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SUBJECT COLLECTION: EXPLORING THE NUCLEUS

Specialization of nuclear membrane in eukaryotes

Yuki Hara

ABSTRACT

The size of the intracellular structure that encloses genomic DNA —
known as the nucleus in eukaryotes and nucleoid in prokaryotes —is
believed to scale according to cell size and genomic content inside
them across the tree of life. However, an actual scaling relationship
remains largely unexplored across eukaryotic species. Here, |
collected a large dataset of nuclear and cell volumes in diverse
species across different phyla, including some prokaryotes, from the
published literature and assessed the scaling relationship. Although
entire inter-species data showed that nuclear volume correlates with
cell volume, the quantitative scaling property exhibited differences
among prokaryotes, unicellular eukaryotes and multicellular
eukaryotes. Additionally, the nuclear volume correlates with
genomic content inside the nucleus of multicellular eukaryotes but
not of prokaryotes and unicellular eukaryotes. In this Hypothesis, |,
thus, propose that the basic concept of nuclear-size scaling is
conserved across eukaryotes; however, structural and mechanical
properties of nuclear membranes and chromatin can result in
different scaling relationships of nuclear volume to cell volume and
genomic content among species. In particular, eukaryote-specific
properties of the nuclear membrane may contribute to the extreme
flexibility of nuclear size with regard to DNA density inside the
nucleus.

KEY WORDS: Intracellular size scaling, Allometry, Nuclear size,
Cell size, Genomic content

Introduction

Eukaryotes have acquired diverse organelles during their long
evolutionary history. In each species, the cells can alter the
morphology of the organelle to adjust the function by reflecting on
drastic changes in the surrounding environments. For instance, the
size of organelles varies among species and is dynamically altered
throughout the cell cycle, as well as during development and
differentiation in individual species (Chang and Marshall, 2017;
Wesley et al., 2020). Considering the diversity in organelle size,
there is a general principle of a scaling relationship inside the cell
between the size of an organelle and the cell. Although scaling
analyses have been often utilized at the level of body size,
‘intracellular size scaling’ has been found for certain organelles
(including membrane-less structures), such as the nucleus,
centrosome, mitotic spindle, mitochondria, cilium, chloroplast,
and so on (Hara and Kimura, 2011; Marshall, 2015; Okie et al.,
2016). In general, the total organelle size (including changes in the
number of some organelles, e.g. mitochondria and chloroplasts)
increases with the cell size. In particular, the nucleus — which
contains genomic DNA in all eukaryotes and has a pivotal role in
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cellular function — has been of interest for over a century for
analyzing intracellular size-scaling relationships (Hertwig, 1903;
Boveri, 1905; Conklin, 1912). On the basis of microscopic
observations of the nucleus within several eukaryotes, including
unicellular eukaryotes, the nuclear-to-cytoplasmic (N/C) volume
ratio, or allometric scaling function, which is given as NV~CV* —
where NV is the nuclear volume, CV is the cell (or cytoplasmic)
volume and 4 is a scaling exponent — has been analyzed (Neumann
and Nurse, 2007; Jorgensen et al., 2007; Price et al., 1973; Simova
and Herben, 2012; Jevti¢ and Levy, 2015; Tsichlaki and FitzHarris,
2016; Uppaluri et al., 2016). When nuclear size is compared with
cell size in species within a single phylum or within limited types of
cell in individual species, the N/C volume ratio is generally
constant, regardless of any observed variation in cell size. This
means that the scaling exponent 4 is ~1 and that nuclear size
exhibits a linear proportional relationship with cell size (Neumann
and Nurse, 2007; Jorgensen et al., 2007; Price et al., 1973; Simova
and Herben, 2012; Jevti¢ and Levy, 2015). On the basis of these
experimental evidences, the scaling relationship between the
nucleus and cell sizes has been assumed to be conserved across
eukaryotes.

The size of the nucleus plays a significant role in the regulation
of intranuclear DNA functions, including transcription and
replication. Indeed, an abnormality in nuclear size is often
observed in cancer cells, and manipulation of nuclear size by
genetic perturbation of nuclear size determinants correlates with
failures in development and cellular function, including
transcriptional activity (Jevtic and Levy, 2015; Edens et al.,
2013). Furthermore, the size of the condensed chromosomes in the
mitotic spindle, which impacts the correct partitioning of
chromatids to daughter cells during mitosis (Schubert and Oud,
1997; Neurohr et al., 2011), can be altered when the size of the
nucleus is manipulated experimentally in embryos in vivo (Hara
etal., 2013; Ladouceuret al., 2015). Previous biochemical analyses
have unraveled the molecular mechanisms that control nuclear size
and N/C volume ratio in the limited model organisms. Most of the
proposed mechanisms share a common concept that involves the
availability of nuclear-size determinants in the cytoplasm. These
determinants have been identified as nuclear lamina constituents
and regulators of importing these constituents into the nucleus
(Levy and Heald, 2010; Brownlee and Heald, 2019; Edens et al.,
2017; Jevtic et al., 2015), lipid membranes supplied from the
endoplasmic reticulum and synthesized in cytoplasm (Hara and
Merten, 2015; Kume et al., 2019), as well as other cytoplasmic
factors (Kume et al., 2017; Walters et al., 2019; Cantwell and
Nurse, 2019a). With this concept, in which the amount of
determinants is limited, it is possible to explain the general
scaling relationship of nuclear size and its nuclear expanding speed
with increasing cytoplasmic volume (Goehring and Hyman, 2012).

