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Abstract

Although it is thought that changes in gene expression play an important role in

adaptation, the identification of gene-regulatory sequences that have been targets of

positive selection has proven difficult. Here we identify a cis-regulatory element of the

Drosophila melanogaster CG9509 gene that is associated with a selective sweep in a

derived, non-African population of the species. Expression analyses indicate that CG9509

consistently shows greater expression in non-African than in African strains of D.

melanogaster. We find that a 1.8-kb region located just upstream of the CG9509 coding

region is devoid of DNA sequence polymorphism in a European population sample and

that this is best explained by the recent action of positive selection (within the past

4,000–10,000 years). Using a reporter gene construct and phiC31-mediated site-specific

integration, we show that the European version of the CG9509 upstream region drives 2-

3 times greater expression than the African version in an otherwise identical genetic

background. This expression difference corresponds well to that of the native gene and

indicates that sequence variation within the CG9509 upstream region can completely

account for its high expression in the European population. Selection appears to have

favored a quantitative increase in gene expression in the Malphigian tubule, the tissue

where CG9509 is predominantly expressed.
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 Introduction

The identification of genetic changes that underlie adaptation has been a long-standing

goal of evolutionary genetics. Such changes can be classified broadly into two classes:

structural changes, which alter the amino acid sequence of a protein, and regulatory

changes, which alter the amount and/or spatial distribution of gene expression. Examples

of the former are numerous (Hoekstra and Coyne 2007) and statistical methods are

available that allow one to infer the adaptive evolution of protein sequences from inter-

and intra-species sequence comparisons (e.g., McDonald and Kreitman 1991; Fay et al.

2001; Smith and Eyre-Walker 2002; Bustamante et al. 2002; Sawyer et al. 2007). These

methods have suggested that 45–95% of amino acid replacements between Drosophila

species are the result of positive selection (Fay et al. 2002; Smith and Eyre-Walker 2002;

Sawyer et al. 2007; Maside and Charlesworth 2007; Haddrill et al. 2008; Bachtrog 2008;

Grath et al. 2009). Examples of adaptive regulatory changes are much more scarce

(Hoekstra and Coyne 2007), however this may reflect the fact that statistical methods for

detecting regulatory adaptation are lacking and the molecular characterization of putative

gene-regulatory elements often requires extensive experimental work (e.g., Gompel et al.

2005; Prud’homme et al. 2006; McGregor et al. 2007; Jeong et al. 2008). Several authors

have proposed that regulatory change plays an even greater role than structural change in

the evolution of organismal morphology (King and Wilson 1975; Carroll 2000; Wray

2007; Carroll 2008).

Perhaps the best example of adaptive regulatory evolution in Drosophila

melanogaster is the cytochrome P450 gene, Cyp6g1, where an Accord transposable

element inserted just upstream of the Cyp6g1 coding region has been shown to increase
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Cyp6g1 expression and confer greater resistance to DDT and related insecticides (Daborn

et al. 2002; Chung et al. 2007). The Accord insertion is present at high frequency in

worldwide populations, but at lower frequency in populations from the ancestral species

range in east Africa – a pattern thought to result from natural selection favoring higher

Cyp6g1 expression in regions subjected to insecticide use (Catania et al. 2004). Although

Cyp6g1 is a prime example of adaptation at the level of gene expression, its discovery

was possible only because it was linked to a conspicuous phenotype (DDT resistance)

that could be used to genetically map the underlying DNA sequence polymorphism

(Daborn et al. 2002). Thus, the Cyp6g1 polymorphism may represent only the tip of the

iceberg in terms of adaptive regulatory changes, as most such changes probably do not

have a conspicuous effect on morphology or physiology.

A microarray analysis of gene expression variation among adult males from two

natural populations of D. melanogaster, one from the derived species range in Europe

(the Netherlands) and one from the ancestral range in Africa (Zimbabwe) identified over

150 genes that differed significantly in their expression level between populations (Hutter

et al. 2008). The gene showing the greatest over-expression in the European population

was the insecticide resistance gene Cyp6g1 mentioned above. The gene showing the

second highest over-expression in Europe was CG9509, a gene whose precise function is

unknown, but which shows highly enriched expression in Malphigian tubule (Chintapalli

et al. 2007) and is predicted to be a choline dehydrogenase (Tweedie et al. 2009).

