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ABSTRACT
Across the tree of life, genome size varies by at least six orders of
magnitude. Yet, all genomes perform the same essential functions
required for cell survival: transcription, chromosome segregation
and replication. In this Review, we apply the logic of biological scaling
at the organismal scale to the studyof genomestructure and function at
the molecular scale. How do genomes become so large, and what
possible evolutionary advantages could large genomes offer?
Genomes are dynamically organized by molecular machines that
mark and segregate the genome into distinct functional compartments
within a three-dimensional (3D) nucleus. As genomes expand, howare
these molecular marks and compartments redistributed within a larger
nucleus with a lower surface-area-to-volume ratio? We combine
historic and modern literature to uncover patterns of genome size
scaling across biological systems and hypothesize onmolecular-scale
adaptations that may accompany changes in genome size. Finally, we
propose that the African clawed frog (Xenopus) is an ideal system for
dissecting key mechanisms of genome size scaling, due to its
enormous dynamic range in genome size and biochemical tractability.

KEY WORDS: Biological scaling, Size, Chromosomes, 3D genome
organization, Genome size, Ploidy, Nuclear organization,
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Introduction
Size constrains evolution
Size is a fundamental and pervasive feature across biology. Every
organism, tissue, cell, organelle and molecule is defined by a specific
shape as well as size. Shape and size are inextricably linked to
function through the laws of physics, which have confined evolution
in countless ways. First, strength scales with size (strength∝weight2/3)
(Bonner, 2006). If we examine the sizes of a wide range of land
animals, from rats to elephants, we find that skeletal weight scales
with the total bodyweight of the animal. Since the material properties
of bone are well defined, bone diameter directly correlates with bone
load, defined as the maximum weight that the bone can withstand
without breaking. Both in humans as well as the ancient rhinoceros
Baluchitherium,whichweighed∼30metric tons, the bone load of the
metacarpal is tenfold higher than the body weight (Schmidt-Nielsen,
1975) (Fig. 1A). Thus, this tenfold scaling factor allows animals to
increase their body size while maintaining physical integrity for
movement. This explains why, in general, larger land animals have
proportionally wider bones than smaller animals, an observation first
recorded by Galileo during his exile (Bonner, 2006) (Fig. 1A). The
same trend applies when comparing the giant trunks of sequoias to
the slender stems of young maple saplings. Extending beyond nature,

similar scaling principles are used by architects when designing
suspension bridges and skyscrapers.

Second, surfaces that allow for diffusion of nutrients and other
small molecules scale with size (surface∝weight2/3) (Bonner, 2006).
For this reason, a small nematode has a simple gut comprising a
straight tube, whereas the human intestine is extremely long and
convoluted, lined with tiny protruding villi and reaching an estimated
surface area of 30 m2 (323 ft2) (Helander and Fändriks, 2014).
Complexity also scales with size. A small marine protist can rely on
passive diffusion of oxygen through its membrane (Fig. 1B). A much
larger organism such as a frog contains many internal organs that are
not directly exposed to air. Larger animals have evolved several
adaptations to solve this problem: (1) lungs filled with tiny alveoli to
maximize surface area for diffusion of oxygen; (2) hemoglobin to
bind and deliver oxygen; and (3) an expansive circulatory system to
distribute oxygen throughout the body.

Thus, due to the predictability of physics, increases in size
necessitate innovations in shape, substance and complexity to
maintain basic biological functions. Based on such observations,
biological scaling raises two fundamental questions: (1) What are
the causes and consequences of changes in size? and (2) What are
the evolutionary constraints on size? In this Review, we extend
principles of biological scaling to study genome evolution and
dynamics. For example, could rod-shapedmitotic chromosomes use
similar scaling principles as animal bones in order to maintain their
physical integrity during chromosome segregation (Fig. 1C)? Could
the ∼1000-fold increase in genome size from bacteria to vertebrates
have necessitated the creation of new molecular machines that
package the genome and selectively transport genome-binding
molecules into the nucleus (Fig. 1D)?

Here we summarize our current understanding of the causes and
consequences of changes in genome size on cellular and organismal
behavior. Next, we speculate on the molecular-level adaptations that
reshape genomes after a large increase in genome size. Finally, we
highlight the use of the African clawed frog Xenopus as an ideal
model system for dissecting molecular mechanisms of genome
scaling in the context of embryogenesis and evolution.

