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ABSTRACT

DNA sequence surveys of Drosophila melanogaster populations show a strong positive correlation between
the recombination rate experienced by a locus and its level of nucleotide polymorphism. In particular,
surveys of the fourth chromosome gene ¢’ show greatly reduced levels of nucleotide variation; this
observation was originally interpreted in terms of selective sweeps occurring on the nonrecombining
fourth chromosome. Subsequent theoretical work has, however, uncovered several other selective processes
that can reduce variation. In this study, we revisit the Drosophila fourth chromosome, investigating variation
in 5-6 kb of the gene ankyrin in D. melanogaster and D. simulans. Silent nucleotide site diversity is ~5 X
10~* for both species, consistent with the previous observations of low variation at ¢#*. Given the observed
frequency spectra at ankyrin, coalescent simulations indicate that reduced diversity in the region is unlikely
to be due to a selective sweep alone. We find evidence for recombinational exchange at this locus, and
both species appear to be fixed for an insertion of the transposable element HB in an intron of ankyrin.

HERE is a strong positive correlation between the

local recombination rate experienced by a locus
and its level of nucleotide polymorphism in populations
of Drosophila melanogaster (AGUADE et al. 1989; BEGUN
and AQUADRO 1992; AGUADE and LANGLEY 1994; AQua-
DRO et al. 1994; MorryAMA and PowELL 1996; ANDOL-
FATTO and PrzewoRrsk1 2001). This is one of the most
striking patterns to have emerged from DNA sequence
surveys. It persists after correction for possible differ-
ences in mutation rates among chromosomal regions
by the use of interspecies sequence divergence data
(BEGUN and AQUADRO 1992; AGUADE et al. 1994). This
pattern was initially taken to mean that neutral variants
had been hitchhiked to fixation by strongly advanta-
geous mutations to which they were closely linked (MAy-
NARD SMITH and HatcH 1974; KAPLAN et al. 1989; STE-
PHAN et al. 1992; BArRTON 1998, 2000; GIiLLESPIE 2000).
The effects of such “selective sweeps” (BERRY et al. 1991)
are expected to be more pronounced in regions with
low rates of recombination, because linkage between a
given locus and a target of selection will on average be
tighter in such regions (AGUADE et al. 1989; BEGUN and
AQUADRO 1992).

The relation between variability and recombination
rate thus seemed to provide evidence for the frequent
occurrence of adaptive gene substitutions throughout
the Drosophila genome (WIEHE and STEPHAN 1993;
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STEPHAN 1995). But CHARLESWORTH et al. (1993) identi-
fied a potentially widespread, nonadaptive, process that
could result in reduction of variation in low-recombin-
ing regions. Their “background selection” hypothesis
proposes that purifying selection against recurrent dele-
terious mutations also eliminates neutral variants at nu-
cleotide sites closely linked to such mutations. Models
of the effects of deleterious mutations on neutral vari-
ability across chromosome arms provide good fits to the
observed relation between local recombination rate and
the level of DNA sequence variation (HupsoN and Kap-
LAN 1995; CHARLESWORTH 1996). For most regions of
low diversity, therefore, background selection seems to
be as likely a contributor to reduced diversity as hitch-
hiking due to favorable mutations. In addition, other
processes are capable of reducing variation in regions
of low recombination rates, including temporally fluc-
tuating selection pressures (GILLESPIE 1994, 1997; BAR-
TON 2000) and Hill-Robertson interference effects among
tightly linked, weakly selected variants (COMERON et al.
1999; McVEAN and CHARLESWORTH 2000).

It is possible to get an idea of the extent to which
selective sweeps may be important in contributing to
the pattern just described by examining the frequency
spectrum of neutral polymorphic sites in regions of re-
duced recombination. While this spectrum will be strongly
skewed toward rare variants following a recent selective
sweep (BRAVERMAN et al. 1995; SIMONSEN et al. 1995; Fu
1997; Fay and Wu 2000), the frequency spectrum associ-
ated with background selection or fluctuating selection
is often not much perturbed from neutral expectation
(Hupson and KapraN 1994; CHARLESWORTH et al. 1995;
GILLESPIE 1997). A failure to detect a skewed frequency
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distribution may therefore suggest that selective sweeps
are not the major factor in contributing to reduced
variability. Previous work indeed suggests that signifi-
cant departures from neutrality are detected only infre-
quently in regions of reduced recombination (BRAVER-
MAN ¢t al. 1995; CHARLESWORTH ¢! al. 1995; LANGLEY et
al. 2000). However, a recent survey of published data
suggests that there is usually a tendency toward a greater
degree of skew toward low-frequency variants in regions
of low recombination in African (but not non-African)
populations of D. melanogaster (ANDOLFATTO and PrzE-
woRrskI 2001), although individual loci do not show
significant effects.

Given that there is little polymorphism in regions of
low recombination, failure to detect departures from
neutrality may simply reflect low power of the statistical
tests. For this reason, it is important to gather more
data on the properties of natural variation in regions
of reduced recombination. In this study, we revisit the
fourth chromosome of Drosophila. In D. melanogaster,
this small (5—6 Mb) genetic element is not known to
recombine under ordinary laboratory conditions (STUR-
TEVANT 1951; HocuMAN 1976) and is achiasmate at
female meiosis (HAWLEY et al. 1993). It is thought to
contain 74 genes (ApaMs ¢ al. 2000), of which 12 have
been characterized. Previous studies, performed on a
relatively small scale, did not uncover enough polymor-
phism to be able to apply tests on the basis of the fre-
quency spectrum. BERRY ¢t al. (1991) found no polymor-
phism among 10 D. melanogaster chromosomes and 1
singleton site among 9 D. simulans chromosomes for
331 silentsites of the ¢i” gene, while HILTON et al. (1994)
found no polymorphism over the same region among
4 D. sechellia chromosomes and a singleton site among
6 D. mauritiana chromosomes. Both of these studies
interpreted the lack of polymorphism as evidence for
a recent selective sweep, but the subsequent develop-
ment of alternative models for explaining reduced varia-
tion casts doubt on this conclusion (see above).