Interestingly, a previous microarray analysis identified CG9509 as one of only 12 genes

that differed significantly in expression between four cosmopolitan laboratory strains

(from North America and Asia) and four Zimbabwe strains of D. melanogaster
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(Meiklejohn et al. 2003). Given the low level of gene expression polymorphism within

populations and the tendency for gene expression levels to be under stabilizing selection

(Denver et al. 2005; Rifkin et al. 2005; Lemos et al. 2005; Gilad et al. 2006; Hutter et al.

2008), the large and consistent between-population difference in CG9509 expression

makes it a strong candidate for a gene having undergone adaptive regulatory evolution in

association with the out-of-Africa expansion of D. melanogaster that occurred about

15,000 years ago (David and Capy 1988; Haddrill et al. 2005; Ometto et al. 2005;

Thornton and Andolfatto 2006; Stephan and Li 2007).

Here we use a combination of population genetic and functional analyses to show

that a DNA sequence region immediately upstream of the CG9509 gene has been the

target of a selective sweep in the European population of D. melanogaster. Furthermore,

we use transgenic reporter gene constructs to demonstrate that the CG9509 expression

difference observed between European and African strains can be explained completely

by sequence variation within a 1.2-kb fragment of the selected region. These results are

consistent with positive selection favoring a cis-regulatory polymorphism that confers a

quantitative change in the expression level of a single gene between populations.

Materials and Methods

Fly strains

For the survey of DNA sequence polymorphism, we used 12 isofemale lines from Africa

(Lake Kariba, Zimbabwe) and 12 isofemale lines from Europe (Leiden, The

Netherlands). These same lines were used in previous studies of X-linked and autosomal

sequence polymorphism (Glinka et al. 2003; Ometto et al. 2005; Hutter et al. 2007;
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Parsch et al. 2009). For qRT-PCR analysis, we used a subset of eight strains from each

population, corresponding to those used in a previous microarray study (Hutter et al.

2008). Two stocks with mapped attP sites on the third chromosome, phiX-68E and phiX-

86Fb (Bischof et al. 2007), were obtained from the Bloomington Stock Center (Indiana,

USA) and used for phiC31 site-specific integration.

Expression analysis

Total RNA was extracted from 45 adult males or 30 adult females (4-6 days of age) using

Trizol reagent (Invitrogen, Carlsbad, CA, USA) and the manufacturer’s protocol. Reverse

transcription was carried out using 5 mg of total RNA, random hexamer primers, and

Superscript II reverse transcriptase (Invitrogen). The resulting cDNA was used for qRT-

PCR with a TaqMan probe specific to CG9509 (Dm01838873_g1) and one specific to the

endogenous control gene RpL32 (Dm02151827_g1). The CG9509 assay is specific to a

60 bp cDNA amplicon spanning the exon1/exon2 boundary of transcript CG9509-RA.

The RpL32 assay is specific to a 72 bp cDNA amplicon spanning the exon1/exon2

boundary of transcript RpL32-RA. The average threshold cycle (Ct) was determined over

three replicates per strain and ΔCt was calculated as the mean difference in Ct between

the CG9509 and the RpL32 probe for each strain. The fold-change difference in

expression between the European and African populations was calculated as 2-(ΔCt1 – ΔCt2),

where ΔCt1 and ΔCt2 represent the mean ΔCt values of the European and African strains,

respectively. Assays were performed with a 7500 Fast Real-Time PCR System (Applied

Biosciences, Foster City, CA, USA).
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DNA sequencing

From each strain, the region containing the CG9509 gene was PCR-amplified from

genomic DNA in six separate reactions using the following primer pairs (all sequences

are 5’ – 3’): GCCCCTGTTCAATTTATTCG and TTCTGAATCGGCATCATCAC,

GGCTGCAGCTCTTAAATGGC and ACGAGGACGTTGACTTAGCC,

CCAATGGCTAAGTCAACGTCC and CAAAGAATAGTGCCGGCAAC,

CCCACACCAACACCATACC and CTCCACATATGGCTGTCCCAAC,

GATGGTCGCTGCTATTGGC and CTTGAATGGATAGACCCTTGG,

ACGCAATCTCCAGGATCATGTC and CGTGGGCTAAACTTGTTGCTAAG.

