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Abstract: Septins are a conserved family of GTP-binding proteins found in living organisms ranging from yeasts to mammals. They are able to 
polymerize and form hetero-oligomers that assemble into higher-order structures whose detailed molecular architecture has recently 
been described in different organisms. In Saccharomyces cerevisiae, septins exert numerous functions throughout the cell cycle, 
serving as scaffolds for many different proteins or as diffusion barriers at the bud neck. In other fungi, septins are required for the 
proper completion of diverse functions such as polarized growth or pathogenesis. Recent results from several fungi have revealed 
important differences in septin organization and regulation as compared with S. cerevisiae, especially during Candida albicans hyphal 
growth and in Ashbya gossypii. Here we focus on these recent findings, their relevance in the biology of these eukaryotes and in 
consequence the “renaissance” of the study of septin structures in cells showing a different kind of morphological behaviour.
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1. Introduction
Initially identified by Hartwell in 1971 [1] in a search for 
S. cerevisiae mutants affected in bud emergence and 
cytokinesis, the septins are a family of GTP-binding 
proteins that can be found mainly in yeast and animal 
cells. All septins share structural similarities, and their 
functions in the different organisms studied to date are 
also conserved, serving as scaffolds for other proteins 
and acting as diffusion barrier for proteins associated to 
the cytoplasmic side of plasma membrane. Composed 
of several subunits, the architecture of the septin 
complex is not trivial: the different septin monomers 
assemble into oligomers, which in turn form higher-order 
structures. These structures are composed of different 
numbers of subunits, depending on the organism. In  
S. cerevisiae, five septins are present during vegetative 
growth; i.e. Cdc3, Cdc10, Cdc11, Cdc12 and Shs1 [1-3]. 

In addition, when the sporulation program is triggered, 
two of them, -Cdc12 and Shs1-, are replaced by another 
two sporulation-specific septins: Spr3 and Spr28 [4,5]. 
 Although initially discovered through their  
involvement in cytokinesis, members of the septin family 
have been implicated in a variety of processes in fungi 
and in animal cells. Yeast septins have been shown to 
function as a scaffold for many other proteins, organizing 
the division site and coordinating nuclear and cellular 
division. Septins have also been shown to act as a barrier, 
preventing the diffusion of membrane proteins between 
mother and daughter cells (for reviews, see [6-8]). In 
mammalian cells, recent findings have shed light on the 
dynamics and regulation of septin assembly and have 
shown that septins are important in processes ranging 
from actin and microtubule organization to exocytosis 
and to the maintenance of cell shape. Furthermore, 
defects in septins have been implicated in several human 
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diseases (for recent reviews on mammalian septins, see 
[9-14]). Moreover, these proteins are subject to different 
post-transcriptional modifications, indicating that a finely 
tuned regulation of septins is crucial for cells. 
 In this review we shall focus on recent findings, 
both structural and functional, in the field of septins 
in different fungal organisms that undergo different 
patterns of growth and differentiation in comparison 
with S. cerevisiae, thus revealing new aspects of septin 
function. The reader is referred to other excellent recent 
reviews that cover different aspects of septin biology 
[6-8,15-21].
 The structure of septins and their domain 
organization is highly conserved in all organisms studied. 
Most of them contain a P-loop GTP-binding domain 
close to their N terminus that contains several of the 
conserved motifs common to all P-loop GTPases [22].  
C-terminal to the GTPase domain, a septin sequence 
conserved among the various septins has been 
identified [23]. Frequently, a poly-basic domain related 
to phospholipid binding is present at the N terminus, 
before the GTP-binding domain [24,25]. Most septins 
also have a C-terminal extension predicted to form 
coiled-coils, which are required for interactions among 
different septins [19,24,26]. A recent evolutionary 
analysis of septins across kingdoms has indicated 
that they can be classified in five different groups 
and that members of Group 1A (which contains  
S. cerevisiae Cdc10) do not have the C-terminal  
coiled-coil [27]. 

 

More than 30 years ago, electron microscopy studies 
carried out in budding yeast revealed the presence of 
so-called “10-nm filaments” surrounding the bud neck 
[28]. Later, immunofluorescence and GFP-tagging of 
septin subunits showed that septins have a cell cycle-
dependent localization: in unbudded cells, they form a 
cap at the future budding site, which later develops into 
a ring through which bud emergence occurs. As the bud 
grows, the septin ring changes to a collar that expands 
the bud neck and, at the time of cytokinesis, the collar 
splits into two septin rings: one located in the mother 
cell and the other in the daughter cell. Finally, the septin 
ring starts to disassemble and a new septin cap marks 
the budding site for the next cell cycle (Figure 1A). All 
these transitions are finely regulated and coordinated 
with cell-cycle progression through the action of multiple 
signalling pathways. Thus, cap formation requires the 
Cdc42 GTPase, which carries out a specific role in 
septin ring formation that is independent of its role in 
actin polarization [29-31]. Proteins such as Bni5 and 
Elm1, as well as the phosphorylation of septins by the 
Cla4 PAK kinase and Gin4, are necessary for collar 
formation [2,32-38] (Figure 1A). This phosphorylation is 
maintained until the onset of cytokinesis, when septins 
are dephosphorylated by the phosphatase PP2A [39]. 
Finally, septin ring disassembly after cytokinesis requires 
the SUMOylation of Cdc3, Cdc11 and Shs1, as well as 
Cdc3 phosphorylation by Cdc28 [40,41]. In addition to 
these classic well-defined localizations, very recently it 

