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Abstract

Abstract

The pervasiveness of gene expression variation at both the population and species
level is well-documented. Underlying this expression variation are gene regulatory changes.
It has been hypothesized that regulatory changes, especially cis-regulatory changes, are
especially important in phenotypic evolution since they are more easily fine-tuned both
temporally and tissue-specifically than protein-coding changes. This dissertation aims to
examine the genetic basis of adaptive regulatory changes, including the effects of adaptive
regulatory polymorphisms on both gene expression and organismal phenotype. This thesis
centers around the analysis of adaptive cis-regulatory changes associated with two
Drosophila melanogaster genes: CG9509, a gene of unknown function, and Metallothionein
A (MtnA), a gene involved in metal homeostasis and the general stress response.

Chapters 1 and 2 provide an in-depth analysis of a case of previously identified
adaptive regulatory divergence in a cis-regulatory element of CG9509. Adult CG9509
expression is 2—3-fold higher in a European population in comparison to an ancestral, sub-
Saharan African population and transgenic reporter gene assays have previously shown that
this expression divergence is driven by a 1.2-kb cis-regulatory enhancer element upstream of
the CG9509 coding region, which shows signs of recent positive selection in the European
population. In Chapter 1, | show that the observed CG9509 expression divergence extends to
adults in other cosmopolitan and sub-Saharan African populations, and in chapter 2 | show
that it extends to larvae as well. This suggests that the previously identified positive

selection on the cosmopolitan variant of the CG9509 enhancer element occurred during or
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Abstract

shortly after D. melanogaster’s expansion out of Africa, before the separation of European
and Asian populations. In chapter 2, | use site directed-mutagenesis and transgenic reporter
gene constructs to identify the three single nucleotide polymorphisms (SNPs) within the
CG9509 enhancer responsible for the observed expression divergence. Interestingly, two of
these SNPs have a relatively small effect on expression and appear to have been the targets
of a selective sweep, while the third SNP has a much larger effect on expression and appears
to have been a recent target of balancing selection. In chapter 2, | further use a series of
functional and tolerance assays to show that CG9509 expression affects D. melanogaster
growth and propose that the organismal phenotype under selection is reduced wing loading,
which likely improves flight ability at cooler temperatures.

Chapter 3 identifies a new case of adaptive cis-regulatory divergence in the 3’
untranslated region (UTR) of MtnA. MtnA expression in the brain is 5-fold higher in a
European in comparison to an African population and within the MtnA 3’UTR is a 49-
basepair insertion/deletion (indel) polymorphism. | performed transgenic reporter gene
assays to show that the deletion in the 3’UTR, which is the derived variant and is at high
frequency in the European population, is associated with increased MtnA expression. In
conjunction with population genetic evidence, this suggests that the deletion in the MtnA
3’UTR has been the target of selection for an increase in MtnA expression in the European
population. Using hydrogen peroxide tolerance assays, | further show that MtnA expression
is involved in oxidative stress tolerance and that the 3’UTR indel polymorphism is associated
with oxidative stress tolerance variation in natural populations, suggesting that improved

oxidative stress tolerance is the organismal phenotype under selection.
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General Introduction

General Introduction

“But Natural Selection, as we shall hereafter see, is a power
incessantly ready for action, and is immeasurably superior to
man's feeble efforts, as the works of Nature are to those of Art.”

Charles Darwin, On the Origin of Species

After Charles Darwin first proposed the theory of natural selection in 1859, it has
remained in the zeitgeist of evolution ever since. Although some of what Darwin proposed in
On the Origin of Species has proven untenable, the idea of natural selection has stood the
test of time. While the theory of neutral (or nearly neutral) evolution, which states that the
majority of observed molecular evolutionary changes are the result of the genetic drift of
neutral or nearly mutations rather than natural selection (Kimura 1983, Ohta 1992), is an
integral part of evolution and establishes the baseline evolutionary biologists use to
determine if selection is occurring, adaptation is arguably the more interesting
phenomenon. When a species encounters new habitats or a change in environmental
conditions within the current habitat, it must adapt in order to survive and flourish in the
newly encountered conditions and the new fitness challenges they may impose. This is
especially important as species expand their range. As they colonize their new habitat, they
must adapt to the new environmental factors, such as temperature, humidity, elevation,
parasite pressure, predation, or resources, if they are to establish in the new area.

Furthermore, the initial range expansion itself can sometimes be the product of natural
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selection, such as adaptation to becoming a human commensal, a change in dispersal
method, or a host or resource switch that has allowed the species to spread more quickly or
more easily than previously. Thus, species that have been able to successfully undergo range
expansions make excellent subjects for the study of adaptation, especially if much is known

about their demographic history and the method of their range expansion.

Identifying adaptation in the genome

DNA sequences contain information about their evolutionary history. When the DNA
sequences of individuals within a population are aligned, one can see standing variation
along a locus in the form of mutations at various nucleotide positions, known as single
nucleotide polymorphisms (SNPs). Although genetic variability is also increased by
insertion/deletion (indel) polymorphisms, translocations, transposable elements, and
inversions, for convenience, SNPs are usually used to assess the genetic variation of a given
locus within a population. Patterns in this genetic variation can reveal much about the
history of a sequence, since evolutionary forces such as genetic drift and natural selection in
the form of balancing, positive, and negative, or purifying, selection leave footprints in the
genome (Ohta 1992, Stephan et al 1992, Fu and Li 1993, Charlesworth 2006). However,
demographic events, such as bottlenecks or expansions, can also leave footprints in the
genome that can be very similar to those left by selection (Jensen et al 2005, Hahn et al
2002). Therefore, knowledge of a species’ demographic history is key in identifying instances

of selection.
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Drosophila melanogaster

Drosophila melanogaster is an excellent model organism with which to study
adaptation. It has a long history as a model organism and is employed extensively in many
fields of research. As a result, it has a plethora of genetic tools available as well as a well-
annotated genome and an increasing availability of information on its genomic functional
elements. Its short generation time combined with the Drosophila community’s extensive
and continually expanding knowledge of its regulatory elements, chromatin states, proteins,
signaling pathways, development, etc. make it a powerful model system. However, what
suits D. melanogaster most to the study of adaptation is our knowledge of its biogeographic
and demographic history.

D. melanogaster is a cosmopolitan, domestic species that can be found as far north
as Finland and as far south as Tasmania (Keller 2007). Based on genome-wide analyses of
DNA sequence polymorphism, D. melanogaster is believed to have originated in sub-Saharan
Africa (Ometto et al 2005, Glinka et al 2003, Li and Stephan 2006), specifically somewhere in
southern-central Africa (Figure 1, Pool et al 2012). It is thought to have expanded from its
ancestral range approximately 15,000-17,000 years ago with the establishment of human
settlements in the Middle East (Laurent et al 2011). From this non-sub-Saharan African
source population, D. melanogaster is believed to have colonized Asia and Europe
approximately 2,500-5,000 years ago as humans and agriculture spread (Figure 1, Laurent et
al 2011). D. melanogaster has only more recently colonized North America, within the last
200 years, through an admixture of European and African populations (Duchen et al 2013).
Sub-Saharan African admixture with non-African populations is also thought to have
occurred recently, with more extensive admixture in urban areas, potentially due to a bigger

connection to international trade (Pool et al 2012).
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Figure 1: Demography of D. melanogaster in Africa and Eurasia. The black circle shows D.
melanogaster’'s hypothesized point of origin in sub-Saharan Africa. Arrows represent direction of
colonization, with the solid line representing D. melanogaster’s initial expansion out of Africa and
hatched lines representing the subsequent colonization of Europe and Asia from a putative source
population in the Middle East (white circle). Shown are estimated dates of range expansions in years

ago (ya) based on genome-wide analyses of DNA sequence polymorphism (Laurent et al 2011).

D. melanogaster is a part of the melanogaster group of the subgenus Drosophila,
which is composed of nine species, all of which are Afrotropical in origin. However, only D.
melanogaster and D. simulans, which split approximately 2—3 million years ago, are human
commensals and have expanded to a cosmopolitan range (Lachaise and Silvain 2004).
Colonization capability often depends upon the breadth of a species’ ecological niche, with
species subsisting on a broader range of food or capable of withstanding wider temperature
ranges being more capable of expanding their species range (Keller 2007). Of the two

species, D. melanogaster is the more efficient colonizer, with D. simulans often lagging
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several years behind D. melanogaster in the colonization of new areas (Keller 2007). This
slower speed of dispersal could be in part due to D. simulans being less domestic than D.
melanogaster. While D. simulans is only semi-domestic and less likely to enter homes or
other human buildings (David et al 2004, Keller 2007), D. melanogaster is more closely
associated with humans and is thought to be a strict human commensal, although the timing
of the shift from wild to domestic habits is still under debate (Lachaise and Silvain 2004). D.
melanogaster’s expansion of its species range and shift to domestication suggest that the
species has likely undergone adaptation both to environmental factors as well as being a

human commensal.

Gene expression variation and its effect on phenotype

Gene expression variation among both species and populations is a widespread
phenomenon. As the use of transcriptomic technologies such as microarrays and RNA-seq
has become more pervasive, the opportunity to study gene expression variation within and
among species has arisen. Indeed, many such studies have been carried out, revealing the
pervasiveness of gene expression variation within and among species. Expression divergence
has been well-documented among closely related species, including human and chimpanzee
(Khaitovich et al 2005) and D. melanogaster and D. simulans (Ranz et al 2003), as well as on
evolutionary branches of closely related species, such as primates (Enard et al 2002,
Khaitovich et al 2006) and within the Drosophila group (Kalinka et al 2010, Zhang et al 2007).
There have even been studies documenting the gene expression divergence across large
evolutionary distances such as across mammalian (Brawand et al 2011) or reptilian (Tzika et
al 2011) lineages. Studies documenting the abundant gene expression variation within

species have also been performed across many taxa, including humans (Khaitovich et al
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2005, Stranger et al 2005, Storey et al 2007), fish (Oleksiak et al 2002, Aubin-Horth et al
2005, Whitehead et al 2006), Drosophila (Meiklejohn et al 2003, Ayroles et al 2009), yeast
(Cavalieri et al 2000, Townsend et al 2003), and mice (Voolstra 2007). Studies of gene
expression divergence among populations of Drosophila melanogaster are particularly
abundant. Indeed, expression divergence has been measured between the same derived,
European (the Netherlands) and ancestral, sub-Saharan African (Zimbabwe) populations of
D. melanogaster in both sexes of whole flies (Hutter et al 2008, Miiller et al 2011) as well as
in the brain and Malpighian tubules (Catalan et al 2012, Huylmans and Parsch 2014). These
studies have revealed extensive gene expression divergence between these European and
sub-Saharan African populations (Table 1), some of which likely reflects adaptation to newly

encountered biotic and abiotic conditions as D. melanogaster expanded out of Africa.

Table 1. Studies of expression divergence between Dutch and Zimbabwean D. melanogaster

No.
Source Genes® Study
Whole males 1600 Hutter et al (2008)
Whole females 1364 Miller et al (2011)
Brain 328 Catalan et al (2012)
Malpighian tubules | 2474 Huylmans and Parsch (2014)

®Number of genes showing differential expression between the populations at a false discovery rate

of 0.05

Gene expression variation is thought to underlie much of the phenotypic divergence
observed within and between species (King and Wilson 1975, Wray et al 2003). This variation
is controlled by regulatory elements, which can either be located near a gene and directly

affect expression (cis-regulatory elements, Figure 2) or more distant from a gene and
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indirectly affect expression via interaction with a cis-regulatory element (trans-regulatory
element or trans-acting factor, Figure 2). A well-known example of gene expression variation
among closely related species is the extensive phenotypic and behavioral divergence
observed between humans and chimpanzees, despite sharing approximately 98% sequence
identity (Chimpanzee Sequencing and Analysis Consortium 2005). Thus, much of the
observed phenotypic divergence is thought to be due to expression rather than protein
divergence (King and Wilson 1975), especially in the brain (Preuss et al 2004). Another
example from the Drosophila clade is male wing pigmentation pattern. In some species of
Drosophila, spots of dark pigmentation form on the wingtips of males. These spots are
involved in courtship display and have been gained and lost multiple times in the
melanogaster and obscura groups (Prud’homme et al 2006). Although the formation of
these spots is under the control of multiple genes (Gompel et al 2005), the addition or loss
of spots in all of the species examined was due to changes in cis-regulatory elements of the

pigmentation gene, yellow (Gompel et al 2005, Prud’homme et al 2006).
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Figure 2: cis- versus trans-regulatory elements. Schematic of how cis-regulatory elements (shown in
red) act to directly affect gene expression versus how trans-acting factors (shown in yellow or blue)
act indirectly to affect gene expression. Hatched line indicates the yellow trans-acting factor’s

interaction with a cis-regulatory element.

A striking example within human populations is hair color, with darker hair more
prevalent in Asian, African, and southern European populations and lighter colors, including
blond, more common in Northern Europeans. Hair color determination is a complex trait and
blond hair in Europeans has been associated with genetic variants linked to eight genes
(Sulem et al 2007, Han et al 2008, Sulem et al 2008, Zhang et al 2013). While some variants
associated with blond hair alter protein-coding regions of known pigmentation genes (Sturm
2009, Kenny et al 2012), many are located outside of protein-coding regions and are thought
to be located in regulatory sequences (Sturm 2009, Hindorff 2009, ENCODE Project
Consortium 2012). A SNP over 350 kb upstream of the KITLG gene, which encodes a ligand
for the KIT receptor tyrosine kinase (Morrison-Graham et al 1993), is associated with blond
hair in northern European populations and can, together with variants associated with other
genes, explain 3—6% of blond hair color variation (Sulem et al 2007). Using mice, it was

confirmed that this SNP’s association with blond hair color is indeed a regulatory change,
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with the blond-associated SNP altering a binding site for the lymphoid enhancer-binding
factor 1 within a regulatory enhancer driving expression in developing hair follicles, leading

to significant differences in hair pigmentation (Guenther et al 2014).

Adaptation via gene expression regulation

Gene expression divergence is thought to play a particularly important role in
phenotypic evolution, since alterations in gene expression are temporally and tissue-
specifically more easily adjusted and fine-tuned than changes in protein structure (Carroll
2000, Carroll 2008). The adaptive evolution of cis-regulatory elements, in particular, is
thought to be especially abundant (Carroll 2000, Carroll 2008, Wray et al 2003, Prud’homme
et al 2007, Wray 2007). This is because cis-regulatory changes generally affect only one gene
or group of genes and alter allele-specific expression, while trans-regulatory changes tend to
be more pleiotropic, affecting a larger number of genes across multiple tissues and/or
developmental stages and will affect both alleles (Carroll 2000, Carroll 2008). While studies
have demonstrated the abundance of cis-regulatory changes available for evolution
between (Wittkopp et al 2008) and within several species, including humans (Rockman and
Wray 2002) and D. melanogaster (Négre et al 2011, Massouras et al 2012), the relative
importance of cis-regulatory changes versus trans-regulatory and other genetic changes,
such as amino acid replacements within proteins, remains a topic of debate (Hoekstra and
Coyne 2007, Holloway et al 2007, Wagner and Lynch 2008).

A well-known example of adaptive cis-regulatory divergence in D. melanogaster is
the insertion of an Accord transposable element into the upstream regulatory sequence of
the cytochrome P450 gene, Cyp6gl (Daborn et al 2002). The insertion results in increased

Cyp6gl expression and subsequent increased tolerance of the insecticide DDT and shows
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evidence of positive selection outside of Africa (Catania et al 2004, Chung et al 2007). cis-
regulatory mutations affecting gene expression can also occur within the gene itself. A
recent example of such adaptive cis-regulatory expression divergence in D. melanogaster is
the insertion of the pogo transposable element in the kinetochore Mis12-Ndc80 network
component 1 (Kmn1) transcript (Mateo et al 2014). This insertion affects the choice of the
polyadenylation signal for the CG11699 gene, resulting in the production of only the
CG11699 transcript with a shortened 3’ untranslated region (UTR) and higher CG11699
expression, which was associated with increased xenobiotic resistance (Mateo et al 2014).
The flanking regions of the pogo insertion show evidence of a recent selective sweep in non-
African D. melanogaster, suggesting that it has undergone positive selection outside of

Africa (Gonzalez et at 2008).

CG11699-RA
|
CG11699-RB
]
e ——-‘-I
no pogo
insertion kmn1
CG11699-RA

CG11699 1
I

pogo

insertion kmn1

Figure 3: Effect of pogo insertion in Kmn1 3’UTR on CG11699 expression. Exons are shown as blue
boxes and UTRs as yellow boxes. The pogo transposon is represented as a red box, while its absence

is indicated by a red hatched line. When the pogo transposon is inserted in the Kmn1 3’UTR, only the
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CG11699-RA transcript, which has a shorter 3’UTR, is expressed and at higher expression levels than

when the pogo insertion is absent.

Functional analyses of regulatory adaptations

Despite predictions of the pervasiveness of adaptive cis-regulatory divergence,
comparatively few examples currently exist, although the number of examples continues to
grow (Ingram et al 2009, Gonzalez et al 2009, Daborn et al 2002, Fraser et al 2012, Sucena
and Stern 2000, Saminadin-Peter et al 2012, Guio et al 2014, Mateo et al 2014, Koshikawa et
al 2015). The discrepancy between predicted and verified instances of adaptive regulatory
evolution is due in part to the difficulty in detecting the regulatory adaptation itself as well
as determining the connection between genotype and organismal phenotype and, therefore,
the trait under selection. Since phenotypes are often the result of the interaction of multiple
genes, genes can have pleiotropic effects, and the effects of a large number of genes on
phenotype remain unknown, it can be particularly difficult to correlate putatively adaptive
cis-regulatory divergence with its effect on organismal phenotype. While linking an
expression change to an adaptive organismal phenotype is challenging, it has proven even
more difficult to elucidate the precise molecular and genetic mechanisms within adaptively
evolving cis-regulatory elements underlying the observed change in expression. It is
important to identify the genetic and molecular mechanisms that underlie adaptive cis—
regulatory divergence, since knowledge of individual examples helps to further our
understanding of the mechanisms of phenotypic evolution as a whole (Wittkopp and Kalay

2012).
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Objectives

The overarching aim of this dissertation is to examine the genetic basis of adaptive
regulatory changes, as well as the effects of adaptive regulatory polymorphisms on both
gene expression and organismal phenotype. By analyzing specific cases of adaptive
regulatory divergence, this dissertation further aims to shed light on the mechanisms
through which D. melanogaster has adapted to new environmental conditions outside of
sub-Saharan Africa. This thesis examines two genes initially identified in studies
documenting gene expression divergence between European and sub-Saharan African D.
melanogaster as candidates for adaptive evolution in the European population: CG9509,
which was originally identified in males (Table 1, Hutter et al 2008), and Metallothionein A
(MtnA), which was originally identified in the brain (Table 1, Catalan et al 2012). Chapter 3
identifies a new case of adaptive cis-regulatory divergence in the 3’"UTR of MtnA. Chapters 1
and 2 provide an analysis of a case of previously identified regulatory divergence in a cis-
regulatory element of CG9509. Expression of CG9509 is 2—3-fold higher in the European
population than in the sub-Saharan African population (Hutter et al 2008, Saminadin-Peter
et al 2012). Transgenic reporter gene assays have shown that this expression divergence is
driven by a 1.2-kb cis-regulatory enhancer element upstream of the CG9509 coding region,
which shows signs of recent positive selection in the European population (Saminadin-Peter
etal 2012).

In Chapter 1, | show that the observed CG9509 expression divergence between
European and sub-Saharan African D. melanogaster extends to other cosmopolitan (here
defined as outside of Africa) and sub-Saharan African populations. Together with population
genetic analyses revealing low sequence variation and a high frequency, derived haplotype

in the enhancer element in all cosmopolitan populations, this suggests that the
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cosmopolitan variant of the CG9509 cis-regulatory element underwent a selective sweep for
increased CG9509 expression during or shortly after D. melanogaster's expansion out of
Africa. In chapter 2, | perform an in-depth functional analysis of CG9509 and its associated
cis-regulatory element. Up until this study, the function of CG9509 has remained unknown.
Using a series of functional and tolerance assays, | show that CG9509 plays a role in D.
melanogaster growth and determine how variation in CG9509 expression affects organismal
phenotype. Using site directed-mutagenesis and transgenic reporter gene constructs, |
further determine the sequence variants within the CG9509 enhancer element responsible
for the observed expression divergence between cosmopolitan and sub-Saharan African D.
melanogaster.

Chapter 3 identifies a new instance of adaptive cis-regulatory divergence via a
modification of a 3’UTR, in this case, involving an insertion/deletion polymorphism in the
MtnA 3'UTR. MtnA was originally identified as a candidate for adaptive evolution in an RNA-
seq study comparing brain expression between a European and an African population and is
expressed 5-fold higher in the European population (Table 1, Catalan et al 2012). | perform
transgenic reporter gene assays to show that the deletion in the 3’UTR, which is at high
frequency in the European population, is associated with increased expression. In concert
with MtnA’s increased expression and signatures of a selective sweep around the MtnA
3’UTR in European populations, this suggests that positive selection has acted on the
deletion in the MtnA 3’UTR for an increase in MtnA expression in the European population. |
further use RNA interference and hydrogen peroxide tolerance assays to show that MtnA
expression plays a role in oxidative stress tolerance and that the 3'UTR indel polymorphism

is associated with oxidative stress tolerance variation in natural populations. | propose that
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selection occurred on the deletion in the MtnA 3’UTR in order to increase oxidative stress

tolerance in populations outside of the ancestral species range in sub-Saharan Africa.
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Adaptive divergence of a transcriptional
enhancer between populations
of Drosophila melanogaster

Amanda Glaser-Schmitt®, Ana Catalan™ and John Parsch

Department of Biology Il, University of Munich (LMU), Grosshaderer Strasse 2, 82152 Planegg-Martinsried,
Germany

As species colonize new habitats they must adapt to the local environment.
Much of this adaptation is thought to occur at the regulatory level; however,
the relationships among genetic polymorphism, expression variation and
adaptation are poorly understood. Drosophila melanogaster, which expanded
from an ancestral range in sub-Saharan Africa around 15 000 years ago, rep-
resents an excellent model system for studying regulatory evolution. Here,
we focus on the gene CG9509, which differs in expression between an
African and a European population of D. melanogaster. The expression dif-
ference is caused by variation within a transcriptional enhancer adjacent
to the CG9509 coding sequence. Patterns of sequence variation indicate
that this enhancer was the target of recent positive selection, suggesting
that the expression difference is adaptive. Analysis of the CG9509 enhancer
in new population samples from Europe, Asia, northern Africa and sub-
Saharan Africa revealed that sequence polymorphism is greatly reduced
outside the ancestral range. A derived haplotype absent in sub-Saharan
Africa is at high frequency in all other populations. These observations are
consistent with a selective sweep accompanying the range expansion of
the species. The new data help identify the sequence changes responsible
for the difference in enhancer activity.

1. Introduction
(a) The importance of gene regulation in adaptation

Differences in gene expression are thought to underlie many of the phenotypic
differences between species and populations [1-3]. With the advent of tran-
scriptomic technologies, such as microarrays and high-throughput RNA
sequencing (RNA-seq), it has become possible to identify the genes that differ
in expression between species or vary in expression among individuals of the
same species. Such studies have revealed that there is considerable expression
divergence between closely related species (e.g. human and chimpanzee [4]
or Drosophila melanogaster and Drosophila simulans [5]) as well as abundant
expression variation within species (e.g. human [4,6,7], mouse [8], Drosophila
[9,10], yeast [11-13] and fish [14—-16]). A current challenge in evolutionary gen-
etics is to identify the specific genetic changes responsible for differences in
gene expression and to determine how these changes impact an organism’s fit-
ness. In this context, much attention has been paid to cis-regulatory elements,
such as transcriptional enhancers, as they are known to play a key role in regu-
latory evolution [17]. It has been argued that cis-regulatory evolution is the
major driver of adaptive divergence between species, especially at the level of
morphology [17-19]. However, the importance of cis-regulatory divergence
in relation to other types of genetic changes (e.g. amino acid replacements
within proteins) in adaptation is still a topic of debate [20].

A well-known example of adaptive cis-regulatory evolution in humans
involves the lactase gene (LCT), where single-nucleotide polymorphisms (SNPs)
in an upstream regulatory element are associated with persistent expression of
LCT in adults and enable them to digest the milk sugar lactose [21]. Patterns

© 2013 The Author(s) Published by the Royal Society. All rights reserved.



of DNA sequence polymorphism in the LCT region suggest that
ithas been the target of recent positive selection within northern
European populations [22]. Furthermore, the discovery of
different, independently derived SNPs in this region of the
genome that are associated with lactase persistence in African
pastoralist populations is indicative of convergent adaptive
evolution [23]. In D. melanogaster, polymorphism in the
expression of the cytochrome P450 gene Cyp6g1 is associated
with the insertion of an Accord transposable element into its
upstream regulatory region [24]. Overexpression of Cyp6gl
owing to the Accord insertion confers resistance to the insecti-
cide DDT [25], a trait that is in high frequency in non-African
populations [26]. Patterns of DNA sequence polymorphism
are consistent with recent positive selection favouring the
high-expression allele [26]. The Cyp6gl example illustrates
how the powerful genetic resources available for D. melanogaster
can be used to identify adaptive changes in gene expression.

