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Résumé 

Croissance invasive d'un champignon pathogène de l’Homme: forces 
mécaniques et réorganisation cellulaire 

Candida albicans est un champignon pathogène de l’Homme qui provoque des 

infections potentiellement mortelles chez les patients immunodéprimés. J'ai étudié la 

croissance filamenteuse invasive de C. albicans, en collaboration avec des physiciens, - en 

particulier les forces mécaniques lors de ce processus -, et quantifié les effets de ces forces sur 

la morphologie cellulaire. En outre, j'ai examiné la fonction d'un cluster de vésicules à l’apex 

du filament, appelé Spitzenkörper, dans la régulation de la croissance et de la morphologie 

cellulaire.   

Les forces physiques générées par la croissance filamenteuse de C. albicans sont 

critiques pour pénétrer les tissus de l'hôte et pour échapper aux cellules immunitaires. Nous 

avons utilisé le polymère polydiméthylsiloxane (PDMS) pour générer des micro-chambres de 

rigidité différente, similaire à celle des tissus de l’hôte. J'ai examiné la croissance filamenteuse 

de C. albicans dans ces chambres confinées, afin de déterminer les propriétés biophysiques de 

la croissance invasive. En utilisant la microscopie en temps réel, j'ai montré que le pourcentage 

de filaments invasifs diminuait avec une augmentation de la rigidité du PDMS, et déterminé 

un seuil de rigidité pour lequel les filaments sont incapables d'envahir - probablement la 

«  growth-stalling force ». Pendant la croissance invasive, la vitesse d'extension du filament est 

réduite, par rapport à une croissance en surface non invasive, en fonction de la rigidité du 

PDMS. De plus, au cours de ce processus, j'ai observé un changement de morphologie 

cellulaire, avec une augmentation significative du diamètre et une diminution concomitante de 

la longueur du compartiment cellulaire, résultant en un volume similaire à celui des cellules en 

croissance non invasive. Ce changement de morphologie est associé à une augmentation 

dramatique du taux de Cdc42 activé, régulateur clé de la polarité, à l'apex du filament et à une 

dépolarisation de Rho1 activé, régulateur de la glucan-synthase. Ces résultats indiquent que les 

changements de morphologie cellulaire pendant la croissance invasive ne sont pas dus à la 

dépolarisation ou à la déstabilisation de Cdc42 activé. Au contraire, des analyses 

complémentaires suggèrent que des forces mécaniques, en particulier la compression, sont 

largement responsables de ces changements morphologiques. 

Le Spitzenkörper, cluster de vésicules situé à l’apex du filament, est observé chez une variété 

de champignons filamenteux. Chez C. albicans, des études de microscopie électronique ont 
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révélé que le Spitzenkörper est composé d'une population uniforme de vésicules, mais la 

fonction de cette structure pendant la croissance filamenteuse est peu connue. J'ai montré que 

ce Spitzenkörper est entièrement composé de vésicules de sécrétion et étudié sa fonction en 

utilisant des mutants et des approches d'interactions forcées. Perturber cette structure entraîne 

une modification de la morphologie du filament et de la vitesse de croissance; l’augmentation 

du diamètre du filament est associée à une augmentation concomitante de la vitesse de 

croissance. En outre, la délétion d'un des composants du Spitzenkörper réduit considérablement 

la croissance invasive. Dans l’ensemble, ces résultats indiquent que cette structure régule la 

région d'insertion de nouveau matériel membranaire, donc focalise la croissance, et suggèrent 

qu'une augmentation du flux de vésicules de sécrétion compense pour une moindre focalisation 

de l’ajout de matériel membranaire. Dans l’ensemble, mes études révèlent que les forces 

mécaniques affectent la morphologie de C. albicans et sa capacité d‘invasion, et que le 

Spitzenkörper est le lien central entre morphologie du filament d’une part et vitesse de 

croissance et invasion filamenteuse, d’autre part. 

Mots clés 

Candida albicans, croissance invasive, forces mécaniques, morphologie, polarité cellulaire, 
Spitzenkörper, Cdc4 
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Abstract 

Invasive growth of a human fungal pathogen: mechanical forces and cellular 
reorganization 

The dimorphic fungi Candida albicans is a major human pathogen that causes life-

threatening infections for immunocompromised patients. I have investigated C. albicans 

invasive filamentous growth, in collaboration with physicists. In particular, I have studied the 

mechanical forces during this process, and quantitated the effects of these forces on cell 

morphology. Furthermore, I have examined the function of a filament tip cluster of vesicles, 

known as a Spitzenkörper, in the regulation of growth and cell morphology.  

Physical forces generated by C. albicans filamentous growth are likely to be critical for 

host tissue penetration, as well as escape from host immune cells. We have used the polymer 

polydimethylsiloxane (PDMS) to generate microchambers with different stiffness, similar to 

that of host cells and tissues. I have examined C. albicans filamentous growth in these confined 

chambers in order to determine the biophysical properties of growth and substrate invasion. 

Using time-lapse microscopy, I showed that the percentage of invasive hyphae decreased with 

an increase in PDMS stiffness and determined a stiffness threshold, in which hyphae are unable 

to invade - likely the growth-stalling force. Compared to surface growth, there was a striking 

reduction in filament extension rate during invasive growth, which was dependent on PDMS 

stiffness. Furthermore, during this process, I observed a cell morphology change, i.e. a 

significant increase in cell diameter and a concomitant decrease in cell compartment length, 

resulting in cell volumes that were largely indistinguishable from that of surface growing cells. 

This morphology change was associated with a striking increase in the level of active Cdc42, 

the master regulator of polarity, at the hyphal tip and a concomitant depolarization of active 

Rho1, the glucan-synthase regulator, during invasive growth. These results indicate that 

changes in cell morphology during invasive growth are not due to depolarization or 

destabilization of active Cdc42. Rather, additional analyses suggest that mechanical forces, i.e. 

compression, are largely responsible for these morphological changes.   

The Spitzenkörper, which is a cluster of vesicles located at the filament apex adjacent 

to the plasma membrane, has been observed in a range of filamentous fungi. In C. albicans, 

electron microscopy studies have revealed that the Spitzenkörper is comprised of a uniform 

population of vesicles; however, little was known regarding the function of this structure during 

filamentous growth. I have shown that the C. albicans Spitzenkörper is composed entirely of 

secretory vesicles. I have investigated the function of the Spitzenkörper using mutants and 
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synthetic physical interaction approaches. Perturbation of the Spitzenkörper resulted in altered 

filament morphology and growth rate, strikingly an increase in filament diameter and 

concomitant increased growth rate was observed. Furthermore, deletion of a Spitzenkörper 

component dramatically reduced invasive growth. Together these results indicate that the 

Spitzenkörper regulates the region of new plasma membrane insertion, i.e. the ability to focus 

growth, and suggest that an increase in the flux of secretory vesicles compensates for less 

focused membrane addition. In summary, my studies reveal that mechanical forces affect C. 

albicans morphology and substrate invasive ability, and that the Spitzenkörper is the central 

link between filament morphology and growth rate, as well as substrate invasion.  

Key Words 
Candida albicans, invasive growth, mechanical forces, morphology, cell polarity, 
Spitzenkörper, Cdc42 
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List of Abbreviations 
 

The following table is a list of abbreviations and acronyms, with their respective meanings, 

that are the most common throughout this thesis.  

 

Abbreviation Meaning 
Bni1 Spitzenkörper formin 

Bem1 Bud emergence protein 1 (scaffold) 

BWP 17 Wild-type Candida albicans strain 

Cdc24 GEF for Cdc42 

Cdc42 Cell division control protein 42 (master polarity regulator) 

Cla4 Serine/threonine-protein kinase 

DIC Differential interference contrast (transmission image) 

F-actin Filamentous actin 

FCS Fetal calf serum 

FM4-64 An amphiphilic styryl dye  

FRAP Fluorescence recovery after photobleaching  

GAP GTPase-activating protein 

GDP Guanosine diphosphate  

GEF Guanine nucleotide-exchange factor 

GFP Green fluorescent protein 

GNB GFP nanobody 

GTP Guanosine triphosphate 

GTPase GTP binding/hydrolyzing protein 
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Abbreviation Meaning 
miR miRFP670 far-red fluorescent protein 

Mlc1 Myosin light chain 1 

mSc mScarlet red fluorescent protein 

PAK p21 activated kinase – effector protein for Cdc42 

PDMS Polydimethylsiloxane 

PfV 40 nm GEM 

PI Phosphatidylinositol 

PIP Phosphatidylinositol phosphate  

PI(4)P Phosphatidylinositol-4- phosphate  

PI(4,5)P2 Phosphatidylinositol 4,5- bisphosphate  

PM Plasma membrane 

PS Phosphatidylserine 

Sec2 GEF for Sec4 

Sec4 GTPase secretory vesicle marker 

VSC Vesicle supply center 

YEDP+Uri Yeast extract peptone dextrose media with uridine 
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Introduction 

Chapter 1 

The goal of this introduction is to provide an overview of the fundamental principles of 

cell polarity with a particular focus on the establishment and maintenance of polarity during 

hyphal tip growth of the human fungal pathogen Candida albicans. I will first discuss the 

fundamental principles of polarity, followed by the mechanisms involved in symmetry 

breaking. Next, I will address the mechanisms of polarity establishment and maintenance 

during hyphal tip growth. In order to examine the polarity mechanisms of C. albicans, it will 

be necessary to review the well-studied filamentous fungi models Aspergillus nidulans and 

Neurospora crassa, in addition to the model yeasts Saccharomyces cerevisiae and 

Schizosaccharomyces pombe as these organisms are often used as comparisons with C. 

albicans. Lastly, I will analyze how hyphal tip growth results in the invasion of host tissue and 

the known effects of resistive forces on polarized growth in fungi. 

It is important to briefly review the medical relevance of C. albicans in order to put into 

perspective the importance of this organism’s biology. Candidiasis is a major global disease 

and Candida sp. causes topical infections on mucosal membranes such as the mouth and 

vagina, as well as systemic infections of the blood, candidemia, and internal organs (Pappas et 

al., 2018). The latter is termed invasive candidiasis and is of great medical importance due to 

its much higher mortality rate (Fig. I-1). C. albicans and other Candida species are commensal 

organisms of the human gut and skin flora in approximately 60% of the adult population 

(Kullberg and Arendrup, 2015; McCarty and Pappas, 2016; Pappas et al., 2018). Fungal 

proliferation that ultimately leads to infection is frequently observed in immunocompromised 

individuals. Although a number of Candida species cause human disease, C. albicans is 

globally the most prevalent (Moyes et al., 2015; Pappas et al., 2018). 
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Invasive candidiasis is the result of a translocation of C. albicans from a mucosal 

surface through the epithelium to the blood stream where it is disseminated to different organs. 

The ability of C. albicans to transition between the yeast and filamentous form is important for 

its pathogenicity because strains that cannot filament are avirulent (Lo et al., 1997; Murad et 

al., 2001; Pappas et al., 2018). Specifically, the ability of C. albicans to transition between 

budding and filamentous forms is important for its ability to translocate and cause invasive 

candidiasis (Cleary et al., 2016; Pappas et al., 2018; Saville et al., 2003, 2006). This was 

observed by the use of the tetracycline induced promotor to control the expression of NRG1, a 

negative regulator of filamentation, or TUP1, a transcriptional repressor with a role in cellular 

morphology. The absence of expression results in constitutive pseudohyphal growth (Cleary et 

al., 2016). The medical importance of the yeast to hyphal transition highlights the importance 

of studying C. albicans polarity during filamentous growth. 

 

A B

C

Figure I-1: Candida albicans causes major systemic infections upon crossing mucosal barriers.
A) In normal conditions, C. albicans can survive as a commensal organism on host mucosal
membranes. B) Upon immunosuppression, C. albicans is able to cross the mucosal barriers and
enter the blood stream leading to candidemia. C) Once in the blood, C. albicans is disseminated to
various organs leading to major infection. Figure adapted from Pappas et al., 2018.
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I – Cell polarity and polarized growth 

 Cell polarity is a process fundamental for a cell’s ability to grow in a defined direction, 

necessary for the development of three-dimensional shapes, and critical for intracellular 

organization. Polarity is also required for cells to organize into organs and other structures. 

Many cell types develop polarized domains to perform a specific function, such as intestinal 

epithelial cells (Riga et al., 2020). Additionally, some non-motile microorganisms, such as 

budding yeast and filamentous fungi, use site-directed growth in order to find mating partners, 

forage for nutrients and, in pathogenic organisms, penetrate host tissue (Bassilana et al., 2020; 

Riquelme et al., 2018). Filamentous fungi undergo polarized tip growth, where membrane and 

cell wall material are directed to the apex of the extending hyphae. This type of polarized 

growth requires the organization of the membrane traffic network to focus the delivery of 

material to a specific site or region in the cell, thereby directing growth to the tip (Riquelme et 

al., 2018).  

 Model filamentous fungi such as A. nidulans and N. crassa have provided a wealth of 

information that can be extrapolated in some cases to other fungi such as C. albicans; however, 

there are important differences such as growth rate, cytoskeleton requirements, and 

Spitzenkörper composition. The growth rate of C. albicans is substantially slower than that of 

other well-studied filamentous fungi with an extension rate ~ 0.3 µm/min (Silva et al., 2019), 

while A. nidulans extends at 1.8 µm/min (Takeshita et al., 2017) and N. crassa extends even 

faster at a rate of 12 µm/min (Takeshita et al., 2017). Differences in growth rates mean that 

dramatically different amounts of membrane and cell wall material need to be delivered to the 

tip to maintain growth. Therefore, it is likely that large differences in growth rates can be 

attributed to fundamental differences in growth mechanisms. One such example is 

Spitzenkörper organization, which will be discussed later in detail. 
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 Hyphal tip growth in filamentous fungi is largely dependent on the intracellular 

organization to direct growth to a unique site. This type of growth, once established, can be 

maintained for long periods of time, assuming environmental nutrient conditions are sufficient 

to sustain it. The cytoskeleton is a key structure that allows for material to be delivered to the 

filament tip. In rapidly growing fungi, such as A. nidulans, microtubules and actin filaments 

have roles in the transport of membrane material via secretory vesicles (Riquelme et al., 2018; 

Takeshita, 2016). Additionally, in these multinucleated fungi, the microtubules aid in the 

spatial organization of nuclei in the filament (Takeshita, 2016). Although microtubules are 

involved in hyphal tip growth of this organism, filamentous actin (F-actin) appears to be more 

crucial since growth is immediately arrested when F-actin is compromised (Takeshita, 2016). 

 F-actin is important for three processes in filamentous fungi: septin ring formation, 

endocytosis and transport of secretory vesicles. Actin patches are involved in endocytosis 

which, in extending filaments, is localized to a collar just behind the site of growth at the 

filament tip (Araujo-Bazán et al., 2008; Ghugtyal et al., 2015; Peñalva, 2010; Takeshita, 2016). 

In C. albicans the endocytic collar remains at a fixed distance from the tip, irrespective of the 

filament length (Ghugtyal et al., 2015). In A. nidulans there is a transfer of secretory vesicles 

from microtubule-dependent transport to actin-dependent trafficking that occurs in the tip 

(Riquelme et al., 2018). However, the requirements of this process are debated because growth 

can occur for some time in the absence of microtubules and there are endoplasmic reticulum 

(ER) and Golgi that are located close to the filament tip throughout growth. This suggests there 

is some short-range traffic occurring (Pinar et al., 2013; Takeshita, 2016; Zhang et al., 2011). 

This type of short traffic is analogous to what has been observed in C. albicans when the tip 

organization was investigated by electron microscopy (Weiner et al., 2019).  

 Another significant difference between these fungi is the utilization and requirement 

for microtubule-based transport during hyphal tip growth. In more rapidly growing fungi, 
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microtubules are required for long-range transport. In C. albicans microtubules are not required 

for filamentous growth (Rida et al., 2006). F-actin is required for filamentous growth in all the 

fungi, where it is thought to play a role in the short-range transport between the Spitzenkörper 

and the exocyst in the filament tip (Riquelme et al., 2018; Takeshita, 2016).  In C. albicans F-

actin dependent transport is the major form of membrane transport; this may be due to the 

presence of endoplasmic reticulum and Golgi located close to the filament tip, which results in 

localized secretory vesicle production (Weiner et al., 2019). This organization reduces the 

necessity for long-range transport of secretory vesicles, consistent with microtubule-

independent growth. 

 Filamentous growth in C. albicans is also strikingly different than other filamentous 

fungi because the septa that form lack a pore or connection between the two resulting 

compartments (Sudbery, 2011b). Therefore, unlike N. crassa or A. nidulans, there is unlikely 

to be the passage of material between subapical compartments once cell division occurs. One 

electron microscopy study suggested that a 25 nm pore existed in C. albicans septa. However, 

the existence and functionality of such a pore has yet to be confirmed by other means (Odds, 

1984). In N. crassa and A. nidulans the septal pore allows for the passage of material to transit 

to the filament tip. Therefore, material from further back in the filament can be transported 

long-range via microtubules to the Spitzenkörper, after which it is then transferred to actin 

cables to be delivered to the growing tip (Jedd and Pieuchot, 2012; Pieuchot et al., 2015).  This 

type of long-range transport is not possible in long C. albicans hyphae that have formed septa.  

 

 

II – Symmetry breaking 

 Symmetry breaking is the process in which a symmetrical cell undergoes changes to 

become a polarized, asymmetric cell (Goryachev and Leda, 2017). In the case of fungi, it occurs 
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when an isotopically growing cell transitions to bud formation. This process has been 

extensively studied in the budding yeast S. cerevisiae, and more recently in the fission yeast S. 

pombe (Arkowitz and Bassilana, 2011; Goryachev and Leda, 2017; Martin, 2015; Singh et al., 

2017). Many of the mechanisms that were discovered in these model yeast form the framework 

of our understanding of C. albicans budding growth and, by extension, its switch to filamentous 

growth (Arkowitz and Bassilana, 2011; Goryachev and Leda, 2017; Singh et al., 2017). There 

is, however, an important distinction to be made between symmetry breaking in budding yeast 

and the yeast to hyphal transition in C. albicans. The former is in response to an internal cue, 

while the latter occurs in response to external cues. The main regulator of polarized growth, 

and hence symmetry breaking, in both of these model yeasts is the small Rho GTPase Cdc42. 

This protein was initially described in S. cerevisiae (Johnson and Pringle, 1990) and is highly 

conserved with its mammalian counterparts, with 80% similarity in amino acid sequence 

between budding yeast and human forms (Etienne-Manneville, 2004; Johnson, 1999; Park and 

Bi, 2007; Ziman et al., 1991).  First, the mechanisms of symmetry breaking in S. cerevisiae 

will be discussed and then how this can be extrapolated to the yeast to hyphal transition in C. 

albicans.  

 In budding yeast, symmetry breaking is the change from isotropic growth to polarized 

growth that results in the formation of a bud and ultimately a daughter cell (Arkowitz and 

Bassilana, 2011; Goryachev and Leda, 2017). When a budding cell separates from the mother 

cell, it enters G1 and isotropic symmetrical growth follows. During this time a cortical patch 

of activated Cdc42 forms, which exhibits small fluctuations in its localization and levels, and 

is enhanced via a Bem1-dependent positive feedback loop to locally activate additional Cdc42 

at this incipient bud site (Butty et al., 2002; Irazoqui et al., 2003; Kozubowski et al., 2008; 

Ozbudak et al., 2005; Woods and Lew, 2017). The localization of the Cdc42 cluster is normally 

determined by cortical spatial cues. However, in the absence of these cues, polarity sites are 
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still spontaneously established (Irazoqui et al., 2003; Johnson et al., 2011). This ability to 

undergo spontaneous symmetry breaking implies that cells have feedback mechanisms to 

amplify small stochastic asymmetries of polarity proteins in order to establish a polarity site in 

the absence of spatial cues (Woods and Lew, 2017).  

The scaffold protein Bem1 was originally identified in genetic screens for proteins 

involved in bud emergence and mating projection formation (Bender and Pringle, 1991). It was 

later investigated for the role it plays in symmetry breaking (Chant and Herskowitz, 1991; 

Irazoqui et al., 2003). Bem1 is a scaffold protein that binds active Cdc42, Cdc42 effectors 

including p21 activated kinases (PAKs), and the Cdc42 GEF, Cdc24 (Bose et al., 2001; Endo 

et al., 2003; Ito et al., 2001; Peterson et al., 1994; Winters and Pryciak, 2005). The binding of 

Cdc24 to Bem1 and GTP-Cdc42 results in a feedback mechanism wherein neighboring GDP-

Cdc42 is activated by this complex (Woods and Lew, 2017). This results in the formation of a 

new complex, and this process is iteratively repeated, thereby forming a polarized patch of 

GTP-Cdc42. Bem1 is particularly important for this feedback mechanism because GTP-Cdc42 

does not directly bind to Cdc24; therefore, Bem1 provides a scaffold to mediate this interaction 

(Woods and Lew, 2017).  

The requirement for Bem1 in Cdc42 localization was shown by disrupting the 

interactions between Bem1 and Cdc24 or Cdc42 effector proteins, which resulted in severe 

polarity defects (Irazoqui et al., 2003). Additionally, disrupting the localization of Bem1 or 

Cdc24 resulted in the inhibition of polarity, an important outcome because both Bem1 and 

Cdc24 accumulate with Cdc42 at the polarity site (Woods et al., 2015). Cells can successfully 

polarize without Bem1 if the Cdc24 and a PAK, such as Cla4, are fused. It is thought that this 

fusion performs a similar role as Bem1, where the Cdc24 is localized in proximity to GDP-

Cdc42 due to the interaction between the effector and Cdc42 (Kozubowski et al., 2008).  
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Polarized localization of anionic lipids, specifically phosphatidylserine (PS), is required 

for the proper localization of active Cdc42 and Bem1 (Fig. I-2) (Fairn et al., 2011; Sartorel et 

al., 2018). In both budding and fission yeast, PS is enriched at the growth site (Fairn et al., 

2011; Haupt and Minc, 2017). This contributes to an asymmetric charge distribution on the 

membrane, where the apex of the gradient at the growth site is the most negatively charged 

(Fairn et al., 2011; Haupt and Minc, 2017).  Using super-resolution microscopy, it was shown 

that Cdc42 forms nanoclusters at the cell cortex, which are regulated by PS and dependent on 

Bem1 (Fig. I-2) (Sartorel et al., 2018). Cdc42 nanoclusters were largest at the cell poles and 

increased in size in cells expressing constitutively active Cdc42 (Sartorel et al., 2018). Further 

investigation showed that Cdc42 nanoclustering was driven by Bem1 interaction with anionic 

lipids on the plasma membrane (PM) through basic rich domains (Meca et al., 2019). The 

interaction between Bem1 basic rich domains and anionic lipids drives the nanoclustering of 

the Cdc42 module that consists of Bem1-PAK-Cdc24, which results in the local activation of 

Cdc42 and can facilitate nanoclustering through a positive feedback loop (Fig. I-2) (Meca et 

al., 2019). 
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III – Polarization in response to external cues 

In addition to budding growth, S. cerevisiae can also grow in a pseudohyphal 

morphology and form a mating projection in response to an external pheromone. Here, I will 

be focusing on mating projection formation as an example of morphology change in response 

to an external cue. In response to mating pheromone, a pear-shaped cell, referred to as a shmoo, 

forms and, during the mating process, cells of the opposite mating type grow towards each 

other (Fig. I-3A) (Arkowitz, 2009) . The response to an internal signal, such as those required 

for budding, results in the clustering of active Cdc42, which is dependent on the scaffold 

protein Bem1 and lipid composition at the polarization site (Meca et al., 2019; Rapali et al., 

2017; Sartorel et al., 2018). In external mediated responses, such as shmoo formation, Bem1 

is also localized to the growth site (Butty et al., 2002; Fairn et al., 2011). At the mating and 

Cdc24
Bem1

Figure I-2: Anionic plasma membrane lipids drive active Cdc42 nanoclustering. Interactions 
between Bem1 and anionic lipids drives nanoclustering of active Cdc42. The Bem1 scaffold 
brings Cdc42 in proximity to its GEF Cdc24 and effectors such as p21-activates kinases. The 
dashed lines demonstrate there are additional interactions between clusters. Figure adapted from 
Bassilana et al.,2020 
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budding growth site, Bem1 interacts with Cdc42, Cdc24, and Cla4 (Butty et al., 2002). The 

binding of Bem1 to Cdc24 activates Cdc24, which then activates Cdc42 via its GEF activity. 

GTP bound Cdc42 then recruits additional Bem1. This process results in a positive feedback 

loop to enhance active Cdc42 localization to the growth site (Butty et al., 2002). Additionally, 

Cdc42 binding to Bem1 enhances the binding of the PAK protein kinase Ste20 to Bem1, which 

enforces a strong pheromone signaling response (Bassilana et al., 2020; Martin and Arkowitz, 

2014; Yamaguchi et al., 2007). 

 

 In response to both internal budding and external signals, there is an increase in PS 

enrichment at the growth site in both S. cerevisiae and S. pombe (Fairn et al., 2011; Haupt and 

Minc, 2017). Disruption of this localization using mutants lacking PS synthase lead to defects 

in shmoo formation that were recovered by the addition of exogenous lysophosphatidylserine 

(Fairn et al., 2011). It is still unknown whether the formation of lipid-dependent nanoclustering 

is also required for the enhancement of the polarized patch during shmoo formation through 

A BB

Figure I-3: External signals lead to changes in polarized growth. A) When mating pheromone 
is sensed with S. cerevisiae and S. pombe, there is an alteration of growth from vegetative growth
to the formation of a shmoo. B) For C. albicans, external signals, such as serum and 37oC, result
in the switch from budding growth to polarized tip growth. Figure adapted from Bassilana et al.,
2020. 
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external signal response. In addition to PS enrichment, shmoo tips are also enriched in 

phosphatidylinositol phosphate (PIP), phosphatidylinositol 4,5- bisphosphate (PI(4,5)P2), 

whereas phosphatidylinositol-4- phosphate (PI(4)P) is enriched in budding tips (Garrenton et 

al., 2010; Guillas et al., 2013; Wild et al., 2004). These PIPs are likely to be important for the 

localization of polarity proteins, such as PAK kinases, Cdc42 effectors, such as Gic2 (Orlando 

et al., 2008; Takahashi and Pryciak, 2007); septins (Bertin et al., 2010), and exocyst 

components, such as Sec3 and Exo70, in budding and fission yeast (He et al., 2007; Zhang et 

al., 2008). For example, the PAK kinase Cla4 is localized by PI(4)P via its pleckstrin homology 

(PH) domain to growth sites, and PI(4,5)P2 polarization is responsible for the proper 

localization of the MAPK scaffold Ste5 during mating projection formation via a PH domain 

located within the Ste5 protein (Garrenton et al., 2006, 2010; Wild et al., 2004). Additionally, 

the PAK kinase Ste20 is recruited to both budding and shmooing growth sites via a basic-rich 

domain that is not specific to a particular PIP but does require membrane binding and Cdc42 

binding to initiate the downstream MAP kinase cascade (Takahashi and Pryciak, 2007). 

Work from S. pombe has also shown the requirement for the homologs of S. cerevisiae 

Cdc42, Cdc24 and Bem1 in polarization during pheromone response (Bendezú and Martin, 

2013; Chang et al., 1994). The Cdc24 and Bem1 homologs Scd1 and Scd2 are required for 

both vegetative growth and mating growth site formation (Chang et al., 1994). Scd1 and Scd2, 

in addition to Cdc42, localize to sites of active growth in cell tips and in mating projections. 

Additionally as observed in S. cerevisiae mating projections, fission yeast also have a PS 

gradient emanating from the growth site in a mating projection, which forms a negative charge 

gradient and has a role in regulating polarized growth (Haupt and Minc, 2017).  

Analogous to S. cerevisiae discussed above, C. albicans polarity establishment occurs 

during bud formation (Arkowitz and Bassilana, 2011). Additionally, polarization in response 

to external stimuli can occur when C. albicans cells initiate germ tube emergence (Fig. I-3B) 
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(Arkowitz and Bassilana, 2011, 2019). The signals that lead to hyphal growth in C. albicans 

are extensive and include elevated temperature (37oC), changes in pH, the presence of carbon 

dioxide, nutrient starvation, the presence of GlcNAc, and the presence of serum (Sudbery, 

2011b). A robust trigger for filamentation is the exposure to 37oC and fetal calf serum (FCS) 

(Arkowitz and Bassilana, 2011; Sudbery, 2011b).  

The external stimuli that lead to the transition to the hyphal form are transduced through 

several signaling pathways, which result in the activation of different transcription factors that 

are responsible for the control of hyphal growth specific genes (Fig. I-4) (Chen et al., 2020; 

Kornitzer, 2019; Sudbery, 2011b). Hyphal formation in response to liquid media containing 

serum, carbon dioxide, neutral pH or GlcNAc, and solid spider media require the transcription 

factor Efg1. Efg1 appears to have a more substantial effect on the regulation of hyphal 

transition regulation in many conditions, while the transcription factor Cph1 is only required 

for solid spider media (Braun and Johnson, 2000; Leberer et al., 1996; Liu et al., 1994; Lo et 

al., 1997; Stoldt et al., 1997). Each of these two transcription factors are activated by specific 

upstream pathways, a mitogen-activated protein kinase (MAPK) pathway that is activated via 

Ras1 for Cph1 and a cyclic AMP (cAMP) dependent pathway for Efg1, which is also activated 

via Ras1 (Chen et al., 2020; Kornitzer, 2019). Cyr1, also referred to as Cdc35, is the sole 

adenylyl cyclase in C. albicans, and it regulates the cAMP pathway culminating in Efg1 

activation (Davis-Hanna et al., 2008; Hall et al., 2011; Rocha et al., 2001). Cyr1 is also 

responsible for transducing environmental cues from a variety of sources, such as serum and 

carbon dioxide, and is negatively regulated by the quorum sensing molecule farnesol (Davis-

Hanna et al., 2008; Hall et al., 2011; Rocha et al., 2001).  
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Serum induction of filamentation stimulates Cyr1 through two mechanisms: first 

through Ras1, which interacts with Cyr1 via a Ras-association domain; and second through a 

direct activation by bacterial peptidoglycan-like molecules that are present in serum (Fang and 

Wang, 2006; Xu et al., 2008). The activation of Cyr1 by bacterial peptidoglycans occurs 

through direct binding by a Cyr1 leucine-rich-repeat domain (Xu et al., 2008). Response to 

these signals leads to the transcription of hyphal specific genes that encode secreted aspartyl 

protease (SAP) proteins Sap4, Sap5, and Sap6; the adhesion protein Als3, the cell wall protein 

Hwp1, and the cytolytic toxin protein Ece1 (Allert et al., 2018; Kadosh and Johnson, 2005; 

Figure I-4 Hypha-specific gene expression is induced by external signals through signaling 
cascades. Signals are perceived by receptor molecules and are then transformed through a 
corresponding signaling cascade, which results in the activation of hypha specific transcription 
factors. This set of transcription factors act on hypha-specific genes that results in the transition 
from budding to filamentous growth. The quorum sensing molecule, farnesol, acts through 
Tup1 to negatively regulate hyphal specific gene expression; therefore, at a high concentration 
of farnesol the yeast to hypha transition does not occur. Figure adapted from Sudbery, 2011
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Nantel et al., 2002). Hyphal induction signals also rapidly lead to the establishment and 

maintenance of a polarity site, resulting in hyphal tip growth (Corvest et al., 2013). 

