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ABSTRACT

We analyze nucleotide polymorphism data for a large number of loci in areas of normal to high
recombination in Drosophila melanogaster and D. simulans (24 and 16 loci, respectively). We find a genome-
wide, systematic departure from the neutral expectation for a panmictic population at equilibrium in
natural populations of both species. The distribution of sequence-based estimates of 2N¢ across loci is
inconsistent with the assumptions of the standard neutral theory, given the observed levels of nucleotide
diversity and accepted values for recombination and mutation rates. Under these assumptions, most
estimates of 2N¢ are severalfold too low; in other words, both species exhibit greater intralocus linkage
disequilibrium than expected. Variation in recombination or mutation rates is not sufficient to account
for the excess of linkage disequilibrium. While an equilibrium island model does not seem to account
for the data, more complicated forms of population structure may. A proper test of alternative demographic
models will require loci to be sampled in a more consistent fashion.

HE standard assumptions of the neutral theory of
molecular variation (KiMmuRrA 1983) are that the vast
majority of mutations are neutral and that genes are
sampled from a panmictic population at equilibrium.
Under this model, the population recombination pa-
rameter, C = 4N, and the population mutation parame-
ter, 0 = 4N, can be estimated from sequence polymor-
phism data (where Nis the effective population size of
the species, ¢ the rate of recombination per base pair
per generation, and W the rate of mutation per base
pair per generation). The ratio (/8 is then an estimate
of the recombination rate between adjacent bases,
scaled to the mutation rate per base pair. Estimates of
these same parameters, ¢ and W, can be obtained from
genetic and physical map data and from nucleotide
divergence between closely related species, respectively.
This allows for a direct comparison between the two
methods of estimation (Hupson 1987). If the standard
neutral model is correct, the two methods should yield
similar results. This prediction is our point of departure.
Several authors have pointed out that estimates of
C/ 0 for specific loci are different from those expected
from independent estimates of ¢ and p (Hupson 1987;
LE1cHT et al. 1995; EANES et al. 1996; HEYy and WAKELEY
1997; HASSON et al. 1998; ANDOLFATTO and KREITMAN
2000). Low estimated values of C/0 have been interpre-
ted as reflecting strong linkage disequilibrium (e.g.,

Corresponding author: Molly Przeworski, Statistics Department, Uni-
versity of Oxford, 1 South Parks Rd., Oxford OX1 3TG, United King-
dom. E-mail: molly@stats.ox.ac.uk

!These authors contributed equally to this work.

Genetics 156: 257-268 (September 2000)

SCHAEFFER and MILLER 1993; KirBY and STEPHAN
1996). Higher than expected levels of linkage disequilib-
rium have also been noted for areas of normal recombi-
nation using a different approach (MIvASHITA el al.
1993; MivasHITA and LANGLEY 1994).

Excess linkage disequilibrium is often interpreted as
reflecting the action of natural selection at the locus
(e.g., MivAsHITA et al. 1993; SCHAEFFER and MILLER
1993; KirBY and STEPHAN 1996). However, this pattern
can also result from demographic departures from
model assumptions, e.g., population structure (L1 and
Ner 1974; Oura 1982). A characterization of back-
ground levels of linkage disequilibrium may help distin-
guish between these two explanations. Demography is
a force that affects the entire genome, while natural
selection has a local effect that is not expected to be
the same for unlinked regions. Thus, a locus shaped
by natural selection is expected to show a pattern of
polymorphism that differs from most other loci. Here,
we summarize the results for 24 independent loci in
Drosophila melanogaster and 16 in D. simulans. We find
that C/0 values are systematically too small to be consis-
tent with the theoretical predictions of the standard
neutral theory, given reasonable estimates of ¢ and .
In other words, levels of linkage disequilibrium (as mea-
sured by C) are almost always significantly higher than
expected.

METHODS

We use polymorphism data sets for regions of normal
to high recombination (>5 X 107° per base pair per



258 P. Andolfatto and M. Przeworski

generation) that have more than three segregating sites
(24 genes in D. melanogasterand 16 genes in D. simulans).
We include biallelic single nucleotide polymorphisms
but not mutations that overlap deletions as they repre-
sent incomplete information. The sequences for most
loci can be obtained from GenBank at http:/www.
ncbi.nlm.nih.gov/Entrez/. The data sets analyzed are
available upon request to P. Andolfatto. Polymorphism
data sets used in this study are the following: A¢p26A
(AGUADE et al. 1992; TSAUR et al. 1998), Acp70A (CICERA
and AGUADE 1997), Adh (KREITMAN 1983; SUMNER 1991;
S. C. TsAUR, unpublished results), Boss (AyaLAa and
HAaRrTL 1993), Dpp (RICHTER et al. 1997), E(eve) (LUDWIG
and KREITMAN 1995), Est-6 (COOKE and OAKESHOTT
1989; KArROTAM et al. 1993; HassoN and EANEs 1996),
Gopd (EANES et al. 1993), Gld (HaMBLIN and AQUADRO
1996, 1997), HspS83 (Hasson and EANEs 1996), In(3L)P
(WesLEY and EANES 1994), In(2L)t (ANDOLFATTO et al.
1999; ANDOLFATTO and KrRerTMAN 2000), Micl (LEICHT
et al. 1995), Pgd (BEGUN and AQUADRO 1994), prune
(StMMONS et al. 1994), period (KLiMAN and Hey 1993),
Ref(2)P (WAYNE et al. 1996), Rh3 (AYALA et al. 1993),
runt (LABATE et al. 1999), Sod (HupsoN e al. 1997),
Top2 (PaLopoLrl and Wu 1996) and Tp: (HASSON et al.
1998), white (KirBY and STEPHAN 1995), Vermilion
(BEGUN and AQuaDRO 1995), and zeste and Yp2 (Hey
and KriMaN 1993). Cec-C (CLARK and WANG 1997) and
Amy-d (INOMATA et al. 1995) were chosen as representa-
tive genes from their respective clusters. In(2L)¢ and
In(3L)P are polymorphic inversions in D. melanogaster.
Here, the labels refer to sequences spanning the break-
point sites on standard chromosomes (proximal and
distal breakpoint, respectively). For D. simulans, In(2L)t
refers to the homologue of the D. melanogaster In(2L)t
proximal breakpoint region. Adh-Iast haplotypes were
excluded from the analysis, as were inverted alleles
from Adh, Dpp, Est-6, Hsp83, In(2L)t, and In(3L)P sam-
ples. For Sod, we used region 2021, which is ~12 kb up-
stream of the Sod coding region (HUDSON et al. 1997).

