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Abstract

Abstract

The development of a multicellular organism relies on the precise spatio-temporal expression
of regulatory genes, which assign cell identities and define spatial domains for future traits.
This expression is controlled by enhancers—regulatory DNA sequences that determine when,
where, and how much of a gene is expressed. Enhancers are traditionally described as small,
modular elements that activate transcription regardless of their orientation or distance from the
target promoter. This definition is largely based on qualitative assessments that focus on an
enhancer’s ability to drive a specific spatial expression pattern in reporter assays. However,
such an approach often overlooks DNA fragments that do not alter the spatial pattern but may
still influence transcript abundance, leading to a disproportionate focus on minimal enhancer
elements necessary for spatial specificity. Studying regulatory elements in a broader context
and using quantitative approaches is important, as our perception of enhancers and their
structure strongly influences our understanding of the mechanisms that shape the regulatory

landscape and drive the evolution of morphological phenotypes.

Using the regulatory locus of the yellow gene in Drosophila, this dissertation investigates how
regulatory information is distributed and how spatial and quantitative aspects of gene
expression are encoded in the DNA sequence. By systematically dissecting the regulatory
region and employing an image registration pipeline, this study quantitatively analyzes
enhancer activities responsible for gene expression in the wings and body of the fly. The
findings reveal that yel/low enhancers span a large genomic region, extensively overlap, and are
densely packed with regulatory information. Moreover, the tested enhancers exhibit high levels
of pleiotropy, challenging the conventional view of enhancer modularity. These observations

have significant implications for both enhancer function and evolution.
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Zusammenfassung

Zusammenfassung

Die Entwicklung eines multizelligen Organismus beruht auf der pridzisen rdumlich-zeitlichen
Expression regulatorischer Gene, die Zellidentititen zuweisen und rdumliche Doménen fiir
zukiinftige Merkmale definieren. Diese Expression wird durch Enhancer kontrolliert —
regulatorische DNA-Sequenzen, die bestimmen, wann, wo und in welchem Ausmal} ein Gen
exprimiert wird. Enhancer werden traditionell als kleine, modulare Elemente beschrieben, die
die Transkription unabhidngig von ihrer Orientierung oder Entfernung zum Zielpromotor
aktivieren. Diese Definition basiert groftenteils auf qualitativen Bewertungen, die sich auf die
Fahigkeit eines Enhancers konzentrieren, in Reporter-Assays ein spezifisches raumliches
Expressionsmuster zu erzeugen. Ein solcher Ansatz libersieht jedoch hdufig DNA-Fragmente,
die das rdaumliche Muster nicht verdndern, aber dennoch die Transkriptmenge beeinflussen
konnen, was zu einer unverhdltnisméfigen Fokussierung auf minimale Enhancer-Elemente
fiilhrt, die fiir die rdumliche Spezifitit notwendig sind. Die Untersuchung regulatorischer
Elemente in einem breiteren Kontext und unter Anwendung quantitativer Methoden ist wichtig,
da unsere Wahrnehmung von Enhancern und ihrer Struktur unser Verstindnis der
Mechanismen, die die regulatorische Landschaft formen und die Evolution morphologischer

Merkmale antreiben, mafigeblich beeinflusst.

Anhand des regulatorischen Lokus des yellow-Gens in Drosophila untersucht diese
Dissertation, wie regulatorische Information verteilt ist und wie rdumliche sowie quantitative
Aspekte der Genexpression in der DNA-Sequenz kodiert sind. Durch die systematische
Zerlegung der regulatorischen Region und den Einsatz einer Bildregistrierungs-Pipeline
analysiert diese Studie quantitativ die Enhancer-Aktivititen, die fiir die Genexpression in den
Fliigeln und dem Korper der Fliege verantwortlich sind. Die Ergebnisse zeigen, dass yellow-
Enhancer eine grofle genomische Region umfassen, sich stark iiberlappen und dicht mit
regulatorischer Information gepackt sind. Dariiber hinaus weisen die getesteten Enhancer ein
hohes MaR} an Pleiotropie auf, was die konventionelle Vorstellung von Enhancer-Modularitét
infrage stellt. Diese Beobachtungen haben weitreichende Implikationen sowohl fiir die

Funktion als auch fur die Evolution von Enhancern.
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Introduction

Introduction

1. Mechanisms of Enhancer Function

1.1 Enhancers modulate gene expression.

Development depends on precise expression of regulatory genes

Multicellular organisms start from a single cell, and through developmental process, grow and
shape into their adult form. After fertilization, the zygote begins to divide, differentiating into
distinct cell types and increasing the spatial complexity of the organism. In each species this
process is highly reproducible and follows a conserved scheme. Development is orchestrated
by a set of regulatory genes that define the identity, fate, and function of each cell. In the early
stages of development, these genes first outline the general body plan of the organism, and with
each subsequent step, define more spatial domains, creating a blueprint for future traits. For
example, in Drosophila embryos, the presence of factors like Bicoid and Hunchback in one part
of the embryo defines the anterior-posterior axis, while the presence of Dorsal and Toll outlines
dorso-ventral regions [1], [2]. Later Hox genes specify different body segments such as the
head, mouthparts, thoracic, and abdominal segments [3]-[5]. Often, the expression patterns of
these regulatory genes prefigure the shape of the trait they regulate. The expression patterns of
segmentation genes such as Krueppel, hairy, and giant in the blastoderm of a Drosophila
embryo resemble the segmented pattern observed on the larval cuticle 24 hours later.
Disruptions in the expression of patterning genes can result in developmental disorders and
diseases. For example, a Krueppel mutation is lethal, and embryos homozygous for this
mutation lack thoracic and anterior abdominal segments (Fig. 1), [1], [6]. The effects of
mutations in patterning genes have also been observed in humans. The Hox genes encode
transcription factors that play a fundamental role in embryonic morphogenesis and are
functionally conserved throughout the animal kingdom [7], [8]. Hox proteins are essential for
determining primary and secondary body axes. Mutations in Hox genes have been linked to
various human disorders, including skeletal and limb malformations, neurodevelopmental
disorders, and craniofacial abnormalities. Additionally, because Hox genes regulate cellular
proliferation and growth control, their mutations have also been associated with an increased

risk of developing cancers [9].
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Figure 1. Phenotypes of Drosophila mutant larvae lacking different patterning genes. The
expression domains of each gene are indicated by rectangles in the larva on the left. Mutant
larvae on the right lack specific patterning genes, resulting in the loss of corresponding

segments. This figure is reused from C. Niisslein-Volhard & E. Wieschaus, 1980, with

permission from the publisher.
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Enhancers are regulatory sequences modulating gene expression

In 1953 the uncovering of DNA's structure marked the beginning of a new era in biology. The
genetic code was deciphered, technologies advanced, and within the next two decades,
scientists were able to amplify, clone, and sequence genomic DNA. It soon became clear that
the complexity of an organism was not determined by the number of genes, but rather by the
variety of gene regulatory mechanisms. The first steps in understanding gene regulation were
taken with the discovery of the classic bacterial operon, which included a repressor and an
activator located upstream of the transcription start site [10], [11]. However, the transcription
regulation of eukaryotic genes mostly remained a mystery for another two decades. Then, in
1981, Banerji et al. demonstrated that a piece of DNA from the genome of the simian virus 40
(SV40) had the capacity to alter gene expression [12]. When cloned together with the
hemoglobin B-chain gene from the rabbit and tested in HeLa cells, this 72 bp long fragment
enhanced the transcription of the gene by 200 times. Similar elements were soon discovered in
the genomes of the polyoma, bovine papilloma, and Moloney sarcoma viruses, and later in the
DNA of the mouse immunoglobulin constant region locus [13]. These genomic elements,
termed enhancers, were shown to activate gene transcription irrespective of their orientation

and location relative to the transcription start site (Fig. 2), [14].

Enhancers regulate quantitative and spatio-temporal aspects of gene expression

Not only were enhancers modulating gene expression, but they were doing so in a tissue-
specific manner. Polyoma virus showed higher efficiency in mouse cells and SV40 virus
induced stronger expression in primate cells [15]. Similarly research done on the
immunoglobulin heavy chain (/gH) enhancer identified sequence motifs essential for the cell
type-dependent activation and determined that binding of the lymphoid-specific factors were
major determinants of such activity [16]. During development, enhancer specificity allows
precise activation of regulatory gene expression in both space and time.

Enhancers regulate transcription levels, that is the rate of transcription initiation from a core
promoter by RNA Pol II. The production of the correct amount of transcript for a given gene is
crucial for the proper functioning of an organism. Changes in transcript abundance can lead to
developmental disorders. For example, mutations in the ZRS enhancer, which regulates the

Sonic hedgehog (Shh) gene, can result in various limb defects, including preaxial polydactyly
type 2,
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Figure 2. Schematic representation of a regulatory locus. Regulatory elements are located
in accessible chromatin regions, allowing transcription factors to bind to DNA. This binding

leads to the recruitment of mediator proteins and RNA polymerase, initiating transcription.
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triphalangeal thumb polysyndactyly, syndactyly type 4, and Werner mesomelic syndrome [17],
[18].

1.2 The role of transcription factors

Enhancers act as a platform that interacts with transcription factors

Enhancer sequences contain DNA motifs recognized by transcription factors (TFs), a group of
proteins involved in transcribing DNA into RNA [19]-[21]. TFs contain a DNA-binding
domain that recognizes and binds to specific target sequences in the genome, as well as other
domains that mediate interactions with various proteins or small molecules. The interaction
between TFs and transcription factor binding sites (TFBSs) depends on shape complementarity
and the ability to establish electrostatic, hydrophobic, or hydrogen bond interactions. Binding
can also occur at nonspecific or low-affinity sites, although they are often nonfunctional.
Functional binding, on the other hand, takes place in regulatory regions where multiple binding
sites are present. This process is followed by the recruitment of coactivators and mediator
complex components, resulting in enhancer-promoter looping, which ultimately leads to

transcriptional activation.

Enhancers are estimated to be regulated by 5-6 TFs that can act as both activators and
repressors. A combination of such tissue-specific factors will define regions of enhancer
activity. A classic example is the regulation of the even-skipped (eve) gene in Drosophila. eve
is a segmentation gene that plays a crucial role in the embryonic establishment of the antero-
posterior axis and is expressed in a series of seven stripes, defining the body plan of a fly. The
enhancer driving the expression of its second stripe is one of the most studied enhancers and is
regulated by four different TFs that bind to 12 sites distributed over the length of the enhancer.
Two activators, Bicoid and Hunchback, drive the expression of eve in the entire anterior half of
the embryo; however, localized repressors, Giant and Krueppel, restrict its expression within

the stripe 2 domain [22].

Transcription factors work synergistically

TFs often do not act in isolation but exhibit cooperativity, significantly enhancing their
regulatory impact on gene expression. This cooperativity can manifest through several
mechanisms, one of which is the simultaneous binding of multiple TFs to adjacent DNA sites
within an enhancer region [23], [24]. Such collective binding can lead to a synergistic effect on

transcriptional activation by facilitating the recruitment and binding of additional cofactors or
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by altering the chromatin structure to make it more accessible for transcriptional machinery
[25].

In addition to enhancing activation levels, cooperativity can modify the binding preferences of
TFs. Sequence motifs to which TFs bind are 8-10 bp long and in long DNA sequences would
occur often. Cooperative binding can increase specificity in a cell-type-specific manner. For
example, during early Drosophila embryogenesis, Twist has a preference for sites co-bound by
Zelda, Snail, and Dorsal, but at later stages, its binding correlates with binding sites for Tinman
and Chorion factor 2 [26]. Direct protein-protein interactions also play an important role and
can affect specificity, depending on whether the factor is acting alone or in a pair [27]. For
example, the transcription factor Fos can bind to DNA as a homodimer toward the minor groove
or as a heterodimer with Jun toward the major groove [28]. The differential binding of these
dimers is driven by DNA bending in opposite directions and is believed to lead to opposing
transcriptional effects.

TFs provide cell-type-specific instructions for enhancers, allowing them to act at the right time
and place and to correctly respond to environmental changes. However, not only the type and
combination of TFs can modulate gene expression. Aspects like binding site affinity,
orientation, or distribution can also affect transcription initiation. The role of these parameters

in gene expression is called enhancer grammar and will be discussed in a later chapter.

1.3 DNA accessibility

The role of chromatin in gene regulation

Inside the nucleus of eukaryotic cells, DNA is not just floating freely. Instead, it is carefully
organized and packaged to fit within the limited space. This organization is achieved by
compacting the genome into chromatin, a dynamic complex of DNA, proteins, and RNA that
plays a crucial role in regulating gene expression, replication, and repair. The structural unit of
chromatin is called a nucleosome, which consists of a DNA molecule wrapped around histone
proteins, forming a bead-like structure (Fig. 2). The occupancy and topological organization of
nucleosomes determine how easily other proteins can interact with chromatinized DNA [29]—
[31]. The topological organization of nucleosomes is not uniform throughout the genome. In
heterochromatin, a transcriptionally inactive and densely structured form of chromatin,
nucleosomes are tightly packed, restricting access to regulatory proteins. In contrast,
euchromatin is more loosely packed and actively participates in transcription [32], [33].

Chemical modification of histones, which involves the addition or removal of chemical groups
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to histone proteins, can alter how DNA is packaged and accessed. These modifications, such as
methylation, acetylation, and phosphorylation, can either loosen or tighten chromatin structure,

thereby influencing whether genes are actively expressed or kept silent [34].

Enhancer activity requires accessible DNA

While enhancers function through the binding of TFs, they alone cannot guarantee gene
expression. DNA accessibility is a fundamental requirement for enhancer function, as it allows
TFs and other regulatory proteins to access specific DNA sequences necessary for initiating
transcription. The chromatin structure at enhancers is less compact, with reduced nucleosome
occupancy and specific histone modifications that promote an open chromatin state, thus
facilitating TF binding [35]. Only 2-3% of the total DNA sequence in the genome is accessible,
yet it captures more than 90% of regions bound by TFs [33]. The accessibility landscape is not
static and responds to regulatory inputs. Nucleosome occupancy can range from closed to
accessible. Between these two states is permissive chromatin, which is sufficiently dynamic to
allow TFs to establish a locally open chromatin conformation [36], [37]. This regulation is
bidirectional: TFs compete with histones to modulate local DNA access, and in turn, the cell-
type-specific accessibility landscape, regulated by other factors, such as pioneer factors,

promotes TF binding [33], [38]-[41].

Enhancers self-regulate accessibility using pioneer factors

Pioneer factors are a unique class of TFs that play a pivotal role in chromatin dynamics. They
can bind specific sites on nucleosomal DNA. Thereby, they facilitate binding of other TFs by
promoting the transition between closed and open states of chromatin —a crucial step for
lineage-specific gene expression during development [42], [43]. For example, the pioneer factor
Zelda is essential for zygotic gene activation in Drosophila. Embryos lacking Zelda are
defective and fail to activate genes essential for blastoderm formation [44]. Pioneer factors have
a high affinity for closed chromatin and can bind their target sites on nucleosomes. After
binding, they induce chromatin decompaction and partial DNA unwrapping, such as the binding
of OCT4, which has been shown to result in the unwrapping of 25 base pairs [45]. They not
only contribute to chromatin remodeling but also play a role in the demethylation of mammalian
enhancers, increasing their activity and gene expression [46]. The local regulation of DNA
accessibility is an essential feature of enhancers that allows precise cell type-specific regulation
of gene expression, and the evolution of binding sites for pioneer factors has been shown to

contribute to the evolution of novel traits, as developed in the following section.
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Modification of accessibility plays an important role in regulatory evolution

Evolution of regulatory regions can occur through the acquisition or loss of binding sites de
novo or within existing enhancers. These changes include not only elements encoding spatial
information, like tissue-specific TFs, but also binding sites for factors that regulate DNA
accessibility. Comparing regulatory sequences between Drosophila melanogaster and
Drosophila erecta has shown differences in the distribution of motifs for both patterning factors
like Bicoid and the pioneer factor Zelda, which induces open chromatin [47]. Changes in the
accessibility profile can be a step leading to the evolution of novel morphological traits. For
example, some Drosophila species have a pigmentation pattern on the wing that has been lost
and gained multiple times during evolution [48]. It has been demonstrated that a regulatory site
identified in melanogaster, a spotless species, ensures local opening of chromatin that uncovers
a repressor binding site, suppressing expression in the spot region [49]. Mutations can occur
anywhere in the DNA, but the tissue-specific accessibility landscape of the genome determines

which binding sites can be functionally active and which will remain silent.

1.4 Genome three-dimensional architecture

Enhancers loop to the promoter to transfer regulatory information

Various aspects of enhancer function have been described over the years, including the binding
of TFs, nucleosome depletion, the presence of histone post-translational modifications, and
even the transcription of enhancers. Nevertheless, we still do not fully understand the precise
mechanism by which enhancers interact with their target genes. It has been determined that
before an enhancer can activate gene expression, it needs to establish a connection with its
cognate promoter. This connection provides the means for transferring information necessary
for transcription initiation. Numerous studies have explored a variety of possible mechanisms,
which have been summarized and discussed in detail [S0]-[52]. These mechanisms may include
the transfer of protein complexes from enhancers to promoters, the movement of TFs that help
recruit co-activators to the promoter, the establishment of local concentrations of crucial
proteins near the promoter through clustering or phase separation, and enhancer-mediated post-

translational modification of promoter-bound histones.

Genome’s three-dimensional conformation can facilitate enhancer-promoter interactions
Enhancers can activate different promoters over large distances, skipping other regulatory
elements that might reside in between. The precise mechanism of the search for a cognate

promoter is not known, but there are multiple factors that might contribute to enhancer-
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promoter (E-P) specificity. The presence of specific and compatible sequence motifs in
enhancers and promoters might be necessary for establishing the connection. It has been
proposed that housekeeping and developmental genes have distinct sequence motifs that only
allow interactions within these groups [53]. Another mechanism for ensuring specificity might
come from promoter repression through reduced accessibility, which prevents unwanted
activation. The 3D genome structure has also been proposed as another mechanism regulating
E-P interactions. The spatial organization of the genome brings certain regions into close
proximity, through topologically associating domains (TADs) that enable enhancers to interact
more frequently with their target promoters or other regulatory sequences [54], [55].
Additionally, TADs can act as insulators, restricting interactions with other genomic regions.
The three-dimensional organization of DNA provides an additional mechanism for regulating
enhancer activity and shaping the genome's regulatory landscape by determining which
elements can interact. For example, a study by Keough et al. analyzed genome conformation
across 241 mammalian genomes and identified conserved loci that evolved at an accelerated
rate in the human lineage. They demonstrated that changes in 3D genome organization can drive

species-specific traits by altering regulatory interactions between genes and enhancers [56].

1.5 Enhancers and Evolution

Changes in cis drive morphological evolution

After the discovery of DNA structure and advancement in molecular biology techniques,
scientists sought to understand what kind of changes in genes are responsible for the evolution
of morphological diversity. In 1975, King and Wilson investigated genetic differences between
species that had been thoroughly compared at the organismal level and substantially differed in
anatomy and way of life, namely humans and chimpanzees [57]. They compared the amino acid
sequences of 44 proteins and found only a 1% divergence between the two species. This high
similarity contrasted sharply with the significant phenotypic differences between humans and
chimpanzees. Further studies also showed high conservation of developmental genes across
animal taxa. For example, the Pax6 gene, a master regulator for eye morphogenesis, is highly
conserved in coding sequence and function among humans, mice, and even Drosophila [58],
[59]. It was becoming clear that substantial differences in the morphology of various species
had to stem from regulatory changes. Morphological evolution seems to be driven by changes
in regulatory sequences rather than protein sequences; i.e., through cis-regulatory elements

rather than trans-acting factors.
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Gene regulatory networks are modified through changes in cis

A gene regulatory network (GRN) is a collection of molecular regulators that interact with each
other to govern gene expression and control a variety of cellular functions such as cell growth,
tissue patterning, cell migration, morphogenesis, differentiation, or cell death. The fundamental
unit of such networks is a link between a TF and a cis-regulatory element. A single factor can
bind to and activate a high number of genes. The androgen receptor, for example, has been
shown to bind to cis-regulatory elements of 172 genes [60], and the transcription factor Twist
has been demonstrated to target 500 genes [61]. Global alterations in such vast networks can
disrupt crucial developmental processes. Deleterious mutations in the protein-coding sequences
of factors like Twist will affect the expression of hundreds of genes and may not be tolerated
by the organism. Changes in the cis-regulatory elements, on the other hand, can modify the
network without affecting a vast number of its members. Mutations in enhancers can create or
disrupt binding sites, thus creating or removing links between different transcription factors, a
process often referred to as network rewiring. In this scenario, it is possible to reshape a
regulatory network without jeopardizing the survival of the organism, but yet potentially

contributing to the evolution of novel traits.

Enhancer modularity lowers the fitness cost of mutations

One of the main reasons why enhancers are thought to be the biggest contributors to
morphological evolution is their modular nature [62]. One of the distinct features that has been
demonstrated since the early days of their discovery is the ability to drive specific and localized
gene expression. For a gene that is active in different tissues or at different time points, each
activity can be regulated by a distinct modular enhancer. For example, the pigmentation gene
vellow is expressed in various tissues in Drosophila and is regulated by multiple enhancers that
drive expression in the body (head, thorax, abdomen), wings, wing veins, and bristles.
Modularity has strong evolutionary implications, as it provides regulatory flexibility, which
may be essential for the evolution of novel traits. Deleterious mutations occurring within a
modular enhancer will affect only a limited population of cells, while activities in other tissues,
regulated by different enhancers, remain unaffected. Such compartmentalization reduces the
fitness cost of mutation by having a limited effect on gene activity and giving the organism
higher chances of survival. By contrast, a mutation in a gene’s protein-coding sequence that
alters its function will impact all cells in which the gene is expressed. Depending on the

functional importance of the gene, such changes might not be tolerated. For example, the gene
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wingless plays a crucial role in signaling during multiple developmental processes, including
segment polarity and wing development; mutations in its coding region are lethal. However, a
small deletion in its cis-regulatory region results in a viable adult fly that lacks wings [63]. This
illustrates a broader principle in developmental biology: genes involved in fundamental
processes often exhibit complex spatio-temporal expression patterns, regulated by multiple
enhancers for tissue- and stage-specific control. Such regulatory complexity enables mutations
in individual enhancers to have localized effects without disrupting essential gene functions

across the entire organism.

2. Enhancer Architecture

The structure of regulatory sequences reflects their function

The way we define enhancers is not just a technical matter - it fundamentally shapes how we
understand their function and evolution. Their definition is heavily influenced by the methods
used to study them. The types of DNA fragments tested for reporter activity, the experimental
setup, and the parameters used for computational analysis shape how we represent enhancers
and, as a result, how we think about their evolutionary potential. In this section, I will discuss
the current representation of enhancers and their architecture at different scales, from how
regulatory information is distributed in the genome to specific loci and clusters of binding sites.
I will explore how various methods influence our perception, what parameters should be
considered when investigating enhancer function, and what assumptions we can make

regarding the evolutionary mechanisms that shape the regulatory landscape.

2.1 Genomic Location

The difficulty to predict the localization of regulatory sequence

Genome size varies greatly among organisms and does not directly correlate with the number
of genes or organismal complexity. However, as genomes increase in size, the proportion of
coding sequence to non-coding DNA changes drastically. In viruses, prokaryotes, and smaller
eukaryotes, non-coding DNA occupies 15%-20% of the genome. By contrast, in genomes larger
than 100 Mb, around 90%-98% of the genome consists of non-coding sequences [64]. In human
and mouse genomes, only 1.5% encodes proteins. Interestingly, however, 5% of these genomes
are under purifying selection [65], suggesting the importance of additional features that might
include untranslated regions, non-protein-coding genes, chromosomal structural elements, and

regulatory sequences such as enhancers. Multiple studies have shown an association between
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large intergenic sequences and the complexity of gene expression [66], [67]. Analyses of non-
coding sequences in C. elegans and D. melanogaster revealed that developmental genes with
complex functions are flanked by longer intergenic sequences compared to housekeeping genes
[68]. Another study found that neural genes expressed in multiple tissues have longer intergenic
regions compared to neural genes expressed only in a few tissues [67]. It is hard to estimate the
proportion of the genome with regulatory function, as enhancer prediction is associated with
numerous difficulties. While protein-coding genes have well-defined structures and conserved
features, such as start and stop codons, enhancers lack a general language for their sequences.
Regulatory elements can be located upstream or downstream of genes, or within introns, and
can act on their target genes either proximally or from great distances. All these factors make it

difficult to identify enhancers and their target genes.

Features associated with enhancers are used for their identification

Various characteristics are used for the genome-wide identification of regulatory elements.
Enhancers are associated with accessible chromatin, specific epigenetic marks, and
transcription factor binding sites. Advances in DNA sequencing technologies have facilitated
the development of genome-wide methods for identifying putative enhancers. Specific histone
modifications, such as H3K27ac and H3K4mel, are hallmarks of active and primed enhancers,
and can be used to identify regulatory sequences in the genome. The Assay for Transposase-
Accessible Chromatin using sequencing (ATAC-seq) is a technique used in genomics to assess
chromatin accessibility. It helps identify open regions in the DNA where transcription factors
and other regulatory proteins can bind, indicating active areas of gene regulation. This method
utilizes a transposase enzyme that inserts sequencing adapters into open chromatin regions. The
DNA is then sequenced, allowing researchers to map these accessible areas across the genome.
Another way to localize putative enhancers is with Chromatin Immunoprecipitation sequencing
(ChIP-seq). It is a powerful method used to analyze protein interactions with DNA and can be
used to globally map binding sites for any protein of interest.

Additionally, Chromosome Conformation Capture (3C) assays facilitate analysis of the
genome's three-dimensional architecture and identification of interacting sequences. This
method involves crosslinking, ligation, and subsequent sequencing of fragments that are
proximate in three-dimensional space. Because enhancers interact with their target promoters

and other enhancers, a genomic map of these interactions can help identify functional elements.

In addition to sequencing-based methods, other high-throughput approaches like Massively
Parallel Reporter Assays (MPRA) have been developed to experimentally evaluate the
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regulatory potential of genomic sequences. This method allows researchers to test thousands of
fragments of DNA to see how each element affects gene expression, helping to identify and

characterize functional regulatory elements.

While methods for enhancer prediction continue to improve, it's crucial to recognize that these
approaches are highly sensitive to the experimental design and arbitrarily set parameters during
analysis [50]. A study comparing nine different MPRA methods highlighted that design
differences, such as integrated versus episomal reporters, the 5’ versus 3’ location of the
enhancer, and the size of the tested fragment, all influence the results [69]. 3C methods vary in
their capture radius, significantly influencing the reported contact probability between
interacting sequences. If the enhancer-promoter interaction radius is significantly smaller than
the capture radius, it will lead to an overestimation of interaction probabilities. If it is much
larger, some enhancer-promoter interactions will be missed. Analysis pipelines can introduce
biases in enhancer prediction from sequencing-based methods due to sensitivity to various
parameters. Algorithms need to filter out noise and determine active peaks. Setting high
thresholds during peak calling might miss weaker signals, while low thresholds might include
too much noise. Machine learning approaches for predicting enhancers depend on the training
dataset and reflect biases in the results. Most putative enhancers remain experimentally

untested, making it difficult to predict their activity or functional relevance in the genome.

The genomic location of regulatory regions is often conserved

Although enhancer sequences are not always conserved across species, their genomic location
often is [48], [70]-[72]. A comparison of the regulatory loci of the shavenbaby gene between
D. melanogaster and D. virilis, species that diverged 40 million years ago, revealed no clear
orthologs and very little sequence conservation. However, functional analysis of the D. virilis
regulatory region showed that five out of six enhancers were located in the same relative
positions and drove similar expression patterns, despite their lack of sequence conservation
[72]. Similarly, a study of the yellow regulatory region across six Drosophila species found that
while the local arrangement of enhancers varied significantly, they were all mapped within two
regulatory regions adjacent to the yellow transcription start site [73]. This conservation suggests
that enhancer function may require specific distance to the promoter. Genomic location may
also be influenced by the global cell type-specific chromatin architecture. As enhancers have
been shown to loop to their target promoters and interact with other cis-regulatory elements,
the three-dimensional conformation of DNA likely plays a crucial role in facilitating these

interactions [74]. It has been demonstrated that the characteristics of inter-chromosomal
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contacts are largely conserved across vertebrate 3D genomes. This includes conserved TAD
boundaries and similar gene-gene contact profiles among related species. Regions that differ in
3D organization have been associated with species-specific gene expression [75], [76]. This
suggests that genome architecture can define the regions where regulatory information resides

and can constrain the evolution of regulatory elements outside of permissible loci.

Some genomic regions accumulate regulatory elements

Is regulatory information distributed evenly across the genome? Some studies point to genomic
hotspots densely packed with regulatory elements. A series of genome-wide sequencing-based
studies introduced the concept of "super-enhancers." These are classes of regulatory regions
characterized by high levels of activator binding and chromatin modifications. Initially
identified in mouse embryonic stem cells, super-enhancers were marked by strong binding of
the master regulators Oct4, Sox2, and Nanog, clustering within 12.5 kb of each other, and
showing enrichment of Med1 [77]. Subsequently, they have been identified in a variety of cell
types based on the enrichment of binding sites for master regulators near genes that determine
cell fate. Super-enhancers are associated with pluripotency genes, exhibit strong activity in
luciferase-based reporter assays, are located close to the transcription start site (TSS), and are
often found in conserved regulatory regions [77]-[79]. However, whether super-enhancers
represent a novel regulatory paradigm distinct from previously defined enhancers has been
debated [80]. Many features of super-enhancers may be a direct result of a biased definition.
The use of specific parameters to define super-enhancers does not always have a strong
biological rationale. For example, setting high thresholds for peak calling during the analysis
of ChIP-seq data might explain the particularly strong activator binding observed in super-
enhancers, and selecting regions with a high number of binding sites could account for their
high expression levels in reporter assays. Additionally, the choice of transcription factors
analyzed can influence the perceived association of super-enhancers with specific biological
functions.

Enhancers are more likely to evolve in regions that already harbor regulatory activity.
Accessible chromatin is essential for the development of functional enhancers. Regions with
open chromatin are more likely to accumulate regulatory sequences than areas with closed
chromatin, which require an additional evolutionary step to modify chromatin conformation.
Co-opting the activity of existing enhancers may provide a quicker path to developing novel
functions [81]. For example, a yellow enhancer driving a spotted expression pattern in

Drosophila wings evolved independently twice, in the D. melanogaster and D. obscura groups.
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Despite evolving in different parts of the yellow locus, both instances of evolution occurred
within the context of preexisting wing enhancers [48]. For the D. melanogaster group, the spot
enhancer evolved in the vicinity of the enhancer driving a background activity in the wing while
in the D. obscura group, it evolved next to an ancestral element activating gene expression in

the wing veins.

2.2 Enhancer size and enhancer cores

Enhancers are classically defined as short DNA fragments

Enhancers are usually described as small regulatory elements spanning a few hundred base
pairs. Small clusters of binding sites activated by a few transcription factors are sufficient for
transcription initiation. The first described enhancer, SV40, consisted of only 72 bp, and even a
single binding site was shown to have activity in synthetic enhancers [12], [82]. While some
studies suggest that regulatory information in the genome can be distributed over larger
fragments, the vast majority of research focuses on sequences under 800 bp. This is mainly due
to the focus on identifying fragments necessary for driving an expression pattern that
recapitulates the expression pattern of the endogenous gene, sometimes referred to as minimal
or core enhancers [22], [83]. Another reason why enhancers are described as short is that most
studies use qualitative approaches focusing on spatial expression dismissing qualitative aspect
and as a result not taking into consideration fragments that modulate the amount of transcripts.
While minimal enhancers are essential for transcription initiation, they can be insufficient to

drive endogenous levels of gene expression.

Regulatory information can be distributed over longer fragment

Qualitative approaches commonly used in enhancer research often overlook the quantitative
effects on gene expression, neglecting the contribution of larger enhancer fragments. Enhancer
activity is tested using reporter constructs and assessed by the presence or absence of the correct
expression pattern. Increasing the size of the tested enhancer often does not alter the expression
pattern and, as a result, is not considered to significantly contribute to gene expression or
contain essential regulatory elements. However, evidence suggests that regions flanking
minimal enhancers contribute to transcriptional output. For example, in the even-skipped locus,
adding 320 bp to the minimal stripe 2 enhancer increased transcription levels fivefold [84].
Such quantitative differences can be crucial for the successful outcome of a developmental
process, or even for survival, particularly under unfavorable environmental conditions, where
robust gene expression is essential. Transgenic fly lines containing only the minimal stripe 2
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enhancer (with flanking regions removed) produce viable flies under normal conditions.
However, environmental perturbations like temperature changes negatively impact viability,
suggesting that these flanking regions play a role in temperature compensation, likely by

increasing levels from the minimal enhancer expression [85].