Hyphal growth in response to an external stimulus occurs in a cell cycle independent 

fashion (Hazan et al., 2002). A hypha can form from an already polarized budding cell by 

maintaining apical polarity. Additionally, a hypha can form from an isotopically growing cell 

at any point during the cell cycle (Arkowitz and Bassilana, 2011). Once established, tip growth 

is maintained regardless of the cell cycle stage. Hyphal initiation leading to filamentous growth 

in C. albicans requires cortical clustering of active Cdc42 to the growth site (Corvest et al., 

2013; Silva et al., 2019). In cdc42 or cdc24 mutants, C. albicans cells are defective in forming 

hyphal filaments (Bassilana et al., 2003; Corvest et al., 2013; Ushinsky et al., 2002; 

VandenBerg et al., 2004). Bem1 is also required for hyphal formation (Bassilana et al., 2003), 

and Cdc24 recruitment to the growth site is important for hyphal growth (Bassilana et al., 

2005). Interestingly, mutants for the Arf-like small GTPase Arl1 are defective in establishing 

a stable polarity patch, most likely due to a defective regulation of membrane trafficking 

(Labbaoui et al., 2017). 

In addition to the polarized localization of proteins needed for tip growth, there is also 

a polarization of membrane lipids during the yeast to hyphal transition. In C. albicans the 

phospholipids PS and PIPs form gradients with the highest concentration at the growth site, at 

the filament apex (Arkowitz and Bassilana, 2014; Ghugtyal et al., 2015; Labbaoui et al., 2017; 

Vernay et al., 2012). The transition from budding growth to hyphal growth requires both a PM 

PI(4)P and PI(4,5)P2 gradient (Ghugtyal et al., 2015; Vernay et al., 2012). These gradients are 

generated by the PM specific PI(4)-kinase Sst4 (Ghugtyal et al., 2015) and the tip localized 

PI(4)P-5-kinase Mss4 (Vernay et al., 2012), respectively. Stt4 is localized throughout the PM, 

and a combination of modeling and experimentation revealed that hydrolysis of PI(4)P by the 

PI(4)P phosphatase Sac1 is critical for the steep PI(4)P PM gradient (Ghugtyal et al., 2015). 
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The PI(4,5)P2 gradient requires tip localized Mss4, sufficient  PI(4)P production by Stt4, and 

the actin cytoskeleton, which is critical for PI delivery to the hyphal apex and Mss4 localization 

(Vernay et al., 2012).  

Golgi PI(4)P is also involved in secretory vesicle trafficking during the transition from 

budding growth to filamentous growth (Ghugtyal et al., 2015). A reduction in Golgi PI(4)P, by 

repression of the essential Golgi-specific PI(4)-kinase, results in a decrease in secretory vesicle 

traffic (Ghugtyal et al., 2015). Additionally, a reduction in Golgi PI(4)P results in an increase 

in the number of Golgi particles that have a reduced movement (Ghugtyal et al., 2015). These 

phospholipid gradients may also be involved in the clustering of active Cdc42 in C. albicans, 

as many proteins that are involved in the establishment and maintenance of polarized tip 

growth, such as PAK kinases, Cdc42 effectors, septins, and components of the exocyst 

complex, have been shown to bind to PI(4,5)P2 in S. cerevisiae (Bassilana et al., 2020). 

However, it should be noted that the reduction of PM PI(4,5)P2 levels did not alter Cdc42 

localization in C. albicans (Vernay et al., 2012). 

 

IV – Hyphal growth initiation and maintenance in C. albicans 

Septin ring formation, assembly, and subsequent cell separation are important for the 

initiation of polarized tip growth. Septin disassembly occurs via the Cdc28/Hgc1-dependent 

phosphorylation of a variety of proteins involved in cell polarity and cell separation (González-

Novo et al., 2008; Wang et al., 2009; Zheng et al., 2007). The cyclin dependent kinase, Cdc28, 

regulates the activity of the cyclin Hgc1 (Zheng et al., 2004). At the onset of hyphal 

development, the Cdc42 GAP Rga2 is hyperphosphorylated by Cdc28/Hgc1, which results in 

Rga2 instability (Zheng et al., 2007). This maintains active Cdc42 at the tip growth site (Zheng 

et al., 2007). Cells expressing a Cdc28 analog-sensitive mutant are unable to form long hyphae 

when Cdc28 activity is inhibited, similar to the situation in hgc1∆ cells (Zheng et al., 2007). 
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The filamentation defect of hgc1∆ cells can be rescued by deleting RGA2, resulting in 

elongated budding cells, but apparently normal filaments (Zheng et al., 2007). Additionally, 

Cdc28/Hgc1 prevents cell separation by phosphorylating the Sep7 septin, resulting in the 

instability of Cdc10 and the septum ring, and the inability of Cdc14 to associate to the septum 

ring (Clemente-Blanco et al., 2006; González-Novo et al., 2008). Cdc28/Hgc1 also 

phosphorylates the transcription factor Efg1, which associates with Ace2 to target and prevent 

the expression of genes encoding septum degradation enzymes that are required for the 

degradation of the septum and cell separation (Wang et al., 2009). 

 The maintenance of hyphal tip growth requires a steady influx of membrane and cell 

wall material, and the maintenance of polarity proteins restricted to the tip (Arkowitz and 

Bassilana, 2011). This maintenance of tip growth occurs via mechanisms, including polarized 

exocytosis, site-specific endocytosis that is localized to a collar behind the growth site, 

restricted or reduced diffusion, and the inactivation of GTPases by GAPs and phospholipids 

by hydrolysis (Caballero-Lima et al., 2013; Ghugtyal et al., 2015; Zheng et al., 2007). The 

initial high flux of secretory vesicles, relative to their limiting rate of fusion with the PM, is 

likely to result in a vesicle cluster at the tip referred to as the Spitzenkörper (Crampin et al., 

2005; Weiner et al., 2019). The composition and properties of this structure will be discussed 

in further detail below.  

Exocytosis of vesicles to the filament tip is thought to bring phosphatidylinositol (PI) 

to the tip, where it is locally converted to PI(4)P (Ghugtyal et al., 2015). PI(4)P forms a steep 

gradient emanating from the tip that is largely maintained by hydrolysis and, to a lesser extent, 

uptake by endocytosis (Ghugtyal et al., 2015). In fission yeast it has also been shown that GAP 

proteins help to restrict the localization of active Cdc42 to the cell tip; however, in this 

organism, GAPs do not affect response to mating pheromone (Castro and Martin, 2018). 

Additionally, cells lacking the GAP Rga4, which localizes to the fission yeast cell side, have 
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an increased diameter but are still able to polarize during vegetative growth (Kelly and Nurse, 

2011; Revilla-Guarinos et al., 2016). In C. albicans filamentation occurs even in the absence 

of the Cdc42 GAPs Rga2 and Bem3, which suggests GAPs do not play a significant role in the 

maintenance of hyphal growth (Court and Sudbery, 2007). 

The endocytic collar, which is approximately 2 µm wide and located behind the 

Spitzenkörper (1-3 µm from the tip), aids in the recycling of polarity and cell wall building 

proteins, and regulating hyphal extension by removing excess membrane material (Caballero-

Lima and Sudbery, 2014; Ghugtyal et al., 2015; Knafler et al., 2019). Endocytosis during 

filamentous growth is regulated by the endocytic protein Sla1 (Zeng et al., 2012). The 

dephosphorylation of Sla1 promotes its interaction with the Arp2/3 complex activator Pan1 

(Zeng et al., 2012). Cells lacking Sla1, or with a phosphomimetic version of Sla1, have 

problems maintaining polarized growth, do not uptake FM4-64, and do not exhibit an endocytic 

collar indicated by actin patches (Zeng et al., 2012). The endocytic collar in C. albicans 

functions to provide cell shape by removal of excess material and cell wall building proteins, 

and has a minor role in regulating the asymmetrical distribution of the phospholipid PI(4)P 

(Caballero-Lima et al., 2013; Ghugtyal et al., 2015). Additionally, endocytosis has a function 

in the regulation of the rate of hyphal elongation. Cells lacking AKL1, a kinase implicated in 

endocytosis regulation through phosphorylation of the scaffold protein Pan1, have an increased 

elongation rate, whereas over expression of AKL1 results in a reduced elongation rate (Bar-

Yosef et al., 2018). 

Ultimately the process of polarized growth is driven by the constant presence of 

activated Cdc42 at the filament tip by its GEF Cdc24 (Bassilana et al., 2005; Corvest et al., 

2013; Silva et al., 2019). The site-specific localization of active Cdc42 promotes the formation 

of actin cables and the clustering of polarity proteins. The persistent localization of activated 

Cdc42 and Cdc24 in the hyphal tip indicates that Cdc24 is critical for maintaining active Cdc42 
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at the tip in C. albicans (Bassilana et al., 2005; Corvest et al., 2013; Hazan and Liu, 2002). 

Additionally, it was shown in budding yeast that the phospholipid-dependent nanoclustering 

that occurs due to Bem1 and active Cdc42 interaction results in reduced diffusion of active 

Cdc42 at the growth site (Meca et al., 2019; Sartorel et al., 2018).  

Polarized growth in C. albicans hyphae is an unidirectional process; however, some 

responses to external cues can result in altered filament orientation, a process likely to be 

regulated by the small GTPase Rsr1 (Brand et al., 2008). Cells lacking the Ras like GTPase 

Rsr1 are unable to respond to external stimuli via thigmotropism, physical barriers or 

galvanotropism, which is the response to an electric field (Brand et al., 2008; Thomson et al., 

2015). Wild-type hyphae often reorient their growth when they come in contact with a 

relatively short physical barrier, like ridges, on a quartz slide or microfabricated, stiff 

polydimethylsiloxane (PDMS) (Brand et al. 2008; Thomson et al. 2015). In contrast, the rsr1 

mutant does not appear to detect physical barriers; rather, the growth of this mutant remains 

directionally persistent despite barriers (Brand et al., 2008; Thomson et al., 2015). It has been 

proposed that Rsr1 has a role in the orientation of the Spitzenkörper. 

 

V – Molecular composition of the filament tip 

 The filament tip can be divided into three zones: the Spitzenkörper, the tip, and the 

endocytic collar (Fig. I-5) (Jones and Sudbery, 2010; Martin et al., 2007). Each region has a 

specific set of proteins that localize to it (Sudbery, 2011a). Proteins found in the Spitzenkörper 

include the Rab8 homolog Sec4 and its GEF Sec2, the myosin light chain Mlc1, the formin 

Bni1, and the Rab11 homolog Ypt31 (Crampin et al., 2005; Jones and Sudbery, 2010; Silva et 

al., 2019). The role of these proteins in the Spitzenkörper will be later discussed in depth. The 

apical polarity cluster is characterized by a crescent at the extreme apical curvature of the tip 

and contains proteins that are components of the exocyst and polarisome (Fig. I-5, zone 1). 



Introduction 

 19 

Additionally, the PM of this region contains a high concentration of PI(4)P (Ghugtyal et al., 

2015) and ergosterol (Martin and Konopka, 2004). The polarisome complex, which aids in the 

targeting of actin filaments from Bni1 to the filament tip, consists of Bud6 (Amberg et al., 

1997) and Spa2 (Sheu et al., 1998), both of which have been fluorescently labeled and 

visualized as a crescent in the filament tip (Crampin et al., 2005; Sudbery, 2011a). The 

polarisome complex is responsible for actin nucleation in S. cerevisiae in order to direct vesicle 

traffic to the bud tip (Xie et al., 2019). In C. albicans the polarisome is important for polarized 

hyphal growth, and its localization is dependent on the Cdc28 dependent phosphorylation of 

Spa2 (Wang et al., 2016). Cells lacking SPA2 or cells containing a non-phosphorylatable 

mutant are unable to form proper hyphae (Wang et al., 2016).  
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Figure I-5: The three zones of the hyphal tip. The hyphal tip can be separated into three general 
zones. 1) The apical zone where components of the polarisome and exosome are localized to the 
PM and where secretory vesicles are incorporated for growth to continue. 2) The Spitzenkšrper 
zone where the formin Bni1 is localized and where there is an accumulation of vesicles. Vesicles 
are trafficked from the Spitzenkšrper to the apical zone for incorporation at the filament tip. 
Vesicles are transported into the Spitzenkšrper on F-actin. 3) The endocytosis collar, which is an 
accumulation of actin patches located 1-3µm sub-apically from the apex. The location of this 
collar is stable during filament extension.  

Figure I-5: The three zones of the hyphal tip. The hyphal tip can be separated into three 
general zones. 1) The apical zone –where components of the polarisome and exosome are 
localized to the PM and where secretory vesicles are incorporated for growth to continue. 2) 
The Spitzenkörper zone –where the formin Bni1 is localized and where there is an 
accumulation of vesicles. Vesicles are trafficked from the Spitzenkörper to the apical zone for 
incorporation at the filament tip. Vesicles are transported into the Spitzenkörper on F-actin. 3) 
The endocytosis collar –an accumulation of actin patches located 1-3µm sub-apically from the 
apex. The location of this collar is stable during filament extension. 
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The exocyst complex, which aids in directing secretory vesicles to the tip (Boyd et al., 

2004), was originally discovered in budding yeast (TerBush et al., 1996) and is composed of 

Exo70, Exo84, Sec15, Sec3, Sec6 and Sec8 (Bowser and Novick, 1991; Guo et al., 1999; 

Sudbery, 2011a; TerBush and Novick, 1995; Wiederkehr et al., 2003). This complex stabilizes 

incoming secretory vesicles, which allows docked vesicles to fuse with the PM via v-snare and 

t-snare interactions (Novick et al., 2006). In C. albicans the exocyst protein Sec15 has been 

shown to interact with the small GTPase Rsr1, which is required for Sec15 localization (Guo 

et al., 2016). As previously discussed, polarized active Rho GTPases are localized to this apical 

polarity cluster, with active Cdc42 localized as a tight cap at the tip and active Rho1 more 

spread out (Corvest et al., 2013).  

Also located towards the tip, the endocytic collar is found just behind the tip, where it 

is located consistently between 1-3 µm from the hyphal tip (Fig. I-5, zone 3) (Ghugtyal et al., 

2015). The endocytic collar is the location of endocytic recycling of membrane material and 

bound polarity proteins; however, modeling showed that it is not important for the maintenance 

of polarized PI(4)P distribution (Caballero-Lima and Sudbery, 2014; Ghugtyal et al., 2015). 

The endocytic collar is composed of proteins involved in clathrin mediated endocytosis such 

as the actin binding protein Abp1 (Epp et al., 2013; Martin et al., 2007). Regulation of 

endocytosis is important for the regulation of hyphal elongation rates as cells lacking the Akl1 

kinase results in increased elongation rates, while overexpression of this regulatory kinase 

results in a reduction in hyphal elongation rate.  

 

VI – The Spitzenkörper 

The Spitzenkörper is a fungal specific structure found in the hyphal tip (Riquelme and 

Sánchez-León, 2014). The Spitzenkörper was first described in the early 20th century in fixed 

Coprinus narcoticus and Coprinus sterquilinus hyphae as an iron hematoxylin stained apical 
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body (Brunswick, 1924). Using phase contrast microscopy, the Spitzenkörper was initially 

observed as a dense region in the filament tip of Polystictus versicolor (Girbardt, 1957). 

Developments in electron microscopy facilitated ultrastructural analyses of a large variety of 

filamentous fungi; the most recent of which is C. albicans (Bourett and Howard, 1991; Fisher 

and Roberson, 2016; Fisher et al., 2018; Girbardt, 1969; Grove and Bracker, 1970; Harris et 

al., 2005; Howard, 1981; Lang et al., 2010b, 2010a; Quindós, 2014; Rico-Ramírez et al., 2018; 

Riquelme et al., 2002; Roberson et al., 2011; Schmied et al., 2014; Vargas et al., 1993; Weiner 

et al., 2019). These ultrastructural studies revealed the Spitzenkörper to be an accumulation of 

vesicles (Fig. I-6) (Bourett and Howard, 1991; Girbardt, 1969; Grove and Bracker, 1970; 

Howard, 1981; Vargas et al., 1993; Weiner et al., 2019).  

 

The function of the Spitzenkörper has been studied through mathematical modeling to 

investigate the role it plays in hyphal morphogenesis; much of this pioneering work was done 

by Bartnicki-Garcia and colleagues. Early on, the Spitzenkörper was proposed to be a vesicle 

supply center (VSC), a body from which vesicles moved into and then were directed to the PM 

to contribute to growth (Fig. I-7) (Bartnicki-Garcia et al., 1989). A two-dimensional VSC 

model was developed to explain the importance of the location of the Spitzenkörper for tubular 

hyphal growth and morphogenesis (Bartnicki-Garcia et al., 1989). This model demonstrated 

that alterations in the location of the Spitzenkörper resulted in altered morphologies and 

Figure I-6: The C. albicans Spitzenkörper is an accumulation of vesicles. As in other
filamentous fungi, in C. albicans an accumulation of vesicles can be observed in the
filament tip by scanning electron microscopy. This accumulation of vesicles is the 
Spitzenkšrper. Figure adapted from Weiner et al., 2019.
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changes in hyphal directionality (Bartnicki-Garcia et al., 1989; Riquelme et al., 1998). 

Additionally, this model showed the importance for the directed traffic of vesicles from the 

Spitzenkörper or VSC to the PM since absence of directed movement resulted in spherical 

growth (Bartnicki-Garcia et al., 1989). This model was additionally used to analyze, by 

computer simulation, the morphological effects of a Spitzenkörper disturbance phenomenon 

observed in the fungi Rhizoctonia solani and Aspergillus niger (Bartnicki-Garcia et al., 1995; 

Reynaga-Peña et al., 1997). Disturbance of the Spitzenkörper in the former fungi resulted in a 

permanent bulge from which growth was redirected (Bartnicki-Garcia et al., 1995) and apical 

branching occurred in A. niger (Reynaga-Peña et al., 1997).   

  

In addition to the modeling of the vesicle supply center, observations were made that 

the addition of smaller Spitzenkörper like clusters, called satellite Spitzenkörpers, into the main 

Spitzenkörper correlates with temporary pulses in hyphal extension rates in the relatively rapid 

Figure I-7: The vesicle supply center (VSC) model drives polarized growth of a hyphae. 
A) A computer simulation model of a hyphae generated by the addition on material from the
VSC plotted on Cartesian coordinates. The vesicle supply center is a model representation of
the function of the Spitzenkšrper. The model takes into consideration the rate of material
adding vesicles that are moved from the VSC to the plasma membrane and the rate at which
the VSC progresses forward. Alterations in the speed of advancement result in different cell
diameters. B) Moving the VSC from the central position in a round cell, such as a spore
towards the cortex with continual advancement, results in a bulge and ultimately a filament
from this point. Figure adapted from Riquelme et al., 2018.
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growing fungi Fusarium culmorum and Trichoderma viride (López-Franco et al., 1994). The 

mechanism behind these pulses has yet to be fully explained; however, there has been some 

evidence that pulses of Ca2+ correlate with pulsed growth in A. nidulans through oscillation in 

actin depolymerization and polymerization in the hyphal tip (Takeshita, 2018; Takeshita et al., 

2017). 

The VSC model was later adapted to a three-dimensional model of growth that 

attempted to incorporate the cell wall expansion during extension (Gierz and Bartnicki-Garcia, 

2001). This model was unable to distinguish between three outcomes of cell wall expansion: 

rotational, orthogonal, or isometric expansion (Gierz and Bartnicki-Garcia, 2001). This model 

was tested by tracking markers on the inner PM surface and the outer cell wall surface over 

time during the hyphal extension of Rhizoctonia solani (Bartnicki-Garcia et al., 2000). 

Observations of these markers lead to the conclusion that a single location of the cell wall 

undergoes orthogonal expansion as the tip proceeds forward (Bartnicki-Garcia et al., 2000). 

The discovery of the orthogonal expansion of the cell wall provided support for turgor pressure 

driven cell wall expansion (Bartnicki-Garcia et al., 2000).  

Recently it was reported that the Spitzenkörper in N. crassa is assembled through a 

cascade of protein-protein interactions that place two scaffolds in the Spitzenkörper region, 

which are important for polarity effector recruitment (Zheng et al., 2020). The scaffolds are 

Leashin-2 (LAH-2) and a complex of Janus-1 (JNS-1) and SPA-2, a polarisome protein (Zheng 

et al., 2020). The LAH-2 scaffold recruits the glycolysis enzyme GPI-1 and the signaling kinase 

COT-1 to the Spitzenkörper, while SPA-2 recruits CCP-1, a calponin domain-containing F-

actin effector (Zheng et al., 2020). Both scaffold proteins are transported to the Spitzenkörper 

by MYO-5 via the coiled-coil cargo adaptor protein SPZ-1. The JNS-1/SPA-2 scaffold is 

analogous to the GIT/PIX in metazoans and Pea2/Spa2 complex in S. cerevisiae (Zheng et al., 
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2020). In both S. cerevisiae and metazoans, these complexes are important for polarized growth 

(Zheng et al., 2020).  

The Spitzenkörper was further investigated in a variety of fungi, including N. crassa 

and A. nidulans, using the amphiphilic styryl dye FM4-64, which is initially endocytosed and 

then accumulates in the Spitzenkörper due to membrane recycling (Fischer-Parton et al., 2000). 

From this work a simple model was proposed for endocytosis and exocytosis during 

filamentous growth (Fischer-Parton et al., 2000). The accumulation of FM4-64 at the 

Spitzenkörper has been observed in several fungi including C. albicans (Crampin et al., 2005; 

Fischer-Parton et al., 2000). In C. albicans, myosin light chain 1, Mlc1, was proposed as a 

Spitzenkörper marker by colocalization with the apically accumulated FM4-64 (Crampin et al., 

2005). The polarisome components Spa2 and Bud6 were observed as localized to a crescent 

that only partially colocalized with a FM4-64 accumulation (Crampin et al., 2005). It was also 

observed that the formin Bni1 and the small GTPase secretory vesicle marker Sec4 and its GEF 

Sec2 also localize to the Spitzenkörper region (Bishop et al., 2010; Crampin et al., 2005; Jones 

and Sudbery, 2010; Li et al., 2007; Silva et al., 2019; Wakade et al., 2017; Weiner et al., 2019).  

 The composition of the Spitzenkörper has been analyzed in several fungi. N. crassa was 

the first fungal model used to study this in detail. It was revealed using transmission electron 

microscopy that the Spitzenkörper of N. crassa consists of two populations of vesicles, 

macrovesicles and microvesicles (Grove and Bracker, 1970; Howard, 1981).  It was later 

revealed by fluorescence microscopy that the macrovesicle layer contains members of the 

β-1,3-glucan synthase complex, such as GS-1 (Verdín et al., 2009). When GS-1 was 

fluorescently labeled, a clear ring at the Spitzenkörper was observed (Verdín et al., 2009). The 

inner population of microvesicles contain chitin synthases, which when examined with GS-1 

are observed at the center of the GS-1 ring (Riquelme et al., 2007; Verdín et al., 2009). This 

structure is substantially different from what has been observed in C. albicans.  
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The Spitzenkörper of C. albicans is comprised of approximately 60 vesicles that have 

a diameter of 70 nm, as observed by serial section transmission electron microscopy (Weiner 

et al., 2019). Immuno-gold labeling of Mlc1-GFP unequivocally revealed that Mlc1 is localized 

to this vesicular cluster at the Spitzenkörper. Additionally, the mechanism of vesicle delivery 

to the Spitzenkörper appears to be different in C. albicans compared to other filamentous fungi.  

Analysis of the intracellular organization, by transmission electron microscopy and 

focused ion beam scanning electron microscopy, revealed the presence of parallel sheets of 

endoplasmic reticulum extending from the nucleus throughout the germ tube. Near the hyphal 

tip, these membrane sheets are not stacked and appear less organized (suggested to be the 

Golgi), ultimately resulting in a cluster of vesicles at the tip apex, presumably by vesicles 

budding off the late Golgi (Weiner et al., 2019). From these observations, and the fact that 

C. albicans undergoes filamentous growth independent from microtubules (Rida et al., 2006), 

Weiner et al. proposed a model where the majority of the vesicular transport occurs within a 

short range (within the subapical zone), being that the membrane compartments of the secretory 

pathway are localized close to the active growth site in the filament tip (Weiner et al., 2019). 

These electron microscopy images also reveal that the vesicles are tightly packed with > 25% 

in close proximity (< 70 nm) to the PM (Weiner et al., 2019).  

Early investigations of the Spitzenkörper in C. albicans using fluorescent proteins 

claimed that the Spitzenkörper could be distinguished from the polarisome and exocyst 

complex (Jones and Sudbery, 2010). However, given its proximity, this distinction is 

technically not possible due to light resolution limits when measured by electron microscopy. 

Nonetheless, electron microscopy revealed that 75% of Spitzenkörper vesicles are located 

between 70 nm and 500 nm from the hyphal tip, which provides a region where a highly 

concentrated of vesicles can be distinguished from tip localized proteins (Weiner et al., 2019). 

The eight components of the exocyst, Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84, 
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localize to a crescent in the filament tip (Jones and Sudbery, 2010). Additionally, the 

polarisome components Spa2 and Bud6 have been observed as forming a crescent in the 

filament tip (Jones and Sudbery, 2010). The small GTPase Sec4, an established secretory 

vesicle marker (Li et al., 2007), was originally observed localized to the hyphal tip as a spot 

(Jones and Sudbery, 2010; Li et al., 2007). Observing the localization of double labeled strains 

for Sec4 and the exocyst component Exo70 by confocal microscopy appeared to show Sec4 

localized in a spot behind the exocyst crescent; however, the GFP fluorescent tag on Sec4 had 

some bleed-through to the YFP channel for Exo70-YFP, which makes the localization results 

difficult to interpret (Jones and Sudbery, 2010). Both Sec4 and Mlc1 have similar localizations 

in the tip at the Spitzenkörper (Crampin et al., 2005; Jones and Sudbery, 2010; Li et al., 2007). 

It has been reported that, at times, the localization of Mlc1 and Sec4 can also become crescent 

like, which was suggested as possibly being due to changes in growth rates or other 

environmental factors (Jones and Sudbery, 2010), as has been observed in Ashbya gossypii 

(Köhli et al., 2008). 

A fluorescence recovery after photobleaching (FRAP) approach was carried out to 

probe the dynamics of the Spitzenkörper, exocyst complex, and polarisome complex (Jones 

and Sudbery, 2010). From these studies, it was observed that Sec4 and Mlc1 have relatively 

fast fluorescence recoveries, with Mlc1 recovering somewhat slower with a half-time (t1/2)  of 

~12 sec than Sec4, which recovered with a t1/2 of ~7 sec (Jones and Sudbery, 2010). Both Mlc1 

and Sec4 had faster fluorescence recovery than polarisome and exocyst proteins, with the 

fastest being Spa2 with a recovery t1/2 of ~21 sec and the slowest being Bud6 with a recovery 

t1/2 ~48 sec (Jones and Sudbery, 2010).  

While FRAP measures the rate of new protein addition compared to that of proteins 

leaving, a fluorescence loss in photobleaching (FLIP) experiment was used to measure the rate 

at which Sec4 and Spa2 enter the Spitzenkörper and polarisome (Jones and Sudbery, 2010). 
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The experiment was performed by the continuous bleaching of a subapical strip and measuring 

the loss of fluorescence in the tip. In this experiment the fluorescence of Sec4 showed a rapid 

exponential decline suggesting Sec4 is moved from the bleached region to the Spitzenkörper, 

while the Spa2 signal decreases only slightly suggesting this protein is not actively transporting 

through the bleached region (Jones and Sudbery, 2010).  

Turnover rates of Spitzenkörper vesicles were determined using vesicle surface area 

measured by electron microscopy and filament extension rates with several assumptions 

(Weiner et al., 2019). Qualitatively, the fluorescence signal of the Spitzenkörper appears 

constant during growth and the number of vesicles in the Spitzenkörper, determined by electron 

microscopy, did not depend on filament length; therefore, it was assumed that the 

Spitzenkörper has a constant number of vesicles. This results in the rate of vesicles going into 

and out of the Spitzenkörper (presumably fusing with the PM) also being constant. From these 

experiments it can be assumed that the vesicle population in the Spitzenkörper remains constant 

during filamentous growth (Weiner et al., 2019).  

 

VII – The Spitzenkörper marker protein, Mlc1 

 The myosin light chain protein, Mlc1, has been localized to the Spitzenkörper in 

C. albicans by immune-gold labeling (Weiner et al., 2019). Fluorescently labeled Mlc1 forms 

a bright, distinctive spot at the apex (the Spitzenkörper) and colocalizes with FM4-64 staining 

(Crampin et al., 2005). Additionally, Mlc1 localizes to the region of cell division (cytokinesis) 

in budding, pseudo-hyphal growth and filamentous growth (Crampin et al., 2005). However, 

its function has only been studied in the model yeast S. cerevisiae, where Mlc1 is a haplo-

insufficient essential protein (Stevens and Davis, 1998). In S. cerevisiaie Mlc1 regulates the 

activity of the myosin motor proteins Myo2 and Myo1 (Stevens and Davis, 1998). In budding 

yeast Mlc1 is found at two locations: the site of growth, also known as the bud site, and the 
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cytokinetic ring. Mlc1 is found at the incipient bud site during G1 and remains associated with 

the bud tip during S and G2, where associates with Myo2 (Luo et al., 2004; Pennestri et al., 

2007).  

The majority of studies on the function of Mlc1 in S. cerevisiae have focused on its role 

during cytokinesis. Mlc1 is recruited to the cytokinetic ring during cytokinesis, where it is 

associated with Myo1 (Boyne et al., 2000). At the cytokinetic ring, Mlc1 is also responsible 

for the recruitment of Iqg1, an IQGAP-like protein involved in the assembly and contraction 

of the actomyosin ring and is also known as Cky1 (Feng et al., 2015; Shannon and Li, 2000). 

Iqg1 contains eleven IQ repeats that are responsible for binding to Mlc1, which anchors Iqg1 

to the cytokinesis site (Epp and Chant, 1997; Lippincott and Li, 1998; Shannon and Li, 1999, 

2000; Tian et al., 2014). After recruitment of Iqg1, the complex then recruits Myo1 and the F-

BAR-domain containing protein Hof1 to promote the formation of the cytokinetic ring complex 

(Boyne et al., 2000; Luo et al., 2004; Shannon and Li, 2000). Hof1 also has a role in polarized 

growth through the regulation of actin cable formation by regulating the activity of the Bnr1 

formin (Luo et al., 2004; Tian et al., 2014). Mlc1 arrives first to the cytokinetic ring where it 

is recruited by septins (Graziano et al., 2014). After localization to the cytokinetic ring, Mlc1 

recruits Iqg1 (Feng et al., 2015). In depletion experiments cells exhibit cytokinesis defects upon 

the depletion of Mlc1 (Shannon and Li, 2000). Although the localization of Mlc1 in C. albicans 

has been described, its function in this pathogen has yet to be examined.  

