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iving cells are composed of complex and spatially heterogeneous materials that partition into functional compartments
called organelles. Many organelles are vesicle-like structures
with an enclosing membrane. However, a large number of RNA
and protein-rich bodies maintain a dynamic but coherent structure even in the absence of a membrane. These so-called RNA/
protein granules are found in the cytoplasm and in the nucleus,
where they are referred to as nuclear bodies. The mechanisms by
which such structures form and stably persist are not well understood. However, recent evidence suggests that these membraneless organelles, such as P granules (1, 2), nucleoli (3), and
stress granules (4), are liquid-phase droplets that may assemble by
intracellular phase separation (5, 6). This concept is supported by
work on synthetic systems, including repetitive protein domains
that form droplets in vitro and in the cytoplasm (7) and intrinsically
disordered protein domains that show signatures of liquid–liquid
phase separation when expressed in the cell nucleus (8).
By examining the cell size-dependent assembly of nucleoli in
early Caenorhabditis elegans embryos, we previously showed that
nucleolar assembly is controlled by a concentration-dependent
phase transition (9). Using a simple model based on the degree
of supersaturation of nucleolar components, the predicted nucleolar sizes were in excellent quantitative agreement with experimental data. The picture that emerges is consistent with nucleoli
behaving as liquid-phase droplets whose formation is governed by
local equilibrium thermodynamic forces (10). Nevertheless, the
cell and its organelles actively consume chemical energy (in the
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form of ATP and GTP) and are thus far from global thermodynamic equilibrium. Indeed, the nucleolus forms at ribosomal DNA
sites, termed nucleolar organizing regions (NORs) (11), where
ribosomal RNA (rRNA) is actively transcribed, processed, and
assembled into ribosomal subunits (12). Moreover, the composition, morphology, and fusion dynamics of nucleoli are perturbed
upon transcription inhibition and ATP depletion (3, 13).
In light of the proposed concentration-dependent phase transition controlling the assembly of nucleoli in early C. elegans embryos,
it is interesting to assess to what degree classical theories of nucleation, growth, and coarsening associated with equilibrium firstorder phase transitions (14) can quantitatively describe the assembly
process. Such theories have a long history of application in materials
phenomena such as solidification, spinodal decomposition, and the
evolution of emulsions and liquid sols (15). Recently, these theories
have also been applied to biological phenomena such as compositional domain formation in lipid membranes (16–18).
Here, we investigate the assembly dynamics of nucleoli and
“extranucleolar droplets” (ENDs) via a combination of theory,
simulation, and experiment. We find that classical models of phase
separation and coarsening are sufficient for explaining key features of nucleolar and END assembly dynamics. However, active
nonequilibrium processes, particularly rRNA transcription, modulate effective thermodynamic interaction parameters and lead to
preferential condensation of nucleolar components at the NOR.
In Vivo Measurements of Nuclear Body Dynamics
To study nucleolar assembly dynamics, we use the C. elegans embryo system (19), which exhibits stereotyped cycles of nucleolar
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Nuclear bodies are RNA and protein-rich, membraneless organelles
that play important roles in gene regulation. The largest and most
well-known nuclear body is the nucleolus, an organelle whose
primary function in ribosome biogenesis makes it key for cell
growth and size homeostasis. The nucleolus and other nuclear
bodies behave like liquid-phase droplets and appear to condense
from the nucleoplasm by concentration-dependent phase separation. However, nucleoli actively consume chemical energy, and it is
unclear how such nonequilibrium activity might impact classical
liquid–liquid phase separation. Here, we combine in vivo and in
vitro experiments with theory and simulation to characterize the assembly and disassembly dynamics of nucleoli in early Caenorhabditis
elegans embryos. In addition to classical nucleoli that assemble at the
transcriptionally active nucleolar organizing regions, we observe dozens of “extranucleolar droplets” (ENDs) that condense in the nucleoplasm in a transcription-independent manner. We show that growth
of nucleoli and ENDs is consistent with a first-order phase transition in
which late-stage coarsening dynamics are mediated by Brownian coalescence and, to a lesser degree, Ostwald ripening. By manipulating
C. elegans cell size, we change nucleolar component concentration
and confirm several key model predictions. Our results show that
rRNA transcription and other nonequilibrium biological activity can
modulate the effective thermodynamic parameters governing nucleolar and END assembly, but do not appear to fundamentally alter the
passive phase separation mechanism.

CELL BIOLOGY

Edited by David A. Weitz, Harvard University, Cambridge, MA, and approved August 6, 2015 (received for review May 12, 2015)

