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Allometric relations between two observables are a widespread phenomenon in biology. The volume of
nuclei, for example, has frequently been reported to scale linearly with cell volume, Vy ~ V., but
conflicting, sublinear power-law correlations have also been found. Given that nuclei are vital organelles
that harbor and maintain the DNA of cells, an understanding of allometric nuclear volumes that ultimately
define the concentration and accessibility of chromatin is of great interest. Using the model organism
Caenorhabditis elegans, we show here that the allometry of nuclei is a dynamically adapting phenomenon;
ie., we find Vyy ~ V¢ with a time-dependent scaling exponent a (“dynamic allometry”). This finding is due
to relaxation growth of nuclear volumes at a rate that scales with cell size. If cell division stops the
relaxation of nuclei in a premature stage, @ < 1 is observed, whereas completion of relaxation yields o = 1
(“isometry”). Our experimental data are well captured by a simple and supposedly generic model in which
nuclear size is determined by the available membrane area that can be integrated into the nuclear envelope
to relax the expansion pressure from decondensed chromatin. Extrapolation of our results to growing and

proliferating cells suggests that isometric scaling of cell and nuclear volumes is the generic case.

DOI: 10.1103/PhysRevX.14.011016

I. INTRODUCTION

Allometric relations between two observables X and Y
are an intriguing and common phenomenon in biology.
Prominent examples for an allometric scaling, ¥ = bX¢,
include the metabolic rate and lifespan of animals, which
scale sublinearly with body mass (with a~3/4 and
a = 0.15, respectively) [1]; the rate of neurodegeneration,
which scales with the maximum lifespan of an animal
(with a depending on the gene involved) [2]; or an
isometric (@ = 1) relation between the volumes of cells
and nucleoli in larvae [3]. It is also known that the volume
of the cell nucleus correlates with the amount of enclosed
DNA [4-7], and it also scales approximately linearly with
cell size [4,8—17]. In fact, although a constant amount of
DNA can feature a wide range of cell and nucleus sizes, the
ratio of nucleus and cell volume, ¢ =Vy/V,=x0.1,
appears to be surprisingly constant, e.g., in fission yeast
[13], in mouse macrophages [18], and in (human) HeLa
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cells [19], whereas elevated values for ¢ have often been
reported for cancer cells [20-22]. Notably, the nucleus
volume eventually determines the concentration, acces-
sibility, and mobility of chromatin [23], thereby affecting
the regulatory and transcriptional activities of the cell.
Alterations in these activities are often associated with
severe diseases, such as cancer.

At first glance, an isometric relation Vy ~ V- can be
rationalized straightforwardly and without knowledge of
molecular details by assuming that the amount of building
material for nuclei is fixed by the cell volume [24]; i.e.,
nuclei can only be made from these limited resources. Yet,
nuclei in early embryos and larvae of the model organism
Caenorhabditis elegans have been reported not to follow
an isometric scaling with cell size [3,14]. These findings
suggest that an isometric scaling of nuclei with cell volume
is not only determined by an elaborate but passive
partitioning of limiting cell material but may rather invoke
active mechanisms for sensing and adapting cell and/or
nuclear volumes.

A potential pitfall of allometric relations is, in general,
the tacit assumption that the related observables are at a
steady state. Kinetic or dynamic changes beyond steady-
state fluctuations are not taken into account. For example,
cells and/or nuclei may change their volumes over time,
potentially compromising the interpretation of apparent
allometries and ¢ values. This caveat also touches on the
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simple rationale for an isometric relation Vy ~ V- in the
previous paragraph: The synthesis of new proteins and
lipids, a typical and vital process of virtually every cell,
may provide additional material for the growth of the
nucleus over time; i.e., the idea of partitioning a constant
amount of limited resources may be too simplistic. In
general, one can expect a “dynamic allometry,” where the
scaling exponent a explicitly depends on the time elapsed
since the last cell division.

So far, several potential determinants for achieving a
constant ratio ¢» between cell and nuclear volume have been
proposed, e.g., the perinuclear endoplasmic reticulum and
its transport by dynein in Xenopus and sea urchin [25,26],
or histone chaperones and their transport in Xenopus
[25,27]. In addition, the difference in nuclear size between
two related Xenopus species was explained by a different
activity of nuclear import [15], and a post-translational
modification of so-called importins was shown to act as a
sensor of the volume-to-area ratio of cells [28]. A genetic
screen in fission yeast revealed that several genes are
involved in nuclear size regulation, including the nuclear
import machinery [29]. However, no consensus has yet
been reached on the core mechanisms that drive (dynamic)
nuclear size adaptation across species and organisms to
maintain an allometric relationship with cell size.

Given the limited knowledge of the driving forces and
dynamic maintenance aspects underlying a potentially
generic allometric relation between cell and nuclear volume,
we hypothesized that robust physical cues are key to
dynamically adjusting nuclear volume toward an isometric
relation, Vy ~ V-, with a constant ratio ¢. To test this
hypothesis experimentally, we aimed to use a native tissue of
a living organism, rather than relying on immortalized
culture cells grown on artificial substrates. In addition, we
aimed to reduce complexity as much as possible by avoiding
anet growth of the tissue. The embryos of the developmental
model organism Caenorhabditis elegans readily meet these
requirements, as well as being highly amenable to light
microscopy-based quantification: C. elegans embryogenesis
proceeds autonomously within a protective chitin egg shell,
with an invariant cell lineage tree and highly reproducible
cell divisions at a conserved total volume; i.e., cells are
successively smaller blastomeres (see also Ref. [30] for an
introduction). Furthermore, the early development of indi-
vidual embryos follows a stereotypical protocol that appears
to be governed by physical cues: Cell positions and migration
paths before gastrulation can be captured very well with
a simple model that relies on the mutual repulsion of cells
within the engulfing eggshell, with anticorrelated cell
volumes and division times [31-33].

