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Summary

Theoretical models of the effects of selection against deleterious mutations on variation at linked
neutral sites (background selection) are used to predict the relations between chromosomal location
and genetic variability at the DNA level, in Drosophila melanogaster. The sensitivity of the
predictions to variation in the mutation, selection and recombination parameters on which they are
based is examined. It is shown that many features of the observed relations between chromosomal
location and level of genetic diversity in D. melanogaster can be explained by background
selection, especially if the weak selective forces acting on transposable elements are taken into
account. In particular, the gradient in diversity in the distal portion of the X chromosome, and the
lack of diversity on chromosome 4 and at the bases of the major chromosomes, can be fully
accounted for. There are, however, discrepancies between predicted and observed values for some
loci in D. melanogaster, which may reflect the effects of forces other than background selection.

1. Introduction

Several regions of the genome of Drosophila melano-
gaster exhibit greatly reduced rates of meiotic crossing
over. These include the telomeric region of the X
chromosome, the pericentric regions of the major
chromosomes, and chromosome four (which lacks
meiotic  exchange under normal conditions)
(Ashburner, 1989, chap. ii). Surveys of DNA variation
in natural populations of D. melanogaster strongly
suggest that genetic variability is lower in such regions,
relative to its level in regions where crossing over
occurs at normal frequencies (Aguadé et al. 1989a, b;
Aguadé & Langley, 1994; Moriyama & Powell, 1996).
As shown by Begun & Aquadro (1992) and Aquadro
et al. (1994), there is a close relationship between the
frequency of recombination per nucleotide site in the
neighbourhood of a gene, and its level of within-
population variability.

This result can be interpreted in at least two ways.
Hitch-hiking of neutral or nearly neutral variants by
more strongly selected favourable mutations at closely
linked loci can cause a substantial loss in variability
(Maynard Smith & Haigh, 1974; Kaplan et al. 1989).
Linkage of such variants to deleterious mutant alleles,
which are destined to be rapidly eliminated from the
population, also reduces variability (Charlesworth et
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al. 1993, 1995; Charlesworth, 1994; Hudson, 1994;
Hudson & Kaplan, 1994, 1995). These two processes
are often referred to as ‘selective sweeps’ (Berry et al.
1991) and ‘background selection’ (Charlesworth ez al.
1993), respectively. Temporal fluctuations in the
direction of selection on segregating alleles may also
affect variation at linked sites (Gillespie, 1994 ; Barton,
1995).

One way of evaluating the relative contributions of
these processes to the patterns displayed in the data is
to develop theoretical models of the relations between
the recombinational environment and its level of
neutral genetic variability. Several such models have
been developed for the case of selective sweeps (Wiehe
& Stephan, 1993; Braverman ez al., 1995; Simonsen et
al. 1995; Stephan, 1995). Hudson & Kaplan (1995)
have modelled background selection arising from
multiple loci subject to mutation and selection, using
the simplifying assumptions of at most one crossover
per chromosome and equal selective effects at each
locus. They have used their results to predict the
pattern of genetic variability as a function of chromo-
somal location within the genome of D. melanogaster.

The purpose of this paper is to develop models of
the effects of background selection on neutral variation
in D. melanogaster, using the general theoretical
framework developed by Hudson & Kaplan (1995)
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and Nordborg er al. (1996). In particular, I allow for
variation among mutant alleles in their effects on
fitness, specifically including the weak selection coef-
ficients against transposable element (TE) insertions
indicated by population survey results (Charlesworth
et al. 1992 a). While weakly selected deleterious alleles
have little effect on diversity in freely recombining
regions, they can have a substantial effect when there
is little or no recombination (Nordborg et al. 1996), so
that it is important to incorporate them into the
models. The results suggest that many features of the
patterning of genetic variation acrossdifferent chromo-
somal regions in D. melanogaster can be predicted by
background selection, although some aspects of the
data seem to require explanation in terms of other
factors.

2. Construction of models of Drosophila
chromosomes

(i) Effect of detrimental mutations on a linked
neutral site

Theoretical and simulation results (Hudson & Kaplan,
1995; Nordborg et al. 1996) suggest that, for a large
random-mating population, the effect of background
selection on a neutral site embedded in a set of linked
autosomal loci subject to mutation to deleterious
alleles is predicted by the formula

q:

Ty e (L+p)* )
where 77/7, is the ratio of the nucleotide site diversity
at the site in question to the classical neutral value,
and g, is the equilibrium mutant aliele frequency at the
ith selected locus. If the mutation rate at the jith locus
is u,, q; = u;/t;, where t; is the heterozygous fitness
effect of the mutant allele at that locus (it is assumed
that ¢, is > u,). Also, p, = r(1—1t)/t,, where r, is the
recombination frequency between the neutral locus
and the ith selected locus (Nordborg et al. 1996). Note
that the effective autosomal recombination frequency
in Drosophila is half the recombination frequency in
female meiosis, due to the lack of crossing over in
males.

This formula appears to be quite robust to the
details of the mode of selection, and gives good fits to
stimulation results, provided that population sizes are
of the order of a few thousand individuals and
selection is not too weak [see Hudson & Kaplan
(1995), Nordborg et al. (1996), and Section 4]. It can
be used to predict the amount of variation at neutral
sites anywhere in the genome, provided that we know
the mutation, selection and recombination parameters
involved.

Since mutation rates and fitness effects at individual
locus are unknown, the models are based on estimates
of mutation and selection parameters for the whole
second chromosome of D. melanogaster, obtained
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from the mutation accumulation experiments of
Mukai et al. 1972) and Ohnishi (1977) on detrimental
(minor-effect) mutations on the second chromosome
which affect egg-to-adult viability. The small con-
tribution from lethals to the overall mutation rate to
deleterious alleles and to the equilibrium mean number
of deleterious mutations per genome (Crow &
Simmons, 1983) will be ignored. These experiments
have recently been re-analysed by Keightley (1994),
who showed that there is evidence for substantial
variation in selection coefficients among new muta-
tions; if this is taken into account, the mutation rate
per chromosome is much greater than that obtained
with the assumption of equal mutation rates (Crow &
Simmons, 1983; Keightley, 1994).

Unfortunately, the data do not provide a sat-
isfactory joint estimate of the mutation rate and
the parameters of the distribution of selection coef-
ficients (Keightley, 1994). Somewhat conservatively
(Keightley, 1994), I assume a mutation rate of about
010 for the X chromosome, 0-18 for chromosome 2
and 0-2 for chromosome 3, in accordance with the
approximate relative sizes of the euchromatic sections
of these chromosomes (Charlesworth et al. 19925b;
Heino ez al. 1994). There is evidence for strong
positive correlations between the effects of detrimental
mutations on different fitness components (Houle et
al. 1994). This implies that the net effect of a
detrimental mutation on fitness is likely to be much
larger than its effect on viability. I assume that the
homozygous effect of a mutation on net fitness is 4
times its effects on viability.

I also assume that homozygous mutational effects
on viability are distributed according to a gamma
distribution with parameters « = 314 and # = 0-691,
the maximum likelihood estimates from the data of
Mukai et al. (1972) when a second chromosome
mutation rate of 0-2 is assumed (Keightley, 1994, table
2). Ohnishi’s (1977) data yield a smaller mean selection
coefficient and a larger coefficient of variation
(Keightley, 1994). As shown in Section 3, the use of a
larger mean and a narrower spread of selection
coefficients yields a smaller overall effect of back-
ground selection, and a lesser sensitivity to variation
in recombination rates. The values used here, there-
fore, predict a smaller overall effect of background
selection and a looser relation between location and
genetic diversity than would be obtained with the par-
ameters estimated from Ohnishi’s data for the same
mutation rate. In this sense, they are conservative.

Assuming a dominance coefficient of 0-2, as sug-
gested by data on the effects on several fitness
components of mutations segregating in natural
populations (Crow & Simmons, 1983 ; Hughes, 1995),
the above parameters yield a mean heterozygous effect
of mutations on fitness of 0-018. This lies between the
value of 0-02 of the harmonic mean of the ¢, with
respect to net fitness obtained by Crow & Simmons
(1983),and the value of 0-01 obtained by Charlesworth
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& Hughes (unpublished). Since very weakly selected
loci do not contribute significantly to background
selection (Charlesworth er al., 1993; Nordborg et al.
1996; Section 4), I truncate the gamma distribution
below a homozygous viability selection coefficient of
107 when applying eqn (2) below. In practice,
truncation has little effect, since less than 2% of all
mutations fall into this category with the values of «
and S used here.