(b) The demographic history of Drosophila melanogaster
Drosophila melanogaster is currently a cosmopolitan species with
a worldwide distribution [27]. However, the global spread of
the species from its ancestral range in sub-Saharan Africa is
thought to have occurred relatively recently [27,28]. Genome-
scale analyses of DNA sequence variation in multiple African
and non-African populations have resulted in our current
understanding of the species’ biogeographic and demographic
history [29-33]. A general pattern that has been observed is
that DNA sequence polymorphism is greater among individ-
uals from sub-Saharan Africa than among individuals from
other worldwide locations [29,34-36], which is consistent
with an Afrotropical origin of the species. Populations from
southern-central Africa (e.g. Zambia and Zimbabwe) show
the highest genetic diversity, suggesting that they best rep-
resent the centre of origin [32]. It is hypothesized that the
initial expansion of D. melanogaster from its ancestral range
occurred around 15000 years ago with the colonization of
human settlements in the Middle East [31]. The colonization
of Europe and Asia from this original non-African source popu-
lation is thought to have occurred more recently, within the past
2500-5000 years and been concomitant with the spread of
human populations and agriculture [31]. Finally, the coloniza-
tion of North America is documented to have occurred within
the past 200 years [37] and appears to have involved the admix-
ture of European and African D. melanogaster [33]. There is also
evidence for recent non-African gene flow into sub-Saharan
Africa, with the extent of admixture varying among African
populations [32].

(c) Expression differences between Drosophila
melanogaster populations

Its successful colonization of non-African territories suggests
that D. melanogaster has undergone adaptation to new envir-
onmental conditions. Given our extensive knowledge of the
D. melanogaster genome and its tractability as a model organ-
ism, there has been considerable interest in finding the genes
and genetic changes that underlie this adaptation. One
approach has been to look for regions of the genome that
show patterns of sequence polymorphism indicative of recent
positive selection [38,39]. These studies have identified genes
or regions of the genome that are candidates for adaptive evo-
lution [29,30,32,40], but in most cases it has been difficult to link
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Figure 1. Expression of (69509 in a European (The Netherlands) and a sub-
Saharan African (Zimbabwe) population. Shown are the relative expression
levels in adult males as determined by microarrays or qRT-PCR. The ‘reporter
gene’ comparison is for /acZ transgene expression driven by either the Euro-
pean or the African version of the (G9509 enhancer. Error bars indicate + 1
s.e. of the mean.

genetic variants with functional or phenotypic differences
between populations. Another approach has been to look
for genes that differ in expression between African and non-
African flies. This approach focuses on regulatory divergence.
To date, such expression studies have been carried out using
whole adult males [9,41], whole adult females [42] and the
dissected brains of both sexes [43]. In all of these cases,
hundreds of genes differing in expression between populations
were identified. However, the overlap among the differentially
expressed genes identified by each study was small, suggest-
ing that regulatory evolution often occurs in a sex- and
tissue-dependent fashion [42,43].

(d) Population genetics and expression of (G9509

One gene that shows a large and consistent expression dif-
ference between African and non-African flies of both sexes
is CG9509 [9,41,44]. The specific function of this gene in
D. melanogaster is unknown, although sequence homology
has led to it being annotated as a choline dehydrogenase
[45]. In addition, its highly enriched expression in the Malpig-
hian tubules [46] suggests that it may play a metabolic role in
detoxification. The sequence and expression of CG9509 have
been studied in detail in population samples from Europe
(The Netherlands) and Africa (Zimbabwe), revealing three
major features [44]. First, CG9509 shows two to three times
higher expression in the European population than in the
African population (figure 1). Second, sequence polymorph-
ism in the CG9509 region is greatly reduced in the European
population, especially in the intergenic region just upstream
of the CG9509 coding sequence, which is consistent with a
recent selective sweep. Third, this intergenic region (here
denoted as the CG9509 enhancer) is sufficient to drive dif-
ferences in reporter gene expression equal to those observed
for the CG9509 gene in natural populations (figure 1). Taken
together, these results provide strong evidence that positive
selection has acted on the CG9509 enhancer to increase
expression in the European population. To better understand
the timing and geographical scale of this positive selection, we
extended the analysis of the CG9509 enhancer to new population
samples from Europe, Asia, northern Africa and sub-Saharan
Africa. We find that sequence polymorphism is very low in all
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populations outside the ancestral range, but much higher within
sub-Saharan Africa. Furthermore, a derived haplotype associ-
ated with elevated CG9509 expression is at high frequency in
all populations outside sub-Saharan Africa but was not detected
within the ancestral range. These results suggest that selection
for increased expression of CG9509 occurred during or soon
after the out-of-Africa expansion of the species, before its
spread into Europe and Asia.

2. Material and methods
(a) Population samples

Sequence polymorphism was surveyed in the following six
D. melanogaster populations samples: 12 isofemale lines from
The Netherlands (Leiden), 11 isofemale lines from Germany
(Munich), 11 isofemale lines from Malaysia (Kuala Lumpur),
12 isofemale lines from Egypt (Cairo), 10 isofemale lines from
Zambia (Siavonga) and 12 isofemale lines from Zimbabwe (Lake
Kariba). The Zimbabwe and The Netherlands populations were
used in a previous study of sequence and expression variation
associated with the CG9509 enhancer region [44], as well as in
previous genome-wide studies [29,35,36,47]. The Malaysian
population also was used in previous genome-wide demographic
studies [31,48]. At least six strains from each population were
used for quantitative reverse-transcription PCR (qRT-PCR) ana-
lysis. Flies from all populations were maintained as inbred,
isofemale lines under standard conditions (22°C, 14 L:10 D cycle,
cornmeal-molasses medium) for at least 10 generations prior to
expression analyses.

(b) DNA sequencing

New sequences of the CG9509 intergenic region were obtained
from isofemale lines of the German, Malaysian, Egyptian and
Zambian populations. For each line, DNA was extracted from a
single male fly using the MasterPure DNA Purification Kit
(Epicentre). PCR was performed under standard conditions
using four primer pairs published in Saminadin-Peter ef al. [44]
and one additional reverse primer (5-AGCTGCAAGCAGA
ACCGTAT-3'). The amplified region consisted of 1.2kb of
intergenic sequence, ranging from the stop codon of CG14406
to the start codon of CG9509. PCR products were purified with
ExoSAP-IT (USB) and sequenced using BigDye chemistry on a
3730 automated sequencer (Applied Biosystems). Both strands
of DNA were sequenced using the PCR primers as sequencing
primers. Trace files were edited using SEQTRACE [49] and a mul-
tiple sequence alignment was generated with SEAVIEwW (v. 4)
[50] using the ClustalW2 algorithm. All sequences have been
submitted to the GenBank/EMBL database under the accession
numbers HF913659-HF913726.

(c) Population genetic analyses
The following summary statistics were calculated using DNASP
v. 5.10.1 [51]: mean pairwise nucleotide diversity (7), Watterson’s
estimate of nucleotide diversity (6) [52], number of segregating
sites, haplotype number, haplotype diversity, Fy and D, (average
pairwise differences between populations). Within each popu-
lation, the 95% ClIs of w and 6 were estimated from 10000
coalescent simulations. A neighbour-joining tree of all sequences
was constructed using MEGA v. 5.05 [53]. For this, the evolution-
ary distances were calculated using the maximum composite
likelihood method. Clade support was assessed from 1000
bootstrap replicates.

To determine whether the observed features (number of
segregating sites, number of haplotypes and number of fixed,
derived variants) in the populations outside sub-Saharan

Africa could be explained solely by an out-of-Africa bottleneck,
we performed coalescent simulations with ms [54], using bottle-
neck parameters inferred previously for the X chromosome
[31,55]. To match the structure of our observed data, we simulated
samples from two present-day populations of sizes N and 0.34N,
with sample sizes of 22 and 46 sequences, respectively. The
larger sample was drawn from a population that experienced a
bottleneck approximately 15000 years ago, which reduced the
population to 0.5% of its ancestral size. The smaller sample was
drawn from a population that maintained a constant population
size. Prior to the bottleneck, the two populations were assumed
to be part of a single panmictic population of size N. Simulations
were conditioned on the observed number of segregating sites in
the total sample with a local recombination rate of 3.47 cM/Mb
[56]. A total of 100000 simulations were performed and the
p-value was determined as the proportion of simulated datasets
in which one of the above features in the bottlenecked population
(46 sequences) was equal to (or more extreme than) the observed
value in the combined non-sub-Saharan African populations.

(d) Expression analysis

Total RNA was extracted from 10 to 15 adult males (aged 4-6 days)
and DNAse I digestion was performed using the MasterPure
RNA Purification Kit (Epicentre). For each strain, at least two bio-
logical replicates were performed. For each replicate, 3 pg total
RNA was reverse-transcribed using random hexamer primers
and Superscript II reverse transcriptase (Invitrogen) following
the manufacturer’s protocol. A TagMan Gene Expression Assay
(Invitrogen) was then performed on the resulting cDNA using a
probe specific to CG9509 (Dm01838873_g1) as well as a probe
specific to the ribosomal protein gene RpL32 (Dm02151827_g1),
which was used as an endogenous control. Since the amplification
efficiencies of the two probes were nearly identical (within the
range 96—99%), the AACt method was used to calculate normal-
ized gene expression [57]. Briefly, the average threshold cycle
(Ct) was determined for two technical replicates per biological
replicate and ACt was calculated as the mean Ct difference
between the CG9509 and RpL32 probes. The fold-change difference
in expression for each biological replicate relative to the Zimbabwe
population was then calculated as 2~ ““B=4C2K) ‘ywhere ACHB is
the mean ACt value for each biological replicate and ACtZK is
the mean ACt value of the Zimbabwe strains. In order to ensure
a balanced design, a total of six strains per population, each with
two biological replicates, was used. For strains where more than
two biological replicates were performed, the two replicates with
ACt closest to the median were used.

3. Results

(a) Sequence polymorphism in the (G9509 enhancer

A previous population genetic analysis of the CG9509 enhan-
cer examined only one population from Europe (The
Netherlands) and one population from sub-Saharan Africa
(Zimbabwe) [44]. To obtain a broader view of genetic vari-
ation, we sequenced the 1.2 kb intergenic region between
CG9509 and CG14406 (figure 2) in new populations samples
from Europe (Germany), Asia (Malaysia), northern Africa
(Egypt) and sub-Saharan Africa (Zambia). In the following,
we refer to the populations from outside sub-Saharan
Africa as ‘cosmopolitan’. Overall, we find that nucleotide
diversity is very low in all the cosmopolitan populations
(mean 6 of 0.07%), with many individuals sharing the same
haplotype (table 1). By contrast, nucleotide diversity is at
least 12-fold higher in the Zambia and Zimbabwe
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Figure 2. Map of the (G9509 region of D. melanogaster. Transcriptional units
are indicated by boxes, with coding regions in black, introns in white and
untranslated regions in grey. The arrows indicate the direction of transcrip-
tion. The intergenic region between the stop codon of (G74406 and the
start codon of (G9509 was used for the population genetic analysis. This
region has been shown to contain the transcriptional enhancer responsible
for the expression difference between European and African alleles.

populations (0 of 1.3% and 1.1%, respectively), where each
individual has a unique haplotype (table 1).

To determine whether the reduction in polymorphism
observed in the cosmopolitan populations could be explained
solely by an out-of-Africa bottleneck, we performed coales-
cent simulations using a demographic model inferred from
X chromosome-wide polymorphism data [31,55]. Of 100 000
simulated datasets, none showed a reduction in 6 as great
as that observed in the real data, indicating that the prob-
ability of it being caused by a bottleneck alone is less than
0.00001. Two other features of the observed data, the
number of haplotypes and the number of derived variants
fixed in the cosmopolitan populations, were also highly unlikely
to have been caused by a bottleneck alone (p < 0.00001).

(b) Sequence divergence between populations

For the cosmopolitan populations, there is not only low
sequence diversity within each population, but also very
little sequence divergence between populations. On average,
Fy is 0.09 among these populations, while the average pair-
wise nucleotide divergence between populations (D,,) is
0.08% (see electronic supplementary material, table S1). By
contrast, these populations show much greater sequence
divergence than the sub-Saharan African populations, with
Fy averaging 0.46 and D,, averaging 1.12%. There is little
sign of population structure between the Zambia and
Zimbabwe populations, where F is 0.001. The above featu-
res are also evident in a neighbour-joining tree, where the
cosmopolitan sequences form an exclusive clade with very
short branch lengths (figure 3), suggesting that they descend
from a very recent common ancestor. By contrast, the
Zambian and Zimbabwean sequences are separated by
longer branches, which is consistent with an older age of
these alleles (figure 3).

(c) Sequence differences between cosmopolitan and
sub-Saharan African populations

Experiments using a transgenic reporter gene have shown
that the twofold to threefold CG9509 expression difference
observed between flies from The Netherlands and Zimbabwe
is caused by sequence variation in a 1.2-kb enhancer located
just upstream of the CG9509 coding region (figure 1) [44].
Within this region, there are nine sites that show a fixed or
nearly fixed difference between the cosmopolitan and the
sub-Saharan African populations (figure 4). These include

eight SNPs and one insertion/deletion (indel) polymorph-
ism. Using D. simulans, Drosophila sechellia and Drosophila
yakuba as outgroup species, the ancestral state could be
inferred for all eight SNPs (figure 4). In all cases, the sub-
Saharan African variant was the ancestral form, indicating
that new mutations have risen to high frequency in the
other populations. For the indel polymorphism, it was not
possible to determine the ancestral state, as multiple, large
indels have occurred across this region in the outgroup
species. However, the tight linkage of this indel polymorphism
with the surrounding SNPs suggests that it represents a del-
etion mutation and that a common derived haplotype is
present in all cosmopolitan populations. One strain from
Zambia has a deletion similar to the one observed outside
sub-Saharan Africa (figure 4). However, this may represent
an independent mutational event, as there is also a unique
SNP directly adjacent to the deletion in this strain (figure 4).
Consistent with this interpretation, the deletion in the
Zambia strain is not linked to any of the derived SNPs found
at high frequency in the cosmopolitan populations (figure 4).

(d) Expression differences between populations

It was shown previously that CG9509 has higher expression in
a cosmopolitan population (The Netherlands) than in a sub-
Saharan African population (Zimbabwe; figure 1) [41,44].
Using qRT-PCR, we were able to confirm this result and
extend it to three new cosmopolitan populations (Germany,
Malaysia and Egypt) and a new sub-Saharan African popula-
tion (Zambia). On average, the cosmopolitan strains showed
nearly threefold higher expression than the sub-Saharan
African strains, which was highly significant (figure 5). We
also compared CG9509 expression in each cosmopolitan popu-
lation to that in sub-Saharan Africa. Since the Zambian and
Zimbabwean populations showed no evidence of population
structure (see electronic supplementary material, table S1)
and had very similar CG9509 expression (figure 5), they were
pooled for comparison with the cosmopolitan populations.
Individually, the populations from The Netherlands, Malaysia
and Egypt each had significantly higher CG9509 expression
than the pooled sub-Saharan African populations (figure 5).
The German population showed, on average, 1.6-fold higher
CGI9509 expression than the pooled sub-Saharan African
populations, but this difference was not significant (figure 5).

(e) Association between sequence variants

and expression
To determine whether particular sites within the CG9509
enhancer that show a fixed or nearly fixed difference between
cosmopolitan and sub-Saharan African populations (figure 4)
were associated with the observed difference in expression,
we examined the expression of CG9509 in additional strains
from Zambia. However, we could not establish a clear link
between any individual sequence variant and the expression
difference. For example, Zambia strain ZI273, which is the
only sub-Saharan African strain with the 5-bp deletion at pos-
itions 821-817 before the CG9509 start codon (figure 4), did
not show higher expression than the other sub-Saharan
strains (see electronic supplementary material, figure SI).
Similarly, strain ZI112, which has cosmopolitan variants at
positions 1180, 1174 and 1155, and strain ZI254, which has
cosmopolitan variants at positions 748 and 718 (figure 4), did
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Table 1. DNA sequence polymorphism within populations. n, number of sequences; S, number of segregating sites; 6, Watterson’s [52] estimate of nudleotide
diversity (per 100 sites); 7r, mean pairwise nucleotide diversity (per 100 sites); nHap, number of haplotypes; HapDiv, haplotype diversity. The 95% Cls for 6

and 77 are shown in brackets.
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not show unusually high expression relative to other Zambian
strains (see electronic supplementary material, figure S1).

Although the German population showed lower average
CG9509 expression than the other cosmopolitan populations
(figure 5), this difference was not caused solely by strains
MU10 and MU11, which were the only ones with the sub-
Saharan variant (G) at position 167 (figure 4 and electronic
supplementary material, figure S1). Within the cosmopolitan
populations, there is a SNP (a G/C polymorphism 67 bp
before the CG9509 start codon) segregating at intermediate fre-
quency (32%; see electronic supplementary material, figure S2).
The derived variant (G) is associated with a 1.5-fold increase in
CG9509 expression within cosmopolitan populations (t-test;
p = 0.016; see electronic supplementary material, figure S3).
While this variant can account for some of the CG9509
expression variation among cosmopolitan strains, it cannot
account for the large expression difference between cosmo-
politan and sub-Saharan African strains, as cosmopolitan
strains with the sub-Saharan African variant (C) still have
over twofold higher expression than sub-Saharan African
strains (f-test; p < 10~
figure S3).

3. see electronic supplementary material,

4. Discussion

(a) Evidence for adaptive evolution of (G9509 at the

level of expression

Several lines of evidence suggest that CG9509 has undergone
adaptive regulatory evolution within the past 5000—15 000
years. First, this gene shows a large and consistent expression
difference between cosmopolitan and sub-Saharan African
populations (figure 5) [9,41,44]. Second, within cosmopolitan
populations, DNA sequence polymorphism is greatly reduced
in the intergenic region immediately upstream of the CG9509
coding sequence (table 1), which is consistent with a selective
sweep in this region of the genome [44]. Third, sequence vari-
ation within this intergenic region (designated as the CG9509
enhancer) has been shown to account for the difference in
expression between cosmopolitan and sub-Saharan African
strains [44]. Finally, within the CG9509 enhancer, there is a
derived haplotype that is in high frequency in cosmopolitan
populations, but is absent in sub-Saharan Africa (figure 4).

The CG9509 enhancer also shows evidence for long-term
adaptive evolution over the past 2-3 Myr (since the diver-
gence of D. melanogaster and species of the D. simulans
clade). Application of the McDonald-Kreitman (MK) test [58]
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to data on polymorphism within D. melanogaster and diver-
gence between D. melanogaster and D. sechellin found a
significant excess of between-species divergence in the enhan-
cer compared to synonymous sites in the CG9509 coding region
[44]. Although the previous analysis did not polarize diver-
gence to the D. melanogaster lineage, a re-analysis of the data
using D. yakuba as an outgroup to polarize changes indicated
that a significant excess of substitutions in the enhancer
occurred on the D. melanogaster lineage (see electronic sup-
plementary material, table S2). This suggests that there have
been recurrent selective sweeps within the D. melanogaster
CG9509 enhancer since its divergence from D. sechellia.

(b) Evidence for adaptive evolution of (G9509 at the
level of protein sequence

In addition to showing evidence for adaptive regulatory evo-
lution, CG9509 also shows evidence for having undergone
adaptive protein evolution within the past 2-3 Myr. A com-
parison of polymorphism and divergence within the CG9509
coding region using the MK test revealed a significant excess
of non-synonymous divergence between species [44], which
is indicative of recurrent selection for amino acid replace-
ments. A recent genome-wide study of polymorphism also
identified CG9509 as a target of positive selection using MK
tests polarized to the D. melanogaster lineage [59]. Indeed,
CG9509 was ranked among the top 10 genes in the genome
that showed evidence for adaptive protein evolution on the
D. melanogaster lineage [59].

(c) (G9509 sequence and expression variation within

North America
Drosophila melanogaster is believed to have colonized North
America within the past 200 years [37]. This colonization
appears to be the result of admixture between European and
African source populations, with the estimated proportion of
European and African ancestry being 85% and 15%, respect-
ively [33]. The Drosophila Genetic Reference Panel (DGRP)
[60], consisting of 192 inbred, isofemale lines derived from a
single outbred population from Raleigh, North Carolina, is
an excellent resource for examining naturally occurring vari-
ation within a North American D. melanogaster population.
Consistent with the inferred proportion of admixture in
North America [33], the cosmopolitan variants at the sites
showing fixed or nearly fixed differences between cosmopoli-
tan and sub-Saharan African populations in the CG9509
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Figure 3. Neighbour-joining tree of all intergenic region sequences. The
population abbreviations are as follows: The Netherlands (NL), Germany
(MU), Malaysia (KL), Egypt (EG), Zambia (ZI) and Zimbabwe (ZK). Drosophila
sechellia (Sec) was used as an outgroup. The branch lengths are proportional
to the sequence distances, with the exception of the D. sechellia branch,
which is shown at 20% of its actual length. Bootstrap values are shown
for nodes with greater than 60% support. (Online version in colour.)

enhancer (figure 4) are present in approximately 75-85% of
the DGRP lines [60], while the private cosmopolitan variant
(G 67 bp before the start codon; see electronic supplementary
material, figure S2) is present in 31%.

The results of an association study of sequence and
expression variation in a subset of 39 DGRP lines [61] are con-
sistent with some of the major features of CG9509 sequence
and expression variation identified in our study. First, in
some DGRP lines the CG9509 enhancer region shows greatly
reduced variant density in comparison to the surrounding

bases before CG9509 start codon
1180 1174 1155 1063 822-817 765 748 718 167
Ref. (& A A T T-m-- C A G A

Netherlands
Z
ol
5

Germany
L=
cca
D=

'
|
|
H
(a1~

Malaysia

Egypt
[es}
Q
o3

Zambia
NN
SIS
(3]3S
Qi
—_—
|

ZK 131
ZK 145
ZK 157
ZK 186
ZK 191
ZK 229
ZK 377
ZK 384
ZK 398
Anc.

Zimbabwe

ATATA

(ATATA

ATATA
7

2 alalalalalalalallalalal alalalalalals e R s SR R R I
HHATAAAA A A A A A A A A A A S - s s s e e e e e ek e e e e
(2] a2 la T3l [l lalala g Al la il a [ I 2l T2 s
oo an
=
=
>
o) [alalalalalalalalalalalaYATA YA TATAYATAY A
R TR S
e B L
o o e B e e Y e Y e Y e Y e e e | T S T TR

= A== A= = |

Figure 4. Fixed and nearly fixed differences in the (G9509 enhancer region
between cosmopolitan and sub-Saharan African populations. Cosmopolitan
variants are indicated by light shading and sub-Saharan African variants
by dark shading. Ambiguous variants are shown in white. The reference
sequence (Ref.) was obtained from FlyBase release 5.48 [45] and the ances-
tral (Anc.) state was inferred from alignments with D. simulans, D. sechellia
and D. yakuba. (Online version in colour.)

regions [61], which is similar to the greatly reduced sequence
polymorphism observed in our cosmopolitan strains (table 1).
Second, DGRP lines showing this low variant density corres-
pond to cosmopolitan haplotypes of the CG9509 enhancer
that are associated with increased expression [44,61]. Third,
the presence of cosmopolitan variants within the CG9509
enhancer region in particular DGRP lines appears to be associ-
ated with a general increase of CG9509 expression in these lines
[61]. Analysis of the DGRP lines revealed an expression quan-
titative trait locus (eQTL) associated with CG9509 expression
within the CG9509 enhancer region [61]. This eQTL corres-
ponds to the segregating site 67 bp before the start codon
(see electronic supplementary material, figure S2) that we
found to be associated with CG9509 expression variation
within cosmopolitan populations (see electronic supple-
mentary material, figure S3). The direction and magnitude of
the expression change [61] agree well with our finding that
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Figure 5. Expression of (69509 in cosmopolitan and sub-Saharan African populations. (a) Expression in pooled cosmopolitan and sub-Saharan African populations.
(b) Expression in the Netherlands (Net.), Germany (Ger.), Malaysia (Mal.), Egypt (Egy.), Zambia (Zam.) and Zimbabwe (Zim.). Cosmopolitan populations are denoted
by grey bars and sub-Saharan African populations by white bars. Error bars indicate + 1 s.e. of the mean. Statistical significance was assessed using a t-test. In (b),
each cosmopolitan population was compared to the pooled sub-Saharan African populations using a Bonferroni multiple test correction (*p << 0.05, **p << 0.01,

#rry < 1079),

the G variant at this site is associated with a 1.5-fold increase in
expression within cosmopolitan populations (see electronic
supplementary material, figure S3). However, none of the
fixed or nearly fixed differences between cosmopolitan and
sub-Saharan African populations (figure 4) showed a signifi-
cant association with CG9509 expression within the DGRP
lines [61]. This may be due to the fact that the analysis was
performed on a single North American population in which
sub-Saharan African variants were present only at low fre-
quency, which reduces the statistical power to detect
associations in genome-wide analyses.