 

 

VIII – Invasive growth mechanisms and their role during infection 

Not all Candida species require filamentation for their ability to infect a host. For 

example, filamentation has yet to be observed in Candida glabrata despite the ability of this 

organism to invade and infect its host (Boyne et al., 2000). Filamentation of C. albicans is 
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important during infection, which has been studied during active penetration and induced 

endocytosis (Allert et al., 2018; Goyer et al., 2016; Wächtler et al., 2012). The role of 

filamentation in crossing epithelial barriers has been examined using in vitro epithelial models, 

such as buccal mucosa and intestinal epithelium (Pappas et al., 2018). These models facilitate 

the investigation of adhesion, induced endocytosis, and active penetration mechanisms during 

C. albicans infection (Fig. I-8).  

  

Adhesion of C. albicans hyphae to the PM of epithelial cells is important for induced 

endocytosis and active penetration (Allert et al., 2018; Goyer et al., 2016; Wächtler et al., 

2012). Additionally, this step initiates host-cell signaling cascades leading to responses to the 

fungi by the host. Adhesion largely occurs through the interaction between the fungal 

agglutinin-like protein Als3 and the host surface adhesion protein E-cadherin (Goyer et al., 

2016; Moyes et al., 2015; Pappas et al., 2018; Wächtler et al., 2012). Nevertheless, the absence 

of either Als3 in the fungi or E-cadherin on the host results in a reduction, but not abolition, of 

adherence of C. albicans to an epithelial cell surface (Moyes et al., 2015; Wächtler et al., 2012). 

Figure I-8: Host cell invasion occurs through both host cell mediated endocytosis and 
active penetration. A) Endocytosis by the host cell occurs through interactions between the 
fungal cell wall proteins Als3 and Ssa1 and the host cell receptors EGFR/HER2 complex 
and E-cadherin. This is a clathrin mediated process. B) Active penetration requires the 
hyphae to overcome the tension of the host cell membrane, this is likely achieved by the 
adhesion of the fungi to the host cell surface prior to penetration occurring. This adhesion 
provides the anchor for the filament to push against during active penetration. Figure 
adapted from Swidergall and Filler, 2017
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This suggests other adhesive interactions are involved, which occur via Hwp1, Iff4 and Eap1. 

The first of which, Hwp1, covalently binds an unknown host surface protein (Goyer et al., 

2016; Wächtler et al., 2012). The latter two were discovered as mutants that resulted in reduced 

adhesion to plastic and polystyrene (Wächtler et al., 2012).  

 The interaction between Als3 and E-cadherin is the major contributor to the ability of 

C. albicans to adhere to host cells (Moyes et al., 2015). This has been shown by testing 

adhesion with Hela cells lacking E-cadherin compared to TR-146 oral epithelial cells that 

express E-cadherin on their surface (Wächtler et al., 2012). An overall reduction in the invasion 

of Hela cells was observed compared to TR-146 cells (Wächtler et al., 2012). In the same study, 

the ability of the als3∆ mutant to invade cells lacking E-cadherin was examined, and a further 

reduction in invasion was observed (Wächtler et al., 2012). It has also been shown that pre-

incubating C. albicans cells with soluble E-cadherin protein resulted in a reduction of adhesion 

(Wächtler et al., 2012). Interestingly, in intestinal epithelial cells, blocking the Als3 interaction 

with E-cadherin didn’t result in a reduction in invasion (Wächtler et al., 2012). It is likely that 

different cell types and locations have different adhesive requirements or adhesion may occur 

by other mechanisms, or both may be true. Invasion can occur once hyphal C. albicans cells 

are adhered to the epithelial surface. Adhesion is required to take advantage of the forces 

generated by the hyphae for penetration. In other words, if the fungi were not adhered to the 

host cell surface, the forces generated by the hyphae during attempted invasion would simply 

push the hyphae backwards rather than utilizing the force to penetrate the PM of the host cell.  

 Invasion of C. albicans cells into host tissue has been shown to occur via two 

mechanisms: induced endocytosis (Fig. I-8A), which is a passive process for the fungi and an 

active processes for the host, and active penetration (Fig. I-8B), which is an active process for 

the fungi yet a passive process for the host (Goyer et al., 2016). Induced endocytosis is a 

process by which hyphal C. albicans cells are actively endocytosed in a clathrin-mediated 
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fashion by the host cell. Observations of this process by electron microscopy have shown 

hyphae in the process of being endocytosed by the epithelial cell, which is characterized by the 

host membrane tightly associated with the hyphae and ruffling filipodia on the epithelial cell 

surface (Moyes et al., 2015). This process is facilitated by surface interactions between proteins 

on the hyphae and signaling proteins located on the surface of the host cell. In oral epithelial 

cells, endocytosis is mediated by the interaction of Als3 with the EGFR/Her3 complex and E-

cadherin (Wächtler et al., 2012). This interaction leads to cytoskeleton rearrangement and the 

formation of filipodia, which engulf and endocytose the hyphae in a clathrin-mediated fashion 

(Moyes et al., 2015). This process is also tissue specific; it is the prevalent means of invasion 

for oral epithelial cells yet is rarely observed with intestinal epithelial cells (Moyes et al., 2015). 

Active penetration appears to be the dominant means of translocation across the epithelial layer 

in the intestinal epithelium.   

 Active penetration occurs when a hypha enters an epithelial cell from the cell surface, 

or when a hyphae bursts through of an endocytic envelope into the interior of a cell. Both 

processes require force generation from hyphae to penetrate and to adhere to the host cell PM 

in order to fully utilize the generated hyphal forces (Allert et al., 2018; Goyer et al., 2016; 

Moyes et al., 2015). In oral epithelial cells, this is most likely the dominant form of invasion 

in the early stages of an infection since the fungus needs to first penetrate differentiated cell 

layers that are unlikely to endocytose the fungus (Moyes et al., 2015; Naglik et al., 2011). Later 

in this type of infection, induced endocytosis becomes more dominant in the lower layers. 

When observed with electron microscopy, active penetration is visually different from induced 

endocytosis, which is characterized by a greater space between the host cell membrane and the 

hyphae, and a lack of ruffling at the cell surface (Naglik et al., 2011). Nonetheless, such 

observations are somewhat biased because they are based on situations in which only induced 

endocytosis or active penetration has occurred. As both induced endocytosis and active 
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penetration occur during an infection, it is challenging to distinguish them from one another 

(Wächtler et al., 2012). 

In intestinal epithelium, active penetration appears to be the major form of invasion, 

unless there is disruption of the cell junctions that leads to an increase in induced endocytosis 

(Wächtler et al., 2012). Additionally in cultured intestinal epithelial cells, the ability of C. 

albicans to actively penetrate is reduced as a function of time during the differentiation process 

(Goyer et al., 2016). In this same study, where the epithelial layers were treated with mycotoxin 

patulin, it was observed that if tight junctions were disrupted by chemical treatment then 

induced endocytosis could occur (Goyer et al., 2016). This was the first instance where induced 

endocytosis was observed in intestinal epithelia (Goyer et al., 2016).  

Following the treatment of the epithelial layer with mycotoxin patulin, tight junctions 

were relaxed, which exposed the adherens junctions located below. This potentially provides 

access for Als3 on the fungal hyphae to bind with E-cadherin, which leads to induced 

endocytosis. However, the increase in endocytic uptake was not attributed to the Als3 

interaction with E-cadherin because immunoblocking E-cadherin did not affect invasiveness 

in patulin treated cells (Goyer et al., 2016). It is likely that the interaction between Als3 and 

the EGFR/Her2 complex has a role in signaling that leads to induced endocytosis, as was 

observed with oral epithelial cells (Goyer et al., 2016). Additionally, the authors observed less 

invasion with the als3∆ mutant compared to wild-type C. albicans, similar to what was 

observed in oral epithelial cells (Zhu et al., 2012).  

Often, the end result after attachment and invasion is the translocation of the fungi 

across the epithelial layer or layers. Invasion is accompanied by host cell damage, weakening 

of the epithelium, and an increase in the likelihood of translocation (Goyer et al., 2016; 

Wächtler et al., 2012). The process and characteristics of translocation have been well studied 

for intestinal epithelium (Moyes et al., 2015). The mechanism of translocation into the gut is 
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important to understand because of the constant presence of C. albicans as a commensal in 

humans (Allert et al., 2018). Allert et al. proposed four possible mechanisms of translocation 

across the intestinal epithelia: apoptosis of the host cell, paracellular, transcellular with necrotic 

damage, and transcellular without damage (Allert et al., 2018). The dominant mechanism that 

resulted in the greatest potential for translocation was transcellular with necrotic damage. This 

was observed in endpoint assays where nearly 40% of intestinal epithelial cells had undergone 

necrotic cell death after 24 hr of exposure to C. albicans (Allert et al., 2018).  

Necrotic cell death occurs due to fungal secreted enzymes and toxins, of which the 

cytolytic toxin candidalysin, encoded by ECE1, has the most significant effect (Allert et al., 

2018). Others include SAP proteins, which have been shown to disrupt tight junctions (Allert 

et al., 2018). The ECE1 gene was first described as having a significant effect on the invasive 

ability of C. albicans due to its protein product candidalysin (Allert et al., 2018; Moyes et al., 

2015). In an in vivo oropharyngeal mouse model, the ece1∆/∆ strain was cleared from most 

mice (Moyes et al., 2016). In the few mice where the fungus was still detected, no mucosal 

tissue damage was observed (Moyes et al., 2016). In a second mucosal model using zebrafish 

swim bladders, a significant reduction in neutrophil recruitment and cell damage was observed 

(Moyes et al., 2016). This was also observed in the in vitro intestinal epithelium model. The 

ece1∆/∆ mutant displayed a significant reduction in cell damage and translocation; however, 

some cells were still able to translocate (Moyes et al., 2016). This suggests that there are other 

factors that also facilitate invasion, such as other toxic or degradative secreted proteins that can 

cause cell damage or facilitate induced endocytosis or both. Additionally, there is likely a 

physical component where C. albicans hyphae are capable of generating the physical forces 

necessary to overcome the epithelia cell membrane and advance either in an intra-cell or inter-

cell fashion to translocate through the membrane.  
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 The studies into the mechanism of C. albicans invasion, specifically active penetration, 

have thus far been limited to end point experiments. The effects of infection were observed 

after the host and pathogen had been in contact for some time. To further understand the process 

of host invasion, it would be necessary to move from endpoint experiments, which provide a 

snapshot of the process, to observing invasion of host tissue in real-time. This would likely be 

possible by the live cell imaging of C. albicans cells added to the surface of cultured tissues. 

Labeling both the host cells and C. albicans could provide a comprehensive assessment of the 

mechanisms of invasion and the host cell response to this pathogen.  

 

IX – Biophysical properties of fungal growth 

 Fungal cells are highly turgid similar to plant and bacterial cells, which is only possible 

due to the presence of a cell wall. Without a cell wall, the high turgor pressures in fungi would 

not be contained by a cell membrane and the cells would lyse. In filamentous fungi, membrane 

traffic provides material for cellular extension, while turgor pressure provides the forces 

needed to extend growth at the tip (Fig. I-9). This occurs in filamentous fungi, fission yeast 

and budding yeast, both bud and shmoo forms, where the cell wall at the growth site is thinner 

and less stiff than the cell wall along the length of the cell (Altenburg et al., 2019; Baba et al., 

1989; Cassone et al., 1979; Davì et al., 2018; Goldenbogen et al., 2016; Lew, 2011; Martínez-

Núñez and Riquelme, 2015). This difference in stiffness allows the growth site to expand due 

to pressure, thus providing extension (Chang, 2017). The cell wall continues to stiffen and 

modified as the growing tip moves away through the addition of new material (Fig. I-9). Turgor 
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pressure, which provides the force for growth, has been measured indirectly using the fission 

yeast model S. pombe and its effect on growth (Haupt et al., 2018; Knapp et al., 2019; Minc et 

al., 2009). 

 

 Turgor pressure has been shown to have a large effect on the cell shape of fission yeast 

and budding yeast, where the internal pressure provides the pressure to inflate the cell 

membrane and the cell wall (Atilgan et al., 2015; Minc et al., 2009; Schaber et al., 2010). The 

cell wall is an elastic material that can be deformed by strong internal pressure (Atilgan et al., 

2015; Julien and Boudaoud, 2018). When this pressure is reduced by cell lysis or by 

hyperosmotic treatment, the cell wall shrinks (Minc et al., 2009). By releasing cell pressure 

and examining the cell wall, the elastic modulus of the fission yeast cell wall has been estimated 

to be approximately 50 MPa with an effective turgor pressure estimated at 1.5 MPa (Abenza 

et al., 2015; Atilgan et al., 2015). The turgor pressure value was estimated using two different 

methods, firstly by using PDMS microchambers of known stiffnesses as force sensors (Atilgan 

et al., 2015; Chang, 2017; Minc et al., 2009) and secondly by measuring shrinkage of the cell 

wall after osmotic shock (Minc et al., 2009). The cell wall properties for S. cerevisiae was first 

Figure I-9: Turgor pressure provides force for growth. Internal hydrostatic 
pressure (turgor pressure) provides the necessary force for growth to occur. 
This pressure, in combination with a softer cell wall at the growth site, 
where directed secretory vesicle traffic occurs, results in filament extension 
and a tubular shape. Figure adapted from Bastmeyer et al., 2002.
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estimated by mathematical modeling to have an elastic modulus of approximately 14.3 MPa 

(this estimation had a standard deviation of 10.4) with an estimated turgor pressure of 0.6 MPa 

(Schaber et al., 2010). Later, the cell wall elastic modulus was directly measured by atomic 

force microscopy (AFM) to be approximately 2.6 MPa, from which the internal turgor pressure 

was estimated to be approximately 0.21 MPa (Goldenbogen et al., 2016). 

Filamentous fungi use tip growth generated by turgor pressure to explore their 

environment or penetrate host tissue while foraging or producing fruiting bodies (Bastmeyer 

et al., 2002). For example, an early experiment observing the forces generated by the fungi 

Coprinus sterquilinus demonstrated that the fruiting body of this fungi was capable of lifting 

200 grams, which was later estimated to be due to growth with a turgor pressure of 0.07 MPa 

(Bastmeyer et al., 2002; Buller, 1931). This type of force by a fruiting body is sufficient enough 

to crack through asphalt paving (Bastmeyer et al., 2002).  

In order to penetrate host tissue, fungi use a variety of mechanisms. One remarkable 

example of the use of turgor pressure to penetrate very rigid host tissue is the formation of an 

appressorium in the rice blast plant fungal pathogens Magnaporthe grisea (Bastmeyer et al., 

2002; Howard and Valent, 1996; Howard et al., 1991; Wilson and Talbot, 2009). This is an 

extreme example in which this fungus forms a specialized cell that acts as a high-pressure 

chamber referred to as an appressorium. The appressorium, which can generate turgor 

pressures up to 8 MPa through cell wall melanization and glycerol production, focuses pressure 

into a small germ tube or penetration peg in order to penetrate the very stiff leaf cuticle of the 

plant host (Jong et al., 1997; Ryder et al., 2019). Penetration of host tissue by other plant and 

animal fungal pathogens often does not result in dramatic changes in fungal morphology; 

although, some increased cell diameter upon invasion has been reported, such as with the 

tomato pathogen Cladosprium fulvum (Van den Ackerveken et al., 1994; Bastmeyer et al., 

2002; Mendgen et al., 1996).  



Introduction 

 37 

The turgor pressure driven process of growth leading to invasion is a form of growth 

under resistive forces. The cellular effects of growth under extreme resistive forces have been 

studied in the rod-shaped S. pombe. Cells were grown under confined conditions in PDMS 

microfluidic chambers, and the effects on polarized proteins were investigated (Haupt et al., 

2018). Completely confined growth resulted in wandering Cdc42 patches and eventually the 

complete dispersion of polarized Cdc42, which indicates that active Cdc42 patches disperse 

under growth arrest (Haupt et al., 2018). This observation was confirmed by slowing growth 

via osmotic shock using a strain that is incapable of osmoregulation (Haupt et al., 2018). 

Hyperosmotic shock, which lead to transient cell shrinkage, resulted in a dramatic reduction in 

growth rate, as previously observed, (Minc et al., 2009) and the dispersion of active Cdc42 

domains, which remained stable for 1 hr post-treatment (Haupt et al., 2018). Additionally, 

oscillations of hyperosmotic shocks to disrupt growth rate over longer time scales (multiple 

hours) lead to the accumulation of cytosolic proteins (Knapp et al., 2019). Once released from 

these oscillations, cells exhibited a higher-than-normal growth rate, or supergrowth, which 

functions to dilute the cytosolic protein concentration to normal levels (Knapp et al., 2019).  

The disruption of growth rate by cell swelling also resulted in the disruption of active 

Cdc42 patches (Haupt et al., 2018). Using a slow growing mutant that can be restored to wild 

type-like growth rates by adding 50 mM KCl to the media showed an increase in active Cdc42 

signaling after the addition of 50 mM KCl (Haupt et al., 2018). These results suggest that active 

Cdc42 activity at the polarized growth site is tightly linked to growth rate but not cell shape as 

active Cdc42 localization does not determine cell shape (Abenza et al., 2015). Additionally, 

growth arrest by osmotic and physical means resulted in the disorganization of actin 

cytoskeleton, polarisome and exocyst components (Sec6 and Sec8), and the mis-localization 

of the beta-glucan synthase subunit Bgs4, which suggests that these perturbances also disrupt 

membrane traffic (Haupt et al., 2018).  
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In terms of shape determination, the localization of active Cdc42 appears to be less 

important (Abenza et al., 2015). Rather, it appears that the localization of exocytosis related 

proteins, specifically the exocyst component Sec6, in combination with cell wall mechanical 

properties can be used as effective determinates of cell shape (Abenza et al., 2015). In fact 

forcing a wider exocytosis domain resulted in proportional changes to cell morphology 

(Abenza et al., 2015). This was done by utilizing a GFP binding protein that was targeted to 

the PM. This resulted in an increase in an altered localization of the GFP labeled exocytic 

protein Syb1, leading to cells with an increased tip curvature and cell diameter (Abenza et al., 

2015).  

Furthermore, growth rate disruption by inhibiting actin polymerization also resulted in 

a dramatic reduction in active Cdc42 polarization (Haupt et al., 2018). These experiments and 

results highlight a feedback mechanism between membrane transport (providing growth 

material) and polarity domains that direct material to growth sites. Polarity domains cannot be 

maintained when membrane traffic is disrupted, such as the disruption of actin cables; and 

conversely, membrane traffic cannot be maintained if polarity domains are disrupted by growth 

inhibition. Interestingly, upon the release of confinement by the ablation of a cell, polarized 

growth was resumed in neighboring cells to fill the gap of the missing cell (Haupt et al., 2018).  

The effects of growing against a substrate have been studied in C. albicans during in 

vitro studies on abiotic surfaces, such as PDMS and polyacrylamide hydrogels (Desai et al., 

2015; Thomson et al., 2015). Biofilm formation on hydrogels resulted in hyphal invasion in an 

Rhr2 dependent fashion (Desai et al., 2015). Rhr2 is protein responsible for glycerol 

accumulation, which is responsible for the transcription of adhesion protein genes, such as 

ALS1, in substrate invasion (Bonhomme et al., 2011; Desai et al., 2013). When ALS1 or the 

transcription factors BRG1 or UME6 were over expressed in the rhr2 mutant, biofilm formation 

was restored but not invasive growth of the hydrogel substrate (Desai et al., 2015).  This 
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highlights an additional role for Rhr2 in glycerol accumulation to provide turgor pressure for 

biofilm substrate invasion (Desai et al., 2015).  

Mathematical modeling of the role of turgor pressure in substrate invasion showed the 

amount of invasion directly depends on the proportion of hyphal turgor pressure to substrate 

elastic modulus (Desai et al., 2015). This model was confirmed by using hydrogels of different 

stiffnesses, which resulted in a linear relationship between substrate stiffness and depth of 

biofilm hyphal invasion (Desai et al., 2015). From these observations the effective turgor 

pressure was estimated to be 0.7-1.0 mPa for biofilm-derived hyphae (Desai et al., 2015). 

Additionally, the turgor pressure of planktonic C. albicans hyphae was estimated based on the 

magnitude of deformation that occurred when a hyphal tip encountered a low PDMS ridge 

(Thomson et al., 2015). The force of indentation was estimated by using a force of indentation 

standard curve generated by AFM (Thomson et al., 2015). These experiments revealed that C. 

albicans is capable of generating a minimal tip force of ~ 8.7 µN with an effective turgor 

pressure of ~1.2 MPa (Thomson et al., 2015). The minimal force generated by this fungus is 

more than sufficient to penetrate host-cell membranes solely using mechanical force (Thomson 

et al., 2015).  

This idea of growth arrest, or stalling, due to a substrate resistive force was previously 

introduced as a force threshold where the turgor pressure, also known as outward force, is equal 

to the resistive force, or inward force, experienced by the cell (Haupt et al., 2018). Circular 

microchambers fabricated from PDMS of a variety of stiffnesses from 0.1 to 1.5 MPa were 

developed as a tool to study the mechanical forces involved in fission yeast growth and to 

estimate turgor pressure (Minc et al., 2009). This novel method has a number of advantages 

compared to previously developed methods to measure forces in fungi, such as the utilization 

of an oil filled pressure probe (Bastmeyer et al., 2002).  



Introduction 

 40 

In these experiments, Minc et al. observed S. pombe during growth under the 

confinement of the microchambers and noted that stress response pathways did not appear to 

be activated by the confinement conditions via monitoring the stress reporters Sty1 and Pap1 

(Minc et al., 2009). This model was used to measure the parameters needed to estimate the cell 

wall elastic modulus, turgor pressure, and how external mechanical force affects growth rates. 

The elastic properties of the cell wall were estimated using PDMS growth chambers through 

observing the deformation of the chamber by growing yeast and the force required for cell 

buckling. By varying the chamber stiffness and size, the surface modulus was obtained and 

subsequently used with previously measured cell wall thicknesses to estimate the Young’s 

elastic modulus of the cell wall to be ~101 MPa (Minc et al., 2009). This value is within the 

same order of magnitude as a recent estimation that used changes in cell wall size induced by 

osmotic shock, cell lysis, and tracking cell shape over time to estimate the elastic modulus of 

the cell wall (Abenza et al., 2015; Atilgan et al., 2015; Minc et al., 2009).  

Microchamber force sensors were also used to study the effects of mechanical forces 

on growth rates (Minc et al., 2009). In these experiments, cells were allowed to grow within 

the microchambers and, once long enough, the cells began to deform the chamber or buckle 

depending on the chamber’s stiffness (Minc et al., 2009). Observing the relationship between 

chamber deformation and growth rates resulted in the ability to estimate the growth stalling 

forces for S. pombe (Minc et al., 2009). The force was derived from a linear extrapolation of 

the growth rate and chamber deformation because actual stalling could not be observed due to 

buckling, which resulted in a stalling force of approximately 11 µN (Minc et al., 2009). Turgor 

pressure was confirmed to be the required force for chamber deformation because when cells 

defective in osmoregulation were exposed to osmotic stress, it resulted in a significantly lower 

stalling force (Minc et al., 2009). Additionally, cells that lacked actin cables still produced a 

wild type-like stalling force (Minc et al., 2009). The results from osmotic stress and actin cable 
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disruption highlight the requirement for turgor pressure, and not microfilaments, to provide the 

force necessary for growth. 

The buckling of cells grown in stiff microchambers occurred after a brief pause in the 

growth rate. The buckling force is positively correlated to this delay, and these results were 

used to validate a theoretical model that utilized the parameters estimated from the osmotic 

stress experiments, cell wall elastic modulus, and the stalling force determined from chamber 

deformation experiments (Minc et al., 2009). Using the derived parameters of cell wall elastic 

modulus and stalling force, the effective turgor pressure was estimated to be approximately 

0.85 MPa (Minc et al., 2009). During the active penetration of host cells, C. albicans hyphae 

also experience resistive force. As a result, it is critical to study the effects of resistive force on 

the filamentous growth of C. albicans hyphae. This has been studied with biofilms (Desai et 

al., 2015) and at the single cell level, but this has only been studied in non-invasive conditions 

(Thomson et al., 2015), thus highlighting the need to study the effects of mechanical forces of 

growth during invasion at the single cell level.   

 

X – Thesis objective 

Filamentous fungal growth requires the establishment and maintenance of polarized tip 

growth. Much of the mechanisms of polarity have been extensively studied in the model yeast 

organisms S. cerevisiae and S. pombe, and in well-studied model filamentous fungi, such as N. 

crassa and A. nidulans. However, the medical importance of major pathogenic fungi like C. 

albicans signifies the need to study polarized growth and the way in which host invasion occurs 

in order to better understand and treat infection by these organisms. Here I present two studies 

regarding the polarized invasive growth of C. albicans. The first study investigates the effect 

of mechanical force on polarized growth during invasion at the single cell level. The second 
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study examines the role of the Spitzenkörper regulating growth by perturbing the Spitzenkörper 

and its dynamics, and quantifying the effects. 

 



Chapter 2 
External signal–mediated polarized growth in fungi 

Martine Bassilana, Charles Puerner, and Robert A. Arkowitz 

Bassilana, et al., 2020, Current Opinion in Cell Biology 62,150–158 

This section of the introduction will include an in-depth review on the recent 
advances in external signal-mediated polarity in fungi. As a coauthor, I contributed to this 
work through background research on the recent advances in S. pombe as related to the scope 
of this article. Additionally, I created the schematics presented in Figure 3 on GTPase cycle 
and polarity protein clustering on the plasma membrane. I also participated in the editing of 
the final document before submission. This section is meant to be an expansion on the 
introduction section III – Polarization in response to external cues.  
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External signal–mediated polarized growth in fungi
Martine Bassilana, Charles Puerner and Robert A. Arkowitz

Abstract
As the majority of fungi are nonmotile, polarized growth in
response to an external signal enables them to search for
nutrients and mating partners, and hence is crucial for survival
and proliferation. Although the mechanisms underlying polari-
zation in response to external signals has commonalities with
polarization during mitotic division, during budding, and fission
growth, the importance of diverse feedback loops regulating
external signal–mediated polarized growth is likely to be
distinct and uniquely adapted to a dynamic environment. Here,
we highlight recent advances in our understanding of the
mechanisms that are crucial for polarity in response to external
signals in fungi, with particular focus on the roles of membrane
traffic, small GTPases, and lipids, as well as the interplay be-
tween cell shape and cell growth.
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Introduction
Polarized growth in fungi occurs by insertion of new
material into the plasma membrane via the secretory
pathway and concomitant remodeling of the cell wall.
Such growth can be triggered by internal cues, for
example, cell cycle progression or external cues,
including changes in the environment or the presence of
peptide mating pheromone. During external signale
mediated polarized growth in fungi, growth is either
directed toward a source of attractant or occurs in a
random direction. The presence of an external signal
initiates polarized growth and typically overrides or
masks growth dictated by an internal signal. Primary

examples of fungal external signalemediated polarized
growth are mating projection formation in Saccharomyces
cerevisiae and Schizosaccharomyces pombe, and hyphal cells
in filamentous and dimorphic fungi, including Neuros-
pora crassa, Aspergillus nidulans, and Candida albicans
(Figure 1). In fungi, polarized growth occurs in the
presence of an internal hydrostatic pressure (turgor),
which is in the order of 0.5e1.5 MPa for the afore-
mentioned species, that is 0.1 mg-force/mm2 [1e8]. In
each of these fungi, an initial asymmetry is triggered in
response to an external signal. This limited asymmetry,
which is typically observed as a cluster of an activated
small GTPase, is reinforced by feedback loops and ul-
timately directs site-specific membrane traffic. Here,
we will focus on new findings with respect to external
signalemediated polarized growth in fungi, more spe-
cifically regarding membrane traffic, small GTPases, and
lipids, as well as the interplay between cell shape and
polarized growth (Figures 2 and 3). We will not discuss
chemotropism and cell fusion in S. cerevisiae and
S. pombe, which have been extensively reviewed recently
[9].

Membrane traffic
For polarized growth in fungi, new material has to be
inserted into the plasma membrane at a spatially
restricted location. Site-specific exocytosis is not suffi-
cient to generate localized growth, as diffusion in the
plane of the plasma membrane would result in an ever-
extending zone of growth. Hence, it is critical to limit
the zone of insertion of the newmembrane material, and
several studies have revealed that endocytosis fulfills
this function in budding and filamentous fungi [10e14].
Recent work on S. cerevisiae suggests that exocytosis is
directly coupled to endocytosis via an interaction be-
tween the Rab8 homolog Sec4 and the WASp protein
homolog Las17/Bee1 at the plasma membrane [15].
Although this molecular link between an exocytic Rab
GTPase and a protein that promotes cortical actin patch
formation and is required for endocytosis is intriguing, it
remains to be seen whether this is a common theme in
other fungi. In filamentous fungi, the endocytic collar is
several microns back from the filament tip [16,17] in a
region where homologs of Sec4 have yet to be observed.
Nonetheless, endocytosis is clearly important for polar-
ized growth in hyphal filaments, as well as in budding
and fission yeast [13,16,18,19]. Indeed, membrane
traffic is critical for morphogenesis in filamentous fungi,
such as N. crassa and A. nidulans [16,20], and for the
maintenance of polarized hyphal growth in C. albicans
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[21], and is regulated, in addition to Rab GTPases, by
Arf GTPases. Recent studies investigating how mem-
brane traffic regulates hyphal growth focused on Arf
GTPases, as well as the AP-2 adapter complex.

In S. cerevisiae, Arf3 (the homolog of the human Arf6)
specifically interacts with cell polarity proteins and
endocytosis factors [22,23] and the A. nidulans homolog
ArfB, as well as the Magnaporthe oryzae homolog Arf6, s
regulate endocytosis and maintain polarized hyphal
growth [24,25], yet surprisingly in C. albicans and Ashbya
gossypii, arf3 mutants are unaffected for endocytosis and
hyphal growth [26,27]. In contrast, in C. albicans, the Arf-

like protein Arl1 is important for hyphal growth, with an
arl1 mutant exhibiting shorter hyphae and multiple
germ tubes, indicating that Arl1 is required for main-
taining growth to a single site [26]. Together, these
studies highlight the importance of Arf GTPases in po-
larity maintenance in different fungi.

The heterotetrameric complex AP-2 has been shown to
be critical for relocalization of the cell wall stress sensor
Mid2 to the tip of a mating projection in S. cerevisiae [28]
and, in S. pombe, the AP-2 alpha subunit Apl3 is impor-
tant for cell wall synthesis and morphogenesis [29].
Although dispensable for fungal endocytosis in general,

Figure 1

Current Opinion in Cell Biology

Fungal polarized growth in response to external stimuli. Polarized growth in response to mating pheromone in Schizosaccharomyces pombe (left
panel) and Saccharomyces cerevisiae (middle panel), as well as in dimorphic fungi such as Candida albicans in response to a range of external cues
including serum (right panel). The upper row depicts cells that are polarized in response to internal stimuli with gray arrows indicating where new growth is
directed. The yellow star indicates a source and gradient of mating pheromone and the graded black arrow (lower row) depicts location of growth in
response to external stimuli.