Because of their convenient properties, C. elegans
embryos have been used to study cell-size-dependent
scaling of mitotic spindles, centrosomes, cytokinetic con-
tractile rings, and nucleoli [14,23,34-38]. However, nuclear
volumes have only been partially assessed in C. elegans

embryos, and they appear to deviate from a simple linear
scaling with cell volume [3,14]. Going beyond these earlier
approaches, we have quantified cell and nucleus volumes in
C. elegans embryos over time and used these data to test
our aforementioned hypothesis. We find that nuclei exhibit
a relaxation-like growth toward an asymptotic size that
scales isometrically with cell size. Because of the com-
petition of two timescales (relaxation of nuclei versus cell
cycle time), the scaling exponent « in the relation Vy ~ V&
explicitly depends on the time at which nuclear volumes
are quantified (“dynamic allometry”). Emphasizing the
dynamic aspect further, the nuclear relaxation rate scales
inversely with cell volume. All experimentally found
scalings are well captured by a simple and generic model,
suggesting a robust mechanism for dynamically achieving
and maintaining an isometric relation between cell and
nuclear volumes even beyond the organism studied here.

II. MATERIALS AND METHODS

To quantify nuclear sizes from confocal image stacks,
we used the CALI1531 strain (GFP::PH(PLC161),
mCherry :: his-58, GFP :: LEM-2) in which the plasma
membrane and the nuclear envelope are highlighted by a
green fluorescent protein construct. The CAL1531 strain was
constructed by crossing OD58 [39] and ODS83 [40] strains.
All strains were maintained with standard procedures [41].
Hydroxyurea was used to prolong the time from pronuclear
meeting to nuclear envelope breakdown [42,43]. In this study,
gravid worms were soaked in 10 mg/ml hydroxyurea in M9
buffer for one hour.

For imaging, adult hermaphrodites were dissected in
0.75x egg-salt buffer (118 mM NaCl, 40 mM KCI,
34 mM CaCl,, 34 mM MgCl,, 5 mM HEPES pH
7.2). Isolated embryos were transferred to 18 x 18 mm?
coverslips coated with poly-L-lysine, mounted on a
glass slide, and sealed with VALAP. Confocal imaging
of these specimens was performed at 25°C using a
CSU-X1 spinning-disk confocal system (Yokogawa,
Tokyo, Japan) mounted on a BX71 microscope (Olympus,
Tokyo, Japan) equipped with an UPlanSApo 100x/1.40
objective (Olympus) and an EM-CCD camera (iXon,
Andor Technology, Belfast, Northern Ireland). The setup
was controlled by the MetaMorph imaging software
(Molecular Devices, Sunnyvale, CA, USA). Z-stacks of
16 imaging planes (2 pm separation) were acquired every
2 min for embryos in the two- to eight-cell stage, and every
75 s for the 24-cell stage. Each imaging plane was
illuminated with a 488-nm laser for 20 ms. An example
of a confocal image at the four-cell state is shown in
Fig. 1(a). The image stacks were then analyzed using
Imaris (Bitplane, Zurich, Switzerland). The borders of
nuclei and cells were manually traced for each Z section,
and the resulting volumes were calculated by the software.
An example of the segmented image stack is shown in
Fig. 1(b) [same embryo as in Fig. 1(a)].
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FIG. 1. (a) Representative confocal image of a C. elegans
embryo in the four-cell state with the green fluorescence high-
lighting plasma membrane and nuclear envelope (over a residual
fluorescence background in the cytoplasm and nucleoplasm).
(b) After manual segmentation of the entire image stack, the
identified cell boundaries (green) and nuclear envelopes (red)
allow for quantifying the respective volumes. (c) Representative
data for the growth kinetics of the nuclear volume V) for single
cells of the somatic (ABa, ABxxxx, MS) and germline (P1, P2)
lineages in a single embryo. The experimental data (symbols)
can be well fitted by Eq. (1) (solid lines, 0.81 < R? < 0.99).
(d) Largest nuclear volume Vi** observed experimentally before
cell division (black circles, n = 5 embryos), are linked to the cell
volume V by a sublinear relation VI ~ 0.37V%7 (black line,
R? = 0.76). In contrast, the asymptotic steady-state volume Vg =
Vo + V; (red open squares) obtained by Eq. (1) roughly follows
an isometric relation Vg = V /10 (red line), albeit with consid-
erable fluctuations (hence only R? = 0.33).