Loci are assumed to be distributed uniformly along
the physical map of the chromosome in question. The
physical position of a locus subject to mutation and
selection is represented by the variable z (0 < z < 1),
which is the proportion of the length of the chromo-
some from an end that is arbitrarily taken to be the
origin. The frequency of recombination between a
selected locus at position z and the neutral site under
consideration is denoted by r(z); mutant loci in the
neighbourhood of position z are assumed to follow
the distribution of selective effects described above,
with probability density ¢(¢) for selection coefficient ¢.
Mutation rates are assumed to be independent of
location and selection coefficient, and the sum of the
haploid mutation rates per locus over the chromosome
is u. The sum in eqn (1) is thus approximated by the
integral

¢(t)
rrew-u [ | i

where p(t,z) = r(z)(1—1)/t, and ¢, is the minimum
value of ¢ considered as effective in contributing to
background selection (Nordborg et al. 1996).

Some modification is needed for the case of
X-linked mutations, which are selected against in the
hemizygous state in males. The most conservative
assumption is that all deleterious mutations act
similarly in both males and females, although many
are in fact sex-limited in their effects on fitness
(Ashburner, 1989, chap. 10). The equilibrium fre-
quency of a mutant allele at locus i is then g, = u,/7,,
where 7, = (21,+5,)/3, and s, is its homozygous or
hemizygous effect on fitness (Haldane, 1927). This can
be substituted into eqns (1) and (2), replacing ¢, by i,.
The expression for p, is unchanged, except that the
effective recombination rate for X chromosomal loci
is two-thirds the value for female meiosis, since
recombination on the X is effective only in females.
Since selection is stronger against rare deleterious
alleles at sex-linked loci than at autosomal loci with
equivalent effects on fitness, I use a truncation point
of 10™® for the homozygous viability effects of X-
linked mutations.

e )

(i1) Effect of transposable elements on a linked
neutral site

Transposable elements may be a source of background
selection which is not included in the estimates of
mutational parameters discussed above (Hudson,
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1994). Deleterious chromosomal rearrangements due
to meiotic ectopic exchange between TEs seem to play
an important role in the elimination from the
population of elements which insert into genomic
regions where they do little or no direct mutational
damage (Langley er al. 1988; Montgomery et al.
1991). Since the mutation accumulation experiments
described above use chromosomes transmitted ex-
clusively through males, where meiotic recombination
is absent, no such deleterious consequences of meiotic
ectopic exchange will be detected in these experiments,
although any deleterious effects of insertional muta-
tions or mitotic ectopic exchange would contribute to
the estimated mutation rates.

Statistical analyses of data on element distribution
in natural populations of D. melanogaster indicate
that the selection coefficients against naturally oc-
curring heterozygous element insertions are very small,
of the order of 2 x 107* on average, but deterministic
forces seem to be sufficiently large in relation to the
effects of genetic drift that TEs are held at low
frequencies in most parts of the genome (Charlesworth
et al. 1992 a). Selection of this magnitude is consistent
with the evidence that ectopic exchange involving a
given TE insertion is a low frequency event
(Montgomery et al. 1991). The fraction of individuals
carrying a TE insertion at a given site which are
eliminated by selection is thus very small, even if
rearrangements with a severe effect on fitness are
generated by ectopic exchange. The frequency of a TE
insertion at a given chromosomal site thus behaves
formally like that of a weakly selected, deleterious
allele, so that eqn (1) can be applied. Although the
average number of new TE insertions per generation
is at least 0'1 per haploid genome when summed over
all families (Nuzhdin & Mackay, 1995), a mean
selection coefficient of 2 x 10~ means that they could
contribute only a small part of the observed rate of
mutational decline in viability (Crow & Simmons,
1983; Keightley, 1994), even if ectopic exchange is not
their primary mode of elimination. This provides an
additional reason for treating TEs separately.

It is assumed that TEs are in equilibrium between
transposition and selection, with selection coefficient
¢’ against a heterozygous element insertion. If elements
are in approximate equilibrium between the effects of
transposition and removal by ectopic exchange and
other forces, as is indicated by the population data, ¢’
should be the same as the rate of transposition per
element per generation, regardless of genomic location
and the associated rate of ectopic exchange
(Charlesworth, 1991). Published estimates of mean
transposition rates in the literature (Nuzhdin &
Mackay, 1995) agree approximately with the above
estimate of the rate of elimination, supporting this
assumption.

If we pool over all element families and treat the
chromosome as a continuum, the equivalent of ¢, in
eqn (1) is n(z)dz, the mean number of elements per
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chromosome found between locations z and z+dz. If
different element families have different rates of
elimination, with probability density distribution ¢(¢'),
eqns (1) and (2) can be modified to yield the following
expression for the contribution of TEs to the effect of
background selection on variability at a given neutral
site:

o) ,
exp — L n(z) Lu ————(1 o dv dz,

where p(¢’, z) = r(z)/t’ (the weak selection here means
that the inclusion of the term (1 —¢’) in the numerator
1S unnecessary).

If the variance in " among element families, V,, is
not too large, this expression can be approximated by
expanding around the harmonic mean of ¢, 7, which
yields the expression

Ga)

3, r(2) } o

70+ Pl A (35)

ox Yon(2) {

Y ek

This result shows that a model that includes variance
in transposition/elimination rates among families has
a larger effect on genetic diversity than if rates are
constant. The use of the above estimate of the
harmonic mean rate of transposition/elimination, but
ignoring variance in the rate, should therefore provide
a conservative estimate of the contribution of TEs to
background selection.

The contribution from TEs was estimated from
data on the ten families of elements surveyed by in situ
hybridization of element probes to chromosomes
sampled from a Maryland population by
Charlesworth & Lapid (1989) and Charlesworth et al.
(19924), with additional information from unpub-
lished data on a further six families surveyed on 10 X
chromosomes from the same  population
(Charlesworth, Assimacopoulos & Britton, unpub-
lished). Given the evidence for an accumulation of
elements at the bases of the chromosomes, the
chromosome arms are divided into proximal and
distal portions for the purpose of calculating element
densities, combining the tip and mid sections as
defined by Langley et al. (1988) to form the distal
portion of each arm. The term n(z) in eqn (3a) is
assumed to be independent of z within each portion of
the chromosome, and is thus equal to the mean
number of elements per chromosome for that portion
of the chromosome, divided by the proportion of the
chromosome which it represents.

The distal portion of the X comprises 90 % of the X
chromosome as defined in Section (iii) below. Overall,
the mean copy numbers of the 16 families of TEs are
39-0 (distal) and 17-3 (proximal). There are 40-50
families of TEs in D. melanogaster (Lindsley & Zimm,
1992), so that this represents the count for approxi-
mately one-third of all element families. More
abundant families were more likely to be cloned in the
early investigations of the D. melanogaster genome

https://doi.org/10.1017/50016672300034029 Published online by Cambridge University Press

134

than less abundant ones, so that the elements not
included in these surveys may well form less than
two-thirds of the total number per genome. A
conservative estimate of the total number of elements
per chromosome is probably given by multiplying the
above values by 1-5, giving a final estimate of 585 and
259 for the distal and proximal portions of the X,
respectively. An alternative approach is to use
estimates of element density per kilobase obtained
from population surveys of restriction fragment length
polymorphisms (RFLPS) in small genomic regions.
The estimate of a mean element density of elements
per kilobase of 0005 for the euchromatin
(Charlesworth & Langley, 1991) implies a total of
about 110 elements for the X chromosomal euchro-
matin, if elements are randomly distributed among
chromosomes. This is substantially larger than the in
situ estimate, but should probably be reduced by
about 15% because of the under-representation of
elements on the X chromosome relative to the
autosomes (Biémont, 1992; Charlesworth et al
1992b). The in situ estimate thus appears to be a
slightly conservative value for the abundances of TEs,
and is used in what follows.

In the case of the autosomes, the in situ estimates of
element abundances of Charlesworth et al. (1992b)
are simply multiplied by a factor of 2, to account for
the families which have not been surveyed. The same
procedure applied to the X gives slightly smaller
values than those obtained above, so that this is a
conservative procedure, as is also indicated by the
calculations of autosomal element densities from the
RFLP studies. For 2L, the values are 581 and 152 for
the distal and proximal portions (which contribute
41-2% and 7-2% of chromosome 2, respectively). For
2R, the values are 585 and 150 for the distal and
proximal portions (447 % and 6:9 % of chromosome
2). For 3L, the corresponding numbers are 544 and
180 (38:1% and 6:15% of chromosome 3), and for
3R they are 844 and 222 (47:0% and 875% of
chromosome 3).

(iii) Drosophila chromosome models : general
considerations

For chromosomal regions consisting of many polytene
chromosome bands, there is a good approximate
correspondence between the amount of DNA in the
regions concerned and the number of bands visible in
the Lefevre (1976) photographic map (Montgomery et
al. 1987; Charlesworth & Lapid, 1989 ; Charlesworth
et al. 1992b). T have therefore used the band coding
system of Charlesworth & Lapid (1989) and
Charlesworth et al. (1992 a), based on the enumeration
of these polytene bands, to assign approximate
physical positions to loci for which information on
DNA variability is available. For some extreme
proximal locations, the numbering system has been
extended slightly, as described below. Such band
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counts may well be inaccurate indicators of the
physical size of small regions; in addition, accurate
information on genetic map distances for such regions
is often unavailable. There is also abundant evidence
in the literature for considerable genetic and en-
vironmental variation in recombination frequencies
for a given interval, and the standard genetic map
distances cannot be used as accurate indicators of the
actual amount of crossing over in small regions. This
is especially true for centromere-proximal regions,
which are highly sensitive to such variation and to the
inter-chromosomal effect of inversion heterozygosity
on crossing over (Lucchesi, 1976; Brooks, 1988;
Sniegowski er al. 1994).