Sequences outside of minimal enhancers also contribute to evolutionary changes. A study
dissecting the even-skipped locus in Drosophila erecta showed that the stripe 2 enhancer
ortholog failed to drive significant expression in D. melanogaster. However, an extended
enhancer region containing multiple binding motifs for the pioneer transcription factor Zelda
was able to drive normal expression [47]. This finding highlights the importance of studying
enhancer function and evolution at the level of entire loci rather than focusing solely on minimal

enhancers.

Sequences outside of the minimal enhancer can have distinct functions

Minimal enhancers contain information that regulates transcription in both space and time;
however, additional aspects of gene regulation might be encoded in cis. Analysis of sequences
beyond minimal enhancers suggests that longer fragments may carry diverse types of
information. A study described facilitator elements adjacent to the classical enhancer of the
human adenosine deaminase gene. These elements do not exhibit independent activity but
enhance reporter expression, possibly by influencing chromatin structure [86]. Another study
investigating facilitator elements in the a-globin super-enhancer suggested their role in
enhancer RNA (eRNA) production, cofactor recruitment, and enhancer-promoter interactions
[87]. A study comparing MPRA results across different fragment lengths found significant
differences in enhancer activity between short (192 bp) and long (678 bp) sequences. Features
associated with enhancer activity in longer fragments included components of RNA Polymerase
III, the AP-1 complex, core histone-modifying enzymes, and an increased number of
transcription factor binding sites [69]. Differences in the structure of enhancers have also been
reported in a study that described “complex enhancers” composed of fragments from different
evolutionary origins, with older “core” and younger “derived” sequences. The report indicates
that derived sequences have distinct constraint profiles, transcription factor-binding
preferences, and tolerance to variation compared to cores [88]. These studies suggest that
information isn’t distributed evenly in enhancers and might contribute to different aspects of

transcription regulation.
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Methodologies can bias our perception of enhancer size

Methods used for studying and analyzing enhancers can introduce biases regarding enhancer
size and distribution of regulatory information. The focus on shorter sequences in experimental
approaches also extends to computational approaches. Massively parallel reporter assays
predominantly use short DNA fragments under 200 bp. Training machine-learning models on
such data biases enhancer predictions toward short sequences, reinforcing the assumption that
regulatory information is confined to small DNA fragments. Although longer fragments are
more challenging to test experimentally, they contain a substantial amount of biological
information [69]. Enhancer prediction using sequencing-based methods such as ATAC-seq and
ChIP-seq also strongly depends on arbitrarily chosen parameters, which can bias predictions
toward short regulatory fragments. During analysis of sequencing data, focusing only on
regions with very high peaks and binning them into small discrete intervals may lead to the
selective identification of short, highly active enhancers while overlooking larger regulatory

regions that play diverse roles in gene expression.

Some studies predict longer enhancers

Despite the prevailing focus on short enhancers, exceptions exist. A study using ENCODE data
to predict enhancers in human pancreatic islets coined the concept of stretch enhancers, which
span large genomic regions [89]. While most predicted enhancers were under 800 bp, a
significant fraction contained regulatory elements spread over 3,000 bp. Stretch enhancers were
more cell-type-specific and were associated with robust gene expression. Within this analysis,
enhancer length correlated with cell specificity, suggesting that longer enhancers play crucial
roles in tissue-specific gene regulation. Stretch enhancers appear to differ from super-enhancers
in several ways; they are located further away from the transcription start site, and are less
conserved than super-enhancers, and contain more markers of poised enhancers, that are
partially repressed and activate gene expression after reception of the appropriate signal [79].
Stretch enhancers were shown to have reproducible activity in cell culture and mouse embryo
reporter assays. However, it remains unclear whether they consist of evenly distributed
regulatory elements or contain localized clusters of transcription factor binding sites. Further
studies comparing stretch enhancers with classical enhancers that include extended flanking
regions could provide insights into their mechanism of action.

Research on minimal enhancers has significantly advanced our understanding of gene
regulation and led to indispensable tools for genomic research such as the GAL4/UAS system.

Studying shorter sequences is often more convenient, both experimentally and computationally.
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However, to develop a nuanced understanding of enhancer function and the evolutionary
mechanisms shaping genomes, it is crucial to analyze larger DNA loci and consider how

experimental and analytical designs influence enhancer characterization.

Enhancers are defined as modular fragments

Modular activity of enhancers is one of their fundamental features and is reflected in their
structure. A textbook image of a regulatory region is a series of regulatory blocks sequentially
distributed on DNA and driving independent, distinct activities. A classical example of a
modular enhancer is the even-skipped (eve) locus. Eve encodes a homeodomain protein that is
crucial for segmentation in Drosophila and is expressed in seven distinct stripes during
embryogenesis. This activity is driven by multiple enhancers, with each enhancer regulating the
expression of one or two stripes. These enhancers were initially described as being ~500 bp
long, separated by kilobase-long spacers that ensure proper gene function [90]. Such structure
might be shaped evolutionarily, by constraining enhancers to narrow fragments that allow
tissue-specific activity or provide spacing that might be important for interactions among
regulatory sequences. Another mechanism creating distinct modules might involve insertion of

transposable elements that acquired regulatory function.

Pleiotropic nature of enhancers

One regulatory element can activate multiple expressions. This ability of a DNA fragment to
encode regulatory information for driving multiple expressions in different contexts is referred
to as enhancer pleiotropy. An increasing number of studies describe pleiotropic enhancers,
which regulate multiple genes or function in multiple tissues. Different activities can be
regulated by distinct sets of TFBSs located in the same region, or by pleiotropic binding sites
that are active in multiple contexts. For example, a single base pair mutation in the enhancer of
the scute gene has been shown to contribute to bristle loss in developing genitalia and bristle
gain in developing legs [91]. Similarly, pleiotropic sites have been identified in the £6 enhancer
of the shavenbaby gene, regulating gene activity simultaneously in embryonic and pupal
epidermis [92]. Deciphering whether an enhancer contains independent sets of binding sites
that are intertwined or pleiotropic binding sites is challenging because it requires detailed

analysis of separate motifs and their contributions to different activities.

The strict modular view of enhancers may be partially reinforced by experimental design. If

enhancer activity is tested only in specific tissues or at specific time points, additional
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regulatory roles may be overlooked. Furthermore, qualitative analyses may fail to detect subtle
changes in expression patterns across different tissues. For example, the shavenbaby gene is
regulated by seven enhancers, originally described as functioning exclusively in embryos.
However, thorough and systematic dissection revealed that these enhancers are active in
multiple developmental contexts, driving expression in various tissues during larval and pupal
development [92]. Even in classic models like eve, later studies suggested potential overlap in
regulatory information between the stripe 2 and stripe 3+7 enhancers, challenging the strict
modular structure [93]. Another pleiotropic enhancer of eve has been shown to drive expression

in ganglion mother cells, neurons, and the anal plate ring [94].

Understanding the structure of enhancers and the level of their modularity is important as it
uncovers evolutionary constraints of regulatory sequences. While modular enhancers have a
limited effect on gene function, deleterious mutations in pleiotropic sequences will affect larger
cell populations and might not be permitted. A study demonstrated enhancers that show activity
in both the developing limbs and genitalia of mice. Similar enhancers were also identified in
Anolis lizards and surprisingly snakes. The conservation of limb enhancer sequences in snakes
can be explained by their utilization during genitalia development [95]. Another study
compared liver enhancers identified from genome-wide histone modification profiles of ten
mammalian species and showed that enhancers exhibiting higher conservation are active across
more cellular contexts, regulate more genes, and are less tolerant to loss-of-function mutations
than species-specific enhancers [96]. These studies highlight how the pleiotropic nature can

result in stronger constraints on regulatory sequences.

2.3 Enhancer grammar

Enhancer sequence encodes rules of gene transcription

For an enhancer to function effectively, multiple transcription factors must bind to TFBSs
leading to the recruitment of transcription machinery and the activation of gene expression.
This process involves various DNA-protein and protein-protein interactions that can be
influenced by features such as the number, spacing, orientation, and binding affinities of TFBSs.
The set of rules determining how an enhancer sequence translates into expression activity is
known as enhancer grammar. One of the earliest studies on enhancer grammar focused on the
human interferon-beta (IFN-f) gene, demonstrating that the proper function of the gene relies
on a precise helical relationship between individual TFBSs [97]. Another study showed the
interplay between the affinity and organization of transcription factor binding sites, where
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organization can compensate for low affinity and vice versa [98]. At the same time, some
enhancers show flexibility regarding their sequence composition. Many enhancers in closely
related species have very low similarity in the enhancer sequences while expressing genes in a
conserved pattern. A comparison of the even-skipped locus in six species of scavenger flies and
Drosophila melanogaster revealed that while their expression patterns were nearly identical,
there was little sequence similarity between species. Only a small number of short (20-30 bp)
conserved sequences enriched for pairs of overlapping or adjacent binding sites were identified
[71]. This indicates a certain flexibility in the regulatory sequence that allows different versions
of enhancers to produce similar expression patterns. There is a debate over which aspects of
transcription factor binding site distribution are crucial for enhancer function, how much

flexibility there is, and whether there are general rules that apply to all enhancers.

Three main models describe rules of the enhancer grammar

There are several models that try to summarize rules of the enhancer grammar. The
Enhanceosome Model suggests a very rigid organization where the exact arrangement of TFBSs
is crucial for the function of the enhancer. This model suggests that a precise spatial
configuration of transcription factors bound to the enhancer is required to initiate transcription.
The most iconic example of the enhanceosome is the /FN-f gene where single point mutations
that move or remove the binding site of individual proteins disable its enhancer, suggesting that
an overall protein-DNA superstructure is crucial [97].

The Billboard Model represents the opposite scenario, where there are no strict rules on the
arrangement of TFBSs. In this model, the presence of necessary TFBSs within the enhancer is
sufficient, regardless of their order or orientation. A study testing a compact synthetic enhancer
in Drosophila embryos showed that closely apposed transcription factor binding sites can be
interpreted independently by transcriptional machinery [99]. While the Billboard model
suggests complete flexibility regarding site arrangement, enhancers that function in any

combination and arrangement of binding sites have not been demonstrated.

The TF-Collective Model suggests a more flexible interaction where multiple transcription
factors collectively occupy the enhancer without a strict motif arrangement, emphasizing the
importance of transcription factor interactions over the specific sequence or spatial
configuration. Using ChIP-seq and reporter assays, researchers studied heart enhancers in flies
and discovered that active enhancers need a certain number of TFBSs to attract necessary

proteins through direct DNA interactions. Once enough TFs bind to these sites, they can help
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recruit additional TFs through interactions among themselves [100]. Such co-occupancy occurs

in the absence of specific motif organization.

In reality, these models most likely represent the range of possibilities in transcription
regulation, with billboard and enhanceosome models representing opposite ends of a spectrum.
A single enhancer can incorporate aspects of these models to various degrees. The degree to
which enhancers incorporate these features is shaped by molecular mechanisms driving the
activity of separate enhancers and evolutionary constraints that differ based on the rigidity of
the grammar. Billboard and TF-collective models are more flexible and operate under low
sequence conservation as they can easily adapt to TFBS changes. The enhanceosome model,
on the other hand, will be more conserved, as any alterations in the sequence, order, or spacing
of TFBSs will disrupt enhancer function. Understanding enhancer grammar is crucial because
it enables us to decipher the complex instructions for development encoded in our genomes,
helping us design synthetic, tissue-specific enhancers and predict how genetic variations within

enhancers influence diseases and evolutionary adaptations.

3. Yellow as a model for studying enhancer function and evolution.
yellow is developmental gene regulating pigmentation

vellow (y) is a developmental gene that plays a crucial role in insect pigmentation. As a member
of the gene family that regulates melanin synthesis pathways, it contributes to the production
of dark pigments in the cuticle, forming the characteristic black coloration patterns observed on
the body, wings, larval mouthparts and bristles of the fruit fly. Mutations in the y gene result in
lighter, yellowish body pigmentation, hence its name.

The precise molecular function of y remains unknown, but it is thought to play a direct role in
melanin synthesis. One crucial step in melanin production in insects is the conversion of
dopachrome to 5,6-dihydroxyindole, and some members of the y gene family have been shown
to act in this process as dopachrome conversion enzymes (DCE) [101]. Additionally, yellow
has been shown to act in an alternative melanin production pathway that uses dopamine as a
melanin precursor [102]. Yellow-h has been identified as an enzyme in this biosynthetic
pathway [103]. Other hypotheses include Yellow acting as a hormone or a growth factor [104]

or serving as an anchoring pigment in the cuticle layer [105], [106].
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yellow is regulated by multiple enhancers

vellow is expressed in different tissues, and its expression pattern has been shown to prefigure
pigmentation in adult flies across many species. This pleiotropic activity is regulated by
multiple modular, tissue-specific enhancers that control expression in the body (head, thorax,
abdomen), wings, wing veins, and bristles. These enhancers are distributed in two regions: in
the intergenic region directly upstream of the y transcription start site and in the intronic region.
Kalay and Wittkopp analyzed the y regulatory regions of six species, including members of the
Drosophila (mojavensis, virilis, grimshawi) and Sophophora (melanogaster, pseudoobscura,
willistoni) subgenera [107]. This study revealed that while the bristle enhancer was consistently
mapped to the intron, enhancers driving expression in the thorax, abdomen, and wings, on the
other hand, map to different regions in the locus. Depending on the species, these activities may

be driven by intergenic, intronic, or both regions.

Changes in yellow regulatory sequences contribute to the morphological evolution

The yellow gene's regulatory region has been a model for studying the evolution of
morphological features. Pigmentation is a rapidly evolving trait, and changes in the regulatory
sequences of y have been shown to contribute to this evolution. A dark pigmentation spot on
the wing of some Drosophila species is one of the best-studied examples of evolution in cis.
The spot has been gained and lost multiple times in different species [48]. Within the D.
melanogaster group, there have been at least five independent losses of spof enhancer activity.
For example, in D. mimetica and D. gunungcola, mutations in a small number of binding sites
were sufficient to abolish y expression in the spot region. Interestingly, wing spots have evolved
independently at least twice in the D. melanogaster and D. obscura groups. In D. tristis (D.
obscura group), the intron-spot enhancer evolved within an intron, unlike in the D.
melanogaster group, where the spot enhancer, a distinct element with a similar activity, was

mapped in the upstream intergenic region.

Yellow enhancers demonstrate pleiotropic activities

Most studies depict the y regulatory region as a collection of modular enhancers, each driving
distinct tissue-specific expression. However, more detailed analyses suggest that this view may
oversimplify the structure of regulatory sequences. Kalay et al. (2019) demonstrated that
fragments from intergenic and intronic regions in D. melanogaster, D. pseudoobscura, and D.
willistoni could drive multiple activities in different spatial elements. Various enhancer

fragments were driving overlapping activities, demonstrating robustness and expressing cryptic
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patterns that might reveal the evolutionary history of the region. Such analysis demonstrated
the complex organization of the region and highlights the need for detailed and systematic

analysis.
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Aim of the Study

This dissertation investigates how regulatory information is distributed in a locus containing
multiple enhancers. I present studies that test enhancer modularity and explore the evolutionary

mechanisms that shape regulatory regions.

As a model, I used the yellow locus in Drosophila biarmipes. Yellow is a developmental gene
that prefigures pigmentation in the body and wings of a fly and is regulated by multiple
enhancers located directly upstream of its transcription start site (5’ regulatory region). We
created a series of reporter lines containing various fragments of the 5’ region and imaged fly
wings and the abdomen to investigate how changes in the enhancer sequences affect the
expression of the reporter. We used an image registration pipeline to overlap images and

statistically analyze changes in fluorescence levels and expression patterns.

In the first chapter, I helped investigate the positional relationship between two enhancers that
are thought to have evolved through co-option. The wing blade enhancer drives a background
expression pattern in the fly wing and is thought to serve as the foundation for the evolution of
the novel spot enhancer. The goal was to map these enhancers and examine whether there is a

functional dependence between them.

In the second chapter, I expand the investigation to the body enhancer by evaluating its activity
in the fly abdomen. To understand how multiple activities are encoded in the same region, I
analyzed the types of expression patterns regulated in the abdomen and how this information is
distributed throughout the entire 5’ regulatory locus. The goal was to assess the sequence and

functional independence of multiple enhancers driving the activity of the yellow gene.

In the last chapter, I contributed to a project focusing on the local arrangement of binding sites
in the spot enhancer. Using systematic mutations, we tested how spatial and quantitative aspects

of gene expression are encoded in the regulatory region.
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The diversity of forms in multicellular organisms originates largely
from the spatial redeployment of developmental genes [S. B. Carroll,
Cell 134, 25-36 (2008)]. Several scenarios can explain the emergence
of cis-regulatory elements that govern novel aspects of a gene ex-
pression pattern [M. Rebeiz, M. Tsiantis, Curr. Opin. Genet. Dev. 45,
115-123 (2017)]. One scenario, enhancer co-option, holds that a DNA
sequence producing an ancestral regulatory activity also becomes
the template for a new regulatory activity, sharing regulatory infor-
mation. While enhancer co-option might fuel morphological diversi-
fication, it has rarely been documented [W. J. Glassford et al., Dev.
Cell 34, 520-531 (2015)]. Moreover, if two regulatory activities are
borne from the same sequence, their modularity, considered a defin-
ing feature of enhancers [J. Banerji, L. Olson, W. Schaffner, Cell 33,
729-740 (1983)], might be affected by pleiotropy. Sequence overlap
may thereby play a determinant role in enhancer function and evo-
lution. Here, we investigated this problem with two regulatory ac-
tivities of the Drosophila gene yellow, the novel spot enhancer and
the ancestral wing blade enhancer. We used precise and comprehen-
sive quantification of each activity in Drosophila wings to systemat-
ically map their sequences along the locus. We show that the spot
enhancer has co-opted the sequences of the wing blade enhancer.
We also identified a pleiotropic site necessary for DNA accessibility of
a shared regulatory region. While the evolutionary steps leading to
the derived activity are still unknown, such pleiotropy suggests that
enhancer accessibility could be one of the molecular mechanisms
seeding evolutionary co-option.

transcriptional regulation | regulatory evolution | pattern formation |
chromatin | enhancer

Evolutionary co-option happens when an ancestral biological
object is recycled to a new function while maintaining its an-
cestral role. Novel cis-regulatory elements (transcriptional en-
hancers), for instance, may emerge through co-option of a
preexisting element. In this case, the ancestral and the derived
regulatory functions map to overlapping DNA segments, which we
define as structural co-option. They may share ancestral compo-
nents such as ancestral transcription factor binding sites (TFBSs),
bringing co-option to a functional level but resulting in a func-
tional dependency or pleiotropy (1-5). Because the boundaries of
transcriptional enhancers are difficult to define precisely, it is most
often challenging to assess sequence overlap and regulatory plei-
otropy when a new regulatory activity emerges in the vicinity of an
ancestral activity (6-8). An enhancer is typically defined on the
basis of its activity, notably in a transgenic context, using reporter
assays as a segment of sequence sufficient to direct a spatiotem-
poral transcriptional activity resembling that of their original tar-
get gene (9-12). In developmental biology, enhancer boundaries
are defined from a DNA sequence sufficient to recapitulate spe-
cific elements of the endogenous expression pattern of the cor-
responding gene. This definition has several limits. One limit, not
addressed in this study, is that the biological context in which
enhancer activity is assessed differs from the native genomic and

20636-20644 | PNAS | August 25,2020 | vol. 117 | no.34

transcriptional context. Another limit is that it focuses on the
relative spatial distribution of the regulatory activity, the pattern,
rather than on its quantitative aspects and is therefore likely to
reveal only partial enhancer sequences and to miss pleiotropic
effects. Moreover, fragments are often chosen either arbitrarily or
based on sequence conservation or genomic marks to limit the risk
of disrupting functional features. These fragments can pinpoint
minimal enhancers but fail to determine whether the same se-
quences at their locus of origin are necessary and sufficient to
recapitulate the transcriptional activity of their cognate target
gene (13-15). Finally, the representation of enhancers as rectan-
gular boxes or stretches of sequence eludes the actual distribution
of regulatory information along the enhancer sequence with dif-
ferent segments contributing different inputs (activation, repres-
sion, permissivity) and different activity levels. In an attempt to
overcome most of these limits, we examine here the molecular
relationship that a new regulatory activity entertains with a nearby
ancestral activity.

While the wings of Drosophila are uniformly shaded with light
gray pigment, some species, including Drosophila biarmipes, have
gained a pattern of dark pigmentation, a spot, at the wing tip (7).
The expression of the gene yellow (y) in the wings during pupal
life is necessary both to the wing blade shading and to the spot
pattern (16). These two components of yellow wing expression
result from two distinct regulatory regions, the ancestral wing
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blade enhancer (referred to as “wing” in other publications) and
the recently evolved spot enhancer (6, 7, 17-21). In D. biarmipes,
both activities map within 6 kb upstream of y transcription start
site (6) (v 5" region) (Fig. 14). Two short adjacent regulatory
fragments (~1.1 kb together) within this y 5" region drive distinct
spatial expression in the spot and uniformly in the wing blade,
respectively (6, 16). It is, however, unclear to what extent se-
quences surrounding these fragments at their locus of origin also
contribute to each transcriptional activity. It is equally unclear
whether or not the contributing sequences of the two enhancers
overlap. Because both activities are driven in the same tissue and
developmental stage, it is technically and conceptually chal-
lenging to evaluate the distribution of regulatory information
quantitatively and assess possible pleiotropic effects.

Testing the hypothesis of enhancer structural co-option in our
system required us to link regulatory information distributed in
DNA to activities measured with quantitative spatial reporter
expression. Using classical reporter assays in transgenic Drosoph-
ila, we mapped regulatory information with two series of nested
fragments, depleting sequence information from the 3’ end or the
5" end. This approach reveals the contribution of DNA segments
along the sequence, including sequences that cannot drive activity
alone and whose activity depends on nearby sequences. A simple
qualitative assessment of the reporter activity resulting from each
construct is, however, insufficient to produce a precise regulatory
map. Moreover, qualitative or semiquantitative approaches would
not allow us to separately measure each regulatory activity be-
cause of the spatial and temporal overlap with the other activity.
This prompted us to develop a generic quantification pipeline to

comprehensively describe variation in reporter expression levels
across the wing. Finally, with an appropriate analytical framework,
we have mathematically separated the two activities, although they
drive in the same tissue and developmental stage. Our results in-
dicate that the regulatory information spans a much wider region
than previously described and that, unexpectedly, the ancestral wing
blade and the derived spot activities overlap extensively. Further, the
molecular dissection of the overlapping region led us to uncover a
site with pleiotropic effects in the core of the derived enhancer,
which proved to regulate chromatin accessibility.

Results

To evaluate how the wing blade and the spot activities are dis-
tributed along y 5’ sequences of D. biarmipes and to test whether
they are intertwined, we derived two series of reporter constructs
from the y 5’ region (Fig. 1B) and tested them in Drosophila
melanogaster. The first series (D) consists of distal (5") trunca-
tions, while in the second series (E), we randomized increasingly
longer segments of wild-type proximal (3’) sequence, keeping the
total fragment size constant (identical to that of construct D2). In
each series, the largest intact fragment is a reference for the
complete regulatory information (D0 in the 5’ dissection and D2
in the 3’ dissection) (Fig. 1B). These two series allow us to
measure how a segment modulates regulatory information, when
the information in 3’ (D series) or in 5’ (E series) of this segment
is preserved. We define as enhancer core any segment that, in its
local genomic context (including the distance to the core pro-
moter), is necessary and sufficient to drive significant levels of a
given activity (see below).
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Fig. 1. Quantitative mapping of wing regulatory activities at the yellow locus. (A) The top line represents the 5’ region of the yellow locus from D. biarmipes;
the green and blue bars indicate the respective locations of spot and wing blade, respectively, as originally mapped (6). (B) Two series of fragments derived
from y 5’ region (D series, red; E series, blue) were tested in reporter constructs in D. melanogaster. The dotted lines in the E series represent randomized
sequences (Materials and Methods); @ and RR stand for an empty reporter vector and a vector containing a completely randomized fragment, respectively.
The area shaded in green in B, D, and E identifies a previously studied regulatory component (16), spot’®. (C) Images of average reporter expression of all
individuals for each construct in the wing at emergence from the pupa according to the color map below. Note that spot’ appears strictly necessary to any
activity in the spot region (compare D4 with D5 and compare E4 with E5). (D) Overall loss of regulatory information (fluorescence levels) along the sequence
(base pairs). The loss of phenotypic information measures how much truncating or randomizing a fragment affects the whole activity relatively. It is estimated
by the ratio g%, where Py, P, and P, are the phenotypes of construct x, construct DO or D2 (the largest constructs of each series as a reference for that
series), and the empty construct g in the PCA space, respectively, plotted as a function of the distance to the starting point of the randomization (series E) or
truncation (series D). Error bars represent the SD of the phenotype of each construct in PCA space normalized by the distance d(Ps,Pres). (E) Density of
regulatory information along the y 5’ region (fluorescence levels per base pair). It is technically the first derivative of the regulatory information loss shown in
D. For each series, it represents the phenotypic distance (in PCA space) between two consecutive constructs divided by the number of base pairs that changed
between those two constructs. It indicates the regulatory contribution per base pair of each DNA segment measured in each series.
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We imaged 27 wings on average (minimum 22; maximum 39)
for each construct and used them to precisely quantify spatial
reporter expression (referred to as phenotype) driven by each
construct in the wings of transgenic D. melanogaster, used here as
an experimental recipient with site-specific transgenesis (22)
(Fig. 1C). We summarized the variation in activity across the
wing (both pattern and levels) from each series of constructs with
principal component analysis (PCA), producing a comprehensive
description of the phenotypic variation (SI Appendix, Fig. S14).
We define the overall loss of regulatory information for each
construct as the amount of change in activity compared with the
activity of a reference construct. To estimate this loss, we use the
distance between the average phenotypes, as described in PCA
space. This distance takes any change of activity into account. As
this measure is more informative when represented relatively, we
normalized the loss of regulatory information to the total
amount of regulatory information brought by the enhancer, as
estimated by the distance between the reference activity and the
empty construct. The relative loss is therefore given by the fol-
lowing formula:

(P, Pry)
d(Py, Prs)

where Py, P,., and P, are the average phenotypes of construct x,
the reference construct (D0 or D2, the largest constructs of each
series), and the empty construct ¢, respectively, and d(P,,P,.) is
the distance between these average phenotypes. Hence, this ratio
estimates the loss of regulatory output of each construct com-
pared with the largest construct of the series. In contrast to clas-
sical reporter assays testing the sole sufficiency of candidate
regulatory fragments to produce a spatial pattern, the combined
series reveal a surprisingly large stretch of the regulatory activi-
ties along y 5’ sequences (the regulatory activity of each construct
is significantly different from that of the largest construct of the
series) (SI Appendix, Table S1). Further, Fig. 1E establishes the
contribution of each segment to these activity differences (inten-
sity effect/base pair). Consistent with previous work (6), the 5’
series (D) shows that most of the regulatory activity maps within
~1.7 kb (-3.6 to -2 kb) (Fig. 1 D and E). The 3’ dissection,
however, reveals additional regulatory information contributing
to the activity, located proximally to this 1.7-kb segment and
extending to y promoter region (Fig. 1 D and E). These results
demonstrate that y regulatory activities in the wing extend over 3
kb (conservative) to 4 kb upstream of y promoter, a much
broader region than previously assessed (6, 7).

To specifically address the question of regulatory co-option,
we then examined the sequence relationship between spot and
wing blade activities. It was first necessary, however, to mathe-
matically separate the wing blade and the spot activities to then
evaluate to what extent they map to distinct segments. In the
PCA of all constructs, we found that both the D and the E series
varied mostly along a combination of two additive directions in
the phenotype space, explaining a large part (69%) of the phe-
notype variance resulting from the two dissection series. We
noticed that these two directions correspond to a near-uniform
increase in expression across the wing and an increased expres-
sion mostly at the anterior distal wing tip, respectively. These two
directions map to overlapping sequence segments: —2,656 to
0bp (¢ to D5) and —3,496 to —2,519 bp (RR to E2, where RR is a
segment of randomized sequence; see Materials and Methods),
respectively (reference segments in Fig. 2 B and C). The segment
driving a uniform pattern of activity fully includes the originally
defined wing blade enhancer (6) but not the full original spot
enhancer. Surprisingly, the segment driving a spotted pattern of
activity includes both the originally defined spot and wing blade
enhancers (6), despite its very low activity in the wing blade.

20638 | www.pnas.org/cgi/doi/10.1073/pnas.2004003117
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Hence, guided by the structure of the phenotypic space, we
extracted representations of the actual patterns of activity driven
by the wing blade and the spot enhancers, where D5 and E2 are
representative segments of each direction, respectively (Fig. 2 B
and C and SI Appendix, Fig. S14). The segments defining the two
activities (—3,496 to —2,519 bp for the spot activity and —2,656 to
0 bp for the wing blade activity) share regulatory information,
indicating that our estimate of the structural co-option is con-
servative as it tends to minimize the measured sequence overlap
between the two activities. It is important to note that the defi-
nition of those two directions (independently representing the
spot and wing blade activities) (axes of Fig. 24) is not linked to
prior knowledge on these enhancers, neither from the pheno-
typic nor the sequence point of view. The fact that those data-
driven directions correspond to uniform and spotted activities
confirms that the two activities map mainly, when the two series
are considered separately, to different segments. It also shows
that the full 5" region of y drives mainly two different activities,
apparently relatively independently. Structural co-option implies
that at least some segments of y 5’ contribute to the wing blade
and spot activities simultaneously. Because the two activities
overlap in space in the wing, they cannot be distinguished by
simply measuring the separate reporter expression in their re-
spective domains. To independently evaluate the uniform activity
and the patterned, spotted activity, we projected the phenotype
of each individual wing in the two-dimensional basis defined by
these two phenotypic directions using a mathematical operation
called change of basis (Materials and Methods, Fig. 24, and SI
Appendix, Fig. S14). With the possibility to evaluate wing blade
and spot activities independently, we quantified the contribution
of each DNA segment to the respective activities.

We first tested whether, in the case of the wing blade and spot
enhancers, the enhancer cores, as defined above, mapped to the
same region. In our experimental system, the core of an en-
hancer is a segment sufficient to contribute a uniform or a
spotted activity in the wing when either flanking 5’ or 3’ regions
are missing. Because of the particular enhancer configuration in
our system, each dissection series is simultaneously testing the
sufficiency of a segment for one activity and its necessity for the
other activity. This definition takes the preserved distance of
regulatory information to the core promoter into account as well
as the local genomic context at the yellow locus. We submit that
this approach is more informative than testing the sole suffi-
ciency of an isolated segment, as is classically done (21). These
cores can logically be visualized in Fig. 2 B and C as the inter-
section between the 5" and 3’ dissection curves. The core of the
spot activity as revealed here coincides exactly with the spot’
enhancer, defined in previous work (6, 16). For the wing blade
enhancer, interestingly, there are two cores (from -2,111
to —1,953 bp and from -2,877 to —2,518 bp) flanking what was
previously defined as the wing blade enhancer (6). Thus, there
are two regions sufficient to drive a significant amount of wing
blade activity when either 5’ or 3’ regulatory information is
missing. Moreover, the overlap between the core of the spot
enhancer and one of the cores of the wing blade enhancer reveals
that a region inside the spot enhancer is sufficient to drive a
substantial amount of expression in the wing blade.

