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Abstract

The nuclear envelope segregates the genome of eukaryota from
the cytoplasm. Within nucleus chromatin is further compart-
mentalized into architectures that change throughout lifetime
of the cell. Epigenetic patterns along the chromatin polymer
strongly correlate with chromatin compartmentalization and,
accordingly, also change during cell life cycle and at differentia-
tion. Recently, it has been suggested that sub-nuclear chromatin
compartmentalization might result from a process of liquid-
liquid phase separation orchestrated by the epigenetic mark-
ing and operated by proteins that bind to chromatin. Here,
we translate these observations into a diffuse interface model
of chromatin, which we named Mesoscale Liquid mQOdel of Nu-
cleus (MELON). Using this streamlined continuum model of the
genome, we study the large-scale rearrangements of chromatin
that happen at different stages of the growth and senescence
of the cell, and during nuclear inversion events. Particularly,
we investigate the role of droplet diffusion, fluctuations, and
heterochromatin-lamina interactions during nuclear remodel-
ing. Our results indicate that the physical process of liquid-
liquid phase separation, together with surface effects is suffi-
cient to recapitulate much of the large-scale morphology and
dynamics of chromatin along the life cycle of cells.
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Introduction

Functional compartmentalization is a ubiquitous hallmark of
life; by segregating bio-molecules and their interactions cells
achieve specialization and improved efficiency of many of
their functions (1, 2). In eukaryotic cells, the genetic mate-
rial is separated from the cytoplasm by the nuclear membrane
within the few cubic micrometers of nuclear space. Within
the nuclear boundary, we find further compartmentalization
which, however, exists in the absence of membranes (3). The
structural organization of chromosomes changes with the cell
type and phase of life, chromosomal loci have been observed
to move across genomic compartments during cell differenti-
ation. As a consequence, chromatin compartmentalization is
believed to play a role in gene regulation and in the definition
of cellular phenotypes (4, 5).

The first evidence of chromatin sub-nuclear organization in
interphase was the discovery of the nucleolus in the early

nineteenth century, followed by the discovery of regions
in the nucleus with distinct optical properties, which were
named heterochromatin and euchromatin (6). Heterochro-
matin appears dense and slow diffusing, containing regions of
chromosomes corresponding to mostly silenced genes. Eu-
chromatin, on the other hand, appear less dense and more
mobile, composed of mostly active genes (7, 8). The lat-
est electron microscopy tomography experiments have con-
firmed the DNA density variations between heterochromatic
and euchromatic regions without, however, finding any struc-
tural difference between the two types of chromatin (9).
Clear evidence of hierarchical compartmentalization in chro-
matin at multiple scales have emerged through studies em-
ploying DNA-DNA proximity ligation assays. First, two
genomic compartments were observed (3), named A and
B which were then refined through higher resolution ex-
periments to reveal the existence of even smaller sub-
compartments (5). The A and B compartments appear to be
enriched in epigenetic markings correlating with transcrip-
tional activation and silencing respectively. Several studies
have suggested that chromatin compartmentalization might
results from a process of liquid-liquid phase separation or-
chestrated by the epigenetic marking and operated by pro-
teins that bind along the DNA polymer (10-15).

Chromatin compartmentalization is also consistent with re-
cent experiments that have revealed the remarkable ability of
intrinsically disordered proteins to phase separate and form
liquid-like protein-rich droplets (16—19). Akin to oil droplets
in a well shaken bottle of vinaigrette the protein rich droplets
can appear and disappear according to external triggers, can
divide and undergo fusion forming larger droplets (20-22).
Most importantly, in the latest series of experiments, mem-
bers of the family of HP1 proteins (Heterochromatin pro-
tein 1) known for regulation of heterochromatin content in
the nucleus have been shown to undergo liquid-liquid phase
separation both in vivo and in vitro under variety of condi-
tions (23, 24). Consequently, protein-induced phase separa-
tion of chromosomal domains might constitute a direct phys-
ical mechanism for regulating genetic processes in space and
time in the nucleus (16, 25).
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The global architecture of chromosomes appears indeed to be
determined by the interplay between chromatin phase sepa-
ration and motor activity (10-12, 26, 27). Besides chromatin
compartmentalization, the other prominent feature of genome
three-dimensional architecture, the topologically associated
domains (TADs), also appear to arise through either or both
the processes of phase separation and DNA extrusion (28).
Theoretical models based on polymer dynamics have been
successfully used to connect one-dimesional epigenetic infor-
mation to the three-dimensional architecture of the genome.
Indeed, it is possible to predict the structural ensembles of hu-
man chromosomes with high accuracy based exclusively on
information extracted from chromatin immuno-precipitation
sequencing (ChIP-seq) (11). The same theoretical frame-
work, composed exclusively of polymer connectivity, mo-
tor activity and micro-phase separation was shown to suc-
cessfully explains a wide range of experimental observations
about the dynamics of chromosomal loci (12). The sub-
diffusive behavior of chromatin together with the heterogene-
ity of the individual diffusing trajectories (29), the viscoelas-
ticity of the nuclear environment (30) , and the coherent mo-
tion of DNA observed by correlation spectroscopy (31) were
all naturally predicted through theoretical and computational
modelling.

