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Summary

The origin of the nucleus at the prokaryote to eukaryote transition represents one of the most
important events in the evolution of cellular organization. The nuclear envelope encircles the
chromosomes in interphase and is a selectively permeable barrier between the nucleoplasm and
cytoplasm and an organizational scaffold for the nucleus. It remains intact in the "closed™ mitosis
of some yeast but loses its integrity in the "open" mitosis of mammals. Instances of both types of
mitosis within two evolutionary clades indicate multiple evolutionary transitions between open
and closed mitosis, although the underlying genetic changes that influenced these transitions
remain unknown. A survey of the diversity of mitotic nuclei that fall between these extremes is the
starting point from which to determine the physiologically relevant characteristics distinguishing
open from closed mitosis and to understand how they evolved and why they are retained in
present-day organisms. The field is now poised to begin addressing these issues by defining and
document patterns of mitotic nuclear variation within and among species and map them onto a
phylogenic tree. Deciphering the evolutionary history of open and closed mitosis will complement
cell biological and genetic approaches aimed at deciphering the fundamental organizational
principles of the nucleus.

Introduction

The presence of a nucleus, which is a specialized part of the endomembrane system, 1),
distinguishes eukaryotes, such as plants, animals, fungi, slime molds and a variety of single-
celled organisms, from the prokaryotic eubacteria and archaea. Efforts to decipher the
nuclear characteristics of the Last Eukaryotic Common Ancestor (LECA), from which all
present day nucleated organisms evolved [1], remain challenging, in part because the order
of events leading to the origin of the nucleus in the First Eukaryotic Common Ancestor
(FECA) remain uncertain and controversial [1-4], and intracellular structure is rarely
preserved in the fossil record (for exceptions see [5, 6]). However, characteristics or proteins
shared amongst all present day eukaryotes are unlikely to have arisen independently in
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multiple lineages, and can be traced back to their roots in LECA revealing it to have been a
complex organism with nuclear pore complexes (NPCs) and a mechanism for
nucleocytoplasmic transport [1]. We also know that the subsequent eukaryotic radiation and
the diversification of nuclear structure and function in present-day eukaryotes [7-9] is the
product of an estimated 1.5 billion years of evolution from the LECA.

It is worth keeping in mind that this diversity need not have been driven by natural selection,
since non-adaptive processes can also shape the course of evolution [10]. For example, gene
frequencies change in all populations by means of genetic drift, more so in small than large
populations, rendering the former, which is less responsive to natural selection, more
vulnerable to biased mutation pressures. Indeed, it has been proposed that many aspects of
molecular biology, genome architecture, and cell biology result from constructive neutral
evolution, in which complexity increases over the course of evolution without functional
consequence [10-12].

The current state of knowledge about the nucleus in present day organisms is limited to the
detailed characterization of nuclei in a relatively small number of model organisms
[reviewed in 13] and in narrowly focused but comprehensive morphological surveys, for
example of fungi [7] or protozoans [8]. The purpose of this review is not to describe the full
diversity of mitotic nuclei, but to discuss what is known and what is not known about their
evolution. We will first briefly describe the general properties of the nucleus in all cells, and
the diverse properties of mitotic nuclei ranging from fully open to fully closed, in order to
provide the factual framework within which to consider their evolutionary history. Next, we
consider some possible early evolutionary influences on the transitions from one form of
mitosis to the other. This will provide a starting point from which to discuss the many
challenging questions that remain about the evolution of open and closed mitosis.
Reconstructing this evolutionary history will eventually allow the field to address such
questions as: What physical constraints and properties of nuclei might have influenced these
evolutionary transitions? What adaptive purposes did they serve? Why are these differences
retained in present day organisms?

Nuclei of cells that undergo open or closed mitosis have common and unique properties

In the nuclei of interphase (non-mitotic) cells, the decondensed chromosomes are
completely surrounded by and anchored to the nuclear envelope (NE) [13] (Figure 1). The
non-random organization of chromatin in the nucleus during interphase [14] depends, in
part, on a set of proteins enriched at the inner nuclear membrane (INM) [15, 16] (Figure 1).
These INM proteins interact directly or indirectly with specific chromatin domains, anchor
them to the nuclear periphery [15, 17] where the genes are generally transcriptionally
inactive [18, 19], and may also provide structural support for the NE. The NE is perforated
by selectively permeable pores (Figure 1) [13] and precise regulation of nuclear protein
import and export through them allows cells to establish concentration gradients of soluble
proteins across the NE [13].