External signal mediated polarized growth in fungi Bassilana et al. 151

www.sciencedirect.com Current Opinion in Cell Biology 2020, 62:150–15845

www.sciencedirect.com/science/journal/09550674


AP-2 was very recently shown to be essential for the
maintenance of hyphal polarity in A. nidulans [30],
Fusarium graminearum [31], and C. albicans [18] via the
regulation of lipid polarization and cell wall deposition.
In A. nidulans and F. graminearum, AP-2 interacts with
lipid flippases (DnfA and DnfB) [30,31], and it main-
tains ergosterol polarization specifically at the C. albicans
hyphal tip [18]. Furthermore, in C. albicans, the AP-2 mu
subunit (Apm4) was shown to be critical for the recy-
cling of the cell wall biosynthesis enzyme, chitin
synthase 3 (Chs3), resulting in elevated chitin synthe-
sis, associated with morphological defects in the apm4
deletion mutant [18]. Together, these studies point to a
critical role of AP-2 in lipid polarization, necessary to
sustain fungal polarized growth.

Lipids
Phosphatidylethanolamine, phosphatidylserine (PS),
and phosphatidylinositol phosphates (PIPs) are the
major phospholipids of the yeast plasma membrane,
together comprising more than 80% of phospholipids
[32], and the sterol ergosterol comprises w half of the
lipids in the inner leaflet of the plasma membrane [33].

In yeast, more than 80% of the phospholipids are found
on the inner leaflet of the plasma membrane [34], and it
is likely that the negative charge of PS and PIPs is
important for protein localization and clustering. PS is
enriched at sites of growth, such as S. cerevisiae and
S. pombe tip of mating projections [35,36] and C. albicans
hyphae [26], and is critical for polarized growth in
response to an external signal, during shmoo and hyphal
formation [35,37]. Upon perturbation of PS levels, de-
fects in Cdc42 localization in S. cerevisiae shmoos and
S. pombe, as well as in C. albicans hyphae, and Rho1
localization in S. pombe and C. albicans [35,36,38] were
observed, indicating that this negatively charged lipid is
important for Rho GTPase distribution. In these fungi,
PS forms a gradient from the growth site [26,35,36].
Interestingly, PS appears to regulate the size of Cdc42
nanoclusters in S. cerevisiae budding cells, dependent on
the Bem1 scaffolding protein [39]. Recent work on this
organism indicates that multivalent anionic lipid in-
teractions are crucial for establishing polarity and occur
via the Bem1eCdc42 GEF (guanine nucleotide ex-
change factor) complex at the site of bud growth [40].
This lipidepolarity protein association affects

Figure 2

Current Opinion in Cell Biology

Contribution of membrane lipids, membrane traffic, and Rho GTPases to polarized growth in response to external stimuli. Schematic shows the
different processes critical for initiation and maintenance of polarity in response to an external signal (top panel). The left panel highlights the asymmetric
distribution of membrane lipids, depicted by a red to yellow gradient at the plasma membrane, for example of PS, PI(4)P, or PI(4,5)P2. The green patch at
the tip depicts polarity factors, including targeted membrane insertion and GTPases with lipid nanoclusters indicated in blue. The middle panel shows
directed membrane traffic, with a cluster of vesicles (Spitzenkörper), which is typically found in filamentous fungi, and green patch indicating zone of
membrane insertion. Note the brown dashed ring depicts the endocytic collar, which is several microns back from the growth site. The right panel shows
the distribution of a Rho GTPase, such as Cdc42, with the active form indicated in red. The gray arrows indicate diffusion in the plane of the membrane
and GAP proteins limiting the cluster of active Cdc42, with Cdc42 inactive form shown in blue. PI(4)P, phosphatidylinositol-4-phosphate; PI(4,5)P2,
phosphatidylinositol-4,5-bisphosphate.
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membrane rigidity in a sterol-dependent fashion and
limits the diffusion of Cdc42. Intriguingly, it was recently
shown that PS similarly stabilizes nanoclusters of theRho
GTPase Rho of Plants (ROP) in plants [41]. Whether
such lipid dependent clustering is critical for cell polarity
in response to external signals in shmoos and hyphae is
not yet known.

PIPs are also important for polarized growth in fungi. In
particular, plasma membrane phosphatidylinositol-4-
phosphate (PI(4)P) and phosphatidylinositol-4,5-
bisphosphate (PI(4,5)P2) are critical for external signale
mediated polarized growth in S. cerevisiae, C. albicans, and
N. crassa [17,42e45]. PI(4,5)P2 is enriched at the tip of
the mating projection in S. cerevisiae [46] and forms a

Figure 3

Mechanisms critical for Cdc42 membrane recruitment, Cdc42 activation, and formation of a polarity cluster. (a) Cdc42 GTPase cycle. GAPs
include Rga and Bem3 proteins and their homologs, GEFs include Cdc24, Gef1 and Scd1 and their homologs and guanine nucleotide dissociation
inhibitor (GDI) homologs. (b) Clustering of polarity proteins and lipids on the inner face of the plasma membrane. PAKs include Ste20 and Cla4 proteins
and their homologs, scaffold proteins include Bem1 and Scd2 and their homologs, and anionic phospholipids include phosphatidylserine and phos-
phatidylinositol phosphates. Dashed arrow indicates higher order interactions between polarity clusters (nanoclusters) to generate larger signaling
platforms. Figure based upon that of [40] which investigated internal signal–mediated polarity in Saccharomyces cerevisiae. Note that the transduction of
an external cue to the inner leaflet could be via proteins and/or lipids.
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long-range gradient in the C. albicans hyphal filament
emanating from the apex [45], whereas PI(4)P forms a
steep gradient in C. albicans hyphae [17]. It is likely that
such polarized distributions of these PIPs play a critical
role in reinforcing cell polarity by binding small GTPases
and their effectors. For example, the polybasic region of
Rho GTPases binds acidic phospholipids, and PIPs,
including PIP2, are important for targeting these
GTPases to the plasma membrane [47]. In addition, a
number of proteins with varied roles in polarized growth
bind PI(4,5)P2, including the PAK kinase Ste20, the
Cdc42 effector Gic2, septins [48e50], and exocyst
subunits Exo70 [51] and Sec3 [52,53]. Interestingly,
studies on mammalian cells show that protein targeting
to the plasma membrane requires both PI(4)P and
PI(4,5)P2, and suggest that PI(4)P has functions at the
plasma membrane independent of its role as a PI(4,5)P2
precursor [54]. Indeed, in S. cerevisiae, PI(4)P is required
to localize the PAK kinase Cla4 to bud growth sites [55].

In S. cerevisiae budding cells, Osh proteins, which are
homologs of the oxysterol-binding proteins are impor-
tant for polarized exocytosis [56,57], and recent work on
S. pombe shows that endoplasmic reticulumeplasma
membrane contact sites spatially confine regions of
exocytosis [58]. Either Osh4 or Osh6 is sufficient for
polarized exocytosis in S. cerevisiae, suggesting that PI(4)
P (which binds both of these Osh proteins) has a critical
role in this process [59]. It remains to be seen whether
plasma membrane PI(4)P has a specific function in
external signalemediated polarized growth, and
whether endoplasmic reticulumeplasma membrane
contact sites, which play a crucial role in regulating this
phospholipid [60], are important for such growth
responses.

Small GTPases
The highly conserved Rho GTPase Cdc42 is critical for
cell polarity in a range of systems and a small asymmetry
in the distribution of this activated GTPase, which is
subsequently amplified by positive feedback that in-
cludes local activation, typically defines sites of growth
[61]. Two key characteristics of the feedback are that
active Cdc42 recruits additional activators to growth
sites and that the various polarity components exhibit
different mobilities in the membrane [62]. The associ-
ation of active Cdc42 with Bem1 increases the activation
of additional Cdc42 via the sole Cdc42 activator, the
GEF Cdc24 [63]. In addition, Bem1 increases Cdc24
phosphorylation via the PAK kinase Cla4, which ulti-
mately results in Cdc24 becoming insensitive to stim-
ulation by Bem1. Bem1 interactions with anionic lipids
are also critical for Cdc42 nanoclustering and reduced
mobility of active Cdc42 at sites of growth [39,40]. A
recent optogenetic study on S. cerevisiae budding cells
revealed that local recruitment of either Cdc24 or Bem1
is sufficient to trigger cell polarization, yet the specific

response depends on whether Cdc24 or Bem1 was
recruited, the cell cycle stage, and preexistent polari-
zation sites [64]. How site-specific recruitment of these
proteins affects cell polarity in response to an external
signal, such as mating pheromone, is currently unknown.
Very recent studies on C. albicans show that recruitment
of constitutive active Cdc42 all over the plasma mem-
brane resets polarity in highly asymmetric hyphal cells
[65]. Increasing the level of active Cdc42 on the plasma
membrane disrupts the localization of Sec3 and results
in a striking de novo clustering of secretory vesicles,
which is highly dynamic until it settles down at a new
growth site. These results highlight that even in the
absence of directional growth, membrane traffic retains
some organization.

GTPase-activating proteins (GAPs) play an important
role in restricting the distribution of active Cdc42.
During vegetative growth, Cdc42 GAPs prevent
S. cerevisiae budding within the previous division site
[66] and restrict active Cdc42 to S. pombe cell tips
[67,68], yet the role of these GAPs in external signale
mediated growth is less clear. For example, C. albicans
cells can form hyphae even in the absence of the GAPs
Rga2 and Bem3 [69], and S. pombe cells lacking all three
Cdc42 GAPs (RGA3, RGA4, and RGA6) were able to
polarize in response to pheromone [70]. Nonetheless, in
the absence of Rga4, which localizes to cell sides,
S. pombe cells are somewhat wider [67,71]. In S. cerevisiae
and C. albicans, there is a sole GEF for Cdc42 at the
growth site, whereas, in S. pombe, there are two Cdc42
GEFs, one localized at the growth site (Scd1) and one
broadly distributed in the cytoplasm (Gef1) that is
normally antagonized by Rga4, which may provide an
additional level of regulation of Cdc42 activation [72].
Although deletion of RGA3 does not result in morpho-
logical defects during S. pombe vegetative growth during
mating, strains had longer shmoos, which appear to be
less well oriented towards a mating partner [70].
Together, these results indicate that GAP activity would
only play a minor role in external signalemediated
fungal polarized growth.

Effects of cell shape
In S. pombe, the size of the active Cdc42 domain scales
with local cell surface radius of curvature over a large
range and is independent of cell volume and surface
[73]. In another fission yeast, Schizosaccharomyces
japonicus, active Cdc42 also scales with changes in cell
size, presumably cell surface radius of curvature [74].
These studies suggest that local cell surface curvature
is, in some fashion, sensed and responded to by the
cell. Cell curvature can be directly sensed, as during
S. cerevisiae mating, Cdc42 localization is negatively
affected by the positive curvature of the zone of cell
fusion [75]. Computational studies also suggest that
cell geometry has striking effects on reactione

154 Cell architecture

Current Opinion in Cell Biology 2020, 62:150–158 www.sciencedirect.com48

www.sciencedirect.com/science/journal/09550674


diffusion models of fungal polarization, with the active
Cdc42 domain not stably localized to the tip of cells
with a shmoo-like morphology, whereas it is stable at
filament tips, similar to those of hyphal filaments [76].
Recent results from optogenetic perturbation of cell
polarity in C. albicans show that the polarity site is
easier to disrupt in cells with short filaments,
compared with cells with longer filaments [65]. In
addition, mechanical perturbation, for example, when
a cell encounters a barrier, destabilizes regions of
active Cdc42, suggesting that there is a dynamic
feedback between growth and stable cell polarity [77].
Cell geometry can also affect spatial chemoattractant
signaling, for example, pheromone is released from
sites of growth during S. pombe mating [78]. Together,
these studies point to a critical role of cell geometry
on polarized growth, as local cell curvature could be
recognized on larger scales by the actin network and/
or on smaller scales by BAR (Bin, Amphiphysin and
Rvs) containing proteins [79].

Conclusion
Research in the past several years has shed light on
different mechanisms that play key roles during polar-
ized growth in response to external stimuli in fungi.
Cellular processes that establish an asymmetric state,
such as directed exocytosis, site specific incorporation of
lipids, and localized activation of GTPases have been
extensively studied, and more recent work has focused
on cellular processes that limit the location of an active
species, thereby creating a boundary or a sharp gradient.
These processes include a collar of endocytosis for
membrane uptake, hydrolysis, or transport of lipids and
GAPs, as well as GEF phosphorylation, for spatially and
temporally limiting GTPase activation. We have
emphasized the common themes in external signale
mediated polarized growth in fungi, yet polarization
mechanisms vary within fungi and in response to
different environments, depending on the time scale of
the response, cell shape, and robustness of response
required. In the future, it will be critical to quantitate
the contributions of different positive and negative
feedback loops on polarized growth in fungi with
different growth rates, cell sizes, and cell shapes to
identify how polarity is regulated in an ever-changing
environment.
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RESULTS 

The following manuscript “Mechanical force-induced morphology changes in a human 

fungal pathogen,” recently accepted at BMC Biology, was a collaboration between our group 

and a group of physicists. As indicated in the manuscript, co-authorship was ordered based on 

contributions to figures. For purposes of evaluating my contribution to this work, I would like 

to direct the reader to the figures that I contributed to and explain my conceptual contribution 

to the work. The figures that I contributed to are: Figures 1b,c,e,f; 2a-e; 3b-d; 4; 7; 8; 9; 10a-b; 

11; 12; S2; S3 and S5b-d. I would also like to direct the reader to the figures contributed by the 

other co-authors. Nino Kukhaleishvili contributed to the physical experiments and turgor 

pressure calculations: Figures 2f; 5; 6 and S1. Lastly, Darren Thomson put significant amount 

of effort into the initial setup of this system and his work also contributed to the Figures 1d; 

3a.  

 Conceptually, I contributed largely to the biological aspect of the experiments presented 

here. Invasion experiments using PDMS microchambers performed for this manuscript was 

initially setup by Darren Thomson; however, I invested a significant amount of time during my 

first year in the lab continuing to optimize these experiments. I carried out numerous 

microscopy experiments and performed many analyses that had significant contributions to 

this work.  
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Abstract

Background: The initial step of a number of human or plant fungal infections requires active penetration of host
tissue. For example, active penetration of intestinal epithelia by Candida albicans is critical for dissemination from
the gut into the bloodstream. However, little is known about how this fungal pathogen copes with resistive forces
upon host cell invasion.

Results: In the present study, we have used PDMS micro-fabrication to probe the ability of filamentous C. albicans
cells to penetrate and grow invasively in substrates of different stiffness. We show that there is a threshold for
penetration that corresponds to a stiffness of ~ 200 kPa and that invasive growth within a stiff substrate is
characterized by dramatic filament buckling, along with a stiffness-dependent decrease in extension rate. We
observed a striking alteration in cell morphology, i.e., reduced cell compartment length and increased diameter
during invasive growth, that is not due to depolarization of active Cdc42, but rather occurs at a substantial distance
from the site of growth as a result of mechanical compression.

Conclusions: Our data reveal that in response to this compression, active Cdc42 levels are increased at the apex,
whereas active Rho1 becomes depolarized, similar to that observed in membrane protrusions. Our results show that
cell growth and morphology are altered during invasive growth, suggesting stiffness dictates the host cells that C.
albicans can penetrate.

Keywords: Cell invasion, Mechanical force, Cell polarity, Cdc42, Cell morphology

Background
Polar tip growth, in which extension is limited to the
apical surface, enables walled cells such as fungi and
plants to explore their environment for nutrients and
mating partners, while maintaining their surface to
volume ratio [1 ]. Campas and Mahadevan [2 ] have
derived simple scaling laws for cell geometry and
identified a single dimensionless parameter that is

sufficient to describe variation in the shape of tip
growing cells using turgor pressure, cell wall elastic
properties, and secretion rate. However, little is
known with respect to the response of tip growing
cells to mechanical stress. There are five fundamental
types of mechanical stress: tension, compression,
shear, torsion, and bending. Human and plant fungal
pathogens can penetrate host tissue, and it is likely
that they encounter compressive stress upon penetra-
tion and subsequent invasive growth. In addition to
tissue penetration, growth within a spatially confined
environment is critical for infection and successful
dissemination of such fungal pathogens.
Fungal pathogens take advantage of different strat-

egies to interact with their environment, of which tip
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growth is a common theme. Penetration of host tissue
is critical for both human and plant fungal pathogens
and requires not only the generation of sufficient
force but also adhesion to the host cells to counter
this force [3, 4]. Fungal pathogens have turgor pres-
sures in the MPa range [3, 4], and for human fungal
pathogens, this turgor pressure exceeds host cell re-
sistance to penetration. Such host cells have elastic
moduli that are in the 1–1 00 kPa range [5–7], al-
though the critical stress for material rupture is deter-
minant. Both the human fungal pathogens Candida
albicans [8] and Aspergillus fumigatus [9] can actively
penetrate host tissue, which is a critical step in the
infection process [1 0–1 4]. Previous studies have re-
vealed that C. albicans can invade cells via host-
induced endocytosis and/or active penetration [8]. C.
albicans invasion of the intestinal epithelia (small in-
testinal enterocytes) occurs almost exclusively by ac-
tive penetration [8, 1 5, 1 6], whereas both endocytosis
and active penetration are important for invasion of
the oral epithelia [1 7]. However, even with oral epi-
thelia, at the early stages of infection, active penetra-
tion is the major route for tissue invasion [1 7].
Hence, a better understanding of active penetration
should provide insight into the initial step of tissue
damage for mucosal infections. Translocation of C.
albicans through intestinal epithelial layers is facili-
tated by the fungal peptide toxin candidalysin [1 6,
1 8]. Previous studies have shown that C. albicans hy-
phal tips are asymmetrically positioned during growth
on a stiff surface, i.e., a “nose down” morphology, and
that perpendicular growth and contact to a stiff topo-
graphical ridge (less than the hyphal radius) results in
an indentation of the ridge [1 9].
To investigate the relationship between substrate stiff-

ness and C. albicans penetration and invasive growth,
we have used micro-fabrication, together with time-lapse
microscopy. We show that there is a threshold for pene-
tration that corresponds to a stiffness of ~ 200 kPa and
that invasive growth within a stiff substrate is character-
ized by dramatic filament buckling along with a
stiffness-dependent decrease in extension rate. Nonethe-
less, a small percentage of cells are able to invade 200
kPa PDMS, suggesting that these cells may play a key
role in infection, similar to that of the persister cells in
biofilms. Furthermore, we observed a striking alteration
in cell morphology during invasive growth, which is not
due to depolarization of active Cdc42 , but rather occurs
at a substantial distance from the site of growth, as a re-
sult of mechanical forces. Our data reveal that in re-
sponse to mechanical forces, C. albicans has increased
active Cdc42 at the apex while active Rho1 is depolar-
ized, similar to what is observed in PDGF-induced fibro-
blast membrane protrusions [2 0].

Results
Monitoring Candida albicans filamentous growth in
micro-fabricated chambers
To investigate C. albicans hyphal growth, we took ad-
vantage of micro-fabrication approaches using the
elastomer polydimethylsiloxane (PDMS) that, in particu-
lar, have been reported as single-cell force sensors for
fission yeast cells [2 1 ]. We generated PDMS arrays with
approximately 1 05 microchambers, which were cylin-
drical in shape with a diameter of 1 0 μm, a depth of
5 μm, and 15 μm spacing between adjacent chambers
(Fig. 1 a). C. albicans cells in micro-fabricated PDMS
chamber arrays were visualized with inverted micro-
scopes; imaging was carried out through an upright
array of 1 50–2 00-μm-thick PDMS. Figure 1b shows an
XZ confocal reflectance scan through the PDMS micro-
array with the chambers and media at the top (highest
position) and the coverslip below for support (a zoom of
chambers is shown in Fig. 1 c). C. albicans cells were
mixed with fetal calf serum, added to the PDMS array,
incubated for ~ 1 h, and subsequently, filamentous
growth was followed over time (Fig. 1 d). With low-
stiffness PDMS (a high polymer to cross-linker ratio of
40:1 ) we observed two predominant filamentous growth
modes: non-invasive growth on the PDMS surface and
invasive growth within PDMS (Fig. 1 e, f). By examin-
ation of the focal plane of the PDMS surface and the
fungal filaments, using DIC optics, we were able to dis-
tinguish between non-invasive (surface) and invasive
growth, referring to whether the filament tip is on or
within the PDMS, respectively. Invasive growth was also
confirmed by labeling the PDMS surface and filament-
ous cells (see below). Furthermore, we observed that the
blastospore (round cell) portion of the filamentous cells,
which grew in the microchambers, pushed back against
the chamber wall upon PDMS filament penetration and
the filament frequently buckled within PDMS, presum-
ably due to the resistive force during growth within the
elastomer (Figs. 1 f and 2 a). These results indicate that,
in addition to having ideal optical properties, PDMS is
compatible with C. albicans filamentous growth.

Growth modes depend on substrate stiffness
We followed C. albicans filamentous growth in PDMS
of different stiffness, i.e. the extent to which an object
resists deformation in response to an applied force, by
varying the ratio of polymer to cross-linker. We ob-
served two main growth modes from cells initially in
chambers depending on PDMS stiffness: invasive
growth, which predominated with less stiff PDMS (40:1 )
(Fig. 2 a) and dramatic bending in the stiffer PDMS (30:
1 ) chambers, which was predominantly subapical (Fig. 2 b,
top panel). In contrast to Schizosaccharomyces pombe
[2 1 ], extensive deformation of the chambers was not
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observed with C. albicans, which we attribute to the dif-
ferent sizes, geometries, and growth modes of these
fungi; fission yeast has a radius of ~ 2 μm, compared to
C. albicans hyphal filaments with a radius of ~ 1 μm [2 2 ]
(and our observations), resulting in a greater than 4-fold
difference in the cross-sectional area. At most, a slight
chamber deformation was observed with C. albicans, as
cells frequently popped out of the chambers comprised
of stiff PDMS or penetrated this material, when less stiff.
Occasionally, at intermediate PDMS stiffness, we ob-
served filamentous cells growing on the PDMS surface
that appeared to be probing the surface with a “nose
down” growth (Fig. 2 b, bottom panel), as similarly ob-
served [1 9]. This type of growth was suggestive of the fil-
aments attempting to penetrate into PDMS and,
consistent with this, we observed these filaments buck-
ling and/or bending subapically at each attempt, prior to
the tip popping out and forward. Buckling is defined as

a sudden change in the shape of a component under
load, i.e. change in the shape of the filament due to the
physical forces it experiences. Subapical bending is, add-
itionally, defined as a change in the direction of growth
that results in curved filaments (Fig. 2 c). In buckling, it
is expected that the shape changes are largely reversed
upon removal of the external forces, whereas in bending,
the shape changes are not a result of the mechanical
forces directly. Buckling can occur with a filament ini-
tially straight or bent/curved.
We next examined whether cells, initially in chambers,

which were unable to invade, underwent bending. Fig-
ure 2d shows that as the stiffness of PDMS increased
(from 50:1 to 30:1 PDMS to cross-linker), there was an
increase in the percentage of cells undergoing bending,
concomitant with a decrease in those invading PDMS.
During invasive growth, we also frequently observed
buckling of the filament (Fig. 2 a red arrowheads, c), i.e. a

Fig. 1 Filamentous growth in and on PDMS. a Schematic of PDMS microchamber array. Top and side views are shown with dimensions indicated. b
Characterization of PDMS microchamber array. XY transmission view (top) with the location of XZ confocal reflection scan (bottom) of upright PDMS
mounted on a coverslip (indicated by dotted red line). Bars are 10 μm in XY and XZ. c Enlarged XZ scan of PDMS microchambers. XZ confocal
reflection microscopy of 3 microchambers with dotted lines, indicating top and bottom. Bar is 10 μm. d PDMS microchambers with C. albicans cells
entrapped. C. albicans cells were mixed with serum (75%) and added to PDMS microchamber arrays, and DIC image is shown. Note the cell with a
germ tube (top row). Bar is 10 μm. e Non-invasive filamentous growth on PDMS micro-arrays. DIC images of growth on PDMS surface from 3
independent experiments on 40:1 PDMS to cross-linker, with indicated times (h:min). f Invasive filamentous growth within PDMS microarrays. DIC
images of growth within PDMS from 2 independent experiments using 40:1 PDMS to cross-linker with times indicated. The initial PDMS chamber is
outlined with a dotted yellow line to highlight deformation upon invasive filament extension
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Fig. 2 (See legend on next page.)
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growth-dependent curvature that typically occurred at the
portion of the filament within PDMS. Figure 2 e shows
that such buckling was dependent on the PDMS stiffness,
with over half of invasive filaments buckling in the two
stiffest PDMS (40:1 and 35:1 ).
To determine the mechanical properties of the different

PDMS preparations, we used dynamic mechanical analysis
for which measurements were reproducible over a range
of PDMS stiffness. Oscillating strain at a frequency of 1 0
Hz was applied to PDMS samples, and stress (σ)-strain (ε)
curves were obtained (Additional file 1 : Figure S1 ), from
which Young’s modulus was determined (initial dσ/dε).
Young’s modulus is the quantitation of the stiffness, i.e.
the ratio stress/strain for a uniaxial load, where stress is
the force per unit area and strain is the proportional de-
formation (change in length divided by original length)
and is dimensionless. Figure 2 f shows the Young’s modu-
lus of different ratios of PDMS to cross-linker, which are
in good agreement with published values [2 3–2 6]. The
stiffness of lower ratio samples (10:1 and 20:1 ), intermedi-
ate ratios (30:1 to 40:1 ), and higher ratios (45:1 and 50:1 )
was similar to that of medical silicone implants [2 7], with
a Young’s modulus of ~ 1 MPa; stiff tissues such as the
myocardium [7], with a Young’s modulus of ~ 0.1–0.2
MPa; and less stiff tissues such as the epithelia [5, 6], with
a Young’s modulus of ~ 40–70 kPa, respectively.

Penetration into and escape from PDMS
Given that active penetration is critical during the process of
C. albicans epithelium invasion [10–1 2 , 14], we examined in
further detail this process in PDMS. Figure 3a shows a fila-
mentous cell that penetrates PDMS after 4 min (II; note that
I, not shown, is prior to the filament contacting the chamber
wall); subsequently grows invasively within PDMS (III); de-
forms the adjacent chamber (IV), resulting in a dramatic in-
vagination; and exits PDMS into the adjacent well at 2 :04
(V), followed by penetration into the opposing chamber at
2 :08 (VI) and subsequent invasive growth (2 :1 2 ; VII). The

resistive force revealed by buckling of the filament, as well as
deformation of the initial chamber during invasive growth
(III), likely increases upon deformation and subsequent pier-
cing into the adjacent well (IV), as the portion of the fila-
ment within PDMS buckled during this time (1 :2 2–2 :02 ),
resulting in an S-shaped filament (Fig. 3a). The tension on
the filament was released upon exiting PDMS into the adja-
cent well (V), as the tip of the filament appears to jump for-
ward (2 :04). The resistive force from the final step of growth
(VII) also resulted in buckling of the filament (portion in the
well) leading to an M shape (2 :42–3:00). This escape from
PDMS is analogous, in some respects, to filaments bursting
out of a macrophage [28–31]. Here, the filament pushes into
a circle resulting in a deformation that does not require ex-
pansion of the surface area but rather local invagination of
the chamber, which is easier to detect (Fig. 3a). Indeed, such
a bursting out of PDMS was observed a number of times,
and Additional file 1 : Figure S2 shows such examples in dif-
ferent PDMS stiffness (40:1 , 1 10 kPa; 35:1 , 150 kPa; and 30:
1 , 250 kPa).
In order to better visualize the invasive growth within

PDMS during these different steps, we followed cells in
which GFP was targeted to the plasma membrane [32 ], by
confocal spinning disk microscopy acquisition over a
range of z-positions. Figure 3b and c show a typical time-
lapse acquisition in which the analysis of the cell outline
did not reveal a substantial change in the shape of the fila-
ment tip during invasive growth and bursting into the
next well (Fig. 3c, d; Additional file 1 : Figures S3A and
S3B). Indeed, the radius of the curvature of the cell tip
was identical to that of surface-growing cells, and there
were no changes upon burst out of PDMS. Buckling of
the filament was evident upon invasive growth and oc-
curred over 35–45min, prior to the appearance of a
septum (Fig. 3b (red arrowheads) and Fig. 4a, two exam-
ples). Analyses of the angle of the filament at which the
septum formed ultimately, indicate that during invasive
growth, cytokinesis occurs the majority of the time after
the filament buckles (Fig. 4b).

(See figure on previous page.)
Fig. 2 Filament subapical bending or buckling during invasive growth or confinement in PDMS chamber. a Filament buckling during invasive
growth. DIC images of representative cells growing within PDMS at indicated times; red arrowheads indicate filament buckling. b Filament
buckling upon confinement in stiff PDMS chambers. Cells entrapped in the PDMS chamber at indicated times visualized by DIC (top panel). Time-
lapse of a cell grown on PDMS, probing the surface (bottom) followed by filament buckling and release, at indicated times. c Schematic of
bending and buckling cells. Top cell bending in the microchamber and bottom filament buckling within PDMS (lighter green indicates part
within PDMS). d PDMS invasion and filament bending are inversely correlated. Three independent time-lapse experiments were carried out at
indicated PDMS to cross-linker ratios. Filament curvature upon contact or penetration of PDMS was scored as bending (bending or buckling
within PDMS was not scored). Bars indicate SD, and points indicate experimental mean (n = 20–60 cells per experiment and 90–140 per
condition). e Filament buckling increases with increasing PDMS stiffness. Independent time-lapse experiments (4–5) were carried out at indicated
PDMS ratio, with n = 20–50 invasive cells per experiment (90–125 per condition). Bars indicate SD, and points indicate experimental means.
Invasive filaments were considered buckling if the angle of the filament was 90° or greater, compared to filament tip. Note that no buckling was
observed in filaments growing on the PDMS surface. f Young’s modulus of PDMS preparations. Young’s modulus was determined by a
viscoanalyzer for 10–30 preparations (except 35:1, only 2 preparations) at indicated PDMS to cross-linker ratios
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To analyze the physical constraints during penetration,
invasive growth, and tip escape from the PDMS matrix,
we established a physical experimental model, which
consisted of a steel probe that mimics the filament
shape, continuously advancing up to and into a cylinder
of PDMS of different stiffness (Fig. 5a, b). The steel
probe tip approximated the shape of the filament tip
(Fig. 5c) with a radius of curvature (± 45°) of 1 .1 μm
when normalized to the hyphal filament, compared to
that of 1 .0 ± 0.1 μm for the surface and invasively grow-
ing hyphal filaments. Figure 5d shows the probe prior to
PDMS rupture and subsequent to exiting from the
PDMS. Experiments were carried out with a range of
probe displacement rates encompassing that of the fila-
ment extension rates (~ 0.3 μm/min [33]), when scaled
down to the filament diameter. Figure 6a shows an ex-
ample of such a force versus displacement curve. The ini-
tial phase of increasing force corresponds to the elastic
compression of PDMS (Felast compr; analogous to growth
stage II, Fig. 3a), culminating in the force required to
break the PDMS surface, Fcrit. The next phase corresponds
to the extension within PDMS, analogous to invasive
growth, Finvas (analogous to growth stage III, Fig. 3a) cul-
minating in PDMS exit (Fexiting; analogous to the end of
growth stage IV, Fig. 3a). The final phase corresponds to
when the end of the probe has emerged from the PDMS
(Fout; analogous to growth stage V, Fig. 3a). Figure 6b
shows the Fcrit from the physical probe experiments as a
function of PDMS stiffness. Filaments are able to pene-
trate PDMS of ratio 35:1 , for which we measured Fcrit of
~ 7 N with a 1 -mm-diameter probe. Scaled to the diam-
eter of a hyphal filament, this would correspond to a force
of ~ 31 μN, indicating that hyphal filaments generate
forces larger than 31 μN to penetrate PDMS. Scaling to
the diameter of a hyphal filament was done assuming a
constant critical stress, given the filament diameter is sev-
eral orders of magnitude greater than the PDMS mesh
size, and was calculated by taking the ratio of the metal
probe/filament radius squared. Furthermore, our results
indicate that at a stiffness of 2 00 kPa, for which little
PDMS penetration is observed (Fig. 2d), the Fcrit is ~ 8 N
with a 1 -mm-diameter probe, i.e. ~ 35 μN when scaled to
a hyphal filament, which would correspond to the growth
stalling force.