assembly and disassembly with each cell division (9). We acquired
3D time-lapse movies of embryos expressing a fluorescently tagged
version of the conserved nucleolar protein fibrillarin (FIB-1::GFP).
A typical nucleolar cycle for the AB lineage at the eight-cell
stage is shown in Fig. 1. Soluble FIB-1::GFP is rapidly imported
into the nucleus upon reassembly of the nuclear envelope (time
0 min). After a short delay, we observe condensation of dozens
of small droplets throughout the nucleus (Fig. 1A). To quantify
the size of these droplets, we integrated their fluorescence intensity, I, which is proportional to droplet volume [assuming fixed
molecular density (9)], and found that the mean integrated intensity, hIi, of all droplets increases over time (Fig. 1B). Two of
these droplets increase in size more quickly than the rest and
become nucleoli located at each of the two NORs in the diploid
embryo. We refer to the other droplets as ENDs, which either
coalesce with nucleoli (Fig. 1A, 7.5 min) or dissolve into the
nucleoplasm (Fig. 1A, 10 min). Eventually, nucleoli also dissolve
and their components return to the nucleoplasm before nuclear
envelope breakdown (time 17–18 min). We observed a similar evolution process for the phosphoprotein DAO-5 (dauer
and aging adult overexpression), another nucleolar component
(Fig. S1A).
As can be seen in Fig. 1A, the nucleus expands significantly
throughout the cell cycle, which will strongly impact the total
nuclear concentration. To quantify nuclear volume, we crossed
the FIB-1::GFP line with a line expressing EMR-1::mCherry, an
integral membrane protein that localizes to the inner nuclear
membrane (Fig. 1C, Inset). Using this marker, we find that the
volume of the nucleus increases throughout the cell cycle,
expanding approximately threefold between the times of initial

detection and dissolution of droplets (Fig. 1C). As the nucleus
expands, the concentration of FIB-1::GFP in the nucleoplasm
decreases correspondingly. This large change in nuclear concentration should have a significant effect on nucleolar assembly. Specifically, when the nucleoplasmic concentration falls
below the saturation concentration, cn < cs, we expect that nucleoli will disassemble (9). Here, cs represents the saturation
concentration of nucleolar droplets at the NORs. However, it
remains unclear why ENDs initially dissolve whereas nucleoli
increase in size, with nucleoli dissolving only at the latest stages
of the cell cycle.
Fibrillarin has previously been observed in structures outside
the nucleolus, such as nucleolar-derived foci (NDF) in the cytoplasm and prenucleolar bodies (PNBs) in the nucleus (20).
However, several observations suggest that the ENDs we observe
here are distinct from PNBs. First, ENDs form during interphase, rather than mitosis. Second, fibrillarin, a methyltransferase that participates in early rRNA processing steps,
remains in ENDs for the majority of the cell cycle whereas it is
one of the first proteins to leave PNBs in early G1 (21). Finally, unlike PNBs, ENDs appear to lack rRNA. We used
oligonucleotide fluorescence in situ hybridization (oligoFISH)
to visualize nascent rRNA transcripts in early embryos. In
interphase nuclei, we found two bright spots of oligoFISH
signal that colocalize with large FIB-1::GFP droplets, representing nucleoli, but we failed to detect rRNA in smaller
ENDs (Fig. 1D). These results are consistent with a previous
study that reported a punctate immunofluorescence pattern
for FIB-1 and DAO-5 with no corresponding pre-rRNA localization (22). Nevertheless, NDFs and PNBs have primarily
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Fig. 1. Assembly/disassembly of nucleoli and extranucleolar droplets. (A) Maximum-intensity projection of 3D image stack of an eight-cell-stage
C. elegans embryo expressing FIB-1::GFP. A temporal montage of an AB-lineage nucleus is shown throughout the cell cycle. The nuclear envelope assembles
at 0 min and breaks down at ∼17 min. (B) Mean integrated intensity of ENDs (red) and nucleoli (blue) over time. Data are pooled from n = 12 embryos
(24 nuclei) and plotted on log–log axes. Error bars represent SD. At early times ( K 8 min), ENDs and nucleoli are indistinguishable. Lines indicate the
theoretical predictions for DOR (dashed) and BMC (solid). The DLG prediction falls several orders of magnitude above the data. (C) Nuclear volume increases
over time (solid red squares), resulting in a decreasing concentration of FIB-1 in the nucleoplasm (open green circles). The dotted line indicates the experimentally determined nucleolar saturation concentration, cs (9). (D) Nascent rRNA transcripts colocalize with nucleoli (gray arrows) but not ENDs (white
arrowheads). (Scale bars, 5 μm.)
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separating systems is that domain morphology exhibits asymptotic power law scaling behavior. For example, the increase in
average droplet size during phase separation can often be
characterized by power law scaling of the form (14, 15)
hRi = ðKtÞn ,

[1]

where K is the dynamic prefactor and n is the growth or coarsening exponent. The formal definitions of growth and coarsening
(15) are used throughout this article. Growth refers to an increase in the volume fraction of droplet phase mediated by transport of molecules from a supersaturated soluble phase into
droplets. Coarsening refers to droplet evolution that occurs after

Fig. 2. In vitro phase separation of a nucleolar protein. (A) Time-lapse images of FIB-1 droplets coalescing on a surface. (B) Phase diagram of FIB-1 in the
presence and absence of RNA. The star indicates the protein and salt concentrations of the systems shown in A and C. Data points are averages of three
independent trials with the SDs as error bars. (C) Maximum-intensity projections of 3D image stacks of a solution of FIB-1 droplets coarsening over time.
(D) Droplet evolution kinetics from experimental data (points) and theoretical predictions (dotted line and hatched area). DLG, black dotted line; BMC, green
(−RNA) and red (+RNA); DOR, gray; power law data fits, dashed lines. See Table 1 for numerical values of K and n.

Berry et al.

