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ABSTRACT

Nucleolus is the most conspicuous sub-nuclear compartment that is well known as the site of
RNA polymerase |-mediated rDNA transcription and assembly of ribosome subunits in
eukaryotes. Recent studies on mammalian cells suggest that functions of nucleolus are not
limited to ribosome biogenesis, and that nucleolus is involved in a diverse array of nuclear
and cellular processes such as DNA repair, stress responses, and protein sequestration. In
fungi, knowledge of nucleolus and its functions was primarily gleaned from the budding
yeast. However, little is known about nucleolus of the filamentous fungi. Considering that the
filamentous fungi are multi-cellular eukaryotes and thus distinct from the yeast in many
aspects, researches on nucleoli of filamentous fungi would have the potential to uncover the
evolution of nucleolus and its roles in the diverse cellular processes. Here we provide a brief
up-to-date overview of nucleolus in general, and evidence suggesting their roles in fungal
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physiology and development.

1. Introduction

The nucleoli are membrane-less dense compartments
central to rDNA transcription, pre-rRNA processing
and ribosome assembly [1]. It was only in 1964 that
a study with Xenopus laevis spurred interest in the
function and structure of the nucleolus [2], although
nucleoli themselves were first identified by bright-field
microscopy as early as the 1800s [3]. Much work on
the nucleolus has focused on RNA polymerase
I-mediated transcription and ribosome biogenesis,
establishing the nucleolus as a ribosome factory
[1,4-7].

Animals and plants have a number of nucleoli in
each cell. Based on studies using electron micro-
scope, each nucleolus in their cells was initially
described as tripartite structure that is organized
into morphologically distinct sub-compartments at
the ultrastructural level: fibrillar center (FC), dense
fibrillar center (DFC) and granular component (GC)
[8,9]. Such organization was shown to correspond to
sequential processes in rDNA transcription, rRNA
processing, and ribosome assembly [10]. The tripar-
tite structure, however, is not universal, as many
eukaryotes have bipartite nucleoli [9]. Phylogenetic
pattern of tripartite and bipartite structures suggested

emergence of a third nucleolar compartment during
evolutionary transition between the anamniotes and
the amniotes in animals [11].

A wealth of researches over the last few decades
showed that the nucleolus is not just a ribosome fac-
tory but a multifunctional domain on which nucleus
relies for many of its functions [12-14]. It has been
also demonstrated that the nucleolus is a dynamic
structure that changes in response to cell cycle,
stresses, and metabolic activity of cells [8,12,15-17].
The list of roles that the nucleolus plays in regulating
nuclear and cellular processes keeps growing to date.

Unlike animal and plant cells, the model yeast
fungus, Saccharomyces cerevisiae, has only a single,
crescent-shaped nucleolus that occupies up to
one-third of the nucleoplasm [9] and organizes into
bipartite structure. Though nucleoli of the budding
yeast are quite distinct from animal and plant coun-
terparts, most of our understanding of ribosome
biogenesis at the molecular level in eukaryotes had
been derived from studies in this fungus. Moreover,
the nucleolar biology of the yeast does not seem to
be a complete representation of the fungal nucleoli
in general, as illustrated by the nucleolus of the fis-
sion yeast Schizosaccharomyces pombe that was
reported to have tripartite structure [18].
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Considering the hyper-diversity of the fungal
kingdom, it is important to understand the varia-
tions present in nucleolar structures and functions of
diverse fungal species and whether such variations
are related to evolution, lifestyles and ecology of
fungi. However, little is known about nucleolus and
its functions in filamentous fungi to date. In this
review, we first briefly summarize what has been
known about functions of nucleolus and dynamics
of nucleolar morphology, and then describe our
recent observations on nucleolar dynamics in the
rice blast fungus, Magnaporthe oryzae. Finally, we
point out the knowledge gap that should be filled in
future research endeavors regarding the fungal
nucleoli.

