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Abstract

Classically the site of ribosomal RNA transcription, processing and early ribosome assembly, the nucleolus is
increasingly understood as a dynamic multiphase condensate reshaped by cell state. Most reviews of this plasticity are
mammal-centred. Here we set mammals alongside fungi, plants and animal germlines, following the nucleolus through
the life cycle under environmental change and through the programmed transitions of mitosis and meiosis. Under stress
it acts in protein quality control, sequestration and transcriptional regulation. In mitosis, fungi partition a persistent
nucleolus, unlike the dissolve-and-rebuild strategy of animal open mitosis. In meiosis, nucleolar fate diverges between
the sexes: lost during spermatogenesis in mammals and amphibians, cycling through prenucleolar bodies in arthropods,
and persisting through oogenesis to predict meiotic competence. Across all three states the same tasks recur: reducing
rRNA output, managing rDNA as a specialised chromosomal domain, coupling nucleolar material to division machinery,
and controlling the granular component, met differently across lineages. We argue that nucleolar identity is defined by
functional logic rather than fixed morphology, and outline open questions for extending this comparative approach

across the breadth of eukaryotic diversity.

Introduction

The nucleolus is the largest biomolecular compartment in
the nucleus and is classically defined as the site of
ribosomal RNA transcription, processing, and early
ribosome subunit assembly. It forms around ribosomal
DNA (rDNA) repeats and is built from a changing mixture
of rDNA, nascent and processing pre-rRNAs, ribosomal
proteins, assembly factors, and many other RNA-binding
and regulatory proteins. In mammalian cells, this
organisation is often described in terms of fibrillar centres
(FCs), the dense fibrillar component (DFC), and the
granular component (GC), which broadly correspond to
different steps of rRNA synthesis and ribosome
biogenesis. Although fungal nucleoli are often less
sharply defined by ultrastructure, the same basic
functional logic applies: nucleolar organisation is tightly
linked to rDNA activity, RNA polymerase | function, pre-
rRNA processing, and the ordered maturation of pre-
ribosomal particles [1-4]. In this sense, the nucleolus is
not simply a place where ribosome biogenesis happens.
It is a compartment whose structure is produced and
maintained by the reactions taking place within it.

This canonical biosynthetic role remains central, but it
does not fully capture the place of the nucleolus in nuclear
organisation. Work over the last decades has shown that
the nucleolus also contributes to broader aspects of
genome architecture, spatial chromatin organisation, and
the regulated sequestration or release of selected factors,
placing it within a wider network of nuclear control [4-7].

The nucleolus is now widely treated as a multiphase
condensate whose internal organisation reflects the flow
of rRNA and ribonucleoprotein intermediates through
distinct but coupled functional states, helping explain how
composition, material properties, and function remain
linked across space and time [4,8,9]. These ideas are
especially useful because they frame the nucleolus not as
a fixed object with stable internal parts, but as a
responsive compartment whose architecture changes
together with its output.

The dynamic nature of the nucleolus becomes especially
clear across the life cycle of the cell. In interphase, under
favourable growth conditions, it supports sustained rRNA
synthesis and ribosome production. Such steady
conditions are rarely sustained for long outside the
laboratory: natural environments fluctuate continuously,
unlike the controlled stability of an incubator, so some
degree of perturbation is the norm rather than the
exception for most cells. However, under stress, the
nucleolus is an environmentally responsive compartment
that can rapidly remodel its organisation in terms of rDNA
conformation, transcriptional output, RNA processing,
and protein handling pathways [6,10—13]. During mitosis,
these changes become especially striking. In many
mammalian cells undergoing open mitosis, the nucleolus
disassembles as mitosis proceeds and is rebuilt after
chromosome segregation and mitotic exit [1,3,14,15]. In
many fungi, by contrast, division occurs without complete
nuclear breakdown, and the nucleolus remains visible
and must be remodelled and physically partitioned rather
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than fully dissolved [16—19]. Meiosis reveals additional
forms of nucleolar plasticity, again linking nucleolar
behaviour to chromosome organisation, nuclear
architecture, and developmental state. Taken together,
these observations argue that nucleolar dynamics should
be treated as a central part of cell-cycle control and cell-
state transitions.

Most general discussions of nucleolar dynamics have,
understandably, focused on mammalian systems, where
the sequence of mitotic disassembly and reassembly,
together with the links between nucleolar stress and
signalling pathways such as p53 control, have been
studied in greatest detail and reviewed extensively
elsewhere [1,3,4,14,15]. Setting these systems alongside
others is informative precisely because the mammalian
solution is not the only one available. Fungi are
particularly useful here, because in this clade, nucleolar
dynamics are often exposed not as a problem of
disassembly and reassembly but as a problem of active
inheritance. In budding yeast, for example, the nucleolus
persists through closed mitosis and must be divided while
remaining organised around a long repetitive rDNA array
that segregates late and is subject to constraints imposed
by ongoing transcription, DNA topology, chromosome
compaction, and contacts with the nuclear envelope.
More broadly, fungal systems show that the same basic
task, the faithful transmission of nucleolar material and
rDNA across division, can be solved through different
cellular geometries and regulatory circuits. Plants and
animal germlines contribute further solutions, particularly
in meiosis, where nucleolar fate can differ between the
two sexes of a single species.