The findings from confocal imaging were complemented
with previously reported light-sheet microscopy data on
strain OD95 (GFP: : PH(PLC161), mCherry :: his-58) [44]
in which the plasma membrane and chromatin were
fluorescently labeled with different colors. In brief, three-
dimensional stacks of 51 individual dual-color images
were acquired every 30 s at 22.5°C using a custom-built
light-sheet microscope [45] with a spatial resolution (full-
width half maximum) of 495 nm (in-plane) and 1.2 pm

FIG. 2. (a) Representative image sequence of fluorescently
labeled chromatin in the P2 cell (1 min between consecutive
frames, scale bar: 5 pm). In the first image (anaphase of the
mother cell, P1), the chromatin of the second daughter cell (EMS)
is marked with an asterisk. The area of the chromatin signal is
approximately circular; i.e., nuclei were approximately spherical.
(b),(c) Representative time course of nuclear volumes, V y(z), for
differently sized cells of the somatic (AB, ABal, ABala) and
germline (P1, P2, P3) lineages. Symbols represent the mean of
n =9 untreated embryos. The standard error of the mean,
reflecting embryo-to-embryo variation, was less than or equal
to the symbol size for virtually all data points. Fits according to
Eq. (1) are shown as solid lines (0.92 < R? < 0.99). For large
cells, the nuclear expansion was stopped by the next division
event (dashed vertical lines), whereas nuclei of smaller cells had
sufficient time to reach their final volume.

(sheet thickness). Time series covered the development from
the single-cell state to the onset of gastrulation. A faithful
extraction of cell volumes for all cells along the lineage tree
until gastrulation has been performed and reported already
(see Refs. [32,33,46] for details). Temperature-dependent
data (previously published in Ref. [33]) are based on
strain XA3501 (GFP::H2B, GFP::tbb-2) [47], featuring
labeled histones and tubulin.

For the current study, we have used the median volume
obtained from the time courses of individual embryos,
averaged over all embryos, as the final volume of each cell,
V. In addition to untreated embryos (n = 9), images of
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embryos with the chitin eggshell removed (n = 9) were
also included [46] to investigate the influence of the rigid
confining ellipsoidal boundary conditions. Moreover, we
also included embryos that were forced via RNAI treatment
to be larger (target: C27D9.1; n = 7) or smaller (target:
ima-3; n = 3) than normal embryos [32] to probe effects of
the overall embryonic length scale.

To determine the approximate volumes of nuclei, V, we
reexamined these extensive sets of light-sheet images.
Chromatin fluorescence was seen in a roughly circular
shape in all embryos, cells, and images (except for
deformations during cell division); see Fig. 2(a) for an
example. This finding indicates an almost spherical chro-
matin assembly as the orientation of the embryos with
respect to the imaging plane was random. Therefore, at
each time point, we determined the maximum chromatin
area A for each cell across the image stack by automatic
thresholding (using the local minimum of the bimodal pixel
intensity distribution in maximum-intensity projections)
and determined from this the approximate nucleus volume
as Vy = 4A3/2/(3/x). For temporal registration, we have
assigned the starting point t = 0 for each newborn cell to
the image stack acquired 90 s after the onset of anaphase in
the respective mother cell. At this time, the daughter nuclei
were almost spherical again [cf. Fig. 2(a)]. Varying this
choice in the range of 120-180 s after anaphase onset
changed the values of the relaxation time 7 but did not affect
the scaling discussed in the main text.

III. RESULTS AND DISCUSSION

A. Experiments reveal a dynamic allometry of nuclei

As a first step to assess and monitor nuclear volumes in
C. elegans embryos over time, we used three-dimensional
reconstructions from time-resolved confocal imaging
(see Sec. II). Since confocal microscopy allows for dif-
fraction-limited imaging at very high spatial resolution in
all dimensions (due to the use of an objective with a high
numerical aperture), we reasoned that cellular structures
would be best resolved with this approach. Stacks of
confocal images [see Fig. 1(a) for a representative image
in the four-cell state] allowed us to obtain complete three-
dimensional reconstructions of the embryo [see Fig. 1(b)
for an example] from which the cell and nucleus volumes
were determined by image segmentation. To mitigate the
effects of bleaching-induced poisoning of the embryo and
because of the time-consuming image acquisition, only a
few data points V() per cell could be obtained with this
high-resolution imaging approach. As a result, we found
that even the data for single embryos, i.e., without any
averaging, clearly show an increase of the nucleus volume
over time in all tested cells [see Fig. 1(c) for examples]. In
addition to a general increase in nuclear volume over time,
we observed a convergence to plateau values for small
cells, e.g., for P2. In contrast, larger cells (e.g., P1) did not

reach a plateau, but nuclear growth was ended by the onset
of cell division.

Since cell division times and cell volume are anticorre-
lated in the early embryo [32], we reasoned that larger cells
would eventually also converge to a plateau if given suf-
ficient time before initiating the next cell division.
However, prolonging cell cycle times by genetic or phar-
maceutical means is intricate and prone to inducing
unwanted (additional) effects. With this caveat in mind,
we used a well-characterized approach [42,43] and treated
embryos with hydroxyurea to delay the first embryonic
cell division. Consistent with our caveat, we note that a
cumulation of defects due to hydroxyurea treatment pre-
vents cell division of P1 already in the two-cell state [42].
In accordance with earlier observations [42,43], we obser-
ved that hydroxyurea treatment delayed cell division and
increased the observable nuclear expansion period sub-
stantially (see Fig. S1 in the Supplemental Material [48]).
At the same time, the apparently unlimited growth of
nuclear volumes in untreated embryos was seen to saturate
in treated embryos, supporting the above reasoning. From
this finding (and additional data in Fig. 3, discussed below),
we conclude that all nuclei indeed undergo relaxation
growth toward a plateau value, but the process is stopped
in a premature stage by the early onset of mitosis in large
cells. Consequently, an allometric relation will depend on
the time at which the nuclear volume is quantified (unless
stationarity can be assumed).

