architecture of
Drosophila. These genomic features can be specifically
understood as consequences of IS.

IS and its evolutionary consequences: Polymorphism
levels in the selected sequence (0;) are, in general terms,
decreased by either increasing the number of selected
sites or reducing recombination. When selection in-
creases, 0, becomes less affected by changes in recombi-
nation rates while linked neutral polymorphism (0,)
and other parameters such as codon bias or rates of
fixation vary substantially. This more modest response
of 6, to an increment of IS when selection increases is
not surprising because the expected net reduction of
0, due to smaller N, under SS-MSD also decreases when
selection increases (see RESULTS).

IS reduces polymorphism levels in adjacent neutral
sequences and the effect increases with increasing any
parameter that contributes to IS. The effect that IS has
on 0, is maximum for total linkage but it is also measur-
able when recombination occurs. Therefore, IS may
be a contributing factor in the reduction of neutral
polymorphism levels in regions of low recombination
observed in a variety of organisms. But it is unlikely that
IS alone can cause extreme reduction in levels of poly-

morphism in regions of low recombination. When IS is
greatest (i.e.,, complete linkage and large L), 6, and 6,
may become similarly reduced, making the distinction
between selected and linked neutral sequences uncer-
tain.

Consistent with previous studies and with the idea
that IS reduces N, and the efficacy of selection, we find
that polymorphism levels (both 6, and 0,) decrease and
the fixation rates of weakly selected mutations increase
with IS. But IS also increases the skew in the frequency
spectrum of mutations under weak selection (i.e., in-
creasing the proportion of low-frequency variants). Fur-
thermore, the study of linked neutral sequences shows
that IS also creates a skew in the frequency spectrum
of neutral mutations away from the equilibrium neutral
distribution. These results reveal complexities in the
evolutionary dynamics of IS that cannot be rationalized
as being equivalent to a reduction in N, in standard
formulations of weak selection at equilibrium.

IS predicts a skew of allele frequencies away from
the neutral equilibrium and to lower, nonpolarized,
frequencies for both selected and linked neutral muta-
tions. In common with the HH and pHH models, this
skew will be most discernible in genomic regions with
reduced recombination, causing a positive correlation
between Tajima’s D and rates of recombination (Brav-
ERMAN el al. 1995; GiLLESPIE 2000). IS may, therefore,
be a contributing factor to the observed excess of rare
variants in regions of low recombination in D. melanogas-
ter (LANGLEY et al. 2000; ANDOLFATTO and PRZEWORSKI
2001).

Hirr and RoBErTsON (1966) indicated that the
smaller the recombination rate between selected sites,
the greater the negative linkage disequilibrium (LD ob-
served in repulsion associations; see MCVEAN and
CHARLESWORTH 2000). Here, we studied the extent of
this LD in selected and adjacent neutral sequences. In
the selected sequences, LD becomes more negative as
IS increases (increasing the number of weakly selected
sites or strength of selection or reducing recombina-
tion). More informative are the results showing that
neutral mutations adjacent to the mutations under se-
lection also show increments in negative LD with the
same causes of IS (most noticeable with increasing the
number of adjacent sites under selection). In fact, the
magnitudes of LD in selected and adjacent neutral se-
quences become nearly the same when IS is maximum.
Moreover, the study of LD within frequency classes has
allowed us to remove most of the confounding effect
of allele frequency on measures of LD. These results
are indicative of the allele perturbation or “traffic” phe-
nomenon caused by IS. The magnitude of LD caused by
IS is, however, expected to decrease faster than directly
predicted by an increase in recombination rates alone
because IS itself also decreases with recombination.

ANDOLFATTO and PrRzEwORSKI (2000) reported a ge-
nome-wide departure from the standard neutral model
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in D. melanogasterand D. simulans, with greater intralocus
LD than expected, as measured by C,,q (Hupson 1987).
This observation could not be explained by either the
recombination or mutation rates found across the spe-
cies’ genomes or by current theories of selection and
linkage based on strong selection (BGS and HH models;
see ANDOLFATTO and Przeworski 2000 for details).
Models of selection with strongly favorable alleles in-
creasing only to intermediate frequency (HUDSON et
al. 1994), a multilocus model with epistatic selection
involving secondary structures of pre-mRNA (Kirpy and
STEPHAN 1995), or balancing selection at closely linked
loci (SLATKIN 2000) may all generate regional increases
in LD as well as a high variance of the number of pairwise
differences, on which Cy,qis based, causing low estimates
of Cy,. These scenarios, however, are not likely to be
common as indicated by the fact that high /intermediate
frequency variants (i.e., positive Tajima’s D) would be
most conspicuous in regions of low recombination,
which is contrary to the observations in D. melanogaster
(see above). The simulation results of the IS model,
revealing an allele perturbation or traffic scenario, to-
gether with the fact that consequences of IS are detected
across D. melanogaster's genome, point out that IS might
also contribute to a general high variance in pairwise
differences in this species.