Here we set out to investigate the specific contribution of
liquid-liquid phase separation to genome architecture and
separate its effects from those of polymer connectivity and
motor activity. To gain insights into the roles of phase sep-
aration and surface effects in chromatin compartmentaliza-
tion, we introduce the MEsoscale Liquid mOdel of Nucleus
(MELON), a physical model of nuclear organization which is
rooted in the theory of complex fluids. We use diffuse inter-
face finite element simulations to model the evolution of nu-
clear chromatin compartments under various developmental
processes including growth and inversion/senescence. Our
approach draws inspiration and integrates elements of sev-
eral mesoscopic cellular models such as the two-fluid hydro-
dynamic model of chromatin (32), the multi-cellular growth
model (33, 34), the polymer models with epigenetic coloring
already mentioned and active cellular mechanics (35-37).
We apply MELON framework for modeling liquid-liquid
phase separation driven reorganization of chromatin com-
partments in Drosophila melanogaster nucleus under wide
variety of conditions including both equilibrium and non-
equilibrium nuclear remodeling. The generic nature of the
MELON model and the minimal assumptions that we have
built into it, however, allow us to draw conclusion on the
physical nature of chromatin reorganization which should be
generally applicable for wide variety of eukaryotic nuclei be-
yond the specific case of Drosophila.

The meso-scale liquid model of the nucleus
(MELON)

In this section, we present the basic physics and motivat-
ing biology behind the MEsoscale Liquid mOdel of Nucleus
(MELON). More details about the mathematical formula-
tion and computational implementation of MELON can be
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found in the Supporting Information. The MELON is set
up to model the micron scale liquid dynamics and epigeneti-
cally orchestrated liquid-liquid phase separation of chromatin
compartments in the nucleus. To this end, we construct the
global free energy functional based on essential physical fea-
tures: phase separation, surface tension, volume constraints
and specific interaction of chromatin types. The nuclear chro-
matin morphology is defined through fluctuating order pa-
rameters which resolve (i) Nuclear membrane ¢q(r,t) (ii)
Global ¢ = 1,..., N chromosome territories ¢;(r,t) and (iii)
Epigenetic states of chromatin ¢ (r,t) which smoothly varies
from O to 1 corresponding to A and B chromatin types re-
spectively (Fig 1).

The time evolution of all the order parameters is governed
by a global free energy functional. The specific forms of
the free energy functional terms are motivated either by ba-
sic experimental facts about the chromosomal organization
(existence of territories and types) or polymeric physics of
chromosomes (excluded volume, de-mixing of types). The
mesoscale resolution of chromatin naturally addresses the
questions of epigenetically driven liquid-liquid phase sepa-
ration, surface effects of chromatin compartment formation
as well as diffusion and fluctuations of chromocenters and
liquid chromatin droplets within the nucleus.

Degree of phase separation
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Fig. 1. [lllustration of the MELON framework. Nucleus is resolved by several
marginally overlapping liquid-like chromosomal territories each of which is de-
scribed by an individual field variable. Within each chromosomal territory, we intro-
duce an additional variable describing (possible) chromatin phase separation into
A/B types that form hetero or eu-chromatin droplets. A separate field variable is
introduced for describing the elastic membrane and its relaxation dynamics during
the events of nuclear growth or inversion.