PNAS PLUS

Dynamic Scaling in Vitro. A general feature of classical phase-
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In Vitro Phase Separation
Many nucleolar proteins, including FIB-1 and DAO-5, contain
intrinsically disordered domains that are thought to promote
assembly of RNA/protein droplets (2, 5, 8). To determine
whether self-interactions between nucleolar components are
sufficient for droplet assembly, we purified recombinant FIB-1
and examined its behavior in vitro. At near-physiological salt
concentrations (150 mM NaCl), we find that FIB-1 condenses
into protein-rich droplets. These droplets are highly spherical
and upon contact with one another readily coalesce to form
larger droplets, indicative of liquid-like behavior (Fig. 2A). We
constructed a phase diagram by determining the threshold concentration of protein required to form droplets at various salt
concentrations. The line connecting these points is called the
phase boundary, which represents the boundary between the
mixed and demixed regimes of the system (Fig. 2B). At low
protein/high salt, FIB-1 remains dissolved in solution and no
droplets are observed, whereas at high protein/low salt, FIB-1
condenses into droplets.
Upon crossing the phase boundary, in vitro FIB-1 droplets are
initially small and numerous, but over time their average size
increases and their number decreases. To quantify these changes,
we acquired 3D images of the droplets over time (Fig. 2C) and
used custom image analysis routines to calculate the mean
droplet radius hRi as a function of time. The mean droplet size
increases monotonically with power law scaling, indicated by a
straight line on the log–log plot in Fig. 2D.

Nucleoli and many other membraneless organelles contain
RNA, but it is not clear whether RNA contributes to phase
separation or is merely “along for the ride” (5, 23). To distinguish between these two alternatives, we added total yeast RNA
to our purified protein solution and measured its effect on
droplet stability and coarsening. At a given salt concentration, we
observed droplet formation at a lower protein concentration
when RNA was present (Fig. 2B), indicating that RNA promotes
condensation, possibly by stabilizing interactions between FIB-1
molecules. RNA specificity did not increase the magnitude of
this effect. We found quantitatively similar results with an in
vitro-transcribed segment of C. elegans rRNA that is a direct
substrate of FIB-1 (24) (Fig. S2). Moreover, in addition to
shifting the phase boundary, RNA accelerated droplet coarsening. Whereas the power law scaling remained unchanged, the
droplet volume fraction and coarsening rate both increased in
the presence of RNA (Fig. 2D). Thus, RNA plays a direct role in
phase separation in vitro, quantitatively altering both thermodynamics and droplet assembly kinetics.
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been observed in cycling mammalian cells, and it remains
possible that ENDs are an embryonic variant of these structures. Regardless of classification, ENDs, NDFs, and PNBs
are related structures that may reflect the intrinsic capacity of
weakly “sticky” nucleolar components to phase separate.
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Fig. 3. Schematic illustrations of passive transport mechanisms. DLG: diffusion-limited growth. Molecules move from the supersaturated bulk fluid
into droplets. DOR: Diffusion-limited Ostwald ripening. Molecules move
from small droplets to large droplets. BMC: Brownian motion-induced coalescence. Small droplets fuse to form larger droplets. For all mechanisms,
the average droplet size hRi in steady state increases as a power law in time
with exponent n.

the supersaturation within the soluble phase has been depleted,
such that the volume fraction of droplet phase remains fixed at
its equilibrium value while the average droplet size increases.
By quantifying the magnitude of n and K, as well as the
functional dependences of K on various physical parameters, one
can identify and distinguish between various potential transport
mechanisms. In liquid-like systems that form droplets, as opposed to connected bicontinuous domains, the three most relevant mechanisms expected to give rise to power law scaling are (i)
diffusion-limited growth (DLG) (15), (ii) diffusion-limited Ostwald ripening (DOR) (25, 26), and (iii) coarsening via Brownian
motion-induced coalescence (BMC) (27) (Fig. 3).
We extracted values for K and n from the in vitro experimental
data shown in Fig. 2D (Table 1) and found a scaling exponent of
n ’ 1=3, which is consistent with droplet coarsening occurring
through BMC and/or DOR. Based on measured (Fig. S3) and
estimated parameter values, we predict that DLG would deplete
the initial supersaturation within ∼ 5 s of nucleation, inducing a
crossover from growth to coarsening before measurements begin
and before droplets are detectable. SI Text provides parameter
values and further details concerning determination of these
values. Consistent with these expectations, we do not observe
an early-stage DLG (n = 1=2) regime.
The measured dynamic prefactors K are quantitatively consistent with those predicted for BMC, whereas within estimated
uncertainty, the largest predicted values of KDOR are ∼10 times
smaller than those measured (Fig. 2D). The estimated uncertainty in the predicted prefactors, plus or minus approximately
one order of magnitude, arises primarily from uncertainty in the
value of droplet surface tension (DOR) and inherent approximations of the derived expression for KBMC (27) (see SI Text for
further discussion). A more detailed dynamic scaling analysis,
also outlined in SI Text, demonstrates that all measured scaling
exponents are consistent with those of BMC and DOR (which
have nearly identical scaling behaviors), whereas the lognormal
shape of the droplet size distributions and linear dependence of K
on the droplet volume fraction are consistent with those of BMC
only (Figs. S4 and S5 and Table S1). We therefore conclude that
in vitro FIB-1 droplets evolve in a manner that is most consistent
with steady-state Brownian coalescence (BMC); however, Ostwald ripening (DOR) could also play a nonnegligible role in the
observed evolution.
Analysis and Physical Description of in Vivo Nuclear Bodies
Our in vitro experiments show that nucleolar protein and RNA
components can drive liquid–liquid phase separation, supporting
4 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1509317112

