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Abstract

Septins are filament-forming GTP-binding proteins that act as scaffolds in diverse cell functions 

including division, polarity and membrane remodeling. In a variety of fungal pathogens, it has 

been observed that septins are required for virulence because cells are unable to survive or are 

misshapen when septins are mutated. Cell morphology is interconnected with pathogenesis and 

thus septin mutants displaying aberrant cell morphologies are commonly deficient in host tissue 

invasion. The degree to which septins orchestrate versus maintain changes in fungal cell 

morphology during pathogenesis remains to be determined. Aside from the importance of septins 

in the process of pathogenesis, animal and plant fungal pathogens display complexity in septin 

form, dynamics, and function not seen in S. cerevisiae making these organisms important models 

for uncovering diversity in septin behavior. Additionally, host septins have recently been 

implicated in the process of C. albicans invasion, motivating the need to examine host septins in 

fungal pathogenesis. Understanding the role of septins in the host-pathogen interaction not only 

illuminates pathogenesis mechanisms but importantly also expands our understanding of septin 

biology in general.
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How is septin function linked to assembly of filaments?

Septins are a family of filament-forming GTP-binding proteins that function in eukaryotic 

cell compartmentalization [1-4]. In Saccharomyces cerevisiae, the organism in which 

septins were discovered and have been most intensively studied, five mitotic septin proteins 

(Cdc3, Cdc10, Cdc11, Cdc12, Shs1) form an hourglass structure associated with the plasma 

membrane at the mother-bud neck (Figure 1a) [5,6]. At this junction they act as a scaffold 

for proteins involved in cell division and septation [3,7]. Additionally, both in yeast and at 

the base of primary cilia, higher order septin structures can compartmentalize membranes by 

acting as diffusion barriers [8-10]. Recently, septins have been also been implicated in cell 

functions as diverse as calcium signaling, membrane remodeling, and cell morphology 

[11-13]. Additionally, both host and microbial septins have newly emerging roles in 
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pathogenesis that are related to cell shape and invasion of host tissues [14]. How a single 

class of proteins touches on such diverse cell functions remains a critical open question.

The number of septin genes varies widely between eukaryotic organisms, from two in 

nematodes to 13 in humans [15-17]. Despite this variability in number, septins have been 

found to assemble into soluble hetero-oligomeric rod shaped complexes, typically 

containing two copies of each septin protein when immunoprecipitated from different cell 

types (Figure 1a) [18-21]. Septins interact with one another via two interfaces, one of which 

is a surface created by the N- and C- termini that are brought into proximity when the 

polypeptide is folded, and the other surface is the GTP binding domain [18]. In the 

formation of higher order structures such as rings and hourglasses involved in cytokinesis, 

septin rods associate with the plasma membrane then diffuse and collide to form short 

filaments by end-on association, termed annealing. These short filaments subsequently 

merge together in the plane of the membrane to form the functional higher order structure 

[22]. Transmission electron microscopy and electron tomography of septin higher-order 

structures in S. cerevisiae has revealed that septin filaments may be paired and run in two 

orthogonal arrays, forming assemblies resembling “gauzes” (Figure 1a) [5,6,23]. At 

cytokinesis, the septin hourglass rapidly rearranges, as demonstrated by fluorescence 

polarization microscopy and fluorescence recovery after photobleaching (FRAP), likely by a 

process that involves the loss of a large proportion of septins via filament fragmentation 

[24-27]. How the fundamental characteristics of septin complexes and filaments relate to 

their broad cellular functions remains to be described.

The links between septin properties such as filament formation and functions such as 

scaffolding are ready to be investigated at both the molecular and biophysical level. For 

example, what role, if any does the GTPase cycle play in dynamic rearrangements of septin 

structures? Is there exchange of either rods or individual monomers within filaments? Why 

is a filament-forming protein that makes flexible filaments used to build scaffolds and 

barriers [22]? What direct interactions occur at septin assemblies and what is the molecular 

basis for scaffolding? Do septins restrict membrane-associated protein to specific regions of 

the cell by influencing membranes or by acting as a physical barrier? Functions have been 

ascribed mostly based on phenotypes observed upon deletion of septin genes, many of 

which could be indirect consequences of losing septins. Thus, many questions regarding the 

molecular mechanism of septin function are ripe for examination.