In addition to the nuclear-size scaling with cell size, there is another
size-scaling relationship with regard to the genomic content within
the nucleus. The mass of DNA, corresponding to the genome size
inside the nucleus, exhibits tremendous variation among eukaryotes,
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as e.g. between Xenopus laevis (~3 Gb) and fission yeast
Schizosaccharomyces pombe (~12 Mb), implying that the nuclear
size correlates with the enclosed DNA mass. Indeed, it has long been
observed that, between different species, nuclear size correlates with
nuclear genomic content (Price etal., 1973; Simova and Herben, 2012;
Cavalier-Smith, 1985; Gregory, 2001; Vinogradov and Anatskaya,
2006), as well as between cells of different DNA ploidy within
individual species (Fankhauser, 1945; Robinson et al., 2018; Jevti¢
and Levy, 2017; Gillooly et al., 2015). Biochemical approaches using
a cell-free system of X. /aevis egg extracts have determined that DNA
and chromatin interact with the nuclear lamina constituents, nuclear
pore complexes in some eukaryotes, as well as with membrane lipids to
promote initial nucleus formation immediately after chromosome
segregation at the telophase (Ulbert et al., 2006; Anderson and Hetzer,
2007; Zierhut et al., 2014). Because the DNA structure is common
among eukaryotes, the scaling of nuclear size with genomic content is
possibly conserved across species. However, the experimental
manipulation of cell size without any change in DNA ploidy can
alter nuclear size in X. laevis egg extracts (Levy and Heald, 2010; Hara
and Merten, 2015). Additionally, nuclear volume increases steadily
and maintains the N/C volume ratio when DNA content suddenly
doubles upon DNA replication during interphase in individual cells of
yeast in vivo and human cell cultures (Neumann and Nurse, 2007;
Jorgensen et al., 2007, Maeshima et al., 2010). These evidences
suggest that cell size, rather than genomic content, directly determines
nuclear size (Levy and Heald, 2012; Edens et al., 2013; Cantwell and
Nurse, 2019b). Owing to these controversial evidences that, in certain
cases, reveal a lesser contribution of genomic content towards nuclear
size determination, their underlying mechanisms have not been
analyzed systematically among a wide range of eukaryotes.

Considering the relationship between nuclear size and cellular
function, the underlying mechanisms of nuclear-size scaling are
presumed to be fundamental in the cell organization of all eukaryotes.
Despite this being assumed to be conserved among eukaryotes, this
phenomenon is still debatable. In fact, as judged from the published
experimental studies, the absolute values of the N/C volume ratio
appear to be different among species; compare, for instance, budding
yeast Saccharomyces cerevisiae (~0.1; Jorgensen et al., 2007), S.
pombe (~0.08; Neumann and Nurse, 2007), developed embryos in
X. laevis (~0.04; Jevti¢ and Levy, 2015) and herbaceous angiosperms
(~0.2; Milo and Philips, 2016). Additionally, when calculating the
scaling exponent of nuclear size to cell size for different cell types
from the same organism, different values are obtained; i.e. ~0.4 for
intestinal cells (Uppaluri et al., 2016) and ~0.63 for embryonic cells
(Arata et al., 2015) of Caenorhabditis elegans. The scaling exponent
of DNA ploidy to cell size is distinct when measured in different cell
types from the same organism, or when measured in the same cell
type (traditionally red blood cells) across different organisms
(Gillooly et al., 2015). Therefore, the ‘phylogenetic’ interspecies as
well as ‘ontogenetic’ intraspecies comparisons of nuclear size could
help us understand biological and evolutionary significance of
nuclear-size scaling across species with regard to diverse lifestyles,
differentiation and development status in individual species and
intracellular environments.

In this Hypothesis, I begin with a meta-analysis of the scaling
relationship between nuclear size and cell size across species, over a
variation of phyla, kingdoms and domains, and continue with the
same analysis for nuclear size and genomic content. On the basis of
the results obtained, I propose how the evolution of nuclear
structures across the tree of life can be explained from the
perspective of size-scaling relationship and nuclear membrane
composition.