We have examined 38 D. melanogaster lines and 33
D. simulans lines for ~5 kb of predominantly intronic se-
quence of the fourth chromosome gene ankyrin (DUBREUIL
and Yu 1994), to obtain better estimates of the levels
of variation and frequency spectra on the fourth chromo-
some in these two species. To conduct this largerscale
study, we used the rapid mutation detection technology,
denaturing high-performance liquid chromatography
(DHPLC; HUBER et al. 1993), to identify homologous
DNA fragments that contain nucleotide or length vari-
ants. We have found that nucleotide site diversity is
approximately the same in both species, 5 X 107, a value
similar to that found for silent sites in other regions of
reduced recombination in D. melanogaster (MORIYAMA
and PoweLL 1996; LANGLEY et al. 2000). There is evi-
dence for some recombinational exchange at this locus,
based on the “four gamete test” of HUDSON and KAPLAN
(1985). The presence of several intermediate-frequency

intron 3
exon 3

intron 2

FiGUuRrE 1.—Predicted genomic structure of D. melanogaster
ankyrin. The structure is based on Berkeley Drosophila Ge-
nome Project accession no. CG1651. Shaded boxes indicate
exons; lines indicate introns. Bar indicates region examined
in this study.

variants at ankyrin in both species means that it is hard
to explain the data on the basis of a selective sweep
alone.

MATERIALS AND METHODS

Drosophila stocks: We surveyed 38 isofemale lines of
D. melanogaster, collected from three different localities. Eigh-
teen lines were collected by M. Noor near Beltsville, Illinois,
in 1991; 12 lines by C. Schloetterer near Beltsville, Illinois, in
1994; and 8 lines by M. Kreitman at Terhoon’s Farm, Massa-
chusetts, in 1989. For 32 of these lines, we extracted single
fourth chromosomes using a y;bw;ci®/ey” marker stock. The
extracted lines were made homozygous for either yellow or
brown, to facilitate detection of contamination. No contamina-
tion was ever found in these homozygous lines. For the re-
maining 6, the extraction lines were lost, so that single flies
from the original isofemale stocks were used in the PCR/
DHPLC analyses described below. Thirty-three isofemale lines
of D. simulans were surveyed from a single locality. These were
originally collected by A. Berry, near Tempe, Arizona, in 1990.
Single flies from each line were used for PCR/DHPLC. Stocks
were maintained at 18° on standard yeastsucrose-cornmeal-
agar medium.

Gene region: We analyzed portions of exons 2 and 4, the
whole of exon 3, and the second and third introns of the
ankyrin gene in both species (Figure 1). Ankyrin was localized
to chromosome 4 of D. melanogaster by DUBREUIL and Yu (1994),
using a cDNA probe. The introns were identified during the
course of PCR amplification of D. melanogaster genomic DNA,
using a set of primer pairs designed from the ankyrin cDNA
sequence (GenBank accession no. 1.35601). A primer pair
(ANK+38, ANK—275; see below) near the 5" end of the cDNA
did not amplify, using a typical protocol designed to amplify
1 kb; we used this pair in a long PCR reaction (Expand Long
PCR; Roche Molecular Biochemicals, Indianapolis) and ob-
tained a product of ~6 kb. Upon sequencing (see below),
this proved to contain one long (5.4-kb) intron (ankin2),a108-
bp exon (exon3), and a 363-bp intron (ankin3). The complete
genomic structure of ankyrin was determined by the Dro-
sophila genome project (gene CG1651; Apams et al. 2000)
and confirms this structure, except that our annotation com-
pared to the genome project annotation suggests an additional
small intron upstream of our region. A correction has been
forwarded to Flybase.

S. Assimacopoulos kindly verified the chromosomal location
of the intron by in situ hybridization to polytene chromosomes,
using a HindlII restriction fragment from the long PCR prod-
uct. The same primer pair amplified the homologous region in
D. simulans. This product was a 5-kb fragment, with structure
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similar to D. melanogaster; in particular, there is one long and
one short intron, and exon2is the same length in the two species.

DNA sequencing: To sequence the D. melanogaster region,
ashotgun sequencing protocol developed by P. Andolfatto was
used. Briefly, the 6-kb D. melanogaster product was mechanically
sheared, polished, and blunt-end cloned into a derivative of
vector pZero (Invitrogen, San Diego). Approximately 30 posi-
tive clones were picked for colony PCR, using universal (M13-
20 and M13rev) primers. The resulting products were dye-
terminator cycle sequenced using a premixed reaction (PE
Biosystems/ABI) and sequenced on an automated sequencer
(ABI 377). All portions of the region were sequenced at least
twice. The same protocol was used on the D. simulans 5-kb
product. This yielded four long contigs. To finish the sequenc-
ing, the 5-kb product was cut with a six-base blunt-cutting
restriction enzyme (Dral) that cut rarely among the contigs.
Subcloning and sequencing the resulting fragments provided
the missing D. simulans sequence. Ultimately, we obtained
6071 bp of D. melanogaster sequence and 5057 bp of D. simulans
sequence (GenBank accession nos. AY054998 and AY054997,
respectively). The sequence for D. melanogaster is from line
B45 (Terhoon’s Farm population). The sequence for D. sim-
ulans was obtained from line s52 genomic DNA for the initial
shotgun sequencing, and a cloned long PCR product from
line s18 was used to fill contig gaps. The nucleotide coordi-
nates used below are such that +1 indicates the first base of
intron 2 in our notation.

PCR/DHPLC: We used DHPLC of DNA fragments (HUBER
et al. 1993) to identify nucleotide and length differences be-
tween homologous fragments of ankin2-3 among lines. We
designed primer pairs from the intron sequence to amplify
150- to 400-bp fragments that together span the entire region
(JEnsEN 2000). The primer pairs did not perfectly overlap,
but no gap was >105 bp for either species. The pairs covered
5296 usable base pairs (i.e., excluding actual gaps between
fragments and the primer sequences) in D. melanogaster and
4459 usable base pairs in D. simulans.

Template DNA for the fragment PCRs was generated as
follows. Genomic DNA was extracted from a single fly for each
isofemale or chromosome-extracted line. This DNA was used
as template for a long PCR reaction, using a high-fidelity DNA
polymerase (Expand Hi-Fidelity; Roche Molecular Biochemi-
cals). For D. melanogaster lines, the entire ankin2-3 region was
amplified using primers ANK+38 (5-CGCTTGGTGATGTAC
GAGTTG-3") and ANK—275 (5'-TGTCCACATATCCGTCCT
TTG-3"). For the D. simulans lines, only the ankin2 intron was
amplified, using simulans-specific primers designed from ex-
ons 2 and 3 (sankinlU57, 5'-TAATGGAATGGCTTTAGACA
ACAA-3'; and sankinlL.169, 5-TATGTCCGATATTTCTCCA
CAGTG-3"), since not every line would amplify well using the
melanogaster primers. This long PCR product was used directly
as template for the fragment PCRs for all D. melanogaster lines
and 23 of the D. simulans lines. The long PCR product for the
remaining D. simulanslines was cloned into the TOPO-4 vector
(Invitrogen), according to the manufacturer’s protocol. For
these lines, we used cloned ankinl from a plasmid prep as
template for the fragment PCRs.

