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ABSTRACT Coarsening is a ubiquitous phenomenon in droplet systems near thermodynamic equilibrium Ű as an

increase in droplet size lowers the systemŠs free energy Ű however, coarsening of droplets in non-equilibrium systems,

such as the cell nucleus, is far from understood. Liquid condensates in the cell nucleus, like nucleoli, form by liquid-liquid

phase separation and play a key role in the nuclear organization. In human cells, nucleolar droplets are nucleated at the

beginning of the cell cycle and coarsen with time by coalescing with each other. Upon coarsening, human nucleoli exhibit an

anomalous volume distribution 𝑃(𝑉) ∼ 𝑉−1, which cannot be explained by any existing theory. In this work, we investigate

physical mechanisms behind the anomalous coarsening of human nucleoli. Using spinning disc confocal microscopy, we

simultaneously record dynamical behavior of nucleoli and their surrounding chromatin prior to their coalescence in live

human cells. We Ąnd that nucleolar anomalous coarsening persists during the entire cell cycle. We measure chromatin

Ćows and density between and around nucleoli, as well as relative motion of two nucleoli before they coalesce. We Ąnd

that prior to nucleolar coalescence chromatin concentration decreases in the space between nucleoli and the nucleoli

move faster towards each other, resembling an effective depletion attraction between the coalescing nucleoli. Indeed, our

computational simulations of nucleolar dynamics show that short-ranged attraction is sufficient to explain the observed

anomalous volume distribution of human nucleoli. Overall, our results reveal a potential physical mechanism contributing to

coarsening of human nucleoli. Such knowledge expands our picture of the physical behavior of liquid condensates inside

the cell nucleus and our understanding of the dynamic nuclear organization.

SIGNIFICANCE Droplets near thermodynamic equilibrium are known to undergo coarsening, with an increase in

droplet size lowering the systemŠs free energy. However, coarsening of droplets in living systems, such as the cell

nucleus, remains an open question. Here, we study the physical mechanism behind the anomalous coarsening of

nucleoli, the largest liquid condensates found inside the cell nucleus. Using live cell microscopy, we investigate motions

of nucleoli as well as Ćows of their surrounding genome in human cells. Taken together, our data and computational

simulations reveal a potential physical mechanism contributing to coarsening of human nucleoli. Moreover, our results

contribute to our understanding of the physical behavior of liquid condensates inside the cell nucleus as well as the

dynamic nuclear organization.

1 INTRODUCTION

Particle coarsening ś the process by which small particles become larger ś has been studied across many physical and biological
systems, ranging from colloids to droplets, and from protein aggregates to liquid condensates (1ś3). Such studies are critical
to understanding a broad set of real-world phenomena, from air and water pollution to development of diseases such as
Parkinson’s, Alzheimer’s or type II diabetes (4ś6). The kinetics of the particle coarsening, aggregation for solid particles and
coalescence for liquid droplets, can vary from passive diffusion-limited process, collision-free Ostwald ripening to driven
chemically-reactive coarsening (3). In particular, coarsening in thermal systems has been extensively studied with experiments,
theory and simulations (7ś14). The time evolution of the particle volume distribution 𝑃(𝑉), one of the principal experimental
measurables, can be described by the Smoluchowski equation (15). It relates rates of particle aggregation and dissociation,
yielding a characteristic scaling for the given coarsening process (3, 9, 16ś18). In general, 𝑃(𝑉) is transient, as the material
supply is őnite. However, with a constant injection of material, volume conservation of particles pre/post coarsening and
diffusive dynamics, it has been shown that the system follows the scaling solution 𝑃(𝑉) ∼ 𝑉−1.5 (3, 17, 18).

Manuscript submitted to Biophysical Journal 1



Arsenadze et. al.

In recent years, a plethora of droplets ś liquid condensates formed by liquid-liquid phase separation ś has been found inside
cells (19, 20). In particular, liquid condensates, such as nucleoli and speckles, play a key role in the functional organization of
the cell nucleus (21). Such liquid condensates allow the cell to spatially segregate speciőc molecular machinery, and hence
biological processes, to speciőc regions of the nucleus. The biggest intracellular liquid droplet is the nucleolus, which resides
inside the cell nucleus (22). The nucleolus is composed of RNA and proteins, and involved in ribosome biogenesis, cell cycle
regulation as well as cellular stress response (22ś24). Nucleoli form at the nucleolar organizing regions (NORs) of the genome,
which contain rDNA that is transcribed within the nucleolus (25ś28). Since there are 10 NORs present in the human diploid
genome, human somatic cells contain 10 nucleoli at the beginning of the cell cycle (29). The nucleoli coalesce over time ś
leading to droplet coarsening ś until they dissolve shortly before mitosis (30, 31).