(d) Possible functions of (G9509

At present, the specific function of CG9509 in D. melanogaster
and the effect that variation in its expression has on phenotypic
differences between individuals are unknown. CG9509 is
predicted to encode a choline dehydrogenase with highly
enriched expression in the Malpighian tubules [45,46], which
is functionally analogous to the kidney of mammals. This
suggests that CG9509 may play a role in detoxification. Vari-
ation in other genes involved in choline metabolism, namely
choline kinases, has been implicated in insecticide resistance,
with resistant alleles being present at high frequency in cosmo-
politan D. melanogaster populations [43,62]. Unlike CG9509,
these choline kinases show reduced expression (or loss of
function) outside sub-Saharan Africa [43,59]. By contrast, resist-
ance to DDT is conferred by overexpression of the cytochrome
P450 gene Cyp6g1 [24], which also shows highest expression in
the Malpighian tubules [46]. CG9509’s similarity in function
and expression to these other insecticide resistance genes,
as well as the strong signal for adaptive evolution outside
sub-Saharan Africa, suggest that it may also play a role in the
detoxification of insecticides or other chemicals present outside
D. melanogaster’s ancestral home range.

It is also possible that CG9509 plays a role in adaptation to
temperature or humidity. For example, it has been shown in
Drosophila that the ratio of phosphatidylcholine to phos-
phatidyethanolamine decreases during cold acclimation [63],
suggesting that choline metabolism might be linked to cold tol-
erance. Additionally, choline dehydrogenases are known to
catalyse the conversion of choline into betaine [64], which

has been reported to play an osmoprotectant role in mammals
[65] and has also been found in insects [66]. CG9509’s very high
expression in the Malpighian tubules (and lower expression in
the gut) is consistent with a role in osmoregulation, which is a
critical process for environmental adaptation. A QTL study of
D. melanogaster did not find CG9509 to be among the major
QTLs affecting desiccation resistance [67]. However, this
study was carried out using recombinant inbred lines derived
from two isofemale lines of a single North American (Califor-
nia) population and, thus, did not include genetic variation
from sub-Saharan Africa.

Finally, knockout of the choline dehydrogenase gene (Chdh)
in mice has been shown to decrease sperm motility [68].
Similarly, polymorphism in the human Chdh gene also is associ-
ated with variation in sperm motility [69]. Furthermore, dietary
choline is required for proper sperm motility and reproductive
behaviour in Drosophila [70]. Thus, it is possible that expression
variation in the Drosophila CG9509 gene affects male fertility
and/or sperm competition. Genes expressed in the testes,
especially those that are X-linked, tend to show the greatest
signal of adaptive evolution in Drosophila [71]. However,
CGI509 shows only very low levels of expression in the testes
that are several hundred-fold lower than those in the Malpighian
tubules [46], making a role in male fertility unlikely.

5. Conclusion

Our finding that the selective sweep encompassing the CG9509
enhancer extends to populations from Asia and northern
Africa has three important implications. First, it indicates that
the sweep is not restricted to a local population or region.
Second, it helps to establish the timing of the sweep, which
must have occurred after the out-of-Africa migration of the
species, but before the divergence of the European and Asian
populations (i.e. 5000-15000 years ago). Third, it suggests
that the sweep was not caused by adaptation to a temperate
environment per se, as it spans populations from tropical and
temperate latitudes. In this respect, the CG9509 example differs
from other well-studied polymorphisms in D. melanogaster that
show latitudinal clines in frequency and are thought to reflect
climatic adaptation [72-74]. Instead, the CG9509 sweep may
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be the result of adaptation to human commensalism or agricul-
ture, which is consistent with the inferred role of CG9509 in
detoxification. The sequence variants differing in frequency
between the cosmopolitan and sub-Saharan African popu-
lations represent candidates for the specific target(s) of
selection and future studies that examine their functional
effect on CG9509 expression will help elucidate the molecular

mechanism of gene regulatory evolution.
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Supplementary Material

Adaptive divergence of a transcriptional enhancer between populations of Drosophila
melanogaster
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Supplementary Table S1. Sequence divergence between populations. F values are shown

above the diagonal. Dy, values (in percent) are shown below the diagonal.

Netherlands  Germany Malaysia Egypt Zambia Zimbabwe
Netherlands - 0.156 0.153 0.1583 0.455 0.414
Germany 0.095 - 0.042 0.026 0.495 0.443
Malaysia 0.045 0.092 - 0.011 0.511 0.459
Egypt 0.068 0.108 0.067 - 0.408 0.457
Zambia 1.159 1.144 1.155 1.175 - 0.001
Zimbabwe 1.079 1.070 1.075 1.095 0.882 -




Supplementary Table S2. Results of McDonald-Kreitman (MK) tests of the CG9509
enhancer polarised to the D. melanogaster lineage. The number of fixed differences (D)
occurring on the D. melanogaster lineage and the number of polymorphic sites (P) within
each D. melanogaster population are shown. The subscripts indicate synonymous (s) or

enhancer (enh) sites.

Population D, Ps Denn Pann P-value
Cosmopolitan (Netherlands) 17 5 38 1 0.020
Sub-Saharan African (Zimbabwe) 12 29 30 22 0.007
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Supplementary Figure S1: Mean CG9509 expression in adult males of all lines surveyed as
determined by qRT-PCR. The population abbreviations are as follows: Netherlands (NL),
Germany (MU), Malaysia (KL), Egypt (EG), Zambia (ZI) and Zimbabwe (ZK). Lines for
which more than two biological replicates were performed are indicated by either a star (%,
six replicates) or a diamond (*¢, four replicates). Error bars indicate +1 standard error of the
mean.
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Supplementary Figure S2: Polymorphic sites within the CG9509 intergenic region of
cosmopolitan populations. The reference sequence (Ref) was obtained from FlyBase and the
ancestral (Anc) state was inferred from alignments with D. simulans, D. sechellia and D.
vakuba. The SNP variant present in sub-Saharan Africa (Zambia and Zimbabwe) is given in
the 'Afr' row. Derived variants are indicated by dark shading and inferred ancestral variants by
light shading. For site 303, a gap was present in the outgroup species and, thus, the ancestral
state could not be determined unambiguously.



| * %

Relative Expression

OCosmopolitan

OSub-Saharan Africa

G C

Variant at position 67

Supplementary Figure S3: CG9509 expression in cosmopolitan strains containing either a C
or a G 67 bp before the start codon. Error bars indicate £1 standard error of the mean.
Statistical significance was assessed using a -test (*P < 0.05, ¥*P < 0.01, ***P < 10°°).



Chapter 2

Functional characterization of adaptive variation
within a cis-regulatory element influencing
Drosophila melanogaster growth

Amanda Glaser-Schmitt and John Parsch

(Unpublished Manuscript)







Chapter 2

Functional characterization of adaptive variation within a
cis-regulatory element influencing Drosophila melanogaster
growth

Amanda Glaser-Schmitt and John Parsch

(Unpublished Manuscript)

Abstract

Gene expression variation is a major contributor to phenotypic diversity within
species and is thought to play an important role in adaptation. However, examples of
adaptive regulatory polymorphism are rare, especially those that have been characterized at
both the molecular genetic and the organismal level. In this study, we perform a functional
analysis of the Drosophila melanogaster CG9509 enhancer, a cis-regulatory sequence that
shows evidence of adaptive evolution in populations outside the species’ ancestral range in
sub-Saharan Africa. Using site-directed mutagenesis and transgenic reporter gene assays, we
determined that three single nucleotide polymorphisms are responsible for the difference in
CG9509 expression that is observed between sub-Saharan African and other cosmopolitan
populations. To elucidate the function of CG9509, we performed a series of functional and
tolerance assays on flies in which CG9509 expression was manipulated by genetic mutations
or RNA interference. We found that CG9509 plays a role in larval growth and influences

adult body and wing size, as well as wing loading. The effect on growth appears to result
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from a modulation of active ecdysone levels and expression of growth factors. Taken
together, our findings suggest that selection acted on three sites within the CG9509
enhancer to increase CG9509 expression and, as a result, reduce wing loading as D.
melanogaster expanded out of sub-Saharan Africa. Interestingly, while two of the variants
that provide an increase in CG9509 expression appear to have been the target of a selective
sweep outside of sub-Saharan Africa, the variant with the largest effect on expression
remains polymorphic in cosmopolitan populations, suggesting that it has been subject to

balancing selection.

Introduction

Gene expression variation is extensive both within and between species and is
believed to underlie much of the phenotypic diversity observed among species, as well as
among populations of the same species (King and Wilson 1975, Wray et al 2003).
Furthermore, expression variation is thought to provide an abundant source of material for
adaptation, as alterations in gene expression are more easily fine-tuned on a temporal and
tissue-specific scale than changes in protein structure (Carroll 2000, Carroll 2008). In
particular, cis-regulatory elements, which are adjacent to genes and directly affect their
expression, are thought to be frequent targets of adaptive evolution (Carroll 2000, Carroll
2008, Wray et al 2003, Prud’homme et al 2007, Wray 2007). Despite this prediction,
examples of adaptive cis-regulatory changes remain comparatively rare, although the
number of such examples continues to grow (Ingram et al 2009, Gonzalez et al 2009, Daborn
et al 2002, Fraser et al 2012, Sucena and Stern 2000, Saminadin-Peter et al 2012, Guio et al

2014, Mateo et al 2014, Koshikawa et al 2015, Catalan et al 2016). The discrepancy between

34



Chapter 2

the predicted abundance and actual instances of identified adaptive cis-regulatory
divergence is likely in part due to the difficulty in detecting regulatory adaptation, as well as
in determining its effect on an organismal phenotype under selection. Even in some of the
best-studied species, the function of many genes remains unknown and alterations in those
with known functions often have pleiotropic effects, making it difficult to determine the link
between an expression change and an adaptive organismal phenotype. As more instances of
adaptive cis-regulatory evolution are uncovered, it is important to identify the genetic and
molecular mechanisms that underlie them, which can help to further our understanding of
the mechanisms of phenotypic evolution (Wittkopp and Kalay 2012). However, studies
performing in-depth functional analyses of individual adaptively-evolving cis-regulatory
elements remain even more rare than those documenting adaptive cis-regulatory
divergence (for examples see: Gompel et al 2005, Prud’homme et al 2006, Kwasnieski et al

2012, Chang et al 2013).

As RNA-seq has become more cost-effective and widespread, the identification of
putatively adaptive alterations in gene expression within and among species has become
more efficient and the utilization of it and similar methods has proven very effective in doing
so (Cooper et al 2003, Holloway et al 2007, Hutter et al 2008, Miiller et al 2011, Catalan et al
2012, Schoville et al 2012, Huylmans and Parsch 2014). CG9509 is a gene initially identified
as a candidate for adaptive cis-regulatory divergence through one such study that compared
expression between a derived, European and an ancestral, sub-Saharan African (henceforth
sub-Saharan) population of D. melanogaster (Hutter et al 2008). Until now, the function of
CG9509 has remained unknown, although it has been postulated to have choline
dehydrogenase activity (McQuilton et al 2012) and/or play a role in the ecdysteroid

metabolic process (lida et al 2007). CG9509 expression was found to be 2-3-fold higher in
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adults of the European population than in the sub-Saharan population (Figure 4A, Hutter et
al 2008, Saminadin-Peter et al 2012) and this expression difference has been shown to
extend to additional cosmopolitan (here defined as populations outside of south and central
Africa) and sub-Saharan populations (Glaser-Schmitt et al 2013). Transgenic reporter gene
experiments revealed that the observed expression divergence can be fully accounted for by
variation within a 1.2-kb cis-regulatory element (referred to here as the CG9509 enhancer,
Figure 5A) located just upstream of the gene (Saminadin-Peter et al 2012). Consistent with a
selective sweep, the CG9509 enhancer showed greatly reduced sequence variation and a
high frequency, derived haplotype in cosmopolitan populations (Saminadin-Peter et al 2012,
Glaser-Schmitt et al 2013). These findings suggest that the CG9509 enhancer was the target
of a selective sweep for increased CG9509 expression after D. melanogaster’s expansion out
of sub-Saharan Africa, which is estimated to have occurred around 15,000 years ago (Glinka
et al 2003, Ometto et al 2005, Li and Stephan 2006), but before the separation of the
European and Asian populations about 2,500-5,000 years ago (Laurent et al 2011, Glaser-
Schmitt et al 2013). Within the CG9509 enhancer, there are nine single nucleotide
polymorphisms (SNPs) and one insertion/deletion (indel) polymorphism (Figure 5B) that
show large differences in frequency between the populations and are candidates for the
target(s) of selection responsible for the observed expression divergence. In all cases, the
cosmopolitan variant was inferred to be the derived state, while the sub-Saharan variant

was inferred to be ancestral (Glaser-Schmitt et al. 2013).



Chapter 2

>
w

sk adults larvae
3.5 1 4.5 - * % %
’ [
s 37 S 47
o— w
ﬁ 2.5 - § 3.5 1
— Q 3 A
S J x
5 2 o 2.5 1
£ 15 1 2 24
- ©
(1] L T -
= 11 t g 1.5 I
-4 1 4
0.5 1 05 - I
0 4 T y 0 4 T y
Cosmopolitan sub-Saharan Cosmopolitan sub-Saharan

Figure 4: CG9509 expression in cosmopolitan and sub-Saharan African D. melanogaster. Relative
expression levels as determined by gRT-PCR in (A) adult males (Glaser-Schmitt et al 2013) and (B) late
wandering 3" instar larvae are shown. Expression is shown relative to the sub-Saharan populations.
Blue bars represent cosmopolitan flies and white bars represent sub-Saharan flies. Error bars indicate
standard error of the mean. Differences between populations were assessed with a t-test. *P<0.05,

*%P<0.01, ***P<0.005.

In this study, we use site-directed mutagenesis and transgenic reporter genes to
determine the effect of individual SNP and indel variants within the CG9509 enhancer on
CG9509 expression. In addition, we use RNA interference (RNAi) and a newly-discovered
CG9509 null allele to elucidate some of CG9509’s previously unknown biological functions.
We find that three SNPs within the CG9509 enhancer contribute to the observed expression
divergence seen between cosmopolitan and sub-Saharan alleles. We also show that CG9509
expression influences larval growth rate and, thus, plays a role in body size determination,
including wing loading (i.e. the ratio of body mass to wing area). Because wing loading is
thought to help facilitate flight at colder temperatures (Gilchrist and Huey 2004, Stalker
1980), we propose that selection on the three SNPs within the CG9509 enhancer likely

occurred in order to reduce wing loading outside of sub-Saharan Africa. Interestingly, two of
37
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the SNPs with a small effect on CG9509 expression are fixed in cosmopolitan populations
and appear to have been the targets of a selective sweep, while the SNP with the largest
effect on CG9509 expression is at intermediate frequency in cosmopolitan populations,

suggesting that it has been a more recent target of balancing selection.

A
CG14406-RA CG9509-RA
CG14406-RB CG9509-RB
CG9509 enhancer
A
I I I I
1404 1403 1402 1401
Position on X chromosome (kb)
B
Position (bp before CG9509 start codon)
1180 1174 1155 1063 821-817 765 748 718 167 67
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=]
2 |Eaypt
-9
Zambia
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Figure 5: The CG9509 gene region. (A) Schematic of the CG9509 gene and enhancer. Blue boxes
represent exons and white boxes represent UTRs with the pointed ends indicating the direction of
transcription. The CG9509 enhancer is indicated by a hatched box. (B) SNPs and indels in the CG9509
enhancer with >10% frequency in cosmopolitan populations. Cosmopolitan sequence variants are
indicated in blue and sub-Saharan variants are indicated in white, with lighter shades of blue
indicating a mixture of both variants in the population. For each population, the observed frequency

of the cosmopolitan variant (in percent) is shown (Glaser-Schmitt et al 2013).
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Results

CG9509 expression divergence in larvae

Previous studies of CG9509 expression variation focused solely on adults (Saminadin-Peter
et al 2012, Glaser-Schmitt et al 2013). In order to determine if the adult expression pattern is
established earlier in development, we surveyed CG9509 expression in late wandering 3"
instar larvae of three cosmopolitan populations (the Netherlands, Egypt, and Malaysia) and
two sub-Saharan populations (Zimbabwe and Zambia). Since CG9509 expression in the
Zimbabwean and Zambian populations was very similar and did not differ significantly (t-
test, P = 0.749), they were pooled for analysis. Similar to adults (Figures 4A and S1C), larval
CG9509 expression in cosmopolitan populations was significantly higher than in sub-Saharan
populations by an average of 3.5-fold (t-test, P < 10™°, Figure 4B). When examined
individually, larval CG9509 expression in each cosmopolitan population was significantly
higher than in the sub-Saharan populations by 3-5.5-fold (P < 5.10" for all populations,

Figure S1A), which was also similar to the results seen for adults (Glaser-Schmitt et al 2013).

Functional analysis of sequence variants in the CG9509 enhancer

In order to determine which variants in the CG9509 enhancer region (Figure 5B)
contribute to the observed expression divergence between cosmopolitan and sub-Saharan
D. melanogaster (Figures 4 and S1), we performed site-directed mutagenesis to create a
series of transgenic reporter gene constructs. Briefly, the 1.2-kb enhancer region of a
cosmopolitan and a sub-Saharan CG9509 allele was cloned in front of a LacZ reporter gene

and six sites of interest at positions 1174, 1155, 1063, 821-817, 765, and 67 (Figure 5B) were
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mutated individually and in various combinations. The tested sites were chosen as those at
which the derived variant was fixed in all cosmopolitan populations, but at a frequency <10%
in sub-Saharan populations. Position 67, at which the derived variant is at intermediate
frequency in cosmopolitan populations, but absent from the sub-Saharan populations, was
also tested because it had been identified previously as being associated with CG9509
expression variation (Massouras et al 2012, Glaser-Schmitt et al 2013). The remaining three
sites (1180, 748, 718), which had derived variants at frequencies 220% in at least one sub-
Saharan population (Figure 5B) and showed no association with CG9509 expression among

sub-Saharan lines (Glaser-Schmitt et al 2013) were not tested.

Mutations were first introduced into the cosmopolitan version of the CG9509
enhancer in order to change the nucleotide(s) to the ancestral (sub-Saharan) state. Sites
found to have an effect on expression in the cosmopolitan background were subsequently
mutated to the cosmopolitan state in the sub-Saharan background. The reporter gene
constructs were then introduced into D. melanogaster via the PhiC31 integration system
(Bischof et al 2007). In agreement with previous findings (Saminadin-Peter et al 2012), adult
expression from the cosmopolitan version of the CG9509 enhancer was 2—-3-fold higher than
that from the sub-Saharan African version and was highly significant for both males (t-test, P
< 5x 10, Figure 6A) and females (P < 5 x 10°®, Figure 6B). In larvae, expression driven by the
cosmopolitan CG9509 enhancer was about 4-fold higher than that driven by the sub-Saharan
enhancer (P < 10°, Figure 6C), which is in line with the expression divergence found in
natural populations (Figures 4B and S1A). Thus, similar to adults, the CG9509 enhancer can
account for the majority of the expression divergence between cosmopolitan and sub-

Saharan larvae. Expression of all reporter gene constructs can be found in Figure S2.
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Figure 6: Transgenic reporter gene expression of variants contributing to CG9509 expression
divergence. CG9509 reporter gene expression in adult (A) males, (B) females, and (C) 3" instar
wandering larvae. Expression of the LacZ reporter gene was measured as the change in absorbance
per minute at 420 nm. Relative expression, which was calculated in comparison to expression of the
sub-Saharan enhancer, is shown. Blue bars indicate expression driven by a wild-type cosmopolitan
(Cos.) enhancer, while white bars show expression driven by a wild-type sub-Saharan African (Afr.)
enhancer. Light blue bars indicate expression driven by the enhancer after mutations were
introduced into a cosmopolitan background. Dark gray bars show expression driven by the enhancer
after mutations were introduced in a sub-Saharan background. “Genotype” indicates the nucleotides
at positions 1174, 1063, and 67 before the CG9509 start codon, respectively. Mutated sites are
underlined. Significance was assessed using a t-test with Bonferroni multiple test correction.

Significance is represented in black for comparisons to the wild-type cosmopolitan enhancer and in
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red for comparisons to the sub-Saharan enhancer. ns, not significant, *P<0.05, **P<0.01,

*#*Pp<0.005.

One SNP accounts for most of the observed adult expression divergence. We determined
that the SNP at position 67 (Figure 5B) accounts for the majority of the expression
divergence observed between adults of the cosmopolitan and sub-Saharan populations. The
sub-Saharan “C” variant of this SNP segregates at intermediate frequency in cosmopolitan
populations (Figure 5B) and, when introduced into the cosmopolitan CG9509 enhancer
background, leads to a ~45% reduction in expression in both males (t-test, P < 5 x 10, Figure
6A,) and females (P < 10°®, Figure 6B). However, despite this reduction, expression was still
significantly higher than that driven by the sub-Saharan version of the enhancer in both
sexes (male P < 5 x 10 female P = 0.002, Figures 6A and 6B). When the cosmopolitan “G”
variant was introduced into the sub-Saharan background, expression increased ~3-fold (male
P = 0.004, female P < 5 x 10, Figures 6A and 6B), which brought expression up to the
cosmopolitan level. There was no significant difference in expression driven by the mutated
sub-Saharan enhancer and the normal cosmopolitan enhancer (male P = 0.436, female P =1,
Figures 6A and 6B,). Thus, while the cosmopolitan variant “G” is sufficient to produce
cosmopolitan expression in a sub-Saharan background, there appear to be background-
specific effects, presumably due to other site(s) within the cosmopolitan enhancer, that
prevent a complete return to sub-Saharan expression when the “C” variant is introduced

into a cosmopolitan background.

To examine the effect of the SNP at position 67 on expression in natural populations,

we looked for an association between the sequence variant and adult male CG9509
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expression in a population from the Netherlands (which was polymorphic at this site) and a
population from Zimbabwe (which was monomorphic for the sub-Saharan “C” variant). We
found that CG9509 expression in Dutch flies with the “G” variant was 4-fold higher than that
in Zimbabwean flies (t-test, P < 5x10, Figure S1D), while expression in Dutch flies with the
“C” variant was not significantly different from that of Zimbabwean flies (P = 0.648, Figure
S1D). Thus, these results are generally consistent with those of our reporter gene
experiments and suggest that the SNP at position 67 can explain nearly all of the expression

difference observed between cosmopolitan and sub-Saharan African adults.

Three SNPs contribute to the observed larval expression divergence. We identified three
SNPs in the CG9509 enhancer at positions 67, 1063, and 1174 (Figure 5B) that can account
for the majority of the expression divergence observed between cosmopolitan and sub-
Saharan African larvae. Of the three, the SNP at position 67, which accounts for the majority
of adult expression divergence (Figures 6A and 6B), has the largest individual effect on
expression. Introduction of the cosmopolitan “G” variant into an otherwise sub-Saharan
background increased expression by 2.25-fold (t-test, P < 10°, Figure 6C), while introduction
of the sub-Saharan “C” variant into the cosmopolitan background reduced expression by 2-
fold (P < 5 x 108, Figure 6C). At position 1063, introducing the cosmopolitan “T” variant into
the sub-Saharan background increased expression by 25% (P < 0.001, Figure 6C), while
introducing a sub-Saharan “G” variant into the cosmopolitan background reduced expression
by 20% (P = 0.001, Figure 6C). Similarly, at position 1174, introducing a sub-Saharan “C”

variant into the cosmopolitan background reduced expression by 20% in (P = 0.012, Figure
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6C), while introducing a cosmopolitan “A” variant into the sub-Saharan African background

increased expression by 50% (Figure 6C, P < 5 x 10™).

When the sub-Saharan variants at all three positions (67, 1063, and 1174) were
introduced together into the cosmopolitan background, expression was significantly reduced
(t-test, P < 5 x 107) to levels equivalent to sub-Saharan expression and showed no significant
difference from sub-Saharan expression (P = 0.88, Figure 6C). When the cosmopolitan
variants at all three positions were introduced together into the sub-Saharan background,
expression was increased by 2.2-fold (P < 10™%°, Figure 6C); however, it still remained 50%
lower than cosmopolitan expression (P < 5 x 10, Figure 6C). Furthermore, when all three
cosmopolitan variants were introduced into the sub-Saharan background expression was not
significantly different from that when only the cosmopolitan “G” variant at position 67 was
introduced (P = 1, Figures 6C and S2C). Thus, there appear to be background-specific effects,
presumably caused by interactions with other sub-Saharan variants within the CG9509

enhancer, which prevent expression from reaching the full cosmopolitan level.