Figure 1. Septin dynamics in S. cerevisiae. A) The dynamics of septin subunits inside the ring is cell-cycle dependent. The only moments of 
fluidity in the ring coincide with topological changes in the plasma membrane, i.e. bud emergence and cytokinesis. Proteins known 
to be essential for septin assembly and dynamics are shown. Bottom bar represents the periods of “frozen” (white) or “fluid” (grey) 
septin behaviour along the cell cycle. B) The septin ring itself is dynamic. Septin collar (hourglass) division into two rings (left panel) is 
accompanied by a 90º rotation in the alignment of septin filaments, which rotate from an arrangement parallel to the mother-bud axis 
to an arrangement parallel to the septum (right panel).
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has been shown that in response to certain nutritional 
limitations, septins disassemble from the bud neck and 
move to and associate with the spindle, both in mitotic 
and meiotic cells [42]. The exact nature of this localization 
is not yet known, but it could be a mechanism for septin 
storage until optimal nutrient conditions are recovered, 
allowing cells to rapidly reuse septins in order to start 
growing. 
 Although the cell cycle-dependent localization of 
septins has been known for many years, an intriguing 
question remained to be elucidated: are the septin 
subunits that disassemble from the neck after cytokinesis 
recycled to form the new septin structures, or are the 
new structures composed of septins synthesized  
de novo? Recently, the answer to this issue was provided 
by McMurray and Thorner [43], who used a set of very 
elegant fluorescent pulse-and-chase experiments to 
demonstrate that septin subunits are highly stable, and 
that after septin ring disassembly, they are reused in 
subsequent cell cycles mixed with newly synthesized 
subunits (see also [44]). This stability is also maintained 
during meiosis, indicating that it is not dependent on the 
morphogenetic program. 
 The ability of septins to polymerize in vitro into 
filaments that can be observed by electron microscopy 
is well known [45-49]. However, the exact structure 
of the filaments and how the different monomers are 
arranged in them has been a mystery that we are 
only starting to understand thanks to recent findings 
on mammalian, worm, and yeast septins. A major 
breakthrough in our understanding of septin organization 
was the determination of the crystal structure of human 
septin complexes [50], which was soon followed by 
the resolution of the arrangement of C. elegans septin 
complexes by EM [51]. Human septin complexes have 
a basic building block composed of the Sept2, Sept6 
and Sept7 septins. The hetero-trimers associate head-
to-head to form a hexameric unit that is non-polarized 
along the filament axis. Interestingly, the coiled-coil 
domains are arranged away from the filament core, 
and this could be important for the interaction between 
different filaments (for reviews on septin structure and 
assembly, see [52,53]). A similar non-polar organization 
has been found for the C. elegans and S. cerevisiae 
septin complexes [49-51]. In budding yeast, the basic 
polymerization unit is a hetero-tetramer containing a 
copy of each of the Cdc3, Cdc10, Cdc11 and Cdc12 
septins. Yeast septin hetero-oligomers are composed of 
eight subunits, and the order of assembly in the hetero-
octamer is Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-
Cdc12-Cdc11, also resulting in non-polar structures. 
The octamers can then bind through Cdc11 to assemble 
into non-polar filaments. These studies indicate that the 

general structure of septin complexes is common to all 
eukaryotic organisms.
 Even though the above results constitute a major 
advance in our understanding of septin architecture, there 
are still several questions to be addressed in the future. 
First, the experiments were performed with recombinant 
proteins expressed in Escherichia coli, which raises the 
question of whether they truly reflect the organization of 
septin complexes in vivo. Interestingly, recent findings 
using in vivo approaches seem to confirm (at least 
partially) such a notion [54], suggesting that in fact this 
may well be the true architecture of septin complexes 
in budding yeast. In addition, the exact role of the 
fifth mitotic septin, Shs1, in the structure and function 
of septin complexes must be clearly elucidated. The 
analysis of S. cerevisiae septins was performed using 
only four of them, so currently it is unknown how Shs1 is 
assembled in the septin filaments. Although in wild-type 
cells Shs1 is not necessary for the assembly of the other 
septins into the ring, it is important for cytokinesis, and its 
C-terminal extension is required for septin organization 
in the absence of other septin monomers [55]. This 
suggests that if some other septin were missing (i.e. 
Cdc11) Shs1 would replace it [49,55]. Undoubtedly, 
other future fields of research will be to unravel the 
role of the physiological inputs and regulatory signals 
that influence septin organization at different stages of 
the cell cycle or under specific growth conditions, or to 
understand how asymmetry in the mother-daughter axis 
is generated by the non-polar septin filaments.  
 An additional level of complexity comes from the 
dynamic behaviour of septin rings in vivo. Fluorescence 
Recovery After Photobleaching (FRAP) experiments 
have shown that septin subunits can move around 
freely inside the ring during certain moments of the cell 
cycle (i.e. bud emergence and cytokinesis) resulting in 
a “fluid” state, while during the rest of the cell cycle they 
cannot diffuse, generating a “frozen” state. Importantly, 
no replacement of septin subunits by those in the 
cytoplasm has ever been observed (Figure 1A and 
[39,56]). The fine coordination of these dynamic changes 
is achieved, at least in part, through the regulation of 
the phosphorylation state of one of the septin subunits, 
Shs1 (which, interestingly, is the only septin whose 
role in septin complexes formation is still enigmatic), 
which is phosphorylated by Gin4 and Cla4, and which is 
dephosphorylated by the PP2A phosphatase requiring 
its regulatory subunit Rts1 [39], the latter modification 
being responsible for the “fluid” state during cytokinesis 
(Figure 1A). In addition to these changes in the dynamic 
properties of the septin subunits, the septin ring itself 
shows dynamic behaviour. Thus, in elegant experiments 
with polarized fluorescence microscopy Vrabioiu and 
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Mitchison demonstrated that in the collar, septin filaments 
are oriented parallel to the mother-bud axis, and that 
during cytokinesis they rotate 90º and change to an 
orientation parallel to the septum between the two cells  
(Figure 1B) [57]. How can all these results concerning 
the dynamic properties of septin subunits and structures 
be correlated with the architecture of septin complexes? 
This is an interesting question that should be elucidated 
in future studies.