Genome size scales with nuclear size and cell size across
and within species
At its essence, a genome consists of strings of nucleotides, each string
with a relatively well-defined length. Genome size is defined as
the total number of nucleotides in the haploid genome, also termed the
‘C-value’ (Gregory, 2001). Across the tree of life, there is a vast range
in C-values. The difference in C-value between the smallest bacterial
genome and the largest plant genome is over six orders of magnitude.
Some species display significant variation in genome size across
different strains, reaching up to 13% in flies (Ellis et al., 2014) and 7%
in rotifers (Stelzer et al., 2011), and significant variation in intraspecies
genome size is observed among plants, including maize (Realini et al.,
2015). Despite these observations, we do not understand at a
fundamental level the causes, consequences and constraints of
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genome size variation. A major clue arises with the observation that
genome size correlates strongly with nuclear size and cell size, both
across and within species (Gregory, 2001). These scaling relationships
exist naturally, for example, across different species of angiosperms
or salamanders. In the lab, experimental perturbations to increase
genome size in newts results in larger cells, with each cell containing a
larger nucleus (Fankhauser, 1945). Conversely, increasing cell size in
fission yeast results in corresponding adaptations in nuclear size, up to
a maximum threshold (Neumann and Nurse, 2007). Together, these
findings suggest that despite a large variation in genome size within
and across species, many organisms actively maintain the ratio
between ploidy, nuclear size and cell size. However, if and why these
ratios are important and how they are maintained remain largely
unknown. In the following sections, we review historical and recent
findings on how and why genome size varies across organisms and
speculate on the evolutionary constraints on genome size.

How do genomes get bigger?
Two major mechanisms lead to significant increases in genome
size: expansions of transposable elements (TEs) and whole-genome
duplications (WGDs) (Blommaert, 2020) (Fig. 2A).

Transposable element expansion
TEs are ‘selfish’ genetic elements that can independently replicate
and insert themselves into the host genome (Wells and Feschotte,
2020). When this occurs in the host germline, TEs are inherited by

the next generation and contribute significantly to the evolution of
genomes. TEs fall under different families based on their
mechanism of replication and host integration and are subdivided
further based on their sequence. For example, class I elements are
retrotransposons that replicate via an RNA intermediate, which is
reverse transcribed into DNA before integrating elsewhere in the
genome. This ‘copy-and-paste’ mechanism leaves the original site
of replication intact, allowing for massive proliferation of TEs
across the genome. Class I retrotransposons are further divided
into long terminal repeat (LTR) elements, which mobilize using
an integrase, and non-LTR elements, which use other mechanisms
of integration. For example, short interspersed nuclear elements
(SINEs) are derived from noncoding genes such as transfer
RNAs (tRNAs) and utilize the enzymatic machinery of long
interspersed nuclear elements (LINEs) to integrate across the
genome. Class II elements are DNA transposons that use a ‘cut-and-
paste’ mechanism to excise themselves out of the genome and
integrate into a new position (Dewannieux and Heidmann, 2005).

TE content correlates strongly with genome size. The smallest
eukaryotic genomes (∼2 Mbp) are found in species of protists that
entirely lack TEs (Corradi et al., 2010; Kissinger and DeBarry,
2011). Many of these protists are obligate intracellular parasites that
reproduce asexually, which has been proposed to lower TE load
(Bast et al., 2019). On the other side of the spectrum, the giant
genomes of amphibians and plants predominantly grew through
expansion of LTR elements (Dai et al., 2022; Fernández et al., 2024;
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Fig. 1. Size constrains evolution and creates
opportunities for innovation. (A) Strength scales
with size. Top: the ancient rhinoceros
Baluchitherium weighed ∼30 tons (Granger and
Gregory, 1935). Bottom: bone diameter scales with
bone load, which is roughly tenfold greater than
body weight in both humans and Baluchitherium.
Relative bone sizes of a modern-day rhinoceros
(left) versus three species of Baluchitherium are
shown. (B) Surface area and complexity scale with
size. Left: oxygen can diffuse passively through
simple protists such as Chlamydomonas reinhardtii.
Right: vertebrates evolved lungs, a circulatory
system and the molecule hemoglobin to distribute
oxygen throughout the body. (C) Mitotic
chromosomes, like bones, are rod shaped and
must withstand the forces of anaphase. Mitotic
chromosome size varies depending on DNA
content and developmentally regulated changes in
compaction (Zhou et al., 2023). Yet, we do not
understand if or how the physical and mechanical
properties of chromosomes scale with spindle size.
(D) Left: small bacterial genomes are freely
accessible to DNA-binding molecules in the cell.
Right: large eukaryotic genomes are constrained by
a nuclear envelope and have evolved complex
machinery, including NPCs and nucleosomes, to
regulate genome accessibility to chromatin-binding
factors. Created in BioRender by Zhou, C., 2026.
https://BioRender.com/6dz6avq. This figure was
sublicensed under CC-BY 4.0 terms.
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Liu et al., 2021; Nowoshilow et al., 2018; Sun and Mueller, 2014).
Nearly half of the human genome is composed of TEs, and LTR
elements alone constitute nearly 75% of the maize and Irish moss
genomes (Wells and Feschotte, 2020) and 90% of the Fritillaria lily
genome (Ambrožová et al., 2011). In a particularly extreme case, a
single retrotransposon, Gypsy, makes up 38% of the genome of the
leguminous plant Vicia pannonica (Neumann et al., 2006).