The life of nucleoli is closely connected to the genome, from their nucleation at NORs to their constant immersion
in chromatin solution inside the cell nucleus (21, 22). In fact, it was shown that the nucleolar surface is maintained by
ATP-dependent processes such as chromatin transcription and packing, and kinetics of nucleolar coalescence is governed by the
viscosity of the surrounding chromatin solution (32, 33). Additionally, the nucleolar volume distribution in human cells was
found to follow 𝑝(𝑉) ∼ 𝑉−1 (33). This differs from 𝑃(𝑉) ∼ 𝑉−1.5 for diffusion-limited coalescence with a constant material
injection, which was observed in passive droplet systems as well as for nucleoli in X. Laevis oocytes (3, 34). The different
scaling of 𝑃(𝑉) for nucleoli in human cells suggests a deviation from a diffusion-limited behavior, hinting at a possible role of
chromatin in aiding or hampering the nucleolar coalescence. Indeed, such an effect would not be surprising, as human nucleoli
remain tethered to chromatin őber during their lifetime, in contrast to nucleoli in X. Laevis oocytes, which are free to diffuse
(35). When freely moving optogenetic droplets were introduced into human nuclei, they were found to exhibit subdiffusive
dynamics due to the surrounding chromatin, with their growth following 𝑟 (𝑡) ∼ 𝑡0.12 (36). Simulations of freely moving droplets
in chromatin network suggest that chromatin arrests droplet growth and coalescence, thus stabilizing the multi-droplet state
(37, 38). Taken together, chromatin clearly impacts both nucleolar dynamics and kinetics of nucleolar coalescence in human
cells ś yet ś its effect on the nucleolar coarsening remains unknown.

The goal of this work is to investigate possible physical mechanism(s) behind the anomalous nucleolar coarsening in
human cells. Speciőcally, we examine the contributions of chromatin, its dynamics and density distribution, to the nucleolar
coalescence. To this end, we measure the nucleolar coarsening as a function of the cell cycle in live human cells. Moreover,
we simultaneously monitor nucleolar motions as well as dynamics and reorganization of chromatin around the nucleoli prior
to their coalescence. Our data reveal that nucleolar coarsening maintains the anomalous scaling of 𝑃(𝑉) ∼ 𝑉−1 during the
entire cell cycle. We őnd a decrease in chromatin concentration in the space between two nucleoli before they coalesce, while
at the same time the nucleoli move faster towards each other. We hypothesize that such a chromatin depletion leads to an
effective attractive interaction between the nucleoli. To test this hypothesis, we perform computational simulations of nucleolar
coalescence with and without an attractive interaction. We őnd that an effective attractive force between nucleoli can indeed
lead to the anomalous nucleolar coarsening observed in experiments.