the hypothesis that a similar process occurs in vivo. To test this,
we used a similar scaling analysis, as well as numerical simulations, to determine whether these passive mechanisms could also
account for the assembly of nucleoli and ENDs.
Dynamic Scaling in Vivo. We first extracted K and n parameters
from Fig. 1B and compared these values to the predictions of
Eq. 1 (Table 1). Based on measured and estimated parameter
values (see SI Text), the predicted rate of DLG would rapidly
deplete the initial supersaturation, within ∼10 s of droplet
nucleation, making coarsening the dominant mode of evolution by the time droplets are detectable. For times K 8 min,
ENDs and nucleoli are indistinguishable and appear to increase in average size according to a power law. The observed
exponent, n ’ 0.33 ± 0.14, and prefactor K are both consistent
with those predicted for BMC and DOR (Table 1 and Fig.
1B). We estimate that KBMC > KDOR, and direct observations
of droplet coalescence (Fig. 1A) confirm that BMC indeed
occurs at measurable rates. Differences between experimental
and theoretical coarsening rates may be due to the complex,
viscoelastic nature of the nucleoplasm, which can kinetically
arrest RNA/protein emulsions (28). Nevertheless, the assembly kinetics and initial coarsening rates of ENDs and nucleoli
are quantitatively consistent with those predicted for passive
thermodynamic processes.
After this initial period, nucleoli diverge from the n = 1=3
scaling regime and rapidly increase in size. Concomitantly, ENDs
appear to cease coarsening and temporarily plateau at a roughly
fixed size. Eventually all droplets dissolve, with ENDs disappearing first, followed by nucleoli. Because these observations
cannot be explained by a simple dynamic scaling analysis, we now
turn to numerical simulations to investigate the physical basis
underlying the distinct coarsening rates and dissolution times of
ENDs and nucleoli.
Model of Nuclear Bodies as Passive Liquid-Phase Droplets. In our model,
the nucleus is described as a continuum binary fluid composed of
droplet-forming molecules, termed component A (i.e., FIB-1 and
other nucleolar proteins), and all other molecules composing the
nucleoplasm, termed component B. The dimensionless protein
concentration field is defined as ϕð~
rÞ = ϕA =ðϕA + ϕB Þ, where ϕi is
the volume fraction of molecular population i, and the fluid is taken
to be incompressible such that ϕA + ϕB = 1. A Flory–Huggins regular solution free energy functional is then written
Z


 2
[2]
F=
d~
r fRS + χλ2 ∇ϕ + Hχϕ ,

where fRS = ϕ ln ϕ + ð1 − ϕÞlnð1 − ϕÞ + χϕð1 − ϕÞ. The first two
terms in fRS account for entropy of mixing between A and B
molecules and therefore favor a homogeneous ϕð~
rÞ, whereas
the third term accounts for molecular self-affinity and can favor
either demixing (for χ > 0, where A and B repel each other) or
mixing (for χ < 0, where A and B attract). The second term in
Eq. 2 imposes an energetic cost for interfaces, such that χ and λ
control the strength and range of intermolecular interactions,
respectively (29).
The last term in Eq. 2 is included to localize the droplet phase
within NOR-like domains when a spatially varying χ is used, as
discussed further in the following; the prefactor H is a constant
that sets the strength of this term. Models related to Eq. 2 have
been used, e.g., in studies of spatial organization in the cytoplasm
(30) and centrosome formation (31).
We use a model for the dynamics of ϕ that incorporates diffusion, hydrodynamic coupling between droplets, and thermal
fluctuations; these effects can be expressed in the form of a type of
generalized advection–diffusion equation. Because the Reynolds
number, Re, of our in vivo system is estimated to be  1, an
Berry et al.

Model/experiment type
DLG
DOR
BMC
In vivo
In vitro

n

Ktheor

Kin vivo

−RNA
Kin
vitro

+RNA
Kin
vitro

1/2
1/3
1/3
0.33 ± 0.14
0.32 ± 0.11 (−RNA)
0.34 ± 0.08 (+RNA)

2DS0*
2
8σDc∞ Vm
=ð9NA kB T Þ†
2kB T θ=ðπηÞ‡
N/A
N/A
N/A

0.04
0.00002
0.0005
0.0001 (n = 1=3), 0.0003 (n = 1=2)
N/A
N/A

0.045
6.0 × 10−6
0.00063
N/A
0.00018
N/A

0.16
4.5 × 10−6
0.0023
N/A
N/A
0.00054
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Table 1. Comparison of theoretical and measured growth/coarsening exponents n and prefactors K (given in units of [μm1=n =s])

 
 
