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Reduced variation at concertina, a heterochromatic locus in
Drosophila
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Summary

In Drosophila melanogaster and closely related species, polymorphism has been shown to be
reduced at loci located in regions of low recombination on the X chromosome and on the fourth
chromosome, which does not normally recombine. This positive correlation between nucleotide
polymorphism level and recombination rate is not predicted by standard neutral theory and
therefore must result from natural selection and genetic hitchhiking along the chromosomes. We
report here the near-complete absence of variation at concertina {eta), a locus located in the fi-
heterochromatic base of chromosome 2L, a region of strongly reduced recombination. A 1-2
kilobase region containing coding regions and introns was sequenced from each of nine lines of D.
melanogaster and nine lines of D. simulans representing worldwide collections. Variation is
significantly reduced in eta in both species compared with other available loci on the same
chromosome. Two analyses of background selection demonstrate that the reduction in variation at
eta, considered in combination with other loci on chromosome 2L or alone, is consistent with the
background selection model.

1. Introduction

Studies of genetic variation in Drosophila melanogaster
reveal a positive correlation between levels of DNA
sequence polymorphism and the amount of recom-
bination (Begun & Aquadro, 1992; reviewed in
Aquadro et al., 1994; Kreitman & Wayne, 1994). The
level of within-species variation is not correlated with
between-species divergence, indicating that selective
constraint cannot be the cause of this relationship
(Begun & Aquadro, 1992). Moreover, the correlation
of reduced variation with low recombination is not
limited to D. melanogaster. In three additional species
in the Drosophila genus - simulans, mauritiana, and
ananassae (Miyashita & Langley, 1988; Aguade et al.,
1989, 1992; Stephan & Langley, 1989; Begun &
Aquadro, 1991; Berry et al, 1991; Martin-Campos et
al, 1992; Stephan & Mitchell, 1992; Hey & Kliman,
1993)-variation is reduced at loci in regions which
have lower recombination compared with loci in
regions of higher recombination. Distinct variants are
fixed for each locus in each species, indicating that
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separate events have caused the loss of variation in the
individual species. These data have led to the search
for general selective mechanisms for the reduction of
variation in regions of low recombination.

Selection against deleterious mutations can cause a
substantial reduction in neutral polymorphism levels
at linked sites in D. melanogaster (Charlesworth et al,
1993). With a deleterious mutation rate of approxi-
mately one per haploid genome per generation, the
reduction in neutral polymorphism is expected to be
many-fold stronger at the base of the autosomes than
at more distally located regions, where recombination
is higher (Hudson & Kaplan, 1994, 1995;
Charlesworth, 1996; Nordborg et al, 1996).

Positive selection and genetic hitchhiking can also
lead to the loss of variation, particularly in areas of
low recombination (Maynard Smith & Haigh, 1974;
Kaplan et al, 1989; Stephan et al, 1992). For certain
regions, such as the fourth chromosome and the base
of the X, background selection may not suffice to
account for the observed reductions in variation,
suggesting the additional presence of positive selection
(Charlesworth et al, 1993). Charlesworth (1996),
however, has recently considered the additional
contribution of transposable elements to background
selection. With their higher concentrations in regions
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of low recombination and their weak deleterious
effects on fitness, the data for the tip of the X and
fourth chromosome in D. melanogaster can now also
be potentially explained by background selection.
Supporting this view, the frequency spectrum of
nucleotide site variation in regions of low recom-
bination does not conform to that predicted by a
simple model of recurrent selective sweeps (Braverman
et al., 1995).

We have chosen to study sequence polymorphism
at concertina (eta), a locus cytologically (40f(h30)) and
genetically (2-54-8) localized to the most proximal
region of chromosome 2L. eta is the alpha subunit of
a G-protein (Parks & Wieschaus, 1991), a member of
a large, highly conserved family of signal transduction
proteins, and is required for the correct timing and
location of gastrulation. Although the low-recom-
bination centromeric regions of the autosomes com-
prise approximately 15 % of the Drosophila genome
(Charlesworth et al., 1993), and genetic variation in
these regions has been estimated at the restriction
fragment length polymorphism (RFLP) level
(Aquadro et al., 1992, 1994), they have not previously
been characterized for genetic variation at the se-
quence level, despite the large reduction in poly-
morphism predicted by both the background selection
and selective sweep models.