Scaling of nuclear volume with cell volume

I collected data of nuclear and cell volumes across various phyla in
eukaryotes, including 143 species and 667 cell types, and categorized
them based on trophic lifestyle and cellularity as multicellular
heterotrophic, multicellular phototrophic or unicellular eukaryotes
(original data are shown in Tables S1 and S2). In each category, the
nuclear volume was plotted against the cell volume in a log-log plot
and fitted with the power-law regression line as NV=BxCV 4, where
NVand CV are the nuclear and cell volumes, respectively, and 4 and B
are constants (4 is the scaling exponent; Fig. 1A). Especially for
blastomeres from early embryonic development in metazoans (before
timing of the mid-blastula transition when synchronous rapid cell
division is completed), nuclear volumes are relatively smaller
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Fig. 1. Size scaling of nucleus over cell volume among species, in
unicellular and multicellular eukaryotes as well as prokaryotes. (A) Size
scaling of nucleus over cell volume for different cell types (excluding early
embryonic development in multicellular organisms). Datasets were
categorized into heterotrophic multicellular eukaryotes (blue circles, n=395),
phototrophic multicellular eukaryotes (green diamonds, n=75), unicellular
eukaryotes (pink triangles, n=112), prokaryotes (orange crosses, n=107) and
Parakaryon myojinesis (purple cross, n=1). Datasets are represented as the
mean (ts.d.) of each sample and fitted with a power-law regression line in each
category. The equation and coefficient of determination (R?) are indicated.
(B) Nuclear-to-cytoplasmic (N/C) volume ratios are not constant among
species. N/C volume ratios are plotted against cell volumes. All datasets shown
in this figure and of the individual measurement are available in Tables S1 and
S2, respectively.
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compared to those in non-embryonic cells (Fig. S1). This is possibly
because the nucleus typically cannot expand until it reaches a plateau
size within the extremely short duration of interphase (Jevtic and
Levy, 2015; Levy and Heald, 2010). To rule out cases of immature
nuclear expansion, I henceforth excluded the data for early embryos
in metazoans before putative mid-blastula transition from the plots
(Fig. 1A). From this plot, the scaling exponents (4 values) were
0.848+0.012 (P<0.001, R’=0.930) for multicellular heterotrophs,
0.789+0.067 (P<0.001, R’=0.675) for multicellular phototrophs and
0.914+0.018 (P<0.001, R’=0.961) for unicellular eukaryotes. In
unicellular eukaryotes, 4 value is close to 1, corresponding to a
proportional interspecies relationship, and consistent with the
observed constant values for the N/C volume ratio obtained from
individual yeast species when the cell volumes were altered
experimentally (Neumann and Nurse, 2007; Jorgensen et al., 2007).
Nonetheless, the estimated scaling exponents in all categories
(multicellular  heterotrophs, multicellular  phototrophs, and
unicellular eukaryotes) exhibited hypoallometry (4<1), especially
in multicellular eukaryotes (Fig. 1A). Interestingly, the inter-species
scaling exponents in heterotrophic and phototrophic multicellular
eukaryotes revealed similar values, suggesting that the mechanisms
that underlie size scaling and nuclear structures are conserved among
them. Furthermore, the hypoallometric scaling relationship implies
that nuclear volume is not merely controlled by cell volume. In
agreement with this notion, a recent analysis suggested a contribution
of the plasma membrane in altering the availability of nuclear
constituents (Brownlee and Heald, 2019). Importin oo — which
controls the import of nuclear-size determinants, such as lamin, from
the cytoplasm to the nucleus — can bind to the plasma membrane,
thus, causing a reduction in the amount of available importin o in the
cytoplasm, which, in turn, results in the control of nuclear size in a
manner that is dependent on the cell surface-area (Brownlee and
Heald, 2019). This suggests that nuclear volume is, at least partially,
determined by cell-surface area and not cell volume. In this case, as
the surface area increases at a slower rate than the volume, the
correlation between nuclear size and cell volume is expected to yield a
slope of <1, indicating hypoallometry. Given that the genes
encoding lamin are conserved only in metazoans and in some
plants (Mans et al., 2004; Ciska and Moreno Diaz de la Espina, 2014),
this might give rise to the observed reduction in the scaling exponent
against cell volume, especially in multicellular eukaryotes. It should
be noticed that the coefficient of determination (R?) obtained from the
data of phototrophic multicellular eukaryotes was smaller than for
others. This might be because the collected data exhibited
considerable fluctuation regarding cell size owing to the presence of
vacuoles of varying size.

A recent study has analyzed the scaling of inter- and intra-species
nucleoid sizes with cell size and genomic content among
prokaryotes (Gray et al., 2019), and its data, referring to 37
species and 111 growth conditions, are included in the plots for
eukaryotes (Fig. 1A). The nuclear volume in prokaryotes correlates
with cell volume and revealed a hypoallometric scaling with cell
volume (4=0.790+0.024; P<0.001, R’=0.914), as previously
reported (Gray et al., 2019). Interestingly, although the nucleoid
volumes were relatively larger than the nuclear volumes within
unicellular eukaryotes (when comparing the data that exhibit the
corresponding cell volumes), the estimated scaling exponent in
prokaryotes did not change substantially (Fig. 1 A). This prokaryote-
specific size-scaling property might have been due to absence of a
nuclear membrane. Since the nucleoid volume is defined by the
region that is occupied with chromosomes, a difference in nucleoid
volume means a difference in density and distribution of

chromosomes. A high density of chromosomes, corresponding to
a low ratio of nucleoid to cell volume, promotes free diffusion of
macromolecules, such as ribosomes, within prokaryotic cells (Gray
et al, 2019). By contrast, macromolecular crowding in the
cytoplasm might affect the distribution of chromosomes and the
occupied space of chromosomes. From the viewpoint of eukaryotes,
the nuclear membrane is likely to constrain the cytoplasmic space
for genomic activity, such as transcription and replication, to
interrupt the effects of macromolecules crowding in the cytoplasm.