In order to understand the fundamental properties and mechanistic function of septin 

assemblies, work must be performed in a variety of eukaryotic organisms. Septins in fungal 

pathogens are not only important for their involvement in virulence, but also because they 

serve as a great comparison to S. cerevisiae and other systems. Septin form and dynamics 

appear different in even somewhat closely related fungal models making fungi powerful 

systems for analyzing septin regulation. Furthermore, unlike mammals which express over 

10 different septins, most fungi have a minimal set of septins simplifying functional 

analysis. We review here how septins are involved in fungal pathogenesis and how our 

understanding of septins in this context expands our understanding of septins in eukaryotes 

as a whole.
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How do septin localizations and dynamics vary in different pathogenic 

fungi?

The localization and dynamics of septin structures have been examined in a number of 

pathogenic fungal organisms. When growing as yeast, all Candida albicans mitotic septins 

co-localize at the bud neck in much the same way as septins in S. cerevisiae [13,28]. 

Likewise, after bud emergence in both organisms, FRAP studies have shown little or no 

exchange with cytoplasmic septin subunits or rearrangement within the higher order 

structure [29]. Interestingly, as a point of contrast, septins in several other fungal pathogens 

localize somewhat independently of one another and/or form additional assemblies. In the 

plant pathogen Ustilago maydis, septins collectively localize to a variety of structures, from 

collars at the bud-neck to filaments concentrated at growing cell tips that can span the length 

of the cell [30,31]. Interestingly, UmSep4 (a Cdc10 ortholog), the only septin protein lacking 

a C-terminal coiled-coil domain, forms fibers running along the length of the cell that 

partially co-localize with microtubules yet do not depend on microtubules for localization 

(Figure 1b) [30]. Notably, mammalian septins have been found to associate with 

microtubules and microtubule associated proteins [32,33]. Do examples of independent 

septin localizations imply separable functions for individual septins? Are heteromeric 

complexes of different composition assembled in the same cytoplasm and are monomeric 

septin proteins able to function on their own? Do distinct septin structures turn over at 

different rates? Because of the apparent uniformity of septins in S. cerevisiae, fungal 

pathogens serve as a good model for the diverse septin localizations and function, an 

understanding that could translate to mammalian cells that contain many more septin 

proteins.

In most cases, septin localization changes upon the induction of hyphal growth. When 

stimulated to grow as invasive hyphae, C. albicans septins localize diffusely at the base of 

the hypha, but are enriched at the growing hyphal tip and sites of septation [34]. As in the 

yeast state, FRAP analysis of C. albicans septins has revealed that Cdc3, Cdc12 and Sep7/

Shs1 are frozen in higher-order structures at sites of septation during hyphal growth [29]. 

Notably however, Cdc10 appears to turn over at a much faster rate in the same structures 

and these dynamics are dependent on Sep7/Shs1, again raising the possibility of some 

unique properties of each septin protein (Figure 1c) [29]. Similarly, individual septins have 

been localized to distinct structures in hyphae and conidiophores of the infectious 

basidiomycete Aspergillus fumigatus including rings, puncta, and patches [35]. How do 

multiple higher order septin structures coexist in the same cytoplasm in pathogenic 

morphologies? Are different septin structures in the same cytoplasm post-translationally 

modified to control their localization or do septin interacting proteins dictate the distinct 

localizations and properties? Interestingly, when the filamentous fungal specific AspE is 

deleted from Aspergillus nidulans, a nonpathogenic relative of A. fumigatus, AspB-GFP 

septin structures disappear after septum formation [36]. Does AspE play a role in 

establishing and maintaining septin structures during hyphal growth? Septins in fungal 

pathogens provide diversity in localization and dynamics not found in S. cerevisiae and 

these can serve as a model for how distinct assemblies coexist and function in a single cell.
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How do septins influence cell morphology and participate in morphological 

transitions?

S. cerevisiae cells containing temperature sensitive septin alleles shifted to the restrictive 

temperature display abnormal elongated bud morphology [37]. The elongated buds form 

because of a persistent G2 state in which the switch from apical to isotropic growth is 

blocked (Figure 2a) [38]. The G2 arrest is primarily, if not entirely, due to the stabilization 

of the Wee1-kinase, Swe1, which requires localization to the septin hourglass for 

degradation [38-40]. Even subtle defects in septin organization are sufficient to stabilize 

Swe1 and thus delay the cell cycle in G2 through inhibition of CDK/cylin complexes [41]. 

Thus, S. cerevisiae cells in which septin rings are improperly formed display an elongated 

bud phenotype due to persistent presence of the inhibitory Swe1 kinase. Additionally, septin 

defects can lead to changes in the shape or curvature of the neck suggesting a possible role 

in local exocytosis [42,43]. Like budding yeast, many fungal pathogens display abnormal 

morphologies when septins are mutated and serve as a point of comparison for conserved 

septin function in influencing cell shape.

