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Abstract

This review is a synthesis of 3D genome organization and chromosome architecture studies in
Drosophila melanogaster to fill the gaps in the knowledge of the nature of the molecular mechanisms
and functional implications of chromatin topology. The objectives of the review were to assess
molecular determinants of TAD formation and boundary specification, compare experimental and
computational mapping methods, identify functions of insulator proteins in chromatin looping, describe
developmental chromatin dynamics, and determine functional consequences on gene regulation. The
literature was analyzed systematically and based on the studies that used high- resolution chromosome
conformation capture, imaging, genetic perturbations, and computational modeling in the context of
development. The central conclusions include finding that the orientation-dependent pairing of insulator-
bound boundaries largely controls TAD architecture and challenges loop extrusion models; the
mediation of modular and dynamic chromatin loops with partial redundancy by insulator proteins like
BEAF-32 and CP190; the establishment of enhancer-promoter interactions during embryogenesis and
often before the establishment of TADs; and the role of epigenetic modifications including All of these
observations come together to describe a multi-layered, dynamic control of genome folding that
incorporates architectural proteins, chromatin states, and transcriptional activity. The results highlight
the need to use integrative, high-resolution methods to dissect causal relationships in genome
organization, and the functional applicability of 3D topology to developmental gene regulation in
Drosophila. The review is devoted to the 3D genome organization and chromosome architecture of
Drosophila melanogaster. It uncovers important molecular pathways controlling chromatin folds, such as
insulator proteins and transcription factors that define topologically associating regions. Functional
implications include the regulation of genes, development, and stability of genome. These observations
highlight the intricacy of the organization of the spatial genomes that affects cellular functions.

Keywords: 3D Genome Organization, Chromosome Architecture, Drosophila melanogaster, Molecular
Mechanisms

Introduction
The study of three-dimensional (3D) genome organization and chromosome architecture in Drosophila
melanogaster has become of primary interest in the field since it plays a fundamental role in gene
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regulation, development, and cellular differentiation (Schwartz & Cavalli, 2017; Moretti et al., 2020).
Initial cytological and genomic analyses have defined that chromosomes are subdivided into
topologically associating domains (TADs), which represent structural and regulatory units of genome
organization (Liao et al., 2020; Szabo et al., 2018). Technologies like Hi-C, Micro-C and further
improvements in chromatin conformation capture have shed more light on TAD architecture, showing
that they are both conserved through developmental stages and, to a degree, across species (Liao et al.,
2020; Sun et al., 2021). Drosophila is a model system to study the molecular mechanisms of 3D genome
folding and the role of the genome in transcriptional regulation due to its small genome and a rich
genetic toolkit (Schwartz and Cavalli, 2017; Moretti et al., 2020). It is important to note that in
Drosophila, TADs are relatively smaller and have different architectural protein compositions, unlike
those in mammals, which are evolutionarily divergent in their mechanisms of genome organization
(Wang et al., 2017; Wang et al., 2018). Moreover, chromatin loops, elements of the insulator, and
Polycomb group proteins are organized in space to control the patterns of gene expression that are
important during the developmental processes (Cheutin and Cavalli, 2019; Li et al., 2011).

Although the nature of TADs and chromatin loops has been extensively characterized, the exact cellular
mechanisms by which they occur and the consequences of their occurrence are still not fully understood
(Chathoth et al., 2022; Bing et al., 2023). TAD boundaries in Drosophila are enriched with various
insulator proteins, including BEAF-32, CP190, and Chromator, but canonical loop extrusion factors,
including CTCF and cohesin, do not seem to play a relatively large role in comparison to mammalian
systems (Cavalheiro et al., 2022; Kahn et al., 2022). Mechanistic models of TADs Competing models
suggest that TADs can either form by loop extrusion with the help of boundary elements, or they can
form by direct interactions of boundary and boundary pairs, and growing evidence suggests the latter in
Drosophila (Bing et al., 2024; Bing et al., 2023). Also, the orientation and pairing of the boundary
elements are used to determine loop topology (stem-loop versus circle-loop) that, in turn, affects
enhancer promoter insulation and transcriptional regulation (Yamashita, 2024; Ke et al., 2024).
Nevertheless, the degree to which these structural configurations directly influence the expression of
genes and developmental outcomes is still an issue of controversy (Pinto et al., 2022; Pollex et al.,
2024). This inconsistency emphasizes a pressing gap in knowledge of chromatin architecture-
transcriptional regulation interactions (Ghavi-Helm et al., 2019; Ghavi-Helm et al., 2014), which is
especially critical since genome folding disruptions are related to aberrant gene expression and
developmental impairments (Bhattacharya et al., 2024; Ghavi