This observed hypoallometric scaling relationship between nuclear
volume and cell size invokes a negative correlation of N/C volume
ratio with the cell volume in each eukaryotic category and
prokaryotes. When the calculated N/C volume ratios are plotted
against cell volume, the N/C volume ratio indicates weak negative
correlation with the cell volume for each category (Fig. 1B).
Additionally, the variations in N/C volume ratios are less than one
order of magnitude, and between ~0.3 and ~0.9 in prokaryotes; this
variation is substantially smaller than the two orders of magnitude
observed in multicellular eukaryotes, i.e. between ~0.5 and ~0.005
(Fig. 1B, spreading at longitudinal axis). This suggests that eukaryotes
have greater flexibility with regard to how their nuclear sizes vary
relative to their cell volumes as compared to prokaryotic nucleoids.
Interestingly, the microorganism Parakaryon myojinesis, which is
found in the deep sea, exhibits unique intermediate properties that lie
between those of eukaryotes and prokaryotes; moreover, it has a
nucleoid that is wrapped with a single membrane containing some
gaps (Yamaguchi et al., 2012). The data for the size-scaling
relationship of P. myojinesis appear to be located on the extended
regression lines from the prokaryotic data (Fig. 1) and exhibits an N/C
volume ratio of 0.408 (Yamaguchi et al., 2012). This suggests that the
P. myojinesis nucleoid can be classified as a ‘prokaryotic’ nucleoid in
terms of size scaling. The discovery of other, yet unknown, species
related to P. myojinesis, which have a single nuclear membrane
without any gaps, and the analysis of their scaling relationship to the
cell volume would offer interesting insights into the evolution of
cukaryotes from the perspective of nuclear-size scaling.

Scaling of nuclear volume with genomic content

As discussed above, the observed inter-species diversity in N/C
volume ratios implies a contribution of genomic content to nuclear
volume, which is intrinsically different among species. By using the
available data on genome size (Table S1), I plotted the nuclear
volume against genomic content inside the cell and estimated the
inter-species scaling relationship as NV=B'xGC*', where GC is the
genomic content (Fig. 2A).

For eukaryotes, the estimated value for the scaling exponent was
A'>0, although for prokaryotes it was 4'~0, as reported previously
(Gray et al., 2019). Although positive values of scaling exponents
were observed for eukaryotes, regression analysis revealed a very
weak correlation between GC and NV in each multicellular
(R?=0.031) and unicellular eukaryote (R°=0.032) (Fig. 2A). This
is likely to be caused by the extensive variations in the observed
nuclear volumes, such as those determined even within one species
having the same genomic content. Therefore, to reduce the effect of
nuclear size variation in individual species, the female gamete —i.e.
a fully-grown oocyte — of metazoan species was chosen as a
representative  for multicellular eukaryotes; for unicellular
organisms, a cell under typical growth conditions was selected.
Although oocytes have characteristics that distinguish them from
somatic cells (such as containing yolk), the fact that the expanding
nuclear volume plateaus throughout the extremely long interphase
during oogenesis is a common feature of oocytes in multicellular
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Fig. 2. Size scaling of nucleus volume over genomic content is only
detected in multicellular eukaryotic species. (A) Size scaling of nucleus
volume over genomic content for different cell types (excluding during early
embryonic development in multicellular organisms). As before, data were
categorized into multicellular eukaryotes (blue circles, n=470), unicellular
eukaryotes (pink triangles, n=84), and prokaryotes (orange crosses, n=106).
Datasets are represented as the mean (+s.d.) of each sample and fitted with a
power-law regression line in each category. The equation and coefficient of
determination (R?) are indicated. (B) Size scaling of nucleus volume over genomic
content in female gametes (a fully-grown oocyte) of multicellular metazoan
organisms (blue; n=52), as well as unicellular organisms under normal growth
conditions (eukaryotes: pink, n=21; prokaryotes: orange, n=40). Each species
with each DNA ploidy is represented by one symbol with error bar (ts.d.). (C) Size
scaling of nucleus volume over genomic content for nucleated erythrocytes in
metazoan species (n=28). Each color and symbol represent individual species.
All datasets are fitted with a power-law regression line. A positive correlation of
nucleus volume over genomic content is only detected in interspecies datasets for
certain selected cell types, such as female gametes (B) and erythrocytes (C) from
multicellular eukaryotes, but not when using interspecies datasets from all
measured cell types (A). All datasets in this figure and the individual
measurements are available in Tables S1 and S2, respectively.