For these reasons, I have relied as far as possible on
published data on rates of crossing over for defined
intervals near telomeres and centromeres, where
exchange rates per nucleotide are lowest (Ashburner,
1989, chap. 11), and where predictions of the effects
of background selection are likely to be most sensitive
to the recombination parameters used in the models.
Since natural populations are polymorphic for inver-
sions, the inter-chromosomal effect will cause effective
rates of crossing over to be higher than those in
crosses with homokaryotypic backgrounds, possibly
by as much as 50% or more for centromeric or
telomeric regions (Lucchesi, 1976; Sniegowski et al.
1994). Conversely, suppression of exchange in in-
version heterozygotes means that standard maps may
overestimate the effective frequency of recombination
in the mid-arm sections of the autosomes, where most
naturally occurring inversions are located (Lemeunier
& Aulard, 1992). To provide conservative estimates of
the effects of background selection, I have generally
used high rather than low estimates of rates of
proximal and distal exchange whenever alternative
values are available (see Appendix, Sections (i)—(iii)).

The calculation of the effect of background selection
on a neutral gene from eqns (2) and (3) requires
knowledge of its frequencies of recombination with all
selected loci on the chromosome on which it is
located. (The very weak effect of background selection
from deleterious alleles on a different chromosome
(Nordborg et al. 1996) means that it is legitimate to
consider only a single chromosome.) If the physical
distance between the marker locus and a selected
locus is z, knowledge of the recombination parameters
for the interval separating the two loci enables
calculation of the map distance between them, /(z), as
described below. To determine the corresponding
recombination frequency, r([[z]), a mapping function
relating r and / is needed. Cobbs (1978) has shown
that the following mapping function, suggested by
Owen (1951), appears to fit the Drosophila data for a
single chromosome arm:

r(flz]) = 0-5(1 —cos (2/[z]) e~ *4)). “)

This will be used in what follows for describing
recombination within a chromosome arm, except
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where the effects of alternative mapping functions are
explicitly mentioned.

For the metacentric chromosomes 2 and 3, there is
strong negative interference across the centromere
between intervals which are very close to the centro-
mere, whereas there is no such effect between more
distal regions (Ashburner, 1989, p.470). Thus, al-
though an exchange near the centromeric hetero-
chromatin is a rare event, the conditional probability
of a proximal exchange in one arm of an autosome
may be increased by a factor of 10 or more by the
occurrence of a proximal exchange in the other arm
(Green, 1975; Sinclair, 1975; Denell & Keppy, 1979).
The above mapping function thus cannot be used for
determining the frequency of recombination between
an autosomal marker locus and a selected locus on a
different arm of the same chromosome. Special
formulae, derived in the Appendix, Section (iv), must
be used for this purpose.

Given the numerous sources of uncertainty in the
data, there seems little point in trying to establish a
fine-scale relation between physical position and
recombination parameters, as has been done pre-
viously by the use of coefficients of exchange derived
from the standard maps (Lindsley & Sandler, 1977,
Begun & Aquadro; 1992; Wiehe & Stephan, 1993;
Aquadro et al. 1994; Hudson & Kaplan, 1995;
Stephan, 1995; Moriyama & Powell, 1996). Rather, I
have divided each chromosome into several regions,
and attempted to provide a rough description of the
relation between physical location and genetic map
for each region.

(iv) The X chromosome

The X chromosome is considered here to comprise the
polytene map from 1Al to 20F, inclusive.
Charlesworth & Lapid (1989) assigned 172 bands to
the euchromatic section 1A1 to 20A; there are seven
more bands visible in Lefevre’s (1976) photographic
map in the region between 20B and 20F, bringing the
total X chromosome count to 179. Since the genetic
and molecular evidence suggests a nearly normal
density of genes in this region (Schalet & Lefevre,
1976; Miklos & Cotsell 1990), despite its hetero-
chromatic appearance, it seems appropriate to include
it in the count of mutable sites. The physical locations
of the proximal termini of the regions into which the
X has been divided are denoted by «,,(i = 1-6), where
a,; is the proportion of the total number of X
chromosome bands from the tip to the band
corresponding to the proximal boundary of the region.
The physical location of a gene, z, is defined as the
proportion of the total length of the X chromosome
separating it from the telomere. A gene is assigned to
region i if a,,_;, < z < a,,- The upper panel of Fig. 1
is a schematic representation of the assumed relations
between recombination rate per unit physical distance
and location on the X chromosome, and the numerical
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X chromosome the total number of 2L chromosome bands from the
3 tip to the band corresponding to the proximal

2 4 S boundary of the region. 2R is similarly divided into
1,/ \

regions whose distal boundaries are denoted by a,,
(i =69), where a,, is the proportion of the total
Major autosome number of bands from the tip to 2L to the band
3 7
IJ N4 5 6/ L9
Fig. 1. The gradient of recombination frequency with

corresponding to the distal boundary of the region in
question. The fifth region of the chromosome is
composed of the euchromatic portions of 2L and 2R

respect to physical position on the chromosome, plotted

against location, for the X chromosome and for the

major autosomes (not to scale). The numbers denote the

which straddle the centromere, and its rightmost
regions described in the Appendix, Sections (i)—(iii).

boundary is defined by a,,. The centromere is
arbitrarily placed midway between a,, and a,,. The
physical location of a gene, z, is denoted by the
proportion of the total length of the chromosome 2
which separates it from the telomere of 2L. A gene is
assigned to region i of 2L if a,,_,, Sz < ay,(i < 4), to
region i of 2R if a,,_,, < z < a,(i > 6), and to region
5if a,, € z < a,;. 2R is treated as a reflection of 2L,
except for different numerical values of the coefficients
in the functions describing recombination. A sche-
matic representation of the relation between recom-
bination rate per unit physical distance and location is
shown in the lower panel of Fig. 1. The second
chromosome parameters shown in Table 2 are justified
in the Appendix, Section (ii).

values of the parameters used to describe this
chromosome are given in Table 1. The justifications
for these are described in the Appendix, Section (i).

(v) Chromosomes 2 and 3

The euchromatic portion of chromosome 2 as defined
here has a total of 311 bands (Table 2). 2L has been
divided into regions whose proximal boundaries are
denoted by a,, (i = 1-4), where a,, is the proportion of

Table 1. Parameters of the X chromosome

Recombination Polynomial
Region Proximal boundary function* coeflicients
1 1B4, a,, = 0-017 (3 bands) Linear ¢, =0011
2 3C2, a,, = 0-123 (22 bands) Quadratic ¢y by =121
3 15F1-3, a,, = 0-799 (143 bands) Linear ¢, = 0817
4 19D3, a,, = 0-939 (168 bands)  Linear ¢,y = 0640
5 20C1, a,, = 0989 (177 bands)  Quadratic Cyqo by, = 640
6 20F, a,; = 1-00 (179 bands) No recombination

The numbers of bands (in brackets) refer to the number from the telomere of the
X, in the numbering system of Charlesworth et al. (19924).
* This refers to the nature of the polynomial relating map distance to physical
distance in the region in question. See Appendix for further details.

Table 2. Parameters of chromosome 2

Proximal boundary (2L)

Region or distal boundary (2R) Recombination function Polynomial coefficients
2L

1 22A1, a,, = 0026 (8 bands) Quadratic ¢, = 0-020, b,, =295
2 31A1, a,, = 0-222 (69 bands) Linear Cyy = 1:94

3 38A1, a,, = 0412 (128 bands)  Quadratic Cyy = 0143, b,, = 470
4 40C1, a,, = 0-482 (150 bands)  Linear Coy

2L /2R (pericentric region)

41E1, a,, = 0-486 (151 bands)

No recombination

2R

6 42F3, a,, = 0-527 (164 bands) Linear €y = 0171

7 50F9, a,. = 0:736 (229 bands) Quadratic Coys by = 2:72
8 59F8, a,, = 0:965 (300 bands) Linear €y = 1:25

9 60F35, a,, = 1-000 (311 bands)  Quadratic Cops Doy = 11°7

The numbers of bands (in brackets) refer to the number from the telomere of 2L, in the numbering system of Charlesworth
et al. (1992a).
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Table 3. Parameters of chromosome 3

Proximal boundary (2L)

Region or distal boundary (2R) Recombination function Polynomial coefficients
3L

1 62A12, a,, = 0039 (15 bands)  Quadratic ¢y, = 0022, b,, = 106
2 71A1, a,, = 0-277 (106 bands)  Linear cy =171

3 77E1, a,, = 0:394 (151 bands)  Quadratic ¢33 = 0-038, b,, = 3-33
4 80A1, a,, = 0441 (169 bands)  Linear Cys

3L/3R (pericentric region)
5

81F1-2, a,, = 0-444 (171 bands) No recombination

3R

6 84B1, a,; = 0493 (189 bands)  Linear

7 89F4, a,, = 0:695 (266 bands) Quadratic
8 99F1, a,, = 0971 (372 bands)  Linear

9 100F5, a,, = 1-000 (383 bands) Quadratic

¢, = 0039
Cyy byy =263
Cys = 1-74

c =194

312 b34

The numbers of bands (in brackets) refer to the number from the telomere of 3L, in the numbering system of Charlesworth

et al. (1992a).