2 MATERIALS AND METHODS

2.1 Cell Culture

The stable HeLa H2B-GFP and the stable Hela H2B-GFP/NPM-mApple cell line were cultured according to ATCC
recommendations (CCL-2). Cells were cultured in a humidiőed, 5% CO2 (vol/vol) atmosphere at 37 ◦C in Gibco Dulbecco’s
modiőed eagle medium (DMEM) supplemented with 10% FBS (vol/vol), 100 units/mL penicillin, 100 𝜇g/mL streptomycin
(Invitrogen), and 4.5 𝜇g/mL Plasmocin Prophylactic (Invivogen). Cells were mycoplasma free, as determined by the Invivogen
PlasmoTest (Invivogen). For timelapse experiments, H2B-GFP cells were plated 48 h prior to experiment on 35-mm MatTek
dishes with glass bottom no. 1.5 (MatTek), and transiently transfected 24 h prior to experiment with NPM-mApple plasmid (32)
using Lipofectamine 2000, following product protocol (Invitrogen). For DCS experiments, H2B-GFP/NPM-mApple cells were
plated 24 h prior to experiment on 35-mm MatTek dishes with glass bottom no. 1.5 (MatTek). Prior to experiments, the cell
media was changed to Gibco CO2-independent media supplemented with L-Glutamine (Invitrogen). When speciőed, cells were
synchronized using 10 𝜇M RO 3306 (ALEXIS), which arrests cells at the G2/M checkpoint of the cell cycle. Cells were then
released 1 h before imaging by washing with CO2-independent media supplemented with L-glutamine. Cells were mounted on
the microscope stage in a custom-built environmental chamber maintained at 37 ◦C with 5% CO2 supplied throughout the
experiment. The nuclear and nucleolar phenotype was found identical for the NPM-mApple transfected cells and NPM-mApple
stable cell line, with NPM-mApple reliably localizing to nucleoli in both cases (Fig. S1). Signal-to-noise ratio was obtained by
masking the nucleoli in the NPM-mApple signal and computing the ratio of the root-mean-square signal inside and outside
the nucleolar region. Due to higher signal-to-noise ratio in NPM-mApple transfected cells than in stable cell line (Fig. S1),
transfected cells were used for cell-cycle long high-precision nucleolar volume measurements. We further evaluated the effect of
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varying NPM-mApple expression in transfected cells on the nucleolar coalescence kinetics, by comparing volume distributions
of nucleoli with high and low NPM-mApple signal, őnding their volume distributions to be indistinguishable (Fig. S2).

2.2 Microscopy
Cells were imaged with a Yokogawa CSU-X1 spinning disc confocal head with an internal motorized high-speed emission őlter
wheel, Spectral Applied Research Borealis modiőcation for increased light throughput and illumination homogeneity on a
Nikon Ti-E inverted microscope equipped with an oil-immersion 100× Plan Apo NA 1.4 objective lens, and oil-immersion 60×
Plan Apo NA 1.4 objective lens, and the Perfect Focus system. The microscope was mounted on a vibration-isolation air table.
The pixel size was 0.065 𝜇m for the 100× objective and 0.1075 𝜇m for the 60× objective. H2B-GFP and NPM-mApple was
excited with a 488-nm and a 561-nm solid-state laser, respectively, and their emission was collected with a 405/488/561/640
multiband-pass dichroic mirror (Semrock) and then an ET525/50m and an ET600/50m emission őlter (Chroma Technology),
respectively. To image H2B-GFP and NPM-mApple at the same time, we illuminated the sample simultaneously with both
excitation wavelengths, 488 and 561 nm. The emission was separated by the W-View Gemini Image Splitter (Hamamatsu) using
a dichroic mirror (Chroma Technology), followed by an ET525/30m and an ET630/75m emission őlter (Chroma Technology).
The two ŕuorescent signals were allocated to the two halves of the image sensor, producing two distinct images. Images were
obtained with a Hamamatsu ORCA-R2 cooled CCD camera controlled with MetaMorph 7 (Molecular Devices). The exposure
time for each frame was 250 ms. The streams of 16-bit images were saved as multi-tiff stacks.

2.3 Image Processing and Data Analysis
Images were converted to single-tiff images and analyzed with MatLab (The MathWorks). The nuclear and nucleolar contours
were determined from the H2B-GFP and NPM-mApple signal, respectively, using previously published procedures (32, 39).
For time lapse experiments, nucleoli were manually identiőed and matched between frames, to follow the shape changes of
individual nucleoli. Images of the cells were taken every 3 hours over a 24 hour period, resulting in a total of 8 time points
starting at 3 h. The images were 𝑧-stacks with 17 focal planes, 0.5𝜇m apart. For synchronization purposes, only cells undergoing
mitosis at 𝑡 = 0 were selected for further analysis. Nucleolar areas and minor axes were determined by considering the contour
of the nucleolus in the equatorial plane of the nucleolus.

2.4 Displacement Correlation Spectroscopy (DCS)
The acquired images were analyzed using DCS following procedures described in (40). Chromatin displacement maps were
calculated for Δ𝑡 = 0.25 − 22.5 s for 56 HeLa nuclei using protocol in (40). DCS calculations were carried out using the New
York University High Performance Computing Cluster.

