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Abstract

Within animal species, phenotypic variation is striking both between sexes and
among individuals of the same sex. Much of this variation can be attributed to diverse
gene expression patterns that evolved due to selection pressures specific to the
external physical environment or to the internal chromosomal environment.
Mechanisms that regulate expression can act on individual genes (local regulation) or
on whole chromosomes (chromosome-wide). This dissertation seeks to examine the
evolution of local and chromosome-wide expression regulation using the fruit fly
Drosophila melanogaster as a model organism.

When sex chromosomes determine sex, usually their ploidy differs between the
sexes. In the XY system, present in both mammals and Drosophila, males are
hemizygous for the X chromosome. This disparity between sexes exposes the X
chromosome to unique selective forces that cause it to evolve different gene content
and regulatory mechanisms from the autosomes. Notably, D. melanogaster tissue-
specific genes, with the exception of ovary-specific genes, are underrepresented on
the X chromosome. Furthermore, in the male soma gene expression is equalized
between the single X chromosome and the autosomes through a mechanism known as
dosage compensation. In contrast, in the male germline the expression of testis-

specific genes residing on the X chromosome is suppressed through a mechanism
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known as X suppression. The main aim of this thesis is to investigate these aspects of
gene regulation on the X chromosome in D. melanogaster.

Chapter 1 and part of Chapter 2 focus on the phenomenon of X suppression. In
Chapter 1, using testis- and other tissue-specific constructs, | survey autosomal and X-
linked reporter gene expression in whole flies and carcasses with the tissue of interest
removed. First, by reanalyzing the expression of the testis-specific reporter genes for
which X suppression was initially described, | confirm the occurrence of X suppression
in testis. Second, | show that X suppression is not a general property of tissue-specific
genes, and that the X chromosome is neither a restrictive nor an unrestrictive
environment for the expression of genes expressed specifically in the accessory gland
(analogous to the mammalian prostate gland), ovary, or Malpighian tubule (analogous
to the mammalian kidney). Moreover, | show that X-linkage has no impact on the
tissue-specificity of gene expression. These findings suggest that the observed
genomic distribution of tissue-specific genes is not the consequence of a chromosome-
wide regulatory mechanism. This is the first study to functionally investigate the effect
of X-linkage on the expression of tissue-specific genes, other than those specific to the
testis. Chapter 2 investigates further the extent of X suppression. Using a ubiquitously-
expressed reporter gene with an exogenous promoter in order to exclude any sex- or
tissue-specific effects, | survey the expression of X-linked and autosomal reporter
genes in testes and male somatic tissues. As expected, X suppression is absent in
somatic tissues, which indicates that X suppression exclusively affects testis-expressed
genes. Surprisingly, | find that the exogenous reporter gene, which has a basal level of
expression in testis, shows no sign of X suppression in the male germline. This
demonstrates that the expression level of a gene, together with its sex- and tissue-
specificity, can be a major factor that influences the extent of X suppression. Thus, the
present work makes a valuable contribution to the characterization of this newly-
discovered regulatory mechanism.

In Chapter 2, | also perform a pilot study regarding the effect the dosage
compensation, which is mediated via the dosage compensation complex (DCC), on the
chromosomal distribution of sex-biased genes in various tissues. | use X-linked

insertions of the above mentioned ubiquitously-expressed reporter gene and correlate
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its expression in testis and male somatic tissues (heads and carcasses) with the
proximity to different DCC binding sites. | find that the expression level of the X-linked
reporter genes is not correlated with their distance to a binding site of DCC
components, with the exception of maleless protein (MLE), for which there was a
positive correlation between expression level and MLE distance in somatic tissues.
Based on my findings, | provide recommendations that will serve as a foundation for a
future study of this topic.

Chapter 3 examines a candidate gene for local regulatory adaptation. The
Metallothionein A (MtnA) gene exhibits expression variation in brains of natural
populations of D. melanogaster. By collecting flies and analyzing the deletion
frequency in an additional population (Cyprus), | provide further evidence that this
expression variation is associated with a 49-bp deletion in the MtnA 3’ untranslated
region (UTR), which is present at intermediate frequency in derived populations of the
species. These results, supported with population genetic analysis, suggest that the
deletion allele has been a target of local adaptation. By performing hydrogen peroxide
tolerance assays, | show that the deletion is associated with increased oxidative stress
tolerance, which suggests that the deletion (and increased MtnA expression) is an

adaption to oxidative stress.
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General Introduction

“So what hinders the different parts (of the body) from having this merely accidental
relation in nature? As the teeth, for example, grow by necessity, the front ones sharp,
adapted for dividing, and the grinders flat, and serviceable for masticating the food; since
they were not made for the sake of this, but it was the result of accident. And in like
manner as to the other parts in which there appears to exist an adaptation to an end.
Wheresoever, therefore, all things together (that is all the parts of one whole) happened
like as if they were made for the sake of something, these were preserved, having been
appropriately constituted by an internal spontaneity, and whatsoever things were not

thus constituted, perished, and still perish. “

Aristotle (384-322 B.C.)

The immense collection of organisms on earth displays an enormous diversity of
phenotypes and functions. Since classical times there have been frequent efforts to
comprehend the forces that shape biodiversity. Eventually the evolutionary process
was explained thanks to the substantial contributions from numerous philosophers and
naturalists, including Aristotle, Gregor Mendel, Charles Darwin, and Theodosius

Dobzhansky. Nowadays, we know that the biodiversity is derived from randomly
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acquired variation within a common molecular toolkit consisting of DNA, RNA and
proteins. The information contained in the genome of each organism serves as a
handbook with instructions for development and response to environmental cues. This
system has been established over billions of years in all forms of life. While the
genomic variation is acquired randomly, it is maintained over time only if it does not
contribute negatively to survival or reproduction. In other words, nature’s spectacular
picture that we now observe has been repainted countless times by virtue of natural
selection.

Even within a species, phenotypic variation is often prominent between different
populations and between sexes. Typically, this variation is not the result of differences
in the coding sequences of genes, but instead is due to variation in the expression of
the same genes between different populations (reviewed in Wray et al., 2003) or
between sexes (Ellegren and Parsch, 2007). The mechanisms of gene regulation that
give rise to such expression variation could affect single genes (local regulation), or in
some cases, whole chromosomes (chromosome-wide regulation).

To a large extent, eukaryotic gene expression is regulated at some stage during
the transcription of DNA to messenger RNA (Latchman, 2015). The presence or
absence of transcription, as well as the rate and timing of transcription, are
determined chiefly by cis-requlatory elements; promoter (Figure 1a) and
enhancer/silencer sequences that are targets of trans-acting factors such as DNA
binding proteins or complexes (sequence-specific, general, or cofactors) (Biggin and
Tjian, 2001; Latchman, 2015). The latter can directly interact with the transcriptional
machinery and/or induce a change in chromatin structure, leading to subsequent
activation (open chromatin) (Figure 1b) or inhibition (Figure 1c) (closed chromatin) of
transcription. The promoter is composed of the core promoter responsible for a basal
expression level and the upstream promoter elements (response elements) responsible
for the rate of transcription (Figure 1a). Enhancer and silencer sequences can be
located upstream, downstream or within the gene and can induce increased and
suppressed transcription, respectively. These sequences often have tissue-specific

activity (Latchman, 2015).
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- E protein coding gene

b. transcription activation
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Figure 1. Eukaryotic transcription regulation. a. The eukaryotic gene promoter consists of
the core promoter that contains the transcription start site (black arrow), and the upstream
regulatory elements. b. Transcriptional activation can be induced by the interaction of cis-
regulatory elements (promoter, enhancer) and trans-acting factors (TF) with the transcription
machinery and/or the direct interaction between TF and chromatin structure (open chromatin)
c. Transcriptional inhibition can be induced by the interaction of cis-regulatory elements
(promoter, silencer) and TF and/or the direct interaction between TF and chromatin structure
(closed chromatin).

In light of the big impact of gene expression variation on phenotype, it is
important to pinpoint the evolutionary pressures shaping genome regulation. This
dissertation is accordingly devoted to the investigation of different types of gene

expression regulation using the fruit fly Drosophila melanogaster as a model organism.
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Drosophila melanogaster as a model organism

The fruit fly has proven to be an excellent tool for studying the eukaryotic genome for
more than a hundred years. The use of D. melanogaster, a simple invertebrate with a
short life cycle, small size, and easy rearing conditions, enabled the research
community to gain precious knowledge regarding fundamental genetic, developmental
and metabolic processes that have been evolutionarily conserved across much more
complex animals, including vertebrates. Indeed, many of the genes and genetic
mechanisms discovered in the fly share extensive similarities to those of other animals,
including humans (Reiter et al., 2001). For example, sex in the fruit fly is genetically
determined by the combination of sex chromosomes, which is the case for the majority
of animals (Manolakou et al., 2006) and for some plants (Charlesworth, 2002). More
specifically, Drosophila has the XY sex determination system, which is also present in
mammals. In this system, females bear two copies of the X chromosome, while males

bear a single copy of the X and a single copy of the Y chromosome (Figure 2).

chromosome
autosome O
sex chromosome ()
o) Q@
e 055ii))
X Y X X
2 3 4

Figure 2. Drosophila melanogaster karyotype. There are three pairs of
autosomes (2, 3, 4) shared by both sexes and a pair of sex
chromosomes distinct between sexes. Males have a single copy of the X
and a single copy of the Y chromosome (XY), whereas females have two
copies of the X chromosome (XX).
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Drosophila melanogaster has also become a model organism for studying
adaptation, partly because of its demographic history (Pool et al., 2012). The species
originated in sub-Saharan Africa and expanded approximately 15,000-17,000 years
ago to Asia and Europe (Li and Stephan, 2006), eventually colonizing all continents
except Antarctica. During this expansion, D. melanogaster encountered a broad
spectrum of habitats. As a cosmopolitan species that now lives in association with
humans, D. melanogaster faces an assortment of selection pressures within its derived
species range that are often profoundly different from those in the ancestral one. Such
selection pressures give rise to environmental adaptations (local adaptation), which are
characteristics that enhance survival within a certain habitat. Thus, local adaptation
can give rise to phenotypic variation between populations.