The euchromatic portion of chromosome 3 includes
the polytene divisions on the left arm from 61 to 80C2
(166 bands in our numbering system), and polytene
divisions 81-100 on the right arm (214 bands). In
addition, there are three bands proximal to 80C2 that
are visible in the Lefevre photographic map, which
brings the total for 3L to 169 bands, giving a total for
the whole chromosome of 383. Physical locations are
expressed as proportions of this total, reckoning from
the tip of 3L. Chromosome 3 is divided into regions in
a similar way to chromosome 2, with boundaries
between regions being denoted by a,,(i = 1-9), and
the general scheme for relating recombination rate to
physical location is the same as for chromosome 2
(Table 3). The justifications for the numerical values
of the coeflicients are given in the Appendix, Section

(iii).

(vi) Calculating the effect of background selection on
a neutral locus

Given the above assumptions, it is straightforward to
calculate the frequency of recombination between a
neutral locus at a specified location y and a selected
locus at position z, for a given chromosome. This is
done by determining the map distance for the
coordinate pair (y,z), and using the usual additive
rule to combine map distances over all the regions
with different recombination parameters that separate
them. The map distances concerned are computed
using the above formulae for the appropriate chromo-
somal regions; a mapping function such as eqn (4) is
used to obtain the corresponding recombination
frequencies. Numerical integration of eqn (2) is then
used to determine the ratio of the nucleotide site
diversity under background selection to the classical
neutral value for the neutral locus in question, due to
conventional detrimental mutations. Numerical in-
tegration of eqn (3a) is used to obtain the cor-
responding effect of background selection due to TEs.
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The net effect of background selection is given by the
product of these numbers. A picture of the expected
effects of background selection as a function of
chromosomal location can be obtained by repeating
these calculations for a range of y values between 0
and 1. FORTRAN programs to carry out these
computations are available on request.

3. Results

(1) Results of the ‘standard’ chromosome model and
comparisons with the data

The predictions of the effect of conventional mutations
for the three major chromosomes are obtained using
the gamma distribution of mutational effects, with the
parameter values described in Section 2(i). The
background selection effects of TEs are obtained from
eqn (3 a), using the densities of TEs given in Section 2
(ii). The mapping function of eqn (4) is used to
describe recombination within chromosome arms.
The coefficient of coincidence across the centromere
for autosomal regions close to the centromere is
assumed to be 10, in rough accordance with published
estimates (Green, 1975; Sinclair, 1975; Denell &
Keppy, 1979). The other recombination parameters
are as in Table 1-3.

Figs. 24 shows the predicted values of the
nucleotide diversities relative to the classical neutral
values (/m,), for neutral loci distributed along the X,
second and third chromosomes. The /7, values are
displayed, taking into account the effects of con-
ventional mutations and TEs separately, as well as
their joint effects. Scaled empirical estimates of @ =
4N, v obtained from data on loci surveyed in natural
populations of D. melanogaster are also displayed for
loci distributed over all the major chromosomes,
providing a measure of the levels of nucleotide site
diversities for the loci concerned (note that N, is in
general different for X-linked and autosomal loci:
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Fig. 2. The observed and expected values of DNA
variability as a function of location on the X
chromosome of D. melanogaster. The expected values are
calculated for the ‘standard’ model of recombination and
selection. A gene position is shown as the proportion of
the total length of the euchromatin from the telomere to
the locus in question. The open and filled squares are the
predicted values of /7, under background selection
caused by TEs and by conventional mutations,
respectively (see Sections 2(i) and 2(ii) of the text for
details). The open circles joined by the interpolated curve
are the predicted values of 7/m, under background
selection from the combined effect of both forces. The
open triangles indicate points obtained from RFLP or
SSCP studies of variability within North American or
Japanese populations of D. melanogaster, scaled as
described in the text. Whenever two studies of the same
locus were available, the study with the larger number of
sites surveyed, or a study of a US population in
preference to one on another continent, was used to
ensure maximum comparability of the results. The second
criterion took precedence over the first. If more than one
population from the same continent was studied, the
unweighted mean value of the ® values for each
population was used. In order of position, the loci are:
y—ac—sc (Martin-Campos et al. 1992), su(s) and su(w*)
(Aguadé er al. 1994); Pgd (Begun & Aquadro 1991), z,
tko (Aguadé er al. 1989b), per (Begun & Aquadro, 1991),
w (Miyashita & Langley, 1988, as re-analysed by Begun
& Aquadro, 1993), v and f (Miyashita & Langley, 1994),
Zw (Miyashita, 1990) and su( f) (Langley er al. 1993).

Caballero, 1995; Nagylaki, 1995). Estimates of ©®
from the numbers of segregating sites in samples were
used where available, in preference to estimates from
numbers of pairwise differences between sequences, in
view of the superior statistical properties of this
estimator (Kreitman, 1991). (Background selection is
expected to produce only a small bias in this estimate:
Charlesworth ez al. 1995). Scaling was carried out by
dividing each © estimate for a given chromosome arm
by the mean @ value for that arm, and multiplying by
the mean predicted 7/7, value for the chromosome
arm (linear interpolation between directly computed
values was used when necessary). This ensures that the
mean scaled ®@ value for an arm is equal to the mean
n/m, value, and allows the theoretical and observed
relative diversity levels at different chromosomal
locations to be compared visually.

Fig. 5 shows plots of the scaled © values against the
predicted 7/m, values with both conventional muta-
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Fig. 3. The observed and expected patterns of DNA
variability as a function of location on the second
chromosome of D. melanogaster. The expected values are
calculated for the ‘standard’ model. A gene position is
shown as the proportion of the total length of the
euchromatin, from the telomere of 2L to the locus in
question. The open and filled triangles indicate the scaled
data points obtained from RFLP and sequencing studies,
respectively. The symbol H indicates samples formed
from pooling strains from around the world, which may
give overestimates of sequence diversity within
populations. Other symbols are as in Fig. 2. In order of
position, the loci are: Gpdh (Takano er al. 1991), Mst26 A
(Aguadé er al. 1992), Adh (Takano et al. 1991), Top2
(Palopoli & Wu, unpublished, cited in Kreitman &
Wayne, 1994), Ddc (Aquadro et al. 1992), cta (Kreitman
& Wayne, 1994), Gapdh-1 (McDonald & Kreitman,
unpublished, cited in Kreitman & Wayne, 1994), Lcp'¥
(Pritchard & Schaeffer, unpublished), Pgi (McDonald &
Kreitman, unpublished, cited in Kreitman & Wayne,
1994), Amy and Pu (Takano et al. 1991).

tions and TEs for all the data, and for the X
chromosome alone (which had the highest density of
loci studied). If the model is correct, the slope of a
fitted straight line should be 1, and the intercept 0. For
the pooled data, the least-squares fit of a linear
equation is quite good (the squared correlation
coeflicient, r*, which gives the proportion of variance
in © explained by the line, equals 0-68), but the slope
is 0-72 +0-08 and the intercept is 0-10+ 0-03, indicating
that the data depart significantly from the predictions
of the model. For the X chromosome, however, there
is a very good fit to the model (+* = 0-81, with an
intercept of 0-021 +0-07 and a slope of 0:96+0-16).
Several general points can be noted about the
results. First, it is clear that even loci in the most
highly recombining middle sections of the chromo-
somes have expected diversities that are substantially
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Fig. 4. The observed and expected patterns of DNA
variability as a function of location on the third
chromosome of D. melanogaster. The expected values are
calculated for the ‘standard’ model. A gene position is
shown as the proportion of the total length of the
euchromatin, from the telomere of 3L to the locus in
question. The open triangles indicate scaled data points
obtained from an RFLP study of a US population by
Kindahl & Aquadro (unpublished). Other symbols are
as in Fig. 3. In order of position, the loci shown are:
Lspl-y, Hsp26, Sod, Est-6, fz, tra, Pc, Antp, Gld, ry,
Ubx, Rh3, E(spl), Tl, Mlc2.

below the classical neutral values, as also found by
Hudson & Kaplan (1995). This is mainly due to the
effects of conventional mutations rather than TEs.
For the X chromosome, the maximum relative
diversity is about 68 % ; for the major autosomes, it
lies between about 53 % (2R) and 65 % (2L). Thus, no
locus in D. melanogaster is immune to the effects of
background selection. Secondly, relatively steep gra-
dients in diversities are expected, especially when the
effects of TEs are taken into account. These gradients
are not simply artefacts of the discontinuities in the
functions relating map distance to physical distance,
as the turning points in the curves for #/m, do not
coincide with the positions of the discontinuities. The
gradients are particularly noticeable at the tip and
base of the X chromosome; the effects of recom-
bination reduction at the tips of the major autosomes
are less marked and the gradients at the bases of the
autosomes are shallower than for the X. Nevertheless,
extremely low values of genetic diversities for loci
close to the centromere are expected, as indeed has
been found for the X chromosomal locus su(f)
(Langley et al. 1993) and the 2L locus cra (Kreitman
& Wayne, 1994).