Recombination estimates: For each locus, laboratory
estimates of the regional rate of crossing over, ¢, are
obtained as follows: for every chromosomal arm, polyno-
mial curves were fitted to plots of cumulative genetic
distance as a function of cumulative physical distance.
The derivative of the polynomial at a given physical
map position is taken to be the recombination rate
(ASHBURNER 1989, pp. 453-457; TRUE et al. 1996; Com-
ERON et al. 1999). Laboratory estimates are not available
for the second chromosome of D. simulans; we use the
rates for the homologous region of D. melanogaster as
surrogates for Adh, E(eve), In(2L)t, and Top2.

To obtain an estimate of C, we need estimates of ¢
and N (we refer to this estimate of Cas C,,,). Since males
do not recombine in D. melanogaster and D. simulans
(ASHBURNER 1989, p. 476), the population parameter
Cis (1/2)4Nc = 2Ncfor autosomal genes and (2/3)3Nc¢ =
2Nc for X-linked genes. The recombination rate c is

taken to be the crossing-over rate estimated from labora-
tory crosses (see DISCUSSION). To estimate N, we equate
the observed 0, at silent and noncoding sites of each
locus with 4Nw (or 3Nw for X-linked loci). Under the
standard neutral model, 6, (WATTERSON 1975) is an
unbiased estimate of the population mutation rate, 6.
Our estimate of the mutation rate [L is obtained from
d, the estimated rate of divergence per year (which
depends on 7, the estimated time to the common ances-
tor of the melanogaster and obscura species groups), and
g the estimated number of generations per year. If d =
8 X 107%|T = 30 million years (my) and g = 10, our
estimate of w is 3 X 107?/bp/generation. (We discuss
the validity of these assumptions in detail in the pIscus-
S1I0N.) Given these estimates for d, g, and 7, the average
N across loci is roughly 10° for D. melanogaster and 2 X
10° for D. simulans.

HubsoN’s (1987) estimator of C (henceforth referred
to as Cy,q) was calculated using a modification of a
program kindly provided by J. Wakeley. Ideally, one
would like to use all the information in the data. How-
ever, full-likelihood approaches (e.g., GRIFFITHS and
MARJORAM 1996) are not computationally feasible for
high levels of recombination (WaLL 2000). C,q was
chosen among many estimators of C because, under
the standard neutral model, it can easily be related to
the amount of linkage disequilibrium in the sample.
Specifically, Cy,q is @ moment estimator obtained from
the relationship expected between the sample variance
of the number of pairwise differences (a measure of
linkage disequilibrium) and the population recombina-
tion rate (Hupson 1987). In our implementation, any
value of Cy,q = 10,000 is taken to be 10,000. Similarly,
if there is more association between sites than expected
under the standard neutral model with no recombina-
tion, Cy,q 1s set to zero. Note that C,,4 is much more
dependent on model assumptions than is our estimate
of ¢and can only be interpreted as an estimate of 4N¢
under a very restricted set of models.

Coalescent simulations of the standard neutral
model: Coalescent simulations (HubpsonN 1990) of a pan-
mictic population were run using modifications of pro-
grams kindly provided by R. Hudson and J. Wall. The
simulations assume a Wright-Fisher population at equi-
librium from which samples are drawn randomly (re-
ferred to as the “standard neutral model” or SNM).
Mutations are neutral; each new mutation occurs at a
previously unmutated site. Parameters for the simula-
tions are the sample size, the sequence length in base
pairs, and C,,,. Ten thousand replicates are run for each
parameter set.

Although we refer to our model as the “standard
neutral model,” standard coalescent simulations use the
parameter 6 and treat S as a random variable. Here,
we generate genealogies and then place the observed
number of mutations (at both synonymous and nonsyn-
onymous sites), S, on the tree (Hubpson 1993). We take
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FiGure 1.—A model of heterogeneity in selective con-
straints. The simulated sequence is divided into three parts,
spanning one-fourth of the length, one-half, and one-fourth
respectively. There is a fourfold difference in mutation rates
between the middle segment of the sequence and the two
end segments (see METHODS).

this approach because the number of segregating sites
is observable, while we have little information about the
population parameter 6 (Hubpson 1993).

Note that S refers to the number of segregating sites,
not the number of mutations, so we are effectively ignor-
ing multiple hits. This choice is conservative for our
purposes, since multiple hits will tend to decrease link-
age disequilibrium. There are nine data sets in D. melano-
gaster with visible multiple hits (at most three sites) and
seven in D. simulans (Adh has six sites with more than
two alleles; the six other data sets have fewer than three).
Results are virtually unchanged if we consider Sto be the
number of inferred mutations instead of the number of
segregating sites (results not shown).