Resistive force affects hyphal extension and morphology
The buckling of the filaments, as well as the deformation
of the PDMS wells during invasive growth, indicated
that these filaments were responding to resistive force,
whose magnitude we have measured in the physical
model. The percentage of cells that penetrate PDMS is
dependent on Young’s modulus (Fig. 2 d, f), and analyses
of percent of PDMS invasion at two stiffness values indi-
cate that the threshold for invasion is between 1 2 0 and
200 kPa (Fig. 7a). Hence, to investigate the effects of re-
sistive force on filamentous growth, we determined the
length of the filaments over time from cells growing on
and within PDMS in this range of stiffness. Figure 7b
shows that cells extend at a constant rate, which is re-
duced by ~ 30% within PDMS from an average of 0.2 8 ±
0.07 μm/min (n = 29) for surface growth to 0.1 9 ±
0.05 μm/min (n = 32 ) when filaments were growing
within PDMS with a stiffness of ~ 100 kPa (Fig. 7c). This
filament extension rate was further reduced to 0.1 5 ±
0.08 μm/min (n = 23) upon growth in PDMS with a stiff-
ness of ~ 150 kPa (Fig. 7c). To confirm that the reduc-
tions in extension rate during invasive growth were not
due to the substantial changes in the z-position of the
growing filament apex, cells were grown in PDMS cham-
bers that had been stained with fluorescent ConA and z-
section images were projected onto the XZ plane
(Fig. 7d). These projections show that the filaments grow
slightly downward in PDMS, below the bottom of the
chamber, with maximally 5 μm displacement in the z-
axis for a 2 5-μm filament, resulting in at most a 2% re-
duction in extension rate upon projection in the XY
plane. In contrast, Fig. 8a shows that the mean filament
extension rate of cells grown on the surface is not
dependent on the substrate’s stiffness, with indistin-
guishable rates on PDMS with Young’s modulus from
100 to 200 kPa. Furthermore, the extension rate of inva-
sive growth normalized for that of surface growth from
each experiment correlates with substrate stiffness
(Fig. 8b). Extrapolation to the y-intercept, where the in-
vasive extension rate, equals the surface rate indicates a
substrate stiffness of ~ 20 kPa, suggesting that during
filamentous growth on PDMS, the cells experience this
resistive force from adhesion. Consistently, the surface
extension rate was slightly reduced compared to that in

(See figure on previous page.)
Fig. 3 The filament tip shape is not substantially altered upon invasive growth and burst out. a Filament buckling and release upon invasive growth
and penetration. Time-lapse experiment at PDMS to cross-linker ratio of 40:1 (Young’s modulus ~ 100 kPa) with DIC images acquired every 2min. b, c
Filament tip shape does not substantially change during PDMS burst out. b Typical time-lapse experiment at 40:1 PDMS to cross-linker ratio (Young’s
modulus ~ 100 kPa) with DIC images every 5min. Red arrowheads indicate filament buckling. c Close up of sum projections of 13× 0.5 μm z-sections
GFP-CtRac1 fluorescent images from 3B (top), with tip curvature (bottom) at indicated times and ± 45° curvature indicated by open lines and ± 90°
indicated by solid lines. d The radius of the curvature of invasive and surface growing cells is indistinguishable. The radius of the curvature is the
average of 12–24× 5min time points (n = 11–16 cells) from 3 to 4 independent experiments for surface (PDMS ratio 40:1; Young’s modulus ~ 100 kPa)
or invasively growing cells (with PDMS ratio 35:1–40:1; Young’s modulus 150–100 kPa). Bars indicate SD
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liquid media (0.2 6 ± 0.09 μm/min compared to 0.32 ±
0.01 μm/min; p = 0.001 ) (Fig. 8a). Of note, very few cells
invaded PDMS at 2 00 kPa, on average ~ 5% (Fig. 7a),
but, strikingly, the filament extension rate for these “es-
capers” was similar to that of less stiff PDMS, raising the
attractive possibility that these cells may play a critical
role in tissue invasion.

The difference in filament extension rate could ei-
ther be due to an overall reduction in cell growth or
a reduction in polarized, apical growth. To differenti-
ate between these possibilities, we determined the
length and diameter of compartments (between 2
septa) for cells growing on the surface and within
PDMS (1 00 kPa). Figure 9a and b show that the com-
partment length decreased ~ 30%, from 24.6 ± 3.0 μm
(n = 100) for surface growing cells to 1 6.6 ± 1 .8 μm
(n = 1 2 0) during invasive growth, and the filament
diameter increased concomitantly from 2 .1 ± 0.2 μm
for surface growing cells to 2 .5 ± 0.2 μm during inva-
sive growth. As a result, the compartment volume
remained constant (83 ± 1 7 μm3 for surface growing
cells compared to 80 ± 1 8 μm3 for invasively growing
cells), indicative of altered polarized growth. Consist-
ently, analyses of filamentous cells grown within stif-
fer PDMS (1 50 kPa) revealed a further decrease in
compartment length (14.6 ± 2 .5 μm) and an increased
diameter (2 .8 ± 0.3 μm). This altered morphology is
dependent on growth against a resistive force in PDMS as
the diameter in the part of the filament outside PDMS
was similar to that of surface growing cells (Fig. 1 0a). In
addition to the comparison of cells growing on the surface
and within PDMS, we examined the relatively rare occur-
rence of cells transitioning between these growth modes.
Figure 1 0b and c show an example of such a transition, in
which the extension rate is reduced during invasive
growth in PDMS and increases exiting PDMS. Measure-
ments of the filament diameter just before and after the
filament exited PDMS revealed an increased filament
diameter during invasive growth that was significantly re-
duced upon exiting PDMS (2 .7 ± 0.2 μm compared to
2 .3 ± 0.3 μm, Fig. 1 0d).
Reduced filament extension rate in response to a

resistive force suggested that similar effects could be
observed in cells undergoing non-invasive, dramatic
subapical bending in chambers of stiff PDMS
(Additional file 1 : Figure S4A). Additional file 1 :
Figure S4B shows that, in such conditions, there was
indeed a dramatic reduction in filament extension
rate with an average (over 1 00–1 50 min) of 0.1 0 ±
0.01 μm/min. Surface growth rates were constant over
time, whereas extension rates of cells undergoing dra-
matic subapical bending decreased concomitantly with
the cell filling the well (Additional file 1 : Figure S4C);
initial rates of extension were 3-fold reduced from
surface growth, and these were further reduced 3-fold
after 2 h of growth. Due to the complex geometries
during such a growth mode, we were unable to deter-
mine the resistive force that the filament experiences
while it fills up the chamber; however, the initial ex-
tension rate is similar to that of filaments growing in-
vasively in 1 50 kPa PDMS.

Fig. 4 Cell division occurs at the site of filament buckling during
invasive growth. a Examples (upper and lower panels) of time-lapse
images (GFP sum projections) during invasive growth in 40:1 PDMS
ratio, showing cell division site at the location of filament buckling
with red lines highlighting the buckling angle. b Cell division site
occurs where the filament is buckled. Cells were grown either
invasively within PDMS (40:1; Young’s modulus ~ 100 kPa) or on the
surface of PDMS (30:1–40:1; Young’s modulus 250–100 kPa), n = 26
and 15, respectively. GFP sum projections were analyzed over time
from 5 independent experiments and Sin of angle when the septum
formed is shown. Septum formation was observed on average 47 ±
20min after buckling was evident in invasive cells. Bars indicate SD
with p < 0.0001
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Determination of the effective turgor pressure
From the comparison of extension rates within PDMS of
different stiffness (Fig. 7c), we determined the effective
turgor pressure in C. albicans hyphae, using the visco-
plastic growth model [2 1 ]. This determination makes
use of Finvas values, measured from the physical model
(Fig. 6), after scaling these forces from a cylinder with a
radius of 0.5 mm to that of 1 .04 μm. In order to correctly
extrapolate the macroscopic measurements to the
microscopic scale of filamentous cells, we analyzed the
physical forces at play. The mode of extension during
hyphal growth and in this physical experimental model
is different, as new material is incorporated into the hy-
phal tip, i.e. growth occurs via apical extension, whereas
in the physical experimental model, the probe is pushed
into the PDMS from the back. Given that only a small
portion of the filamentous cell apex extends in the
PDMS, we removed the contribution from friction/adhe-
sion due to the displacement of a 1 -mm-diameter probe
within PDMS by subtracting the Fout value from the

Finvas (Fig. 6c). These corrected Finvas values, i.e. Fin, were
largely independent of probe displacement rates over a
range equivalent to cell filament extension rates when
scaled down (0.2–0.4 μm/min). We used the equation
that was established for S. pombe by Minc and
colleagues;

V Fð Þ

Vo
¼ 1 −

F PDMSð Þ

πR2∆P

! "
ð1 Þ

V(F) and Vo are the filament extension rates within
PDMS and on the surface, respectively; F(PDMS) is the re-
sistive force of PDMS during filament displacement
within this material (Fin); R is the filament radius; and
∆P is the effective turgor pressure. The F(PDMS) was
1 .5 ± 0.7 N and 0.7 ± 0.3 N at PDMS to cross-linker 35:1
(Young’s modulus of 1 50 kPa) and 40:1 (Young’s modu-
lus of 1 00 kPa), respectively; scaling to the size of the hy-
phal filament (radius 1 .04 μm for surface growth) yielded
6 ± 3 μN and 3.2 ± 1 .4 μN, respectively. From these

Fig. 5 Physical model of PDMS invasive growth. a Schematic of the physical model. The distance probe traveled is d; F is the force detected by
the sensor; L is the PDMS length, and R is the PDMS radius. b Image of the physical model setup. Force sensor attached to 1-mm-diameter probe
(left) and PDMS on the right as indicated in a. c Shape of the steel probe tip. Probe is 1 mm diameter. d PDMS penetration. PDMS (40:1; Young’s
modulus ~ 100 kPa) cylinder (1.75 cm length and radius) with 1 mm probe displacement of 1.6 μm/s. Upper image, prior to rupture of PDMS;
lower image, probe exit from PDMS
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Fig. 6 Forces in physical model of PDMS invasive growth. a Forces encountered upon probe displacement into and out of PDMS. A 1-mm-
diameter steel probe was advanced perpendicularly into the base of the cylindrical piece of cured PDMS (10:1 PDMS to cross-linker ratio, Young’s
modulus ~ 2 MPa). Probe displacement rate was 63 μm/s, and force was determined during different stages, as indicated, i.e., compression,
penetration, and after the probe tip emerged from PDMS. Analogous stage of hyphal filament invasive growth indicated in insets along with the
growth stage from time-lapse in Fig. 3a (I–V). b, c Resistive forces as a function of PDMS to cross-linker ratio. b Fcrit was determined using a 1-
mm-diameter steel probe, with either 3.5- or 8-cm-diameter PDMS cylinders of indicated PDMS to cross-linker ratio, with probe displacement set
to 1.6–3.2 μm/s. Bars are SD for on average 10 independent determinations for each PDMS ratio. c Fin was determined by subtracting Fout from
Finvas from the probe penetration experiment described in a. Bars are SD
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Fig. 7 (See legend on next page.)
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values, we determined the effective turgor pressure, ∆P,
to be 6 ± 3MPa and 2 ± 1 MPa in these two conditions,
respectively. Given that the hyphal filament diameter in-
creases during invasion (radius 1 .42 μm at Young’s
modulus of 1 50 kPa and 1 .2 4 μm at Young’s modulus of
1 00 kPa), the calculated ∆P are 3.1 ± 1 .5 MPa and 1 .5 ±
0.7MPa, suggesting that the hyphal turgor pressure is
1–3MPa. This value for turgor pressure is within the
range reported both for planktonic and biofilm C. albi-
cans cells, ~ 1 .2 MPa [1 9] and ~ 2 MPa [34], respectively,
as well as S. pombe, 0.85–1 .5 MPa [2 1 , 35]. Nonetheless,
it must be noted that these values are effective turgor
pressure. In other words, ∆P is the turgor pressure ex-
ceeding the critical stress needed to deform the cell wall
[2 1 ]. Hence, a combination of local compartment turgor
pressure alteration, difference in cell wall deformability,
or potentially finer adjustments in tip geometry may play
important roles in penetration and invasion.

Resistive force affects cell polarity
The change in morphology during invasion, resulting in
shorter and wider cells, could be explained by tip growth
becoming more isotropic in response to a resistive force,
raising the possibility that cell polarity is adversely af-
fected. In S. pombe, it was observed that reducing the
growth rate chemically, genetically, or mechanically
destabilized active Cdc42 polarization, a cell polarity
master regulator [36]. To investigate whether cell polar-
ity was altered in hyphal filaments growing invasively in
PDMS, we examined the distribution of active Cdc42
(Cdc42 •GTP), using a CRIB-GFP reporter [37]. Surpris-
ingly, we observed a striking increase in polarized active
Cdc42 at the filament tip throughout invasive growth,
compared to surface growth (Fig. 1 1 a, b). We deter-
mined, using a tailor-made MATLAB program, that this
results from an increase in the concentration of
Cdc42 •GTP at the tip, rather than an alteration in the
position of the maximum signal or spread of active
Cdc42 further down the filament (Additional file 1 : Fig-
ure S5A-D). These results suggest that, in response to a
resistive force, there is an increase in cell polarization,

perhaps reflecting a direct response to such external
forces. We speculate that this higher level of active
Cdc42 during invasive growth is due to the increased re-
cruitment of the Cdc42 activator, Cdc24 [38]. We next
examined active Rho1 , as cell wall stress mediated by the
cell surface mechanosensors Wsc1 /Mid2 results in Rho1
depolarization in S. cerevisiae [39, 40]. Figure 1 1 c and d
show that, in contrast to the increase in tip localized ac-
tive Cdc42 , active Rho1 is depolarized during invasive
growth. We attribute this depolarization of active Rho1
to the mechanical properties of PDMS, which are likely
to impose a uniform force over the hyphal filament sur-
face, in addition to the resistive force in response to the
tip extension.
The increase in tip-localized active Cdc42 during inva-

sive growth suggests that the increase in filament diam-
eter does not result from growth becoming more
isotropic in response to resistive force. To examine
whether this morphological change results from mech-
anical forces, we compared cell morphology over time
during growth on the surface and within PDMS. Fig-
ure 1 2 a and b show that the relative filament diameter
(D1 ) was not altered during surface growth (mean diam-
eter 2 .2 6 ± 0.1 5 μm initially compared to 2 .44 ± 0.06 μm
after 2 h growth), in contrast to the invasive growth
where there was a striking increase (2 .38 ± 0.2 2 μm ini-
tially compared to 2 .98 ± 0.1 5 μm, p < 0.0001 ). Specific-
ally, the diameter of the filament compartment increased
even > 10 μm back from the tip (Fig. 1 2 b). This ~ 25%
increase in diameter during invasive growth could either
occur upon tip growth or subsequent to tip growth. The
hyphal tip diameter was constant over 2 h of invasive
growth and only slightly wider than that of cells growing
on the surface (2 .53 ± 0.1 1 μm compared to 2 .2 4 ±
0.09 μm; p = 0.0003) (Fig. 1 2 c, d). In contrast, Fig. 1 2 d
shows that there was a significant difference between the
mean diameter at the tip of the apical cell and that of
the cell proximal to the apical cell during invasive
growth (mean proximal cell diameter 2 .99 ± 0.1 7 μm; p <
0.0001 ). Together, these results indicate that relatively
small changes in the tip morphology are not sufficient to

(See figure on previous page.)
Fig. 7 Filament extension rate is decreased during invasive growth. a A PDMS substrate stiffness limit for filament penetration. Percentage of
invading cells from time-lapse experiments (4 independent experiments for each PDMS stiffness, Young’s modulus indicated, 40:1 and 30:1) was
quantified (n = 50–60 cells per determination from a total of 900–1200 cells) using wide-field microscopy. Bars indicate SD and ****p < 0.0001. b
Filament extension rate is linear during surface and invasive growth. Cells grown on or in PDMS at indicated stiffness (35:1 and 40:1) over 2 h,
with images every 5 min. Filament length was determined from the sum projection GFP images and normalized to an initial length of 10–12 μm.
c Filament extension rate is reduced upon invasive growth. The extension rate was determined from the time-lapse acquisition of cells grown
within PDMS at indicated stiffness (35:1 and 40:1). Surface growth was carried out on PDMS with a stiffness 190-85 kPa (30:1–40:1). Quantification
from 2 to 4 independent experiments, n = 20–30 cells per PDMS stiffness. Bars indicate SD with ****p < 0.0001 and *p < 0.05. d Invasively growing
filaments do not undergo substantial changes in the z-position. Cells expressing plasma membrane GFP were imaged (green; middle panel) after
growth in ~ 150 kPa PDMS (35:1), chambers that were labeled with Alexa-633 ConA (magenta; left panel), and 100 × 0.2 μm z-sections were
acquired with DIC image shown (right panel). XY (upper panels) and XZ maximum projections are shown with dotted lines indicating the upper
and lower limits of the microchamber and the green arrow indicating the center in the z-axis of the filament tip
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explain the altered morphology of the filament, back
from the tip, which are due to external mechanical
forces.

Discussion
We used PDMS micro-fabrication to probe the rela-
tionship between substrate stiffness and growth of C.
albicans filamentous cells. Below a stiffness threshold

of ~ 2 00 kPa, C. albicans can penetrate and grow
within PDMS. The chemical inertness of this polymer,
as well as the observed well deformation, suggest that
turgor pressure-driven active penetration is critical for
this invasive growth. C. albicans filamentous growth
within a stiff substrate is characterized by dramatic
filament buckling, which correlates with the position
of cell division sites, in addition to a stiffness-
dependent decrease in extension rate. Growth within

Fig. 9 Filament morphology is altered during invasive growth. a Sum projection images of cells expressing GFP-CtRac1 grown in the presence of
FCS on or within PDMS of 115 kPa stiffness, for 3h15 or 2h15, respectively. Arrowheads indicate the septa that delimit the measured
compartment. b Compartment length is reduced and diameter is increased when cells are grown within a substrate of increasing stiffness (40:1
and 35:1). The length between two septa (left panel) along with the filament diameter (right panel), either the 2nd or the 3rd compartment from
the tip, was measured in n = 20–115 cells, 2–22 experiments. SD are indicated and p < 0.0001

Fig. 8 Filament extension rate on the PDMS surface is slightly reduced compared to that in liquid media. a Filament extension rate on the PDMS
surface is independent of stiffness and reduced compared to that in liquid media. The extension rate was determined as in Fig. 7c. Filament
lengths of cells grown in serum-containing liquid media (n = 75–80 cells) were measured every 30 min with mean and SEM shown in red. Surface
extension rates determined as in Fig. 7c (n = 30 cells; 3–9 experiments per PDMS stiffness). Bars indicate SD. The mean of all surface extension
rates (dotted black line) and SEM (gray zone) are indicated. b Cells experience a resistive force on the PDMS surface. Invasive extension rates
determined as in Fig. 7c (n = 53 cells; 5–10 experiments per PDMS stiffness) and normalized to surface extension rates, with bars indicating SD
and dotted line the best fit. At Y = 1, X is ~ 20 kPa
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a substrate also resulted in a striking alteration in
morphology, i.e. reduced cell compartment length and in-
creased diameter. Our results reveal that changes in
morphology are not due to a depolarization of active
Cdc42 , but rather to the mechanical forces from the
substrate.

Growth behavior as a function of substrate stiffness
Substrate stiffness determines whether C. albicans will
grow on a surface or within it, below a threshold

corresponding to a stiffness of 2 00 kPa. During growth
within PDMS, a substantial fraction of filaments buckle,
with greater than 50% buckling in a substrate with a
Young’s modulus of ~ 100 kPa. Cells trapped in stiff
(2 00 kPa or greater) microchambers undergo dramatic
subapical bending. While both filament buckling and
subapical bending depend on filament extension, the
former occurs at least 5–1 0 μm away from the apex
whereas the latter occurs at the filament tip. In a num-
ber of cases, filaments buckled as the tip (within PDMS)

Fig. 10 Filament diameter increases during growth in PDMS and decreases upon bursting out. a Filament diameter inside and outside PDMS at
two stiffness values. The diameter of the filament was measured as in Fig. 9a and b (surface and portion inside PDMS). The diameter of the
filament adjacent to the mother cell neck in the chamber was measured (portion outside indicated in the schematic). Bars indicate SD, with p <
0.0001 between inside and outside for each PDMS stiffness value (40:1 and 35:1). b Images of filament bursting out of PDMS. Cells grown in
PDMS at indicated times over 2 h, with DIC images every 5 min (~ 250 kPa; 30:1) or 10 min (90 kPa; 40:1) shown. c Filament extension rate
increases upon exiting PDMS. Filament length was measured from the sum projection GFP images prior to (green and magenta-filled symbols)
and following emerging from PDMS (green and magenta-open symbols). d Filament tip diameter is slightly reduced upon emerging from PDMS.
The tip diameter was determined at 4–5 times before or after exiting PDMS from b and c. Bars indicate SD and *p = 0.01
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approached a well, followed by partial release upon
penetration into this well. This bursting out event is
similar, in some respects, to damaging of or escaping
from host cells, such as macrophages [2 8–31 ].
Despite the estimated resistive force during invasive

growth of 3–1 0 μN at the hyphal scale, we did not ob-
serve dramatic changes in the filament tip shape. Inter-
estingly, the location of cell division sites appeared to be
affected by filament buckling, in that there was a high
correlation between the division site location and the
site of buckling. Septins have been shown to be enriched
preferentially at locations of high curvature in Ashbya
gossypii hyphal filaments, i.e. at branch points [41 ]. An
attractive possibility is that the location of the cell div-
ision site at the buckle, or vice versa, may minimize
physical stress or damage to the filament.

Effects of substrate stiffness on invasive growth
Filament extension rate is reduced, and cell compartment
length decreases with increasing substrate stiffness; how-
ever, cell volume is largely unaffected during growth within
100 kPa PDMS, due to an increase in filament diameter.
These results suggest that the overall growth rate is un-
affected in this condition, raising the possibility that the cell
tip growth area is altered by resistive force. Given that alter-
ing growth in S. pombe by chemical, genetic, or mechanical
means, results in destabilization of the active Cdc42 cluster
at the growth site, we investigated the distribution of this
key GTPase during invasive growth. Surprisingly, the distri-
bution of active Cdc42 was not altered during invasive
growth, but rather there was an increase in the concentra-
tion of active Cdc42 at the tip. In contrast, active Rho1 ,
which is critical for glucan synthesis, was less polarized and

Fig. 11 Invasively growing filaments have increased levels of active Cdc42 at the tip. a, b Tip-localized Cdc42•GTP is increased during invasive
growth. a Representative sum projection and DIC images of cells expressing CRIB-GFP on or in 35:1 PDMS (~ 150 kPa). False colored sum
projection of 23 × 0.4 μm z-sections (LUT, top) with schematic indicating regions quantitated at the tip and 5–10 μm back from the tip (bottom).
b Mean Cdc42•GTP at the tip and 5–10 μm subapically determined from 4 independent time-lapse experiments (images every 5 min for ~ 2 h
and sum projections of 23 × 0.4 μm z-sections; n = 16–18 cells). Polarized Cdc42•GTP is the tip signal divided by the subapical signal, 5–10 μm
behind the tip (3.5-fold enrichment apically for surface growing cells, normalized to 1). Bars indicate SD and ***p = 0.0002. c, d Active Rho1 is
delocalized during invasive growth. c Representative sum projections and DIC images as in a of cells expressing GFP-RID after growth on or in
35:1 PDMS (~ 150 kPa). d Mean Rho1•GTP at the tip and at 5–10 μm subapically was determined from 3 independent time-lapse experiments, as
in b (n = 14–20 cells). Polarized Rho1•GTP is the tip signal divided by the subapical signal (1.4-fold enrichment apically for surface growing cells,
normalized to 1, as in b). Bars indicate SD and **p = 0.001
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observed throughout the filament during invasive growth.
Together, these results suggest that, during invasive growth,
cells sense resistive force from the PDMS and polarization
increases at the tip, while remodeling their cell walls
throughout the filament to counter this resistive force and/
or the increase in turgor pressure. A likely possibility is that

this resistive force is sensed by the mechano-sensing path-
way, via a module composed of the mucin Msb2 and the
cell wall protein Sho1 [42 ] critical for S. cerevisiae survival
during compressive stress. In this yeast, Msb2 localizes to
sites of growth and binds active Cdc42 [43], and cell wall
stress has been shown to depolarize Rho1 , as well as to

Fig. 12 Mechanical forces are critical for filament morphology changes. a Schematic of filament during invasive growth. Lighter green indicates a
portion of the filament within PDMS; D1, compartment or proximal cell diameter; and D2, tip diameter. b The diameter of the cell compartment
increases as it becomes further away from the filament tip during invasive growth. Cell compartment diameter (measured at 5 equidistant
positions between 2 septa), initially on average 5 μm from tip, was determined from 3 independent experiments acquired as in Fig. 11b (n = 5–10
cells) grown on or within 35:1 PDMS (~ 150 kPa). Distance from the compartment center to the tip was determined at each time. The diameter
was normalized to the diameter of the last time point for each cell and further normalized by the mean difference between the final
compartment diameters of invasive cells compared to surface cells. Each color represents a cell. c Filament tip diameter does not vary as a
function of filament length for surface and invasive growth. Tip diameter (2 μm back from the apex) measured for one cell growing on PDMS
surface and one cell growing within PDMS, over a 2-h time course. d Tip diameter increase does not underlie proximal cell diameter increase
during invasive growth. Tip and proximal cell diameters were measured from the same cells as in a. Proximal cell diameter was measured at the
center of the cell proximal to the apical cell over the 2nd hour of the time course (filaments > 30 μm long). Bars indicate SD, with ****p < 0.0001
between the tip and the proximal cell during invasive growth and ***p = 0.0003 between the invasive and surface tips
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hyperactivate this GTPase [39, 40] via the cell surface sen-
sors, Wsc1 and Mid2 . Indeed, S. cerevisiae cells sense com-
pressive stress via Mid2 , which localizes uniformly at the
plasma membrane [44]. We speculate that the increased
compression around the hyphal filament leads to depolar-
ized active Rho1 via Mid2 , in contrast to localized active
Cdc42 via Msb2 .
We have used a viscoplastic model for fungal growth

that was originally established to describe cell shape con-
trol in plants [45, 46] and used, more recently, to analyze
cell growth in fission yeast [2 1 ]. In such models, visco-
plastic deformation of the cell wall underlies growth,
which is driven by high turgor pressure. Specifically, the
pressure (P) has to exceed the threshold plastic yield
strain (Pc) of the cell wall—the cell growth rate is pro-
portional to the wall strain that exceeds this threshold:

Vo∝
ðP − PcÞ
ECW

. Hence, we have used Eq. (1 ) to derive the ef-
fective turgor pressure in C. albicans hyphae. Here, we
used the differences in growth rates on PDMS surface
and within PDMS, as well as an approximation of the
external force. This latter force was calculated based on
the displacement within PDMS of a 1 -mm-diameter
steel probe, minus the contribution from friction/adhe-
sion and scaled to the hyphal diameter, assuming scaling
with respect to the cross-sectional area and the absence
of dramatic changes in geometry. From this analysis, we
determined the effective turgor pressure (∆P = P − Pc) to
be 1 .5 and 3.1 MPa, in 1 00 kPa and 150 kPa PDMS, re-
spectively. Either increasing filament diameter or de-
creasing extension rate results in a lower ∆P. The
physical experimental model, however, does not take
into account the geometry of the hyphal tip, which has a
different curvature than the metal probe, which could
result in an overestimation of the forces in the physical
model. More precise measurements of forces relevant to
hyphae will require a more accurate description of the
hyphal tip size and geometry. One possibility is that,
upon growth in stiffer PDMS, there is an increase in tur-
gor pressure; our results are consistent with such a sce-
nario as ∆P increases from 1 .5 to 3.1 MPa, with an
increase in PDMS stiffness from 100 to 150 kPa. This in-
crease in turgor pressure could be responsible for the in-
creased volume of the invasive cell compartment within
150 kPa PDMS (92 μm3 compared to 83 μm3 for surface
growing cells, p = 0.045). Previous studies on cell wall

expansion in S. pombe [35] have shown that ∆P
Y ¼ ðR$Þt

R1
;

where Y is the cell wall Young’s modulus; R* is the ex-
pansion ratio in width ([R1 – R0]/R0); R1 and R0 are the
cell radius within the PDMS and on the surface, respect-
ively; and t is the cell wall thickness (~ 0.2 μm). Assum-
ing Y is constant at these two PDMS stiffness
conditions, ∆P

Y ð35 :1 Þ is 1 .7-fold greater than ∆P
Y ð40 :1 Þ,

consistent with the observed increase in turgor pressure

we derived from the growth rate difference. The slightly
reduced extension rate on PDMS surface compared to
that in liquid, together with the extrapolation of normal-
ized extension rate as a function of PDMS stiffness to

where V ð FÞ
Vo

¼ 1 , indicates that during growth on a sur-
face, the hyphae experience a small resistive force,
equivalent to growth within less stiff PDMS (~ 20 kPa),
which we attribute to adherence/friction. It is likely that
depending on the cellular surface, the contribution of
adherence/friction will vary.