eukaryotes. Using these representative cells, I plotted the nuclear
volume against genomic content (Fig. 2B). Even so, the coefficient
of determination was still weak in prokaryotes (P=0.717, R°=0.003)

and unicellular eukaryotes (P=0.439, R’=0.029), although it
increased in oocytes (P<0.001, R’=0.313), suggesting a positive
correlation with the genomic content in multicellular eukaryotes
(A'=1.223+0.283). This positive correlation was also detected
in non-dividing nucleated erythrocytes in metazoan species
(4'=1.049+0.110; P<0.001, R’=0.770; Fig. 2C) (Cavalier-
Smith, 1982; Gregory, 2001; Muelleret al., 2008). The estimated
hyperallometry (4’>1) of scaling exponents is consistent with the
data obtained from intraspecies comparison in human cells with
different DNA ploidy, including megakaryocytes, cardiomyocyte
and others (4'=1.85; estimated from Gillooly et al., 2015). These
interspecies comparisons using cells that had time to reach a nuclear
volume plateau, suggest a correlation between nuclear volume and
genomic content only in multicellular eukaryotes — not in unicellular
eukaryotes and prokaryotes. It should be noticed that the genomic
content also correlates with cell size (Fig. S2A) but not with the N/C
volume ratio (Fig. S2B). This relationship between cell volume and
genomic content confirms that genome content correlates with both
cell size and nuclear size (Gillooly et al., 2015). From these
correlations, I speculate that, across the tree of life, the size of the
nucleus or nucleoid can be modulated by changing the genomic
content; although, the cell volume, which generally correlates with
DNA content, might mask the effects of genomic content in
determining nuclear size. In fact, when the nuclear volumes within
an individual species that exhibits different DNA ploidy — for
instance, through polyploidization — are compared, a positive
correlation of nuclear size with genomic content can be found in
several prokaryotic and eukaryotic species, including humans
(Gillooly et al., 2015), frogs (Jevti¢ and Levy, 2017; Heijo et al.,
2019 preprint), plants (Robinson et al., 2018), yeasts (Neumann and
Nurse, 2007; Jorgensen et al., 2007) and bacteria (Gray et al., 2019).
Some studies that have used X. laevis embryos in vivo as well as egg
extracts support a correlation between nuclear volume and genomic
content when the DNA content is changed experimentally, while the
same cytoplasmic volume is maintained (Levy and Heald, 2010;
Heijo et al., 2019 preprint), or when the nuclear number is increased
with constant cytoplasmic volume (Boudreau et al., 2018 preprint;
Novokova et al., 2016). This evidence suggests that the genomic
content negligibly contributes to the determination of the nuclear
volume, regardless of the contributions of the cell volume in
determining the nuclear volume. In summary, during evolution,
organisms seem to have acquired distinct regimes to control the size
of their nuclei or nucleoid. These might be based on cytoplasmic
properties or changes of the chromatin structure, which could
have resulted in either a visible contribution of the genomic content
to nuclear-size scaling in multicellular eukaryotes or the superficial
lack of such a contribution in unicellular organisms.

To gain more insight into the contribution genomic content has in
determining nuclear size, I calculated the ratio of genomic content to
nuclear volume (GC/NV ratio) — which is equivalent to the DNA
density inside the nucleus — for each category (Fig. 3A). The
calculated GC/NV ratio is not constant between different species,
which could be because the correlation between genomic content and
nuclear volume in each category is reduced (Fig. 2). Nevertheless,
there is a substantial difference in the range of the GC/NV ratios
among the different categories. In prokaryote nucleoids, the GC/NV
ratio only varies approximately within one order of magnitude, i.e.
from ~1 to ~30, which is considerably less than the three orders of
magnitudes, ie. from ~1 to ~1000, observed in unicellular
eukaryotes (Fig. 3A, spreading at longitudinal axis). This implies
that the presence of nuclear membranes in unicellular eukaryotes can
constrain more of the available space for DNA, compared with
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Fig. 3. The ratio of genomic content to nuclear volume (GC/NV ratio)
reveals tremendous variation, especially when comparing multicellular
eukaryotes. (A) DNA density in the nucleus or nucleoid, i.e. the ratio of
genomic content to nuclear volume (GC/NV ratio), is plotted against the
genomic content for various cell types, excluding during early embryonic
development of multicellular organisms (multicellular eukaryotes: n=397;
unicellular eukaryotes: n=84; prokaryotes: n=106). Data are represented as
the mean (+s.d.) of each sample and were fitted with a power-law regression
line in each category. The equation and coefficient of determination (R?) are
indicated. All datasets in this figure and individual measurement datasets are
available in Tables S1 and S2, respectively. (B) Schematic summarizing the
size scaling of nuclei and nucleoids across the tree of life. GC, genome
content; NV, nuclear volume; CV, cell volume.

prokaryotes, which lack a nuclear membrane. Furthermore, in the
nuclei of multicellular eukaryotes, where the chromatin interacts
physically with nuclear membrane, the GC/NV ratio exhibited a
tremendous variation of seven orders of magnitude (from ~0.0005 to
~1000). In higher eukaryotes, such as metazoans, a structure
underneath the nuclear membrane, known as the nuclear lamina,
enables interactions with chromatin (Mans et al., 2004; Ciska and
Moreno Diaz de la Espina, 2014). This interaction between DNA and
nuclear membrane, and mechanical stiffness of the lamina may help
in transmitting the forces for the inward shrinking and outward
expanding of chromatin to the nuclear membranes, to promote
changes in nuclear size and in generating a nuclear rigidity to
maintain either an extremely large or small nuclear size.