2. Septin functions in fungi
Knowledge of septin biology is more advanced in  
S. cerevisiae than in any other fungi, but in recent years 
a number of studies addressing fungal septins have 
started to shed light on the function of these proteins 
in many other organisms. Since many of these fungi 
have different growth patterns from that of S. cerevisiae, 
such as C. albicans filamentous growth or asexual 
conidiospore formation in A. nidulans, these studies 
have begun to reveal new aspects of septin function 
and regulation hitherto not seen in S. cerevisiae. We 
shall start with a brief overview of septin function in  
S. cerevisiae, later highlighting the differences with 
other fungi.

2.1 Saccharomyces cerevisiae
Septins were originally identified in a search for mutants 
affected in bud emergence and cytokinesis, but with 
time, descriptions of functions reported to be dependent 
on septins increased rapidly. All such functions are due 
to two different properties of septins: a) they serve as a 
scaffold for many other proteins at the bud neck, resulting 
in the development of certain functions at the bud neck 
region, and b) septins assemble a diffusion barrier, 
preventing uncontrolled diffusion of plasma membrane-
associated proteins between mother and daughter cells 
(for recent reviews on S. cerevisiae septin functions, 
see [13,15,19,52,58]).
 The first category of functions results in the 
establishment of a spatial landmark in the cell cortex that 
is maintained throughout the cell cycle. This landmark 
allows the recruitment of polarity markers and budding 
proteins to the incipient budding site [8,17,59-64]. 
Later on in the cell cycle, septins determine the plane 
of nuclear division and are also essential for the proper 
migration of the nucleus into the daughter cell in mitosis, 
since they serve as an interaction point between 
the mitotic spindle and the bud neck through as yet 
unknown protein/s [65-67]. Moreover, septins are of key 
importance in the morphogenesis checkpoint, which is 

responsible for the coordination between correct bud 
neck morphology and cell cycle progression through 
Hsl1, Hsl7 and the Swe1 kinase [32,58,68-73]. 
 It is also known that septins are required for the 
generation of asymmetry in budding yeast. They are 
essential for the asymmetric localization of proteins at 
both sides of the septation plane. Examples are Bni4, 
which is restricted to the mother side of the neck, or 
the kinase Kcc4, which is conversely localized at the 
bud side, which in turn results in a differential function 
of these proteins [74]. How this asymmetry is achieved 
is not known, but mutations that alter septin structures 
before bud emergence abolish this asymmetrical 
localization, suggesting that the septin structure itself 
could be asymmetric or composed of polar filaments. 
However, as mentioned above, septin filaments are 
non-polar and recent findings using microscopy 
approaches have suggested that the arrangement of 
septin subunits in the ring is not asymmetric [43,75]. 
Thus, asymmetry generation must be achieved through 
other mechanisms. Interestingly, it has been shown that 
Cdc3, Cdc11 and Shs1 are modified by SUMOylation, 
and that this modification is asymmetric, affecting only 
the mother side of the septin ring [40]. Clearly, studies to 
uncover asymmetry-generating mechanisms dependent 
on septins will be one of the fields of interest in future 
years.
 The communication between mother and daughter 
cells must occur through the bud neck. To maintain the 
asymmetry between the mother and daughter cells, it 
is very important that the proper direction of signalling 
pathways be ensured, thus avoiding incorrect signalling. 
One mechanism that cells have developed is the 
generation of a diffusion barrier at the bud neck, which 
blocks the free movement of proteins from one cell to 
the other. This barrier function at the plasma membrane 
level is carried out by septins. The correct functioning 
of this structure ensures the asymmetric distribution of 
proteins restricting their movement between the two cell 
bodies and generating polarity in the cells [65,76-78]. At 
the onset of cytokinesis, septin ring division generates 
a double diffusion barrier between the mother and 
daughter cells, creating a specialized compartment for 
cytokinesis. This closed space guarantees, first that the 
septum biogenesis machinery, and later the hydrolytic 
enzymes required for controlled dissolution of the 
septum, will be restricted to the bud neck region [79]. 
Recently, Barral et al. has unveiled some surprising 
roles of the diffusion barrier that are dependent on 
septins and on the septin-associated protein Bud6 
[80,81]. It has been shown that septins regulate the 
diffusion of plasma membrane-associated proteins 
and endoplasmic reticulum (ER) membrane proteins, 
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generating separable compartments. In contrast, luminal 
ER proteins are able to move freely between mother and 
daughter cells [80]. More recently, the same group has 
reported that the diffusion barrier also affects the nuclear 
envelope during anaphase, and as a consequence the 
daughter cell only inherits newly synthesized nuclear 
pores [81]. The biological implications of this observation 
are impressive since old nuclear pore complexes have 
associated non-centromeric episomes, which contribute 
to ageing. Thus, this barrier is not only a system for 
maintaining asymmetry, but it also plays an essential 
role in restricting the ageing process to the mother cell, 
resetting the ageing of the bud and rejuvenating the 
cellular progeny (see also [20]). 