Cell morphology is dependent of substrate stiffness
Our results indicate that effects on cell morphology
are only observed in filaments within the PDMS, sug-
gesting that resistive forces from the PDMS lead to
an alteration in morphology. Strikingly, during growth
in the stiffest PDMS, we observed a progressive in-
crease in compartment diameter, even when this
compartment was more than 1 0 μm back from the
hyphal tip. This could be due to the additional modi-
fication of the cell wall in this proximal compartment,
i.e. resulting in a less stiff cell wall, an increase in
turgor pressure, and/or mechanical deformation of
the filament. Although we cannot rule out that the
cell wall in this proximal compartment is less stiff
during invasive growth, we favor the latter two possi-
bilities, as the cell compartment volume increases and
~ 60% of invasively growing hyphae buckle in this
PDMS stiffness (1 50 kPa). The dramatic alteration in
filament morphology was not solely due to a widened
tip, as it only increased slightly during invasive
growth, compared to the proximal compartment that
increased 2 5% more than the tip diameter. It is likely
that these morphology changes are due to the mech-
anical forces from growing against a resistive sub-
strate together with an increase in turgor pressure.
A number of fungal pathogens penetrate host tissues,

including medically relevant C. albicans [8, 1 0, 1 2 ] and
A. fumigatus [9], and plant pathogens [47, 48], including
Colletotrichum sp. [49], Ustilago maydis [50], Magna-
porthe sp. [51 , 52 ], and Fusarium sp. [53]. For the latter
plant pathogens, high turgor pressure is generated inside
a specialized cell, called an appressorium, that generates
pressures in excess of 8MPa [51 ]. Blocking host cell
endocytosis of the human fungal pathogens C. albicans
[8, 1 5–1 7] and A. fumigatus [9] with Cytochalasin D has
revealed that both of these fungi can enter epithelial tis-
sue by active penetration. Young’s moduli for mamma-
lian host cells are in the 1–1 00 kPa range. Hence, the
effects we observe on filament extension rate and
morphology are likely to be relevant during active pene-
tration of epithelial cells, and it is attractive to speculate
that turgor pressure, in particular the osmolytes critical
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for generating this force, might be a target for antifungal
drugs.

Conclusions
Our results suggest that the stiffness of host cells dic-
tates which cell type C. albicans can penetrate. Interest-
ingly, even with stiffer PDMS (~ 200 kPa), we observed a
small percentage of cells that were able to invade the
substrate, suggesting these cells have specific properties
that could be an advantage during epithelium invasion.

Methods
Strains, media, and genetic methods
Standard methods were used for C. albicans cell culture,
molecular, and genetic manipulations as described. De-
rivatives of the BWP17 strain were used in this study
and are listed in Table S1 . Strains were grown in rich
media (yeast extract peptone dextrose) at 30 °C for all
experiments, and induction of filamentous growth was
carried out with fetal calf serum (FCS) at 37 °C. Oligonu-
cleotides and synthesized DNA used in this study are
listed in Tables S2 and S3. pDUP5-mScarlet-CtRac1 was
generated by PCR amplification of CamScarlet with a
unique 5′ AscI site and a 3′ CtRac1 followed by a
unique MluI site (oligonucleotides CamScarletAscIp and
yemChmCtRacMluI) and cloned into pDUP5-ADH1p-
CibN-CtRac1 -ACT1 t [33] resulting in pDUP5-ADH1p-
CamScarlet-CtRac1 -ACT1 t. The nucleotide sequence for
RFP mScarlet [54] was codon optimized for C. albicans
and commercially synthesized (Genscript). mScarlet was
PCR amplified with unique PstI and AscI sites (oligonu-
cleotides GA3CamScarPstIp and CamScarletmAscI) and
cloned into a pFA-GFPγ-URA3 backbone [55] resulting
in pFA-CamScarlet-URA3. The RID, CRIB, and CtRac1
plasmids were linearized with StuI or NgoMIV and
transformed into strains.

Micro-fabrication
Microchambers were fabricated using standard soft-
lithography methods [56, 57]). Chambers were 5 μm
deep and 10 μm in diameter with 15 μm spacing between
them. The overall thickness of microchamber prepara-
tions was approximately 1 50 μm. PDMS microchambers
of varying stiffness were generated by varying the ratios
of polymer and cross-linker (Sylgard 184; Dow Corning).
Polymer-cross-linker mixtures were spin coated (Laurell
Technologies corporation) on molds (5 s 1 00 rpm
followed by 50 s 500 rpm) to achieve ~ 150 μm thickness
and then cured for 1 h at 60 °C PDMS (10:1 ). Thick
PDMS frames were then placed on top of the partially
cured chambers, which were baked for an additional 2 h
at 90 °C, in order to peel the thin chambers off the mold.
For viscoanalyzer measurements, 2 0 × 2 0 × 5 mm PDMS
pieces were similarly cured and samples subjected to an

amplitude of oscillation of 5–1 50 μm at 10 Hz frequency
using a DMA3007000 Metravib 52 (Areva) with Dyna-
set2 0 software. Young’s moduli were calculated using
the following formula, E ¼ σ

ɛ ¼
F%h

D%l%e ; with F being the
force, D the deformation amplitude, H the sample
height, e the sample thickness, and l the sample length.
For analysis of each PDMS preparation, measurements
at 5 different deformation values (5–1 50 μm) were car-
ried out, and the mean of 3 of these measurements was
used for Young’s modulus determination. For indenta-
tion experiments, varying ratios of polymer and cross-
linker were poured into two different sized cylindrical
aluminum molds, 3.5 (d) × 1 .75 cm (h) and 8 (d) × 2 cm
(h), and cured as described above.

Physical model of penetration
Half of the PDMS cylinders were adhered to an
aluminum plate with a 5-mm-diameter hole. For the
other half of the PDMS cylinders, the bottom of the
mold was removed such that they were fixed around
their circumference. Cylindrical PDMS pieces from both
conditions were indented in their center with a hemi-
spherical 1 -mm-diameter steel probe, which was highly
polished. This probe tip was machined with a slight con-
ical shape ending in a spherical cap to approximate a hy-
phal filament tip and had a 2 -daN force sensor (Kistler),
as well as a displacement sensor (Fastar Data Instru-
ments) attached. This probe was extended using a mov-
ing deck with a motor (Cerclet) at speeds of 1 .6–3.2 μm/
s. Measurements were made on average 10 samples at
each PDMS ratio. From force versus displacement
curves, the following forces were derived: the maximum
value was the Fcrit, the mean of the first plateau follow-
ing penetration Finvas, and the mean of the second plat-
eau (following the exit of the PDMS) Fout. Forces were
then averaged and scaled to the cross-sectional area of
the hyphal filament. We assumed that in the physical
model of penetration and in the C. albicans growth ex-
periments, the PDMS behaved as a homogenous mater-
ial, and hence, scaling in terms of size was carried out
with a constant critical stress. This assumption is justi-
fied, as the diameter of the filament, ~ 2 μm, is 1 03-fold
greater than the PDMS mesh size, which is 2–3 nm with
40:1 PDMS. Hence, scaling of the force, as stress during
rupture is constant, was achieved by dividing for the ra-
tio of the metal probe/filament radii squared.

Microscopy sample preparation
PDMS microchambers were activated by plasma treat-
ment (Harrick Plasma Cleaner) for 1 4 s at 500 mTorr on
low setting submerged in DH2O until usage. Prior to
usage, PDMS samples were dried with nitrogen gas,
treated with poly-D-lysine (1 mg/ml) and subsequently
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treated with concanavalin A (0.4 mg/ml), each incubated
for 2 0 min followed by drying with a stream of nitrogen
gas. Exponentially growing cells were mixed with FCS
media (75% FCS, 0.6 × minimal media and 2% dextrose)
and spotted onto the microchambers and were sealed
with a coverslip. Typically, cells on PDMS microcham-
bers were incubated for ~ 1 h at 37 °C prior to micros-
copy to initiate filamentation.

Microscopy and image analysis
Cells were imaged as described [33] using either spin-
ning disk confocal microscopy or wide-field fluorescence
microscopy with a UPLANAPO 1 .2 NA × 60 or Plan-
Neofluar 0.75 NA × 40 objectives, respectively. Images
were acquired at indicated times, with 0.4 or 0.5 μm z-
sections (1 3 to 24) to capture the entire filament. For
growth depth experiments, 1 00 × 0.2 μm z-sections were
acquired. For the analyses of extension rate, compart-
ment morphology, tip morphology, and cell depth im-
ages were deconvolved with the Huygens Professional
software version 18.04 (Scientific-Volume Imaging) with
recommended settings and a signal to noise ratio of 1 0,
and sum projections were used. Reflection images in XZ
were acquired on an upright Leica DM5500 TCS SPE
laser-scanning microscope (Leica Microsystems, Mann-
heim, Germany) equipped with a galvanometric stage,
using an APO 0.3 NA × 1 0 objective. Reflection images
were acquired in XZ reflection mode using a 488-nm
laser and an 80/2 0 dichroic filter. Scale bars, unless
otherwise indicated, are 5 μm.
Image analysis for extension rate, compartment/tip

diameter, and active Rho GTPase polarization was car-
ried out with Fiji (version 1 .51 ) [58]. For the determin-
ation of the extension rate, the filament lengths (mother
cell neck to filament tip) were determined over time
using plasma membrane fluorescence signal and values
are from a curve fit of minimally 1 h acquisition (> 1 2
time points). For liquid extension rates, cells induced
with 50% FCS at 37 °C were fixed every 30 min and aver-
age cell lengths for each time point (0–90 min) were
used. Compartment lengths were measured using the
edge-to-edge fluorescence signal between two formed
septa. Only invasive compartments that were entirely
within the PDMS were used for analyses. Active Cdc42
and Rho1 polarization was determined using a fixed size
ROI to quantitate the signal intensity at the tip and in a
subapical region. The ratio of the tip to subapical signal
was averaged over the time-lapse, and the mean for inva-
sive cells was normalized to the mean ratio for non-
invasive cells. The percentage of cells undergoing sub-
apical bending within a chamber and filament buckling
within PDMS was assessed using DIC images. For the
determination of errors from values derived from mul-
tiple measurements, classical error propagation was

carried out [59]. Statistical significance was determined
with Student’s t test.
For the representation of 3D DIC images, an algorithm

was applied to image z-stacks using a custom-developed
MATLAB program called InFocus inspired from Ex-
tended Depth of Field plugin [60]. The program extracts
from any 3D multi-channel acquisition, the local con-
trast per channel. From these maps, it determines the Z
of highest contrast per pixel from one or a combination
of channels and then extracts a smoothened plane to get
a 2D multichannel image. Parameters can be adapted
through the graphical user interface. For quantitation of
filament tip curvature over time, we developed another
MATLAB program called TipCurve with an intuitive
interface dedicated for morphological analyses along the
major axis of filamentous cells. For such analyses, 3D
images were converted into 2D images by sum projec-
tion, and similar to the HyphalPolarity program [33], a
backbone was extracted from images over time, but also
the cell contour, specifically extracting the tip first, we
estimate the extremity of the backbone subtracted by
the tip radius. Then, we estimate the local curvature
only along the tip (either − 45° to + 45° or − 90 to 90°)
from the curvilinear function f(s) extracted from cell
contour:

C sð Þ ¼ 1
R sð Þ

¼ f ″ sð Þ
f 0 sð Þð Þ2

The distribution of active Cdc42 and Rho1 at the fila-
ment tip was determined by TipCurve. For these ana-
lyses, images that had a polarized fluorescent signal
along with a uniform cytoplasmic signal were used. The
latter was used to identify the cell and extract the back-
bone. Then, an additive projection on the backbone was
done to get kymograph curves per time point and per
fluorescence channel. To estimate the distribution of in-
tensity at the tip of Cdc42 and Rho1 , we fitted the kymo-
graph to estimate xmax, the distance of maximum of
intensity from the tip and the decay of intensity above
xmax as an exponential function. Both Infocus and Tip-
Curve can be provided as executables on demand.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12915-020-00833-0.

Additional file 1: Figure S1. Strain versus stress dependence of PDMS.
Analyses carried out using a Viscoanalyzer, with oscillation at 10 Hz of
PDMS at cross-linker ratio of 40:1. Figure S2. Invasive growth and pene-
tration into adjacent chamber in PDMS of different stiffness. DIC time-
lapse experiments at indicated PDMS:cross-linker ratio and measured stiff-
ness (Young’s modulus). The adjacent chamber is highlighted with a dot-
ted yellow line and deformation of this chamber lasted ~40 min with
40:1 PDMS ratio and 80-90 min for the two stiffer PDMS substrates. Fig-
ure S3. The shape of filament tip is not substantially altered during inva-
sive growth in PDMS. A) Radius of curvature over time is constant in
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surface and invasively growing cells. Radius of curvature with an arc of ±
90° or ± 45° at the filament tip. B) Shape of filament tip of surface grow-
ing cells over time. Cells were grown on PDMS (30:1; 250 kPa) and 31 × 5
min GFP sum projections were analyzed. Radius of curvature with ± 45°
by indicated open lines and ± 90° indicated by solid lines. Figure S4.
Cells confined within a stiff PDMS chamber have reduced filament exten-
sion rates. A) Constricted growth within a PDMS chamber. Typical time-
lapse experiment using 160 kPa PDMS, with DIC images every 5 min
shown. B) Filament extension rate within a stiff chamber is not linear. Fila-
ment length was determined from images every 5 min for ~ 2 h and
GFP sum projections (n = 9 cells). C) Filament extension rate is substan-
tially reduced as chamber fills up. Initial (filament length 10-20 μm) and
final (filament length > 20 μm) extension rates were determined from fits
to 6 × 5 min GFP sum projections. (colors represent individual cells). Bars
indicate SD and **** p < 0.0001. Figure S5. Distribution of active Cdc42
is not altered during invasive growth. A) Schematic indicating fluores-
cence signal over the filament long axis. Quantitation of slope of Gauss-
ian farthest from tip in red (Max Slope, in relative units), distance
maximum signal to tip (xmax in μm), and half width half max of the
Gaussian farthest from tip in red (xSpread-xmax), i.e. the signal spread
(Spread in μm). Signal is denoted by I and distance from tip by x. B) Dis-
tribution of active Cdc42 during surface and invasive filamentous growth.
Experiment described in Figure 11a and 11b with the mean signal for
each cell (colors represents individual cells), normalized to the mean sig-
nal for tip Cdc42•GTP in surface growing cells. Bars indicate SD. C) Distri-
bution of active Cdc42 is not altered upon invasive growth. Relative
maximum slope (left), distance from maximum signal to the tip (middle)
and spread of signal (right) determined from 6-8 cells, using tailor-made
Matlab program. Bars indicate SD; surface and invasive cells were not sig-
nificantly different. D) Apical and subapical active Cdc42 signals are stable
over time. Relative signals from apical and subapical region of sum pro-
jections, normalized to maximum invasive subapical signal.

Additional file 2: Movie S1. Invasive growth and penetration into
adjacent chamber. Cells grown with indicated stiffness PDMS and
followed over time either by DIC optics or fluorescence of labeled with
plasma membrane GFP.

Additional file 3: Movie S2. Invasively growing filaments have
increased levels of active Cdc42 at the tip. False colored sum projections
of cells expressing CRIB-GFP reporter for active Cdc42.

Additional file 4: Table S1. Strains used in the study [61, 62]. Table
S2. Oligonucleotides used in the study. Table S3. Synthesized DNA used
in the study.
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Additional files 

 

Supplementary Figure S1.  

Strain versus stress dependence of PDMS. Analyses carried out using a 

Viscoanalyzer, with oscillation at 10 Hz of PDMS at cross-linker ratio of 40:1. 

 

Supplementary Figure S2.  

Invasive growth and penetration into adjacent chamber in PDMS of different stiffness. 

DIC time-lapse experiments at indicated PDMS:cross-linker ratio and measured 

stiffness (Young’s modulus). The adjacent chamber is highlighted with a dotted 

yellow line and deformation of this chamber lasted ~40 min with 40:1 PDMS ratio 

and 80-90 min for the two stiffer PDMS substrates. 

 

Supplementary Figure S3.  

The shape of filament tip is not substantially altered during invasive growth in PDMS. 

A) Radius of curvature over time is constant in surface and invasively growing cells. 

Radius of curvature with an arc of ± 90° or ± 45° at the filament tip. B) Shape of 

filament tip of surface growing cells over time. Cells were grown on PDMS (30:1; 

250 kPa) and 31 × 5 min GFP sum projections were analyzed. Radius of curvature 

with ± 45° by indicated open lines and ± 90° indicated by solid lines. 

 

Supplementary Figure S4.  

Cells confined within a stiff PDMS chamber have reduced filament extension rates. 

A) Constricted growth within a PDMS chamber. Typical time-lapse experiment using 

160 kPa PDMS, with DIC images every 5 min shown. B) Filament extension rate 

75



 

within a stiff chamber is not linear. Filament length was determined from images 

every 5 min for ~ 2 hr and GFP sum projections (n = 9 cells). C) Filament extension 

rate is substantially reduced as chamber fills up. Initial (filament length 10-20 µm) 

and final (filament length > 20µm) extension rates were determined from fits to 6 × 5 

min GFP sum projections. (colors represent individual cells). Bars indicate SD and 

**** p < 0.0001. 

 

Supplementary Figure S5.  

Distribution of active Cdc42 is not altered during invasive growth. A) Schematic 

indicating fluorescence signal over the filament long axis. Quantitation of slope of 

Gaussian farthest from tip in red (Max Slope, in relative units), distance maximum 

signal to tip (xmax in µm), and half width half max of the Gaussian farthest from tip in 

red (xSpread-xmax), i.e. the signal spread (Spread in µm). Signal is denoted by I and 

distance from tip by x. B) Distribution of active Cdc42 during surface and invasive 

filamentous growth. Experiment described in Figure 11A and 11B with the mean 

signal for each cell (colors represents individual cells), normalized to the mean signal 

for tip Cdc42-GTP in surface growing cells. Bars indicate SD. C) Distribution of 

active Cdc42 is not altered upon invasive growth. Relative maximum slope (left), 

distance from maximum signal to the tip (middle) and spread of signal (right) 

determined from 6-8 cells, using tailor-made Matlab program. Bars indicate SD; 

surface and invasive cells were not significantly different. D) Apical and subapical 

active Cdc42 signals are stable over time. Relative signals from apical and subapical 

region of sum projections, normalized to maximum invasive subapical signal.  

 

Movie captions 
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Movie S1. Invasive growth and penetration into adjacent chamber. Cells grown with 

indicated stiffness PDMS and followed over time either by DIC optics or fluorescence 

of labeled with plasma membrane GFP.  

 

Movie S2. Invasively growing filaments have increased levels of active Cdc42 at the 

tip. False colored sum projections of cells expressing CRIB-GFP reporter for active 

Cdc42.  
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II – The Spitzenkörper is critical for the regulation of filament morphology 

and growth in the human fungal pathogen C. albicans 

This work is in the process of being made into a manuscript to be submitted later this 

year. The following are the results and discussion of this work on the Spitzenkörper.  

Results and Discussion 

The C. albicans Spitzenkörper is composed entirely of secretory vesicles 

 The C. albicans Spitzenkörper was previously shown by electron microscopy to be 

comprised of a homogenous population of 70-nm diameter vesicles (Weiner et al., 2019); 

therefore, I sought to investigate if these vesicles were essentially secretory vesicles. The 

myosin light chain protein Mlc1 was previously established as a Spitzenkörper marker 

(Crampin et al., 2005), and the small Rab GTPase, Sec4, which is found on secretory vesicles 

(Li et al., 2007; Ortiz et al., 2002), co-localized with Mlc1 (Silva et al., 2019). Live-cell dual-

camera confocal microscopy confirmed that functional mScarlet-Sec4 (mSc-Sec4) colocalized 

with Mlc1-GFP at the Spitzenkörper (Fig. 1A). Analyses of the shape of both the Mlc1-GFP 

and mSc-Sec4 signals indicated they were identical, with circularity shape factors slightly 

below 1 (Fig. 1B), indicating that both proteins are found at a spherical structure in the same 

location, i.e. the Spitzenkörper.  

High-resolution images were then acquired using this functional mSc-Sec4 fusion as 

the sole Sec4 copy expressed in hyphal filaments 5-20 µm long to probe the Spitzenkörper. 

Images were acquired using 0.2 µm z-steps with a piezo z-step motor for rapid z-stacks 

acquisition. Stacks of images were analyzed in three dimensions using 5.5 standard deviations 

above the background to identify the Spitzenkörper by the mSc-Sec4 signal. The total intensity 

of the Spitzenkörper in different cells in a population showed a weak correlation with filament 

length (Fig. 1C). However, from the analysis of the intensity of the Spitzenkörper overtime, 
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obtained and averaged from time-lapse acquisitions of individual cells, it was apparent that the 

mSc-Sec4 intensity was constant (Fig 1D). 

 Using the high-resolution single time point images, signals were identified for single 

secretory vesicles by filtering to voxel counts of 2 to 8 voxels. This range of voxels corresponds 

to the area that a vesicle the size of ~70 nm would occupy. Given light resolution limits, an 

object this size results in an XY axis length of 200 nm. Additionally, this range corresponds to 

the cluster of bright objects with the S/N criteria. From this, an average mSc-Sec4 labeled 

secretory vesicle signal value of 3134 ± 434 (n = 38 cells with 81 ± 52 vesicles per cell) was 

obtained (Fig. 1E and S1).  

Using the average secretory vesicle signal intensity compared to the Spitzenkörper 

signal intensity (mean Spitzenkörper intensity is 350380 ± 154620) (Fig. 1E), I determined the 

number of secretory vesicles in the Spitzenkörper to be an average 110 ± 50 vesicles (Fig. 2A). 

This is similar to the number of vesicles observed by electron microscopy of 58 ± 19 vesicles 

(Weiner et al., 2019) and indicates that the C. albicans Spitzenkörper is composed entirely of 

Sec4 labeled secretory vesicles. The average Spitzenkörper volume of 0.67 ± 0.31 µm3 (Fig. 

2B) corresponds to a radius of slightly over 0.5 µm, and average surface area of 7.58 ± 3.85 

µm2 (Fig. 2C). The shape of the Spitzenkörper in three dimensions is relatively similar within 

a population of cells (Fig. 2D). It is not possible to compare this 3D shape factor with the 2D 

shape factor from Figure 1B. The volume of the Spitzenkörper is only weakly correlated with 

the length of the filament (Fig. 2E). As expected, Spitzenkörper volume is strongly correlated 

with the number of secretory vesicles (Fig. 2F) and the linear relationship between these two, 

suggesting a roughly constant packing of secretory vesicles over a 4-fold range of 

Spitzenkörper vesicle population numbers.  
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To further elucidate the function of the Spitzenkörper, I attempted to perturb this 

structure via three different approaches: alter its composition, i.e. deletion mutants, the mis-

localization of a Spitzenkörper component, and the alteration of Spitzenkörper stability.  

In the absence of Mlc1 cells can still filament but are defective in substrate invasion 

 In an attempt to alter the Spitzenkörper composition, I generated a homozygous mlc1 

null mutant. The mlc1∆/∆ mutant was viable and capable of forming filamentous cells in liquid 

media FCS inducing conditions (Fig 3A), albeit the filaments exhibited morphological defects 

(see below). This mutant had a substantially increased colony growth rate of 0.7 mm/day 

compared to the wild-type of 0.2 mm/day (Fig. S2). Budding mlc1∆/∆ cells were often enlarged 

and grew as chains, suggestive of a cell separation defect. Cell size measurements showed a 

significant increase of budding cells (area of cells projected in two dimensions) (Fig. S3A). 

Shape measurements, acquired by fitting an ellipse to the shape of budding cells, revealed a 

16% increase in aspect ratio and a decrease in the circular shape factor (Fig. S3B, C), revealing 

that there is an overall elongation of budding cells in this mutant. The qualitative morphological 

defects observed in mlc1∆/∆ strains were restored by re-addition of the MLC1 gene, indicating 

that they were due to the absence of Mlc1 activity. The heterozygote mutant (mlc1+/∆) had no 

observable defect and, hence, was used hereafter as a control.  

We previously established an invasive growth assay using polydimethylsiloxane 

(PDMS) microchambers in which we could vary the substrate PDMS stiffness. Here, I used 

growth chambers that were fabricated with a ratio of polymer to reticulating agent of 35:1, 

which corresponds with a Young’s modulus (stiffness) of ~ 150 kPa. The mlc1∆/∆ mutant 

exhibited little invasion (13%; comparable to the percentage of invasive filaments, or 

‘escapers’, in stiff PDMS (Puerner et al., 2020)) compared to that of the wild-type and the 

complemented strain (mean invasion of 35% and 30%, respectively) (Fig. 3C). Additionally, 

the mlc1∆/∆ mutant was completely defective for invasive growth on FCS plates after a 7-day 
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incubation period, whereas the complemented strain was similar to the wild-type. Thus, in the 

absence of Mlc1, cells were still able to undergo the yeast to filamentous growth transition in 

liquid media, yet were completely defective for substrate invasion. This suggests that the 

Spitzenkörper may play a role in the invasive ability of C. albicans. Since active penetration is 

important during the infection of the host, it will be important to further investigate how Mlc1 

specifically functions in substrate invasion.  

I also examined the sensitivity of this mlc1∆/∆ mutant to a variety of cell wall 

perturbants and antifungal drugs at different concentrations (Fig. 4). The sensitivity to the 

antifungal drugs caspofungin, micafungin and fluconazole was investigated (Fig. 4A). The 

mlc1∆/∆ mutant was highly sensitive to all three drugs at all concentrations tested, with the 

exception of minor growth at the lowest concentrations of caspofungin. This mlc1∆/∆ mutant 

was also sensitive to the cell wall perturbants congo red and calcofluor white (Fig 4B), with 

decreased sensitivity at lower concentrations of both perturbants. I tested two independently 

generated mutants along with the respective complemented strains. In both cases the 

complemented strains restored growth in the presence of these antifungal drugs and cell wall 

perturbants to that of the wild-type. Together, these results show that Mlc1 plays a significant 

role in the ability of C. albicans to undergo invasive growth, grow in the presence of antifungal 

drugs, and the integrity of the cell wall of C. albicans, suggesting that Mlc1 or the 

Spitzenkörper, or both, may be a good target for enhancement of antifungal treatment and 

reduce the ability of C. albicans to actively penetrate host tissue. 

Cells lacking MLC1 are multinucleated 

I next investigated how the absence of Mlc1 affects cell division by investigating the 

septin Cdc10 and the nucleolus marker Nop1 (Fig. 5A and 5F). I observed an increased filament 

length after 3 hr growth (Fig. 5C). I determined the number of Cdc10-GFP septin rings that 

appeared during this 3 hr period and observed a slight decrease in the number of rings per 
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filament (Fig. 5D), due predominantly to longer filaments. The average cell compartment 

length measured between 2 septin rings (Fig. 5B) is unaltered in the mlc1∆/∆ mutant (Fig. 5E). 

I next investigated the number of nuclei in these cells using the nucleolus marker Nop1 (Fig. 

5F). I quantified the number of Nop1 nucleoli in hyphae after 3 hr for the mlc1∆/∆ mutant and 

the wild-type. There was an increase in the number of nuclei as visualized by the Nop1 signals 

(Fig. 5G), equivalent to an average of 2 nuclei per compartment (ranging from 1 - 4 nuclei per 

compartment). I also confirmed that each Nop1 signal is associated with 1 nucleus, by staining 

fixed cells with the DNA dye DAPI; therefore, the increase in nucleoli per cell compartment 

and filament reflects an increase in the number of nuclei per compartment and filament. These 

results suggest that the mlc1 mutant may uncouple nuclear division from cell division.  

A Spitzenkörper still forms in the absence of MLC1 

 Despite the absence of the Spitzenkörper component, Mlc1 cells still appeared to form 

a Spitzenkörper vesicle cluster in the filament apex, which was visualized by mSc-Sec4 (Fig 

6A). Similarly, the Rab11 homolog Ypt31 was also at this location (Fig. S4). Given that a 

Spitzenkörper was observable, and filaments formed without substantial constrictions, it can 

be concluded that the mlc1 mutant forms true hyphae.  

As the Spitzenkörper was visible, I next determined if altering the composition of the 

Spitzenkörper had an effect on its shape or size. I used the same high-resolution imaging as 

described above to acquire images of mlc1 mutant filaments with mSc-Sec4 labeling. Here, the 

data was analyzed in two dimensions from sum z-projections, as described in Figure 1B, to 

extract the overall shape, size and intensity (presumably reflecting the number of secretory 

vesicles) of this structure.  

The mSc-Sec4 labeled Spitzenkörper was identified by signal intensity 8 standard 

deviations above the mean. Analysis of this structure revealed that in mlc1∆/∆ cells there was 

nearly a two-fold increase in the intensity of the Spitzenkörper compared to the control strains 
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(Fig. 6B). The area and shape of the Spitzenkörper was, however, similar to that of the control 

strains (Fig. 6C,D). The ratio of total signal to area suggests that mlc1∆/∆ cells may have a 

higher packing of secretory vesicles in the Spitzenkörper or increased Sec4 per vesicle (Fig 

6E). There appeared to be a correlation between Spitzenkörper intensity and area for the mlc1 

mutant (Fig. 6F) similar to that in Figure 1E (note Fig. 6F uses a two-dimensional projected 

area while Fig. 1E uses a three-dimensional volume). Additionally, no correlation was 

observed between the Spitzenkörper intensity with the filament diameter (Fig. 6G). 

Furthermore, preliminary results reveal the mlc1∆/∆ mutant has a decreased endocytic collar 

mean intensity, as observed by the actin binding protein Abp1 (Fig. S5). Together, these 

analyses indicate that in the absence of Mlc1 a Spitzenkörper forms with increased levels of 

the Rab GTPase Sec4.  

Using the values of secretory vesicle intensities from Figure 1E, I estimated the number 

of secretory vesicles from mSc-Sec4 intensities in these strains, assuming a constant amount 

of Sec4 per vesicle. I determined a conversion factor using the combined average intensity of 

the Spitzenkörpers in the control strains (both mlc1+/∆ and mlc1∆/∆+MLC1) compared to the 

average intensity of the Spitzenkörpers in Figure 1E, which was 2.4. I then estimated the 

number of secretory vesicles in the mlc1∆/∆ mutant, which has an average of 200 ± 140 

vesicles, or roughly twice the number compared to wild-type control strains.  This will need to 

be confirmed by electron microscopy.  

The mlc1∆/∆ mutant is larger and grows faster  

 Qualitatively mlc1∆/∆ hyphal filaments appeared larger when compared to the wild-

type (Fig. 3A). Hence, I quantified the diameter and length of these filamentous cells using 

time-lapse imaging. The mean filament diameter for MLC1+/∆ was 2.3 ± 0.1 (Fig. S6A), while 

mlc1∆/∆ mutant had a significantly increased diameter that was restored upon re-addition of 

MLC1 (Fig 7A). The mean diameter of MLC+/∆ and complemented strains was comparable to 
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that of the wild-type (Puerner et al., 2020). Interestingly, I also observed a significant increase 

in the variability of filament diameters in the mlc1∆/∆ mutant. 

 Length over time measurements were used to determine filament extension rates (Fig. 

