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Synopsis  The trajectory of evolution is impacted by molecular constraints and biases that are difficult to validate experimen-
tally. Repeated evolution of similar traits across the Tree of Life serves as a natural experiment to discern common factors that
drive the evolution of these traits. The architecture of genomes in one-dimensional, two-dimensional, and three-dimensional
space is emerging as a potential factor that may predict repeated phenotypic evolution. For example, chromatin packaging and
the 3D organization of the genome within the nucleus can impose evolutionary constraints by predisposing genomic regions
for particular types of mutations, while the evolution of genome sequence can also drive reorganization of chromatin. With
the explosion of new library preparation and sequencing technologies that are accessible for non-model species, we envision a
great opportunity to understand how genome architecture across phylogenetically disparate species may impact repeated phe-
notypic evolution. We provide examples of the known and potential avenues of phenotypic convergence at each level of genome
architecture and how integration of these data can provide unique insights into the constraints, trajectory, and predictability of
evolution.

Introduction mechanisms, which would demonstrate phenotypic

Repeated evolution is the independent evolution of
the same trait in different evolutionary lineages (Stern
2013; Rosenblum et al. 2014; Sackton and Clark 2019).
In some cases, the term “convergent evolution” is a
clear descriptor, as is in the case of the anatomical con-
vergence of bat, bird, and insect wings. In other cases,
especially among closely related lineages, the term
“convergence” is less clear for a variety of reasons. For
example, independent evolution of the same trait in two
species may have occurred through different genetic
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convergence via divergent molecular evolution.

Here, we discuss repeated evolution to encompass
the appearance of similar phenotypic traits across dis-
tinct evolutionary lineages, encompassing both con-
vergent and divergent molecular origins (Gompel and
Prud’homme 2009). Importantly, repeated evolution is
a powerful tool to identify how organisms adapt to en-
vironments and acquire new phenotypes (Losos 2011).

Understanding the genetic mechanisms underly-
ing repeated evolution has revealed that similar func-
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Fig. | Overview of repeated evolution and genome architecture. Overview of genome architecture across the one-dimensional linear
genome, two-dimensional epigenome, and three-dimensional organization within the nucleus.

tional outcomes can be reached through multiple paths.
For example, viviparity (live birth) has independently
evolved in mammals, lizards, snakes, and sharks. While
the phenotypic trait is convergent, the genetic basis of
viviparity has little overlap in these species (Foster et
al. 2022). These cases indicate that evolutionary con-
straints can be influenced by the historical contingen-
cies and genetic background of each lineage. The spe-
cific mechanisms responsible for these constraints can
be examined by identifying the genomic basis of con-
vergent traits.

Our focus is on how genome architecture—a col-
lective term that includes genome structure, pack-
aging, and organization—relates to repeated evolu-
tion. We define genome structure as the linear (one-
dimensional) DNA sequence, which changes through
duplications, deletions, inversions, and chromosomal
fusions/fissions. Genomic DNA is packaged into chro-
matin (two-dimensional), which includes wrapping of
DNA around covalently modified histones to form nu-
cleosomes. Chromatin is further organized into the
three-dimensional nucleus through dynamic processes
including loop extrusion and phase separation (Fig. 1).
All aspects of genome architecture are interconnected;
changes in the linear sequence can initiate a cascade of
two- and three-dimensional changes, while changes in
chromatin and nuclear organization can promote or in-
hibit sequence changes.

Studying the relationship between genome archi-
tecture and repeated phenotypic evolution can pro-
vide unique insights into how the organization of the
genome may constrain evolution of DNA sequence.
When we find repeated associations between spe-
cific genomic features and organismal traits—such as
in epigenetic mechanisms of dosage compensation—
it strengthens our understanding of the forces that
constrain evolution. This evidence becomes particu-
larly compelling when these associations arise through
repeated evolution rather than shared inheritance.
Through this lens, studying repeated evolution at the
level of genome architecture helps illuminate both the
flexibility and constraints of evolutionary processes.

The relationship between repeated evolution and
genome architecture has largely been overlooked be-
cause measuring the underlying genomic features was
not possible. There are several methodological obstacles
to overcome as we improve this field of research. One
primary obstacle is defining and measuring conver-
gence itself. For instance, what constitutes “the same”
genomic feature across different organisms? This ques-
tion is particularly relevant for elements like long non-
coding RNAs (IncRNAs), where traditional sequence
identity measures may be less informative than struc-
tural features and GC content (Ross and Ulitsky 2022).
Similarly, defining functional equivalence across species
(whether features repress or activate the same genes
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or bind the same proteins) remains a complex chal-
lenge that requires careful consideration of both experi-
mental and computational approaches. Finally, a signifi-
cant challenge lies in generating comparable data across
evolutionarily divergent taxa, particularly when deal-
ing with complex features like 3D genome organization.
Newly emerging functional genomic techniques now
offer the opportunity to characterize and compare ge-
nomic features to better understand their relationships
with repeated evolution. Here, we discuss these limita-
tions in understanding genome evolution and explore
how new sequencing technologies may help compare
genomic changes across the Tree of Life. We envision
that the deployment of these techniques across species
has the potential to revolutionize our understanding of
the genetics of repeated evolution.

Section |: gene expression

As the initial manifestation of a phenotype, gene expres-
sion is an essential link between repeated phenotypic
evolution and the evolution of genome architecture.
The regulation of RNA transcription occurs through
two mechanisms: cis regulatory elements (CREs) and
trans factors (Wittkopp et al. 2004; Signor and Nuzhdin
2018). CREs include DNA sequences, such as promoters
and enhancers, which affect the transcription of genes
on the same DNA molecule. Trans factors are proteins,
RNAs, or other molecules that affect expression through
DNA binding or signaling pathways. CREs are fixed in
the haploid genotype, while trans factors can be en-
coded anywhere in the genome and can freely diffuse to
affect gene expression across large distances (kilobases).
Therefore, only trans factors can vary across cell/tissue
types, development, and environments. However, both
CREs and trans factors can be influenced by genome
architecture by, for example, repositioning CREs rela-
tive to their target genes, modifying chromatin acces-
sibility, or creating new regulatory domains through
chromosome folding. Posttranscriptional regulation of
gene expression can be further controlled by RNA mod-
ifications, such as methylation, splicing, editing, and
polyadenylation.

