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Summary

We have investigated the pattern of DNA sequence variation at the exuperantia2 locus in Drosophila
pseudoobscura. This adds to the increasing dataset of genetic variation in D. pseudoobscura, a useful
model species for evolutionary genetic studies. The level of silent site nucleotide diversity and the
divergence from an outgroup Drosophila miranda are comparable with those for other X-linked loci.
One peculiar pattern at the exu2 locus of D. pseudoobscura is a complete linkage disequilibrium
between two SNPs, one of which is a replacement site. As a result, there are two distinct haplotype
groups in our dataset. Based upon the comparisons with the outgroup sequences from D. miranda
and Drosophila persimilis, we show that the newly derived haplotype group has lower diversity than
the ancestral haplotype group. The pattern of protein evolution at exu2 shows some deviation from
the neutral model. Together, these and other characteristics of the exu2 locus suggest the action of
selection on the pattern of SNP variation, consistent with a partial selective sweep associated with

the newly derived haplotype.

1. Introduction

The significance of Drosophila pseudoobscura as ‘the
second model species’ in the genus Drosophila for
genetic studies has been increasing. For example, the
genome of D. pseudoobscura has been sequenced using
a whole genome shotgun method, to approximately
sevenfold coverage (http://www.hgsc.bcm.tmc.edu/
projects/drosophila). In fact, this species has long
been a subject of evolutionary studies. In particular,
the studies of inversion polymorphisms in D. pseudo-
obscura in relation to its geographic distribution have
made invaluable contributions to our understanding of
genome evolution (see Powell, 1997, Chapter 3, for a
review). A Northern American native, this species is
estimated to have diverged from D. melanogaster
around 25 million years ago (Mya) (Russo et al., 1995).

Even though some aspects of evolutionary genetics
of D. pseudoobscura are well known, the amount of
data about DNA sequence variation investigated is
small compared with that of D. melanogaster (see
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Table 3 of Moriyama & Powell, 1996; also see Table 6
of Yi et al., 2003). It is desirable to understand better
the patterns of molecular variation in this species,
which can elucidate crucial parameters such as the
effective population size and the degree of population
subdivision (Kovacevic & Schaeffer, 2000). From the
available data, the underlying genetic variation in
this species is comparable with that of D. simulans
(Table 6 of Yi et al., 2003).

The gene exuperantia2 (exu?) first came to our at-
tention in the course of an investigation of genome
evolution in the sibling species Drosophila miranda (Yi
& Charlesworth, 2000; Bachtrog & Charlesworth,
2003). One feature of the data from D. pseudoobscura
that caught our attention was the existence of com-
plete linkage disequilibrium between two single
nucleotide polymorphisms (SNPs). Notably, one of
them encodes an amino acid replacement. The two
sites are 222 bp apart and the variants at these sites
are associated with each other in all the lines surveyed
so far. In this report, we present data on nucleotide
sequence variation at the exu2 locus from 31 D.
pseudoobscura lines caught in the wild in recent years,
and compare them with those from other X-linked
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Table 1. Geographic origins of the species and lines used in this study

Species Geographic origin Strains

D. pseudoobscura American Fork Canyon, UT afc3, afc7
Flagstaff, AR f17, £20
Goldendale, WA 298
James Reserve, CA jrl0, jr274
Mather, CA m32, m48, m52

Mt. St. Helena, CA

Kaibab National Forest, AZ
Davis Mt. State Park, TX
Zimalan-Hidalgo, Mexico psll

msh15, msh2, msh37, msh9
psl, ps2, ps3, ps4, psS,
ps7, ps8, ps9, ps10

Tempe, AZ psl2, ps13

Madera Canyon, AZ psl4, pslS

Pomona, CA psl6, psl7, ps18
Drosophila miranda  British Columbia, Canada 0101-3

Drosophila persimilis  Mather, California

genes. We investigate further to determine whether
there is any evidence of selection to account for this
unusual pattern of linkage disequilibrium.

2. Materials and methods
(1) Exu2 locus of D. pseudoobscura

The gene exu2 is homologous to the exu locus of D.
melanogaster, which is known to function in mRNA
localization as well as in spermatogenesis (Hazelrigg
& Tu, 1994; Theurkauf & Hazelrigg, 1998). Luk et al.
(1994) showed that in D. pseudoobscura there are two
homologs of exu, exul and exu2. The exul locus
seems to retain most of the homologous functions of
exu of D. melanogaster, whereas the function of exu?2
is unclear (Luk et al., 1994). The exu2 locus is located
proximally on the XL chromosome arm of D. pseudo-
obscura (Yi & Charlesworth, 2000).