After all the relevant interactions are accounted, the steady-
state nuclear morphology is generated by a stochastic search
for the global minimum of the free energy functional in the

space of phase-field variables ¢ = {0, {¢i}i=1,... N, ¥}

Flp] = Fplp]+ Frle]l+ Falel + Frlpo,] (1)

The base free energy term Fp accounts for surface en-
ergy contribution of chromosomal interfaces and intra-
chromosomal A/B interfaces. For all domains de-
fined by field variables ¢ = {@o,{¢i}i=1,. N,¥} we
assume a simple Landau-Ginzburg form including dou-
ble well bulk free energy and surface contributions:

2
Jo d| feoea () + £ (Ve)?|. Where € is the domain of
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the simulation, and €, interfacial thickness parameter and
fcoex 1s the free energy determ that maintains coexistence be-
tween two chromsomal phases . The restriction term Fg[¢p]
establishes chromosomal territories in the nucleus by penal-
izing the spatial overlap between chromosomal domains de-
scribed by field variables ¢;. The free energy penalties for
excluded volume interactions are introduced via positive vol-
ume overlap terms f;; [ dQ2h(¢;)h(¢;) between different
domains. The h(¢; ) functions are standard polynomial forms
for approximating volumes of different domains, and can be
found in SI. The strength of interaction between different
chromatin and nuclear domains are dictated by the energetic
prefactors j3;;. These prefactors quantify heterochromatin-
nuclear envelope soft-excluded volume interactions S,y =
Bo = const, chromosome-chromosome soft-excluded vol-
ume interactions Sy, = B, = const and euchromatin-
heterochromatin mixing affinity 3, = 3y (See SI for nu-
meric values of all the coefficients). The mixing affinity term
By is varied extensively during simulations for investigating
the impact of A/B type interactions on nuclear morphology
and kinetics of chromatin reorganization during nuclear re-
modeling processes.

The growth free energy term Fg[p] controls the volume
growth/shrinking of chromosomal territories upon nuclear
volume changes. The growth terms are defined via the har-
monic restraint o;(V; — V;)? which favors stable domain
size V; and the energetic prefactor ; govern the strength
of domain localization. The F7[po,v] term accounts for
heterochromatin-lamina interactions giving rise to the so
called lamina associating domains (LADs) formed by het-
erochromatin regions (38). LADs have significant nuclear
presence and are localized near the inner nuclear membranes
in most of the mammalian nuclei. We model this aspect
of nuclear architecture by a strong membrane affinity term
which keeps heterochromatin preferentially clustered in the
vicinity of the membrane region. This preferential interac-
tion of heterochromatin with nuclear lamina is realized via
Frleo, ] =7 o dQVh(po) - V(1)) gradient term. Where
~ is a binding affinity coefficient quantifying how strong het-
erochromatin is "attracted to" nuclear lamina or nuclear en-
velope relative to intra-chromosomal interactions.

After specifying the full free energy functional of nucleus the
dynamic equations can be written for each phase-field vari-
ables using an Allen-Cahn prescription (39):

Oe0 _ _, OFlp]
ot #o dpg
9¢i _ . OF[g]
ot L, S )
op o OF[g

The term 7, accounts for fluctuations at the boundaries of
euchromatin/heterochromatin islands due to finite size nature
of droplets. The fluctuations are modeled as Brownian noise:
(N (x,8) 1y (2, )) = Apd(r —1’) 6(t — t') where the ampli-
tude of noise Ay = 2kpTe L, sets the "effective tempera-
ture" T,y of the nucleus (32) which can be taken as a mea-
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sure of ATP activity in comparisons with experiment (40, 41).
We note that can in MELON framework one can readily in-
troduce active processes and driven fluctuations in chromatin
liquid droplets (40, 41). The time scale of chromatin relax-
ationis set by 7 = L 1. It is well know that in different devel-
opmental stages of eukaryotic cells the dynamics of nuclear
processes proceed on vastly different time-scales. Therefore,
when modeling nuclear rearrangements in post-embryonic
interphase we set 7 = 5-1073h and when modeling long-
term nuclear senescence we set 7 = 5h to match the relevant
time-scales of attaining different nuclear morphology.