Our goal in this review is not to survey the full diversity of
nucleolar organisation across all eukaryotic lineages,
which is far too broad a subject and has been treated in
detail elsewhere [20,21]. Instead, we follow the nucleolus
through the life cycle in a deliberately comparative way,
asking how one compartment is remodelled by demands
of two different kinds: environmental change, which is
unpredictable and acute, and the programmed transitions
of mitosis and meiosis. Three questions run through the
review: how environmental change remodels nucleolar
function and material state; how rDNA organisation
shapes nucleolar behaviour; and how nucleolar
components are reorganised, partitioned, dispersed, or
rebuilt as cells pass through different division
programmes. Read this way, the non-mammalian
literature is more than a counterpart to mammalian-
centred reviews. It provides a mechanistic basis for
asking how a conserved nuclear compartment preserves
core biosynthetic functions while remaining flexible
enough to respond to a changing intracellular and
extracellular environment.

The nucleolar stress response

One of the most consistently reported triggers of
nucleolar reorganisation in interphase cells is stress (Fig.
1), although the relationship has so far been
characterised mostly in  metazoan  systems.
Understanding it more broadly will require integrating
observations from across the eukaryotic tree in order to
identify general patterns in the nucleolar stress response.

Given the differences in nucleolar organisation between
lineages, the physiological changes seen in the nucleolus
during stress also appear distinct at first glance. Under

acute heat stress, the S. cerevisiae nucleolus shrinks and
fragments into scattered granules [22], a contraction also

seenin S. pombe and in some plants [23,24]. By contrast,
mammalian nucleoli can expand upon heat stress, later
forming amyloid-like structures [25-27]. In addition,
nucleolar compartments in several species become less
well defined and are disrupted [26,28,29].

However, despite these differences, nucleolar dynamics
appear to converge at the functional level, even though
they are achieved through different molecular
mechanisms: the nucleolus stores misfolded proteins
pending their rescue, holds other proteins in order to
restrict their activity, hosts regulatory factors that slow
ribosome biogenesis, and releases its own proteins to
modulate the stress response.

Rescue

Under stress, the nucleolus acts as a site for protein
quality control. Thermosensitive proteins from the
nucleoplasm and the nucleolus enter the liquid-like
granular component and bind resident proteins, which
stabilise and immobilise the misfolded species while
themselves becoming less mobile, allowing Hsp70-
dependent refolding. Prolonged stress, however, leads to
irreversible amyloid-like aggregation [27]. Another study
suggests that this amyloid state is instead physiological
and reversible, actively induced by low-complexity non-
coding RNA transcribed from intergenic spacers in NORs
[26,30].

In S. cerevisiae during heat stress, some nuclear and
cytoplasmic misfolded proteins accumulate in the
intranuclear quality control compartment (INQ). Transport
from the cytoplasm occurs via the Hsp70 co-chaperone
Sis1 and the aggregase Btn2 [31,32]. Interestingly, these
proteins do not appear to share any common feature
other than solubility [33]. They are later disaggregated
with the help of Hsp104 [32]. Although the INQ is not in
direct contact with the nucleolus, it is consistently found in
the nucleolar region [34], resembling other Sisi-
dependent condensates at the nucleolar periphery that
consist of orphaned ribosomal proteins [35]. Besides
preserving proteins, these foci sequester Sis1, which



leads to the release of Hsf1 and activation of the heat
shock response [36,37].

Similarly, S. pombe forms a ring of reversibly aggregated
nuclear and nucleolar proteins around its nucleolus,
which  requires Hsp70-Hsp104 disaggregase for
resolution [24,38,39]. Moreover, in various stresses its
nucleolus also hosts poly(A) RNA [40—42].

Restriction

Sequestration of proteins in the nucleolus is also used to
restrict their activity. In mammalian cells, stress-specific
IncRNAs transcribed from intergenic spacers sequester
proteins carrying a nucleolar detention sequence [43].
Among them are MDM2 and VHL, which lose their
ubiquitin-ligase activity while detained during acidosis,
helping to modulate the stress response [44].

Likewise, the S. pombe rings contain numerous mRNA
transport factors and cell cycle regulators such as Clp1,
Cdc5, Ark1, Cdc13 and Plo1 [24]. While Clp1 and Cdc13
are normally found in the nucleolus, the others do not
usually reside there [46]. This suggests that the nucleolus
modulates cell cycle progression and the stress response
by actively trapping specific regulators from the rest of the
cell.

Regulation

Since the nucleolus is primarily responsible for ribosome
biogenesis, stress conditions inevitably lead to its
downregulation, which also often requires the
sequestration of various proteins. The VHL protein
mentioned above also restricts rRNA synthesis under
hypoxia [45], while the CHD4/NuRD complex does so
under hypotonic and heat stress [47,48]. CHD4/NuRD
has histone-modifying and ATP-dependent chromatin
remodelling activities, and it is recruited to the nucleolus
via another long non-coding RNA, PAPAS (promoter and
pre-rRNA antisense), tethered to DNA [47,48]. Similarly,
in Drosophila the piRNA-pathway protein Piwi is
sequestered from the nucleoplasm to the nucleolus
during heat stress, presumably by as-yet-unidentified
transcripts, where it may regulate the transposable
elements located there [49].