 
∂ϕ ~
r, t
δF
r, t = M∇2   + ξϕ ~
+~
v · ∇ϕ ~
r, t ,
∂t
r, t
δϕ ~

[3]

where ~
vð~
r, tÞ is the fluid velocity field, M is treated as a constant mobility, and ξϕ ð~
r, tÞ is a Gaussian stochastic noise variable, defined in Materials and Methods. Eq. 3 is a stochastic
nonlinear advection–diffusion equation, wherein hydrodynamic
effects are incorporated via the ~
v · ∇ϕ term. The velocity field
~
r, tÞ is obtained, in the overdamped Stokes limit, from vi ð~
r, tÞ =
Rvð~
d3 r′Tij ð~
r −~
r′Þf½δF=δϕð~
r′Þ∇′j ϕð~
r′, tÞ + ξj ð~
r′, tÞg. Here, Tij ðrÞ is the
Green’s function or Oseen tensor, which can be expressed in
Fourier space as Tij ð~
kÞ = ðδij − ki kj =k2 Þ=ðηk2 Þ, where η is the
fluid viscosity, k is wavenumber, and δij is the Kronecker delta
(the Einstein summation convention is used in these equations).
ξj is an additional Gaussian stochastic noise variable, defined in
Materials and Methods.
The advective component of Eq. 3 thus incorporates, through
Tij, the long-ranged (∼ 1=k2) hydrodynamic correlations induced
by the local motion and flow field of any one droplet on the local
flow field and motion of all other droplets.
At sufficiently low volume fraction of condensed phase (θ K 0.3),
this class of models generally describes the sequence of droplet
nucleation, early-stage DLG, and late-stage DOR. Numerical instabilities at large kB T=ðηλÞ prevent direct simulation of the BMCdominated regime. To bypass this limitation, we simultaneously
solve Eq. 3 and couple the trajectory of each droplet to a Brownian
motion algorithm, as described in SI Materials and Methods.
This binary fluid model results in an equilibrium phase diagram as depicted in Fig. 4A. At a given value of the interaction
parameter χ, the saturation concentration ϕs (which is related to
cs in Fig. 1C) defines the concentration above which the system
phase separates. This point falls on the binodal curve (solid line
in Fig. 4A) and represents the miscibility threshold. Motivated by
our experimental results, which suggest that the in vivo system
cycles into and out of the two-phase region, simulations of END
and nucleolar evolution were conducted as follows.
A uniformly mixed “nucleoplasmic” fluid is first equilibrated
outside of the two-phase miscibility gap shown in Fig. 4A. To
simulate the effect of nuclear assembly and FIB-1 import, the
average concentration of A molecules, ϕ, is uniformly increased
above the lower miscibility boundary at a constant rate ϕ_ +, inducing droplet nucleation and growth. ϕ is then uniformly decreased back toward and below the lower miscibility threshold ϕs
at a constant rate ϕ_ − to simulate the observed effect of nuclear
envelope expansion (Fig. 1 A and C).
The postulated effect of rRNA on nucleolus formation is examined by designating a small spherical region (∼3% by volume)
Berry et al.

as a NOR-like domain and raising the value of the protein–protein
interaction parameter to χ NOR > χ bulk within this sphere, where
χ bulk is the value outside the sphere. ϕs within this region is shifted
to a lower concentration than that of the bulk (Fig. 4A), analogous
to the shift observed in vitro upon addition of RNA (Fig. 2B). A
range of kB T values, from 0 to 2, was used to independently
examine systems in which evolution is dominated by DOR,
BMC, or a mixture of both. Further simulation details can be
found in SI Materials and Methods.
Locally Enhanced Protein Interactions Drive Differential Coarsening
and Dissolution. Four representative sets of simulation results are

displayed in Fig. 4. As expected, an initial n ’ 1=2 DLG regime
is followed by the n ’ 1=3 scaling of DOR and/or BMC. Biased
coarsening then sets in as nucleoli-like droplets outcompete
END-like droplets, which eventually shrink and dissolve. As was
observed in vivo, a rapid increase in hRi3 occurs at this stage as
the droplet size distribution loses its low R contributions and only
nucleolus-like droplets survive. Thus, we see qualitatively identical behavior to experiments in terms of initially homogeneous
coarsening followed by spatially biased coarsening and temporally separated dissolution, no matter what is the dominant
evolution mechanism.
These dynamics can be understood as follows. In systems undergoing phase separation, one expects a larger driving force
(represented by χ) in general to correspond to larger growth
rates. For the three transport mechanisms considered in this
study, the dynamic prefactor K can indeed be shown to increase
with the magnitude of the driving force χ (SI Text). Thus, the
heterogeneity in χð~
rÞ, which introduces a local thermodynamic
preference for protein accumulation at the NOR-like domain,
leads directly to larger local growth and coarsening rates. This
differential coarsening is further accelerated by the continuous
decrease in ϕ, as described in the following subsection.
Furthermore, in the coarsening regime, the NOR-like domain
experiences an effective supersaturation SNOR
= ðϕbulk
− ϕNOR
Þ=
s
s
0
NOR
NOR
ðϕd − ϕs Þ > 0, which leads to DLG in its vicinity. (All variables here are analogous to S0, cs, and cd defined in Table 1, and
superscripts distinguish between NOR-like domains and the bulk
fluid.) The survival of the nucleolus-like droplet is thus ensured as
the system’s path toward thermodynamic equilibrium splits into a
growing nucleoli-like branch and an ultimately diminishing ENDlike branch. As the preferred droplet becomes larger, the rate of
divergence between its size and that of the END-like droplets increases such that the final stages of END dissolution and nucleolar
enhancement (temporally separated dissolution) can become quite
rapid. Our simulation results indicate that a rather modest local
enhancement of χ, on the order of χ NOR − χ bulk ’ 0.1kB T, is sufficient to produce the observed spatially heterogeneous coarsening
and temporally separated dissolution dynamics.
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appropriate description is the Stokes or creeping flow limit
(low Re) (16, 32) of so-called model H dynamics (33),
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N/A, not applicable.
*D ≡ diffusivity of droplet-forming proteins, S0 = ðcn − cs Þ=ðcd − cs Þ ≡ supersaturation, where cn ≡ average solute concentration, cs ≡ equilibrium solute
concentration in the nucleoplasm or soluble phase, and cd ≡ equilibrium solute concentration in the droplet phase.
†
σ ≡ droplet surface tension, c∞ ≡ equilibrium molar solute concentration in the soluble phase with a flat interface, Vm ≡ molar volume of droplet forming
molecules, NA ≡ Avogadro constant, kB ≡ Boltzmann constant, and T ≡ temperature.
‡
θ ≡ droplet volume fraction and η ≡ solvent or nucleoplasmic viscosity.