Thirdly, the peaks in expected variability for the
autosomes occur at locations which are at about 10 %
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Fig. 5. The plot of the scaled observed @ values against
the corresponding scaled predicted m/7, values (see text
for method of scaling), with the least-squares fitted
straight lines. The lower panel shows the pooled data for
all chromosome arms (y = 0099+ 0-722x; Kendall rank
correlation 7 = 0-65, P < 0-001). The upper panel is for X
chromosomal loci (y = 0-018 +0-955x; Kendall rank
correlation 7 = 0-86, P < 0-001).

of the distance from the telomere to the centric
heterochromatin for the chromosome arm in question,
indicating a surprisingly long-range expected effect of
the pericentric restriction of recombination, as also
found by Hudson & Kaplan (1995). In all five cases,
the observed maximal values of diversity are in
regions where expected diversity is close to maximal.
Fourthly, there is a tendency for the observed values
for the proximal regions of the autosomal arms to
exceed the predicted values, while several distal values
fall noticeably below the predictions, which pre-
sumably causes the discrepancies between the pre-
dicted and observed slope and intercept for the pooled
data noted in connection with Fig. 5. Possible reasons
for these discrepancies will be discussed later. Given
the considerable sampling errors in diversity estimates
(Kreitman, 1991), some of them may well simply be
random in origin.

(i) Sensitivity of the predictions to changes in the
parameters

The effects of several kinds of deviations from the
standard model were investigated, to test the ro-
bustness of the predictions. First, the effect of reducing
variation in the strength of selection was investigated,
by increasing the parameters of the gamma dis-
tribution of selection coefficients to values where the
variance is negligible, but keeping the mean the same.


https://doi.org/10.1017/S0016672300034029

B. Charlesworth

X Chromosome

0-8
a O Q Q g [} ag
oo O .
06 4 -
0-4 -
0-2 1
0-0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Chromosome 3

<
o0

Predicted relative diversity

00

00 01 02 03 04 05 06 07 08 09 10

Location
Fig. 6. The effect of removing variation in selection
coefficients on the predicted values of #/m,, for the X and
third chromosomes. The open and filled squares are the
values for background selection due to conventional
mutations alone, without variation in the selection
coefficients and for the standard model, respectively. The
open and filled circles are the corresponding net effects of
conventional mutations and transposable elements.

The results are shown in Fig. 6, which displays both
the predictions for the effects of conventional muta-
tions alone and their joint effects with TEs, for the X
and third chromosomes. Because there are no weakly
selected deleterious mutations with these parameter
values, there is less patterning of variability across the
chromosomes in response to changes in the local
recombinational environment, as expected from the
general theoretical results of Hudson & Kaplan (1994,
1995) and Nordborg et al. (1996). An increase in
diversity at the very ends of the chromosomes, despite
the associated reduction in recombination, is more
apparent when there is no contribution from weakly
selected mutations, especially for the centromere of
the X chromosome. The explanation of this edge effect
is given by Nordborg ef al. (1996). In the pericentric
regions of the autosomes, the effect of conventional
mutations on variation is roughly tenfold less than
with the standard parameters (e.g. for chromosome 3,
m/m, is approximately 0-04 instead of 0-004 for the
most proximal loci modelled). Despite this weakening
of the telomeric and centromeric reductions in
diversity, there are still very marked reductions in
variation at the bases of the chromosomes even
without TEs, except for the X chromosome.
Secondly, the effect of changing the mapping
function was investigated. Haldane’s (1919) mapping
function, which assumes no interference, provides an
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obvious alternative to the function used in the standard
model. The use of Haldane’s function to describe
recombination within chromosome arms gave only
very slight differences from the previous results when
all other parameters were held constant, consistent
with the findings of Nordborg et al. (1996) on the
effects of mapping functions in the case of uniform
rates of recombination across the chromosome. For
the X chromosome, for example, the maximal diversity
under the conventional mutation model with the
standard mapping function was 0-71 compared with
0-70 with Haldane’s function, and the pattern of
change in diversity along the chromosome was similar
in both cases. The slightly greater reduction in diversity
levels with no interference reflects the fact that
recombination distances increase more slowly with
map distance with Haldane’s function. Results using
Kosambi’s (1944) used mapping function were also
similar to those with the standard one. The details of
the mapping function therefore seem to be of minor
importance.

Thirdly, the coefficient of coincidence for proximal
regions on either side of the centromere was made
equal to 1 instead of 10, to examine the effect of
removing negative interference across the centromere.
A very small increase in diversity close to the
centromere resulted, reflecting the effectively higher
frequency of recombination per unit map distance.
This effect is far too small to be detectable ex-
perimentally.

Fourthly, the effect of changing the recombination
parameters was examined, for the case of the X
chromosome. One rationale for this was that inversion
heterozygosity on one chromosome tends to increase
recombination frequencies on other chromosomes,
particularly in the telomeric and centromeric euchro-
matin (Lucchesi, 1976). The X chromosome lacks
inversion polymorphism, but is exposed to the effects
of autosomal inversion heterozygosity. The frequency
of X chromosome recombination in nature will
therefore be greater than that measured on stan-
dardized genetic backgrounds.

Accordingly, the first variant model of the X allows
for a longer region where recombination continues to
increase at the tip (Notch (3C7, 0-128 of the distance
from the telomere) is taken as the boundary of region
2 in Table 1 instead of w). In accordance with the
recombination frequencies measured in the presence
of heterozygotes for the common autosomal inversions
In(2L)t and In(3R) P by Sniegowski et al. (1994), the
distance y—N is taken as 2 cM, giving a revised value
of 1-51 for the quadratic coefficient b,, relating
recombination frequency to physical distance in region
2. This change in the assumptions greatly increases
recombination frequencies among the more distal loci
in region 2, which is probably over-generous in view
of the lack of effects of the common autosomal
inversions on recombination in this region (Sniegowski
et al. 1994). In accordance with the evidence that the
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Fig. 7. The lower panel shows the predicted values of
m/m, and the observed scaled ® values, for the X
chromosome variant model with high rates of distal and
proximal recombination (see text for details). The
symbols are as in Fig. 2. The upper panel is the plot of
the scaled © values against m/7,, with the least-squares
fitted straight line (y = —0-059 + 1-103x; Kendall rank
correlation 7 = 0-71, P < 0-01).

middle section of the X is little affected by autosomal
inversion heterozygosity, the only other changes were
made in the proximal regions of the X. The assumption
that 30% of the population are heterozygous for
autosomal inversions is reasonable for populations at
intermediate latitudes Lemeunier & Aulard, 1992). In
addition, a threefold effect of such heterozygosity on
recombination frequency at the base of the X seems to
be an upper limit to those observed (Lucchesi, 1976;
Sniegowski et al. 1994). A net increase in recom-
bination rates of a factor of 1-6 over those assumed
earlier thus probably provides an upper bound to
what might occur in North American populations.
The map distances for regions 4 and 5 are accordingly
increased by this factor; in addition, recombination is
assumed to extend all the way proximally to the locus
of su(f), following the quadratic model of Table 1
with the coefficients adjusted to take into account the
expanded map distances. The plot of predicted relative
diversity and scaled diversity against location, and the
plot of scaled diversity against predicted relative
diversity for the X, are shown in Fig. 7. While it is
clear that the fit is less good than for the standard
model (? is only 0-70 instead of 0-81 for the standard
model), there is still relatively good agreement.

The second variant model of the X chromosome is
intended to explore the possibility that essentially no
recombination occurs between the telomere of the X
chromosome and the locus of y, as opposed to the low
level of recombination assumed here (see Appendix,
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Section (i)). This seems worthwhile, in view of the very
slender evidence on this point (Dubinin et a/. 1937). If
this modification is made, there is only a minor change
in the fit of the observed scaled values to the values
predicted by the joint effects of TEs and conventional
mutations (+* = 0-80). This model predicts, however a
much steeper gradient of diversity values near the tip
of the X than under the standard model; the ratio of
the minimum of 77 /7, (at the telomere) to the maximum
value for the chromosome (proximal to w) is 0-04
instead of 0-17. This effects is due entirely to a
reduction in the distal diversity; 7/, proximal to w is
hardly changed. The gradient in /7, between the
telomere and y is nearly flat (#/7, changes from 0-028
to 0:036, but increases steeply after that).