For each locus, given the observed number of segre-
gating sites and our estimate of C, we ask what propor-
tion P of simulated runs have a value of C;, smaller
than or equal to the observed value. That is, for locus
i, P, = Pr(simulated C,,q = observed C,q | SNM, Canap) -
If loci are independent, C = C,,, and the standard
neutral model is accurate, the distribution of P values
across loci should be uniformly distributed between 0
and 1. We test for a departure from uniformity by using
the fact that, for n data sets, —X-(2 In(P) should be x?
distributed with 2n d.f. (Fisher 1954, as cited in SORAL
and RoHLF 1995). The independence of loci is a crucial
assumption of our multilocus analysis. We verified that
it is valid by running 1000 simulations with two loci
separated by C = 80 (the sample size was 20, and intra-
genic recombination was C = 10). No correlation was
detected between loci (results not shown).

Heterogeneity in selective constraints: We ran coales-
centsimulations to test the effect of a nonuniform distri-
bution of mutations on estimates of C,,.. We model
this spatial heterogeneity as variation in mutation rate.
Coalescent simulations are run with the same parame-
ters as for the panmictic, uniform mutation case. The
sequence is divided into three parts, spanning one-
fourth of the length of the sequence, one-half, and one-
fourth, respectively (Figure 1). This case is meant to

represent an exon flanked by two introns. Since on
average one site out of four is silent in a coding region,
the mutation rate in “introns” is taken to be fourfold
higher than in the middle half. This model assumes
that introns and silent sites have similar levels of con-
straint (¢f. Morivyama and PoweLL 1996; L1 1997). In
practice, at the end of each simulated run, the total
sequence is divided into segments with the same geneal-
ogy and the same mutation rate. Given a constant rate
of mutation across base pairs, the probability that a
mutation will be placed in segment i is given by

LT
LT

where 7 is the number of segments, I, is the length
of segment i, and 7; is the total branch length of the
genealogy for segment ¢. To add stepwise variation in
mutation rates, we weight these probabilities by the “rela-
tive mutation rate” for each interval (yaxis in Figure 1).

Population subdivision: We also ran coalescent simu-
lations for a symmetric island model. Since geographic
subdivision increases the extent of linkage disequilib-
rium (L1 and Ner 1974; Oura 1982), it is not obvious
that the loci can be treated as independent (NEI and
MaruvAaMA 1975; RoBERTSON 1975). To verify the as-
sumption of independence, we simulated two loci sepa-
rated by C = 80, with an intragenic rate of recombina-
tion of C = 10, 4Nm = 0.1, and a sample size of 20;
whether sampling from one or both demes, no correla-
tions were detected (results not shown).

If we assume a symmetric two-deme model, observed
values of Fsy (WRIGHT 1951) can be used to estimate
the amount of gene flow between populations (Hupson
et al. 1992b). Estimates vary from roughly 4Nm = 0.5 to
2 for D. melanogaster and 0.75 to 1.5 for D. simulans,
depending on which loci are used (m is the number of
migrants per deme per generation; IRVIN et al. 1998).
We run coalescent simulations with 4Nm = 0.2 to 1.
Samples are either drawn equally (or close to equally)
from both demes or only from one deme. Each parame-
ter set is run 10,000 times. To gain insight as to how
the variance in outcomes depends on the number of
islands, we also run a five-island model with 4Nm = 1
and 4Nm = 3, sampling from only one deme.

To evaluate the fit of a symmetric island model, we
use both C,q and B' (WaALL 1999). The statistic B" was
developed as a one-tailed test of the standard neutral
model (WaLL 1999). B’ is the number of pairs of adja-
cent segregating sites that partition the sample in the
same way (WALL 1999). A partition of the sample con-
sists of two disjoint subsets, whose union is the sample;
each subset is composed of individuals with the same
allele at that site. B’ can be thought of as a measure
of linkage disequilibrium among adjacent segregating
sites. The expectation of B’ should be higher under a
geographic subdivision model than under a panmictic
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one for the same level of recombination (WALL 1999).
Given the true recombination rate, B’ is the most power-
ful existing test for rejecting the panmictic neutral
model when simulations are run for a two-island model
and sampling is from a single locality (WALL 1999).
The probabilities reported for B’ correspond to the
proportion of runs with a value greater than or equal
to the observed B', i.e., P(B') = Pr(simulated B' = ob-
served B' | SNM, C = C,,,). Alow value of P(B') indicates
high levels of linkage disequilibrium. Simulations for 5’
were run with the total number of (inferred) mutations
(which in all cases equaled the sum of the number of
segregating sites and the number of multiple hits). Sites
with multiple hits were treated as multiple mutations
with missing information. For each site, there are only
three ways the missing information can be filled in,
depending on which of the three alleles is ancestral.
This leads to a range of values for B, from which the
most conservative one is taken.

In some cases, we wish to demonstrate that there is
too little linkage disequilibrium in the data; this corre-
sponds to the other tail of the B’ statistic or Pr(simulated
B’ = observed B'| SNM, C = Ciap) - Note that this proba-
bility is not 1 — Pr(simulated B’ = observed B’) since
B’ is discrete. Using the number of inferred mutations
is no longer conservative, so we rerun the simulations
with the number of segregating sites to calculate this
tail. We do not examine the other tail of G4 (.., large
values) because, for small samples, Cy,q is expected to
be much larger than the true mean (Hupson 1987).
Thus, there is little power to detect an unusually large
value of Cyq.