In budding yeast, rDNA silencing may follow from the
sequestration of TORC1, which regulates rDNA
accessibility, into cytosolic stress granules [51]. TORC1
inhibition causes condensation of the rDNA array (RDN1,
chromosome XIl) in metaphase-arrested cells, which has
been proposed to slow rRNA synthesis [50].

Release

The nucleolus, as rRNA production slows, also gains a
pool of orphaned ribosomal proteins, which it releases to
regulate the cell cycle. For example, in mammalian cells
undergoing nucleolar disruption, such as after UV
damage, some ribosomal proteins exit the nucleolus and

cause cell cycle arrest and apoptosis via p53 stabilisation
[52-56]. Although no studies have addressed heat stress
directly, there is evidence for both nucleolar disruption
and p53 accumulation during it [57,58], which suggests
that, as in budding yeast, orphaned ribosomal proteins
may contribute to activation of the stress response, albeit
by a different mechanism.

Taken together, these examples show that, beyond
ribosome biogenesis, the nucleolus is deeply integrated
into stress response pathways during interphase (Fig. 1).
Nucleolar stress in mammalian cells is closely studied,
given its links to diseases ranging from cancer [59] to
neurodegeneration [60]. The specific molecular routes,
however, appear not to be broadly conserved, and
although comparatively little is known about nucleolar
dynamics in other eukaryotes, particularly beyond model
organisms, current evidence suggests that similar
functional outcomes can arise through different molecular
mechanisms rather than through a single conserved
pathway.

This leaves open the question of whether there are
shared underlying principles defining nucleolar behaviour
during stress, and whether the nucleolus actively
contributes to cellular stress response, or whether it is
passively affected by global stress-induced changes.

“

¢

—@ misfolded protein rescue

nucleolar regulation
-@ activity restriction

\ -=> ncRNA

\ —> regulatory proteins
\ ribosomal proteins release
/

|

Fig. 1. Generalised scheme of reported stress-related protein
rearrangements in discussed species. Dark green — rDNA, lime
— FC, lavender — DFC, purple — GC, grey — nuclear envelope.

Nucleolar dynamics in mitosis

Across eukaryotes, mitosis forces a basic choice in
nucleolar behaviour. In many animal cells undergoing
open mitosis, the nucleolus vanishes as mitosis
progresses and is rebuilt after chromosome segregation
[1,3,4,14,15]. In contrast, many fungi carry out mitosis
with an intact nucleus, and the nucleolus remains visible
and must be physically partitioned rather than dismantled
[16—19]. These two regimes shift the main problem to be
solved. If the nucleolus disassembles, the challenge is
controlled dissolution and faithful post-mitotic reassembly
at the rDNA loci. If it persists, the challenge is to remodel
and split a nucleolar domain built around rDNA while
chromosomes segregate.



Work in human cells shows that nucleolar disassembly is
an ordered event. Live-cell analyses indicate that FC-
associated Pol | components dissociate first, whereas
DFC and GC markers redistribute later, closely aligned
with loss of nuclear compartmentalisation and nuclear
envelope breakdown [4,14,61]. Many of the ribosome
biogenesis and nucleolar scaffolding proteins relocate to
chromosome-associated and perichromosomal material
during mitosis and later pass through prenucleolar bodies
(PNBs) before rejoining reforming nucleoli
[1,3,4,14,15,62,63]. Nucleolar reassembly is likewise
staged: rDNA transcription restarts at NORs in telophase,
while processing factors are initially organised in PNBs
and are then recruited to reform FC/DFC/GC organisation
in early G1[1,4,14,61,62].

Because mammalian mitotic nucleolar dynamics are
discussed elsewhere [1,3,4,14,15], here we will focus on
fungi, where genetics and imaging experiments have
mapped how rDNA, nucleolar components, the nuclear
envelope, and the spindle are coordinated to partition a
persistent nucleolus during mitosis [17,19,64—66].

Nucleolar division in S. cerevisiae
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Fig. 2. Mitotic partitioning of the rDNA-nucleolar domain in

Saccharomyces cerevisiae. During anaphase, the rDNA array
and associated nucleolar material are among the last nuclear
domains to segregate. Their separation requires coordinated
changes in rDNA topology, transcription and chromosome
organisation. Top2-dependent resolution of DNA linkages,
Cdc14 release, reduced RNA polymerase | (Pol 1) transcription
and condensin-dependent compaction promote the separation
of the rDNA array and partitioning of the associated nucleolar
material between the mother and daughter nuclei. Green and
red arrows indicate increased and decreased activity or
association, respectively. Purple — nucleolus, dark green —

rDNA, grey and brown — chromosomes, NE, spindle,
kinetochores.