Using PCR product as template for secondary PCR reactions
raises the issue of “PCR error,” or the occasional incorporation
of noncomplementary bases by the thermostable DNA poly-
merase during PCR amplification, which may result in arti-
factual variants. This is of particular importance in the study
of regions of very low variation like the fourth chromosome.
For a high-fidelity polymerase, such as that used to produce
ankinl template here, there is little cause for concern if the
PCR product from genomic DNA is used directly as template
(for a detailed analysis, see JENSEN 2000). But when cloned
PCR product is used as template for a line, there is a distinct

possibility that at least one base along its length has been
changed by misincorporation. Such spurious variants should
always appear as singletons and can thus be identified by
checking two different clones derived from the same PCR
product. In this study, three singleton variants were found
among cloned D. simulans lines, of which two were rejected
and one accepted.

DHPLC was used to survey fragments for variants as follows.
For each fragment or primer pair, all lines were amplified
using ordinary Taq polymerase (QIAGEN, Valencia, CA) in a
25-pl reaction, using 1 pl of 1/100 dilution of the template
PCR described above (details are given in JENSEN 2000). One
line was chosen as a comparison standard and was amplified
to provide 8 pl standard reaction per line. All fragment PCRs
were performed with identical primer concentrations and
were primer limited. Thus, final product concentrations were
approximately equal for all lines. To prepare samples for
DHPLC analysis, 8 ul of each PCR reaction was mixed with
8 wl of product from the standard line, heated to 98° for
3 min to denature, and cooled to 65° over 30 min in a ther-
mal cycler. Five microliters of this denatured and reannealed
product was passed over the DHPLC column in a solvent
gradient and at a temperature determined from the melting
characteristics of the fragment. These parameters were deter-
mined by using WAVEMaker software (Transgenomic Inc.).
UV-absorbance chromatographs for each line were compared
with a chromatograph of the unmixed standard reaction that
had been subjected to denaturation/reannealing. Chromato-
graphs reveal variants, because their shapes change with the
presence of heteroduplex DNA in the sample. If aline contains
a variant with respect to the standard line, the mixed PCR
reaction will yield approximately one-half heteroduplex DNA,
which under appropriate conditions will give a chromatograph
that is different in shape from the unmixed standard. If the
standard line and the tested line are identical in sequence,
most of the DNA will be homoduplex, and the chromatograph
will mimic the standard. As this study shows, the technique
can unambiguously reveal single base pair substitutions, single
base pair insertion-deletions (indels), and longer indels.

When variants appeared among the lines for a fragment,
on the basis of a subjective observation of associated chromato-
grams, lines were assigned a DHPLC variant type number ac-
cording to the chromatogram shape. When ambiguities arose
in chromatogram interpretation, more types were assigned.
Generally, slight differences between chromatograms, such as
small changes in retention times of absorbance peaks, did not
indicate an underlying mutation. Gross changes in chromato-
grams between fragments, which resulted in differences in
numbers of peaks or marked width differences in single peaks,
were reliable indicators of underlying sequence differences.
In two instances, variant classes with gross chromatogram dif-
ferences were nevertheless isosequential. It is likely that non-
specific amplification in the PCR reactions led to these results;
we did not follow up these cases. Ultimately, only gross differ-
ences were scored as separate DHPLC variants. At least three
lines were sequenced, if possible, within each DHPLC variant
class, including the standard class, using the original fragment
PCR reaction as template in a cycle-sequencing reaction. Unse-
quenced lines within a DHPLC variant class were assumed to
contain the same sequence variants as the sequenced members
of that class. Most of those fragments whose chromatographs
appeared to be the same as the standard for every line were
assumed to be monomorphic and were not analyzed further.
This is justified by our preliminary data and the fact that no se-
quence variation was ever found within DHPLC variant classes
in polymorphic fragments. Details are given in JENSEN (2000).

It is possible that this survey will not have identified all poly-
morphisms in the region for these lines. We attempted to mini-
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mize the possibility of missing variation by performing DHPLC
at multiple column temperatures, when the fragment was pre-
dicted to contain several melting regimes (i.e., heterogeneity
in GC content); this has been shown to increase the chances
of detecting point variation within high-melting-temperature
tracts (Transgenomic Inc., personal communication). Repre-
sentatives of DHPLC classes were sequenced to characterize
the underlying sequence changes and to demonstrate the
reproducibility of the chromatogram-sequence association
within classes. However, it is unlikely that failure to identify
a variant would depend on its population frequency, so that
the broad conclusions from this study should be little affected
by DHPLC inefficiency. On the other hand, there should
be no spurious sequence variation introduced by the survey
method, since DHPLC variant classes were conservatively as-
signed and checked by direct sequencing. In fact, this source
of error should be reduced relative to direct sequencing alone,
since DHPLC and direct sequencing provide independent
ways of checking sequence identity.

Evolutionary parameter estimates: Estimates of evolutionary
parameters, including 6, [WATTERSON’s (1975) estimator of
the scaled mutation rate 6 = 4N, u], the nucleotide site diversity
7 estimator of 0 (the mean pairwise difference per base pair;
Tajima 1983), and Tajima’s (1989) D statistic for measuring
departure of the site frequency spectrum from neutrality, were
calculated using either DNAsp (Rozas and Rozas 1997) or
SITES (Hey and WAKELEY 1997). Estimates of the scaled re-
combination rate C = 4N,¢ (HupsonN 1987) and Fs; (WRIGHT
1951) for the D. melanogaster data were calculated with SITES.
In addition, Dr. Jeffrey Wall kindly calculated the scaled rate
of gene conversion, G = 4N.g, on the assumption that all intra-
genic recombination is caused by gene conversion (FRISSE et al.
2001). Here, N, is the effective population size, u is the mu-
tation rate per nucleotide site, and ¢ and g are the rates of
crossing over and gene conversion per nucleotide, respec-
tively, averaged over males and females.

D. melanogaster-D. simulans sequence alignment: Relatively
long regions of homology are present between the two species,
but the region has been subject to many large insertion/dele-
tion events since divergence between the species. This makes
the results of typical alignment algorithms unreliable. How-
ever, we wished to avoid as much subjective alignment as pos-
sible, to get a reasonably unbiased estimate of divergence. We
combined alignment by dotplot and the Needleman-Wunsch
algorithm (WEIR 1996, Ch. 9), as implemented in the Meg-
Align program (DNAStar) as follows. We started with a sliding
alignment window of 50 bp (chosen to eliminate signals from
microsatellite repeats). A window alignment was rejected if the
percentage base identity was significantly low in the following
sense. The average divergence for noncoding regions between
D. melanogaster and D. simulansis 0.061 (MoriyAMA and Pow-
ELL 1996), so that a 50-bp region should contain three diver-
gentsites on average. Assuming a Poisson distribution of diver-
gent sites, the probability of eight or more divergent sites in
50 bp is <0.025.