The 3D genome organization theory in Drosophila incorporates several regulatory units, such as TADs
as spatial domains where enhancers and promoters interact and insulator elements as architectural units
that define repressive domains (Schwartz and Cavalli, 2017; Li et al., 2011; Gavrilov et al., 2016). These
elements act in a dynamical way to form chromatin topology and control the gene expression programs
throughout development (Cheutin and Cavalli, 2019; Ghavi-Helm et al., 2014). Insulator proteins
facilitate long-range and local chromatin interactions, which play the role of loop formation and
transcriptional insulation (Vogelmann et al., 2014; Fujioka et al., 2016). The orientation-dependent
pairing of boundary elements controls the topology of these loops, which regulate interactions between
and within TADs (Yamashita, 2024; Fujioka et al., 2016). This model offers a framework in the
interpretation of how molecular interactions at chromatin ends scale to higher-order genome architecture
and functional regulation.

The current systematic review will integrate existing information on the molecular details and functional
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implications of 3D genome organization and chromosome architecture in Drosophila melanogaster. In
particular, it aims to clarify how boundary elements, insulator proteins, and chromatin loops contribute
to the formation of TAD and the regulation of genes and to discuss the current controversies between
loop extrusion and boundary pairing models. This review aims to elucidate how chromatin topology and
transcriptional control are related by combining the results of high-resolution chromatin conformation
studies and functional analyses and adding to a larger picture of genome organization in metazoans.

This review follows a systematic methodology and uses studies that utilize chromatin conformation
capture methods, genetic manipulations, and high-resolution imaging in Drosophila. Inclusion criteria
give precedence to studies which involve TAD architecture, insulator role and enhancerpromoter
interactions. Mechanistic theories of loop formation and their regulation outcomes guide the analysis.
Results are presented in thematic categories to follow conceptual changes, emphasize improvements in
methodology, and resolve inconsistent evidence, which finally presented a consistent and complete
explanation of how the 3D genome is organized in Drosophila melanogaster.

Scope of the Review

This report aims at reviewing the current literature on the topic of "3D Genome Organization and
Chromosome Architecture in Drosophila melanogaster: Molecular Mechanisms and Functional
Implications” to summarize the existing knowledge of the molecular determinants and dynamics of
chromosomal topology formation in this model organism. The importance of this review is that
Drosophila melanogaster is a central system in which to understand the core concepts of genome
folding, such as how to form and function topologically associating domains (TADS), insulator
elements, and enhancer-promoter interactions. The report will shed light on how three- dimensional
organization of the genome affects gene expression and developmental processes by critically assessing
the interactions between chromatin architectural proteins, epigenetic changes, and transcriptional
regulation. In addition, it aims to determine knowledge and methodological deficiencies and thus inform
future research trends in chromatin biology and genome architecture.

Objectives of the Review

1. To critically examine existing information on the molecular basis of how topologically associating
domain (TAD) formation, boundary specification, and insulator protein functions and architectural
factors interact to regulate chromatin looping and domain insulation in Drosophila melanogaster.

2. To compare and integrate current experimental and computational methods to map three-
dimensional (3D) genome architecture, including novel methods, like single-cell Hi-C and imaging-
based methods.

3. To analyze the dynamic changes in chromatin topology during embryogenesis, with particular
emphasis on pioneer factors, enhancer—promoter interactions, and the functional implications of 3D
genome organization on gene regulation, developmental processes, and chromatin state dynamics.

Methodology of Literature Selection

All the secondary data sources that have been utilized in this review paper are purely research articles,
review papers and scholarly reports that have been published in the past. Relevant literature was located
and critically reviewed in a systematic way such that it provides a holistic insight on the topic. Peer-
reviewed and credible studies were acquired through the data sources like academic databases and other
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online sources. Specifically, the research articles made accessible via the SciSpace were widely
consulted to get up to date and valid information. These secondary sources have been used to guarantee
the validity and richness of the analysis in this review.

Table 1: Systematic Expansion of Research Queries for Literature Review

Primary Focus
Area

Refined Search Query

Core Research
Theme

The key research question is the three-dimensional (3D) genome organisation and
chromosome architecture of Drosophila melanogaster, and the underlying
molecular mechanisms and functional implications of these structures in the
regulation of genes and development.

Mechanistic
Aspects of
Genome
Architecture

Study of molecular processes that regulate 3D organization of the genome in the
Drosophila melanogaster system including the functions of insulator elements,
boundary pairing, topologically associating domain (TAD) formation, loop
extrusion and chromatin state dynamics, with application of single-cell scale Hi-
C, polytene chromosome imaging.