Further investigating the interweaving of the two activities, we
found, strikingly, that the sequences contributing to them largely
overlap (Fig. 2 B and C and SI Appendix, Fig. S1 C and D). We
asked whether sequences 3’ to the spot reference segment also
contributed significant regulatory information to the spot activity.
To this end, we compared D2 (the largest fragment of the E
series) with E2, in which these 3’ sequences are randomized
(2,111 to 0 bp) and found that this region contributes a sub-
stantial and unexpected amount of spot activity [22%, ANOVA:
F(1, 55) = 22.57, P = 1.4954e-05] (horizontal double arrow in
Fig. 24 and 3’ curve in Fig. 2B). Reciprocally, we asked whether
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Fig. 2. wing blade and the spot activities map to overlapping sequences. (A) Representation of wing blade activity as a function of spot activity. Independent
estimates were produced by projecting the PCA phenotypic space (PCA in S/ Appendix, Fig. S1A) on a two-vector basis defined by two independent directions
identified in S/ Appendix, Fig. S1A (phenotypic directions with color map near each axis) and corresponding to wing blade (constructs g to D5; dotted line in B)
and spot (constructs RR to E2; dotted line in C) activities. The mathematical change from the PCA coordinate basis to this two-vector coordinate basis affords
the separation and independent measurements of both activities, although they occur in the same tissue. This graph shows for each individual wing (dots and
triangles) of each reporter line the contribution to the wing blade and spot activities. Small black dots mark the center of a cluster for each construct. Note
that constructs driving both activities (DO to D4, E0 to ET) produce more expression than expected if the activities were strictly additive (i.e., they lie above the
point of strict additivity of the activities driven by the two reference segments of the wing blade and the spot activities; the resulting nonadditive effects are
shown with double arrows). (B and C) Density of regulatory information along the y 5’ region (fluorescence levels per base pair) as measured specifically
(Materials and Methods) for the spot activity (B) and the wing blade activity (C). Construct boundaries are delineated with vertical gray lines labeled with the
construct name on top in B and C. The original spot and wing blade boundaries (6) are indicated by a green bar and a blue bar, respectively, for comparison.
Color scheme is the same as in Fig. 1. Enhancer cores, defined in the results as the intersection between the 5’ and 3’ dissection curves, are highlighted with a
checkerboard pattern in B and C.

sequences 5’ to the wing blade reference segment also contrib-
uted significant regulatory information to the wing blade activity.
When comparing DO (the largest construct of the D series) with
D5, in which these 5’ sequences are truncated, we observed an

the addition of the two vectors ¢ to D5 and RR to E2, placing the
maximum of each activity measured along each direction at the
top right corner of this rectangle. Yet, this is not the case, in-
dicating that the sequences contributing to the spot activity be-

increase of wing blade activity of 34% [ANOVA: F(1, 68) =
56.35, P = 1.7205¢-10] (vertical double arrow in Fig. 24 and 5’
curve in Fig. 2C). If activities driven by the truncated segment in
D5 (-5,419 to 2,656 bp) and the randomized segment in E2
(2,111 to 0 bp) were strictly additive, the phenotypes in Fig. 24
would form, conservatively, a perfect rectangle (indicated by four
lines in the graph). Additivity would translate geometrically into
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tween —2.8 kb and the core promoter and those contributing to
the wing blade activity between —5,419 and —2,656 bp are not
sufficient to drive the maximum activity. Their effects require the
presence of sequences in 5’ for the spot activity and sequence in
3’ for the wing blade activity, respectively. This is confirmed by
the fact that those same sequences show very little to no effect in
5’ dissection for the spot activity and in the 3’ dissection for the
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wing blade activity. We concluded from this analysis that, al-
though their cores are partially distinct, the derived spot activity
is largely intertwined in the DNA segment driving the ancestral

Results

would result in enhancer pleiotropy, our observations prompted us
to explore the modalities of these regulatory interactions further.
In principle, the spot and the wing blade enhancer, although

intertwined, may be functionally independent, with separate sets
of intermingled TFBSs. They may on the contrary share TFBSs.
In our quantitative mapping (Fig. 1), we noticed that the overlap
between the spot and wing blade activities encompasses a 196-bp
fragment (the segment between D4 and DS5) (Fig. 1B) with in-
teresting regulatory properties. It is indeed necessary for the
overall spot activity (i.e., any construct missing this fragment
displays no spot pattern) (Figs. 1 B and C and 2B, intersection
between the 5’ and 3’ dissection curves). In addition, it con-
tributes quantitative information both to the spot and the wing

wing blade activity. This strongly suggests that the spot enhancer
evolved by co-opting the ancestral regulatory segment and raises
the possibility that the two enhancer regions share pleiotropic
inputs. The notion of enhancer pleiotropy is suggested or dis-
cussed as such by several other studies (23-26). In two cases,
enhancer pleiotropy was shown to directly result from shared
TFBSs in enhancers active in different tissues and at different
times of development (3, 27). Although it is unclear whether the
wing blade and spot activities share regulatory information that
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12 bp mutated) in the context of D2 (D219 reduces both spot and wing blade activities strongly, as seen when comparing this mutant construct with D5. (F)
Chromatin accessibility measured with ATAC-seq at the D2 and D2/°K° transgenes at the onset of spot activity (S/ Appendix, Fig. $3) (66-h pupal wings) differs
significantly in a 500-bp region overlapping spot’®® ¢/ (dotted black and magenta line). This is the only region in the entire locus identified as a differentiated
site using diffBind (50, 51) and DEseq2 (52) analyses (Materials and Methods) (adjusted P value from the DESeq2 analysis: 7.21E-08). ATAC-seq traces represent
the pooled signal of three replicates for each transgenic line (S/ Appendix, Fig. S4). The discrepancy between the enhancer boundaries defined in Fig. 1 and
the accessible region of F may stem in part from the different stages at which these properties were assessed. Average activity phenotypes of each construct
also shown in C and E are indicated in /nsets under each construct diagram as a reminder.
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blade activities, as we have seen above (Figs. 1 and 2), and is a
second enhancer core of the wing blade activity. We confirmed
this core function of the spot activity when we randomized small
blocks of sequence (100 bp) overlapping the 196-bp fragment in
the context of D2. The randomization of the proximal half of this
core element (SI Appendix, Figs. S1B and S2, D2"°*) reduces
the spot activity by 61% [ANOVA D2 vs. D2!¢% 5. F(1, 44) =
516.84, P = 5.9730e-26] without affecting the average levels of
wing blade activity [ANOVA D2 vs. D2/ 3: F(1, 44) = 0.58, P =
0.452]. By contrast, the randomization of the distal half of this
core element (SI Appendix, Figs. S1B and S2, D2"°*#) abolishes
the spot activity completely and suppresses the nonadditive ef-
fects on wing blade activity described above [ANOVA D2"/ock 4
vs. D5, F(1, 45) = 0.025, P = 0.876] (SI Appendix, Fig. S2D). In
previous studies (6, 16), we had analyzed these 196 bp (called
spot'®®) because they represented a minimal enhancer to un-
derstand the evolution of a spatial expression pattern (not the
transcription levels). In particular, we found that this fragment
was activated by the transcription factor (TF) Distal-less (DII)
through at least four TFBSs (16), three of which map to the
region randomized in D2”°** (Fig. 3). In a recent and inde-
pendent dissection of spot’®, we identified a potential site for
one or more unknown transcription factor(s), spot’?® 161 whose
mutation (12 bp) nearly abolishes spot’™ activity completely
(28). It is conceivable that these sites necessary for the spot ac-
tivity also influence the wing blade activity, thereby producing
pleiotropic effects. We mutated them in the context of D2 to
measure their relative contribution to the spot and the wing blade
activities (Fig. 3). D2P""K° and D2/%"KO resulted in strong effects
on the spot (Fig. 3 A-E and SI Appendix, Fig. S1B), and both
abolished the nonadditive wing blade activity, bringing it to the
levels of D5 (SI Appendix, Fig. S1B). Mutating the sole site
spot'® 19 in D2, along with abolishing 85% of the spot activity,
also reduced the wing blade activity by 44% compared with D2
(SI Appendix, Fig. S1B). As a comparison, D2/°%0 has a
stron}er effect on wing blade than D5, from which the whole
spot'”® segment was removed (Fig. 3E and SI Appendix, F)ig. S1B).
We were intrigued by these results, as the mutation spor’® 1/ had
an effect on the wing blade activity only when the rest of the spot’*®
was intact. This suggested that site spot’®® %/ could act indirectly
on the wing blade activity by preventing, for example, the action of
repressors regulating both activities. As the effect on the wing
blade activi?f is not observed in D2”°** which also randomizes
site spot’® %/ it is likely that sites for repressors acting on both
activities are located within the 100 bp randomized in D2"°?, In
our separate dissection of spot’®® (28), we reached a similar con-
clusion for the role of spot’® /9. Even without knowing the mo-
lecular mechanism at work, our results suggest that spot’® %/
could be the target site of a global, permissive activator of both
activities in the context of segment spot' . They demonstrate that
spot and wing blade enhance transcription from shared, pleiotropic
DNA sites. Because spot’® /9 shows an effect on the wing blade
activity not observed when mutatin; DIl TEBSs, we reasoned that
the TEBSs for DIl and site spot’*® 7 may convey different infor-
mation. We have previously shown that DIl primarily instructs the
spatial pattern of the spot enhancer (16). The global spatial effect
of site spot’*® 1/, by contrast, suggests a permissive role such as the
control of DNA accessibility in this regulatory region. To test this
hypothesis, we compared the DNA accessibility of constructs D2
and D2/9"K0 using ATAC-seq (Assay for Transposase-Accessible
Chromatin with high-throughput sequencing) (29) in pupal wings
at the onset of activation of the wing blade and the spot (Fig. 3F
and SI Appendix, Fig. S3). While the genome-wide accessibility
profiles of the two transgenic lines were similar, we observed a
striking and specific disappearance of the accessibility peak over-
lapping the two activities in D2/ (Fig. 3F). These results
suggest that the effect of site spot’® {9/ for the wing blade and the
spot activities could stem from its effect on accessibility of a shared
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segment. We speculate that it could prime yellow regulatory ac-
tivities in the wing by responding to a pioneer transcription factor
(30-32), although its sequence does not resemble known motifs
(33) of TFs expressed in pupal wings (16).

Discussion

Our results give a molecular snapshot of the evolutionary situ-
ation of two enhancers that today are entangled. In the 15 My
since the emergence of the spot activity (7), the turnover of
TFBSs in this region has likely been important, and there is no
indication that the very inputs at work today are those involved
in the original events of regulatory co-option. Our results, nev-
ertheless, show that the sequences contributing the two activities
largely overlap and that at least one site, spot i , influences
both wing blade and spot activities in the wing. This is, therefore,
a characterized case of enhancer pleiotropy. One molecular
function associated with this site, as we have shown, is the reg-
ulation of chromatin accessibility. We envision the following
sequence of events in this regulatory region during development.
The regulatory region inaccessible to TFs at earlier develop-
mental stages produces no activity in the wing (Fig. 44). Site
spot’? 1 and probably several other sites, possibly through the
interaction with a pioneer factor binding nucleosomal DNA,
contribute to loosen local chromatin, resulting in enhancers
poised for transcriptional activity (34). After the access to the
enhancer sequences is granted, activator and repressor TFs bind
to their cognate sites, and the respective enhancer activities start.
This general developmental time line (silenced, poised, active
enhancer) is supported by numerous recent publications (30, 35).
In line with our results, the notion that enhancers control and
fine tune their own accessibility is gaining rapid ground (30, 34).
The pleiotropic effect of spor’ /° and its effect on chromatin
opening suggest that, in contrast to the instructive role of DIl
(this work and ref. 16) or Engrailed TFBS (6), it may be a site
targeted by a pioneer transcription factor (32). As removing this
site shows a pleiotropic effect only in the context of an intact
spot'”°, we suppose that its role on chromatin opening may give
way to TFs preventing global repressors in the spor’®® acting
pleiotropically on both activities.

The question of the evolutionary history of this pleiotropic site
is still unclear, and to understand whether or not it is ancestral
will require further work. The extensive interweaving that we
observed between the spot and the wing blade enhancers, how-
ever, suggests that the evolution of the spot activity is tightly
linked to the ancestral wing blade activity. TFBSs for spatial
regulators of an enhancer emerge through random mutations.
Mutations in an accessible region resulting in a TFBS for a
spatial regulator, unlike mutations trapped in compacted chro-
matin, have the potential to contribute to a new spatial activity
(Fig. 4B). In evolutionary terms, this means a shorter mutational
path to gaining a regulatory activity (36) and therefore, an in-
creased likelihood (37). Such shortcuts to the emergence of new
regulatory activities may explain the apparent prevalence of
enhancer co-option.

Materials and Methods

Fly Husbandry. Our D. melanogaster stocks were maintained on standard
cornmeal medium at 25 °C with a 12:12 day:night light cycle.

Transgenesis. All reporter constructs were injected as in Arnoult et al. (16). We
used $C31-mediated transgenesis (22) and integrated all constructs at the
genomic attP site VK00016 on chromosome 2 (38). The enhancer sequence
of all transgenic stocks was genotyped before imaging.

Molecular Biology. Fragments of the D series were amplified by PCR from D.
biarmipes [genome strain (39)] with Phusion polymerase (NEB) and cloned
into our transformation vector pRedSA [a custom version of the transfor-
mation vector pRed H-Stinger (40) with a 284-bp attB site for $C31-mediated
transgenesis (22) cloned at the Avrll site] digested with BamHI and EcoRlI
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Fig. 4. Developmental enhancer pleiotropy and evolutionary enhancer co-option. (A) The developmental progression toward the activation of two inter-
dependent enhancers inferred from our results. High nucleosome occupancy prevents access of transcription factors to the enhancers sequence (closed state;
gray shading). Later during development, one or more specific sites in the regulatory sequence (pleiotropic accessibility input; colored circles) determine
accessibility across a tissue [for instance, upon priming by a pioneer factor (34)], poising the region for transcriptional activity. Upon binding of specific
regulators to their cognate TFBSs (blue and orange ovals), the enhancers become transcriptionally active, producing specific spatial activity patterns. (B) A
speculative model of the emergence of a new enhancer by co-option. Some of the accessibility sites may be ancestral sites controlling the local accessibility of
the regulatory region. During evolution, new TFBSs for spatial regulators, gained in the already accessible region, have the potential to promote the derived
activity (blue), unlike TFBSs emerging from mutations in inaccessible regions. In this scenario, the derived activity co-opts an otherwise accessible ancestral

activity, creating de facto pleiotropic regulatory information.

using In-Fusion HD Cloning Kits (Takara; catalog no. 121416). The fragment
encompassing the four DI/ sites in construct D2°""K° was synthetized in vitro
by Integrated DNA Technologies. The mutations in construct D260 were
introduced by PCR through site-directed mutagenesis.

Constructs from the E series were produced similarly, but the fragments
were made of two components stitched by PCR: a distal part amplified
from D. biarmipes genome, as above, and a proximal part (dotted line in
Fig. 1A) amplified from a unique randomized fragment (see below). Like-
wise, the randomized parts in constructs D2°/°% 4 and D2%"° 5 were am-
plified from the same randomized fragment and stitched to D. biarmipes
amplicons.

A randomized sequence was derived from the distal 4 kb of DO by ran-
domizing 100-bp segments separately to preserve the local guanine-
cytosine content and used for all constructs with randomized sequence. We
generated it with an online DNA sequence randomizer (https://faculty.ucr.
edu/~mmaduro/random.htm). The 4-kb fragment was synthetized in vitro by
Integrated DNA Technologies and used as PCR template to amplify ran-
domized spacers in E-series constructs as well as constructs D220 4, pablock 5,
and RR.

All primers are listed in S/ Appendix, Table S2. The sequences of all
fragments we tested are provided in S/ Appendix, Table S3. Both D and E
series keep the distance to the core promoter unaffected.

Imaging.

Sample preparation. All transgenic wings imaged in this study were hetero-
zygous for the reporter construct. Males were selected minutes after
emergence from pupa, a stage that we call “postemergence,” when their
wings are unfolded but still slightly curled. When flies were massively
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emerging from an amplified stock, we collected every 10 min and froze
staged flies at —20 °C until we had reached a sufficient number of flies.
Staged flies were processed after a maximum of 48 h at —20 °C. We dissected
a single wing per male. Upon dissection, wings were immediately mounted
onto a microscope slide coated with transparent glue (see below) and fixed
for 30 min at room temperature in 4% paraformaldehyde diluted in phos-
phate buffer saline 1% Triton X-100 (PBST). Slides with mounted wings were
then rinsed in PBST and kept in a PBST bath at 4 °C until the next day. Slides
were then removed from PBST, and the wings were covered with Vecta-
shield (Vector Laboratories). The samples were then covered with a cover-
slip. Preparations were stored for a maximum of 48 h at 4 °C until image
acquisition.

The glue-coated slides were prepared immediately before wing mounting
by dissolving adhesive tape (Tesa brand; tesafilm, reference 57912) in hep-
tane (two rolls in 100 mL heptane) and spreading a thin layer of this solution
onto a clean microscope slide. After the heptane had evaporated (under a
fume hood), the slide was ready for wing mounting.

Microscopy. All wing images were acquired as 16-bit images on a Ti2-Eclipse
Nikon microscope equipped with a 10x plan apochromatic lens (numerical
aperture 0.45) and a 5.5-M scientific complementary metal oxide semicon-
ductor camera (PCO). Each wing was imaged as a tile of several z stacks (z
step = 4 pm) with 50% overlap between tiles. Each image comprises a
fluorescent (TRITC-B filter cube) and a bright-field channel, the latter being
used for later image alignment.

z Projection. Stitched three-dimensional stacks were projected to two-
dimensional (2D) images for subsequent analysis. The local sharpness aver-
age of the bright-field channel was computed for each pixel position in each
z slice, and an index of the slice with the maximum sharpness was recorded
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and smoothed with a Gaussian kernel (sigma = 5 pixel). Both bright-field and
fluorescent 2D images were reconstituted by taking the value of the
sharpest slice for each pixel.

Image Quantification and Analysis.

Image alignment. Wing images were aligned using the veins as a reference.
Fourteen landmarks placed on vein intersections and end points and 26
sliding landmarks equally spaced along the veins were placed on bright-field
images using a semiautomatized pipeline. Landmark coordinates on the
image were then used to warp bright-field and fluorescent images to match
the landmarks of an arbitrarily chosen reference wing by the thin plate
spline interpolation (41). All wings were then in the same coordinate system,
defined by their venation.

Fluorescent signal description. A transgenic line with an empty reporter vector
() was used as a proxy to measure noise and tissue autofluorescence. The
median raw fluorescent image was computed across all @ images and used to
remove autofluorescence, subtracted from all raw images before the fol-
lowing steps. All variation of fluorescence below the median g value was
discarded. The DsRed (red fluorescent protein from Discosoma) reporter
signal is mostly localized in the cell nuclei. We measured the local average
fluorescent levels by smoothing fluorescence intensity through a Gaussian
filter (sigma = 8 pixel) on the raw 2D fluorescent signal. The radius of the
Gaussian filter, sigma, corresponded roughly to two times the distance be-
tween adjacent nuclei. To lower the memory requirement, images were
then subsampled by a factor of two. We used the 89,735 pixels inside the
wings as descriptors of the phenotype for all subsequence analyses.
Average phenotype images and differences, color maps, and normalization. Aver-
age reporter expression images were computed as the average smoothed
fluorescence intensity at every pixel among all individuals in a given group (27
individuals per transgenic line on average). The difference between groups
was computed as the difference between the average of the groups. Aver-
ages and difference images were represented using colors equally spaced in
CIELAB perceptual color space (42). With these color maps, the perceived
difference in colors corresponds to the actual difference in signal. Color
maps were spread between the minimal and maximal signals across all av-
erages for average phenotypes and between minus and plus the absolute
value of all difference for the phenotype differences.

PCA. PCA was used to remove correlation between pixel intensities, to con-
centrate the variance on few variables, and therefore, to describe the vari-
ation in intensity and pattern of reporter gene expression in a comprehensive
and unbiased way with few dimensions. PCA was calculated on the matrix of
dimensions (n_individual x n pixels on the wing). The average phenotype of
a construct was described as the average score in the PCA space among all
wings of the construct, taking all components into account. Of note, in our
calculations, working in the PCA space is equivalent to working directly in
the image space. The variance of multidimensional phenotypes in PCA space
was measured as the trace of the covariance matrix within each construct.
SD was calculated as the square root of this variance.

Overall regulatory information loss. The overall amount of regulatory infor-
mation lost or modified in successive fragments for each reporter construct
series was approximated to the phenotypic distance to the respective largest
fragment (DO for the D series, D2 for the E series) in PCA space divided by the
phenotypic distance between the largest construct of the series and the
empty construct (@) for normalization purpose. Consequently, while this
phenotypic distance is zero for the largest construct, it increases as regula-
tory information is removed from the enhancer sequence as a result of
truncation or randomization. The overall regulatory information loss rea-
ches one when no regulatory information is left (i.e., when a construct has
an average phenotype similar to that of the empty construct [a]). A sigmoid
curve of equation ” where t is the position along the enhancer

sequence, was fitted to the measurements. The amount of regulatory in-
formation for each activity was calculated similarly but using wing blade and
spot enhancer-independent measurement (see below) instead of the
phenotypic distance described above.

Density of regulatory information per base. The amount of regulatory infor-
mation brought by a segment of DNA was calculated as the absolute value of
the difference between two consecutive fragments, of either the phenotypic
distance to the full enhancer for the overall density or the wing blade and
spot enhancer-independent measurements (see below) for the activity spe-
cific densities, divided by the differential fragment length. It represents the
average amount of information (in terms of fluorescence intensity) per base
pair, assuming that it is spread evenly across the modified sequence. To
represent regulatory information, be it activating or repressing information,
we used the absolute value of the change in the measure of activity,
resulting in a similar representation of repression and activation.
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Wing blade and spot enhancer-independent measurements. To measure inde-
pendently the signal brought by the two enhancers, all individuals were
projected from the PCA space onto a new two-vector basis, defined by the
direction between g and D5 and the direction between RR and E2, both
normalized to unit length. The coordinates in this two-vector basis represent
directly reconstructed values for each activity as two independent mea-
surements. These directions were chosen following the two independent
directions of variations observed in the PCA space. Because D5 and E2 share
546 common nonmodified nucleotides, this is a conservative estimate of the
independent effects in the context of measuring overlapping effect. The
difference of expression of either activity between two groups was mea-
sured as the difference between the group average of the wing blade ac-
tivity or spot activity coordinates described above.

Wing blade and spot regulatory information loss and density. The amount of
regulatory information estimated specifically for each activity was calculated
similarly to the overall regulatory information loss but using wing blade and
spot enhancer-independent measurements (see above) instead of the phe-
notypic distance. The density of regulatory information specifically for the two
activities was computed the same way as the overall regulatory information.

ATAC-Seq.

Buffers. Buffers for the purification of nuclei from pupal wings were prepared
according to the omni-ATAC-seq protocol (43) with some modifications: 1x
nuclei permeabilize buffer (NPB) buffer: 15 mM Tris-HCl, pH 7.5, 3 mM
MgCl,, 1x protease inhibitor mixture (Roche; cOmplete catalog no.
04693132001), ultrapure water (Invitrogen); 1x lysis buffer: NPB, 1% (vol/vol)
Nonidet P-40 (Sigma), 1% (volivol) TWEEN 20 (Sigma), 0.1% (vol/vol) Digi-
tonin (Promega), 1 mM dithiothreitol; and 1x wash buffer: NPB, 2% (vol/vol)
Nonidet P-40, 10 mM NacCl.

Nuclei preparation. Male white pupa (0 to 1 h after puparium formation) were
left to develop for 66 h at 25 °C. Twenty-four pupal wings were then dis-
sected, rinsed twice in cold phosphate-buffered saline, and transferred into
100 pL cold 1x lysis buffer. The wings were cut coarsely into three to four
pieces, transferred into a 2-mL Dounce homogenizer (Kimble), and further
disrupted by 12 strokes using pestle A. The homogenate was let to rest on
ice for 5 min and then further processed with 20 strokes using pestle B. After
an additional 10 min of incubation on ice, 900 pL 1x wash buffer was added.
A 20-mL syringe and a 20 1/2-gauge needle (Becton Dickinson) were
employed to separate cells from the wing cuticle. The mixture was then
filtered with a 40-uM strainer (Corning) and centrifuged at 4 °C at 1,000 x g
for 10 min.

Tagmentation. Pelleted nuclei were gently resuspended in 45 pL ultrapure
water and counted using a hemocytometer; 50,000 nuclei were then
centrifuged at 4 °C at 1,000 x g for 10 min and resuspended in 8 pL 2x
Tagment DNA (TD) buffer (lllumina; catalog no. 15027866). The tagmenta-
tion reaction followed the previous ATAC-seq protocol (29) with minor
modifications: 10 pL 2x TD buffer with nuclei, 2 pL TD Enzyme (lllumina;
catalog no. 15027865), 8 pL ultrapure water. The reaction was terminated by
the addition of 5x volume PB buffer from the Qiagen MinElute kit, and the
library was then purified following the kit's instruction. ATAC-seq libraries
were amplified by NEBNext High-Fidelity 2x PCR Master Mix (NEB; catalog
no. M0541S) for 9 to 11 PCR cycles and purified by Agencourt AMPure XP
beads (Beckman Coulter) with double size selection (0.5x and 2.0x). Bio-
analyzer with HS-DNA chip (Agilent) was used to determine the library
quality and the final concentration for sequencing.

Sequencing and data processing. The sequencing was carried on an lllumina
HiSeq1500 at LAFUGA (Laboratory for Functional Genome Analysis), Gene
Center, Ludwig-Maximilians-Universitdt Minchen, with pair-end settings.
The reads for each library were around 50 to 70 million. The sequenced li-
braries were then demultiplexed, trimmed, and aligned to the reference
genome UCSC (University of California, Santa Cruz) dmé using Bowtie2 (44,
45) with following settings: —X 2000;-fr;-very-sensitive. The aligned reads
were then filtered by Picard (46) with the following steps: clean sam, Fix-
Mate information, MarkDuplicate. The PCR duplicates were subsequently
removed by SAMtools (47). Deeptools (48) was used to obtain the correla-
tion among replicates. Peak calling was performed on three replicates to-
gether using MACS2 (49) with the following settings: —keep-dup all; —q
0.01;,-nomodel;-shift —100;—extsize 200; —B -SPMR;—call-summits. The dif-
ferentiated peak analysis was done with diffBind (50, 51) using DESeq2 (52)
settings. Three replicates were used for each line. All counts were normal-
ized with the setting bFullLinrarySize = TRUE. All raw and processed ATAC
sequencing data have been submitted to the National Center for Biotech-
nology Information Gene Expression Omnibus (GEO; https://www.ncbi.nIm.
nih.gov/geo/) under the following accession numbers: pupal wing, D2_66
hAPF_rep1 (GSM4222134); pupal wing, D2_66hAPF_rep2 (GSM4222135); pupal
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wing, D2_66hAPF_rep3 (GSM4222136); pupal wing, D206KO_66hAPF_rep1
(GSM4222137); pupal wing, D206KO_66hAPF_rep2 (GSM4222138); and pupal
wing, D206KO_66hAPF_rep3 (GSM4222139).
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Fig. S1. Variation in reporter expression across all transgenic lines. (A) PCA of activity
variation for constructs of the D and E series (Fig. 1). Black arrows identify 2 directions of
variation in the phenotypic space that correspond to the wing blade and the spot activities,
respectively. Wings with colormap (average phenotype differences between D5 and g, and E2
and RR, respectively) illustrate the corresponding phenotypic variation. We defined a 2-vector
basis with these two independent directions, in which we projected each individual wing
phenotype (black dotted lines indicate the projections) to produce panel (B) (below) and Fig. 2A.
(B) Projection of PC1 and PC2 from (A) in the new 2-vector basis showing in addition to all D and
E series constructs the following mutants: D2°°%# p2°°% % p 2P0 gnq p2lPHKC (¢, D) Loss of
regulatory information along yellow 5' region (fluorescence levels, as in Fig. 1D) for each direction
defined in panel (A).
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Fig. S2. Reporter activity in the wing for constructs D2°°°*“ and D2°°°*® (A) A map of the
yellow 5' region highlighting the position of the spot’®® core. (B-E) The wing blade and the spot
activities are strongly affected by sequence randomization of the distal part (block 4) and the
proximal part (block 5) of the spot’gs core inin D2. Left: construct schematics; middle; average
phenotype; right: comparison (difference) to construct D5 phenotype, which drives partial, uniform
wing blade activity. The portions of randomized sequence are depicted on a blown-up schematics
of the spot’ga core under panel (E) with dashed green lines. (B) RR is the same negative control,
a randomized fragment, as in Fig. 1. (C) D2 is identical to Fig. 1. (D) D2°°%“ abolishes the spot
activity and strongly reduces the wing blade activity. (E) D2°°%® reduces the spot activity and has
a milder effect on the wing blade activity.
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Fig. S3. Reporter activity in the wing for constructs D2°°%“ and D2°°°*®. (A) A map of the
yellow 5' region highlighting the position of the spot'®® core. (B-E) The wing blade and the spot
activities are strongly affected by sequence randomization of the distal part (block 4) and the
proximal part (block 5) of the spot’96 core in the context of D2. The portions of randomized
sequence are depicted on a blown-up schematics of the spot’“ core under panel e with dashed
green lines. (B) RR is the same negative control, a randomized fragment, as in Fig. 1. (C) D2 is
identical to Fig. 1. gD) D2"°°* abolishes the spot activity and strongly reduces the wing blade
activity. (E) D2°°%> reduces the spot activit¥ and has a milder effect on the wing blade activity.
(F) The differential effects of D2°°*# D2°°%5 pD2PHKO ang D2PHKC and are best seen when
subtracting the uniform wing blade activity of D5.Type or paste caption here. Create a page break
and paste in the Figure above the caption.
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Fig. S4. ATAC-seq replicates shown separately. Chromatin accessibility at the D2 and D2/%°
transgenes at the onset of spot activity. The 6 ATAC-seq traces represent 3 technical replicates
for each transgene that were pooled for each genotype in Fig. 3.
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Table S1. Results of MANOVA between selected pairs of constructs on the 10 first PC
explaining 97.4% of variance.

Genotypes = Df Pillai Approx. F | Num df Den df (?
(DO, D1) 10 0.704254 13.3352 10 56 1.43856e-11
(DO, D2) 10 0.648637 11.6302 10 63  5.16992e-11
(DO, D3) 10 0.821631 26.2562 10 57 0
(DO, D4) 10 0.932406 88283 10 64 0
(DO, D5) 10 0.959188 138664 10 59 0
(DO, D6) 10 | 0.955799 125418 10 58 0
(DO, D7) 10 0.962682 144462 10 56 0
(DO, o) 10 0.975699 212.8 10 53 0
(DO, D1) 10 0.704254 13.3352 10 56  1.43856e-11
(D1, D2) 10 0.485949 4.91573 10 52  5.50417e-05
(D2, D3) 10 | 0.795837 20.6596 10 53 6.32827e-15
(D3, D4) 10 0.928855 70.5011 10 54 0
(D4, D5) 10 0.934419 79.7903 10 56 0
(D5, D6) 10 0.357372 2.78055 10 50  0.0082051
(D86, D7) 10 0.912014 48.7176 10 47 0
(D7, 9) 10 0.689185 9.31285 10 42 6.8268e-08
(D2, EQ) 10 0.970208 153062 10 47 0
(D2, E1) 10 1 0.887467 41.7975 10 53 0
(D2, E2) 10  0.966521 132801 10 46 0
(D2, EB) 10 0.98647 342686 10 47 0
(D2, E4) 10 | 0.987002 379671 10 50 0
(D2, E5) 10 0.98802 404126 10 49 0
(D2, RR) 10 0.982305 194301 10 35 0
(D2, EO) 10 1 0.970208 153062 10 47 0
(EO, E1) 10 0.946754 72.9004 10 41 0
(E1, E2) 10 0.935671 58.1807 10 40 0
(E2, E3) 10 0.970607 112275 10 34 0
(ES, E4) 10 0.818479 17.1342 10 38  3.45354e-11
(E4, E5) 10 | 0.949004 74.4369 10 40 0
(E5, RR) 10 0.45029 2.04785 10 25  0.0710936
(2, RR) 10 0.829743 | 12.1836 10 25 2.57409e-07
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Table S2. Primers used in this study. Small letters in the sequences denote adapters for in-

Fusion clining, sequence in red denote mutations introduced in the wild-type sequence.

