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Not just binary: embracing the complexity of nuclear division dynamics
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ABSTRACT

Cell division presents a challenge for eukaryotic cells: how can chromosomes effectively segregate
within the confines of a membranous nuclear compartment? Different organisms have evolved
diverse solutions by modulating the degree of nuclear compartmentalization, ranging from
complete nuclear envelope breakdown to complete maintenance of nuclear compartmentaliza-
tion via nuclear envelope expansion. Many intermediate forms exist between these extremes,
suggesting that nuclear dynamics during cell division are surprisingly plastic. In this review, we
highlight the evolutionary diversity of nuclear divisions, focusing on two defining characteristics:
(1) chromosome compartmentalization and (2) nucleocytoplasmic transport. Further, we highlight
recent evidence that nuclear behavior during division can vary within different cellular contexts in
the same organism. The variation observed within and between organisms underscores the
dynamic evolution of nuclear divisions tailored to specific contexts and cellular requirements.
In-depth investigation of diverse nuclear divisions will enhance our understanding of the nucleus,
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both in physiological and pathological states.

Introduction

Nuclear compartmentalization, the separation of
nuclear material from the rest of the cell, is vital
for eukaryotic cellular homeostasis. Nuclear com-
ponents are physically separated from the cell
cytoplasm by a double membrane termed the
nuclear envelope (NE). Nuclear access is gated by
nuclear pore complexes (NPCs), conserved supra-
molecular structures composed of over thirty dif-
ferent subunits named nucleoporins that are
embedded in the NE (reviewed in [1]). NPCs pre-
vent the passive diffusion of large proteins
between the nucleus and cytoplasm, with struc-
tural nucleoporins scaffolding channel nucleopor-
ins to form a selective permeability barrier [2-4].
Specialized proteins called karyopherins bind
cargo to mediate directional transport through
NPCs. Karyopherin movement and substrate bind-
ing is determined by the Ran gradient, the asym-
metric distribution of GTP- and GDP-bound Ran,
which controls cargo directionality (reviewed in
[5]). Dysregulation of nuclear integrity or

transport is associated with aging and neurodegen-
erative diseases, such as amyotrophic lateral
sclerosis, Huntington’s disease, and frontotem-
poral dementia (covered in more detail in [6,7]).
An improved understanding of nuclear structure is
necessary to understand how it is altered in disease
states and, ultimately, to develop new therapeutic
approaches.

During cell division, the NE is drastically remo-
deled to accommodate chromosomal segregation,
offering a context to better understand the regula-
tion of nuclear structure and integrity. Diverse
organisms have evolved unique forms of nuclear
remodeling (reviewed in [8]). Many organisms,
including some fungi and protozoan parasites,
undergo a ‘closed’ mitosis, whereby the NE
remains intact and nuclear transport occurs
throughout the cell division. Microtubule organiz-
ing centers (MTOCs), which arrange microtubules
(MTs) and form the mitotic spindle, are embedded
into the NE to enable closed division. Closed divi-
sion offers the cell extensive chromatin protection
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from the contents of the cytoplasm but comes at
the energetic cost of rapidly expanding the intact
NE to accommodate a growing spindle [9]. Instead
of closed divisions, metazoans and many plants
undergo an ‘open’ mitosis, whereby the NE is
disassembled, and nuclear transport is abolished
until chromosome division is complete. In NE
breakdown (NEBD), the NE is destabilized and
fenestrated by the phosphorylation and disassem-
bly of both NPCs and nuclear lamina. This desta-
bilization allows for dynein-dependent tearing of
the NE to facilitate NE remodeling (reviewed in
[10]). Open divisions allow extranuclear MTOCs
access to chromosomes but pose the challenge of
keeping chromatin distinct from other cytoplasmic
components.