In general, the application of the SS-MSD model to
estimate the compound parameter o (N.s) when IS is
present will lead to an underestimate of o for a given
level of polymorphism or rate of divergence but it will
lead to an overestimate of o on the basis of the frequency
spectrum of mutations. Consequences of IS are also
expected to be highly heterogeneous among genes and
across genomic regions, on the basis of differences in
recombination rates, gene densities, gene sizes, and
gene structures. Hence, IS would cause large variances
in many population and evolutionary parameters. This
heterogeneity across genomes may be useful for differ-
entiating IS from demographic causes, for which more
homogeneously distributed effects are expected.

Variability in the intensity of IS has population genet-
ics and evolutionary consequences that can easily be
misinterpreted as indicating differences in selective re-
gimes among genes. IS causes an increase in the rate of
divergence of mutations under MSD, where the stronger
the selection (0.25 = ay = 2.5), the more conspicuous
the effect of IS on the rate of divergence. As a result,
differences in rates of substitution, both K, and K, (and
K./ K; ratio), between genes can potentially be ex-
plained by variable IS with constant selection. Equiva-
lently, variable IS will alter Div/Pol ratios without requir-
ing differences in selection coefficients.

Temporal dynamics after a change of recombina-
tional environment: Gene rearrangements within chro-
mosomal arms are a recurrent characteristic of Drosoph-
ila micro- and macroevolution. Because recombination
is not homogeneously distributed along Drosophila

chromosomes (LINDSLEY and SANDLER 1977; AsH-
BURNER 1989; AQUADRO et al. 1994; TRUE et al. 1996;
HamBLIN and AQUADRO 1999; TARANO-SHIMIZU 2001),
a change in the chromosomal position is expected to
change the recombination environment (CHARLES-
WORTH 1994). Moreover, in Drosophila there is evi-
dence of severe differences in the recombination rates
of homologous chromosomal regions even between
closely related species [e.g., within the D. melanogaster
group (TRUE et al. 1996; TAKANO-SHIMIZU 1999, 2001)].

Our simulations indicate that the period of nonequi-
librium base composition (codon usage) after a drastic
change in recombination environment may be 100-
250N, generations (i.e., equivalent to >10-25 mya in
most Drosophila species) when By = 0.01. This suggests
that nonequilibrium codon usage caused by frequent
change in recombination rates may be the norm rather
than the exception, at least in Drosophila evolution.
Furthermore, the period required to reach the new
(multisite) base composition equilibrium is expected to
be longer for genes undergoing a reduction in codon
bias than for those in which it is increasing. The non-
equilibrium scenario is apparent in analyses of fixed
synonymous mutations along D. melanogaster/D. sim-
ulans lineages, with codon bias declining both in D.
melanogaster and, to a lesser degree, in D. simulans
(AkasHI 1996; BEGUN 2001). Also, genes located in ge-
nomic regions where crossing over is now severely atten-
uated in D. melanogaster show a reduction in codon bias
not as extreme as expected on the basis of the highly
reduced levels of neutral polymorphisms and estimated
N. (COMERON et al. 1999). Altogether, these observations
are in agreement with a report of a recent reduction in
crossover frequency in the D. melanogaster/D. simulans
lineages, after the evolutionary split from D. yakuba.
(TArANO-SHIMIZU 1999, 2001), with at least a fraction
of genes located in regions of very low recombination
in D. melanogaster not yet at codon usage equilibrium
(COMERON et al. 1999).

Population and evolutionary parameters, such as poly-
morphism levels and their frequencies or rates of evolu-
tion, reach estimates representing the new equilibrium
faster than those of codon usage (AKAsHI 1996; AKASHI
and SCHAEFFER 1997; KLiMAN 1999). However, these
population parameters might tend to overshoot the new
equilibrium values when a substantial reduction in IS
occurs after changing from low to high recombination.
In this intermediate phase after a sharp increment in
recombination, overall polymorphism levels and fre-
quencies of mutations may be closer to neutral expecta-
tions than either are to precedent and future equilib-
rium levels, suggestive of a reduction of the effectiveness
of selection, although the opposite might be the case.

