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ABSTRACT
DNA sequence surveys in yeast and humans suggest that the forces shaping telomeric polymorphism and
divergence are distinctly more dynamic than those in the euchromatic, gene-rich regions of the chromosomes. However, the generality of this pattern across outbreeding, multicellular eukaryotes has not been
determined. To characterize the structure and evolution of Drosophila telomeres, we collected and analyzed molecular population genetics data from the X chromosome subtelomere in 58 lines of North American Drosophila melanogaster and 29 lines of African D. melanogaster. We found that Drosophila subtelomeres
exhibit high levels of both structural and substitutional polymorphism relative to linked euchromatic
regions. We also observed strikingly different patterns of variation in the North American and African samples. Moreover, our analyses of the polymorphism data identify a localized hotspot of recombination in the
most-distal portion of the X subtelomere. While the levels of polymorphism decline sharply and in parallel
with rates of crossing over per physical length over the distal first euchromatic megabase pairs of the X
chromosome, our data suggest that they rise again sharply in the subtelomeric region (80 kbp). These
patterns of historical recombination and geographic differentiation indicate that, similar to yeast and
humans, Drosophila subtelomeric DNA is evolving very differently from euchromatic DNA.

P

OPULATION geneticists aspire to understand the
evolutionary forces shaping patterns of molecular
polymorphism and divergence. The recent increase
in the quantity of DNA sequence data from proteincoding regions has led to considerable advances in our
understanding of the forces governing the evolution of
such regions. For example, genomic surveys have revealed functional variants as well as classes of genes
enriched for the signature of natural selection (e.g.,
Bustamante et al. 2005; Nielsen et al. 2005; Begun
et al. 2007). In contrast, regions of the genome containing fewer genes but an increased density of repetitive sequences have been less amenable to population
and molecular evolutionary analysis. These regions, typically found adjacent to telomeres and centromeres, are
collectively referred to as the heterochromatin. Because
heterochromatic DNA is difficult to clone, sequence,
and assemble, much less is known about the structure
of these regions. Thus, there is almost no foundation
for effective population or comparative genomic analyses.
Indeed, only recently have researchers begun to identify the sparsely distributed protein-coding sequences
embedded in heterochromatin (reviewed in Yasuhara
and Wakimoto 2006).
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Most population and molecular evolutionary surveys
from telomeric regions come from yeast and primates
(but see recent work on Arabidopsis in Kuo et al. 2006).
These studies show that telomeric DNA is evolving very
differently from the gene-rich euchromatin. For example, the telomeric regions of several human chromosomes are dramatically different from the corresponding
regions in chimpanzees (e.g., Trasket al. 1998), showing
large-scale rearrangements, as well as extensive differentiation of highly repeated elements. In addition, the
telomeric regions of the human and yeast genomes
exhibit unusually high levels of within-species structural
and nucleotide polymorphism (see Pryde et al. 1997
and Mefford and Trask 2002 for reviews).
Although data from other organisms are scarce, we
have recently found that the most-distal regions of
Drosophila subtelomeres are evolving quite rapidly between Drosophila melanogaster and its close relatives,
D. simulans and D. yakuba, which is consistent with observations of primates ( J. A. Anderson, S. E. Celniker and
C. H. Langley, unpublished results). Figure 1 depicts a
typical telomeric region of D. melanogaster; at a large
scale, the structure of this genomic region resembles the
structure typical of other eukaryotes. The most-distal
portion contains an array of ‘‘telomeric’’ repeats, which,
in yeast and humans, consist of chains of a short G-rich
motif that is added onto the ends of a chromosome by
the enzyme telomerase (for a review, see Blackburn
1992). However, Drosophila has evolved an alternative
mechanism involving the insertion of the transposable
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Figure 1.—A typical Drosophila telomeric region. The left
arrow points to the most terminal repeats (the transposable
elements HeT-A and TART ), while the right arrow points
in the direction of the centromere. The subtelomere is composed of two main regions: the distal repetitive portion, or
the TAS, and the centromere-proximal portion, labeled as the
‘‘chromosome-specific subtelomeric region.’’ Within this region, coding sequence is shaded, whereas repetitive sequence
is depicted as diagonal stripes.