To confirm the effect of the SNP at position 67 on expression in natural populations,
we looked for an association between the sequence variant and larval CG9509 expression in
the cosmopolitan (all of which were polymorphic at this site) and sub-Saharan (which was
monomorphic for the sub-Saharan “C” variant) populations surveyed in the preceding
section. With the exception of the Egyptian population, where expression was 5—6-fold
higher than sub-Saharan expression, regardless of the variant at position 67 (t-test, P < 5x10°
* for both, Figure S1B), expression in cosmopolitan larvae with the “G” variant was 2—4-fold
higher than in larvae with a “C” variant (P < 0.001 for both, Figure S1B). However, only in the

Dutch population was expression of larvae with the sub-Saharan “C” variant not significantly
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different from sub-Saharan expression (P = 1, Figure S1B). These results are consistent with
our reporter gene results, suggesting that while the sequence variant at position 67 makes a
substantial contribution to the observed CG9509 expression divergence between larval

cosmopolitan and sub-Saharan African populations, it cannot fully account for it.

The prevalence of sex-, stage-, and background-specific effects. In addition to the
background- and stage- specific effects mentioned in preceding sections, we identified
several other stage-, background-, and sex-specific effects. We have already shown that
introducing a cosmopolitan “G” at position 67 into a sub-Saharan background is enough to
produce cosmopolitan expression in adults (Figures 6A and 6B). However, when we
additionally introduced cosmopolitan variants “T” and “A” at positions 1063 and 1174,
respectively, into a sub-Saharan background already containing a cosmopolitan “G” at
positon 67, expression was reduced to 60-70% of cosmopolitan levels for both males (t-test,
P < 10™ Figure S2A) and females (P < 5 x 10, Figure S2B). In males, the expression decrease
associated with the additional introduction of cosmopolitan variants at positions 1063 and
1174 to a sub-Saharan African background already containing a cosmopolitan “G” at position
67 was significant (P < 5 x 10™, Figure S2A), but not in females after multiple test correction
(P =0.182, Figure S2B). When the reverse was performed, and sub-Saharan African variants
“G” and “C” at positions 1063 and 1174, respectively, were introduced into a cosmopolitan
background already containing a sub-Saharan African “C” at position 67, there was also a
20% decrease in expression, which was significant for both sexes (male P = 0.008, female P =
0.007, Figure S2). Furthermore, expression in both sexes was also significantly reduced by

20-30% when cosmopolitan variants for both position 1063 (male P = 0.049, female P =
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0.002, Figure S2) and position 1174 (P = 0.001 for both, Figure S2) were introduced
individually into a sub-Saharan African background. These expression changes are in the
opposite direction of those seen in larvae, where positions 1063 and 1174 contribute to the
observed expression divergence between cosmopolitan and sub-Saharan African
populations (Figure 6C). On the other hand, similar to its effect in larvae, the introduction of
the sub-Saharan African variant “G” at position 1063 in a cosmopolitan background
significantly reduced expression by 20%, but only in males (P = 0.012, Figure S2). Lastly,
introducing a sub-Saharan African “T” at position 1155 in a cosmopolitan background
significantly increased expression by 10-15% in both sexes (male P = 0.041, female P =

0.009, Figure S2).

Functional analysis of CG9509

In order to determine the function of CG9509 and the effects of its expression on the
organismal phenotype, we performed a series of functional and tolerance assays on flies in
which CG9509 expression was either knocked out by a frameshift mutation (CG9509’) or
knocked down by RNA interference (RNAI), as well as their respective controls. The CG9509
knockout line (CG9509°) was discovered as a spontaneous mutation in an isofemale line
derived from Munich, Germany (Figure S6). As a control, we compared it to other isofemale
lines derived from the same population at the same time. CG9509 knockdown was achieved
by crossing a ubiquitous Act5C-GAL4 driver line to a transgenic line expressing an RNAI
hairpin construct specific to CG9509 (RNAi-CG9509) flanked by a yeast upstream activating

sequence (UAS). As a control, we used the host strain from which it was derived (UAS).
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Effect of CG9509 expression on cold, ethanol, and insecticide tolerance. CG9509
knockdown flies were tested for cold, ethanol, and insecticide (DDT and malathion)
tolerance. If CG9509 expression plays a role in tolerance to cold temperatures or any of the
tested compounds, we expect that a decrease in CG9509 expression should lead to a
decrease in tolerance. For cold tolerance in males and ethanol tolerance in both sexes, we
found no effect when CG9509 expression was knocked down (t-test and generalized linear
model, respectively, Table 2, Figure S3). However, contrary to expectations, we found that
knocking down CG9509 expression led to an increase in DDT and malathion tolerance, as
well as female cold tolerance (generalized linear models and t-test, respectively, Table 2,

Figure S3).

Table 2. Effect of CG9509 knockdown in adult tolerance assays

Tolerance Assay Effect’ P-value®
DDT + 0.013
Malathion + 2.84x10°
Cold (females) + 0.009
Cold (males) 0 0.248
Ethanol 0 0.615

*Directional effect of CG9509 knockdown on tolerance. °P-values were obtained from generalized
linear models with a quasi-binomial distribution using sex, fly strain, and compound concentration as

factors or, for cold tolerance, a t-test.

Effect of CG9509 expression on developmental timing and larval growth rate. CG9509
knockdown and knockout larvae were measured for larval growth rate as well as time from
1*" instar larvae to pupariation and duration of the wandering stage as measures of

developmental timing. Knocking down or knocking out CG9509 expression had no effect on
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developmental timing, with no significant change in either time from 1*" instar larvae to
pupariation (t-test, Figures S4A and S4C) or duration of the wandering stage (Figures S4B and
S4D). On the other hand, knocking down or knocking out CG9509 expression was associated
with a significant increase in the larval growth rate (Figure 7), with larvae in which CG9509
expression had been knocked down (t-test, P < 0.05 for all stages, Figure 7A) or knocked out
(P = 0.001 for all stages, Figure 7B) significantly larger than their respective control larvae for

all stages (Figure 8A).
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Figure 7: Effect of CG9509 expression on larval growth rate. Larval volume in arbitrary units (a.u.) in
(A) UAS/Act5C-GAL4 (blue lines) and RNAi-CG9509/Act5C-GAL4 (gray, hatched lines) larvae and (B)
CG9509 (gray, hatched lines) and control (blue lines) larvae. Four larval stages were examined: 2
instar larvae (L2) after the 1% to 2™ instar larval molt approximately 48 hours after egg laying (AEL),
3" instar larvae (L3) after the 2™ to 3™ instar molt (approximately 72 hours AEL), early wandering 3™
instar larvae (L3PS1-2, approximately 110 hours AEL), and late wandering 3" instar larvae (L3PS7-9,
approximately 116 hours AEL). Error bars represent standard error of the mean. Significance was

assessed via t-test for each larval stage and a Bonferroni multiple test correction was applied.

*P<0.05, **P<0.01, ***P<0.005.
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CG9509°
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CG9509"
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Figure 8: Body size in CG9509 and control flies. Pictured are CG9509 (A-C: right, D-E: top) and
control (A-C: left, D-E: bottom) (A) 3" instar larvae after the 2" to 3" instar molt approximately 72
hours after egg laying, adult female flies in (B) ventral view and (D) side view, and adult male flies in

(C) ventral view and (E) side view.

Effect of CG9509 expression on adult body size. We examined adult body size, as measured
by body weight and wing size (length and area), in CG9509 knockdown and knockout flies.
Knocking out or knocking down CG9509 expression increased body weight by approximately
8-15% in both males (t-test, P < 10™ for both, Figures 9A and 9B) and females (P < 5 x 10°®

and P = 0.023, respectively, Figures 9A and 9B). Similarly, knocking out or down CG9509
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expression increased wing size by approximately 4-11% in both sexes, which was significant
for all comparisons (t-test, wing length P < 0.05 for all, female wing area P < 0.002, Figures

9D and 9E) except male wing area in CG9509 flies (P = 0.266, Figure 9E).
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Figure 9: Effect of CG9509 expression on body size. (A-C) Body weight per 25 flies in (A) UAS/Act5C-
GAL4 (blue) and RNAI-CG9509/Act5C-GAL4 (white) flies, (B) CG9509 (white) and control (blue) flies,
and (C) Zambian (white) and Dutch (blue) flies. (D-F) Wing length and wing area in (D) UAS/Act5C-
GAL4 (blue) and RNAIi-CG9509/Act5C-GAL4 (white) flies, (E) CG9509 (white) and control (blue) flies,
and (F) Zambian (white) and Dutch (blue) flies. Error bars represent standard error of the mean.

Significance was assessed via t-test. *P<0.05, **P<0.01, ***P<0.005.

Next, we examined body size in a Dutch and a Zambian population. For body weight,

we found no significant difference between the two populations for both sexes (t-test,
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Figure 9C). On the other hand, Dutch wing size was significantly larger for both sexes (Figure
9F), with an approximately 2-3% increase in wing length (male P = 0.013, female P < 10)
and a 7-10% increase in wing area (male P < 5 x 10, female P < 10®). This finding is the
opposite of expectations if selection on the CG9509 enhancer occurred to body size, but is in
agreement with previous studies documenting clinal variation in body size (James and
Partridge 1995, James et al 1995, Robinson and Partridge 2001, de Jong and Bochdanovits
2003). Interestingly, the sequence variant at position 67 (Figure 5B), which contributes to
both larval and adult CG9509 expression divergence (Figure 6), is associated with body and
wing size variation within the Dutch population. Males and females with the high expression,
cosmopolitan “G” variant had larger wings (t-test, wing length P < 0.02 for both, wing area P
< 0.03 for both, Figure S5B) than flies with the sub-Saharan “C” variant. Flies with the high
expression, cosmopolitan “G” variant were also heavier, although this was only significant

for males (P < 0.001, Figure S5A).

Effect of CG9509 expression on wing loading. Wing loading is the relationship between the
mass of a flying object and the wing area, or more specifically, the pressure that the wings
exert on the surrounding air (Gilchrist and Huey 2004) and is dependent upon relative body
size. In order to determine if CG9509 expression variation affects wing loading, we measured
the wing load index (wet weight/wing area) in CG9509 knockout and knockdown flies.
Knocking down or knocking out CG9509 expression significantly increased wing loading by
approximately 10-35% in both sexes (t-test, male P < 10 for both, female P = 0.02 for both,
Figures 10A and 10B). Next, we examined wing loading in a Zambian and a Dutch population.

Dutch wing loading was approximately 3—7% lower than Zambian wing loading (Figure 10C),
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however, this difference was only significant in males (t-test, male P = 0.04, female P =
0.136). We also found an association of the sequence variant at position 67 (Figure 5B),
which contributes to larval and adult CG9509 expression divergence (Figure 6), with wing
loading within the Dutch population, with the cosmopolitan, high expression “G” variant
associated with decreased wing loading (Figure S5C); however, this was only significant for
females (t-test, P = 0.006). It is likely that the lack of a significant difference in wing loading
between Dutch and Zambian females is due to this observed variation associated with the
sequence variation at position 67 within the Dutch population. Indeed, when flies are
separated according to their variant at position 67, wing loading in females with the high
expression, cosmopolitan “G” variant is significantly higher than in Zambian females (P < 5 x
10™); while, wing loading in females with the low expression, sub-Saharan “C” variant is not
significantly different from Zambian females (P = 0.720). Taken together, these results

suggest that reduced wing loading is the likely organismal phenotype under selection.
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Figure 10: Effect of CG9509 expression on wing loading. Wing load index in (A) UAS/Act5C-GAL4
(blue) and RNAi-CG9509/Act5C-GAL4 (white) flies, (B) CG9509 (white) and control (blue) flies, and (C)
Zambian (white) and Dutch (blue) flies. Error bars represent standard error of the mean. Significance

was assessed via t-test. ¥*P<0.05, **P<0.01, ***P<0.005.
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Effect of CG9509 expression on active ecdysone levels. CG9509 has been predicted to be
involved in the metabolism of the steroid hormone ecdysone (lida et al 2007), pulses of
which act as temporal signals during D. melanogaster development to help trigger various
developmental transitions (Quinn et al 2012, Mirth and Riddiford 2007). As an
approximation of active ecdysone levels in early and late wandering 3" instar larvae (puff
stages 1-2 and 7-9, respectively), we measured expression levels of E74B, which is directly
activated by ecdysone and often used as a readout of active ecdysone levels (Karim and
Thummel 1991, Caldwell et al 2005, Layalle et al 2008), in CG9509 knockdown flies. When
CG9509 expression was knocked down, E74B expression significantly decreased by
approximately 50% in both early (t-test, P = 0.038, Figure 11A) and late (P = 0.016, Figure
11B) wandering 3" instar larvae. Thus, CG9509 expression is positively correlated with levels

of active ecdysone.

A * early B * late
1.4 7 1.4 A
§ 121 § 1.2 1
(7] w
g 17 g 17
S 5
3 0.8 1 s 0.8 1
Q Q
§ 0.6 N § 0.6 -
w w
é 0.4 A .aaa 0.4 A1
§ 0.2 1 i;; 0.2 1
0 T 1 0 - T ]
UAS/ RNAI-CG9509/ UAS/ RNAI-CG9509/
Act5C-GAL4 Act5C-GAL4 Act5C-GALA Act5C-GAL4

Figure 11: Effect of CG9509 expression on active ecdysone levels. Levels of active ecdysone,
approximated by relative E74B expression as measured by gqRT-PCR in (A) early and (B) late
wandering 3 instar larvae in UAS/Act5C-GAL4 (blue bars) and RNAI-CG9509/Act5C-GAL4A (white
bars) flies. Expression is shown relative to UAS/Act5C-GAL4. Error bars represent standard error of

the mean. Significance was assessed via t-test. *P<0.05, **P<0.01, ***P<0.005.
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Effect of CG9509 expression on expression of two known growth regulators. During larval
development, ecdysone and insulin signaling interact to influence growth (Tennessen and
Thummel 2011, Yamanaka et al 2013), and integral to this interaction are the growth
regulators forkhead box, sub-group O (dFOXO) and Myc (dMyc). We examined dMyc and
dFOXO expression in both early (puff stages 1-2) and late (puff stages 7-9) wandering 3"
instar CG9509 knockdown larvae, since these genes are known to have developmental
stage-specific effects (Quinn et al 2012, Tennessen and Thummel 2011). Knocking down
CG9509 expression was significantly associated with an approximately 40-50% decrease in
both dMyc and dFOXO expression in late wandering 3"instar larvae (t-test, P=0.012 and P =
0.001 respectively, Figure 12B). On the other hand, knocking down CG9509 expression had
no significant effect on dMyc or dFOXO expression in early wandering 3" instar larvae (t-test,
Figure 12A). Thus, CG9509 expression is associated with the expression of these two

important growth regulators and this association is stage-specific.
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Figure 12: Effect of CG9509 expression on dMyc and dFOXO expression. Relative gene expression of
dMyc and dFOXO in UAS /Act5C-GAL4 (blue) and RNAI-CG9509/Act5C-GAL4 (white) (A) early (puff
stages 1-2) wandering 3" instar larvae and (B) late (puff stages 7-9) wandering 3" instar larvae.
Expression is calculated relative to UAS/Act5C-GAL4 for each stage. Error bars represent standard

error of the mean. Significance was assessed with a t-test. *P<0.05, **P<0.01, ***P<0.005.
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Discussion

We have shown that the previously identified CG9509 expression divergence extends
to larvae (Figure 4) and this divergence is driven by polymorphism in the CG9509 enhancer
(Figure 6). We identified three SNPs within the CG9509 enhancer at positions 1174, 1063,
and 67 (Figure 5B) that can account for the majority of the observed expression divergence
(Figure 6). Two of the identified SNPs (positions 1174 and 1063, Figure 5B) only affect
expression in larvae and have a relatively small effect on larval CG9509 expression (Figure
6C). The cosmopolitan variants of these SNPs are fixed in European, Asian, and Middle
Eastern populations (Figure 5B), but absent or at low frequency in the ancestral, sub-
Saharan African populations and low-to-intermediate frequency in central African
populations (Figure 5B, Table 3). The third SNP at positon 67 (Figure 5B) can account for the
majority of CG9509 expression divergence and affects expression in both adults and larvae
(Figure 6). The cosmopolitan variant of this SNP segregates at moderate-to-high frequency in
the European, Asian, and Middle Eastern populations (Figure 5B), but is absent from the

ancestral, sub-Saharan and the central African populations (Figure 5B, Table 3).

Table 3. Percentage of cosmopolitan SNPs contributing to expression divergence in central African

populations

Frequency (%) cosmopolitan SNP variant

Population N® Pos.* 1174 | Pos.1063"(N,) | Pos. 67"

Camaroon 10 30 0(8) 0

Rwanda 25 16 9.5 (21) 0
SNumber of lines surveyed (Pool et al 2012). *Position in bp before CG9509 start codon. Ny, Number

of lines available for comparison if different from N. ‘Site contributes to larval expression divergence.

ASite contributes to adult expression divergence.
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We propose that the CG9509 enhancer was the target of a two-step selective sweep.
First, the cosmopolitan variants at positions 1174 and 1063, each of which has a small effect
on CG9509 expression in larvae, were the target of a selective sweep. Based on the
distribution of these SNPs in natural populations (Figure 5B Table 3), this sweep likely
occurred during or shortly after D. melanogaster’'s expansion out of sub-Saharan Africa and
before the separation of European and Asian populations. The presence of these SNPs at low
frequency in central African populations (Table 3) suggests that selection occurred on
standing variation within a derived, non-sub-Saharan African progenitor population from
which the cosmopolitan populations stem, potentially in the Middle East, which has been
hypothesized to be the source population of European and Asian populations (Laurent et al
2011). Since a single haplotype spanning both position 1174 and 1063 is fixed in the
cosmopolitan populations, it appears that the sweep targeted a chromosome on which both
derived variants were present and that they were not fixed by two independent sweeps. In a
second step, we propose that the cosmopolitan variant at position 67, which has a large
effect on CG9509 expression, arose as a new mutation on the selected haplotype and rose to

intermediate frequency more recently in cosmopolitan populations.

The maintenance of this cosmopolitan SNP at intermediate frequency in
cosmopolitan populations (Figure 5B) suggests that it may be a target of balancing selection.
It has been proposed that advantageous mutations with large effects are likely to display
heterozygotic advantage, and that this may be especially relevant to gene regulatory
polymorphisms (Sellis et al 2011). Under such a scenario, individuals that are heterozygous
at a regulatory locus may achieve an optimal level of expression, while those that are
homozygous may overshoot the optimum (Sellis et al 2011). Thus, overdominant selection

(heterozygote advantage) will maintain the polymorphism. The large effect of the variant at
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position 67 on CG9509 expression (Figure 6) and its intermediate frequency (~40-50%) in
cosmopolitan populations (Figure 5B) are consistent with this model. However, more
complex models involving interactions of alleles at multiple loci are also possible (Sellis et al

2011, Pavlidis et al 2012).

Until now, CG9509’s function and, therefore, the organismal phenotype(s) affected
by variation in CG9509 expression have remained unknown. Here, we used RNAi-mediated
knockdown of CG9509 expression and a newly identified CG9509 null mutant to show that
increased CG9509 expression is associated with reduced larval growth (Figure 7) and final
adult body size (Figures 8 and 9), as well as increased levels of the maturation hormone
ecdysone (Figure 11). Most likely, the increased active ecdysone levels result in the reduced
larval growth rate and a subsequently smaller body size, since adult body size is known to be
influenced by larval growth, which is suppressed by ecdysone’s antagonization of insulin
signaling (Colombani et al 2005, Caldwell et al 2005). CG9509’s role in larval growth is
further supported by the negative correlation of other growth associated genes with stress
tolerance (Colombani et al 2005, Broughton et al 2005), which we also found for CG9509
expression (Table 2). However, it must be noted that this correlation could simply be a by-
product of body size, which has been shown to correlate with stress tolerance in Drosophila

(Gibbs and Matzkin 2001).

In Drosophila, and indeed all flying animals, relative size is very important for the
aerodynamics of flight. Cold has a particularly detrimental effect on Drosophila flight
dynamics since, as small, flight-capable ectotherms, their wing beat frequency and power
output decrease as temperature decreases (Curtsinger and Laurie-Ahlberg 1981, Unwin and

Corbet 1984, Stevenson and Josephson 1990), resulting in reduced flight ability at cold
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temperatures (Gilchrist and Huey 2004). Theory and evidence from previous studies in
Drosophila suggest that reduced wing loading may facilitate better flight ability at cold
temperatures (Gilchrist and Huey 2004, Stalker 1980). Here, we have shown that increased
CG9509 expression is associated with reduced wing loading (Figures 10 and S5C), wing
loading is reduced in a European population in comparison to a sub-Saharan population
(Figure 10C), and wing loading in the European population could be associated with
polymorphism within the CG9509 enhancer (Figure S5C). Coupled with CG9509’s increased
larval expression in cosmopolitan populations (Figures 4B and S1), these findings suggest
that the selection on the CG9509 enhancer likely favored the reduction in wing loading
conferred by increased larval CG9509 expression as D. melanogaster expanded out of Africa.
Thus, improved flight ability at cooler temperatures may have imposed an important
selective constraint as D. melanogaster expanded its species range outside of sub-Saharan

Africa.

The mechanism through which CG9509 expression interacts with ecdysone and
insulin signaling to fine-tune larval growth and reduce wing loading remains unknown. The
effect of CG9509 expression on wing loading (Figures 10 and S5C) is likely at least in part due
to its effect on active ecdysone levels (Figure 11), since ecdysone is thought to play a key
role in regulating proportional growth and integrating individual organ growth with each
other as well as the entire body (Mirth and Shingleton 2012). CG9509 is highly expressed in
the larval fat body (Chintapelli et al 2007), which is functionally analogous to a mammalian
liver and fat cells and acts as a coordinator of larval growth (Tennessen and Thummel 2011,
Quinn et al 2012, Mirth and Riddiford 2007). Ecdysone signaling specifically in the fat body
antagonizes insulin signaling in part via down-regulation of the positive growth regulator

dMyc expression as well as translocation of the negative growth regulator dFOXO to the
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nucleus where it can activate the expression of target genes (Dlanoue et al 2010, Tennessen
and Thummel 2011, Yamanaka et al 2013). When we knocked down CG9509 expression, we
found a stage-specific decrease in both dMyc and dFOXO expression in late wandering third
instar larvae (Figure 12), which is the stage during which the peak of the final and largest
larval ecdysone titer occurs, signaling the onset of pupariation (Mirth and Riddiford 2007,
Quinn et al 2012). It is interesting that we see this stage-specific reduction in dFOXO
transcript expression when CG9509 expression is decreased since it is the localization of the
dFOXO protein that suppresses growth (Dlanoue et al 2010, Tennessen and Thummel 2011,
Yamanaka et al 2013). A previous study on transcriptional variation within the insulin/TOR
network found strong co-variance of gene expression for dFOXO and dFOXO-affected genes
(Nuzhdin et 2009), suggesting that the expression of genes downstream of dFOXO may also
be affected when CG9509 expression is knocked down. Counterintuitively, we found a
similar stage-specific decrease in expression of the positive growth regulator dMyc (Figure
12), which we would expect to be up-regulated in the fat body when CG9509 expression is
knocked down. However, the effect of ecdysone on dMyc expression is both stage- and
tissue-specific (Quinn et al 2012), thus, the observed decrease in expression is likely to be in
another tissue, and may represent a part of the mechanism through which CG9509

expression is able to adjust proportional body size to affect wing loading.

It is important to elucidate both the mechanisms behind and the selective forces
driving adaptive divergence of individual cis-regulatory sequences as these examples help us
to understand the genetic mechanisms of evolution, especially phenotypic evolution. Our
results provide evidence that in cosmopolitan populations of D. melanogaster, the selection
identified in previous studies (Saminadin-Peter et al 2012, Glaser-Schmitt et al 2013) has

acted on 3 SNPs within the CG9509 enhancer for an increase in CG9509 expression leading
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to reduced wing loading. While two of these SNPs appear to be the targets of a selective
sweep, the third, which has the largest effect on CG9509 expression, shows signs of recent
balancing selection. We propose that the reduced wing loading is an adaptation to improve
flight ability at colder temperatures as D. melanogaster began its expansion out of Africa.
Several studies have documented clinal variation in wing loading among D. melanogaster
populations across multiple continents (Azevedo et al 1998, Gilchrist et al 2000, Gilchrist and
Huey 2004, Bhan et al 2014), with wing loading being negatively correlated with latitude,
and this cline is thought to be maintained by selection for improved flight at cooler

temperatures.

Materials and Methods

Drosophila melanogaster lines

The phiX-86Fb stock (Bischof et al 2007) containing a mapped attP site on the third
chromosome (cytological position: 3R 86F), was obtained from the Bloomington Stock
Center (Indiana, USA) and used for phiC31 site-specific integration. All flies were maintained
as inbred, isofemale lines under standard conditions (22°C, 14 hr light : 10 hr dark cycle,

cornmeal-molasses medium).

Population samples. Expression of CG9509 was surveyed in isofemale lines derived from the
following locations: Leiden, The Netherlands (12 lines), Kuala Lumpur, Malaysia (11 lines),
Cairo, Egypt (12 lines), Siavonga, Zambia (11 lines), and Lake Kariba, Zimbabwe (11 lines).