In S. cerevisiae, the nucleolus remains present
throughout closed mitosis and must be divided rather
than disassembled (Fig. 2) [16—18]. This is non-trivial
because the nucleolus is built around a very long rDNA
repeat array on chromosome Xll, which behaves as a
distinct chromosomal domain [16,17,65]. In addition, the
nucleolus has liquid-liquid phase-separated properties,
and division of one droplet into two is not
thermodynamically spontaneous but a regulated process
that requires active inputs.

Imaging studies show that a defining feature of budding
yeast mitosis is that segregation of the rDNA and
associated nucleolar markers lags behind much of the
genome [16,17,65,67]. In metaphase, rDNA can appear
as an extended structure, often positioned apart from bulk
chromatin [17,18]. Tracking of multiple loci shows that
markers within the rDNA array segregate late, whereas
flanking regions can segregate on time [17,68].
Morphologically, the rDNA transitions from an extended
loop-like structure to a compact mass and then to a
stretched bar aligned with the spindle axis before splitting
into two separated bodies [17,68,69]. Nucleolar proteins
show similarly delayed dynamics relative to non-rDNA
chromosomal loci [16,18].

Mechanistically, two classes of constraints are at play
during segregation itself. First, the rDNA is long and
prone to persistent DNA intertwines after replication, so
efficient separation requires Top2 activity in anaphase
[64,65,67,68]. Second, high transcription and co-
transcriptional ribosome assembly at rDNA oppose
shortening and condensin occupancy [68-70]. When
transcription remains high, condensin binding is reduced
and rDNA fails to shorten efficiently [69—72]. Together,
these constraints make rDNA a “last-to-segregate” region
whose completion can define the end of mitosis (Fig. 2)
[16,17,68,69].

A central event that helps relieve these constraints is the
regulated release and activation of Cdc14, which is
sequestered in the nucleolus by Net1 as part of the RENT
complex [64,65,73-75]. At anaphase onset, FEAR
provides an early trigger for Cdc14 release, while MEN
later ensures completion if early steps are delayed
[17,64,66,76,77]. Functionally, Cdc14 activation gates
entry into an anaphase remodelling programme at rDNA:
condensin becomes enriched at the nucleolar/rDNA
region, and rDNA condensation and segregation
proceeds [64-66,78].

At the same time, high Pol | transcription is not compatible
with efficient rDNA shortening and separation, and this
constraint must be relieved [68,70,71,79]. Experiments
that reduce rRNA synthesis improve rDNA segregation in
condensin- or Cdcl4-compromised backgrounds



[68,70,79]. In addition, Cdc14 inhibits Pol | transcription
during anaphase, linking mitotic phosphoregulation to
reduced transcriptional output from rDNA [80]. A stepwise
model is therefore supported by the literature: anaphase
entry triggers Cdc14 activation (via Netl1 release and
FEAR/MEN timing), Cdc14 promotes condensin
enrichment at rDNA, condensin drives rDNA
condensation/shortening, and Top2 resolves remaining
DNA linkages so sisters can separate [64—66,71,78]. In
parallel, transcription downshift contributes both to
reducing rDNA-associated constraints and to improving
condensin binding [68-72].

This division programme operates within a defined
architectural context at the nuclear periphery. In S.

cerevisiae, the rDNA is tethered to the inner nuclear
membrane through the CLIP—cohibin system, linking the
rDNA/nucleolar domain to INM proteins including Nur1
and Heh1/Src1 [81-84]. Importantly, this linkage is
regulatable: TORC1 inactivation reveals CLIP—cohibin-
dependent separation of rDNA from nucleolar proteins
[82,83], and rDNA breaks trigger
phosphorylation/SUMOQylation events that promote
Cdc48/Ufd1-dependent disassembly of CLIP—cohibin
[84]. Nur1 is also a cell-cycle-regulated phosphorylation
target of Cdk1 and is opposed by Cdc14, providing a
direct route by which mitotic control can tune rDNA-NE
coupling [84,85]. Together, these studies establish that
the rDNA/nucleolar domain is both positioned and
mechanically constrained by NE contacts, and that those
contacts can be actively remodelled.

After segregation, the two daughter nuclei re-establish
nucleolar architecture and resume ribosome biogenesis,
visible as restoration of a nucleolar domain around the
rDNA in each daughter nucleus [16—18].

Nucleolar inheritance in other fungi
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Fig. 3. Distinct modes of nucleolar inheritance during fungal

mitosis. In Schizosaccharomyces pombe, closed mitosis
preserves nuclear compartmentalisation, and the rDNA-
associated nucleolar domain is divided between the two
daughter nuclei. In Schizosaccharomyces japonicus, rDNA
undergoes late-anaphase compaction and separation during a
division programme that includes nuclear-envelope rupture;
nucleolar material is transiently dispersed and subsequently
rebuilt. In Aspergillus nidulans, partially open mitosis permits
chromosome segregation while nucleolar material persists
transiently as a central remnant between the separating
chromatin masses before daughter nucleoli are re-established.
Purple — nucleolus, dark green — rDNA, grey and brown —
chromosomes, NE, spindle, kinetochores. Schematics are not to
scale.