Developmental

Analysis of 3D genome dynamics during embryogenesis in Drosophila

Genome melanogaster, focusing on the role of tethering elements, insulators, and pioneer

Dynamics transcription factors such as Zelda and GAGA in shaping TADs, enhancer—
promoter interactions, and chromatin state transitions across single-cell
developmental trajectories.

Zygotic Exploration of genome organization changes during zygotic genome activation in

Genome Drosophila melanogaster, particularly the contribution of pioneer factors such as

Activation Zelda and GAF in regulating enhancer—promoter looping, tethering interactions,

(ZGA) and | and the formation of dynamic TADs and chromatin hubs, as revealed by single-

Chromatin cell and multi-omics approaches.

Organization

Advanced The role of pioneer factors (Zelda, GAF, CLAMP, Opa) in regulating enhancer-

Molecular and | promoter interactions and TAD-like structures in embryonic development in

Single-Cell Drosophila melanogaster by analysing chromatin accessibility, higher-order

Approaches genome architecture, using advanced technologies including single-cell Hi-C,

scMicro-C and imaging-based genomic analysis.

Screening and Citation Chaining Strategy

The literature screening entailed the use of a set of predefined inclusion and exclusion criteria to all of
the systemically refined search queries, which ensured the retrieval of a reduced and appropriate set of
scholarly literature. This has been accomplished by using large academic databases and a total of 431
research articles were found in a very large corpus of publications. A citation chaining strategy was used
to further strengthen and enrich the review. Backward citation chaining entailed reviewing reference
lists of the chosen core articles to determine the foundational studies and previous work in the area of
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the research. Meanwhile, forward citation chaining was carried out to trace the subsequent papers that
have borrowed these basic articles and consequently to trace the very recent developments in the area,
the controversies and the methods developed. With this mixed methodology, 68 other relevant papers
were found and included, which guarantees thorough and systematic coverage of the literature.

Relevance Scoring and Prioritization of Literature

After retrieving a total of 499 candidate papers (431 of which were found as a result of systematic search
queries and 68 as a result of citation chaining), a systematic relevance scoring and ranking were
performed to rank the most relevant studies. The papers were assessed in accordance with the main
research objectives and the theme focus of the review in order to be in line with the scope of the study.
Due to this screening, 497 papers were found to be pertinent to the research query. Among them, 160
articles were found to be highly relevant since they had direct implications to the understanding of 3D
genome organization and chromosome architecture of Drosophila melanogaster. Relevance-based
prioritization was able to aid in the identification of the relevant studies to be analyzed and synthesized
during the review.

Descriptive Summary of the Studies

Within the framework of this section the research terrain of the literature on the 3D Genome
Organization and Chromosome Architecture in Drosophila melanogaster: Molecular Mechanisms and
Functional Implications is mapped with a broad array of research studies addressing the molecular
determinants, experimental processes and functional implications of the chromatin architecture. The
articles are united by the interest in the functions of insulator proteins, architecture, and epigenetic
changes in the formation of topologically interacting domains (TADs) and chromatin loops, and in
developmental dynamics and in gene regulation, in particular. High-resolution Hi-C and Micro-C are
used as methodological approaches to live-cell imaging and computational modeling, which can be used
to provide complementary information on genome folding and the regulation of genome folding.

Table 2: Summary of Key Studies on 3D Genome Organization in Drosophila melanogaster

Study Molecular Methodological | Insulator Developmental | Functional
Mechanisms | Approaches Protein Dynamics Impact on
of TAD Functionality Gene
Formation Expression

Yamashita | Boundary Micro-C, Orientation- Loop topology | Modulates

(2024) pairing boundary dependent influences enhancer
defines manipulation pairing regulation activity
looped
TADs

Bing et al. | Boundary Micro-C, Non- Loop extrusion | Defines TAD

(2024) pairing over | genetic assays autonomous | less supported | boundaries
loop boundary
extrusion pairing

Fujioka et | Insulator Transgene Su(Hw) Pairing Complex

al. (2024) | sub-elements | assays required for | independent of | regulatory
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regulate pairing blocking roles
TADs

Denaud et | PRE loops | CRISPR, Hi-C, | PRE  loops | Independent of | Controls

al. (2024) | form microscopy form  stable | transcription enhancer
repressive scaffold specificity
domains

Ganesh et | Critical Polymer Loop Chromatin near | Long-range

al. (2025) | chromatin modeling, extrusion  + | critical state enhancer
folding imaging segregation contacts
dynamics