There is growing evidence that the evolution of gene
expression can be responsible for the repeated evolu-
tion of organismal phenotypes (Hart et al. 2018; Bittner
et al. 2021). Genomic approaches quantifying tran-
scriptomes cover a broad range of resolutions, from
across entire organisms (e.g., bulk RNA-seq) down
to single-cell and spatial scales. Work using hybrid
cell lines/organisms and massively parallel reporter
assays is further resolving the relative contributions
of cis and trans effects on gene expression (Gallego
Romero and Lea 2023; Dennis 2024), requiring cross-

species comparisons across orthologous CREs, genes,
and cell/tissue types.

Section 2: genome structure and linear
rearrangements

Gene expression depends on the physical proxim-
ity of CREs and the genes they regulate within the
three-dimensional space of the nucleus (Fig. 1). Ge-
nomic rearrangements—including duplications, dele-
tions, and inversions—can alter this three-dimensional
organization by rearranging DNA sequences in linear
space, thereby affecting gene expression. The detection
of these structural rearrangements has been dramati-
cally improved with the advent of long-read sequencing
technologies, which provide a more comprehensive and
accurate view of chromosomal sequences compared to
short-read methods (van Dijk et al. 2023). Of particu-
lar interest are the so-called fragile sites—chromosomal
loci that are prone to being breakpoints for chromoso-
mal rearrangements (Durkin and Glover 2007; van Dijk
etal. 2023). When similar structural rearrangements are
observed across different species or populations, that
suggests the existence of shared genomic vulnerabilities
or preferential breakpoints that can be leveraged during
evolution to generate novel phenotypes.

Duplications and deletions

Perhaps the simplest example of sequence changes that
affect gene expression is the duplication of a genomic
region, which increases the dosage and possibly the ex-
pression of genes contained within that region (Birchler
and Yang 2022; Zhang et al. 2022). Gene duplication
can contribute to evolutionary divergence of gene ex-
pression between species, including via neofunction-
alization and the evolution of new gene functions (Li
et al. 2005). For example, genes within segmental du-
plications are enriched for differential expression be-
tween humans and chimpanzees (Blekhman et al. 2009).
Notably, repeated evolution of antifreeze glycoproteins,
which bind to ice and inhibit the formation of ice crys-
tals, occurred through independent duplication events
in Antarctic and Arctic fishes (Cheng and Chen 1999).
This example demonstrates the potential for gene du-
plications to contribute to evolutionary convergence
(Chen et al. 1997).

Chromosomal deletions have the potential for pro-
found impacts on gene expression and repeated ge-
nomic regulation. Deletions in regulatory regions can
have cascading effects on gene expression and can in-
duce adaptive phenotypic changes. A famous example
comes from the repeated loss of spines in sticklebacks
that are the result of the deletion of the Pitx] enhancer
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(Chan et al. 2010). This deletion occurred in regions of
the chromosome that are more prone to breakage dur-
ing replication (i.e., fragile sites). Convergent deletions
can be identified with a forward genomics approach,
such as the identification of deletions in gulonolactone
(L-) oxidase (Gulo) that underlies loss of vitamin C syn-
thesis in eight species across the Tree of Life (Hiller et
al. 2012). Thus, understanding relevant forces impact-
ing deletion likelihood has the potential to improve our
understanding of the molecular basis of repeated phe-
notypic evolution.

Inversions

Chromosomal inversions can have important effects
on organismal phenotypes and fitness (Wellenreuther
and Bernatchez 2018; Berdan et al. 2023). One way in
which inversions can affect phenotypes is by changing
gene expression levels, causing genes to be differentially
expressed between alternative chromosomal arrange-
ments. Expression of genes near inversion breakpoints
may be affected if CREs are moved away from gene bod-
ies (Wesley and Eanes 1994; Lavington and Kern 2017).
Alternatively, inversions can suppress recombination,
resulting in divergent DNA sequence between arrange-
ments (Navarro et al. 1997; Fuller et al. 2016, 2017). The
resulting differences in DNA sequence between CREs
can cause substantial gene expression differences across
the entire inverted region (Fuller et al. 2016; Said et al.
2018). These gene expression differences can have com-
pounding effects across the genome because regulatory
networks include genes on inverted and non-inverted
chromosomes (Naseeb et al. 2016). Given these sub-
stantial effects of inversions on gene expression, they
have tremendous potential as mechanistic drivers of re-
peated evolution.

An illustrative example of chromosomal inversions
associated with repeated evolution comes from the evo-
lution of social behavior in ants. Both the Alpine sil-
ver ant, F selysi, and the fire ant, S. invicta, have in-
dependently evolved polymorphisms for social behav-
ior via polymorphic chromosomal inversions (Wang et
al. 2013; Purcell et al. 2014). However, there is no ho-
mology in the inverted genomic regions between the
species, indicating a lack of genetic convergence despite
phenotypic (behavioral) convergence.

Transposable elements

Transposable elements (TEs) are mobile DNA se-
quences that shape genome evolution, particularly
through their role in generating novel genes, alter-
ing gene expression, and promoting genome expansion
(Galbraith and Hayward 2023). TEs preferentially insert
into open, euchromatic regions near genes, where they
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can disrupt gene function, interrupt regulatory regions,
and induce structural rearrangements.

Convergent disruption of pigmentation through TE
insertions has been found to result in lighter or darker
animals through a variety of mechanisms (Galbraith
and Hayward 2023). The famous example of rapid evo-
lution of melanism in the peppered moth, Biston be-
tularia, during the industrial revolution was the re-
sult of a large TE insertion in the intron of cortex,
a meiosis cell-cycle regulator (Van't Hof et al. 2016).
This insertion resulted in increased expression of cor-
tex in the wing imaginal disc and resulted in the darker
morph (Bannasch et al. 2021). Darker pigmentation in
vertebrates has repeatedly evolved via the insertion of
TEs that reduce the expression of the Agouti Signal-
ing Protein (ASIP) gene, a pigment production regula-
tor (Ha et al. 2003). As ASIP inhibits the activity of the
Melanocortin 1 Receptor (MC1R), TE insertions that
disrupt asip expression result in increased MCIR ac-
tivity, leading to a higher production of eumelanin and
a darker individual (Trigo et al. 2021; Kamitaki et al.
2024). Convergent TE insertions in other genes result
in temporal and spatial dark coat colors and patterns in
dogs, as well as darker skin/fur in humans, mice, and
cattle (Galbraith and Hayward 2023). Thus, TE inser-
tions are a common mechanism for generating repeated
color evolution.

