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Decreased Thermosensitivity of Gene Expression in
Temperate Drosophila melanogaster
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ABSTRACT Drosophila melanogaster as a cosmopolitan species has successfully adapted to a wide range of different environments.
Variation in temperature is one important environmental factor that influences the distribution of species in nature. In particular for
insects, which are mostly ectotherms, ambient temperature plays a major role in their ability to colonize new habitats. Chromatin-
based gene regulation is known to be sensitive to temperature. Ambient temperature leads to changes in the activation of genes
regulated in this manner. One such regulatory system is the Polycomb group (PcG) whose target genes are more expressed at lower
temperatures than at higher ones. Therefore, a greater range in ambient temperature in temperate environments may lead to greater
variability (plasticity) in the expression of these genes. This might have detrimental effects, such that positive selection acts to lower the
degree of the expression plasticity. We provide evidence for this process in a genomic region that harbors two PcG-regulated genes,
polyhomeotic proximal (ph-p) and CG3835. We found a signature of positive selection in this gene region in European populations of
D. melanogaster and investigated the region by means of reporter gene assays. The target of selection is located in the intergenic
fragment between the two genes. It overlaps with the promoters of both genes and an experimentally validated Polycomb response
element (PRE). This fragment harbors five sequence variants that are highly differentiated between European and African populations.
The African alleles confer a temperature-induced plasticity in gene expression, which is typical for PcG-mediated gene regulation,

whereas thermosensitivity is reduced for the European alleles.
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ROSOPHILA melanogaster is a species that has colo-

nized all continents on Earth. Now a cosmopolitan spe-
cies with a worldwide distribution, it started its global
spread from its sub-Saharan ancestral range relatively re-
cently. Its origin is thought to be in southern-central Africa
from which it first expanded through Africa and finally
reached the Eurasian continent on the order of 10,000 years
ago (David and Capy 1988; Lachaise and Silvain 2004; Li
and Stephan 2006; Stephan and Li 2007; Pool et al. 2012).
This settlement was accompanied by a severe population
size bottleneck and involved a significant loss of genetic
variation (Li and Stephan 2006; Stephan and Li 2007; Pool
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et al. 2012). The colonization of Europe and Asia from its
original source population appears to be even more recent
since Furopean and Asian populations share a most recent
common ancestor (MRCA) ~5000 years ago (Laurent et al.
2011).

For insects, which are mostly ectotherms, differences in
temperature are one of the most important environmental
variables that influence the distribution of species in nature
(Clarke 1996). In the temperate climate of Europe, the
range of possible temperatures is probably one of the major
challenges D. melanogaster was confronted with during
colonization.

Chromatin-based gene regulation is known to be sensi-
tive to temperature (Fauvarque and Dura 1993; Gibert et al.
2011). In the case of the Polycomb group (PcG)-mediated
gene regulation, it is known that genes under the control of
this group of proteins have a higher transcriptional output
when flies are reared or held at lower temperatures than at
higher ones (Fauvarque and Dura 1993; Chan et al. 1994;
Zink and Paro 1995; Bantignies et al. 2003; Gibert et al.
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2011). The PcG and another group of proteins, the Trithorax
group (TrxG), act antagonistically to epigenetically maintain
repressed and activated transcription states, respectively.
They act through cis-regulatory DNA elements called Poly-
comb response elements (PREs), which recruit the proteins
of the two groups to their target genes. PREs regulate their
target genes in combination with other regulatory DNA
sequences (i.e., enhancers) in a cell- or tissue-specific man-
ner. This interplay modifies the expression of PcG-regulated
genes in such a way that enhancers initially determine the
level of transcriptional output, which is subsequently epige-
netically maintained by PREs (Schwartz et al. 2010; Kassis
and Brown 2013; Steffen and Ringrose 2014).

Several recent studies (Harr et al. 2002; Levine and Begun
2008; Gibert et al. 2011) explored the question of whether
the temperature-induced expression plasticity of PcG-regulated
genes may have been detrimental to D. melanogaster while
settling in temperate environments. These studies suggest that
adaptation included selection acting to buffer this thermosen-
sitive process in temperate populations.

In this study, we provide evidence for selection acting in
cis to buffer the temperature-induced expression plasticity of
PcG regulation in populations adapted to temperate envi-
ronments. We carried out population genetic analyses to
show that a DNA sequence region between the two PcG-
regulated genes polyhomeotic proximal (ph-p) and CG3835
has been the target of a selective sweep in European pop-
ulations of D. melanogaster. Furthermore, using transgenic
reporter gene assays, we demonstrate that sequence varia-
tion in this 5-kb selected fragment mediates differences in
gene expression between European and African sequence
variants. Temperature-sensitive expression is observed in
the case of the African alleles but not in the European ones.
These results are consistent with positive selection favoring
cis-regulatory polymorphisms that led to decreased thermo-
sensitivity of gene expression in temperate populations.