Impact of chromosome territorial affinity and
heterochromatin-lamina interactions on eu-
chromatin/heterochromatin phase separation

To illustrate the consequences of liquid behaviour and phase
separation of A/B chromatin types in the nucleus we apply
MELON to model drosophila nucleus in its various devel-
opmental stages. Recent experiments suggest that liquid-
liquid phase separation of chromatin domains in Drosophila
melanogaster nuclei is orchestrated by HPla proteins,
which under favorable conditions would form liquid con-
densates and dissolve heterochromatin regions within liquid
droplets (23, 24, 42). Polymer models have shown the im-
portance of A/B phase separation (11, 12) as one of the
main driving forces behind chromatin organization in mam-
mals. Heterochromatin-lamina interactions (43-45) are in-
stead thought to be responsible the swithcing between con-
ventional and inverted nuclear morphology.

Using our phase field model of the nucleus, we investigate
the role of various terms in the global free energy functional
in generating steady-state nuclear morphology liquid-liquid
phase separation dynamics. We set the average heterochro-
matin content of the nucleus at 25 % corresponding to the
post-embryonic stage of Drosophila nucleus (46). Later on,
we will vary this content when investigating the impact of
heterochromatin content on the dynamics of phase separation
and the resulting nuclear morphology.

To describe chromatin dynamics in the nucleus quantita-
tively, we evaluate the temporal evolution of the summed
volumes of individual chromosomes V' (¢) and heterochro-
matin droplets from all chromosomes v(¢). The simulations
that generate starting nuclear morphologies (Fig. 2AB) show
that volumes V' (¢) and v(t) evolve until nucleus is filled
with liquid state chromatin at which point a steady state is
reached where compartments acquire well defined volumes.
After coexistence between different liquid chromatin com-
partments is reached, we investigate how variations of inter-
action strengths defined in previous section alter the coexis-
tence state of the nucleus.

We first investigate the impact of chromosome type mixing
affinity 3, which govern the interaction range between chro-
matin compartments. We see that strong affinity leads to
mixed states for heterochromatin droplets while weaker mix-
ing affinity leads to fusion of heterochromatin droplets (Fig.
2CD).
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Fig. 2. Evolution of chromosomal (Fig. A)) and heterochromatin (Fig. B)) volumes
in the idealized nucleus with and without heterochromatin-lamina interactions. The
snapshots show the nuclear morphology at different times during the generation
stage of the nucleus. The nuclear compartment is colored in blue, chromosome ter-
ritory in green and heterochromatin compartment in red. (C) Phase diagram of nu-
clear morphology showing the impact of various constraints/affinities on liquid-liquid
phase separation of A/B domains in the formation heterochromatin/euchromatin
territories. Phases are defined in terms of connectivity between heterochromatin
droplets (continuous vs discontinuous or piece-wise continuous variation of 1 vari-
able, see also Sl). Phase | corresponding to fully disconnected and mixed state
phase Il corresponding to strongly connected and de-mixed or partially de mixed
states (D) Examples morphologies of different phases.

Variation of nuclear membrane lamina-heterochromatin in-
teraction shows that nuclear morphology is significantly af-
fected by the changes in lamina anchoring strength. This
is unsurprising given the large surface area of nuclear enve-
lope. Indeed when we set a non-zero affinity v > 0 for the
lamina interactions the heterochromatin shows pronounced
localization near the nuclear envelope. In the presence of
dominant lamina-heterochromatin interactions the impact of
mixing affinity is now seen in different thickness of the het-
erochromatin belt formed around the nuclear envelope. This
somewhat subtle difference is due to the competition between
the lamina binding energy (negative term in the global F'[¢])
and territorial interaction energy (positive term in the global
F[p]). Thus, consistent with optical microscopy observa-
tions (46, 47) and polymer simulations (43, 44), the lamina
binding affinity is indeed one of the dominant physical inter-
action that shapes the conventional nuclear architecture.