Following PCR, the amplified products were purified with ExoSAP-IT (USB, Cleveland,

OH) and sequenced from both strands using the above primers, BigDye chemistry, and a

3730 automated sequencer (Applied Biosystems).

Statistical analysis

Standard DNA polymorphism and divergence statistics, as well as McDonald-Kreitman

tests (McDonald and Kreitman 1991), we calculated using DnaSP v5 (Librado and Rozas

2009). To test for selective sweeps, we used the composite likelihood ratio (CLR; Kim

and Stephan 2002), SweepFinder (Nielsen et al. 2005), and ‘distance’ tests. The last of

these uses the maximum distance (in bp) between two polymorphic sites in a sample of

alleles as the test statistic. In all cases, we calculated the P-value of the test statistic using

a parametric bootstrapping approach that approximated the distribution of the test statistic

from 1,000 simulated data sets. Simulations were performed using ms (Hudson 2002),

assuming either a standard neutral model or a bottleneck model with parameters taken
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from Li and Stephan (2006). In addition, we used machine learning and Bayesian

methods (Pavlidis et al. 2010; Csilléry et al. 2010) to test for selective sweeps and to infer

parameters, such as the selection coefficient (s) and the time since the sweep began (t). A

complete description of these methods is provided in Supplementary Methods

(Supplementary Material online).

Reporter gene assays

The region upstream of CG9509 was PCR-amplified from one European and one African

strain using the primers 5’-TGGCGCTAACCTGAATTCC-3’ and 5’-

GCGTTTTGCTTTTCCGTTAG-3’. The amplified region begins 9 bp after the CG14406

stop codon and ends 2 bp before the CG9509 start codon. The PCR products were cloned

directly into the pCR2.1-TOPO vector (Invitrogen), with their identity and orientation

being confirmed by restriction analysis. A 3.6-kb NotI fragment of the pCMV-SPORT-

βgal plasmid (Invitrogen) containing the E. coli lacZ coding region was then inserted into

the NotI site of the above plasmids and restriction analysis was performed to ensure that

both the promoter and lacZ coding sequences were in the same orientation. As a final

step, BamHI/XbaI fragments containing the promoter and the lacZ coding sequences were

ligated into the pattB integration vector (Bischof et al. 2007).

Integration vector DNA was purified with the QIAprep Spin Miniprep Kit

(Qiagen, Hilden, Germany) and eluted from the column with injection buffer (0.1 mM

sodium phosphate pH 6.8, 5 mM KCl). Vector DNA at a concentration of 200 ng/µl was

used for microinjection of early-stage embryos of the phiX-68E (attP site at cytological

band 68E) and phiX-86Fb (attP site at cytological band 86F) strains, both of which
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contain a stable source of phiC31 integrase on the X chromosome. After microinjection,

surviving flies were crossed to a white- strain to remove the integrase source and establish

stable lines. The offspring of this cross were screened for red eye color (imparted by the

wild-type white gene of the vector), which was diagnostic for stable transformants.

Reporter gene expression was measured at the protein level by a β-galactosidase

assay  (Hense et al. 2007). For this, we used batches of five whole males or females

(four-to-six days old) or dissected Malphigian tubules from 10 four-to-six day-old males.

A minimum of two biological replicates, each with two technical replicates, were

performed for each sex, integration site, and tissue. To measure lacZ transcript

abundance, we performed qRT-PCR as described above using a custom TaqMan probe

for the lacZ gene (Applied Biosystems; forward primer: 5’-

GCTGGGATCTGCCATTGTCA-3’, reverse primer: 5’CAGCGCAGACCGTTTTCG-3’,

FAM-labeled primer: 5’-CCCCGTACGTCTTCC-3’) and the RpL32 probe (Dm

02151827_g1) as an endogenous control. Two biological replicates, each with two

technical replicates, were performed for each sex and integration site.