Primer name Primer sequence note

}a}-Farward BIBCCCBRBCRAANAAGAGCCCAAGGTCGGTCG small letters denote adapters for In-Fusion cloning
IE]-FaMavd 8IBCCCBRRCRAANGCCAGCCAGTAATCTAAAAAGTCG Capital letters denote D. biarmipes genomic sequence
D2-Forward gagcccggeCgaattCCTTAGTTCAGAAGGCGCCTGC

D3-Forward 89gCCcRRRCRAAttCGATAATCGCCCGATTACCGC

D4-Forward gageecggacgaattCCAGCGCCTTGTATTGGCATC

DS-Forward | 8IBCCCBRRCRAAGTGCCAATCATTTTTAGTACACCC

D6-Forward 9BCCcBRECRaattAGGAAATCTCTTTCTCGGCCTGT

D7-Forward gagcccgggegaattGLCGCCGAAGTCTGGCAAA

D-series-Reverse | getectcgagggatc TICTGTGGACCGTGGCGC

E-series-Forward gageecggacgaatt CCTTAGTTCAGAAGGCGCCTGC

E0-Reverse getcctcgagggatc TGCCAATACAAGGCGCTGGC

E1-Reverse getectcgagggatcGCTCACCCACAGAAAAGTAAG

getcctcgagggatcCATAATTGCCACACGATTATG

E2-Reverse
E3-Reverse

getcctcgagggatc TGCTCGCAGGCGCGCACT

getctcgagggatcATTGCATGGGCGCACATC

E4-Reverse
ES-Reverse

getcctcgagggat TGCCAATACAAGGCGCTGGC

|Randomized spacer-Forward

8agCccgegeaaatt ACAAAACCGGCGGACAAATCCT

[Randomized Spacer-Reverse

getcctcgagggatc TGGTCCGGTCCGTCTAACC

fragment1-F (D2-Forward)

fragment1-R

a fragment encompassing the 4 Dl site mutations was
synthesized from IDT D201+

fragment3-F
fragment3-R (D2-Reverse)

fragment1-F (D2-Forward)
fragment1-R with mutation adapter
fragment2-F with mutation adapter
fragment2-R (D2-Reverse)

fragment1-F
ragment1-R with mutation adapter
fragment2-F with mutation adapter
fragment2-R
fragment3-F
fragment3-R

fragment1-F (D2-Forward)
fragment1-R with mutation adapter
fragment2-F with mutation adapter
fragment2 R

fragment3-F

fragment3-R (D2-Reverse)

B21-F
B22-R

gtctagageccgggcgaatt CCTTAGTTCAGAAGGCGCCTGC
CCTTAAACGGAATCgcgAGATGCCAATACAAGGCGCTGGC
TCTegegATTCCGTTTAAGGACGCcgcg TTCTGAGCTAAAACTCGCTTATG
GAGAGATCTAAATTTCCCCGCTTTTGGCTTGAATAAACCETCGAATTCC
CCGCTGGCTERcAAACACACAAAAGGCGCTCTCGTCTGTTTCAATGTA
AATTGCAAATTGCTCAATCCGCC

TGCAAATTGCTCAATCCGCCT

getectcgagggatc TTICTGTGGACCGTGGCGC

9BCCcRRRCRAAMtCCTTAGTTCAGAAGGCGCCTGC
| TTATTtagtgtaaagat GGGGAAATTTAGATCTCTCCAT
atctitacactaAATAAATTAATCGAATTCCCCGCTGG
getcctcgagggatc TICTGTGGACCGTGGCGC

gtctagageecgggegaatt CCTTAGTTCAGAAGGCGCCTGC
TAACAGACACCGAGGGAAAG CGCTCACTGCGCAAAAAACTAAGC
CTTTCCCTCGGTGTCTGTTAA

TTTAATAGCCAGCGGGGAAT TCAGATGATAACGAAGTGGGAG
ATTCCCCGCTGGCTATTAAAACAC

getectcgagggatc TICTGTGGACCGTGGCGC

gtctagageecgggegaatt CCTTAGTTCAGAAGGCGCCTGC
GATCCGCAACATGACTCATG TCGATTAATTTATTCAAGCCAAAAG
| CATGAGTCATGTTGCGGAT
GTACTAAAAATGATTGGCAC TGCTATCAATATTATTCCAAGTGG
| GTGCCAATCATTTTTAGTACACCC
| getectegagggatc TICTGTGGACCGTGGCGC

gettggctgcatcacgtaat
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Table S3. Construct sequences.

>RR
ACAAAACCGGCGGACAAATCCTACAAACGGTCACTTGCAATCCCTTTACTCCCGGCAATACTGCACGCGTG
ACTAATTCTCATACTCGTTGCCAATATCCTCCACACTCCGCACCCTCGATCTCAGTAAACCGGACATGGGG
CCTATTTCAATAGTTCCGAGCGTGACCAGTTTTTTGTCATTCTTGAGCGAATTTAAGGGACGGCTACCGCA
AGTACGCGTCTTTATCAGTAGGGATTTCAGTCGTTTGCGTACGCTATGTGGAGTAGTGGACCCCCGTGCTC
TCAGTAGCTGTAAATAACCTGGTACGGTGATGAATTTGTTATTTACCTCAGTGGAAATACTCAGTGCAGTA
AGAGCTGTCGTAGTGGTCTTCGGATGTGGTTCGCAGAGTTATGTCCTGTGTCAGCGTAGATCGTTAATAAC
GCGAACGGTGGCCCACCCACAATAATGTGGGAGGCCACATACATGCTCACCATCGAACTCACGATTGCTGT
GGTATACGTTTAGGGCGACCGAACGGAGTGTTAATGGTTATCCACCCGGCTGCCACATGATTCAGTGCGAT
GCGTACCCGAAGATATTCTCGGGAACCCAAGTAACTTATCGACATTTAATTGGCGGTTCCCCTTGCAATGC
CTGGGTTATATAAACGACATATATTTATGTTGGGTCTTCTATACTCTGCGTAACAAGTAAATCCTTTCCCT
CGGTGTCTGTTAAAGTGGAGAGGATCCTGGTTCCTGTGGCCAGCATTCCGTAGGATGTATAATAACGGCGC
ACAGAGCCTTCCAACCTCCCACTTCGTTATCATCTGACATGAGTCATGTTGCGGATCTTCAAGGTAACTCA
TACACATCATTCCATAATGACTTTGATGACCTCATCGCTTTTAGTCGCCCACTTGGAATAATATTGATAGC
AGTGCATTATTGAGCCTTATCCGAGAGCCTCATAGGTGGCGTTTATATCTTGAGTACATATAAGTGCGCGG
CGTAGGGTTCACCATCTAAGTGCTGAAGCTAGGGGGTTCGCCGCGCCGGGCACGAGGATGGCAGTCTCGGG
GCCACGTGCATTAAGCTCGGTAACTCGGATGAAACTCGGTACCAGTGAGTCCACGTCAGGCACGGGAGTGC
ATATGGGGTATGAAGGTCTACAGAGACGCTCAATATGATTCTTCACCAATCAAGTTTAGAGAAATAAAGAT
CGATATTTGTGGGGCACGGGTGTATACAGGATCTAGAGGACCGAATAAAATCCGCTTTGTGCGTATGCCGA
TGCGTACCCGGCGAACAAACTACCTGAGAAAGCTTGTGGGACGCCTAAGTGAGTACTAGCGGTCAAAAAGC
CAGACGGGGTGACGCCGGGAAAAGGACCCGCCTGTTAGAGCACTTATCTTCTGTTCTGTGACATTTCAAGG
GCTGGAATTCTCTGTTGGGACTCGGATCCTCTATGCCCGCATACGCCTCGTTGATGTATCCTGATTAAGCT
AGGTCTCTTTGAACTTGTGCAGCTCCACGGGATAGCCGAACGTTTCGGAGTTTGTGTGTCTTTCTTCCATA
TGCTTCGTGTAATTACATTTATTCCACAAACAATAAAATAGAGGGGACCTGTCTAAAGAACAACACATGGC
AAAGTGGGAATACAACCAGAAAAGTGGTCCAATAAACAAAGAACGTGAATCACTCAGGAATGAGAACCATC
GTGAGCCTTCAGCAACAATTACCCATGGCATCTAAATGGCGAGTACTTTACAACGCCTGACAAAGATAGCT
TACGAATCATGTGACGCGAGTATCAATAATTTTGTATGAGTCTCACCCAGATTCTGATCCGCCGTTAAGCT
CACCCGTTAGGCAAACTCTTTGGCATCGATGGTAGTTAGCTCCATGTAAACAATTCTTACTAGAGGTAGGC
CCAGCGTGCGCGCGCTTACCTATTGAGGGTTTGATCGCCCTTTAGTAGAGTCGGGGTCCGGCTTCAGGTAT
CGAATAGATGATCTGCTCTTGGATAGTGGCTGACAAAAGTACTAAGGGAAATCTTTATCCTTATACTAAGT
CCGAGGACAGTGGGTATAGACATGGGAAGCACTCACTCAGATATGTATAGACACAGCAAATCGTGTATTTA
AAATCAATTCCTTAGATTATTACGAAAAGATAAGAAACAGGGCAACACGACATTGGAACAGTTACGTAATT
GCGTTTTGCGGTTATGCAAAGTTTCATTTCGCTAGGAGTGTGGCCCATATGAGATTCATCCGCTTCTTCTC
GACGTGAGAGGGACCCCAGCTTTGCTTCTCTTAACAATAATCCTGTCGCTTAGGCAATTTTATGGTGTCGT
GTTTAATTGTTCAATACATCACATCCACGCTTATTCCTGTCGCTCCGCTCCATTTTATGCTCGAATCCAGC
GTAGGCGGGTCATATGTGCCTCTTTATTGAGCAGTTGGGAGGTTCGTTTCTCGGGAGATGTCGTTTTGACC
ATTGCCGATCCTCGGCGCCAGAGCGTGGAAATACCCCGACATCTGGCTTTCAACTTGGCAAACCTCAGGGA
GTCGTCATCACTTGACCTAGAACCCGGTCGGGGGCACCGATTATCTGCCTTAGCCATTTCCGGTTATGGCG
GAGCATATTATCAACGCGTGAAAATTCTGGCCACGTCTTACAAAGTGTCAAATGGGAGCCCGAACGCCCAC
CGAGGCATACGATGCTGGCTAGCTCGTACCATTTATGAGATGAACTAATCTGAACCTCACCTACTGGGTAA
TACGAATAAGTCACTATACTaAAATACTTTTCGGTAGCGAATAAGCTATATATTACATAAATAAATGAGCT
CAACAACCAGTGAGATGCACCAGGGGATTGGTTAAAAGCTCGACCGACTGCTTTTTTAAATCGATGGAATA
TACTATCTTGAATCTTACATAAATTATTATGACAAATGACTTGAATTTAATGTAAAAATTATTTTACGTTA
AAAAATTATAATGATGTCCAATGCAACCTAAGTCGCGAAGACTCAGAATCAACGGCATCGGGGTGAAAGTT
ACAGTTTTACAGATACCGAGATCAATTTTCCGTTTAATAAGTTGACTTCTGGTACACTAAACCAGTTAATG
TTATAACAAAGTATGAAAGTTTGTAGACAAATAGCCTAGAACCGGACTGAGTACCTAATAATGTCAACGCG
CGAGCAATCAAGATCTCGAAGACGAGGCGTACGCATTGCCCCGAGAGGCCATCTCAGGCGCGCACCCATGG
TCCGAGAGCAACCCAGATTCAGAGTCAACCAAGAAGACGAGCCTAGCGATCAATTAAGTAAGGTAACTATA
GATGAAACCAAATGGTATTGGAATGCAAAGCCAAACAACGGATGATCCTGACTGCACCCGAATAGAAGTTC
GTATGGACACAATGCGCTATCACCCGCCTGGCTGACGATCGCACGCCCCTAGCCCCCTCAAAGAGCAAGCT
GCGGTGATAACTGTACTGATGGCACTCTAAACCTGAACCCCGTTTCCGTCGTAACGAATGTATCAAAAACA
CGGCAACGTTCGGTTAGACGGACCGGACCA

>D0
AAGAGCCCAAGGTCGGTCGTTTAGCTTGGCCAAAACCTACCCATCCAGCTGGCACTTCCACCAACGGCACC
AAGACACGAGCGGAAAATAAAAAGCCACACCACCCCACTTAGAACTCCGTTTAGCAGCAGTTGTTCAAACA
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GAAATTGGCTGGCTTCGGCCGGTTCAGCCTCAGTTGATAATTATTATAATATCTATGTTCTTGCCTATCGC
TGGGCCCTAATTGGCCCAGACAAAGGCACCGTTTTTATGCATAACTGGAGGCTTACAATTTGGCCTTCGAC
ACGCGGTCCTTCACATTGCCAAAAAAGAACGAGAACTCgGCAAGCCAATTACACTCGAAGAAGCAGCGGGG
ATCGTTTCGATGCCTAGCCCTGGGCCAGTTCAATCACTCCCGCCGATAATTAGCCGGCCTCTGCAATGGGA
ACTTTTCCAAGACGAGATCGATTCTTGGGAAAACACCACCTCAGTTTCCATTTCTGTTTTTTGGGTCCGGA
AGTGGCATCGTGTCTTCCCAGAAGCGCCTCCAAATGGTGCCACCATTAGCCAGGGGGAAGCCGGGCGGCAG
TCACTTAGCTGCTGCAATTTAAATACTTTTTAATTGATTACTAATTGCGGCGAGGCAAGTGCCAAAACAAG
ACGACGAGGACGACTTGGCTGTGACGTTTTCGATGCAACCCGACCGGGGACTGCCACTCTTTAGCCAGTTA
ATTGGCAGCAAAAGCGACAGTGGCAGCGGCAGCAACTGCTTTTCACCAGGAAATCAATAAACGCTCGTCCA
GCGGCAAAAGTAATCGCAACACGCACATCTCAATTTCGGTGGCAGAAAAAAAACCCTCACCAGCTCAGTTC
CCCGTGCCAAATTAACCAGAGCAAACATAGCCCAGTTTCTTCTCCTGCGGCATGTGAAAAGGCAAACAGTG
CTGGCCGGAAAATACCCAGCAAAACACCTGAGTTCTAGTTGCGATTTTCGGAATTGGACTATAAAAGGCGG
CCGTCGGGTAGCTTTCTTCACTCACAACCAGTCCAAAAGCATCTCCAACATGAAGTTCTTCCAGCAAATCG
TCCTGGGTCTGATGCTCGTCCTGGCCATCATGGGTTCGCTGGCTAGCGCCAAGCCCCAGGAGGCCGAGGAA
CCGGAGGAGTCGCTGGTCGGGGACTCAGAGTCGGGACAGTCCGTGCCCGAGGACGCCCAGCAGGACTACCT
CAACGTGGCGGACCTCACCACTGCCGCTCCTACATGGTGGTGGAACTAGAGCCCGGGAATTCTAGAGGATT
TTAACAATCTTTTGTTTTTTTTTGCTAATCTAATGTACTATAATTGCAAAGAATTTACGGTGTTCCATATT
CAATAAACCTATTTAAAGCTGAATACAATATTTACGTTAATAAATGTTCTTGATACGATAAATTTACTTAA
TTAAAATACATTACATTTCAGTTAAATATTTGTAAAATAAAATATATTTAAAAAAATATTTAATTCACTAG
TTGTGGGAGTTCATTAGACTTATTATTTGTTTTTATTAAATTGTAATTTGTATCAAAAGTTTATTTTGCCA
AACAGTGAATCTTAAAATATATATCAAGTTCATTGCACAAATTAACTTATAAATTGTCACCAAAAATTTAG
AAATCAACCTATGTAAATAAATTTAACAAACCAATCATATCTTGAATTTAAATATATAAAAGAGGAGATAA
ACCATTTATAAAATGGTCTCACCTTTTTTTAGTTTATTTGATGCATGTTTTAATTTTGCTAAAATCATATT
CTGATGTCTATTCATTTTGCCAGCCAGTAATCTAAAAAGTCGACCTATCACTCTCCCCCTCTTATATTTCG
ACCTATAAATACCCACCGCAAATGCCGCAACCAACCTAACCCACAGAGCCAGTTCGGGTTGTTTAATGGAC
AATTATCCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGA
AATTAATCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGA
AGGCTGCCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCT
GCGGAACGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTG
CCTTGGGGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCA
TAAGAAATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCA
CGGATTTATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCT
GAGACAAGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAA
ATCAAATTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTAT
TGGCATCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTT
CCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGT
CTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCA
ATCATTTTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTG
GACTTACCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTC
TTTCTCGGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGG
TCAGGGCCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTG
CTGCGCGGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGG
GGGGAGAAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACAC
GGGCCGGGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAAT
GTCTAATGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTA
CTTTCTGCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTT
TTGTTTTTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCT
GGCAAAACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGC
ATCCCACACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAA
ATTGCAGGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCA
ACGAGCACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAA
TAAATTAAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCG
AGCGCAGAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCAT
AAAATCGGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAAT
AAATATAAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAA
TATTTGTTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGC
CGAAGTGTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTG
CCCATTTGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGC
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TGCAGTTGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGC
CATTAGAGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAAC
TTACGGCCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTG
TGCGATACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTG
AATCATCaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTG
TTCGCAAAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACAT
TTATATCGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATA
TTTGCCACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAA
AATAATATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTC
AATAAAGACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAAT
CAGCTGAATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAA
AGACCATACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATT
CGGGGGCCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACT
AGAAGAAGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGA
CCACCACCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCA
TTGGCCTGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCG
TAAGCGCGCCACGGTCCACAGAA

>D1

GCCAGCCAGTAATCTAAAAAGTCGACCTATCACTCTCCCCCTCTTATATTTCGACCTATAAATACCCACCG
CAAATGCCGCAACCAACCTAACCCACAGAGCCAGTTCGGGTTGTTTAATGGACAATTATCCTTAGTTCAGA
AGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAATCGAGCCCGTAA
ACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTGCCAATTGTGGTG
CCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAACGGGATGATGGA
CCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGGGGAGATCGCTGC
GATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAAATGCGGCGATGG
CGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATTTATGCACTCGCT
GGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACAAGTGCAGCGCGG
CAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAATTACGGCAACCT
CTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCATCTAATTATTCCG
TTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGCTTTTGGCTTGAA
TAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTG
CAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATTTTTAGTACACCC
CTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTACCAACTGAAGAA
GACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGARATCTCTTTCTCGGCCTGTCTGAT
TTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGGCCGTGGACATTG
AACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGCGGCATGGGTGTC
TCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAGAAAATAAAAAGG
AAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCGGGCAATGTCACT
CGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAATGTTGCATGCCG
GTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCTGCCATGTTCCGC
TGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTTTTCGCCGGGACA
AACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAAACAGCAAATTGA
AAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCACACGACGAGGTG
AAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCAGGTTCAACGGCT
GCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGCACACACAATTAA
TTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATTAAGGCAGCATTA
GTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCAGAATGCGGCCAA
GGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAATCGGCAACGCATAA
GTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATATAAATTTATGGCA
GAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTTGTTTTCCCCAGCA
TTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAGTGTAGCTGGTGGG
TCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATTTGGCTCGTTCAT
TATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGTTGGGCCAAGAGA
GTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAGAGCATTACCCGC
TTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGGCCAGCTGAGTGG
AGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGATACATATGCCAAA
ATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCATCaGAGCTGCCCA
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ATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGCAAAGACCTGTCCC
AGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATATCGTATTATATTG
GTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGCCACAGAAAATGTG
TGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAAAATAATATTATGAATAAT
CAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAAGACTCGAAAATA
CTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTGAATCCTAAACGT
ATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCATACCCTTTCAAA
ACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGGCCCGTGATACTC
GCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAGAAGCCAAAGTGTC
CGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACCACCCGAGCCACCG
AAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGCCTGCCTTCGTCTT
CGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGCGCGCCACGGTCCA
CAGAA

>D2

CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGC
TTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAARATCTCTTTCTC
GGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGG
CCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGC
GGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAG
AAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCG
GGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAA
TGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCT
GCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTT
TTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAA
ACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCA
CACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCA
GGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGC
ACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATT
AAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCA
GAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAATC
GGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATAT
AAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTTG
TTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAGT
GTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATT
TGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGT
TGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAG
AGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGG
CCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGAT
ACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCAT
CaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGCA
AAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATAT
CGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGCC
ACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAAAATAAT
ATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAA
GACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTG
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AATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCA
TACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGG
CCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAGA
AGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACCA
CCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGCC
TGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGCG
CGCCACGGTCCACAGAA

>D3
CGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAAATGCGGCGATGGCGGCTTTAGA
TAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATTTATGCACTCGCTGGAAAAGCTA
TTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACAAGTGCAGCGCGGCAGTTGCAGG
CAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAATTACGGCAACCTCTATTCACTT
ATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCATCTAATTATTCCGTTTAAGGACG
CAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATC
GAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTC
AATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATTTTTAGTACACCCCTAACTGGTG
TTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTACCAACTGAAGAAGACGATTGTG
GGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTCGGCCTGTCTGATTTTGGCCAAG
ACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGGCCGTGGACATTGAACTTGAAAA
CGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGCGGCATGGGTGTCTCTGGCTAAG
GTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAGAAAATAAAAAGGAAAATGTTCA
GGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCGGGCAATGTCACTCGGCATTCGC
TTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAATGTTGCATGCCGGTTGCATAAT
CGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCTGCCATGTTCCGCTGCCACCGTA
TTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTTTTCGCCGGGACAAACTCGTTTC
GATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAAACAGCAAATTGAAAACTGCAAG
CTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCACACGACGAGGTGAAAATGAAAA
TAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCAGGTTCAACGGCTGCCGGCGATC
GCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGCACACACAATTAATTAATAAGCG
TCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATTAAGGCAGCATTAGTCGCAATTA
TGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCAGAATGCGGCCAAGGGATCGAGT
TAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAATCGGCAACGCATAAGTGGCGAAGC
ATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATATAAATTTATGGCAGAACTTAAGA
AACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTTGTTTTCCCCAGCATTGCTCAATA
TTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAGTGTAGCTGGTGGGTCTCCAGATT
AATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATTTGGCTCGTTCATTATGCGTGTG
GTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGTTGGGCCAAGAGAGTTATGCGAA
TCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAGAGCATTACCCGCTTAGGGCGCC
CTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGGCCAGCTGAGTGGAGTGCTGGAA
CGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGATACATATGCCAAAATCACCTGCT
CATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCATCaGAGCTGCCCAATCGAAATCA
AAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGCAAAGACCTGTCCCAGATACTCTG
TTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATATCGTATTATATTGGTAACTGCAG
CAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGCCACAGAAAATGTGTGAAATAATT
AAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAAAATAATATTATGAATAATCAAAGAAAAT
CAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAAGACTCGAAAATACTCTCACTCA
CTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTGAATCCTAAACGTATCTGAAGGC
CAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCATACCCTTTCAAAACCTTATGAA
AAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGGCCCGTGATACTCGCACTTAATA
AACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAGAAGCCAAAGTGTCCGAAGTGGCC
GATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACCACCCGAGCCACCGAAAGCAGCCG
AATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGCCTGCCTTCGTCTTCGGAGAAAAA
AACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGCGCGCCACGGTCCACAGAA

>D4

TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCG
CTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTT
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TCAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCAT
TTTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTT
ACCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCT
CGGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGG
GCCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCG
CGGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGA
GAAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCC
GGGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTA
ATGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTC
TGCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTT
TTTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAA
AACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCC
ACACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGC
AGGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAG
CACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAAT
TAAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGC
AGAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAAT
CGGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATA
TAAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTT
GTTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAG
TGTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCAT
TTGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAG
TTGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTA
GAGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACG
GCCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGA
TACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCA
TCaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGC
AAAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATA
TCGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGC
CACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAAAATAA
TATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAA
AGACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCT
GAATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACC
ATACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGG
GCCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAG
AAGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACC
ACCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGC
CTGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGC
GCGCCACGGTCCACAGAA

>D5

GTGCCAATCATTTTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTT
TTGGTGGACTTACCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGA
AATCTCTTTCTCGGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACC
CGGCGGTCAGGGCCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGG
CAAGTGCTGCGCGGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAA
CACTGGGGGGAGAAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATG
AAACACGGGCCGGGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTA
AATAATGTCTAATGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTAT
TTTTTACTTTCTGCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAAT
GATGTTTTGTTTTTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCG
AAGTCTGGCAAAACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAA
CACAGCATCCCACACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCG
ATTCAAATTGCAGGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCT
TATGCAACGAGCACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGA
TCGCAATAAATTAAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGT
GAGCCGAGCGCAGAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATT
TTGCATAAAATCGGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTT
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AAAAATAAATATAAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCC
TAGGAATATTTGTTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTC
CTTGGCCGAAGTGTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTA
TCTTTGCCCATTTGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGC
ACCAGCTGCAGTTGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGC
CATGGCCATTAGAGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTAT
TGCAACTTACGGCCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGC
TGAGTGTGCGATACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGG
ACTGTGAATCATCaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTA
GTGCTGTTCGCAAAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTAT
TTACATTTATATCGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACA
AACATATTTGCCACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAA
GCCTAAAATAATATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATG
GTATTCAATAAAGACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCAC
ATAAATCAGCTGAATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAA
GACCAAAGACCATACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAG
GGGATTCGGGGGCCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCA
CGCACTAGAAGAAGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCAT
GGTGGACCACCACCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCG
CTTCCATTGGCCTGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAA
CAGTCGTAAGCGCGCCACGGTCCACAGAA

>D6

AGGAAATCTCTTTCTCGGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGG
GACCCGGCGGTCAGGGCCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGA
ACGGCAAGTGCTGCGCGGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGG
CCAACACTGGGGGGAGAAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAA
CATGAAACACGGGCCGGGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTG
TGTAAATAATGTCTAATGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTAT
TTATTTTTTACTTTCTGCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGA
TAATGATGTTTTGTTTTTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCC
GCCGAAGTCTGGCAAAACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAA
CAAACACAGCATCCCACACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAA
TTCGATTCAAATTGCAGGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGG
CTCTTATGCAACGAGCACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTG
CCGATCGCAATAAATTAAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGT
GGGTGAGCCGAGCGCAGAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCG
CATTTTGCATAAAATCGGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAAT
ATTTAAAAATAAATATAAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTG
TCCCTAGGAATATTTGTTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACAT
TTTCCTTGGCCGAAGTGTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAA
CGTATCTTTGCCCATTTGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTT
TTGCACCAGCTGCAGTTGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTG
CGGCCATGGCCATTAGAGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGA
GTATTGCAACTTACGGCCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTC
GAGCTGAGTGTGCGATACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCG
CCGGACTGTGAATCATCaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATA
TTTAGTGCTGTTCGCAAAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGT
TTATTTACATTTATATCGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAA
AACAAACATATTTGCCACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCA
TAAAGCCTAAAATAATATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTG
CATGGTATTCAATAAAGACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTA
GCACATAAATCAGCTGAATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAAC
CAAAGACCAAAGACCATACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGT
CCAGGGGATTCGGGGGCCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAA
GCCACGCACTAGAAGAAGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCC
GCATGGTGGACCACCACCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTT
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TTCGCTTCCATTGGCCTGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGT
CCAACAGTCGTAAGCGCGCCACGGTCCACAGAA

>D7
GCCGCCGAAGTCTGGCAAAACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCC
AAACAAACACAGCATCCCACACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGT
CAATTCGATTCAAATTGCAGGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACG
CGGCTCTTATGCAACGAGCACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGAC
CTGCCGATCGCAATAAATTAAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTC
TGTGGGTGAGCCGAGCGCAGAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTT
TCGCATTTTGCATAAAATCGGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAA
AATATTTAAAAATAAATATAAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAA
CTGTCCCTAGGAATATTTGTTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGA
CATTTTCCTTGGCCGAAGTGTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGT
AAACGTATCTTTGCCCATTTGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCT
TTTTTGCACCAGCTGCAGTTGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGC
TTGCGGCCATGGCCATTAGAGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACA
AGAGTATTGCAACTTACGGCCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAAC
CTCGAGCTGAGTGTGCGATACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCC
TCGCCGGACTGTGAATCATCaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTC
ATATTTAGTGCTGTTCGCAAAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCA
GGTTTATTTACATTTATATCGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATT
TAAAACAAACATATTTGCCACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAG
CCATAAAGCCTAAAATAATATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACG
TTGCATGGTATTCAATAAAGACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGC
CTAGCACATAAATCAGCTGAATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAA
AACCAAAGACCAAAGACCATACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCC
GGTCCAGGGGATTCGGGGGCCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACA
AAAGCCACGCACTAGAAGAAGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAG
TCCGCATGGTGGACCACCACCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTC
GTTTTCGCTTCCATTGGCCTGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTG
AGTCCAACAGTCGTAAGCGCGCCACGGTCCACAGAA

>EQ

CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGC
TTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTC
GGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGG
CCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGC
GGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAG
AAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCG
GGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAA
TGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCT
GCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTT
TTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAA
ACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCA
CACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCA
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GGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGC
ACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATT
AAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCA
GAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAATC
GGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATAT
AAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTTG
TTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAGT
GTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATT
TGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGT
TGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAG
AGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGG
CCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGAT
ACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCAT
CaGAGCTGCCCAATCGAAATCA

>El
CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGC
TTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTC
GGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGG
CCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGC
GGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAG
AAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCG
GGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAARAATAATGTCTAA
TGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCT
GCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTT
TTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAA
ACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCA
CACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCA
GGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGC
ACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATT
AAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGC

>E2

CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGC
TTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
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CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTC
GGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGG
CCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGC
GGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAG
AAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCG
GGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAA
TGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATG

>E3
CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGC
TTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGC

>E4
CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGC
TTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAAT

>E5
CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCA

>D2-D11KO

CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
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TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTcgcgATTCCGTTTAAGGACGCcgcgTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGC
TTTTGGCTTGAATAAACgCgTCGAATTCCCCGCTGGCTcgcgAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTC
GGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGG
CCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGC
GGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAG
AAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCG
GGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAA
TGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCT
GCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTT
TTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAA
ACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCA
CACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCA
GGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGC
ACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATT
AAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCA
GAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAATC
GGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATAT
AAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTTG
TTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAGT
GTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATT
TGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGT
TGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAG
AGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGG
CCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGAT
ACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCAT
CaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGCA
AAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATAT
CGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGCC
ACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAAAATAAT
ATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAA
GACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTG
AATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCA
TACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGG
CCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAGA
AGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACCA
CCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGCC
TGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGCG
CGCCACGGTCCACAGAA

>D2-[6]

CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCat
ctttacactaAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTC
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GGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGG
CCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGC
GGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAG
AAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCG
GGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAA
TGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCT
GCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTT
TTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAA
ACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCA
CACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCA
GGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGC
ACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATT
AAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCA
GAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAATC
GGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATAT
AAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTTG
TTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAGT
GTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATT
TGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGT
TGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAG
AGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGG
CCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGAT
ACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCAT
CaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGCA
AAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATAT
CGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGCC
ACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAAAATAAT
ATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAA
GACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTG
AATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCA
TACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGG
CCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAGA
AGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACCA
CCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGCC
TGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGCG
CGCCACGGTCCACAGAA

>D2-block4

CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAARAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGCTTTCCCTCGGTGTCTGTTAA
AGTGGAGAGGATCCTGGTTCCTGTGGCCAGCATTCCGTAGGATGTATAATAACGGCGCACAGAGCCTTCCA
ACCTCCCACTTCGTTATCATCTGAATTCCCCGCTGGCTATTAAAACACACAAAAGGCGCTCTCGTCTGTTT
CAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCATGCAATAGTTTTGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTC
GGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGG
CCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGC
GGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAG
AAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCG
GGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAA
TGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCT
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GCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTT
TTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAA
ACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCA
CACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCA
GGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGC
ACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATT
AAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCA
GAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAATC
GGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATAT
AAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTTG
TTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAGT
GTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATT
TGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGT
TGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAG
AGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGG
CCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGAT
ACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCAT
CaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGCA
AAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATAT
CGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGCC
ACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAAAATAAT
ATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAA
GACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTG
AATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCA
TACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGG
CCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAGA
AGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACCA
CCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGCC
TGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGCG
CGCCACGGTCCACAGAA

>D2-block5

CCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTAACGAAATTAA
TCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTTACTTTAATTGAAGGCTG
CCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTAATACGTTAAGTCGGAGCTGCGGAA
CGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCATTTGCCCGCACTTATCGAACGGTTGCCTTGG
GGAGATCGCTGCGATTGTTTATCGATAATCGCCCGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAA
ATGCGGCGATGGCGGCTTTAGATAAGTAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATT
TATGCACTCGCTGGAAAAGCTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACA
AGTGCAGCGCGGCAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAA
TTACGGCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGCAT
CTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAATTTCCCCGC
TTTTGGCTTGAATAAATTAATCGACATGAGTCATGTTGCGGATCTTCAAGGTAACTCATACACATCATTCC
ATAATGACTTTGATGACCTCATCGCTTTTAGTCGCCCACTTGGAATAATATTGATAGCAGTGCCAATCATT
TTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGTGCCATGGCTTAGGGCCTTTTGGTGGACTTA
CCAACTGAAGAAGACGATTGTGGGGGTGCGTTTGGCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTC
GGCCTGTCTGATTTTGGCCAAGACAAATAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGG
CCGTGGACATTGAACTTGAAAACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGC
GGCATGGGTGTCTCTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAG
AAAATAAAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCCG
GGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATAATGTCTAA
TGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATTTATTTTTTACTTTCT
GCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCCGCTTGATAATGATGTTTTGTTT
TTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGTATAAATCATCGCCGCCGAAGTCTGGCAAA
ACAGCAAATTGAAAACTGCAAGCTGAAAACTGAAAACTGAAAACTGTAACCCAAACAAACACAGCATCCCA
CACGACGAGGTGAAAATGAAAATAAATACGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCA
GGTTCAACGGCTGCCGGCGATCGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGC
ACACACAATTAATTAATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATT
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AAGGCAGCATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCA
GAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCATAAAATC
GGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATATTTAAAAATAAATAT
AAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGAAACTGTCCCTAGGAATATTTG
TTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTATTGCCCAGACATTTTCCTTGGCCGAAGT
GTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTTCGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATT
TGGCTCGTTCATTATGCGTGTGGTATAGCTTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGT
TGGGCCAAGAGAGTTATGCGAATCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAG
AGCATTACCCGCTTAGGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGG
CCAGCTGAGTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGAT
ACATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTGAATCAT
CaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGCA
AAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATAT
CGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGCC
ACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAAAATAAT
ATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAA
GACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTG
AATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCA
TACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGG
CCCGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAGA
AGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACCA
CCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGCC
TGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGCG
CGCCACGGTCCACAGAA
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The modularity of transcriptional enhancers is central to our understanding of morphological evolution,
allowing specific changes to a gene expression pattern component, without affecting others. Enhancer
modularity refers to physically separated stretches of regulatory sequence producing discrete spatiotem-
poral transcriptional activity. This concept stems from assays that test the sufficiency of a DNA segment to
drive spatial reporter expression resembling that of the corresponding gene. Focusing on spatial patterns,
it overlooks quantitative aspects of gene expression, underestimating the regulatory sequence actually re-
quired to reach full endogenous expression levels. Here, we show that five regulatory activities of the gene
yellow in Drosophila, classically described as modular, result from extensively overlapping sequences, with
broadly distributed regulatory information. Nevertheless, the independent regulatory activities of these
entangled enhancers appear to be nucleated by specific segments that we called enhancer cores. Our work
calls for a reappraisal of enhancer definition and properties, as well as of the consequences on regulatory

evolution.