Materials and Methods
Fly lines and sequence data

Assembled full genome sequences were taken from the Dro-
sophila Population Genomics Project (DPGP) (http://www.
dpgp.org), including those from 133 sub-Saharan African
lines [among them the Zambian population sample (Sia-
vonga) of 27 lines] and a French population sample (Lyon,
8 lines). We additionally analyzed a Dutch population from
Leiden consisting of 10 lines and two Malaysian samples
from Kuala Lumpur and Kota Kinabalu consisting of 7 and
16 lines, respectively. Full genomes for the Dutch and
Malaysian samples were assembled following the approach
of Pool et al. (2012) and are available at http://evol.bio.
Imu.de/downloads. Nucleotides with known admixture or
identity-by-descent according to Pool et al. (2012) were replaced
with missing value labels in the analysis. The same was done
for sites exhibiting heterozygosity since heterozygotes are not
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expected in genome data from haploid embryos (Pool et al.
2012). Additionally, 12 lines of the aforementioned Dutch
population and 12 lines of one from Zimbabwe (Lake Kariba)
were fully sequenced between positions 2,030,513 and
2,059,036 on the X chromosome (FlyBase release 5), applying
the Sanger method (Sanger et al. 1977). This method was also
used to sequence fragments containing the polymorphisms of
interest in population samples from Siavonga, Zambia (10
lines); Munich, Germany (12 lines); Umea, Sweden (14 lines);
and Kuala Lumpur, Malaysia (11 lines). All Sanger sequences
were deposited in GenBank (accession nos. KR024038-
KR024162).

Population genetic analysis

To analyze DNA sequence polymorphisms in a 73-kb region
around the ph locus, sequences of the Zambia, Dutch, and
French population samples generated by the DPGP were
used. Nucleotide diversity was estimated in terms of
(Tajima 1989) and divergence was calculated against a
D. simulans sequence (Hu et al. 2013). The composite-likelihood
ratio (CLR) test of positive selection was performed, applying
the software SweeD (Pavlidis et al. 2013). It computes the CLR
between a selective sweep model and a neutral model based on
the background genomic patterns of polymorphism (Kim and
Stephan 2002). We ran the program on the complete X chro-
mosome and calculated the significance threshold (95th quan-
tile) by generating neutral coalescent simulations, using the
demographic model of Laurent et al. (2011). To improve the
power of the test statistic, the European sample was extended by
adding the French population sample (Pavlidis et al. 2010, 2013)
and two additional site classes of the site-frequency spectrum
(SFS) consisting of sites that are monomorphic in the European
sample and polymorphic in the Zambian one (Nielsen et al. 2005).
Polarization was done against D. simulans (Hu et al. 2013).

Outlier analyses were performed using BayeScan version
2.1 (Foll and Gaggiotti 2008), a Bayesian method based on
a logistic regression model that separates locus-specific
effects of selection from population-specific effects of de-
mography. Fsy coefficients (Beaumont and Balding 2004)
are estimated and decomposed into a population-specific
component (8) and a locus-specific one («). Departure from
neutrality at a given SNP locus is assumed when « is signifi-
cantly different from zero. Positive values of « suggest positive
directional selection, whereas negative a-values indicate bal-
ancing selection. BayeScan runs were carried out using default
parameters for a 300-kb genomic window around the ph locus
with sequences from seven European and African populations.
These included samples from The Netherlands (10 lines),
France (8 lines), Cameroon (10 lines), Gabon (9 lines), Ethiopia
(8 lines), Rwanda (27 lines), and Zambia (27 lines).