6B). The null mutant, the heterozygote, and the recovery strain all had constant extension rates; 

therefore, the slope of the filament length versus time plots was used. The mean extension rate 

for MLC1+/∆ was 0.37 ± 0.06 µm/min, similar to that previously reported (BMC Biol) (Fig. 

S6B), which was used to normalize the values (Fig 7B). No difference was observed in the 

mean filament extension rates for these three mutants; however, as observed with filament 

diameter, the extension rates of the mlc1∆/∆ cells had a significant increase in variation.  

Using these length and diameter measurements, the volume was calculated at each time 

point. From this, I determined a rate of volume increase from a linear fit of volume calculation 

over time, which is also the cell growth rate. The growth rates were significantly increased in 

mlc1∆/∆ (Fig. 7C). Additionally, the mlc1∆/∆ mutant growth rate was much more variable 

from cell to cell, as expected from the cell diameter and extension rates. It is important to note 

that the growth rate at the single cell level was constant since the length versus time plots were 

all linear and the filament diameter over time was essentially constant (Fig. S7), indicating that 

this was variation between cells in a population.   

By sorting rates of filament extension and volume increase by filament diameters, and color 

coding the data with a color gradient, it was evident that filaments with increased diameters 

exhibited in general higher extension and volume increase rates (Fig. 7A-C), suggesting a 

positive correlation with diameter. Indeed, plotting the extension rate as a function of diameter 

revealed a significant positive correlation in the mlc1∆/∆ (Fig. 7D). As expected, the 

heterozygote and recovery strain were indistinguishable from one another in Fig. 7C but 

interestingly fell on the linear fit of the mlc1∆/∆ data (Fig 7E).  
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The diameter and extension rate were also analyzed for a mutant lacking the 

Spitzenkörper localized formin Bni1. The bni1∆/∆ mutant had a similar increased diameter as 

the mlc1∆/∆ mutant; however, the mean extension rate was significantly less than both mlc1∆/∆ 

and the wild-type (Fig. S8A-C). The extension rate and diameter for bni1∆/∆ were also 

correlated, and a best fit line had a similar slope to that of mlc1∆/∆, yet the y-intercept was 

reduced (Fig. S8F-G). These data suggest that there is a link between filament diameter, i.e. 

region of insertion of new membrane material, and extension rate, i.e. number of secretory 

vesicles fusing with the plasma membrane. 

These morphological changes suggest that the composition of the Spitzenkörper, 

specifically the presence of Mlc1, is critical for cell shape regulation. An attractive possibility 

is that the region in which vesicles fuse with the plasma membrane is dependent on this 

secretory vesicle cluster–the Spitzenkörper. Specifically, if the Spitzenkörper is altered, the 

region in which new material is inserted in the plasma membrane may broaden together with a 

concomitant increase in vesicle flux, which could also result in increased morphological 

variation. One could imagine that in the absence of Mlc1, directed vesicle traffic from the 

Spitzenkörper to the adjacent plasma membrane might be altered, with secretory vesicles 

arriving at the cell cortex by a diffusive mechanism. However, I would expect if this were the 

case, variable growth rates and diameters at the single cell level might be evident.  

It is striking that there is little variation in these growth parameters at the individual cell 

level. During the hyphal transition, a filament diameter appears to be set and maintained 

throughout the extension process. This suggests that Mlc1 plays a role in setting up the area 

and location of vesicles and vesicle fusion, which dictates subsequent filament diameter that 

varies from cell to cell. In the absence of Mlc1, this process would be less regulated and, hence, 

stochastic variation between cells might be more evident.  
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As mlc1∆/∆ mutant cells were also larger during budding growth, and there was more 

size variability, we tested the hypothesis that the filament diameter is related to the initial cell 

size by examining if there was a correlation between the area of the blastospore and the filament 

diameter. The area of each blastospore was measured and compared to its filament diameter. 

Figure 7F shows there is a good correlation between the area and filament diameter 

measurements for each cell, indicating that Mlc1 affects the polarity site (presumably the 

region of new membrane insertion) in both budding and filamentous C. albicans cells. 

Perturbation of the Spitzenkörper using synthetic physical interactions 

 The distribution and stability of Mlc1 was altered by fusion with a GFP nanobody 

(GNB) to the endogenous Mlc1 together with the far-red fluorescent protein miRFP670 (miR) 

for visualization. This GFP nanobody is a nanobody protein that is endogenously expressed as 

a tag and has a strong affinity for the GFP auto fluorescent protein (Rothbauer et al., 2006).  

From this MLC1-miR-GNB strain, I generated two GFP tagged strains, one expressing GFP-

Sec4 (SPK-stabilized) and the other expressing plasma membrane targeted GFP (PM-targeted), 

i.e. GFP-CtRac1 that localizes uniformly to the plasma membrane (Vauchelles et al., 2010). In 

both cases, cells were viable and formed hyphae in FCS inducing conditions (Fig. 8A). In the 

PM-targeted strain, GFP-CtRac1 was observed at the plasma membrane with a substantial 

accumulation that colocalized with Mlc1-miR-GNB at the filament tip, which appeared to be 

more spread out (Fig 8A left). In the SPK-stabilized strain, both GFP-Sec4 and Mlc1-miR-

GNB localized to the Spitzenkörper, as would be expected; however, the intensity of GFP-

Sec4, as well as Mlc1-miR-GNB, at the apex appeared to be increased (Fig. 8A center). 

Qualitative observations of the Spitzenkörper in these GNB strains compared to the wild-type 

revealed differences in its morphology. Schematics showing the GNB interactions and 

resulting Spitzenkörper disruptions are shown in figure 8B.  
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To investigate if the Spitzenkörper in the strain expressing both GFP-Sec4 and Mlc1-

miR-GNB (SPK-stabilized) was more stabilized, I carried out fluorescence recovery after 

photobleaching (FRAP) experiments. Photobleaching was carried out on the Spitzenkörper in 

live hyphae. The curves for fluorescence recovery revealed that the t½ for recovery was similar 

(6.7 ± 2.3 compared to 6.9 ± 3.6 sec) between the strains; however, there was a reduction in 

the level of signal recovery (Fig. 8C), i.e. the immobile fraction - the pool that does not undergo 

exchange. These analyses revealed that forced binding of Mlc1 and Sec4 resulted in a 

substantial increase in the immobile fraction from 0.36 ± 0.11 to 0.59 ± 0.11 (Fig. 8E). To rule 

out that this was due a difference in the amount of cellular GFP-Sec4 that was photobleached, 

I examined the fraction of the total cell signal that was bleached. Figure 8E shows that the 

fraction of fluorescence that was bleached was similar in the two strains. This result confirms 

that there is a significant decrease in the Sec4 mobility in the SPK-stabilized strain. FRAP 

experiments carried out with the mlc1 deletion mutant and control strains did not reveal a 

significant difference in the immobile fraction or the recovery rates (t1/2), indicating that even 

in the absence of Mlc1, Sec4 dynamics at the Spitzenkörper are similar (Fig. S9). 

Spitzenkorper morphology and composition is altered upon mis-localization and 

stabilization 

I also analyzed the intensity, shape and area of the Spitzenkörper in these altered 

Spitzenkörper strains using Sec4 intensity. The analysis was carried out as described above, 

and the Spitzenkörper was identified by 25 standard deviations above the mean for GFP-Sec4 

and 8 Standard deviations for mSc-Sec4. The SPK-stabilized strain had a significant increase 

in Sec4 Spitzenkörper intensity, while the PM-targeted strain was similar to the wild-type 

control (Fig 9A). This is consistent with an increase in the immobile fraction in this strain from 

the FRAP experiments (Fig. 8D). In contrast, the size of the Sec4 Spitzenkörper of the PM-

targeted strain was significantly increased, whereas the SPK-stabilized strain was comparable 



Results 

 93 

to the wild-type control strain (Fig 9B), consistent with a more spread out cluster of vesicles. 

Analysis of the two-dimensional shape revealed that the SPK-stabilized strain had a 

Spitzenkörper shape similar to the wild-type, while the PM-targeted strain exhibited a slight, 

yet significant, decrease in the 2D shape factor, i.e. was less circular (Fig. 9C), consistent with 

a more spread out vesicle cluster. The SPK-stabilized strain had a significant increase in the 

signal to area ratio (Fig. 9D), consistent with the notion of the tighter packing of vesicles in 

strain (or higher levels of Sec4 on secretory vesicles). Together, these results indicate altering 

the distribution and stability of the Spitzenkörper alters its morphology and composition. Given 

that the SPK-stabilized strain has a nearly two-fold increase in intensity, it is likely that the 

number of secretory vesicles in the Spitzenkörper of this strain would increase by nearly two-

fold as well, similar to the mlc1 deletion mutant. Electron microscopy visualization and 

quantification of vesicles would be needed to confirm this. 

Perturbation of the Spitzenkörper alters filament morphology and growth 

The morphology of the PM-targeted and SPK-stabilized cells was analyzed similarly to 

the mlc1 mutant strains described above. Both the PM-targeted and SPK-stabilized strains had 

a significant increase in filament diameter, with the former having the greatest increase. The 

average diameter for the wild-type strain was 2.2 ± 0.2 µm (Fig. S10A) and was used to 

normalize the diameters of these altered Spitzenkörper strains (Fig. 10A). Filament extension 

rates were normalized to that of the wild-type (0.35 ± 0.07 µm/min, Fig. S10B), and a 

significant increase in extension rate was also observed with the PM-targeted strain (Fig. 10B).  

As expected, rate of volume increase was significantly increased for both altered 

Spitzenkörper strains, with the PM-targeted strain having the largest increase (Fig. 10C). As 

can be seen in the color-coded gradient by filament diameter, cells with largest diameters 

appear to extend the fastest, similar to what was observed with the mlc1∆/∆ mutant. Indeed, 

there was a strong correlation between the filament and the extension rates of these altered 
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Spitzenkörper strains (Fig. 10D), providing further evidence of the link between morphology 

and extension. The linear fits for these two altered Spitzenkörper strains, i.e. PM-targeted strain 

and SPK-stabilized, were within error of the values for the wild-type (Fig. 10E). Interestingly, 

variation in filament extension rates in the mlc1∆/∆ mutant and PM-targeted and SPK-

stabilized strains were comparable, however the variation in filament diameter is lower in the 

latter two strains compared to the deletion mutant. This could be due to the fact that these 

altered Spitzenkörper strains still have a wild-type copy of MLC1.  

With respect to the PM-targeted strain, we speculate that the increase in filament 

diameter is due to the targeting of the secretory vesicles to the apical PM, which may spread 

out the Spitzenkörper vesicle cluster, resulting in vesicle fusion over a wider region than in a 

wild-type filament. Taken all together, my results show that the Spitzenkörper plays a central 

role in regulating the growth and morphology of the C. albicans hyphae. Perturbing the 

Spitzenkörper by three different approaches results in an increase in the variation of 

Spitzenkörper morphology as well as cellular morphologies and growth rates across cells.  
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Figure 1: The Spitzenkörper (Spitzenkörper) is stable over time with a constant shape and 

size. A) Mlc1 and Sec4 colocalize to the Spitzenkörper over time. Images shown are at 

approximate filament lengths with times indicated from germ tube emergence. Below are 35x 

enlarged region of the Spitzenkörper for 15 µm cell to highlight shape. Cells were imaged using 

live-cell dual-camera microscopy. Images were taken every 5 min for 110 min using z-sections 

of 13 x 0.5 µm. Scale bar is 5 µm. B) The shape of the Spitzenkörper by Mlc1-GFP and mSc-

Sec4 is equivalent. The Spitzenkörper structure was identified by signal intensity using 

standard deviations above the mean (3 SDs for mSc-Sec4 and 13 SDs for Mlc1-GFP). The 

shape of sum projections of 13 x 0.5 µm z-sections was analyzed using the 2D circularity shape 

factor equation with the perimeter and area of the Spitzenkörper determined for both signals. 

Each point represents a time point from the cell to the left. C) Spitzenkörper intensity is loosely 

correlated with filament length. Spitzenkörpers from filaments imaged at single time points 

were identified by standard deviations above the mean (n = 38). Acquisitions were carried out 

with 26 x 0.2 µm z-sections and images were analyzed in 3D for total intensity associated with 

this structure. The r2 was 0.20 with a slightly significant correlation p =  0.0053. D) The Sec4 

labeled Spitzenkörper intensity is constant over time. Spitzenkörper signal intensity was 

measured from sum projections (13 x 0.5 µm z-sections) over a 110 min time-course using 

mSc-Sec4. The intensity over time for each cell, in each time course, was normalized to 1, and 

points represent the mean of 13 cells and bars are standard deviation. Dashed line represents 

the average relative intensity over the entire time course. E) Individual secretory vesicles can 

be detected. Secretory vesicle and Spitzenkörper signals were identified by standard deviations 

of 5.5 above the mean. A mean of 81 ± 52 secretory vesicles were identified per cell (n = 38). 

Criteria for secretory vesicles and Spitzenkörpers was based on the smallest (2-8 voxels) and 

the largest objects (more than 80 voxels), respectively. Log scale of Y-axis is to show both the 

secretory vesicles and Spitzenkörpers. 
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Figure 2: The Spitzenkörper is comprised entirely of secretory vesicles, the number of 

which varies from cell to cell. A) The Spitzenkörper is comprised of an average of 100 

secretory vesicles. The intensity values of Spitzenkörpers and secretory vesicles were identified 

from 3D image stacks (26 x 0.2 µm z-sections) of filaments expressing mSc-Sec4 as the sole 

copy of Sec4. Filaments analyzed had a mean length of 12.3 ± 4.8 µm. Intensities were 

identified using 5.5 standard deviations above the mean. The mean signals for secretory 

vesicles were background subtracted (signal outside the cell) resulting in a mean corrected 

intensity of 3134 ± 434 for secretory vesicles. This mean background subtracted signal 

intensity of single vesicles (Fig. 1E) was used to calculate the number of secretory vesicles in 

each Spitzenkörper, cells from Fig. 1C. The mean number of secretory vesicles is 112 ± 49 

with a mean volume (B) of 0.67 ± 0.31 µm3 and a mean surface area (C) of 7.58 ± 3.85 µm2. 

D) The Spitzenkörper has an elliptical shape in 3D. The average 3D shape factor of identified 

Spitzenkörpers was 0.52 ± 0.1 (a perfect sphere has a 3D shape factor of 1) with more elongated 

objects deviating from this value. E) Spitzenkörper volume is loosely correlated with filament 

length. Lengths measured from sum projections of the mSc-Sec4 channel. Correlation has a r2 

of 0.16 with a p = 0.0135. F) An increased number of secretory vesicles in the Spitzenkörper 

correlates with an increased volume. The correlation has an r2 of 0.53 with a significant p 

<0.0001.   
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Figure 3: An mlc1 deletion mutant is viable, can form filaments in liquid media, but is 

defective for invasive growth. A) Representative DIC images of mlc1∆/∆ and mlc1∆/∆ + 

MLC1. Scale bar is 10 µm. B) Percent invasion in 35:1 PDMS microchambers (Youngs 

modulus of ~ 150 kPa). Each point is the mean of an experiment, n = 30-100 cells per 

experiment. Standard deviations are shown and *p<0.05 and ns p>0.05. C) Invasive growth in 

rich serum media containing agar. Indicated strains were spotted on YEPD+FCS agar plates 

and incubated at 30oC for 7 days. Scale bar is 0.5 mm. 
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Figure 4: The mlc1 deletion mutant is sensitive to antifungal drugs and cell wall 

perturbants. The mlc1∆/∆ mutant was tested for sensitivity to antifungal drugs (A) and cell 

wall perturbants (B) at indicated concentrations. Shown are the 1:10 dilutions of 0.1 OD600. 

Images were acquired after an incubation period of 4 days. 
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Figure 5: The mlc1 deletion mutant has an increased number of nuclei per filament. A) 

Representative images of mlc1+/∆ and mlc1∆/∆ expressing mSc-Sec4 and Cdc10-GFP. Cells 

were induced on FCS+agarose pads. Images were taken every 10 min for 180 min using 26 x 

0.4 µm z-stacks and sum projection is shown and bar is x µm. B) Schematic of filament cell 

compartments. C) The mlc1∆/∆ mutant filaments are longer than the wild-type. Filament 

lengths were measured at the end of 180 min time-lapses D) The mlc1∆/∆ mutant has a 

decreased number of septa per filament. The total number of septin rings which formed during 

the 180 min time-lapse was determined and divided by final filament length. E) Lengths of 

filament cell compartments are similar between mlc1∆/∆ and wild-type. Compartment lengths 

were measured throughout the time-lapse, when two septin rings were simultaneously visible. 

F) Representative sum projection of mlc1+/∆ and mlc1∆/∆ expressing mSc-Sec4 and Nop1-

GFP. Cells were induced and imaged as in A) and bar is x µm. G) The mlc1∆/∆ mutant has an 

increased number of nuclei per filament. Cell lengths were measured using mSc-Sec4 signal, 

and the number of Nop1-GFP nucleoli was determined and divided by the respective filament 

length. Each Nop1-GFP signal (nucleoleus) coincides with one nucleus, confirmed by co-

labeling with DAPI. Standard deviations are indicated and ***p < 0.001, ****p < 0.0001, ns p 

> 0.05. 
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Figure 6: The mlc1 deletion mutant has a Sec4 labeled Spitzenkörper that is unaltered in 

shape and size but has an increased intensity. A) A cluster of Sec4 vesicles are observed in 

the mlc1 deletion mutant. Representative images and 20x enlargement of filament tip in the 

indicated strains. Images are sum projections and LUTs (greyscale and false colored) were the 

same for all images and bar is 5 µm. B) An increase in Sec4 signal at the Spitzenkörper is 

observed in the absence of Mlc1. Normalized total intensity for Sec4 vesicle clusters in the 

indicated strains. Vesicle clusters were identified by 8 standard deviations above the mean and 

intensity values were normalized to the mean of the mlc1+/∆ strain. C) The size of the Sec4 

Spitzenkörper vesicle cluster does not depend on Mlc1. Two-dimensional areas of the Sec4 

Spitzenkörper vesicle clusters were determined from sum projections (31 x 0.2 µm z-sections). 

D) The shape of the Sec4 Spitzenkörper vesicle cluster does not depend on Mlc1. The 

Spitzenkörper vesicle cluster circularity shape factor was determined as in Fig. 1B. E) In the 

absence of Mlc1 there is an increase in Sec4 signal concentration at the filament tip. 

Normalized ratio of total Sec4 Spitzenkörper signal to the area of vesicle cluster at filament 

tip. Values were normalized to the mean of the mlc1+/∆ strain. F) The Sec4 signal correlates 

with the size of the Spitzenkörper in the mlc1 mutant. The goodness of fit r2 was 0.66 with a 

significant correlation p < 0.0001. G) The Sec4 vesicle signal at the Spitzenkörper does not 

correlate with filament diameter. The goodness of fit r2 was 0.11 with a p = 0.015. 
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Figure 7: Mlc1 is critical for regulating filament diameter and extension rate. A) The 

filament diameter of mlc1 mutant is increased. Each point is the relative mean diameter of one 

cell filament measured every 5-10 min over 120 min. Values were normalized to the mlc1+/∆ 

mean diameter of 2.3 ± 0.1 µm. The data shown in 7A-D was sorted by filament diameter and 

color-coded with a color gradient (gradients seen in 7A). Each cell has the same color gradation 

value associated with it for the graphs in A-C to highlight the growth as a function of filament 

diameter. B) The extension rate of mlc1 mutant is similar to that of the wild-type. Extension 

rates were determined from time-lapse experiments of filaments growing on agarose+FCS 

pads. Each point represents one cell and is the slope of a linear line fit (r2 > 0.9) to a length 

versus time curve over at least 60 min. Values were normalized to the mlc1+/∆ mean extension 

rate of 0.37 ± 0.06 µm/min. C) mlc1 mutant filaments exhibit dramatic increases in volume. 

Volumes were calculated at each time point using the formula for volume of a cylinder V = 

πr2h where r is the radius and h is the length of the filament. The relative volume increase rate 

is shown with each point representing the normalized slope volume increase over time. Slopes 

were normalized to the mean of mlc1+/∆ of 1.78 ± 0.36 µm3/min. Standard deviations are 

indicated and ****p<0.0001, *p<0.05, ns p>0.05. D) mlc1 mutant extension rate increase 

correlates with increase in filament diameter. The line fit correlation is for the mlc1∆/∆ and has 

r2 of 0.40 and a p < 0.0001. E) Same as D but with mean values shown. The best fit line for 

mlc1∆/∆ is shown with 95% confidence limits. F) The area of the blastospore correlates with 

filament diameter. An ellipse was fit to the blastospore and its area was measured. The fit, r2 

for mlc1∆/∆ the r2 = 0.56 with p < 0.0001.  
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Figure 8: Manipulation of the Spitzenkörper distribution and stability using GFP 

nanobodies. A) Forced interactions between Mlc1 and the plasma membrane (PM-targeted) 

or Sec4 (SPK-stabilized) alters Spitzenkörper. Representative images of indicated strains are 

shown with a 25x enlargement of the Spitzenkörper region is shown. Images are sum 

projections of 38 x 0.4 µm z-stacks. Scale bar is 10 µm. B) Schematics of GNB interactions 

for Spitzenkörper disruption. Left: Yellow circle are vesicle, black lines are miR, magenta half-

circles are GNB, green circle are GFP, and black zig-zag lines are CtRac1 tag. Right: yellow 

circle are vesicles and black line represents miR-GNB-GFP complex. C) Fluorescence 

recovery after photobleaching of Sec4 upon forced interaction with Mlc1 (SPK-stabilized). 

Mean FRAP recovery curve (n = 8-20) with standard deviation indicated (left) and one phase 

exponential association with 95% confidence interval indicated (right). D) Forced interaction 

between Sec4 and Mlc1 increases the Sec4 immobile fraction at the Spitzenkörper. FRAP 

Immobile fraction is, 1-((Ifinal - Ipostbleach)/( Iprebleach - Ipostbleach)), values with standard deviation 

are shown.  E) Similar amounts of cell Sec4 signal were bleached in the two strains. Fraction 

of total cell signal bleached during FRAP experiments. Control strain is with GFP-Sec4 in a 

wild-type background. Standard deviations are shown with ****p<0.0001 and ns p>0.005. 
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Figure 9: Stabilizing the Spitzenkörper via forced interaction between Mlc1 and Sec4 

results in increased Sec4 at this structure. A) An increase in Sec4 signal at the Spitzenkörper 

is observed in the SPK-stabilized strain. Normalized total intensity for Sec4 Spitzenkörper 

vesicle cluster in indicated strains. Spitzenkörpers were identified by standard deviations above 

the mean (13 for GFP-Sec4 and 8 for mScarlet-Sec4 in the PM-targeted strain). Intensity values 

were normalized to the mean of the control strain. B) The Spitzenkörper size is increased upon 

PM-targeting. Areas of the Sec4 Spitzenkörper vesicle clusters were determined from sum 

projections (31 x 0.2 µm z-sections). C) The Sec4 Spitzenkörper shape is less circular upon 

PM-targeting. The Spitzenkörper vesicle cluster circularity shape factor was determined as in 

Fig. 1B. D) Stabilizing the Mlc1 and Sec4 interaction results in an increase in Sec4 signal 

concentration at the filament tip. Normalized ratio of total Sec4 signal to area of vesicle cluster 

at filament tip. Values were normalized to that of the mean of the control strain. Control strain 

is with GFP-Sec4 in a wild-type background. Standard deviations are shown with 

****p<0.0001, ***p<0.001, **p<0.01, *p<0.05, ns p>0.05.  
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Figure 10: Perturbation of Spitzenkörper distribution or dynamics dramatically increases 

filament growth rate. A) Altering Spitzenkörper distribution or stability results in increased 

filament diameter. Diameters were quantitated and represented as described in Fig. 7A and 

normalized to the mean for the control strains (2.2 ± 0.2 µm). B) Cells with an altered 

Spitzenkörper distribution have an increased filament extension rate. Extension rates of 

indicated strains were measured as described in 7B and normalized to the mean the control 

strains (0.35 ± 0.07 µm/min). C) Perturbation of Spitzenkörper distribution or stability results 

in a striking filament volume increase. The relative volume increase rate is shown, with each 

point representing the normalized slope of rate of volume increase as in 7C. Slopes were 

normalized to the mean of the control strain (1.67 ± 0.52 µm3/min). Standard deviations are 

shown with **** p<0.0001, ** p<0.01, ns p>0.05. D) Increase in the extension rate in 

Spitzenkörper mutants correlates with an increase in filament diameter. A r2 = 0.59 for the fit 

for Spitzenkörper distribution mutant and 0.46 for the Spitzenkörper stability mutant. Both 

mutants had p < 0.0001. E) Same as G but with mean values shown. The best fit line for mlc1 

distribution/stability mutants are show with 95% confidence lines. Control strain is with GFP-

Sec4 in a wild-type background. 
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Figure S1: Distribution of secretory vesicle and Spitzenkörper intensities. Separated 

graphs from Figure 1E. Intensities of identified secretory vesicles (left) and Spitzenkörpers 

intensities. Signals from objects of 2-8 voxels were assumed to be secretory vesicles. 

  



Figure S2

3 4 5 6 70

1

2

3

4

Day

M
ea

n 
C

ol
on

y 
Si

ze
 (m

m
)

WT

mlc1∆/∆

mlc1∆/∆;mSc-SEC4

117



Results 

 118 

Figure S2: The mlc1∆/∆ mutant has an increased colony growth rate. Exponentially 

growing cultures (0.1 OD600) were diluted 1:15000 and 0.2 ml was spread on YEPD plates. 

Plates were incubated for 7 days. Colony diameters were measured over the indicated days 

for two independent mlc1∆/∆ mutants. Points represent averages with standard deviations 

shown and linear best fit are dashed lines.  
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Figure S3: mlc1∆/∆ budding cells have an altered morphology. A) The mlc1∆/∆ mutant 

budding cells are larger than the wild-type. Images were acquired in DIC and in fluorescence 

(mSc-Sec4) using 16 x 0.4 µm z-stacks. An ellipsoid was fit to each cell from a sum 

projected of the fluorescence signal (n = X). Area was calculated using the long and short 

axis of the ellipse. B) mlc1∆/∆ mutant budding cells are more elongated than the wild-type. 

The aspect ratio (long/short axis) is shown for the mlc1∆/∆ mutant and wild-type cells. C) 

mlc1∆/∆ mutant budding cells are less circular than the wild-type. The 2D circular shape 

factor is shown. Standard deviations are indicated with **** p<0.0001. 
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Figure S4: Ypt3l localizes to the Spitzenkörper in the mlc1∆/∆ mutant. Images are from a 

time-lapse acquisition of mlc1∆/∆ expressing mCherry-Ypt31. Both images at 70 min. 

Z-stacks of 26 x 0.4 µm images were deconvolved and then sum projected for representation. 
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Figure S5: There is a decrease in endocytosis collar intensity in the absence of Mlc1. A) 

Representative images of Apb1-GFP and mSc-Sec4 in wild-type and mlc1∆/∆ mutant. 

Images were acquired with 26 x 0.4 µm z-stacks and deconvolved. Sum projections are 

shown. B) Representation of the location where the apex and the collar were measured. C) 

mlc1∆/∆ has a decrease in endocytosis collar mean intensity. Mean intensities were measured 

for the apex (0-1µm from tip) and the collar (1-3 µm from the tip) for both strains. D) Wider 

mlc1∆/∆ cells results in increased total collar intensity. The total intensity of the collar was 

measured at the apex and collar. Standard deviations are shown and *** p<0.001 and ns 

p>0.05.  
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Figure S6: Morphology measurements of the mlc1 mutants. Same as Figure 7 except data 

is not normalized with A) being the diameter and B) is extension rates. Standard deviations 

are shown and **** p<0.0001, *p<0.05 and ns p>0.05. 
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Figure S7: Filament diameters are constant over time. A) The MLC1 mutants have a 

constant filament diameter. Diameter measurements from Fig. 7A were plotted over time for 

all cells analyzed (I = 50-60 per strain). B) Linear fits have a very minor slope. Lines were fit 

to the diameter plots and the slope for each cell is shown. C) The altered Spitzenkörper 

mutant strains have a constant filament diameter. Diameter measurements from Fig. 9A were 

plotted over time for all cells analyzed (n = 50 per strain). D) Linear fits of the altered 

Spitzenkörper mutant strain diameters have a very minor slope. Lines were fit to the diameter 

plots and the slope for each cell is shown. 
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Figure S8: The formin Bni1 is important for of filament morphology and extension rate. 

A) The bni1∆/∆ mutant has an increased filament diameter. Each point is the relative mean 

diameter of one cell filament measured every 10 min over 120 min. B) The extension rate of 

the bni1∆/∆ mutant is reduced compared to the wild-type and the mlc1∆/∆ mutant. Extension 

rates were determined from time-lapse experiments of filaments on agarose+FCS pads. Each 

point represents a cell and is the slope of a linear fit (r2 values > 0.9) to a length versus time 

plot over > 60 min. C) bni1∆/∆ mutant have an increased growth rate. Volumes were 

calculated at each time point using the formula for volume of a cylinder V=πr2h where r is 

the filament radius and h is its length. The relative rate of volume increase is shown with 

each point representing the normalized slope of rate of volume increase over time i.e. growth 

rate. Slopes were normalized to the mean of mlc1+/∆ strain,1.78 ± 0.36 µm3/min. Standard 

deviations are shown with **** p<0.0001, ns p>0.05. D) bni1∆/∆ mutants have a constant 

filament diameter over time. Diameter measurements from Fig. 7A were plotted over time for 

all cells analyzed (n = 50-60 per strain). E) bni1∆/∆ mutants filament diameter have a very 

small change over time. Lines were fit to the diameters over times, and the slope for each cell 

is shown. F) bni1∆/∆ mutant extension rate increase correlates with increase in filament 

diameter. The line fit correlation for bni1∆/∆ has a r2 of 0.52 and mlc1∆/∆ has a r2 of 0.40 

both with p-values < 0.0001. G) Same as D but mean values shown. The best line fits for 

bni1∆/∆ and mlc1∆/∆ are shown with 95% confidence limits. 
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Figure S9: Mlc1 is not critical for Sec4 Spitzenkörper stability. A) Fluorescence recovery 

after photobleaching (FRAP) of mSc-Sec4 in mlc1 mutant strains. Mean FRAP recovery (n = 

9-15) with standard deviation indicated (left) and one phase exponential association with 

95% confidence interval indicated (right). B) The immobile fraction is unaffected in the 

mlc1∆/∆ mutant. FRAP immobile fraction is, 1-((Ifinal - Ipostbleach)/( Iprebleach - Ipostbleach)), values 

with standard deviation are shown. E) Similar amounts of Sec4 signal were photobleached in 

the two strains. Fraction of total cell signal that was bleached in FRAP experiments. Standard 

deviations are shown with ns p>0.05. 
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Figure S10: Morphology in measurements of the GNB strains. Same as Figure 9 except data 

is not normalized with A) being the diameter and B) is extension rates. Standard deviations are 

shown and **** p<0.0001, **p<0.01 and ns p>0.05. 