Whole-genome duplications
WGDs can also result in huge and sudden increases in genome size
(Morris et al., 2024). WGDs result from errors during the cell cycle or
through cell fusion, resulting in new cells that contain additional
copies of the genome. When a WGD occurs in the germline, the cells
in the next generation become polyploid, a process termed organismal
polyploidy. Polyploid organisms are widespread and found in all
clades of life, including bacteria (Markov and Kaznacheev, 2016),
archaea (Soppa, 2015), ciliates (Chen et al., 2021), plants (Leitch and
Leitch, 2008; Soltis and Soltis, 2016), fungi (Rogers, 1973), insects
(David, 2022), fish (Comber and Smith, 2004) and amphibians
(Schmid et al., 2015). The major clades that do not tolerate polyploidy
well are birds and mammals, including humans (Otto, 2007). WGD
can also occur somatically, generating polyploid cell types through a
process termed endopolyploidy (Darmasaputra et al., 2024). In plants,
programmed endoreplication creates specialized cell types including
fibers and leaf hairs (Veylder et al., 2011). In animals, polyploid
cells are pervasive in many tissues, including the mammalian
placenta, kidney, liver and heart, where increased cell size is
thought to play a major role in organ physiology (Darmasaputra
et al., 2024; Nandakumar et al., 2020). In both plants and animals,
endoreplication is induced during times of stress, creating new gene
expression networks and cell types that allow for adaptation in both
the short and long term (Bhosale et al., 2018; Darmasaputra et al.,
2024; Losick et al., 2013; Scholes and Paige, 2015; Smant et al.,
2018). In addition to normal programs of endopolyploidy, an
explosion of recent work has pinpointed WGD as a major driver of
tumorigenesis, and the presence of WGD correlates with a worse

prognosis across multiple human cancer types (Bielski et al., 2018;
Priestley et al., 2019; Quinton et al., 2021; Zack et al., 2013). Since
genome size is correlatedwith nuclear size, it is perhaps not surprising
that increased nuclear size has long been used as a prognostic marker
for many cancers (Tan et al., 2001; Zink et al., 2004). Together, these
observations suggest that WGD reprograms the genome to confer a
fitness advantage in both normal and diseased cells. How this happens
remains mysterious.

According to the mutation equilibrium model (Petrov, 2002), the
stability of genome size for a given species is determined by
the balance between the rate of genome expansion and the rate of
genome deletion. This equilibrium varies dramatically across species
(Blommaert, 2020; Schubert and Vu, 2016), resulting in certain
clades with more variability in genome size than others (Fig. 2B). In
plants, for example, after a burst of TE activity that increases genome
size, TEs can then be deleted through recombination and double-
strand break repair (Devos et al., 2002; Nam and Ellegren, 2012;
Schubert and Vu, 2016) (Fig. 2B, left panel). This results in much
smaller genomes despite extensive TE expansion (Devos et al., 2002;
Kapusta et al., 2017). Following a WGD, Arabidopsis genomes are
‘pruned’ through reduction of chromosome number (Lysak et al.,
2006; Otto, 2007; Song et al., 1995; Vicient and Casacuberta, 2017).
A similar behavior in the fungal pathogen Candida albicans
maintains genomes near diploid levels despite cases of autoploidy
due to sexual mating (Bennett et al., 2003). In contrast, the giant
genomes of salamanders and some plants have low rates of deletion
(Frahry et al., 2015; Kelly et al., 2015; Nystedt et al., 2013), resulting
in stable polyploid genomes (Fig. 2B, middle panel). Maize genomes
have experienced extensive TE expansions with relatively few
deletions, resulting in enormous genomes (Wells and Feschotte,
2020) (Fig. 2B, right panel). The factors that determine the diversity
and rates of genome expansion and contraction for different species
remain unclear (Schubert and Vu, 2016). For example, different
species of carnivorous plants in the genus Genlisea experience
different patterns of genome expansion versus contraction, resulting
in a 25-fold range in genome sizes (Vu et al., 2015). Others have
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Fig. 2. Evolution of genome size. (A) Genomes expand suddenly via WGDs or gradually through the insertion of TEs. (B) Different species experience a
different balance of insertions versus deletions, resulting in distinct rates of genome size growth or shrinkage. In Arabidopsis and birds, genome expansion is
followed by genome deletions, resulting in a shrinking genome over time. In salamanders, genome size is stable after a WGD because the rate of insertions
is similar to the rate of deletions. In maize, the rate of insertions is greater than the rate of deletions, resulting in a continuously expanding genome over time.
Importantly, these are not general rules for each species, since within a single genus different species can experience different rates of genome expansion
and contraction over time (Vu et al., 2015). The factors that determine these rates are still unclear. Created in BioRender by Zhou, C., 2026.
https://BioRender.com/6dz6avq. This figure was sublicensed under CC-BY 4.0 terms.
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posited that the rate of TE deletion depends on whether or not the TE
was inserted in a recombination hot spot, or an area of the genome that
affects gene expression in the host (Wells and Feschotte, 2020).