Results

Expression divergence of CG9509 between African and non-African populations

Two previous microarray studies that examined adult male gene expression in D.

melanogaster identified CG9509 as showing a large and highly significant expression

difference between African (Zimbabwe) and non-African (North American, Asian, or

European) strains (Meiklejohn et al. 2003; Hutter et al. 2008). In both cases, the non-

African strains had >2-fold higher expression than the African strains (table 1). To
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confirm the observed expression difference in males and test whether it also extends to

females, we performed quantitative reverse-transcription PCR (qRT-PCR) assays on flies

of both sexes of the European strains and Zimbabwe strains used previously (Hutter et al.

2008). In both males and females, there was significantly higher CG9509 expression in

the European strains, with the magnitude of the expression difference agreeing well with

that measured in the microarray experiments (table 1). In all of the above experiments,

the flies had been reared for many generations in a common laboratory environment,

indicating that the expression difference has a genetic, rather than an environmental basis.

DNA sequence polymorphism in the CG9509 region

To determine if the expression difference of CG9509 was associated with genetic

variation linked to the gene itself (i.e., cis-regulatory polymorphism), we sequenced a

5.6-kb region of the X chromosome encompassing the entire CG9509 coding region and

∼3 kb of its 5’ flanking region in 12 strains each of the European and Zimbabwe

populations, including the strains used in the expression analyses. The CG9509 upstream

region includes the complete transcriptional unit of the gene CG14406 and the 3’ end of

the CG12398 transcriptional unit (fig. 1). Across the whole region, the per-nucleotide

estimate of sequence diversity, θ, in the European population was 0.0021, which is lower

than the mean value (0.0047) for the X chromosome in this population (Hutter et al.

2007). Particularly striking was a 1.8-kb region just upstream of the CG9509 coding

region that is devoid of nucleotide polymorphism in the European population. Across this

region, only a single haplotype is present in the European sample. In contrast, this region

shows normal levels of polymorphism within the African population, as well as normal
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levels of divergence between D. melanogaster and D. sechellia (fig. 1). Thus, we can rule

out the possibility that the lack of polymorphism in the European population is the result

of this region being under abnormally high selective constraint or having an unusually

low mutation rate. A comparison of polymorphism within D. melanogaster to divergence

with D. sechellia provided evidence for recurrent positive selection acting on both the

coding and upstream regions of CG9509 by the test of McDonald and Kreitman (1991)

(table 2).

Tests for selective sweeps

The absence of nucleotide polymorphism in the CG9509 upstream region suggests that

there may have been a selective sweep of a beneficial allele in the European population.

We tested this possibility using the CLR test of Kim and Stephan (2002), the

SweepFinder test of Nielsen et al. (2005), and a ‘distance’ test, which examines the

greatest distance (in bp) between two polymorphic sites in a sample of alleles. All three

methods rejected a null hypothesis of standard, neutral evolution (e.g., no selection,

constant population size) with high confidence (P < 0.001 in all cases). However, when

the null hypothesis included a population bottleneck with parameters relevant to the

European D. melanogaster population (Li and Stephan 2006), only the distance test

remained significant (P = 0.028), while the CLR and SweepFinder tests were marginally

significant (P = 0.123 and P = 0.068, respectively).

To better distinguish between selection and demography as the cause of reduced

polymorphism in the European population, we performed coalescent simulations of

nucleotide sequence polymorphism data both with and without selection (Ewing and
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Hermisson 2010) using demographic parameters relevant to our populations (Li and

Stephan 2006). The simulated data were used in a machine learning approach (Pavlidis et

al. 2010) to classify neutral and selected patterns of polymorphism on the basis of two

statistics, SweepFinder (Nielsen et al. 2005) and ω (Kim and Nielsen 2004), called

features. Our observed data fell into the selected range (fig. 2A), although the false

positive rate over the entire feature space was high (28%). This is expected, because

bottleneck models with selection generate similar polymorphism patterns as neutral

bottleneck models (Pavlidis et al. 2010). However, in contrast to the high false positive

rate in the global simulation space, a local analysis revealed a clear over-representation of

selection instances around the observed data point (fig. 2B). The probability of observing

such a high proportion of selected data points in the local area around the observed data

point by chance is very low (~10-8), indicating a significant over-representation of

selection instances in this region of the feature space.