As the cell prepares for mitosis, the chromosomes are released from the NE and condense
into their mitotic configurations whereas the cytoplasmic microtubules of the cytoskeleton
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are re-organized into the mitotic spindle. During mitosis, the spindle elongates and
segregates the chromosomes into what will be the two daughter cells (Figure 2).

Based on the morphological continuity of the NE in mitosis, as assessed by electron
microscopy, cells have historically been categorized as undergoing either closed mitosis, in
which the NE remains intact surrounding the chromosomes, as in some yeast (Figure 2-A),
or open mitosis, in which the NE breaks down, as in mammalian cells (Figure 2-E). Mitoses
that fall between these extreme examples (Figures 2-B, 2-C, 2-D), in which the NE is
present, but not continuous [7-9, 20], have been variously described as semi-open, semi-
closed or partially open. As discussed below, even the seemingly straightforward terms
"open" and "closed" need to be used with care, as we are now learning that there are many
differences in the way the NE behaves in mitosis beyond its appearance in the electron
microscope.

During closed mitosis in yeasts, (Figure 2-A), the spindle pole bodies (SPBs) are embedded
in the NE and nucleate spindle formation inside of the nucleus. As the spindle elongates, it
changes the shape of the nucleus that eventually divides into two daughter nuclei. During the
entire cell cycle, the NE remains intact. In contrast, upon complete NE breakdown (NEBD)
in the open mitosis of mammalian cells (Figure 2-E), the INM-associated nuclear lamina
scaffold and the NPCs are disassembled, leading to the dissipation of interphase protein
gradients across the NE and the reorganization of the NE into the mitotic endoplasmic
reticulum (ER) [21, 22].

The multiple mitotic functions of the NE are interdependent, and there are a variety of types
of mitosis that do not fit into either the open or closed categories (Figures 2-B, 2-C, 2-D).
For example, the permeability barrier across the NE, that separates the nucleoplasm from the
cytoplasm (Figures 2-A, 2-E) can be breached in mitosis by partial NEBD [23] in some cell
types or by the formation of transient holes in the NE (Figure 2-B, 2-C) [7, 8, 24-26] in
others. The permeability barrier of the NE can also be lost in cells undergoing closed mitosis
or meiosis with ultrastructurally intact NEs but altered nucleocytoplasmic trafficking or
NPC composition (Figure 2-D) [25, 27-29]. There could also be as yet undetected small or
transient breaches in the NE, perhaps accompanying the insertion or extrusion of the SPB
from the NE in yeast and other fungi [30]. In these situations, but not in cells with complete
NEBD, the NE retains the ability to physically separate the chromosomes from cytoplasmic
structures.

What properties of the nucleus may have influenced the evolution of open vs. closed

mitosis?

Even though we cannot yet reconstruct the evolutionary history of open, closed or other
forms of mitosis, and we do not even know whether LECA underwent open or closed
mitosis [31], we do know that there have been multiple evolutionary transitions between
open and closed mitosis. For example, the Opisthokonta clade includes metazoans, such as
humans that undergo open mitosis, but also fungi, such as budding and fission yeast, that
undergo closed mitosis. Similarly, the Archaeplastida clade includes land plants, such as
Arabidopsis with open mitosis and some algae, such as the red algae C. merolae [32], with
closed mitosis. Because eukaryotes are monophyletic, meaning that they have a common
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ancestor, their shared properties were most likely present in this ancient ancestor and their
differences reflect evolutionary transitions. Because all species in a clade also share a
common ancestor, the presence of some organisms that undergo open mitosis and others that
undergo closed mitosis with these clades indicates that there must have been at least one
transition between open and closed mitosis within that group. Closed mitosis and open
mitosis can even coexist in a single organism at different life cycle stages, as in the slime
mold Physarum polycephalum [33].

Documenting the structural and functional differences that distinguish open from closed
mitosis or the variations within each category (Figure 2) is an important starting point for
formulating questions about nuclear evolution. Although it is tempting to speculate about the
relative benefits of a particular nuclear property to the cell, it is important to remember that
present-day cells can also reflect the influence of neutral or even non-adaptive evolutionary
changes.

Might transposable elements influence the transition from closed to open mitosis?

It is not clear which evolutionary processes have driven the variations in the properties of
the NE during mitosis that are seen in present day organisms. As plants and animals, which
are in different clades, both undergo open mitosis, it is tempting to speculate that some
common evolutionary force is responsible for this shared form of division. One striking
feature of both clades is they have bloated genomes that can largely be accounted for by the
high proportion of transposable elements they contain [34, 35]. The prevalence of
transposable elements and open mitosis in both plants and animals might not be a
coincidence: it is possible that transposable elements are responsible for a transition from
closed to open mitosis in these two lineages.