RESULTS

Ciua/ 0, is consistently too low: Figures 2 and 3 present
two estimates of the number of recombination events
per mutation for each locus. The first (represented by
squares) is based on direct laboratory measurements of
the crossing-over rate. This estimate is ¢/2 if the gene
is autosomal and 2¢/ 3 if it is X-linked, where c¢ is the
recombination rate per base pair. Cyq/0, (shown with
circles) is estimated from sequence polymorphism data.
0, is based on the number of (silent and noncoding)
segregating sites, not on the number of mutations; i.e.,
multiple hits are ignored. (This is conservative for our
purposes since it leads to a smaller value of 0, than if
the estimate were based on the number of mutations.)
Ciua is @ measure of linkage disequilibrium (see METH-
ops). Since both C and 0 are scalar multiples of the
effective population size under standard neutral as-
sumptions, dividing Cy.q by 6, should make the ratio
independent of the effective population size under the
null model. This is of use because we do not have an
estimate of the effective population size that is indepen-
dent of genetic diversity levels. Scaling Cy,4 to 0, could
also be important if background selection is reducing the
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FIGURE 2.—Two estimates of the number of recombination
events per mutation in D. melanogaster. Circles represent C,q/
0. G} is a2 measure of linkage disequilibrium and an estimate
of the population recombination parameter under the stan-
dard neutral model. 8, is based on the number of segregating
sites at silent sites and noncoding DNA. Squares represent ¢/
2w if the locus is autosomal and 2¢/3w if it is X-linked, where
¢ is a laboratory-based estimate of the rate of crossing over
per base pair, and W is an estimate of the mutation rate per
base pair per generation (see METHODS).

effective population size for some loci (CHARLES-
WORTH et al. 1995). As can be seen by eye in Figures 2
and 3, Cy,q/0, is almost always smaller than ¢/2w (or
2¢/3w if X-linked).

One reason for using C,,q is that the median is known
to be above the true mean (HupsoN 1987)—in contrast
to, e.g., Hey and Wakeley’s estimator of the recombina-
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F1GUrRE 3.—Two estimates of the number of recombination
events per mutation in D. simulans. Symbols as in Figure 2.
Laboratory-based recombination rates (c) for Adh, E(eve),
In(2L)t, and Top2 are taken from D. melanogaster (see
METHODS).
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TABLE 1

Probability of the observed Ci,4 value or less for 24 genes in D. melanogaster

Locus CYT n L S Conp Cina P

Acp26A 9L 49 1847 60 118.5 78.1 0.1010
Acp70A 3L 9 1147 34 64.5 11.7 0.0101
Adh 9L 9 2488 41 110.5 95.7 0.3028
Amy-d 9R 9 1485 41 52.6 10.0 0.0133
Boss 3R 5 1565 14 120.1 91.3 0.2492
Cec-C 3R 13 350 26 19.4 119.8 0.9452
Dpp 9L 19 1787 44 125.1 9.1 0.0000
Est-6 3L 9 1682 29 111.7 9.5 0.0010
E(eve) 9R 5 2083 18 46.7 10000 0.8697
G6pd X 39 1709 29 84.8 17.5 0.0039
Hsp83 3L 8 1385 11 109.1 19.6 0.0391
In(2L)t 9L 35 1095 55 64.4 16.2 0.0091
In(3L)P 3L 9 1867 292 107.7 392.6 0.0464
Miel 3R 16 903 21 63.2 96.2 0.5396
Period X 6 1874 29 59.6 54.2 0.2970
Pod X 13 4772 17 46.3 9.7 0.0200
Ref2P 9L 10 2758 38 929.9 7.6 0.0376
Runt X 11 1931 492 62.0 55.5 0.3059
Sod(-2021) 3L 15 1193 48 91.9 56.8 0.1282
Tpi 3R 25 1074 37 59.1 78.7 0.5571
Vermilion X 71 2080 111 105.7 10.7 0.0000
White X 15 5996 82 293.8 18.9 0.0000
Yp2 X 6 1114 11 78.9 1.6 0.0020
Zesle X 6 999 7 95.8 16.3 0.1861

For each locus in D. melanogaster, we list the chromosomal location (CYT), the sample size (n), the length
in base pairs (L), the total number of segregating sites (S), the laboratory-based estimate of the population
recombination rate for the locus (), and the value of Gy for the locus. Recall that our estimates of 2N¢
do not include the contribution of gene conversion to the overall rate of exchange. P is the proportion of
10,000 runs where the estimate of Cj,41is the observed value or less in our coalescent simulations (see METHODS).

tion rate y (HEy and WAKELEY 1997; WALL 2000). Un-
der the standard neutral model and taking estimates of
cand p to be the true rates, we expect that the median
of Cyua/8, will be >¢/2p (or 2¢/3w for X-linked loci).
This was confirmed by simulation (results not shown).
Since the loci are independent, we can use a signs test
with probability one-half that Cy.q/8, is above ¢/2u (or
2¢/ 3 for X-linked loci). Such a test is highly conservative,
yet significant for both species (P = 0.0032 for D. melano-
gaster and P = 0.019 for D. simulans, one-tailed). Labora-
tory estimates of the crossing-over rate are not available
for chromosome 2 of D. simulans. If the rates from D.
melanogaster are used as surrogates, an additional four
data sets can be considered (for 16 genes, P = 0.038,
one-tailed); the true rates in D. simulans are probably
higher (see TRUE et al. 1996).

P values are not uniformly distributed: Of interest is
not only the direction of the discrepancy between Cyuq/
0, and ¢/2p but also the magnitude of the difference.
To quantify this, we ran coalescent simulations under
the assumption that C = G,,,. Tabulated in Tables 1
and 2 for each locus are the proportion P of 10,000
simulated data sets with a C,,4 value smaller than or
equal to the observed one. Recall that under the null
model, the distribution of P values across loci should

be uniform; this is exceedingly unlikely: P < 107 and
P< 1077 for D. melanogasterand D. simulans, respectively.
We might expect an excess of high Pvalues since many
of our assumptions are conservative. Instead we observe
too many low P values (Figure 4): for 13 of the 24 D.
melanogasterloci, P(C,q) < 0.05. Similarly, in D. simulans,
7 out of 16 loci have P values below 0.05. We conclude
that either Cy,qis too small, i.e., there is too much linkage
disequilibrium given our assumed recombination rate,
or 0 is too large, i.e., there is too much diversity given
our assumed mutation rate.