Body size and wing loading assays were performed on the Dutch and Zambian populations.
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All of the surveyed populations were used in a previous study of adult expression and
sequence variation associated with the CG9509 enhancer region (Glaser-Schmitt et al 2013).
The Zimbabwean and Dutch populations were also used in another previous study of
sequence and expression variation associated with the CG9509 enhancer region (Saminadin-
Peter et al 2012) as well as genome-wide expression studies (Hutter et al 2008, Miiller et al

2011, Catalan et al 2012, Huylmans and Parsch 2014).

CG9509 knockout and knockdown lines. CG9509, E74B, dFOXO, and dMyc expression
analysis as well as body size, larval growth rate, developmental timing, wing loading, and
tolerance assays were performed on flies in which the open reading frame (ORF) of the
CG9509 gene was knocked out or in which CG9509 expression was knocked down by RNAI.
We discovered the CG9509 knockout allele as a naturally-occurring variant in an isofemale
line from a Munich population. In this line (CG9509), a deletion introduces a frameshift that
leads to a premature stop codon 232 amino acids into the CG9509 ORF (Figures S6B and C).
Our gRT-PCR assay (see below) was able to detect the expression of CG9509 mRNA in this
line, but only at very low levels, suggesting that it is degraded by the nonsense-mediated
decay pathway (Figure S6A). Given the disrupted ORF and the very low expression, we
assume that CG9509 is completely knocked out in this line. As a control, four lines from the
same Munich population, showing representative CG9509 expression for the population,
were used. The knockdown of CG9509 expression was achieved using an RNAi construct
under the control of the yeast GAL4/upstream activating sequence (UAS) system. A D.
melanogaster line producing a hairpin RNA complementary to CG9509 mRNA under the

control of a UAS (RNAIi-CG9509, transformant ID: 107089) as well as a line containing an
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empty vector at the same genomic location (UAS’, transformant ID: 60100), which we used
as a control, were obtained from the Vienna Drosophila Resource Center (Vienna, Austria)
(Dietzl et al 2007). The RNAi-CG9509 and UAS' lines were crossed to an Act5C-GAL4/Cyo
driver line and the progeny were used in subsequent body size, larval growth rate,
developmental timing, wing loading, and tolerance assays, as well as in an expression
analysis. Using gRT-PCR, CG9509 expression knockdown efficiency was confirmed to be
approximately 98.6% for adult females, 98.9% for adult males, 76% for early wandering third

instar larvae, and 97.6% for late wandering third instar larvae.

Larval Staging

In order to control for size and age, all larval staging was performed at 25°C with a 14
hr light : 10 hr dark cycle. Adult females were placed in cages and allowed to lay eggs on
molasses-agar plates supplemented with yeast for 48 hours for expression analysis and -
Galactosidase assays or for 4 hours for larval growth rate analysis. First instar larvae (L1)
were then collected for staging. To stage second instar larvae (L2) or early third instar larvae
(L3) , first instar larvae were transferred to small molasses-agar plates supplemented with
cornmeal-molasses medium with a density of 50 larvae per plate. Second instar larvae were
collected ~48 hours after egg laying (shortly after the L1-L2 transition) and identified by their
mouth hooks. Early third instar larvae were collected ~72 hours after egg laying (shortly after
the L2-L3 transition) and were identified by their spiracles. To stage wandering third instar
larvae, first instar larvae were transferred to large vials containing cornmeal-molasses
medium supplemented with 5% bromophenol blue (Sigma Aldrich, St.Louis, Missouri, USA)

at a density of 150 larvae per vial. Early third instar wandering larvae (shortly after onset of
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wandering, puff stages 1-2) were identified by the dark blue color of their guts, while, late
third instar wandering larvae (shortly before pupariation, puff stages 7-9) were identified by
their clear guts. Larvae were washed in PBS and gently dried then kept on ice until use.

Larvae for RNA extraction were stored at -80°C before use.

Expression Analysis

Total RNA was extracted from 3-5 adult males (aged 4—6 days) or 1-3 early (L3 PS1-2)
or late third instar wandering larvae (L3 PS7-9) and a DNAse | digestion was performed using
the MasterPure RNA Purification Kit (Epicentre , Madison, Wisconsin, USA). Two biological
replicates were performed for each line and/or stage. Using random hexamer primers and
Superscript Il reverse transcriptase (Invitrogen, Waltham, Massachusetts, USA), 3 mg total
RNA for each replicate was reverse-transcribed following the manufacturer’s protocol.
TagMan Gene Expression Assays (Invitrogen, Waltham, Massachusetts, USA) were then
performed on the resulting cDNA using probes specific to CG9509 (Dm01838873 g1), dFOXO
(Dm02140207_g1), dMyc (Dm01843706_m1), and/or E74B (Dm01793592_m1) as well as a
probe specific to the ribosomal protein gene RpL32 (Dm02151827_g1), which was used as an
endogenous control. The AACt method was used to calculate normalized gene expression
(Pfaffl 2001). Briefly, for each biological replicate, the average threshold cycle (Ct) of two
technical replicates was measured and ACt was calculated as the mean Ct difference
between the probe of interest and the RpL32 probe. The fold-change difference in
expression relative to the Zimbabwe population for population comparisons, CG9509 for
CG0509 knockout comparisons, or the UAS/Act5C-GAL4 line for CG9509 expression

—(ACtX-ACtY)

knockdown comparisons was then calculated as 2 , Where ACtX is the mean ACt
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value for each biological replicate of the line of interest and ACtY is the mean ACt value of
the either the Zimbabwe, CG9509’, or UAS /Act5C-GAL4 lines. Significance was assessed with
a t-test. When more than three comparisons were made using the same data, a Bonferroni

multiple test correction was applied.

Transgenic reporter gene assays

The CG9509 enhancer region, beginning 9 bp after the CG14406 stop codon and
ending 2 bp before the CG9509 start codon, was PCR-amplified from one cosmopolitan and
one sub-Saharan African strain as described in (Saminadin-Peter et al 2012) and cloned into
the pCR2.1-TOPO vector (Invitrogen, Waltham, Massachusetts, USA). The effects of six sub-
Saharan African sequence variants (Figure 5B, positions 67, 765, 821-817, 1063, 1155, and
1174 bp) in the cosmopolitan background were examined. The sub-Saharan African variant
“C” at 67 bp is present in cosmopolitan populations and was cloned into the TOPO vector as
described above. Due to the complexity of the region in which the 5 bp indel at 822-817 bp
is located, a synthesized vector containing parts of the TOPO vector, the cosmopolitan
upstream variant, and the desired 5 bp insertion was custom ordered from GeneArt
(Invitrogen, Waltham, Massachusetts, USA). A 540 bp Spel/Ndel fragment of this vector was

then ligated into the TOPO vector containing the cosmopolitan enhancer sequence.

The four other sub-Saharan African variants were introduced into the cosmopolitan
sequence via site directed mutagenesis, which was performed using thermal cycling with
PfuUltra Il Fusion HS DNA polymerase (Agilent Technologies, Santa Clara, California, USA)
and complimentary, fully or partially overlapping primer pairs containing the desired base

pair change (Zheng et al 2004, for primer list see Table S1). For sites that were shown to

64



Chapter 2

affect reporter gene expression, the cosmopolitan variants were introduced into the sub-
Saharan African enhancer and constructs with all contributing sites were generated in both a
cosmopolitan and sub-Saharan African background using site directed mutagenesis as
described above (for primer list see S1 Table) for a total of 13 reporter gene constructs.
Mutants and parental enhancer sequences were confirmed via sequencing using the
following  primers  (5'->3’):  TTTGGTTTCCTTACCGTTTTG, GTGCAGTTTGGAACTCAG,
CATTTATAGCACTTGGCTCG, GCTTCGCATTCTGGATGC, TGGCGCTAACCTGAATTCC, and
GCGTTTTGCTTTTCCGTTAG. A 3.6-kb Not/ fragment of the pCMV-SPORT-Bgal plasmid
(Invitrogen, Waltham, Massachusetts, USA) containing the E. coli lacZ coding region was
then inserted into the Not/ site of the each of the constructs and a BamHI/Xbal fragment
containing the CG9509 enhancer and lacZ sequences was ligated into the pattB integration
vector (Bischof et al. 2007). The pattB vectors containing the CG9509 enhancer and the lacZ
reporter gene were microinjected into early-stage embryos of the phiX-86Fb (attP site at
cytological band 86F) strain (Bischof et al. 2007), which contains 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 stable lines homozygous for each of the
constructs were established. A subset of the microinjections was performed by Rainbow
Transgenic Flies (Camarillo, CA, USA). The majority of the constructs were also incorporated
into the phiX-68E (attP site at cytological band 68E) strain, which yielded similar results (data

not shown), therefore, only the strain phiX-86Fb was used.

For each reporter gene construct, B-galactosidase activity was measured in groups of
15 adult 4-6 day old males or females or 8 late wandering 3" instar larvae. Soluble proteins
were extracted and a B-galactosidase activity assay was performed as described in Hense et

al (2007) with the following exceptions: Flies or larvae were frozen with liquid nitrogen and
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homogenized before the addition of 200 pl of the 0.1 M Tris-HCI, 1 mM EDTA, and 7 mM 2-
mercaptoethanol buffer (pH 7.5). B-galactosidase activity was measured
spectrophotometrically by following the change in absorbance at 420 nm at 37 °C. 4-8
biological replicates were performed per stage or sex. Significance was assessed using a t-

test and a Bonferroni multiple test correction was applied for each stage and sex.

Adult Staging

Since temperature and density during rearing as well as age can affect body size and
therefore wing loading (James and Partridge 1995, Santos et al 1994, Angilletta et al 2004),
D. melanogaster used in body size and wing loading assays were strictly controlled similarly
to the larval staging. All staging took place at 25°C. Adults were placed in cages and allowed
to lay eggs for 48 hours. First instar larvae were picked and placed in vials at a density of 50
larvae per vial. After eclosion, flies were collected and sorted into groups of males and
females every 3-4 hours, so that only virgin flies were used. Flies were aged to one-day old

before use in assays.

Body size assays

Weight. In order to keep variance down, wet weight of flies was measured in groups of 25
males or females. Groups of flies were lightly gassed with CO, and placed in pre-weighed 1.5
mL Eppendorf tubes on ice for 5 minutes before being weighed on a Mettler H51 scale (d =
0.01 mg, error = 0.05 mg). The weight of 25 flies was then calculated as the weight of 25 flies

and tube — the weight of the tube. For each line and sex, 4 replicates were performed for
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population comparisons, 5-7 replicates were performed for the CG9509 and RNAI-
CG9509/Act5C-GALA lines, and 4-5 replicates were performed for all control lines.

Significance was assessed using a t-test.

Wing size. Right wings were dissected in isopropanol, mounted in europal (Sigma Aldrich,
St.Louis, Missouri, USA), and allowed to dry at least 1 week before being photographed.
Wings were photographed using a Nikon D5100 camera and compound microscope. Images
were analyzed in Imagel (Schneider et al 2012). A piece of millimeter paper was included in
all images for scale. Wing length was measured in a straight line from the humeral-costal
break to the 3" longitudinal vein and wing area was estimated as previously described
(Gilchrist and Partridge 1999). For each line and sex, wing size was measured for 5 flies for
population comparisons and CG9509 knockdown control lines and 10-15 biological
replicates per sex for RNAi-CG9509/Act5C-GAL4, UAS /Act5C-GAL4, and CG9509 lines.

Significance was assessed using a t-test.

Wing loading assays

Wing load index was calculated as wet weight of a fly / right wing area. Flies were
lightly gassed with CO, and placed in pre-weighed 1.5 mL Eppendorf tubes on ice for 5
minutes before being weighed on a Mettler H51 scale (d = 0.01 mg, error = 0.05 mg). The
weight of a fly was then calculated as the weight of the fly and tube — the weight of the tube.
For each fly, the right wing was then dissected and the wing area estimated as described
above. For each line and sex, wing loading was measured for 5 flies for population
comparisons and 10-15 flies for RNAi-CG9509/Act5C-GAL4 and CG9509 lines as well as their

respective control lines. Significance was assessed using a t-test.
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Larval growth assays

To assess larval growth rate, larval volume was measured in the following stages: 2"
instar (48 hr AEL), early 3" instar (72 hr AEL), early wandering 3" instar (110 hr AEL), and
late wandering 3" instar (116 hr AEL). Larvae were staged as described above. Before
imaging, larvae were placed on ice for at least 5 minutes. Larvae were photographed using a
Nikon D5100 camera and compound microscope and images were analyzed in Imagel
(Schneider et al 2012). A piece of millimeter paper was included in all images for scale. Larval
volume was calculated as 4/3m(L/2)*(d/2), where L=length and d=diameter (Colombani et al
2005). For each stage and line, larval volume was measured in 15-20 larvae for RNAIi-CG9509
J/Act5C-GAL4 and CG9509 lines as well as their respective controls. Significance at each
larval stage was assessed using a t-test and a Bonferroni multiple test correction was

applied.

Developmental timing assays

As a measure of developmental timing, time from the 1% instar larval stage to
pupariation and duration of the wandering stage were measured. As described in the larval
staging section above, flies were allowed to lay eggs for 12 hours and 1* instar larvae were
picked. Larvae were transferred in groups of 50 to cornmeal-molasses medium and allowed
to mature. In order to measure time from the 1% instar larval stage to pupariation,
pupariation was recorded every 2 hours for 25-110 larvae per line. In order to measure
duration of the wandering stage, larvae were screened for onset of wandering behavior

every hour and transferred individually to a petri dish containing moistened filter paper.
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Pupariation was recorded every hour for 10-50 larvae per line. Both assays were performed

at 25°C to prevent fluctuations in developmental timing due to temperature.

Tolerance assays

DDT, malathion, ethanol, and cold tolerance assays were performed using RNAi-
CG9509/Act5C-GAL4 and UAS /Act5C-GALA4 flies. For DDT, malathion, and ethanol tolerance
assays, for each line, sex, and concentration, 6—7 tolerance chambers with 20 flies were
exposed to four concentrations of a compound and mortality was measured as the number
of flies dead or unable to move after 30 minutes (malathion), 2 hours (DDT), or 48 hours
(ethanol). For ethanol tolerance assays, tolerance chambers consisted of a plastic vial
(diameter = 25 mm, height = 95 mm) with compressed cotton at the bottom containing 2.5
ml ethanol solution supplemented with 5% sucrose and sealed with a cork. For DDT and
malathion assays, tolerance chambers consisted of glass vials (h =5 cm, r = 1.65 cm) in which
200 ml of DDT (Dr. Ehrenstorfer, Augsburg, Germany) or malathion (Dr. Ehrenstorfer,
Augsburg, Germany) diluted in acetone (Sigma Aldrich, St.Louis, Missouri, USA) was swirled
until the acetone dried, allowed to dry an additional hour before addition of flies, and sealed
with compressed cotton soaked in 5% sucrose solution. For all assays, 2-3 control chambers
containing only 5% sucrose solution were also tested. The data for each assay was fit to a
generalized linear model using concentration, line, and sex as factors (unless sex was not
significant, in which case, it was removed from the model) and a quasi-binomial distribution
using the glm function in R (R core team 2008). For cold tolerance assays, for each line and
sex, 25 groups of 5 flies were exposed to an ice water bath for 5 hours and the time in

minutes until each fly had recovered from chill coma (able to stand upright again) was
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recorded. The mean recovery time for each vial was calculated and a t-test was applied to

assess significance.
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expression driven by a wild-type cosmopolitan (Cos.) enhancer, while white bars show expression
driven by a wild-type sub-Saharan African (Afr.) enhancer. Light blue bars indicate expression driven
by the enhancer after mutations were introduced into a cosmopolitan background. Dark gray bars
show expression driven by the enhancer after mutations were introduced in a sub-Saharan African
background. “Genotype” indicates the nucleotides at positions 1174, 1155, 1063, 821-817, 765, and
67 before the CG9509 start codon, respectively. Mutated sites are underlined. Significance was
assessed using a t-test and a Bonferroni multiple test correction was applied. Significance is
represented in black for comparisons to the cosmopolitan enhancer, red for the sub-Saharan African
enhancer, and gray for comparison between mutated enhancers. ns, not significant *P<0.05,

**p<0.01, ***P<0.005.
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S1 Table. Site directed mutagenesis primers

Pos.? Primer pair (5'->3') Background® | Overlap®
CGGGCACGCGTTTTAATTACTTTGTAAAGC
1174 GTAATTAAAACGCGTGCCCGAAAAGGCGC Cos. partial
GGGCAAGCGTTTTAATTACTTTGTTAAGC
1174 GTAATTAAAACGCTTGCCCAAAAAGGCGC Afr. partial
CGGGCAAGCGTTTTAATTACTTTGTTAAGCTGCATTTTTG
1155 CAAAAATGCAGCTTAACAAAGTAATTAAAACGCTTGCCCG Cos. full
GCCGTCTTAATGTGTGTTTGTGTCGAGCCAAGTGC
1063 CGACACAAACACACATTAAGACGGCAAAAAAAATC Cos. partial
CTTAATGTTTGTTTGTGTCGAGCCAAGTGC
1063 CGACACAAACAAACATTAAGACAGC Afr. partial
CAATTTTGTTATTTTTTAAATCTATGCTTTGATTTTAG
765 GCATAGATTTAAAAAATAACAAAATTGTTTTTAAAATTTTATAAC Cos. partial
CGCGACTGGGCCTCAGAGTCAAATAG
67 CTGAGGCCCAGTCGCGGCTGAAGATTCGC Afr. partial

®Positon (pos.) in bp before CG9509 start codon. ®Mutations were introduced into either a
Cosmopolitan (Cos.) or sub-Saharan African background (Afr.). “Overlap indicates degree of

primer pair overlap.
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Abstract

Insertions and deletions (indels) are a major source of genetic variation within species and
may result in functional changes to coding or regulatory sequences. In this study we report
that an indel polymorphism in the 3’ untranslated region (UTR) of the metallothionein gene
MtnA is associated with gene expression variation in natural populations of Drosophila mel-
anogaster. A derived allele of MtnA with a 49-bp deletion in the 3' UTR segregates at high
frequency in populations outside of sub-Saharan Africa. The frequency of the deletion
increases with latitude across multiple continents and approaches 100% in northern
Europe. Flies with the deletion have more than 4-fold higher MtnA expression than flies with
the ancestral sequence. Using reporter gene constructs in transgenic flies, we show that
the 3' UTR deletion significantly contributes to the observed expression difference. Popula-
tion genetic analyses uncovered signatures of a selective sweep in the MtnA region within
populations from northern Europe. We also find that the 3' UTR deletion is associated with
increased oxidative stress tolerance. These results suggest that the 3' UTR deletion has
been a target of selection for its ability to confer increased levels of MtnA expression in
northern European populations, likely due to a local adaptive advantage of increased oxida-
tive stress tolerance.

Author Summary

Although molecular variation is abundant in natural populations, understanding how
this variation affects organismal phenotypes that are subject to natural selection remains
a major challenge in the field of evolutionary genetics. Here we show that a deletion
mutation in a noncoding region of the Drosophila melanogaster Metallothionein A gene
leads to a significant increase in gene expression and increases survival under oxidative
stress. The deletion is in high frequency in three distinct geographic regions: in northern

PLOS Genetics | DOI:10.1371/journal.pgen.1005987  April 27,2016
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European populations, in northern populations along the east coast of North America,
and in southern populations along the east coast of Australia. In northern European pop-
ulations the deletion shows population genetic signatures of recent positive selection.
Thus, we provide evidence for a regulatory polymorphism that underlies local adaptation
in natural populations.

Introduction

Natural populations adapt constantly to their changing environments, with alterations in pro-
tein sequences and gene expression providing the main sources of variation upon which natu-
ral selection can act. At present, understanding how changes in gene expression contribute to
adaptation is one of the major challenges in evolutionary genetics. The fruit fly Drosophila mel-
anogaster has populations distributed throughout the world, with environments ranging from
tropical to temperate. On the basis of biogeographical, anatomical and population genetic stud-
ies, the center of origin of D. melanogaster has been inferred to be in sub-Saharan Africa [1-3].
Several genomic studies concluded that D. melanogaster underwent a population expansion
around 60,000 years ago within Africa that set the ground for an out-of-Africa expansion
13,000-19,000 years ago and the subsequent colonization of Europe and Asia 2,000-5,000
years ago [4-6]. Because the colonization of new habitats requires that species adapt to new
environmental conditions, there has been considerable interest in identifying the genetic

and phenotypic changes that occurred during the out-of-Africa expansion of D. melanogaster
[7-9].

In order to identify genes that differed in expression between a D. melanogaster population
from Europe (the Netherlands) and one from sub-Saharan Africa (Zimbabwe), whole-tran-
scriptome comparisons were carried out using adult males and females [10,11], as well as the
dissected brains and Malpighian tubules of each sex [12,13]. These studies identified several
hundred genes that were differentially expressed between the two populations and which rep-
resent candidates for adaptive regulatory evolution. One of the candidate genes that showed a
large difference in expression between populations in the brains of both sexes was the metal-
lothionein (MT) gene Metallothionein A (MtnA). MtnA lies on chromosome arm 3R (Fig 1)
and belongs to a gene family of five members that also includes MtnB, MtnC, MtnD and MtnE
[14,15]. Metallothioneins are present in all eukaryotes and have also been identified in some
prokaryotes [16]. In general, MTs are cysteine-rich proteins, a feature that makes them ther-
mostable, and have a strong affinity to metal ions, especially zinc and copper ions [17]. Some
of the biological functions that have been described for MTs include: sequestration and disper-
sion of metal ions; zinc and copper homeostasis; regulation of the biosynthesis of zinc metallo-
proteins, enzymes and zinc dependent transcription factors; and protection against reactive
oxygen species, ionizing radiation and metals [18]. In natural isolates of D. melanogaster,
increased MtnA expression has been linked to copy number and insertion and deletion (indel)
variation and is associated with increased tolerance to heavy metals [19,20].

In this paper we show that the expression difference of MtnA between a European and a
sub-Saharan African population is not associated with copy number variation, but is associated
with a derived 49-bp deletion in the MtnA 3’ untranslated region (UTR). Outside of sub-Saha-
ran Africa, the deletion shows a latitudinal cline in frequency across multiple continents, reach-
ing very high frequencies in northern Europe. Using transgenic reporter genes, we show that
the indel polymorphism in the 3> UTR contributes to the expression difference observed
between populations. Furthermore, we use hydrogen peroxide tolerance assays to show that
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the deletion is associated with increased oxidative stress tolerance. Population genetic analyses
indicate that MtnA has been the target of positive selection in non-African populations. Taken
together, these results suggest that a cis-regulatory polymorphism in the MtnA 3° UTR has
undergone recent positive selection to increase MtnA expression and oxidative stress tolerance
in derived northern populations of D. melanogaster.

Results

Differential expression of MtnA between an African and a European
population of D. melanogaster

A previous RNA-seq study of gene expression in the brain found MtnA to have four times
higher expression in a European population (the Netherlands) than in a sub-Saharan African
population (Zimbabwe) [12]. Of the members of the Mtn gene family, only MtnA showed high
levels of expression and a significant difference in expression between populations (Fig 2A). To
confirm this expression difference, we performed qRT-PCR on RNA extracted from dissected
brains of flies from each population following the same pooling strategy used previously [12].
With this approach, we found MtnA to have 5-fold higher expression in the European popula-
tion than in the African population (Fig 2B).

The RNA-seq and qRT-PCR analyses were performed on a "per gene" basis and did not dis-
criminate between the two annotated transcripts of MtnA, which differ only in the length of
their 3' UTR (Fig 1). The MtnA-RA transcript completely overlaps with that of MtnA-RB and
contains no unique sequence. The MtnA-RB transcript, however, contains an extra 371 bp at
the 3' end that can be used to assess isoform-specific expression. Using RNA-seq data [12], we
found that the MtnA-RB isoform represents only a small proportion of total MtnA expression
(1.50% in the European population and 0.13% in the African population). Thus, almost all
of the observed expression difference in MtnA can be attributed to the MtnA-RA isoform.
Although present at very low levels, the MtnA-RB transcript showed much higher expression
(50-fold) in Europe than in Africa (S1 Table).

Absence of MtnA copy number variation

Previous studies found copy number variation (CNV) for MtnA in natural isolates of D. mela-
nogaster and showed that an increase in copy number was associated with higher MtnA expres-
sion [19,20]. To determine if CNV could explain the observed expression difference between
the European and the African populations, we assayed MtnA copy number in flies of both pop-
ulations by quantitative PCR. We found no evidence for CNV within or between the popula-
tions (Fig 3). In both populations, MtnA copy number was equal to that of the control single-
copy gene RpL32 and was about half that of the nearly-identical paralogs AttA and A#B [21],

PLOS Genetics | DOI:10.1371/journal.pgen.1005987  April 27,2016 3/24
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Fig 2. Expression of metallothionein genes in the brain in two populations of D. melanogaster. (A)
Expression level of Mtn paralogs in the brain from RNA-seq data. Expression is reported in reads per
kilobase per million mapped reads (RPKM). Only MtnA showed a significant difference in expression
between a European (the Netherlands), shown in blue, and an African (Zimbabwe), shown in green,
population (adjusted P < 10~ in the RNA-seq analysis [12]). Expression of MtnC was not detected. (B) MtnA
expression in the brains of European and African flies, as determined by qRT-PCR. The expression
difference between populations is highly significant (t-test, P = 5x10°®). In both panels, the error bars indicate
the standard error of the mean.

doi:10.1371/journal.pgen.1005987.9002

which can be co-amplified by the same PCR primers and serve as a positive control. These
results indicate that CNV cannot account for the observed variation in MtnA gene expression.