We also used Approximate Bayesian Computation (ABC) to estimate the

selection coefficient (s) associated with the selective sweep and the number of

generations (t) since the sweep began. The posterior distributions of these parameters

(fig. 3) are consistent with strong and recent positive selection acting within the CG9509

genomic region. For s, the mode, mean and median of the posterior distribution are 0.089,

0.061, and 0.065, respectively. Assuming an effective population size (Ne) of ~106 (Li

and Stephan 2006), this corresponds to a scaled selection coefficient (Nes) of ∼60,000.

For t, the mode, mean and median of the posterior distribution are 4,871, 39,875, and

20,899, respectively. Assuming 10 generations per year, this corresponds to a sweep

occurring within the past ∼4,000 years. Finally, we performed Bayesian model selection
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to compare a neutral model (s = 0) with a model that included selection (0.001 < s < 0.1;

Supplementary Methods [Supplementary Material online]). The posterior probability of

the neutral model was 0.037, while that of the selection model was 0.963, indicating that

the patterns of DNA sequence polymorphism observed in the CG9509 region are much

better explained by a combination of selection and demography than by demography

alone.

Functional analysis of the CG9509 upstream region

To test whether or not sequence variants in the CG9509 upstream region have an effect

on gene expression, we created two reporter gene constructs in which 1.2 kb of the

CG9509 upstream region from either a European or an African strain was fused to the

Escherichia coli lacZ gene. The tested region begins just after the CG14406 stop codon

and ends just before the CG9509 start codon (fig. 1). The reporter genes were inserted

into a common genetic background using phiC31 site-specific integration (Groth et al.

2004; Bischof et al. 2007), which allowed us to target the reporter genes to specific sites

in the genome and compare the expression driven by the CG9509 upstream sequences in

an otherwise identical genetic background.

In both males and females we found that the European version of the CG9509

upstream region drives significantly higher expression than the African version, with the

average expression difference being ∼3.5-fold (fig. 4). The results were consistent for two

independent phiC31 integration sites (68E and 86Fb) and whether reporter gene

expression was measured at the level of protein (β-galactosidase activity) or transcript

(qRT-PCR) abundance (fig. 4).
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The above expression assays, like the original microarray experiments, used

whole flies as the source material. Because the native CG9509 gene is known to show

highly enriched expression in Malphigian tubule (Chintapalli et al. 2007), we examined

reporter gene expression specifically in this tissue. Staining of β-galactosidase activity

confirmed that the reporter gene had enriched expression in Malphigian tubule

(Supplementary fig. S1 [Supplementary Material online]) and enzyme activity assays

revealed that the European version of the CG9509 upstream region drives ∼3-fold higher

expression than the African version in Malphigian tubule (fig. 4). These results indicate

that the increased expression observed for the European upstream region is not a result of

it driving broader expression across multiple tissues, but of it driving quantitatively

greater expression in the tissue where it is normally expressed.

Discussion

Several lines of evidence suggest that CG9509 has been a target of adaptive cis-

regulatory evolution in non-African D. melanogaster. First, this gene shows large and

consistent differences in expression between Zimbabwe and cosmopolitan flies. Second,

nucleotide polymorphism in the upstream region is greatly reduced in a European sample

of alleles, which is consistent with a recent selective sweep. Third, a portion of the

upstream region that co-localizes with the putative selective sweep is sufficient to

recapitulate expression differences between European and African alleles in an in vivo

reporter gene assay. Although our expression and sequence analyses cover only a single

population from the Netherlands, other data suggest that the selective sweep of the

CG9509 upstream region is common to many non-African populations. At the expression
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level, a large difference in CG9509 expression was reported between non-African (North

America and Asian) and African (Zimbabwe) strains (Meiklejohn et al. 2003; Table 1).