2.2 Candida albicans
Following the pioneering studies in S. cerevisiae by 
Byers and Goetsch [28], 10-nm filament structures 
were also observed in the bud neck of yeast cells of the 
polymorphic human fungal pathogen C. albicans [82]. 
More recently, sequencing of the genome of this fungus 
revealed the presence of seven septin-coding genes. 
Both nucleotide and amino acid sequences showed a 
high degree of conservation with their budding yeast 
counterparts and were therefore designated as in  
S. cerevisiae. The generation of null mutants in the 
genes coding for the seven septins revealed that two of 
them (CDC3 and CDC12) are essential for cell viability, 
while the sporulation-specific orthologues showed no 
expression under the conditions assayed [83]. Mutants 
in CDC10 and CDC11 have morphological defects (see 
below), while the sep7Δ mutant has been described to 
have no relevant phenotype, although it was later shown 
that Sep7 is important in hyphal morphogenesis (see 
below and [83,84]).
 Early studies on C. albicans septins used 
immunofluorescence to localize Cdc11 in yeast cells, 
revealing a localization pattern that was indistinguishable 
from that found in S. cerevisiae, in regard to both position 
and cell-cycle coordination [85]. These observations 
were later confirmed using in vivo observations of GFP 
tagged-septins [83,86]. However, the most remarkable 
morphogenetic trait of C. albicans is its ability to switch 
from the yeast to hyphal growth in response to certain 
external stimuli, this phenomenon being of crucial 
relevance for pathogenesis [87-89]. Hyphal growth is 
characterized by certain specific morphogenetic traits 
that are different from yeast growth (for reviews on 
C. albicans biology, see [90,91]). First, hyphae grow 
continuously in a polarized fashion. This is reflected 
in the pattern of actin polarization, since actin cortical 
patches cluster continuously at the growing tip and 
cables are oriented towards the tip. Second, during 

hyphal growth, cell separation between the different 
compartments is not activated, allowing the formation of 
septated filaments. Finally, another peculiarity of hyphal 
growth is related to septin rings, since they do not 
disassemble immediately after cytokinesis but remain 
at both sides of the septum. For this reason, more than 
one ring can be observed in long hyphae. 
 When yeast cells are induced to develop filaments, 
three types of septin structures can be found (Figure 2). 
Upon germ tube emission, the septins assemble a 
diffuse structure known as the basal band, consisting 
of parallel bars. Later, the first hyphal septin ring is not 
assembled at the junction between the cell body and the 
germ tube, but 10-15 μm inside the germ tube. Septins 
can also be found as a faint cap at the tip of the growing 
hypha [83,85]. These hyphal-specific localizations of 
septins serve as determinants of true hyphal growth, 
allowing it to be distinguished from the sometimes very 
similar pseudo-hyphal growth [91].

Figure 2. Schematic representation of the morphology of hyphae 
from the wild-type strain and sep7Δ, ccn1Δ, sec3Δ 
and CDC11-S394A mutants. Wild-type hyphae show a 
predominantly apical growth pattern, secretion being 
directed to the tip of the hyphae. sep7Δ mutants assemble 
normal filaments, but their septin rings disassemble after 
cytokinesis and the hyphal compartments separate. 
ccn1Δ, sec3Δ and CDC11-S394A mutants have normal 
hyphal development until the first septum is assembled, 
after which a swollen distal compartment is formed. 
Septins are shown in green and septa in red, while 
arrows mark the direction of polarized secretion.
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 The role of septins in S. cerevisiae morphogenesis 
is well known, and hence although it would initially 
be tempting to conclude that they play similar roles in  
C. albicans, some interesting differences between these 
two yeasts have been described. Septin-null mutants in 
CDC10 and CDC11 show morphological defects, such 
as abnormal bud shape or aberrant chitin deposition. 
Additionally, although cdc10Δ and cdc11Δ mutants are 
able to emit germ tubes, the hyphae have an abnormally 
curved morphology, indicating that septins are important 
to maintain a unidirectional, stable cell polarity [83]. In 
accordance with these morphogenetic defects, septin 
mutants are also defective for pathogenesis in vivo, as 
judged by their defects in organ colonization or their 
reduced ability to kill infected mice, and in vitro, defects 
in epithelial cell adhesion being observed. Moreover, 
septin mutants also show defects in invasive growth and 
severe defects in the general cell wall structure [92,93], 
reinforcing the notion that septins play a relevant role in 
morphogenesis. 
 Septin localization and dynamics in C. albicans yeast 
cells is indistinguishable from the pattern described 
for S. cerevisiae, and the septin rings formed at the 
bud neck have cell-cycle regulated frozen and fluid 
states. However, hyphal induction results in important 
differences in these aspects of septin biology [83-85]. 
As mentioned above, the localization pattern varies and, 
in addition, the dynamic properties of the septin ring are 
also different. Study of septin dynamics using FRAP 
analysis has revealed that in hyphal cells septin rings 
are converted to a “hyphal-specific” state that differs 
from the frozen and fluid states found in yeast cells, and 
it is characterized by a highly dynamic state of Cdc10, 
which is constantly exchanged between the ring and a 
cytoplasmic pool [84]. This modification of septin ring 
dynamics is crucial in the regulation of several aspects 
of hyphal growth, as discussed below. 
 The generation of true hyphae in C. albicans is 
a specific morphogenetic program, different from 
yeast growth, and thus requires precise control and 
the coordination of several cellular processes that 
can be achieved through the expression of hypha-
specific genes or through the differential regulation of 
components that are present constitutively. Septins are 
necessary for the proper development of true hypha, 
but they are expressed constitutively. In contrast, it has 
been shown that they are subject to both hypha-specific 
modifications and regulation by hyphal determinants; 
these modifications are essential for the development 
and maintenance of hyphal growth, and also for the 
inhibition of cell separation following cytokinesis that is 
intrinsic to hyphal development [84,94].