Is there an advantage to having a bigger genome?
Despite the huge range in C-value across the tree of life, there is
surprisingly no correlation between genome size and organism
complexity. Presumably, bigger genomes consume more energy in
the form of ATP to replicate and repair, and this difference is sensed by
natural selection of bacteria, but not of simple eukaryotes (Lynch and
Marinov, 2015). And yet, species with giant genomes still exist, and
often thrive. This naturally raises the question – what are the potential
advantages of maintaining a large genome? Organisms with large
genomes tend to have bigger cells and nuclei, slower cell cycles, lower
metabolic rates and slower developmental progression (Alfsnes et al.,
2017; Ellis et al., 2014; Fankhauser, 1945; Gregory, 2001, 2002;
Guignard et al., 2016; Horner and Macgregor, 1983; Vinogradov,
1997; Wyngaard et al., 2005). However, these trends are far from
robust and contain exceptions (Liedtke et al., 2018). Systematic studies
measuring these parameters across diverse species and clades using
modern tools are also lacking. Together these caveats make it difficult
to infer the contribution of genome size, rather than other genomic
differences, on evolutionary trajectories. Nonetheless, we speculate
that there are important biological advantages to having a large
genome, even if they are unrelated to evolution. Here, we discuss two
classes of advantages; the first is genetic and the second is biophysical.

Genetic mechanisms
Transposable elements
TEs can become major contributors to gene expression when they
insert near genes or within genes, and in some cases, they become
integral to the developmental programs of the host (Fedoroff, 2012;
Vicient and Casacuberta, 2017). For example, endogenous retrovirus
elements (ERVs), LINEs and SINEs are expressed in the mammalian
germline and are reactivated in the early embryo (Oomen and Torres-
Padilla, 2024; Oomen et al., 2025; Solberg et al., 2024; Modzelewski
et al., 2021). While the function of TE expression in these contexts
is underexplored, there are a few cases where expression of specific
TEs contributes to antiviral properties and proper development
of the placenta (Chuong, 2013; Mi et al., 2000). In Arabidopsis,
transcription factors related to the MuDR family of transposases
regulate light-dependent chlorophyll biosynthesis during development
(Allen et al., 2006; Hudson et al., 2003). Often, the cut-and-paste
mechanisms of TEs are imperfect, resulting in a huge expansion in
sequence variation that can be subject to adaptive evolution
(Fedoroff, 2012). Landmark studies by Barbara McClintock
showed that plant TEs are activated by stressors including heat
shock, pathogen infection and DNA damage (McClintock, 1984).
Thus, TEs are rapidly evolving and often species specific, raising the
possibility that species with bigger genomes and greater TE diversity
could contribute to environmental adaptation, including the evolution
of the timing and progression of embryogenesis.

Polyploidy
Polyploidization is another genetic mechanism driving genome
evolution (David, 2022; Otto, 2007). WGD results in additional
copies of genes, creating opportunities to accumulate mutations that
affect fitness. These additional gene copies can either buffer against
deleterious mutations that would otherwise eliminate a diploid, or they
can harbor new beneficial mutations (McGrath and Lynch, 2012; Otto,
2007). However, polyploids are often reproductively challenged:
newly polyploid plants exhibit 50% lower seed production and 20%

lower pollen viability (Ramsey and Schemske, 2002). Yet, if
polyploids are able to create unique advantageous traits, reproduce
quickly enough and establish themselves in an ecological niche,
they can outcompete their diploid or haploid counterparts. This
model is supported by the evolutionary trajectories of flowering
plants (Levin, 1983; de Peer et al., 2021; Ramsey and Schemske,
2002; Soltis and Soltis, 2016), gymnosperms (Stull et al., 2021),
Arctic plants (Brochmann et al., 2004; Lovell et al., 2021), ferns
(Wang et al., 2022) and animals (David, 2022; Yu et al., 2024), where
polyploidization correlates strongly with an explosion of new traits
and species.