Local adaptation often stems from differences in gene expression regulation,
which is characterised by the differential expression of individual genes between
populations. This expression divergence typically results from differences in allele
frequencies between populations. A characteristic example is insecticide (DDT)
resistance in D. melanogaster, a trait attributed to the upregulation of the cytochrome
P450 gene Cypég1 (Daborn, 2002). The presence of an Accord transposon insertion,
including a cis-regulatory element (tissue-specific enhancer) in its long terminal
repeat, upstream of Cypégl drives increased expression of Cypég7 in tissues
responsible for detoxification, such as the midgut, Malpighian tubules, and the fat
body (Chung et al.,, 2007). The frequency of the Accord-insertion allele leading to
insecticide resistance varies in natural populations, with high frequencies found in
derived (non-African) populations and lower frequencies found in ancestral (African)

populations (Catania et al., 2004).
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Sex chromosome evolution

Sex chromosomes consist of a pair of heteromorphic chromosomes (XY or ZW) and
have evolved many times independently in different taxa (Kaiser and Bachtrog, 2010).
They are derived from a pair of homologous autosomes that differentiated over
evolutionary time through a dynamic process (reviewed in Wright et al., 2016). Crucial
stages of this process include the loss of recombination between the initially
homologous pair of chromosomes and the genetic degeneration of the sex-specific
chromosome (Y or W), which is present in the heterogametic sex. These processes
lead to a reduction of the gene content and size of the sex-specific chromosome. In the
end, the heterogametic sex is hemizygous for all genes located on the non-sex-specific
sex chromosome. For instance, the Y chromosomes of both fruit flies and humans bear
very few genes. The genes that remain Y-linked usually are related to male fertility,
while most of the chromosome contains heterochromatic repetitive elements (reviewed
in Bachtrog, 2013).

The X is a special chromosome

In contrast to the Y, the X chromosome is practically indistinguishable from the
autosomes in terms of its gene density and cytological appearance. Nevertheless, there
are differences between the X chromosome and the autosomes regarding sequence
divergence, gene content, and patterns of gene expression (Vicoso and Charlesworth,
2006).

Gene content

On average, Drosophila genes residing on the X chromosome are more divergent
between species with respect to their protein coding sequence (measured as the ratio
of non-synonymous to synonymous substitution) than autosomal genes. This
phenomenon is known as the ‘faster X effect’ and is thought to be driven by the
selection of beneficial, recessive mutations on the X chromosome (Meisel and

Connallon, 2013). Furthermore, the X chromosome is a hotspot for hybrid male
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sterility factors (Presgraves, 2008). This explains why the X chromosome has greater
influence on hybrid sterility and inviability than the autosomes in introgression
analyses, a phenomenon known as the ‘large-X effect’. Therefore, the X chromosome
makes a greater contribution to the speciation process than an autosome, as the
heterogametic hybrid (XY) has a fitness disadvantage. What is more, male-biased
genes, that is genes that are expressed at a higher level in males than in females, on
the X chromosome have been shown to evolve more rapidly than autosomal ones in
Drosophila species (Baines et al., 2008; Llopart, 2012). Thus, it is expected that male-
biased genes, which tend to have a large impact on male fitness, show the strongest
‘faster X effect’, since the effects of recessive mutations can be immediately exposed
to selection in males (Meisel et al., 2012a).

Sex-biased genes exhibit a non-random genomic distribution. In whole flies and
in reproductive tissues, male-biased genes are underrepresented on the X
chromosome, whereas female-biased genes are overrepresented (Parisi, 2003; Sturgill
et al., 2007). Nevertheless, in head and brain, there is an overrepresentation of both
male- and female-biased genes on the X chromosome relative to the autosomes
(Chang et al., 2011; Catalan et al., 2012; Huylmans and Parsch, 2015). This
feminization and demasculinization of the Drosophila X chromosome could be
indicative of the X being an unfavorable environment for male-biased genes (Parsch,
2009; Gallach et al., 2011). Consistent with this is the high duplication rate of newly
retroposed gene copies with male-biased expression from the X chromosome to the
autosomes that has been reported in the Drosophila genus and suggests an
evolutionary pressure for such genes to ‘escape’ the X chromosome (Betran et al.,
2002; Vibranovski et al., 2009a).

Tissue-specific genes also exhibit a non-random genomic distribution in the D.
melanogaster genome. As a null hypothesis, it is expected that each class of tissue-
specific genes should be evenly allocated across the genome, including the autosomes
and the X chromosome (Figure 3a). Interestingly, genes expressed in male-specific
tissues such as testis and accessory gland (a somatic tissue analogous to the
mammalian prostate gland), as well as genes that are expressed in somatic tissues of

both sexes such as the Malpighian tubule (a somatic tissue that is analogous to the
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mammalian kidney), are underrepresented on the X chromosome (Mikhaylova and
Nurminsky, 2011; Meisel et al., 2012b) (Figure 3b). Ovary-specific genes, which are
overrepresented on the X chromosome, are an exception to this pattern (Figure 3b).
Based on these observations, it has been postulated that the X chromosome might be
an unfavorable environment for most classes of tissue-specific genes if their
specialized expression regulation (activation or repression) is hindered due to a
chromosome-wide mechanism (Mikhaylova and Nurminsky, 2011). To date, the
selection pressures leading to the observed genomic distributions of tissue-specific

genes remain obscure.

tissue-specificity

ovary (!
testis |
accessory gland [
Malpighian tubule [
a. Expected
- I 1D
b. Observed

( ] )

Figure 3. Distribution of tissue-specific genes on the X chromosome. a. If tissue-specific
genes are randomly distributed in the genome, then an even representation on the X
chromosome and the autosomes is expected. b. The observed distribution of tissue-specific
genes differs from the random expectation, with ovary-specific genes being overrepresented
and testis-, accessory gland- and Malpighian tubule-specific genes being underrepresented.

Gene expression regulation

The evolutionary uniqueness of the X chromosome in Drosophila is exemplified by two
chromosome-wide mechanisms of gene expression regulation that are present in
heterogametic males. Through the first mechanism, dosage compensation (DC), the
expression of X-linked genes in somatic tissues is upregulated in males in order to

compensate for the lack of a second copy of the X chromosome (Figure 4a). Through
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the second mechanism, X suppression, the expression of X-linked genes is suppressed
in the male germline (Figure 4b). The latter mechanism was first demonstrated by
comparing the expression of testis-specific reporter genes located on the X

chromosome to those located on the autosomes (Hense et al., 2007).

a. Somatic tissues b. Testis
AN 69
[ ] testis-specific reporter gene
Male Female Autosomal X-linked

expression:

NS

LY

no dosage compensation
dosage compensation &
suppression

Figure 4. Regulation of the male X chromosome in D. melanogaster. a. In somatic tissues,
the expression of native X-linked genes is equalized between males (one copy of the X
chromosome) and females (two copies of the X chromosome) by DCC-mediated dosage
compensation in males that leads to approximately two-fold hypertranscription. b. In testis,
DCC-mediated dosage compensation is absent and expression of X-linked testis-specific
reporter genes is suppressed in comparison to autosomal reporter genes.
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Dosage Compensation

The equalization of gene expression between X-linked and autosomal genes, and also
between males and females, is designated dosage compensation. For genes encoding
RNAs and proteins that are involved in processes requiring interaction with multiple
constituents, a balanced stoichiometry is crucial. DC is accomplished through diverse
strategies that have evolved in different organisms with sex chromosomes (Julien et
al., 2012; Ercan, 2015). In mammals, one of the female X chromosomes is inactivated
in the somatic cells during embryogenesis via the formation of the Barr body, while the
remaining female and the single male X chromosomes are upregulated (Brockdorff
and Turner, 2015).

In male fruit flies, the expression of the single X chromosome is upregulated
roughly two-fold. This chromosome-wide upregulation is the consequence of a
combination of basal dosage compensation that contributes ~1.5-fold increased
expression and X chromosome-specific DC that contributes ~1.35-fold increased
expression (Zhang et al., 2010). The X chromosome-specific DC is mediated by a
ribonucleoprotein complex, the dosage compensation complex (DCC), also known as
the male-specific lethal (MSL) complex, through the targeting of binding sites that are
enriched on the X chromosome (Figure 5a).

The DCC consists of one long non-coding RNA (rox1 or rox2) with a structural
role, and five proteins: MSL1 (scaffolding protein), MSL2 (RING finger protein), MSL3
(chromodomain protein), MLE (RNA helicase), and MOF (acetyltransferase) (reviewed
in Conrad and Akhtar, 2012). MSL2, which has ligase activity, recognizes and binds to
the high affinity sites (HAS) that are typically localized within or in close proximity to
active gene bodies. After initial binding, MSL1, MSL2 and MLE jointly induce the
complex assembly. MOF catalyzes local histone acetylation (H4K16ac), resulting in an
opened chromatin structure and consequent hypertranscription of the exposed region
through increased transcriptional elongation from RNA Pol Il (Ferrari et al., 2014).
MSL3 is thought to be involved in the spreading of the complex. The current model of
the DCC spreading along the X chromosome includes initial binding of the DCC to
HAS, and spreading to spatially close sites with lower affinity (Ramirez et al., 2015)

(Figure 5b). Although DCC-mediated DC exists in the male soma, this is not the case

10
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for the male germline. The absence of the mechanism was revealed by microarray and
RNA-sequencing data in which expression of X-linked and autosomal genes in
premeiotic cells was measured and found to be similar to expression of those genes in

cell lines where msl2 was knocked down by RNAI (Meiklejohn et al., 2011).

a. Dosage Compensation Complex

e

O

b. Targeting of the X chromosome

binding site
HAS B
as B

(L DC CaN) (=)
(08 1l l[l] I )

Figure 5. Dosage compensation in the male soma of D. melanogaster. a. The dosage
compensation complex (DCC) mediates the two-fold upregulation of the X chromosome. The
DCC consists of a IncRNA, rox1 or rox2 (rox), and the proteins MSL1, MSL2, MSL3, MLE,
MOF. The upregulation is achieved through the activity of MOF, which catalyzes a local
chromatin modification and results in an opened chromatin structure and therefore enabling
increased transcription. b. The DCC targets the X chromosome through initial binding to high
affinity sites (HAS) and most likely spreading in cis to lower affinity sites (LAS).