On the basis of this procedure, the dotplot parameters were
set to accept a window alignment with 86% identity or better.
This resulted in the dotplot in Figure 2; the figure changes
little with changes of a few percent similarity in either direc-
tion. Each aligned diagonal was passed to the Needleman-
Wunsch algorithm, to assign gaps objectively. Excluding gaps,
2195 bp were aligned by this protocol. Further subalignments
were performed in the analysis of the HB element insertion
(see RESULTS).

Simulations: Since it has been suggested that the fourth
chromosome of D. melanogaster has undergone a recent selec-
tive sweep (BERRY et al. 1991; HILTON et al. 1994), we ask whe-
ther our more extensive data set is also compatible with a
selective sweep model. Many scenarios involving both strong
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F1cure 2.—Dotplot alignment of D. melanogaster and D. simu-
lans ankyrin region. Arrow indicates HB-like transposable ele-
ment (see text for details).

and weak selection, which include partial sweeps, multiple
sweeps, or sweeps with significant recombination, can be de-
vised to explain this or any other data set (GILLESPIE 1997,
2000; Fay and Wu 2000; McVEAN and CHARLESWORTH 2000).
But if we consider only a simple model, we can use simulation
techniques to explore the relative likelihoods of the data in
aspecified contextand perhaps restrict the number of possible
explanations of the data (see DISCUSSION).

In these simulations, we consider only “catastrophic sweeps”
(PERLITZ and STEPHAN 1997) under the following implicit
assumptions: (A) Selection is strong relative to mutation, such
that no variant arising during the process of fixation of the
selected allele is likely to be sampled; (B) selection is strong
relative to recombination, such that no sampled allele is likely
to have undergone a recombination event during the fixation
of the selected allele. Assumption A is quite weak; assumption
B is reasonable for the fourth chromosome, despite the evi-
dence of genetic exchange in the data set, since the absence of
crossing over on this chromosome suggests that this exchange
results mainly from gene conversion, which causes only low lev-
els of recombination over intervals longer than typical genes
(see DISCUSSION).

Under these assumptions, a selective sweep completely elim-
inates variation in a given region. If it is further assumed that
evolution proceeds neutrally following the sweep under an
infinite-sites model, coalescent techniques could be used to
simulate samples drawn from the population. Assume a given
time T, since the last selective sweep (in units of 2N, genera-
tions), a scaled mutation rate 8 = 4N,u, and a sample of n
alleles. Coalescent events can be simulated according to the
standard neutral model with constant population size (Hub-
soN 1990), until the accumulated time is >7;, at which point
the value 7. is assigned to subsequent nodes. This effectively
truncates the coalescent at the time of the sweep, creating a
star-shaped genealogy. Mutations are added to each branch
by sampling from a Poisson distribution with mean (6¢/2),
where t¢is the length of the branch in units of 2N, generations.

The simulations can be used as follows to estimate the likeli-
hood of the pair (S, K), the observed number of segregating
sites, and average pairwise difference between alleles for a
given pair of sweep parameters (0, 7;). Assume that Bsamples
are generated for each pair of sweep parameters. Write

Ms = X K(S, K j), (1)
=1
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TABLE 1

Ankyrin polymorphism statistics

No. sites 0, ™ D
D. melanogaster
Biallelic nucleotide 10 2.38/0.45° 2.75/0.52 0.47
Indels 4 0.95/0.18 1.20/0.23 0.62
All sites 17 4.05/0.76 4.21/0.79 —0.06
D. simulans
All biallelic nucleotides 9 2.22/0.50 1.72/0.39 —0.68
Replacement 1 0.25/1.43" 0.06/0.36
Synonymous 1 0.49/10.96° 0.12/2.61
Indels 4 0.99/0.22 1.58/0.35 1.51
All sites 13 3.20/0.72 3.30/0.74 0.10

“Value before slash is estimate for region; per-base pair value X 10* follows slash.

"Number of replacement sites: 172.
“Number of synonymous sites: 44.

where for the jth iteration,

1, if|K— KI=8and § =S
LS K J) =10, otherwise.

Here, 3 is a preassigned mesh size for the continuous vari-
able K, and §;and K are the simulated number of segregating
sites and mean pairwise difference between alleles for the jth
replicate. Following WEIss and vON HAESELER (1998), the like-
lihood of the sample is approximated by

LS K16, T) = 1BMS<5, K). @)

In this study, B = 10> and & = 0.1, where & was chosen to give
a fairly smooth likelihood surface. Graphical rendering of the
likelihoods was performed with Mathematica 3.0 (Wolfram
Research, Champaign, IL).

While it is assumed for the purposes of simulation that
recombination is unlikely to have occurred during the substi-
tution of a strongly selected allele, recombination in the gene-
alogy cannot be excluded altogether, on the basis of the evi-
dence contained in the data for both species (see RESULTS).
Recombination following a sweep is likely to make significance
tests based on the joint distribution of S and K under the
above model conservative, since recombination is known to
reduce the variance of the distributions of S and K (Hubpson
1990; WaLL 1999).

RESULTS

Polymorphism data: The estimates of the levels of nu-
cleotide polymorphism per site, 6, displayed in Table 1,
are significantly reduced compared to the published
genome-wide averages for D. melanogaster (noncoding
average, 0.01) and D. simulans (noncoding average,
0.02; MorivaMA and PowEeLL 1996); the significance
level (P < 2 X 107°) was established by neutral coales-
cent simulations. Pairwise Fs; values were estimated for
the D. melanogaster populations using single nucleotide
polymorphisms; the largest value was 0.13. We therefore
treated the entire data set as a sample from a single
panmictic population.

The identities of the polymorphic sites are displayed
in Tables 2 and 3. D. melanogaster polymorphisms were
found only in intron 2. D. simulansalso had polymorphic
nucleotide sites in exon 3 and intron 3; one replacement
variant and one silent variant were observed in exon 3,
and both are low-frequency sites. D. simulans had 9 bial-
lelic single-nucleotide variants; D. melanogaster had 9 bi-
allelic sites and one tri-allelic site. For the purposes of
the simulations, the double-hit site was treated as two
singleton sites. Both species also have single-base and
short indels segregating. There are 9 indel variants out
of 30 total variants for both species pooled. This is not
significantly different from the value of 49 indels out of
191 total polymorphisms in noncoding sequences from
the su(s) and su(w*) regions in D. melanogaster (LANGLEY
et al. 2000) or the value of 11 indels out of 59 total differ-
ences between D. melanogasterand D. simulansfor the Leps
pseudogene (PRITCHARD and SCHAEFFER 1997). It there-
fore seems that indels in relatively unconstrained re-
gions make up ~25% of all variants in Drosophila, which
is substantially higher than the ~10% reported for hu-
mans (NAcHMAN and CROWELL 2000). The intron se-
quences are AT rich (64 and 69% AT for introns 2 and 3
in D. melanogaster, and 66 and 71% in D. simulans). Repeats
were screened for, using a standard program (BENSON
1999). In D. melanogaster, TGAAAAGTA is repeated five
times at 1890-1936 and AAGTATGAAAAGCATTTGAA
is repeated twice at 1906-1946. There are no tandem re-
peats in the D. simulans intron sequence, and none of the
indel variants are associated with the tandem repeats.