elements HeT-A and TART into chromosome ends
(Rubin 1978; Young et al. 1983; Renkawitz-Pohl and
Bialojan 1984; Traverse and Pardue 1988; Biessmann
et al. 1990; Levis et al. 1993). The region that extends
from the end of these telomeric arrays into the euchromatin is also structurally conserved across eukaryotes
and is referred to as the subtelomere (Chan and Tye
1983a,b; Brown et al. 1990; Wilkie et al. 1991; Karpen
and Spradling 1992; Levis et al. 1993; Louis 1995;
Walter et al. 1995; Flint et al. 1997; Pryde et al. 1997;
Mefford and Trask 2002). The most-distal region of
the subtelomere contains a mosaic of several different
repeat elements, including arrays of minisatellites and
dispersed middle repetitive sequences, some of which
are shared by telomeres associated with different chromosome arms. This region is often referred to as the
TAS, for telomere-associated sequences. We found that
the TAS appears to be evolving especially rapidly between closely related Drosophila species ( J. A. Anderson,
S. E. Celniker and C. H. Langley, unpublished results).
Proximal to the TAS is a region of chromosome-unique
sequence, which primarily consists of noncoding, unique DNA, although protein-coding regions as well as
various middle repetitive elements and satellite DNA
have also been found embedded in this region. Although this region appears less dynamic than the TAS,
we detected elevated levels of divergence at both the
structural and nucleotide levels relative to average divergence estimates from the Drosophila euchromatin
(J. A. Anderson, S. E. Celniker and C. H. Langley,
unpublished results).
From a population genetics perspective, the subtelomeric portion of the telomere is of primary interest to
us, as the mutation rate of the most-distal portion of
the telomere (containing telomeric repeats) is so high
that the structure of this region is likely to be different
among cells of the same individual. Observations by several researchers have suggested that the D. melanogaster
X chromosome subtelomere is polymorphic. For example, Roberts (1979) noted morphological differences
at the tips of polytene X chromosomes between different strains of D. melanogaster : some telomeres showed

additional, polytenized bands, whereas others appeared
to exhibit ‘‘terminal deletions.’’ In addition, Ajoka and
Eanes (1989) detected differences in the number of
P-element insertions present at the X chromosome tip,
suggesting that the presence of an insertion hotspot
may vary among strains.
What are the mechanisms creating these unusual patterns of subtelomeric polymorphism and divergence?
Nonhomologous or ectopic exchange between TAS elements on different chromosomes appears to be important for generating subtelomere variation in both yeast
and humans (Louis and Haber 1990a,b; Mefford and
Trask 2002; Linardopoulou et al. 2005). In fact, while
levels of homologous recombination are somewhat
depressed at yeast telomeres, Goldman and Lichten
(1996) found that ectopic recombination is significantly
more efficient between sequences located near telomeres relative to the rest of the chromosome. Similarly,
molecular data suggest that ectopic exchange between
human telomeres has occurred a number of times during the ancestry of modern populations (Trask et al.
1998; Baird et al. 2000). Moreover, it has recently been
reported that nonhomologous end joining (NHEJ) is a
frequently used double-strand break repair pathway at
the ends of human chromosomes (Linardopoulou
et al. 2005). Interestingly, while yeast exhibits a moderate reduction of homologous recombination in a small
region of the telomere, D. melanogaster shows a more
dramatic, large-scale suppression of crossing over within
and proximal to telomeres (Lindsley and Sandler
1977). The tip of the X chromosome (distal 5%), in particular, shows markedly reduced crossing over. Related
to this is the population genetics observation that generich, euchromatic regions near the X chromosome
telomere exhibit considerably reduced levels of DNA
sequence polymorphism relative to regions of the genome with normal levels of crossing over, despite showing typical levels of divergence (e.g., Aguadé et al. 1989;
Begun and Aquadro 1991; Aguadé and Langley 1994;
Langley et al. 2000). For example, at the Drosophila
X-linked ewg locus, where the rate of crossing over is
essentially zero, variation is 10-fold lower than regions of
normal crossing over per physical length (Braverman
et al. 2005; see Figure 2). In contrast to this dearth
of polymorphism in the euchromatic region of the X
chromosome tip, the morphological data from Drosophila (described above) indicate that substantial
telomere-associated polymorphism exists distal to ewg
(Figure 2).
Meiotic drive is another potentially prominent mechanism shaping subtelomeric evolution. Novitski (1951)
showed that the distal chromosomal regions can alter a
chromosome’s probability of inclusion into the pronucleus of the Drosophila oocyte. Using females heterozygous for a chromosome rearrangement that created
homologs of unequal lengths, he showed .50% transmission of the shorter homolog. Novitski referred to
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this phenomenon as nonrandom disjunction, a form of
meiotic drive. His result suggested that natural telomeres may differ in their abilities to orient and move
toward the pronucleus during female meiosis. In theory,
new mutations that confer a segregation advantage to a
particular telomere should rapidly fix, which could lead
to elevated levels of divergence between species accompanied by low levels of polymorphism in neighboring
regions of the genome (Maynard Smith and Haigh
1974; Kaplan et al. 1989). More specifically, one can
envision a situation where a particular SNP or indel
within the subtelomere increases its transmission (and
thus its fitness) and linked regions hitchhike along as
the SNP or indel rapidly increases in frequency. A similar model of directional selection due to meiotic drive
was invoked to explain the rapid evolution seen at centromeric DNA in Drosophila (Csink and Henikoff
1998; Henikoff et al. 2001; Malik and Henikoff 2002).
Alternatively, it is possible that the fitness of a particular
meiotic driver is condition dependent, leading to the
maintenance of several telomeric variants in a population (Sandler and Novitski 1957; Hiraizumi et al.
1960; Zwick et al. 1999). For example, a drive element
with a meiotic segregation advantage could be associated with a deleterious effect, such as a high rate of
chromosome nondisjunction. Under this scenario, such
a driver element would rarely reach fixation, and polymorphism could be maintained. Additionally, the relative fitnesses of telomeric variants could vary in a spatial
and/or temporal fashion, also leading to the maintenance of polymorphism and possibly to rapid turnover in
the structure and composition of telomeric regions.
To characterize the structure and evolution of
Drosophila subtelomeres more thoroughly, we collected
and analyzed molecular population genetics data
from the X chromosome subtelomere in 87 lines of
D. melanogaster. Twenty-nine of these lines were of African
origin and 58 were of North American origin. We include the African population sample as D. melanogaster
is thought to have originated in Africa and only very
recently spread around the world and into more temperate locations, such as North America (David and
Capy 1988; Lachaise et al. 1988). Similar to observations from yeast and humans, we find that Drosophila
subtelomeres exhibit high levels of structural and
nucleotide polymorphism relative to levels observed in
the linked euchromatin. In addition, our data suggest
the presence of a localized hotspot of recombination in
the most-distal portion of the X subtelomere, consistent
with observations that recombination plays an important role in the evolution of subtelomeric DNA. Importantly, because we sampled a large number of naturally
occurring chromosomes from an outbreeding species,
our study not only corroborates previous findings from
yeast and humans, but also provides a definitive demonstration of the unique population genetics properties
of eukaryotic subtelomeric DNA.
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TABLE 1
Amplicon information