DISCUSSION

Recombination rates: Our results rely on the assump-
tion that the laboratory rates of crossing over, which
are interpolated from measurements over large dis-
tances, are not overestimates. The correlation between
diversity levels and recombination rates (BEGUN and
AQUADRO 1992; CHARLESWORTH 1996) suggests that the
relative rates in different regions are well characterized,
but the absolute rates could be in error. Multiple lines
of evidence suggest that they are not: first, four direct
intragenic measurements of recombination in D. melano-
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TABLE 2

Probability of the observed Ci, value or less for 16 genes in D. simulans

Locus CYT n L S Conp Crua P

Adh oL 5 9503 57 999.3 10000 0.8580
Boss 3R 5 1655 40 185.4 1674.4 0.7169
Est-6 3L 4 1754 79 374.0 10000 1.0000
E(eve) 9R 6 2083 26 93.3 87.5 0.3269
Gld 3R 11 1551 26 64.5 25.9 0.0668
Gopd X 12 1710 16 178.7 14.2 0.0026
In(2L)1 oL 11 1102 78 129.6 10.0 0.0000
Micl 3R 8 903 15 70.4 17.6 0.0460
Period X 6 1878 54 153.2 56.1 0.0830
Prune X 3 1416 17 109.9 41.8 0.1360
Rh3 3R 5 1130 30 108.0 184.6 0.4648
Runt X 11 1931 20 169.2 0.0 0.0000
Top2 oL 5 556 29 15.0 11.6 0.2292
Tpi 3R 9 805 19 29.6 8.3 0.0176
Vermilion X 21 1495 55 196.7 46.35 0.0000
Zeste X 6 999 18 79.1 24.8 0.0766

Symbols are defined in Table 1. D. melanogaster recombination rates are used as surrogates for loci on

chromosome 2.

gaster estimate rates that are equal to or above those
inferred from larger distances (see references in LIND-
sLEY and ZiMM 1992 for rudimentary, white, lozenge, and
rosy). As an illustration, for white, the intralocus estimate
of recombination is the same as the regional estimate
of crossing over (2.5 X 107%/bp/generation), yet G4/
0, is 18-fold smaller than predicted in the sample from
D. melanogaster. Second, differences between laboratory
and natural conditions such as age and temperature
appear to have only minor effects on the rate of recombi-
nation (ASHBURNER 1989, pp. 460-461). Genetic back-
ground seems to have small effects as well: recombina-
tion rates estimated from F; progeny of laboratory
strains and wild lines of D. melanogaster (BROOKs and
MARKs 1986) are in close agreement with rates esti-
mated from laboratory strains. To explain our observa-
tions, laboratory rates would have to be systematic over-
estimates of the true rate, rather than randomly
erroneous, since for 40 loci, Cy,q is almost always lower
than expected. Yet the laboratory estimates ignore the
contribution of gene conversion, which, on the scale
of a gene, should be on the order of crossing over
(ANDOLFATTO and NORBORG 1998). Thus, if anything,
the laboratory measurements of crossing over are more
likely to be twofold underestimates of the total rate of
genetic exchange on an intralocus scale.

A concern in Drosophila melanogaster is the presence
of high-frequency chromosomal inversions in natural
populations (LEMEUNIER and AULARD 1992), since het-
erozygotes experience reduced recombination. The en-
suing reduction in the population recombination rate
is at most twofold (if inversions are at 50% frequency
and with complete inhibition of recombination in het-
erozygotes); this is not sufficient to account for the skew
in Figure 4a. The presence of inversions in the samples

themselves could be expected to generate linkage dis-
equilibrium. With the exception of Boss and Micl, in-
verted chromosomes were excluded when the locus is
close to a breakpoint of a common inversion. The exis-
tence of a high-frequency inversion may still affect the
extent of association between sites on standard haplo-
types close to the breakpoints (this is analogous to sam-
pling from one deme in a subdivided population). Far-
ther from the inversion breakpoints, gene conversion
between chromosomal rearrangements is likely to be
high enough (CHOVNICK 1973; ANDOLFATTO ¢t al. 1999)
to homogenize differences between arrangement
classes for genes. In support of this, a test for subdivision
(HUDSON et al. 1992a) between inverted and standard
chromosomes for Est-6, located in the middle of In(3L)P,
was not significant (P = 0.5871). Most salient to our
observation, inversions are rare and at low frequency in
D. simulans and on the X chromosome of D. melanogaster
(LEMEUNIER and AuLArD 1992), which also have sig-
nificantly low values of C,,q (for the eight loci on the
X chromosome in D. melanogaster, a uniformity test yields
P < 107"). Note finally that autosomal inversion hetero-
zygosity can also increase rates of recombination on the
X chromosome, which would make laboratory estimates
of ¢ for X-linked loci underestimates of recombination
rates in natural populations (ScHULTZ and REDFIELD
1951; SNIEGOWSKI et al. 1994).

Mutation rates: A second assumption is that the neu-
tral mutation rate per base pair per generation is L =
3 X 107° This assumption enters into the signs test
directly and as a means to estimate Nfor our simulations
(see METHODS). In what follows, we review what is known
about the mutation rate in Drosophila and discuss the
sensitivity of our results to this parameter.