The results also have a practical implication when
estimates of the compound parameter « are estimated
from divergence data. Estimates of o using divergence
data of weakly selected mutations will tend to indicate
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their lower boundaries, mostly suggesting a shrinking
N, in nearly all lineages because periods with reduced
recombination will contribute most of the substitutions.
This effect will be in addition to the previously described
general underestimation of a based on rates of fixation
because of IS. The observed strong and relatively fast
effects that changing recombination rates have on the
rates of fixation of weakly selected mutations are congru-
ent with the suggestion (CHARLESWORTH 1994; CoM-
ERON et al. 1999) that changes in recombination environ-
ment may account for the high variance of substitutions
rates of these mutations in Drosophila (ZENG el al.
1998).

Heterogeneous effect of IS across selected regions:
The magnitude of IS is expected to be heterogeneously
distributed across regions under uniform selection in-
tensity and mutation rate as a consequence of the differ-
ent number of weakly selected sites surrounding each
site (i.e., density of selected sites within a genetic dis-
tance). This prediction was confirmed using simulations
that show that consequences of IS are stronger in the
central regions of sequences under selection compared
to lateral regions, and the effect, we believe, is empiri-
cally detectable in Drosophila genes (see below).

Enhanced IS in central regions of sequences under
selection has the consequence that many population
and evolutionary parameters will be also heteroge-
neously distributed across sequences. These spatial dif-
ferences might be incorrectly interpreted as indicating
variable selective regimes although constancy (spatial
and temporal) in selection coefficients might be the
case. Two examples can be briefly given. First, heteroge-
neously distributed IS across sequences will generate
Div/Pol values higher in the central regions of se-
quences under constant selection, suggestive of past
action of positive selection or relaxed constraints in
these central regions. Second, stronger IS will also tend
to generate higher substitution rates and vary K,/K
ratios in central regions of genes compared to the edges
of genes and this can easily be misinterpreted as variable
selective constraints across the gene.

U-shaped distribution of codon bias across long exons
in D. melanogaster: L.ong undisrupted coding sequences
in D. melanogaster have central sections with significantly
reduced codon bias compared to lateral sections of the
same coding region (Figure 9). The study and compari-
son of central and lateral sections of the same gene
allow us to exclude many factors implicated as drivers
of differential codon bias, including gene expression,
gene length, genomic recombinational environment,
and possible mutational differences associated with re-
combination or transcription rates. The comparison of
codon bias in central regions in genes without introns
and in genes with introns centrally located further allows
us to rule out general relaxed constraints on codon bias
in the central parts of proteins.

This observation fits with the outcome of the simula-

tions that produce a U-shaped distribution of the effec-
tiveness of selection and codon bias across sequences
under selection, caused by stronger IS in central regions
(Figure 4), and it is not predicted by other models
of codon bias. For instance, models of selection on co-
don bias due to translational accuracy (BuLMER 1991;
AxasHI 1994; EYRE-WALKER 1996) predict, if anything,
an increase in codon bias with amino acid position and
thus a J-shaped codon bias distribution. Conflicting se-
lection pressures close to the start of the genes also
generate a J-shaped distribution (EYRE-WALKER and
BULMER 1993; KLiMAN and EYRE-WALKER 1998). There-
fore, we suggest that IS plays a significant role in shaping
the effectiveness of selection on codon bias in Drosoph-
ila, not only among genes but also along coding se-
quences. Moreover, in accord with the IS hypothesis,
the difference between central and lateral regions of
the same coding region increases with the length of the
coding region (P < 1 X 107°. This difference is also
significant in genes located in regions with the highest
recombination in D. melanogaster (e.g., >3 X 107%/bp/
generation; Friedman ANOVA, x? = 7.28, P = 0.007; n
= 231). This last observation supports the proposal that
IS might be detectable in genes across the entire range
of recombination in D. melanogaster (COMERON et al.
1999), with simulation results revealing consequences
of IS on codon bias even when the recombination rate
is higher than that expected in this species (COMERON
et al. 1999; McVEAN and CHARLESWORTH 2000).