Notably, despite its fundamental importance to
the eukaryotic cell, the nucleus exhibits remarkable
evolutionary plasticity during cell divisions. There
have been many transitions between ‘open’ and
‘closed’ forms of divisions [11], even on relatively
short evolutionary timescales between closely
related species. Further, the continued study of
mitosis in different organisms has made it clear
that nuclear dynamics exist on a spectrum rather
than on a binary [8, 12-16]. The integrity of the
nuclear envelope and the disruption of nuclear
transport are often differentially regulated in
these intermediates, suggesting that they are separ-
able traits that may be responding to distinct
selective pressures. Even within the same organ-
ism, it has recently become appreciated that dif-
ferent developmental contexts employ different
modes of nuclear division, for example during
the somatic and gametic divisions in
Saccharomyces cerevisiae [17] and in various cell
types in Drosophila melanogaster [18-20]. Further
investigation into the mechanisms and functional
consequences of these transitions in nuclear divi-
sion promises to provide insight into how different
evolutionary pressures shape nuclear properties
and function.

This review provides an overview of the evolu-
tionary diversity of eukaryotic nuclear division.
We use (1) the means of chromosome compart-
mentalization and (2) the maintenance of nucleo-
cytoplasmic transport as linked but distinct
properties to categorize and understand nuclear
divisions. We further describe what is currently

known about the mechanisms driving this evolu-
tionary variation. Finally, we highlight recently
characterized examples of diverse nuclear divisions
occurring  within  the  same  organism.
Understanding the pressures driving different
nuclear divisions promises to provide unique
insights into nuclear dynamics and function and
has the potential to shed light on its dysfunction in
disease contexts.

Protecting chromosomes: keeping the
chromatin distinct amidst division

The nucleus encloses chromatin in a physical com-
partment to allow for both the separation of tran-
scription and translation and the physical
protection of the genetic material. If chromatin is
aberrantly removed from the nucleus, the results
can be catastrophic [21]. This begs the question:
how do cells keep chromatin safe during division?
Different organisms have evolved divergent
mechanisms to compartmentalize chromatin,
shielding it from the rest of the cellular environ-
ment. Closed divisions, which have been studied
largely in the model fungi Saccharomyces cerevisiae
(budding yeast) and Schizosaccharomyces pombe
(fission yeast), allow for chromatin compartmen-
talization by keeping the NE intact throughout
division (Figure 1, ‘Closed’). This physically sepa-
rates chromatin and other nuclear material from
interacting with large cytoplasmic elements such
as organelles. The NE can also serve to separate
different mitotic spindles in multinucleated states,
such as during the multinucleated hyphal growth
of the fungus Ashbya gossypii [22]. In cell divisions
where the nuclear envelope persists, chromosome
contacts with the nuclear periphery often need to
be reorganized to facilitate proper division of
chromosomes [23-26]. In S. pombe, the chromo-
some contacts may themselves play a role in chro-
matin division, as it has been demonstrated that
chromatin division can still occur in the absence of
spindle MTs [27]. The nuclear envelope can there-
fore serve as both a protective barrier and an active
participant in closed nuclear divisions.
Maintaining an intact NE during cell division
necessitates membrane expansion of the NE via
phospholipid synthesis to accommodate the space
required to segregate chromosomes [28,29]. The
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Figure 1. Nuclear divisions in diverse organisms utilize distinct nuclear envelope (NE) remodeling and nucleocytoplasmic
mixing strategies. (Top) Visual representation of different types of nuclear division. From left to right: intact NE with no
nucleocytoplasmic mixing (referred to as ‘Closed’), largely intact NE with nucleocytoplasmic mixing (referred to as ‘Semi-closed’),
partially disrupted NE with nucleocytoplasmic mixing (referred to as ‘Semi-open’), and disrupted NE with nucleocytoplasmic mixing
(referred to as ‘Open’). (Bottom) Table summarizing the role of the NE in compartmentalizing nuclear components. Abbreviations:
NPC (Nuclear Pore Complex), Nups (Nucleoporins), NE (Nuclear Envelope), NEBD (Nuclear Envelope Breakdown), MT (Microtubule),

and MTOC (Microtubule Organizing Center).

closely related fission yeasts Schizosaccharomyces
pombe and Schizosaccharomyces japonicus demon-
strate the importance of lipid synthesis in the
control of nuclear division. S. pombe undergoes
a closed mitosis and must shift its lipid production
toward NE expansion during mitosis. It accom-
plishes this via cell-cycle dependent phosphoryla-
tion of lipin, the enzyme which converts precursor
phosphatidic acid (PA) into storage-type lipids.
Lipin phosphorylation causes its inactivation,
allowing for PA to be processed into structural
lipids used in NE membranes [30]. S. japonicus
does not undergo a closed mitosis, instead partially
disassembling the NE at anaphase (Figure 1,
‘Semi-open’) [28]. Notably, S. japonicus does not
phosphorylate lipin during mitosis, resulting in the
lack of NE membrane expansion [30].