Synonymous divergence estimates vary across loci
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F1GURE 4.—(a) The distribution of Pvalues for D. melanogas-
ter (Table 1). P values represent the proportion of runs with
a value of C,,4 below or equal to the observed value (see
MEeTHODS). If the null model is correct, the P values should
be uniformly distributed. (b) The distribution of P values for
16 loci in D. simulans (Table 2).

from 0.37 X 107%/bp/year to 2.98 X 107* (with an
average of 1.56 X 107% L1 1997, p. 191). These estimates
rely on 7'= 30 my for the time to the common ancestor
of the melanogaster and obscura species groups (THROCK-
MORTON 1975). While 7' could be in error (e.g., Russo
et al. 1995 suggest 7' = 25 mya), the substitution rates
estimated for D. melanogaster are consistent with several
independent estimates from Hawaiian Drosophila
(RowaN and HunT 1991; KaAMBYSELLIS et al. 1995;
FLEISCHER et al. 1998) as well as with the results of
mutation accumulation experiments (which do not rely
on the same assumptions about the substitution process
or the time to divergence). On the basis of the pooled
results of three spontaneous mutation rate experiments,

HARADA et al. (1993) estimated the allozyme band-
morph mutation rate to be 7.5 X 1077 per generation
for an average protein size of 400 amino acids. Assuming
that roughly one-third of changes are detected (KercHr-
LEY and EYRE-WALKER 1999), this rate corresponds to
2 X 107%/bp/generation (with an upper 95% confi-
dence limit of 4.75 X 1077).

Comparing per-generation rates to per-year rates is
complicated by the fact that we do not know the annual
number of generations in the wild. In the laboratory,
the generation time is ~14.5 days (z.e., 25 generations
ayear) at 20° (ASHBURNER 1989, pp. 193-194). Genera-
tion time at 20° can be as long as 23 days in some species
of Drosophila (~16 generations a year) although it is
generally shorter for temperatures between 20° and 30°.
Both species considered here, which are now cosmopoli-
tan, are thought to have spent most of their evolutionary
history in warm climates (LACHAISE et al. 1988). In sum-
mary, the plausible range of mutation rates per genera-
tion varies from 0.6 X 107Y (the average synonymous
substitution estimate with 26 generations a year) to
4.75 X 107°. There is a genome-wide excess of linkage
disequilibrium for any mutation rate within this range
(results not shown).

Variation in mutation rates: If our mutation rates and
laboratory estimates of recombination are roughly cor-
rect, then Cy,q is unexpectedly low; i.e., there is a ge-
nome-wide excess of linkage disequilibrium. Several de-
partures from the standard neutral model assumptions
could potentially generate an excess of linkage disequi-
librium. In our simulations, mutations are placed uni-
formly along the sequence while in actual data sets,
mutations are clustered, presumably because of hetero-
geneity in selective constraints. Thus, the average dis-
tance between segregating sites may be smaller in actual
data than in simulated data, perhaps resulting in more
linkage disequilibrium.

To test this possibility, we ran coalescent simulations
with the same parameters as before (see METHODS) but
with a simple model of variation in mutation rates (see
Figure 1). The results for D. melanogaster are presented
in Table 3. To verify that our model produces at least
as much spatial heterogeneity as observed in the data,
we tabulated the longest distance (D) between any
two consecutive polymorphisms in the actual data set
(¢f., Goss and LEWONTIN 1996). For an equal number
of segregating sites, a greater D,,,, indicates more spatial
heterogeneity of mutations. We kept track of the propor-
tion of the simulated runs with D,,, greater than or
equal to the observed D, when rates vary fourfold. As
indicated in column three of Table 3, the actual data
show much less heterogeneity than does our model. Yet
afourfold variation in mutation rates has very little effect
on our results: for D. melanogaster, for instance, a unifor-
mity test on the distribution of P(Cj,4) still yields P <
107!, While actual data is not heterogeneous in exactly
the same way as predicted by our model, these simula-
tions (and simulations with an eightfold variation in
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mutation rates; results not shown) suggest that even
strong heterogeneity does not alter our qualitative con-
clusions. We can therefore rule out variation in muta-
tion rates as being an important factor.

Variation in recombination rates: C,,, does not use
information about the distance between segregating
sites, only the extent of association among them. Small-
scale variation in recombination rate should look similar
to variation in mutation rates, with the history of sites
within a locus more or less correlated than expected
given the physical distance between them. In fact, for
an infinite sites model, variation in recombination rates
can be implemented in the same way as is done for
variation in mutation rates (see METHODS). The simu-
lated sequence can be thought of as a sequence in ge-
netic rather than physical distance. Variation in recom-
bination rates affects the translation of the genetic
distance into physical distance by a factor similar to
the one used to model variation in mutation rates. For
example, if a particular interval has a low rate of recom-
bination, then the number of mutations placed on it will
be larger than expected given the (genetic) distance. So
if recombination rates vary to the same extent as mod-
eled for mutation rates, they should have only minor
effects on Cyq.

On a larger scale, if the Drosophila genome were
a collection of few hotspots and many coldspots for
recombination, rates averaged over larger distances
could yield systematic overestimates of the mean rate.
Since we observe few data sets where C,,q is above the
laboratory rate, recombination rates at these hotspots
would have to be several orders of magnitude above
those observed at most loci. Whether this is plausible is
unclear. Recombination hotspots of this magnitude
have been reported in fungi, humans, and mice (LICH-
TEN and GOLDMAN 1995; JEFFREYS ef al. 1999) as well
as in maize (e.g., DOONER and MARTINEZ-FEREZ 1997)
but, to our knowledge, not in Drosophila.