Our analysis of genes without introns confirms a prior
report indicating a higher GC3 in 5’ sections of coding
regions of D. melanogaster genes than 3’ sections (KLI-
MAN and EYRE-WALKER 1998). This trend may be ex-
plained by variation in mutational tendencies or by bi-
ased mismatch repair after gene conversion events
(KLiMAN and EYRE-WALKER 1998). This last possibility
could be associated with a relationship between tran-
scription mechanism and initiation of meiotic recombi-
nation (Nrcoras 1998). This relationship, if present
in D. melanogaster, forecasts—under the IS model—a
declining effective rate of recombination along genes
(hence of effectiveness of selection and codon bias)
when the distribution of meiotic gene conversion tract
length (HILLIKER et al. 1994) is taken into account.

Neutral regions as modifiers of recombination be-
tween selected regions: Granted that the evolutionary
consequence of neutral intermediate sequences as mod-
ifiers of recombination is very small for plausible lengths
(¢.e., <1000 bp), simulations show that under realistic
rates of selection, recombination, and mutation, the
presence of neutral intermediate (or spacer) sequences
may have a measurable effect on the overall magnitude
of IS in adjacent sequences under selection. Even very
small increments in the number of recombination
events between two regions under selection, obtained
by increasing the physical distance between the two se-
lected regions, can reduce IS when the recombination
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rate (per physical unit) is moderate/low. This reduction
in IS instigates an increase of the effectiveness of selec-
tion together with the decline of all properties associ-
ated with allele perturbation or traffic. Therefore, in
regions of reduced recombination, reasonably long in-
termediate sequences may be favored as a counterbal-
ance to the reduced effectiveness of selection caused
by tight linkage. Congruent with the simulation results,
in D. melanogaster the presence of introns is associated
with an increase in the effectiveness of selection. This
result is observed using either the absolute length of
introns or a measure of the relative length of introns,
taking into account the length of the coding region. The
difference in codon bias in central regions of coding
regions between genes with introns centrally located
and genes without introns also supports this interpreta-
tion.

Thus, genomic data in D. melanogaster support the
hypothesis that the presence and length of “junk” DNA
between clusters of selected sites may itself be a selective
trait (CoOMERON and KrerrMaN 2000; CoMERON 2001).
These results are also congruent with the positive rela-
tionship between average intron length and the length
of the coding region reported here and the observed
negative relationship between intron length and recom-
bination across D. melanogasterand human genomes that
could not be explained by the presence of transposable
elements or by mutational differences (CARVALHO and
CrLARK 1999; CoMERON and KrREITMAN 2000). The selec-
tive advantage of neutral sequences embedded in se-
quences under selection to reduce IS may be one of
the forces that oppose the apparent mutational deletion
bias present in Drosophila (PETROV et al. 1996; PETROV
and HartL 1998; CoMERON and KrrErTMAN 2000).

Whether IS is restricted mainly to intervals containing
single genes (both coding and regulatory regions) or,
conversely, whether neighboring genes have detectable
effects on each other will depend on the effective recom-
bination rate between genes (involving physical distance
and recombination rate per site) and gene lengths. Be-
cause the distance between genes in most eukaryotic
species is usually several kilobases, IS between most adja-
cent genes will likely be negligible except for species/
genomic regions with very low recombination rates.
However, the results showing a positive relationship be-
tween intergenic distance and the length of the flanking
coding regions suggest that, in D. melanogaster, IS may
be influencing the size of intergenic sequences in some
instances. Under this perspective, the study of IS and
of the evolution of recombination and their effects on
the effectiveness of selection should also incorporate
the enormous plasticity that genomes have, involving
gene structure, intron size, and gene density. Our stud-
ies on IS suggest that the apparent lack of biological
function associated with many intronic or intergenic
sequences might not always imply that they are devoid
of evolutionary function.

Conclusions: Mutations of weak selective effect, when
they are sufficient in number and are tightly linked,
reduce the overall efficacy of selection (e.g., cause an
increase in the fixation rate of selected mutations) and,
under the model we investigated, the consequences in-
clude a reduction of polymorphism. We found that the
reduction of polymorphism extends not only to the sites
under selection but to linked neutral mutations as well.
These effects are similar to those seen in single-site
models of selection, such as MSD, when N, is reduced.
Other consequences of IS, however, cannot be easily
related to simpler models of selection, and perhaps
these represent the unique signatures of IS. They in-
clude the increase in occurrence of rare alleles and
negative linkage disequilibrium in both selected and
linked neutral mutations.