Interestingly, while forced phosphorylation or
deletion of lipin in S. japonicus does lead to NE
membrane expansion, local disassembly of the NE
still occurs with wild-type timing [30]. This
demonstrates that, while control over lipid synth-
esis is necessary to facilitate closed divisions, it
may not be the sole deciding factor as to whether
NEBD occurs.

Similar to S. japomicus, other organisms
undergo local NEBD but retain most of the NE
(Figure 1, ‘Semi-open’). While the timing, loca-
tion, and extent of partial NEBD can vary between
organisms, they may share the functional similar-
ity of retaining the NE as a tool of organization
and protection during division. In some cases of
partial NEBD, the maintenance of most of the NE
may help to organize and protect chromosomes
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through divisions. This is thought to be particu-
larly important for the separation of multiple
dividing nuclei within the same cell [31]. For
example, the single-celled parasite Giardia intesti-
nalis is binucleate and, throughout division, the
NE only locally disassembles at the poles of the
nucleus to allow spindle MTs from extranuclear
MTOCs to access chromatin (see ‘Semi-open’ in
Figure 1) [32].

Interestingly, in other cases of partial NEBD, the
remaining NE does not appear to protect the chro-
matin. The pathogenic corn fungus Ustilago maydis
undergoes a unique form of open division with local
NEBD [33]. Local NEBD occurs at the bud neck, the
junction between the mother and newly forming
daughter cell, and all chromosomes are pulled out of
the NE and into the bud. The old NE collapses and,
like mammalian mitosis, new NE forms after the
chromosomes segregate. The mechanisms of protec-
tion during mitosis in U. maydis are currently not well
characterized, but examples of chromatin protection
during complete NEBD may provide clues.

Even in completely open divisions (Figure 1,
‘Open’), chromatin is never entirely exposed to
the cytoplasm. In human cells, chromatin is coated
with the protein Ki-67 for the duration of NEBD
[34]. During chromosome segregation, Ki-67
allows individual chromosomes to segregate as
discrete units instead of collapsing together [34].
At the end of anaphase, Ki-67 plays a role in both
compacting chromosomes and acting as
a surfactant, which is vital for the exclusion of
cytoplasmic materials from the newly formed
nuclear compartments [35]. The protein BAF
then packages chromosomes together, providing
a scaffold for the new NE [36,37]. Notably, BAF
also condenses chromatin, which may play a role
in forming a new nuclear compartment that
excludes components that are not already asso-
ciated with chromatin [37]. The physical separa-
tion of dividing chromatin from the endoplasmic
reticulum (ER) is also essential to prevent chromo-
some mis-segregation [21], demonstrating the
importance of cellular organization in mitosis.
The endosomal sorting complex required for
transport-III (ESCRT-III) is required for mem-
brane sealing at the end of new NE formation
[38,39], completing the compartmentalization of

the newly formed nuclei. Metazoan cells provide
insight into how an open division can still exclude
cytoplasmic components from chromatin and
newly formed nuclei during division.

Within the context of open nuclear divisions,
striking diversity exists in the timing of NEBD.
Complete NEBD can occur anywhere from pro-
phase to telophase, depending on the organism
[15]. For example, the choanoflagellate
Stephanoeca diplocostata fully disassembles its NE
during prophase, whereas the choanoflagellate spe-
cies Monosiga ovata fully disassembles its NE dur-
ing anaphase [40]. Interestingly, M. ovata first
locally disassembles its NE at the poles of the
nucleus to allow spindle MT access to chromatin
before it fully disassembles the NE [40]. This is
strikingly similar to the pattern of partial disas-
sembly at the nuclear poles, followed by complete
NEBD at anaphase observed in Caenorhabditis
elegans [41]. It is possible that delaying full
NEBD until anaphase may provide a longer period
of partial nuclear compartmentalization or organi-
zation and that eventual full NEBD may be neces-
sitated by the constraints of lipid synthesis [30]. It
is also possible that the timing of nuclear compart-
mentalization abolishment may play different roles
in different contexts. Better understanding how
and why the nuclear periphery exhibits such diver-
sity in timing, location, and extent of disruption
during nuclear divisions promises to provide new
insight into the principles of nuclear organization.