It is probable that the DCC-mediated DC has an effect on the distribution of sex-
biased genes on the X chromosome, as significant correlations between a gene’s male-
to-female expression ratio and its distance to the nearest DCC binding site have been
detected (Huylmans and Parsch, 2015) (see Figure 6). In head and brain, there is a
highly significant negative correlation between a gene's male-to-female expression

ratio and its distance to the nearest DCC binding site. This suggests that the excess of
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X-linked male-biased genes in these tissues is possibly a result of “overcompensation”
of genes located close to DCC binding sites. In gonads and whole fly, there is a highly
significant positive correlation between a gene’s male-to-female expression ratio and
distance to the nearest DCC binding site, although it is not clear why this should be the
case if dosage compensation does not occur in the male germline (Meiklejohn et al.,
2011). The latter correlation is present, but weaker, for other somatic tissues,

including gonadectomized flies (containing all somatic tissues) and Malpighian

tubules.
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Figure 6. Male-biased gene expression and proximity to DCC binding sites in different
tissues/body segments of Drosophila melanogaster. Data described by Huylmans & Parsch
(2015), are illustrated here as monotonic curves. In head (dark red) and brain (light red), the
degree of male-bias is negatively correlated with the proximity to DCC binding sites and, a
gene reaches higher expression in males than in females when it is located close to a DCC
binding site. This relationship is strongest in head. In whole flies (brown), Malpighian tubules
(yellow), gonadectomized flies (orange) and gonads (blue), the degree of male-bias is
positively correlated with the proximity to DCC binding sites and, a gene reaches higher
expression in males than in females when it is located further away from a DCC binding site.
This relationship is strongest in gonads.
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Suppression of X-linked genes in the male germline

In contrast to the X chromosomal DC that occurs in the male soma, there appear to be
opposing selective pressures in heterogametic males that lead to the suppression, or
even silencing, of the X chromosome in the male germline. In mammals, this silencing
is known as meiotic sex chromosome inactivation (MSCI). MSCI occurs through the
formation of the sex-body, that is, compartmentalization of the sex chromosomes in
the periphery of the nucleus, during the pachytene stage of meiosis | (reviewed in
Turner, 2007). It is thought that this mechanism ensures prevention of erroneous
recombination between the heterologous X and Y chromosomes (Lifschytz and
Lindsley, 1972; McKee and Handel, 1993).

In D. melanogaster, no obvious suppression of native X-linked genes in testes
can be detected. The median autosomal expression in testis is 1.44-fold greater than
that of the X chromosome (Gan et al., 2010), but this is likely due to the absence of
DCC-mediated DC in the male germline (Meiklejohn et al., 2011). Nonetheless, a
number of studies have found evidence of X chromosomal suppression of testis-
specific reporter genes. The expression of testis-specific reporter genes driven by four
different testis-specific promoters is significantly reduced (3- to 7-fold) when they are
located on the X chromosome compared to the autosomes (Hense et al., 2007;
Kemkemer et al., 2014). The suppression of X-linked reporter genes, also known as ‘X
suppression’ (Landeen et al., 2016), is not influenced by the position of the transgenes,
as a study with one of the testis-specific reporter genes analyzed 107 independent X-
linked insertions and showed that all regions of the X chromosome follow the same
pattern (Kemkemer et al.,, 2011). In addition, it has been demonstrated recently that
the above observations could not be an artifact of the use of reporter genes in
transposable element vectors, as when regions of the X chromosome are transposed to
the autosomes, native testis-specific genes also exhibit higher expression levels
(Landeen et al., 2016). This was also the case for housekeeping genes in testis, but not
in whole males/females or ovaries (Landeen et al., 2016). The same authors tested
reporter genes with promoters of two different housekeeping genes in testis and there
was also increased expression of autosomal reporter genes compared to the X-linked

ones. Since the aforementioned findings consistently compared expression of genes
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present in only one copy (reporter or transposed) on the autosomes and X
chromosome, the observed X suppression could not be attributed to gene dose or to
the absence of dosage compensation in the male germline.

Although a growing body of literature has investigated the phenomenon of X
suppression affecting testis- and broadly-expressed genes in the male germline, it is
still unknown whether it takes place through a mechanism comparable to mammalian
MSCI. In fact, the mechanism of X suppression has been the subject of debate as to
whether the timing of X suppression and MSCI coincide (Meiklejohn et al., 2011;
Mikhaylova and Nurminsky, 2012; Vibranovski et al., 2012; Vibranovski, 2014). What is
more, a microarray-based study found that not only genes expressed specifically in the
male germline, but also other tissue-specific genes, are underrepresented on the X
chromosome. This suggests that reduced X-linked expression may be common to all
tissue-specific genes (Mikhaylova and Nurminsky, 2011). If this is true, then X
suppression is not limited to the male germline and must be caused by a mechanism
other than MSCI.

Motivation and Objectives

In this dissertation, | examine chromosome-wide and local gene expression regulation.
Selection can act on entire chromosomes, such as the X chromosome, and therefore
lead to the evolution of chromosome-wide regulatory mechanisms, such as X
suppression in the male germline and dosage compensation in the male soma.
Alternatively, selection can act on individual genes, and therefore lead to the evolution
of a specific adaptive trait (e.g. population-specific environmental adaptations).
Understanding the fundamental mechanisms that underlie gene expression regulation,
as well as the evolutionary forces responsible for their maintenance in the Drosophila
genome, and potentially in the genomes of other organisms, is important for
addressing a plethora of biological questions. For example, a myriad of common
human diseases, including leukemia, diabetes, and Alzheimer’'s arise through

deviations from normal gene expression regulation mechanisms (Theuns and Van
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Broeckhoven, 2000; Lee and Young, 2014). If we are able to pinpoint the defective
mechanisms, we could design treatment plans more efficiently.

Most of this dissertation focuses on mechanisms of gene expression regulation
on the X chromosome of D. melanogaster. In the first two chapters, the focus is on
either tissue-specific (Chapter 1) or ubiquitously-expressed (Chapter 2) reporter genes.
More specifically, each transgenic construct consisted of a D. melanogaster tissue-
specific promoter (Chapter 1) or the human cytomegalovirous (CMV) promoter
(Chapter 2), linked to the coding sequence of the Escherichia coli lacZ reporter gene.
Each construct was inserted randomly into the D. melanogaster genome by P-element
transposition. With this approach | was able to quantify the expression of the reporter
gene when located at different chromosomal positions. Consequently, | could compare
the expression of autosomal and X-linked reporter genes in various tissues.

In Chapter 1, | address the open question concerning the extent of the X-linked
gene expression suppression that was first observed in the male germline. A major aim
of my thesis was to investigate the occurrence of X suppression for various tissue-
specific genes, since previous studies have focused exclusively on testis-expressed
genes. For this reason, it was not clear whether X suppression was restricted to the
male germline, if it occurred in other male-limited tissues, or if it also occurred in the
female germline. It was also possible that X suppression was a more general
phenomenon that occurred for tissue-specific genes that are expressed in somatic
tissues common to both sexes. To test these possibilities, | employ reporter genes
expressed specifically in accessory gland, ovary or Malpighian tubule. My research
fills a gap in the literature by showing that (i) X suppression is a distinct property of
testis-expressed genes and not of tissue-specific genes in general, (ii) the X
chromosome is not a restrictive or a favorable environment for the expression of genes
expressed in the male-limited accessory gland, the female germline or the somatic
Malpighian tubule, and (iii) the underrepresentation of tissue-specific genes on the X
chromosome, with the exception of the ovary-specific genes, is not due to the
existence of a chromosome-wide mechanism.

In Chapter 2, | further examine regulatory mechanisms acting on the D.

melanogaster X chromosome. This is the first study where a reporter gene with a
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regulatory sequence that is exogenous to D. melanogaster is used in order to exclude
sex- and tissue- specific effects on X suppression. In the first part of the Chapter, | set
out to determine whether X suppression affects a ubiquitously-expressed gene in testis
or male somatic tissues. If X suppression is a chromosome-wide mechanism, then this
reporter gene also should be affected. As expected, | find no evidence of X
suppression in somatic tissues, although | did find evidence of (partial) X chromosome
dosage compensation. Contrary to the expectation, | find that X suppression is absent
in testis for this reporter gene, which has a basal expression level. It is thus possible
that X suppression affects only genes with an expression level above a certain
threshold. This knowledge offers us an insight into the nature of the mechanism of X
suppression. In the second part of the Chapter, | conduct an exploratory study
concerning the potential influence of DCC-mediated DC on male gene expression in
different tissues by analyzing the relationship between a gene's expression and its
proximity to a DCC binding site. | find a positive correlation between X-linked reporter
gene expression in head and carcass, and proximity to one of the binding sites, MLE.
Also, based on my results | put forward recommendations for a future study.

In Chapter 3, | contribute to a study of the regulation of the Metallothionein A
gene, MtnA, which exhibits variation in expression within and between natural
populations of D. melanogaster. The expression of MtnA is much higher in derived,
non-African populations than in ancestral sub-Saharan African populations. The
expression difference is associated with an insertion/deletion polymorphism in the
MtnA 3" untranslated region (UTR). At the phenotypic level, | show that higher MtnA
expression is associated with greater oxidative stress tolerance, suggesting that the

deletion form of the variant has been the target of local regulatory adaptation.
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Regulation of a Ubiquitously-Expressed, X-Linked Reporter
Gene in Male Drosophila melanogaster

Eliza Argyridou and John Parsch
(Unpublished manuscript)

Abstract

In the XY sex determination system, males are hemizygous for the X chromosome.
This exposes the X chromosome to unique selective forces that cause it to evolve
differently from the autosomes. In D. melanogaster, the uniqueness of the X
chromosome is reflected by its sex-biased gene content and its special mechanisms of
gene expression regulation, such as dosage compensation and suppression of X-linked
expression in the male germline. Here we test if the expression of a ubiquitously-
expressed, exogenous reporter gene is suppressed in the male germline when it is
located on the X chromosome. In addition, we explore the relationship between the
reporter gene’s expression level in males and its proximity to binding sites of the
dosage compensation complex (DCC), which is responsible for X chromosome dosage
compensation. In contrast to previous studies, we did not detect evidence of X
chromosomal suppression of gene expression in the male germline. These results
suggest that X suppression principally affects genes with high levels of expression in
testis, such as testis-specific genes or highly-expressed housekeeping genes, but has
less influence on genes with low levels of expression in testis. In general, the
expression level of the X-linked reporter genes was not correlated with their distance
to a binding site of a DCC component, with the exception of MLE, for which there was
a positive correlation between expression level and DCC distance in somatic tissues.
Our findings suggest that the regulation of X-linked gene expression in males depends
on a complex interaction among expression level, tissue-specificity, and dosage

compensation.
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Introduction

In most animals, sex is genetically determined by the combination of sex
chromosomes. In organisms with the XY system, females have two copies of the X
chromosome, while males have only one. As a result, the X chromosome is subjected
to unique evolutionary forces and has evolved sex-specific mechanisms of gene
regulation (Vicoso and Charlesworth, 2006). Selective and/or regulatory differences
between the X chromosome and autosomes are reflected in the non-random genomic
distribution of sex-biased genes (i.e. genes expressed at a higher level in one sex than
the other). Previous studies of Drosophila melanogaster have revealed that in whole
flies and in reproductive tissues, male-biased genes are underrepresented on the X
chromosome, whereas female-biased genes are overrepresented (Parisi, 2003; Sturgill
et al., 2007). However, in the brain and head, there is an overrepresentation of both
male- and female-biased genes on the X chromosome relative to the autosomes
(Catalan et al., 2012).