Amplicon
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

D.
melanogaster
coordinatesa

Length
(bp)

2,311–3,086
3,635–4,330
7,423–7,872
7,877–8,146
12,250–12,690
18,887–19,685
24,222–25,077
29,905–30,825
35,395–36,205
47,096–47,736
57,914–58,713
63,301–64,241
71,146–71,981
76,865–77,445
101,037–101,266
102,849–103,466
110,073–110,790

794
696
450
270
441
799
856
921
811
641
800
941
836
581
230
618
718

No. of North
American
alleles

No. of
African
alleles

53
27
55; 3 short 28; 9 short
55
28
55
27
54
29
55
29
54
28
53
28
58
28
56
29
55
29
58
29
52
29
56
29
9
8
8
8
9
8

a
Coordinates for amplicons 5–17 are from release 4.3; coordinates for amplicons 1–4 correspond to those of AL031884
(Canton-S).

MATERIALS AND METHODS
Polymorphism data: We characterized patterns of polymorphism in 17 amplicons located across the X chromosome
subtelomere, shown in Figure 2 and listed in Table 1. As
reported in Table 2, most of the data were from noncoding
regions, although one amplicon included coding sequence,
and two other amplicons contained UTR sequence. Primers
for the most distal of the amplicons (numbered 1–4) were
designed using the X chromosome sequence from Canton-S,
originally part of the Drosophila Sequencing Project (accession no. AL031884) and sequenced by the European Drosophila
Genome Project (Benos et al. 2000). As mentioned above,
Canton-S possesses a structurally distinct X subtelomere from
the reference strain, y; cn bw sp, in that it includes a repetitive
region of the subtelomere containing the canonical X TAS,
characterized by Karpen and Spradling (1992; see Figure 2).
Therefore, we were able to assay unique regions of the
repetitive portion of the X subtelomere with these amplicons
(see Table 1 for a list of the amplicons, their lengths, coordinates, and number of alleles sequenced). Data from all 17
amplicons were unambiguously aligned as they were composed largely of unique DNA. Figure 2 illustrates where
Canton-S begins to show homology with y; cn bw sp. For the
remaining amplicons, y; cn bw sp sequence was used to design
primers. The most centromere-proximal region assayed is
15 kb distal of ewg, the most-distal, well-characterized X-linked
euchromatic gene discussed above (Braverman et al. 2005;
Figure 2). In total, 87 different X chromosome lines were
amplified for most of the 17 amplicons (see Table 1 for sample
sizes; see supplemental Table S1 at http://www.genetics.org/
supplemental/ for information on lines). Fifty-eight of the
lines were North American (NA) and 29 were African in origin.
For the NA lines, 5 were from Napa, California, 50 were from
North Carolina, and 3 were laboratory stocks (Canton-S,
Oregon-R, and y; cn bw sp). For the African lines, 11 were
from Malawi and 18 from Zimbabwe. We constructed a con-
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TABLE 2
Summary statistics across the 17 X chromosome amplicons

Amplicon
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

North
American p

African
p

North American
Tajima’s D

African
Tajima’s D

African vs. sim
divergence

Coding/UTR
(bp)