In other fungi, the same core problems must be solved:
partitioning rDNA, handling the nucleolar protein mass,
and coordinating these events with the division
machinery (Fig. 3). However in these systems the
geometry and control logic differ.

In S. pombe, mitosis is also closed, yet the regulatory
wiring around rDNA is different. rDNA resides within
H3K9-methylated chromatin sustained by
heterochromatin pathways, providing an alternative way
to stabilise the repeat array [86—88]. Consistent with this
divergence, the budding-yeast FEAR—Cdc14 logic is not
conserved in the same way: FEAR orthologues are not
required for release of the Cdc14-family phosphatase

Clp1/FIp1 from the nucleolus at mitotic entry, and clp1A
cells segregate the nucleolus without any delay [89].



Distinct mitotic networks still control nucleolus-associated
regulators in fission yeast; for example, SIN signalling
regulates localisation of Clp1/Flp1 [89]. In parallel, the
mechanics of nuclear division in S. pombe are tightly
linked to membrane growth and lipid control, with nuclear
envelope expansion required for proper
chromosome/nuclear division [90-92]. This provides a
clear example of “same task, different implementation,”
combining heterochromatin-based rDNA control with NE
remodelling and distinct phosphoregulation.

In S. japonicus, the geometry differs more strongly, as
nuclear-envelope rupture and rebuilding are part of the
division programme [90,93,94]. Yam et al. (2013) show
that rDNA remains embedded within the nucleolar mass
through most of anaphase, then undergoes late-
anaphase axial compaction and exits the nucleolar mass
shortly before rapid dispersal of nucleolar signal [94].
Nucleoli then reform in the newly formed nuclei as the NE
re-establishes its integrity [90,93]. Strikingly, the INM
protein and orthologue of S. cerevisiae’s Heh1, Man1
contributes to symmetric nucleolar inheritance; when
Man1 is perturbed, nucleolar material is frequently
inherited unequally by the two daughter nuclei [90,94]. In
this system, nucleolar inheritance is therefore tightly
coupled to NE remodelling and a late rDNA remodelling
step.

A. nidulans provides another example where nucleolar
material is remodelled into intermediate states during
division. Live imaging shows that nucleolar material
becomes spatially uncoupled from separating chromatin
masses and can persist transiently between them before
nucleolar organisation is re-established in daughter
nuclei [19,95]. This occurs in a “partially open” mitosis
created by partial NPC disassembly: core pore structures
remain at the NE, while peripheral nucleoporins disperse
and regulated nuclear transport is transiently suppressed
[96—98]. In addition, the INM protein MtgA influences
nucleolar morphology and FC/GC arrangement, linking
NE composition to nucleolar shape during division [99].
This division mode therefore resembles S. japonicus, in
which nucleolar material is transiently reorganised and
then rebuilt, rather than the S. cerevisiae/S. pombe
pattern where nucleolar partitioning is largely achieved by
splitting the rDNA-associated nucleolar domain inside an
intact nucleus.

In C. albicans, imaging studies highlight persistent
nucleolus—NE proximity and a tight spatial relationship to
the spindle in both yeast and filamentous growth forms
[100—103]. While mechanistic wiring is less well defined in
these studies, the geometry supports the idea that
physical coupling of the nucleolus to division-driving
structures can be especially strong in this system.

Shared mitotic requirements across eukaryotes

Despite the clear difference between “dissolve and
rebuild” (many animals) and “partition a persistent
nucleolus” (many fungi), the same core requirements
recur across systems. The main difference is the route
used to satisfy each requirement.

1) Reduce rRNA gene output and remodel nucleolar
activity at the right time

In budding yeast, high Pol | transcription and ongoing co-
transcriptional assembly at rDNA oppose rDNA
shortening and segregation. Experimental reduction of
rRNA synthesis improves segregation in backgrounds
compromised for key mitotic regulators [68,70,79]. In
addition, in S. cerevisiae, anaphase regulation includes
direct inhibition of Pol I transcription by Cdc14 [80]. In
mammals, rDNA transcription is shut down as cells enter
mitosis, an event linked to CDK1-dependent regulation of
Pol | initiation factors [3,4,14,15]. Together, data from
fungi and animals supports the idea that mitosis requires
a coordinated downshift in rDNA transcriptional output,
even though the regulatory logic might differ.

2) Make rDNA physically separable in the context of
chromosome segregation

In S. cerevisiae, the rDNA array is a late-segregating
domain whose separation requires condensin-driven
compaction and Top2-dependent resolution of DNA
linkages [64-66,71,78]. In fission yeast, condensin
recruitment to rDNA is wired differently but remains
essential for proper rDNA behaviour [104,105]. In
mammals, rDNA remains anchored at NORs on mitotic
chromosomes while nucleolar components redistribute,
and nucleolar reassembly is organised around NORs
when transcription restarts [1,4,14,61,62]. These
observations support a shared requirement to control the
rDNA locus as a specialised chromosomal region through
mitosis, whether by compaction and segregation within
an intact nucleus (fungi) or by maintaining NOR identity
during nucleolar dissolution and reassembly (animals).