One mechanism of gene expression regulation that is unique to the male X
chromosome operates in the male germline and suppresses the expression of X-linked,
testis-specific genes. It has been shown that testis-specific reporter genes have higher
expression levels when located on the autosomes than on the X chromosome (Hense et
al., 2007; Kemkemer et al., 2011, 2014). This phenomenon, known as “X suppression”
is restricted to testis-specific genes and is not a common property of all tissue-specific
genes, as ovary-, accessory gland- and Malpighian tubule-specific reporter genes do
not show any signal of X suppression (see Chapter 1). Moreover, X-linked
housekeeping genes are also transcriptionally suppressed in the male germline, but
not in the female germline or male somatic tissues (Landeen et al., 2016). However,
the housekeeping genes are suppressed to a lesser extent than testis-specific genes in
the male germline. The molecular mechanism responsible X suppression remains
unknown. It is also unclear why testis-specific and non-testis-specific genes differ in
their magnitudes of X suppression.

In contrast to the X suppression that takes place in the male germline, males
upregulate the expression of their single X chromosome approximately two-fold in

somatic tissues to compensate for the difference in gene dose between the X

22



Chapter 2

chromosome and the autosomes. The above mechanism known as dosage
compensation (DC) is achieved primarily through binding of the dosage compensation
complex (DCC), a complex containing proteins and long non-coding RNAs (Conrad
and Akhtar, 2012; Ercan, 2015). A component of the DCC, MOF, induces a
modification of the local chromatin structure by histone acetylation. The chromatin
becomes loose and therefore accessible for the transcriptional machinery, leading to
hypertranscription. It is thought that the DCC binds to distinct nucleation sites, the
High Affinity Sites (HAS), and then spreads in cis from these initiation sites in order to
expand on the X chromosome (Ramirez et al., 2015).

It has been demonstrated that a gene’s proximity to a DCC binding site has an
impact on its expression pattern. In head and brain, there is a highly-significant
negative correlation between a gene’s male-to-female expression ratio and its distance
to the nearest DCC binding site (Chang et al., 2011; Catalan et al., 2012; Huylmans and
Parsch, 2015). This is the case mainly for genes that show weak male bias. Thus, the
excess of X-linked male-biased genes in these tissues is likely to be caused by
“overcompensation” of genes located close to DCC binding sites (Huylmans and
Parsch, 2015). Opposed to the pattern in head and brain, in testis, there is a highly-
significant positive correlation between a gene’s male-to-female expression ratio and
distance to the nearest DCC binding site, even though DCC-mediated dosage
compensation does not occur in the male germline of Drosophila (Meiklejohn et al.,
2011).

The main objective of this study was to investigate the occurrence of X
suppression for a ubiquitously-expressed reporter gene in different male tissues. For
this, we compared the expression of the same autosomal and X-linked reporter genes
in testis and somatic tissues. We expected that if X suppression is a chromosome-wide
mechanism unique to the male germline, then it would be detectable only in testis, but
not in head or carcass. Furthermore, we expected that (at least partial) DC would be
evident in the male soma, leading to higher expression of X-linked reporter genes in
head and carcass. Our secondary objective was to examine the influence of the DCC on

the expression of X-linked reporter genes in males. More specifically, we were
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interested in the relationship between the expression level of such X-linked genes and
their proximity to binding sites of various DCC components.

To tackle both of the above objectives, we used a reporter gene construct
containing a minimal human cytomegalovirus (CMV) promoter fused to the
Escherichia coli lacZ reporter gene (Figure 7a). This approach allowed us to exclude
any sex- or tissue-specific regulatory mechanism that might affect reporter gene
expression, since both the promoter and the reporter gene were not native to D.
melanogaster. In addition, the CMV promoter was previously found to drive high,
ubiquitous expression in Drosophila (Parsch, 2004), which allowed us to compare the
expression of the same reporter gene inserted at the same genomic location in
multiple tissues. For the current study, we tested reporter gene expression in testis,

head, and carcass (whole fly with head and testes removed) (Figure 7b).

Materials and Methods

Reporter gene construct

The reporter gene construct we used is part of a transposable element vector that was
designed by Parsch (2004). In the construct, terminal sequences of the P-element flank
two copies of the reporter gene and the D. melanogaster mini-white eye color marker
gene (Figure 7a). The reporter gene consists of a human cytomegalovirus (CMV)
promoter alongside the E. coli lacZ coding sequence in the same transcriptional
orientation. The CMV promoter is capable of driving ubiquitous expression of the

reporter gene in flies (Parsch, 2004).
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a. ubiquitously-expressed reporter gene construct
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b. expression in male tissues/body segments
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Figure 7. Schematic illustration of the reporter gene construct and the male tissues/body
segments tested. a. The construct contains the mini-white marker gene and two copies of the
lacZ reporter gene. The terminal sequences of the P-element (P) represent the boundaries of
the transgene. The human cytomegalovirus promoter (CMV) is able to drive ubiquitous
expression of the reporter gene in flies. b. The expression of the reporter gene was measured
in dissected male heads, carcasses (whole flies with the heads and testes removed) and testes.

Transgene mobilization to new genomic locations

Fly lines with independent reporter gene insertions on an autosome or the X
chromosome were created via mobilization of the transgene by genetic crosses as
described by Hense et al. (2007). The following mating scheme was carried out, with
the aim of mobilizing an X-linked transgene identified by the red eye color to a third
chromosome containing a transposase gene linked to the stubble bristle phenotypic
marker (yw; A2-3, Sb/TMé6) (Supplementary Figure S1). The ultimate goal was to then
mobilize these new transgene insertions to new random locations on the X
chromosome and autosomes (Supplementary Figure S1).

Starting with an available X-linked line with a yw background (yellow body and
white eyes), red-eyed females were mated with yw; A2-3, Sb/TMé males. Red-eyed
male offspring with stubble bristles were collected because they inherited both the X-
linked transgene and the transposase gene. These males were individually mated to yw

females. Detection of male offspring with red eyes indicated transgene movement off
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of the X, since only the female offspring should have inherited an X-linked transgene.
If the male offspring had wild type bristles, they were mated individually to yw females
in order to start new autosomal stocks. If all offspring of these crosses had red eyes
and stubble bristles, then the transgene must have moved to the third chromosome
containing the transposase gene. In this case, red-eyed stubble males were mated
individually to yw females. Offspring (males or virgin females) that had red eyes and
wild-type bristles were mated with yw flies of the opposite sex to start a new stock. To
distinguish transgenes located on the X chromosome from those on an autosome,
crosses of transformed males with yw females were performed (Supplementary
Figure S2). The red eye phenotype from males with an X-linked transgene is passed
on exclusively to their female offspring, whereas males with an autosomal transgene

pass it on to 50% of their offspring of both sexes.

Mapping insertion locations

Inverse PCR was performed to determine the exact genomic locations of the transgene
insertions (Bellen et al., 2004). Genomic DNA of each transformed line was extracted
from nine flies using the MasterPure ™ DNA Purification Kit (Epicentre, Madison, WI,
USA). The genomic DNA was then digested with either HinPl or Hpall, which both cut
frequently within the D. melanogaster genome. Numerous small fragments were
produced and were self-ligated with T4 DNA ligase (New England Biolabs, Ipswich,
MA, USA). The fragment containing the inserted transgene was amplified by PCR
using two primer pairs that matched parts of the of the pP[wFI] transformation vector
(5-3"): Plac1-Plac4 (CACCCAAGGCTCTGCTCCCACAAT,
ACTGTGCGTTAGGTCCTGTTCATTGTT) and EY.3.F-EY.3.R
(CAATAAGTGCGAGTGAAAGG, ACAATCATATCGCTGTCTCAC). The resulting PCR
product was sequenced with the primers Sp1 (5'- ACACAACCTTTCCTCTCAACAA -3
and EY.3.F (above) using BigDye v1.1 chemistry on an ABIl 3730 automated sequencer
(Applied Biosystems, Foster City, CA, USA). The mapping of the flanking genomic
sequences to the D. melanogaster reference genome (Release 6.09) with a BLAST

search (Altschul et al., 1990) led to the identification of the insertion location.
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B-galactosidase activity assays

The expression of the lacZ reporter gene was measured with 3-galactosidase activity
assays. Soluble protein was extracted from five heads, testes or carcasses by
homogenizing the tissues/body segments in 200 pl of cold buffer (0.1 M Tris-HCI, 1
mM EDTA, 7 mM 2-mercaptoethanol; pH 7.5), incubating the homogenate on ice for
15 minutes, centrifuging at 12,000 rpm for 15 minutes at 4°C, and collecting the
supernatant, which included the protein extract. 50 pl of protein extract together with
50 pl of 2 x Assay buffer (200 mM sodium phosphate (pH 7.3), 2 mM MgCl,, 100 mM
2-mercaptoethanol, 1.33 mg/ml o-nitrophenyl-B-D-galactopyranoside) were assayed
and considered a technical replicate. One biological replicate of a given sample
(derived from five flies providing tissue or body segments) was used for two technical
replicates. For each transformed line and for the corresponding male tissues/body
segments from the yw strain (used as negative control), 2-3 biological replicates were
carried out. B-galactosidase activity was measured spectrophotometrically by tracking
absorbance for 50 min at 420 nm at 37°C. The activity units were defined as the

change in absorbance per minute (maximum slope).

Maintenance of fly strains

All fly strains were maintained at 22°C on cornmeal-agar-molasses medium with a
14hr light:10hr dark cycle. All flies used for 3-galactosidase assays were 4-6 days old,
mated, and either heterozygous or hemizygous for the transgene insertion. Thus, all

comparisons were of flies carrying a single copy of the reporter gene.