No site is polymorphic in both species. Table 4 indi-
cates polymorphic sites that have an identifiably homol-
ogous site in the sister species. For each such site, the
inferred state of the rare variant is derived. These results
are used in relation to the problem of analyzing a sweep
with recombination (see pDISCUSSION). The data are too
sparse to determine whether deletions and insertions
differ in their frequencies of occurrence; an excess of



498 M. A. Jensen, B. Charlesworth and M. Kreitman

TABLE 2

D. melanogaster polymorphic sites
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Line identifiers are in left column. Underlines identify lines for which isofemale cultures were sampled; the

rest were fourth chromosome homozygous.
“First intron 2 base = +1.
" Consensus base in this row.
“Single-base insertion (relative to consensus).
426-bp deletion (relative to consensus).
‘Single-base deletion.
/Complex mutation: TAA to AAAA.
¢[1, three-allele site.

deletions has been reported in previous studies (CoMm-

ERON and KrRerrmMan 2000).

For 3 isofemale D. simulans lines out of the 39 that
were initially scanned (Tempe, Arizona lines 32, 52, and

70), long PCR using gDNA template and D. melanogaster
primers ANK+38 and ANK—275 amplified a product
that approached 10 kb in length. Presumably this rep-
resented a transposable element insertion. Since it was
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TABLE 3

D. simulans polymorphic sites
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See Table 2 legend. All D. simulans lines were isofemale without special effort made to extract fourth chro-
mosomes. Lines labeled “c” were analyzed using cloned long PCR products, rather than single-fly genomic

DNA, as template.
“11-bp deletion.
’Single-base insertion.
20-bp insertion.

“ Single-base deletion.

¢Site type: n, noncoding; 1, replacement; s, synonymous.

quite rare, we chose not to examine these lines further.
No such insertion polymorphism was present in the
D. melanogaster lines.

Between-species sequence comparisons: Figure 2 shows
the dotplot alignment between the two species of the
entire sequenced region. The overall divergence in the
~2 kb of alignable sequence is 12%. However, 1.2 kb
of this involves an insertion into intron 2 of both species

of a transposable element with high homology to the
HB element of D. melanogaster; the element is indicated
on the dotplot.

HB is a little-studied member of the P (Drosophila) /Tc
(Caenorhabditis elegans) family of transposons and is charac-
terized by a single open reading frame (ORF), flanked by
direct repeats and additional DNA and bounded by short
terminal inverted repeats (TIRs). The insertions are in-
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TABLE 4

Alignable polymorphic sites

Site coordinate Homolog coordinate

Rare variant/

(consensus) (identity) polarity Freq
D. melanogaster: six sites
4612 (C) 1027 (C) A/derived 11
4786° 1200 A(26 bp) /derived" 4
5134 (G) 1610° (G) T/derived 6
5195 (C) 1666 (C) T/derived 10
5272 1744 A(T) /derived 12
5375 (8T) 4484 (8T) V(T)/derived 1
D. simulans: five sites
738 (T) 4378 (T) C/derived 1
2801 (T) 1350 (T) C/derived 1
4541 (T) 5433 (T) C/derived 1
4569 (T) 5460 (T) A/derived 2
4865 5845 A(11 bp)/derived 14

“Homolog found within HB-like element insertion.

" Entries without consensus do not exhibit the insertion or deletion corresponding to the rare variant.

¢ A indicates deletion, V indicates insertion.

verted relative to ankyrin transcription (i.e., the ORF and
ankyrin would be transcribed in opposite directions)
and are relatively closer to exon 2 in D. simulans than
D. melanogaster. In D. melanogaster, HB is inserted into
positions 4009-5301, corresponding to positions 226—
1635 of the standard sequence of HB (GenBank acces-
sion no. X01748). In D. simulans, HB is inserted into
positions 182-1774, corresponding to bases 201-1867
of the standard HB sequence.

The variation surveys show that the element is fixed
within both species, although it occupies different loca-
tions. Nonhomologous DNA flanks both insertions. The
divergence between the two elements alone is ~13%,
while divergence for homologous DNA excluding HB
is ~10%. Tables 5 and 6 give the pairwise divergence and
insertion/deletion data in comparisons with the D. melano-

TABLE 5

Divergences (excluding gaps) among HB-like elements

Mel Sim Mel X sim
Common* 0.137 0.122 0.138
ORF’ 0.108 0.105 0.128
Full seq 0.127
Ex-HB! 0.097

Columns are D. melanogaster (Mel) aligned with HB, D. simu-
lans (Sim) with HB, and D. melanogasterwith D. simulans (Mel X
Sim) HB-like regions.

“ HB-like sequence common to both species (1208 bp).

"HB open reading frame (GenBank HB coordinates 575—
1021) only; melanogaster contains only 415 bp of the ORF.

“D. simulans insertion aligned to entire HB element (1572
bp).

! D. melanogaster and D. simulans homologous sequence out-
side HB-like element (987 bp).

gaster HB standard GenBank sequence. The interpretation
of these results is considered in the DISCUSSION.
Recombination estimates: Using the four-gamete test
of HupsoN and Kaprran (1985), we can infer that at
least three recombination events have occurred in both
the D. melanogaster and D. simulans lineages. Haplotype
networks drawn by the method of BANDELT et al. (1999)
for the two species are shown in Figures 3 and 4, indicat-
ing the positions of homoplasies that are likely to be
caused by recombination events. Because the level of
polymorphism is so low, it is unlikely that any of the
commonly used estimators of scaled recombination rate
would give an accurate estimate of the actual parameter
(WaLL 2000). Hudson’s C estimator (HubpsoN 1987) is
~6.0 X 107*/bp for both species. The ratio of C to 6
for ankyrinis ~10, rather higher than the values typically
reported for these species (ANDOLFATTO and PRZEWOR-
sk1 2000), but this may simply reflect the high error
variance of the estimates of C. The corresponding esti-
mates of the scaled rate of gene conversion for the
entire region, assuming an exponential distribution of
conversion tract lengths with a mean of 350 (J. WALL,
personal communication), were 5.3 X 10_3/bp and
6.8 X 107%/bp for D. melanogasterand D. simulans, respec-
tively. The ratios of G to 6 are ~10; with a mutation
rate of ~2 X 107 per nucleotide (KEIGHTLEY and EYRE-
WALKER 2000), the rate of gene conversion per site in
female meiosis is estimated to be ~4 X 107%/bp. This
is two orders of magnitude lower than the value deter-
mined experimentally for the rosy locus (HILLIKER and
ChHovnIck 1981), suggesting that the rate of gene con-
version may be much lower for ankyrin. This should be
qualified, however, by the fact that population-based
estimates of rates of exchange for other loci in these
species are also generally much lower than expected on
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TABLE 6