Altering nucleocytoplasmic transport:
changes to nuclear identity during cell
division

While the state of the NE influences the integrity
of the nucleocytoplasmic compartment during cell
divisions, nucleocytoplasmic transport can be sub-
ject to additional regulation, especially within the
context of ‘closed’ divisions. Canonical ‘closed’
divisions retain both an intact NE and the separa-
tion of cytoplasm and nucleoplasm (Figure 1,
‘Closed’). In addition to changes in lipid synthesis
allowing for NE expansion, additional mechanisms
are often in place to maintain compartmentaliza-
tion of the nucleus from the cytoplasm. This has
been best studied in the fission yeast S. pombe.



Unlike S. cerevisiae, the spindle pole body (the
MTOC) in S. pombe is not constitutively inserted
into the NE, and the insertion of the spindle pole
body into the NE necessitates local breakdown
[42,43]. It has been shown that spindle pole
body insertion and the location of insertion rely
on chromatin association with the linker of
nucleoskeleton and cytoskeleton (LINC) complex
[44]. Importantly, the NEBD required for spindle
pole body insertion is grommeted by the ESCRT
machinery, allowing for the NEBD to be
restricted and maintaining separation of nucleo-
plasm and cytoplasm [45]. Additionally, karyo-
kinesis in S. pombe is facilitated at the end of
mitosis by NPC disassembly at the midzone of
the nuclear division, facilitating local NEBD in
that region of the nucleus [46]. Similar to the
grommet at spindle pole body insertion, the rest
of the nuclear compartment is insulated from
midzone breakdown by inner nuclear membrane
protein Lesl [46]. These insulating factors, which
enable continued separation of the nucleoplasm
and cytoplasm, distinguish local breakdowns used
in a closed division context from those in other
types of partial NEBD.

Some divisions, assessed as ‘closed’ by the
maintenance of an intact NE, still intermix
their nucleoplasm and cytoplasm (Figure 1,
‘Semi-closed’). In some cases, the NPC is par-
tially disassembled, leading to the mixing of the
two compartments. The fungus Aspergillus nidu-
lans retains a continuous NE throughout mito-
sis, but phosphorylation of several channel
nucleoporins drives their dispersal, even as
structural nucleoporins remain at the nuclear
periphery [47]. The kinase NIMA facilitates
both this partial NPC disassembly in
A. nidulans [47] and complete NPC disassembly
in mammalian open divisions (reviewed in [13],
implying either convergent evolution or the exis-
tence of an ancestral nuclear remodeling event.
The Ran gradient is therefore abolished, despite
the presence of an intact NE. Interestingly,
nucleoporins disassembled from the NPC can
play alternate roles in mitosis. In the case of
A. nidulans, nucleoporin Nup2 relocalizes from
the NPC to chromatin, an association which is
vital for the proper inheritance of the remaining
NPCs into daughter cells [48]. It is currently
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unclear whether the function of nucleoporin dis-
assembly from NPCs is to allow for alternate
nucleoporin functions, to allow for nucleocyto-
plasmic intermixing, or both.