2. Formation and functions of nucleolus

Nucleolus is a membrane-less organelle that is known
to form as a new phase, separating from nucleop-
lasm [19,20]. However, it was shown that the initial
assembly of nucleolus is guided by transcription of
rRNA, conferring spatiotemporal precision in other-
wise stochastic process by itself [21]. Nucleolar
assembly involves the formation of pre-nucleolar
bodies (PNB) and stabilization of the nucleolar
machinery by precursor rRNA. As the initiation of
nucleolus formation occurs around tandem arrays of
ribosomal gene repeats, this chromosomal region is
termed nucleolar organizer region (NOR). Details of
NORs including genomic architecture are beyond
the scope of this review, and thus readers are referred
to the relevant review paper [22]. Cooperative inter-
actions between chromosomal territories including
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NORs are known to complete nucleolar assembly
process [23].

Functions of nucleoli including ribosome biogen-
esis hinge largely on the sequestration or release of
specific proteins that enter the nucleoli (Figure 1A).
It is well established that the import of proteins into
nucleus is often mediated by a short stretch of basic
amino acids termed as nuclear localization sequences
(NLS). Unlike the nucleus separated from the cyto-
plasm by membrane and involving NLS-based active
protein transport mechanism, the nucleolus does not
have protein transport mechanisms [24]. Despite
lack of active transport, it had been observed that
nucleolar proteins are highly enriched in the nucle-
olus, while nuclear proteins without nucleolar func-
tions are less concentrated in or completely excluded
from this sub-nuclear compartment. Together with
such observations, dynamic exchange of proteins
between nucleolus and nucleoplasm/cytoplasm in
response to different cellular conditions suggested
that the specific signals or mechanisms dictate nucle-
olar localization and retention of proteins.

Based on the sequence composition and predicted
secondary structure of known human nucleolar pro-
teins, an artificial neural network (NoD server) was
trained and used to systematically predict nucleolar
[25,26] (Note that
interactive online version of NoD server is available at
http://www.compbio.dundee.ac.uk/www-nod/).
However, it was pointed out that there is a consider-

localization sequences (NoLS)

ably high false positive rate in NoD prediction due to
the subtle difference between NLS and NoLS with the
latter being a few basic charged amino acids longer
[24]. Although the defining properties of peptides and

Figure 1. Schematic diagram showing dynamics of nucleolar proteins (A) and cell cycle-dependent changes in nucleoli (B).
Some of the nucleolar proteins (red and pink) reside, functioning mainly in nucleolus, and others move between nucleoplasm
and nucleolus (purple and orange) (a). They shuttle between nucleoplasm and nucleolus, either because they should be
sequestered inside the nucleolus until they are required by the nucleus, or because they have major roles in the nucleolus
and have moonlighting functions in the nucleoplasm. There are even proteins that go out to the cytoplasm (green). Nucleoli
undergo disassembly and assembly during the cell cycle (B). The figures are created based on the mammalian nucleoli, which
have tri-partite structure consisting of fibrillar center (F), dense fibrillar center (D), and granular component (G).
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proteins that determine nucleolar localization have
not been fully resolved, it seems clear that a positively
charged peptide entity containing a patch of arginine
is sufficient for accumulation of proteins in nucle-
oli [24].

The role of nucleolus is not limited to rRNA pro-
duction and ribosome assembly, but includes RNA
processing, assembly, and export of ribonucleopro-
tein (RNP) particles such as the signal recognition
particle, and processing of precursor tRNA and U6
small nuclear RNA (snRNA). However, it has been
revealed that functions of nucleolus are much more
diverse and profound than previously recognized.
For example, nucleolus is involved in DNA damage
and repair, telomere maintenance and response to
cellular stresses [13]. Many of these recently identi-
fied functions are related to the protein sequestra-
tion in the nucleolus or protein shuttling between
the nucleolus and the nucleoplasm (Figure 1A).
Some proteins are stored in the nucleolus, while oth-
ers have main functions in the nucleolus and have
moonlighting functions in the nucleoplasm. There
are also proteins that are sequestered in the nucleo-
lus until it should be released. Below we briefly
describe discoveries made on nucleolar functions
during the last decade. It should be noted that such
discoveries have centered around mammalian cells.