At the DNA sequence level, two observations support a selective sweep outside of Africa

in the CG9509 upstream region. First, the monomorphic upstream region that we

identified in our European sample is identical to the D. melanogaster reference sequence

(Adams et al. 2000), which comes from a non-African lab strain. Second, the same region

is also monomorphic (and identical in sequence to our Netherlands sample) in a pooled

sample of 113 isofemale lines from Portugal (Pandey et al. 2011).

Selection appears to have favored a quantitative increase in CG9509 expression,

rather than a qualitative change in spatial pattern of expression. According to FlyAtlas

(Chintapalli et al. 2007), CG9509 shows highly enriched expression in Malphigian

tubule, with a ratio of Malphigian tuble to whole body expression of 24. Since the

FlyAtlas data were generated from a non-African fly strain, it is unlikely that the

expression difference between populations could be explained by an increase in the

breadth of CG9509 expression. Consistent with this, we find that the difference in

Malphigian tubule expression driven by the European and African versions of the

CG9509 upstream region is indistinguishable from the difference observed in whole flies

(fig. 4).

The relative difference in CG9509 expression between populations is the same in

males and females. This may be unusual, as previous studies have shown that the vast

majority of expression differences between the European and African populations are

sex-specific (Hutter et al. 2008; Müller et al. 2011). However, when comparing the two

sexes, the overall expression of CG9509 is higher in males than females (Gnad and
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Parsch 2006). We also see this pattern in our reporter gene assays, where the expression

level (measured by β-galactosidase activity) in males is ∼20% higher than in females. It is

noteworthy that the insecticide resistance gene, Cyp6g1, also shows a large between-

population expression difference in both sexes, enriched expression in Malphigian tubule,

and an overall pattern of male-biased expression (Gnad and Parsch 2006). Although the

exact function of CG9509 is unknown, its expression profile and annotation as a choline

dehydrogenase suggest that, like Cyp6g1, it may play a role in detoxification.

Alternatively, because the ratio of phosphatidylcholine to phosphatidyethanolamine is

known to decrease during cold acclimation (Kostal et al. 2011) or in the presence of

dietary ethanol (Miller et al. 1993), it may be that CG9509 plays a role in regulating

phospholipid content and that the optimal ratio of these two phospholipids differs

between African and non-African environments.

The polymorphism data allow us to narrow the putative target of selection to a

1.8-kb region that is monomorphic within Europe. The small size of the chromosomal

region affected by the selective sweep is likely a result of there being a relatively high

recombination rate (4.8x10-8 per bp per generation) in this part of the X chromosome

(Comeron et al. 1999). The size of the sweep also depends on the strength of selection

and the time since the sweep began. However, it is not possible to estimate the selection

coefficient (s) and the time of the sweep (t) accurately (fig.3). Importantly, simulations

with strong selection (0.01 < s < 0.1) and recent selective sweeps (t < 30,000 generations)

indicate that the median value of segregating sites in the genomic region is 48 (with 5th

and 95th quantiles of 3 and 101, respectively). Therefore, observing 34 segregating sites

in a region of 5.6 kb (as in our data) is expected even under strong and recent selection.
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Our reporter gene assays allow us to further narrow the target of selection to a

1.2-kb region. Within this region, there are only two fixed differences between all

European and all African alleles: one is a 5-bp indel that occurs 820 bp upstream of the

CG9509 start codon and the other is an A/T single nucleotide polymorphism (SNP) that

occurs 1,150 bp upstream of the start codon. In addition, there are six other SNPs where a

derived variant is fixed within the European sample, but at low frequency (8–25%) in the

African sample. All of the above differ between the European and African alleles used in

our reporter gene assays. Thus, the combination of population genetic and functional

analyses has allowed us to restrict the candidate sites for the target of selection to a

tractable number that can be examined individually in future experiments.