INTRODUCTION

The embryonic blueprint of gene expression prefiguring mor-
phology results from the activity of separate cis-regulatory ele-
ments (1-5). It was hypothesized (6, 7) and then demonstrated
(8-11) [for review, see (12)] that mutations in enhancers are a
primary driver for the evolution of discrete morphological traits,
such as gains and losses of limbs in vertebrates or decorative ele-
ments in insects. Owing to their reduced pleiotropy, mutations
affecting single enhancers facilitate changes in specific aspects of
morphology with no deleterious effect on other traits (12, 13).
Hence, a modular representation of enhancers bears strongly on
our understanding of regulatory evolution.

The original notion of enhancer modularity (14, 15) was quickly
generalized in transgenic animals and plants with reporter assays
testing the capacity of arbitrarily chosen DNA segments to re-
capitulate elements of the gene’s spatial expression (16). This no-
tion is based on the sufficiency of DNA segments to drive specific
expression patterns, leaving out completely how much transcript
these sequences yield compared to the endogenous levels of tran-
script. Yet, the amount of gene transcript is key to normal devel-
opment (17, 18). Moreover, a minimal enhancer producing a
correct spatiotemporal pattern may be insufficient for a robust
expression under unfavorable environmental or genetic condi-
tions (19-21). It has been repeatedly shown that mutations occur-
ring outside minimal enhancers can contribute to phenotypic
evolution (21-23). Last, several papers have recently challenged
the lack of pleiotropy of enhancers (24-26).

The modular definition of enhancers devolved from functional
assays has been reinforced by genomic approaches. Discrete re-
gions of open chromatin or peaks of specific epigenetic marks for
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active enhancers have been used to map enhancers genome-wide
(27-32). Yet, the extent of sequence that these peaks span is influ-
enced by the choice of cutoff values or other methodological
biases. For instance, the processing of datasets assessing genome-
wide chromatin accessibility starts with the binning of raw data
into putative regulatory elements (33), leading to a circular argu-
ment. As a result, of these different approaches, transgenic assays,
or genomic methods, enhancers are deemed to span 100 to 1000
base pairs, although the sequence necessary for a full regulatory
activity, pattern and levels, may be larger (26).

Additional considerations undermine the notion of enhancer
modularity or their compactness. While short regulatory segments
usually drive spatially restricted expression, they are often found
to have broad activity, targeting multiple tissues (2, 24, 25, 34-
36). By contrast, single enhancers are sometimes insufficient to
produce robust gene expression in a given tissue: The additive ac-
tivity of redundant or shadow enhancers was shown to enable ro-
bust gene expression (19, 20, 37). Other sequences, referred to as
facilitator elements, do not drive activity on their own but enhance
the function of neighboring enhancers (38). They are part of so-
called super-enhancers, which are themselves described as large
clusters of enhancers sufficient to assign cell identity, a concept
that was criticized for its lack of functional support (39). These dif-
ferent concepts assume some level of sequence modularity, but a
systematic analysis of intervening regions between these regulatory
elements has been lacking.

Does the picture of discrete and modular enhancers hold
when one considers the quantitative dimension of transcription?
Using a quantitative reporter assay, we addressed this question
by precisely mapping regulatory information at the yellow (y) lo-
cus in Drosophila, a typical locus with several independent en-
hancers. Their activities, classically mapped with reporter assays,
prefigure a gray background or a black spot on the wing, stripes,
a longitudinal band, a sexually dimorphic block of pigmentation
on the abdomen, or black sensory bristles over the body, respec-
tively (9, 40-42). A recent systematic dissection of y regulatory
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regions in Drosophila melanogaster (34), however, suggested
more distributed activities than the textbook picture of separate
and independent enhancers would predict. Along the same lines,
focusing on the wing-spotted species Drosophila biarmipes, we
showed that the wing blade and spot enhancers, respectively pre-
figuring the background gray pigmentation of the wing and a
dark distal wing spot, were actually broader, extensively overlap-
ping, and shared regulatory information (43). The sequence
overlap of these two enhancers may, however, simply result from
a recent cooption process, and the regulatory activities may re-
solve with enough evolutionary time.

To investigate the relationship between distinct regulatory activi-
ties, we compared the wing enhancers to an ancient regulatory se-
quence, the body enhancer. The body enhancer, found in various
Drosophila species (42, 44), is active in the head, thoracic, and ab-
dominal epidermis during metamorphosis (45, 46), defining a com-
plex spatial pattern. We mapped regulatory information of the body
enhancer and compared it to our previous map of the wing enhanc-
ers (43). The body enhancer spans the entire sequence of the two
wing enhancers, refuting their modularity. The sequences of these
activities are entangled with, however, different distributions of reg-
ulatory information.

RESULTS

The y body enhancer encompasses the entire y 5’ region

yis expressed in body pupal epidermis (42, 47) under the control of
regulatory sequences mapping 5" of y transcription start site (TSS)
(41, 45, 46). The dissection of these sequences from D. melanogaster
with transgenic reporter assays identified a 1-kb segment, the body
enhancer, sufficient to recapitulate y spatial expression (42). Whether
this segment is sufficient to drive endogenous transcription levels
is, however, unknown. We therefore first mapped the entire regula-
tory sequence necessary and sufficient to drive y transcription in the
fly body, relying on a quantitative reporter assay. For the sake of
comparison with our previous mapping, we used D. biarmipes se-
quences, and, for simplicity, we focused on abdominal expression.
Starting from a 5.4-kb segment upstream of y TSS, we tested the
regulatory activity of segments with deletions from the 5" end (D
series), as well as progressive sequence randomization from the 3’
end in male pupae [E series; Fig. 1, A and C, and (43)]. To map the
boundaries of regulatory activities in the abdomen, we calculated
how much reporter expression was lost or gained for each construct
compared to the activity of the largest construct of the correspond-
ing series (Fig. 1B; see Materials and Methods). For instance, re-
moving a distal segment (line DI), about 4 kb upstream of the
original body enhancer (42), already had a significant effect on the
abdominal expression (Fig. 1B). Generally, we found that all con-
structs differed in activity from the largest construct of each series
(table S1). We concluded that the regulatory information determin-
ing abdominal expression spans up to 5.4 kb and overlaps largely
with the previously mapped regulatory activities of the wing (43),
challenging the notion of short and modular enhancers. Average
phenotypes (Fig. 1C) revealed changes not only in the levels of regu-
latory activity among constructs but also in spatial distribution. We
therefore sought to understand how the distributed regulatory in-
formation upstream of y TSS was organized to control different spa-
tial pattern elements.

Museridze et al., Sci. Adv. 10, eadr9856 (2024) 20 November 2024

PCA highlights the composite nature of body activities

To this end, we relied on a principal components analysis (PCA) of
phenotypic variation across all constructs (Fig. 2, A and B, and fig.
S1), as it gave us access to the fine relationship between regulatory
content and enhancer activity. The first component [principal
component 1 (PC1), 72% of the total variation; Fig. 2, A and B],
mostly captured broad uniform expression changes across the ab-
domen. The second component (PC2, 18% of the total variation)
captured changes in two distinct spatial activities simultaneously,
in the upper four segments and the last two segments, respectively
corresponding to broad uniform expression (34) and the sexually
dimorphic male expression (Fig. 2, A and B). The third component
showed an identified artifact caused by gaps between the last two
abdominal segments, due to ventral bending (fig. S1). We did not
consider PC3 for further analysis. The fourth component (PC4, 1%
of the total variation) shows changes in the basal part of each seg-
ment, identifying the banded pattern of the fly abdomen (Fig. 2A).
In summary, PC1, PC2, and PC4 appear to jointly capture varia-
tion in the three main pattern components of the global body ac-
tivity, although these PCs are not necessarily independent.

stripes, broad, and dimorphic, three independent enhancers
defining yellow abdominal expression

To test the possible regulatory independence of these activities,
we sought to identify sequence segments that affect single spatial
pattern components. To this end, we first calculated differences
between average phenotypes of consecutive lines (fig. S2). We
observed that the average phenotype differences between certain
lines corresponded precisely to pure individual activities (Fig. 2C):
D3-D4 reflects the stripes component, EI-E2 reflects the broad
uniform component, and D2-E0 reflects the dimorphic compo-
nent, suggesting that the corresponding sequence segments may
affect the respective activities independently. To directly test these
independent regulatory contributions, we examined reporter con-
structs with randomized sequence in place of these segments
(Fig. 2D): A stripes (segment D3-D4 randomized in the context of D0),
A broad (segment E1-E2 randomized in the context of D0), and A
dimorphic (segment D2-E0 randomized in the context of D2 = con-
struct EO of Fig. 1). Compared to the activity of the largest con-
struct DO, which contains all three pattern components—stripes,
broad expression, and dimorphic expression, we observed that
only a single component was missing in each randomized line (Fig.
2E): A stripes had no visible stripes, A broad missed broad expres-
sion in the upper segments, and A dimorphic was devoid of strong
expression in the posterior segments. These results showed that the
three body activities are, to some extent, functionally independent
of each other. Further, they suggested that each of these segments
could be an enhancer core, meaning a stretch of sequence neces-
sary to seed the spatial regulatory activity but insufficient to ac-
count for the endogenous levels of expression (43). To evaluate the
extent of independence of the three activities—broad, dimorphic,
and stripes—and to lastly examine the distribution of regulatory
information upstream of the y TSS, we went on to decompose the
expression patterns as a sum of these three activities in the PC
space. The decomposition is achieved through a simple operation,
a change of basis, whereby the PC space is re-projected in a new
coordinate system made of three vectors corresponding to the pure
activities. The stripes activity is defined by the vector (DO to A
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stripes) in the original PC space, the broad activity by the vector
(DO to A broad), and the dimorphic activity by the vector (D2 to A
dimorphic). The resulting mixed components of the re-projected
space show changes only in stripes, broad, or dimorphic pattern
elements, respectively (Fig. 3).

Entangled wing and body enhancers upstream of yellow

In this re-projected space, we could then measure the independent
contribution of each fragment in the dissection series to each pat-
tern component and compare these distributions of regulatory in-
formation to those of the wing enhancers that we calculated in (43)
(Fig. 3). The results show that, in spite of their extensive overlap, the

Museridze et al., Sci. Adv. 10, eadr9856 (2024) 20 November 2024

N

Fig. 1. Mapping regulatory activities upstream of the yellow gene. (A) Reporter construct series used to evaluate the regulatory content of regions located 5’ of y. The
first series, D (purple), is progressively trimmed from the 5’ end, while the proximal end of constructs of the second series, E (ocher), is increasingly randomized, without
changing the distance to the TSS. Note that construct D2 appears in the E series, too, as the reference construct from which all E constructs were derived. (B) Relative
regulatory information (fluorescence levels) for each reporter line compared to the reference line of the series. bp, base pairs. (C) Average reporter expression (average
phenotype) in the abdominal epidermis for each line. @ denotes a line with an empty reporter vector. In all figures, only male abdomens were examined.
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distribution of regulatory information along the sequence is very
different among activities. Together, our results outline an alter-
native architecture of y regulatory regions, whereby enhancer
cores necessary to initiate a regulatory activity are surrounded by
regulatory sequences contributing to the full endogenous levels of
transcription. It is at odds with the current thread-like image of
modular regulatory elements at y or, generally, at developmental
loci. This could be a peculiarity of the y locus. Yet, the method-
ological biases of ascertainment caused by classical reporter as-
says and genomic data processing (33) speak for an entangled
architecture of regulatory regions in general. This is only com-
forted by circumstantial evidence that regulatory regions have

30f8

75



Results

SCIENCE ADVANCES | RESEARCH ARTICLE

x10°
A PC1(0.72) E1
A2 6
g
A | -
Do
k 4 E0 = o
28 D2
D3
— D4
@ D5
— Dé
9 2 o7
(N_) ® o8
D4 > o
a o ‘_EZ ¢ z,;
o E3 ; E2
PC4 (0.01) o=
D8
-2 Sy D7
5
e B 6 4 2 0 2 4 6 8x°
N .| PC1 (0.72)
C  Dpsp4 @ D bo
A stripes
E1-E2 @
A broad
=
D2-E e =
0 ) A dimorphic
E
ax o A stripes
|  —
§ = =
Min
Pattern
element
Stripes + - -
Broad + - +
Dimorphic + - +

Fig. 2. The body enhancer pattern results from three distinct activities. (A) Phenotypic directions captured by three principal components (PCs) in the space of varia-
tion for all reporter lines shown in Fig. 1. These directions correspond to broad uniform expression (PC1), a combination of broad uniform expression and sexually dimor-
phic male expression (PC2), and stripes (PC4). PC3 identifies an artifact caused by stretching between consecutive segments and is shown in fig. S1. (B) Principal
components analysis (PCA) of phenotypic space showing the first two PCs. Each dot represents a single abdomen. All samples from the same construct are connected by
lines to their average. (C) Subtraction of average phenotypes of selected lines identifies specific pattern elements: D3-D4, stripes; E1-E2, broad uniform expression; and
D2-E0, sexually dimorphic element. (D) Constructs with randomized sequence segments according to (C). (E) Resulting average phenotypes of lines with randomized

segments with an annotation of pattern elements.

been underestimated (21-23, 26). This emerging possibility raises
a fundamental question.

If enhancers are not modular stretches of sequence, then how do
they independently produce regulatory activities in distinct subsets of
cells? At the y locus, each enhancer responds to a subset of transcrip-
tion factors (TFs) governing its activity, but TFs present in the wing
may also be present in the abdomen and could activate wing enhanc-
ers in abdominal cells. We compared the TFs expressed in pupal wings
(48, 49) to those expressed in abdominal epidermis at the same stage
(using a previously unpublished microarray dataset, see Materials and
Methods). Of 302 wing TFs and 240 abdominal TFs, we found that 78
are expressed in both tissues during pupal life (table S2), potentially
exposing their respective enhancers to bleed-through activities.

Museridze et al., Sci. Adv. 10, eadr9856 (2024) 20 November 2024
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DISCUSSION

Our reappraisal of yellow regulatory architecture with a quantitative
method challenges the textbook picture of enhancers as small and
discrete boxes surrounding the coding sequence of a gene (50). The
difference arises, we reckon, from taking expression levels into con-
sideration. We would therefore not be surprised if other loci with
complex expression also had large and overlapping enhancers. The
notion of distributed regulatory information has previously been pro-
posed for the y locus (34) and may generally relate to the concepts of
redundant enhancers (51) as well as super-enhancers (38, 39). It is
conceivable that intervening regions between shadow enhancers con-
tribute to increase regulatory activity but do not have the ability to
drive expression alone, reminiscent of facilitator elements (38).
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Fig. 3. Regulatory architecture upstream of yellow. The abdomen and wing images with a colormap correspond to the mixed components, representing the variation
of different regulatory activities in the PC space, after a change of basis. While PCs of the original PCA captured multiple activities, the mixed components resulting from
achange of basis capture variation in single activities (i.e., phenotypic directions). The contribution of each sequence segment alongy 5’ region to each mixed PC isa map
of the regulatory information for each enhancer. While all activities span most of the 5.4-kb region, we note that enhancer cores (pink shading) identified in Fig. 2 and (43)

are not overlapping.

We mapped regulatory information at the y locus in a trans-
genic and heterologous context. This could, in principle, bias our
assessment. We have shown, however, that the same spot enhancer
reporter construct drove similar expression in D. melanogaster
and in D. biarmipes transgenic flies (48). The only significant dif-
ference was the shape of the spot pattern, extending proximally
toward the wing hinge in D. melanogaster, but confined distally in

Museridze et al., Sci. Adv. 10, eadr9856 (2024) 20 November 2024

D. biarmipes. This difference, we found, was due to a change in the
spatial distribution of the activator Distal-less (48). Apart from
this, we have also established that this region and other Drosophila
enhancers contain the information determining their own acces-
sibility (43, 52). Hence, studying enhancers in a different genomic
context than their endogenous locus should not bias how their
regulatory content is read by TFs.
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Entangled regulatory information at the y locus resolves into
functionally independent enhancers. We submit that the regulatory
independence may reside in the function of enhancer cores and hy-
pothesize that each core subordinates all flanking regulatory infor-
mation through an unknown mechanism to selectively produce the
full activity of a given enhancer. This could involve selective acces-
sibility or selective use of TF binding sites, or both, as we have shown
in the case of the spot enhancer (43). With the advent of methodolo-
gies describing the dynamics of the three-dimensional (3D) genome,
the representation of gene regulation is changing from selective and
transient looping of a remote enhancer onto the core promoter re-
gion to more stable multi-enhancer hubs gathered around the TSS of
a gene (53, 54). It is conceivable that a complex architecture of en-
tangled enhancers forms a relatively stable hub around a core pro-
moter, where core enhancer segments control the selective
involvement of each activity in the respective cell types.

Last, the notion of enhancer modularity is the cornerstone of
Evolutionary Developmental Biology, predicting that regulatory
changes in developmental genes drive morphological diversification
because these changes circumvent pleiotropy and foster evolvability
(12). If enhancers share extensive portions of sequence, then how
are their independent changes possible? One possibility is that bind-
ing sites for TFs involved in distinct activities are intermingled rath-
er than shared. This would still afford changes in selected activities
with minimal effects on other enhancers. On the other hand, if the
3D folding of a regulatory region with entangled enhancers is rele-
vant for its function, then the evolvability of regulatory sequences
may be more limited than previously assumed.

MATERIALS AND METHODS

Fly husbandry

Our D. melanogaster stocks were maintained on standard cornmeal
medium at 25°C with a 12-hour:12-hour day:night light cycle.

Transgenesis

All reporter constructs were injected as in (48). We used $C31-
mediated transgenesis (55) and integrated all constructs at the genomic
attP site VK00016 on chromosome 2 (56). The enhancer sequence of
all transgenic stocks was genotyped before imaging. Of note, all re-
porter constructs contain regulatory regions from D. biarmipes and
are tested in D. melanogaster transgenic flies.

Molecular biology

Lines from the D and E series and the randomized sequence for the
A stripes and A broad were taken from (43). Fragments of y 5’ se-
quences for lines D8, A stripes, and A broad were amplified with
Phusion polymerase (New England Biolabs) and cloned into our
transformation vector pRedSA (43) digested with Eco RI and Bam
HI using In-Fusion HD Cloning Kits (Takara, catalog no. 121416).
Randomized sequences were amplified from the fragment used in
(43). Primers are listed in table S3. The sequences are provided
in table S4.

Imaging

Sample preparation

All transgenic abdomens imaged in this study were from male flies het-
erozygous for the reporter construct, obtained from a cross between ho-
mozygous reporter construct flies and a marker line [;ern-Gal4, UAS-GFP/

Museridze et al., Sci. Adv. 10, eadr9856 (2024) 20 November 2024

CyO; pnr-Gal4/TMG6B, (57), FlyBaseID FBrf0098595]. White pupae were
left to age 90 hours at 25°C. Pupal case was removed, and pupae were
mounted in halocarbon oil (Sigma-Aldrich, CAS no. 9002-83-9) on a
microscope slide with cover slips and appropriate spacers and immedi-
ately imaged.

Microscopy

All abdomen images were acquired as 12-bit images on a Leica SP5-
2 confocal microscope using an HC PL APO CS 10x/0.40 IMM lens
with a HyD SP Hybrid-Detector. Each image comprises two fluores-
cent channels (DsRed to report y regulatory activities and en-Gal4,
pnr-Gal4, UAS-GFP as positional landmark for image registration).
Image stacks were acquired in 4.99-pm steps.

Image quantification and analysis

We used a comprehensive pipeline for the registration, segmentation,
and analysis of multichannel 3D fluorescence microscopy images.
This pipeline, now supporting images with three color channels, fa-
cilitates the analysis of gene expression patterns in the epithelial cells
of the Drosophila abdomen by producing a registered 2D map of ex-
pression on the abdomen surface starting from a 3D image stack (fig.
S3A). The pipeline begins with an automated preprocessing step (fig.
S3B), where segmentation of the image stack is performed using an
automatically determined threshold. This threshold is set to ensure
that the segmented volume covers a specified range of the entire im-
age volume. After segmentation, the object is refined using morpho-
logical transformations and mesh fitting to fill any holes. Following
preprocessing, the registration step involves rendering the segmented
volume in an interactive interface. Corresponding points on the
source and reference objects are selected, and the image stack is rig-
idly rotated and rescaled to minimize the distances between these
points (fig. S3C). In the projection phase, the surface of the registered
objects is projected into 2D images using a modified sinusoidal pro-
jection. The object is sliced, and, for each slice, the profile of the
bright object is interpolated with a spline curve. Image brightness is
then read out along the curve by taking the local maxima along the
local normal direction. The resulting 1D brightness profiles from
each slice form the rows of the 2D projected image, which are aligned
at a predefined meridian plane (fig. S3D). The final step involves la-
beling and elastic warping. A graphical interface built with the
PYSimpleGUI library enables manual labeling and registration of the
2D images. User-selected points are used to elastically warp the im-
ages onto a reference model using thin-plate spline registration (fig.
S3E). This methodology ensures precise registration and analysis of
multichannel 3D images, thereby facilitating the detailed study of
gene expression patterns in the Drosophila abdomen. The Python-
based code, together with an example of Jupyter Notebooks, installa-
tion instructions, and a minimal test dataset, is available at https://
github.com/UniBonn-GompelLab/3D-DrosophilaRegistration.
Relative regulatory information and statistical analysis

We showed how much regulatory information (fluorescence levels)
is contained in each line and compared it to the construct contain-
ing the largest regulatory fragment. First, to measure the amount of
fluorescence, we calculate a squared Euclidean distance from each
sample to the average phenotype of the line with an empty vector
(9). Practically, we subtracted from each projected abdomen image
the average image of the empty line (¢) and then squared and sum
all the values. Next, we calculated an average value of these distances
for each line. Last, to show the relative amount of regulatory infor-
mation, we divided all the line averages by the average of the biggest
construct in the series (DO line for the D series and D2 line for the E
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series). The statistical significance of differences among lines was as-
sessed with Kolmogorov-Smirnov tests (table S1).

Density of regulatory information

We calculated the PCA from the matrix of dimensions (n_individu-
als x n_pixels on the abdomen), regrouping intensities of all pixels
for every individual. Mixed components representing the stripes,
broad, and dimorphic activities were obtained by a change of basis of
the original PC space. We calculated vectors defining a new coordi-
nate system as differences between the control lines and randomized
lines without enchancer cores: DO and A stripes, DO and A broad,
and D2 and A dimorphic. The amount of regulatory information
brought by a segment of DNA for a given activity was calculated as
the absolute value of the difference between the phenotypic distances
of two consecutive fragments, relative to the phenotypic distance
from the empty line (o) to the largest construct in the series, using
independent measurements for the broad, stripes, dimorphic, wing
blade, and spot activities. To represent regulatory information, we
used the absolute value of the change in the measure of activity, re-
sulting in a similar depiction of repression and activation.

Abdominal transcriptome

RNA isolation

RNA isolation was performed on wild type flies using standard
TRIzol (Invitrogen) protocol from abdominal dorsal epithelium of
pupae 72 hours after puparium formation. The resulting RNA was
further purified using “RNeasy Mini Protocol” for RNA cleanup
(QIAGEN). RNA concentration was measured by spectrophotome-
ter, and RNA quantity, quality, and size distribution were checked
on a Bioanalyzer (Agilent Technologies).

Microarray experiment

In microarray experiments, each tissue was analyzed in three repli-
cates consisting of 25 individuals each. RNA amplification was done
according to Affymetrix “One cycle cDNA synthesis” and “Synthesis
of biotin-labeled cRNA” protocols. Microarray hybridizations were
conducted by Affymetrix facility.
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A
PC1(0.72) PC2 (0.18) PC3 (0.01) PC4 (0.01) PCS (0.01) PC6 (0.00)

reporter (DsRed) en, pnr>GFP merged

Fig. S1. Directions in the principal component analysns of reporter lines. (A) Phenotypic

directions of the first 6 principal components. PC1, PC2 and PC4 appear to capture biological
information directly related to the regulatory dissection (see main text), PC3 captures mostly the
gap between posterior segments (arrows) caused by their ventral bending and stretching, and
PCS5 and PC6 capture experimental noise (note the asymmetrical patterns). (B) The
intersegmental gaps between segments A4-AS and A5-A6 (blue arrows pointing to identical
positions as in (A)) are visible on an average intensity projection of all reporter line images used
in the PCA. For each reporter line image (DsRed), we also acquired a second image of
fluorescent landmarks used for image registration and delineated by the combined expression of
engrailed-Gal4 (en, segmental stripes) and pannier-Gal4 (pnr, longitudinal band), driving a
UAS-GFP transgene. The merged image shows that the gaps captured by PC3 correspond to the
posterior compartment of each segment defined by the expression of engrailed, an unpigmented

domain of soft cuticle (58).
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abdomens on the right represent the calculated phenotypic difference between the average
phenotypes of the corresponding lines, where differential fluorescent levels are indicated by a

color map.
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Fig. S3. Pipeline for the registration, segmentation, and analysis of multi-channel 3D
fluorescence microscopy images. (A) Acquisition of a 3D image volume of a Drosophila pupal
abdomen (B) Segmentation of the abdomen from the 3D volume. (C) Rotation and rescaling of
the source and the reference objects (rigid registration). (D) 2D projection of the 3D object using
a modified sinusoidal projection. (E) Registration of the 2D images with user-placed positional

landmarks (yellow dots).
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Table S1. Statistics for among-line expression comparisons. Comparison of expression
changes (fluorescence levels) between the reference line for each of series and the
trimmed/randomized lines, and comparison between adjacent lines. P-values were obtained using

the Kolmogorov-Smirnov test. The table is provided as a separate file.

Table S2. Wing vs. abdominal epidermis TF comparison. The list of TFs expressed in pupal
wings is the intersection of two published datasets: the micro-array dataset from the wings
collected at 80 h after puparium formation (48) and RNA sequencing results from 72 h pupae
(49). This list was compared to the TFs expressed in 72 h after puparium formation abdominal
epidermis (previously unpublished micro-array dataset, see methods). TFs shared between the

two tissues are highlighted (overlap wing/abdomen). The table is provided as a separate file.

Table S3. Primer sequences. Primers for cloning of the D8, 4 stripes and 4 broad lines.
Primers include additional sequence, creating overhangs for In-fusion cloning. The table is

provided as a separate file.



Table S4. Construct sequences.