Based on dynamics of nucleolar proteins, the
nucleolus plays a role in DNA damage repair by par-
ticipating in the recruitment and assembly of repair
factors at sites of DNA damage. The nucleolus regu-
lates availability and activity of repair factors by
sequestering or release them in response to DNA
damage [27,28]. The nucleolus is also known to be
involved in telomere maintenance, which is crucial
for preserving genomic stability and cell viability. It
can control the availability of telomerases by seques-
tering them, and can play a role in the recruitment
of telomeric proteins to telomeres by interacting
with telomeric proteins and telomerase, ensuring
proper telomere structure and function [29-32]. In
addition, the nucleolus is known to play a role in
the 3D organization of the genome by facilitating
the spatial arrangement of chromatin and gene
expression [33,34]. This is mediated by its interac-
tions with specific genomic loci, recruitment of tran-
scription factors, chromatin remodeling factor and
histone modifiers.

In animal cells, the nucleolus and the Cajal body
are two nuclear organelles that respond to stress by
undergoing specific changes in morphology and
composition. Although underlying mechanisms of
nucleolar stress responses are complex and intercon-
nected, they can be grouped into p53-dependent and

-independent pathways in animal cells [16]. The
tumor suppressor, p53, which is known as the
“guardian of the genome” and kept low under nor-
mal physiological conditions due to its interaction
with E3 ubiquitin ligases, appears to be the key in
many pathways that translate stress signals into a
cellular response [35,36]. Stresses such as genotoxic
and ribosomal stress can disrupt ribosome subunit
biogenesis and lead to an increase in free RPL11 and
RPL26 (ribosomal proteins), which up-regulates p53
translation and inhibits Hdm2 (E3 ubiquitin ligas-
e)-mediated p53 degradation [37,38]. This increases
the opportunity for p53 to activate transcription of
its target genes in the nucleoplasm. Furthermore,
disruption of ribosome biogenesis can increase the
transport of p53 to the cytoplasm, resulting in acti-
vation of the mitochondrial apoptotic pathway. For
more details of nucleolar-related mechanisms to acti-
vate p53, please refer to the Boulon et al. [16].

3. Dynamics and regulation of nucleolus

The nucleolus is dynamic not just in terms of
exchange of its proteins with nucleoplasm but also
in the sense of changes in number and size. There
are several factors such as cell cycle, nutrient avail-
ability and cellular stresses that influence the dynam-
ics of nucleoli in the cell. In this section, we describe
how nucleoli respond to those factors and what
molecular mechanisms underlie the changes in
nucleoli.

3.1. Cell cycle

During the cell cycle, ribosome production should
be tightly regulated in coordination with the pro-
gression of cell cycle (Figure 1B). In higher eukary-
otes, ribosome production starts to cease at prophase
(at the beginning of mitosis), and then re-initiates at
the end of mitosis. It increases during G1 through S,
and then peaks in G2 phase [17,39]. At the begin-
ning of mitosis, nucleolar disassembly occurs in a
sequential process. First, nucleolar processing com-
plexes, which consist of DFC and GC proteins such
as fibrillarin and Nop52, respectively, is released
from the nucleolus at the end of prophase, during
which nuclear envelope breaks down and chromo-
somes are condensed, forming a structure called
peri-chromosomal compartment [40,41]. Such release
of proteins changes the shape of the nucleolus, and
eventually makes the nucleoli invisible. Following the
disassociation of the nucleolar processing complexes
from the nucleolus, transcription of rDNA is arrested
at the end of prophase, while the DNA polymerase



I (pol I) transcription machinery remains associated
with the rDNAs.

Although there are pol I machineries associated
with rDNAs, some of them (pol I-specific transcrip-
tion factors) are phosphorylated by the Cdkl-cyclin
B kinase, resulting in the suppression of rDNA tran-
scription [42]. The Cdkl-cyclin B kinase phosphory-
lates the nucleolar processing proteins as well. This
phosphorylation decreases the RNA-binding affinity
of the target proteins, possibly contributing to the
dissociation of the proteins from the nucleolus during
prophase [43].