Tang et al. | Hierarchical | Hi-C, Al | Histone TADs emerge | Linked to

(2025) TAD models marks define | during ZGA gene
formation boundaries activation

Cavalheiro | Insulators DNA-FISH, Partial TADs form | Transcription-

et al. | and depletion boundary during ZGA insulator

(2022) transcription | studies reinforcement interplay
shape TADs

Messina et | Insulator Imaging, Preferential Occur  before | Fine-tune

al. (2023) | interactions | bioinformatics | insulator transcription chromatin
precede interactions contacts
TADs

Pollex et | Gene-gene Capture-C, Loops act as | Context- Regulate co-

al. (2023) | looping FISH scaffolds dependent expression
mechanisms dynamics

Pinto et al. | Inter-TAD Capture-C, Functional Limited cross- | Enhancer

(2022) enhancer relocation beyond TAD activity regulation not
interactions | assays boundaries distance-

dependent

Arzate- Boundary CRISPR, Hi-C | Boundaries TAD fusion | Causes gene

Mejia et | loss disrupts essential for | after deletion misexpression

al. (2020) | TADs insulation

Espinola | CRM loops | Hi-M imaging | Pioneer Precede gene | Zelda

et al. | form before factors activation required  for

(2020) TADs regulate loops activation

Viets et al. | TADs Genetic assays | Insulators Cell-type Enhances

(2018) mediate enable specific pairing | gene
homolog transvection regulation
pairing

Ramirez et | DNA motifs | Hi-C, ML | BEAF- Predict Minor role of

al. (2017) | define TAD | analysis 32/CP190 boundaries CTCF
boundaries enriched

Chen et al. | Enhancer- Live imaging, | Stable Linked  with | Dynamic
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(2018) promoter editing proximity transcription regulation of
topology required expression

Molecular Mechanisms of TAD Formation

The importance of insulator proteins (BEAF-32, CP190, Su(Hw) and CTCF) and the presence of certain
DNA motifs in the delimitation of TADs in Drosophila melanogaster has been shown by a significant
body of literature. These aspects are highlighted in approximately 25 studies, and some have proposed
that the processes of boundary pairing can be more significant than traditional loop extrusion
mechanisms (Yamashita, 2024; Bing et al., 2024; Ramirez et al., 2017). Moreover, Polycomb group
proteins and Polycomb response element (PRE)-mediated looping has been reported to play a crucial
role in the establishment of repressive chromatin domains, thus affecting the overall TAD architecture
(Denaud et al., 2024; Eagen et al., 2017). New data also suggests that active chromatin states and
transcription activity can play a significant role in TAD boundary formation and insulation, in certain
instances, having a stronger effect than proteins of insulators themselves (Cavalheiro et al., 2022;
Ulianov et al., 2016). In addition, pairing of insulators and boundary elements depending on their
orientation has been demonstrated to be an essential factor in determining loop topology and preserving
chromatin domain integrity (YYamashita, 2024; Bing et al., 2023).

Methodological Approaches in 3D Genome Mapping

A combination of sophisticated experimental and computational systems has enabled the study of 3D
genome architecture in Drosophila melanogaster. Variations on high-resolution chromosome
conformation capture methods, including Hi-C, Micro-C, single-cell Micro-C, and others, have been
widely used to map chromatin interactions with different resolution (Yamashita, 2024; Ganesh et al.,
2025; Wu et al., 2025). Such methods are complemented by state-of-the-art imaging methods, such as
multiplexed chromatin imaging, super-resolution microscopy, and live-cell imaging, which offer useful
spatial and temporal information on chromatin folding and enhancerpromoter interactions (Messina et
al., 2023; Espinoza et al., 2020; Chen et al., 2018). In parallel, computational modeling and polymer
simulations have been widely used to interpret chromatin interaction data and predict dynamic folding
patterns of the genome (Sun et al., 2020; Michieletto et al., 2016). Moreover, genetic manipulation
methods, including CRISPR-mediated deletions and transgenic studies, have demonstrated the structural
arguments of chromatin architectural components, thereby providing the opportunity to analyze the
functions of insulators and boundary elements in detail (Fujioka et al., 2024; Arzate-Mejia et al., 2020).