Biophysical mechanisms
A second class of models is biophysical, largely ignoring the
contribution of gene expression to genome size evolution. Instead,
these ‘optimal DNA’ theories posit that genome size evolves to
optimize nuclear volume and cell volume, the latter of which has
predictable effects on animal development and physiology (Gregory,
2001). For many invertebrates, including Caenorhabditis elegans,
genome size scales predictably with cell size and animal size,
suggesting a direct role for genome size in selecting body size
(Watanabe et al., 2007; Amodeo and Skotheim, 2016; Irle and
Schierenberg, 2002). In vertebrates, genome size continues to scale
with cell size but not with body size or organ size (Cadart et al., 2023;
Neufeld et al., 1998; Liu et al., 2026), suggesting that the constraint
on cell size is universal. Larger cells have a lower surface-area-to-
volume ratio, thus limiting diffusion of oxygen through the cell
membrane, resulting in a lower metabolic rate (Doyle and Coate,
2019). For example, flighted animals such as birds and bats have a
significantly narrower distribution of C-values and the smallest
known erythrocytes among terrestrial vertebrates (Gregory, 2001).
Presumably, the purpose of this selection is to maintain a small cell
volume, allowing for more efficient diffusion of oxygen in order to
keep up with the high metabolic demand of flights (Gregory, 2018;
Tiersch and Wachtel, 1991). In contrast, animals with the largest
genomes, such as lungfish and salamanders, have lower metabolic
rates and slower development (Gregory, 2001). In some cases,
these animals display neoteny, where the extreme slowing of
metamorphosis leads to preservation of juvenile characteristics,
including the ability to regenerate organs in the adult (Gregory,
2001).

How do genomes adapt to increases in size?
Major increases in genome size create both a burden and an
opportunity for adaptation. Here, we discuss a few potential
avenues for adaptation, including changes in epigenetics, three-
dimensional (3D) chromatin compartmentalization and nuclear
shape (Fig. 3).

The epigenome
As the ‘selfish’ noncoding regions of the genome, such as TEs
and satellite repeats, expand, the host silences their expression
using epigenetic mechanisms (Allshire andMadhani, 2018; Grewal,
2023; Janssen et al., 2018; Padeken et al., 2022). Silencing is
achieved through a set of molecular machinery that deposits,
spreads and reinforces site-specific methylation of DNA and
histones across the cell cycle and over many generations.
Together, these activities result in self-organization of the silent
genome into heterochromatin domains, which are physically
segregated from transcriptionally active regions (Larson et al.,
2017; Strom et al., 2017). Classic experiments in Drosophila
demonstrated that additional copies of the heterochromatic
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Y chromosome titrate critical heterochromatin factors away from
other regions of the genome, suggesting that silencing factors are
freely diffusible and limiting for a given genome size (Dimitri and
Pisano, 1989). However, it remains to be seen which of these factors
are responsive to changes in genome size. There is some evidence,
particularly in Drosophila, of an evolutionary arms race between
heterochromatin machinery and noncoding DNA, which can result
in speciation. For example, the satellite DNA binding factor OdsH
from Drosophila mauritiana binds to the heterochromatinized Y
chromosome of Drosophila simulans, whereas the D. simulans
OdsH does not, leading to hybrid sterility between the two
species (Bayes and Malik, 2009). Also, several isoforms of
heterochromatin protein 1 (HP1), which recognizes and spreads
the major heterochromatin mark H3K9me3 (histone H3 lysine 9
trimethylation), are specific to either the male or female germline
(Levine et al., 2012, 2015; Vermaak et al., 2005). Together, these
observations suggest that the epigenetic machinery used to silence
large swaths of big genomes might also be involved in speciation,
though the underlying mechanisms are largely undiscovered.

3D genome organization
Bigger genomes tend to occupy more physical space. Indeed, the
scaling relationship between genome size and nuclear size, both
within and across species, is one of the most fundamental and
conserved across the tree of life. In a recent study that compared
Xenopus species across a sixfold range in genome size, the authors
demonstrated that genome size consistently scales with nuclear size
throughout development (Miller et al., 2023). However, nuclear size
does not begin to scale with cell size until several days after
fertilization (Miller et al., 2023). This observation suggests that,
regardless of nuclear-to-cytoplasmic ratio or developmental stage,
larger genomes inherently require more physical space to function.
Yet, we don’t understand the physical basis of this requirement.
This is particularly striking when considering that DNA occupies
less than 1% of nuclear volume and is much less abundant
than RNA (Milo and Phillips, 2016), suggesting that DNA amount
is not directly setting nuclear size. One model created using
Schizosaccharomyces pombe suggests that the nucleoplasm must
maintain a certain osmolarity relative to the cytoplasm to allow for
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Fig. 3. How do genomes adapt to changes in size? As genomes get bigger, their organization in 3D space dramatically shifts in ways we do not
understand, likely requiring innovations at the molecular scale in order to maintain the same functions. Here we speculate on these changes at the level of
single nucleosomes, TADs and subnuclear compartmentalization. (A) Based on previous work in Drosophila suggesting that heterochromatin machinery is
titrated with increasing genome content (Dimitri and Pisano, 1989), we speculate that H3K9me3, an epigenetic mark associated with heterochromatin, will be
less abundant on newly polyploid genomes. (B) Based on some evidence from axolotl (Schloissnig et al., 2021), we also hypothesize that TADs will
generally scale with increasing genome size. (C) As genomes get bigger, nuclei also grow, resulting in a decrease in the ratio between nuclear surface and
nuclear volume. Since the nuclear envelope is the source of many nuclear activities, including nuclear transport and communication with the endoplasmic
reticulum, we speculate that major changes in nuclear shape and an increase in NPCs are required to accommodate a bigger genome. We also hypothesize
that membraneless subnuclear compartments such as the nucleolus and heterochromatin domains will scale with genome size, and it will be interesting to
measure how these changes affect ribosomal RNA production and gene silencing, respectively. Created in BioRender by Zhou, C., 2026. https://BioRender.
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optimal macromolecular crowding (Lemier̀e et al., 2022).
Consistent with this idea, a more recent study has demonstrated
that across a large range of species from yeast to human,
nucleoplasmic-to-cytoplasmic density is tightly conserved within
a narrow range, even during early development when nuclear size
does not scale with cell size (Biswas et al., 2025). In the future it will
be exciting to dissect the exact mechanisms that regulate these
biophysical parameters and to determine how they relate to healthy
cell physiology.
Genomes are functionally compartmentalized in 3D space (Bhat