In principle, a closed NE may act as a barrier for transposable elements that transfer between
the cytoplasm and the nucleus. A transposable element that gains the ability to induce
perforations in the envelope would acquire enhanced access to the genome, potentially
endowing it with a large selective advantage. NEBD associated with open mitosis could be
the result of such an induction of perforations that became fixed when the associated
transposable elements became fixed. This mechanism seems plausible, as present day
parvoviruses act in analogous fashion by creating transient gaps in the inner and outer NE
through which they pass [reviewed in 36]. The transposable element hypothesis could most
clearly be demonstrated by reconstructing the evolutionary history of the factors responsible
for NEBD and identifying those that arose from transposable elements. This may be
challenging, because the factors that originally caused the transition to open mitosis could be
different from those that regulate this process in extant organisms [22, 37]. Furthermore, the
upstream signals, which determine the timing of NEBD, could have a different evolutionary
history from the factors that are directly involved in rupturing the nuclear membrane. This
transposable-element hypothesis might explain transitions from closed to open mitosis, but it
does not provide a mechanism to understand transitions between different types of open
mitosis, which seem equally adequate at providing access to the genome, for example,
transitions between open mitoses that do or do not involve complete NEBD or between
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mitotic cells that have lost or changed their permeability barrier function due to alterations
in NPC structure (Figure 2-D).

Might incompatible allometries drive transitions from closed to open mitosis?

While the transposable element hypothesis proposes a common cause for genome expansion
and open mitosis, another possibility is that increasing genome size could directly drive a
transition to open mitosis. One way this might occur is through incompatible allometries
(biological scaling relationships) driven by increasing genome size. The density of DNA in
the nucleus of eukaryotes is approximately constant [38—40], and both nuclear volume and
spindle length scale with genome size, although they do so in different ways. Nuclear
volume scales linearly with genome size [38, 40], so the nuclear radius grows as the cubed
root of genome size. In contrast, spindle length seems to scale approximately linearly with
cell volume [41, 42], which changes roughly linearly with genome size [43]. This means that
as genome size increases, spindle length will increase faster than the nuclear radius. If the
ancestral state is a cell with a small genome and a closed mitosis, then, as genome size
increases over the course of evolution, it will inevitably reach a state where the spindle
would not be able to fit into the nucleus. The disassembly of the NE during mitosis allows
both allometries to be satisfied. A clear prediction of the incompatible allometries
hypothesis is that, when mapped onto phylogeny, changes from closed to open mitosis
should be correlated with the genome passing a critical size. Unfortunately, such a test
cannot currently be performed as there is insufficient information on closely related
organisms of known phylogeny that differ in the behavior of the NE during mitosis.

Conclusions

Because the mitotic nucleus has been well characterized in only a relatively small number of
extant organisms, whether LECA underwent open or closed mitosis is not known. However,
the presence of organisms that undergo open mitosis and others that undergo closed mitosis
within two evolutionary supergroups is evidence that there have been multiple transitions
between open and closed mitosis since LECA.

Because intracellular structure is rarely preserved in the fossil record, reconstructing the
evolutionary history of the nucleus by constructing a phylogenetic tree upon which to map
nuclear characteristics and eventually correlating them with underlying genetic changes will
require surveying both widely and deeply in the tree of life: widely because the relatively
small number of eukaryotic model organisms are very divergent from one another and
represent just a tiny fraction of the present-day diversity of life on earth; and deeply because
analyses of organisms with close relationships within carefully selected branches of the tree
will be most informative in revealing the likely steps of cellular divergence.

A meaningful phylogenetic tree will make it possible to test hypotheses related to the
evolution of open and closed mitosis, to correlate genomic changes with the transition points
between these two forms of mitosis in closely related organisms, and to eventually discover
the molecular mechanisms that distinguish them. It will also be informative to compare
these evolutionary patterns with those of other nuclear proteins and structures known to
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impact the mitotic nucleus, such as the centriole/centrosome/spindle pole body [44, 45], and
the nuclear scaffold, inner NE localized proteins and NPC components [1, 2, 46].