Loss of affinity has been shown to lead to inversion of nu-
clear architecture, which we show is a naturally emerging
behaviour of our model of the nucleus (47, 48). In the
subsequent sections we show that the inversion behaviour
along with its characteristic kinetics is naturally explained by
"liquid-like" behaviour of chromatin.
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Impact of diffusion, fluctuations and hete-
rochromatin content on formation of liquid-
chromatin compartments

In this section we study the roles of heterochromatin droplet
diffusion, fluctuations and nuclear heterochromatin fraction
on the kinetic of phase separation in the idealized nucleus
during interphase and senescent phases. The setup of the first
set of simulation is mimicking the rapid liquid like nucleo-
protein droplet fusion events during interphase the dynam-
ics of which have been observed and quantified in multiple
recent experiments (23, 24, 49). In vivo, heterochromatin
droplets and organelles display shape and size fluctuations
because of both thermal fluctuations in the and active, ATP-
driven motor activity in the nucleoplasm (50). In the present
scheme of MELON framework, we model fluctuations by a
thermal noise term which accounts for the fluctuations of fi-
nite sized droplets in an effective manner. Introduction of
fluctuation has allowed us to quantify how "effective temper-
ature" in the nucleus impacts the kinetics of phase separation.
To this end we have carried out simulations with fixed nuclear
volume while varying fluctuation amplitude values.
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Fig. 3. Impact of euchromatin/heterochromatin boundary fluctuations on the hete-
rochromatin droplet fusion dynamics. Shown are (A) Profile of droplet fusion time
as a function of droplet fluctuation amplitude (B) The fluctuation profile along the
heterochromatin order parameter (C) Representative snapshot of droplet fusion dy-
namics for A, = 10 amplitude and post-embryonic interphase cycle for which chro-
matin relaxation timescale is set: 7 = L= =5.10"3h

We find that passive fluctuations lead to enhancement of
liquid droplet contact and fusion events which in turn
enhance the kinetics of phase separation in the nucleus
(Fig. 3AB). Thus, the fluctuation amplitude of heterochro-
matin/euchromatin interfaces effectively increases the cap-
ture radius or diffusion coefficient of the liquid droplets (Fig.
3AB). Finally the comparison with experiment shows that
liquid state model of chromatin in MELON framework ac-
curately capture the nuclear coalescence profiles and the de-
tailed time-lapse and contours of droplet fusion events (Fig.
3BC).

Next we fix the fluctuation amplitude of droplets at fixed
moderate value and consider large scale nuclear reorganiza-
tion processes which are initiated upon severing the lamina
and heterochromatin. These simulations would serve as a
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Fig. 4. Impact of heterochromatin volume fraction on the nuclear compartment reor-
ganization with fixed nuclear size. Shown are nuclear morphologies generated with
different heterochromatin contents: (A) p = 25% (B) 30% and (C) p = 45%. Simu-
lations are initiated by terminating Lamina-heterochromatin interaction and the time
scale of chromatin relaxation is set for modeling nuclear senescence and inversion
7= L"' =5h. A, = 5 of mammalian nuclei (46)

point of comparison with nuclear volume remodeling sim-
ulations of senescence and inversion reported in the next
section. Starting from a conventional nuclear morphology
with 25% of heterochromatin fraction content, we monitor
droplet fusion leading to partial phase separation of hete-
rochromatin. Consistent with the microscopy experiments,
the conventional structure is with sequential displacement of
heterochromatin towards the center of the nucleus (Fig. 4A).
During the reorganization stage, the adjacent heterochro-
matin droplets fuse together thereby reducing in the number
of chromocenters in the nucleus (Fig. 4A)). To predict the
impact of heterochromatin mobility and its fraction in the nu-
cleus on phase separation kinetics, we performed simulations
with different values of heterochromatin fractions and differ-
ent diffusion coefficients. To do this, we assume that dur-
ing the nuclear reorganization the heterochromatin continue
growing to reach the prescribed fraction. Indeed, changing
the heterochromatin fraction in conventional nuclear archi-
tecture to a newly prescribed fraction in inverted architecture
should not impact strongly the displacement and fusion of
heterochromatin droplets because the growth kinetics of het-
erochromatin is very fast with respect to heterochromatin mo-
bility. Figures 4(B,C) represent the inverted nuclear architec-
ture obtained for 30% and 45% of heterochromatin fraction
content in the nucleus. As one would expect the higher het-
erochromatin content leads to faster phase separation associ-
ated with a decrease in the clustered heterochromatin number.
The displacement of the heterochromatin droplets within the
nucleus is controlled by the diffusion which the velocity is
related to the thickness of euchromatin-heterochromatin in-
terfacial region. The simulation results performed for a given
heterochromatin fraction (30%) and a fixed nuclear volume
showed that increasing the diffusion coefficient accelerate the
fusion of heterochromatin droplets to form two clusters at
steady-state of nuclear morphology for a higher value (Fig.
S3). Additionally, we find there to be a critical threshold ex-
ceeding of which leads to fully phase separated morphology
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given reasonable diffusion constants and absence of any de-
segregating lamina-heterochromatin interactions.