Another compelling example of the repeated evolu-
tionary impact of TEs comes from studies of canine
breeds, where independent insertions of FGF4 retro-
genes (intronless FGF4 genes that arose via duplication
by an mRNA intermediate that was reverse transcribed
by an enzyme encoded by an endogenous retrotranspo-
son) on chromosomes 12 and 18 have led to repeated
evolution of short-legged phenotypes across different
dogbreeds (Bannasch etal. 2022). These insertions each
impact leg length, as some breeds like Cavalier King
Charles Spaniels carry only the chromosome 12 inser-
tion, while others like Cairn Terriers and West High-
land White Terriers possess the insertion on chromo-
some 18, which also results in shorter legs (Dickinson
and Bannasch 2020). Notably, dwarfism in humans is
frequently attributed to one of the receptors for FGF4,
suggesting convergent phenotypes through similar ge-
netic mechanisms (Shiang et al. 1994).

Section 3: genome packaging

Gene expression can be controlled by DNA methyla-
tion, histone post-translational modifications (PTMs),
and long non-coding RNAs (IncRNAs) interacting with
chromatin. Chromatin modifications play crucial roles
in regulating gene expression without altering the un-
derlying DNA sequence. DNA methylation involves the
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Table | Examples of convergent evolution in DNA cytosine methylation.

Type of methylation Function

Independent evolutionary origins

Gene body Unclear

Variable promoter Gene silencing

Transposable elements Transposable element silencing

Parental genomic imprinting Diverse roles in growth and cellular

proliferation, common regulatory pathways

Complete loss of cytosine Unclear

methylation

Independently evolved in animals and flowering plants (Xiang
et al. 2010; Zemach et al. 2010; Bewick and Schmitz 2017;
Zilberman 2017)

Independently evolved in flowering plants, vertebrates, the
demosponge A. queenslandica, the centipede Strigamia maritima,
and the mealybug Planococcus citri (Newell-Price et al. 2000; de
Mendoza et al. 2019; Lewis et al. 2020; Zhang et al. 2018)
Independently lost in oysters, hymenopterans, sea urchins, and
tunicates (Keller et al. 2016; Strader et al. 2020; Zemach et al.
2010; Wang et al. 2014), or lost in animals and then regained
in multiple animal lineages independently (de Mendoza et al.
2019)

Independent evolution in mammals and plants (Feil and
Berger 2007)

Independently lost in nematodes, myxozoans, and multiple
lineages within insects (Urieli-Shoval et al. 1982; Wenzel et al.
201 1; Bewick et al. 2017; Kyger et al. 2021; Engelhardt et al.
2022)

addition of methyl groups to specific DNA sites, par-
ticularly at CpG dinucleotides. Histone PTMs include
methylation, acetylation, and other covalent modifica-
tions predominantly located at the residues in the N-
terminal tails of histone proteins, which assemble into
the nucleosomes that package DNA into chromatin.
The degree of similarity in genomic content and nucle-
osome positioning among lineages is expected to im-
pose evolutionary constraints that influence the likeli-
hood of repeated evolution, similar to how the diver-
gence between lineages can affect adaptive gene reuse
(Bohutinska and Peichel 2024). Both DNA methyla-
tion and histone PTMs have emerged as informative
systems for studying repeated evolution, where similar
traits evolve independently in different lineages. Simi-
larly, technologies that improve the detection and se-
quencing of IncRNAs allow us to investigate their po-
tential as regulators of gene expression. Together, these
regulatory systems can create changes in gene expres-
sion and have been repeatedly gained, lost, or modified
across diverse species throughout evolution.

DNA methylation

In vertebrates, DNA cytosine methylation (the main
form of cytosine methylation) is an essential mecha-
nism involved in gene expression regulation, X chro-
mosome inactivation, repression of repetitive elements,
and genome imprinting (Yuasa 2002; Moore et al. 2013).
Methyl groups are deposited on cytosines by a con-
served family of DNA methyltransferases (Dnmts). The
resulting methylcytosines are “read” by methyl-CpG
binding domain proteins (MBDs), which recruit pro-
teins that repress transcription.

Even though cytosine methylation is a highly con-
served epigenomic mechanism, shared by most eu-
karyotes, patterns of cytosine methylation and the re-
sponsible enzymatic machinery can evolve surprisingly
fast and significantly differ among taxa (Alvarez-Ponce
et al. 2018; Singh et al. 2021; Sarkies 2022). For in-
stance, while vertebrate and plant genomes are densely
methylated, in invertebrates cytosine methylation is of-
ten sparse and mostly confined to gene bodies and TEs
(de Mendoza etal. 2020); Zhang et al. 2018). In addition,
while in vertebrates cytosine methylation mostly affects
cytosines that are part of CpG dinucleotides, cytosine
methylation in other contexts (CHG and CHH, where
H represents any nucleotide) is relatively common in
other taxa (e.g., Zhang et al. 2018). Moreover, while
the function of cytosine methylation in vertebrates (es-
pecially mammals) and plants is well understood, its
function in many other lineages is much less clear (de
Mendoza et al. 2020; Matlosz et al. 2024), which hin-
ders the interpretation of macroevolutionary cytosine
methylation comparisons.

Methylation of different regions of the genome is
present in certain evolutionary lineages but absent from
others, and the phylogenetic distribution indicates con-
vergent gains or losses (Table 1; Sarkies 2022). Examples
include: (1) gene body methylation, whose function is
unclear (Xiang et al. 2010; Zemach et al. 2010; Bewick
and Schmitz 2017; Zilberman 2017); (2) variable pro-
moter methylation (i.e., the promoters of some genes
being more methylated than those of others, which of-
ten results in gene silencing; (Newell-Price et al. 2000;
Zhang et al. 2018; de Mendoza et al. 2019; Lewis et al.
2020); (3) methylation of TEs, which results in their si-
lencing (Zemach et al. 2010; Wang et al. 2014; Keller
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et al. 2016; de Mendoza et al. 2019; Jansz 2019; Strader
et al. 2020); (4) parental genomic imprinting (Feil and
Berger 2007); and (5) complete loss of cytosine methy-
lation (Urieli-Shoval et al. 1982; Wenzel et al. 2011;
Bewick et al. 2017; Kyger et al. 2021; Engelhardt et al.
2022).