0.00231
0.00512
0.00331
0.00278
0.00305
0.00125
0.00215
0.00203
0.00013
0.00120
0.00146
0.00049
0.00220
0.00097
0.00255
0.00118
0.0018

0.00190
0.00223
0
0.00026
0.00047
0.00017
0.00171
0.00051
0.00043
0.00086
0.00121
0
0.00017
0.00076
0
0.00037
0.00080

0.00261
0.86985
2.57980*
1.23805
0.32752
2.25378*
0.53373
0.42544
1.68179
0.70092
1.10982
0.59201
0.21356
0.35397
1.51297
0.06935
0.6021

2.24067*
1.41435
N/A
1.51420
1.73263*
1.50906
0.56098
0.95891
1.32136
0.11246
0.65443
N/A
1.50906
0.98512
N/A
1.05482
1.34164

N/A
N/A
N/A
N/A
N/A
0.06980
0.07340
0.12070
0.06120
0.16190
0.08310
0.05910
0.12140
0.09317
sim deleted
0.07349
0.09483

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Coding, 250
N/A
N/A
UTR, 333
N/A
N/A
UTR, 230
N/A
N/A

N/A, not applicable. *P , 0.05.

sensus allele of the 6 D. simulans lines (using data produced
by the Washington University Genome Sequencing Center;
http://www.genome.wustl.edu) to calculate divergence in amplicons that were clearly homologous between the two species;
due to a higher turnover rate of subtelomeric repetitive sequence, these regions were limited to the nonrepetitive, more
centromere-proximal portion of the subtelomere (amplicons
5–17; see Figure 2; Table 2). In addition, we sequenced these 6
D. simulans lines for 7 of the same centromere-proximal amplicons (amplicons 5–11) to obtain estimates of subtelomeric
heterozygosity for this species (to achieve complete coverage
of the strains for each of the regions). Three of these
D. simulans lines originated from the Old World (Africa and
Madagascar), and three of them were from the New World.
For the four most-distal amplicons, we failed to achieve
amplification for a small subset of the lines. Several different
primer pairs and PCR conditions were employed in an attempt
to determine whether these failures to amplify represented
real structural differences or artifacts. On the basis of these
experiments as well as the fact that the amplicons reside within
the subtelomeric TAS region, which is known to be evolving
quite rapidly between Drosophila species ( J. A. Anderson,
S. E. Celniker and C. H. Langley, unpublished results), we
feel confident that these failures do indeed represent real
structural divergence (more below).
Polymorphism data analysis: DnaSP 4.0 (Rozas et al. 2003)
was used to estimate p, or the average number of pairwise
differences per nucleotide, and Tajima’s D statistic. These
estimates were based on all sites for each amplicon. Consequently, for three of the amplicons, noncoding sites as well as
some coding or UTR sites were included in these estimates
(see Tables 1 and 2). In addition, we quantified indel heterozygosity per nucleotide across the entire region.
The programs HapBound-GC and SHRUB-GC (Song et al.
2006) were employed to infer recombination events in the
evolutionary history of the chromosomes in our sample.
Given a specified maximum gene-conversion tract length,
HapBound-GC and SHRUB-GC compute lower and upper
bounds, respectively, on the minimum total number of singlecrossover and gene-conversion recombinations needed to

derive an input set of SNP sequences. We tried varying the
maximum conversion tract length from 0 to 500 and assessed
the relative contribution of gene conversions compared to crossovers. We also used the program LDhat version 2.0 (McVean
et al. 2004) to study variation in the crossover recombination
rate along the X chromosome subtelomere. LDhat uses the
composite-likelihood method of Hudson (2001) in conjunction with the reversible jump MCMC scheme to estimate
variable crossover rates. The method requires a lookup table
containing two-locus likelihoods. With the population-scaled
mutation rate u ¼ 0.01, we generated a lookup table specific to
our data set. (We also tried using u ¼ 0.001. The overall pattern
of variation in the estimated crossover rate did not differ very
much between the two settings of u.) We ran the program for
10 million MCMC updates, ignored the first 1 million updates,
and took samples every 3000 updates. As suggested in the
manual, we tried a series of block penalties.

RESULTS

In total, we assayed 11,403 X subtelomeric base pairs
in our D. melanogaster samples. Table 2 reports summary
statistics for each of the amplicons. Estimates were calculated separately for the NA and African data due to
evidence for subdivision between the two samples; importantly, there was no evidence of subdivision within
either of these samples (data not shown). In addition,
the summary estimates are plotted above their corresponding chromosomal locations in Figure 2.
North America: Overall, levels of nucleotide heterozygosities in our NA sample are one to two orders of
magnitude higher (Wilcoxon test, z ¼ 2.77, P , 0.01)
than those observed in the adjacent euchromatin of
the X chromosome tip (see Braverman et al. 2005 and
references therein; Table 2). In addition, although heterozygosity appears highest in the most-distal subtelo-
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Figure 2.—The subtelomeric region of the D. melanogaster X chromosome. Expected heterozygosity(p) in the 14 amplicons are
reported above their corresponding locations on the chromosome. Significant positive values of Tajima’s D are represented by a
plus (1), while significant negative values are represented by a minus (). Estimates for African (shading) and NA (solid) samples
are reported separately. Annotated genes are shaded and labeled, and the TAS and the 1.688 satellite repeat sequence regions are
shown in a striped pattern and labeled.