Expression analysis in whole adult flies

Gene expression was analyzed in whole adult flies from the
aforementioned population samples from The Netherlands
and Zimbabwe. Flies were reared on a standard cornmeal-
molasses medium at ~28° and 18° with a 14/10-hr light/dark
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cycle. Expression was measured in 11 fly lines per population.
For each line, RNA was extracted from five males and five
females (aged 4-6 days). RNA extraction including DNase I
digestion was performed using the MasterPure RNA Purifica-
tion Kit (Epicentre, Madison, WI; http://www.epibio.com).
RNA purity was assessed via the ratio of absorbances at 260
and 280 nm (A,g0/Asg0 > 1.8). It was then reverse transcribed
into complementary DNA (cDNA), using random primers and
SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad,
CA; http://www.lifetechnologies.com). RT-qPCR reactions
were run with iQ SYBR Green Supermix (Bio-Rad, Hercules,
CA; http://www.bio-rad.com) on a CFX96 real-time PCR cycler
(Bio-Rad). Primers for target and reference genes were
designed, applying the QuantPrime software (Arvidsson et al.
2008). Per fly line, two biological replicates were run in dupli-
cates. No template controls (NTCs) were included to control con-
tamination and primer specificity was confirmed by melting-curve
analysis. Relative expression was calculated using the gBase
relative quantification framework (Hellemans et al. 2007). Both
reference genes (RpL32 and RpS20) were stably expressed
across samples. This was assessed by calculating the coef-
ficient of variation and the M stability parameter according
to Hellesmans et al. (2007). Log-transformed normalized
relative quantities were subjected to a paired t-test to test
for statistically significant expression differences.

Reporter gene assays

The genomic region between ph-p and CG3835 reaching
from 2,030,598 to 2,035,598 on the X chromosome in FlyBase
release 5 (Pierre et al. 2014) was PCR amplified from one
Dutch and one Zimbabwean strain (NLO1 and ZK186, respec-
tively), using the primers 5'-GCCACAGTCACAGCACTAAGT-3’
and 3'-CCTTTCATCCATAAGTCAGTG-5'. The PCR products
were cloned directly into the “pCR4Blunt-TOPO” vector (Invi-
trogen). The insert was then excised as a HindIIl/Notl frag-
ment and cloned into the “placZ-2attB” integration vector
(Bischof et al. 2007). The identity and orientation of the cloned
fragments were confirmed by restriction analysis and sequenc-
ing. Integration vector DNA was purified with the QIAprep
Spin Miniprep Kit (QIAGEN, Hilden, Germany; http://www.
giagen.com) and used for microinjection of early-stage em-
bryos of the ®X86Fb strain (attP site at cyological band
86Fb). This strain includes a stable source of ®C31 inte-
grase on the X chromosome. The integration site used was
selected by the criteria of no binding of PcG/TrxG proteins
and no occurrence of their specific histone marks within
a window of *5 kb around the site. Following microinjection,
viable flies were crossed to a “white™” strain to remove the
integrase and establish stable lines. Resulting offspring
were screened for red eye color as a marker of successful
transformants.

Reporter gene expression was measured in brains and
midguts of third instar larvae via RT-qPCR. Flies containing
one copy of the inserted construct were grown on a standard
cornmeal-molasses medium at 28° and 17° with a 14/10-hr
light/dark cycle. Five females and five males were allowed

to mate and oviposit for 3 and 7 days at 28° and 17°, re-
spectively. Tissue of the resulting progeny was dissected and
immediately stored in RNAlater (QIAGEN). RNA extraction
and RT-qPCR were performed as described above. Primer
sequences for the lacZ reporter gene were taken from Zhang
et al. (2013). For normalization the two aforementioned
reference genes (RpL32 and RpS20) were used. Three biolog-
ical replicates per construct in the particular tissue at the par-
ticular rearing temperature were run in triplicates. Negative
controls included NTCs and no reverse-transcription controls
(NRTs) to exclude contamination. Furthermore, negative con-
trols also consisted of midgut and brain dissections of larvae
reared at the two different temperatures of an “empty” ®X86Fb
strain without any integrated constructs. Both reference genes
were stably expressed across samples. Log-transformed nor-
malized relative quantities were calculated as described
above and subjected to a Welch two-sample t-test to test
for statistically significant expression differences between
the different rearing temperatures and transgenic constructs.
False discovery rate (FDR) was controlled using the multiple-
testing correction method of Benjamini and Hochberg (1995).

Results
DNA sequence polymorphism in the ph region

Full-genome data provided by the Drosophila Population
Genomics Project were used to analyze a 73-kb genomic
region of intermediate recombination rates (Fiston-Lavier
et al. 2010) that is located on the X chromosome between
positions 1,990,000 and 2,063,000 (FlyBase release 5). In
an African population sample from Siavonga, Zambia, a re-
duction of variation in the region is observed (Figure 1A)
that overlaps with the valley of low polymorphism detected
in previous studies in a Zimbabwean population sample
from Lake Kariba (Beisswanger et al. 2006; Beisswanger
and Stephan 2008). In these previous studies, evidence
was presented that this reduction of polymorphism origi-
nated most likely from the action of positive directional se-
lection in the recent past causing a selective sweep in the
ancestral species range. As was shown before (Beisswanger
et al. 2006), the Dutch population sample from Leiden har-
bors an even more pronounced valley of low polymorphism
that spans >60 kb (Figure 1A).