3) Couple nucleolar material to division-driving
structures and nuclear architecture

In fungi with persistent nucleoli, coupling to the spindle,
chromosomes, and the nuclear envelope is central
because nucleolar material must be physically partitioned
during nuclear division. In S. cerevisiae, segregation of
the rDNA/nucleolar domain occurs late and in defined
morphologies aligned to spindle elongation [17,68,69]. In
S. japonicus, nucleolar inheritance is embedded in a
rupture-and-rebuild division programme, and rDNA
shows late-anaphase remodelling followed by rapid
dispersal of nucleolar signal [90,93,94]. In A. nidulans,
nucleolar material can persist transiently between
separating chromatin masses during a partially open
mitosis with partial NPC disassembly, and INM



composition can influence FC/GC arrangement [19,96—
99]. In mammalian open mitosis, nucleolar components
redistribute to mitotic chromosome-associated material
and later pass through PNBs, placing the chromosome
surface and post-mitotic nuclear import at the centre of
nucleolar reassembly [1,4,14,15,61-63].

4) Control the GC as a physical and functional entity
during partitioning and reassembly

Across fungi, GC behaviour differs: in some systems
nucleolar material largely tracks the rDNA-associated
territory, whereas in others it disperses or persists as a
remnant and is then rebuilt [16,19,69,94,95]. Mammalian
mitosis provides a complementary view in which GC
components show defined kinetics of disassembly and a
delayed return during reassembly, with GC formation
later than FC/DFC in the reconstruction sequence
[1,4,14,61,62]. Biophysical work in mammalian cells
further shows that nucleolar disassembly is preceded by
measurable changes in GC material state, including
increased mobility and reduced effective interaction
strength, and a drop in surface tension and bending
rigidity before rapid dissolution at nuclear envelope
breakdown [106]. More broadly, nucleolar material
properties are linked to rRNA flux and the progression of
ribosome maturation, defining distinct biophysical states
[4,107,108].
Ani1/Fkbp39 in S. pombe provide examples in which
regulators of rRNA processing and pre-ribosome
handling influence nucleolar state in ways consistent with
a coupling between ribosome maturation and GC
behaviour [72,109].

Taken together, these comparisons suggest that mitotic
nucleolar dynamics can be described by a shared list of
tasks: (i) reduce rDNA transcriptional output, (ii) manage
rDNA as a specialised chromosomal domain, (iii)
coordinate nucleolar material with the division machinery
and nuclear architecture, and (iv) tune the GC so that
nucleolar material can either be partitioned directly or
redistributed and rebuilt. Fungi emphasise the “partition”
solution, whereas many animals emphasise a “dissolve
and rebuild” solution, but both satisfy the same underlying
requirements using different cellular geometry and
control logic [1,4,15,17,61-63,94,106].

In fungi, Riol in S. cerevisiae and

Meiotic dynamics

Sexual reproduction involves two opposite processes —
halving cell ploidy via meiosis to form gametes and
restoring it via gamete fusion. Meiosis consists of two
rounds of divisions with the same stages as mitosis, and
results in formation of four haploid cells from one diploid.

Chromosome pairing during prophase |

The longest and most elaborate stage is prophase |,
which is subdivided into several substages (Fig. 4). At
leptotene, chromosomes condense, double-strand
breaks for crossover are introduced, and the
synaptonemal complex begins to form as homologous
chromosomes approach each other. The transition to
zygotene is often marked by bouquet formation, in which
telomeres cluster at the nuclear envelope. Synapsis is
completed at zygotene, and at pachytene all double-
strand breaks are repaired, producing crossovers.
Finally, at diplotene the synaptonemal complex
disassembles and homologous chromosomes remain
linked only through chiasmata.

When the bouquet forms, nucleoli follow the NOR-bearing
chromosomes to the nuclear envelope and fuse,
physically connecting them [110-112]. This connection
remains between homologous pairs even after the
bouquet disassembles [113,114].

The nucleolus also promotes pairing when the bouquet is

absent: in Arabidopsis, initial telomere pairing occurs
through the nucleolus [115], and telomere release at
leptotene is an active process requiring ASK1, a
component of the SCF ubiquitin-ligase complex [116],
together with SUN1 and SUN2, two components of the
LINC (linker of nucleoskeleton and cytoskeleton) complex
[117]. NOR-bearing chromosomes retain their ability to
pair even when nucleus-wide pairing stabilisation is
disrupted [118]. In rice, telomeres also associate with the
nucleolus during pairing [119].

Another is to pair the X and Y

chromosomes. In Drosophila males, this pairing is
mediated by shared rDNA, through either sequence
repetition or transcriptional activity [120,121].

non-trivial task

In S. pombe, which lacks a synaptonemal complex,
robust chromosome pairing is achieved with the help of
phase-separated IncRNA—protein complexes; although
these are structures distinct from the nucleolus, the
nucleolus has also been proposed to contribute to pairing
[122-125].