 The conversion of yeast septin rings to the “hyphal-
specific” state is an example of the differential regulation 
of components that are present in both yeast and hyphal 
cells, since it is dependent on the presence of Shs1/Sep7 
and on its phosphorylation by the hypha-specific cyclin-
CDK complex Hgc1-Cdc28 (Figure 3). An important 
question is whether this modification has any biological 
relevance to hyphal development. Interestingly, it 
has been shown that it is of key importance for cell 
separation of the hyphal compartments to be inhibited, 
thus allowing them to remain attached to form true 
hyphae. sep7Δ mutants are able to form normal 
hyphae upon induction, but the different compartments 
separate after cytokinesis (Figure 2), indicating that 
Sep7 is essential for separation to be inhibited during 
hyphal growth. In C. albicans, activation of the cell 
separation program after cytokinesis requires the Cdc14 
phosphatase. It has been shown that this phosphatase 
localizes to the septum of yeast cells during cytokinesis 
but not to the hyphal septum, and it was proposed that 
this localization at the bud neck would be essential to 
activate the cell separation program regulated by the 
transcription factor Ace2 [95]. In sep7Δ mutants, septin-
ring dynamics in hyphae is the same as in yeasts; that is, 
no exchange of Cdc10 with the cytoplasm occurs, and 
Cdc14 can localize to the hyphal septum. This in turn 
activates the Ace2-dependent cell separation program, 
and mutant hyphae separate by controlled degradation 
of the septum, mediated by hydrolytic enzymes such 
as the chitinase Cht3 and the endo-glucanase Eng1  
[95-98] (Figure 3). Thus, the reason for the exclusion 
of the Cdc14 phosphatase from the septum region 
of hyphal cells could be a change in the scaffolding 
properties of the “hyphal-specific” septin rings mediated 
by Sep7. In support of this model, it has been shown that 
the separation phenotype of sep7Δ mutants is abolished 
when CDC14 is deleted, indicating that the separation 
of hyphal compartments is due to the activation of the 
separation program [84].

The modification of the dynamic properties and 
function of the septin ring during a developmental 
program to adapt it to specific requirements highlights 
the importance of post-translational modifications of 
specific subunits in the fine-tuned regulation of septin ring 
properties and suggests that Sep7 might be an important 
regulatory subunit of septins, at least during hyphal 
growth. Sep7 is not important for the assembly of the 
septin complexes or for the integrity of septin filaments, 
since sep7Δ mutants have little or no morphological 
defects (other than the above-mentioned separation of 
hyphal compartments), suggesting that the other septins 
can assemble in vivo and polymerize into filaments in its 
absence. However, Sep 7 seems to integrate different 
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signals during the hyphal developmental program that 
are necessary to modify the dynamic properties of the 
septin rings. Indeed, Sep7 is the largest of the septins and 
contains two regions with a high content in Ser/Thr (one 
between the septin element and the coiled-coil domain 
and another at the C-terminus after the coiled-coil) that 
may be the target of multiple phosphorylation events 
by different kinases. Sep7 is also phosphorylated in an 
Hgc1/Cdk1-dependent manner during hyphal growth. 
These results raise several interesting questions that 
could be the subject for future research. One of them 
is how Sep7 can be assembled into the structure of 
the septin filaments. Assuming that the arrangement of 
the monomers in C. albicans septin filaments is similar 
to the proposed structure of the S. cerevisiae hetero-
octamer [49,50], a key question is whether in vivo Sep7 
is also able to polymerize into the main filament or 
whether it binds the septin filament in a lateral position, 
perhaps by interaction through the coiled-coil domains. 
The answer to this question could be of great relevance 
to understand how Sep7 regulates the dynamics of 
septin rings. Since the structure of S. cerevisiae septin 
complexes was determined in the absence of Shs1/Sep7, 
it will be interesting to check whether the polymerization 
properties of purified septins is altered in the presence 
of this regulatory subunit. Another important question 
is how Cdc10 may exhibit very dynamic behaviour 

during hyphal growth, constantly exchanging with the 
cytoplasmic pool, without affecting the structure of 
the septin filaments. One possibility is that the basic 
polymerization unit of C. albicans septin subunits during 
hyphal growth would be different to that found in yeast 
cells (the S. cerevisiae hetero-octamer), this change 
being regulated by hypha-specific signals. Indeed, our 
unpublished observations indicate that Cdc11 shows 
behaviour similar to that of Cdc10 (A. Gonzalez-Novo, 
unpublished observations), suggesting that Cdc3-Cdc12 
could form the static core of hyphal septin filaments, while 
Cdc10-Cdc11 freely exchange with the cytoplasmic pool. 
Interestingly, in S. cerevisiae, filament pairing between 
adjacent filaments is mediated by the coiled-coil regions 
of Cdc3 and Cdc12 [49]. Alternatively, it is possible 
that the structure of the basic polymerization unit might 
be the same in yeast and hyphal cells and that during 
hyphal growth additional monomers of the dynamic 
subunits (Cdc10-Cdc11) are able to bind and “decorate” 
the septin filaments in a Sep7-dependent manner, thus 
modifying the scaffolding properties of the septin rings. 
Clearly, the answer to this question would be of great 
interest for an understanding of the structure-function 
relationship of septins, and will merit special attention 
in the future. The last, but not least, important question 
is whether this “hyphal-specific” state is exclusive to  
C. albicans or whether it is also present in other fungi. 