The assembly of nucleolus, which starts at telo-
phase, requires sophisticated coordination of rDNA
transcription and activation of the RNA processing
complexes [17]. Activation of rDNA transcription
depends on the pol I machineries associated with
NORs [44]. Repression of pol I transcription activity
by Cdkl-cyclin B kinase during mitosis is dere-
pressed by the phosphatases PP1 and PP2A [45]. It
should be noted that control of phosphorylation/
dephosphorylation is dependent upon the local con-
centration and distribution of kinases and phospha-
tases involved in cell cycle regulation. The resumption
of rDNA transcription is necessary but not enough
for the nucleolar assembly. Complete organization of
the nucleolus also requires the snoRNAs, ribosomal
proteins, rRNAs and other proteins that form the
nucleolar processing complexes in foci designated
PNBs. In human HeLa cells, the PNBs are known to
be observed in telophase and present during early
G1 period [46,47].

3.2. Nutrient availability and other stresses

It has long been known that the size and shape of
nucleoli are intimately related to the growth and
proliferation status of eukaryotic cell [48]. Nutrient
availability is a crucial factor for the control of
nucleolar activity, as the rDNA transcription and
ribosome biogenesis are highly costly and demand-
ing cellular processes in terms of energy and
resource usage. For example, RNA pol I-mediated
transcriptional activity accounts for 60% of the total
transcription in
Transcription of ribosomal genes takes up approxi-
mately 50% of the total RNA pol II activity. The
total mass of resulting ribosomal proteins accounts
for almost half the total cellular protein mass [49].
These facts about rDNA transcription and ribosome
production indicate that nucleolar activities should
be adjusted and tightly controlled based on available

case of the growing yeast.

resources.
In general, stresses including heat stress, UV radi-
ation, oxidative stress, nitrogen starvation, glucose
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starvation, and calorie restriction can cause a shrink-
age and reorganization of the nucleolus into a
smaller and more compact structure (Figure 2). Such
nucleolar shrinkage is concomitant with inhibition of
rDNA transcription and reduction in ribosome bio-
genesis. On the contrary, nutrients and growth sig-
nals can induce the nucleolus to enlarge. As a result,
rDNA transcription and subsequent ribosome bio-
genesis increase. This impinges on speed and accu-
racy of translation, resulting in loss of cellular
protein homeostasis (proteostasis) [48].

The target of rapamycin (TOR) protein (serine/
threonine) kinase is a evolutionarily conserved cen-
tral regulator that links the quality and quantity of
nutrients to developmental and metabolic processes
[50]. In the budding yeast, there are two TOR
kinases, TOR1 and TOR2, each of which forms
TORC1 and TORC2 complexes in the budding yeast.
In mammals, there is a single TOR kinase (mTOR)
that exists in two functionally distinct mTORC1 and
mTORC2 complexes. The TOR1 complex is rapamy-
cin sensitive and involved in anabolic processes (cell
growth), while the TOR2 complex is rapamycin
insensitive and is involved in cell proliferation and
survival [51]. Above mentioned stresses including
nutrient availability and rapamycin can inhibit the
TOR kinase pathway. In the yeast and mammals,
such suppression/inhibition of TOR results in the
reduced size of nucleolus in the cell. Detailed molec-
ular mechanisms underlying the control of nucleolar
size and its activity involve diverse transcription fac-
tors and epigenetic regulators downstream of TOR
kinase, and are beyond the scope of this review (for

Figure 2. Differences between the nucleoli of the budding
yeast and Magnaporthe oryzae. At low concentration of
nutrient, the budding yeast decreases the size of nucleolus,
which correlates with reduced rDNA transcription activity. In
the filamentous fungus, M. oryzae, however, the size of
nucleolus remains the same, while the size of nucleus
decreases.
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more information, refer to the Srivastava et al. [52]
and Gonzale and Rallis [53].

4. Nucleoli in filamentous fungi

In filamentous fungi, little is known about the nucle-
olar dynamics, its regulation and implications.
Description of nucleolus in filamentous fungi dates
as far back as the late 1960s, and its ultrastructural
characteristics was first reported in Penicillium
hyphae at 1972 [54]. Most of knowledge on fungal
nucleoli are thus based on the studies of the nucleoli
in the budding yeast, and work on nucleoli of fila-
mentous fungi are scarce. However, there a few stud-
ies that demonstrate the importance of nucleoli in
the biology of filamentous fungi.