2. Materials and methods

(i) Fly lines and DNA preparation

For D. melanogaster, a worldwide collection of nine
lines isochromosomal for chromosome 2 was used.
The lines originated from five population samples and
were selected originally for their Adh allozyme
phenotype (described in Kreitman, 1983; also see
Kreitman & Hudson, 1991). They are AfricaFast
(AfF), AfricaSlow (AfS), FrenchFast (FrF),
FrenchSlow (FrS), FloridaFast (FIF), FloridalSlow
(FUS), Florida2Slow (F12S), JapanSlow (JpS) and
WashingtonFast (WaF). For D. simulans, a worldwide
collection of isofemale lines was used: two lines from
Mpala Ranch, Kenya; two lines from northern
Australia; two lines from Valparaiso, Indiana; two
lines from Trinidad; and one line from Lantana,
Florida. Genomic DNA was prepared using Chelex
resin from single flies (Walsh et al., 1991).

(ii) Polymerase chain reaction (PCR)

Amplifications were carried out for 30 cycles in 100 /tl
volumes using Taq polymerase (Boehringer
Mannheim) and 2 mM [Mg2+]. Samples were initially
heated to 95 °C for 2 min before addition of the
enzyme. Reaction conditions were 25 s denaturation
at 95 °C, 1 min annealing at 51 °C, and 1 min 30 s
extension at 72 °C. For the 5' region (exon 1), a
380 bp fragment was amplified from genomic DNA

using 20mer oligonucleotide primers at positions 62
(5' base of 'plus' primer, GGGAGTGTTTGA-
CGTATTGG) to 441 (3' base of 'minus' primer,
CGCAGCCTTACTAGATATG). The numbering
corresponds to the cDNA sequence of Parks &
Wieschaus (1991). The amplification reaction product
was purified using Promega Magic PCR Preps, and
the yield quantified against a standard by computer
image analysis (NIH Image 1 -47) after electrophoresis
on TRIS-borate EDTA agarose mini-gels and
ethidium bromide staining. For the rest of the
sequence, a 1-3 kb fragment was amplified from
genomic DNA using 20mer oligonucleotide primers
from position 625 (5' base of the 'plus' primer,
GTTGCTGGAATACCAAAGTG) to position 1690
(3' base of the 'minus' primer, CCGAAGGAT-
TTCACTGTAGC). Contents of the reaction tube
were ethanol precipitated, dried, resuspended, and
separated on a 1 0 % agarose mini-gel. The band was
then purified (Weichenhan, 1991) and resuspended in
approximately 100/̂ 1 of distilled water. Two micro-
litres of this purified DNA served as template for a
reamplification using the same primers, or various
combinations of internal primers. Reamplifications
were carried out in 100 /*1 volumes using Boehringer
Mannheim enzyme under conditions described above
for 20 cycles using 2 mM [Mg2+]. The PCR products
were purified using Promega Magic PCR Preps and
yields were determined as described above.

(iii) Sequencing

Sequencing of templates was accomplished using cycle
sequencing and dye-terminators (Applied Biosystems).
Two hundred femtomoles of template were used with
15 pmol of primer. Cycle sequencing proceeded for 25
cycles under the following conditions: denaturation,
15 s at 95 °C; annealing, 30 s at 50 CC; extension,
1 min at 60 °C. Purified products were electrophoresed
on an ABI 373A automated sequencer. Sequence read
lengths averaged approximately 300 bases, ranging
from 150 to 450 bases. All sequences were determined
for both strands.

(iv) Analysis

Sequences were aligned manually or with the as-
sistance of the SeqEd program version 1.0 supplied by
ABI. The effective number of silent sites was de-
termined as described in Kreitman & Hudson (1991).

3. Results

We sequenced 1178 bases in nine lines of D. simulans
and nine lines of D. melanogaster. The two sequenced
regions include codons 10-64 and 174-440 of the
published cDNA sequence (966 bp; Parks &
Wieschaus, 1991). A single polymorphism was found
in one line of D. simulans; the D. melanogaster lines
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Fig. 1. A cartoon of the concertina locus indicating the locations of the introns and divergent and polymorphic sites.

were invariant. Comparing our genomic DNA
sequences with the published cDNA sequence revealed
the presence of four introns (212 bp (209 bp in D.
simulans)), all typically present in G-proteins (Wilkie
& Yokoyama, 1993). We were unable to amplify the
region spanning codons 64 and 174, suggesting the
presence of one or more additional large introns. A
representation of the locus with intron positions is
shown in Fig. 1.