Figure 3. The yeast septin ring serves as a scaffold for Cdc14, which is required for the localization of the transcription factor Ace2 to the daughter 
nucleus. As a consequence, the cell separation program is activated and the septum is degraded. When cells initiate hyphal growth, 
septin ring dynamics changes to a “hypha-specific” state, in which Cdc10 rapidly exchanges from a cytoplasmic pool (a process 
dependent on the septin Sep7 and its phosphorylation mediated by Hgc1). This alters the scaffolding properties of the septin ring, 
preventing Cdc14 localization at the bud neck, which in turn finally blocks cell separation. Dashed lines indicate indirect regulation. The 
images show Cdc12-GFP localization (green) in yeast and hyphae stained with Calcofluor white (blue). 
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It will undoubtedly be very interesting to analyze septin 
dynamics in other fungi, especially filamentous fungi in 
which cell separation does not occur, to test whether this 
is a specific mechanism that C. albicans has developed 
to adapt to the specific requirements imposed by the 
ability to switch between different morphologies or  
whether it is a common feature of filamentous growth. 
 Challenging C. albicans yeasts with hyphal inducers 
results in very fast responses, which suggests that post-
transcriptional modifications of pre-existing proteins 
play an important role in this morphological transition. 
Recently, in a very convincing set of experiments  
Shina et al. provided strong biochemical and cellular 
evidence that one of the proteins that is modified during 
hyphal development is Cdc11 [94]. Phosphorylation 
of a serine residue in the C terminus of Cdc11 
(Ser395) by the kinase Gin4 in the previous yeast 
cell cycle is the priming signal for the phosphorylation 
of a contiguous serine (Ser394) by the Cdc28/Ccn1 
complex in stimulated cells (Cdc11 phosphorylation by 
Ccn1-Cdc28 can be detected five minutes after hyphal 
induction). This double phosphorylation is essential for 
the induction and maintenance of hyphal growth (Figure 
4) since a CCN1 deletion or a Ser394 mutation in Cdc11 
results in swollen hyphal tips after the first septum has 
been assembled (Figure 2). The phenotype of a ccn1Δ 
mutant was suppressed by deletion of CDC11 or by 
the generation of double phosphomimetic mutations 
on Cdc11. Gin4 phosphorylates Cdc11 in the cell cycle 
prior to hyphal induction, thus generating cells that can 
respond quickly if hyphal-inducing signals are received. 
This implies the existence of a mechanistic relationship 
between the cell cycle and septins, which the authors 
suggested could be a conserved pathway for polarized 
morphogenesis. Interestingly, it has recently been shown 
that another S. cerevisiae septin, Shs1, is also primed 
by phosphorylation regulated by G1 cyclin-dependent 
kinases, and that this phosphorylation is necessary for 
Gin4 recruitment to the septin ring during mitosis and, 
as a consequence, for the regulation of later cell cycle 
events [99].
 One intriguing result of this work is that Cdc11 
phosphorylation at early times after hyphal induction 
results in morphological defects at later times in 
hypha development, after the septin ring has been 
formed. In many organisms, polarized growth is 
dependent on the polarized secretion of vesicles to 
the growing region of the cell to provide new cell wall 
and membrane material. This process is dependent on 
a multi-protein complex called the exocyst. Work from  
S. cerevisiae has shown that upon bud emergence 
septins direct cell growth to the base of the bud to 
produce the typical swelling on the daughter side of the 

neck [100]. In C. albicans hyphae, the lateral walls are 
parallel and lack any constrictions or swellings after the 
septum, indicating that hyphal growth requires polarized 
secretion to the hyphal septin ring to be suppressed and 
targeted to the filament tip (Figure 2). Interestingly, a 
C. albicans sec3Δ mutant, which encodes an exocyst 
subunit, has a phenotype similar to that of the ccn1Δ 
mutant or the Cdc11-S394A mutant (that is, swollen 
tips after the septin ring has been assembled, Figure 2) 
indicating that the exocyst and the septin complexes 
interact in this process. Moreover, deletion of either 
CDC10 or CDC11 in a sec3Δ mutant restores proper 
hyphal growth [101], and a physical interaction between 
septin and exocyst components has been demonstrated 
in co-immunoprecipitation assays, indicating that both 
genetic and physical interactions between these two 
complexes are essential for proper hyphal growth. An 
interesting question is what molecular mechanisms are 
involved in the inhibition of secretion to the septin ring 
during hyphal growth. The above results provide several 
interesting possibilities. It is possible that phosphorylation 
by Gin4 and Cdc28/Ccn1 may reduce the affinity of 

Figure 4. Septins are essential for C. albicans hyphal development. 
During yeast growth, Cdc11 is phosphorylated by Gin4 
at Ser395 at the end of the previous cell cycle. Upon 
hyphal induction, this phosphorylated residue serves as 
a priming signal for the recruitment of the Ccn1-Cdc28 
complex that phosphorylates Ser394, allowing correct 
hyphal growth after the first septin ring.
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Cdc11 for the exocyst subunit Sec3, thus targeting 
secretion predominantly to the tip [102]. The conversion 
of the septin rings to the “hyphal-specific” state and the 
modification of its scaffolding properties (as discussed 
above for Cdc14) might be an alternative, or perhaps an 
additional, mechanism to target secretion to the growing 
tip. If this were the case, it would suggest that septin 
subunits at the different structures of the hyphae might 
have different modifications or modes of regulation to 
accomplish specific functions. Unfortunately, Cdc10 
dynamics has not been analyzed in the basal band or 
the growing tip to answer this question, but this could be 
a field for research in the near future. 
 All the above results suggest that upon hyphal 
induction, septins play key roles in establishing and 
maintaining the morphogenetic traits that are specific 
to this growth pattern, serving as positive signals for 
polarized secretion and growth at the tip of germ tubes 
[94,101] and acting as inhibitory regions for cell separation 
[84]. However, our understanding of the signals and 
factors that regulate septin structure, assembly and 
localization is still sparse. The co-localization of septins 
with lipid rafts in hyphal cells or with the integrin-like 
protein Int1 in both yeast and hyphal cells, together with 
the fact that expression of Int1 in S. cerevisiae strongly 
alters septin localization, provides some clues [103,104]. 
One factor that is known to regulate septin assembly 
is the kinase Gin4. When this kinase is placed under 
the control of the MET3 promoter and its expression 
is blocked, C. albicans cells can undergo the yeast-to-
hypha transition perfectly, but the septin rings cannot 
be assembled [105]. This suggests an essential role of 
this kinase in septin ring assembly, as in S. cerevisiae 
[33,37,39,68]. Curiously, the assembly of the septin 
basal band at the base of the germ tube is not dependent 
on the presence of this kinase [105], indicating that  
C. albicans septins are subjected to differential 
signals that control their assembly, depending on the 
morphogenetic state and even on the kind of structure. 
Recently, it has been shown that the Cdc42 GTPase-
activating proteins (GAPs) Bem3 and Rga2 would have 
some redundant role in the regulation of septin ring 
localization, although the exact contribution of these 
proteins is unclear [106].
Interestingly, although septins are highly conserved 
between S. cerevisiae and C. albicans, septin 
modifications are different in these two fungi. The 
important serine residues that are phosphorylated in  
C. albicans Cdc11 are not conserved in its S. cerevisiae 
orthologue [94] and, conversely, ScCdc3 has two 
phosphorylatable residues at its C terminus that are 
important for the stability of the septin ring [41] and 
that are not conserved in its C. albicans orthologue, 