>D8
AAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTTAGTGCTGTTCGCARAAGACCTGTCCCAGA
TACTCTGTTTATAGGTATAATTATTAAGTGCATATCAGGTTTATTTACATTTATATCGTATTAT
ATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTAGAATCATTTAAAACAAACATATTTGCCA
CAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTGGATGAAGTAAAAAAGCCATAAAGCCTAA
AATAATATTATGAATAATCAAAGAAAATCAGTAGATGGTAAAGTACTTCGTACCTACGTTGCAT
GGTATTCAATAAAGACTCGAAAATACTCTCACTCACTGTAAGTGAACCCAGTGTTTTGTAATTG
CCTAGCACATAAATCAGCTGAATCCTAAACGTATCTGAAGGCCAGGAGTGTCGGAGAATTCGGT
GTGCCAAAAACCAAAGACCAAAGACCATACCCTTTCAAAACCTTATGAAAAATGGCAAGCCCGG
CGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGGCCCGTGATACTCGCACTTAATAAACATGCG
TGAAAATCAATCAGCGAAGACAAAAGCCACGCACTAGAAGAAGCCAAAGTGTCCGAAGTGGCCG
ATCCACGGGTGACCATATAGACCATAAAGTCCGCATGGTGGACCACCACCCGAGCCACCGAAAG
CAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTCGTTTTCGCTTCCATTGGCCTGCCTTCGT
CTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGACATATTGAGTCCAACAGTCGTAAGCGCG
CCACGGTCCACAGAA

>/ stripes

AAGAéECCAAGGTCGGTCGTTTAGCTTGGCCAAAACCTACCCATCCAGCTGGCACTTCCACCAA
CGGCACCAAGACACGAGCGGAAAATAAAAAGCCACACCACCCCACTTAGAACTCCGTTTAGCAG
CAGTTGTTCAAACAGAAATTGGCTGGCTTCGGCCGGTTCAGCCTCAGTTGATAATTATTATAAT
ATCTATGTTCTTGCCTATCGCTGGGCCCTAATTGGCCCAGACAAAGGCACCGTTTTTATGCATA
ACTGGAGGCTTACAATTTGGCcTTCGACACGCGGTCCTTCACATTGCCAAAAAAGAACGAGAAC
TCgGCAAGCCAATTACACTCGAAGAAGCAGCGGGGATCGTTTCGATGCCTAGCCCTGGGCCAGT
TCAATCACTCCCGCCGATAATTAGCCGGCCTCTGCAATGGGAACTTTTCCAAGACGAGATCGAT
TCTTGGGAAAACACCACCTCAGTTTCCATTTCTGTTTTTTGGGTCCGGAAGTGGCATCGTGTCT
TCCCAGAAGCGCCTCCAAATGGTGCCACCATTAGCCAGGGGGAAGCCGGGCGGCAGTCACTTAG
CTGCTGCAATTTAAATACTTTTTAATTGATTACTAATTGCGGCGAGGCAAGTGCCAAAACAAGA
CGACGAGGACGACTTGGCTGTGACGTTTTCGATGCAACCCGACCGGGGACTGCCACTCTTTAGC
CAGTTAATTGGCAGCAAAAGCGACAGTGGCAGCGGCAGCAACTGCTTTTCACCAGGAAATCAAT
AAACGCTCGTCCAGCGGCAAAAGTAATCGCAACACGCACATCTCAATTTCGGTGGCAGAAAARAA
AACCCTCACCAGCTCAGTTCCCCGTGCCAAATTAACCAGAGCAAACATAGCCCAGTTTCTTCTC
CTGCGGCATGTGAAAAGGCAAACAGTGCTGGCCGGAAAATACCCAGCAAAACACCTGAGTTCTA
GTTGCGATTTTCGGAATTGGACTATAAAAGGCGGCCGTCGGGTAGCTTTCTTCACTCACAACCA
GTCCAAAAGCATCTCCAACATGAAGTTCTTCCAGCAAATCGTCCTGGGTCTGATGCTCGTCCTG
GCCATCATGGGTTCGCTGGCTAGCGCCAAGCCCCAGGAGGCCGAGGAACCGGAGGAGTCGCTGG
TCGGGGACTCAGAGTCGGGACAGTCCGTGCCCGAGGACGCCCAGCAGGACTACCTCAACGTGGC
GGACCTCACCACTGCCGCTCCTACATGGTGGTGGAACTAGAGCCCGGGAATTCTAGAGGATTTT
AACAATCTTTTGTTTTTTTTTGCTAATCTAATGTACTATAATTGCAAAGAATTTACGGTGTTCC
ATATTCAATAAACCTATTTAAAGCTGAATACAATATTTACGTTAATAAATGTTCTTGATACGAT
AAATTTACTTAATTAAAATACATTACATTTCAGTTAAATATTTGTAAAATAAAATATATTTAAA
AAAATATTTAATTCACTAGTTGTGGGAGTTCATTAGACTTATTATTTGTTTTTATTAAATTGTA
ATTTGTATCAAAAGTTTATTTTGCCAAACAGTGAATCTTAAAATATATATCAAGTTCATTGCAC
AAATTAACTTATAAATTGTCACCAAAAATTTAGAAATCAACCTATGTAAATAAATTTAACAAAC
CAATCATATCTTGAATTTAAATATATAAAAGAGGAGATAAACCATTTATAAAATGGTCTCACCT
TTTTTTAGTTTATTTGATGCATGTTTTAATTTTGCTAAAATCATATTCTGATGTCTATTCATTT
TGCCAGCCAGTAATCTAAAAAGTCGACCTATCACTCTCCCCCTCTTATATTTCGACCTATAAAT
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ACCCACCGCAAATGCCGCAACCAACCTAACCCACAGAGCCAGTTCGGGTTGTTTAATGGACAAT
TATCCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTA
ACGAAATTAATCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTT
ACTTTAATTGAAGGCTGCCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTA
ATACGTTAAGTCGGAGCTGCGGAACGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCA
TTTGCCCGCACTTATCGAACGGTTGCCTTGGGGAGATCGCTGCGATTGTTTATGAGTTATGTCC
TGTGTCAGCGTAGATCGTTAATAACGCGAACGGTGGCCCACCCACAATAATGTGGGAGGCCACA
TACATGCTCACCATCGAACTCACGATTGCTGTGGTATACGTTTAGGGCGACCGAACGGAGTGTT
AATGGTTATCCACCCGGCTGCCACATGATTCAGTGCGATGCGTACCCGAAGATATTCTCGGGAA
CCCAAGTAACTTATCGACATTTAATTGGCGGTTCCCCTTGCAATGCCTGGGTTATATAAACGAC
ATATATTTATGTTGGGTCTTCTATACTCTGCGTAACAAGTAAATCCTTTCCCTCGGTGTCTGTT
ATCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTARAACTCGCTTATGGAGAGATCTAAA
TTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAG
GCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCAT
GCAATAGTTTTGTGCCAATCATTTTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGT
GCCATGGCTTAGGGCCTTTTGGTGGACTTACCAACTGAAGAAGACGATTGTGGGGGTGCGTTTG
GCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTCGGCCTGTCTGATTTTGGCCAAGACAAA
TAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGGCCGTGGACATTGAACTTGAA
AACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGCGGCATGGGTGTCT
CTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAGAAAATA
AAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCC
GGGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATA
ATGTCTAATGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGCCAGAGAGATTCGCTTATT
TATTTTTTACTTTCTGCCATGTTCCGCTGCCACCGTATTTCTTTTCGGCCACTTAGTGCGCTCC
GCTTGATAATGATGTTTTGTTTTTCGCCGGGACAAACTCGTTTCGATTATTGGGAAAAGCGCGT
ATAAATCATCGCCGCCGAAGTCTGGCAAAACAGCAAATTGAAAACTGCAAGCTGAAAACTGARAA
ACTGAAAACTGTAACCCAAACAAACACAGCATCCCACACGACGAGGTGAAAATGAAAATAAATA
CGGACTGAGCGACTGAAAACGAGTCAATTCGATTCAAATTGCAGGTTCAACGGCTGCCGGCGAT
CGCATCATTAAGTGCGCCTTCGCTGGATACGCGGCTCTTATGCAACGAGCACACACAATTAATT
AATAAGCGTCTGGTTGTTTCGGCCTGGCTTTTGCGGACCTGCCGATCGCAATAAATTAAGGCAG
CATTAGTCGCAATTATGTGCCACATAGTTGGGCTGCTTACTTTTCTGTGGGTGAGCCGAGCGCA
GAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCA
TAAAATCGGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATAT
TTAAAAATAAATATAAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGA
AACTGTCCCTAGGAATATTTGTTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTA
TTGCCCAGACATTTTCCTTGGCCGAAGTGTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTT
CGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATTTGGCTCGTTCATTATGCGTGTGGTATAGC
TTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGTTGGGCCAAGAGAGTTATGCGAA
TCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAGAGCATTACCCGCTTA
GGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGGCCAGCTGA
GTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGATA
CATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTG
AATCATCaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTT
AGTGCTGTTCGCAAAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATC
AGGTTTATTTACATTTATATCGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTA
GAATCATTTAAAACAAACATATTTGCCACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTG
GATGAAGTAAAAAAGCCATAAAGCCTAAAATAATATTATGAATAATCAAAGAAAATCAGTAGAT




GGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAAGACTCGAAAATACTCTCACTCAC
TGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTGAATCCTAAACGTATCT
GAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCATACCCTTTC
AAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGGLC
CGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTA
GAAGAAGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCAT
GGTGGACCACCACCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTC
GTTTTCGCTTCCATTGGCCTGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGA
CATATTGAGTCCAACAGTCGTAAGCGCGCCACGGTCCACAGAA

>/ broad
AAGAGCCCAAGGTCGGTCGTTTAGCTTGGCCAAAACCTACCCATCCAGCTGGCACTTCCACCAA
CGGCACCAAGACACGAGCGGAAAATAAAAAGCCACACCACCCCACTTAGAACTCCGTTTAGCAG
CAGTTGTTCAAACAGAAATTGGCTGGCTTCGGCCGGTTCAGCCTCAGTTGATAATTATTATAAT
ATCTATGTTCTTGCCTATCGCTGGGCCCTAATTGGCCCAGACAAAGGCACCGTTTTTATGCATA
ACTGGAGGCTTACAATTTGGCCTTCGACACGCGGTCCTTCACATTGCCAAAAAAGAACGAGAAC
TCgGCAAGCCAATTACACTCGAAGAAGCAGCGGGGATCGTTTCGATGCCTAGCCCTGGGCCAGT
TCAATCACTCCCGCCGATAATTAGCCGGCCTCTGCAATGGGAACTTTTCCAAGACGAGATCGAT
TCTTGGGAAAACACCACCTCAGTTTCCATTTCTGTTTTTTGGGTCCGGAAGTGGCATCGTGTCT
TCCCAGAAGCGCCTCCAAATGGTGCCACCATTAGCCAGGGGGAAGCCGGGCGGCAGTCACTTAG
CTGCTGCAATTTAAATACTTTTTAATTGATTACTAATTGCGGCGAGGCAAGTGCCAAAACAAGA
CGACGAGGACGACTTGGCTGTGACGTTTTCGATGCAACCCGACCGGGGACTGCCACTCTTTAGC
CAGTTAATTGGCAGCAAAAGCGACAGTGGCAGCGGCAGCAACTGCTTTTCACCAGGAAATCAAT
AAACGCTCGTCCAGCGGCAAAAGTAATCGCAACACGCACATCTCAATTTCGGTGGCAGAAAARAA
AACCCTCACCAGCTCAGTTCCCCGTGCCAAATTAACCAGAGCAAACATAGCCCAGTTTCTTCTC
CTGCGGCATGTGAAAAGGCAAACAGTGCTGGCCGGAAAATACCCAGCAAAACACCTGAGTTCTA
GTTGCGATTTTCGGAATTGGACTATAAAAGGCGGCCGTCGGGTAGCTTTCTTCACTCACAACCA
GTCCAAAAGCATCTCCAACATGAAGTTCTTCCAGCAAATCGTCCTGGGTCTGATGCTCGTCCTG
GCCATCATGGGTTCGCTGGCTAGCGCCAAGCCCCAGGAGGCCGAGGAACCGGAGGAGTCGCTGG
TCGGGGACTCAGAGTCGGGACAGTCCGTGCCCGAGGACGCCCAGCAGGACTACCTCAACGTGGC
GGACCTCACCACTGCCGCTCCTACATGGTGGTGGAACTAGAGCCCGGGAATTCTAGAGGATTTT
AACAATCTTTTGTTTTTTTTTGCTAATCTAATGTACTATAATTGCAAAGAATTTACGGTGTTCC
ATATTCAATAAACCTATTTAAAGCTGAATACAATATTTACGTTAATAAATGTTCTTGATACGAT
AAATTTACTTAATTAAAATACATTACATTTCAGTTAAATATTTGTAAAATAAAATATATTTAAA
AAAATATTTAATTCACTAGTTGTGGGAGTTCATTAGACTTATTATTTGTTTTTATTAAATTGTA
ATTTGTATCAAAAGTTTATTTTGCCAAACAGTGAATCTTAAAATATATATCAAGTTCATTGCAC
AAATTAACTTATAAATTGTCACCAAAAATTTAGAAATCAACCTATGTAAATAAATTTAACAAAC
CAATCATATCTTGAATTTAAATATATAAAAGAGGAGATAAACCATTTATAAAATGGTCTCACCT
TTTTTTAGTTTATTTGATGCATGTTTTAATTTTGCTAAAATCATATTCTGATGTCTATTCATTT
TGCCAGCCAGTAATCTAAAAAGTCGACCTATCACTCTCCCCCTCTTATATTTCGACCTATAAAT
ACCCACCGCAAATGCCGCAACCAACCTAACCCACAGAGCCAGTTCGGGTTGTTTAATGGACAAT
TATCCTTAGTTCAGAAGGCGCCTGCCTTTATGCGTATTTCCCCGCTTGCCTGCGAATACGCCTA
ACGAAATTAATCGAGCCCGTAAACCCAGTTTCGGTAAGTGCTTCTTTATGAATATTTTCCATTT
ACTTTAATTGAAGGCTGCCAATTGTGGTGCCCGAGTGTTGTGACTGCTGGCCAATGAGGCGGTA
ATACGTTAAGTCGGAGCTGCGGAACGGGATGATGGACCAGTTGAGGCGAAGTACATCAATCTCA
TTTGCCCGCACTTATCGAACGGTTGCCTTGGGGAGATCGCTGCGATTGTTTATCGATAATCGCC
CGATTACCGCGCTGAGCGGTCTTAAAGACCCATAAGAAATGCGGCGATGGCGGCTTTAGATAAG
TAAGTCGTCGGGGCGCTCATAAATTTCGAGCGCGATCCACGGATTTATGCACTCGCTGGARAAAG
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CTATTACCATTAGGCTTTTCGCGACCACGGATTTTTCCGCTTGCCTGAGACAAGTGCAGCGCGG
CAGTTGCAGGCAAATTATGTGTGAGGCAATGCCGCGGGCATGTCTACACCGAAATCAAATTACG
GCAACCTCTATTCACTTATTTGCTTAGTTTTTTGCGCAGTGAGCGGCCAGCGCCTTGTATTGGC
ATCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAAA
TTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACACAAAAG
GCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCTAATTGATGTGCGCCCAT
GCAATAGTTTTGTGCCAATCATTTTTAGTACACCCCTAACTGGTGTTTTCTACGCATAATATGT
GCCATGGCTTAGGGCCTTTTGGTGGACTTACCAACTGAAGAAGACGATTGTGGGGGTGCGTTTG
GCGCAGTGCGCGCCTGCGAGCAGGAAATCTCTTTCTCGGCCTGTCTGATTTTGGCCAAGACAAA
TAAATCCGGCTGGCAGATAGGCAGAGGGGACCCGGCGGTCAGGGCCGTGGACATTGAACTTGAA
AACGCAGCCAGCGCCGAAAACATTGTATTCAACGAACGGCAAGTGCTGCGCGGCATGGGTGTCT
CTGGCTAAGGTTACGGCGGTTGGGCAACAGGTTTTCCCCCGGCCAACACTGGGGGGAGAAAATA
AAAAGGAAAATGTTCAGGCTGCCATAAGTGGGGAAAAAGGAAAACAAAACATGAAACACGGGCC
GGGCAATGTCACTCGGCATTCGCTTGATTTTCCGCCTAACTCGCAGCGGTCCTGTGTGTAAATA
ATGTCTAATGTTGCATGCCGGTTGCATAATCGTGTGGCAATTATGTTGATGTATCCTGATTAAG
CTAGGTCTCTTTGAACTTGTGCAGCTCCACGGGATAGCCGAACGTTTCGGAGTTTGTGTGTCTT
TCTTCCATATGCTTCGTGTAATTACATTTATTCCACAAACAATAAAATAGAGGGGACCTGTCTA
AAGAACAACACATGGCAAAGTGGGAATACAACCAGAAAAGTGGTCCAATAAACAAAGAACGTGA
ATCACTCAGGAATGAGAACCATCGTGAGCCTTCAGCAACAATTACCCATGGCATCTAAATGGCG
AGTACTTTACAACGCCTGACAAAGATAGCTTACGAATCATGTGACGCGAGTATCAATAATTTTG
TATGAGTCTCACCCAGATTCTGATCCGCCGTTAAGCTCACCCGTTAGGCAAACTCTTTGGCATC
GATGGTAGTTAGCTCCATGTAAACAATTCTTACTAGAGGTAGGCCCAGCGTGCGCGCGCTTACC
TATTGAGGGTTTGATCGCCCTTTAGTAGAGTCGGGGTCCGGCTTCAGGTATCGAATCGAGCGCA
GAATGCGGCCAAGGGATCGAGTTAAACCGCTTTTCCGCAGGCCAAGAGTTTTTCGCATTTTGCA
TAAAATCGGCAACGCATAAGTGGCGAAGCATTGATGAAACTGCGGGAAAAGAAGTAAAAAATAT
TTAAAAATAAATATAAATTTATGGCAGAACTTAAGAAACTAATTTGAAATACTTCTTCTTAGGA
AACTGTCCCTAGGAATATTTGTTTTCCCCAGCATTGCTCAATATTTCCTCCATCTTTTTGCTTA
TTGCCCAGACATTTTCCTTGGCCGAAGTGTAGCTGGTGGGTCTCCAGATTAATGCAAACCACTT
CGTCAGCGGAGGTCGTAAACGTATCTTTGCCCATTTGGCTCGTTCATTATGCGTGTGGTATAGC
TTTATTTTTGCCATTTTCCCTCTTTTTTGCACCAGCTGCAGTTGGGCCAAGAGAGTTATGCGAA
TCGGTGCGATTTTCGGGTTTTCGCACTCGCTTGCGGCCATGGCCATTAGAGCATTACCCGCTTA
GGGCGCCCTAAAGTCCAGGTGGTCCCCAGGGACCACAAGAGTATTGCAACTTACGGCCAGCTGA
GTGGAGTGCTGGAACGCACTTCTTAATTTCGGCGGTTATGTAACCTCGAGCTGAGTGTGCGATA
CATATGCCAAAATCACCTGCTCATAATTAGCGGAAACCAACTGTTTGGCCCTCGCCGGACTGTG
AATCATCaGAGCTGCCCAATCGAAATCAAAGCCAAGTCAATCGAAGCCCAGGTAATTCATATTT
AGTGCTGTTCGCAAAGACCTGTCCCAGATACTCTGTTTATAGGTATAATTATTAAGTGCATATC
AGGTTTATTTACATTTATATCGTATTATATTGGTAACTGCAGCAGATGCTGTGCTACAAATTTA
GAATCATTTAAAACAAACATATTTGCCACAGAAAATGTGTGAAATAATTAAACTAAAAGCTTTG
GATGAAGTAAAAAAGCCATAAAGCCTAAAATAATATTATGAATAATCAAAGAAAATCAGTAGAT
GGTAAAGTACTTCGTACCTACGTTGCATGGTATTCAATAAAGACTCGAAAATACTCTCACTCAC
TGTAAGTGAACCCAGTGTTTTGTAATTGCCTAGCACATAAATCAGCTGAATCCTAAACGTATCT
GAAGGCCAGGAGTGTCGGAGAATTCGGTGTGCCAAAAACCAAAGACCAAAGACCATACCCTTTC
AAAACCTTATGAAAAATGGCAAGCCCGGCGAAAGGTGTTGGCCGGTCCAGGGGATTCGGGGGCC
CGTGATACTCGCACTTAATAAACATGCGTGAAAATCAATCAGCGAAGACAAAAGCCACGCACTA
GAAGAAGCCAAAGTGTCCGAAGTGGCCGATCCACGGGTGACCATATAGACCATAAAGTCCGCAT
GGTGGACCACCACCCGAGCCACCGAAAGCAGCCGAATGGCCGAAACCCCGAAGTTGGCGCCTTC
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GTTTTCGCTTCCATTGGCCTGCCTTCGTCTTCGGAGAAAAAAACCTCATATAAAACGTGGCCGA
CATATTGAGTCCAACAGTCGTAAGCGCGCCACGGTCCACAGAA
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D Lines
Line 1 Line 2 Kolmogorov- P-value

Smirnov

statistic
DO D1 0.916666667| 5.384E-06
DO D2 0.833333333| 0.0001154
DO D3 0.916666667| 0.0007541
DO D4 1| 3.846E-07
DO D5 1| 2.071E-07
DO D6 1| 1.479E-06
DO D7 1| 1.479E-06
DO D8 1| 6.804E-06
DO empty 1| 3.846E-07
D1 D2 0.538461538| 0.029515
D2 D3 0.666666667| 0.0340557
D3 D4 0.833333333| 0.0028748
D4 D5 0.395604396| 0.198732
D5 D6 0.493506494| 0.0683769
D6 D7 0.818181818| 0.0006549
D7 D8 1| 1.191E-05
D8 empty 1| 4.021E-06

E lines
Line 1 Line 2 Kolmogorov- P-value

Smirnov

statistic
D2 EO 1| 3.846E-07
D2 E1l 1| 4.021E-06
D2 E2 1| 1.748E-06
D2 E3 1| 1.748E-06
D2 empty 1| 1.923E-07
EO E1l 0.638888889| 0.0179567
E1l E2 1| 2.165E-05
E2 E3 0.7| 0.0123406
E3 empty 0.438461538| 0.171838




pupal abdominal epidermis genes
Adf1l
Alh
Antp
aop
Atf3
Atf6
bi
bip2
bon
Brf
bs
bun
Camta
caz
cg
CG10462
CG10949
CG11247
CG11617
CG11710
CG11902
CG12299
CG13185
CG13796
CG14711
CG15073
CG15439
CG17068
CG17359
CG17385
CG17612
CG18262
CG2202
CG2712
CG2926
CG31126
CG31460
CG31709
CG32847
CG3407
CG3909
CG42724
CG44002
CG45071
CG4730
CG4914
CG4935
CG5708
CG6654

pupal wing genes

Atf3

abo
ash2
achi
Ada2b
Adfl
adp
Aefl
Alh
Antp
aop

apt

ap

ara

pnt

az2

b

Bgb
bigmax
bs

bbx

bon
BEAF-32
bowl
BtbVII
bun

cbt

cic

cnc
caup
CG10209
Zif
CG10274
CG10321
CG10366
CG10543
CG10565
CG10631
CG10949
CG10979
Kdm2
CG11122
CG11247
CG11414
CG11456
pdm3
CG11696
CG11723
CG11906
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CG6686
CG7099
CG7839
CG8301
CG8319
CG8578
CG9650
CG9705
CG9895
Chi
Clamp
Cnot4
CrebA
CREG
CSN5
ct

cwo
D1

Dad

d

dit
dmrt93B
Dp
DpseGA22108
Dr
Dspl
dsx
Dya
Dyak
dysf
E(bx)
e(r)
E(spl)mp-HLH
E(var)3-9
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name
DO for

DO Rev

D3-4 A Reverse
Spacer D3-4 for
Spacer D3-4 Rev
D3-4 B Forward
E2-1 A Reverse
Spacer E2-1 for
Spacer E2-1 rev
E2-1 B Forward

sequence
GTCTAGAGCCCGGGCGAATTAAGAGCCCAAGGTCGGTCG
CCGGCGCTCCTCGAGGGATCTTCTGTGGACCGTGGCGC
GACATAACTCATAAACAATCGCAGCGATCTCCC
GATTGTTTATGAGTTATGTCCTGTGTCAGCG
AATAATTAGATAACAGACACCGAGGGAAAGG
GTGTCTGTTATCTAATTATTCCGTTTAAGGACGC
GATACATCAACATAATTGCCACACGATTATGC
GGCAATTATGTTGATGTATCCTGATTAAGCTAGGT
TCTGCGCTCGATTCGATACCTGAAGCCGGAC
GGTATCGAATCGAGCGCAGAATGCGGCC
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DEVELOPMENTAL BIOLOGY

Regulatory encoding of quantitative variation in spatial

activity of a Drosophila enhancer

Yann Le Poul'#, Yaqun Xin'*, Liucong Ling', Bettina Miihling', Rita Jaenichen', David Hérl?,
David Bunk? Hartmann Harz?, Heinrich Leonhardt?, Yingfei Wang?, Elena Osipova’,
Mariam Museridze', Deepak Dharmadhikari', Eamonn Murphy', Remo Rohs?,

Stephan Preibisch®*, Benjamin Prud’homme®’, Nicolas Gompel'*

Developmental enhancers control the expression of genes prefiguring morphological patterns. The activity of an

Copyright © 2020

The Authors, some
rights reserved;
exclusive licensee
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for the Advancement
of Science. No claim to
original US. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

enhancer varies among cells of a tissue, but collectively, expression levels in individual cells constitute a spatial
pattern of gene expression. How the spatial and quantitative regulatory information is encoded in an enhancer
sequence is elusive. To link spatial pattern and activity levels of an enhancer, we used systematic mutations of the
yellow spot enhancer, active in developing Drosophila wings, and tested their effect in a reporter assay. Moreover,
we developed an analytic framework based on the comprehensive quantification of spatial reporter activity. We
show that the quantitative enhancer activity results from densely packed regulatory information along the se-
quence, and that a complex interplay between activators and multiple tiers of repressors carves the spatial pattern.
Our results shed light on how an enhancer reads and integrates trans-regulatory landscape information to encode

a spatial quantitative pattern.

INTRODUCTION

Enhancers constitute a particular class of cis-regulatory elements that
control in which cells a gene is transcribed, when, and at which rate
(1, 2). Notably, enhancers play a central role during development in
plants and animals (3), generating patterns of gene expression that
delineate embryonic territories and prefigure future forms (4). How
the information determining these patterns is encoded in a devel-
opmental enhancer has therefore been at the center of attention for
several decades. Enhancers integrate spatial information from tran-
scription factors (TFs) bound to them, and the number, affinity, and
arrangement of TF binding sites (TFBSs) in the enhancer sequence
are relevant to the enhancer spatial activity [reviewed in (5)]. How-
ever, the logic of TEBS organization that determines a spatial pattern
is not sufficiently understood to reliably design a functional syn-
thetic enhancer driving correct expression levels (6, 7).

The study of developmental enhancers has been polarized by two
conceptions of gene expression patterns. Until recently, most stud-
ies have referred to enhancer activities in qualitative terms exclusively,
where the notion of spatial pattern evokes discrete and relatively ho-
mogeneous domains of gene expression (8). With the rise of ge-
nomics from the early 2000s, it has become possible to precisely
measure gene expression and, by extension, enhancer activity. How-
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ever, whether it is measured in a given tissue or in single cells, this
quantification of gene expression is done at the expense of losing
spatial information [e.g., (9-11)], with few exceptions [e.g., (12, 13)].
It is nevertheless critical to appreciate that the overall levels and the
spatial pattern of activity in a given tissue are intrinsically linked.
Therefore, to understand how a spatial pattern of gene expression is
encoded in the sequence of an enhancer, it is necessary to measure
quantitative variation of gene expression in space in the tissue where
the enhancer is active. Leading this endeavor, recent studies have
quantified spatial enhancer activity but without considering the pat-
tern itself as a quantitative object (13-18).

To pursue this effort of measuring quantitative variation in spatial
gene expression, we have analyzed the structure and the functional
logic of a compact Drosophila enhancer sequence with quantitative
measurements of its spatial activity in fly wings. The so-called spot'®®
enhancer, from the yellow gene of the fruit fly Drosophila biarmipes,
drives a patterned gene expression in pupal wings with heterogeneous
expression levels among cells (19-21). The spot'”® enhancer sequence
contains at least four TFBSs for the activator Distal-less (DIl) and at
least one TFBS for the repressor Engrailed (En) (Fig. 1A) (19, 20).
Together, these inputs were considered to be sufficient to explain
the spatial activity of spot'*® in the wing, with activation in the distal
region and repression in the posterior wing compartment (19, 20).
Grafting TFBSs for these factors on a naive sequence in their native
configuration, however, proved insufficient to produce regulatory
activity in wings. This prompted us to dissect the spot'®® element
further to identify what determines its regulatory activity, consider-
ing simultaneously spatial pattern and activity levels.

We first introduced systematic small-scale mutations along the
196 base pairs (bp) of the enhancer sequence to test the necessity of
the mutated positions; we then randomized large blocks of the en-
hancer sequence to test the sufficiency of the remaining intact se-
quence to drive activity. To assess the activity of each mutant enhancer,
we devised a pipeline that uses comprehensive descriptors to quantify
variations in reporter activity levels across the wing of Drosophila
melanogaster transgenic lines. Our quantitative analysis revealed a
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Fig. 1. A mutational scan of the D. biarmipes spo enhancer with a quantitative reporter assay. (A) Wild-type ([+]) and mutant ([0] to [16]) versions of the spot'%
enhancer from the D. biarmipes yellow locus (depicted at the top) were cloned upstream of a DsRed reporter to assay their respective activities in transgenic D. melanogaster.
Each mutant targets a position of the enhancer, where the native sequence was replaced by an A-tract (color code: light green, guanine; purple, adenine; dark green, cytosine;
pink, thymine). Four characterized binding sites for the TF Distal-less (Dll-a, DlI-b, DlI-c, and DII-d) (79) are highlighted in red, and a single binding site for the TF Engrailed
(20) is highlighted in blue across all constructs. (B) Average wing reporter expression for each construct depicted in (A) and an empty reporter vector (g). Each wing image
is produced from 11 to 77 individual wing images (38 on average; data file S2), aligned onto a unique wing model. The average image is smoothened, and intensity levels
are indicated by a colormap. (C) Mutational effect on intensity of activity along the spot’* sequence. The phenotypic effect of each mutation described in (A) along the
spot’® sequence (x axis) is plotted as the average level of expression across the wing relative to the wild-type average levels. Shaded gray areas around the curve rep-
resent the 95% confidence interval of the average levels per position. “1” on the y axis represents the mean wild-type intensity of reporter expression. The graph shows
how each construct departs from the wild-type activity (see Materials and Methods). Mutation positions in constructs [0] to [16] are indicated above the graph. The loca-
tions of blocks A, B, and C, analyzed in Fig. 3, are also indicated above the graph. The yellow curve above the graph indicates the helical phasing.
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high density of regulatory information, with all mutated positions
along the spot'®® enhancer sequence contributing significantly to the
activity levels. It also outlined an unanticipated regulatory logic for
this enhancer, where the spatial pattern in the wing results from a
complex interplay between activators and multiple tiers of repressors
carving a spatial pattern.
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RESULTS

Regulatory information distributed along the entire spot’?
enhancer contributes to its quantitative spatial activity
inthe wing

We first systematically evaluated the potential role of all positions
along the spot'®® enhancer sequence to produce an activity pattern
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Fig. 2. Trans-regulatory integration along the spot’® sequence. (A) Average
phenotypes reproduced from Fig. 1B. (B) logRatio images [log({mutant]/[+]) for
intensity values of each pixel of registered wing images] reveal what spatial infor-
mation is integrated by each position along the enhancer sequence. For instance,
a blue region on an image indicates that the enhancer position contains informa-
tion for activation in this region. When mutated, this enhancer position results in
lower activity than [+] in this region of the wing. Note that /ogRatio illustrates local
changes between [+] and mutants far better than image differences (fig. S3) in re-
gions of relatively low activity. (C) Summary of spatial information integrated along
the enhancer sequence.

and wild-type levels of gene expression. We generated a series of
mutants scanning the element and thereby testing the necessity of
short adjacent segments to the enhancer function. Notably, we
made no prior assumption (e.g., predicted TFBSs) on the function
of the mutated nucleotides. We maximized the disruption of se-
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Fig. 3. Regulatory interactions in the spot’® sequence. (A) Schematics of
constructs with block randomizations. The spot’® sequence was arbitrarily divided
into three blocks (A, 63 bp; B, 54 bp; C, 79 bp). In each construct, the sequence of
one, two, or all three blocks was randomized. (B) Terminology for parts of the wing
where constructs from (A) drive reporter expression. (C) Average phenotypes
resulting from constructs in (A). Constructs where single blocks remain indicate the
sufficiency of these blocks to promote wing activity: A in the veins, B in the alula,
and C at high levels across the wing blade. Constructs with two nonrandomized
blocks show the effect of one block on the other. For instance, B is sufficient to
suppress the wing blade activation promoted by C, as seen by comparing [-B-],
[--C], and [-BC]. Colormap of average phenotypes normalized for all constructs of
the block series, including block permutations of Fig. 4B. (D) Block interactions are
best visualized with logRatio images of construct phenotypes shown in (C). For
each logRatio, the denominator is the reference construct, and the image shows on
a logarithmic scale how much the construct in the numerator changes compared
to this reference. For instance, log([-BCJ/[--C]) shows the effect of B on C, a global
repression, except in the spot region. Colormap indicates an increase or a decrease
of activity compared to the reference (denominator). For an overview of all
comparisons, particularly the relative contribution of each block to the entire
enhancer activity, see fig. S4 (Cto F).

quence information by introducing stretches of 10 to 18 bp (11.5 bp
on average) of poly(dA:dT), also known as A-tracts (22), at adjacent
positions along the sequence (Fig. 1A). Thus, the sequence of each
of the 17 constructs (spotl% [0 o potl% 1161 or [0] to [16] in short;
Fig. 1A) is identical to the wild-type spotl% ([ +] in short), except for
one segment where the sequence was replaced by the corresponding
number of adenines. These mutations affect the local sequence
composition, without changing distances or helical phasing in the
rest of the enhancer. We measured activities of each mutant en-
hancer in the wing of the corresponding reporter construct line
of D. melanogaster, here used as an experimental recipient for
site-specific integration. In brief, for each reporter construct line,
we imaged individually around 30 male wings (1 wing per fly) un-
der bright-field and fluorescent light. We detected the venation on
the bright-field images of all wings and used it to compare reporter
activity across wings. For this, we applied a deformable model to
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Fig. 4. Block permutations scale the activity of the spot’® enhancer. (A) Schematics of constructs with block permutations. In this series, the same blocks of sequences
as in Fig. 3A were permutated. (B) Average phenotypes resulting from constructs in (A). Colormap of average phenotypes normalized for all constructs of the block series,
including block randomizations of Fig. 3C and fig. S4B. (C) Average phenotypes in (B) compared to the average phenotype of the wild-type [ABC] (logRatio). Note that, in
contrast to constructs with randomized blocks (Fig. 3), constructs with block permutations result in near-uniform changes of activity across the wing. Colormap indicates

an increase or a decrease of activity compared to the wild-type enhancer [ABC].

warp the fluorescent image of each wing, using landmarks placed
along the veins of the corresponding bright-field image and align-
ing them to a reference venation (see Materials and Methods for
details). The resulting dataset is a collection of fluorescence images
for which the venation of all specimens is perfectly aligned. These
images, represented as the list of fluorescence intensity of all pixels,
constitute the basis of all our quantitative dissection. To assess
whether the activity driven by a given enhancer sequence signifi-
cantly differs from any other, wild type or mutant, we used the
scores produced by principal components analysis (PCA) that com-
prehensively summarizes the variation of the pixel intensities across
wings. To visualize the reporter activity per line, we used images
representing the average activity per pixel (hereafter average
phenotype).