To evaluate the time course of all nuclear volumes, we
fitted a simple relaxation law

0 5 10 15

20 t [min]

FIG. 3. When the ambient temperature is lowered from 22.5 °C
to 15 °C, the cell cycle time is prolonged [33], providing addi-
tional time for the nuclei to relax to their asymptotic volume.
The example curves refer to EMS cells at the indicated temper-
atures. For better comparison of the relaxation, the fluctuating
asymptotic volume Vg is divided out since no consistent trend of
the fit parameters in Eq. (1) as a function of temperature was
observed (Fig. S2 in the Supplemental Material [48]). A single
relaxation curve according to Eq. (1) (black line) is also shown
for comparison.
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to our experimental data [see Fig. 1(c) for representative
examples] and extracted the asymptotic volume Vg =
Vo + V4. In addition, we determined for each cell the
maximum nuclear volume Vy** observed before cell
division. In line with previous observations [14], the
maximum nuclear volume was found to scale sublinearly
with cell volume on average, Vi ~ V%75 [Fig. 1(d)]. In
contrast, the extrapolated asymptotic volume Vg follows,
on average, an isometric relation Vg = ¢V with ¢ ~ 0.1
[Fig. 1(d)]. The discrepancy between the scaling of V™
and Vg emphasizes the notion of a time-dependent
allometry.

Because of the limited number of data points for each
cell and since the plateau values for nuclear volumes are
often not reached, the fit parameters in Eq. (1) are plagued
by considerable statistical uncertainties, which explains the
strong jitter in Vg as compared to Vi** [Fig. 1(d)]. To
reduce the jitter by increasing the number of data points per
cell, we aimed to complement the data from confocal
microscopy with an imaging technique that allows for a
higher temporal resolution, even if we had to compromise
on spatial resolution.

As a complementary technique, we have chosen light-
sheet microscopy (see Sec. II), which allows for faster
imaging with negligible phototoxicity, albeit with the draw-
back of a lower spatial resolution. Light-sheet microscopy
also overcomes a pertinent problem in confocal microscopy,
namely, that imaging of unconstrained embryos beyond the
four-cell state can partially miss cells that are distal from the
objective. Here, three-dimensional stacks of 51 individual
dual-color images were acquired every 30 s with negligible
bleaching, allowing for a considerably better sampling of
volumes over time. Chromatin images revealed that nuclei
were almost circular in shape in all image planes, indicating a
nearly spherical shape of nuclei during interphase [Fig. 2(a)].
We therefore approximated the nuclear volume as Vy =
4A3/2/(3/x) via the largest nucleus area A in the image
stack (see Sec. II). Notably, these chromatin-based volume
estimates were, on average, 10%—15% lower than those
obtained by confocal imaging and reconstruction of the
surrounding nuclear envelope.

Using the light-sheet imaging data, with an improved
number of data points, we observed that nuclear volumes
indeed followed an expansion that is well described by
Eq. (1); see examples in Figs. 2(b) and 2(c). Notably, this
finding was not altered when evaluating embryos that were
left untreated, genetically modified to be larger or smaller
(see Sec. II), or devoid of an eggshell. Thus, neither a
change in the overall length scale of embryos nor a removal
of mechanical constraints imposed by the rigid eggshell
was found to alter the relaxation behavior of the nuclei.

To probe a continuing relaxation growth of nuclei for
prolonged cell cycles also with light-sheet imaging, we
took advantage of our previously reported data showing a
temperature dependence of cell division times in the early

embryo without treatment [33]. Specifically, the time
between cell divisions was observed to follow the
Arrhenius law, resulting in a prolonged cell cycle when
embryos were cooled from 22.5°C to 15°C. When ana-
lyzing nuclear volumes in these data, we did not observe
a consistent variation of the temporal evolution of nuclear
volumes; i.e., neither the plateau values Vg nor the
relaxation timescale 7 changed in a consistent manner with
temperature (Fig. S2 in the Supplemental Material [48]).
However, because of the longer cell cycle time at the lower
temperature, the relaxation process converged closer to
saturation (Fig. 3). Thus, both quantification approaches
clearly show that nuclear volumes follow a relaxation
process towards an asymptotic value that may not be
reached for large cells due to an early onset of the next
cell division.

The fit parameters extracted from Eq. (1) for all cells and
available embryos (from all treatments), revealed that the
minimum nuclear volume V, was, on average, independent
of cell size [Fig. 4(a)], whereas the asymptotic volume
scaled approximately linearly with cell volume, Vg =V +
Vi = ¢V with ¢ = 0.1 [cf. Fig. 4(b)], in good agreement
with previous observations, e.g., in fission yeast [13]. In
contrast, the largest observable nuclear volume Vy** showed,
again, a sublinear scaling (Supplemental Material, Fig. S3).
In addition, we also observed that the relaxation time 7
showed a clear correlation with cell volume [Fig. 4(c)]. This
correlation has not been reported before, and it clearly
highlights the higher complexity and dynamic nature of
the process, e.g., when trying to identify allometric relations
between nuclear and cell volumes.