Septin deletion mutants in many fungal pathogens resemble the temperature-sensitive S. 

cerevisiae strains in terms of morphology but remarkably the pathogenic fungal cells are 

frequently still viable without septins. For example, while Cdc3 and Cdc12 appear to be 

essential for C. albicans viability, cdc10Δ and cdc11Δ and cdc12-6 cells are viable but 

mothers are rounded and form elongated buds that display aberrant cell wall deposition 

[13,44*]. Though no individual septin gene deletions are lethal for vegetative growth of the 

pathogen Cryptococcus neoformans at 24° C, at 37° C each septin except Cdc10 is required 

for viability and mutant cells are swollen and frequently form multiple buds [45]. When 

individual septin genes are deleted in U. maydis, vegetatively growing cells remain viable at 

low temperatures but display bud-neck and cell wall deposition defects and become 

abnormally rounded [30,31]. Notably, aberrant cell morphologies in U. maydis and C. 

neoformans mutant growth are partially rescued by 1M sorbitol, suggesting that cell wall 

deposition or integrity is compromised in septin mutants (Figure 2b)[30,45]. Are the 

molecular origins of aberrant cell shape the same in fungal pathogens as they are in S. 

cerevisiae? Do these organisms use septins as a platform for Swe1 kinase degradation? Does 

the non-essential function of septins in some systems support that there may be roles for 

individual septins outside of the complex? Changes in cell morphology are linked to fungal 

pathogenesis and it is clear that septins play a central role in fungal cell shape.

Many fungal pathogens undergo morphology transitions that are essential for invasion and 

pathogenesis and septins have been implicated in these transitions. The degree to which 

septins coordinate these events versus respond to them remains unresolved. Interestingly, in 

C. albicans, Cdc11 is phosphorylated directly by the cyclin-dependent kinase Cdc28 

complexed with hyphal-specific cyclins and the septin-associated kinase Gin4 during hyphal 

growth [46]. Mutagenesis of these phosphorylation sites results in aberrant hyphal 

morphologies suggesting a direct role for septins in controlling hyphal morphogenesis in a 

cyclin/Cdk dependent manner. What is different about septin structures in invasive states 
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that promotes a different form of growth? Future work focused on how post-translational 

modifications influence septin form and function will be illuminating.

What is the role of septins in determining the stability and number of 

polarity sites in hyphal cells?

Many fungal pathogens in which septins have been mutated display aberrant hyphal 

morphologies during invasive growth and this defect is thought to account largely for 

decreased virulence. Interestingly, there are multiple examples of septin mutants that fail to 

initiate or maintain polarity, initiate too many sites of polarity, or locate new sites of polarity 

improperly. When initiated to grow in the hyphal state, C. albicans cdc10Δ, cdc11Δ and 

cdc12-6 temperature sensitive mutants develop curved hyphae and cell wall deposition is 

abnormal (Figure 2c)[34,44*]. Likewise, when septins are depleted from Blastomyces 

dermatitidis, hyphae are curved and thicker than control cells [47]. In A. nidulans, aspbΔ 

mutant cells display the emergence of bent germ tubes in contrast to wild-type conidia 

which generally grow via a single straight germ tube [36]. Why are septins required for 

straight hyphae? Could this be a function to restrict the polarity machinery at the apex of 

hyphae? In wild-type C. albicans, second germ tubes are placed randomly while septin 

mutants place second germ tubes proximal to the original implying a role for septins in 

polarity establishment [13,44*]. In A. nidulans, conidia lacking AspB display the emergence 

of multiple instead of a single straight germ tube and hyphae contain shorter and more 

frequent branches suggesting a defect both in selecting sites and in polarity maintenance 

[36]. Why, in this case, are septins required to suppress sites of polarity? Similarly, U. 

maydis septins are required for unipolar hyphal growth, and U. maydis frequently grow from 

two sites of polarity when individual septin genes are deleted [30,48**]. Interestingly, 

during Magnaporthe oryzae penetration of the rice leaf, septins assemble into a unique ring 

in the M. oryzae appressorium, a pressurized cell structure responsible for penetrating the 

rice leaf for invasion [49]. When any septin gene is deleted, the invasive peg is not 

generated further implicating septins in a function in polarity establishment [49*]. 

Collectively, these morphology and polarity defects demonstrate a role for septins in 

producing and maintaining cell shapes required for virulence. Do observed morphology and 

cell wall defects result solely from misguided cell polarity in the absence of septins or do 

septins play a more direct role?

How is septin function important on the host side of fungal pathogenesis?

In recent years, septins in host cells have been implicated in bacterial entry and motility but 

the role of host septins in fungal tissue invasion has remained largely unexplored [50-52]. 