suggesting that these organisms have developed 
different and specific systems for the regulation of 
septin dynamics and functions. In addition, septin 
dynamics during hyphal growth is completely different 
from that seen in S. cerevisiae, indicating that specific 
morphogenetic programs have specific septin regulation 
pathways [84]. Finally, in contrast to what happens in  
S. cerevisiae [40], in C. albicans septins are not modified 
by SUMO [107], although some of the septin-interacting 
proteins are SUMO-modified proteins. Interestingly, 
these modified proteins mainly localize to the mother 
cell, as seen in S. cerevisiae. Further investigations in 
this human fungal pathogen addressing septin assembly 
regulatory signals, the specific modifications of septins 
in hyphal cells, and their role in polarization should add 
important information to our knowledge of these proteins 
and the processes they are involved in.

2.3 Ashbya gossypii 
The extension of morphogenesis studies to other yeasts 
and filamentous fungi is currently providing additional 
insight into the functions of septins. Ashbya gossypii is 
a filamentous fungus closely related to S. cerevisiae, 
but one that grows exclusively in a filamentous 
fashion, generating long multinucleated hyphae. After 
germination of the haploid spore, two germ tubes are 
formed on opposing sites, in which lateral branches are 
developed. Hyphae are compartmentalized by septa, and 
one compartment typically contains around eight nuclei 
(for a review on Ashbya biology, see [108]). Ashbya 
contains six septin genes in its genome, five of which are 
orthologues to the mitotic budding yeast septins plus a 
duplication of CDC11. Surprisingly, in A. gossypii septins 
are not essential, presumably because cytokinesis itself 
is not essential [109,110], but they are required for 
the selection and organization of the septation site, to 
promote mitosis, and for asexual spores to be formed 
[109-111]. Owing to its growth pattern, in this organism 
the septins assemble into morphologically distinct 
classes of structures that vary in dimensions, intensities 
and positions within the filament. Thus, septin structures 
are present at the growing tips of the hyphae as a diffuse 
structure composed of short filaments arranged parallel 
to the long axis and also at the branching points. As 
the filament grows, septin structures are also found at 
constant distances in the region between the growing tip 
and the spore, which have been named inter-region rings. 
The inter-region rings persist for variable times before 
splitting in two adjacent rings that mark the septation 
point. Finally, septins also congregate at the cap of the 
emerging branches [109,112]. In spite of the different 
organization, all septins are present in all classes of 
structures, which raises the question of how they are 
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assembled and regulated. Interestingly, septins have 
different dependence on regulatory proteins since the 
formation of inter-region structures requires the activity 
of the AgGin4 and AgElm1 kinases, while those at the 
branches and tip do not [112]. What is also interesting 
is that the dependence on AgGin4 for assembly of the 
inter-region rings and septation sites is similar to that 
described above for C. albicans, suggesting that this 
kinase might play a similar role in the regulation of 
specific septin structures during hyphal growth in both 
yeasts. Based on the results obtained during C. albicans 
hyphal growth, it will be very interesting to analyze the 
dynamics of the septin subunits inside each of these 
structures to test whether it varies from one to the other. 
Another factor that controls the reorganization of septin 
structures is the PCH (pombe Cdc15 homology) protein 
Hof1, which in A. gossypii is required for actin ring and 
septum formation. In addition, Hof1 is required for the 
reorganization of Sep7 bars parallel to the growing axis 
towards rings in mature hyphae [110]. 
 A. gossypii is becoming a new and interesting model 
system to study septin function and regulation, as 
septins are not essential and because septin assembly, 
maturation, and organization do not require the nuclear 
cycle, providing an easily manageable system for 
studying cell cycle-independent regulation of septins 
[112]. Moreover, in A. gossypii septins are required to 
generate the appropriate environment for mitosis, and 
hence this event is mainly found in the vicinity of septin 
structures, although not all septin structures function in 
the same way: mitosis is more frequent at branching 
septin structures than at growing-tip septin structures, 
suggesting that the different organization is perhaps 
accompanied by different functions [109]. This idea is 
supported by the observation that septin mutants have a 
reduced frequency of mitosis near the branches but not 
at the tips. This is very interesting, since in other fungi 
such as C. albicans several septin structures can be 
found, and it is therefore possible that these structures 
could be performing different and independent functions, 
warranting further investigation, as discussed above for 
secretion. Furthermore, it has been shown that during 
C. albicans hyphal growth, the nucleus migrates to 
the vicinity of the presumptive septum site (where the 
septin ring is assembled) before its division [113]. In 
Aspergillus nidulans, septin ring assembly at the base 
of the branches is the signal required for the nucleus to 
re-enter mitosis, but the exact nature of this relationship 
remains unknown [114]. In addition to this, the septin 
ring in budding yeast determines the position of mitosis, 
and this also occurs in C. albicans yeast cells. However, 
it seems that in C. albicans hyphae septins are not the 
only factor required to position the mitosis plane since 