Likelihood analysis of selective sweeps in the
European population

The 73-kb region shown in Figure 1A was submitted to
a composite-likelihood-ratio test that is based on the site-
frequency spectrum used by SweeD (Pavlidis et al. 2013).
Since a larger sample size may lead to more accurate results
in distinguishing selective sweeps from demographic events
and inferring the genomic position of sweeps (Pavlidis et al.
2010, 2013), the French population sample from DPGP
(Pool et al. 2012) was added to the Dutch sample to obtain
a larger European data set. SweeD was run on the complete
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X chromosome and the CLR profile of the region of interest
is shown in Figure 1B. The SweeD test provided a likelihood
profile that is much broader than the valley of reduced var-
iation in Africa (Beisswanger et al. 2006; Beisswanger and
Stephan 2008) and spans almost the entire region of very
low polymorphism found in the European sample (Figure 1,
A and B).

Genetic differentiation between the European and
African population samples in the ph region

Because a large fraction of the region of low variation in
Europe contains no or very few SNPs, the CLR test cannot be
used to identify the targets of selection. Instead, following
Wilches et al. (2014), we utilized genetic differentiation be-
tween African and European populations to obtain model-
based Fsr coefficients for each SNP (Foll and Gaggiotti 2008;
Riebler et al. 2008). BayeScan analyses (Foll and Gaggiotti
2008) were run on an X-chromosomal window of 300 kb
surrounding the ph locus between positions 1,900,000 and
2,200,000 (FlyBase release 5). SNP data from seven European
and African populations were considered, which included
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samples from The Netherlands, France, Cameroon, Ethiopia,
Gabon, Rwanda, and Zambia. Including all seven population
samples with a total of 11,894 SNPs, BayeScan yielded 22
significant outlier SNPs (FDR = 0.05) with positive a-values,
suggesting that these SNPs are targets of positive directional
selection (Supporting Information, Table S2).

Six of these 22 outliers are located in the region of
significant CLR values. While one of those 6 is already
segregating in the African samples, the other 5 are mono-
morphic in the population samples from Africa. The former
is also identified as an outlier SNP (FDR = 0.07), when the
European samples are excluded from the BayeScan analysis
(position on X chromosome, 2,039,998; see Table S2).
These results suggest that the differentiation of this SNP
started in Africa, whereas the differentiation of the other
5 SNPs occurred outside the ancestral species range. The
5 SNPs are located in the intergenic region between ph-p
and CG3835 (Figure 1). Except for 1 of the 5, in which case
no outgroup sequence was available, derived sequence var-
iants are observed for all lines of the two European samples
and ancestral variants for all lines of the five African samples.
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Thus, the 5 SNPs mark two distinct haplotype groups, a de-
rived one and an ancestral one. Complementing the DPGP
data with Sanger sequencing of lines from populations of
Europe, Africa, and Asia, it is observed that the derived hap-
lotype group is in very high frequency in Europe (44 of 46
lines) and the ancestral one is in very high frequency in Africa
(143 of 144 lines). Interestingly, in the two Asian population
samples from Malaysia a third haplotype group is quite abun-
dant (15 of 32 lines) (Figure 2). This group is a recombinant
between the derived and the ancestral haplotypes where the
second and third sequence variants are identical with those of
the derived group and the rest with those of the ancestral
one. In addition to the recombinant haplotype group, 8 lines
of the derived group and 9 lines of the ancestral one make up
the Southeast Asian samples (Figure 2). Thus, in contrast to
the European population samples, in which the derived var-
iants of these 5 SNPs are near fixation, the derived alleles
occur in intermediate frequencies in the Asian samples.

Taken together, our observations suggest that the ph re-
gion was hit not only by a selective event causing a sweep in
the ancestral African region, but also by another sweep that
may have occurred outside the ancestral range, leading to
the high frequency of the derived haplotype in Europe.

Sanger sequencing of the European sweep region

Accurate detection of short insertions and deletions is still
difficult using next-generation sequencing. Therefore, to
exclude insertion/deletion polymorphisms as possible tar-
gets of selection in Europe, we additionally sequenced the
region of interest in population samples from Europe and
Africa, using the Sanger method (see Materials and Meth-
ods). Since the target of selection in the European samples
appears to be located in the upstream half of the valley of
reduced variation, these 30 kb were fully sequenced in the
Dutch population sample from Leiden and a sample from
the ancestral range of D. melanogaster from Lake Kariba,
Zimbabwe (Pool et al. 2012). Sanger sequencing supports
the results of the full-genome data set in that the highest
genetic differentiation is observed in the intergenic region of
ph-p and CG3835 and no highly differentiated insertions/
deletions were found between the European and African
samples.