Exciting and pioneering work has revealed a role for host septins in endocytosis of C. 

albicans by endothelial cells which occurs during aggressive hematogenously disseminated 

infections [53**]. During C. albicans invasion, human SEPT7 was found to co-localize with 

actin and N-cadherin, the cell surface receptor to which C. albicans invasins bind for 

internalization. Host septins were found to interact with N-cadherin in an actin-dependent 

manner and N-cadherin knockdown was found to reduce septin recruitment to sites of C. 

albicans endocytosis. Likewise, SEPT7 knockdown was found to reduce N-cadherin 

accumulation at sites of C. albicans endocytosis and to significantly reduce the ability of 
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endothelial cells to internalize C. albicans [53**]. This work indicates that host septins 

could be important for host penetration by diverse intracellular fungal pathogens, a 

possibility that is worthy of future exploration. Additionally, it is worth investigating which 

host septin proteins are important for fungal cell entry and how each might behave 

individually during internalization. Although actin has been explored in great detail in the 

context of intracellular pathogen invasion, work on host septins in infection lags behind. 

Additionally, the work done to this point on pathogen invasion motivates further 

investigation into the mechanistic details of interactions between septins, N-cadherin, and 

actin.

Why is study of septins in fungal pathogens important?

In short, septins in fungal pathogens are not only relevant for their role in pathogenesis but 

also because they serve as diverse systems for understanding general septin biology. Unlike 

S. cerevisiae, septins display a certain degree of independence from one another in fungal 

pathogens and a better understanding in these organisms could translate well to mammalian 

systems where there is a more varied milieu of individual septins coexisting in one cell. 

Additionally, the more complex cell types seen in fungal pathogens present challenges more 

reminiscent to those experienced by mammalian cells. For example, it was shown in U. 

maydis that Cdc3 is translated on endosomes traveling along microtubules to cell tips 

(Figure 2d)[48**]. It was demonstrated that this is the basis for tip localization of septin 

filaments, but could this also be the basis for septin complex formation? To what degree are 

the processes conserved in human neurons? In summary, continued mechanistic experiments 

in fungal pathogens will be important for our general understanding of septin function. 

These diverse fungal systems often face different problems than S. cerevisiae cells and as 

such present unique uses of the septin cytoskeleton. The combination of tractability and 

complex septin biology make fungal pathogens critical models for future study of septins.
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Figure 1. 
Septin localization and dynamics. (a) In S. cerevisiae, septins localize to the bud-neck 

plasma membrane in a gauze-like arrangement of filaments that act as molecular scaffolds 

for many proteins, some of which preferentially localize to one side of the bud-neck [4]. 

Septin higher-order structures assemble from palindromic rod subunits via a process 

involving filament annealing and once assembled are capable of restricting membrane 

associated proteins to one side of the cell [3,22]. (b) In the plant pathogen U. maydis, septins 

Sep1, Sep2, and Sep3 localize to the cell middle and at growing tips [30]. Notably, Sep4 

also localizes at these sites but additionally forms fibers structures running throughout the 

cell, which partially colocalize with, but do not depend on, microtubules [30]. (c) Though all 

septins colocalize in C. albicans hyphae, their dynamics are separable. While Cdc3, Cdc11, 

Cdc12 and Shs1 assembled into higher order structures do not readily exchange with 

cytoplasmic septins as determined by FRAP, Cdc10 does. Interestingly, Cdc10, the only 

septin lacking a c-terminal coiled-coil domain, was found to recover after photobleaching 

only when Shs1 was not mutated [29].
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Figure 2. 
Septins are required for proper cell morphology. (a) While wild type S. cerevisiae cells 

undergo an apical to isotropic growth transition early in budding, temperature sensitive 

septin mutants skip this Swe1 mediated checkpoint [41]. (b) U. maydis cells in which 

individual septin genes have been deleted remain viable yet display strong morphology 

defects that are not restricted to one region of the cell. These defects are alleviated upon 

growth in media containing sorbitol, suggesting aberrant shapes could be due to cell wall 

imperfections [30]. (c) In C. albians cdc3Δ, cdc12Δ, and cdc12-6 mutants grow with curved 

hyphae that are unable to appreciably invade host tissues. Additionally, these mutants form 

new germ tubes axial to the original, unlike wild type cells in which the site of polarity is 

random, suggesting a role for septins in establishing or maintaining cell polarity [13,44*]. 

(d) In U. maydis, Cdc3 is translated on endosomes traveling to growing cell tips [48**]. Are 

the other septins translated on the same endosomes? Could this be the basis for septin 

complex formation?
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