Conclusions and perspectives

The inter-species comparison of nuclear size presented here indicates
that the size-scaling properties of nuclei and nucleoids are
quantitatively different among multicellular eukaryotes, unicellular
eukaryotes and prokaryotes (Fig. 3B), although a general correlation
of nuclear size with cell size is conserved across the tree of life. In fact,

prokaryotic nucleoids and eukaryotic nuclei show a hypoallometric
scaling relationship with the cell volume. Such a hypoallometric
relationship with the cell volume is also observed in the size scaling of
mitotic spindles from diverse nematodes (scaling exponent 4~0.65)
(Farhadifar et al., 2015) and of chloroplasts from phototrophic
eukaryotes (A4~0.83) (Okie et al., 2016). Indeed, mitotic spindle
length in most eukaryotes is known to be regulated by the dynamics
of spindle microtubules and has a positive correlation with the cell
size (Good et al., 2013; Hazel et al., 2013; Lacroix et al., 2018). When
manipulating the number of aligned chromosomes at the metaphase
plate in multicellular eukaryotes, which should correspond to the
genomic content, the spindle length was altered by changing the
alignment or dynamics of spindle microtubules (Hara and Kimura,
2013; Young et al., 2014; Dinarina et al., 2009). In prokaryotes, the
chromatids can be partitioned into daughter cells without utilizing the
spindle apparatus (Jun and Mudler, 2006), implying there is no
scaling-relationship between genomic content and spindle length.
The involvement of genomic content in controlling spindle length is
expected to occur only in higher eukaryotes, and is evident for both
the interphase nucleus and mitotic spindle. Accordingly, the
mechanisms underlying size-scaling control may share common
regulators between the nucleus and mitotic spindle, such as importin
o (Brownlee and Heald, 2019) and lamin (Tsai et al., 2006). As the
ratio between DNA amount and interphase nuclear volume correlates
with the size of condensed chromosomes within the mitotic spindle in
multicellular eukaryotes (Hara et al., 2013, 2016; Ladouceur et al.,
2015), the nuclear size scales with the sizes of other organelles, as
well as the size of the spindle itself. Nonetheless, the scaling exponent
of the size of other organelles with the cell volume is different; for
instance, for mitochondria, 4 is ~1.06 among eukaryotes (Okie et al.,
2016) when compared to the hypoallometric scaling of the nucleus
and mitotic spindle. A more-precise comparison of the scaling
relationship between organelles across diverse species will be
required to obtain a comprehensive view of the size-scaling
properties inside the cell and the possible implications for
evolutionary processes of intracellular structures.