meric amplicons, it does not taper off appreciably in the
more centromere-proximal amplicons, with the exception of those containing protein-coding sequence. In
these cases, we observed an 10-fold decrease in heterozygosity when collectively analyzing both silent and
replacement sites (see Figure 2; Table 2).
Tajima’s D measures the deviation of the polymorphic
site frequency spectrum from that predicted by the neutral theory for a population in neutral mutation-drift
equilibrium (Tajima 1989). Tajima’s D was significantly
positive in two of the NA subtelomeric amplicons, indicating a skew in the frequency spectrum toward too
many common alleles (Table 2; Figure 2). Consistent
with this result is our observation that for most of the
amplicons, we found several haplotypes segregating at
intermediate frequencies. We found considerable haplotype structure across amplicons as well (see below).
We detected 14 polymorphic indels in our data set.
This estimate is conservative, as we included only unambiguous instances of this type of polymorphism; we
excluded instances with marginal sequence quality or
incomplete breakpoint information. In the NA population, the overall expected indel heterozygosity is
estimated to be 0.0002. Relative to regions of normal
crossing over, this estimate is roughly an order of
magnitude lower (e.g., Ometto et al. 2005).
We also discovered structural polymorphism in the
distal amplicons; for example, two of the NA lines show
copy-number differences at a TAS repeat (2 NA lines
and 13 African lines), and three of the more-distal amplicons are not present in other lines (see materials
and methods; Figure 2; Table 2). One such line is the
reference strain, y;cn bw sp, which does not possess amplicons 1–4 (Figure 2).
Africa: Overall, heterozygosity is lower in Africa than
in North America (Table 2; Figure 2). Indeed, for most
amplicons, the NA sample shows greater than twofold
higher levels of heterozygosity, and the distributions of
heterozygosity are significantly different between these
two samples (Wilcoxon test, z ¼ 3.41; P , 0.001; Table

2). Similar to the NA trend, levels of polymorphism are
highest in more-distal amplicons and do not taper off in
the centromere-proximal amplicons. Furthermore, subtelomeric heterozygosity is generally higher than that
observed in the adjacent euchromatin (e.g., at ewg p 
0.00035 in Africa; Braverman et al. 2005; see Table 2),
although the difference is not significant (Wilcoxon
test, z ¼ 0.4113; P , 0.65).
For most amplicons, the African sample contains one
predominant haplotype and one or two rare types, in contrast to the situation in the NA sample where several haplotypes segregate at intermediate frequencies for many
of the amplicons. Not surprisingly, then, we detected a
significant negative skew in the frequency spectrum in a
subset of the African amplicons, and more importantly,
Tajima’s D across the subtelomere is significantly higher
in the NA sample than in the African sample (Wilcoxon
test z ¼ 2.084; P , 0.05; Table 2; Figure 2).
The African and NA samples exhibit approximately
equal levels of expected indel heterozygosity, 0.002
indels/nucleotide. Furthermore, the African sample
contains significantly greater levels of subtelomeric
structural polymorphism than those observed in the
NA sample. For example, the TAS copy-number polymorphism mentioned above and seen in 2 of the 58 NA
lines is present in 13 of 29 African lines (see above;
Figure 2; x2 ¼ 23.2; P , 0.001). Similarly, a polymorphic
length difference in another of the amplicons is present
in just 3 of 58 NA lines, while 9 of the 29 African lines
possess it (Figure 2; x2 ¼ 10.88; P , 0.01). Clearly, these
patterns of structural polymorphism are distinct from
those found at the nucleotide level (see above).
D. simulans polymorphism: Although D. simulans is
generally more polymorphic than D. melanogaster at the
nucleotide level across much of the genome (Aquadro
et al. 1988; Moriyama and Powell 1996), we detected
just a single SNP in our survey of this species for seven
different X subtelomere amplicons in a sample of six
chromosomes. However, our data do not rule out the
possibility of an increase in subtelomeric heterozygosity
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Figure 3.—Crossover recombination density plot for both
populations of D. melanogaster. Each square corresponds to a
1-kb window, beginning at the most-distal end of the X subtelomere. Blue squares correspond to regions with no data; yellow
squares correspond to the highest density of crossover events;
black corresponds to the lowest density of crossover events.