Based on these findings, a heuristic interpretation of the
parameters in Eq. (1) seems appropriate. The minimum
nuclear volume V|, can be identified with the most compact
state of the enclosed chromatin since the DNA condenses
into compact chromosomes at prophase and only decon-
denses after anaphase, beyond which the nucleus shows a
growth in volume [cf. also image sequence in Fig. 2(a)].
The asymptotic value Vg can be interpreted as the steady-
state volume at which all forces that drive the initial
expansion of nuclei are counterbalanced. Near or at this
volume, chromatin will have reached a sufficiently decon-
densed state that allows not only for DNA replication but
also for transcription. Finally, z denotes the timescale
required to drive nuclear expansion via the decondensing
chromatin, against competing processes that aim to keep
the nucleus smaller. In the next section, we will examine
these events in more detail, with the goal of developing a
more detailed description that can explain our experimental
data and related findings.

B. Generic model for the dynamic allometry of nuclei

Before diving into the details, we provide a brief
rationale for how we have constructed the model possibil-
ities discussed in this section. Needless to say, our goal was
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FIG. 4. (a) Starting volumes of nuclei, V, are, on average, constant for all cells (cf. gray dashed line); i.e., no dependency on cell
volume V. is seen. (b) The asymptotic steady-state volume of nuclei, Vg = V;+ V|, is in agreement with an isometric scaling
Vs = V/10 (gray dashed line, R?> = 0.88). Deviations at V- ~ 10* pum? are most likely a consequence of an early interruption of the
nuclear growth in cells AB and P1 [cf. Figs. 2(b) and 2(c)], which truncates the time course V() and leads to an increased uncertainty
of the fit parameter V| in Eq. (1). (c) The typical relaxation time of nuclear growth, 7z, correlates with cell volume, following
approximately a scaling 7 = 0.05 Vzc/ 3 (gray dashed line, R?> = 0.51). Note that the data for untreated embryos (black circles), eggshell-
devoid embryos (red crosses), smaller embryos (green squares), and larger embryos (blue diamonds) follow the same trend in all plots;
i.e., neither mechanical constraints from the eggshell nor the total length of the embryo have a distinct impact. For each condition, all

available cell lineages are included here.

to find a reasonable scientific explanation for our exper-
imental data, consistent with the principle of Occam’s
razor. Thus, we are foremost interested in clarifying the
mechanisms that determine the observed relaxation process
and the resulting scaling behavior of Vg and 7. In addition,
any such model needs to be consistent with earlier findings
on allometric relations of nuclear and cell volumes.

Since many facets of the multiscale dynamics of chro-
matin and many proteins involved in nuclear size control
are still unknown, our model considerations can hardly be
linked to specific proteins and signaling networks, nor can
we include details of the polymer physics of the highly
charged chromatin strands. In essence, we have aimed for
an explanation at mesoscopic scales to reveal robust
physico-chemical mechanisms that cells can utilize to
measure and relate two internal length scales. Although
our considerations are based on and primarily targeted
at the blastomeric development of C. elegans, possible
extensions to cells growing between successive divisions
are discussed at the end of this section.

1. General considerations

As a first step, we note that a relaxation law of the form
depicted in Eq. (1) emerges from a differential equation of the
form dQ/dt = kQy —yQ. Starting from an initial state
Q(t = 0) < Qok/y, Q(t) follows an exponential relaxation
to a steady state with a time course that is formally equivalent
to Eq. (1) [after translation to volumes via V(¢) ~ Q(1)].
Thus, two variants for the relaxation can be considered:

(1) A single process whose growth is limited by the
successive depletion of a predefined and finite
resource Q, i.e., k =7y.

(i) A competition between two opposing processes,
e.g., a constant production term kQ,, that is opposed

by a degradation term yQ with k # y. This scenario
features a dynamic equilibrium without a fixed finite
resource that is predefined in advance.

Irrespective of these two scenarios, one has to consider
an amount of chromatin that does not vary with cell size but
is replicated prior to the onset of cell division. In this
context, it is worthwhile to recapitulate some milestones
during the cell cycle: Just before cell division, i.e., in
prophase, chromatin condenses into compact chromosomes
consisting of two genetically identical sister chromatids.
During anaphase, sister chromatids are separated, eventually
resulting in one copy per daughter cell. At the end of
anaphase, a new nuclear envelope forms around the chro-
matids, and chromatin decondenses [see also Fig. 2(a)].
This unfolding process can be expected to exert an entropic
pressure onto the nuclear envelope; i.e., it is likely to drive
the observed nuclear expansion. Yet, if nuclear size were
only dictated by the radius of gyration of decondensed
chromatin, all cells should have nuclei of the same size.
Therefore, unfolding must be limited by tuning the gyration
radius of chromatin, or the cell needs to provide a force that
counteracts the expansion of the polymer. Before considering
reasonable mechanisms along these lines, we provide arough
quantitative estimate of the gyration radius of free chromatin
and the pressure it can exert during decondensation.