Insulator Protein Functionality

The insulator proteins have different binding specificities and functionalities in determining genome
architecture. As an example, BEAF-32/CP190 and BEAF-32/Chromator have been shown to be protein
complexes that are commonly enriched at TAD boundaries, but CTCF seems to have a relatively minor
role in Drosophila (Ramirez et al., 2017; Kahn et al., 2022). Orientation-dependent pairing interactions
are frequently crucial to the functional activity of insulators, and play a role in homologous chromosome
pairing, as well as establishing loop domains (Yamashita, 2024; Fujioka et al., 2016). Moreover,
insulator proteins use different cofactors, including the dMes4 methyltransferase, to control the patterns
of chromatin accessibility and histone modification (Lhoumaud et al., 2014). Some insulators, such as
Su(Hw), can also bind to other regulatory factors such as Combgap to enable long-range chromatin
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interactions of transcriptionally active regions (“Su(Hw) interacts with Combgap to establish.

Developmental Dynamics of Chromatin Architecture

Drosophila melanogaster goes through a major dynamic reorganization of chromatin architecture during
embryogenesis. TAD networks are increasingly formed in zygotic genome activation alongside the
formation of hierarchical chromatin folding patterns (Tang et al., 2025; Cavalheiro et al., 2022).
Chromatin accessibility and cis-regulatory module (CRM) hubs are also initiated by pioneer
transcription factors, especially Zelda, prior to the activation of genes (Espinozas et al., 2020; Erceg and
al., 2018). Moreover, interactions between homolog pairs and those involving insulators are highly
regulated in development and tend to be cell-type specific (Viets et al., 2018; Abed et al., 2018).
Transcriptional activation per se leads to the reorganization of chromatin topology through stabilization
of enhancer-promoter interactions and chromatin compaction (Chen et al., 2018).

Functional Impact on Gene Expression

The three-dimensional structure of the genome has far-reaching consequences on the regulation of genes
in Drosophila melanogaster. Chromatin architecture can tune enhancerpromoter interactions, which can
control transcriptional activity and developmental outcomes (Pinto et al., 2022; Chen et al., 2018). TAD
boundaries or insulator disruption has been reported to cause an aberrant pattern in gene expression and
developmental abnormalities (Arzate-Mejia et al., 2020; Fujioka et al., 2025). Chromatin loops mediated
by Polycomb repress genes and enhancer hubs activate gene networks coordinately (Eagen et al., 2017,
Wu et al.,, 2025). Moreover, the 3D folding and compartmentalization of chromatin leads to the
specificity and strength of gene expression in various cell types (Pollex et al., 2023; Boetz et al., 2016),
which highlights the importance of 3D genome organization in development and regulation.

Critical Analysis and Synthesis

The 3D genome organization and chromosome architecture literature in Drosophila melanogaster has
shown that many strides have been made in comprehending the molecular processes and functional
consequences of chromatin topology. One significant theme is the explanation of the formation of TAD
and delimiting the boundaries, especially focusing on insulator proteins and their interactions with each
other. The methodologies based on various approaches such as high-resolution Hi-C, Micro-C, live
imaging, and genetic manipulations have provided a lot of detailed information, yet the approaches are
also characterized by flaws in methodology and gaps in understanding. The dynamic aspects of
enhancer-promoter interactions and their control by chromatin architecture are becoming better
understood, but the etiology of these interactions is complicated. Also, there is the interaction of
epigenetic changes, architectural proteins and genome folding, which is identified as vital yet not fully
defined. The overall picture of the body of research illustrates the complexity and multi-layered control
of genome organization, but also highlights gaps in mechanistic knowledge and the necessity to adopt
integrative methods.

Table 3: Strength and Weaknesses of the Studies
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Aspect Strengths Weaknesses
Molecular Boundary elements such as Homie and | Molecular  determinants  of
Mechanisms of | Nhomie and their orientation-dependent | boundary  recognition  and
TAD pairing provide a strong mechanistic | pairing  specificity  remain

Boundary
Specification

Formation and

basis for TAD formation (YYamashita,
2024; Bing et al., 2024; Fujioka et al.,
2016). Evidence supporting boundary
pairing over loop extrusion highlights
species-specific genome organization
(Bing et al., 2024; Bing et al., 2023).
High-resolution techniques (Micro-C)
have clarified loop topologies and their
regulatory roles (Yamashita, 2024).

unclear (Bing et al., 2024). The
role of cohesin and loop
extrusion is still debated (Bing
et al., 2023). Findings are often
locus-specific, limiting
genome-wide  generalization
(YYamashita, 2024; Fujioka et
al., 2016).

Development

range regulation (Wu et al.,, 2025).
Developmental transitions reflect
dynamic chromatin remodeling (Pollex et
al., 2024).