For example, in a human opportunistic pathogen,
Aspergillus fumigatus, the ability to grow rapidly at
37°C is considered as a potential virulence factor
[55]. Works on CgrA in A. fumigatus showed that
CgrA is predominantly localized to nucleolus in a
temperature-dependent manner [56], and is neces-
sary for pre-rRNA processing and 60S ribosomal
subunit assembly [57]. This established a link
between thermotolerance and ribosome biogenesis,
emphasizing the role of nucleolar functions in fun-
gal pathogenesis, although how CgrA-mediated
ribosome biogenesis contributes to the thermotoler-
ance is not clear.

In a model plant pathogenic fungus, Magnaporthe
oryzae, it was shown that unlike the yeast and mam-
malian counterparts, there is no direct relationship
between the activity and size of nucleoli in this fila-
mentous fungus [58]. Under the low nutrient con-
centration, nucleolar size appeared to be decoupled
from the nucleolar activity in M. oryzae (Figure 2).
Observation of nucleoli during germination of
conidia and appressorium formation suggested the
of fungal course of
infection-specific development in this fungus. This
study highlights the differences in the yeast and fil-
amentous fungi in terms of regulation of nucleoli.

There are also a number of studies showing the
importance of TOR kinase pathway in development
and pathogenesis of filamentous fungi [59-63].
Although these studies did not directly analyze the
nucleoli in the fungal species of interest, the fact
that TOR is a conserved regulator of nucleolar func-
tions strongly corroborates the importance of nucle-
olar function and its regulation in the biology of
filamentous fungi.

Recently, there has been a report about fungal
effector proteins being translocated into the nucleoli
of host plant [64]. This is in parallel to the oomycete

role nucleoli in the

effectors being targeted to the host nucleoli and reg-
ulating nucleolar processes including ribosome bio-
genesis
interesting questions into our attention: 1) do those
effectors go into the fungal nucleolus as well? And is
it a matter of when and where those effectors are

[65,66]. Such observations bring a few

expressed? 2) If they dont localize to the fungal
nucleolus when expressed in fungal vegetative hyphae,
what would be the mechanism(s) that enables regu-
lation of effector localization only to the host plant
nucleolus? In line with the second question, 3) do
those effectors have distinct (for example, plant-
specific) nucleolar localization sequences? Attempts
to answer the questions above would shed light on
novel aspect of fungal nucleolus itself and spatial reg-
ulation of nucleolar protein.

5. Conclusion

Nucleoli is such an important organelle in terms of
its cellular energy consumption and diverse func-
tions including ribosome biogenesis. In this review,
we argue that despite its implication in eukaryotic
cells, organization and functions of nucleoli in fila-
mentous fungi have been under-appreciated, in con-
trast to the nucleus within which the nucleolus is
located and mRNA production is regulated. We pro-
pose that future studies addressing the following
questions should be forthcoming in order to bridge
this knowledge gap and better understand the nucle-
oli in the filamentous fungi. First, do nucleoli in
filamentous fungi have bi-partite or tri-partite struc-
tural organization? This is related to the evolution
of nucleoli and whether there is any correlation
between the type of organization and biology of fil-
amentous fungi such as lifestyle. Second, what are
the nucleolar proteins other than the rRNA tran-
scription and processing factors? Functions of par-
ticular organelles are largely dependent upon the
proteins that reside in them. In mammalian cells,
over 4,500 nucleolus-associated proteins were iden-
tified through proteomic experiments. However,
except the yeast, no systematic approach has been
made to identify the nucleolar proteins in filamen-
tous fungi [67]. Identification of nucleolar protein
repertoire in the filamentous fungi would not only
shed light on the nucleolar functions that might
have contributed to the evolutionary success of this
immensely diverse group of eukaryotic microbes
but also provide novel targets for therapeutics and
agrochemicals.
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