et al., 2021; Gibcus and Dekker, 2013). Typically, heterochromatin
localizes near the nuclear periphery, whereas transcriptionally active
regions are excluded from these zones. Within these major
compartments, topologically associated domains (TADs) segregate
specific units of transcriptional activity. Deletion of some TAD
boundaries alters gene expression programs that drive development
and disease (Beagan and Phillips-Cremins, 2020; Kabirova et al.,
2024; Okhovat et al., 2023; Sreenivasan et al., 2025; Valton and
Dekker, 2016). Within TADs, transcriptional regulatory regions
physically engage with gene promoters through DNA looping
mechanisms mediated by DNA motor proteins and transcription
factors (Beagan and Phillips-Cremins, 2020; Qi et al., 2025). When
nuclei expand due to increases in genome size, a direct consequence is
a decrease in nuclear surface-area-to-volume ratio. Given these
constraints, how are massive genomes partitioned, considering that
they contain many more genes scattered among a huge excess of
noncoding DNA? One of the few studies to tackle this question used
Hi-C to map inter-genomic distances of the giant 32 Gbp axolotl
genome, which is 13-fold larger than the human genome (Schloissnig
et al., 2021). Further analysis revealed that axolotl TADs contain
between 7- and 100-fold more DNA than human TADs. The authors
then zoomed in on a single TAD containing the transcriptional units
specific for limb regeneration for more detailed analysis. Due to huge
expansions of the axolotl genome, the axolotl regeneration TAD
contains genes that are 20-fold further from each other in linear space
compared to genes within the same TAD in humans. The distance
between specific genes and their functionally matched regulatory
region was also found to be expanded by 25-fold, posing the question
of how the molecular machinery that mediates DNA looping between
these regions co-evolved to accommodate such increases in physical
distance. Studies in watermelon and cotton comparing polyploid
species with their diploid progenitors have revealed genomic
evidence of switching between transcriptionally active and inactive
compartments (Garcia-Lozano et al., 2021; Wang et al., 2018). The
cotton study also showed that polyploidy creates new TAD
boundaries, often near transcriptionally active chromatin (Wang
et al., 2018). These studies suggest that increases in genome size can
dramatically rewire how the genome is organized in 3D space, which
could have consequences for gene expression.

Nuclear size and shape
The decrease in nuclear surface-area-to-volume ratio due to increases
in genome size has important implications for activities at the
nuclear periphery. The nuclear periphery is the site of crucial nuclear
functions, such as transport of RNA and proteins through nuclear
pore complexes (NPCs), and is a major contributor to 3D genome
organization (Gonzalez-Sandoval and Gasser, 2016; Lemaître and
Bickmore, 2015). For example, NPCs bind to enhancer–promoter
loops to enhance gene expression, whereas other regions of the
nuclear lamina tether and silence heterochromatin (Buchwalter et al.,
2019; Gonzalez-Sandoval and Gasser, 2016). Following double-
strand breaks, sites of DNA repair migrate to the nuclear periphery,

physically segregating damaged DNA from functional regions of the
nucleus (Chiolo et al., 2025; Horigome et al., 2014; Ryu et al., 2015).
So far, how these interactions adapt to increases in nuclear or genome
size remains an open question. One exciting possibility is that species
with larger genomes compensate for decreases in nuclear surface-
area-to-volume ratio by creating invaginations in the nuclear envelope
(Fricker et al., 1997; Malhas et al., 2011), termed the nucleoplasmic
reticulum. Consistent with this idea, polyploid cells of the immune
system, such as megakaryocytes and macrophages, have nuclear
morphologies that maximize nuclear surface area (Skinner and
Johnson, 2017). Further work is required to determine whether these
morphologies are important for their specialized function and to
identify the molecular-level adaptations to nuclear shape changes.

Xenopus as an ideal model for discovering molecular
mechanisms of genome scaling
There are clearly many open questions related to how and why
genomes scale (Box 1). Depending on the exact question, certain
model systems may be preferred over others. Here, we propose that
the African clawed frog Xenopus is an ideal model system to tackle
questions about the causes and consequences of genome size
scaling within a developmental and evolutionary context.