An interspecies comparison revealed 13 synony-
mous and eight replacement substitutions in the
coding regions, and 10 silent substitutions in introns.
The sequences also differ by one insertion/deletion,
with D. melanogaster having three bases starting at
position 14 of intron 2 which are absent in D.
simulans. The effective number of silent sites in introns
and redundant positions of codons, calculated ac-
cording to Kreitman & Hudson (1991), is 196 bp for
introns and 216 bp for exons for D. melanogaster and
193 bp and 216 bp, respectively, for D. simulans.
Silent divergence, calculated by dividing the number
of silent changes by the effective number of silent sites,
is 5-18 % for exons and 5-58 % for introns. Correcting
for multiple hits (Nei & Gojobori, 1986), total
divergence (ks) is estimated to be 5-99%.

(i) Tests of neutrality

To test whether the absence of silent polymorphism in
eta is compatible with neutral molecular evolution, we
used the HKA test (Hudson et al., 1987) to compare
eta polymorphism and divergence levels with those of
four other loci on the left arm of chromosome 2:
Alcohol dehydrogenase (Adh) (Kreitman & Hudson

1991), topoisomerase 2 (topi) (Palopoli & Wu 1996),
refractaire (ref(2)P) (Wayne et al., 1996) and sn-
glycerol-3-phosphate dehydrogenase (Gpdh) (Takano
et al., 1993), all of which have comparable worldwide
sample data sets. For these tests, only synonymous
(and/or silent) changes were used, as these variants
are thought to approximate neutrality. Results of the
HKA tests are presented in Table 1. The variation is
significantly reduced in eta relative to Adh (X2 = 4-66,
P < 005) and Gpdh (X2 = 5-70, P < 005) in D.
melanogaster, and relative to Adh (X2 = 6-31, P <
0-01) and top2 (X2 = 4-86, P< 005) in D. simulans. A
fifth comparison, eta versus ref(2)P in D. melanogaster,
is marginally significant (X2 = 4-24, P < 007). These
results clearly demonstrate that the level of variation
in eta in both species is low compared with that of
other loci on the same chromosome arm. It is also
reduced compared with top2 and ref\2)P, both of
which are located in the proximal region of the
euchromatin less than 1 cM from eta.

(ii) Tests of background selection

Having rejected the completely neutral model, we now
present two methods for testing a background
selection model. The first approach involves a
straightforward modification of the HKA test of
neutrality (Hudson et al., 1987). Under the infinite
sites model of neutral evolution, the number of
segregating sites, S, is a function of the sample size, n,
and the neutral parameter, 0:

(1)
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Table 1. HKA tests comparing concertina with other loci on chromosome
2L

Locus

eta

reJ{2)P
top2

Adh

Gpdh

Species

mel.
sim.
mel.
mel.
sim.
mel.
sim.
mel.

Sample
size

9
9

10
9
5

11
5
6

P ffppt' i vf*
L/llCLll VC

no. of
sites

412
409

1308
446
446

1249
1249
4500

Observed

Within
sp.

0
1

23
5

25
37
64

108

Sa

Between
sp.

23

82
43

76

220

6

00
00009
0006
00041
00269
00101
0025
00105

X2

(vs eta)

3-24f
1-85
4-86*
4-66*
6-31**
5-70*

mel., melanogaster; sim., simulans.
" S, number of segregating sites.
t /><0-07.
* /><005; **P<00l.

Table 2. HKA test of background selection model of Charlesworth (1996)

Locus

eta

rej{2)P

top2

Adh

Gpdh

Total

Location

54-8
40 het.
54-0
37E2-F4
540
37D2-E2
501
35B3
17-8-20-5
25A5-F5

002

008

008

0-40

0-67

Contribution
test statistic,

Poly.

0-4583

4-6270

00036

00154

00102

by locus

x2

Div.

00114

1-3937

0-0007

0-0179

00879

to total HKA

Total

0-4697

60207

00043

00333

00981

6-6261

" Charlesworth (1996).

This equation can be rearranged to produce an
unbiased estimator of 6:

= 5 2 1// (2)

Nucleotide diversity, n, the heterozygosity per
nucleotide site, has an equally simple relationship
with the neutral parameter:

E(n) = 0. (3)

In general, the number of segregating sites, S, provides
a better estimator of the neutral parameter than n
(Hudson, 1992). For this reason, 6 estimated from S
has also been used as a proxy for n (Charlesworth,
1996).