Some cases of convergent evolution at the level of
phenotype have been linked to convergent changes
in cytosine methylation. For example, Haghani et al.
(2023) recently analyzed 15,456 samples from 348
mammalian species to generate a “phyloepigenetic”
treewhich largely recapitulated the known mammalian
phylogeny. They then used unsupervised clustering to
identify groups of CpGs whose methylation status co-
varied. Many of the 55 identified co-methylation mod-
ules correlated with life span. In other cases, phenotypes
do not clearly associate with cytosine methylation. For
instance, social and solitary insects do not exhibit sig-
nificant differences in their methylomes (Bewick et al.
2017), and repeated adaptation of sticklebacks to fresh-
water environments does not seem to be explained by
parallel evolved changes in cytosine methylation (Hu
and Barrett 2023).

Notably, similar methylomes have evolved indepen-
dently in different lineages, but the reasons and phe-
notypic consequences remain unknown. For instance,
the demosponge Amphimedon queenslandica exhibits
a highly dense methylome that resembles vertebrate
methylomes in many aspects (80% of CpGs are methy-
lated), while invertebrate methylomes, including those
of other sponges, are often sparsely methylated. It is un-
clear why an organism with a small genome and only a
few cell types would evolve a vertebrate-like methylome
(de Mendoza et al. 2019). In contrast, different inver-
tebrate lineages have independently lost their ability to
methylate their DNA, including dipterans, most nema-
todes, and myxosporeans, among other lineages (Urieli-
Shoval et al. 1982; Wenzel et al. 2011; Bewick et al. 2017;
Kyger et al. 2021; Engelhardt et al. 2022). It remains un-
clear why these organisms lost cytosine methylation and
how they evolved compensatory mechanisms for gene
silencing (Sarkies et al. 2015; Chang and Liao 2017).

Cytosine methylation might promote convergent
evolution not only through its effects on gene expres-
sion, but also through its mutagenic effects and its
effects on higher-order 3D architecture. CpG dinu-
cleotides are prone to C-to-T transition mutations due
to deamination of methylated cytosines, which could
be a source of convergent mutations in independent
lineages (Ehrlich and Wang 1981; Hwang and Green
2004). In addition, cytosine methylation intrinsically al-
ters chromatin structure, e.g., by reducing DNA flexibil-
ity and favoring heterochromatic states (Buitrago et al.
2021).

R. Kellermeyer et al.

Histone PTMs

Histone PTMs consist of chemical changes, such as
acetylation, methylation, phosphorylation, and ubiqui-
tination, that are critical for regulating the 3D structure
and function of the genome (Borg et al. 2021). These
modifications affect chromatin accessibility, shifting the
ability of nuclear molecules to physically contact ge-
nomic DNA, which can induce, enhance, or repress
transcription (Reik 2007; Klemm et al. 2019; Han et
al. 2023). Such changes in chromatin conformation and
transcription can be heritable, as known in Caenorhab-
ditis elegans (Ozdemir and Steiner 2022). Changes in
chromatin conformation also affect many cellular pro-
cesses, including DNA replication (mitosis and meio-
sis) and genome stability (apoptosis, DNA damage, and
repair) (Milldn-Zambrano et al. 2022). Further, envi-
ronmental stressors and conditions, such as temper-
ature, can shape chromatin organization via histone
modifications (Perrella et al. 2020; Kumar et al. 2021).
The dynamic interplay between cellular environment,
chromatin landscape, and gene expression patterns—
where environmental stimuli can alter chromatin states
and chromatin modifications themselves drive develop-
mental trajectories—suggests a prominent role for his-
tone PTMs in evolutionary phenomena like phenotypic
and molecular convergence.

Similar histone PTM effects on related genes have
the potential to convergently shape gene regulatory net-
works and other processes such as genomic imprinting
in plants and animals (Feil and Berger 2007). For exam-
ple, in Capsella rubella, independent mutations in the
5’ region of the FLC locus in two populations led to an
increase in repressive histone PTMs and a decrease in
activating histone PTMs regulating that locus (Yang et
al. 2018). The result was a convergent reduction in flow-
ering times via the reduced expression of the FLC tran-
scription factor (Fig. 2). Evolutionary genetic studies
that integrate the analysis of histone PTMs with down-
stream events of gene expression might help clarify the
nature of molecular mechanisms of convergence.

TE insertions can create binding sites for transcrip-
tion factors like CTCF, which modify chromatin acces-
sibility (Diehl et al. 2020; Ichiyanagi et al. 2021; Fueyo
et al. 2022; Choudhary et al. 2023). In addition, his-
tone PTMs on TEs can spread to nearby euchromatic
loci, affecting expression of neighboring genes and
even mediating long-range chromosome interactions
between euchromatic and pericentromeric regions (Lee
and Karpen 2017; Lee et al. 2020; Di Stefano 2022). Con-
vergent gene regulatory networks can emerge from in-
dependent insertions of TEs among diverged species
(Ellison and Bachtrog 2013; Lucas et al. 2018; Ellison
and Bachtrog 2019), raising the possibility that histone

GZ0Z 8UNp Gz UO Josn EPLIO|H YINOS JO AUSIoAIUN AQ +16ZE1.8/004E91/G0I/E60 L 0 L/I0P/S[OILE-8OUBAPE/GOl/L0D"dNO"0ILBPEDE//:SARY WO PEPEOIUMOQ



Roles and future opportunities for genomic architecture in understanding repeated evolution 7

762

s

NN

2;0-30 v
- ’

86IT1
e
, H3K27me3

7 ; @ H3Ac

/’ Q H3K36me3

MTE

Fig. 2 Independent mutations in the 5" UTR of the FLC locus in two C. rubella populations (sampled accessions 762 and 86IT1) were
associated with convergent decreases in activating histone PTMs (H3Ac and H3K36me3) and an increase in a repressive PTM
(H3K27me3) surrounding the locus. The FLC locus in 762 and 86IT| had reduced expression, resulting in a shift in flowering time relative
to a third population (accession MTE) lacking the deletion (Yang et al. 2018).

PTM:s can shape this process. Prolonged changes in epi-
genetic states may spur long-term adaptation by remod-
eling nucleosomes and the underlying genetic muta-
tions that influence nucleosome-positioning (Choi and
Kim 2009).