Xenopus (1) exhibits large variations in genome size across
species, (2) is amenable to experimental manipulations of genome
size and (3) experiences large variations in nuclear and cell size
within a single species (Levy and Heald, 2015). Different Xenopus
species vary at least sixfold in genome content, including the diploid
Xenopus tropicalis (2N=20) and the allotetraploid Xenopus laevis
(4N=36) (Session et al., 2016). Excitingly, the most recent addition to
this ‘polyploid zoo’ is the dodecaploid Xenopus longipes (12N=108),
an endangered species discovered in Lake Oku, Cameroon (Loumont
and Kobel, 1991) (Fig. 4A). In adult frogs, genome size scales with
nuclear and cell size, as predicted. However, X. longipes has the
smallest body size among these species. As a result, each tissue and
organ is composed of fewer, larger cells (Miller et al., 2023). A few
existing studies suggest that the physiology of amphibians differs due
to these size differences (Mueller, 2015; Itgen et al., 2022), which is
an area of exciting future study.

Exploring ploidy changes using Xenopus embryos
All Xenopus species have an unparalleled capacity for egg laying
upon hormonal induction, with each female producing thousands of
eggs. In fact, X. laevis was the original pregnancy test – injection of
a pregnant person’s urine into female frogs rapidly induces egg
laying (Weisman et al., 1942). In the laboratory, eggs can be
fertilized with male testes to produce thousands of embryos ex vivo
(Sive and Harland, 2022) (Fig. 4B). In addition to natural variation

Box 1. Open questions
(1) Is there an evolutionary advantage to having a bigger genome?
(2) Why do certain clades (such as birds and mammals) have a small
variation in genome size, whereas other clades (such as amphibians and
plants) have a large variation in genome size?
(3) What are the biophysical, evolutionary and environmental constraints
on genome size evolution?
(4) How do organisms adapt to major changes in genome size? What is
themolecular basis of these adaptations?What are the consequences of
misadaptation on organism viability?
(5) How are bigger genomes reorganized in 3D space in order to
maintain key genome functions including transcription, replication, gene
silencing, DNA repair and chromosome segregation?
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in ploidy across species, embryos can be experimentally
manipulated to either exclude the paternal genome or include an
additional copy of the maternal genome (Gibeaux and Heald, 2019).
Using this approach, embryos that vary up to threefold in ploidy
can be generated synchronously from the same mating pair
(Fig. 4C). Increasing genome size in this way results in the
expected increase in cell and nuclear size in neurons and epithelial
cells of X. laevis tadpoles (Cadart et al., 2023; Liu et al., 2026). In
theory, similar approaches to manipulate ploidy could be applied to
the other Xenopus species, potentially generating an 18-fold range
in genome size between X. tropicalis (1N=10) and X. longipes
(18N=162).

Xenopus embryogenesis as a model for studying mechanisms of
subcellular scaling
Upon fertilization, embryos undergo a series of rapid cell cycles
without cell growth, resulting in exponentially decreasing cell
size during the blastula stage of early development (O’Farrell,
2015). Subcellular structures such as the mitotic spindle, nucleus
and mitotic chromosomes scale with cell size through molecular

pathways that sense changes in cell size or nuclear-to-cytoplasmic
ratio (Brownlee and Heald, 2019; Good et al., 2013; Levy and
Heald, 2010; Wilbur and Heald, 2013; Zhou et al., 2023). Due to
the large size of the Xenopus egg (over 1 mm in diameter), the
change in cell size between the start and end of the blastula
stage is dramatic: five orders of magnitude in cell volume, sixfold
in mitotic spindle length (Good et al., 2013), 12-fold in nuclear
volume (Jevtic ́ and Levy, 2015) and twofold in mitotic chromosome
length (Zhou et al., 2023). This huge dynamic range is unparalleled
in other models and is crucial for mechanistic and robust studies
of subcellular scaling. Interestingly, egg size does not scale
with genome size, as X. longipes (12N=108) eggs are slightly
smaller than those of X. laevis (4N=36) (Miller et al., 2023). Cell
cycles appear to proceed at similar rates during the blastula stages in
both species. Thus, genome size does not scale with cell size until
much later in development, well past gastrulation and during
neurulation. This suggests that unknown mechanisms establish
subcellular scaling relationships during embryogenesis, making
Xenopus an ideal system for studying how such scaling arises
de novo.