2.5 Chromatin Flux Calculations
Chromatin ŕuxes were calculated for three regions of interest: (i) in the channel separating pairs of nucleoli, (ii) in the boundary
layer surrounding each nucleolus, (iii) the rest of the nuclear bulk. The őrst region is built using the following geometric
construction: the centers of the two nucleoli are identiőed, and a connecting line is drawn between them. Then, two lines are
drawn perpendicular to the őrst one, one line through each of the nucleolar centers. The locations where these lines intersect the
boundary of each nucleolus will be the four corners of the "channel" region of interest. In the case of the "channel" geometry
between two nucleoli, the chromatin displacements and velocities are then decomposed into a coordinate system which is
determined by the relative positions of the nucleoli. The two components of chromatin displacements and velocities are denoted
"parallel" and "perpendicular". The "parallel" coordinate axis is deőned by the line connecting the centroids of the two nucleoli,
and the "perpendicular" coordinate axis is perpendicular to it, and thus pointing along the channel between the two nucleoli.
The construction of the boundary layer region of interest is as follows: The mask of the nucleolus is dilated by 5 pixels, and the
difference between the original and dilated mask is deőned as the boundary layer. Finally, the bulk region is deőned by taking
the whole nucleus, removing the masks of the nucleoli and the channel as deőned above, and eroding the boundary layer by 10

pixels to avoid effects from the nuclear envelope.

2.6 Nucleolar Volume Measurements
The volumes of nucleoli were calculated using two different methods: (i) spherical approximation and (ii) trapezoidal rule, to
verify the results. For both methods, the input data are 𝑧-stacks of NPM-mApple images with planes 0.5 𝜇m apart. The őrst
method was used in (33), it uses the image from the 𝑧-stacks, which contains the equatorial plane of the nucleolus and obtains
nucleolar contour as well as area 𝐴 delineated by the contour in this plane. Next, the nucleolar volume is estimated by assuming
a spherical shape, with 𝑉 =

4
3
𝜋 (𝐴/𝜋)3/2. The second method uses the entire 𝑧-stacks of confocal images and nucleolar contours

in each plane. The nucleolar volume is then approximated using a trapezoidal rule (41) to estimate the integral
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)

, (1)

where 𝑁 is the number of focal planes, 𝐴𝑖 are the nucleolar areas in each plane for the given nucleolus and Δ𝑧 = 0.5 𝜇m is the
spacing between the planes in the 𝑧-stack. The accuracy of the two methods was tested by őtting an example nucleolus to an
ellipsoid, and comparing the two estimated volumes to the best-őt ellipsoid volume. The spherical method had an error ∼ 5%,
while the trapezoidal method led to an error ∼ 2%. However, the resulting scaling form of the nucleolar volume distributions
remains unaffected, with the 𝑃 ∼ 𝑉−1 scaling recovered in both cases (Fig. S3). In this paper the results presented use the
trapezoidal method, due to overall higher precision of this approach.

2.7 Simulations
We perform simulations of droplet coalescence to investigate distributions of droplet volumes under different environmental
and physical conditions. The droplets, which represent nucleoli, are initialized in a simulation box with periodic boundary
conditions. The side length 𝐿 of the cubic box is chosen such that the initial volume fraction of droplets is 𝜙 = 0.05, matching
the works (34, 36, 42), with initial droplet volumes uniformly distributed between 0.5 − 1.5 and the initial number of droplets
being a parameter of the simulation. The time evolution of the droplets was done using fractional Gaussian noise, generated
using the freely available code FFGN (43). The method generates fractional Gaussian walks of desired length and Hurst
parameter, based on the circulant embedding method for persistent noise. This results in a fractional noise process with the
exact desired autocovariance (44).

In our simulations, we explore the following regimes of behavior: (i) We simulate particles with no interactions and constant
(or no) injection of new droplets, following the work in (34). (ii) The second regime is characterized by attractive forces between
the droplets, with and without injection of new droplets. For regime (i), after every coalescence if the resulting droplet is larger
than a prescribed fraction of the box size, it is reduced in size back to a radius of 1, to prevent any single drop from taking up
too much space in the box. For regime (ii), once droplets are too large they are removed from the simulation. In each case, the
data were collected over 100 parallel simulations with 10 initial droplets. Further details of simulation parameters are reviewed
in Supplemental Information.