Expression analysis and reporter gene assays

The intergenic region between ph-p and CG3835 contains
a PRE and the promoters of the two genes. This PRE was
experimentally validated by using reporter gene assays and
different PcG mutant backgrounds (Fauvarque and Dura
1993). The fragment exhibiting PRE activity as demon-
strated by Fauvarque and Dura (1993) spans nearly the
whole intergenic region and overlaps with the promoters
of both genes. Since PREs function in an orientation-
independent fashion (Busturia et al. 1997; Americo et al.
2002; Kozma et al. 2008), which was shown in particular for
this specific PRE (Fauvarque and Dura 1993), and ph-p and
CG3835 are known PcG target genes as seen by chromatin

Figure 2 Geographical distribution of haplotype groups in the intergenic
region between ph-p and CG3835. The derived, ancestral, and recombi-
nant haplotype groups are shown in white, black, and gray, respectively.
The area of the pie chart is proportional to the size of the population
sample of a given region.

immunoprecipitation (ChIP) experiments (Schuettengruber
et al. 2009; Schwartz et al. 2010), it is likely that both genes
are under the control of the PRE residing in the region between
them. Thermosensitivity in expression as often found for genes
regulated by PcG proteins was observed for ph-p in its natural
genetic environment. In a rather crude experiment using whole
adult flies reared at different temperatures, we observed a sig-
nificantly higher expression when temperature was lower.
However, this effect was significant only for the Zimbabwean
population sample, not for the Dutch one (Figure 3).

To further test whether the five SNPs that define the
derived and ancestral haplotype groups have an effect on
gene expression, four reporter gene constructs were created
in which the 5-kb intergenic region from either a Dutch
(derived sequence variants) or a Zimbabwean (ancestral
sequence variants) strain was fused to the Escherichia coli
lacZ gene. The lacZ reporter gene was driven by either the
ph-p promoter or the one of CG3835 (Figure 4). Reporter
gene constructs were inserted into a common genetic back-
ground using the site-specific ®C31 integration system
(Bischof et al. 2007), allowing the comparison of the expression
of the different constructs at the same genomic position in an
otherwise identical genetic background. It was also checked
that the selected integration site was not located in a PcG-
regulated genomic region (see Materials and Methods).

To explore whether a temperature-sensitive pattern can
be observed in the regulation of the two PcG target genes,
flies were reared at 17° and 28° and messenger RNA (mRNA)
expression levels of the lacZ reporter were quantified in the
different transgenic lines via RT-qPCR. Since ph-p is highly
expressed in the brain and CG3835 in the midgut of third
instar larvae (Chintapalli et al. 2007), these tissues were dis-
sected for the expression analysis. To measure lacZ mRNA
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Figure 3 Expression of ph-p in population samples from The Netherlands
(NL) and Zimbabwe (ZK). mRNA abundance in adult flies reared at 18°
(shaded bars) and 28° (open bars) was measured via RT-gPCR. Error bars
represent the 95% confidence interval. **P < 0.01.

levels, when expression of both genes is low, RT-qPCRs were
also run for lines in which the reporter gene is controlled by
the ph-p promoter on samples from the larval midgut and in
those with lacZ driven by the CG3835 promoter on samples
from the larval brain.

As expected from the endogenous expression, when the
ph-p promoter was driving the reporter gene, a higher lacZ
expression was observed in the brain than in the midgut,
and vice versa in constructs with lacZ under the control of
the CG3835 promoter (Table S1). For all tissues and treat-
ments, lacZ expression due to the ph-p promoter was higher
than expression due to the CG3835 promoter (Figure 5).
Constructs carrying the ancestral sequence variants exhibited
a temperature-sensitive expression pattern in the midgut
while no such temperature-dependent expression difference
was detected in the brain and for those constructs with the
derived sequence variants (Figure 5). In the case of the an-
cestral sequence variants, midgut expression was approxi-
mately twofold higher when larvae were reared at 17° than
at 28°. This difference due to temperature in lacZ expression
was highly significant for the ph-p promoter, whereas no sig-
nificance was reached for the promoter of CG3835 (Figure 5,
C and D, and Table S1). For the constructs with the derived
sequence variants and lacZ under the control of the ph-p pro-
moter, a significantly higher reporter gene expression at 28°,
compared to that of constructs with the ancestral variants, led
to a buffering of the thermosensitivity (Figure 5, C and D).