From an evolutionary perspective, the observed qualitative
correlation of nuclear volume with cell volume (Fig. 1A) implies
that the basic concept of nuclear-size scaling with cell volume is
common across eukaryotes. However, differences in the nuclear
scaling exponent with cell volume (Fig. 1A) and a high variation in
the GC/NV ratio (Fig. 3A) are also observed among the different
categories of cellularity, which suggests that different mechanisms
underlying the scaling with cell volume have been evolved. In
addition to the known mechanisms through the supply of nuclear
constituents from cytoplasm (Levy and Heald, 2010; Hara and
Merten, 2015), I hypothesize that the size-scaling properties and
their underlying mechanisms have been modulated by the
differences in the molecular and structural constituents of the
nuclear lamina and chromatin inside the nucleus across the tree of
life. It is intuitive to consider that the size-scaling properties of the
prokaryotic nucleoid can be attributed to the lack of a membrane
around the genomic DNA and a topologically different circular
chromosome. For eukaryotic nuclei, previous experimental studies
have proposed that the amount of nuclear lamina constituents and
lipid membranes is expected to be proportional to the cytoplasmic
volume, and acts as determinants for nuclear size across eukaryotes
(Levy and Heald, 2010; Hara and Merten, 2015). Although lipid
membranes are common among eukaryotes, one remarkable
difference is the existence of a nuclear lamina, typically
composed of lamins, which is only present in multicellular
eukaryotes. In fact, most unicellular organisms including fungi
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and yeasts do not have lamin genes (Mans et al., 2004; Ciska and
Moreno Diaz de la Espina, 2014). Lamins underneath the nuclear
membrane can associate with chromatin and form structures called
lamin-associated domains (van Steensel and Belmont, 2017).
Together with the observed correlation between nuclear volume
and genomic content, which is only found in multicellular
eukaryotes (Fig. 2), I therefore propose that the ability of
chromatin to interact with the nuclear membrane can transmit the
physical properties of chromatin to the nuclear membrane (Fig. 4).
Previous experimental studies have suggested that the chromatin
inside the nucleus works as a viscoelastic spring to impact on
nuclear stiffness and to determine nuclear size (Shimamoto et al.,
2017; Stephens et al., 2017; Chan et al., 2017; Heijo et al., 2019
preprint). Upon manipulation of the physical chromatin structure —
through altering the repulsion forces from negatively charged DNA
or modifying the epigenetic status of chromatin, while maintaining
nuclear lamina — the resulting nuclear stiffness and nuclear size are
changed in mammalian cell cultures in vivo, in isolated nuclei or in
X laevis egg extracts (Shimamoto et al., 2017; Stephens et al., 2017,
Chan et al., 2017; Heijo et al., 2019 preprint). Under this
assumption — if chromatin was highly condensed — DNA-exerted
repulsion forces, which correspond to the strength of the chromatin
spring would be small, resulting in decreased expansion forces of
the nuclear membrane from inside (Fig. 4). As epigenetic
modifications of chromatin are considered to be much more
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complex in metazoans as compared to unicellular eukaryotes
(Hinman and Cary, 2017; Tang et al., 2012), the epigenetically
modified chromatin of multicellular eukaryotes might result in
either a more-condensed and stiffer or a more-decondensed and
softer conformation. This could then change the nuclear volume and
DNA density inside the nucleus, consistent with the observation of
tremendous variation of GC/NV ratios in multicellular eukaryotes
only (Fig. 3). In addition, the lamina structure itself has a
mechanical stiffness, generating rigidity to counteract against the
changes in forces due to the chromatin spring and maintaining the
nuclear size (Stephens et al., 2017). This stiffness is determined by
the ratio of A-type lamin to B-type lamin in metazoans (Swift et al.,
2013), as well as by the occasional incorporation of cytoskeletal
actin fibers into the nucleus in amphibian oocytes and early embryos
(Feric and Brangwynne, 2013; Oda et al., 2017). The nuclear actin
fibers stabilize intranuclear components when the nuclear volume
becomes sufficiently large to be affected by the gravitational force
(Feric and Brangwynne, 2013). Therefore, the mechanical stiffness
of the nuclear lamina is expected to help the nucleus to maintain a
certain nuclear size, regardless of the physical chromatin structures.
Since the nuclear lamina contributes to these counteracting
functions, i.e. the transmission forces from the chromatin and
nuclear stiffness (Shimamoto et al., 2017; Stephens et al., 2019),
balancing these would allow the nucleus in multicellular eukaryotes
to generate tremendous variation of DNA density. Nevertheless, it

Fig. 4. Overview of the putative functions of
nuclear lamina in higher eukaryotes. The
lamina underneath the nuclear membrane,
which is generally organized by lamins, has a
mechanical stiffness to prevent the
deformation of the nuclear membrane (top) and
serves as a mechanical transmitter of forces
from chromatin inside the nucleus (bottom).
The chromatin conformation generates forces
to pull or push on the nuclear membrane
caused by the physical state of chromatin.
When the chromatin organizes
heterochromatin or the genome content is
reduced, the nuclear membrane that is
connected with chromatin is pulled inwards
(left), resulting in a small increase in nuclear
size. When the chromatin organizes
euchromatin (and/or increases the repulsion
force) or the genome content increases, the
nuclear membrane linked to chromatin is
pushed outwards (right), resulting in a large
increase in nuclear size.
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should be noticed that the lamina structure is not thick enough to
generate the same rigidity as the actin and microtubule
cytoskeletons (Turgay et al., 2017), suggesting the structural
function of nuclear lamina on nuclear stiffness is smaller than
expected.

What is the biological significance of this tremendous variation of
DNA density in higher eukaryotes? Lesser DNA density might
create more space in the nucleoplasm and promote the
subcompartmentalization of membrane-less organelles, such as
nucleolus, Cajal body, P body, nuclear speckles and others. By
contrast, crowding under conditions of high DNA density inside the
nucleus might promote subcompartmentalization through liquid-
liquid phase transitions, resulting in formation of a nucleolus and
heterochromatin (Weber and Brangwynne, 2015; Strom et al.,
2017). Although it is unclear whether changes in nuclear size-
scaling properties can, indeed, drive the evolution of intranuclear
functions, the specific features of higher-eukaryotes with regard to
nuclear size and DNA density have the potential to modulate
intranuclear properties and functions. Future experimental and
theoretical studies to evaluate the effects size and density of the
nucleus have, and to precisely compare the nuclear size-scaling
relationship between and within species, will help to shed light on
the evolution of the eukaryotic nucleus.
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Materials and methods