Independently evolved sex chromosome regulators
provide clear evidence for repeatedly evolved gene reg-
ulation that relies upon the same, convergently derived
histone PTMs. Sex chromosomes have evolved inde-
pendently in many animal lineages (Bachtrog et al.
2014). In each case, the existence of a heterogametic
sex with only a single X (or Z) chromosome creates
a stoichiometric imbalance that can be compensated
via upregulation of the hemizygous sex chromosome.
In Drosophila, transcriptional upregulation of X-linked
genes in hemizygous males is accomplished by acetyla-
tion of histone H4 at lysine 16 (H4K16ac) by the histone
acetyltransferase MOF (Lucchesi and Kuroda 2015).
H4K16ac is also enriched on the mammalian X chro-
mosome via a mechanism that may involve the homolog
of MOF (Deng et al. 2013), suggesting repeated evolu-
tion of X up-regulation amongst independently evolved
X chromosomes (Deng and Disteche 2019). Moreover, a
newly evolved Z chromosome arm in the monarch but-
terfly also has enriched H4K16ac and is transcription-
ally upregulated in hemizygous females (Gu et al. 2019).
These patterns provide evidence for repeated evolution

of H4K16ac as a critical component in dosage compen-
sation of hemizygous sex chromosomes across animals.
It is now within our reach to integrate multi-level pro-
cesses of repeated evolution by studying the interactions
between genomic sequence and histone modifiers that
shape gene regulation.

Long non-coding RNAs

Long non-coding RNAs (IncRNAs) are molecules that
influence diverse nuclear and cytoplasmic processes,
including transcriptional regulation, the 3D organiza-
tion of chromatin, translation control, and cell signaling
(Noh et al. 2018; Rinn and Chang 2020; Andergassen
and Rinn 2022; Mattick et al. 2023). Nuclear-localized
IncRNAs modulate gene expression through interac-
tions with chromatin to regulate genome packaging
and gene silencing. These IncRNAs also interact with
RNA binding proteins that generally recognize short se-
quence motifs (k-mers; Ross and Ulitsky 2022), suggest-
ing that consistent protein-RNA interactions may drive
functional convergence even when broader sequence
conservation is difficult to detect due to the lack of ex-
tended conserved regions.

LncRNA genes evolve under different sequence con-
straints than protein-coding genes, allowing them to
achieve similar functions through diverse sequence
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paths (Necsulea et al. 2014; Palazzo and Koonin 2020).
Even well-studied and functionally conserved IncR-
NAs like XIST and JPX show substantial sequence di-
vergence between mouse and humans (Pontier and
Gribnau 2011; Karner et al. 2020). This lack of exten-
sive sequence conservation makes it challenging to in-
fer IncRNA functions using conventional approaches
that rely on identifying conserved domains (Kirk et al.
2018). However, newer analytical methods, such as k-
mer content analysis and structure-based approaches
(Kirk et al. 2018), have enabled the identification of
functionally convergent IncRNAs across species despite
their sequence diversity.

Several compelling examples highlight the potential
of studying evolution through IncRNAs. In mammals, X
chromosome inactivation is mediated by two different
IncRNAs that evolved independently: XIST in euthe-
rian mammals and RSX in metatherians like opossums
(Grant et al. 2012; Furlan and Rougeulle 2016; Sprague
et al. 2019; McIntyre et al. 2024). Despite their distinct
evolutionary origins, both achieve similar functions in
X-inactivation through chromosome coating and si-
lencing. In addition, an independently evolved pair of
IncRNAs (roX1 and roX2) are required for dosage com-
pensation of the X chromosome in Drosophila males
(Franke and Baker 1999; Meller and Rattner 2002), al-
though the nature of sex-specific X chromosome regu-
lation differs greatly between mammals and Drosophila
(Gu and Walters 2017). Similarly, the EVX1AS-like
IncRNA in Madagascar geckos performs comparable
developmental regulatory functions to human EVX1AS
despite not being homologous (Olazagoitia-Garmendia
et al. 2023).

Section 4: 3D genome organization and
dynamics

The various layers of genome architecture discussed
above coalesce to form a 3D genome that is precisely
and dynamically organized and reorganized throughout
the cell cycle and during major developmental transi-
tions. Folding of chromosomes influences how different
cis and trans components physically interact with one
another, including the interactions between enhancers,
promoters, and transcription factor binding sites (Kim
and Shendure 2019). Genomic structure and spatial or-
ganization in the nucleus thus affect gene regulation
and behave as a constraint on genome function. Here,
we discuss two distinct features of meso-scale genome
organization: chromosome topology (heterochromatin
and centromeres) and nuclear organization (topologi-
cally associated domains). We emphasize the molecu-
lar machines that create these structures as well as their
evolutionary history and potential.

R. Kellermeyer et al.

Heterochromatin

Heterochromatin is often associated with the nuclear
periphery and is also known to play a role in chromo-
some organization. These effects are detected at the level
of chromosome territories, which are the broad scale or-
ganization of chromosomes during the early phase of
the cell cycle. Chromosome territories are found across
all domains of life (Cremer and Cremer 2010). In hu-
man lymphocytes, chromosome territories are orga-
nized by gene density, with gene rich chromosomes at
the center of the nucleus and gene poor on the periph-
ery, and by chromosome clusters with the cluster at the
center of the nucleus and the cluster at the nucleolus
(Cornforth et al. 2002; Arsuaga et al. 2004). These re-
sults, together with new Hi-C and microscopy observa-
tions of the genome suggest that interactions between
heterochromatic regions, between heterochromatic re-
gions and the lamina, and between heterochromatic re-
gions and the nucleolus play a key role in the broad
organization of genomes (Falk et al. 2019; Peng et al.
2023).

Satellite DNA repeats and TEs are often physically
compartmentalized away from transcribed regions of
the genome into heterochromatin domains within the
nucleus. A key feature of heterochromatin in all organ-
isms is di- or tri-methylation of histone H3 at lysine
position 9 (H3K9me2/3). Associated with this mark
are the families of methyltransferases that deposit this
mark (Suv39 and SET) and heterochromatin protein
1 (HP1) that binds ands spread along chromatin con-
taining H3K9me2/3 (Bell et al. 2023). Together, this
set of molecular players establishes and maintains het-
erochromatin constitutively across the cell cycle and in
all cell types. H3K9 methylation evolved shortly after
the expansion of the long interspersed nuclear element
1 (LINE-1) retrotransposon and now makes up 20% of
the human genome (Malik et al. 1999). While the ances-
tral role of H3K9 methylation may have been silencing
of LINE-1, heterochromatin is now well conserved in
both animals and plants, silencing large swaths of the
genome beyond non-LTRs (Kabi and Filion 2021).