Departures from the demographic assumptions of the
standard neutral model: Departures from the demo-
graphic assumptions of a panmictic equilibrium can
also generate an excess of linkage disequilibrium (and
possibly decrease Cy,q). If there is population structure,
for example, the effective population recombination
rate should be decreased relative to panmixia since hap-
lotypes in different subpopulations will not have a
chance to recombine as often. In the data analyzed here,
sampling schemes vary greatly across loci, with a third
sampled entirely outside of Africa. If samples are parti-
tioned by sampling location, population-specific esti-
mates of C,,qare sometimes higher and sometimes lower
than are estimates based on total samples, so there is
no clear effect of pooling different populations (results
not shown). However, few samples include a large num-
ber of sequences from multiple populations, so this
approach is not very informative.

Instead, we try to assess the fit of the data to simple

TABLE 3

The effect of variation in mutation rates on the
probability of Cy.q (D. melanogaster)

Simulated > Step
Locus observed Uniform function
Acp26A 0.8217 0.1010 0.2416
Acp70A 0.8498 0.0101 0.0238
Adhs 0.3015 0.3028 0.3389
Amy-d 0.9752 0.0133 0.0234
Boss 0.5919 0.2422 0.2630
Cec-C 0.9928 0.9452 0.8603
Dpp 0.4836 0.0000 0.0010
Est6 0.7862 0.0010 0.0060
E(eve) 0.9821 0.8697 1.0000
Gopd 0.9535 0.0039 0.0403
Hsp83 0.3254 0.0391 0.1128
In2(L)t 0.9020 0.0091 0.0164
In3(L)P 0.7219 0.0464 0.0918
Micl 0.5169 0.5396 0.5169
Period 0.9308 0.2970 0.3265
Pgd 0.9425 0.0200 0.0663
Ref2p 0.2669 0.0376 0.0433
Runt 0.7438 0.3059 0.3359
Sod(-2021) 0.9847 0.1282 0.1999
Tpi 0.9122 0.5571 0.5349
Vermilion 0.9861 0.0000 0.0000
White 0.9150 0.0000 0.0000
Yp2 0.8345 0.0020 0.0191
Zesle 0.3212 0.1861 0.6647

To measure the extent of spatial heterogeneity in the distri-
bution of segregating sites, we tabulated the length of the
longest number of base pairs between any two adjacent poly-
morphisms in the sample D,,,. For an equal number of segre-
gating sites, greater D, indicates more heterogeneity. Listed
in the second column is the proportion of the simulated runs
with a D, = the observed D,,,, when rates vary according to
Figure 1. For each gene in D. melanogaster, we list the propor-
tion of 10,000 runs with a simulated value of C,,4 below or
equal to the observed one. Column three lists the results when
each site is equally likely to mutate (P values in Table 1),
column four when mutation rates are variable (see Figure 1).

demographic models. Several researchers have argued
that populations sampled at present are the result of the
recent admixture of previously subdivided populations
(e.g., RICHTER et al. 1997; HASSON et al. 1998). This claim
usually stems from the observation of two or more highly
diverged haplotypes (e.g., HUDSON et al. 1997; LABATE
et al. 1999). Very recent admixture (i.e., several hundred
years ago) should look similar to sampling two demes
at the present. This suggests an island model where
samples are drawn from both subpopulations. But it is
also possible that most or all samples are drawn from
only one historical deme. D. melanogasterand D. simulans
are thought to have an African origin (HALE and SINGH
1987; LACHAISE et al. 1988) but the number of demes
is unknown. Most sampled localities may have been
founded from one historical deme.

We evaluate the fit of a symmetric two-island model
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TABLE 4

A test of a simple model of population structure for D.
melanogaster and D. simulans

Model
Statistic Panmixia 4Nm = 1 4Nm = 0.7
D. melanogaster
Chua 1071 0.006 0.054
B 107° 0.684 0.956°
D. simulans
Chua 1079 0.004 —t
B 0.19° 0.996 —

We consider a symmetric two-island model; all individuals
are sampled from one deme. 4Nm (3Nm for X-linked loci) is
the population migration parameter and corresponds to the
number of migrants per deme per generation. Cy,q and B’
are measures of linkage disequilibrium (see MATERIALS AND
METHODS). P(Cy,,4) and P(B') are one-tailed. Each cell lists the
probability U that the distributions of Pvalues for the statistic
are uniformly distributed, as they should be under the null
model. For C,,4 and B, low U values correspond to excess
linkage disequilibrium in the actual data relative to simula-
tions.

“For 4Nm = 0.7, there is significantly too /ittle linkage dis-
equilibrium in the actual data as measured by B'. (Note that
this cannot be inferred from considering the value 1-Usince
B’ is discrete.)

’Simulations were not performed for D. simulans with this
migration rate.

‘Even though this test does not reveal this feature, the
distribution of B’ is unusual when 4Nm = 1 (values of B’
are lower in actual data than in simulated data; i.e., there is
significantly less linkage disequilibrium in actual data than
expected).

by considering changes in the distribution of P(Ch,q)
and P(B') as the migration parameter 4Nm varies from
0.2 to 1. These values of 4Nm are lower than what is
suggested by most [ values. For all parameter values
we tried, sampling from both demes was a worse fit to
the data than sampling entirely from one (results not
shown). Thus, we present results only for the latter case.
As expected, as the migration rates decrease, there is
more linkage disequilibrium in the simulated data. As
a result, low values of P(C,,4) and P(B') become more
likely. In Table 4, we report the probability U that the
distributions of P(Cy,) and P(B’) are uniform (as they
should be if the null model is correct). In both species,
many C,q values are still too low for 4Nm > 1 (U =
0.006 for D. melanogaster and 0.004 for D. simulans). For
4Nm = 1, there are too many high P(B') values, i.e., too
little linkage disequilibrium in the data relative to the
predictions of the model. Many of the assumptions
made in this analysis are no longer conservative when
considering the other tail (i.e., too little linkage disequi-
librium). However, this analysis does suggest that a sim-
ple island model will only account for the low values of
Cia if migration rates are lower than suggested by levels

of population differentiation and that the model can
explain some aspects of linkage disequilibrium (Ci,q)
but not others (5'). When a summary of the frequency
spectrum (TajimMa 1989) is considered along with as-
pects of linkage disequilibrium, an island model is found
to be an even worse fit (results not shown). Under a
five-island model where only one island is sampled, the
qualitative results are the same (results not shown).