While A. nidulans is a particularly well-
characterized example, there are other reported
instances of partial NPC disassembly during closed
mitotic divisions. In the slime mold Dictyostelium
discoideum, partial NPC disassembly is observed,
which corresponds to the timing of the dispersal of
an NLS-containing reporter [49]. In U. maydis,
channel and Y-complex nucleoporins disperse
from the NPC during chromosome segregation
into the bud, while the remaining structural
nucleoporins remain associated with the soon-to-
be discarded NE [50]. In this example, partial
disassembly of NPCs occurs, despite the NE no
longer functioning to compartmentalize chromo-
somes. It is possible that partial NPC disassembly
may allow for nucleoporin turnover or may be
necessary for nucleoporins that play critical mito-
tic roles when not associated with the NPC (such
as in A. nidulans). Selective disassembly of nucleo-
porins without NEBD may also serve as an inter-
mediate form of compartmentalization. In the
starfish Asterina miniate oocytes, there are two
stages of nuclear permeabilization [51]. In the
first stage, nucleoporin disassembly leads to free
diffusion of molecules ~40nm in diameter,
whereas in the second stage, local NEBD increases
the permeability of the nucleus to allow for free
diffusion of molecules ~100 nm in diameter [51].

Despite extensive work highlighting diverse
mechanisms by which nuclear permeability is dis-
rupted, the functional significance of losing
nuclear compartmentalization during cell divisions
remains surprisingly poorly understood. It has
been suggested that, in some instances, compart-
ment mixing may be necessary to allow for a rapid
influx of tubulin to enable rapid spindle assembly
in mitosis [13] Mixing may also be a form of rapid
regulation facilitated by the interaction of cyto-
plasmic and nuclear components that are usually
kept separated. Others argue that intercompart-
mental mixing itself does not serve a function
per se but is instead a consequence of other neces-
sary nuclear remodeling events in mitosis [8]. For
example, partial NEBD, where the integrity of the
nuclear compartment is lost, may be a tradeoff to
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allow for spindle MT access to the nucleus from an
extranuclear MTOC (such as in G. intestinalis) or
to avoid costly membrane lipid production (such
as in S. japonicus).

Different nuclear division strategies within
the same organism

Recent studies have revealed that, even within the
same organism, different forms of nuclear division
can co-exist depending on the cellular context.
Combined with the rapid evolvability of this trait
[11], the co-existence of different modes of nuclear
division within the same organism provides strong
evidence that nuclear division strategies are
adapted to specific cellular environments and
purposes.

To date, there have been four different reported
mechanisms of nuclear division in the fruit fly
Drosophila melanogaster (Figure 2A). During
embryonic development, the embryos are syncytial
(multinucleated) and undergo a form of partial
NEBD during nuclear division. The NPCs fully
disassemble and the NE is locally disassembled at
the nuclear poles to allow for spindles to access
chromatin from extranuclear MTOCs [20]. These
both leave the NE fenestrated but still surrounding
the dividing chromosomes and therefore compart-
mentalizing different spindles [20]. Adult flies,
however, exhibit different types of nuclear division
based on cell type [18,19]. Most adult somatic cells
in the fly undergo an open nuclear division, dis-
assembling the nuclear lamina and the NE. Female
germline stem cells undergo division somewhat
reminiscent of A. nidulans, in which central chan-
nel and Y-complex nucleoporins, but not other
structural nucleoporins, are disassembled [18].
Nucleocytoplasmic mixing is implied by the abol-
ishment of fully intact NPCs but has not been
directly tested. Unlike the fly embryos, the
MTOCs (centrosomes) are inserted into the NE
during division in these cells, such that the divi-
sion likely occurs without NE fenestrations [18]. In
contrast to partial disassembly in the germline
stem cells, Drosophila neural stem cells fenestrate
their NE through the full disassembly of NPCs but
keep the nuclear lamina assembled [19]. The func-
tional needs that drive the differences in nuclear

dynamics observed between adult somatic cells
and stem cells remain unknown. Given that the
non-canonical cell divisions in Drosophila stem
cells were only recently described, divergent
nuclear behavior in different cell types may be
more common in multicellular organisms than
previously appreciated and merits further
investigation.