HB-like element degeneration

HB coord Length (bp) Mel Sim Feature”
Deletions 189-200 12 N/A? + TIR
331-336 6 - +
418-472 55 + -
518-554 37 - M’
555-568 14 + -
592-595 4 + - ORF
995-1038 44 + - ORF
1236-1240 5 + -
1480-1485 6 + -
Insertions 649 6 + - ORF
1838 4 N/A + TIR

Insertions and deletions are relative to the D. melanogaster HB transposon. Coordinates are from GenBank

accession no. X01748.

“TIR, event occurs within the HB terminal inverted repeats; ORF, event occurs within the HB open reading

frame.

" D. melanogaster does not possess homologous HB sequence.
‘Deleted region replaced with 6-bp nonhomologous DNA.

the basis of laboratory measurements of recombination
(ANDOLFATTO and PrzEwoORskI 2000).

Simulation results: The results of the simulations of cat-
astrophic sweeps (see MATERIALS AND METHODS) are sum-

B49

T22

FicUure 3.—Median-joining haplotype network for the ob-
served D. melanogaster haplotypes. Reticulations arise due to
homoplasies that are likely to have been generated by genetic
exchange. Nodes are labeled with a strain name possessing
the haplotype; node sizes are proportional to the haplotype
frequency. Mutating sites are noted along the branches. The
network was calculated and rendered with Network3.015
(available at http:/www.fluxus-engineering.com; BANDELT e/
al. 1999).

marized in Figures 5 and 6. All the single nucleotide
polymorphisms were used for the observed results. The
shading in the log-likelihood plots indicates their differ-
ences of the log-likelihoods of the observed S and K
values from the maximum log-likelihood found in the
simulations. Each cell corresponds to 50,000 iterates of
the modified coalescent, using the underlying 6 and 7;
indicated on the axes. It can be seen that likelihoods

S14

FIGURE 4.—Median-joining haplotype network for the ob-
served D. simulans haplotypes.
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within 2 or 3 support units are found only for very low
values of the underlying 6 and relatively large values of
the time 7; since the assumed sweep. The results show
that there is a band of probable 0 values that is relatively
unchanging with possible sweep times and that the ge-
nome-wide average 6 values of the order of 1% (see
above) for noncoding sites are well outside this band
for both species. In other words, the data indicate that,
even under the assumption of a recent sweep, the under-
lying equilibrium diversity for the ankyrin region must

1.2Neu

<3

be much lower than the standard value for silent sites,
so that some other force or forces must have acted to
reduce variation. In addition, the simulations allow the
most recent sweep times to be rejected at the 5% level
or better.

DISCUSSION

Reduced variability at ankyrin: Our results are consis-
tent with the previous findings of low sequence variabil-
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% 1.16 - 1151 ulans ankyrin intron simulation. Ob-
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0.94 | n = 33. Shading as in Figure 5.
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ity at the chromosome 4 locus ¢” in D. melanogaster and
its close relatives (BERRY et al. 1991; HILTON et al. 1994).
Our data on ankyrin suggest that per nucleotide site
variability at ankyrinis reduced at least 20-fold compared
to the mean value for genes in regions of normal recom-
bination (Table 1). Chromosome 4 is achiasmate and
shows little or no crossing over in D. melanogaster under
normal conditions (ASHBURNER 1989, Chap. 11; Haw-
LEY et al. 1993), so that this lack of variability is in
agreement with the general pattern of a correlation
between the local recombination rate experienced by
a gene and its level of sequence variability, observed in
D. melanogaster (AGUADE and LANGLEY 1994; AQUADRO
et al. 1994) and, increasingly, in other taxa including
humans (CHARLESWORTH and CHARLESWORTH 1998;
NacHMAN 2001). There is no evidence for an unusually
low level of silent site divergence between D. melanogaster
and D. simulans for ankyrin; in fact, the silent site diver-
gence for ankyrin is about twice the mean value given
by Morivama and PoweLL (1996). This excludes the
possibility that recombination is mutagenic, leading to
reduced variation in regions on chromosome 4 because
of lower mutational input, in agreement with previous
studies (BEGUN and AQUADRO 1992; AGuaDE and LANG-
LEY 1994). However, some recent results (W. WANG, K.
THORNTON, A. BERRY and M. LONG, personal communi-
cation) indicate that variability in another region of
chromosome 4 is much higher than that at ankyrin and
¢, possibly suggesting the action of balancing selection.
Some recombination must be occurring on chromo-
some 4 if these observations are to be reconciled. As
discussed below, we have direct evidence that this is the
case.

Recombination and linkage disequilibrium: As described
in RESULTS, the sequence data displayed in Tables 2 and
3 and Figures 3 and 4 show evidence for recombination
events in both D. melanogasterand D. simulans, if we assume
that the variants concerned represent unique mutations
(Hupson and Kapran 1985). This is consistent with
other evidence from surveys of natural polymorphisms
in Drosophila, which indicate the occurrence of recom-
bination events even in regions where crossing over
is very infrequent (ANDOLFATTO and NORDBORG 1998;
LANGLEY et al. 2000). Given the achiasmate behavior of
chromosome 4 at meiosis (HAWLEY et al. 1993), these
events most likely involve gene conversion rather than
reciprocal exchange, although the DNA sequence data
do not distinguish between the two. This is consistent
with the interpretation of early recombination nodules
in female meiosis as precursors of both types of recombi-
nation event and the fact that these are just as frequent
in regions where crossing over is suppressed as in re-
gions with normal frequencies of crossing over (ZICKLER
and KLECKNER 1999). This suggests that gene conver-
sion may occur on the fourth chromosome and at the
tips and bases of the major chromosomes.