In the case of attractive interactions between nucleoli (regime ii), the droplets are initialized at random locations in the box
and evolved using FFGN for the desired number of time steps, with an added deterministic drift which is generated by the
prescribed pairwise force őeld. The latter can be chosen to decay as a power-law or an exponential, and has a hard cutoff to
prevent excessive slowing down of the code due to pairwise calculation of far-off forces. At every time point, the code checks
whether two droplets overlap. If so, those droplets fuse, becoming one droplet with volume equal to the sum of its parent
droplets, and a center localized at the average of the previous two droplet positions. It inherits the random walk of one of its
parents (these are generated at the start of the simulation), chosen at random. After the system has evolved for the prescribed
number of steps, the resulting volume distribution is binned into a log-histogram and őt to a power-law.

2.8 Statistical Analysis
The statistical signiőcance of the reported results was evaluated using the following tests and assessments: Signiőcance of
correlations was evaluated using Pearson correlation coefficients as implemented in the corrcoef() function in MATLAB.
Where error bars are shown as shaded regions, they correspond to the standard error. To assess statistical signiőcance of
measured differences among MSD curves, a reduced 𝜒2-test was used.

3 RESULTS

3.1 Nucleolar Volume Distributions During the Cell Cycle

To elucidate the role of chromatin in the nucleolar coarsening, we őrst measure volumes of nucleoli in live cells as a function
of the cell cycle progression. To this end, we use HeLa cells with ŕuorescently labeled chromatin (H2B-GFP) and nucleoli
(NPM-mApple), which we synchronize at the beginning of their cell cycle. Using spinning disc confocal microscopy, we follow
cells that were mitotic at 𝑡 = 0 h and record high-resolution 𝑧-stacks of images of these cells every 3 h over the course of 24 h.

Figure 1A shows a series of micrographs of nuclei at 10 different timepoints during the cell cycle, with mitosis being 𝑡 = 0

h. Over the course of 24 h, we see the number of nucleoli decrease as they progressively coalesce into larger droplets. Since the
őrst time point at which we evaluate nucleolar volume is 𝑡 = 3h, we do not expect to observe 10 nucleoli as by then some may
have already coalesced (Fig. S4). An enlarged view of two examples of nuclei containing nucleoli undergoing coalescence is
shown in Fig. 1B. At each timepoint, we collect a 𝑧-stack of images in 17 focal planes 0.5 𝜇m apart, allowing us to visualize the
entire 3D organization of the nucleus. For each nucleolus we obtain a contour from the NPM-mApple signal using established
methods (32). We collect a nucleolar contour at every focal plane and every timepoint, where the given nucleolus is present in
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that all of them scale as 𝑃(𝑉) ∼ 𝑉−1 (Fig. S5), which is in agreement with our earlier study (33).
The scaling of the volume distribution 𝑃(𝑉) of a statistical ensemble directly informs on its coarsening mechanism

(3, 9, 16ś18). Strikingly, the scaling we observe for human nucleoli differs from the scaling of nucleolar volume distributions
in X. Laevis oocyte, which follow 𝑃(𝑉) ∼ 𝑉−1.5 (34), indicating a different coarsening process. Furthermore, the power-law
dependence 𝑃(𝑉) ∼ 𝑉−1 seems to remain consistent throughout the different times in the cell cycle, despite the ongoing
coarsening, i.e., volume distributions at later times contain more larger nucleoli. Indeed, at 𝑡 = 3h, we observe 141 nucleoli in
35 cells, while by 𝑡 = 24h the number of nucleoli decreases to 119. It is important to note that since we do not analyze nucleoli
below a certain size, the number of coalescence events we observe is only a lower bound.