An indel polymorphism in the MtnA 3' UTR is associated with expression
variation

To identify cis-regulatory variants that might be responsible for the difference in MtnA expres-
sion between European and African flies, we sequenced a 6-kb region encompassing the MtnA
transcriptional unit (Fig 1) in 12 lines from the Netherlands (NL) and 11 lines from Zimbabwe
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Fig 3. Results of CNV assays. Flies from Africa (Zimbabwe), shown in green, and Europe (the
Netherlands), shown in blue, were tested for MtnA CNV. The close paralogs AttA and AttB were used as a
positive control for multiple gene copies, while RpL32 was used as a single-copy reference.

doi:10.1371/journal.pgen.1005987.g003
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(ZK). In addition, we quantified MtnA expression in a subset of eight lines from each popula-
tion in both the brain and the gut by qRT-PCR. Across the 6-kb region, only a polymorphic
49-bp indel and a linked single nucleotide polymorphism (SNP) in the MtnA 3’ UTR showed a
large difference in frequency between the populations, being this deletion present in 10 of the
12 European lines, but absent in Africa (Fig 4A). This indel was previously observed to segre-
gate in natural populations from North America [20]. A comparison with three outgroup spe-
cies (D. sechellia, D. simulans, and D. yakuba) indicated that the deletion was the derived
variant. The qQRT-PCR data revealed that the two European lines that lacked the deletion had
MtnA expression that was similar to that of the African lines, but much lower than the other
European lines. This result held for both brain and gut expression. Taken together, these results
suggest that the 3' UTR polymorphism contributes to MtnA expression variation in natural
populations. Furthermore, the expression variation is not limited to the brain, but shows a cor-
related response in at least one other tissue (Fig 4B).

Functional test of the effect of the MtnA 3' UTR polymorphism on gene
expression

To test if the 49-bp deletion in the MtnA 3' UTR has an effect on gene expression, we designed
expression constructs in which the MtnA promoter was placed upstream of either a green
fluorescent protein (GFP) or lacZ reporter gene. Two versions of each reporter gene were
made, one with the ancestral MtnA 3' UTR sequence and one with the derived MtnA 3' UTR
sequence, which has the 49-bp deletion (Fig 5A). The reporter genes were then introduced into
the D. melanogaster genome by PhiC31 site-specific integration [22,23].

Our analysis of MtnA expression in the brain and gut indicated that the difference in expres-
sion observed between African and European populations is not brain-specific (Fig 4B). This is
further supported by the expression of the reporter gene constructs. For the GFP reporter gene,
the presence of the 3> UTR deletion led to increased expression in both the brain and body (Fig
5B), with the difference in expression being 2.3-fold and 1.75-fold, respectively. A similar result
was found for the lacZ reporter gene, where the 3° UTR deletion led to 1.7-fold and 1.4-fold
higher expression in the head and gut, respectively (Fig 5C).

MtnA expression in the brain

MtnA shows high expression in most D. melanogaster organs, including the fat body, digestive
system, Malpighian tubule, and brain [24]. Although it has been documented that MtnA and
its paralogs are involved in heavy metal homeostasis and tolerance, it is poorly understood
which other functions MtnA might have and in which cells it is expressed. To get a more
detailed picture of MtnA expression in the brain, we examined the expression of the GFP
reporter gene by confocal imaging of dissected brain tissue (Fig 6).

GFP expression driven by the MtnA promoter is evident in cells that form a mesh-like struc-
ture surrounding the brain and in between the neuropiles (Fig 6). MtnA does not appear to be
expressed at a discernible level in neurons, as the cells expressing GFP do not have dendrites or
axonal processes. The shape and localization of the cells expressing GFP in the brain suggest
that they are glia, which provide neurons with developmental, structural and trophic support
as well as with protection against toxic elements [25-27]. In a genome-wide expression profil-
ing study it was found that MtnA is expressed in the astrocyte glial cells of larvae and adults of
D. melanogaster [28]. Although we cannot be certain that MtnA expression is limited to the
glia in the brain, our results provide direct evidence that MtnA is expressed in cell types other
than the copper cells of the midgut and Malpighian tubules, as previously reported [29].
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Fig 4. Association between an indel polymorphism in the MtnA 3' UTR and gene expression variation.
(A) An indel (and a linked SNP marked in gray) in the MtnA 3' UTR are the only polymorphisms within the
6-kb MtnA region that show a large difference in frequency between an African and a European population of
D. melanogaster. A comparison with three outgroup species, D. sechellia (Sec), D. simulans (Sim) and D.
yakuba (Yak), indicated that the deletion is the derived variant. (B) MtnA expression in the brain and the gut of
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eight European (NL) lines, shown in blue, and eight African (ZK) lines, shown in green. The two European
lines lacking the deletion, NL77 and NL15, show lower MtnA expression than those with the deletion.

doi:10.1371/journal.pgen.1005987.g004

Frequency of the MtnA 3' UTR deletion in additional populations

To better characterize the geographical distribution of the indel polymorphism in the MtnA 3'
UTR, we used a PCR-based assay to screen ten additional D. melanogaster populations across a
latitudinal range spanning from tropical sub-Saharan Africa to northern Europe (Table 1). We
found that the deletion was at very low frequency in sub-Saharan Africa, but nearly fixed in
populations from northern Europe. This suggests that, at least outside of the ancestral species
range, there is a latitudinal cline in the deletion frequency. Indeed, when the sub-Saharan pop-
ulations are excluded, there is a highly significant correlation between latitude and deletion
frequency (linear regression; R = 0.95, P = 0.0004). This correlation still holds when the sub-
Saharan populations are included (using the absolute value of latitude), but is weaker (R = 0.80,
P=0.001).

To investigate if the clinal distribution of the MtnA 3’ UTR deletion is present on other con-
tinents, we analyzed pooled sequencing (pool-seq) data from North America and Australia
[30,31]. In North America, there is a significant correlation between latitude and deletion fre-
quency (R = 0.94, P = 0.005) (Table 2). A similar pattern was seen in Australia, although data
from only two populations were available. The deletion is at a frequency of 42% in Queensland
(latitude 16 S) and 61% is Tasmania (latitude 42 S). The difference in deletion frequency
between the two populations is significant (Fisher’s exact test, P = 0.02).

Evidence for positive selection at the MtnA locus

To test for a history of positive selection at the MtnA locus, we performed a population genetic
analysis of the 6-kb MtnA region in the original European (the Netherlands) and African (Zim-
babwe) population samples. In addition, we sequenced this region in 12 lines of a Swedish pop-
ulation, in which the 49-bp 3' UTR deletion was at a frequency of 100% (Table 1). Across the
entire region, the Zimbabwean population showed the highest nucleotide diversity, having
1.43- and 2.50-fold higher values of 7 than the Dutch and Swedish populations, respectively
(Table 3). Tajima’s D was negative in all three populations, and was significantly negative in
both Zimbabwe and the Netherlands (Table 3). This could reflect a history of past positive or
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Fig 5. Reporter gene constructs and their expression. (A) The gray boxes represent the MtnA promoter, which is identical between the African and
European alleles. The white boxes represent the GFP/lacZ reporter genes. The blue hatched box represents the MtnA 3’ UTR with the deletion. The green
box represents the MtnA 3’ UTR with the additional 49 bp marked in red. The same color scheme applies to the bar plots. (B) The two versions of the GFP
reporter gene differ significantly in expression in heads (t-test, P = 0.0019) and bodies (t-test, P = 0.0046), as assayed by gRT-PCR. (C) The two versions of
the lacZ reporter gene differed significantly in expression in heads (t-test, P = 0.0006) and guts (t-test, P = 0.0001) as measured by B-galactosidase
enzymatic activity. The error bars represent the standard error of the mean.

doi:10.1371/journal.pgen.1005987.9005

PLOS Genetics | DOI:10.1371/journal.pgen.1005987  April 27,2016 7124



@ PLOS | GENETICS Indel Polymorphism in MtnA

Fig 6. Expression of an MtnA-GFP reporter gene in the brain. (A-C) GFP expression driven by the reporter gene construct with the ancestral MtnA 3’
UTR variant. (D-G) Higher magnification of the brain regions where GFP is expressed. AL: antennal lobe, MB: mushroom bodies, SOG: subesophageal
ganglion, Lo: lobula, Me: medulla. In (G) the arrow indicates cells expressing GFP. Green: GFP, red: anti-disclarge, targeting general neuropil.

doi:10.1371/journal.pgen.1005987.9006

negative selection at this locus, but could also be caused by demographic factors, such as popu-
lation expansion.

A sliding window analysis was performed to determine the distribution of nucleotide diver-
sity (0) (Fig 7A) and population differentiation (F;) (Fig 7B) across the MtnA region. The
region flanking the 3> UTR indel polymorphism showed very low sequence variation in Zimba-
bwe and Sweden, but higher variation in the Netherlands. This pattern is due to the fact that
the ancestral state of the indel polymorphism is fixed in the Zimbabwean population and the
derived state is fixed in the Swedish population. In the Dutch population, the MtnA 3> UTR is
polymorphic for the deletion (two of the 12 lines have the ancestral state). This leads to higher
nucleotide diversity than in the Swedish population, because the ancestral, non-deletion alleles
contain more SNPs than the derived, deletion alleles. On average, Sweden and Zimbabwe

Table 1. Frequency of the MtnA 3’ UTR deletion in different populations.

Population N Latitude Frequency of deletion [95% CI]
Sweden 12 63.8 N 1.00 [0.86—1.00]
Denmark 12 55.7 N 0.96 [0.80—-1.00]
The Netherlands 12 522N 0.83 [0.64—-0.94]
Germany 11 48.1 N 0.91 [0.73-0.98]
France 12 458 N 0.92 [0.75—-0.98]
Cyprus 10 35.1 N 0.65 [0.43-0.83]
Egypt 14 30.1 N 0.60 [0.42-0.77]
Cameroon 6 6.3N 0.00 [0.00-0.26]
Malaysia 12 31N 0.45 [0.27-0.65]
Rwanda 12 258 0.08 [0.02-0.25]
Zambia 10 16.5S 0.05 [0.01-0.24]
Zimbabwe 11 17.3S 0.00 [0.00-0.15]

N, number of lines. Because the deletion was polymorphic in some lines, its frequency was calculated on
the basis of two alleles per line.

doi:10.1371/journal.pgen.1005987.t001
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Table 2. Frequency of the MtnA 3’ UTR deletion in North American populations.

Population N? Latitude
Maine 322 455N
Pennsylvania 900 40.0 N
North Carolina 92 355N
South Carolina 96 33.0N
Georgia 102 309N
Florida 174 255N

Total reads® MtnA 3’ UTR reads® Deletion reads® Frequency of deletion [95% CI]
125.8 301 171 0.57 [0.51-0.62]
593.9 1400 743 0.53 [0.50-0.56]

471 67 32 0.48 [0.36-0.60]
81.8 255 107 0.42 [0.36-0.48]
96.9 246 101 0.41[0.35-0.47]
103.7 225 76 0.34 [0.28-0.40]

& Number of autosomes in the pooled sample (including all replicates)
® Number of paired reads for the whole genome (in millions)

° Number of reads that mapped to the MtnA 3’ UTR

9 Number of reads that matched the MtnA 3' UTR deletion allele

doi:10.1371/journal.pgen.1005987.t002

showed the greatest population differentiation, with F reaching a peak in the 3 UTR of MtnA,
whereas values of Fy, were lowest for the comparison of the Dutch and Swedish populations,
indicating that there is very little differentiation between them (Fig 7b).

If positive selection has favored the derived MtnA allele (with the 49-bp 3' UTR deletion) in
northern populations, then in this region of the genome one would expect there to be less vari-
ation among chromosomes containing the deletion than among those with the ancestral form
of the allele. Indeed, this is what we observe in the Netherlands, where both alleles are segregat-
ing. Across the 6-kb region, there are 41 segregating sites within the Dutch population
(Table 3). Among the 10 chromosomes with the deletion, there are 18 segregating sites, while
between the two chromosomes lacking the deletion there are 23 segregating sites. This indicates
that chromosomes with the deletion, which are in high frequency, shared a much more recent
common ancestor. To test if this pattern differs from that expected under neutral evolution, we
performed the Hudson's haplotype test (HHT) [36] using three different demographic models
of the D. melanogaster out-of-Africa bottleneck for neutral simulations. Under the model of
Werzner et al. [6], HHT was significant (P = 0.031). Under the models of Thornton and Andol-
fatto [35] and Duchen et al. [5], HHT was marginally significant (P = 0.076 and P = 0.094,
respectively). These results suggest that neutral evolution and demography are unlikely to
explain the observed patterns of DNA sequence variation.

To further test if the MtnA locus has experienced recent positive selection in northern
Europe, we used the composite likelihood ratio (CLR) test to calculate the likelihood of a selec-
tive sweep at a given position in the genome, taking into account the recombination rate, the
effective population size, and the selection coefficient of the selected mutation [37,38]. Within
the Dutch population, the CLR statistic shows a peak in the region just adjacent to the MtnA 3'

Table 3. Summary statistics for the MtnA locus.

Population n
Zimbabwe 11
The Netherlands 12
Sweden 12

S 6 m TajD nHap
54 0.312 0.194 -1.89* 11
41 0.231 0.138 -1.85% 11
17 0.096 0.078 -0.83 9

n, number of sequences; S, number of segregating sites; 8, Watterson’s estimate of nucleotide diversity (per 100 sites) [32]; 7, mean pairwise nucleotide
diversity (per 100 sites) [33]; TajD, Tajima’s D [34]; nHap, number of haplotypes.

*P < 0.05.

doi:10.1371/journal.pgen.1005987.t003
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Fig 7. Evidence for positive selection at the MtnA locus. (A) Watterson’s 6 of D. melanogaster populations from Zimbabwe (ZK), the Netherlands (NL)
and Sweden (SU) calculated in sliding windows of 500 bp with a step size of 250 bp. (B) F; values for pairwise comparisons of ZK, NL and SU calculated in
sliding windows of 500 bp with a step size of 250 bp. (C) Selective sweep (SweepFinder) analysis of the Netherlands population showing the composite
likelihood ratio (CLR) statistic in sliding windows of 1000 bp. (D) Selective sweep (SweepFinder) analysis of the Swedish population showing the CLR
statistic in sliding windows of 1000 bp. The black line indicates the 5% significance threshold calculated using the demographic model of Duchen et al. [5] for
neutral simulations. The red line indicates the 5% significance threshold calculated using the demographic model of Werzner et al. [6] for neutral simulations
and the gray dashed line indicates the 5% significance threshold using the model of Thornton and Andolfatto [35]. (E) Gene models for the 6-kb region
analyzed. The gray highlighted region indicates the position of the 49-bp indel polymorphism in the MtnA 3’ UTR.

doi:10.1371/journal.pgen.1005987.9g007

UTR deletion (Fig 7C). This peak was significant when the demographic models of Duchen

et al. [5], Werzner et al. [6], and Thornton and Adolfatto [35] were used for neutral simula-
tions, which provides compelling evidence for a recent selective sweep at the MtnA locus in the
Netherlands population. A similar result was obtained for the Swedish population (Fig 7D),
where the CLR statistic was above the 5% significance threshold determined from all three of
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the bottleneck models, suggesting that the selective sweep was not limited to a single popula-
tion, but instead affected multiple European populations.

To test the possibility that the deletion in the MtnA 3’ UTR might have risen to high fre-
quency as a result of hitchhiking with another linked polymorphism, we examined linkage
disequilibrium (LD) across a 100 kb region flanking the MtnA locus in the Netherlands popula-
tion (S1 Fig). The degree of linkage disequilibrium, r* [39], was calculated between all pairs of
SNPs present in the 100 kb region, excluding singletons. The SNP corresponding to the indel
polymorphism (Fig 4a), position 53 of the linkage disequilibrium matrix, is not in significant
LD with any of the 94 SNPs present along the 100 kb region analyzed (S1 Fig). These results
indicate that the high frequency of the MtnA 3° UTR deletion cannot be explained by linkage
with another positively selected locus.

Association of the MtnA 3' UTR deletion with increased oxidative stress
tolerance

MtnA expression has been linked to increased heavy metal tolerance [19,20,40] and metal-
lothioneins in general have been associated with protection against oxidative stress [18,41]. To
test if MtnA plays a role in oxidative stress and/or heavy metal tolerance, we used RNA inter-
ference (RNAi) to knockdown MtnA expression; these flies, along with their respective con-
trols, were exposed to either hydrogen peroxide or copper sulfate. A knockdown in MtnA
expression was significantly associated with increased mortality in the presence of hydrogen
peroxide (P < 0.001; Fig 8A) and copper sulphate (P = 0.026; Fig 9A and 9B), although for the
latter, this decrease was only significant in females.

To further test if the deletion in the MtnA 3° UTR could be associated with an increase in
oxidative stress and/or heavy metal tolerance, a subset of D. melanogaster lines from the Dutch
and Malaysian populations, either with or without the deletion, were exposed to hydrogen per-
oxide and copper sulfate. The 3° UTR deletion was associated with a significant increase in
survival in the presence of hydrogen peroxide in both the Dutch (P = 0.001; Fig 8B) and Malay-
sian (P = 0.001; Fig 8B) populations. The 3" UTR deletion had no significant effect on survival
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Fig 8. Proportional mortality after oxidative stress. (A) RNAi-mediated MtnA knockdown (hatched lines)
and control flies (solid lines). P-values are shown for within population/background comparisons. (B) Dutch
(blue) and Malaysian (orange) flies with the deletion (hatched lines) and without the deletion (solid lines) in
the MtnA 3’ UTR. Error bars indicate the standard error of the mean. *P <0.05, **P < 0.01, ***P < 0.005.

doi:10.1371/journal.pgen.1005987.g008
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Fig 9. Proportional mortality after copper sulphate exposure. (A,B) Copper tolerance in RNAi-mediated
MtnA knockdown flies (white, RNAIi-MtnA/Act5C-GAL4) and control flies expressing normal levels of MtnA
(solid grey, control/Act5C-GAL4). (C) Male and (D) female flies from the Dutch (NL, blue) and the Malaysian
(KL, orange) population with the deletion (hatched) and without the deletion (solid). P-values are shown for

within population/background comparisons. Error bars indicate the standard error of the mean. *P < 0.05,
**P <0.01, ***P < 0.005.

doi:10.1371/journal.pgen.1005987.g009

in the presence of copper sulfate in Dutch and Malaysian females (P = 0.976 and P = 0.732
respectively; Fig 9D) or males (P = 0.578 and P = 0.904 respectively; Fig 9C). Thus, the deletion
in the MtnA 3’ UTR was associated with increased oxidative stress tolerance, but not increased
heavy metal tolerance.

Discussion

Differential expression of MtnA between a European and an African population of D. melano-
gaster was first detected in a brain-specific RNA-seq analysis [12]. In the present study, we con-
firm this inter-population expression difference by qRT-PCR and show that it is associated
with an indel polymorphism in the MtnA 3> UTR. We also perform reporter gene experiments
to demonstrate that a large proportion of the expression difference can be attributed to this
indel polymorphism. The ancestral state of the 3> UTR contains a 49-bp sequence that is
deleted in a derived allele that is present in worldwide populations. The deletion is nearly
absent from sub-Saharan Africa, but present in frequencies >80% in northern Europe

(Table 1). The deletion is present at intermediate frequency in Egypt (60%), Cyprus (65%) and
Malaysia (45%). These findings suggest that positive selection has favored the 3' UTR deletion,
at least within northern European populations. This interpretation is supported by population
genetic analyses that indicate a recent selective sweep at the MtnA locus in populations from
the Netherlands and Sweden (Fig 7). Furthermore, a clinal relationship between deletion
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frequency and latitude is also seen in North America and Australia, suggesting that there is a
common selection gradient affecting all populations outside of sub-Saharan Africa.

Although chromosome arm 3R is known to harbor inversion polymorphisms that vary in
frequency with latitude in cosmopolitan populations [42], we can rule out linkage to a segregat-
ing inversion as a cause for the clinal pattern seen for the MtnA 3’ UTR deletion. A previous
analysis of the same Dutch population used in our study found that only one of the isofemale
lines harbored an inversion on 3R, In(3R)P [43]. This was line NL13, which is one of the 10
lines with the MtnA 3’ UTR deletion (Fig 4A). Thus, there is no evidence for linkage between
the inversion and the deletion. Moreover, the MtnA gene lies 7 Mb outside of the nearest break-
point of In(3R)P.

Using hydrogen peroxide tolerance assays, we found evidence that knocking down MtnA
expression decreases oxidative stress tolerance (Fig 8B). The association of the deletion in the
MtnA 3’ UTR with increased survival in the presence of hydrogen peroxide (Fig 8A) suggests
that the deletion has been selectively favored in some environments because it confers
increased tolerance to oxidative stress. While cytotoxic reactive oxygen species (ROSs) are gen-
erated by natural metabolic processes, they can also be introduced via abiotic factors in the
environment, such as radiation, UV light or exposure to toxins. The significant correlation
between the frequency of the 3' UTR deletion and latitude, coupled with its association with
increased oxidative stress tolerance suggests that environmentally induced oxidative stress may
vary clinally, with greater stress in northern European environments. Regulation of the oxida-
tive stress response usually occurs via upregulation of antioxidant protective enzymes in
response to the binding of a cis-acting antioxidant-responsive element (ARE), which contains a
characteristic sequence to which stress-activated transcription factors can bind [41]. A recent
example of adaptation to oxidative stress in Drosophila is the insertion of the Bari-Jheh trans-
posable element into the intergenic region of Juvenile Hormone Epoxy Hydrolase (Jheh) genes,
which adds additional AREs that upregulate two downstream Jheh genes and was associated
with increased oxidative stress tolerance [44]. Interestingly, the Bari-Jheh insertion also shows
evidence for a partial selective sweep in non-African D. melanogaster [45], suggesting that oxi-
dative stress may have imposed an important selective constraint on the colonization of
Europe. However, the MtnA 3° UTR deletion cannot mediate its associated increase in oxida-
tive stress tolerance in a similar way, since it does not add any new AREs.

Due to their high inducibility in response to heavy metals, metallothioneins have tradition-
ally been thought to play a role as detoxifiers specifically of heavy metals. However, this view
has come into question recently, and metallothioneins are now thought to be a part of the gen-
eral stress response and may function as scavengers of free radicals [41]. The association of the
MtnA 3°UTR deletion with increased oxidative stress tolerance (Fig 8A) is in line with this
more recent view of the role of metallothioneins, while the observed increased mortality after
copper exposure in females in which MtnA expression has been knocked down (Fig 9D) is in
keeping with the more traditional view. However, we found no association between the pres-
ence of the deletion and copper tolerance. This may be because the RNAi knockdown results in
an MtnA expression level that is much lower than that of naturally occurring alleles, and cop-
per tolerance is only affected when MtnA expression falls below a minimal threshold. The pre-
cise mechanisms of how metallothioneins interact with other metal processing systems after
their initial binding and help remove excess of heavy metals, remain unclear [41].