Reporter gene expression analysis
To test for differences in reporter gene activity between X-linked and autosomal
inserts in head, testis and carcass, we performed the non-parametric Wilcoxon (Mann-
Whitney) test using the mean activity across biological replicates of each transformed
line. The mean of a biological replicate was defined as the mean of its two technical
replicates.

To determine whether there is a monotonic relationship between the reporter

gene expression and its proximity to the nearest DCC binding site (either upstream or
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downstream) in head, testis and carcass, we calculated the Spearman’s correlation
coefficient for each of the DCC components: MLE, MSL2, and MSL3, and for the HAS
(defined by the co-localization of MSL2 and MLE). In order to further explore the
nature of the relationship, we performed linear regression analysis in the same
fashion, i.e. between reporter gene expression and proximity to nearest DCC
component binding site. Information about the location of DCC binding sites was
obtained from published chromatin immunoprecipitation sequencing (ChIP-seq)

experiments (Straub et al., 2013).

Results

Genomic distribution of reporter genes

We obtained a total of 29 transgenic lines, each with a reporter gene insertion at a
unique genomic location. Twelve of the lines had autosomal insertions, which were
located on all possible chromosomal arms, including the fourth chromosome (1 line)
(Supplementary Table S1). Seventeen of the lines had an X-linked insert, distributed
widely along the X chromosome, except for two inserts that were close together with a

distance of only 320 bp between them (Figure 8, Supplementary Table S2).

X-linked inserts

1 Mb

Figure 8. Map of X-linked transgene insertion locations. Each vertical line represents an
insertion at a unique site as determined by inverse PCR. The thick line represents three
insertions that, due to their proximity to each other (within 30 kb), are not distinct at the
resolution of the figure.

The X-linked lines were used in the association analysis between reporter gene
expression and proximity to the nearest DCC binding site. Therefore, it was important

to characterize the frequency of X-linked inserts in the proximity classes (bp) from
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each of the four DCC binding site used here (Figure 9). The largest distance between a
reporter gene and a DCC binding site was 186 kb with the majority of the reporter
genes being found within 100 kb of all binding sites. For HAS, MSL2 and MSL3
binding sites, only 3-4 reporter genes were located beyond 100 kb, while for MLE

none was located beyond 61 kb.
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Figure 9. Frequency of X-linked inserts in the nearest distance classes from each of the
four DCC binding site used in our analysis. Each color represents a different DCC binding
site.

Autosomal versus X-linked expression in head, testis, and carcass

We investigated the occurrence of X suppression of a ubiquitously-expressed gene in
different tissues by comparing autosomal and X-linked expression of a lacZ reporter
gene with an exogenous CMV regulatory sequence. The expression of 12 autosomal
and 17 X-linked reporter genes was compared in head, testis, and carcass of the same

flies.
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In testis, the mean (median) B-galactosidase activities of autosomal and X-linked
lines were 0.18 (0.17) and 0.25 (0.28) mOD/min, respectively, and did not differ
significantly (Wilcoxon test, P=0.2) (Figure 10a). Hence, there was no evidence for X
suppression in the male germline.

In male heads, the mean (median) B-galactosidase activities of autosomal and X-
linked lines were 3.45 (3.61) and 4.34 (4.56) mOD/min, respectively, and did not differ
significantly (Wilcoxon test, P=0.14) (Figure 10b). Even after an outlier autosomal line
(A39 from Supplementary Table S1) with extremely low expression (0.54 mOD/min)
compared to the rest of the lines was removed from the analysis, there was no
significant difference between autosomal and X-linked expression (Wilcoxon test,
P=0.24). Hence, there was no evidence for X suppression in male heads.

In male carcasses, the mean (median) B-galactosidase activities of autosomal
and X-linked lines were 11.85 (12.52) and 16.36 (15.04) mOD/min, respectively, and
did not differ significantly (Wilcoxon test, P=0.06) (Figure 10c). Even after an outlier
autosomal line (A39 from Supplementary Table S1) with extremely low expression
(0.62 mOD/min) compared to the rest of the lines was removed from the analysis there
was no significant difference between autosomal and X-linked expression (Wilcoxon

test, P=0.11). Hence, there was no evidence for X suppression in male carcasses.

Male expression and proximity to DCC binding sites

We measured the reporter gene expression with B-galactosidase assays in head, testis
and carcass of the same male flies of 17 X-linked lines. At first, to investigate possible
patterns in the relationship between reporter gene expression and distance to the
nearest DCC component binding site, we plotted the observed data and fitted smooth
curves (Figure 11, Figure 12 and Figure 13). Furthermore, we calculated the
Spearman’s correlation coefficient and performed a linear regression analysis (see
Table 1).
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Figure 10. Autosomal and X-linked expression of a ubiquitously-expressed reporter gene
in males. a. testis, b. head, c. carcass. Each bar represents a transformed line with the reporter
gene inserted at a unique autosomal (dark blue) or X-linked (light blue) location. Expression
was measured spectrophotometrically as [-galactosidase activity in units of mOD/min. Error
bars indicate the standard deviation across biological replicates. Dotted lines indicate the
average activities of all autosomal or X-linked lines.
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Table 1. Statistical measures for the relationship between reporter gene expression and the
nearest DCC component binding site in head, testis, and carcass.

Spearman'’s correlation’ Linear regression’
DCC binding site . Tissue
rho p-value R p-value
HAS 0.22 0.38 0.11 0.10
MLE -0.34 0.17 0.13 0.08 =
MSL2 0.18 0.48 0.09 0.13 é
MSL3 0.04 0.89 0.06 0.18
HAS 0.17 0.50 -0.07 0.96
MLE 0.47 0.057 0.34 0.008 T
MSL2 0.14 0.58 0.07 0.94 3
MSL3 -0.07 0.79 -0.03 0.50
HAS 0.36 0.15 -0.06 0.87
MLE 0.55 0.024 0.35 0.007 L
MSL2 0.35 0.16 -0.06 0.83 §
MSL3 0.19 0.47 -0.06 0.87 ”

'Shaded cells indicate significant correlations (P<0.05).

In testis, the expression level of the reporter gene was generally low. It was not
possible to detect a significant association between the reporter gene expression and
the proximity to the DCC binding sites for any of the binding sites (Figure 11 and
Table 1).

In head, the expression level of the reporter gene showed a positive correlation
only with the distance to the MLE binding site (rho=0.47, P=0.057), which was
marginally significant. This correlation was highly significant in a linear regression
analysis (R?=0.34, P=0.008), with the expression increasing as the distance from the
MLE binding site increases (Figure 12 and Table 1).

In carcass, the expression level of the reporter gene was significantly positively
correlated only with the distance to the MLE binding site (rho=0.55, P=0.024). This
correlation was also was also highly significant in the linear regression analysis
(R2:0.35, P=0.007), with the expression increasing as the distance from the MLE
binding increases (Figure 13 and Table 1).
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Figure 11. Reporter gene expression and proximity to DCC binding sites in testis. Each
data point represents a reporter gene inserted at a unique location on the X chromosome.
Expression of the reporter gene (y-axis) was measured spectrophotometrically as -
galactosidase activity in units of mOD/min. Distance to the DCC binding site: HAS, MLE,
MSL2, or MSL3, (x-axis) was defined as the nearest distance in base pairs. For visualization,
smooth curves were fitted to the data.
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Figure 12. Reporter gene expression and proximity to DCC binding sites in head. Each data
point represents a reporter gene inserted at a unique location on the X chromosome.
Expression of the reporter gene (y-axis) was measured spectrophotometrically as J-
galactosidase activity in units of mOD/min. Distance to the DCC binding site: HAS, MLE,
MSL2, or MSL3, (x-axis) was defined as the nearest distance in base pairs. For visualization,
smooth curves were fitted to the data.
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Figure 13. Reporter gene expression and proximity to DCC binding sites in carcass. Each
data point represents a reporter gene inserted at a unique location on the X chromosome.
Expression of the reporter gene (y-axis) was measured spectrophotometrically as f-
galactosidase activity in units of mOD/min. Distance to the DCC binding site: HAS, MLE,
MSL2, or MSL3, (x-axis) was defined as the nearest distance in base pairs. For visualization,
smooth curves were fitted to the data.
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Discussion

In this study, we focused on two regulatory mechanisms of the male X chromosome in
Drosophila: X suppression in the male germline and dosage compensation. We
employed an exogenous, ubiquitously-expressed reporter gene and measured the
expression of autosomal and X-linked inserts in testis, male heads, and male
carcasses. With this approach, we could exclude the influence of any sex- or tissue-
specific regulatory elements on reporter gene expression.

The primary aim of this study was to assess whether suppression of the X
chromosome occurs for a non-testis-specific gene in the male germline (or potentially
in somatic tissues). The most striking result to emerge from the data is the absence of
X suppression in the male germline, which contradicts previous studies of other
reporter genes (Hense et al., 2007; Kemkemer et al.,, 2011, 2014). In the somatic
tissues we analyzed, head and carcass, we observed higher expression of the X-linked
reporter genes, although the differences were not significant. The average increase of
X-linked expression relative to autosomal expression in head and carcass was 1.26-
fold and 1.38-fold, respectively, and might be the result of (partial) dosage
compensation of these X-linked reporter genes, as expected in male somatic tissues.

In testis, the mean reporter gene expression across both autosomal and X-
linked lines was relatively low (0.217 mOD/min) when compared to that measured in
head (3.89 mOD/min) or carcass (14.10 mOD/min). Because of this low level of
expression, it is possible that a difference between autosomal and X-linked reporter
genes was not detectable. In addition, the degree of X suppression may be smaller for
genes with lower levels of expression in testis. This has been reported previously for
housekeeping genes, which exhibit a smaller decrease in expression when X-linked
than highly-expressed, testis-specific genes (Landeen et al., 2016). Thus, the low level
of expression of our reporter gene in testis may explain why we did not detect a
difference between the X chromosome and the autosomes. It is possible that a
chromosome-wide mechanism is responsible for X suppression in the male germline,
since it affects both testis-specific and housekeeping genes. If such a mechanism
affects all X-linked genes with expression that surpasses a certain threshold, then the

magnitude of suppression could be different among highly (e.g. testis-specific),
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moderately (e.g. housekeeping) and basally (e.g. our reporter gene) expressed genes.
A potential chromosome-wide mechanism for X suppression could rely on silencer
elements found along the X chromosome, but not the autosomes, and does interfere
with the basal transcription machinery.