To assess the effect of nucleolar coalescence vs. other potential coarsening mechanisms, such as the Ostwald ripening, we
measure changes in the average volume of the fusing and non-fusing nucleoli during the cell cycle (Fig. 1D). Since we only
measure the volume of larger nucleoli (due to our high-precision volume measurement), we anticipate an increase in their
volume in case of the Ostwald ripening. However, we őnd that non-fusing nucleoli do not change their volume signiőcantly over
the őrst 15 hours, while fusing nucleoli show a strong volume change. The volume scaling of 𝑝(𝑉) ∼ 𝑉−1 is maintained during
these 15 hours dominated by coalescence events. At times 15ś24 hours, the volume of nonfusing nucleoli slightly increases
(∼ 15%), however, the volume scaling of -1 remains preserved. Importantly, the volume distribution of non-fusing nucleoli
from Fig. 1D also follows 𝑃(𝑉) ∼ 𝑉−1 (Fig. S6), suggesting that these larger nucleoli were themselves formed by coalescence
of smaller nucleoli early in the cell cycle.

Taken together, our evidence suggests that the coalescence remains the dominating effect on the nucleolar volume distribution.
Thus, while we do not rule out a presence of the Ostwald ripening in the system, our data suggests the coalescence is the
dominating coarsening mechanism. A schematic of the droplet coalescence is shown in Fig. 1E, where we illustrate two droplets
(red) coming together, forming a neck upon contact (as seen in Fig. 1B), before fusing into one larger droplet with a volume
equal to the sum of its parent droplets. Interestingly, the observed 𝑃(𝑉) ∼ 𝑉−1 distribution as well as its mean are divergent, if
integrated over all volumes from 0 to ∞. However, if measured within őnite bounds given by the experiment, e.g. maximum
nucleolar volume is limited by the volume of the nucleus, the mean can be obtained. In addition, the mean of the volume
distribution increases throughout the cell cycle (Fig. 1C, inset), which is a known characteristic of coalescence processes (11).

3.2 Chromatin Fluxes Between Coalescing Nucleoli

To elucidate the anomalous scaling of the measured volume distribution of nucleoli in human cells, we investigate the role of
chromatin in the process of the nucleolar coalescence. To this end, we measure the ŕux of chromatin in the space between two
nucleoli on short timescales (∼ seconds). We record 25 s streams of images with temporal resolution of 250 ms of 38 HeLa cell
nuclei, containing 43 pairs of nucleoli. Fig. 2A-B shows an example of such a nucleus with micrographs of H2B-GFP and
NPM-mApple signals, respectively. From the H2B-GFP signal, we obtain maps of chromatin displacements across the entire
nucleus using Displacement Correlation Spectroscopy (DCS)(40). Figure 2C shows chromatin displacements computed at
Δ𝑡 = 10s. It is worth noting that this timescale is much shorter than the timescale of the coalescence itself, as we are seeking to
understand the forces driving the approach of nucleoli to one another before coalescence, as opposed to the forces driving the
coalescence itself.

Next, we developed a routine, which constructs a box between the two nucleoli, encapsulating the channel formed by the
nucleolar boundaries. First, a line connecting centroids of the two nucleoli is drawn, followed by two lines perpendicular to the
őrst, each of them passing through one of the centroids. The corners of the box are deőned as the points, where latter intersect
with the nucleolar contour. If there are multiple intersections with the nucleolar contour, we select the one that is closest to the
other nucleolus. In such case, the edges of the box do not coincide with the diameter of the nucleoli, as seen in Fig. 2D-E and
Fig. 3D . The resulting polygon is shown in blue in Fig. 2D-E. We then analyze the chromatin displacements within this region
of interest (Fig. 2F). Speciőcally, we use the blue polygon as a mask, which we apply to measured chromatin displacement
maps. It is important to note that that since nucleolar radii are ∼ 1𝜇m and the height of the confocal volume is Δ𝑧 = 0.5𝜇𝑚,
some chromatin ŕows although measured in between nucleoli can appear to be inside the nucleolus (Fig. 2F), when in reality
they are above and below the nucleolus, but below our 𝑧-resolution.