Figure 4.—Crossover recombination density plot for the
NA data. Each square corresponds to a 1-kb window, beginning at the most-distal end of the X subtelomere. Blue squares
correspond to regions with no data; yellow squares correspond to the highest density of crossover events; black corresponds to the lowest density of crossover events.

more distally in D. simulans. Nevertheless, it is noteworthy that this subtelomeric pattern is comparable to
observations from distal euchromatic regions (e.g.,
Martin-Campos et al. 1992), in which D. simulans also
showed less polymorphism than D. melanogaster.
We investigated polymorphism over a larger region
using D. simulans data from the Washington University
Genome Sequencing Center’s whole genome shotgun
(WGS) project (http://www.genome.wustl.edu; http://www.
dpgp.org/simulans). More specifically, we looked at
subtelomeric and closely linked euchromatic sequence
data at the five major chromosome arms of this species
(see supplemental Table S2 at http://www.genetics.org/
supplemental/ for a list of coordinates). Similar to our
analysis of D. melanogaster, we divided the D. simulans
WGS data into New World and Old World partitions.
Unfortunately, the degree of sequence coverage in these
regions is quite variable and often low. However, in
general, we find that the Old World sample is more
polymorphic than the New World sample across all
major chromosome arms (data not shown). This pattern
is similar to what has been noted for much of the
genome; however, it is the opposite of the pattern that we
detected at D. melanogaster X subtelomeres (Table 2).
Divergence: In regions where it could be assayed
(amplicons 5–13), estimates of per-site sequence divergence between African D. melanogaster and D. simulans
were up to threefold higher than those calculated from
the neighboring euchromatin (see Table 2; 0.056 for
ewg ; Braverman et al. 2005). This result is consistent
with our study investigating patterns of subtelomeric
molecular evolution between D. melanogaster and two of
its close relatives, D. simulans and D. yakuba ( J. A. Anderson,
S. E. Celniker and C. H. Langley, unpublished results).
Recombination: As described in materials and
methods, we used HapBound-GC and SHRUB-GC to
estimate the minimum total number of single-crossover
and gene-conversion recombinations needed to derive

the sequences in our data set. These analyses revealed
two main patterns. First, similar to previous reports from
the euchromatic regions of the distal X chromosome, we
detected evidence of considerable exchange, despite
the fact that crossing over is generally thought to be
severely reduced (Begun and Aquadro 1995; Langley
et al. 2000). Second, exchange appears to be heterogeneous across the subtelomere, with the eight most-distal
amplicons (the distal-most 31-kb region covering the TAS
region) showing evidence of 10-fold greater exchange
than other regions of comparable size. Significant elevation in the level of recombination was observed both
in the pooled data and in the data from each sample
considered separately. Figures 3 and 4 show the density
of detected crossovers when the maximum conversion
tract length was set to 0. Only six crossovers were
detected for the African data, so its density plot is not
shown; about five times as many events were detected for
the NA data. Importantly, although the SNP density is
higher in this region of elevated recombination activity,
Figure 5 suggests that SNP density alone cannot explain
the presence of this putative hotspot. In fact, other regions with similar SNP densities exhibit different levels
of exchange activity. More proximally, there is variation
in the number of inferred recombination events across
amplicons; however, no region exhibits as striking levels
of inferred exchange as the distal most.
When the maximum gene-conversion tract length was
set to 1, about one-third of the detected recombinations
were gene-conversion events. Gene-conversion events
with tracts containing a single SNP are generally indistinguishable from recurrent mutations, but it seems
meaningful to note that about two-thirds of those geneconversion events occurred in the distal-most 31-kb region discussed above. When the maximum tract length
was increased to 500, 60% of all detected recombinations were gene-conversion events, about two-thirds of
which had conversion tracts containing at least two SNPs.
Again, about two-thirds of the total gene-conversion
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Figure 5.—SNP density plot using information from both
populations of D. melanogaster. Each square corresponds to a
1-kb window, starting at the most-distal end of the X subtelomere. Yellow corresponds to the highest SNP density; black
corresponds to the lowest SNP density.

events occurred in the distal-most 31-kb region. Although it is not possible to infer gene-conversion rates
from these results, we can conclude that gene conversion is likely to have played an important role in the
evolution of the X subtelomere.
We also estimated the crossover recombination rate
per kilobase using the program LDhat. Figure 6 shows
the inferred crossover rates (estimated as 4Ner/kb)
plotted along the X chromosome subtelomere. Similar
to the results described above, a hotspot of crossovers is
apparent in the most-distal portion of the subtelomere,
with the NA data showing higher levels of recombination activity than the African data. The NA data contain
a distinguished crossover hotspot in the TAS region (the
region to the left of 10 kb in Figure 6), while such a
strong hotspot is absent in the African data. This is consistent with the fact that HapBound-GC and SHRUB-GC
detected neither crossovers nor gene conversions in the
TAS region for the African data.
As mentioned above, Drosophila shows a marked suppression of crossing over near the tip of the X chromosome, spanning megabases of sequence (Lindsley and
Sandler 1977). In contrast, our subtelomeric data come
from a physical region of 100 kb. Therefore, our finding of an extremely localized hotspot of recombination
in the distal subtelomere should not be interpreted as
evidence that the large-scale suppression of crossing
over is relieved in the subtelomere. Indeed, the scales of
the two patterns are so different that it is difficult, and
potentially misleading, to compare them.
DISCUSSION