In general, heterochromatin is transcriptionally in-
ert and can evolve rapidly, resulting in differences at the
DNA sequence level even among closely related species
(Hughes and Hawley 2009). The repetitive elements
so often found in heterochromatin require careful reg-
ulation to replicate, repair, and recombine (Feng and
Michaels 2015), leading to major expansions or dele-
tions that can get transmitted into the germline dur-
ing meiosis. For example, a 359-bp repetitive DNA el-
ement in Drosophila has diverged so rapidly that it is a
source of reproductive isolation between two closely re-
lated species, D. simulans and D. melanogaster (Ferree
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and Barbash 2009). Hybrid crosses between these two
species induce lethality due to failure to maintain the
359-bp repeat during mitosis, resulting in lagging chro-
mosomes and embryo death. Interestingly, the DNA
“detangler” topoisomerase II was partially responsible
for this effect by improperly localizing to the lagging
359-bp DNA element during anaphase in hybrid em-
bryos (Ferree and Barbash 2009).

Satellite DNA regions can also co-evolve with the
proteins that bind to them, leading to an “arms race”
between DNA and protein elements that must coop-
erate to form silenced heterochromatin. For example,
the satellite DNA binding factor OdsH from D. mau-
ritiana binds to the heterochromatinized Y chromo-
some of D. simulans, whereas the D. simulans OdsH
does not, leading to hybrid sterility between the two
species (Bayes and Malik 2009). In addition, a series
of molecular evolution studies of the HP1 gene fam-
ily in over 40 species of Drosophila revealed that, while
most HP1 genes are well conserved, the rapidly evolving
HP1 genes are predominantly expressed in the germline
(Levine et al. 2012). For example, the rhino gene is ex-
clusively expressed in the female germline during ooge-
nesis (Vermaak et al. 2005), raising the possibility that
Rhino could compete in the centromere drive model
of evolution, where only one of four meiotic prod-
ucts is destined to become a viable egg (Henikoff et
al. 2001). Another HP1 isoform, HP1E, is expressed in
the male germline in D. melanogaster and protects the
paternal genome during mitosis in the early embryo
(Levine et al. 2015). Thus, the independent evolution
of HP1 duplicates across Drosophila suggests repeated
evolution of paralogs in the germline across different
species.

More generally, multiple HP1 paralogs are found in
many other eukaryotes, each with its own unique func-
tion for regulating gene expression. Fission yeast have
two paralogs of HP1, while humans have three: HP1aq,
which binds to constitutive heterochromatin, and HP14
and HP18, both with roles in transcription activation
(Fanti and Pimpinelli 2008; Bosch-Presegué et al. 2017).
At the molecular level, the three paralogs differ signifi-
cantly in two unstructured regions (Canzio et al. 2014),
which have also been implicated in creating phase-
separated heterochromatin droplets both in vivo and in
vitro (Larson et al. 2017; Strom et al. 2017; Feric and
Misteli 2021). Together, these studies suggest that HP1
genes have rapidly diversified to serve many different
functions in the genome. Further comparative studies
across lineages could reveal whether or not the diversifi-
cation of HP1 proteins is related to repeated phenotypic
evolution, possibly via differential regulation of chro-
matin to produce different gene expression outcomes.

Holocentric chromosomes

Centromeres are regions of chromosomes that regulate
the partitioning of genetic material between daughter
cells during cell division through physical linkage via
the spindle (Kursel and Malik 2016). Centromeres are
found in all eukaryotes and commonly occur in sin-
gle genomic regions (i.e., where the kinetochore pro-
tein complex assembles), forming monocentric chro-
mosomes. In some lineages, however, centromeric ac-
tivity can be distributed along the entire length of the
chromosome (Mola and Papeschi 2006; Melters et al.
2012; Escudero et al. 2016), resulting in holocentric
chromosomes. Holocentric chromosomes were first de-
scribed by (Schrader 1935), and although most eukary-
otes have monocentric chromosomes, holocentric chro-
mosomes may have independently evolved at least 19
times across ~800 species of plants (six origins) and
animals (13 origins; Melters et al. 2012; Escudero et
al. 2016; Mandrioli and Manicardi 2020). There are
also multiple examples of reversions from holocentry to
monocentry in both animals and plants, raising the pos-
sibility that holocentric chromosomes may in fact be the
ancestral eukaryotic state (Escudero et al. 2016).

The repeated evolution of holocentric chromosomes
across diverse eukaryotic lineages remains puzzling,
particularly given the inherent meiotic challenges that
require specialized solutions like inverted meiosis.
While it was hypothesized that holocentricity could ac-
celerate chromosomal evolution by facilitating fission
and fusion events (Melters et al. 2012), studies inves-
tigating relationships between holocentricity and chro-
mosome number have reached ambiguous conclusions
(Escudero et al. 2016; Mandrioli and Manicardi 2020;
Ruckman et al. 2020; Wright et al. 2024). Similarly, ev-
idence for the impacts of holocentricity on diversifica-
tion rates is mixed (Escudero et al. 2016), with potential
effects on speciation in Carex (a flowering plant with a
lot of variation in chromosome number; Tribble et al.
2025), and on reinforcement observed in lepidopterans
(Lukhtanov et al. 2018) but not in other holocentric in-
sects (Ruckman et al. 2020).

Understanding the evolutionary implications of cen-
tromere organization requires studying convergent
traits across both holocentric and monocentric lineages,
rather than comparing chromosome stability and di-
versification rates. Specific venomous lineages provide
a unique model system in which to investigate the re-
peated evolution of holocentric chromosomes and phe-
notypic traits. Venoms are one of the most common and
convergent functions among animals, with > 200,000
venomous species from >100 venom-origin events
(Zancolli and Casewell 2020). Some spiders, scorpi-
ons, and centipedes are both venomous and have holo-
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centric chromosomes (Melters et al. 2012; Escudero
et al. 2016; Mandrioli and Manicardi 2020). Because
most genes are intrinsically oriented near centromeres
in holocentricity, venoms represent a unique oppor-
tunity for identifying correlations between centromere
evolution and organismal phenotypes, possibly allow-
ing us to discern rules and idiosyncrasies of centromeric
constraint on subsequent trait evolution. For example,
proximity to centromeres generally reduces evolution-
ary rates (Akhunov et al. 2003), but venom genes typi-
cally evolve very rapidly (Rokyta et al. 2013). Holocen-
tric chromosomes lack a defined centromeric region,
which means that no genes evolve slowly because of
proximity to the centromere. Because scorpions exhibit
both holocentric and monocentric chromosomes (Riess
et al. 1978; Mattos et al. 2018), comparing venom genes
across different centromeric states should elucidate how
such organizations directly affect evolutionary rates. Ul-
timately, most of our knowledge on the molecular ma-
chinery of holocentric chromosomes is based on work
in C. elegans (Dernburg 2001). To identify evolution-
ary biases associated with different chromosomal orga-
nizations, we must broaden our focus from model sys-
tems that represent a minimal part of the Tree of Life
to non-model systems that enable extensive taxonomic
sampling of centromere evolutionary dynamics.