To analyze the chromatin ŕuxes, we őrst deőne the key variables as illustrated in Fig. 2G: the minor axis of the smaller
nucleolus, 𝑙𝑚𝑖𝑛, the distance between the nucleolar centers, 𝑑𝑐𝑒𝑛𝑡𝑒𝑟 , the minimum distance between the surfaces of the two
nucleoli 𝑑, and the coordinate system for the "parallel" and "perpendicular" components of the chromatin displacements, ®𝑣 ∥
and ®𝑣⊥. We then calculate the chromatin velocities separated into a local coordinate system shown in Fig. 2EśG, where the
velocities are separated into a component down the channel ®𝑣⊥, and another going across the channel ®𝑣 ∥ . Next, we temporally
average ®𝑣 ∥ and ®𝑣⊥ within the region of interest (see Materials and Methods, Section 2.5) deőned by the blue polygon in Fig.
2D-E. Fig. 2H shows the distribution of chromatin velocities in the channel between pairs of nucleoli, as measured by DCS for
Δ𝑡 = 10 s. We őnd that the velocity component down the channel (𝑣⊥) is Gaussian-distributed. However, the velocities across
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where ⟨⟩𝑡 indicates an average over all time points. This quantity informs on the motion of nucleoli relative to each another. Fig.
4A shows MSDs for all studied pairs of nucleoli. Following the deőnition of 3 nucleolar groups in Fig. 3E, we sort the measured
MSDs into groups I, II and III by 𝑑𝑐𝑒𝑛𝑡𝑒𝑟/𝑙𝑚𝑖𝑛 and compute an average MSD for each group. As shown in Fig. 4B, the relative
nucleolar mobility increases as they come closer to each other. The MSD magnitudes for group III (yellow curve in Fig. 4B)
are much smaller than MSD magnitudes for groups I and II at all observed times. We őnd 𝑝-value = 0.03 between groups II
and III, and ∼ 10−4 between groups I and III, suggesting that the dynamics of nucleoli in closer proximity to each other is
signiőcantly different (see Fig. S11 for 𝑝−value as a function of number of included datapoints). This dynamical difference
between group III and others may be related to earlier observations of nucleoli exhibiting correlated motions immediately prior
to their coalescence (33).

We őnd that the magnitude of the relative nucleolar displacements in Fig. 4A varies among different nucleolar pairs. We
evaluate these differences quantitatively by computing the standard deviation 𝜎𝑑 of the measured distances 𝑑 (𝑡) of all nucleolar
pairs. The values of the nucleolar distances at 𝑡 = 0 s and their subsequent ŕuctuations over time are shown in Fig. S8. When
surveying 𝜎𝑑 as function of the normalized nucleolar distance 𝑑𝑐𝑒𝑛𝑡𝑒𝑟/𝑙𝑚𝑖𝑛, we őnd they are correlated (Fig. 4C, Pearson
coefficient of −0.25), indicating an increase in nucleolar mobility as they come closer to one another.

Finally, we evaluate the ŕuctuations of the intranucleolar distance for the 3 groups. To this end, we compute the distributions
of relative nucleolar velocities Δ𝑑/Δ𝑡 at Δ𝑡= 10s for all 3 groups (Fig. 4D). We őnd the mean velocity for groups I, II and III to
be −6 × 10−4 ± 5 × 10−4𝜇ms−1,−2 × 10−4 ± 3 × 10−4𝜇ms−1 and 1 × 10−3 ± 3 × 10−4𝜇ms−1, respectively, and the skew of
-0.75, 0.08 and 0.62, respectively. Our data shows that the skew of the Δ𝑑/Δ𝑡 distribution systematically changes from group III
to II to I, from positive to negative values. Moreover, we őnd that Δ𝑑/Δ𝑡 distribution for nucleoli in group I, which are the ones
closest to one another, is signiőcantly biased towards negative values. This implies that nucleoli in group I experience a net
motion towards one another. To assess the statistical signiőcance of this observation, we generated 104 Gaussian samples with
the same number of datapoints and variance as in Fig. 4D. We őnd that skew of data in group I in Fig. 4D is indeed statistically
signiőcant, with its value being 3𝜎 away from the mean of the skew of the Gaussian samples (𝑝−value of 3 × 10−3, Fig. S12).

These results are consistent with our observations in Fig. 3H, which showed a decrease in the relative chromatin density
between nucleoli with their proximity to each other. The reduction of chromatin density between nucleoli and nucleolar
motion towards each other is further consistent with a depletion attraction (50). A decrease in chromatin density might
reduce the mechanical resistance to the nucleolar motion in the space between the nucleolar pair. In particular, a reduction in
heterochromatin concentration may lead to a reduction of the elastic modulus and viscosity of chromatin in the intranucleolar
space (46).