Interplay between chromatin phase separa-
tion and nuclear volume remodeling accom-
panying senescence

The cell nucleus is subject to continuous remodeling ac-
tivity changing volume, shape or internal organization in
response to variety of external or internal signals. Dur-
ing the interphase, eukaryotic nuclei undergo steady expan-
sion; during senescence (51) and embryonic development
of rod cells (46, 47), however, nucleus can lose lamina-
heterochromatin affinity and undergo large-scale redistribu-
tion of chromatin where heterochromatin becomes concen-
trated in the center of the nucleus. This large scale chro-
matin remodeling is often accompanied by shrinking of nu-
clear volume (47). Given the frequency in which nuclear vol-
ume/shape change and chromatin reorganization happen to-
gether, one may expect there to be robust mechanisms tuned
with volume drift and fluctuations.

Phase separation of chromatin domains provides one such
robust mechanism for rapid mobilization of large section of
genome with predictable dependence on volume changes . In
this context it is therefore worthwhile to investigate in detail
how the kinetics of chromatin phase separation couples with
the remodeling of nuclear volume.

To this end we have carried out simulations that mimic pro-
cesses of nuclear senescence and inversion happening on the
time-scale of days and resulting in dramatic change in nuclear
volume and euchromatin/heterochromatin.

Within the current MELON framework, remodelling of the
nuclear volume is simulated by uniaxial slow compres-
sion/expansion of membrane boundaries which allows the
liquid chromatin compartments to expand/contract. The vol-
ume remodeling processes considered are all propagated at
constant rate which is taken to be much slower than any of
the intra-nuclear diffusion time scales: T,emod = L;OI <

TA/B = L;l. In this work we did not consider anisotropic
deformations and fluctuations of the nuclear envelope (52)
which certainly could be an interesting question that merits
separate investigation.

The figure 5 shows the impact of nuclear volume changes
on chromatin reorganization dynamics in the absence of
heterochromatin-lamina interactions. We see that in all
cases heterochromatin/euchromatin distribution driven to-
ward completely phase separated states with heterochromatin
accumulating in the vicinity of the nuclear core. However,
the kinetics and morphology of this transition are markedly
different relative to constant volume case of the previous sec-
tion. This shows that chromatin diffusion rates and volume
remodelling rates can be in a tug of war with each other. Ad-
ditionally, we see that the chromosome territories can remain
well separated during remodeling of nuclear volume which
is suggesting that coexistence of key sub-nuclear compart-
mentalization of A/B types with optimal affinity can be made
robust to volume remodeling.
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To quantify the dynamics of heterochromatin/euchromatin
phase separation, we have investigated how the number of
heterochromatin clusters vary with target nuclear volume
while keeping remodeling times fixed. The results show that
the value of final volume leads to more rapid phase separa-
tion because in smaller nuclear volumes the encounter rates
of heterochromatin droplets are higher (Fig. 6). Indeed, the
distance between two regions occupied by heterochromatin
becomes small when the nuclear volume decreases so the fu-
sion between them becomes more favorable. Since the re-
laxation time of the nuclear envelope (L, = const) is being
kept constant it is also interesting to evaluate the character-
istic time of relaxation of heterochromatin domains in order
to assess how much the dynamics of internal chromatin mo-
tions are affected. We find that the chromosome territories
relaxed to their equilibrium volume with a nearly same re-
laxation time of the nucleus whereas the heterochromatin do-
mains relaxed faster (Fig 6 and Table S1).
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Fig. 5. Impact of nuclear volume remodeling on euchromatin/heterochromatin
phase separation. Shown are simulations tat remodel nuclear volume by (A) nu-
clear growth with 10% of volume expansion (B) uniform nuclear compression of
oblate nuclear envelope by 40% and (C) Nuclear compression by 50%. Overall
heterochromatin fraction content in the nucleus is fixed at 30%.
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Fig. 6. (A) Volume relaxation profiles of chromosomes (solid lines) and nucleus as a
whole (dashed lines) as a function of remodeling time. The color code show different
target of steady-state nuclear volumes corresponding to 10% of volume expansion
(black lines), volume compression by 50% (red lines) and volume compression by
40% (blue lines). (B) Temporal evolution of the number of heterochromatin cluster
in the cell’s nucleus during the reorganization process with different target steady-
state nuclear volumes V. All simulations of the nuclear volume remodelling were
initiated by terminating heterochromatin-lamina interaction term to mimic processes
of senescence and nuclear inversion. The heterochromatin fraction content in the
nucleus is fixed to 30%.