(i1) Lines used in this study

Recent collections of D. pseudoobscura flies were
provided by several groups of people (see acknowl-
edgements). The geographic origins of each line are
shown in Table 1.

(ii1) PCR and sequencing strategy

The sequenced region encompasses a total of 1022 bps
spanning the second exon of the exu2 gene to near the
end of the third exon, including 50 bps of the second
intron. Figure 1 shows the structure of the gene and
the sequenced region. Genomic DNA (gDNA) from
single male flies from each line that had been pre-
served in ethanol was extracted after drying, following
a modified protocol for the Puregene DNA extraction
kit (Gentra). Less than 20 ng gDNA was used for
each 25 ul PCR reaction; the usual yield of genomic
DNA from a single fly prepared in this way easily
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exceeded 500 ng. Primers for the PCR reaction were
designed based upon the published sequence (Gen-
Bank accession number L22553): forward, TTTCC-
AGATTGTCCAGTT; reverse, GAGTGCCATTG-
CCAGAGC. The sequence segments used for the
analyses correspond to nucleotides 276—1297 of the
GenBank accession. Additional pairs of primers were
designed to provide sequences from both strands. The
BIG dye-termination cycle sequencing kit (Perkin
Elmer) was used for sequencing reactions. All se-
quences were run on an ABI 377 sequencer.

(iv) Sequence data analyses

Sequences obtained from the sequencer were imported
into the program Sequencher v3.0 (Gene Codes) and
then proofread against the raw chromatograms. The
sequences were then aligned and assembled into the
whole sequenced region. A few reactions were redone
using the original genomic DNA to provide com-
plete coverage. Sequences were then edited according
to the purpose of each analysis. The DNA SP pro-
gram v3.97 (Rozas & Rozas, 1999) was used for most
of the analyses. The population recombination par-
ameter was estimated using Hudson’s reduced like-
lihood method (Hudson, 2001) and Wall’s full
likelihood method (Wall, 2000). All the sequences
obtained from this study are deposited in GenBank
(accession numbers AY337547-AY337577).

3. Results and discussions
(1) Polymorphism and divergence at the exu2 locus

We found 21 SNPs from 31 sequences of the 1022 bp
segment (Fig. 1, Table 2). Among these, three were
within introns and 11 were synonymous. The silent
site diversity based on the number of segregating sites
(6y; Watterson, 1975) is 0-013. Nonsynonymous sites
are much less polymorphic (6, =0-0024), as expected
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Fig. 1. SNPs at the exu?2 locus of D. pseudoobscura. The structure of the exu2 locus and the sequenced region are shown at
the top. Filled boxes indicate exons. The sequenced region is indicated by the double-headed arrow above the gene
structure. The nature of each SNP is specified as follows: I, intron variant; R, replacement variant; S, synonymous

variant.

Table 2. Measures of genetic diversity at the exu2
locus in D. pseudoobscura

Genetic diversity  Replacement  Silent Synonymous
S* 7 14 11

Oy" 0-0024 0013 0-0096

fr"T 0-0018 0-010 0-013

K3 0-047 0-088 0-087

* Number of segregating sites.

T Measure of nucleotide site variability based on the num-
ber of segregating sites (Watterson, 1975).

11 Pairwise nucleotide diversity, 7z (Nei, 1987).

§ Per-site divergence from D. miranda with Jukes and
Cantor correction for multiple hits (Jukes & Cantor, 1969).

if there are selective constraints on the protein product
of the gene. Pairwise differences between sequences
per site (;r; Nei, 1987) were slightly lower than the
above values and, as a result, Tajima’s D for the
whole gene is negative (—0-79), although not signifi-
cantly so (Table 3). Other measures of the frequency
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spectrum were also negative, suggesting an excess of
rare variants compared with equilibrium neutral ex-
pectation (Table 3).

These statistics showed marginal significance when
tested against the equilibrium neutral model by co-
alescent simulations, incorporating the inferred recom-
bination parameter (Table 3; see below for a discussion
of the population recombination parameter). How-
ever, because most of genes from D. pseudoobscura
exhibit a negatively skewed frequency spectrum, this
is likely to reflect simply the history of a recent
population expansion in this species (Kovacevic &
Schaeffer, 2000; Machado et al., 2002).