For simplicity, we approximate the chromatin in
C. elegans embryos as a single DNA polymer with an
average persistence length 7, ~50 nm and a contour
length of 0.33 nm per base pair (cf. Table 1.1 in
Ref. [49]). The (haploid) genome of C. elegans consists
of about 97 x 10° bp, which translates to a total contour
length of L ~ 64 mm in diploid cells (assuming no com-
paction by histones and/or charges). The radius of gyration
is therefore R,~ ,/L¢,/3~32 um, and doubling the
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DNA during the cell cycle will even enhance this; i.e., we
assume R, ~45 pm as an upper bound for the typical
extension of free chromatin. Since embryonic nuclei have
radii in the range R = 5 pm, this estimate yields a typical
confinement ratio £ = R,/R ~ 9.

The free energy of a polymer confined to a sphere is
given by F = akgT&, with p=3/(3v—1) [50], which
yields f = 15/4 when using the Flory exponent v = 3/5.
The prefactor can be estimated as a ~ 4.46 (R, ~ 2R yields
F ~60kpT, cf. Fig. 4 in Ref. [50]). Investing the free
energy into mechanical work (expanding the nucleus)
yields the maximum pressure exerted by the chromatin,
p=F/V=0.14 Pa for £~9. Thus, the decondensing
chromatin exerts a pressure of about 140 mPa, maybe
even up to 1 Pa if we consider smaller nuclei. To rate
whether this is a very high pressure, we recall that (rather
fragile) giant liposomes can withstand pressures of
0.1 atm = 10* Pa without deforming or bursting [51].
This comparison suggests that the nuclear envelope can
easily withstand the pressure generated by chromatin
without bursting. In other words, the cell does not neces-
sarily need to compensate the expansion pressure in a fine-
tuned fashion for all possible cell sizes and confinement
ratios £. Instead, it can simply stop the expansion by
imposing an invariant boundary condition, e.g., by fixing
the available membrane area that can be used to build the
confining nuclear envelope.

Based on these considerations, nuclear size may be tuned
by two generic approaches: either by (reversibly) cross-
linking the chromatin at N, positions, which leads to a
smaller gyration radius by reducing the effective contour
length L — L/N, [52], or by adjustment or restriction of
the membrane area that constitutes the confining nuclear
envelope. In the Supplemental Material [48], we show and
discuss, in some detail, that tuning the chromatin gyration
radius is, in principle, a reasonable means to set the size of
the nucleus. Yet, when formulating detailed model variants,
we observe either inconsistencies with experimental find-
ings or potential instabilities; i.e., it appears implausible
that cells regulate nuclear volume (only) via the gyration
radius of chromatin. Therefore, in the next subsection, we
will focus on developing a model based on the alternative
mechanism (membrane area restriction), which yields a
considerably more plausible model. Here, we repeatedly
use the scaling A ~ V?/3 since, in virtually all cases, cells
and nuclei in the embryo are convex, nearly spherical
objects whose volumes and surface areas are determined by
the radius as V ~ R and A ~ R?.

2. Sizing nuclei by limiting the area
of the nuclear envelope
As a first step in formulating the model, we note that
volume-conserving cell division events cannot simultane-
ously conserve the membrane area. The easiest way to see

this is to assume that the mother cell and the two (equally
sized) daughter cells are spheres. In this case, cell division
yields V — 2 x V/2 for the volume and A = aV?? —
2 x a(V/2)?/3 ~ 1.26A for the area of the plasma mem-
brane. Therefore, the total area of the plasma membrane
must increase by about 25% after cell division. Even with
the transient use of excess area in the fluctuating plasma
membrane of the mother cell, daughter cells must either
continue to live with a substantial membrane tension
(which increases with each subsequent cell division) or
take up membrane material from endomembranes to meet
the increasing demand for a plasma membrane. In fact, it
has been shown that at least the final steps of cytokinesis
are fueled by vesicles from the endomembrane system that
fuse with the plasma membrane [53]. Here, the term
endomembrane system encompasses all organellar entities
along the exocytic and endocytic pathways, such as the
endoplasmic reticulum (ER), the Golgi apparatus, and
endosomes. In fact, the total mass of the endomembrane
system is dominated by the ER and the associated nuclear
envelope, with only minor contributions from other organ-
elles [54]. We therefore neglect these minor contributions
in the following discussion.

If the endomembrane pool is not replenished, i.e., if the
total membrane area is a limited resource that is set in the one-
cell stage, successively smaller portions of the endomem-
brane system would be consumed by the plasma membrane
at each division. Using spherical cells that divide into two
daughter cells of equal size, it is straightforward to show that
the remaining endomembrane area decreases at least propor-
tionally with the decreasing cell volume (more likely even in
a steeper, nonalgebraic way). This finding suggests that the
area of the (spherical) nuclear envelope should scale at least
proportionally with cell volume and the enclosed nuclear
volume should at least scale as Vé/ ?, in contradiction to our
experimental observation. Moreover, the assumption of a
fixed amount of membrane area assumes the synthesis of
phospholipids to be on hold during embryogenesis, which
appears implausible.