Decreasing Protein Concentrations Enhance Differential Coarsening
and Dissolution. The steady decrease in ϕ further accelerates these

differential processes, enhancing both heterogeneous coarsening
and temporally separated dissolution, regardless of the dominant
evolution mechanism. As ϕ decreases, the steady-state volume
fraction of END-like droplets decreases at a faster rate than that
of nucleoli-like droplets. The END-like dissolution threshold is
reached first, due to the expanded miscibility gap within the NORlike domain. END-like droplet dissolution then deposits excess
concentration into the soluble phase, which the nucleoli-like
droplets rapidly incorporate, leading to continued size increase
despite the decreasing ϕ. These simulation results explain both
the plateau in mean END size and the rapid increase in nucleolar size observed in vivo (at ’ 10 min in Fig. 1B). Based on
previous characterization of the nucleolar phase boundary (9),
expansion of the WT nucleus to roughly twice its average volume
would lead to dissolution of both ENDs and nucleoli. This is
comparable to the expansion quantified in Fig. 1D. Our in vivo
observations of differential coarsening and temporally separated
dissolution of nucleoli and ENDs are therefore consistent with
the effects of locally enhanced interactions and time-dependent
concentrations seen in our simulations. Potential effects of
chemical activity on this behavior are explored in SI Text and
Fig. S6.
Multiple-Droplet Stability. After END dissolution, two nucleoli of
comparable size and stability typically remain. Within our description, these nucleoli will both be stable as long as the additional surface energy needed to maintain two droplets, a factor
of ∼ 21=3, is less than the energy difference between a fully depleted NOR domain and one with a droplet. Multiple nucleolilike droplets are thus favored for sufficiently low surface energies
and/or sufficiently large droplets. The nucleoli may also collide
via Brownian motion, in which case one nucleolus may become
energetically preferable to two if the NORs are structurally able
to merge. Our calculations indicate that the average collision
rate for two nucleoli undergoing simple Brownian motion would
produce nucleolar collision and potentially coalescence in only a
minority of typical nuclei. This is consistent with in vivo observations, as is the expectation that this probability should increase
in smaller nuclei. Multiple droplets can thus be stabilized indefinitely against DOR by local energetic differences such as that

A

C

associated with χ NOR and stabilized in effect against BMC by low
collision rates.
In Vivo Validation of Model Predictions
Effect of rRNA Transcription. Our in vitro results (Fig. 2D) led us to
hypothesize that the presence of rRNA at NORs is responsible
for the rapid coarsening kinetics of nucleoli compared with those
of ENDs (Fig. 1B). Indeed, the distinct behavior of nucleoli-like
droplets in our simulations is dependent on a localized enhancement of interaction energy (χ NOR) (Fig. 4).
To test this prediction in vivo, we inhibited transcription of
rRNA by knocking down C36E8.1, an RNA polymerase I transcription initiation factor that is essential in yeast and mice (34,
35). In C36E8.1(RNAi) embryos, we observed spontaneous formation of FIB-1::GFP and DAO-5::GFP droplets, but no spatially heterogeneous coarsening (Fig. 5A and Fig. S1B). In other
words, ENDs assembled as in control embryos but none of these
droplets coarsened into nucleoli. Nevertheless, the kinetics of
END nucleation, coarsening, and dissolution in the absence of
nucleoli were similar to those observed in the presence of transcription and nucleolar coarsening (Fig. 5B; analogous simulation results are in Fig. 4C). Thus, the self-assembly of FIB-1::
GFP into droplets in vivo does not require transcriptional activity. However, either the act of transcription or the presence of
rRNA appears necessary for the accelerated coarsening of nucleoli. This is consistent with recent evidence showing that an
rDNA transcription unit is required for the formation of synthetic nucleoli in human cells (36).
Nucleoli and ENDs Have Different Phase Boundaries. Our model
predicts that for a certain range of concentrations, nucleoli will
assemble in the absence of ENDs, due to the enhanced interactions
at NORs and consequent broader nucleolar miscibility gap. To test
this prediction, we tuned the concentration of nucleolar components by manipulating embryo size with RNAi. We previously
reported that upon knockdown of the anillin ANI-2, four-cell-stage
nuclei fall near the nucleolar phase boundary (9). In these embryos, we find that ABa and ABp nuclei assemble small nucleoli, but we did not observe accompanying ENDs (Fig. 5C). In
contrast, ima-3(RNAi) embryos, which have a higher concentration
of nucleolar components, assemble both large nucleoli and many
ENDs at the four-cell stage. These results indicate that the ENDphase boundary falls between 0.18 μM and 0.25 μM, the nuclear