4. Discussion

The results described above suggest that the back-
ground selection model can account for most features
of the observed relations between chromosomal
location and relative levels of DNA sequence variation
in D. melanogaster. Hudson & Kaplan (1995) have
reached a similar conclusion for loci on chromosome
3, on the basis of a model which does not allow for the
effects of TEs. This finding is in contrast to the
conclusions of Charlesworth ef al. (1993), on the basis
of a much cruder adjustment for the effects of
recombination. If the predictions of these newer
models can be taken seriously, it seems that it is
unnecessary to invoke factors such as selective sweeps
to explain most of the reduced variation associated
with regions of reduced recombination.

This raises the question of the robustness of the
models to changes in the imperfectly known para-
meters on which they are based. The relative lack of
sensitivity of the predictions to the mapping function
used within chromosome arms, and to coincidence
across the centromere, is encouraging (Section 3 (i1)).
But the predictions are very sensitive to changes in the
recombination parameters in regions of reduced
crossing over, as may be seen from the three versions
of the model of the X chromosome compared in
Section 3(ii)). More detailed information on the
relation between recombination rates and physical
position in regions of reduced recombination is thus
desirable. The other area of uncertainty concerns the
per genome rate of mutation to deleterious alleles, and
the nature of the distribution of the heterozygous
selection coefficients against these alleles. Given the
exponential nature of the dependence of the magnitude
of the effects of background selection on the mutation
rate (eqn 2), a halving of the mutation rate would
dramatically reduce the amount of intrachromosomal
patterning of variation, and would mean that back-
ground selection could explain only a fraction of the
reduction in variation in regions of reduced re-
combination. There is also a sizeable effect of variation
in selection coefficients (Fig. 6), due to the major
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contribution of weakly selected loci to the response to
the local recombinational environment (Hudson &
Kaplan, 1994, 1995; Nordborg et al. 1996). Although
we can be fairly confident that the mutation rate per
diploid individual for detrimental alleles per genome
in Drosophila is at least 1, as assumed here, we have
little information on the form of the distribution of
mutant effects on fitness (Keightley, 1994). Further
evidence is badly needed.

There are other uncertainties about the details of
the expected patterns of variation which merit
comment. Fig. 2 suggests that there is much closer
agreement between the observed and predicted pat-
terns of variation on the X chromosome when TEs
are included in the predictions than when they are
omitted. However, there is little quantitative support
for this conclusion; when scaled diversity values are
plotted against the predictions based on conventional
mutations, r? is only slightly lower (0-75) than when
TEs are included (0-81). A somewhat similar con-
clusion holds for chromosome 3 (the heterogeneity of
the sources of data for chromosome 2 means that a
detailed analysis is probably not meaningful for this
chromosome): r* is 0-63 for the full model, and 0-53
for the model that includes only conventional muta-
tions. Nevertheless, omission of the effects of TEs
means that it is difficult to account for the extremely
low variability observed for the proximal X chro-
mosome locus su(f) (Langley et al. 1993). When TEs
are omitted, the scaled diversity value for this locus is
0-11 compared with the predicted value of 0-07,
whereas with both factors included the values are 0-09
and 0-005. Similarly, for the tip of the X chromosome
the ratio of the predicted values for the two boundary
loci y—ac—sc and w is 0-21 under the standard model
including TEs, but is 0-47 if TEs are excluded (and
close to 1 if all mutations have the same effect),
compared with an observed value of 0-22. This suggests
that the presence of weakly selected deleterious
entities, such as TEs, is needed to account fully for the
gradients or diversity at the tip and base of the X,
despite the lack of strong formal statistical support
from regression analysis. This is even more evident for
the model with relatively high recombination rates at
the tip and base of the X (Fig. 7).

This conclusion about the role of TEs in producing
extremely low levels of variation in regions of very low
recombination is reinforced by the case of chro-
mosome 4. In D. melanogaster, the fourth chromosome
locus ¢i® showed no variation in ten chromosomes
sampled from an Illinois population (Berry et al.
1991). In view of the small size of the fourth
chromosome, this lack of variation is impossible to
explain by the background selection model on the
basis of conventional mutations alone (Charlesworth
et al. 1993), and has widely been interpreted as an
example of a selective sweep. But data on the
distribution of nine TEs on thirteen fourth chromo-
somes isolated from a natural population in Maryland
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indicates a mean copy number per chromosome of 3-2
(Charlesworth et al. 19925). There is a good fit to a
Poisson distribution (the variance is 3-5), so that the
frequency of chromosomes free of members of these
families can be estimated as e~*2 = 0-04, where is the
value of #/m, for these families alone. There is an
additional factor of 0-78 from conventional mutations
(Charlesworth et al. 1993). From the data discussed in
Section 2 (ii), it also seems likely that the abundance of
all element families is about twice that for the set
studied on the fourth chromosome, so that the net
predicted value of /7, from all sources is 1-3 x 1073,
which is consistent with the observed lack of variation
at ¢i®.

But the model may exaggerate the effect of TEs at
the autosomal bases, especially for chromosome 3
(Fig. 4). This is because very weakly selected del-
eterious mutations may have smaller effects on
diversity than predicted by eqns (2) and (3), especially
when the effective population size is relatively small,
since they tend to persist in the population for a long
time before elimination (Charlesworth et al. 1993;
Nordborg et al. 1996). Because the effect of back-
ground selection can at least in part be viewed as
reflecting a reduction in effective population size, the
presence of a class of strongly selected mutations may
reduce the effectiveness of background selection
caused by more weakly selected mutations, since the
latter perceive a lower effective population size than
when the former are absent (Charlesworth, 1994;
Nordborg et al. 1996). If all conventional mutations
are assumed to have a heterozygous selection coeffi-
cient of 0-02, #7/m, for the base of chromosome 3 is
expected to be only about 0-04, if the mutation rate is
kept at 1. In consequence, TEs or weakly selected
conventional mutations in this region may make
much smaller contributions to background selection,
leading to an over-prediction of the effects of
background selection if their effects are included in the
models. It is thus likely that the correct prediction for
regions 4-6 of chromosome 3 is intermediate between
the predictions with and without the effects of TEs
(Fig. 4). This problem is less serious for chromosome
2, where the predicted #/m, value at the centromere
from strongly selected mutations is 0-14, and it can be
ignored for the base of the X and for the tips of the
chromosomes (Fig. 6).

There is, however, a difficulty in comparing obser-
ved and expected results for the autosomes. This
arises from the fact that, as mentioned in Section 3 (ii),
there is extensive inversion polymorphism for all four
autosomal arms in D. melanogaster populations
(Lemeunier & Aulard, 1992). The presence of such
polymorphism has two opposing effects on neutral or
nearly neutral variations. First, the extreme reduction
of meiotic exchange in inversion heterozygotes, both
within the limits of the inverted section and in non-
inverted sections of the same chromosomal arm
(Roberts, 1976), means that there is a possibility that
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chromosome arms carrying a given inversion may
gradually diverge genetically from other gene arrange-
ments, giving rise to an elevated level of polymorphism
when arrangements are pooled. There is abundant
evidence for linkage disequilibrium between allozyme
markers and inversions in many Drosophila species
(Krimbas & Powell, 1992), and some evidence for
associations of nucleotide site variants with gene
arrangements in D. melanogaster in the few studies
where relevant data have been obtained (Aquadro et
al. 1986, 1992; Aguadé, 1988 ; Wesley & Eanes, 1994).
The degree of divergence is likely to be greatest for
loci close to inversion breakpoints, since exchange
between arrangements by gene conversion in hetero-
akaryotypes is mostly severely reduced in these regions
(Chovnick, 1973; Krimbas & Powell, 1992).

But hitch-hiking of neutral variants by a new
inversion opposes this increase in variation, since it
means that arrangements of recent origin will lack
variation, as is often observed (Aquadro et al. 1986,
1992; Aguadé, 1988; Krimbas & Powell, 1992). In
addition, suppression of crossing over in hetero-
karyotypes means that selective sweeps and back-
ground selection will tend to reduce variation within
relatively rare inversions, which occur predominantly
as heterozygotes (Wesley & Eanes, 1994). An ex-
ception to these phenomena may be provided by loci
that are close to the pericentric heterochromatin, for
which there is some evidence for increased rates of
recombination when distal inversions are hetero-
zygous (Payne, 1924; Sturtevant, 1931; Grell, 1962),
particularly in the presence of inversion heterozygosity
on other chromosomes (Roberts, 1962).