Therefore, we may conclude that nucleotide differences
between the European and African sequences in the inter-
genic region have led to differences in gene expression.
However, which of these differences confer the observed
expression differences is currently unknown. In addition to
the five candidate SNPs, there are two other sites in the 5-kb
insert that differ between the two fly strains (NLO1 and
ZK186) from which the fragment was taken (Figure 4). One
of these two sites is upstream of the first candidate SNP and
the other one is downstream of this SNP (Figure 4B). The
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latter harbors a derived variant in the African line that is
rare in Africa (6 of 139 lines) and not found in Europe,
whereas the former one is also highly differentiated between
Africa and Europe with the derived variant in high frequency
in Europe (42 of 42 lines) and rare in Africa (7 of 138 lines).
The seven sites that differ between the African and Euro-
pean reporter gene constructs are all candidates responsible
for the observed differences in lacZ expression (Figure 4 and
Figure 5). However, only the highly differentiated SNPs are
expected to be causative if selection is responsible for the
observed expression differences. Each of these SNPs has the
potential to insert or delete a transcription factor binding
site (TFBS) motif or change its binding affinity (Hauenschild
et al. 2008), located either in the PRE or in any other reg-
ulatory element in the ph-p/CG3835 intergenic region. In-
terestingly, for the fifth of the candidate SNPs (Figure 4), the
derived variant creates the Grh consensus sequence experi-
mentally identified by Blastydk et al. (2006) and a Dspl
consensus sequence that was demonstrated to be important
in PcG recruitment (Déjardin et al. 2005). The derived state
of the aforementioned additional highly differentiated SNP
upstream of the first candidate SNP leads to the insertion of
a motif, a GTGT sequence, which was shown to be func-
tional in PRE activity in a number of studies (Kassis and
Brown 2013).

Discussion

As was shown before (Beisswanger et al. 2006; Beisswanger
and Stephan 2008), the genomic region around the ph locus
exhibits a strong reduction in nucleotide polymorphism in
D. melanogaster populations from Africa and Europe. Thus,
the data suggest positive directional selection acting at this
locus, leading to a selective sweep. In the previous studies,
however, the question remained whether the sweep in the
European population is independent of the African one or a
result of a trans-population sweep that arose in Africa before
the colonization of Europe (Beisswanger et al. 2006; Beisswanger
and Stephan 2008). The much more pronounced reduction in
nucleotide diversity in Europe could just be a product of the
severe population size bottleneck D. melanogaster underwent
during its migration out of Africa, and this bottleneck could
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Figure 5 Reporter gene expression in larval tissues at two different rear-
ing temperatures. mRNA abundance was measured via RT-gPCR in brains
(A and B) and midguts (C and D) from third instar larvae reared at either
17° (shaded bars) or 28° (open bars). In A and C the ph-p promoter is
driving lacZ expression whereas in B and D /acZ is under the control of the
CG3835 promoter. The intergenic region containing the PRE and the
promoters was taken from either a European strain from The Netherlands
(NL) or an African one from Zimbabwe (ZK); that is, constructs were
carrying either the derived or the ancestral sequence variants, respec-
tively. Error bars represent the 95% confidence interval. *P < 0.05,
**P < 0.01 (FDR = 0.05).

also be the cause for the very high differentiation of the genomic
region between ph-p and CG3835. However, since Asian and
European populations share a MRCA after the out-of-Africa bot-
tleneck (Laurent et al. 2011), and populations from Asia show
a high genetic diversity in the aforementioned intergenic region,
it is unlikely that the bottleneck is responsible for the high fre-
quency of the derived sequence variants found in Europe.

The genes ph-p and CG3835 flanking this highly differen-
tiated region are known PcG target genes (Schuettengruber
et al. 2009; Schwartz et al. 2010) and harbor an experimen-
tally validated PRE between each other (Fauvarque and Dura
1993). PcG-regulated genes are temperature sensitive in their
expression; i.e., their transcriptional output is higher when
flies are reared or held at lower temperatures than at higher
ones (Fauvarque and Dura 1993; Chan et al. 1994; Zink and
Paro 1995; Bantignies et al. 2003; Gibert et al. 2011). This
phenomenon prompted the hypothesis that if cold temper-
atures disrupt PcG regulation, then adaptation to temperate
environments should include the buffering of this expression