3.5 An Effective Model of Anomalous Nucleolar Coalescence in Vivo

We hypothesize that chromatin depletion in the space between two nucleoli prior to their coalescence may effectively cause an
attractive depletion interaction between the two nucleoli. Indeed, an attractive force affecting nucleoli prior to coalescence
could inŕuence the kinetics of the nucleolar coalescence and possibly lead to the observed anomalous volume distribution
𝑃(𝑉) ∼ 𝑉−1 of human nucleoli (Fig. 1). We test this hypothesis by simulating a system of droplets, which experience an
attractive force.

To this end, we employ a simple simulation scheme, which is similar to the simulations in (34, 36, 42). Speciőcally, the
simulation consists of a set of 10 nucleoli within a box with periodic boundary conditions, which represents a nucleus. Nucleoli
are initialized with small volumes, corresponding to a volume fraction 𝜙 = 5% of the simulation box (see Materials and

Methods, Section 2.7). We perform in parallel 100 independent simulations, the results of which we then combine to construct
the probability distribution of nucleolar volumes. This resembles the situation seen in experiments, as each human nucleus
contains 10 nucleoli at the beginning of the cell cycle. The droplet positions over time are evolved following a subdiffusive
fractional Gaussian motion, although we found that our results are insensitive to the absolute value of the subdiffusive exponent
of this motion. Upon contact, two droplets coalescence forming one larger droplet, volume of which equals to the sum of the
two coalescing droplets. The new droplet randomly "inherits" one of its parents’ subdiffusive paths that were generated at the
start of the simulation. Finally, we also allow for a pairwise, exponentially screened attractive force:

®𝐹𝑎 = 𝐴𝑒−𝑟/(𝜎𝑙)𝑟 , (2)

where 𝐴 and 𝜎 are parameters in the model, 𝑙 is the radius of the larger of the two droplets, and ®𝑟 is the relative position of the
two droplets. To speed up calculations, ®𝐹𝑎 is cut off to 0 if the droplets are further than 𝑙𝜎 apart from each other.

First, we sought to reproduce the nucleolar volume distribution found in absence of any interactions, i.e. 𝑃(𝑉) ∼ 𝑉−1.5

(34). To do so, we continuously injected new small particles at each time point as prescribed in the original work, and we
systematically removed any particles that get too large (i.e. their size is > 1/10 of the box size) to allow the system to reach
steady-state. Fig. 5A shows 3 snapshots from such a simulation. An example of an entire simulation can be viewed in Movie S1.
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nucleus, new droplets become available at a steady rate. Meanwhile, the lack of internuclolar attractive interactions may be
explained by the fact that chromatin in X. Laevis oocyte nuclei is present at very low concentration due to the large volume of
the germinal vesicle (35). Moreover, its chromatin is organized in the form of "lampbrush chromosomes", a tightly-packed
structure, which does not permeate the nucleus in the same way as human interphase chromatin does (56, 57). Therefore, it
is likely that the mechanism of chromatin-aided nucleolar coalescence identiőed in this work in human cells could not take
place in the frog egg nuclei. Instead, it was suggested that actin őlaments help to hold the nucleoli spatially distributed in the
large volume of the frog egg germinal vesicle (34). Finally, a recent study found that the nature of the droplet size distribution
(exponential vs. power-law) is given by the relative rates of nucleation and coalescence, with higher rates of nucleation leading
to exponential distribution and higher rates of coalescence to power-law distributions (42). Our őndings of human nucleoli in

vivo following a power-law distribution are consistent with the coalescence dominating the nucleolar volume distributions.
In summary, we have identiőed a possible physical mechanism of chromatin-faciliated nucleolar coalescence, where

chromatin aids in both the approach and coalescence of nucleolar droplets. Such mechanism could explain the anomalous
coarsening of human nucleoli. Of course, our proposed mechanism is likely only one of many contributing factors, considering
the complexity of the studied system, ranging from the őnite size of the human nucleus, the small number of nucleoli in
human cells, presence of active ATP-dependent processes in both the nucleus and nucleolus, viscoelasticity of the chromatin
surrounding human nucleoli, to large-scale coherent motions of chromatin in the cell nucleus (19, 21, 40, 58). Investigating
effects of these processes on the nucleolar coarsening may provide further insights into the physics of nuclear organization,
contributing to our understanding of the human cell nucleus in health and disease.
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