The secondary aim of this study was to explore the relationship between the
expression of X-linked reporter genes in males and their distance to the binding sites
of DCC components (MLE, MSL2, MSL3, and HAS). In testis, no correlation was found
between reporter gene expression and any of the four DCC binding sites analyzed
here. This observation was not surprising given that dosage compensation does not
take place in the male germline (Meiklejohn et al., 2011).

Male expression was positively correlated with the distance to the nearest MLE
binding site in head in a linear fashion and in carcass in both a monotonic and linear
fashion. Despite the significant correlations observed between male expression and
proximity of MLE binding sites in head and carcass, we have to consider the possibility
that the fact that the X-linked inserts are, on average, located closer to MLE binding
sites than to other DCC component binding sites (Figure 9) might be affecting our
results. Given that there are more MLE binding sites (508) than HAS (244), it is not
surprising that the transgenes tend to be closer to MLE binding sites. Also, the
function of the MLE binding site subset that does not coincide with the HAS is not
clear. It is possible that those sites are an artifact of the ChIP-seq because MLE which
is an RNA helicase can bind on RNA, and might have interfered with the crosslinked
DNA-protein complexes. Therefore, a correlation of the expression only with those
sites might not be related to dosage compensation per se. Nonetheless, all the reporter
genes are situated in close proximity of genes (Supplementary Table S2), as P-
element insertions are frequently associated with genes (Bellen et al., 2004). This is an
advantage of our methodology, since DCC binding sites are usually found in close
proximity to active genes (Straub et al., 2008) and, thus the transgenes should be a
good representative for active, endogenous genes.

Finally, a number of limitations to this pilot study should be acknowledged. For
future studies, it will be essential to measure expression in females, in addition to

males, so that the male-to-female expression ratio for each reporter gene insertion can
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be determined in each tissue/body segment. Because male-to-female expression ratio
is the measure typically used in studies of sex-biased gene expression, it will allow us
to compare our results to previous studies (e.g.Huylmans and Parsch, 2015).
Furthermore, additional X-linked lines should be included in the analysis in order to
increase statistical power. For example, in order to detect a strong (rho=0.5) or
moderate (rho=0.30) correlation as significant with a power of 80% and a significance
level of 5%, sample sizes of 28 or 84 would be needed, respectively (power test
‘pwr.r.test’ from the pwr package in R). Moreover, setting an upper limit to the
distance from the nearest DCC binding site could improve the analysis. It might be
more meaningful to take into account DCC binding site proximities only up to a
maximum of 50 kb, as the DCC operates on active gene domains of the genome
(Schauer et al.,, 2017), which are typically of this size and are arranged into three
dimensional structures (Schwartz and Cavalli, 2017). Besides, in the study where the
significant negative correlation between male-biased expression and DCC binding
sites in head and brain was described, 95% of the genes analyzed were located within
10kb of any DCC binding site (Huylmans and Parsch, 2015).

In conclusion, this study has contributed to our understanding of the regulation
of the X chromosome across various tissues in male D. melanogaster. First, we
demonstrated that the mechanism leading to suppression of the X chromosome does
not affect all genes to the same extent in the male germline. Our results suggest that
the chromosome-wide mechanism responsible for the suppression of X-linked, testis-
specific genes in the male germline has little or no effect on ubiquitously-expressed
genes with low levels of expression in testis. Second, we performed an initial study of
the relationship between the expression of X-linked reporter genes and their distance
to the nearest DCC binding site. Taken together, our findings point towards a complex
interaction among expression level, tissue-specificity, and dosage compensation that

regulates the expression of X-linked genes in males.
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Supplementary Table S1. Genomic locations of the autosomal transgene insertions.

Line Chr' Cyt. Coordinate® Location” Affected Proximal Distal
ID band’ gene5 gene6 gene6
A6 3R 88D5 14817989 intron/exon btsz
A10 3L 68E1 11821852 exon/intron,  CG5946, CG14130, Rpl10ADb,
exon CG11597 CG42255  CG32095,
CycA,
CG7264
A13 3R 90C5 17794503 5'UTR CG43102 pasil,
CG7379,
CG17803
A14 3R 93F14 21856246 5'UTR glec Gr93d Isn
A16 2R 55D1 18504287 inter CG30116  GstE11
A26 2L 30B10 9521294 inter CG33298  0Oatp308B,
CG31883
A27 2R 44F6 8913824 intron Pgi CG8252, lin,
CG30349, (CG34219,
CG8258 CG8248,
Spt
A28 2L 31A2 10057376 5'UTR Pen Cpr31A, Spn31A,
CG33301 CG44153
A29 2L 35D4 15762783 inter Gli, CG3793,
1(2)35Df wek, Ku80,
CG31826
A33 3L 70A3 13227763 inter caps
A39 4 102D4 704530 intron ey myo
A40 3L 61C8 699829 inter CG32483, (CG13895,
RabXé, Ckllalpha-i3
Vitila,
CG1389%94

| N
Chromosomal location

2 Cytological band
3 Coordinate based on D. melanogaster reference genome Release 6.09
* Type of genomic location, “inter” indicates intergenic regions
> Gene overlapping with the transgene insertion

¢ Gene found within 10kb of the transgene insertion
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Line Chr' Cyt. Coordinate’ Location” Affected Proximal Distal
ID band? gene5 gene6 gene6
2X X 6E4 6998549 inter Inx7, ogre Inx2
X1 X 9B6 10318800 intron alpha-Man- CG2909,
la Gip
X5 X 12F4 14826069 5'UTR rut CG14408,
CG14411
X8 X 2B13 1873539 exon Pgam5 CG14803, Vsp26,
Pex5, CG14817,
MED18, CG14805,
CG14814 CG14818,
CG14806,
trr
X9 X 13A9 15075124 intron Lsd-2 dob, opm, CG33177,
ND-B18 CG33178,
CG9065
X11 X 8B6 8894224 intron Moe CG1885,
Rbm13,
e(r)
X155 X 3Eé6 3720051 inter Rala Tlk
X20 X 3D3 3451351 inter CG12535
X21 X 6E4 6968661 3'UTR, 5' CG14431, CG4586
UTR CG32732
X22 X 12C1 13762705 inter Yp3, Rtc1, rdgB
CG32625
X23 X 10C5 11558520 5'UTR/intron  CG1572 Drak PGRP-SA,
Rpl1215
X24 X 19F4 21319242 5'UTR SLIRP1 CG33713, Dd,
Rpt6, CG1801 CG1486
X25 X 12E5 14222240 intron 1(1)G0007 CG11674,
mRpL38
X26 X 7D5 8057219 intron fs(1)h mys
X27 X 6E4 6998869 5'UTR/intron  Inx2 Inx7
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X28 X 18F4 19887117 3'UTR amn Hers

X29 X 1E4 1209204 inter CG14625,
CG11381,
CG14624

Hers

CG11382,
CG11398,
CG3638

' Chromosomal location
2 Cytological band
3 Coordinate based on D. melanogaster reference genome Release 6.09
* Type of genomic location, “inter” indicates intergenic regions
Gene overlapping with the transgene insertion
¢ Gene found within 10kb of the transgene insertion
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Supplementary Figure S1. Transgene mobilization mating scheme that is enabled by two
phenotypic markers. The red eye wild type phenotype (w') is indicative of the presence of the
transgene, while the white eye phenotype is indicative of the absence of the transgene (w). The
transposase gene located on the third chromosome is linked to the stubble bristle phenotype
(Sb), whereas the wild type bristle phenotype (Sb") is indicative of the absence of the
transposase. Initially a transformed female with an X-linked transgene insertion is mated to
males carrying the transposase. A male offspring that inherits both the transposase and the
transgene is mated to females lacking the transpose and the transgene. In case of a
mobilization event to the third chromosome, all red-eyed flies have stubble bristles. Such a
male is selected and mated to females lacking the transpose and the transgene. Transgenic
offspring without the transposase signal independent mobilization events off the third
chromosome (to the X chromosome or an autosome).
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Supplementary Figure S2. Location cross. To determine
whether a transgene is X-linked or autosomal a transformed
male (red eyes) is mated to yw females lacking the transgene
(white eyes). In case the transgene is X-linked it is inherited
exclusively by female offspring, whereas if it is autosomal it is
inherited by 50% of both male and female the offspring.
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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

PLOS Genetics | DOI:10.1371/journal.pgen.1005987  April 27,2016 2/24
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Fig 1. Structure of the MtnA locus. Two transcripts that differ only in their 3 UTRs have been annotated for MtnA (MtnA-RA and MtnA-RB). Dark blue
boxes represent the UTRs with the arrowheads indicating the direction of transcription. Orange boxes represent the coding exons. The thin lines joining the
coding exons represent introns. The location of the polymorphic indel, which is shared by both transcripts, is indicated by the red triangle. For the coding
genes flanking MtnA (CG 12947 and CG8500), only the whole gene model is shown.

doi:10.1371/journal.pgen.1005987.9001

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],
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@PLOS | GENETICS

Indel Polymorphism in MtnA

Ay B
12 - ONL c /]
26 -
— 41 (m ] )
s 2K 65 1
X 8- 5. ]
[ . < 4
%6'« 0)3-
N 44| 3
3 2 d} u:2'
4 |- l-|—1_
| |t “Il <
g_ I I||I |_|:J; O qRT-PCR RNA-seq

MtnA MtnB MtnC MtnD MtnE MtnA expression

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
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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
(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.



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

The diverse phenotypes found between populations or sexes of the same species are
reflected in gene expression variation that is usually achieved through alternative
regulation of gene expression. The local and chromosome-wide mechanisms of gene
expression regulation could be the results of an assortment of selective forces,

including those based upon external physical or internal chromosomal environments.

Chromosome-wide regulation

Tissue-specific genes on the X chromosome
In Chapter 1, | present my research regarding the regulation of tissue-specific genes
on the X chromosome. Previously, it was reported that tissue-specific genes, except for
ovary-specific genes, are underrepresented on the X chromosome (Mikhaylova and
Nurminsky, 2011; Meisel et al., 2012b). Based on that and the observed suppression of
X-linked testis-specific genes (Hense et al., 2007; Kemkemer et al., 2014), it was
consequently speculated that the expression of tissue-specific genes might be
suppressed generally on the X chromosome (Mikhaylova and Nurminsky, 2011). To
address this, | used tissue-specific reporter genes that were inserted randomly on the
autosomes and on the X chromosome and compared their expression.