Based on these considerations, a dynamic equilibrium
of lipid synthesis, transport, and degradation—Ieading to
relaxation scenario (ii) of the crucial membrane resource—
appears more appropriate. In particular, the plasma mem-
brane and the endomembrane system (basically, the combi-
nation of the nuclear envelope and the ER, see above) will be
in dynamic equilibrium; i.e., the synthesis of new lipids
(almost exclusively in the ER [55]) is counteracted by an
ubiquitous degradation (e.g., by lipases). In addition, there is
membrane exchange between these two pools, e.g., by
vesicle- or protein-supported trafficking, or by direct contact
sites [55]. We can therefore write down simple kinetic
equations for the respective membrane areas:

dA endo
dt

= ksynth — YAendo T ®iApm — @, Acngos (2)
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dA
dl;M = —yApm — W;Apm + W Acndo- (3)

Note that y, w;,, and @, are, by definition, simple rates for
area loss and exchange, whereas the area production rate due
to lipid synthesis, kg, has units of an area per time. At
steady state, i.e., sufficiently long after cell division, the time
derivatives in Eqs. (2) and (3) vanish, yielding (after isolating
Apy on the left in both equations)

4 + D, k nth
APM = TAendo - Z)'t ’ (4)
D,
APM = mAendo- (5)

Approximating cells and nuclei as spherical objects, the area
of the plasma membrane will have to scale at steady state

with cell volume as Apyg ~ Vzc/ I Asa consequence, Eq. (5)
yields the same scaling for the endomembrane area,

Aendo ~ Apm ~ V%/ 3. The endomembrane pool is essentially
the union of ER tubules and the nuclear envelope (see above),
i.e., Aengo = Ay + Agr. Furthermore, in most eukaryotes,
including C. elegans, the ER and the nuclear envelope
form an interconnected membrane system along which
membrane material (lipids) can be exchanged by simple
diffusion [56,57]. Therefore, the dynamic balance
of the nuclear envelope area can be described by a simple

rate equation, dAy/dt = ki,Agr — KouAy, yielding Ay ~
Agr ~ Acndo ~ Vzc/ T at steady state. Combined with the

relation Ay ~ VIZ\,/S, this yields the experimentally observed
isometry Vy ~ V- at steady state.

A key component in the above derivation is lipid
homeostasis, as this ensures the balance between the
endomembrane pool and the plasma membrane [Egs. (2)
and (3)]. Therefore, a prediction of the model is that an
increased rate of lipid synthesis should result in larger
steady-state volumes of nuclei. In agreement with this
prediction, deletion of cnep-1, a negative regulator of ER
membrane biogenesis, increased the endomembrane pool
in early C. elegans embryos and resulted in significantly
larger nuclei [58]. Our line of reasoning is further supported
by data from sea-urchin embryos in which ER membranes
were found to be important drivers of nuclear growth [26],
and by data from fission yeast, indicating that the ER and
its associated lipid synthesis are regulators of nuclear
size [59].

Beyond steady-state considerations, we also need to
explain the correlation of nuclear relaxation times with cell
volume [Fig. 4(c)]. To this end, we recall that ER membranes
form a vast network that is interconnected with the nuclear
envelope in virtually all cells [56] [cf. sketch in Fig. 5(a)].
This extended network is established and maintained by
several mechanisms, including interactions of ER tubules

b) '
Lipid synthesis —~~Diffusion~

AER AN

FIG. 5. (a) Two-dimensional sketch of an idealized, spherical
cell. The expanding chromatin (red) aims at increasing the
nuclear envelope (gray circle in the center) whereas the connected
and contiguous ER membrane tubules (gray lines) are spread
along radially arranged microtubules (blue rods). Multiple
interactions with the cytoskeleton and contact sites with the
plasma membrane expand the vast ER network, hence limiting
the available membrane pool for nuclear growth; see main text for
details. (b) Fixing the ER membrane area in the vast network
limits the available material for the nuclear envelope. The nucleus
has to withstand the pressure from decondensed chromatin until
nascent lipids (synthesized in the ER) diffuse to the nuclear
envelope and get trapped there, hence relaxing the pressure by a
surface area increase; see main text for details.

with the stiff microtubule cytoskeleton, with the actomyosin
cortex beneath the plasma membrane, and through special-
ized protein complexes (so-called contact sites) with the
plasma membrane [56]. Moreover, the ER network remains
partially extended even during cell division, and it rapidly
reextends throughout the cell again after mitosis, in mam-
malian culture cells [60] and in C. elegans embryos [61],
hence fixing the ER fraction of the endomembrane pool.
Indeed, disruption of the actin cytoskeleton in C. elegans
embryos was seen to impair the dispersal of ER structures
throughout the cell at the end of mitosis [61]. Assuming that
these manifold interactions (that expand the ER) always
outcompete the chromatin-derived forces (that attempt to
increase the nuclear envelope area at the expense of the
ER), chromatin expansion cannot simply redistribute the
membrane area from the ER to the nuclear membrane.
Consequently, the nuclear growth can only be fed by newly
added membrane material. Having supplemented the plasma
membrane during cytokinesis, the endomembrane system
suffers from a lack of lipids after cell division, which is
compensated by the synthesis of new lipids in the ER
[cf. Eq. (2)]. Diffusion of these nascent lipids within the
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interconnected endomembrane system will eventually con-
tribute additional material to the nuclear envelope [cf. sketch
in Fig. 5(b)]. As these newly arrived lipids allow for nuclear
expansion, the free energy of the enclosed chromatin will
decrease, and the diffusion of lipids out of the nuclear
envelope becomes unfavorable. Thus, lipids are trapped in
the nuclear envelope, similar to a diffuse-to-capture scenario.
This result allows the nucleus to expand until Eq. (2)
approaches a steady state. Since nascent lipids diffusively
explore the ER until they get trapped in the nuclear envelope,
the relaxation time can be estimated from the mean square
displacement as 7 ~ Aggr /D ~ VZC/ 3. This prediction of the
scaling of 7 is in favorable agreement with our experimental
data [cf. Fig. 4(c)], even though the scatter in the data
prevents a too-close comparison.