We have suggested two hypotheses for the evolution of open and closed mitosis involving
adaptive processes. With the acquisition of additional data it should be possible to determine
the validity of these scenarios, and it will be interesting to explore the implications of
alternative hypothesis as well. More generally, it remains to be determined if variation in the
behavior of the NE has been driven by lineage specific variation in the pressures of natural
selection.
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Figure 1. Thenucleusin interphase
The double phospholipid bilayer-bound nucleus is a specialized region of the endoplasmic

reticulum (ER) that harbors the chromosomes of eukaryotic cells in interphase. The
membranes of the inner (INM) and outer (ONM) nuclear envelope are continuous with one
another and with the ER, but the INM is enriched with a specialized collection of INM
proteins [15, 16] that are synthesized in the ER (as shown), transit to the ONM and then to
the INM where they are retained by association with chromatin and/or other proteins at the
nuclear periphery. The nuclear envelope (NE) is perforated by nuclear pore complexes
(NPC), which surround the nuclear pores, aqueous channels that form a selectively-
permeable barrier between the nucleoplasm and the cytoplasm. With few exceptions [36,
47], the exchange of material across the intact NE is restricted to the NPCs that allow the
free diffusion of some small molecules and proteins and the selective Ran-GTPase
dependent exchange of larger cargoes [13]. During interphase of the cell cycle (the time
when cells are not in mitosis), the chromosomes are decondensed, the NE is intact, and some
proteins of the INM (e.g. the nuclear lamina proteins of mammalian cells or telomere or
heterochromatin-binding proteins of yeast), anchor specific chromosome domains, such as
non-transcribed heterochromatin and telomeres, to the nuclear periphery.
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Figure 2. The nucleusin mitosis
The nucleus changes dramatically from its interphase state (Figure 1) as cells enter mitosis.

The chromatin previously tethered to the nuclear periphery is released, the chromosomes
condense into their mitotic metaphase configuration, and the microtubule cytoskeleton is
typically (but not always [44, 48]) reorganized by the microtubule organizing center, called
the centrosome or spindle pole body (SPB), into the mitotic spindle that attaches to and then
segregates the duplicated chromosomes to opposite sides of the cell.

The two best-characterized examples of mitosis-specific nuclear changes are the closed
mitosis of the fission yeast Schizosaccharomyces pombe and the budding yeast
Saccharomyces cerevisiae in which the NE remains intact (2-A) and the open mitosis of
mammalian cells (2-E) in which it breaks down. There are also examples of mitosis that for
a variety of reasons cannot be characterized as strictly open or strictly closed (2-B, 2-C, 2-
D).

A. In the closed mitosis of some yeast cells, the duplicated SPBs are embedded in the
nuclear membrane at mitosis and nucleate mitotic spindle formation within the confines of
the nucleus. By definition, the presence of the SPB in the NE is essential for this type of
closed mitosis. In some organisms the SPB is embedded in the NE during interphase and
mitosis (e.g. S. cerevisiae) whereas in others it lies in the cytoplasm in close proximity to the
NE in interphase, and enters the NE at mitosis (e.g. S. pombe)[30]. As the spindle elongates
and applies pressure to opposite sides of the nucleus the spherical nucleus divides into two
smaller spheres. These properties of closed mitosis are best characterized in S. cerevisiae
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and S pombe but are not necessarily typical of other yeast or fungi or other organisms that
undergo closed mitosis, some of which do not form a spindle inside of the nucleus [7].

B, C, D. Some types of mitosis are neither open nor closed. There are instances of cells that
assemble an intranuclear mitotic spindle from NE embedded SPBs, but later in mitosis holes
form in the NE, as in the fission yeast Schizosaccharomyces japonicas [24, 25]. In some cell
types, such as multinucleated Drosophila melanogaster embryos [23] (B), nuclei undergo
only partial NEBD. In other cell types, such as Chitridiales [7, 26], polar openings form in
the NE, through which the cytoplasmic spindle extends (C). Cells with an ultrastructurally
intact NE can also have a disrupted permeability barrier, resulting in the mixing of
nucleoplasm and cytoplasm due to changes in NPC composition and/or permeability (D) as
in the mitotic cycle of the filamentous fungus, Aspergillus nidulans [29], and during meiosis
in the fission yeast S. pombe [27, 28].

E. In the open mitosis of mammalian cells, brought about by NEBD, the nuclear lamins (that
line the inner NE in interphase) depolymerize, the NPCs disassemble and the NE is
reorganized into the mitotic ER [21, 37] to which some of the membrane associated
components of the nuclear lamina and NPC also relocalize. Although there are exceptions
(e.g. Planarians lack centrosomes [48]) in animal cells the mitotic spindle is typically
organized by centrosomes and can gain access to the chromosomes only after NEBD. Unlike
the functional equivalent of the centrosomes in yeast (the spindle pole body) the centrosome
is not embedded in the NE, even in interphase, although it lies in the cytoplasm in close
proximity and tethered to the NE [44, 49]. Following mitosis, membrane associated
components of the lamina re-associate with the condensed mitotic chromosomes to nucleate
reassembly of the NE [50].
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