Initially, | reanalyzed the expression of a testis-specific reporter gene that was

used in the study in which X suppression in the male germline was first demonstrated
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General Discussion

(Hense et al., 2007). | compared the expression of autosomal and X-linked reporter
genes in whole flies and carcasses with the testes removed and | was able to confirm
that X suppression occurs in the male germline (see Chapter 1). The X suppression
resulted in ~6-fold higher expression on the autosomes than on the X chromosome,
which is a difference in expression than would be not be expected even in the absence
of DC, as one copy of the reporter gene was tested in each case (Table 2).
Furthermore, by examining expression in carcasses, | was able to show that there was
no difference in the tissue specificity of autosomal and X-linked reporter genes. This
was a new result that demonstrated that the X chromosome is not an inherently
unfavorable environment for tissue-specific genes.

To further investigate X suppression, | compared the expression of autosomal
and X-linked tissue-specific reporter genes (Malpighian tubule, accessory gland, or
ovary) in whole flies and carcasses with the tissue of interest removed (see Chapter 1).
| did not detect any evidence of a chromosome-wide suppression mechanism acting on
the X chromosome in any of these tissues. Moreover, | showed that there is no
difference in the tissue-specificity of autosomal and X-linked genes, which indicates
that promoters of such tissue-specific genes can function equally well on the
autosomes or the X chromosome.

In the Malpighian tubule, a somatic tissue present in both sexes that is
analogous to the mammalian kidney, | found evidence for partial DC in males (Table
2). This finding is not surprising, since DC is known to occur in male somatic tissues.
Though, if the expression of Malpighian tubule-specific genes is not suppressed on the
X chromosome, it is puzzling why they would be underrepresented on that
chromosome, especially if the genes have essential functions in both sexes. Notably,
there is an excess of X-linked female-biased genes expressed in the Malpighian tubule,
whereas the chromosomal distribution of male-biased genes does not differ from that
of genes with unbiased expression (Huylmans and Parsch, 2014). What is more, aside
from the expression of genes performing functions expected of this tissue, such as
detoxification (Gullan and Cranston, 2010), there is also expression of genes that have

sex-specific functions, such as egg production and spermatogenesis (Huylmans and
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Parsch, 2014). Likewise, in the mammalian kidney genes with sex-specific functions
are also expressed such as hormones involved in sexual maturation.

In accessory gland, a male-limited somatic tissue equivalent to the mammalian
prostate gland, not only was there no evidence of X suppression, but instead there was
evidence of partial DC (Table 2), as the mean expression on the X chromosome was
1.15-fold higher than that on the autosomes. It is not clear if this is the result of DCC-
mediated DC, as it is probable that this small degree of increase in expression could be
the outcome of basal dosage compensation. Nevertheless, this finding has not been
previously described and implies that the strong underrepresentation of X-linked
accessory gland-specific genes is not driven by expression restrictions on that
chromosome.

In ovary, a female germline tissue, | find neither evidence of X suppression nor
higher expression on the X chromosome. This finding implies that the
overrepresentation of X-linked ovary-specific genes is not driven by the potential of

higher expression levels on that chromosome (Table 2).

Table 2. Summary of tissue-specific gene expression regulation on the X chromosome.

T e .. T AT T S 3 A i T
Tissue-specificity Suppression DC Representation Possible explanation
gene-specific sexual
Ovary no NA over )
antagonism
) gene-specific sexual
Accessory gland no partial under )
antagonism
o ) gene-specific sexual
Malpighian tubule no partial under )
antagonism
) chromosome-wide X
Testis yes no under

suppression

Supporting evidence regarding presence (yes), absence (no) or degree (partial) of X
suppression and dosage compensation (DC) comes from the different tissue-specific reporter
genes used in this dissertation.

Information about the representation (under- or over-) of native D. melanogaster tissue-
specific genes on the X chromosome was obtained from previous studies (Mikhaylova and
Nurminsky, 2011; Meisel et al., 2012b).
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A possible explanation for the underrepresentation of accessory gland-specific
and Malpighian tubule-specific genes on the X chromosome, as well as the
overrepresentation of ovary-specific genes on the X chromosome, could be sexually
antagonistic selection in which the fitness effect of an allele differs between males and
females. The fact that the X chromosome spends twice as much of its evolutionary
time in females as in males may result in the more frequent acquisition of dominant
mutations that are beneficial to females and detrimental to males, and more frequent
acquisition of recessive mutations that are beneficial to males and detrimental to
females (Rice, 1984; Charlesworth et al., 1987; Ellegren and Parsch, 2007) (Figure 14).
Indeed, there is an enrichment of genes in the Drosophila accessory gland that are
beneficial for male fertilization success (Innocenti and Morrow, 2010). In the same
vein, some of the accessory gland-expressed ACP proteins that are contained in the
seminal fluid have been shown to have a negative impact on female fitness (Wolfner,
1997). Characteristically, the gene of which the accessory gland-specific promoter was
used here (Acp26Aa) acts as a sex peptide that increases egg-laying, but suppresses a
female's receptivity to remating.

Similarly, several cases of sexual antagonism have been reported in mammals
(reviewed in Mokkonen and Crespi, 2015). A well-studied example is the association of
the hormone testosterone and immune function in the bank vole Myodes glareolus.
The alleles responsible for high testosterone levels in males that are beneficial for
reproductive success and social status, and therefore beneficial for their fitness, lead to

reduced immune function when they are present in females.
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Figure 14. Sexually antagonistic mutations. The mode of
inheritance of the X chromosome differs between the
sexes. As a consequence, it is expected that dominant
mutations (dark) that are female beneficial/male
detrimental (red), as well as recessive mutations (light)
that are male beneficial/female detrimental (blue), will
accumulate on the X chromosome.

Suppression of X-linked genes in the male germline
In Chapter 2, | aimed to better understand the mechanism responsible for the observed
X suppression in the male germline. If the entire X chromosome is affected, then a
non-native gene that is has at least basal expression in the male germline should also
be affected. Additionally, if X suppression is limited to the male germline, then it
should not affect the expression of an exogenous gene that is free of tissue-specific
and sex-specific regulation in somatic tissues. Surprisingly, | find that when a
promoter that is non-native to Drosophila is driving the expression of reporter genes in
male somatic tissues or the male germline, the reporter gene expression is not affected
by the X suppression mechanism that is known to affect other genes in the male
germline.

Taken together, these results demonstrate that the X chromosome is suppressed
only in the male germline of D. melanogaster and not in somatic tissues (Landeen et

al., 2016, see Chapter 1 and Chapter 2). Furthermore, X suppression affects testis-
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specific genes (Hense et al., 2007; Kemkemer et al., 2014), but not tissue-specific
genes as a whole (see Chapter 1), and also affects genes with broad expression
patterns (Landeen et al., 2016). It can therefore be assumed that X suppression is
mediated through a chromosome-wide mechanism present exclusively in testes. |
propose a model for the mechanism that leads to X suppression that is based on the
interaction of cis- and trans- elements. The cis-regulatory elements must be widely
distributed along the X chromosome, as the suppression seems to be global
(Kemkemer et al., 2011). Moreover, these elements are likely to be silencers, as they
tend to be tissue-specific and can act indirectly to inhibit transcription (see General
Introduction).

An interesting feature of the X suppression is the varying magnitude of effects
that it has on different testis-expressed genes, which is reflected in the findings
regarding autosomal and X-linked reporter genes (Figure 15). Four testis-specific
reporter constructs, one of which one was reanalyzed in this dissertation (CG7929)
(see Chapter 1), show different degrees of X suppression, with their mean expression
being 2.8-fold to 5.3-fold higher when autosomal than when X-linked. Additionally, the
X suppression mechanism seems to have little or no effect on genes with basal
expression, as the reporter gene with a non-native promoter tested here (see Chapter
2) shows no sign of X suppression, with its mean autosome-to-X expression ratio being
0.72.

A linear regression analysis (R?=0.75, P=0.036) indicated that the magnitude of
X suppression could be predicted from the mean autosomal expression level of a gene,
which can be used as a proxy of its potential expression level. Put differently, the
higher the potential expression level of a gene is, the greater the degree of X
suppression. This combination of findings provides support for the hypothesis that the
mechanism interferes with genes that exceed a certain expression threshold and
reduces their expression level below that threshold (Figure 16). The existence of an
upper limit of expression on the X chromosome is also hinted at by two observations
from an RNA sequencing study in wild-type testis (Gan et al., 2010). First, the median

expression level of native X-linked genes is significantly lower when compared to
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autosomal genes. Second, the expression of the X-linked gene with the highest

expression is still lower than the expression of several autosomal genes.
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Figure 15. Degree of X suppression in the male germline of D.
melanogaster as revealed by reporter gene constructs. The mean X-linked
(light blue) and autosomal (dark blue) reporter gene expression using
male flies or dissected testes (CMV), as well as the autosomal to X-linked
expression ratios (number above the bars) are shown. The expression of
three previously published testis-specific constructs (CG1374, CG12681,
CG10920) (Kemkemer et al.,, 2014) is shown after normalization (6 flies
were used per biological replicate, in contrast to 5 flies for the other
constructs). An additional testis-specific construct used in a previous
study (Hense et al., 2007) was reanalyzed here (CG7929). The
ubiquitously-expressed construct (CMV), used in this dissertation, is also
shown.
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Figure 16. Proposed model for the regulation of the X chromosome in the male germline of D.
melanogaster. Testis-specific silencer elements (black boxes) enriched along the X
chromosome, but not on the autosomes, lead to suppression (black arrows) of genes that are
expressed above a certain threshold (dashed line). The promoters (boxes with dotted outline)
of housekeeping (green boxes) and testis-specific (blue boxes) genes have the potential to
drive moderate and high expression on the autosomes. Genes that are not testis-specific or
housekeeping and therefore have only basal expression in testis are not affected by the X
suppression, as they do not reach the expression threshold.
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It is common for species with heteromorphic sex chromosomes to face selective
pressures for inactivation of the sex chromosomes in the gonads of the heterogametic
sex. MSCI is present in species that have different sex chromosomes such as mammals
with XY in males (see General Introduction), chicken with ZW females (Schoenmakers
et al., 2009), and grasshopper (Cabrero et al., 2007) and nematode with X0 males
(Bean et al., 2004). Also, it has been suggested that MSCI is a conserved mechanism in
vertebrates (Namekawa and Lee, 2009).