D

B

Fig. 4. Results from representative simulations in which BMC, BMC+DOR, and DOR, respectively, dominate droplet evolution. (A) Phase diagram showing
bulk (END) and NOR miscibility boundaries (solid line), spinodal boundaries (dashed line), and tie lines (dotted lines). Simulations cycle between the points
indicated. (B) Mean concentration of A molecules within soluble and droplet phases vs. t for the representative DOR simulation. (C) Average droplet volume
hRi3 vs. t − t0, where t0 is the time of initial droplet nucleation. All droplets, upper solid lines; ENDs, lower solid lines; θ, dashed lines; NOR-less DOR simulation,
gold solid line. (D) Time sequence of droplet configurations during a DOR-dominated simulation with two NOR-like domains (highlighted at time 1,150).
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Fig. 5. Inhibition of rRNA transcription suppresses nucleolar coarsening; END assembly depends on nuclear concentration. (A) Maximum-intensity projections
of 3D image stacks of an eight-cell-stage AB-lineage nucleus over time following RNAi knockdown of C36E8.1. (B) Mean integrated intensity of ENDs pooled
from n = 15 C36E8.1(RNAi) embryos (n = 30 nuclei) and plotted on log–log axes. Error bars represent SD. Lines indicate the theoretical predictions for DOR
(dashed) and BMC (solid). The DLG prediction falls several orders of magnitude above the data. (C) AB-lineage nuclei from four-cell-stage embryos following
RNAi to manipulate cn, the nuclear concentration of FIB-1, and other nucleolar components. Note that nucleoli but not ENDs assemble at intermediate cn in
ani-2(RNAi) embryos. (D) Maximum integrated intensity of ENDs increases with increasing cn in eight-cell-stage embryos. Solid line is a linear fit to the data.
The x intercept represents the nucleolar saturation concentration, cs. Dashed and dotted lines indicate the predictions given experimentally observed (Kexp)
and theoretical (KBMC) parameter values, respectively.

concentrations of FIB-1 in ani-2(RNAi) and ima-3(RNAi) embryos, respectively. Thus, as seen in our simulations, enhanced
interactions at NORs result in a wider miscibility gap for nucleoli
compared with ENDs, with ani-2(RNAi) embryos falling in between these distinct phase boundaries. Furthermore, these distinct phase boundaries indicate that the saturation concentration
for ENDs is greater than for NORs (cEND
> cNOR
), accounting for
s
s
the dissolution of ENDs before nucleoli as the nucleoplasmic
concentration decreases during the cell cycle (Fig. 1).
Concentration Dependence of END Dynamics. In addition to droplet
phase stability, the maximum average size of ENDs also depends
on concentration. For BMC, with KBMC ∼ θ ∼ cn − cs, the maximum
average droplet size hRi3max obtained over a fixed time interval
increases as K ∼ cn − cs. As predicted, we find an approximately
linear increase in the maximum size of ENDs, hIimax, with increasing cn − cs in AB-lineage nuclei at the eight-cell stage, where
cs ’ 0.076 μM (Fig. 5D). This increase can be predicted quantitatively by using the analytical expression for KBMC given in Table 1
(see SI Text for details of the calculation). The prediction, plotted
in terms of integrated intensity I in Fig. 5D, somewhat overestimates the measured increase in hRi3max, but is in very reasonable agreement given the assumptions involved. If we use the
measured value Kexp ’ 10−22 m3 =s rather than the predicted
value of KBMC ’ 5Kexp, even closer agreement with the measured
increase in hRi3max is obtained, as seen in Fig. 5D. Similar arguments lead us to expect a linear increase in the number density of
demixed droplets with cn − cs. Measurements of droplet number
density in AB-lineage nuclei at the eight-cell stage are also
Berry et al.