Topologically associating domains and Lamina
associated domains

Chromatin in eukaryotic genomes is organized into
topologically associating domains (TADs), subdo-
mains, loops, and insulation neighborhoods within the
nucleus (Dixon et al. 2012; Dowen et al. 2014; Rao et al.
2014; Hafner et al. 2023). While TADs are not univer-
sal across species, with many plants lacking well-defined
TAD structures, alternative patterns like A/B compart-
ments and chromatin loops serve as similar organiz-
ing principles (Di Stefano and Niitzmann 2021). TADs
can contain both genomic regions that are close on a
linear chromosome and segments of multiple chromo-
somes. TADs can be identified using chromatin confor-
mation capture (3C) approaches (e.g., Hi-C sequenc-
ing (Lieberman-Aiden et al. 2009), which identifies
DNA regions that are physically close in 3D space by
cross-linking these regions and capturing the resulting
DNA pairs. TADs are fundamental units of chromo-
some folding, conserved across cell types and within
species (Dekker and Heard 2015; Dixon et al. 2016;
Kentepozidou et al. 2020). TADs function to isolate
heterochromatic regions from actively transcribed ar-
eas to prevent their silencing signals from spreading to
active regions and regulate enhancer-promoter inter-
actions (Phillips-Cremins and Corces 2013), such that

R. Kellermeyer et al.

their disruption through chromosomal rearrangements
can alter gene expression and organismal phenotypes
(Lupiafiez et al. 2015; Franke et al. 2016; Shanta et al.
2020; Galupa et al. 2022).

TADs work in concert with lamina associated do-
mains (LADs), which are the interaction of heterochro-
matin and the nuclear lamina and are highly transcrip-
tionally repressed. The most basic example of the role of
heterochromatin in nuclear attachment is the Rabl con-
figuration. The Rabl configuration is characterized by
the attachment of centromeres and telomeres, both rich
heterochromatic regions, to the nuclear envelope (Rabl
1885). Rabl appears to be specific to fungi and certain
plants (Santos and Shaw 2004) but may be present in
the early developmental stages of development in other
organisms (Stevens et al. 2017). The sophisticated inter-
action between heterochromatin and the lamina results
in LADs that range in size from 0.1 to 10 megabases
(Guelen et al. 2008; Kind et al. 2015) and may play a
dynamic role in gene regulation (Pascual-Reguant et al.
2018; Briand and Collas 2020).

TADs are established through loop extrusion by co-
hesin complexes, which requires both the conserved co-
hesin machinery and the placement of boundary ele-
ments like CTCF sites, whose positioning and bind-
ing motifs can vary across species (Hansen et al. 2018;
Hehmeyer et al. 2023). Both TADs and the boundaries
between them can be evolutionarily conserved (Dixon
et al. 2012; Krefting et al. 2018; Fudenberg and Pollard
2019; Hoencamp et al. 2021), suggesting there are selec-
tive constraints against chromosomal rearrangements
that disrupt TADs. These selective constraints could ex-
plain why evolutionarily conserved TAD boundaries are
also found across cell types and contain alleles that are
associated with phenotypic variation (McArthur and
Capra 2021). Therefore, alteration of some TADs or
their boundaries may have deleterious phenotypic ef-
fects, creating selective constraints that may limit the
possible trajectories of chromosomal evolution.

Despite the selective constraint and conservation of
TADs, there is also evolutionary turnover at the TAD
boundaries that could be linked to the chromatin state
of the TAD (Torosin et al. 2022; Okhovat et al. 2023).
Evolutionary divergence of TADs and their boundaries
provides additional mechanisms linking evolution of
genome structure and repeated evolution (Sarni et al.
2020; Alvarez-Gonzalez et al. 2022). For example, the
breakpoints of chromosomal inversions in Drosophila
occur more frequently at TAD boundaries than ex-
pected by chance (Wright and Schaeffer 2022), suggest-
ing mutational biases for the breakpoints of structural
rearrangements. Consistent with such biases, there is
extensive evidence for breakpoint reuse of inversions
that segregate as polymorphisms within populations or
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across species (Pevzner and Tesler 2003; Gonzélez et
al. 2007; Puerma et al. 2016; Corbett-Detig et al. 2019;
Orengo et al. 2019; Porubsky et al. 2021). Because of
the relationships between TADs and gene expression,
repeated evolution of TAD boundaries and chromoso-
mal organization may create opportunities for conver-
gent phenotypic evolution.

The dynamic nature of TADs during the cell cy-
cle and developmental stages makes comparison be-
tween species challenging, especially when using exist-
ing datasets. Effective TAD comparison requires high-
quality reference genomes, matching cell types, cells
sorted for interphase, and even then is a challenging
computational problem (Zufferey et al. 2018; Li et al.
2022; Sefer 2022). However, by combining lifeOver or
other means to identify syntenic regions with meth-
ods such as C-InterSecture and Phylo-HMRE, cross-
species comparisons are greatly facilitated (Nuriddinov
and Fishman 2019; Li et al. 2022; Lukyanchikova et al.
2022). We emphasize that careful considerations of data
origin are necessary and standardization of metadata
will be essential for further comparison of TADs across
evolutionary lineages.

Section 5: the future of genomic
architecture in repeated evolution

Incorporating novel methods

Repeated phenotypic evolution across the Tree of Life
has the potential to mechanistically link aspects of
genome architecture to convergent phenotypes, captur-
ing processes of micro- and macroevolution. Compre-
hensive study of repeated evolution needs to integrate
phylogenetic modeling, genomic sequence data, gene
expression analysis, measurements of genome archi-
tecture, and cellular and molecular phenotyping. Each
of these fields has had technological advances that are
primed for new applications, though some challenges
remain.