Compared with nine other X-linked genes from
D. pseudoobscura whose diversity levels have been
investigated (Kovacevic & Schaeffer, 2000; Machado
et al., 2002), the silent site diversity of the exu2 locus
ranks fourth. Extrapolating from the physical and
recombinational map of the XL chromosome arm,
the exu? locus is located between the sis4 and per loci,
near the base of the XL (recombination map from
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Table 3. Measures of the frequency spectrum and the
probability of the observed value under the neutral
model incorporating the population recombination
parameter of C=20

Measures of the

frequency spectrum Probability Refs

Tajima’s D —-0-79 0-09 Tajima, 1989

Fuand Li’s D —1-65 0-01 Fu & Li, 1993
Fuand Li’s F —1:63 0-04 Fu & Li, 1993
Fuand Li’s D* —1-38 0-07 Fu & Li, 1993
Fuand Li’s F*  —1-40 0-05 Fu & Li, 1993

Kovacevic & Schaeffer, 2000; physical map from Yi &
Charlesworth, 2000). The genetic diversity of the exu?2
locus is intermediate between those of the other two
loci. However, no simple global relationship between
chromosomal location and genetic diversity could be
inferred from these data.

We estimated the average divergence per nucleotide
site using a D. miranda sequence as the outgroup,
correcting for multiple hits (Jukes & Cantor, 1969).
We arbitrarily chose the strain 0101-3 of D. miranda
for this purpose. As the level of genetic diversity at
exu2 in D. miranda is very low (Yi & Charlesworth,
2000), this choice will not greatly affect the estimate.
The average silent site divergence (Ks) is 8-8 %. This is
rather high, twice that of the average silent site di-
vergence between these two species based upon 12
nuclear loci from D. miranda (Yi et al., 2003). Inter-
estingly, the average nonsynonymous site divergence
(K 4) is also very high (4:6 %), as shown in a previous
analysis using a single sequence from D. pseudo-
obscura (Yi & Charlesworth, 2000). This can be ex-
plained either by a relaxed selective constraint, coupled
with a high mutation rate (as evidenced by the high
silent site divergence), or by faster protein evolution
owing to positive selection in either lineage. When we
applied the test of McDonald & Kreitman (1991) to
the data, the pattern of polymorphism and divergence
of nonsynonymous and silent sites was found to be
incompatible with the neutral model (p<0-04 by
Fisher’s exact test; Table 4). This is mainly due to the
reduced number of segregating non-synonymous sites
within the derived haplotype (see below); if this haplo-
type is removed from the dataset, the test becomes
non-significant. In other words, the properties of this
haplotype provide some evidence for selection on the
replacement sites of the exu2 locus compared with the
pattern of molecular evolution of the silent sites.

(i) Recombination, gene conversion and neutrality
tests based on the frequency spectrum

There is evidence of substantial recombination from
the SNP data. First, we inferred a minimum of three
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Table 4. McDonald—Kreitman test on the exu2 locus,
showing the fixed differences from D. miranda and the
number of polymorphic sites within D. pseudoobscura

Fixed Polymorphic
differences  sites p
Silent variant 20 14
Replacement variant 32 7
Fisher’s exact test 0-038
G test 0-028
%* test 0-030

recombination events using the method of Hudson
and Kaplan (1985), between sites 149 and 299, 422
and 657, and 723 and 737. The estimated value, p, of
the population recombination parameter 4N .c (where
¢ is two-thirds of the female recombination frequency,
and N, is the effective population size for X-linked
loci) was 22-9 for the whole sequence, using a reduced
maximum likelihood method (Hudson, 2001). We
also used the method of Hudson (1987), and the full-
likelihood estimation method as implemented by Wall
(2000). Interestingly, all these methods provided very
similar values, around 20-25 per gene. If we take 25 as
the value, this implies that the ratio of the recombi-
nation parameter for adjacent nucleotide sites to the
neutral mutation parameter, estimated as p/6y (using
silent sites), is 1-88. This is intermediate in value for
the genes whose polymorphism patterns have been
studied in D. pseudoobscura (Kovacevic & Schaeffer,
2000; Machado et al., 2002). However, different re-
searchers have used different methods to estimate the
recombination parameter and the confidence intervals
are rather large, so this result should be treated with
caution.

We were concerned that gene conversion rather
than reciprocal exchange might be occurring, which
might inflate the recombination rate estimate. To in-
vestigate this possibility, we used a full maximum
likelihood method (Wall, 2000) to jointly estimate the
recombination and gene conversion parameters. The
maximum likelihood estimate of the population re-
combination parameter (for crossover only) was 20,
whereas the ratio of gene conversion to recombi-
nation was 0-5. Therefore, we used the value of 20 as
the estimated recombination parameter for the whole
sequence for the rest of this work.