Our investigation of subtelomeric polymorphism in
D. melanogaster was motivated by several pieces of data
demonstrating the functionally and evolutionarily unique
properties of these eukaryotic genomic regions. Indeed,
the elevated polymorphism, divergence, and rates of
recombination observed in yeast and primates strongly
suggest that the mutational and population genetic

Figure 6.—Crossover recombination rates estimated using
LDhat version 2.0. Log-transformed estimated rates are plotted along the X chromosome subtelomere. The distal-most region clearly shows an elevated level of recombination activity.
In particular, the North American population possesses a distinguished crossover hotspot in the TAS region (to the left of
position 10 kb). (a) Separate estimates for each of the NA and
African data sets. (b) Estimates for the combined NA and
African data.

processes governing subtelomeric polymorphism and
divergence are different from those thought to be important in the evolution of euchromatin. Our data from
nearly 90 D. melanogaster X chromosomes definitively
demonstrate the generality of these patterns.
Relative to the neighboring euchromatin, the
D. melanogaster X subtelomere shows high levels of nucleotide and structural polymorphism as well as divergence.
This is consistent with the idea that the subtelomeric
region has a higher mutation rate than the euchromatin. Indeed, studies involving yeast and humans indicate
that variation in subtelomeric DNA is likely to be generated through distinct mechanisms (for a review, see
Pryde et al. 1997; Mefford and Trask 2002; also see
Linardopoulou et al. 2005). For example, both ectopic recombination and NHEJ have been shown to be important
repair pathways in subtelomeric regions (Louis and Haber
1990a,b; Mefford and Trask 2002; Linardopoulou
et al. 2005). Similarly, it was recently found that sisterchromatid exchange during replication may be a frequent
contributor to the generation of structural variation in
human subtelomeres (Rudd et al. 2007).
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We also discovered evidence of considerable amounts
of recombination in the most-distal regions of the X
chromosome in the history of the sampled X chromosomes, consistent with previous studies at the tip of the X
(Begun and Aquadro 1995; Langley et al. 2000). Gene
conversion has been invoked to explain these patterns
and in fact our analysis indicates that much of the
recombination in the subtelomeric region of the X
chromosome can be attributed to gene conversion. In
addition, our data suggest the possibility that a recombination hotspot exists in the distal subtelomere. Such
heterogeneity on a relatively small physical scale has not
previously been detected in D. melanogaster and thus may be
unique to the telomeric regions. Given the existence of
markers in this genomic region, our hotspot hypothesis
should be testable through genetic experiments.
The most striking aspect of the data presented here is
that the African sample is consistently and significantly
less heterozygous than the NA sample. This pattern
stands in stark contrast to data from the euchromatin, in
which African X chromosomes have been found to exhibit higher nucleotide heterozygosity than non-African
X chromosomes (e.g., Begun and Aquadro 1993; Langley
et al. 2000; Andolfatto 2001). In addition, African
subtelomeres are characterized by a skew in the frequency spectrum toward rare alleles and are generally
segregating one major haplotype and several minor
types over the scale of amplicons. Alternatively, NA
amplicons are characterized by multiple, intermediatefrequency haplotypes. Although nonequilibrium demography associated with colonization of non-African habitats (David and Capy 1988; Lachaise et al. 1988) could
explain the more intermediate frequencies of variants
in the NA sample, this hypothesis predicts that the common NA alleles should also be common in Africa. This
is generally not observed in our data, as most of the
common NA SNPs are not segregating at appreciable
frequencies in the sampled African populations.
Another explanation for our finding of reduced
African vs. NA subtelomeric heterozygosity is that some
form of subtelomere-specific selection acts differently in
these two geographic regions. Two possible models of
subtelomeric selection are (1) subtelomeric variants compete for inclusion into the oocyte pronucleus during
female meiosis (sensu Novitski 1951, as described
above) and (2) subtelomeres function to modify the
pleiotropic, meiotic effects of chromosomal inversion
heterozygosity. We acknowledge that the following discussion is highly speculative; however, this striking pattern deserves comment.
Competition for preferential meiotic transmission
may drive the sequential fixation of different subtelomeric types if the fitness landscape is such that only a
single type is most fit at any particular point in time. As
different subtelomeric variants enter the population,
relative fitnesses may shift, allowing other variants to
sweep through. Such a scenario of directional selection