Roles of | Extensive mapping of insulator proteins | Conflicting evidence exists
Insulator (BEAF-32, CP190, Su (Hw)) reveals | regarding necessity of
Proteins and | their role in chromatin looping and | insulators for TAD formation
Architectural insulation  (Fujioka et al.,, 2024; | (Cavalheiro et al., 2022;
Factors Vogelmann et al., 2014). Functional | Trotter,  2022). Insulator
modularity of insulators supports | interactions appear variable
complex regulatory roles (Fujioka et al., | and infrequent in imaging
2025). Association with YH2Av suggests | studies (Messina et al., 2023).
additional regulatory layers (Simmons et | Functional redundancy
al., 2022). complicates interpretation
(Fujioka et al., 2024).
Dynamics  of | Enhancer—promoter interactions can | Physical proximity does not
Enhancer— occur prior to TAD formation, often | always correlate with
Promoter mediated by pioneer factors such as | transcriptional output (Espinola
Interactions Zelda (Espinola et al., 2020). Tethering | et al., 2020). Mechanisms
During elements and enhancer hubs explain long- | enabling long-range and inter-

TAD  interactions  remain
unclear (Pinto et al., 2022).
The regulatory role of TADs is
still debated (Balasubramanian
etal., 2023).

Interplay
Between
Epigenetics

Architecture

and Chromatin

Polycomb  proteins and  histone
modifications (e.g., H3K27me3)
contribute to repressive domains and 3D
genome organization (Denaud et al.,
2024; Eagen et al.,, 2017). Chromatin
states correlate with spatial genome
organization (Boettiger et al., 2016).

Causal relationships between
epigenetic marks and TAD
structure  remain  unclear
(Denaud et al., 2025).
Mechanisms of Polycomb loop

formation and maintenance
require further study (Cheutin
& Cavalli, 2019).
Directionality between
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epigenetics and folding is
debated (Gavrilov et al., 2016).

Methodological

Approaches
for  Mapping
3D Genome

Architecture

Integration of Hi-C, Micro-C, imaging,
and computational modeling provides
high-resolution insights into genome
folding (Sun et al., 2021; Wu et al.,
2025). Genome editing enables functional
validation (Chen et al., 2017).

Limitations include resolution
constraints, population
averaging, and limited
temporal dynamics (Ulianov et
al., 2021). Imaging has lower
throughput, and models rely on
assumptions (Michieletto et al.,
2016).

Functional
Implications
on Gene
Expression and
Development

3D genome organization regulates
enhancer—promoter  specificity  and
coordinated gene expression (Pollex et
al., 2023; Levo et al., 2022). TADs and
insulators  support interchromosomal
regulation such as transvection (Viets et
al., 2018).

Changes in chromatin structure
do not always result in
predictable gene expression
changes (Ghavi-Helm et al.,
2019). Functional contributions
of TADs are context-dependent
and often modest (Chathoth et
al., 2022).

Evolutionary
Conservation
and  Species-
Specific
Features

Conservation of TADs across Drosophila
species highlights evolutionary
importance (Liao et al., 2020). Species-
specific  differences reveal diverse
regulatory mechanisms (Matthews &
White, 2019).

Evolutionary  pressures  on
TAD  boundaries  remain
unclear (Liao et al., 2021)—
limited generalizability to
mammals due to mechanistic
differences (Rob et al., 2019).

Theoretical Implications

1.

TADs and chromatin loops are major structural determinants of the Drosophila melanogaster
genome, and insulator elements perform other major functions in architecture in addition to their
conventional enhancer-blocking functions (Stadler et al., 2017; Fujioka et al., 2016; Chetverina et
al., 2017).

The role of cohesin-CTCF in Drosophila is limited, which raises doubts about the universality of the
loop extrusion model and demonstrates the presence of other, species-specific, genome folding
mediators involving BEAF-32, CP190, and Chromator (Matthews and White, 2019; Wang et al.,
2018; Vogelmann et

The chromatin organization has dynamic and stochastic characteristics at the single-cell level, which
can be modeled by probabilistic models of genome organization instead of deterministic ones
(Cattoni et al., 2017; “Multiple parameters shape the 3D chromat., 2022).

Insulator proteins promote higher-order genome organization, including homologous chromosome
pairing and transvection, and connect 3D genome structure to interchromosomal regulation of genes
(Viets et al., 2018; Child et al., 2020).

Polycomb group proteins are essential to form repressive chromatin loops in TADs which show the
incorporation of epigenetic regulation with spatial genome organization (Eagen et al., 2017; Tolhuis
etal., 2011).