The discovery of a genome-wide relationship between
noncoding polymorphism levels and the recombination
rate in Drosophila stimulated the investigation of mod-
els involving common forms of natural selection and
the influence these forms of selection have on linked
neutral variability. As with definitely deleterious muta-
tion and BGS, weakly selected mutation and IS are also
likely to be omnipresent throughout a species’ genome.
Both, therefore, have the potential for explaining varia-
tion in polymorphism levels associated with recombina-
tion rates. Likely, IS is distinguishable from models in-
volving strong selection (BGS and HH/pHH models)
in that consequences of clusters of weakly selected sites
may have a much finer and patchier distribution across
genomes than those caused by definitively selected mu-
tations, and linked neutral variability will be reduced
under IS only in small regions surrounding these clus-
ters. Complete genome polymorphism studies of Dro-
sophila, similar to those contemplated in humans, may
allow us to distinguish IS effects from those caused by
strongly selected mutations.

Perhaps the most exciting findings presented here
are the empirical tests of IS. The seven predictions we
generated for testing IS are, we believe, highly specific
to IS and therefore are strong tests of this theory. Indeed
the regularities we discovered in Drosophila genome
architecture were investigated because we had a theory
that led us to their predicted existence. Having made
these discoveries now, we hope these genome-wide pat-
terns stimulate the search for alternative explanations.
A priori one might have thought that the attempt to find
empirical support for a theory about weakly interacting
mutations might be confined to the population genetic
realm. Here we show that genome features may also be
highly relevant to our population genetic theory. What
this means is that genome features that have previously
been attributed to ancient events and accidents of his-
tory may actually be features retained and sculpted by
a common form of selection, underscoring the hidden
treasures present in genome data. This trend—using
genome-wide data to investigate population genetic
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models of selection—will only accelerate as additional
species are sequenced.
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APPENDIX: EFFECT OF SMALL NUMBER OF
SIMULATED INDIVIDUALS ON ESTIMATES OF IS

The size of the simulated populations is usually very
small compared to the actual natural populations due
to computational time constraints when a large number
of mutable sites and/or recombination events are under
study. According to diffusion theory of weak selection,
equivalent equilibria are expected for different num-
bers of individuals (or chromosomes) as long as the
products Ns (a) and N () are kept constant and 3 <
1 (Crow and Kimura 1970; Ewens 1979; L1 1987).
However, the use of very small populations might alter

2000 Chr.

the complex interactions between linkage, weak selec-
tion, and drift that cause IS. Also, as TacHiDA (2000)
pointed out, some sample and population statistics are
affected by the study of samples that represent a large
fraction of the total population. Thus, the effect of using
small simulated populations on population statistics has
been studied quantitatively for two extreme cases: under
neutrality and when IS due to weak selection on linked
selected sites occurs.

Following GILLESPIE (2000), we can use Tajima’s D
statistic as a way of reducing several population parame-
ters (or properties of the coalescent) to a single parame-
ter. The study of Tajima’s D under neutrality using sam-
ple sizes (n) of 10, 20, and 40 sequences when the
number of chromosomes in the population (2N) ranges
between 100 and 2000 shows that the larger the fraction
of sampled sequences, the greater the deviation from
the neutral expectation [E(Tajima’s D) = 0]. This devia-
tion generates positive Tajima’s D estimates, noticeable
for samples involving =5-10% of the population. As
TacHipA (2000) indicated, estimates of heterozygosity
based on the number of segregating sites (0) are also
underestimated when the sample represents alarge frac-
tion of the total population and Nis not very large (z.e.,
<250 diploid individuals).

Figure Al shows the effect of small populations on
the study of IS for the case of L = 2500 linked sites
under weak selection. Two parameters used to evaluate
IS (see text) are depicted: the frequency of preferred
codons (P) and Tajima’s D. Under the applied selective
model (semidominance and multiplicative over sites;
see MATERIALS AND METHODS), the effects of IS are
quantitatively altered by the use of very small popula-
tions, causing the tendency to overestimate the reduc-
tion of the effectiveness of selection due to IS. In particu-
lar, small populations generate sequences with smaller
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Pand selected mutations segregate at frequencies closer
to those expected under neutrality. These trends are
less conspicuous, or even absent, when the causes of IS
are reduced (e.g., L < 500).

Altogether, these results indicate the need for generat-
ing large population sizes to obtain a precise picture
of the outcome of subtle interactions between drift,
multilocus selection, linkage, and mutation. The popu-
lation size, N, required for studies of IS should represent

a compromise between accuracy of results and prag-
matic simulation times. Note that the computational
time needed to study populations near equilibrium may
increase exponentially with N and the failure to allow
such a period of time might produce imprecise or biased
outcomes. The population size should be adapted to
the sample size, mutation rate, number of sites under
selection, selection coefficients, and likely the selective
scheme to be scrutinized.