These factors makes it difficult to make accurate
predictions about variation on the autosomes. Since
not all the studies of variation used here scored
inversions, and in one case rare inversions were
deliberately excluded (Takano et al. 1991), no attempt
has been made to partition variation between different
arrangements. Inversions are comparatively rare in
the North American and Japanese populations used
in these studies (Lemeunier & Aulard, 1992), so that
it may well be that the expected effect of inversion
polymorphism on autosomal variation is quite small.
It is possible, however, that divergence between
arrangements could contribute to the generally higher
levels of variation on the autosomes compared with X
chromosome, noted by Aquadro et al. (1994) and
Moriyama & Powell (1996). Further theoretical and
empirical investigation of this question is needed.

Of course, different selective constraints on the very
disparate loci used in these studies may also influence
the estimates of variability, complicating the in-
terpretation of apparent discrepancies. In some cases,
such as Mst26 A (Aguadé et al. 1992) and Adh (Hudson
et al. 1987), there is clear evidence for selectively
maintained polymorphism, which would further dis-
tort the picture. One use for comparisons of the
observed and expected patterns of variation is to
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suggest lines of further research to clarify large
discrepancies for individual lock. The use of classes of
variant which are likely to be neutral or nearly neutral
would assist in this. Loci which lie well below the
expected curve, such as T'7 and Mlc2 in the distal
section of 3R (Fig. 4), may be candidates for recent
selective sweeps in their neighbourhood, for example.
Searches for evidence of departure of allele frequency
spectra from neutral expectation (Braverman et al.
1995; Simonsen et al. 1995), or for strong linkage
disequilibrium with nearby loci, might shed light on
the causes of these discrepancies.

The question remains of how to distinguish the
results of background selection from selective sweeps
or fluctuating selection in producing the patterns of
variation discussed here. These models all predict
reduced variation in regions of restricted recom-
bination, and are of course not mutually exclusive.
Instances of greatly reduced variation in particular
chromosomal regions in some populations but not
others seems to provide evidence for selective sweeps
due to local adaptation (e.g. y—ac—sc: see Martin-
Campos et al. 1992), and are not expected under
background selection. Searches for statistically signi-
ficant departures of allele frequency spectra from
neutral expectation, which are much more likely to be
produced by selective sweeps than by background
selection or fluctuating selection, may also help to
discriminate between alternative explanations of re-
duced diversity levels in regions of restricted re-
combination (Braverman et al. 1995; Simonsen et al.
1995; Charlesworth et al. 1995). To date, there are few
examples of such departures (Braverman et al. 1995;
Charlesworth et al. 1995), suggesting that selective
sweeps have probably not played a major role in
causing reduced variability in D. melanogaster.

Appendix
(1) Parameters of the X chromosome

Region 1: Extreme tip. The y—ac—sc complex is located
at the proximal end of this region, in 1B1-4. Evidence
is scanty on the amount of recombination in this
region, but it is close to zero. Padilla & Nash (1977)
found no crossovers out of 60000 chromosomes
between cin (cytological position 1A7) and y (1B3),
which are separated by two bands on the Bridges’
polytene map, representing at least 40 kb of DNA
(Heino et al. 1994). The data of Dubinin et al. (1937)
on recombination within the sc locus suggest a
frequency of about 1 x 107 crossovers per kilobase in
this region (Aguadé et al. 19894a). But the relevant
crosses were carried out on a background of heterozy-
gosity for In(2L) (2R) Cy (Dubinin et al. 1937), so that
this estimate is probably somewhat inflated, as
Redfield (1955) found that recombination at the tip of
the X is increased between two and threefold by the
presence of this inversion. Half this crossover rate
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might be reasonable for this region, as the most
common naturally occurring second and third chromo-
some inversions appear to have little effect on telomeric
recombination on the X (Sniegowski er al. 1994).
Given that a,, = 0017, and that the non-hetero-
chromatic X chromosome is about 22600 kb in size
(Heino et al. 1994), the total map length of the region
from the telomere of the X to y is probably at most
about 0-019 cM.

In the absence of other information, I assume that
crossover rates are independent of map position
within this region, so that the map distance between a
pair of loci s related to their physical distance z by the
linear equation

1,(2) = ¢y, 2, A1)

where ¢;; = 193 x107/0:017 = 0-011.

Region 2: Proximal part of the tip. The available data
suggest that recombination is highly suppressed
between y and w, but that crossover rates per
nucleotide proximal to w and distal to f are roughly
independent of location (Redfield, 1955; Lefevre,
1971; Sniegowski et al. 1994). The proximal boundary
of the proximal part of the tip of the X is therefore
taken to be the locus of w (3C2). Estimates of the
frequency of recombination in this region vary
considerably; for example, the conventional map
position of 1-5 for w is much greater than the estimates
of the y—w distance obtained by Redfield (1955).
Similarly, the estimate of Sniegowski et al. (1994) for
the y—pn intervals is smaller than the standard map
value (pn is at 2E2-3). There is evidence that the
standard map of the X was based on crosses in which
heterozygous inversions were present on chromosome
3 (Ashburner, 1989, p. 453), which may explain these
discrepancies. For the sake of conservatism, I shall use
the standard map value, giving an estimate of 1-48 ¢cM
for y—w.

It is clear that the crossover frequency per base pair
increases proximally within this region (Lefevre, 1971;
Sniegowski et al. 1994); the simplest representation of
this is to assume that the density of crossover events
increases linearly with distance from the distal
boundary of this region. For consistency with region
1, the density at the distal boundary is set equal to ¢,;,.
The map distance between two loci, at positions z,
and z, (z, > z,) within the region, is obtained from the
integral of the density function, and hence is a
quadratic function

Iz, 2,) = ey (23— 2) + by, {(2,— a,,)* — (2, — ay,)?},
(A2)

where the value of the constant b,, is obtained by
equating the map distance between y and w to the
prediction of this formula for z;, = 4,, and z, = a,,(b,,
= 1-21). Aguadé et al. (1994) quote values of 10™*
and 3-5 x 1072 for recombination frequencies between
y and the more proximal loci su(s) and su(w®),
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respectively. These agree quite well with the values
predicted by eqn (A 2) (82x10™® and 2:6 x 1073),
giving some confidence in this approach.

Region 3: Middle region. The proximal boundary of
this region is taken to be the location of f (15F1-3),
since this is where recombination starts to decrease
again (Lefevre, 1971). Map distance within this region
is assumed to be related to physical separation by a
linear function with constant of proportionality c,,.
Using the standard map distance between w and f
(552cM), we have c,, = 0-817). This is much larger
than the slope of eqn (A 2) at a,, (0-268), suggesting
that the rate of exchange continues to increase
proximal to w. The relatively large standard map
distance (1'5 cM) between w and N, which are only
one Lefevre map band apart, suggests that there is an
abrupt local increase in recombination rate just
proximal to w. Ignoring this increase means that the
slope of the relation between genetic diversity and
location is underestimated in the distal part of the X.

Region 4. Distal part of proximal region. The rate of
crossing over per nucleotide between the locations of
S and mal is about 60% of that in the mid-section
(Schalet & Lefevre, 1976). mal is located at 19D2-3,
which is used as the proximal boundary for this
region. There is no firm evidence that crossover
frequency per nucleotide decreases proximally here,
so that I assume that map and physical distance are
proportional, with constant of proportionality c¢,,.
For consistency with the recombination function used
for region 5 (see below), I take ¢,, to be equal to the
slope of the function relating map distance to physical
position in region 5, evaluated at z =a,,. This is
consistent with the estimated frequency of crossing
over for this region (Schalet & Lefevre, 1976).

Region 5: Central part of proximal region. There is
probably a gradient of crossover density from the
locus of mal towards a near-zero frequency in the g-
heterochromatin (Schalet & Lefevre, 1976). Arbi-
trarily, I assume that the proximal boundary of the
region of non-zero crossover frequencies is at band
177, three bands distal to the location of su( /) at 20F,
and well proximal to the end of the euchromatin at
20A2 (band 172). 1 assume a quadratic relation
between map and physical distance, with no linear
term and with quadratic coefficient b,,. The value of
b,, 1s obtained by calibration against the 1-6 cM
distance between mal and su( f) (Schalet & Lefevre,
1976).

Region 6: Proximal part of proximal region. Zero
recombination is assumed in the remaining 1-1 % of
the X chromosome distal to su( f). There is a distance
of 0068 cM between a lethal in 20A and su(f)
(Schalet, 1972), which are separated by six or seven
bands in our system of numbering. This is consistent
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with a very low frequency of crossing over in this
region.