A difficulty with this interpretation is that we find

high levels of linkage disequilibrium between very dis-
tant sites, in contrast to what is found for the su(s) and
su(w") loci at the tip of the X chromosome, for which
it has been suggested that gene conversion is the major
factor involved in reducing linkage disequilibrium be-
tween sites within genes (LANGLEY et al. 2000). Given
that mean meiotic conversion tract lengths are thought
to be of the order of 350 bp (HILLIKER et al. 1994), sites
at opposite ends of ankyrin should experience recombi-
nation due to gene conversion at maximal rates, yet
inspection of Tables 2 and 3 shows several examples of
complete or nearly complete linkage disequilibrium for
pairs of sites >4 kb apart. For example, the squared
correlation between sites 896 and 5366 in D. melanogaster
is 0.89. It is possible that this simply reflects the lower
level of variation at ankyrin compared to these loci [0.5 X
107* as opposed to an average of >1077 for su(s) and
su(w”)]. Since the effect of gene conversion on the ex-
pected magnitude of linkage disequilibrium depends
on the product of 4N, and the associated recombination
parameter (ANDOLFATTO and NORDBORG 1998), the lower
N. associated with its lower level of variation may cause
linkage disequilibrium to extend over a larger distance at
ankyrin than at the X chromosomal loci. For example,
even if the rate of recombination per base pair due to
gene conversion were as high as 107° at ankyrin, an
N, of 50,000 (consistent with the 20-fold reduction in
variability at ankyrin) would yield an expected value of
the squared correlation between sites of ~1/(1 + 4 X
50,000 X 107°% = 0.833, consistent with the observed
high values.

Causes of reduced variability at ankyrin: As discussed
above, it is likely that some form of hitchhiking effect
of selection on variability at linked sites has resulted in
the observed pattern of reduced variation at ankyrin.
One aim of this study was to attempt to discriminate
between alternative versions of hitchhiking (see the In-
troduction). Table 1 gives no evidence for a significantly
negative Tajima’s D statistic (TAjiMa 1989a) for ankyrin
(indeed, D is even positive in D. melanogaster), so that
there is no evidence for the distorted nucleotide site
frequency spectrum expected if there had been a suffi-
ciently recent selective sweep to reduce variation to the
observed extent (BRAVERMAN et al. 1995; SIMONSEN e¢f
al. 1995). In addition, the likelihood analyses described
above are apparently inconsistent with a selective sweep
as the explanation for the severely reduced variability
that we observe (see Figures 5 and 6). There are, how-
ever, some difficulties in accepting this conclusion at
face value. First, this study has uncovered evidence of
some genetic exchange within the ankyrin locus (see
above), so that it is appropriate to examine the possibil-
ity that there was a selective sweep with some recombina-
tion during the sweep. FAy and Wu (2000) pointed out
that a selective sweep in regions with recombination
can lead to a distinctive frequency spectrum of derived
variants, in which a portion of the presweep variants
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are sent to a band of low frequencies, because of their
assocation with the allele that is eliminated from the
population; another portion is sent to near fixation, as
a result of preexisting variants recombining onto the
haplotype that is destined for fixation. This process is,
however, inconsistent with the intermediate-frequency-
derived variants that we observe (for a detailed analysis,
see JENSEN 2000).

Furthermore, if there has been a sweep with recombi-
nation, this implies that we must assume that the time
since the sweep (7;) is nonzero. Suppose that we observe
a sample and assume that it is the result of a sweep with
zero recombination, as in our simulations. If there was
in fact some recombination, some of the low frequency
variants in the sample may be presweep variants that
remained on the portion of the genealogy that recom-
bined onto the selectively favorable allele; the remain-
ing part of the sample represents the portion of the ge-
nealogy that was swept clean of its preexisting variation
by the spread of the favorable allele (see Figure 2 of Fay
and Wu 2000) and hence is equivalent to a truncated
coalescent with no recombination. From the above argu-
ment, the “extra” presweep variants must be present at
low frequencies in the sample and lead to an overesti-
mate of the number of postsweep segregating sites, for
a given T,. It is, therefore, less likely that a null model
of a selective sweep would be rejected by the likelihood
method assuming a truncated coalescent, on the basis of
a given neutral value of 6, making it more difficult to
obtain the results shown in Figures 5 and 6. This means
that the zero-recombination assumption is in fact con-
servative for our purposes.

The other problem with the tests for a selective sweep
is our assumption of a constant postsweep population
size in testing for the effects of a sweep. There is accumu-
lating evidence that frequency spectra in non-African
populations of both D. simulans and D. melanogaster may
be distorted as a result of demographic effects, such as
recent population bottlenecks associated with coloniza-
tion events (LANGLEY et al. 2000; PRZEWORSKI et al. 2001).
While the values of statistics such as Tajima’s D when
averaged over loci tend to be close to neutral expecta-
tion (PRZEWORSKI et al. 2001), the stochastic nature of
bottleneck effects means that different loci may be af-
fected in different ways, which makes it difficult to con-
duct tests on a single locus that take account of bottle-
necks. We note, however, that the absence of a strong
reduction in variability at autosomal loci in non-African
populations compared with African populations (ANDOL-
FATTO 2001) suggests that any bottlenecks must have
been only partial. With the approximately star-shaped
phylogeny expected from a recent sweep, a partial bot-
tleneck that occurred after the sweep, and that was then
followed by almost instantaneous population expansion,
could have the effect of causing some of the lineages
that survived the bottleneck to be represented multiple
times in the sample, so that any variants that they had

acquired prior to the bottleneck would be represented
at intermediate frequencies. This is qualitatively consis-
tent with the data in Tables 2 and 3. But it is unclear on
the basis of this hypothesis why such distortions toward
intermediate frequencies are not detected more often at
lociin regions of normal recombination (PRZEWORSKI et
al. 2001). A study of a sample from an African popula-
tion, which would be more likely to be close to equilib-
rium, would help to test the bottleneck hypothesis.

Alternatives to a selective sweep: Overall, our analysis
suggests that the reduction in diversity on chromosome
4 in D. melanogaster and D. simulans is unlikely to have
been caused by a selective sweep involving strong selec-
tion, unless the sweep was followed by a recent and
partial population bottleneck. It is difficult to discrimi-
nate among other alternative hypotheses that might ex-
plain the reduced variability. GILLESPIE (1994, 1997)
studied several models of temporally fluctuating selec-
tion coefficients, in terms of their effects on neutral
variability at closely linked sites. His results suggest that
the only process capable of producing the magnitude of
reduction in variability that we have observed for chro-
mosome 4 is the TIM model (TAKAHATA et al. 1975).
This involves temporal variation in selection coefficients
without any component of balancing selection, such
that a mutation eventually becomes fixed or lost over a
timescale thatis substantially shorter than the coalescent
time but much longer than the time assumed in the
catastrophic sweep model considered above. It causes
only a moderate distortion of the allele frequency spec-
trum at linked neutral sites (GILLESPIE 1997), consistent
with our observations.