IJFMR260486416
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6. Early developmentally regulated pioneer transcription factors like Zelda induce chromatin looping

before transcriptional activation, and indicate that 3D genome architecture may be induced or
prepared early in development before it triggers gene expression (Espinoza et al., 2020; Erceg et al.,
2018).

Practical Implications

1.

Insights into TAD formation and insulator roles in Drosophila melanogaster can be used as a
valuable model to understand genome architecture and find applications in genome engineering and
gene therapy (Moretti et al., 2020; Sultana et al., 2025; Roy et al., 2010).

The discovery of important insulator proteins and architecture presents potential mediators to
regulate gene expression during developmental biology and pathological situations, such as cancer
and genetic disorders (Bhattacharya et al., 2024; Kaushal et al., 2022; Lhoumaud et al., 2014).

The dynamic and stochastic characteristics of chromatin interactions are recognized, which
contributes to the significance of single-cell and high-resolution methods in the field of functional
genomics and drug discovery (Gizzi et al., 2018; Wu et al., 2025; Mir et al., 2018).

The implication of TAD-mediated homolog pairing and transvection may be possible manipulations
of interchromosomal interactions in epigenetic regulation, and inheritance (Viets et al., 2018; Abed
etal., 2018).

Knowledge of Polycomb-mediated chromatin loops helps to achieve epigenetic therapies to activate
and silence genes in diseases (Eagen et al., 2017; Tolhuis et al., 2011).

Indications of insulator-mediated chromatin decompaction that lacks transcriptional activation have
implications in chromatin remodelling in regenerative medicine and synthetic biology (Pokholkova

et al., 2018; Vogelmann et al., 2014).

Table 4: Key Limitations in Studies of 3D Genome Organization in Drosophila melanogaster

Area of | Description of Limitation Key References

Limitation

Methodologic | Heavy reliance on population-averaged Hi-C data | (Gotz et al., 2022; Sun et

al Constraints | obscures cell-to-cell variability and dynamic chromatin | al., 2021; Cattoni et al.,
interactions, limiting external validity. 2017)

Limited Single-cell techniques still lack sufficient resolution and | (Go6tz et al., 2022; Wu et

Single-Cell coverage, restricting detailed analysis of genome | al., 2025)

Resolution architecture and enhancer—promoter dynamics.

Overreliance | Findings from Drosophila may not be fully generalizable | (Matthews & White, 2019;

on Model | to other organisms due to species-specific genome | Rob et al., 2019; Moretti

Organism organization mechanisms. et al., 2020)

Insufficient Many studies lack direct experimental validation linking | (Chathoth et al., 2022,

Functional chromatin structure to gene expression, limiting causal | Arzate-Mejia et al., 2020;

Validation inference. Kaushal et al., 2022)

Ambiguity in | Roles of insulator proteins remain unclear due to | (Cavalheiro et al., 2022;

Insulator redundancy and context-dependent effects, with | Messina et al., 2023; Kahn
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Protein Roles | inconsistent findings across studies. et al., 2022)

Limited Most studies provide static snapshots, lacking temporal | (Espinola et al., 2020;
Temporal resolution to capture dynamic chromatin changes during | Chen et al., 2018)
Dynamics development.

Small Sample | Imaging studies often involve limited cells or loci, | (Go6tz et al., 2022; Gizzi et
Sizes in | reducing statistical robustness and generalizability. al., 2018)

Imaging

Incomplete Focus on selected chromatin states overlooks contributions | (Saha et al., 2019; Ulianov
Chromatin of heterochromatin and lamina-associated domains. etal., 2019)

Coverage

Confounding | Weak or inconsistent correlation between chromatin | (Pinto et al., 2022; Ghavi-
Effects of | structure and gene expression complicates causal | Helmetal., 2014)
Transcription | interpretation.

Technical Biases in Hi-C (e.g., resolution limits, crosslinking | (Ramirez et al., 2017; Hug
Limitations of | efficiency) affect accurate detection of loops and TAD | & Vaquerizas, 2018)

Hi-C boundaries.