(1) Pattern of linkage disequilibrium and unusual
haplotype structure at the exu2 locus

The SNPs at the exu2 locus of D. pseudoobscura
present an interesting pattern of linkage disequilibrium
(LD). Figure 2 shows the pattern of pairwise LD be-
tween 11 informative SNPs, where the significance of
each was assessed by Fisher’s exact test. There are two
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Fig. 2. Linkage disequilibrium among the 11 informative
sites in our sample of 31 exu2 sequences. Significance
tested by Fisher’s exact test is represented by different
shades of gray and black. Ten cases (p <0-001)

remained significant after Bonferroni correction for
multiple tests.

clusters of such significant LD, one linked to SNP 66
and the other among four SNPs between sites 657 and
737. The LD between SNP 299 and SNP 520 also
stands out (see below). The extent of average linkage
disequilibrium over all pairwise comparisons of a
number of polymorphic sites, the Z,,s statistic (Kelly,
1997), is equal to 0-205. This is significantly more than
expected amount of LD under the neutral model
when the inferred recombination parameter is incor-
porated into the neutral coalescent process (p <0-02).

In particular, two sites (SNPs 299 and 520) ap-
peared to be in complete LD with each other in all the
alleles sequenced in this study. In 15 of the 31 lines
surveyed, these two sites are encoded by G and C,
whereas, in the other 16 lines, they were encoded by A
and A. Compared with the D. miranda outgroup se-
quence, the GC haplotype appears to be ancestral,
whereas the AA haplotype is newly derived. The exu?2
locus in Drosophila persimilis (Yi & Charlesworth,
2000), a closer relative to D. pseudoobscura, has the
same G and C nucleotides at the sites of interest.
Therefore, it appears that the AA haplotype is specific
to D. pseudoobscura. There is no association between
the geographic origins of the individuals (Table 1).
Interestingly, SNP 520 is at a replacement site, coding
for either the ancestral amino acid proline (CCC) or
derived histidine (CAC). Proline is a nonpolar amino
acid often used in reversing the direction of a peptide
backbone, whereas histidine can be positively charged
and is commonly external (Li, 1997).
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Although there are no other fixed differences
among haplotypes, if we divide the total sample into
two groups according to the haplotypes of these two
sites, the two groups show rather different patterns of
SNP variation. The ancestral GC haplotype is more
polymorphic than the derived AA haplotype. The
silent site diversities differ about twofold in their pair-
wise nucleotide diversities, whereas the replacement
sites show a tenfold difference.

The numbers of haplotypes are 11 and 6 for the GC
and AA groups, respectively. We performed the
haplotype diversity test (Depaulis & Veuille, 1998),
which takes into account the haplotype frequency
distribution. The probability that the haplotype di-
versity is equal to or less than observed in the sample
is around 8 % by coalescent simulation when we in-
corporated the population recombination parameter
C=20. When we use C=25, the probability is less
than 6%. In other words, the major haplotype (in this
case, most of the AA groups) appears marginally
more frequent than expected given the estimated
amount of recombination.

(iv) Selection at the exu2 locus

The excessive amount of LD, particularly a complete
LD involving a replacement site, and the relative lack
of variability within the derived haplotype suggest a
history of selection at the exu2 locus. A possibility is
the presence of balancing selection near or at the GC/
AA sites, possibly to maintain the proline/histidine
polymorphism. Strong linkage disequilibria and poly-
morphism peaks are observed near these two sites, as
expected from such selection (Charlesworth et al.,
1997). This does not, however, account for the lower
diversity in the haplotype with the derived amino acid
variant.

A more likely possibility is that this AA haplotype
has originated relatively recently and reached an in-
termediate frequency, as expected from a partial
selective sweep (Hudson et al., 1994; Sabeti et al.,
2002). Because the sibling species D. persimilis has the
ancient haplotype and is estimated to have diverged
from D. pseudoobscura only 500,000 years ago
(Aquadro et al., 1991; Wang et al., 1997), this haplo-
type must have emerged in the recent past to have
reached the current substantial frequency. This is in
accordance with several characteristics of the dataset,
including lower diversity in the derived haplotype and
the overall deficit of haplotypes compared with the
equilibrium neutral model. In particular, such a deficit
is opposite to what is expected with the pattern of
population growth inferred for D. pseudoobscura (Fu,
1997; Machado et al., 2002).
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