There has been tremendous progress in incorporat-
ing phylogenetic models with whole-genome assem-
blies. Improvements in library preparation, sequencing
technologies, and computational methods are democ-
ratizing genome assemblies across diverse species that
have historically been difficult to obtain (e.g., due to
inability to extract large quantities of high-molecular
weight DNA or to highly repetitive genomes). Inno-
vations in single-molecule long-read sequencing ap-
proaches are beginning to reveal gene expression, reg-
ulation, and chromatin organization of gene duplica-
tions and complex genomic regions that have been his-
torically inaccessible from standard short-read methods
(Stergachis et al. 2020; Zhong et al. 2023). Efforts to sys-
tematically produce publicly available quality reference

genomes broadly representing the Tree of Life (Darwin
Tree of Life Project Consortium 2022; Formenti et al.
2022; Lewin et al. 2022) are enabling more sophisticated
analyses across phylogenetically distinct species.

Ubiquitous improvements in ATAC-seq and Hi-C
have allowed for assessment of genome architecture in
non-model organisms. ATAC-seq and Hi-C have be-
come standard techniques for profiling chromatin in
non-model organisms and de novo genome assembly,
respectively, but remain cost-limiting at the spatial res-
olution needed for comparative studies. Additionally,
some technologies are limited in their application to a
broad range of species, such as PHi-C (polymer dynam-
ics deciphered from Hi-C data), which simulates direct
promoter-enhancer interactions, but is currently only
available for two species (Laverré et al. 2022).

Even more challenging will be approaches to test
whether genome architecture affects gene expression
in a way that drives repeated evolution of organismal
phenotypes. Comparative assessment of gene expres-
sion regulation requires careful experimental design.
For example, antibody selection for cross-species ChIP-
seq needs extensive validation to account for poor epi-
tope conservation in even moderately diverged species
(Kidder et al. 2011; Eder and Grebien 2022). Phylo-
genetic models of gene expression evolution have had
substantial progression in the past decade (Dunn et al.
2013; Bertram et al. 2023; Dimayacyac et al. 2023), but
require more work to test the comparison of models and
to control for experimental artifacts.

There is significant potential to apply recent im-
provements in molecular techniques for non-model
organisms to experimentally validate correlations be-
tween genomic architecture and phenotype. For ex-
ample, CRISPR knockouts of CTCEF, which defines
TAD boundaries, have been obtained in both mice
and tissue culture to show changes in gene expression
(Rowley and Corces 2018). These knockouts can be
tied to specific tissues and genes in tissue culture, such
as CTCF knockout in the HoxA locus that regulates
motor neurons (Narendra et al. 2015). Furthermore,
protein structure prediction tools like AlphaFold can
now model sequence-level changes across phylogenet-
ically distinct species. For example, a recent study in-
tegrated convergent gene expression changes and pro-
tein variants to model genotype-phenotype associations
on a macroevolutionary scale (Fukushima and Pollock
2023). Similarly, protein modeling has been applied to
protein variants underlying repeated evolution of eye
loss in subterranean animals (Kellermeyer et al. 2024).
These major advancements in molecular techniques are
now available for comparative studies, yet historically
underapplied to the field of evolution. We emphasize the
potential to use repeated phenotypic evolution to bridge
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the gap between molecular biology and genome evolu-
tion.

Understanding the genome’s evolution by
building it

As an alternative to studying historical evolution via
observation-based approaches, building genomes syn-
thetically could reveal complementary insights into the

links between genome architecture and repeated evolu-
tion (Moon 2023a). Computational models have been
developed to simulate genomes that include architec-
tural features, which may be a powerful tool in explor-
ing architectural permutations (Brixi et al. 2025). Ad-
ditionally, multiple research groups have constructed
minimal genomes (Pdsfai et al. 2006; Hutchison et
al. 2016) or synthetic genomes (Gibson et al. 2010;
Richardson et al. 2017). These engineering approaches
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have provided some clues on the origin of life and evo-
lution, although many more questions have yet to be an-
swered.

Despite these technological advances in the synthetic
genome field, it is still challenging to construct syn-
thetic genomes, let alone to create a synthetic cell. No-
tably, engineering approaches have been copying na-
ture’s blueprint at a gigantic scale to build the “synthetic”
cell. As an alternative, we propose using synthetic biol-
ogy technologies such as genome engineering and DNA
synthesis to expand the portfolio of synthetic genomes
by constructing eukaryotic genomes that are more than
minimalist replicas of yeast and Mycoplasma. We en-
vision using artificial intelligence and other computa-
tional tools (Baek et al. 2021; Jumper et al. 2021; Kim
et al. 2021; Michaud et al. 2022; Valeri et al. 2023), as
well as all the insights gathered by performing large-
scale experiments, to design and create an entirely syn-
thetic genome. These experiments may raise ethical
dilemmas, which will require new policies for biosafety
and biosecurity (Moon 2023b). The design of these ex-
periments could be informed by experiments linking
genome architecture and repeated evolution, and they
could also inform future data collection to those ends,
creating positive feedback between engineering and bi-
ology toward a shared understanding of the relation-
ships between genotypes and phenotypes.

Conclusion

Investigating the interplay between genome structure,
packaging, and organization provides a transformative
lens for understanding repeated evolution. By exam-
ining how structural rearrangements, chromatin pack-
aging, and three-dimensional chromatin organization
shape gene regulation and phenotypic traits, we gain in-
sights into the evolutionary constraints and flexibility
of genomes. Characterizing the mechanisms underly-
ing repeated evolution can provide unique insights into
the genetic and molecular basis of complex traits. Ad-
vances in sequencing technologies, such as long-read
methods and Hi-C mapping, have opened new avenues
to uncover these genomic underpinnings across phylo-
genetically diverse lineages. Moreover, the role of epi-
genetic systems like histone PTMs, DNA methylation,
and IncRNAs highlights the dynamic relationship be-
tween environmental pressures, regulatory landscapes,
and evolutionary outcomes. By integrating comparative
genomic approaches with experimental and computa-
tional innovations, future research has the potential to
unravel the complex, multiscale processes driving con-
vergence. This synthesis not only deepens our under-
standing of evolutionary biology but also provides prac-
tical implications for synthetic biology and genomic en-

gineering and illuminates the broader principles gov-
erning the evolution of life’s diversity.
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