Table 5: Key Research Gaps and Future Directions in 3D Genome Organization

Gap Area Description Future Research Directions Priority
Boundary Molecular determinants of | Structural and biochemical studies; | High
Pairing orientation-dependent genome-wide mapping of pairing
Specificity boundary pairing remain | interactions.
unclear.
Role of | Contribution of cohesin to | Functional perturbation and live- | High
Cohesin  and | TAD formation in | cell imaging to test loop extrusion
Loop Drosophila is debated. mechanisms.
Extrusion
Insulator Functional redundancy | Combinatorial knockdowns and | High
Protein complicates interpretation | single-cell analyses to define
Redundancy of insulator roles. specificity.
Enhancer— Causal link between | Live-cell imaging and genome | High
Promoter chromatin proximity and | editing to study interaction
Dynamics transcription is not fully | dynamics.
resolved.
Epigenetics Relationship between | Perturbation of epigenetic | Medium
and Genome | histone modifications and | regulators with high-resolution
Folding 3D architecture remains | mapping.
ambiguous.
Single-Cell Functional significance of | High-throughput single-cell | Medium
Variability stochastic TAD | techniques and computational
organization is unclear. modeling.
Homolog Mechanisms of | Identification of pairing elements | High
IJFMR260486416 Volume 8, Issue 4, July-August 2026 12
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Pairing  and | interchromosomal and cell-type-specific studies.
Transvection interactions are not fully

understood.
Lamina Role of nuclear lamina in | Imaging and perturbation of | Medium
Interactions genome  organization is | lamina components with multi-
(LADs) insufficiently characterized. | omics approaches.
Insulator- Specificity of long-range | Biochemical and genome-wide | Medium
Mediated insulator interactions | functional studies.

Long-Range remains unclear.
Interactions

Chromatin Integration of genome | Combined imaging, transcription | Medium
Topology and | architecture with | assays, and modeling of nuclear
Transcriptional | transcriptional dynamics is | hubs.

Bursting not well defined.

Conclusion

The aggregate of studies of the 3D genome organisation and chromosome architecture in Drosophila
melanogaster indicates a complex and sophisticated view of how chromatin topology is defined,
sustained, and functionally combined with gene regulation. The basis of this architecture is the
topological association of domains (TADs), which are structural units of modularity in the genome that
divide it into discrete interaction domains. In contrast to mammals, where the most common model of
TAD formation is loop extrusion via cohesin and CTCF, the role of insulator proteins like BEAF-32,
CP190, and Su(Hw) is dominant in the formation of Drosophila TAD boundaries, with a smaller role in
the formation of mammal TAD boundaries ascribed to CTCF. These insulator proteins engage in
complex and commonly orientation-dependent pairing interactions, which establish TAD boundary
specificity and topology, such as stem-loop and circle-loop topologies, to form the local chromatin
landscape and affect enhancer-promoter communication.

Recent advances of high-resolution chromatin conformation capture methods (Hi-C, Micro-C, single-
cell Micro-C) with multiplexed imaging and computational modeling have illuminated that enhancer
promoter interactions are dynamic, and may happen across TAD boundaries and frequently precede
TAD formation and transcriptional activation. These initials, such as Zelda, are involved in establishing
cis-regulatory modules and chromatin accessibility in early life, and provide the establishment of
enhancer hubs and tethering factors to strengthen long-range regulatory specificity. However,
transcriptional activation does not always occur through physical proximity and the interaction between
chromatin topography and transcriptional machinery responsiveness is complex.

Epigenetic changes, especially those involving Polycomb group proteins and histone marks such as
H3K27me3, can help create repressive chromatin loops and compartmentalization which strengthen
gene silencing in Polycomb domains. However, the causal influence of these epigenetic states on the
formation of TADs is minimal, indicating that physical chromatin domains can limit epigenetic
spreading, but not be entirely determined by it. Also, phosphorylated histone variants and insulator-
associated cofactors provide regulatory layers between chromatin architecture and genome stability and
functional insulation.

The mechanism of transvection and interchromosomal gene regulation is facilitated by chromosome
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pairing and homologous interactions, unique features of Drosophila, via specialized TADs called
buttons, which depend on intact insulator pairing to position them and enable a functional interaction.
These reactions are cell-type particular and are developmentally controlled indicating the dynamicity of
the genome architecture in the context of development.

Although major steps have been made, there are still uncertainties on how to fully unravel the molecular
determinants of specificity in boundary pairing, how insulator proteins can mediate long-range
interactions, and how chromatin dynamics relates to transcriptional bursting and robustness of gene
expression. Furthermore, the split of architectural approaches between Drosophila and mammals
cautions against extrapolation of mechanistic models across species.

To conclude, the literature depicts the 3D genome organization in Drosophila melanogaster as a multi-
layered, dynamic system in which insulator proteins, chromatin state, transcription factors, and
architectural components interact to structure genome topology to exquisitely control gene expression
and developmental programs. This synthesized knowledge demonstrates the significance of integrating
experimental and computational methods to unravel the mystery of genome folding and its functional
implications and point out major gaps that will inform future research in chromatin biology and genome
architecture.
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