due to meiotic drive (or nonrandom disjunction, as
defined above) is consistent with our observations of
reduced polymorphism in Africa (relative to NA populations) and a negative skew in the frequency spectrum
(Aguadé et al. 1989; Braverman et al. 1995). Perhaps
such processes are not occurring in NA populations,
although the explanation for why this may be is not
obvious. Alternatively, NA subtelomeres may be experiencing balancing selection where the fitness of subtelomeres varies over time so that a variant rarely fixes,
consistent with the presence of several common subtelomeres in a population (Sandler and Novitski
1957; see above).
Under a model of subtelomeric selection due to meiotic drive, we should be able to detect genetic variation
in the abilities of different natural subtelomeric variants
to compete against a tester chromosome in nonrandom
disjunction experiments similar to those described in
Novitski (1951; and see above). More specifically, we
expect the performance of the most common African
variant (against a tester chromosome) to be the highest,
and we expect its performance to be stronger in an
African vs. NA genetic background. Indeed, the fitnesses of subtelomeric variants should be higher in the
presence of co-adapted modifiers. Similarly, the relative
competitive abilities of the common NA subtelomeric
variants are expected to differ between assays involving
a NA vs. African background. However, functional differences among the common NA subtelomeric variants
may not be easily revealed in a simple nonrandom
disjunction assay if competitiveness in meiotic drive is
strongly dependent on genetic background or specific
environmental parameters.
Alternatively, an obvious genetic difference between
African and NA populations possibly related to subtelomeric variation is that African populations are highly
polymorphic for large numbers of inversions, many of
which are endemic (for a review, see Lemeunier and
Aulard 1992). In contrast, only four common inversions, one on each of the autosomal chromosome arms,
have been found in NA (and in most temperate) populations, and the frequencies of these ‘‘temperate’’ inversions are known to vary clinally with latitude (e.g.,
Mettler et al. 1977). Interestingly, virtually all of the
D. melanogaster inversions are a single mutational step
away from the ancestral standard karyotype, which
strongly suggests that despite the high diversity associated with African inversions, essentially all of them have
recently invaded the species (reviewed in Lemeunier
and Aulard 1992).
When paired with a standard chromosome during
female meiosis, inversions alter the frequency and distribution of crossover events (Sturtevant and Beadle
1936; Novitski and Braver 1954; Theurkauf and
Hawley 1992). Because the location of a particular
chiasma can impact the fidelity of chromosome segregation, inversion heterozygosity has a broad and strong

Drosophila Subtelomere Polymorphism

influence on the outcome of meiotic transmission
(Koehler et al. 1996). If subtelomeres are modifiers of
the meiotic effects of inversion heterozygosity, then we
might expect to see evidence of co-evolution between
inversions and subtelomeres. Perhaps the recent invasion of large numbers of autosomal inversions in African
D. melanogaster populations has led to the sequential
fixation of subtelomeric variants along with associated
hitchhiking effects, consistent with our observation of
lower levels of African subtelomeric diversity (relative to
NA subtelomeric diversity) accompanied by a negative
skew in the frequency distribution (Braverman et al.
1995). More specifically, one can imagine a scenario in
which the most-fit subtelomeric variant can accommodate the meiotic effects of the largest range of different
inversion constellations encountered in African populations. As inversion frequencies shift over time, the
relative fitnesses of different genotypes should also
change, leading to recurrent hitchhiking events as different subtelomeric variants sweep to fixation. A prediction of this model is that we should find distinct,
dominant (i.e., most common) subtelomeric types in
different African regions harboring distinct inversion
profiles. In addition, although the explanation for why
most inversions have not been able to colonize more
temperate populations remains mysterious, the fact that
inversion diversity in these populations is dramatically
reduced relative to African diversity could indicate,
according to this model, that the selective environment
for subtelomeric variants is significantly different in NA
(and other temperate) populations. Indeed, perhaps
the particular subtelomeres that are common in NA
populations represent specific adaptations for dealing
with the effects of the relatively few common inversion
karyotypes on meiosis. If this is the case, we would expect to see evidence of subtelomeric clines in temperate
populations of D. melanogaster, which parallel the documented inversion clines. In fact, preliminary subtelomeric data from northern and southern Australian
populations show high levels of differentiation relative to
genomic averages (T. Turner, M. Levine and D. Begun,
unpublished data), consistent with clinal variation.
Although these models of subtelomeric selection are
speculative, they make clear experimental predictions
regarding the fitness effects (including competitiveness
in meiotic drive) of the African and NA subtelomeres in
the context of (1) NA vs. African genetic backgrounds
and (2) temperate vs. African karyotypes. The inversion
model also predicts a general correlation between
inversion variation and subtelomeric variation (i.e., different combinations of inversions favor different subtelomeres) that can be tested in several Drosophila
lineages. In addition, assays testing the meiotic drive
model can be extended to include other populations of
D. melanogaster, which are likely to further inform our
understanding of how selection due to meiotic drive
might influence subtelomeric patterns of polymorphism.
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