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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 yellow 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 
Die Entwicklung eines multizelligen Organismus beruht auf der präzisen räumlich-zeitlichen 

Expression regulatorischer Gene, die Zellidentitäten zuweisen und räumliche Domänen für 

zukünftige Merkmale definieren. Diese Expression wird durch Enhancer kontrolliert – 

regulatorische DNA-Sequenzen, die bestimmen, wann, wo und in welchem Ausmaß ein Gen 

exprimiert wird. Enhancer werden traditionell als kleine, modulare Elemente beschrieben, die 

die Transkription unabhängig von ihrer Orientierung oder Entfernung zum Zielpromotor 

aktivieren. Diese Definition basiert größtenteils auf qualitativen Bewertungen, die sich auf die 

Fähigkeit eines Enhancers konzentrieren, in Reporter-Assays ein spezifisches räumliches 

Expressionsmuster zu erzeugen. Ein solcher Ansatz übersieht jedoch häufig DNA-Fragmente, 

die das räumliche Muster nicht verändern, aber dennoch die Transkriptmenge beeinflussen 

können, was zu einer unverhältnismäßigen Fokussierung auf minimale Enhancer-Elemente 

führt, die für die räumliche Spezifität 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 Verständnis der 

Mechanismen, die die regulatorische Landschaft formen und die Evolution morphologischer 

Merkmale antreiben, maßgeblich beeinflusst. 

Anhand des regulatorischen Lokus des yellow-Gens in Drosophila untersucht diese 

Dissertation, wie regulatorische Information verteilt ist und wie räumliche 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-Aktivitäten, die für die Genexpression in den 

Flügeln und dem Körper der Fliege verantwortlich sind. Die Ergebnisse zeigen, dass yellow-

Enhancer eine große genomische Region umfassen, sich stark überlappen und dicht mit 

regulatorischer Information gepackt sind. Darüber hinaus weisen die getesteten Enhancer ein 

hohes Maß an Pleiotropie auf, was die konventionelle Vorstellung von Enhancer-Modularität 

infrage stellt. Diese Beobachtungen haben weitreichende Implikationen sowohl für die 

Funktion als auch für die Evolution von Enhancern. 
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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. Nüsslein-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 β-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 (IgH) 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 [50]–[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 

yellow 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 H3K4me1, 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 α-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 E6 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-β) 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 IFN-β 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 

yellow (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 

yellow 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 spot 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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Results 
Paper I: Ancestral and derived transcriptional enhancers share 
regulatory sequence and a pleiotropic site affecting chromatin 
accessibility 
Yaqun Xin, Yann Le Poul, Liucong Ling, Mariam Museridze, Bettina Mühling, Rita 
Jaenichen, Elena Osipova, Nicolas Gompel 

PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES | Vol. 117, No. 34 | 25 
August 2020 

DOI: 10.1073/pnas.2004003117 

From: Xin, Y. et al. Ancestral and derived transcriptional enhancers share regulatory sequence 
and a pleiotropic site affecting chromatin accessibility. Proc. Natl. Acad. Sci. 117, 20636–
20644 (2020). 

Copyright: Copyright © 2020 the Author(s). Published by PNAS. This open access article is 
distributed under Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND) 
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Paper II: Entangled and non-modular enhancer sequences 
producing independent spatial activities 
Mariam Museridze, Stefano Ceolin, Bettina Mühling, Srishti Ramanathan, Olga Barmina, 

Pallavi Santhi Sekhar, and Nicolas Gompel  

 

SCIENCE ADVANCES | Vol 10, Issue 47 | 20 Nov 2024  

DOI: 10.1126/sciadv.adr9856  

 

From: Mariam Museridze, Stefano Ceolin, Bettina Mühling, 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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Paper III. Regulatory encoding of quantitative variation in spatial 
activity of a Drosophila enhancer 
Yann Le Poul, Yaqun Xin, Liucong Ling, Bettina Mühling, Rita Jaenichen, David Hörl, 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 

 

SCIENCE ADVANCES | Vol 6, Issue 49 | 2 Dec 2020  

DOI: 10.1126/sciadv.abe2955 

 

From: Poul, Y. L. et al. Regulatory encoding of quantitative variation in spatial activity of a 

Drosophila enhancer. Sci Adv 6, eabe2955 (2020).  

 

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) 

Supplementary data files S1 – S4 in Excel format: 

https://www.science.org/doi/10.1126/sciadv.abe2955 
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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 spot196 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 ES2 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  



Discussion 

138 

 

  



Discussion 
 

139 

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 Mühling, 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 

yellow. Interactions among multiple regulatory elements have been shown to contribute to gene 

regulation. During mammalian development, proper function of the Fgf8 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 

yellow 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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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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