X suppression in Drosophila is similar to MSCI in that it is present in the male
gonads and is a chromosome-wide expression inhibition mechanism. Yet, the two
mechanisms are not completely analogous, because they inhibit expression in different
extents. MSCI is marked by a massive switch-off of X-linked genes (although some
escape inactivation) leading to complete inactivation (da Cruz et al., 2016), while when
X suppression occurs the X-linked genes are still expressed but in lower levels than
the autosomal genes. Also, it is possible that those mechanisms act at different
developmental stages of spermatogenesis. Even though 40% of X-linked genes are
downregulated in meiotic cells in Drosophila testis (Vibranovski et al., 2009b), the
onset of X suppression is not known. It is likely that it is already established in
premeiotic cells, including germline and somatic cells, and maintained in meiotic cells
(Meiklejohn et al., 2011), while MSCI occurs in prophase of the first meiosis (Turner,
2007). Accordingly, it is not clear whether those mechanisms evolved to serve a similar
purpose. In view of the observed patterns, it is plausible to wonder: Why is there a
necessity of evolving a spectrum of mechanisms for the suppression of the sex
chromosomes in the heterogametic sex? Among several hypotheses that have been put
forth to provide evolutionary explanations include non-homologous recombination
prevention, sexual antagonism, and as a defense against selfish meiotic drive
elements.

Meiotic recombination is essential for the introduction of genetic variability
upon which selection for adaptive traits can act. In spite of this, in the heterogametic
sex recombination events are commonly suppressed between the non-homologous sex
chromosomes as predicted by the Haldane-Huxley rule (Bell, 1982). This is thought to

happen as a protective mechanism (e.g. MSCI) to avoid the potentially deleterious
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outcomes of aneuploidy, such as developmental and mental retardation in humans
(Hassold and Hunt, 2001). However, in D. melanogaster recombination of homologous
chromosomes does not occur during meiosis in males (reviewed in McKee et al.,
2012). So, if the risk of erroneous recombination does not have to be eliminated
through the action of suppression mechanisms, this could not provide a good
explanation for the existence of X suppression. However, it is possible that the X
suppression is an evolutionary leftover. In line with this scenario is the finding that in
Drosophila testis-specific genes have evolved strong promoters, presumably to
compensate for X suppression (Landeen et al., 2016).

Sexual antagonism, namely the situation where traits have different fitness
optima among the sexes, could be the driving force of the germline inactivation in the
heterogametic sex, known as the SAXI (Sexual Antagonism and X Inactivation)
hypothesis (Wu and Xu, 2003). Since the X chromosome spends two thirds of its
evolutionary time in females, it could become a favorable environment for genes
whose expression is beneficial in females, but deleterious to males. This is supported
by the genomic distribution of sex-biased genes (Connallon and Knowles, 2005).
Hence, suppression mechanisms could evolve, including X suppression, for genes that
are detrimental to male fitness. Notably, some form of X suppression as well as an
underrepresentation of X-linked male-biased genes that are mainly testis-expressed
has been reported for the mosquito Anopheles gambiae (Magnusson et al., 2012). In
contrast, even though the mammalian male-biased genes are underrepresented on the
X chromosome, those with testis expression are overrepresented (Wang et al., 2001).

Meiotic drive is the phenomenon where an allele of a selfish gene can induce
destruction of the portion of gametes that do not carry it. As a result, the frequency of
the driver allele can increase in the population, although it decreases the fitness of the
individuals who carry it, as half of the gametes are not able to contribute to the
reproductive success of those individuals. For instance, in stalk-eyed flies the presence
of a driving X chromosome in males leads to eradication of the gametes bearing the Y
chromosome (Hurst and Pomiankowski, 1998). Consequently, the progeny has a sex
ratio that does not follow Mendelian inheritance with almost all of the offspring being

female. If, however, the father has a suppressing Y chromosome the effect of the
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driving X chromosome is avoided. Meiotic drive can be harmful for the sperm and the
population if there is an unequal sex ratio. Thus, due to selective pressures for sperm
survival and for balancing of the sex ratio to 50:50, a protective mechanism could have
evolved in which the expression of genes, including of those with driver properties, is
suppressed. In agreement with this hypothesis is that the X chromosome is a hotspot

for male sterility factors (Presgraves, 2008).

Dosage Compensation

In Chapter 2, | performed a pilot study regarding the influence of DCC-mediated DC on
male gene expression in D. melanogaster. | show that the proximity of a reporter gene
with an exogenous promoter to the HAS, MSL2, and MSL3 binding sites of the DCC
does not correlate with the expression in male heads, testes or carcasses containing
the rest of the somatic tissues. Nevertheless, distance to the nearest MLE binding site
seems to have a monotonic and linear relationship with male somatic expression, with

the expression being increased the further away the binding site is located.

Local regulation

When a species expands through colonization of diverse niches, its local
subpopulations face distinct selection pressures. These pressures can lead to local
adaptation that are often the result of expression variation involving individual genes
(Wray et al.,, 2003). To date, several studies in Drosophila detected remarkable
expression variation between African and European populations in various tissues
(Hutter et al., 2008; Mduller et al., 2011; Catalan et al., 2012; Huylmans and Parsch,
2014). Nevertheless, even though many genes can be considered candidates for
adaptive regulatory divergence, there is still a lack of specific, well-documented
adaptations such as insecticide resistance (Daborn, 2002) and xenobiotic resistance
(Mateo et al., 2014).

In Chapter 3, | investigated a case of local adaptation. The Metallothionein A
gene (MtnA) that shows expression variation in natural populations of D. melanogaster

has an indel polymorphism in its 3" untranslated region (UTR). The 3' UTR of a gene is
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a region containing elements that are often involved in post-transcriptional regulation
of expression (reviewed in Barrett et al., 2012). The derived allele has a deletion of 49-
bp in the 3' UTR and shows a clinal distribution across Africa and Europe, as well as
across North America and Australia, with very low frequencies in sub-Saharan Africa
and very high frequencies in northern Europe. We found that the deletion allele leads
to 4-fold higher MtnA expression compared to the ancestral sequence. In addition, we
found that the deletion is associated with increased oxidative stress tolerance. This is
suggestive of local adaptation, with the deletion and associated high expression of
MtnA being favored in temperate, northern environments. Another study provides
evidence for increased oxidative stress tolerance in derived D. melanogaster
populations. In this case, the increased tolerance is associated with the insertion of
Bari-Jheh transposable element in a cis-acting element of Jheh genes (Guio et al.,
2014). This insertion is also under selection (Gonzalez et al., 2008). Therefore, it is
seems that oxidative stress have been a selective constraint on the colonization of new
environments. Oxidative stress can be caused by cytotoxic reactive oxygen species
(ROS) which are produced through regular metabolic processes but also through
environmental factors such as radiation, UV light or exposure to toxins. Given the wide
range of stressors that could lead to an increased production of ROS, it is difficult to
determine which one (or perhaps more than one) was the key stressor in the MtnA
case. A potential stressor that is more prominent within some regions, such as
northern Europe, could be the exposure to cold temperatures or thermal fluctuations
which has been shown to induce oxidative stress in insects (Lalouette et al., 2011).
One of the well-described examples for human local adaptations is also
characterized by population variation of allele frequencies. The lactase persistence
trait, i.e. the ability to digest lactose as an adult, achieved through expression of the
LCT gene encoding the enzyme lactase, is commonly found in populations that have
traditionally domesticated cattle. LCT expression is regulated by cis-regulatory
elements and some variants have been linked to persistence of expression in
adulthood (Tishkoff et al., 2007). The frequency of these regulatory variants is very
high (>90%) in northern European and some African populations that regularly

consume milk. In contrast, the variants are found in intermediate frequencies in
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southern Europe and the Middle East and in low frequencies in Asian and African
populations that have different dietary habits.

Although expression variation is often caused by regulation of expression at the
transcriptional level via variation in the proximal promoter (see General Introduction),
this is not the case for the MtnA gene as the large deletion in the 3'"UTR is likely to
affect regulation at the posttranscriptional level, for example through deletion of a
micro RNA binding site. It is therefore essential to study individual candidate genes

since local regulation might be achieved by very diverse means.

Outlook

The analysis of native tissue-specific and non-native promoters in D. melanogaster
undertaken here has extended our knowledge about the phenomenon of X suppression
in the male germline. Nonetheless, the genes responsible for X suppression and the
precise molecular mechanism through which it is achieved remain to be elucidated.
Future research could approach this topic by focusing on determining genes that have
trans effects in the mechanism. A promising methodology could involve mutagenesis
of a fly line carrying an X-linked testis-specific reporter gene with a known expression
pattern. Random point mutations or deletions in the genome could easily be induced,
for example with the use of a mutagenic agent (Phadnis et al., 2016). If a resulting
mutation is introduced within trans-acting factors and the suppression pathway is
interrupted, then this will be manifested on the expression level of the reporter gene
by reaching expression levels similar to those of autosomal reporter genes. The
identification of the mutated regions will be the first step for uncovering the molecular
mechanism of X suppression.

My research on the impact of the DCC-mediated DC on the genomic distribution
of male-biased genes provides a framework for the exploration of the relationship
between sex-biased gene expression and genomic location. A future study with an
experimental design akin to the one applied here could test male-to-female expression
ratios of reporter genes in multiple somatic tissues. To have sufficient statistical

power, this should be carried out with approximately 80 fly lines. In addition, an upper
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threshold of 50 kb for the gene proximity to DCC binding site should be set so that the
results can be compared with previous studies. Lastly, the numerous MLE binding
sites that do not coincide with the HAS (colocalization of MSL2 and MLE) might not be
informative or even misleading with regard to the DCC binding, as their function is
unknown. For that reason, | recommend that in a future study only MSL2 and HAS

binding sites be used, as they are likely to be the best indicators of DCC binding.

Final Remarks

The following conclusions can be drawn from this dissertation.

» Local regulation of gene expression can be achieved via variation in different
types of functional genetic elements, such as upstream regulatory sequences or
untranslated regions. Therefore, in order to understand the environmental
pressures and the underlying molecular mechanisms of local adaptation, it is
important to inspect individual candidate genes.

» Chromosome-wide regulation of gene expression can differ between males and
females, as well as across different tissues. Furthermore, it can affect the gene
content of specific chromosomes, which is evident from the genomic
distribution of tissue-specific and sex-biased genes.

» Patterns of gene expression on the X chromosome of D. melanogaster are the

result of a complex interaction between sex, tissue and gene expression level.
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