After prophase |

Further nucleolar fate varies not only across species but
also between the sexes within a single species. During
spermatogenesis, nucleolar size and rRNA synthesis
peak around mid-pachytene before declining from late
pachytene onward, and the nucleolus fragments; it has
been proposed, on the basis of correlated timing and
morphology, that some of this material contributes to the
chromatoid body that forms in early spermatids [126,127]

— a link also described in the frog Dendropsophus

minutus [128] and reviewed across mammals [129]. In
some arthropods, by contrast, nucleolar material persists
by cycling through prenucleolar bodies (PNBs): it



disperses from metaphase | to telophase I, when PNBs
coat the chromatin surface [130]; these coalesce into
transient nucleoli at interkinesis, disperse again at
prophase ll, and reappear at telophase Il to seed the
spermatid nucleolus [131,132].

In oogenesis, by contrast, nucleoli become active at mid-
to-late pachytene and remain so even during the
prolonged diplotene arrest, which can last years [133],
despite being unnecessary for oocyte maturation. Only
the maternal nucleolus is inherited, and it is important for
chromatin organisation in early embryonic development
in both the female and the male pronucleus [134,135].

This activity reaches an extreme in amphibians: Xenopus
oocytes amplify rDNA extrachromosomally, generating
roughly 1,000-1,500 free nucleoli per germinal vesicle to
meet the ribosome demand of oogenesis [136—138]. As
oocytes complete growth, the active nucleolus converts
into a transcriptionally silent nucleolus-like body
surrounded by a heterochromatin rim — the karyosphere,
or “surrounded nucleolus” (SN) configuration — and this
transition correlates with meiotic competence: SN
oocytes resume meiosis and reach metaphase Il at
substantially higher rates than oocytes retaining the
immature “non-surrounded nucleolus” (NSN)
configuration [139—141].

In S. cerevisiae, which shows distinct nucleolar behaviour
during mitosis, the meiotic nucleolus remains intact until
anaphase |, disassembles and reassembles at telophase
I, and repeats this cycle during meiosis Il; nucleolar
proteins are retained in the ascus and excluded from the
new spores, which may reset -cellular ageing
[18,142,143].

Set against this fungal pattern, the divergence in the
animal germline described above stands out. In S.
cerevisiae a single nucleolus disassembles and
reassembles at each meiotic division regardless of which
gamete lineage it occupies, whereas in animals nucleolar
fate splits sharply by sex: lost during spermatogenesis,
but retained and in many species amplified during
oogenesis. This restates, for meiosis, the same fungi-
versus-animals contrast drawn for mitosis: fungal
systems repeatedly solve nucleolar continuity through
active, division-coupled remodelling of a persisting
structure, while the animal germline instead allows
nucleolar fate itself to diverge between sexes. Whether
other fungi show germline-specific asymmetries in
meiotic nucleolar behaviour, or whether the symmetric
pattern seen in budding yeast is the more general rule,
remains an open question.

Regulation of meiosis timing

As in mitosis, the nucleolus also controls the timing of
meiotic progression by sequestering key regulators.

In S. cerevisiae, Csm1 and Lrs4, components of the
monopolin complex involved in the proper orientation of
sister kinetochores during meiosis 1, usually reside in the
nucleolus until the polo-like kinase Cdc5 promotes their
exit after prophase | [144,145]. The same kinase,
together with Spo12 and Slk19, drives nucleolar division
and releases Cdc14 from the nucleolus, but, unlike in
mitosis, only briefly during anaphase |, in order to
dephosphorylate Cdk1 substrates and promote spindle
disassembly [146,147]. For a more comprehensive
review of Cdk regulation in meiosis, see [148].

Similarly, in Drosophila the nucleolus hosts the
centromere-specific histone variant CENP-A, and its
assembly factor CAL1 resides both at centromeres and in
the nucleolus, where it forms a complex with the
nucleoplasmin homologue Modulo [149—-151]. For proper
centromere assembly, the timely release of CENP-A and
CAL1 in prophase | has to be controlled by a further
assembly factor, CENP-C, and, in male meiosis, by
nucleolar transcriptional activity [151].

As in mitotic division, during meiosis the nucleolus
facilitates the coordination of successive steps, and it is
also involved in the spatial organisation of homologous
chromosomes during the early stages of meiosis. It is
worth noting that not only nucleolar protein composition
and transcriptional activity, but also the biophysical
properties of the nucleolus as a phase-separated
organelle, appear to matter for chromosome pairing. This
contribution is clearest where canonical mechanisms are
absent or insufficient, as in S. pombe, which lacks a

synaptonemal complex, and in X-Y pairing in Drosophila.
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Fig. 4. Nucleolar dynamics during prophase | of meiosis in
human spermatocytes. Meiotic stages adapted from [152]. Dark
green — rDNA, lime — FC, dark purple — DFC and GC, grey and
brown — chromosomes, bearing nucleolar regions, NE.