plasticity (Levine and Begun 2008). Natural selection would
then act to stabilize the transcriptional output, leading to
a lower degree of gene expression plasticity in response to
varying temperatures. As a consequence, thermosensitivity of
PcG target gene expression would be reduced by limiting the
influence of the environment. A genome-wide expression
analysis indeed identified more genes with expression plas-
ticity due to rearing temperature in tropical compared to
temperate populations (Levine et al. 2011). Our study also
supports the reduced thermosensitivity of PcG target gene
expression in temperate populations. The data suggest tem-
perature sensitivity of PcG target gene expression in African
populations that was selected against in populations from
Europe to stabilize the transcriptional output across temper-
atures. At the locus under study, this was observed for the
expression of ph-p in the natural genetic background and for
larval midguts, using reporter gene assays. The reporter gene
analysis linked the SNPs that were detected as likely targets
of positive selection in Europe to the European stabilized
gene expression. Rearing temperature had no effect on gene
expression in larval brains. Possible explanations could be
that brain expression is under a greater selective pressure
against gene expression variability, and so the expression
level is already less environmentally sensitive in the Afri-
can populations, or that there is no thermosensitivity of
expression in the larval brain. In addition, for the ph-p
promoter-driven expression, the data indicate that higher
transcriptional output at lower temperatures is not in itself
detrimental. The greater variability in expression due to
a higher degree of variation in temperature in temperate
climates, however, seems to have been disadvantageous
and needed to be reduced by the action of selection during
the colonization of Europe.

More recent studies focused only on selection stabilizing
the temperature-sensitive transcriptional output by directly
acting on the proteins of the PcG system in populations from
temperate environments (Harr et al. 2002; Levine and Begun
2008; Gibert et al. 2011). In this study, we present evidence
for selection acting on cis-regulatory sequences to reduce the
temperature sensitivity of PcG-regulated gene expression.

Since PRE function is highly dependent on the genomic
location, one drawback of our study may be that reporter
gene assays were only done at one integration site in the
genome (Kassis and Brown 2013; Steffen and Ringrose
2014). This position effect is mainly due to regulatory ele-
ments in the vicinity of the integration site that can have an
influence on the function of the transgenic PRE. However, it
is likely that redoing the study at an additional integration
site would yield similar results to those reported here. One
reason for this is that studies observing this position effect
mainly looked at smaller PRE sequences (Kassis and Brown
2013). Our inserted fragment is ~5 kb in length and likely
contains other regulatory sequences (i.e., enhancers) in ad-
dition to the two promoters and the PRE. Furthermore, we
could reproduce the endogenous expression pattern of the dif-
ferent tissues in the transgenic lines with a higher expression
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of ph-p in larval brains than in midguts and vice versa for
CG3835.

Here, we report a cis-regulatory change mediating a de-
creased thermosensitivity of PcG regulation at a specific locus.
The question arises of whether selection against temperature-
sensitive expression variability in temperate populations is
a global phenomenon, i.e., PcG target genes in general exhibit
such a buffering, or whether it is specific for the locus exam-
ined in this study. The former is supported by other studies
that have shown greater expression plasticity in tropical pop-
ulations than in temperate ones (Levine et al. 2011) and
given evidence for spatially varying selection targeting pro-
teins of the Polycomb group (Harr et al. 2002; Levine and
Begun 2008). It would then also be of interest to which
amount either of both, cis-regulatory and trans-regulatory
changes, contributes to the reduced thermosensitivity in tem-
perate populations and whether one can observe other PcG
target genes with cis-regulatory changes.

The buffering of the temperature-induced expression plas-
ticity due to the derived sequence variants is likely to be
explained by changes in TFBS motifs. There are two possibil-
ities for how this could have happened. First, changes in TFBS
motifs occurred in enhancer sequences, altering the strength
of the enhancer, resulting in a change in the transcriptional
output that is then maintained by the associated PRE. Second,
the PRE could have been directly targeted by selection and
TFBSs of PcG proteins and associated factors could have been
modified, leading, e.g., to changes in PcG recruitment and
therefore to differences in the expression level that is main-
tained by the PRE (Schwartz et al. 2010; Steffen and Ringrose
2014). For enhancers as well as for PRESs, it is well documented
that small changes in their sequences can have large effects on
the expressed phenotype and both cis-regulatory elements are
known to evolve rapidly (Hauenschild et al. 2008). Therefore,
it seems likely that a change in sequence of one of them (or
both) is responsible for the expression differences described in
this study. To find the causative sequence variant(s) and the
associated TFBS(s), further experimental studies are needed.
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Table S1 Fold-changes in lacZ reporter gene expression