Likewise, the diffusion rates and rate of volume reduction
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lead to a nearly uniform acceleration of the dynamics of
droplet fusion events. We see that nuclear growth works
against phase separation and in principle can slow it down or
arrest it for some parameter regimes. Based on experimental
observations (48), the time required for the complete trans-
formation of the conventional architecture of mammalian nu-
clei to inverted morphology is predicted to take on the order
of ~ 30 days with the corresponding heterochromatin cluster
number estimated to be 2-3. The results with embryonic time
scale adopted in this work are thus agreeing quantitatively
with the experiments (48).

In the case of nuclear inversion, we find that while the rate
of phase separation is different for heterochromatin fractions
(Fig. S4, Fig. S5) and diffusion rates (Fig. S6), and the
final nuclear morphology is nearly identical which is to be
expected from the nature of phase separation and the thermo-
dynamic stability of the final steady state. The reorganiza-
tion process however takes place via different pathways and
it may be beneficial for genetic processes to have this hetero-
geneity while ensuring robustness of target thermodynamic
phases.

Finally we have explored the conditions under which hete-
rochromatin domains merge into single cluster which is com-
monly seen in rod cells upon complete nuclear inversion (Fig.
7). Scanning phase space of nuclear morphology along the
heterochromatin density axis (See SI) we have found that
specific condition favoring single cluster formation is hav-
ing at least 50% heterochroamtin content which in MELON
framework would corresponds to combined constitutive and
faculatative heterochromatin content.

7 days 14 days 21 days 28days 35days 49 days

Fig. 7. An example of single heterochromatic cluster formation. Heterochromatin
fraction in the nucleus is elevated to 60% to account for the existence of high com-
bined facutlative and consitutive heterochromatin. We have used ~ 10 times high
diffusion coefficient (relative to simulations in Figs 2-6) to accelerate phase separa-
tion.

Discussion

In recent years there has been an increasing interest for the
liquid-like behaviour of chromatin, which has been bolstered
by several experiments (20, 23, 24, 49, 53, 54), theoretical
investigations (55-58) as well as computer simulations (12,
26). Despite the complexity of the polymeric medium and
of the active processes operating on chromatin at the micro-
scopic scales, the dynamical behaviour of chromatin at the
nuclear scale is reminiscent of viscoelastic fluids (12). A nat-
ural question emerging from these observations of chromatin
dynamics is: how much of large-scale nuclear processes
such as development, aging, disease propagation could be ex-
plained just by the liquid-like behavior of chromatin? To an-
swer this question we have developed the MEsoscale Liquid
mOdel of Nucleus(MELON), a novel computational frame-
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work where chromatin is resolved as complex fluid mixture
composed of epigenetically colored components. Using this
model, we find that a fluid description of chromatin com-
bined with basic facts about nuclear architecture, including
existence of chromosomal territories, A/B epigenetic type
interactions and Lamina-heterochromatin anchoring leads to
life-like nuclear morphologies. Application of the MELON
framework to Drosophila nucleus at different developmental
stages of the nucleus, such as interphase, long-time senes-
cence and inversion reveals a rich interplay between liquid-
liquid phase separation, nucleation and droplet fluctuations.
We would like to further emphasize that the generic nature
of the model and the minimal assumptions that we have built
into it allows one to draw conclusion that we believe should
be generally applicable for wide variety of eukaryotic nuclei
and not just for the Drosophila nucleus. Particularly, our
study finds that a significant role is played by surface ten-
sion and lamina-heterochromatin interactions in determining
large-scale chromatin rearrangements. Our study introduces
an innovative approach for studying micron-scale chromatin
dynamics; we foresee that further development of the method
here introduced-the MELON framework-will shed new light
on the micro-rheology, the diffusive behavior and the hydro-
dynamics of nuclear chromatin.
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