Data collection from published data

| explored the literature reporting absolute values of cell and nuclear volumes and visualizing
the nucleus and/or whole cell using Google Scholar, Google Image and PubMed. When the
cell or nuclear volumes were reported only on a graph, | estimated approximately values from
the graph by measuring relative position of target data against the scales on the graph. When
values in the cell or nuclear volume were not reported, | measured the major and minor axes
of the nucleus or cell by using ImageJ from microscopic images and estimated the absolute
length (L) and width (W) information based on the listed scale bar. | utilized the images,
which could be detected for nucleus and/or whole cell visualized by staining using specific
dyes or antibodies against DNA, nuclear membrane, nucleoplasmic proteins or cytoplasmic
proteins, live-imaging with fluorescent-fused proteins or electron microscopic imaging. For
simplifying the volume estimation, | excluded cells with complicated shape (non-spherical)
such as adhesive culture cells due to inaccurate prediction and difficulty in estimating the
height. To estimate the nuclear volume (NV), | calculated the volume as NV = L/2 x (W/2)%x
Pl x 4/3 by assuming an oval sphere. In case of multiple nuclei inside the cell such as two
pronuclei in the metazoan one-cell stage embryos, | used the total nuclear volume. To
estimate the cell volume (CV), | used different equations for the predicted 3-dimentional cell
shape as CV = L/2 x (W/2)? x PI x 4/3 or (L/2)*x W/2 x PI x 4/3 for oval-sphere-shaped
cells (e.g. Caenorhabditis elegans embryos), CV = (W/2)?x PI x L for cylindrical cells (e.g.
fission yeast), CV = L>x W or L x W? for cuboid cells (e.g. plant root tip cells surrounding
rigid cell wall). After estimating the multiple data of nuclear, and cell volumes from the
individual literatures, the averaged values were used for analyses and averaged values with
standard deviation were shown in graphs. All data used in this study are listed in the electric
supplementary material (Tables S1 and S2). The data were divided into three or four
categories as multicellular eukaryotes (subdivided with heterotrophic and phototrophic
organisms in some cases), unicellular eukaryotes and prokaryotes (including one archaea
bacterium). The genome content is assumed as situations after DNA replication and 4N (4-
fold of genome size) in eukaryotes and 2N in prokaryotes if the cell cycle information is

unavailable. When the cell cycle is described as before S phase (like G1 phase), | assume the
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reduced genome content as 2N in eukaryotes. When the genome size in the species remains

unanalyzed, the genome content is estimated from the C-values.

Data analysis

For showing graph of scaling relationship, all or categorized data were plotted and fitted with
a power-law regression line using Excel software (Microsoft). For understanding the strength
of correlation, the coefficient of determination (R?) was calculated using Excel software. The
calculation of standard deviations (S.D.) and statistical difference against scaling exponent
were done by regression analysis tool with two-sided Student’s t test in Excel software using

the log,o transformed datasets.

For comparing the correlation with genomic content and exclude spontaneous variation
in cell size regardless genome content, | used a single data point in each species as only
female gamete, oocyte, in multicellular eukaryotes and data under more normal growth

condition without any perturbation of genes in unicellular organisms.
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Supplemental figures
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Fig. S1: Size scaling of nucleus volume with cell volume. (A) Size scaling of nucleus
volume with cell volume in all data of various cell types. Data of heterotrophic multicellular
eukaryotes (blue circles), phototrophic multicellular eukaryotes (green diamonds), unicellular
eukaryotes (pink triangles), prokaryotes (orange crosses), and Parakaryon myojinesis (purple
cross) are identical to Fig. 1. Data from early embryos in muliticellular eukaryotes are
represented as grey circles.
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Fig. S2: Scaling relationships with genome content. (A) Size scaling of cell volume with
genomic contents in data only including female gamete, which is fully grown oocyte, in
multicellular organisms (blue; N = 50) and wild type cells with normal growth condition in
unicellular organisms (eukaryotes: pink, N = 23; prokaryotes: orange, N = 40). (B) Size
scaling of N/C volume ratio with genomic contents in data only including female gamete in
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multicellular eukaryotes and cells under normal growth condition in unicellular organisms.
Each species with each DNA ploidy represents one symbol with error bar (S.D.). Data in each

category are fitted with a power-law regression line.
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Supplemental tables

Table S1. Mean values of GC, CV, NV, N/C volume ratio, and GC/NV ratio

Mean value, standard deviation (S.D.), and sample number (N) of parameters in each
condition or cell type were shown. Phylum, species name, cell type (and/or growth condition),
and references of images for measurements or numerical data was also shown. The
procedures of measurement were categorized as A: genome size listed in literature; B:
genome size predicted from C-value, no data: could not find any data for genome size; C:
volume calculated as an oval (V = L/2 x (W/2)? x Pl x 4/3 or = (L/2)* x (W/2) x Pl x 4/3; D:
volume calculated as a cylindrical shape (V = (W/2)> x Pl x L); E: volume calculated as a
cuboid (CV = L2x W or CV = L x W?); F: value listed in the literature; G: value calculated
from the listed parameter in the literature or estimated from the graph; H: value calculated
from our estimated value; ND: no data. Light blue, orange, and green colours in tables
represent data from early embryonic development in multicellular eukaryotes (excluded from
Figs. 1-3), female gametes (fully-grown oocytes) of multicellular eukaryotes and unicellular
organisms under normal growth condition (for Fig. 2B), and erythrocytes (for Fig. 2C),

respectively.

Click here to Download Table S1

Table S2. All collected data of CV, NV, N/C volume ratio, and GC/NV ratio in each

condition

All measured or collected values for parameters were shown in each growth condition or cell
type. NV/CV-R and GC/NV-R represent N/C volume ratio and GC/NV ratio, respectively.

Click here to Download Table S2
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