Under background selection, nucleotide diversity is
reduced by a factor TT/TTQ, where n and n0 are the
expected nucleotide diversity when background selec-
tion is present or absent, respectively. Approximate

formulae for 77/77,, have been derived under back-
ground selection (Charlesworth et al., 1993; Hudson
& Kaplan, 1994,1995; Charlesworth, 1994; Nordborg
et al., 1996). Under the assumption that neutral
variation conforms to the equilibrium neutral model
with effective population size reduced by this factor,
eqn (1) can be modified to yield the expected number
of segregating neutral sites under background selec-
tion:

(4)

In this manner a test of background selection can be
formulated by incorporating the expected reduction in
polymorphism, 77/7r0, into appropriate terms in the
system of equations describing polymorphism in the
HKA test. Background selection is not expected to
influence the nucleotide divergence under a strictly
neutral model.
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Charlesworth (1996) has constructed an explicit
model of background selection for D. melanogaster
which incorporates the varying recombination rates
along the chromosomes, the contributions of trans-
posable elements to background selection, and allows
selection intensity against the deleterious mutations to
vary. Overall he finds a reasonable correlation between
the observed and predicted values of nucleotide
variation, including the proximal part of chromosome
2L. The expected reduction in polymorphism under
this model is given in Table 2 for eta, ref[l)P, top2,
Adh and Gpdh. The results of a five-locus background
selection test are given in Table 2, with the individual
contribution of within- and between-species poly-
morphism at each locus to the test statistic. The
background selection model cannot be rejected by the
modified five-locus combined HKA test {%2 = 6-63,
P > 0-2).

One may generate a 'best guess' estimate of the
expected value for 6cta under background selection by
considering the expected reduction in polymorphism
relative to Adh. The predicted ratio under the
Charlesworth (1996) model is ncta:nAdll = 0-02/0-4 =
0-05. Given that 0Mh in D. melanogaster is 0-0101, the
best guess for dcta = 0-05{dAdh) = 0-05 x 0-0101 =
00005. For a sample size of 412 silent sites and nine
lines, the probability of observing zero segregating
sites for the best guess value of 6cla under background
selection is 0-58 (R. R. Hudson, personal communi-
cation). This probability will underestimate the true
probability if Adh is under balancing selection and
there has been a local elevation of silent variation in
the locus (Kreitman & Hudson, 1991). The same
conclusion is reached using the D. simulans data:
0cta = W5(dAdh) = 0-05 x 0-0245 = 00012, which given
a sample size of 409 silent sites and nine lines yields
a probability of 0-32 (R. R. Hudson, personal com-
munication) that we should observe one segregating
site. For both species, the observed number of
segregating sites is compatible with the Charlesworth
(1996) background selection model.

4. Discussion

concertina is virtually devoid of variation: no
polymorphisms in 1178 bp in nine lines of D.
melanogaster, and only one polymorphic site in one of
nine lines of D. simulans. Silent divergence, which is
5-58%, is not correspondingly low. The neutral
expectation is that intraspecific and interspecific
variation will be correlated in the absence of selection.
The significant pairwise HKA tests indicate that some
form of selection must be acting to reduce variation in
the centromeric region.

The high rate of mutation to deleterious alleles in
Drosophila (and many other organisms), coupled with
low recombination rates in some parts of the genome,
virtually ensures that background selection is con-
tributing to the observed reduction in variation. Our

results are consistent with background selection as a
selective force shaping the levels of variation on
chromosome 2L. However, the background selection
model we have chosen to test, while it may be the most
sophisticated one available, nevertheless requires a
number of approximations and guesses of parameter
values and distribution functions in specifying the
model. Further, our analyses, while compatible with
the Charlesworth (1996) model of background selec-
tion as the sole selective force governing reduced
variation, do not eliminate selective sweeps as a
contributor to reduced variation. Indeed, the observed
reduction in polymorphism at eta is substantially
larger than that predicted under the Charlesworth
model without transposable elements, and remains
somewhat larger than that predicted by the model
even when they are included, although it is not
statistically incompatible with the model.

Three of the four loci against which eta
polymorphism was compared - rej\X)P, Adh and Gpdh
-are thought to have higher than average levels of
silent variation as a consequence of balancing selection
or positive selection. In addition, the estimates of
polymorphism at top2 in D. melanogaster (8 = 0-0041)
and D. simulans (0 = 00269) are substantially
different, again indicating the possibility of selection
acting at or near this locus in one or both species.
Therefore, the apparent fit of the data to the
Charlesworth model must be viewed with caution: it
is likely that additional selective forces have been
operating at or near many of the loci included in this
analysis.

Our statistical test of background selection is based
on the most conservative tests of neutrality, which
assume no recombination. For small departures under
background selection of the equilibrium neutral
model, our background selection test is likely to
remain conservative. Nordborg et al. (1996) show, for
example, that the equilibrium neutral model with
appropriately reduced population size holds reason-
ably well for their simulated data. Proof that our test
of background selection is indeed conservative will
require either a better analytical understanding of the
process or extensive simulation.