At present, the mechanism by which the 3' UTR deletion affects MtnA gene expression is
unknown. Although the deletion appears to have an effect on the usage of the MtnA-RB tran-
script isoform (S1 Table), this isoform is too rare (<2% of all MtnA transcripts) to account for
the observed 4-fold difference in MtnA expression. Another possibility is that the deleted 3'
UTR region contains one or more binding sites for a microRNA (miRNA). miRNAs are short,
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Table 4. Top scoring miRNAs predicted to bind within the polymorphic 49-bp sequence in the MtnA 3' UTR.

microRNA
dme-miR-284
dme-miR-954
dme-miR-956
dme-miR-9c¢
bantam

Binding position binding sites Seed ddG
52 1 8:0:1 -12.68
102 1 8:1:0 -10.61
43 1 8:1:1 -6.39
74 1 8:1:1 -6.13
52 1 8:1:1 -6.13

The binding position coordinate indicates the distance in base pairs between the start of the 3' UTR and first miRNA binding site. The notation describing
the seed (X:Y:Z) represents the size of the seed (X), the number of mismatches (Y) and the number of G:U wobble pairs (Z). The energetic score for the
probability and stability of the binding is denoted by ddG. The more negative the score is, the more probable is the interaction between the 3 UTR and the

miRNA.

doi:10.1371/journal.pgen.1005987.t004

non-coding RNAs that modulate the expression of genes by inhibiting transcription or induc-
ing mRNA degradation [46]. They are known to bind to a seed region that consists of 6-8
nucleotides in the 3° UTR of their target mRNA. Post-transcriptional gene expression regula-
tion by miRNAs can result in the fine-tuned regulation of a specific transcript or can cause the
complete silencing of a gene in a particular tissue or developmental stage [46-48]. To identify
miRNAs that might bind specifically to the 49-bp sequence present in the ancestral form of the
MitnA 3 UTR, we used the UTR predictor [49]. The UTR predictor takes into account the
three-dimensional structure of the miRNA and the 3> UTR, as well as the energetic stability of
the miRNA-3" UTR base-pair binding. The score given by the UTR predictor is an energetic
score, with the most negative scores indicating the most probable interactions. Our analysis of
the MtnA 3' UTR identified five candidate miRNAs with scores below -6 that had predicted
binding sites overlapping with the 49-bp indel region (Table 4). These candidates should serve
as a good starting point for future functional tests of putative miRNA-3' UTR interactions.
Genetic variation provides the substrate upon which natural selection acts, resulting in an
increase in the frequency of alleles that are beneficial in a given environment. Because changes
in gene expression, especially those caused by variation in cis-regulatory elements, are pre-
dicted to have fewer pleiotropic effects than changes occurring within coding regions, it has
been proposed that they are the most frequent targets of positive selection [50-52]. In contrast
to structural changes in protein sequences, changes in gene expression can be specific to a par-
ticular a tissue or developmental stage. Our results indicate that the observed variation in
MitnA expression is not specific to the brain, as a similar expression pattern is also seen in the
gut (Fig 4). This suggests that the 3' UTR deletion has a general effect on MtnA expression,
which is present at high levels in almost all organs of D. melanogaster [24]. However, tissue-
specific effects of the difference in MtnA expression cannot be ruled out. As shown in Fig 6,
GFP expression driven by the MtnA promoter in the brain is limited to what seems only one
cell type, which according to their morphological and anatomical characteristics, could corre-
spond to glia. It has been reported that glia cells protect neurons and other brain cells from
ROS damage caused by oxidative stress [53,54] and the fact that MtnA has been found to be
expressed in the astrocyte glial cells in larva and adult flies [28], suggests that MtnA expression
in glia could serve as neuronal protection against environmental factors, such as exposure to
xenobiotics, that trigger an oxidative stress response [29,55-57]. Our functional experiments
showing an association between genetic variation in MtnA and oxidative stress tolerance are
consistent with MtnA expression in glia providing protection against oxidative stress, which
may be especially important in the brain, as neurons are highly susceptible to ROS damage.
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Materials and Methods
Fly strains

This study used isofemale lines from 12 populations of D. melanogaster, including: Zimbabwe
(Lake Kariba), Zambia (Lake Kariba), Rwanda (Gikongoro), Cameroon (Oku), Egypt (Cairo),
Cyprus (Nicosia), Malaysia (Kuala Lumpur), France (Lyon), Germany (Munich), the Nether-
lands (Leiden), Denmark (Aarhus) and Sweden (Umed). The lines from Zimbabwe and the
Netherlands were the same as those used in previous expression studies [10-12]. Flies from
Germany were collected from different locations in the greater Munich area. Flies from Cyprus
were collected from a single location near Nicosia. Flies from Denmark were kindly provided
by Volker Loeschcke (Aarhus University). Flies from Sweden and Malaysia were kindly pro-
vided by Ricardo Wilches and Wolfgang Stephan (University of Munich). The remaining fly
lines were collected as part of the Drosophila Population Genomics Project [8] and were kindly
provided by John Pool and Charles Langley (University of California, Davis).

Flies expressing hairpin RNA targeted against MtnA mRNA under the control of the GAL4/
UAS system (RNAi-MtnA; transformant ID: 105011) and the host line used in their creation
(control; transformant ID: 60100) were obtained from the Vienna Drosophila Stock Center
[58] Act5C/Cyo flies expressing GAL4 under the control of an Act5C driver were kindly pro-
vided by Ilona Grunwald Kadow. For tolerance assays, Act5C/Cyo females were crossed to
RNAi-MtnA and control males and the progeny (RNAi-MtnA/Act5C-GAL4 and control/
Act5C-GAL4) were used in tolerance assays. Using qRT-PCR as described below, MtnA expres-
sion was confirmed to be knocked down by 90.03% in males and 87.58% in females in RNAi-
MtnA/Act5C-GALA4 flies in comparison to control/Act5C-GAL4. Flies were maintained on
standard cornmeal-molasses medium at a constant temperature of 22° with a 14 hour light/10
hour dark cycle.

Quantitative reverse transcription PCR (QRT-PCR)

Validation of the MtnA expression results obtained from brain RNA-seq data [12] was per-
formed by qRT-PCR using TagMan probes (Applied Biosystems, Foster City, California,
USA). For population-level comparisons, six brains were dissected from males and females of
each of the 11 lines from Zimbabwe (ZK84, ZK95, ZK131, ZK145, ZK157, ZK186, ZK191,
ZK229, ZK377, ZK384, ZK398) and five brains were dissected from males and females of each
of the 12 lines from the Netherlands (NLO1, NL02, NL11, NL12, NL13, NL14, NL15, NL16,
NL17,NL18, NL19, NL20). The dissected brains of each population and sex were pooled follow-
ing the RNA-seq strategy previously described [12]. The above procedure was repeated in two
biological replicates for each sex and population. To compare the MtnA expression of individ-
ual lines within populations, subsets of eight lines were chosen from Zimbabwe (ZK84, ZK95,
ZK131, ZK145, ZK157, ZK186, ZK377, ZK384) and the Netherlands (NLO1, NL02, NL11, NL12,
NL15, NL16, NL17, NL18). Thirty whole brains and digestive tracts (from foregut to hindgut)
were dissected per line. Two biological replicates of each line (each consisting of 30 brains or
guts) were processed. Tissue was dissected from flies 4-6 days old in 1X PBS (phosphate buff-
ered saline). The tissue was stored in RNAlater (Life Technologies, Carlsbad, CA, USA) at -80°
until RNA extraction. Total RNA extraction and DNase I digestion was performed using the
MasterPure RNA Purification Kit (Epicentre, Madison, WI, USA). One microgram of total
RNA was reverse transcribed using random primers and SuperScript II reverse transcriptase
(Life Technologies) following the manufacturer’s instructions. TagMan gene expression assays
(Applied Biosystems) were used for MtnA (Dm02362764_s1) and RpL32 (Dm02151827_g1).
qRT-PCR was performed using a Real-Time thermal cycler CFX96 (Bio-Rad, Hercules, CA,
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USA). Two biological replicates, each with two technical replicates, were processed for each
sample. The AACt method was used to compute the normalized expression of MtnA using the
ribosomal protein gene RpL32 as the reference [59].

CNV assays

The paralogous genes AttacinA (AttA) and AttacinB (AttB) were used as positive controls for
CNV assays, because they share 97% nucleotide identity [21] and can be co-amplified with the
same primer set. The sequences for AttA and AttB were downloaded from FlyBase [60] and
aligned using the ClustalW2 algorithm implemented in SeaView (version 4) [61]. Primers were
designed for the second coding exon, where the nucleotide identity of AttA and AttB is 100%.
The primer sequences were as follows: forward (5-GGTGCCTCTTTGACCAAAAC-3’) and
reverse (5-CCAGATTGTGTCTGCCATTG-3’). The ribosomal protein gene RpL32, which is
not known to show CNV, was used as a negative control. The RpL32-specific primers were: for-
ward (5-GACAATCTCCTTGCGCTTCT-3’) and reverse (5-AGCTGGAGGTCCTGCTCAT-
3’). The primers specific for MtnA were: forward (5-CACTTGACCATCCCATTTCC-3’) and
reverse (5-GGTCTGCGGCATTCTAGGT-3"). CNV was assessed among 12 lines from the
Netherlands and 11 lines from Zimbabwe. Individual DNA extractions were performed sepa-
rately for three flies of each line and copy number was assessed individually for each fly.
Genomic DNA was extracted using the MasterPure DNA Purification Kit (Epicentre). The
assessment of CNV from genomic DNA was done with iQ SYBR Green Supermix (Bio-Rad)
following the manufacturer’s instructions. CNV assays were performed using a Real-Time
thermal cycler CFX96 (Bio-Rad). The relative copy numbers of MtnA and AttA/AttB were
obtained by the ACt method using RpL32 as the reference gene.

Sequencing of the MtnA locus

Approximately 6 kb of the MtnA genomic region, spanning from the second intron of CG12947
to the 3 UTR of CG8500 (genome coordinates 3R: 5,606,733-5,612,630), were sequenced in 12
Dutch, 11 Zimbabwean and 12 Swedish lines (Fig 1). The following primer pairs were used (all
5’ t0 3"): GATGGTGGAATACCCTTTGC and AAAGCGGGTTTACCAGTGTG; GTTGG
CCTGGCTTAATAACG and ACTGGCACTGGAGCTGTTTC; GCTCTTGCTAGCCAT
TCTGG and AGAACCCGGCATATAAACGA; GATATGCCCACACCCATACC and GTA
GAGGCGCTGCATCTTGT; CACTTGACCATCCCATTTCC and CAAGTCCCCAAAGTG
GAGAA; CTTGATTTTGCTGCTGACCA and ATCGCCACGATTATGATTGC; CAGGA
CAATCAAGCGGAAGT and TTATGAAGCGCAGCACCAGT; GACCCACTCGAATCCG
TATC and TGCTTCTTGGTGTCCAGTTG. PCR products were purified with ExoSAP-IT
(Affymetrix, Santa Clara, CA, USA) and sequenced using BigDye chemistry on a 3730 auto-
mated sequencer (Applied Biosystems). Trace files were edited using Sequencher 4.9 (Gene
Codes Corporation, Ann Arbor, MI, USA) and a multiple sequence alignment was generated
using the ClustalW2 algorithm in SeaView (version 4) [61]. All sequences have been submitted
to GenBank/EMBL under the accession numbers KT008059-KT008093.

MtnA indel polymorphism screening and latitude correlation study

For individual flies of the isofemale lines described above, the presence or absence of the MtnA
3" UTR deletion was assessed by performing a two-step PCR (35 cycles of 98° for 5 sec. and 60°
for 10 sec.) using the following primers: forward (5-GCCGCAGACCAATTGATTA-3’) and
reverse (5-TTCTTTCCAGGATGCAAATG-3). The frequency of the deletion was estimated
on an allelic basis, as heterozygous individuals were detected in some populations. Binomial
95% confidence intervals were calculated for the frequency of the deletion using the probit
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method implemented in R [62]. The strength and significance of the correlation between the
frequency of the deletion and latitude was determined using linear regression.

To determine the frequency of the MtnA 3’ UTR deletion on other continents, raw pool-seq
reads from North America [30] and Australia [31] were downloaded from the National Center
for Biotechnology Information (NCBI) short read archive (SRA). The reads were mapped to
either the ancestral or derived (with 49-bp deletion) version of the MtnA 3’ UTR using Next-
GenMap [63]. Only reads spanning the site of the indel were considered informative. The dele-
tion frequency was estimated as the proportion of informative reads that matched the deletion
allele. The 95% confidence interval was estimated using the probit method in R [55].

Cloning and transgenesis

To test whether the indel polymorphism found in the MtnA 3’ UTR can account for the differ-
ence in expression observed between the Dutch and the Zimbabwean populations, we con-
structed transgenic flies using the phiC31 transgenesis system [23]. Two expression vectors
containing a green fluorescent protein (GFP) reporter gene were constructed. MtnA 3> UTR
sequences from the Netherlands (line NL20) and Zimbabwe (line ZK84), corresponding to
chromosome arm 3R coordinates 5,607,448-5,611,691, were PCR-amplified with forward (5’-
TTTCCTCGAACTTGTTCACTTG -3°) and reverse (5- GCCCGATGTGACTAGCTCTT -3°)
primers and cloned into the pCR2.1-TOPO vector (Invitrogen). The promoter region of MtnA
(corresponding to genome coordinates 3R: 5,607,983-5,612,438), which is identical in the
Dutch and the Zimbabwean populations, was also PCR amplified and cloned separately into
the pCR2.1-TOPO vector using forward (5-GCCGCAGACCAATTGATTA-3’) and reverse
(5-TTCTTTCCAGGATGCAAATG-3’) primers. To generate the GFP expression construct,
the MtnA promoter was excised with EcoRI and ligated into the EcoRI site at the 5’ end of GFP
in the plasmid pRSET/EmGPP (Invitrogen). Using Aval and Xbal, the fragment containing the
MtnA promoter and GFP was excised from the pRSET/EmGPP plasmid and ligated into the
Aval-Xbal sites proximal to the MtnA 3> UTR in the pCR2.1-TOPO vector. The whole con-
struct (promoter + GFP + 3° UTR) was then excised with Xbal and Kpnl and ligated into the
Xbal-Kpnl sites of the pattB integration vector [23]. For the lacZ constructs, the MtnA pro-
moter was excised from the pCR2.1-TOPO vector with EcoRI and ligated into the EcoRI site 5’
of the lacZ coding sequence in the pCMV-SPORT-fgal plasmid (Life Technologies). PCR
primers with overhangs containing restriction sites for XhoI and Xbal (forward 5’- GGTC
CGACTCGAGGCGAAATACGGGCAGACATG -3’ and reverse 5- GGTGCTCTAGAGCTC
CATAGAAGACACCGGGAC -3°) were used to amplify the MtnA promoter/lacZ fragment
and the product was ligated into the Xhol-Xbal sites just upstream of the MtnA 3’ UTR frag-
ment in the pCR2.1-TOPO vector. Finally, the whole construct was excised using Xbal and
Kpnl and ligated into the Xbal-Kpnl sites of the pattB vector (Fig 5). PhiC31 site-specific trans-
genesis was used to generate flies that differed only in the presence or the absence of the 49-bp
sequence in the 3> UTR of the reporter gene. The M{vas-int.Dm}ZH-2A, M{3xP3-RFP.attP}
ZH-51D line was used for embryo microinjections. Microinjection and screening for transfor-
mants were carried out by Fly Facility (Clermont-Ferrand Cedex, France) and Rainbow Trans-
genic Flies (Camarillo, CA, USA). The successfully transformed flies were crossed to a yellow,
white (yw) strain for two generations to eliminate the integrase.

Reporter gene assays

GFP assays. The expression of the reporter gene GFP was measured in heterozygous flies
generated by crossing transformant males to yw females. We tested for differences in the
expression of GFP in bodies and heads separately. Differences in GFP expression between lines
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were tested by qRT-PCR. For this, total RNA was extracted from five bodies and ten heads of
each transformant line using the RNA extraction and reverse transcription protocols described
above. Thirteen biological replicates (six male and seven female) were processed for each line,
each with two technical replicates. QRT-PCR was performed as described above using a custom
Tagman probe for GFP (Applied Biosystems; forward primer: 5-GAGCGCACCATCTTCTT
CAAG-3’, reverse primer: 5-TGTCGCCCTCGAACTTCAC-3’, FAM-labeled primer: 5’-AC
GACGGCAACTACA-3’) and a probe for RpL32 (Dm02151827_g1), which was used as an
endogenous control. The data analysis was also performed as described above for MtnA gene
expression. A t-test was performed to assess significance.

B-galactosidase assays. [-galactosidase activity was measured in groups of 30 heads or
eight guts of homozygous transformant flies. Proteins were extracted from the tissues and the
B-galactosidase activity assay was performed as described in [64] with the following exceptions.
After dissection in cold PBS, tissues were frozen with liquid nitrogen and homogenized before
the addition of 150 pL of the 0.1 M Tris-HCI, 1 mM EDTA, and 7 mM 2-mercaptoethanol
buffer (pH 7.5). For each assay, two technical replicates of 60 pL of the supernatant containing
the soluble proteins were combined with 50 pl of the 200 mM sodium phosphate (pH 7.3), 2
mM MgCl,, 100 mM 2-mecaptoethanol assay buffer. B-galactosidase activity was measured
spectrophotometrically by following the change in absorbance at 420 nm at 37° Celsius. Four
to five biological replicates were performed per tissue and per sex. Significance was assessed
using a {-test.

Brain confocal imaging

Brain tissue was dissected in ice-cold 1X PBS and fixed with PLP (8% paraformaldehyde in
NaOH and PBS with lysine (1)-HCI) for one hour at room temperature as described in [65].
After fixation, the tissue was washed twice for 15 minutes with PBS-0.5% Triton X and then
incubated for one hour in blocking solution (20% donkey serum, 0.5% Triton X in PBS) at
room temperature. The primary antibody, mouse anti-disclarge (Developmental Studies
Hybridoma Bank, University of Iowa, USA) was used at a 1:200 dilution and incubated over-
night at 4° Celsius in blocking solution. After washing twice with PBS-0.5% Triton X, the tissue
was incubated with the secondary antibody, 1:200 anti-rat-CY3 (Dianova, Hamburg, Ger-
many). The brains were mounted in Vectashield mounting medium (Vector Laboratories, Bur-
lingame, CA, USA) and scanned using confocal microscopy with a Leica SP5-2. The images
were analyzed using the StackGroom plugin in Image] [66].

Population genetic analysis and tests for selection

Summary statistics, including the number of segregating sites (S), number of haplotypes and
Tajima’s D [34] were calculated using DnaSP v.5.10.1 [67]. The mean pairwise nucleotide
diversity () [33], Watterson’s [32] estimate of nucleotide diversity (0) and F;, [68] were calcu-
lated as described in [5]. Hudson’s haplotype test (HHT) was carried out using ms [69] to per-
form coalescent simulations and psubs [70] to calculate the probability of observing a subset of
n sequences containing p or fewer polymorphic sites. The demographic models of Thornton
and Andolfatto [35], Duchen et al. [5], and Werzner et al. [6] were used to simulate the out-of
Africa bottleneck.

To test for a selective sweep, a SweepFinder analysis was performed using the SweeD software
[38]. The background site frequency spectrum (SES) was calculated for the entire 3R chromo-
some arm using 11 whole genome sequences from the Netherlands population and one whole
genome sequence from the French (Lyon) population [8]. The French sequence was included
in order to have a constant sample size of 12 sequences for the calculation of the SES. This
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approach did not bias the background, as the French sequence did not differ more from the
Netherlands sequences than the Netherlands sequences did from each other (52 Table, S2a Fig).
Furthermore, the inclusion of a French line did not lead to a skew in the background SFS (S2b
Fig). For the Swedish population, the background SFS of chromosome arm 3R was determined
from 12 whole genome sequences from the Umeé population (S3 Table). In order to increase the
power of the test, the invariant sites in the alignment were also included [37]. To assess the sig-
nificance of the composite likelihood ratio (CLR) statistic, neutral simulations were performed
using ms [69]. In the neutral simulations three demographic models were taken into account
[5,6,35]. These models differ in several parameters, including: the timing of the out-of-Africa
bottleneck, the current effective population sizes of the European and African populations, and
the ancient demographic history of the African population. For our analyses, it is the estimated
time of the out-of-Africa bottleneck that has the largest impact on the results. Duchen et al. [5]
infer this bottleneck to have occurred around 19,000 years ago, Thornton and Andolfatto [35]
around 16,000 years ago, and Werzner et al. [6] around 13,000 years ago. However, the 95% con-
fidence intervals of the estimates are very wide, ranging from 7,359-43,000 years ago. Thus, the
three estimates are not incompatible with each other. The recombination rate of the MtnA geno-
mic region was obtained from the D. melanogaster recombination rate calculator [71]. A total of
10,000 simulations were performed. For each simulation, the maximum value of the CLR statis-
tic was extracted and used to determine the 5% significance threshold. Linkage disequilibrium
was calculated between all pairs of SNPs present using Lewontin’s 1 = D*/p,q,p.q,, where D is
the frequency of the haplotypes and p and q represent the allele frequencies [39]. A fragment of
~100 kb flanking the MtnA locus (3R: 9,732,746..9,835,406) was analyzed, with singletons
excluded. A Fisher’s exact test was used to assess significance of the r* values.

Copper and oxidative stress tolerance assays

Copper sulfate and hydrogen peroxide tolerance assays were performed using five D. melano-
gaster lines containing the MtnA 3’ UTR deletion (two Dutch and three Malaysian lines) and
three lines without the deletion (two Malaysian and one Dutch line), as well as an MtnA knock-
down line (RNAi-MtnA/Act5C-GAL4 and its control (control/Act5C-GAL4). Assays were
performed at 25°C in tolerance chambers consisting of a plastic vial (diameter = 25 mm,
height = 95 mm) with compressed cotton at the bottom containing 2.5 ml copper sulfate
(Sigma Aldrich) or hydrogen peroxide (Sigma Aldrich) solution supplemented with 5% sucrose
and sealed with a cork. Four to six day-old flies were separated by sex and tested in groups of
20. For each assay, one concentration of copper sulfate (50 mM) or two concentrations of
hydrogen peroxide (5 or 10%) were tested with 5-7 replicates per sex and concentration. A
control solution containing only sucrose was also tested with 3-5 (10-15 for Act5C-GAL4
background) replicates per sex for each assay. Mortality was recorded as the number of dead
flies after 48 + 1 hours. To determine the effect of the deletion, lines with and without the dele-
tion were compared within each population or background. For copper sulfate assay analysis,
t-tests were performed to assess significance. In order to account for potential differences in
mortality inherent among the lines, proportional mortality data was scaled by mortality at 0
mM using the formula mortality/(1 + mean mortality at OmM). For hydrogen peroxide assay
analysis, the data for each assay and population was fit to a generalized linear model (GLM)
using concentration, line, sex, and presence of the deletion as factors and a quasibinomial dis-
tribution using the glm function in R [62]. The tolerance results for each sex (53 Fig) and the
GLM coefficients (S4-S12 Tables) are provided as supporting information.
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Supporting Information

S1 Fig. Linkage disequilibrium matrix. Linkage disequilibrium was assessed from a genomic
region of 100 kb with MtnA at the center. The upper and right axes show the SNPs found in
the 100 kb fragment, excluding singletons, and each cell represents r* values. The left and bot-
tom part of the matrix shows the results of a Fisher’s exact test for each pair of SNPs. Red boxes
indicate significant P-values.

(PDF)

S2 Fig. Nucleotide diversity (7) and site frequency spectrum (SFS) of chromosome arm 3R.
(A) Nucleotide diversity (7) for 11 lines from the Netherlands (NL), eight lines from France
(FR), all the Dutch and French lines combined (FR-NL), and the French line FR14 combined
with 11 lines from the Netherlands (FR14-NL). (B) Dark blue bars indicate the SES for the 11
Dutch lines for which complete genome sequences are available. Light blue bars indicate the
SES of 10 of these Netherlands lines plus one French line. In order to have a constant sample
size of 12 for the SweepFinder analysis, one French line (FR14) was included with the NL lines
to calculate the background site frequency spectrum.

(PDF)

S3 Fig. Oxidative stress tolerance by sex. Proportional mortality of D. melanogaster males (A,
C) and females (B, D) after exposure to hydrogen peroxide for 48 hours in (A,B) flies with
(hatched lines) and without (solid lines) the deletion in the MtnA 3’ UTR and (C,D) RNAi-
mediated MtnA knockdown (hatched lines) and control (solid lines) flies (C,D). (A,B) The
Dutch (NL) population is shown in blue and the Malaysian (KL) population in orange. Legends
are provided to the right of each row. P-values are shown for within population/background
and sex comparisons. Error bars represent standard error of the mean.

(PDF)

S1 Table. Isoform-specific expression of MtnA in the brain.
(PDF)

S2 Table. Average pairwise differences per kb between French (FR) and Dutch (NL) lines.
(PDF)

S3 Table. Site frequency spectrum (SFS) of the Swedish population drawn from the whole
3R chromosome arm.
(PDF)

$4 Table. Oxidative stress tolerance glm coefficients for Malaysian population.
(PDF)

S5 Table. Oxidative stress tolerance glm coefficients for Dutch population.
(PDF)

S6 Table. Oxidative stress tolerance glm coefficients for MtnA knockdown and control
lines.
(PDF)

S7 Table. Male oxidative stress tolerance glm coefficients for Malaysian population.
(PDF)

S8 Table. Male oxidative stress tolerance glm coefficients for Dutch population.
(PDF)
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S9 Table. Male oxidative stress tolerance glm coefficients for MtnA knockdown and control
lines.
(PDF)

$10 Table. Female oxidative stress tolerance glm coefficients for Malaysian population.
(PDF)

S11 Table. Female oxidative stress tolerance glm coefficients for Dutch population.
(PDF)

$12 Table. Female oxidative stress tolerance glm coefficients for MtnA knockdown and
control lines.
(PDF)
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$1 Fig. Linkage disequilibrium matrix. Linkage disequilibrium was assed from a
genomic region of 100 kb with MtnA at the center. The upper and right axes show the
SNPs found in the 100 kb fragment not taking into account singletons and each bin
represent r’ values. The left and bottom part of the matrix show the Fisher exact test for

each of the r* values. Red boxes indicate significant p-values.
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S2 Fig. Nucleotide diversity () and site frequency spectrum (SFS) of
chromosome arm 3R. (A) Nucleotide diversity () for 11 lines from the Netherlands
(NL), eight lines from France (FR), all the Dutch and French lines combined (FR-NL),
and the French line FR14 combined with 11 lines from the Netherlands (FR14-NL). (B)
Dark blue bars indicate the SFS for the 11 Dutch lines for which complete genome
sequences are available. Light blue bars indicate the SFS of 10 of these Netherlands
lines plus one French line. In order to have a constant sample size of 12 for the
SweepFinder analysis, one French line (FR14) was included with the NL lines to

calculate the background site frequency spectrum.
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S3 Fig. Oxidative stress tolerance by sex. Proportional mortality of D. melanogaster
males (A, C) and females (B, D) after exposure to hydrogen peroxide for 48 hours in
(A,B) flies with (hatched lines) and without (solid lines) the deletion in the MtnA 3’ UTR
and (C,D) RNAi-mediated MtnA knockdown (hatched lines) and control (solid lines) flies
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for within population/background and sex comparisons. Error bars represent standard

error of the mean.