It may not be surprising that an equilibrium island
model is an inadequate demographic model, as the
history of the species is likely to have been much more
complex. In particular, it has been argued that non-
African populations have experienced a population bot-
tleneck, e.g., with the European colonization of the
Americas (Davip and Capry 1988; BEGUN and AQUADRO
1993, 1994, 1995). A variant on this model further as-
sumes that populations were subdivided in Africa and
that non-African populations are the result of recurrent
founder events from different historical demes (Ham-
BLIN and VEUILLE 1999). Either version predicts a reduc-
tion in variation outside of Africa relative to African
populations. For D. melanogaster, the data in support
of this hypothesis are equivocal: loci on the X show a
reduction in variability in American populations relative
to those of Zimbabwe (BEGUN and AQuaDpRrRO 1993),
while loci on the autosomes are equally likely to be
more or less variable outside of Africa (P. ANDOLFATTO,
unpublished results). For D. simulans, there does appear
to be a reduction in variability outside Africa (IRVIN et
al. 1998), although population structure in Africa may
be a confounding factor (P. ANDOLFATTO, unpublished
results).

Interestingly, for loci in D. melanogaster, C,q values
appear to be higher when estimated on the basis of
African populations alone than when estimated from
non-African populations (such a comparison is possible
only for Acp26a, Adh, In(2L)t, and Vermilion). This is not
true of the two suitable loci in D. simulans (G6pd and
Vermilion). These findings might suggest that African D.
melanogaster populations are closer to linkage equilib-
rium than are non-African ones. However, samples from
Africa tend to be smaller than those from outside Africa,
and we expect the median C,q value to be larger for
smaller samples, even in the absence of population
structure (Hubson 1987). A proper test of this demo-
graphic model will require more consistently sampled
data and a large number of sequences for multiple pop-
ulations.

Natural selection: An alternative to a demographic
explanation is that natural selection has acted on or
near many of the loci. (These two alternatives are not
mutually exclusive.) While a demographic departure
from model assumptions may be a more parsimonious
explanation for a systematic trend, it remains possible
that natural selection is pervasive and commonly leads to
increased linkage disequilibrium. In addition, it should
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be kept in mind that many of the loci analyzed here
were collected because of prior evidence for selection.

One mode of selection thought to be prevalent in
the Drosophila genome are “selective sweeps” in which
arare advantageous allele is rapidly fixed in the popula-
tion (MAYNARD SMITH and HaicH 1974). What effect
selective sweeps would have on Cj,4 is unknown. Along
with a skew in the frequency spectrum, a prediction of
this model is a reduction in variability near the selected
site (BRAVERMAN et al. 1995). However, the loci with a
significant skew in the frequency spectrum (TajiMa
1989) do not have noticeably lower levels of variation
than other genes (significance is assessed with simula-
tions that condition on the laboratory-based estimate
of (). Of the five such loci in D. melanogaster (Dpp,
Hsp83, Ref2p, Tpi, and Vermilion) and three in D. simulans
(Period, Runt, and Tpi), two and two, respectively, have
0, above the median of loci (results not shown). The
scenario just outlined assumes that a variant is selected
while rare and swept to fixation in a panmictic popula-
tion. A variation on this model is transient selection,
where a variant is only swept to intermediate frequency
(Hupson et al. 1994). Other types of selection that could
generate linkage disequilibrium include local adapta-
tion (e.g, STEPHAN et al. 1998) and “traffic models”
where multiple, linked beneficial mutations are selected
for simultaneously (KikBy and STEPHAN 1996). These
models may not lead to a detectable reduction in vari-
ability; none has yet been modeled explicitly (but see
GILLESPIE 1997).

Epistatic interactions between nearby sites can also
generate considerable linkage disequilibrium. In this
type of model, recombinant haplotypes are selected
against, reducing the effective frequency of crossing
over. As an example, Adh protein production in D. mela-
nogaster has been shown to be determined by epistatic
interactions among multiple polymorphisms (STam and
LAURIE 1996). Compensatory interactions between sites
involved in the maintenance of secondary pre-mRNA
structure might also generate linkage disequilibrium
(e.g., KIRBY et al. 1995). Intralocus epistasis would have
to be pervasive to account for the genome-wide depar-
ture reported here.

In conclusion, unless it can be demonstrated that
laboratory-based estimates of the crossing-over rate are
systematic overestimates of the recombination rate, any
theory for patterns of variability in the genome will
have to accommodate a genome-wide excess of linkage
disequilibrium (as measured by C,q). If this excess is
best explained by a demographic departure from the
standard neutral model, this has important implications
for both parameter estimation (such as estimates of 0)
and for inferences from patterns of polymorphism at a
particular locus. An alternative interpretation is that the
mutation rates are much higher than indicated by levels
of divergence at silent sites and noncoding DNA for any

gene. This would point to a different but equally serious
problem with the neutral theory.
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