The activity of each mutant (Fig. 1B) differs significantly from
that of [+], as measured in the PCA space (fig. S1 and data file S1).
This means that the activity of each mutant had some features,
more or less pronounced, that significantly differentiate its activity
from [+], revealing the high density of regulatory information dis-
tributed along the sequence of spot'*®. The magnitude and direction
of the effects, however, vary widely among mutants, ranging from
activity levels well above those of [+] to a near-complete loss of
activity.

The average activity levels of each mutant construct in the wing
relative to the average activity levels of [+] show how effect direc-
tions and intensities are distributed along the enhancer sequence
(Fig. 1C). This distribution of regulatory information and the mag-
nitude and direction of the effects, including several successions of
overexpressing and underexpressing mutants, suggest a more com-
plex enhancer structure than previously thought (20). The density
of regulatory information is also reminiscent of what has been
found for other enhancers (13, 23, 24).

In principle, the localized mutations we introduced can affect
the spot'® enhancer function through nonexclusive molecular
mechanisms. Mutations may affect TF-DNA interactions by dis-
rupting TEBS cores or by influencing TF binding at neighboring
TFBSs [for instance, by altering DNA shape properties (25, 26)].
A-tract mutations may also influence nucleosome positioning and

Le Poul et al., Sci. Adv. 2020; 6 : eabe2955 2 December 2020

thereby the binding of TFs at adjacent sites (27). Not exclusively,
because of stacking interactions between adjacent As and Ts, they
increase local DNA rigidity (22, 28, 29) and may thereby hinder or
modulate TF interactions. These changes in rigidity, which we have
evaluated for our mutant series (fig. S2A), may affect TF-TF inter-
actions (fig. S2B). Regardless of the precise molecular mechanisms
underlying the mutations we introduced in the spot'* sequence, we
wanted to assess how they affect the integration of spatial informa-
tion along the enhancer sequence.

An enhancer’s view on the wing trans-regulatory landscape
revealed by logRatio images
We have introduced a spatial visualization of the intensity of effect
of a mutation on the enhancer activity. We computed the pixel-wise
log of the ratio between two average phenotypes (single mutants over
[+]) at every pixel (30), hereafter noted logRatio. The advantages
of using logRatio are detailed in the Supplementary Materials and
briefly summarized here. logRatio images show visually how much
a mutant affects the enhancer activity across the wing proportionally
to the local activity level. By contrast, the absolute difference in
expression is generally locally linked to the level of expression.
Therefore, effects in areas of high activity tend to be much more
visible than those in areas of low activity (compare Fig. 2 and
fig. $3). logRatio images instead represent the local proportional ef-
fects and are therefore suitable to reveal the variety of spatial effects
of mutations, irrespective of the expression pattern itself.
Depending on how TF integration is modified by a mutant,
logRatio images can also reflect the distribution of the individual
spatial inputs received and integrated along the spot'*® sequence.
They can be particularly informative when both a TFBS and the
spatial distribution of the cognate TF are known, as they shed light
on how directly the TF information is integrated. This is the case for
En and DII, for which TFBSs have been previously characterized in
spot'*® (19, 20). The disruption of an En binding site (Fig. 1, A and B,
construct [15]) resulted in a proportional increase of activity in the
posterior wing compartment (75%, F ;24 = 77.8, P = 8.8818 X 1075).
The log([15]/[+]) image (Fig. 2) shows that mutant [15] propor-
tionally affects the activity mostly in the posterior wing. The effect
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correlates with En distribution (20) and is consistent with the re-
pressive effect of its TF. Contrary to what the average phenotypes
suggested (Fig. 1C), mutant [16] shows a very similar logRatio to
that of [15], albeit with only 25% increase in activity. The effect of
mutant [16] was barely discernible when considering the variation
in the overall fluorescence signal (Fig. 1C), illustrating the power of
the logRatio analysis to detect local effects in areas of low activity.
Mutations that disrupted characterized DIl binding sites (Fig. 1, A and B,
constructs [0], [1], [7], and [9]) resulted in strong reduction in
reporter expression (90%, Fy 74 = 143.3, P = 0; 75%, Fy 75 = 109.3,
P =22204x 107"% 47%, Fy 107 = 75.4, P = 4.8073 x 10~ and 39%,
Fi74=232,P=7.6363 x 107, respectively; data file S1). The logRatio
images for mutants [0], [1], and, to a lesser extent, [7] show a
patterned decrease of activity in line with DIl distribution in the
wing (Fig. 2) (19), with a proportionally stronger loss of activity
toward the distal wing margin. This corroborates previous evidence
that DIl binds to these sites. The respective logRatio images for seg-
ments [0] and [1] correlate with levels of DIl across the wing. This
suggests that these sites individually integrate mostly DIl informa-
tion and do so in a near-linear fashion. Site [9], which produces a
relatively different picture with areas showing overexpression, is
discussed below. Mutations of DI sites, however, have nonadditive
effects, as mutants [0], [1], [7], and [9] result in a decrease of activity
levels by 90, 75, 47, and 39% compared to [+], respectively. This
nonadditivity could be explained by a strong cooperative binding of
DIl at these sites or, alternatively, by considering that these DIl TFBS
are interacting with other sites in the sequence.

In addition, we noted that, despite mutating a DIl TFBS, mutant
[9] showed a substantially different logRatio than [0] and [1] but
similar to [8], with a repressing activity in the posterior wing com-
partment, proximally, and a distal activation (Fig. 2B). This dual
effect could be explained by the disruption of the DIl site along
with a distinct TFBS for a posterior repressor. Alternatively, a
single TFBS could be used by different TFs with opposite activi-
ties. In this regard, we note that the homeodomains of DIl and En
have similar binding motifs (31) and could both bind the DIl
TFBS disrupted by [9] (and possibly [8]). The posterior repres-
sion of En and the distal activation of DIl seem compatible with
this hypothesis.

Unravelin? trans-regulatory integration along

the spot’*° sequence

Following the same approach, we next analyzed the information
integrated in other segments. Apart from the known DIl and En
TFBSs, the enhancer scan in Fig. 1C identified several segments
with strong quantitative effects on the regulatory activity. Between
the two pairs of DIl TFBSs, we found an alternation of activating
sites [[3] and [6], reducing overall levels by 36% (F 69 = 17.6,
P =7.8336 x 10™°) and 93% (F, o3 = 284.9, P = 0) compared to [+],
respectively] and strong repressing sites [[2], [4], and [5], with an
overall level increase of 3.2-fold (F, 7, = 511.5, P = 0), 1.9-fold
(F1 g5 = 103.2, P = 2.2204 x 107*), and 2.7-fold (F) g, = 426.5, P = 0)
compared to [+], respectively]. Construct [3] proportionally de-
creases the expression mostly around the wing veins (Fig. 2B), sug-
gesting that this segment integrates information from an activator
of the vein regions. We had found a similar activity for this region
of yellow from another species, Drosophila pseudoobscura, where no
other wing blade activity concealed it (20). The logRatio of mutant
[6], with a stronger, more uniform effect than for the other mutants
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that repress the activity, suggests a different trans-regulatory inte-
gration than DIl sites. We have recently shown that this site regu-
lates the chromatin state of the enhancer (2I). Regarding segments
with a repressive effect, mutants [4] and [5] result in a fairly uni-
form relative increase in expression, different from the activity of
[2], indicating that the information integrated by these two regions
([2] versus [4] and [5]) likely involves different TFs. Three seg-
ments, [6], [0], and [1] (the last two containing previously known
DIl binding sites), each decrease the activity levels by 75% or more.
Finding additional strong repressive sites ([2], [4], and [5]) with
a global effect on the enhancer activity across the wing is also
unexpected.

The analysis revealed another activating stretch of the sequence,
between 116 and 137 bp, as mutated segments [10] and [11] de-
creased activity by 56% relative to [+] and showed very similar
logRatios. Mutant [12] showed a mixed effect, with practically, in
absolute terms, no effect in the anterior distal wing quadrant. Last,
segments [13], [14], and [15] showed a succession of repressing and
activating sites, as we have seen for segments [2] to [6], although
with a lower amplitude. Mutant [13] caused an overall increase in
activity (1.4-fold relative to [+]) with, proportionally, a uniform ef-
fect across the wing (logRatio). By contrast, mutant [14] decreased
the overall activity by 36%, with a logRatio indicating an activating
effect in the spot region and a repressive effect in the proximal part
of the posterior wing compartment, similarly to mutants /8] and [9]
but with lesser effects.

Together, this first dissection, focusing on the necessity of seg-
ments for the enhancer activity at the scale of a TFBS, which is typ-
ically 10 bp long (32), sug§ested amuch higher density of regulatory
information in the spot’°® enhancer than previously described
(19, 20). The nonadditivity of effects at DIl binding sites, three
repressing and four activating and previously unidentified segments
distributed in alternation along the enhancer, and the variety of
their effects pointed to a complex regulatory logic, involving more
(possibly six to eight) factors than just DIl and En. We resorted to a

different approach to further probe the regulatory logic of spot'®.

An interplay of activating and repressing inputs produces

a spatial pattern of enhancer activity

The first series of mutations informed us on the contribution of the
different elementary components of the spot'*® enhancer sequence
to its regulatory activity. However, it failed to explain how these

components integrated by each segment interact to produce the en- &

hancer activity. To unravel the regulatory logic of this enhancer, it
is required to understand not only which segments are sufficient to
drive expression but also how elementary components underlying
the regulatory logic influence each other. To evaluate the sufficiency
of, and interactions between, different segments, we would require
to test all possible combinations of mutated segments, namely, a
combinatorial dissection. Doing this at the same segment resolu-
tion as above is unrealistic, because the number of constructs grows
with each permutation. Instead, we used three sequence blocks of
comparable sizes in the spot'*® enhancer—A, B, and C, defined arbi-
trarily (Fig. 3A)—and produced constructs where selected blocks
were replaced by a randomized sequence (noted “-”). This second
series, therefore, consists of eight constructs, including all combina-
tions of one, two, or three randomized blocks, a wild-type [ABC]
(which has strictly the same sequence as [+] from the first series),
and a fully randomized sequence, [---].

50f11

SZ0T ‘9T YOIBIA] UO UUOE YIYIOI[QIQSIPURT PUN ~SPISIDAIU() J& SI0°DOUIIIS MMAY//:SANY WOy papeojumo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

Results

With these constructs, we can track which segments, identified
in the first series as necessary for activation in the context of the
whole spot'®, are also sufficient to drive activity (table S3; see
Fig. 1C for the correspondence between the two series of muta-
tions). Of the three blocks (constructs [A--], [-B-], and [--C]), only
block C is sufficient to produce activity levels comparable to those
of the wild-type spot'®® in the wing blade, although with a different
pattern from [ABC] (fig. $4, A to C). Reciprocally, randomizing
block C (construct [AB-]) results in a uniform collapse of the activ-
ity (fig. S4, A to C). We concluded that the sequence of block C
contains information necessary and sufficient to drive high levels of
activity in the wing in the context of our experiment. This is partic-
ularly interesting because C does not contain previously identified
DIl TFBSs or strong activating segments. By contrast, blocks A and
B, although they each contain two DIl sites, do not drive wing blade
expression. The activating segments in block C revealed in the first
dissection, particularly segments [10] and [11], are therefore candi-
dates to drive the main activity of spot'*® in the context of these
reporter constructs.

Block A alone ([A--]) produces high levels of expression in the
veins (fig. $4, A to C). Combined with block C (construct [A-C]),
it also increases the vein expression compared to C alone. We
concluded that A is sufficient to drive expression in the veins.
Segment [3], which proportionally decreased the activity mostly
in the veins, could therefore be the necessary counterpart for this
activation.

Block B alone drives expression only near the wing hinge, in a
region called the alula (/-B-]J; Fig. 3, B to D). The first dissection se-
ries, however, did not identify a mutated segment within block B
that affected specifically the alula.

The necessity of DIl binding sites (in segments [0], [1], [7], and
[9]) and of segment [6], and their insufficiency to drive activity in
the wing blade in the context of block A alone, block B alone, or
blocks A and B combined, suggest that these sites with a strong ac-
tivation effect function as permissive sites. We next focused on un-
derstanding the interplay between repressing and activating sites to
shed light on how the spot'® patterning information is built. In the
first series of constructs, we identified several strong repressing seg-
ments in block A (/2] and [4]) and block B ([5]). Using sufficiency
reasoning with the second series of constructs, we further investi-
gated how these inputs interacted with other parts of the enhancer
(Fig. 3). These interactions are best visualized with logRatios, com-
paring this time double-block constructs to single-block constructs
used as references (Fig. 3D and fig. $4, D to F). Block B has a strong
repressive effect on block C throughout the wing, except at the
anterior distal tip, where C activity is nearly unchanged [log(/-BC]/
[--C]); Fig. 3D]. Likewise, log(/AB-]/[A--]) shows that B also re-
presses the vein expression driven by A. Similarly, block A represses
the C activity across the wing blade, except in the spot region
log([A-C]/[--C]). We have seen above that blocks A and B both con-
tain not only strong repressing segments but also known DIl TEBSs.
Because both A and B show a repressive effect on block C, except in
the spot region, we submit that the apparent patterned activation by
DIl may result from its repressive effect on direct repressors of ac-
tivity, mostly at the wing tip. This indirect activation model would
explain the nonadditivity of the individual DIl binding sites ob-
served in the first construct series and why grafting DIl TFBSs
on a naive DNA sequence is not sufficient to create a wing spot
pattern. Together, these results outline an unexpectedly complex
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regulatory logic that contrasts with the simple model we had initially
proposed (19, 20) and involves multiple activators and several tiers
of repressors.

Sequence reorganization affects activity levels of the spot’®
enhancer, not its spatial output

In a final series of experiments, we wondered whether the complex
regulatory architecture uncovered by the first two mutant series was
sensitive to the organization of the inputs. To test the effect of
changes in the organization of enhancer logical elements, we intro-
duced new constructs with permutations of blocks A, B, and C
(Fig. 4A). These permutations preserve the entire regulatory con-
tent of the enhancer, except at the junction of adjacent blocks where
regulatory information may be lost or created. All permutations
that we have tested (four of five possible permutations) drive sig-
nificantly higher levels of expression than the wild-type [ABC]
[[ACB] 2.9-fold (Fl,gg = 191.8, pP= O); [BAC] 6-fold (F1’93 = 589.1,
P = 0); [BCA]J: 5.8-fold (Fy 93 = 589.1, P = 0); [CBA]J: 8.4-fold
(F1,03 =1664.2, P = 0); Fig. 4B] yet with minor effects on the activity
distribution proportionally to the wild type (Fig. 4C). We conclud-
ed from these experiments that, in terms of pattern, the regulatory
output is generally resilient to large-scale rearrangements. As long
as all inputs are present in the sequence, the spatial activity is de-
ployed in a similar pattern, yet its quantitative activity is strongly
modulated. Because they have little influence on the activity pat-
tern, the rearrangements may not change the nature of the interac-
tions within the enhancer or with the core promoter. Although we
would need to challenge this conclusion with additional constructs
and blocks with different breakpoints, we speculate that, molecular-
ly, the block randomization perturbates the action of some of the
uniformly repressing elements. It highlights the robustness of the
enhancer logic to produce a given patterned activity.

DISCUSSION

With this work, we have set to decipher the regulatory logic of an
enhancer, spotl%. The viewpoint presented here is the informa-
tion that the enhancer integrates along its sequence. Combined
with the quantitative measurement of enhancer activity in a tis-
sue, the wing, this information reveals the enhancer regulatory
logic and how it reads the wing trans-regulatory environment to
encode a spatial pattern. The strength of our arguments stems from
the introduction of two complementary aspects of the method
(discussed in the following sections): one to combine the assess-
ment of necessity and sufficiency of regulatory information in our
analysis and another to compare the spatial activity of enhancer
variants (logRatio).

Regulatory necessity and regulatory sufficiency

When dissecting a regulatory element, it is straightforward to
assess the necessity of a TFBS or any stretch of the sequence to
the activity, by introducing mutations. It is generally more diffi-
cult to assess whether the same sequence is sufficient to promote
regulatory activity at all, and most enhancer dissections are focusing
on necessity analysis [see, for instance, (12, 17, 19, 20, 23, 33-37)].
However, our study shows that, to decipher regulatory logic and
eventually design synthetic enhancers, understanding which reg-
ulatory components are sufficient to build an enhancer activity
is key.
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Fig. 5. A model of the regulatory logic governing the spot’*® enhancer. (A to D) The schematics show step by step how regulatory information and interactions inte-

grated along the enhancer sequence produce a spatial pattern of activity. (A) Three independent inputs, respectively, in blocks A, B, and C promote activity (arrows) in the
wing veins, the alula, and the wing blade, as illustrated with average phenotypes of constructs [A--], [-B-], and [--C], respectively. Note that activity levels in the wing blade,
stemming from block C, match the final levels of the spot'®® enhancer activity in the spot region. (B) A first set of repressive inputs suppresses activity in the wing blade
(stemming from blocks A and B) and the veins (stemming from block B). The overall combined output of the initial activation and the global repressive inputs is a
near-complete loss of activity, except in the alula. (C) A second set of repressive inputs, whose action is localized in the distal wing region, counters the global repression,
thereby carving a pattern of distal activity promoted by block C. (D) The distal activity is repressed in the posterior wing compartment, likely through the repressive action
of Engrailed, resulting in a final pattern of activity in the spot region.

A visual tool to compare spatial activities driven by ties and thereby focusing our attention to the regions of high varia-

enhancer variants

We introduced a new representation to compare activities between
enhancer variants, typically a wild type and a mutant. Proportional
effects, or local fold changes, as revealed by logRatio produce repre-
sentations that are independent from the distribution of the refer-
ence activity. They also better reflect the distribution of factors in
trans and their variations as seen by the enhancer (here, across the
wing) than differential comparisons (compare Fig. 2 and fig. S3).
Differential comparisons are dominated by regions of high activi-
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tion of activity. By contrast, logRatios reveal strong effects in regions
of low activity that would hardly be visible using differential com-
parisons, highlighting some cryptic components of the regulatory
logic. When additional knowledge about TFBSs and TF distribution
will become available, they will also inform us on the contribution
of the TF in the regulatory logic. In this respect, the introduction of
logRatios in our analysis has proven useful and could be adapted to
any system where image alignment is possible, such as Drosophila
blastoderm embryos (38) or developing mouse limbs (39).
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A-tracts did not disrupt the major effect of TF-TF interactions
A-tracts are known to change local conformational properties of
DNA. Hence, our A-tract mutations could influence the regulatory
logic not only by directly disrupting the information contained in
the sequence they replaced but also, indirectly, by introducing more
changes than wanted. As an alternative, sequence randomization,
however, is more likely to create spurious TFBSs, which is difficult
to control for, especially if all the determinants of the enhancer
activity are not known. The possible occurrence of undesired and
undetected TFBSs would have biased our interpretation of the effect
of individual segments and, consequently, of the regulatory logic of
the enhancer. The chance that A-tracts introduce new TFBSs in the
enhancer sequence is quite low compared to sequence randomiza-
tion, which is why we favored this mutational approach for the
analysis of short, individual segments. However, A-tracts can mod-
ify various physical properties of the DNA molecule and, in turn,
influence interactions between TFs binding the enhancer. The dis-
ruption of a TF-TF interaction due to the introduction of an A-tract
between two TFBSs (fig. S2B) would be revealed if mutating a par-
ticular segment would have an effect similar to the effect of mutat-
ing immediately adjacent flanking segments. We note, however,
that we do not have such situation in our dataset. This suggests that
the A-tracts we introduced, if anything, only mildly altered TF-TF
interactions through changes in the physical properties of spot'*.
Instead, we think that the effects of A-tract mutations are mostly
due to disrupted TFBSs along the enhancer sequence.

The regulatory logic underlying spot’® enhancer activity
The main finding of our study is that the spot**® enhancer likely in-
tegrates six to eight distinct regulatory inputs, with multiple layers
of cross-interactions (Fig. 5). We had previously proposed that the
spot pattern resulted from the integration of only two spatial regu-
lators: the activator DIl and the repressor En (19, 20). The regulato-
ry density that we reveal here (Figs. 1C and 2) is reminiscent of what
has been found for other enhancers (13, 23, 24). A logical analysis of
systematic mutations along the enhancer gives a different status to
the factors controlling spot'*®. The main levels of spot'*® activity
across the wing blade seem to result mostly from two unknown ac-
tivators: one promoting a relatively uniform expression in the wing
blade, and another along the veins (Fig. 5A). This activation is, in
turn, globally repressed throughout the wing by an unknown re-
pressor whose action masks that of the global activator (Fig. 5B).
Upon these first two regulatory layers, the actual spot pattern of
activity is carved by two local repressions. A distal repression coun-
teracts the effect of the global repressor in the distal region of the
wing (Fig. 5C), but the spatial range of this repression is limited to
the anterior wing compartment by another repressor acting across
the posterior wing compartment (Fig. 5D). The former local repres-
sion could be mediated by DIl itself, a hypothesis compatible
with the nonadditive effects of DIl TFBS mutations, whereas the
latter is almost certainly due to En. Thus, the pattern of activity
results not so much from local activation but from multiple tiers of
repressors.

One would expect this complex set of interactions between TFs
that bind along the enhancer sequence to be vulnerable to sequence
reorganization. We unexpectedly find that shuffling blocks of the
sequence resulted in marked changes in activity levels with little
effect on the activity pattern. Similarly, many of the mutations still
produced a pattern of activity quite similar to the one of [+]. This
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suggests that the exact organization of the different inputs and the
absence of some of these inputs do not affect the TF-enhancer and
TF-TF interactions required for a patterned activity, which here
translates mainly to the role of DIl in repressing global repressors
and the repressing role of En. The frequency of these interactions,
or the interactions with the core promoter, may, however, change
significantly upon sequence modifications, affecting transcription
rate. In other words, the regulatory logic described above is robust
to changes for the production of a spatial pattern but less so for the
tuning of enhancer activity levels.

The regulatory logic of this enhancer perhaps reflects the evo-
lutionary steps of the emergence of spot'*®. The spot'*® element
evolved from the co-option of a preexisting wing blade enhancer
(20). The sequences of this ancestral wing blade enhancer and the
evolutionary-derived spot'® overlap and share at least one common
input (21). This perspective is consistent with the idea that a novel
pattern emerged by the progressive evolution of multiple tiers of
repression carving a spot pattern from a uniform regulatory activity
in the wing blade. To further deconstruct the regulatory logic gov-
erning the spot'*® enhancer and its evolution, one first task will be to
investigate how some of the mutations we introduced affect the
activity of a broader fragment containing the entire spot activity
(and the wing blade enhancer), closer to the native context of this
enhancer. Another challenging step will be to identify the direct
inputs integrated along its sequence. It will also be necessary to
characterize their biochemical interactions with DNA and with one
another. Ultimately, to fully grasp the enhancer logic will mean to
be able to recreate these interactions in a functional synthetic regu-
latory element.

MATERIALS AND METHODS

Fly husbandry

Our D. melanogaster stocks were maintained on standard cornmeal
medium at 25°C with a 12:12 day-night light cycle.

Transgenesis

All reporter constructs were injected as in (19). We used $C31-
mediated transgenesis (40) and integrated all constructs at the
genomic attP site VK00016 (41) on chromosome 2. All transgenic
lines were genotyped to ascertain that the enhancer sequence was
correct.

Molecular biology

All 196-bp constructs derived from the D. biarmipes spot " se-
quence were synthesized in vitro by a biotech company (Integrated
DNA Technologies, Coralville, USA; catalog no. 121416). Table S1
provides a list of all constructs and their sequences. Each construct
was cloned by In-Fusion (Takara, Mountain View, USA) in our
pRedSA vector [a custom version of the transformation vector pRed
H-Stinger (42) with a 284-bp attB site for $C31-mediated transgen-
esis (40) cloned at the Avr II site of pRed H-Stinger]. All constructs
in Fig. 1 were cloned by cutting pRedSA with Kpn I and Nhe I and
using the following homology arms for In-Fusion cloning: 5-GAG-
CCCGGGCGAATT-3" and 5'-GATCCCTCGAGGAGC-3'. Likewise,
constructs in Fig. 3 were cloned by cutting pRedSA with Bam HI
and Eco RI and using the following homology arms for In-Fusion
cloning: 5'-GAGCCCGGGCGAATT-3’ and 5'-GATCCCTCGAG-
GAGC-3'.

196
S
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Wing preparation and imaging

All transgenic wings imaged in this study were homozygous for the
reporter construct. Males were selected at emergence from pupa, a
stage that we call “post-emergence,” when their wings are unfolded
but still slightly curled. When flies were massively emerging from
an amplified stock, we collected every 10 min and froze staged flies
at —20°C until we had reached a sufficient number of flies. In any
case, staged flies were processed after a maximum of 48 hours at
—20°C. We dissected a single wing per male. Upon dissection, wings
were immediately mounted onto a microscope slide coated with
transparent glue (see below) and fixed for 1 hour at room tempera-
ture in 4% paraformaldehyde diluted in phosphate-buffered saline-1%
Triton X-100 (PBST). Slides with mounted wings were then rinsed
in PBST and kept in a PBST bath at 4°C until the next day. Slides
were then removed from PBST, and the wings were covered with
Vectashield (Vector Laboratories, Burlingame, USA). The samples
were then covered with a coverslip. Preparations were stored for a
maximum of 48 hours at 4°C until image acquisition.

The glue-coated slides were prepared immediately before wing
mounting by dissolving adhesive tape (Tesa brand, tesafilm,
ref. 57912) in heptane (two rolls in 100 ml of heptane) and spreading a
thin layer of this solution onto a clean microscope slide. Once the
heptane had evaporated (under a fume hood), the slide was ready
for wing mounting. All wing images were acquired as 16-bit images
on a Ti2 Eclipse Nikon microscope equipped with a Nikon 10x plan
apochromatic lens (numerical aperture, 0.45; Nikon Corporation,
Tokyo, Japan) and a pco.edge 5.5 Mpx sCMOS camera (PCO,
Kelheim, Germany) under illumination from a Lumencor SOLA
SE ITlight source (Lumencor, Beaverton, OR, USA). Each wing was
imaged by tiling and stitching of several z-stacks (z-step, 4 um) with
50% overlap between tiles. Each image comprises a fluorescent
channel (ET-DSRed filter cube, Chroma Technology Corporation,
Bellows Falls, VT, USA) and a bright-field channel (acquired
using flat field correction from the Nikon NIS-Elements software
throughout), the latter being used for later image alignment. To
ensure that fluorescence measurements are comparable between
imaging sessions, we used identical settings for the fluorescence
light source (100% output), light path, and camera (20-ms exposure
time, no active shutter) to achieve comparable fluorescence excitation.

Z-projection

Stitched three-dimensional (3D) stacks were projected to 2D images
for subsequent analysis. The local sharpness average of the bright-
field channel was computed for each pixel position in each z-slice,
and an index of the slice with the maximum sharpness was recorded
and smoothed with a Gaussian kernel (sigma = 5 px). Both bright-
field and fluorescent 2D images were reconstituted by taking the
value of the sharpest slice for each pixel.

Image alignment

Wing images were aligned using the veins as a reference. Fourteen
landmarks placed on vein intersections and end points and 26 sliding
landmarks equally spaced along the veins were placed on bright-
field images using a semi-automatized pipeline. Landmark coordi-
nates on the image were then used to warp with a deformable model
(thin plate spline) bright-field and fluorescent images to match the
landmarks of an arbitrarily chosen reference wing by the thin plate
spline interpolation (43). All wings were then in the same coordinate
system, defined by their venation.
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Fluorescent signal description

A transgenic line with an empty reporter vector (o) was used as a
proxy to measure noise and tissue autofluorescence. The median
raw fluorescent image was computed across all @ images and used to
remove autofluorescence, subtracted from all raw images before the
following steps. All variation of fluorescence below the median o
value was discarded. The DsRed reporter signal was mostly local-
ized in the cell nuclei. We measured the local average fluorescent
levels by smoothing fluorescence intensity, through a Gaussian
filter (sigma = 8 px) on the raw 2D fluorescent signal. The sigma
corresponded roughly to two times the distance between the adja-
cent nuclei. To lower the memory requirement, images were then
subsampled by a factor of 2. We used the 89,735 pixels inside the
wings as descriptors of the phenotype for all subsequent analyses.

Average phenotypes, differences, logRatio colormaps,

and normalization

Average reporter expression phenotypes were computed as the
average smoothed fluorescence intensity at every pixel among all
individuals in a given group (tens of individuals from the same
transgenic line). The difference between groups was computed as
the pixel-wise difference between the average of the groups (fig. S3).
logRatio between two constructs represents the fold change of a
phenotype relative to another and is calculated as the pixel-wise
logarithm of the ratio between the two phenotypes. Averages, dif-
ference, and logRatio images were represented using colors equally
spaced in CIELAB perceptual color space (44). With these color-
maps, the perceived difference in colors corresponds to the actual
difference in signal. Colormaps were spread between the minimal
and maximal signals across all averages for average phenotypes.
Difference and logRatio spread between minus and plus represent
the absolute value of all difference for the phenotype differences,
with gray colors indicating that the two compared phenotypes
are equal.

Mutation effect direction and intensity

We proposed to represent the necessity of a stretch of the sequence
along the enhancer with the activity levels of mutants of this stretch
relative to the wild-type ([+]) activity. To summarize the overall ef-
fect of mutants (overexpression or underexpression), we measured
the average level of activity across each wing relative to that of the
reference. The reference level was defined as the average level of
activity of all [+] individuals. The value at each position corre-
sponds to the average of all individuals that present a sequence that
have an effect on this position. The effect of a mutation is not strictly
limited to the mutated bases, because they can also modify proper-
ties of DNA of flanking positions (45). To take this effect into
account and produce a more realistic and conservative estimation
of necessity measure at each position, we weighted the phenotypic
contribution of each mutant line to the measure by the strength of
the changes they introduce to the DNA shape descriptors at this
position. At each position, the phenotype of constructs not affecting
the DNA shape descriptors compared to [+] was not considered.
When two mutants modify the DNA shape descriptors at one
position, typically near the junction of two adjacent mutations, the
effect at this position was computed as the weighted average of
the effect of the two mutants, where the weight is the extent of the
DNA shape modification relative to the [+] sequence. DNA shape
descriptors were computed by the R package DNAshapeR (46).
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Results

Notably, with an average of 11.5 bp, our A-tract mutations are
somewhat larger than an average eukaryotic TFBS [~10 bp (32)],
and each mutation is likely to affect up to two TFBSs. This size
represents the limit of regulatory content that we can discriminate
in this study.

PCA and difference significance

The intensity measure is an average of the overall and variable
expression across the wing. Hence, mutations causing a different
effect on the phenotype can have the same intensity value. To test
whether the mutant significantly differs from [+], we used compre-
hensive and unbiased phenotype descriptors provided by PCA,
which removes the correlation between pixel intensities and de-
scribes the variation in reporter gene expression. PCA was calculated
on the matrix regrouping intensities of all pixels for every individual,
of dimensions (n_individuals x n_pixels on the wing). The signifi-
cance of the difference between two constructs considers the multi-
variate variation of the phenotypes and is tested using multivariate
analysis of variance (MANOVA) on all five first components ex-
plaining more than 0.5% of the total variance (data file S3).