in gin4Δ cells, which lack septin rings in the germ tube, 
mitosis apparently takes place as expected [105]. Taken 
together, these results suggest that septins are involved 
in the control of nuclear division, although the exact 
process remains to be clearly elucidated. A clue that 
can help to answer this question is the observation that 
in A. gosypii, mitosis localization is not only dependent 
on septins, but also on AgSwe1, the orthologue to the 
S. cerevisiae kinase Swe1 [109]. The authors proposed 
that perhaps an adaptation of the S. cerevisiae 
morphogenetic checkpoint could be involved in the 
regulation of mitosis position: recruitment of AgSwe1 
to the septin rings would result in a local depletion or 
inhibition of this kinase, thus allowing the activation of 
mitosis near the rings.

2.4 Aspergillus nidulans
In A. nidulans, septins are also related to septation, 
branching, and conidiophore formation [114]. 
Interestingly, in this case septin rings are disassembled 
as the filament grows, persisting only at the apical-
most structure. This suggests that in this organism 
septins could exert apical polarization functions. At this 
juncture, it is important to recall that in the polymorphic 
fungus C. albicans the septin rings of the hyphae are 
not disassembled immediately after septum assembly, 
but persist as the filament grows. In this case, septins 
may function as inhibitory markers for cell separation, 
although they could also be polarity landmarks, 
because branching always takes place in the vicinity 
of old septin rings. It is also noteworthy that in  
C. albicans hyphae septins can be found as a cap at the 
tip of the germ tube. Thus, it is tempting to speculate 
that apical septin structures could function as scaffolds 
required for polarized growth and secretion, while the 
septin rings could maintain the integrity of the filaments 
by repressing cell separation and, at the same time, 
determine landmarks for branching. All these aspects 
of septins related to polarity and branching should be 
further investigated to unequivocally clarify this issue of 
crucial importance.

2.5 Other yeast and fungi
Another economically important fungus is the 
phytopathogen Ustilago maydis, which contains four 
septin genes in its genome. To date, only sep3, the 
orthologue of the S. cerevisiae Cdc11, has been 
thoroughly analyzed. sep3Δ strains have different 
morphological defects, including swollen and misshapen 
cells that often grow as clusters of cells, multinucleated 
cells, or with inappropriately positioned or multiple 
septa [115], indicating that this septin is necessary for 
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normal morphogenesis and cytokinesis. In addition, the 
dimorphic transition from the haploid budding yeast form 
to the dikaryotic filamentous growth, which is crucial for 
pathogenic development in maize, is defective. More 
recently, it has been reported that deletion of sep1, the 
orthologue of the S. cerevisiae Cdc3, also produces 
morphological defects consistent with the inability to 
undergo proper polarized cell growth in U. maydis yeast 
cells [116]. 
 In the fission yeast Schizosaccharomyces pombe, 
none of the four mitotic septins -Spn1, Spn2, Spn3 and 
Spn4- is essential, and deletion mutants only display 
mild morphogenetic defects. The only remarkable 
phenotype associated with the absence of septins 
is a delay in septum degradation after cytokinesis, 
which results in a characteristic chained phenotype  
[117,118]. The only function described so far for fission 
yeast septins is to serve as positional markers to target 
the secretory vesicles loaded with the hydrolytic enzymes 
required for the controlled dissolution of the septum 
(i.e., the α-glucanase Agn1 and the β-glucanase Eng1  
[119,120]) to the septum area in an exocyst-dependent 
manner [121]. The same phenotype is observed in cells 
that lack the anillin homologue Mid2, which is required 
for proper septin ring organization in this yeast: in 
mid2Δ mutant cells, the septin rings are not stable, and 
the septins diffuse to the septum region, forming discs 
instead of rings [117,118]. Interestingly, the transcription 
factor Ace2 not only regulates the expression of genes 
required for cell separation, but also controls septin ring 
stability through the expression of mid2+ [122]. These 
results suggest that a correct septin ring is essential 
for the polarized secretion of hydrolytic enzymes in  
S. pombe.

3. Conclusions
Septins are conserved between different fungi, both 
in sequence and in function, although they show 
peculiarities and differences in the functions that 
underlie the nature of each organism. In addition to 
the species described in this review, septins are also 
present in many other fungi [27] and detailed studies 
may uncover new and interesting functions of these 
proteins specifically adapted to the biology of each 
organism. This conservation is spread throughout 
evolution to higher eukaryotes, in which septins also 
have the same basic functions, involving cytokinesis, 
scaffolding or polarity regulation. Nevertheless, the 
better knowledge of septin biology gained in recent years 
has shown that septins have some specific functions 
and they have even been related to tumorogenesis [11] 
and neurodegenerative diseases, such as Alzheimer’s, 
Parkinson’s or hereditary neuralgic amyotrophy  
[123-125]. The use of fungi as model organisms has 
proved to be of enormous relevance and interest, and 
should be of great importance in future years in our 
quest to reveal surprising and unexpected functions in 
these organisms. 
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