Single-celled organisms also exhibit different
types of nuclear division. For example, it has
recently been shown that the yeasts S. cerevisiae
and S. pombe undergo different modes of nuclear
division in mitosis and meiosis (Figure 2B). Both
undergo mitosis and meiosis I (MI) with no
nucleocytoplasmic mixing, but exhibit compart-
ment mixing during meiosis II  (MII),
a phenomenon called virtual nuclear envelope
breakdown (vNEBD [53,55,56]. The nuclear envel-
ope appears intact by electron microscopy (EM)
[56]; [17]), but — at least in S. pombe - the Ran
gradient appears to be abolished [55,56].
Intriguingly, there appears to be no evidence of
central channel nucleoporin dispersal from the
nuclear periphery in S. pombe [56], pointing to
a novel mechanism of compartment abolishment.
In S. cerevisiae, the channel nucleoporins become
sequestered into a discrete nuclear compartment
along with the core nucleoporins [17] [57].
Whether this NPC remodeling event contributes
to VNEBD is currently unknown. Notably, these
two yeasts are diverged by more than 400 million
years [58], suggesting VNEBD may have an impor-
tant and evolutionarily conserved function. As
with other open and semi-open divisions, it has
been suggested that compartment mixing is neces-
sary for the timely disassembly of the MII spindle
during S. pombe meiosis [59]. We speculate that
vNEBD may have another unique role in meiosis:
facilitating the largescale turnover of soluble
nuclear proteins and contributing to cellular reju-
venation during the gametogenesis program [60].

The nuclear periphery undergoes additional
meiosis-specific remodeling in budding yeast,
exhibiting two distinct nuclear pore complex
remodeling events. During meiosis I, the nuclear
basket partially detaches from the NPC in
a phosphorylation-driven event [57]. Although
the functional significance of the detachment is
currently unknown, basket detachment may
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Figure 2. Distinct nuclear division strategies are used in different developmental contexts within the same organism.
a. Cartoon representing the four currently identified types of nuclear division found in the fruit fly Drosophila melanogaster. From left
to right: partial nuclear envelope breakdown (NEBD) in the embryo [20], open division in adult somatic cells, semi-closed division
with partial NPC disassembly in female germline stem cells [18], and semi-closed division with complete NPC disassembly in neural
stem cells [19]. The position of the MTOC (centrosome) in fly neural stem cells is currently unknown, represented with question
marks. b. Cartoon representations of the budding yeast Saccharomyces cerevisiae nucleus undergoing closed mitosis (left) [52]; and
semi-closed meiosis (right) [17,53]. ¢. Cartoon representations of the slime mold Physarum polycephalum nucleus undergoing an
open division in the cell's ameboid stage of development (left) and a closed division during the syncytial plasmodium form (right)
[54]. It is currently unknown if the nuclear pore complexes (NPCs) disassemble in either mode of division, represented with question
marks. Nuclear lamina is omitted for simplicity. MTOC (Microtubule Organizing Center).
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allow for chromosomes to be decoupled from
the nuclear periphery after extensive contacts
are made during meiotic recombination, consis-
tent with the genetic interactions observed
between nuclear basket proteins and chromatin
tethers in meiosis [61,62]. During meiosis II,
NPCs are sequestered to a fifth nuclear compart-
ment called the GUNC (gametogenesis uninher-
ited nuclear compartment) and are ultimately
destroyed [17]). Age-associated nuclear damage
is also sequestered to this compartment, provid-
ing a means to turn over structures in the
nuclear periphery even as the nuclear envelope
remains intact. Intriguingly, only the nuclear
basket detaches and returns to gametes during
this remodeling event, implying that it may play
an important role in re-organizing the nuclear
periphery during this cell division.

Diverse eukaryotes provide additional novel
forms of meiotic nuclear remodeling. In the
ciliate Tetrahymena thermophila, the somatic
macronucleus (MAC) and germline micronu-
cleus (MIC) co-exist in the same cytoplasm.
These nuclei are differentiated at least in part
by nucleus-specific nucleoporins that facilitate
distinct transport profiles [63,64]. The deposi-
tion of these nucleus-specific nucleoporins -
and the conferral of their transport properties —
occurs during meiosis, suggesting that nuclear
remodeling during cell divisions can confer dis-
parate nuclear identities [64]. Collectively, the
meiosis-specific nuclear remodeling observed in
diverse eukaryotes - flies, ciliates, and yeast -
suggest that meiosis imposes unique require-
ments on the nucleus compared to mitosis.