Overall expression intensity and significance

The overall expression level was measured for each individual as the
average intensity across the wing. This was used to test the signifi-
cance of overall increase and decrease in expression levels relative to
the wild-type levels.

DNA rigidity scores

A-tracts are runs of consecutive A/T base pair without a TpA step.
Stacking interactions and inter-base pair hydrogen bonds in ApA
(TpT) or ApT steps of A-tracts lead to conformational rigidity (28).
The length of an A-tract directly correlates with increased rigidity
(47). To parametrize DNA rigidity at nucleotide resolution, we used
A-tract length as a metric. For each position in a given DNA se-
quence, we find the longest consecutive run of the form A, T,, that
contains this position (with the requirement of n > 0, m > 0, and
n+m = 2), and score DNA rigidity at that position using the length
of this subsequence. For example, the sequence AATCGCAT will
map to the scores 3,3,3,0,0,0,2,2 because AAT and AT are A-tracts
of lengths 3 and 2 bp, respectively.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/49/eabe2955/DC1

View/request a protocol for this paper from Bio-protocol.
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along each principal component is represented on a wing with a colormap next to each axis.
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Figure S2. Local rigidity along the wild-type and mutant spot'*°. (A) Each graph is a plot of

the length of the longest consecutive A, Th sequence that a base pair participates in, a proxy for

sequence rigidity at this position. The first graph on top is the wild type (/+/) alone. The

remaining graphs show plots for each mutant (/0/, ..., [16]) with a solid black line, compared to

the wild type represented with a dotted magenta line. (B) Schematics illustrating the hypothetical

consequence of local DNA rigidity (caused by an A-tract) on TF interactions. A flexible linker

between two TFBSs would favor interactions between 2 bound TFs, while a stiffer linker of the

same length would limit, or prevent these interactions.
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Figure S3. Pattern changes between wild-type and mutant spot’?® constructs. (A) Average
phenotypes reproduced from Figure 1B. (B) difference images (/+] — [mutant]) for intensity
values of each pixel of registered wing images) highlight changes in the distribution of the
enhancer activity across the wing. Note that this operation introduces a visual bias towards

changes in region of high expression, contrasting with logRatio images of Figure 2.
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t!? enhancer variants.

Table S1. Sequences of spo
e wild type [+ ] or [ABC]

>spot!96 4]

TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT

CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA

ACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCT

AATTGATGTGCGCCCATGCAAT

e single mutants /0] to [16]
>spot!96 0]
AAAAAAAAAAAAAAAAAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAG
ATCTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTA
AAACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCG
CCTAATTGATGTGCGCCCATGCAAT

>spot!511]
TCTAATTATTCCGTTTAAAAAAAAAAAATTCTGAGCTAAAACTCGCTTATGGAGAGA
TCTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAA
AACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!8 2]
TCTAATTATTCCGTTTAAGGACGCAATTAAAAAAAAAAAAACTCGCTTATGGAGAGA
TCTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAA
AACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!9 3]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAAAAAAAAAATGGAGAGA
TCTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAA
AACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!% 1]

TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTAAAAAAAAAA

ATAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
ACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCT
AATTGATGTGCGCCCATGCAAT

>spot!90 5]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CAAAAAAAAAAAGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAA
AACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!90 6]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCAAAAAAAAAAAAAATAAATTAATCGAATTCCCCGCTGGCTATTAA

AACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
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TAATTGATGTGCGCCCATGCAAT

>spot!9517]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAAAAAAAAAAAAGAATTCCCCGCTGGCTATTAA
AACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!95 18]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCAAAAAAAAAAAAGGCTATTAA
AACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!5 19
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTAAAAAAAAAA
ACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCT
AATTGATGTGCGCCCATGCAAT

>spot!#6 (1]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
AAAAAAAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!#6(11]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
ACACACAAAAAAAAAAAAAATCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!96112]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
ACACACAAAAGGCGCTCTCGAAAAAAAAAATGTAAATTGCAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!96(13]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
ACACACAAAAGGCGCTCTCGTCTGTTTCAAAAAAAAAAAAAAATTGCTCAATCCGCC
TAATTGATGTGCGCCCATGCAAT

>spot!96114]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
ACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAAAAAAAAAAACCGCC
TAATTGATGTGCGCCCATGCAAT



>spot! 961151

TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA

ACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATAAAAA

AAAAAAATGTGCGCCCATGCAAT

>spot! 961161
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
ACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCT
AATTGAAAAAAAAAAAAAAAAA

e Permutations of blocks
> spot!96 14CB]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCC
GCCTAATTGATGTGCGCCCATGCAATTTTCCCCGCTTTTGGCTTGAATAAATTAATCG
AATTCCCCGCTGGCTATTAAAA

>spot!98 B4C]
TTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAATCTA
ATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGATCTAA
ACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCT
AATTGATGTGCGCCCATGCAAT

>spot!96 [5CA]
TTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAAACACA
CAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCTAATTG
ATGTGCGCCCATGCAATTCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAA
CTCGCTTATGGAGAGATCTAAA

>spot!96 [CBA]
CACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCTA
ATTGATGTGCGCCCATGCAATTTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTC
CCCGCTGGCTATTAAAATCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAA
CTCGCTTATGGAGAGATCTAAA

e Randomized blocks
>spot!98 14-]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATCCGAATTTTTTCTTGTCCGACTAGAAACGACTAATTTAGCCGTACCACATGT
TGTCGACTCAGAAACATTATTCCCATTTACGCGTAAGCAAAAAATGCGTCCTTATCGA
ACTTACACTCGCCTGCGTTGGT

>spot!?6 -5
ATAATATTGCATCTCATTGTGGTGCTAGATAATCATCTAGGCTAAATCCAAAACTGTT
GCATGTTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
AGTCGACTCAGAAACATTATTCCCATTTACGCGTAAGCAAAAAATGCGTCCTTATCG
AACTTACACTCGCCTGCGTTGGT
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>spot!961-C]
ATAATATTGCATCTCATTGTGGTGCTAGATAATCATCTAGGCTAAATCCAAAACTGTT
GCATGTCCGAATTTTTTCTTGTCCGACTAGAAACGACTAATTTAGCCGTACCACATGT
TCACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCT
AATTGATGTGCGCCCATGCAAT

>spot!96 14B-]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
AGTCGACTCAGAAACATTATTCCCATTTACGCGTAAGCAAAAAATGCGTCCTTATCG
AACTTACACTCGCCTGCGTTGGT

>spot!98 14-C]
TCTAATTATTCCGTTTAAGGACGCAATTTTCTGAGCTAAAACTCGCTTATGGAGAGAT
CTAAATCCGAATTTTTTCTTGTCCGACTAGAAACGACTAATTTAGCCGTACCACATGT
TCACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCT
AATTGATGTGCGCCCATGCAAT

>spot!98 5]
ATAATATTGCATCTCATTGTGGTGCTAGATAATCATCTAGGCTAAATCCAAAACTGTT
GCATGTTTCCCCGCTTTTGGCTTGAATAAATTAATCGAATTCCCCGCTGGCTATTAAA
ACACACAAAAGGCGCTCTCGTCTGTTTCAATGTAAATTGCAAATTGCTCAATCCGCCT
AATTGATGTGCGCCCATGCAAT

>spot! 9611
ATAATATTGCATCTCATTGTGGTGCTAGATAATCATCTAGGCTAAATCCAAAACTGTT

GCATGTCCGAATTTTTTCTTGTCCGACTAGAAACGACTAATTTAGCCGTACCACATGT

TGTCGACTCAGAAACATTATTCCCATTTACGCGTAAGCAAAAAATGCGTCCTTATCGA
ACTTACACTCGCCTGCGTTGGT
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genotype number of individuals
o 38
[+] 49
[0] 27
[1] 31
[2] 25
[3] 2
[4] 38
[5] 35
[6] 51
[7] 60
8] 67
9] 27
[10] 46
[11] 33
[12] 61
[13] 39
[14] 44
[15] 77
[16] 23
WT-[ABC] 61
[-BC] 32
[A-C] 49
[AB-] 24
[A--] 33
[-B-] 35
[-CJ] 32
[~] 37
[ACB] 39
[BAC] 34
[BCA] 37
[CBA] 34

Table S2. Number of individuals analyzed for each construct in this study.
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blade expression (outside of
spot region)

regulatory potential necessity
(sufficiency)
[A--] | A is sufficient for vein
expression
[-B-] |B is sufficient for alula
expression
[—-C] | C is sufficient for wing blade
expression
[AB-] C is necessary for high levels in the
spot
JA-C] | A is sufficient to repress wing | B is necessary for alula expression
blade expression (outside of B is necessary for full spot levels
spot region)
[-BC] |B is sufficient to repress wing | A is necessary for full spot levels

Table S3. Analysis of necessity and sufficiency of each block.
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Data file S1. Scores for the PCA shown in Figure S1.

Data file S2. Significance of difference in activity between pairs of groups, using the first 6

principal components.

Data file S3. Significance of the difference in average expression levels among constructs of

the first mutant series (/0/-/16]).

Data file S4. Significance of difference in average expression levels among constructs of the

second mutant series (blocks).

Additional notes on logRatios.

Using average phenotypes to evaluate the effect of the mutations we introduced is useful but
limited. Indeed, the differences we observe are visually driven by changes in regions of the wing
with elevated enhancer activity. It is then difficult to appreciate whether a mutation affects
enhancer activity locally or uniformly across the wing. Differential gene expression is generally
represented using log ratios (see reference (30) in main text), which measure the fold changes in
expression level of a gene relative to a reference (e.g., the expression of the same gene under
different conditions). We applied this principle to our image data to visually compare the activity
of different constructs across the wing. Classical log ratio translates here to the log of the pixel-
wise ratio between two average phenotypes at every pixel (hereafter noted /ogRatio). logRatio
images of mutants vs. wild type are of particular interest to decipher the regulatory logic, because
they reveal in which proportion a mutant affects the enhancer activity across the wing.

Compared to absolute difference, logRatio are not driven by regions with high levels of
expression, but by regions with a large fold change, irrespective of the wild-type activity pattern.
In a theoretical case where the enhancer activity depends directly and linearly on a given TF
concentration, the logRatio image reflects logically the spatial distribution of this particular TF.
This is also the case if this integration of this TF information is only modulated by uniformly
distributed TFs. The underlying logic is straightforward: in this theoretical case, a sequence
mutation breaking the interaction between the DNA and the TF will have a significant effect on
the phenotype. The intensity of the local phenotypic effect (relatively to the wild-type levels) will

depend on the local intensity of the TF-DNA interaction across the wing, and therefore on the
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local concentration of the TF. Logically, this interaction is not happening where the TF is absent,
with no effect on the phenotype. For any situation departing from these ideal conditions, the
resemblance between the /ogRatio and the TF distribution is compromised. For instance, when a
TF is locally repressed by another, logRatio will correspond to the net loss of spatial information
integration, including the loss of this repression. The logRatio of a mutant affecting a known
TFBS for which the corresponding TF distribution is known therefore informs us on its
contribution in the regulatory logic of the enhancer, and how linearly this integration happens.
Moreover, even without additional knowledge on the regulatory logic and TF spatial variation, the
variety of logRatio patterns suggests the action of different spatial inputs integrated by the

enhancer.
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Discussion

Short Summary

The aim of this dissertation was to explore how multiple enhancers are encoded within the same
locus, using the developmental gene yellow as a model system. In the Drosophila biarmipes
genome, the region directly upstream of the yellow transcription start site encodes regulatory
elements driving multiple activities in the body and wings of a fly. We dissected the region,
created a series of transgenic flies containing reporter constructs, and used an image registration
pipeline to systematically and quantitatively analyze the distribution of regulatory information.
The yellow 5’ region was shown to be densely packed with overlapping enhancers stretching
over large distances. The presented studies challenge the classical notion of enhancers as small,
modular elements and highlight how experimental biases can skew our perception of the

regulatory landscape in the genome.

In the first chapter, we compared the activities of two enhancers driving transcription in fly
wings. We demonstrated sequence overlap between the wing blade and spot enhancers and
identified shared transcription factor binding sites. These pleiotropic sites have been shown to
contribute to both wing activities, with one site shown to increase local DNA accessibility.
These binding sites indicate a co-option event, where a novel enhancer evolved in the context
of preexisting regulatory elements. In this case, the spot enhancer likely evolved based on the
wing blade enhancer, which had sequences regulating local accessibility, thereby creating a
favorable environment for the evolution of novel regulatory activities. This study highlights the

role of accessibility in the evolution of novel morphological traits.

Complementing this, the second study extended the focus to the body enhancer that drives
activities in the head, thorax, and abdomen of a fly, and maps to the same locus. While the
sequence overlap between the two wing enhancers might have been a result of recent evolution
through co-option, the body enhancer is much older and should have had enough time to resolve
from the wing enhancer sequences. Analysis of the reporter lines demonstrated that elements
regulating yellow expression in the abdomen are distributed throughout the whole upstream
regulatory region and overlap with previously described enhancers. Additionally, using the
image registration pipeline and quantitative analysis, we demonstrated that the body enhancer
consists of at least three independent activities that drive background, dimorphic, and stripe

expression patterns in the abdomen. The region, previously thought to consist of discrete and
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modular enhancers, was shown instead to have a complex architecture with overlapping

regulatory sequences.

The first two chapters of this dissertation explore the distribution of regulatory information over
a large region. The third chapter investigates how spatial pattern and activity levels are encoded
on a smaller scale within the 196 base pairs of the spot enhancer core. Despite the regulators
and their binding sites having been previously identified, this enhancer was found to be much
more densely packed with regulatory information. Each of the 16 reporter lines, which
collectively mutate every single position in the enhancer, showed significant expression
differences compared to the control. This study highlights that the spatial regulation of spot
expression results from the interplay of multiple tiers of transcription factors, including at least
one activator and three repressors. Interestingly, rearranging these sites affects only the
transcription levels of the reporter gene, not the spatial distribution of expression, highlighting

the flexibility of the regulatory grammar.

How do we define enhancers?

Mapping enhancer boundaries

The standard image of enhancers as presented in textbooks stems from the assays used to define
them. Most often, these are reporter assays in which small DNA fragments are tested for their
ability to drive spatio-temporal activity resembling the expression pattern of the endogenous
gene. When such a fragment drives reporter expression in transgenic organisms or transfected
cells, it is deemed to contain an enhancer. These analyses of regulatory activity are often
qualitative, focusing on the presence of an expression pattern without considering whether the
tested fragment is sufficient to produce endogenous levels of transcription. As a result,
additional DNA sequences necessary to confer transcriptional robustness are often overlooked

or dismissed.

Although work on minimal enhancers has been incredibly valuable in uncovering mechanisms
of enhancer function, it has also created a biased image of enhancers as short, modular DNA
fragments. This image has prompted researchers to focus on the identification and analysis of
small fragments, resulting in a circular argument. While some studies have demonstrated that
sequences outside of minimal enhancers contribute to expression activity, the field still lacks a

nuanced understanding of how regulatory information is encoded on a larger scale.
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The mapping of the enhancers in the yellow 5’ regulatory region showed that the wing blade
and spot enhancers spread over 3.5kb, and the body enhancer covers all 5.4 kb of the tested
region. Removing fragments within these windows significantly affects the expression of the
given enhancers. Such broad distribution is surprising and does not align with the canonical
image of enhancers that cover only a few hundred base pairs. Other studies, such as Parker et
al., have described long enhancers through computational analysis of the chromatin and
transcription profiles of different cell types [89]. This study shows that enhancer length
increases with cell specificity and refers to all enhancers longer than 3 kb as stretch enhancers.
A wider distribution of regulatory sequences than initially thought bears on our understanding
of transcriptional regulation both at the functional and evolutionary levels. Functionally, stretch
enhancers are associated with cell type-specific and robust expression and often fall into locus
control regions that regulate the expression of important cell type-specific genes. It has been
hypothesized that such regulatory hotspots might act as beacons that attract tissue-specific
transcription factors. yellow is a developmental gene with cell-specific expression, but whether
it resides in a locus control region or in the vicinity of other epidermis-specific genes is not

known.

Is there a functional or selective need for enhancers to be long? Extended sequences might
provide robustness in expression, buffering the effects of individual mutations. Research on
minimal enhancers has frequently demonstrated their sensitivity to sequence perturbations.
Systematic mutation of the spot’*® sequence resulted in significant changes in reporter
expression. Similar results were observed with minimal enhancers of other developmental
genes. Enhancers of svb, eve, rho, and twi, measuring 292, 484, 359, and 290 bp respectively,
were tested for mutation sensitivity [108], [109]. It was found that these enhancers were
strongly affected by most changes in their sequence. For example, 75% of single nucleotide
variants of the £S2 enhancer showed a significant decrease in reporter expression. These genes
are crucial for embryonic patterning during Drosophila development, and changes in their
expression may not be tolerated. Sensitivity of enhancers to mutations would be expected to
result in high sequence conservation during evolution; however, this is not what we observe.
While the expression patterns of various developmental genes are highly conserved between
species, their enhancer sequences often differ significantly. For instance, when eve enhancer
sequences were compared among six species of Sepsidae—scavenger flies that diverged from
Drosophila over 100 million years ago—very little sequence similarity was found.
Nevertheless, they drove the same pattern of gene expression as those of the model species D.

melanogaster [71]. Similar observations were made when comparing enhancer sequences of
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svb among D. virilis and D. ezoana. Although there was almost no sequence conservation,
homologous genomic loci recapitulated similar expression patterns in Drosophila larvae [72].
Such findings indicate a high degree of flexibility in enhancers for binding site turnover while

maintaining their patterns of activity.

The vulnerability of minimal enhancers to mutations, as tested in reporter constructs, does not
align with the idea that regulatory sequences are flexible to binding site turnover—a concept
supported by the observation of divergent enhancer sequences among related species. The most
likely explanation is the lack of expression robustness provided by minimal enhancers. Flanking
sequences often contain additional regulatory elements, and their removal renders minimal
enhancers more sensitive to sequence perturbations. It is plausible to speculate that the
evolution of large enhancers is driven by the need to stabilize gene expression and buffer against

deleterious mutations and might be a common trait of enhancers rather than an exception.

Defining regulatory activities

The studies presented in this dissertation highlight the importance of quantitative analysis. By
measuring the fluorescence driven by various fragments, we identified elements that, while not
essential for transcription initiation, significantly contribute to enhancer activities and are
necessary to reach the full levels of gene expression. Simultaneously, our image registration
pipeline allowed us to measure changes not only in expression levels but also patterns. Although
the body enhancer is typically mapped as a single element, it has been suggested that it consists
of multiple activities [107]. PCA identified multiple directions of phenotypic change observed
in the abdomen, including general changes in fluorescence levels and changes of expression
patterns in the dimorphic region, background expression in the upper four segments, and
alterations in the striped pattern. We experimentally tested multiple regions that appeared to

contribute to these activities, confirming their ability to drive distinct expression patterns.

Enhancer modularity

Modularity is one of the fundamental features of enhancers, allowing them to discretely modify
distinct activities of genes with complex expression patterns. Developmental genes are often
active in multiple contexts and are necessary for the formation of multiple traits in different
populations of cells and different body parts. The ability to regulate each of these activities
separately provides greater flexibility for modifying gene function without disrupting all of its
roles. For example, the gene eyeless is required for the development of the fly eye, as well as

the patterning of different brain regions and the central nervous system. Its activity is regulated
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by six distinct enhancers, each approximately 1 kb in length, with each enhancer driving a
specific expression pattern: in the eye, different brain lobes at various developmental stages,
and the central nervous system [110]. Modifications to any of these enhancers affect only a
single aspect of eyeless activity without disturbing its other functions. In terms of natural
selection, this architecture reduces the likelihood of deleterious effects when spontaneous
mutations arise in eyeless enhancers in natural fly populations. This modular organization is
thought to be a key reason why the evolution of morphological traits occurs primarily through
cis-regulatory changes rather than trans-regulatory modifications. Mutations do arise in cis and

trans, but the mutations in cis are more likely to be retained.

One of the main discoveries of this dissertation is the lack of sequence modularity at the y locus
(Fig. 3). In the first two papers, we identified and mapped five distinct regulatory activities
controlling y gene expression. Systematic dissection of the region revealed extensive pleiotropy,
with all investigated enhancers extensively overlapping. Such pleiotropy can arise through two
possible scenarios: it may result from pleiotropic TFBSs that contribute to the regulation of
multiple activities, or from two independent sets of TFBSs that are interwoven (Fig. 4).
Distinguishing between these cases is often challenging, as it requires detailed dissection of the
region. We observe binding site pleiotropy in the wing blade and spot enhancers, where five
TFBSs have been shown to regulate both activities. Mutating these sites restricts y expression
in the wings. Interestingly, however, these mutations do not affect reporter gene expression in

the abdomen (data not shown).

We also observe a complex relationship between abdominal regulatory activities. On one hand,
randomizing smaller sections within the context of the entire region demonstrated a certain level
of independence. We were able to remove each of the three elements—stripes, dimorphic, and
broad—without disrupting the others, suggesting some degree of functional independence. On
the other hand, randomizing regulatory information in a 2 kb fragment at the 3’ end, including
the stripe element, which is located 1 kb upstream of the core promoter, resulted in the complete
loss of abdominal expression. This suggests two possible explanations: either a minimal set of
regulatory elements at the 3" end must be activated simultaneously to enable expression in the

abdomen, or
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Figure 3. Distribution of regulatory information at the y locus. Each panel shows the
distribution of regulatory information driving the expression of each of the five identified
enhancers, which regulate activities in the dimorphic region of the abdomen, background
abdominal expression, stripes, wing spot, and background expression in the fly wings. The X-
axis indicates the distance to the yellow transcription start site, and the Y-axis of each panel
shows the relative amount of regulatory information encoded by each of the dissected
fragments. The distributions are calculated separately for the D- and E-series fragment
deletions. Vertical gray lines indicate the cut sites, which correspond to the outermost
boundaries of the transgenic lines (5’ end for the D series, 3’ end for the E series). The labels
above the figure show the names of the respective lines. The figure shows that enhancers spread
over broad regions and overlap. The regulatory elements of each enhancer are distributed
unevenly and contain an enhancer core, a fragment that is necessary for transcription activation

and sufficient to drive activity independently of the flanking sequences.

From Mariam Museridze, Stefano Ceolin, Bettina Miihling, Srishti Ramanathan, Olga Barmina,
Pallavi Santhi Sekhar, and Nicolas Gompel. 2024. “Entangled and Non-Modular Enhancer
Sequences Producing Independent Spatial Activities.” Science Advances 10 (47): eadr9856.

Copyright: Copyright © 2020 The Authors, some rights reserved; exclusive licensee American
Association for the Advancement of Science. No claim to original U.S. Government Works.

Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).
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Figure 4. Enhancer Pleiotropy and Site Pleiotropy. (A) Two modular enhancers can drive

distinct activities of one gene (in forebrain and limbs). (B) A pleiotropic enhancer can activate

expression of the gene in both contexts. Distinct sets of transcription factor binding sites can be

spatially separated, creating distinct modules (C) or be intertwined (D). The two activities of

the gene can also be driven by pleiotropic binding sites (E, F). The figure is reused from Sabaris

et al. (2019) with permission from the publisher [111].
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interactions between different enhancer elements are required for proper regulatory activity. To
distinguish between the two possibilities, additional experiments are required. Combined
randomization of the dimorphic and broad enhancer cores may reveal their relationship with
the stripe elements. Comparing accessibility profiles between the wild type and dissected
fragments could show whether the 3" end plays a role in providing accessibility in the abdominal
epithelium. Additionally, chromatin conformation capture assays could highlight potential 3D

interactions among y enhancers.

Mapping regulatory information density also revealed fragments that appear to strongly
contribute to activities in both the wing and abdomen. A stretch of regulatory DNA located
between the dissection sites of E3 and E1 (—2518 bp and —1587 bp from the y transcription start
site) seems to be necessary for reporter expression driven by both the wing blade and broad
enhancers. Interestingly, both enhancers drive background activity in their respective tissues.
This suggests that this region contains a single enhancer driving background expression in the
epithelia of different body parts. It may be activated by general transcription factors present in
epithelial tissues. To better assess the role of this fragment, it will be important to test its
sufficiency in driving expression in both tissues and its necessity within the context of the entire

regulatory region.

How does the same region drive independent activities?

The projects presented in this thesis describe a complex regulatory region densely packed with
overlapping enhancers. Nevertheless, we still observe a certain level of independence in
enhancer activities. How is functional independence achieved? There are multiple mechanisms
through which the same DNA fragment can be interpreted differently in distinct cell types.
One possible explanation relies on the presence of completely independent sets of transcription
factors. Different cell types contain distinct transcription factors that define cell identity and
activate genes necessary for cell type-specific functions. Within the same regulatory region,
binding sites for entirely separate sets of transcription factors can evolve and function
independently. However, existing data indicate that the wing and abdominal epithelium contain
largely overlapping transcription factor repertoires [112]. Additionally, many transcription
factors do not bind exclusively to a single motif but instead recognize a range of motifs that can
be occupied by multiple factors. Therefore, complete independence of regulatory activities is
more likely to depend on a few transcription factors that are differentially expressed across

tissues and have distinct binding preferences. It may also involve cooperative interactions
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between factors that can modulate their binding specificity. Such constraints could limit the
number of proteins that contribute to the evolution of novel traits in a given cell type. To
determine whether a pleiotropic regulatory region contains independent binding sites, it is
essential to identify the transcription factors active in yellow-expressing cells across different
tissues and pinpoint potential candidates. Additionally, sequence analysis can be used to
identify putative binding sites and experimental approaches such as ChIP-seq could further

illuminate functional binding sites within the region.

Why would a single locus accumulate such a high number of activities with independent
regulatory elements? This scenario might result from a limited number of regions with
regulatory potential. Various factors influence the accumulation of regulatory activities. The
location of these loci may be constrained by global DNA accessibility in a given tissue and the
3D conformation of the genome, which permits specific enhancer-promoter interactions. As a
result, all regulatory elements for a specific gene may evolve within these restricted regions. As
long as mutations are not deleterious to the organism, novel binding sites can continue to
accumulate, creating pleiotropic loci and spreading across the entire region with regulatory
potential. The lack of constraint on the number of enhancer elements for a given gene is also
suggested by the abundance of shadow enhancers—redundant enhancers that regulate similar
or overlapping expression patterns of the same gene [113]. The ubiquity of these redundant
enhancers has been demonstrated in both invertebrates and vertebrates, including mammals

[114]-[116].

Another mechanism for separating regulatory activities across tissues is differential chromatin
accessibility. It has been shown that accessibility can be modulated locally at the scale of a few
hundred base pairs. Performing ATAC-seq would enable the comparison of regulatory
landscapes and help identify differences that may contribute to the independent activation of
different enhancer elements. It has been demonstrated that differential chromatin accessibility
in similar cell types can lead to differential expression of master regulators. When genome-
wide open chromatin profiles were compared between Drosophila wing and haltere imaginal
discs, the same set of enhancers was found to be accessible in both tissues. Strikingly, out of
3,525 peaks, only five were specifically open in halteres. Four of these were located at the Ubx
locus, a known master regulator of haltere development. These results indicate that, between
similar cell types, small differences in chromatin accessibility can determine distinct gene
activities [117]. It is possible to speculate that, within the yellow regulatory region, local
differences in accessibility could result in distinct usage of the same locus across different cell
types.
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An additional layer of regulation may arise from the three-dimensional organization of DNA.
Cooperation among multiple enhancers may be necessary for cell type-specific activation of
vellow. Interactions among multiple regulatory elements have been shown to contribute to gene
regulation. During mammalian development, proper function of the Figf§ gene—a key signaling
factor—requires the collective activation of multiple enhancers that form an interaction network
[118]. Similarly, direct contacts between multiple enhancers regulating HoxD genes have been
demonstrated in mice. Montavon and colleagues describe a “regulatory archipelago” composed
of multiple regulatory elements that has distinct 3D architectures in active versus inactive cells.
The collective activation and physical interactions among several enhancer-like sequences were
shown to contribute to gene activation. How different enhancers interact with the y promoter
and with each other remains unknown. It is possible that these interactions are regulated

differently across cell types, leading to distinct patterns of gene expression.

Can we generalize these findings?

This dissertation describes a pleiotropic locus densely packed with regulatory information. Can
these findings be generalized to other genes, or is this phenomenon specific to the yellow locus?
Yellow is one of the best-studied models for enhancer evolution, and for years, its regulatory
region has been depicted as a locus containing multiple discrete modules driving distinct
expression patterns. This view was largely shaped by methodological biases that focused on
identifying minimal fragments capable of driving specific activities. However, systematic and
quantitative dissection has revealed a more complex architecture. The approaches used to study
vellow are standard in enhancer research and have been applied to the majority of cis-regulatory
regions. Therefore, it is plausible to speculate that the widespread depiction of enhancers as
modular elements may result more from methodological bias than from their actual structural
organization.

An increasing number of studies is identifying pleiotropic enhancers, with their findings
summarized in detail [111]. For example, a genome-wide screening for the H3K27ac chromatin
mark—a common predictor of active enhancers—identified nearly 90,000 enhancers across
different mouse tissues at multiple developmental stages. Remarkably, 52% of these enhancers
were active in more than one tissue [119]. Pleiotropic enhancers have also been experimentally
identified in various species. A study on Hox loci in mice identified an enhancer active in both
the mammary bud and limb bud [120]. A different study showed pleiotropic binding site in the
Bmp6 gene enhancer in stickleback fish that regulates expression in both developing fins and
tooth epithelia [121]. Even enhancers previously thought to be strictly modular, such as those
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regulating eve and svb, have been shown to exhibit pleiotropic activity. Detailed analysis of svb
enhancers, for example, revealed that elements driving its expression in embryos are also active
in various tissues during larval and pupal development [92]. These findings emphasize that
methodological approaches play a crucial role in shaping our perception of regulatory
landscapes—what may initially appear modular can often turn out to be pleiotropic when
analyzed with different techniques. In order to develop deeper understanding of enhancer
function and evolution we should not study and analyze them as small regulatory boxes but
understand that they can have uneven, entangled and pleiotropic distribution of regulatory
information (Fig. 5).

During genome-wide analyses, genes and their regulatory sequences are often categorized into
distinct groups, such as developmental and housekeeping genes, tissue-specific genes,
regulators, and effectors. These classifications may be reflected in the structural organization
of their regulatory sequences. Some studies suggest that differences in length, location, and
binding site motifs distinguish the regulatory sequences of developmental and housekeeping
genes [53], [122], [123]. Developmental genes tend to be located farther from their target
promoters but are often confined within TADs. Certain binding sites help determine enhancer-
promoter specificity between developmental and housekeeping genes. Additionally, genes
involved in cell fate determination have been shown to cluster together, forming regulatory
hotspots known as super-enhancers. The specific functions of genes may impose constraints
that shape regulatory landscape in the genome, leading to distinct structural features. It remains
unclear whether yellow fits neatly into one of these categories, but it is reasonable to consider

it as a representative example of a regulatory locus rather than an exception.

The role of enhancers in evolution

But, if modularity is not a common feature of most enhancers, how do we reconcile this with
the observed prevalence of cis-regulatory evolution? The answer may lie in the type of
information that enhancers encode. Morphological diversity in living organisms arises from
tightly orchestrated developmental processes. The shapes and colors of various traits are
dictated by the expression patterns of regulatory genes, which determine the developmental fate
of the cells in which they are active. Changes in the spatial distribution of regulatory gene
expression can directly alter morphological traits. Unlike protein-coding sequences, which do
not encode spatial information, enhancers regulate the spatiotemporal aspects of gene
expression. By defining the domains in which specific traits will develop, enhancers can drive
morphological changes through modifications in gene expression patterns. The role of
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enhancers in evolution might rely on the type of information they encode rather than modularity.
Nevertheless, the level of independence will still influence the evolutionary processes. Rather
than representing distinct categories, modularity and pleiotropy likely exist on a spectrum, with
different cis-regulatory elements falling at various points along this scale. The degree of
modularity influences evolutionary constraints, with pleiotropic enhancers shown to be more
conserved than tissue-specific enhancers [96], [124]. Within our model system, we have
identified regulatory elements with varying levels of independence, reflecting their

evolutionary history.
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regulatory information

Figure 5. Enhancer structure. (A) Textbook representation of enhancers as short modular
boxes driving distinct regulatory activities. Studies presented in this dissertation show that the
distribution of regulatory information in enhancers can be uneven, entangled, and pleiotropic

(B).
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