Promoter Comparison Fold-change
between within
ph-p BR/MG 17°C & NL 2.67
17°C & ZK 3.08 **
28°C & NL 4.28 **
28°C & ZK 6.81 **
17°C/28°C BR & NL 0.77
BR & ZK 1.09
MG & NL 1.24
MG & ZK 2.41 **
NL/ZK 17°C & BR 0.74
17°C & MG 0.85
28°C & BR 1.03
28°C & MG 1.64*
CG3835 BR/MG 17°C & NL 0.33 **
17°C & ZK 0.21 %
28°C & NL 0.61*
28°C & ZK 0.40 *
17°C/28°C BR & NL 0.89
BR & ZK 0.70
MG & NL 1.08
MG & ZK 2.03
NL/ZK 17°C & BR 1.04
17°C & MG 0.67
28°C & BR 0.82
28°C & MG 1.27

mRNA abundance was measured via RT-qPCR in brains (BR) and midguts (MG) of third instar larvae reared at 17°C or 28°C.
lacZ reporter gene expression was either driven by the promoter of ph-p or the CG3835 promoter. Promoter and adjacent
regulatory regions were either derived from a European strain from the Netherlands (NL) or an African one from Zimbabwe
(ZK). Statistical testing included t-tests and correction for multiple testing. *P<0.05, **P<0.01 (FDR=0.05).

28I Voigt et al.



Table S2 BayeScan outlier SNPs

Sample Number of Position on X Posterior Posterior alpha Fst
Populations chromosome Probability Odds
log10(PO)

Europe-Africa 7 2,054,375 1.000 3.699 1.834 0.739
2,035,164 0.926 1.095 1.700 0.712
2,173,611 0.928 1.111 1.677 0.709
2,035,208 0.917 1.042 1.676 0.708
2,034,789 0.919 1.054 1.665 0.706
2,032,933 0.921 1.064 1.661 0.706
2,035,090 0.920 1.059 1.641 0.702
2,054,995 0.996 2.442 1.502 0.687
2,039,998 0.990 1.996 1.449 0.678
2,055,053 0.988 1.930 1.438 0.676
1,999,363 0.976 1.617 1.391 0.668
2,053,119 0.976 1.617 1.379 0.666
2,056,220 0.972 1.537 1.369 0.664
2,054,347 0.966 1.448 1.337 0.658
1,907,955 0.955 1.329 1.248 0.643
2,056,678 0.933 1.141 1.248 0.642
2,055460 0.911 1.012 1.246 0.642
1,905,431 0.955 1.329 1.231 0.640
1,999,517 0.950 1.275 1.222 0.639
1,974,821 0.946 1.242 1.216 0.638
1,903117 0.942 1.212 1.202 0.635
1,974,723 0.923 1.081 1.162 0.628
2,090,045 0.901 0.958 -1.521 0.181
2,179,117 0.926 1.095 -1.573 0.174
2,136,315 0.941 1.203 -1.584 0.171
1,963,657 0.928 1.108 -1.609 0.170
2,181,270 0.948 1.257 -1.589 0.170
1,984,277 0.933 1.147 -1.644 0.166
2,171,163 0.953 1.309 -1.626 0.166
1,994,497 0.961 1.394 -1.673 0.160
2,069,894 0.954 1.315 -1.691 0.160
2,179,478 0.973 1.550 -1.702 0.157
2,141,928 0.976 1.606 -1.733 0.153
2,153,801 0.973 1.557 -1.742 0.153
1,965,347 0.979 1.669 -1.782 0.148
2,139,505 0.971 1.525 -1.846 0.144
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Africa 5 2,054,375 0.998 2.698 1.731 0.674

1,972,008 0.959 1.365 1.343 0.599
1,972,114 0.958 1.354 1.335 0.598
2,054,995 0.955 1.331 1.324 0.595
2,112,292 0.945 1.238 1.290 0.589
2,141,480 0.939 1.190 1.296 0.590
2,053,119 0.899 0.951 1.215 0.573
1,944,464* 0.880 0.864 1.178 0.566
2,039,998* 0.865 0.807 1.140 0.558

BayeScan analyses were run on a X-chromosomal 300-kb sequence window around the ph locus. Significant outlier SNPs
at an FDR of 5% are shown here. For the African-exclusive analysis, also outliers at an FDR of 7% are given (marked by
asterisks). Six outlier SNPs are located in the region of significant CLR values. Bold font highlights the five outlier SNPs that
are located in ph-p/CG3835 intergenic region and that are not already significantly segregating when only African
populations are considered. The SNP at X-chromosomal position 2,039,998 (FlyBase release 5) is located within in the
region of significant CLR values, but not between ph-p and CG3835.
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