X. laevis

4N 8N

X. longipes

12N

X. tropicalis

2N

0.5×

1×

1.5×
1 mm

Egg

A

B

C
Ploidy

X. boumbaensis

Can reconstitute subcellular structures using egg extracts

Can grow thousands of embryos ex vivo

or

Mitosis Interphase

Can make embryo extracts
that contain embryo nuclei

1

2

Ploidy

Fig. 4. The African clawed frog
Xenopus as an ideal system for
studying mechanisms of genome
scaling. (A) A ‘polyploid zoo’ of
different Xenopus species spans a
sixfold range in ploidy and genome
size. Animals are depicted roughly to
scale. (B) Xenopus females lay
thousands of eggs overnight. These
eggs can be crushed to isolate
metaphase-arrested cytoplasmic
extracts that do not contain the
maternal genome (pathway 1). When
purified sperm nuclei are added to
metaphase extracts, bipolar spindles
form. Extracts can also be cycled into
interphase. When sperm is added to
interphase egg extracts, the
chromatin decondenses, fully
replicates and recruits full nuclear
envelopes. Eggs can also be
fertilized with sperm to produce
thousands of embryos ex vivo
(pathway 2). Embryos can be
crushed to generate embryo extracts,
which contain developmentally
arrested cytoplasm and embryo
nuclei. (C) Embryos within a single
species can be artificially
manipulated to span a threefold
range in ploidy. UV treatment of
sperm results in fertilized eggs that
contain only the maternal genome
(0.5× ploidy). Cold-shock treatment
shortly after fertilization results in
retainment of the maternal polar
body, creating embryos with 1.5×
ploidy. Created in BioRender by
Zhou, C., 2026. https://BioRender.
com/6dz6avq. This figure was
sublicensed under CC-BY 4.0 terms.
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Using Xenopus extracts to reconstitute genome scaling events
in vitro
A key advantage of the Xenopus system is the ability to reconstitute
the cellular events of early embryogenesis using pure cytoplasm
harvested from eggs or embryos, also termed extracts (Good and
Heald, 2018) (Fig. 4C). These extracts not only contain the entire
suite of molecules that repeatedly remodel the genome through
many cell cycles, but they are also biochemically manipulatable
in ways that would be highly toxic to the embryo. Proteins can be
rapidly degraded, purified proteins can be added and small
molecules (including toxic drugs) can be introduced at any
concentration, without concern for cell viability. Using these
approaches, Xenopus extracts have been instrumental for revealing
underlying mechanisms of chromatin packaging (Almouzni and
Méchali, 1988), epigenetic regulation (Francois–Campion et al.,
2025), DNA replication (Dewar et al., 2015; Walter et al., 1998),
DNA repair (Larsen et al., 2019), mitotic chromosome condensation
(Shintomi et al., 2017), and centromere establishment and
maintenance (Guse et al., 2012). The biochemical tractability of
extracts is specifically useful for studying genome scaling
relationships, because it enables one to test for the sufficiency of
certain scaling factors by eliminating contributions from other
factors. For example, the nuclear-to-cytoplasmic ratio can be varied
without changing cell size by titrating different concentrations of
purified nuclei into egg extracts. Nuclear size can also be uncoupled
from genome size and developmental stage by arresting stage-
specific embryo extracts in interphase and allowing nuclei to grow.
Furthermore, nuclei from one species can be introduced into the
cytoplasm of another to determine core mechanisms of evolutionary
conflict. These simple but powerful approaches, only possible in
Xenopus, allow systematic investigation of how genomes adapt to
changes in size.

Conclusions and perspectives
Changes in genome size are pervasive across biology. These changes
underlie the differences observed for a wide range of biological
phenomena, including cell size, metabolism and speciation. Yet, we
still do not have a grasp on the causes, consequences and evolutionary
constraints of genome size. On the other hand, research in genome
biology has been booming over the past 50 years. We now have a
solid fundamental understanding of how genomes are dynamically
organized, along with detailed molecular-level information of the
proteins that perform this work. Thus, a worthy challenge for
advancing the field is to ask how genomes adapt to major changes in
size.
Pursuing this line of questioning will not only provide new

insights into the basic mechanisms of genome organization in the
context of evolution and embryogenesis but also help us better
understand how disruptions in genome scaling relationships may
play a role in disease. An explosion of recent literature has
pinpointed the contribution of WGDs in tumorigenesis (Bielski
et al., 2018; Priestley et al., 2019; Quinton et al., 2021; Zack et al.,
2013; Zhang et al., 2018). How do naturally polyploid organisms
adapt to big genomes, and could these pathways serve as molecular
footholds for targeting polyploid tumors? A recent study has shown
that after a WGD, cells become addicted to the mitotic kinesin
KIF18A, suggesting that this gene is a worthy therapeutic target for
destroying tumor cells without damaging normal cells (Quinton
et al., 2021). Could other viable targets exist that we currently don’t
know about? We hope that the Xenopus system, among others, will
answer these fundamental and outstanding questions while creating
new strategies for translational therapeutics.
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Almouzni, G. and Méchali, M. (1988). Assembly of spaced chromatin promoted by
DNA synthesis in extracts from Xenopus eggs. EMBO J. 7, 665-672. doi:10.1002/
j.1460-2075.1988.tb02861.x
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