consistent with this prediction (Fig. S7). An analysis of the effects of imaging resolution on these and other measured quantities relevant to evolving droplet distributions is also given in SI
Text and Figs. S8 and S9.
Discussion
The nucleolus, the most prominent nuclear body, was first described in 1835 (37) and has since been the subject of thousands
of studies. Although much has been learned about its biochemical activity (38), the biophysics of its assembly—and the
link to nucleolar function—remain poorly understood. To address this gap in knowledge, we combined in vivo and in vitro
experiments with theory and simulation to characterize the dynamics of nucleolar assembly. We find that the nucleoplasm of
early C. elegans embryos behaves as a fluid that is periodically
driven between homogeneous and inhomogeneous states during
the cell cycle. Our results indicate that the formation of nucleoli
and ENDs can be understood in terms of classical nucleation,
growth, coarsening, and dissolution processes associated with
first-order phase transitions. Transcription and other active nonequilibrium processes that occur at the NOR appear to locally
modulate thermodynamic parameters, rather than qualitatively
change the mechanism of organelle assembly.
A growing body of evidence points to phase separation as a
general mechanism for the assembly of nuclear bodies and other
membraneless organelles (5, 6, 39). Living cells appear to use
several different strategies to control these physicochemical
processes. In principle, a cell could move around in phase space
PNAS Early Edition | 7 of 9
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through changes in gene expression, posttranslational modifications, system size, and/or chemical reaction rates. The particular
regulatory mechanism likely depends on a cell’s proximity to the
phase boundary. For example, we showed previously that the
concentration of nucleolar components in wild-type embryos is
close to the saturation concentration (9), such that relatively
small changes in system size (through nuclear expansion) are
sufficient to control nucleolar assembly. A similar argument has
been proposed for biological membranes, which may be positioned near a critical point such that small changes in temperature or composition lead to large-scale spatial heterogeneity
within the 2D lipid bilayer (40). In contrast, an autocatalytic
chemical reaction was recently shown to be required for the
nucleation and sigmoidal growth of centrosomes, membraneless
organelles important for organizing the mitotic spindle (31).
Such an active regulatory mechanism may enable the cell to
tightly control centrosome assembly and thereby prevent their
spontaneous nucleation, which could result in multipolar spindles and missegregation of DNA.
In addition to controlling organelle assembly, these regulatory
mechanisms may impact function. By preferentially coarsening at
the NOR, nucleoli appear to accelerate rRNA splicing and other
modifications, directly at the transcription site. These findings are
likely to be relevant not only for other nuclear bodies, but also for
cytoplasmic RNP bodies such as P granules, stress granules, and
processing bodies, which share many similarities with nucleoli.
Many of these structures also exhibit dynamic liquid-like behaviors and function to control the flow of genetic information by
regulating RNA stability, modifications, and/or translational
control. It is likely that RNA can also serve to nucleate and
stabilize these structures, through a similar impact on the intermolecular affinity (χ) and growth/coarsening dynamics. The
molecular affinity is expected to be sensitive to the degree to
which RNA has been modified, providing potentially important
feedback on the assembly and coarsening dynamics. Elucidating
this link between phase separation and the active biological processes that are consequently impacted will be important for understanding the physicochemical regulation of biological function.

described previously (9); line CPB089 [ptnsIs050 (DAO-5::GFP)] was constructed using CRISPR/Cas9. Embryos were dissected from gravid hermaphrodites and imaged on M9-agarose pads. Four-dimensional confocal datasets
were acquired on an inverted Zeiss Axio Observer Z1 microscope equipped
with a Yokogawa CSU-X1 confocal spinning disk (Intelligent Imaging Innovations), a QuantEM 512SC camera (Photometrics), and a 100×/NA1.4 oil
immersion objective.
Image Analysis. Images were analyzed with custom software in Matlab.
Droplets were detected using a 3D bandpass filter and the total fluorescence
intensity within each segmented object was calculated at each time point. To
compare in vivo data with classical theories of nucleation, growth, and
coarsening, we assumed that the density of FIB-1::GFP molecules is independent of droplet size such that the integrated intensity is proportional to
droplet volume.
Oligonucleotide Fluorescent in Situ Hybridization. OligoFISH was performed as
described in ref. 22, using Stellaris probes (Biosearch Technologies) homologous to the ITS1 and ITS2 sequences of C. elegans pre-rRNA.
RNAi. RNAi experiments were performed by picking L4 larvae onto NGM
plates containing 1 mM IPTG and 100 μg/mL ampicillin, seeded with feeding
clones from the Ahringer library. Worms were allowed to feed and grow at
20 °C for 45–50 h before embryos were harvested for imaging.
In Vitro Phase Separation. GST::FIB-1 was expressed in Escherichia coli and
purified using standard protocols. Purified protein was stored in high salt to
prevent phase separation. A trace amount of fluorophore-labeled polyU50
RNA (1 nM) was used for fluorescence imaging of droplets. Total yeast RNA
or a 50-mer of in vitro-transcribed C. elegans rRNA, known to interact directly with FIB-1 (24), was added to a final concentration of ∼5 μM to conduct experiments with RNA.
Stochastic Variables. The Gaussian stochastic noise variables associated with
Eq. 3, ξϕ and ξj , are defined such that Æξϕ æ = Æξj æ = 0, Æξϕ ð~
r 1 , t1 Þξϕ ð~
r 2 , t2 Þæ =
−2MkB T∇2 δð~
r 1 −~
r 2 Þδðt1 − t2 Þ, and Æξi ð~
r 1 , t1 Þξj ð~
r 2 , t2 Þæ = −2kB T η∇2 δij δð~
r 1 −~
r2Þ
δðt1 − t2 Þ.

Worm Maintenance and Imaging. C. elegans lines were grown at 20 °C on
NGM plates seeded with OP50 bacteria. Lines CPB001 and CPB064 were
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