The other possibilities are background selection
(CHARLESWORTH et al. 1993) and Hill-Robertson inter-
ference between weakly selected sites (McVEAN and
CHARLESWORTH 2000). Both of these can produce sub-
stantial reductions in variation in regions where recom-
bination is greatly reduced. However, there is evidence
that selection on silent sites is currently essentially ab-
sent in D. melanogaster (AKAsHI 1996; MCVEAN and VIEIRA
2001), so it seems unlikely that weak Hill-Robertson
effects can cause reduced variability in this species.

As far as background selection is concerned, it can
produce reductions in variation without significantly
skewing the sample frequency spectra at neutral sites,
although it may produce a spectrum skewed in favor
of rare variants if selection is very weak (HupsoN and
KarPLAN 1994; CHARLESWORTH ¢l al. 1995). The detec-
tion of significant negative skews in regions of reduced
recombination is therefore not conclusive evidence for
selective sweeps, as is sometimes stated (LANGLEY et al.
2000). As argued by CHARLESWORTH (1996), the most
important source of background selection for a small
region of low recombination, like chromosome 4, is
likely to be weak selection against transposable ele-
ments. The available population data on transposable
elements in D. melanogaster are consistent with most ele-
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ment families being maintained by an approximate bal-
ance between transposition and selection (CHARLES-
WORTH ¢t al. 1992a,b). Under such a balance, the mean
selection coefficient against an element insertion must
be equal to the transposition rate, which is typically of
the order of 10~* (MASIDE et al. 2000), so that the selec-
tion concerned is weak but much stronger than the
reciprocal of the effective population size. This means
that it is reasonable to treat the effect of transposable
elements in the same way as deleterious mutations at
equilibrium under mutation and selection. In the ab-
sence of recombination, this implies that neutral vari-
ability on chromosome 4 should be reduced below neu-
tral expectation by a factor of exp(—n), where nis the mean
number of elements per fourth chromosome (CHARLES-
WORTH 1996). Data on D. melanogaster suggest a conser-
vative estimate of at least 6.4 for n (CHARLESWORTH et
al. 1992b), so that the observed level of variability is
>10-fold greater than predicted by this formulation.
Element abundances in D. simulans are generally ~3-fold
lower than in D. melanogaster (BlEMONT and C1zErRON 1999),
and preliminary data on our population sample indicate
a correspondingly low copy number on chromosome 4
(M. BouLESTEIX and X. MASIDE, unpublished data). A
copy number of around two to three per fourth chromo-
some would be, in fact, quite consistent with our observa-
tions. Since element abundances can change rather
quickly over evolutionary time (MASIDE et al. 2000), it
is possible that the high chromosome 4 copy number
in D. melanogaster represents a recent situation and that
neutral variability has not yet equilibrated to the effec-
tive population size corresponding to this copy number.
This is supported by data suggesting lower mean trans-
posable element copy numbers in African compared
with non-African populations of D. melanogaster (BIE-
MONT et al. 2001).

History of the HB-related element insertion: The re-
sults described above show that the samples from both
D. melanogaster and D. simulans are fixed for a copy of
the transposable element HB (BrIERLY and POTTER
1985; HARRIS et al. 1988; HENIKOFF 1992). In addition,
we detected a probable transposable element insertion
at a frequency of 9.1% in D. simulans. The difference
between the two species in the location of HB implies
that either a single insertion of HB into intron 2 oc-
curred in the ancestral population, followed by a short-
distance transposition that shifted its location in one or
the other population after isolation, or that species-
specific HB-like elements inserted in each lineage inde-
pendently, after isolation. The second of these possibili-
ties seems more likely, for the following reasons.

First, note that the pairwise divergences in Table 5
(standard melanogaster HB/ simulans insertion, standard
HB/ melanogaster insertion, and simulans/ melanogaster)
are approximately equal and rather large (~13%). This
suggests that the most recent common ancestor of the
two ankyrin insertions is a relatively distant ancestor of

all three elements, since otherwise we would expect
at least one of the distances of HB/ simulans or HB/
melanogaster to be significantly less than the divergence
between the species. If this is the case, it is likely that
species-specific members of the HB family were respon-
sible for the insertions; i.e., that separate insertion events
were involved. Also, the divergence between the melano-
gasterand simulansinsertions is significantly greater than
the divergence between the remaining homologous
DNA in the region, which is inconsistent with a single
insertion diverging at the same rate as the flanking DNA,
if the mutation rate is uniform across the region.
More evidence for species-specific insertions is pro-
vided by the state of degeneration of the insertions.
Table 6 shows that the D. melanogasterinsertion has expe-
rienced eight deletions and an insertion with respect to
the standard HB sequence, but that the D. simulans in-
sertion has not experienced such events; three of these
events involve the HB ORF. The D. melanogasterinsertion
also lacks any trace of the HB terminal inverted repeats.
The D. simulans insertion, on the other hand, contains an
entire ORF, with only a single nonsense mutation, and re-
tains nearly intact TIRs. This may reflect much more re-
cent fixation of the element at this location in D. simulans.
Overall, therefore, the data suggest that two indepen-
dent insertions of HB occurred in the two species, into
the ankyrin intron 2. Together with the relatively high
frequency of another element in D. simulans, this is
a very striking observation. Transposable element fre-
quencies in D. melanogaster populations at individual
chromosomal sites are almost universally low, except
in proximal portions of the chromosome arms where
recombination is greatly restricted (CHARLESWORTH et al.
1992a,b; BIEMONT ¢t al. 1997); however, even on chromo-
some 4, fixation of elements is uncommon (CHARLES-
WORTH el al. 1992b). Element abundance is generally
lower in D. simulans and some cases of apparent fixation
(at the level of polytene chromosome bands, rather than
nucleotide sites) have been reported (BIEMONT et al.
1997). The fixation of HB in the ankyrin intron is consis-
tent with the pattern of an accumulation of elements
in regions where crossing over is highly suppressed
(CHARLESWORTH el al. 1992a,b); the large size of this
intron is due in part to the presence of this insertion
and conforms to the general pattern of larger than
average introns in regions of reduced crossing (CoM-
ERON and KrerrMAN 2000), although there is no evi-
dence that this pattern usually involves transposable
element insertions (COMERON and KrRerrmManN 2000). It
is interesting to note that the large introns of the Y
chromosomal male fertility genes of D. hydei also contain
large numbers of transposable elements, as well as satel-
lite sequences (HACKSTEIN and HOCHSTENBACH 1995;
REUGELS et al. 2000). Population genetic mechanisms
for the accumulation of repetitive DNA in regions of
restricted crossing over have been discussed in the litera-
ture (CHARLESWORTH et al. 1994). The fixation of HB
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in ankyrin is thus consistent with this wider pattern of
genome evolution.
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