For a more quantitative estimate, we consider a typical
diffusion constant D ~ 1 um?/s of lipids in membranes and
a typical cell volume V ~ 4000 pm?® in the embryo. EM
studies have revealed an area of 10 pm? of ER membrane
per um?® of cytoplasm (Table 1 in Ref. [62]), yielding an
estimate of 40,000 um? of ER membrane area in embry-
onic cells. Since lipid production sites are distributed
throughout the ER, nascent lipids must travel different
distances to reach the nuclear envelope. On average, lipids
may have to explore only about 10% of the ER before
reaching the nuclear envelope, suggesting a search time of
7 = 4000 um?/(4D) ~ 15 min. This very rough estimate
is consistent with the observed magnitude of timescales for
nuclear growth, providing additional support for our line of
argumentation.

Therefore, a reasonable model for our experimental data
is as follows: Homeostasis of cellular membranes results in
a dynamically maintained steady-state area of endomem-
branes with a scaling Ay ~ Aggr ~ Acndo ~ VZC/ 3. This yields
a steady-state volume of nuclei that scales linearly with cell
volume, Vy NAi,/z ~ V¢, in agreement with our experi-
mental data [Fig. 4(b)] and previous observations in mouse
macrophages [18], mammalian culture cells [22], and
fission yeast [13]. After mitosis, the endomembrane area
is below steady-state levels, but the ER is rapidly expanded
to and/or maintained at its maximal size. Lipid synthesis
replenishes the endomembrane pool, and nascent lipids will
undergo a diffusion-limited trapping scenario, providing
new membrane material in the nuclear envelope. Then, the
nucleus can grow with a relaxation time that scales as
T~ Agg ~ VE?, in line with our data [Fig. 4(c)].

DNA replication between successive cell divisions
increases the pressure on the nuclear envelope, but the
ER remains extended, limiting the available membrane for
nuclear expansion. As a result, the nucleus cannot grow
further but needs to withstand the higher pressure, in
agreement with a lack of expansion during DNA repli-
cation. Reducing the amount of DNA in each cell should
also have little to no effect, in accordance with the
observation of an unaltered nuclear size in haploid

C. elegans embryos [63]. Another interesting feature
of this model is the almost constant value of diffusion
constants D « kg7 in the embryo’s physiological range
(15-25°C yields barely a 3% change in absolute temper-
ature), suggesting constant relaxation times of nuclei. This
result is consistent with our observations (Figs. 3 and S2 in
the Supplemental Material [48]).

Since this model of nuclear envelope area restriction
invokes a general lipid homeostasis but does not depend
directly on the amount of DNA, nor on the production of
proteins or their import into nuclei, it also provides an
explanation for the observations of isometric nuclear size
in growing yeast cells under several perturbations [64],
including a blocked protein synthesis. Similarly, the model
is also expected to hold for mammalian cells, irrespective of
ploidy: The slow cell growth (on the timescale of hours)
seen for mammalian embryos or culture cells is much
slower than the relaxation of nuclei; i.e., the nucleus has
enough time to relax before the next cell division. A slow
increase in cell volume, plasma membrane, and endomem-
brane areas hence occurs in a quasi-steady state in which
the isometric scaling Vy ~ V is maintained (all compo-
nents essentially grow with the same slow rate). Only when
the balance of forces between the ER membrane and the
nuclear envelope is massively perturbed, e.g., due to a
massive dysregulation of protein expression levels, can one
expect marked deviations from the model predictions,
which may explain why highly dysregulated cancer cells
can deviate from an isometric scaling.

Finally, it is also worth noting that mammalian cells
feature considerably longer chromatin contour lengths, up
to L ~ 1 m. Therefore, it can be expected that additional
mechanisms, such as the discussed cross-linking of chro-
matin [48], may further supplement the basic mechanism of
limiting the available membrane for the nuclear envelope.

IV. CONCLUSION

In conclusion, we have shown here that nuclei in
C. elegans embryos undergo relaxation growth, which
results in a dynamic allometry of nuclear and cell volume,
Vi ~ VE; ie., the scaling exponent a depends on the time
at which the nucleus volume is quantified. Since cell
division times are inversely correlated with cell volume
in the early embryo [32], large cells interrupt the relaxa-
tion growth of nuclei due to an early onset of mitosis.
Monitoring nuclear volume just before mitosis therefore
yields a sublinear allometry, whereas the asymptotic
nuclear volume (after a full relaxation) follows an isometric
scaling Vy ~ V. Moreover, the relaxation time of nuclei is

seen to roughly follow a scaling 7 ~ VZC/ 3. All of these
findings are explained by a model in which the available
membrane for the nuclear envelope is limited by the
extended ER network. This model is also consistent
with previous findings on nuclear size in yeast under
varying conditions [13,64]. The model provides a robust
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physico-chemical explanation for the (dynamically) main-
tained isometry of nucleus and cell volume, preventing
overly large nuclei that possibly restrain and hamper vital
processes in the cytoplasm. Certainly, advanced biochemi-
cal pathways with cell- and species-specific regulatory
mechanisms might be added, equipping the basic mecha-
nism with additional redundance and robustness.
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