There are additional evolutionary consequences of
a gene's location with respect to recombination.
Selective sweeps and background selection will both
contribute to an increase in the fixation of deleterious
mutations due to a reduction in the effective popu-
lation size. Genes residing in regions of restricted
recombination will be expected to have an increased
substitution rate of deleterious changes. Kliman &
Hey (1993) make this argument to explain lower
codon bias in genes located in regions of restricted
recombination; like most loci in these regions, eta has
low codon bias (CAI, 0184; Kliman & Hey 1993).

The intron locations of 13 G-proteins were analysed
by Wilkie & Yokoyama (1993) from Drosophila, mice
and humans. In all the G-proteins except concertina,
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Table 3. Divergent positions in concertina between D. melanogaster and
D. simulans

Region

Exon 1

Intron 2

Exon 3

Intron 3

Exon 4

Intron 4

Intron 5

Exon 6

Position

188
220
231
281
40
45
46

734
804"
805"
833

13
38

887
909
935
946
947

17
21
42
45
48

1154
1247
1250
1268
1292
1325
1331
1415

Base

mel.

A
A
G
G
G
C
T
A
C
C
T
G
A
A
C
G
A
G
A
T
T
A
G
C
A
C
T
C
C
T
C

sim.

C
T
A
C
A
T
A
G
A
T
C
T
T
T
G
T
G
A
C
C
A
G
A
A
T
T
A
T
T
G
G

Amino

mel.

Asn
Asn
Asp
—
—
—
—
—
Pro
Pro
—
—
—
—
Gin
—
Lys
—
—
—
—
—
—
—
—
—
Cys
—
—
—
—

acid

sim.

His
lie
Asn

—
—
Thr
Leu
—
—
—
—
Glu
—
Arg
—
—
—
—
—

—
—
—
Ser
—
—
—
—

Similarity"

68
149
23

—
—

38
98

—
—
—
—

29
—

26
—
—
—
—
—

—
—
112
—
—
—
—

" Similarity is the mean chemical distance as proposed by Grantham (1974).
Identical amino acids have a score of zero; the average difference between two
amino acids is 100.
b The two substitutions at positions 804 and 805 are bases 1 and 2 of a single
codon, resulting in a single amino acid substitution between D. melanogaster and
D. simulans of Pro-He (similarity = 95). However, each base change counted
independently would have caused an amino acid change, hence they are counted
as two replacements.

four intron locations are conserved exactly with
respect to the amino acid sequence, including their
positions within codons. In eta, these positions are
shifted towards the N-terminus of the protein (22, 5,
4 or 3 bases). The positions of the introns within
codons have also shifted. The fact that the introns
have not simply moved by multiples of three bases
indicates that complex rearrangements must have
occurred to conserve the reading frame. This may
have been made possible by a reduction in the efficacy
of selection in this G-protein due to its position in a
region of low recombination; however, it may also be
due to the gene's presence in heterochromatin, where
the mutation rate for rearrangements may be high.

concertina is a G-protein, a member of a family
conserved from yeast to primates (Simon et ai, 1991).
However, there is a large amount of amino acid
substitution between the sibling species D.

melanogaster and D. simulans. Although most of the
substitutions in eta are conservative (Table 3), they
may be mildly deleterious. Comparison of the ratios
of synonymous to replacement substitution between
mammalian G-proteins suggests that Drosophila eta is
evolving unusually quickly. The question arises
whether the fast evolutionary rate is restricted to eta
or whether fly proteins, in general, are evolving faster
than those of mammals. Since flies are often assumed
to have larger population sizes than mammals, this
might come about if most amino acid replacement
changes are adaptive. Few homologous loci have been
sequenced in two or more species of flies and two (or
more) species of mammals, making this a difficult
hypothesis to evaluate. Another possibility is that
some fraction of amino acid replacement changes is
completely neutral in G-proteins, so that these changes
will rapidly accumulate in evolution. Appropriate
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data for evaluating this hypothesis - sequences of
other Drosophila species - do not yet exist.

In contrast to the paucity of variation at eta,
ref[2)P, a locus less than one map unit away, is highly
polymorphic for amino acid replacement changes
(Dru et al., 1993; Wayne et ai, 1996). This suggests
that the reduction in variation at eta may be restricted
to a relatively small region immediately around the
centromere. Fine-scale surveys of additional loci near
the centromere will be required to determine whether
local changes in levels of variation are in accordance
with background selection.

We wish to thank C. F. Aquadro and B. Charlesworth for
their helpful comments, and R. Hudson for suggesting, and
calculating probabilities for, the 'best guess' test of the
background selection model. This work was supported by
NIH grant no. GM39355 to M.K.
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