Conclusion

Following nucleolar dynamics through the life cycle has
helped shift the view of the nucleolus from a stable
ribosome-producing compartment to a responsive



nuclear domain whose organisation changes with
transcriptional activity, chromosome state, nuclear
architecture, stress, and developmental programme. Two
classes of demand emerge from the comparison.
Environmental change acts on the nucleolus
opportunistically, at whatever point in the cycle it arrives,
whereas mitosis and meiosis act on it on schedule. In
both cases, nucleolar dynamics are not simply a
consequence of what the cell is doing but part of how the
cell reorganises nuclear function across changing states.
They also show that nucleolar remodelling is an active

process: during division, cells must coordinate
transcriptional  downregulation, rDNA  segregation,
chromosome  mechanics, and nuclear-envelope

interactions in order to partition or rebuild the nucleolus. A
similar case for activity can be made in interphase: the
regulated sequestration of specific proteins, the signalling
roles of ribosomal subunits released from the nucleolus,
and the active condensation of rDNA chromatin under
stress all point toward the nucleolus as a participant in,
rather than a passive casualty of, the stress response —
though this remains a conclusion drawn mostly from
case-by-case observations rather than from a systematic
cross-species test of whether the response is actively
driven or passively imposed.

A comparative approach is especially valuable here,
because comparison across systems helps separate core
requirements from lineage-specific implementations. For
example, the need to reduce rDNA transcriptional output,
to manage the rDNA locus as a special chromosomal
region, and to coordinate nucleolar material with nuclear
architecture appears broadly shared, even though
different organisms meet these requirements by different
means. A related molecular logic recurs across all three
contexts discussed in this review: regulated
sequestration and release of factors from the nucleolus —
seen as reversible protein sequestration during stress, as
Cdc14 release from Net1/RENT to drive rDNA
segregation in mitosis, and as the nucleolar residence
and prophase-I| exit of the monopolin components Csm1
and Lrs4 in meiosis — repeatedly couples nucleolar state
to cell-cycle and stress signalling, even where the specific
factors involved differ. At the same time, the comparative
view prevents mammalian organisation from being
treated as the default state. Terms such as FC, DFC, and
GC remain useful, especially for mammalian
ultrastructure and for framing conserved functional logic,
but fungal and other non-mammalian systems remind us
that nucleolar organisation can be achieved with different
morphologies and different spatial constraints. A
compartment can remain recognisably nucleolar while
changing its shape, its degree of internal partitioning, its
relation to the nuclear envelope, or its mode of
inheritance. This argues that nucleolar identity should be
defined less by a fixed appearance than by a linked set of

functions, molecular interactions, and

behaviours.

dynamic

More broadly, the work discussed here shows the value
of combining genetics, cell biology, imaging,
biochemistry, and biophysics. Together, these
approaches make it possible to connect changes in
nucleolar shape and material state with rDNA regulation,
RNA processing, chromosome mechanics, protein
handling, and nuclear-envelope coupling. This kind of
integration will be essential for moving from descriptive
accounts of nucleolar remodelling to a more mechanistic
understanding.

The studies discussed here also make clear that
environmental and developmental context must be
treated as central. The nucleolus does not behave the
same way in a rapidly growing mitotic cell, a heat-shocked
interphase cell or a meiotic nucleus. This point has
practical implications for future work. A major risk in the
field is to infer general principles from cells studied in only
one condition, growth regime, or developmental stage.
Many open questions may look different when examined
under nutrient limitation, proteotoxic stress, altered
ploidy, meiosis, quiescence, or species-specific division
programmes. The same is true across evolutionary
distance. What appears as a special case in one model
may instead reflect a broader principle that only becomes
visible when the nucleolus is studied across different
physiological and developmental contexts.

What lies ahead? One obvious goal is a more
mechanistic account of how nucleolar state changes are
triggered and executed. We still lack a full causal map
linking cell-cycle kinases, rDNA chromatin regulators, Pol
I machinery, RNA processing factors, condensin and
Top2 function, nuclear-envelope coupling, and
condensate material properties. In mitosis, for example, it
remains important to understand how transcriptional
shutdown, chromosome compaction, changes in GC
behaviour, and remodelling of rDNA—nuclear-envelope
contacts are coordinated in time. In stress, the field still
needs a clearer picture of how nucleolar remodelling
interfaces with proteostasis pathways and how general
the budding yeast logic is across fungi and other
eukaryotes. In meiosis, especially outside S. cerevisiae,
the basic descriptive groundwork is still incomplete. A
second goal is broader evolutionary coverage. Budding
yeast has provided a rich mechanistic framework, but it
cannot stand in for all fungal or all non-animal nucleolar
biology. Fission yeasts, filamentous fungi, and other
microbial eukaryotes are likely to reveal additional
solutions to the problem of maintaining or rebuilding
nucleolar function through changing nuclear states. A
broader comparative base should make it easier to
distinguish universal tasks from species-specific details.



In sum, following the nucleolus through the life cycle —
across stress, mitosis and meiosis — shows that nucleolar
organisation is inseparable from cell state. Different
organisms use different structural solutions, but often to
solve the same underlying problems. For that reason,
nucleolar dynamics provide a useful framework for
understanding how nuclear compartments remain
functional while the cell around them changes.
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