Supplementary Material

Supplementary methods and supplementary figure S1 are available at Molecular Biology

and Evolution online (http://www.mbe.oxfordjournals.org/).
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Table 1. Expression Divergence of CG9509 Between African and Non-African Strains

Method Comparison Sex Ratio Source

Microarray Cosmopolitan vs. Zimbabwe Male 2.7*** Meiklejohn et al. (2003)

Microarray Europe vs. Zimbabwe Male 2.3*** Hutter et al. (2008)

qRT-PCR Europe vs. Zimbabwe Male 2.0** Present study

qRT-PCR Europe vs. Zimbabwe Female 3.2** Present study

The “Ratio” column gives the average ratio of non-African-to-African expression.

Statistical significance of microarray data was assessed by a Bayesian method (Townsend

and Hartl 2002), while that of qRT-PCR data was determined by a t-test using mean

expression values from eight strains of each population (*P < 0.05; **P < 0.01; ***P <

0.001).
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Table 2. Results of McDonald-Kreitman (MK) Tests for CG9509

MK-test P-value

Population Ds Ps Dn Pn Dup Pup Nonsynonymous Upstream

Europe 44 7 51 3 84 1 0.1935 0.0045

Africa 40 40 49 8 76 33 0.0001 0.0067

Shown are the numbers of fixed differences (D) between each D. melanogaster

population and D. sechellia and the number of polymorphic sites (P) within D.

melanogaster. Subscripts indicate synonymous (s), nonsynonymous (n), and upstream

(up) sites. The upstream region spans the entire sequence between the CG14406 and

CG9509 coding regions (see fig. 1).  at K
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Figure legends

Fig. 1. Polymorphism and divergence in the CG9509 genomic region. Nucleotide

diversity (θ) in the European (black line) and African (dotted line) populations, as well as

the mean pairwise divergence between all D. melanogaster sequences and D. sechellia,

are shown for a sliding-window analysis (window size = 200 bp, step size = 25 bp). The

positions of the three transcriptional units contained within this region are shown below,

with solid boxes representing exons and open boxes representing introns. The arrowhead

indicates the direction of transcription. The hatched box indicates the portion of the

CG9509 upstream region used for reporter gene analysis.

Fig. 2. Classification of the CG9509 region as either neutral or selected. (A) Machine-

learning classification surface on the basis of two test statistics SweepFinder (SF; Nielsen

et al. 2005) and ω (Kim and Nielsen 2004). A support vector machine (SVM) algorithm

implemented in the 'e1071' R package and 16,000 training points (not shown) were used

for the construction of the classification surface. Training points were generated by

simulation. The gray region denotes neutrality, whereas the white region denotes

selection. The observed data point is indicated. The false positive rate is 28% for the

entire feature space (see also text). Only the feature space associated with 85% of the

simulated points is shown, which are more relevant to the observed data point (x-axis:

0–70, y-axis: 0–27). Large values of SF and ω are not shown, but were considered in the

entire training set. (B) The probability that k or more selection instances are obtained

among x simulations for a given number of points (distance) around the observed point.

For the limited area around the observed data point, this probability is very low (~10-8),
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indicating a significant over-representation of selection instances in this region of the

feature space.

Fig. 3. Bayesian estimation of selective sweep parameters. Dotted lines indicate the prior

distributions, gray lines indicate the distributions obtained after the rejection step, and

solid black lines indicate the posterior distributions (rejection plus local linear

regression). (A) The posterior distribution of the selection coefficient, s. The prior

probability of neutrality (s = 0) is 0.5, whereas the posterior probability of the neutral

model is 0.037. Although there is strong evidence of s > 0, it is not possible to infer the

value of the selection coefficient accurately. (B) The posterior distribution of the time of

the sweep, t. The prior distribution of t is uniform from the split of the European and

African populations to the present. The posterior distribution suggests a relatively recent

sweep occurring within the past 100,000 generations (∼10,000 years).

Fig. 4. Ratio of reporter gene expression driven by the European CG9509 upstream

region to that driven by the African upstream region. Assays were performed separately

on whole males, whole females, and dissected (male) Malphigian tubules for two

independent reporter gene insertion sites (68E and 86Fb). For males and females,

expression was measured at the level of both protein (β-galactosidase activity) and

mRNA (qRT-PCR) abundance. Error bars indicate the 95% confidence interval. In all

cases, the European upstream region drove significantly higher expression than the

African upstream region (t-test, P < 0.025).
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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