S1 Table. Isoform-specific expression of MtnA in the brain.

Expression (RPKM)

Population MtnA shared MtnA-RB specific % MtnA-RB
(329 bp) (371 bp)

The Netherlands 3867.74 57.94 1.50

Zimbabwe 859.74 1.12 0.13




S2 Table. Average pairwise differences per kb between French (FR) and Dutch (NL)

lines.

FR151 [ FR180 [ FR207 | FR217 [ FR229 [ FR310 | FR361 [ NLI1 [ NL12 [ NLI3 | NL14 [ NLI5 [ NLI6 [ NL17 [ NLI8 [ NL19 [ NLI [ NL2
FR14 41 56 41 61 18 43 59 52 44 61 42 49 33 47 48 53 47 5l
FRI51 57 41 63 21 44 59 54 45 61 42 51 34 48 48 53 48 5l
FR180 56 62 2 57 47 65 58 51 57 63 47 6 61 66 6 63
FR207 62 17 44 6 53 45 6 43 51 34 47 48 52 47 51
FR217 22 63 62 764 62 61 67 52 65 67 71 66 69
FR229 22 25 24 21 21 12 2 Ll 21 21 22 23 2l
FR310 6 53 47 62 45 53 36 48 31 54 49 53
FR361 68 61 51 59 66 5 63 64 69 63 66
NLI1 5.4 7 52 6 44 56 58 62 57 6l
NL12 63 43 52 35 48 51 54 49 51
NLI3 6 68 52 65 65 71 65 68
NLI4 46 32 45 49 49 46 49
NLI5 21 53 57 58 51 57
NL16 3.5 4.1 4.4 3.7 4.1
NL17 53 57 53 52
NL18 58 54 57
NLI9 76
NLI 3.7




S3 Table. Site frequency spectrum (SFS) of the Swedish
population drawn from the whole 3R chromosome arm.

Class Frequency
1 0.799963
2 0.086063
3 0.025863
4 0.015205
5 0.011744
6 0.009859
7 0.008616
8 0.007853
9 0.007445
10 0.007420
11 0.008246
12 0.011711




S4 Table. Oxidative stress tolerance glm coefficients for Malaysian population

Estimate Std. Error t value P-value
Intercept 4.16137 0.49944 8.332 6.13E-14
Concentration -0.3314 0.04201 -7.888 7.43E-13
Deletion present 2.91704 0.88944 3.28 0.001307
Line KLO2 -1.11336 0.40784 -2.73 0.007138
Line KL10 -3.71588 0.88483 -4.2 4.70E-05
Line KL11 -3.03958 0.89059 -3.413 0.000837
sex male -1.18672 0.29168 -4.069 7.81E-05
S5 Table. Oxidative stress tolerance glm coefficients for Dutch population

Estimate Std. Error t value P-value
Intercept 3.38682 0.52533 6.447 6.86E-09
Concentration -0.4679 0.06073 -7.705 2.36E-11
Deletion present 1.5757 0.44937 3.506 0.000732
Line NL17 -0.0708 0.43904 -0.161 0.872275
sex male -1.15475 0.36258 -3.185 2.03E-03

S6 Table. Oxidative stress tolerance glm coefficients for MtnA knockdown and control lines

Estimate Std. Error t value P-value
Intercept -5.55789| 0.53808 -10.329 2.00E-16
Concentration 0.42612| 0.04458 9.559 4.99E-15
Line 2.08414( 0.33802 6.166 2 4.30E-09
sex male 1.54003| 0.30396 5.067 2.41E-06




S7 Table. Male oxidative stress tolerance glm coefficients for Malaysian population

Estimate Std. Error t value P-value
Intercept 3.4931 0.6327 5.521 5.72E-07
Concentration -0.3786 0.0614 -6.166 4.35E-08
Deletion present 3.0115 1.2059 2.497 0.01494
Line KLO2 -1.8723 0.6116 -3.062 0.00315
Line KL10 -3.8161 1.2074 -3.161 2.35E-03
Line KL11 -3.2141 1.208 -2.661 0.00972

S8 Table. Male oxidative stress tolerance glm coefficients for Dutch population

Estimate Std. Error t value P-value
Intercept 2.537163 0.62857 4.036 2.31E-04
Concentration -0.477495 0.085953 -5.555 1.85E-06
Deletion present 1.162638 0.664607 1.749 0.087711
Line NL17 0.003915 0.649791 0.006 0.995222

S9 Table. Male oxidative stress tolerance glm coefficients for MtnA knockdown and control lines

Estimate Std. Error t value P-value
Intercept -5.1622 0.8194 -6.3 2.21E-07
Concentration 0.5323 0.0824 6.46 1.34E-07
Line 2.9362 0.6192 4.742 2.96E-05




$10 Table. Female oxidative stress tolerance glm coefficients for Malaysian population

Estimate Std. Error t value P-value
Intercept 3.59488 0.61971 5.801 1.82E-07
Concentration -0.28988 0.05879 -4.931 5.42E-06
Deletion present 2.73793 1.27415 2.149 0.03516
Line KLO2 -0.30477 0.56493 -0.539 0.59129
Line KL10 -3.51212 1.25831 -2.791 6.79E-03
Line KL11 -2.7662 1.27759 -2.165 0.03384

S$11 Table. Female oxidative stress tolerance glm coefficients for Dutch population

Estimate Std. Error t value P-value
Intercept 3.00525 0.68272 4.402 7.78E-05
Concentration -0.45054 0.08932 -5.044 1.03E-05
Deletion present 2.03235 0.62754 3.239 0.00242
Line NL17 -0.16871 0.62394 -0.27 0.78824

$12 Table. Female oxidative stress tolerance glm coefficients for MtnA knockdown and control lines

Estimate Std. Error t value P-value
Intercept -4.56657 0.52753 -8.657 5.69E-11
Concentration 0.35188| 0.04982 7.063 1.04E-08
Line 1.46324 0.38049 3.846 3.92E-04
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General Discussion

Elucidating specific cases of adaptive cis-regulatory divergence is important to our
understanding of phenotypic evolution as a whole. Identifying the organismal phenotype(s)
affected by cis-regulatory divergence can help us elucidate and understand the selection
pressures a species faces as it encounters new environments or changes in its current
environment. Furthermore, the identification of cases of adaptive cis-regulatory divergence
is especially important because cis-regulatory changes can affect expression in a myriad of
ways, including changes affecting transcription rate, transcription initiation, and/or post-
transcriptional mechanisms. Thus, each individual case is unique with cis-regulatory
mutations changing expression and affecting interactions with trans-acting factors in a
multitude of ways. Although changes in cis-regulation can only be studied in-depth on an
individual basis, these individual cases can provide insight into the mechanisms and

prevalence of cis-regulatory changes as a whole.

Identification of causal mutations

In chapter 2, | present a functional analysis of a previously identified case of adaptive
cis-regulatory divergence in the CG9509 enhancer region. We identified the causal
mutations in the CG9509 enhancer driving the adaptive expression divergence between
cosmopolitan and sub-Saharan African populations of D. melanogaster (Figure 13).

Interestingly, three SNPs can almost fully account for the observed expression change, with
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the SNP with the largest effect on expression showing signs of recent balancing selection,
while the other two have a smaller effect on expression and appear to be the targets of a
selective sweep. These results are consistent with the model of Sellis et al (2011), which
predicts that advantageous regulatory mutations with small effects will quickly sweep to
fixation, while mutations with large effects will likely overshoot the fitness optimum in the
homozygous state and are therefore likely to be subject to balancing selection and remain
polymorphic in the population (Figure 14). However, in order to confirm that the large effect
SNP is truly a target of overdominant balancing selection, further tests are needed. One
possible option is to test for a departure from Hardy-Weinberg equilibrium by searching for
an excess of heterozygotes in fresh-caught flies of a natural, cosmopolitan population. If an
excess of heterozygotes is observed, it would suggest that they have a higher fitness than

either homozygote.

CG9509 enhancer I €G9509

Position 1174 1063 67

Cosmopolitan A T G Cosmopolitan _
sub-Saharan African C G C ) :l
sub-Saharan African
0 1 2 3 4
Relative CG9509 expression

EffectSize® Larvae  1.46 1.24 2.25
Effect Size® Adults 0 0 3

2 Fold-change increase in expression when cosmopolitan variant is introduced into sub-Saharan African background

Figure 13: Schematic of sites contributing to CG9509 expression divergence. Sites (red lines) in
CG9509 enhancer element (gray box) contributing to the observed CG9509 expression divergence
between cosmopolitan (blue bar) and sub-Saharan (white bar) D. melanogaster. Position indicates
basepairs before CG9509 (green) start codon. Effect size indicates fold-change increase in expression

when a cosmopolitan variant is introduced into a sub-Saharan African background.
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old New
optimum optimum

Fitness

Large effect Aa —_—p
Large effect AA
Small effect Aa —

Small effect AA T

Expression

Figure 14: Model detailing effects of regulatory mutations on gene expression and fitness. The
model (Sellis et al 2011) shows the differences in expression between homozygotes (AA) and
heterozygotes (Aa) when the allele “A” is an advantageous, co-dominant mutation with either a large
or a small effect on expression, as well as the relationship between expression and fitness. The “A”
allele moves expression away from the old fitness optimum (light blue) and towards the new fitness
optimum (dark blue). When “A” has a large effect, heterozygotes will meet the new the new fitness
optimum but homozygotes will overshoot it, leading to overdominant balancing selection. On the
other hand, when “A” has a small effect, expression will move toward the fitness optimum, but may
P

not reach it, even in the homozygous state. This latter scenario is expected to lead to a “classica

selective sweep.

By identifying the underlying causal mutations behind an instance of adaptive cis-
regulatory divergence (Figure 13), we were able to provide empirical evidence for a
theoretical model of adaptive regulatory evolution (Figure 14), helping to contribute to our
general understanding of how expression evolves. Indeed, it has often been argued that the

identification of the precise genetic and molecular mechanisms, including the causal
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mutations, involved in phenotypic variation is important to furthering our understanding of
phenotypic evolution as a whole (Wittkopp and Kalay 2012, Hoekstra 2014). However, a few
have questioned the efficacy and value of allocating the time and resources needed for such
in-depth analyses, arguing that elucidating the genetic and molecular mechanisms behind
individual cases of cis-regulatory divergence actually does little to help answer the more
general questions these studies are supposed to address (Rockman 2012, Travisano and
Shaw 2013).

The mechanisms through which the identified causal mutations affect CG9509
transcript abundance remain unknown. Since the CG9509 enhancer is located so close to the
CG9509 coding region, it is likely that these mutations affect transcription factor binding,
although other causes, such as changes in mRNA processing, binding of RNA-binding
proteins, and/or nucleosome positioning, cannot be ruled out. Many recent studies have
focused on the evolution of transcription factor binding sites, revealing large-scale turnover
of transcription factor binding sites and that most sites are subject to only weak selection
(Moses et al 2006, Paris et al 2013, Arbiza et al 2013). Much attention has also been paid to
the improved prediction of transcription factor binding sites (Cheng et al 2012, Yafiez-Cuna
et al 2012, Mathelier and Wasserman 2013). However, even in well-studied model species,
such as D. melanogaster, information on sequence binding motifs is not available for all
transcription factors, although the availability of such information continues to grow
(ENCODE Project Consortium 2012, Mathelier et al 2014). Moreover, causal mutations do
not have to occur within a transcription factor binding site to disrupt binding, as has been
shown in yeast where a two basepair deletion upstream of ERG28 between the binding sites
of two transcription factors disrupted binding of both transcription factors (Chang et al

2013). Further complicating matters, not all instances of a sequence binding motif will
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necessarily be bound and for those that will be bound, transcription factor binding can also
be very context specific (Yafiez-Cuna et al 2012), making transcription factor binding site

prediction even more difficult.

The potential for adaptive cis-regulatory divergence

Although they did not contribute to the observed CG9509 expression divergence, in
chapter 2 we found that many of the tested sequence variants within the CG9509 enhancer
had background-, sex-, and/or stage-specific effects (Table 4), suggesting that many
sequence polymorphisms may affect expression in a developmental stage-, background-,
and/or sex-specific manner. Similarly, a study of the association of sequence variants with
gene expression across multiple time points during C. elegans development revealed that
many sequence variants have a context-dependent influence on gene expression, with many
variants influencing gene expression only at particular time points, or sometimes even
showing opposite effects on expression at different time points (Francesconi and Lehner
2014). Thus, it appears that similar to transcription factor binding, the effects of individual
DNA sequence variants on gene expression can also be context-dependent. Furthermore,
potential cis-regulatory targets on which natural selection can act are pervasive across

organisms and development.
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Table 4: Background-, sex-, and stage-specific effects in the CG9509 enhancer

Fold change in expression® (posy,) for positionb:

Background® Stage/Sex | 1174 | 1155 | 1063 | 821-817 | 765 67
Adult
Cosmopolitan males - 1.13 0.82 - - 0.58
Cosmopolitan with Adult 0.82 0.82
mutation at position 67 males (1063) NT | (1174) NT NT NA
Adult
sub-Saharan African males 0.67 NT 0.82 NT NT | 3.01
sub-Saharan African
with mutation at Adult 0.80 0.80
position 67 males (1063) NT | (1174) NT NT NA
Adult
Cosmopolitan females - 1.13 - - - 0.56
Cosmopolitan with Adult 0.78 0.78
mutation at position 67 | females | (1063) NT | (1174) NT NT NA
Adult
sub-Saharan African females 0.76 NT 0.80 NT NT |2.74
sub-Saharan African
with mutation at Adult 0.44 0.44
position 67 females | (1063) | NT | (1174) NT NT | NA
Cosmopolitan Larvae 0.81 NT 0.80 - - 0.34
sub-Saharan African Larvae 1.46 NT 1.24 NT NT | 2.25

®Fold change in expression was calculated in comparison to background expression. Numbers greater
than one indicate an increase in expression while numbers less than one indicate a decrease in
expression ®Postion in basepairs before CG9509 start codon. “Background in which mutation was
introduced. Cosmopolitan variants were introduced into a sub-Saharan African background and vice
versa. In some cases, the effects of a mutation on expression were measured in conjunction with a
mutation at another position. In these cases, the positon of the mutation, pos,, that fold change in
expression was measured in conjunction with is indicated in parentheses. NT not tested. NA not
applicable. — no significant effect on expression. Expression changes that contribute to CG9509

expression divergence are shown in red.
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This observation is confirmed by studies utilizing transcriptomic technologies, the
advent of which has greatly improved the rate at which scientists are able to identify cis-
regulatory polymorphisms. For instance, one can compare expression between populations
to first identify expression divergence and then screen for signs of selection in the
immediate gene region to identify potential instances of adaptive cis-regulatory divergence
(Hutter et al 2008, Miiller et al 2011, Catalan et al 2012), which is how both cases of
adaptive cis-regulatory divergence analyzed in this dissertation were identified.
Alternatively, one can combine expression data with whole genome sequence data for
individual isofemale strains to identify cis-expression quantitative trait loci (cis-eQTLs) across
the whole genome for a given population (Massouras et al 2012). Another method, which
can be used for intra- or inter-species data, is to compare the expression of parental strains
as well as hybrids, using the relative abundance of allele-specific, in this case, population- or
species-specific, transcripts in hybrids to infer cis-regulatory variants (Wittkopp et al 2008).
Large datasets, such as these, have revealed the pervasiveness of individual sequence
variants affecting gene expression and all of these variants represent potential targets upon

which selection can act.

Identification of beneficial mutations

Adaptation does not proceed through the emergence of the perfect mutation in
response to a particular selective pressure; rather, natural selection acts upon newly
emerged or standing mutations within a population that can bring the population closer to
the fitness optimum for a particular trait. Furthermore, the potential beneficial mutations
that can arise within a population can be dependent upon the mutations that have come

before them, i.e. beneficial mutations are dependent upon the evolutionary trajectory of a
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population. Epistatic interactions within a particular background can modify the size of the
fitness effects of potential beneficial mutations, causing both the effect and appearance rate
of potential beneficial mutations to vary during adaptation (Wieinreich et al 2006, Rokyta et
al 2011, Khan et al 2011, Chou et al 2011). For example, a study of adaptation to high
temperature in experimentally evolved populations of Escherichia coli revealed extensive
positive epistasis, with certain mutations only becoming beneficial once a particular set of
precursor mutations had already occurred (Tenaillon et al 2012). Furthermore, once an
evolutionary trajectory was set by the occurrence of a particular beneficial mutation, other
mutations that in another background could have been potentially beneficial were no longer
beneficial in that background (negative epistasis) and in some cases were actually
deleterious in that background (Tenaillon et al 2012). Thus, whether a mutation has the
potential to become beneficial is strongly dependent upon the background in which it occurs
and the mutations that have come before it.

Identification of beneficial regulatory mutations can be further complicated by the
pleiotropic effects of many genes, making disentangling the phenotype under selection from
other phenotypes influenced by a genes expression difficult. For instance, in chapter 2, |
propose that selection occurred on the CG9509 enhancer for increased CG9509 expression
resulting in reduced wing loading outside of sub-Saharan Africa. This proposal is rather
counter-intuitive for several reasons. Wing loading is usually thought to be reduced via an
increase in wing area (Stalker 1980, Azevedo et al 1998, Gilchrist and Huey 2004). It is
believed, and there is some evidence supporting, that reductions in wing loading are
generally associated with an overall increase in body size (Starmer and Wolf 1989, Gilchrist
and Huey 2004). Indeed, many studies have documented the occurrence of clines in both

body size and wing loading in Drosophila across multiple continents, with body size
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increasing and wing loading decreasing with increasing latitude, and these clines are
believed to be maintained by natural selection (James and Partridge 1995, James et al 1995,
Azevedo et al 1998, Gilchrist et al 2000, Robinson and Partridge 2001, de Jong and
Bochdanovits 2003, Gilchrist and Huey 2004, Bhan et al 2014). However, in chapter 2 | show
that increased CG9509 expression, which was found across all of the surveyed cosmopolitan
populations, is associated with a decrease in both wing area and body weight as well as a
reduction in wing loading. Thus, CG9509’s effect on phenotype is in the opposite direction of
the cline maintained by selection for body size, but in keeping with the cline for wing
loading. This juxtaposition likely occurs because it is CG9509 expressions effect on
proportional body size that natural selection appears to have acted upon, leading to the
observed reduced wing loading and, likely, better flight ability at cool temperatures outside

of sub-Saharan Africa (Figure 15).

A B C
Normal fly Prediction 4 69509 expression
Normal W|ng |Oading leng area ‘ W|ng area
§ Wing loading J Body size
§ Wing loading

Figure 15: Schematic of CG9509 expressions effect on wing loading. (A) lllustration of a normal fly
with normal wing loading. (B) lllustration of how wing loading is usually thought to be reduced
(Stalker 1980, Azevedo et al 1998, Gilchrist and Huey 2004). (C) lllustration of how increased
CG9509 expression leads to a reduction in wing loading. Arrows indicate an increase (up) or
reduction (down) in a particular trait, with the size of the arrow indicating the relative size of the

effect.
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Environmental adaptation in Drosophila melanogaster

As D. melanogaster expanded out of Africa, it encountered many new environmental
factors to which it has had to adapt, such as cooler temperatures, new food sources, new
parasites and diseases, and/or new natural and xenobiotic compounds. Since the differences
in climate between Europe and Africa are so remarkable, adaptation to cold temperature, in
particular, has received much attention. Many studies using a variety of methods have
identified multiple genes involved in cold tolerance (Morgan and Mackay 2006, Norry et al
2008, Clowers et al 2010, Svetec et al 2011). The measure of cold tolerance most studies
have focused on is chill coma recovery time (CCRT) in which flies are exposed to freezing or
near-freezing temperatures for a preset amount of time, during which they fall into a chill
coma, losing both their mobility and ability to eat (David et al 1998). CCRT is then measured
as the time until a fly has recovered. While a good measure of tolerance of near-freezing
temperatures, CCRT does not measure other potential adaptations to cold such as
guiescence, overwintering, or improved performance of basic functions at cold
temperatures, such as metabolic processes, behavioral responses, reproductive processes,
and locomotor skills.

In chapter 2, | show that selection on the CG9509 enhancer as D. melanogaster
moved out of Africa likely occurred for reduced wing loading and, therefore, improved flight
performance at cold temperatures. For small ectotherms, such as Drosophila, cold can have
severe consequences for flight dynamics. Indeed, flight performance and flight muscle
mechanical power output increase with ambient temperature in D. melanogaster, so that
flight performance and power output are highest around approximately 30°C; while, at 15°C,
power output is just at the minimum requirements for hovering, severely limiting flight

ability, and at 10°C flight ability is almost completely non-existent (Lehmann 1999). Reduced
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wing loading is thought to help improve this diminished flight ability at low temperatures
(Stalker 1980, Gilchrist and Huey 2004), and clinal variation in wing loading, with reduced
wing loading found in higher latitude, more temperate populations, has been shown to
occur across multiple continents (Azevedo et al 1998, Gilchrist et al 2000, Gilchrist and Huey
2004, Bhan et al 2014). Taken together, it appears that the need for improved flight at cooler
temperatures during winter must have imposed an important selective constraint as D.
melanogaster expanded its range out of Africa, especially as it colonized Europe, where the
climate is more temperate and the winters are more severe.

In chapter 3, we present another case of environmental adaptation in D.
melanogaster, showing that selection on the MtnA gene likely occurred for increased
oxidative stress tolerance in a European population. Another recent example of adaptation
to oxidative stress outside of Africa in D. melanogaster is the insertion of a transposable
element into the intergenic region of Juvenile Hormone Epoxy Hydrolase (Jheh) genes,
leading to the upregulation of two downstream Jheh genes (Guio et al 2014). This insertion
was associated with increased oxidative stress tolerance (Guio et al 2014) and shows
evidence for a partial selective sweep in non-African D. melanogaster (Gonzalez et a 2009).
When these two cases are considered together, this suggests that oxidative stress may have
imposed an important selective constraint as D. melanogaster colonized Europe. Cytotoxic
reactive oxygen species (ROSs) are natural byproducts of aerobic metabolism, but they can
also be introduced via environmental stressors, such as radiation, UV light or exposure to
toxins, resulting in oxidative stress (van Straalen and Roelofs 2012). However, since so many
sources of environmental stress can introduce high levels of ROSs, it is difficult to determine
the precise environmental stressor in Europe that may be imposing such strong selective

constraint without further testing.
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Final Remarks

This thesis focused on adaptive cis-regulatory divergence in two genes: CG9509 and
MtnA, revealing several interesting similarities as well as differences between the two cases.
For instance, both appear to be cases of environmental adaption. In the case of CG9509, we
hypothesize that cooler temperatures in the derived species range led to selection for
reduced wing loading. In the case of MtnA, we hypothesize that adaptation occurred in
response to increased oxidative stress in the derived species range, although the precise
ecological factor responsible for this oxidative stress remains unknown. In the case of
CG9509, selection occurred upon multiple SNPs within an upstream cis-regulatory element,
while in the case of MtnA, selection acted upon a moderately sized (49-bp) deletion within
the 3’UTR. The locations of these adaptive cis-regulatory polymorphisms differ greatly; thus,
the mechanisms through which they affect gene expression likely differ as well. The
proximity of the causal SNPs in the CG9509 enhancer to the CG9509 start codon suggests
that they likely affect transcription initiation, or possibly transcription rate. On the other
hand, the location of the deletion in the MtnA 3’UTR suggests that the mechanism through
which it affects expression is most likely post-transcriptional, perhaps through the deletion
of one or more microRNA binding sites. Furthermore, there are several distinct differences
and similarities in the signatures of selection in these two cases. Selection upon the CG9509
enhancer appears to have occurred in two phases: initial selection upon the two SNPs with
smaller effects on CG9509 expression, leaving a signature of the “classical” hard selective
sweep, followed by what is likely overdominant balancing selection on the SNP with a larger
effect on expression, since the SNP is maintained at intermediate frequency across multiple
cosmopolitan populations. Similar to the high expression causal SNP in the CG9509

enhancer, the deletion in the MtnA 3’UTR also does not show signs of the “classical” hard
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selective sweep, has a large effect on expression, and is polymorphic in several of the
surveyed populations, suggesting it may be under balancing selection in some of the
populations. However, the selection on the MtnA 3’UTR deletion is unlikely to be
overdominant selection, since it is found at very high frequency in the Northern European

populations.
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