Cell division switching is also observed in the
context of other life-cycle transitions. In the
slime mold Physarum polycephalum, different
nuclear division strategies are observed in dif-
ferent developmental stages [54] Figure 2C). In
its uninucleate amoeboid form, P. polycephalum
undergoes complete NEBD; in its syncytial
(multinucleated) plasmodium form,
P. polycephalum switches to a closed mitosis
strategy [54]. As additional organisms are stu-
died in greater depth, more examples of differ-
ent nuclear division strategies employed by the
same organism are likely to be uncovered.

Conclusions and future directions

There is considerable diversity in the ways that
different organisms approach nuclear division.
Chromosome compartmentalization can be
achieved by complete or partial NE maintenance
in closed and intermediate divisions or by chro-
matin-binding proteins (e.g., Ki-67 or BAF in
human cells) in open cell divisions. Nuclear com-
partmentalization can be maintained by the NE
and other insulating factors in closed divisions;
alternatively, it can be disrupted by diverse
mechanisms, ranging from partial NPC disassem-
bly to NE disruption, in semi-closed, semi-open,
and open divisions. Even within the same organ-
ism, different types of nuclear division have been
observed at different life cycle stages and in differ-
ent cell types, implying that different division
dynamics may be driven by unique demands.
Future research should seek to characterize addi-
tional tractable relatives in clades that exhibit
diverse nuclear divisions (e.g., fungi) to provide
insight into how and why by which these transi-
tions occur.

Despite striking differences between distinct
nuclear division strategies, they often use the
same molecular tools in different ways. This may
enable the same organism to switch nuclear divi-
sion types across both cell types and evolutionary
space. For example, the closed mitotic division of
S. pombe relies on local NEBD mediated by the
disassembly of NPCs, a small-scale version of how
NEBD occurs during open divisions [46]. The
partial NPC disassembly events observed in
A. nidulans mitosis and S. cerevisiae meiosis are
phosphorylation-driven events mediated by the
same kinases (NIMA and Polo kinase, respec-
tively) involved in metazoan NPC assembly
[47,57]. The ESCRT-III complex similarly plays
a role in sealing the NE at the end of mitosis in
both metazoan open divisions [38,39] and in the
closed division of S. pombe [45]. Future compara-
tive cell biology will provide further insight into
the molecular mechanisms that underpin the evo-
lution of nuclear organization during division.

Current understanding of nuclear division in
many non-model organisms relies primarily or
solely on EM data [15,65]. EM images can provide
information about the state of the NE and location



of a MTOC but fail to fully capture the nuances of
how nuclear compartmentalization changes
throughout nuclear division. Organisms annotated
as conducting closed nuclear divisions based on
EM data alone may or may not undergo nucleo-
cytoplasmic mixing during division. Partial disas-
sembly or remodeling of NPCs is similarly not
easily observed in EM images. Local NEBD can
also be protected from nucleocytoplasmic leaking,
such as spindle pole body insertion in S. pombe,
necessitating studies that directly assay nucleocy-
toplasmic compartmentalization. For example,
nuclear compartmentalization has not been
directly assayed in G. intestinalis, which undergoes
local NEBD to accommodate mitotic spindle
access. Historically, many organisms have been
difficult to study in-depth at the cellular level due
to the difficulty of genetic modification. With the
widespread implementation of CRISPR-Cas9 edit-
ing systems, it is more feasible than ever before to
study a diverse array of non-model eukaryotic
organisms [66]. Future studies — and reexamina-
tion of older studies — promises to uncover excit-
ing new variation in nuclear division. For example,
the fungus U. maydis does not exhibit the same
NE shedding mechanism in meiosis as is observed
in mitosis [67].

Even in well-studied model organisms such as
budding yeast (S. cerevisiae), fission yeast
(S. pombe), and fruit flies (D. melanogaster), new
forms of nuclear division have only recently been
identified [18,55-57]. Investigation of multiple
life stages of the same organism has the potential
to reveal more instances of nuclear division-type
switching. Meiosis represents a particularly excit-
ing area of study, due to its ancient origin in the
last eukaryotic common ancestor and its vital role
in resetting lifespan [68]. Studying nuclear divi-
sion in different cell types or environmental con-
texts for the same organism promises to
illuminate the selective pressures that drive the
diverse dynamics of nuclear division across evo-
lutionary timescales.
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