(ii) Parameters of chromosome 2

Region 1. Tip of 2L. Measurements of recombination
frequencies suggest that the map length of this region
as defined in Table 2 is at most about 2 cM (Lewis,
1945; Roberts & Evans-Roberts, 1979). There is also
evidence for an increase in recombination frequency
just proximal to this region (Lewis, 1945; Roberts et
al. 1985), suggesting that there is a gradient of
increasing recombination away from the telomere, but
the detailed nature of this is unknown. I use the
quadratic function

(z) = ¢y z+by, 2% (A3)

The value of the linear coefficient ¢,, is obtained by
assuming that the rate of recombination per kilobase
at the tips of the autosomes is the same as that for the
tip of the X chromosome. The total recombination
frequency for the tip of the X is ¢,;a,,, and the
number of kilobases at the tip of the X is the product
of a,, and the size of the X in kilobases. The distal rate
of exchange per kilobase for the X is thus ¢,; divided
by the size of the X. If this is the same as the rate for
chromosome 2, ¢,, is equal to the product of ¢,; and
the ratio of the size of chromosome 2 to that of the X
chromosome, which is about 1:80 (Heino et al. 1994),
i.e. ¢y, =0020. The value of b, is obtained by
equating the total map length of the region to the
right-hand side of eqn (A 3).

Region 2: Middle of 2L. The data of Ising (Ashburner,
1989, chap. 11) suggest that map distance is approxi-
mately linearly related to physical position in this
region with coeflicient c,,, obtainable from the total
map length of the region (38 cM).

Region 3 : Distal part of proximal region of 2L. Ising’s
data suggest a curvilinear relation between map length
and physical location in this region, so that I use a
quadratic function analogous to eqn (A 2), with linear
and quadratic coefficients c,, and b,,. ¢,, 1s assumed to
be the same as the linear coefficient for region 4
(0-144); the total map length of the region is 14 cM
(Ashburner, 1989, p. 454), giving b,, = 4-70.

Region 4. Central part of proximal region of 2L. The
distance between Bl and ap, located at 38A6-E9 and
41B-C respectively, is 1 cM (Sturtevant, 1949), which
provides an overestimate for the map length of region
4.

Region 5: Pericentric regions of 2L and 2R. Two
euchromatic bands are included in this region, one on
each side of the centromere. 1 assume that no
recombination takes place in this region.
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Region 6 : Central part of proximal region of 2R. This
is treated like region 4, except that the map length of
this region is approximately 0-7 cM (Ives, 1947).

Region 7: Distal part of proximal region 2R. This is
treated like region 3, but with total map length
13:5 ¢cM (Ashburner, 1989, p. 455).

Region 8: Middle of 2R. This is similar to region 2,
except that the total map lengthis 28-5 cM (Ashburner,
1989, p. 455).

Region 9: Tip of 2R. Mapping studies indicate that
there is a steep gradient of recombination rate between
59D-E and 60B-C (Ives, 1967;Sato, 1984 ; Schiipbach
& Wieschaus, 1989), with a map length of approxi-
mately 1-5cM for the whole tip region. I use a
quadratic function similar to that for the tip of 2L.

(iii) Parameters of chromosome 3

Region 1: Tip of 3L. There is gradient of decreasing
frequency of recombination towards the tip: the map
distance from the Lsp-1-y locus at 61A1 to fap at 61F
is 091 ¢cM (11 bands in my system of numbering),
whereas the distance from fap to ve (62A) is 063 cM
(3 bands) (Roberts & Evans-Roberts, 1979). The locus
of ve is 1-7 ¢cM from the tip. The ratio of the sizes of
the third and X chromosomes is approximately 1-98
(Heino et al. 1994), which enables the value of ¢;, to
be obtained in a similar way to c,,.

Region 2: Middle of 3L. The location of ve and Ising’s
data (Ashburner 1989, p. 457) indicate that the total
map length of this region is 42:5-1-7 = 40-8 cM.

Region 3: Distal part of proximal section of 3L. The
map distance over this region is 5 cM, according to
Ising’s data.

Region 4. Central proximal region of 3L. The data of
Green (1975) and Sinclair (1975) suggest that there
are about 1x10™ crossovers per band for euchr-
omatin in the proximal third chromosome.

Region 5: Proximal parts of proximal regions of 3L
and 3R. The last band of 3L and first band of 3R are
assumed to lack crossing over, and define this region.
The centromere is assumed to be midway between
them.

Region 6 Central part of proximal region of 3R. The
estimate of the rate of exchange per band for region 4
is used to obtain the ¢ coefficient for this region.

Region 7. Distal part of proximal region of 3R. The
total map length for this regionis 11-5 ¢cM (Ashburner,
1989, p. 457).
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Region 8: Central region of 3R. The total map length
is 48 cM (Ashburner, 1989, p. 457).

Region 9. Distal region of 3R. Published data on
recombination at the tip of 3R give conflicting values
for the same intervals —e.g. Karess & Glover (1989)
found the distance between ca-rod to be 4-8 cM, and
Sturtevant (1956) obtained a value of 2-0 cM for ca-
avd®. ca is at 99B11 while the other two loci are in
100C-D. In the absence of direct evidence on the
relation between map and physical distance in this
region, I assume that the total map length of salivary
division 100 is the same as that for the tip of 3L
(1-7 ¢M), and that there is a quadratic relation between
map and physical distance with the same linear
coefficient as for 3L.

(iv) Effect of negative interference across the
centromere

It is assumed that negative interference across the
centromere occurs between regions 3 or 4 on the left
arm of an autosome, and regions 6 and 7 on the right
arm of the same autosome (Sections (ii) and (iii)
above). It will also be assumed that loci distal to
specified boundary points located in regions 3 and 7
are immune to interference across the centromere.
The boundary points were standardly assumed to be
located 0-05 of the chromosome distal to the proximal
borders of regions 3 and 7. Consider first a neutral site
on a given arm, located distally to the boundary point
for that arm, and a selected locus that is proximal to
the boundary point on the other arm. Let the segment
of the chromosome from the neutral site to the
boundary point be a, the segment which extends
proximally from this to the centromere be b, and the
segment from the centromere to the selected locus be
¢. Let R(Y) be the probability of a recombination event
in segment / and R(7) be the probability of no
recombination in that segment. Then the frequency of
recombination between the neutral and selected loci is
(neglecting triple crossovers)
Ra+b+c)~Ra@anbne)+R@nbnc)
+R@Nbno. A4

Since events in segments a and c¢ are independent,
we have

R(an b n )= REc|b)R(an b),
where

R(a n b) = R(@)—R(a n b)

and

R(a+b) = R(a)+ R(b)—2R(a n b),
giving

Ranb)= %{R(a) + R(a+ b)— R(b)}. (A5)
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We also have
R(c) = R(c|b) R(B) + R(c| b) R(b)
= R(c|b){1 — R(b)} + C R(b) R(c),
where C is the coefficient of coincidence for re-

combination across the centromere.
This yields the relations

R(c|b) = R(c){1—C R(b)}/{1~R(b)} (A 6)

and

R(e|b) = {1~ R()[1 — C R(c)] - R(e)}/{1 — R()}.
(A7)

Hence,

R@nbne)=

{R(a)+ R(a+b)— R(b)H1—R(b)[1 — C R(c)] — R(c)}

2{1 — R(b)} '

(A 3)

Similarly,

R@nbnc)y=R(T|b)R@n b)
= {1—CR(c)}{R(b) + R(a+ b)— R(a)}

(A9)
and
R@nbnc=
{1 —3[R(a)+ R(b) + R(a+ b)]}R(c) {1 — C R(b)}
{1—-R(b)} '
(A 10)
Since the recombination fractions in eqns

(A 8-A 10) are all determined by the map distances
for the intervals in question, substitution of these
relations into eqn (A 4) provides a means of computing
the desired recombination frequency for segments a, b
and c.

I next consider the case of a neutral site in the same
region as before, but with the selected locus located
distal to the boundary on the other arm. Segment c is
now the region that extends from the centromere to
this boundary, and segment 4 denotes the region
between the boundary and the selected locus. Hence

Ra+b+c+dy=Rlanbnecnd)
+R@nbnend)y+R@nbncnd)
+R@nbnend. (A11)
We have
R@andbnecnd)=R(d|C)REB)R@an b). (A12)
An argument similar to those used above gives
(1= R+ R() + Ric+d)}
{1—R(c)} '

The other components of eqn (A 12) are obtained
from eqns (A 5) and A 7).

R(|C) = (A 13)
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Similarly,

{1 —CR(c)}{R(b)+ R(a+b)— R(a)} {1 —HR(c)+ R(d) + R(c+ )}

R@anbnend=
and

Ranbnend)=

2{1—R(c)}

{1—{R(a)+ R(b)+ R(a+ b)]H1—R(b)[1 - C R(c)] - R(c){R(d)+ R(c+d)— R(c)} .

(A 14)

(A 15)

For a neutral site that is proximal to the boundary
for interference across the centromere on the same
chromosome arm, we can proceed as follows, defining
segment b as the region between the neutral site and
the centromere. If the selected locus is proximal to the
boundary on the other arm, the standard mapping
formula gives

R(b+c) = R(b)+ R(c)=2C R(b) R(c). (A 16)

If the selected locus is distal to this boundary, then

Rb+c+dy~Rbnend)+Rbncnd
+R(bnend).

This equation is analogous to eqn (A 4), and can be
evaluated in the same way, if d is substituted for a, and
¢ and b are interchanged.

(A17)
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