 

 



III – Secretory vesicle clustering in fungal filamentous cells does 
not require directional growth 

Patrícia M. Silva, Charles Puerner, Agnese Seminara, Martine Bassilana, and 
Robert A. Arkowitz 

Silva et al., 2019, Cell Reports 28, 2231–2245 

In this section I will briefly highlight my contributions as a second author for the 
article by Silva et al., 2019, that was published in Cell Reports. This article uses an 
optogenetic approach to disrupt polarized growth by recruiting active Cdc42 all over the 
membrane and quantifying the effects. This was largely the work of Patrícia Silva, a PhD 
student in the Arkowitz laboratory. As a second author, I made contributions through 
developing the use of longer wavelength fluorescent proteins and tagging constructs, which 
were necessary due to the sensitivity of the optogenetic system to wavelengths in the blue end 
of the visible light spectrum. I developed the use of the red fluorescent protein, mScarlet 
(Bindels et al., 2016), which is significantly more bright and stable than the previous option 
mCherry. From this I developed a triple tandem version (3xmScarlet) with unique coding 
sequences to prevent recombination and improved signal. I also developed the use of the 
near-infrared monomeric fluorescent protein miRFP670 (Shcherbakova et al., 2016). This 
allowed for imaging in two spectrally distinct fluorescent channels that were compatible with 
the optogenetic system. I developed the fully functional mScarlet-Sec4 construct because a 
previous construct used GFP and the URA3 marker (Li et al., 2007), which were both already 
in use for the optogenetic system.  Overall my contributions through developing the use of 
two spectrally distinct fluorescent proteins compatible with this system was important for the 
success of this work, particularly allowing for the ability to observe two protein localizations 
simultaneously as can be seen in Figures 4 and 5 of this article.  
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SUMMARY

During symmetry breaking, the highly conserved
Rho GTPase Cdc42 becomes stabilized at a defined
site via an amplification process. However, little is
known about how a new polarity site is established
in an already asymmetric cell—a critical process in
a changing environment. The human fungal path-
ogen Candida albicans switches from budding to
filamentous growth in response to external cues, a
transition controlled by Cdc42. Here, we have used
optogenetic manipulation of cell polarity to reset
growth in asymmetric filamentous C. albicans cells.
We show that increasing the level of active Cdc42
on the plasma membrane results in disruption of
the exocyst subunit Sec3 localization and a striking
de novo clustering of secretory vesicles. This new
cluster of secretory vesicles is highly dynamic, mov-
ing by hops and jumps, until a new growth site is es-
tablished. Our results reveal that secretory vesicle
clustering can occur in the absence of directional
growth.

INTRODUCTION

Highly polarized growth in a range of elongated cell types,
including fungal hyphae (Riquelme, 2013; Riquelme and Sán-
chez-León, 2014; Virag and Harris, 2006), plant pollen tubes
(Bibeau et al., 2018; Bou Daher and Geitmann, 2011; Bove
et al., 2008), and neurons (Denker et al., 2011; Milovanovic
and De Camilli, 2017; Mukherjee et al., 2010) requires a specific
cellular organization to overcome long distances. In these elon-
gated cells, clusters of vesicles are typically observed just
behind the growing cell tip and thought to provide a reservoir
of material necessary for rapid cellular extension or synaptic
activity. In Saccharomyces cerevisiae, such a cluster of vesicles
also appears to be present in elongated pseudohyphal cells
(Kim and Rose, 2015) and shmoos (Chapa-Y-Lazo et al.,
2011), yet has not been observed in budding cells. In filamen-
tous fungi, including Neurospora crassa and Ashbya gossypii,
a number of studies have revealed that this structure, referred

to as the Spitzenkörper (Spk), depends on and maintains
growth (Brunswik, 1924; Girbardt, 1957, 1969; Grove and
Bracker, 1970; Löpez-Franco and Bracker, 1996; Reynaga-
Peña et al., 1997; Riquelme, 2013; Riquelme and Sánchez-
León, 2014; Virag and Harris, 2006). In Candida albicans,
disruption of the actin cytoskeleton (Crampin et al., 2005;
Jones and Sudbery, 2010), as well as mutants that perturb
secretion, i.e., sec3 and sso2, disrupt the Spk (Bernardo
et al., 2014; Li et al., 2007). Together these results strongly sug-
gest that this cluster of vesicles is a build-up resulting from
limiting fusion with the plasma membrane and is intimately
associated with cell growth.
Cell polarity is a fundamental process that is not fixed but

rather is dynamic, allowing cells to readjust to their environ-
ment in response to a range of temporal and spatial cues. In
both model yeasts S. cerevisiae and Schizosaccharomyces
pombe, the active form of the highly conserved Rho GTPase
Cdc42 accumulates at a unique, presumptive growth site in
symmetrical, unpolarized cells (Bendezú and Martin, 2011;
Bendezú et al., 2015; Butty et al., 2002; Das et al., 2009; Gallo
Castro and Martin, 2018; Gulli et al., 2000; Howell et al., 2012;
Jaquenoud and Peter, 2000; Kelly and Nurse, 2011; Ozbudak
et al., 2005; Smith et al., 2013). This patch or cap of activated
Cdc42 ultimately results in polarized growth by promoting the
activation and/or recruitment of a range of effector proteins,
which have critical roles in cytoskeleton organization and
membrane traffic (Chiou et al., 2017). Polarization in the
absence of established landmarks is thought to be the result
of feedback mechanisms that amplify small differences in
active Cdc42 levels via reaction-diffusion mechanisms,
actin-dependent transport, membrane extraction, and differ-
ential lateral diffusion (Freisinger et al., 2013; Goryachev and
Leda, 2017; Kuo et al., 2014; Martin, 2015; Witte et al.,
2017; Woods and Lew, 2019; Wu et al., 2015; Wu and Lew,
2013). Recently, optogenetic recruitment of either the Bem1
scaffold protein or the Cdc42 unique guanine nucleotide ex-
change factor (GEF), Cdc24, was shown to be sufficient to
bias the position of the polarization site in budding yeast
(Witte et al., 2017).
Cdc42 is also critical for filamentous growth in a range of fungi,

including pathogenic species. This GTPase has been shown to
control directional growth in N. crassa germ tubes (Lichius
et al., 2014), and deletion mutants have severe morphological
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defects (Araujo-Palomares et al., 2011). In Aspergillus nidulans,
mutants lacking CDC42 exhibited defects in hyphal polarity,
although the organization of the microtubule and actin cytoskel-
eton and the apical vesicle cluster known as the Spk were not
affected (Virag et al., 2007). In the human fungal pathogen
C. albicans, Cdc42 is required for filamentous growth, with mu-
tants that have reduced levels of this GTPase unable to form hy-
phae and specific Cdc42 point mutants exhibiting defects in the
yeast to hyphal transition (Bassilana et al., 2003; Ushinsky
et al., 2002; VandenBerg et al., 2004). A dramatic redistribution
of active Cdc42 has been observed at the incipient germ tube
in C. albicans, with a 10-fold increase in local concentration
(Corvest et al., 2013). In C. albicans germ tubes, the Ras-like
GTPase Rsr1 is important for the tight localization of active
Cdc42 at the apex (Pulver et al., 2013). Expression of a constitu-
tively active GTP-bound form of Cdc42 is lethal in C. albicans
(Ushinsky et al., 2002), and conditional expression of this

Figure 1. Rapid Recruitment of Active
Cdc42 to the Plasma Membrane
(A) Schematic of optogenetic system for recruit-

ment of active Cdc42 to the plasma membrane in

C. albicans.

(B) Recruitment of Cdc42,GTP to the plasma

membrane occurs concomitant with depletion

from the cytoplasm. A strain expressing CibN-

GFP-CtRac1 and Cry2-mCh-Cdc42[G12V]cyto was

incubated on agar pads at 30!C, and the entire

field of view was exposed to a 300-ms, 488-nm,

2.5-mW pulse immediately after the initial time

point. The mean signals from a region of interest

(ROI) of the cytoplasm or plasma membrane were

quantified (n = 3) and maximum signals were

normalized to 1; the average and standard devia-

tion are shown.

(C) Cdc42,GTP can be recruited to the plasma

membranemultiple times. Strain was incubated on

agar pads as in Figure 1B and similarly exposed to

488 nm light every 20 min; image acquisition order

was 561 nm (top row), 488 nm (middle row) and

561 nm (bottom) excitation. Signals were quanti-

fied as in Figure 1B and the mean plasma mem-

brane to cytoplasm ratio calculated, with the

maximum normalized to 1; the average and stan-

dard deviation are shown. Scale bar, 5 mm.

activated mutant in hyphal cells resulted
in cell swelling and reduced or altered po-
larity (Brand et al., 2014; Court and Sud
bery, 2007).

To investigate how a new polarized
growth site occurs in an asymmetric cell,
we have used optogenetic tools to recruit
the key GTPase Cdc42 to the cortex in
C. albicans filamentous cells. Here, we
show that photo-recruitment of active
Cdc42 all over the plasma membrane re-
sets growth and results in a striking
de novo cluster of secretory vesicles,
which is highly dynamic, moving by hops

and jumps, until a new growth site is subsequently established.
Our results reveal that clustering of secretory vesicles can occur
in the absence of directional growth.

RESULTS

Photo-Recruitment of Active Cdc42 Disrupts Polarized
Growth
To investigate cell polarization in asymmetric cells, we estab-
lished optogenetic tools, based on Arabidopsis thaliana crypto-
chromes (Kennedy et al., 2010), to recruit the key regulator of
polarity Cdc42 all over the cortex in C. albicans cells. Specif-
ically, we co-expressed membrane-tethered CibN (CibN-GFP-
CtRac1) with Cry2-mCh fused to a constitutively active Cdc42
mutant lacking its C-terminal membrane-targeting prenylation
sequence (Cry2-mCh-Cdc42[G12V]cyto) (Figure 1A). Cells co-ex-
pressing both fusions grew normally in the dark and the mutated

2232 Cell Reports 28, 2231–2245, August 20, 2019
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version of Cdc42 was quantitatively recruited to the plasma
membrane (Figure 1B). A single pulse of 488-nm light (over the
entire field of view), identical to the levels and times used for a
GFP image, was sufficient to recruit active Cdc42 to the plasma
membrane, with maximal recruitment observed after "1 min,
concomitant with depletion from the cytosol. Within 10 min of
maximal plasma membrane recruitment, there was a decrease
in plasma membrane signal (to pre-photoactivation levels) and
a concomitant increase in cytoplasmic signal. Figure 1C shows
that this fusion protein, which could be repeatedly recruited,
was observed over the entire plasma membrane.
We next examined whether photo-recruitment of active Cdc42

perturbs cell growth. Recruitment of active Cdc42 dramatically
perturbed budding growth, compared to control cells (Figure 2A).
Measurements of the bud and mother cell size indicated that
recruitment of active Cdc42 largely blocks polarized growth (Fig-
ure 2B)—the bud volume increased by on average only 2.6-fold
following four photoactivation pulses, compared to 33-fold in the
absence of Cdc42 recruitment. Nonetheless, we did observe
non-polar growth, as unbudded and budded cells increased in
overall size (compare cell sizes in Figure 1C at 0 and 100 min
and Figure 2A at 0 and 80min), indicating that plasmamembrane
recruitment of constitutively active Cdc42 specifically blocks
polarized growth.
In cells that had begun to filament upon induction with serum,

light-dependent recruitment of active Cdc42 blocked filament
extension. Subsequently, new filamentous growth emerged
more than 20 min after the last photoactivation pulse when the
Cry2 fusion was no longer detectable at the cortex (Figures 1C
and S1A). There was no correlation between the location of
plasma-membrane-recruited active Cdc42 (over the entire
plasma membrane with occasional clusters) and the new growth
site (Figure S1B). As indicated above, photoactivation consisted
of a 488-nm pulse identical to that used for a GFP image, which
we have previously shown has no effect on filamentous growth
(Ghugtyal et al., 2015; Labbaoui et al., 2017). Furthermore, addi-
tion of a mutation (Thr at position 35 in the effector loop changed
to Ala) shown to disrupt active Cdc42 binding to its effectors
(Davis et al., 1998; Gladfelter et al., 2001; Ottilie et al., 1995; Peter
et al., 1996; Zheng et al., 1994) and plasma membrane recruit-
ment of the resulting fusion (Cdc42[G12V,T35A]cyto) did not
alter filamentous growth (Figure S1C), with extension rates
(0.3mm/min; n=9) identical to thatofwild-typecells. These results
indicate that the 488-nm pulses had no deleterious effect on fila-
mentous growth and suggest that the perturbation we observe is
due to an association of active Cdc42 with its effector. We also
examined whether light-dependent recruitment of wild-type
Cdc42 (which could be activated by endogenous GEF) altered
filamentous growth and approximately 40%of cells (n = 100) dis-
played altered morphology following photoactivation. Given that
upon recruitment of constitutively active Cdc42[G12V]cyto all of
the filamentous cells exhibited alteredmorphology, this activated
mutant was used for all subsequent studies.

New Growth Occurs in the Mother Cell or along the
Filament
Since growth resumed subsequent to optogenetic recruitment in
filamentous cells, we examined where this growth occurs.

Strikingly, we observed that new filamentous growth could
emerge from either the mother cell or the filament. In the latter
case, growth occurred along the filament or resumed at the tip
(Figure 2C). New growth, whether in the mother cell or the fila-
ment, had an identical extension rate to that of initial growth (Fig-
ure 2D), corroborating its physiological relevance. The majority
of cells, "75%, resumed growth at the tip, whereas "20% of
the cells initiated growth in the mother cell and "5% initiated
growth in the filament. Cells with shorter germ tubes (2–6 mm
long) were more likely to initiate new growth in the mother cell,
whereas cells with longer filaments (8–12 mm long) were more
likely to initiate growth in the filament (Figure 2E). Following
photo-recruitment, new growth, irrespective of its location, initi-
ated on average 20 min after the last pulse, indicating that it
occurred subsequent to the plasma membrane dissociation of
Cry2-mCh- Cdc42[G12V]cyto. We next examined the location of
new growth along the filament as a function of filament length
at the time of photoactivation. New growth could occur any-
where along the filament with a preference farther away from
the tip with increasing initial filament lengths (Figure 2F). We
also examined the angle between the new filament and initial fila-
ment when growth occurred in the mother cell. Figure 2G shows
that growth occurred predominantly in the distal half of the
mother cell (between ± 60! and 180! from the initial filament).
Together, these data indicate de novo growth site formation
and suggest that growth in longer filaments is more refractory
to disruption.

Recruitment of Cdc42,GTPDisrupts EndogenousActive
Cdc42 Localization
The timing of new filamentous growth relative to light-dependent
active Cdc42 recruitment suggested that new growth occurs
subsequent to the dissociation of Cry2-mCh-Cdc42[G12V]cyto
from themembrane. To determine whether active Cdc42 recruit-
ment either directly induces polarized growth or instead resets
cell polarity, we followed the distribution of a reporter for active
Cdc42 derived from the S. cerevisiae Cdc42 effector protein
Gic2 (Cdc42- and Rac-interactive binding [CRIB]-mCh) (Corvest
et al., 2013). In filamentous cells, a cluster of active Cdc42
observed at the filament apex prior to photoactivation (Figure 3A;
Video S1) was no longer detectable following Cry2-GFP-Cdc42
[G12V]cyto recruitment. Quantitation of the ratio of growth site
(tip) plasma membrane to cytoplasmic CRIB-mCh signal re-
vealed an average reduction of "2-fold following the second or
third photoactivation (Figure 3B). Just prior to new growth,
"30 min after the last photoactivation pulse (28 ± 6 min; n = 15
cells), a cluster of active Cdc42 was again observed. Together,
these results indicate that recruitment of Cdc42,GTP disrupts
the initial cluster of active Cdc42, which subsequently forms a
cluster at a distinct location.

Endocytic Sites Disperse Subsequent to Cdc42,GTP
Recruitment
As our results suggested that photo-recruitment of active Cdc42
resets cell polarity, we examined whether the sites of endocy-
tosis and exocytosis remained localized. In growing hyphal fila-
ments, endocytic sites localize as a collar 1–3 mm from the
filament tip (Caballero-Lima et al., 2013; Ghugtyal et al., 2015;
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Figure 2. Plasma Membrane Recruitment of Cdc42,GTP Disrupts Polarized Growth
(A) Polarized budding growth is blocked following Cdc42,GTP recruitment. Strain was incubated as in Figure 1B and either exposed (Light) or not (Dark) to

488-nm light, as in Figure 1C. mCh (upper panel) and differential interference contrast (DIC) images (lower panel) for each time course are shown.

(B) Quantification of bud and mother cell area following photo-recruitment of Cdc42,GTP. Average relative area in cells (n = 5) with photoactivation at 0, 20, 40,

and 60 min.

(C) Following recruitment of Cdc42,GTP in filamentous cell, new growth can occur in themother cell or along the filament. Strain as in Figure 1Bwas incubated on

agar pads containing serum at 37!C and exposed to 3 pulses of 488-nm light (red stars). In the absence of 488-nm light, filamentous cells grew normally.

(D) New growth occurs at same rate as the initial filament. Length of new filament emerging either from filament (solid lines) or mother cell (dashed lines) is shown.

(E) New growth location depends on initial filament length. Percentage of cells in each filament length class in which new growth emerged from mother cell

(yellow), filament (green), or resumed at tip (blue). Strain and conditions as in Figure 2C. Quantification of 425 cells (from 11 experiments) followed by time-lapse

microscopy (n = 15–80/length class).

(F) New growth in filament occurs preferentially farther from the tip for cells with longer initial filaments. Strain and conditions as in Figure 2C. Location of growth in

filament divided by initial filament length is shown (n = 16; 8 experiments followed by time-lapse microscopy).

(G) New growth in the mother cell occurs medially to initial filament. Strain and conditions as in Figure 2C. Angle of the new germ tube relative to the initial filament

was quantified (n = 66 cells; 9 time-lapse experiments). Scale bar, 5 mm.

2234 Cell Reports 28, 2231–2245, August 20, 2019
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Zeng et al., 2012) and secretory vesicles localize to the tip, in a
cluster referred to as a Spk (Riquelme, 2013; Riquelme and Sán-
chez-León, 2014). We visualized sites of endocytosis using
actin-binding protein 1 (Abp1), which localizes to this endocytic
collar. Following recruitment of active Cdc42 to the plasma
membrane, the tip cluster of the Abp1-mCh dispersed, and
"10 min after the last photoactivation pulse, there was an in-
crease in Abp1-mCh signal in the mother cell, which clustered
at the incipient germ tube "30 min later (Figures 3C and 3D;
Video S2). These results suggest that endocytosis at the filament
tip is disrupted by photo-recruitment of active Cdc42 over the
plasma membrane.

Cdc42,GTPRecruitment Results in aDeNovo Secretory
Vesicle Cluster
To visualize secretory vesicles, we examined a number of pro-
teins that associate with these vesicles and have been localized
to the Spk. These include the myosin light chain, Mlc1, the Rab
GTPases, Sec4 andYpt31, and theSec4GEF, Sec2,which asso-
ciate on secretory vesicles in S. cerevisiae (Ortiz et al., 2002;
Wagner et al., 2002), as well as localize to the Spk at the filament
tip (Bishop et al., 2010; Crampin et al., 2005; Jones and Sudbery,
2010; Li et al., 2007; Ortiz et al., 2002; Pantazopoulou et al., 2014;
Sánchez-León et al., 2015). Strikingly, immediately following
plasma membrane recruitment of Cdc42,GTP, a second cluster
of Mlc1-mCh was observed, typically in the cell body or base of
the filament (Figures 3E and S2; Video S3, compare with Video
S4). Note that while one additional cluster of Mlc1 was observed
subsequent to photoactivation, occasionally we observed 2 or
more clusters. The initial cluster of Mlc1-mCh persisted for
some time after the appearance of the second Mlc1 cluster,
moved down the filament over time, and eventually appeared to
coalescewith the secondMlc1cluster. This coalescedMlc1clus-
ter, which was always localized to the cell cortex, was highly dy-
namic before settling down to the site of the incipient germ tube
(Figures 3F and S2). In all cells examined, the final location of
the secretory vesicle cluster at the cell cortex was precisely
where the new filament emerged, suggesting that this vesicle
cluster is physiologically relevant. While we focused on cells in
which plasma membrane recruitment of Cdc42,GTP ultimately
resulted in filamentous growth at new location (Figures 3E, 3F,
andS2; VideoS3), we also examined cells inwhich, after a pause,
tip growth resumed. Figure S3A shows a second cluster of Mlc1-
mCh, observed frequently in the cell body, which behaved simi-
larly as that in Figures 3E, 3F, and S2. However, in these cells,
this second cluster of Mlc1-mCh did not settle at new location
from which a new filament would emerge. When we compared
cells with the same initial filaments length, it appeared that
more photoactivation pulses were required to disrupt the initial
Spk when new growth resumed at the tip (Figures 3E and S2
compared to Figure S3A), suggesting that when the growth site
was more robust, new growth resumed at the tip.
Hence, we examined whether there was a correlation between

the ability to disrupt the Spk and filament length upon photoac-
tivation. Fewer photoactivation pulses were required to disrupt
the initial Spk in cells with shorter filaments than in cells with
longer filaments (Figure 3G). These results suggest that the
growth site in shorter filaments is less robust compared to that

of longer filaments. In the absence of photoactivation, the cluster
of Mlc1 was restricted to the tip and moved as the filament
extended at a rate of "0.3 mm/min (Video S4). Following photo-
activation, there was a dramatic increase in the instantaneous
velocity of the Mlc1 cluster, with peaks of up to 10-fold higher,
i.e., 3–4 mm/min (Figure S4A), inconsistent with association
and dissociation. The shape of the Mlc1 cluster, which appeared
as a sphere (projected onto the XY plane) in the absence of pho-
toactivation, elongated along the axis of movement following
photoactivation, further consistent with its displacement (Fig-
ure S4B). While photo-recruitment of active Cdc42 blocked
polarized growth, tip swelling was observed (Figure 2C), sug-
gesting a switch to isotropic growth. Unstable, dynamic polarity
clusters, in particular active Cdc42 visualized by the CRIB
domain, have been observed in S. pombe upon slowing or stop-
ping cell growth (Bendezú andMartin, 2013; Bonazzi et al., 2014,
2015; Haupt et al., 2018; Mutavchiev et al., 2016), hence we
examined whether such dynamic behavior of the Mlc1 cluster
was observed upon decreasing growth rate using an arl1mutant
that has a decreased filament extension rate, as well as
frequently abandoning tip growth (Labbaoui et al., 2017). In these
mutant cells, the Spk was unaffected by the reduced growth
rate, and upon abandoning growth at the filament tip, a new
vesicle cluster only became visible at the incipient germ tube
site either concomitant with or subsequent to the loss of the
initial cluster (Figure S3B). Together these results indicate that
recruitment of active Cdc42 over the plasma membrane results
in a de novo cluster of Mlc1, which is highly dynamic and not a
consequence of reduced growth rate.
In C. albicans hyphae, while Mlc1 is observed at the Spk with

little to no signal elsewhere in the cell (Crampin et al., 2005;
Jones and Sudbery, 2010), Sec4 is found both at this apical loca-
tion and associated with individual secretory vesicles (Ghugtyal
et al., 2015; Jones and Sudbery, 2010; Li et al., 2007; Wakade
et al., 2017). Using mScarlet (mSc) fused to Sec4, we followed
the distribution of secretory vesicles after photoactivation. Fig-
ure 4A (Video S5 compared to Video S4 without photoactivation)
shows Sec4 at the tip of an emerging germ tube and, within 1min
of photo-recruitment of active Cdc42, a new cluster of Sec4
forms in the mother cell. This new cluster was highly dynamic
(Figure S4C), similar to the dynamics of the Mlc1 cluster, and
in a strain expressing both mSc-Sec4 and Mlc1-miRFP, these
two proteins co-localized throughout the time course (Fig-
ure S4D; Video S6). To provide additional evidence that this
new cluster of Mlc1 and Sec4 was composed of secretory ves-
icles, we examined two additional secretory vesicle compo-
nents, the Sec4 GEF, Sec2, and the Rab11 homolog, Ypt31;
the former is found at the Spk in C. albicans (Bishop et al.,
2010), and the latter localized to secretory vesicles in S. cerevi-
siae, N. crassa, and A. nidulans and the Spk in N. crassa,
A. nidulans, and C. albicans (Ortiz et al., 2002; Pantazopoulou
et al., 2014; Sánchez-León et al., 2015; Wakade, 2017). Immedi-
ately following plasma membrane photo-recruitment of active
Cdc42, we observed that Sec2 and Ypt31 co-localized with
Mlc1 at the new cluster (Figures 4B, 4C, S5A, and S5B), despite
the relatively low signals of Sec2-mSc and Ypt31-mCh. To deter-
mine whether this new cluster of secretory vesicles also con-
tained markers for other membrane compartments, we used
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Figure 3. Photo-Recruitment of Cdc42,GTP Disrupts Endogenous Cdc42 Activation and Endocytosis Sites at Filament Tip
(A) Following photoactivation, active Cdc42 at the filament tip is no longer detectable. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, and

CRIB-mCh was incubated as in Figure 2C and exposed to 6 pulses of 488-nm light every 5 min. DIC and maximum projection mCh images are shown from

(legend continued on next page)
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strains expressing Mlc1-miRFP and either the endoplasmic re-
ticulum (ER)marker phosphatidylinositol-4-phosphate phospha-
tase, Sac1 (Foti et al., 2001; Weiner et al., 2019), or the late Golgi
maker Arf GEF, Sec7 (Ghugtyal et al., 2015). Figures 4D and S5C
show that the ER is distinct from the new cluster labeled with
Mlc1, which is best visualized in a three-dimensional reconstruc-
tion (Video S7), indicating there is a gap between the ER mem-
branes and the Mlc1 cluster. In C. albicans hyphae, the Golgi
cisternae are somewhat enriched at the apex (Ghugtyal et al.,
2015; Rida et al., 2006), and consistently, prior to plasma mem-
brane photo-recruitment of active Cdc42, Sec7-mSc labeled
Golgi cisternae also clustered behind the Spk (Figures 4E and
S5D). Recruitment of active Cdc42 resulted in dispersal of the
Golgi cisternae, which appeared to transiently align between
the two vesicle clusters without any detectable overlap (Figures
4E and S5D). Together, these data indicate that photo-recruit-
ment of active Cdc42 results in a de novo secretory vesicle
cluster, which is distinct from ER and Golgi membrane
compartments.
We noted that the new cluster of vesicles, visualizedwithmSc-

Sec4, appeared larger than the initial cluster (Figure 4A; Video
S5). Quantitation of its maximal cross-sectional area revealed a
4.7-fold increase (n = 14; compared to the initial cluster), and
the average signal of this new cluster increased "4-fold,
following photoactivation, concomitant with a decrease in the
cytoplasmic signal (Figure S4E). Furthermore, the ratio of Sec4
to Mlc1 signal in a strain co-expressing mSc-Sec4 and Mlc1-
miRFP increased 3- to 4-fold, resulting in a shift in the cluster
of vesicles from magenta (Mlc1) to green (Sec4) upon photoac-
tivation and then back to magenta "10 min after the last photo-
activation pulse (Figures S4D, S4F, and S4G; Video S6). Sec4
recruitment was observed at both the initial Spk and the new dy-
namic vesicle cluster (Figure S4H). Unfortunately, the relatively
low signals of Ypt31-mCh and Sec2-mSc prevented such exten-
sive analyses, yet immediately following photoactivation, we
observed at the new vesicle cluster a similar increase of Ypt31
(2- to 3-fold, n = 13, compared to Mlc1-miRFP levels) and in
two-thirds of the cells quantified (n = 12) a transient increase of
Sec2 ("2-fold compared to Mlc1-miRFP levels). Together, these
data suggest that photo-recruitment of active Cdc42 results in a
de novo secretory vesicle cluster, with a concomitant increase
level of Sec4 and Ypt31.

Cdc42,GTP Recruitment Disrupts Sec3 Localization
and Reduces Turnover of Secretory Vesicles
As the new cluster of secretory vesicles was substantially larger
than the initial Spk and hyphal filaments did not appear to extend
(polarized tip growth) following photo-recruitment of active
Cdc42, we speculated that there was a defect in polarized secre-
tion. Since the exocyst subunit Sec3, which localizes to the
cortical tip of the hyphae in C. albicans (Ghugtyal et al., 2015;
Jones and Sudbery, 2010; Li et al., 2007), is critical for targeting
and/or tethering secretory vesicles (Luo et al., 2014) and binds
active Cdc42 (Zhang et al., 2001) in S. cerevisiae, we examined
whether it remains at the filament tip subsequent to photo-
recruitment of active Cdc42. Figures 5A and 5B show that
upon photo-recruitment of active Cdc42, Sec3-mSc signal is
no longer detectable at the apex, which we expect would lead
to a reduction in polarized vesicle fusion with the plasma mem-
brane. Therefore, one expects that the turnover of secretory ves-
icles in this new cluster should be reduced, compared to that of
the initial Spk. The dynamics of secretory vesicle turnover was
determined using fluorescence recovery after photobleaching
(FRAP) (Figure 6A). The FRAP t1/2 of the initial Spk, 8.1 ± 2.7 s
(n = 10), was in good agreement with the value determined pre-
viously (7.3 s) (Jones and Sudbery, 2010), while the new cluster
of secretory vesicles was significantly less dynamic with a FRAP
t1/2 of 22.0 ± 9.0 s (n = 11) (Figure 6B), consistent with a reduction
in vesicle fusion with plasma membrane.

The Actin Cytoskeleton Is Associated with the New
Vesicle Cluster
The delivery of secretory vesicles to the Spk requires actin
cables, which emanate from this structure; indeed, depolymer-
ization of F-actin disrupts the Spk (Crampin et al., 2005). To
determine whether actin cables were intact following active
Cdc42 photo-recruitment, actin was visualized in fixed cells ex-
pressing Mlc1-miRFP after the appearance of two clusters (Fig-
ure 7A). Figure 7A (Light) shows an apparent decrease in the
actin cables around the initial Spk following photoactivation,
while the new cluster appears to have actin cables emanating
from it, frequently oriented toward the back of the mother
cell. This raises the attractive possibility that movement of
this new cluster might be actin driven, much like actin-depen-
dent propulsion of endosomes, pinosomes, and phagosomes

2 time-lapses. Photo-recruitment did not result in an increase in the CRIB-mCh reporter on the plasma membrane, suggesting that the Cry2 fusion does not

efficiently bind the reporter, perhaps due to the Cry2-GFP moiety.

(B) The level of active Cdc42 at the growth site decreases following photoactivation. The ratio of tip to cytoplasmic signal was determined at the 1st and either 2nd

or 3rd photoactivation as in Figure 3A (n = 15 cells; 5 experiments); colors indicate same cell. The average and SD are shown, and the difference was statistically

significant using an unpaired t test, p < 0.0001.

(C) Endocytosis sites become dispersed upon photo-recruitment of Cdc42,GTP. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, and Abp1-mCh

was incubated as in Figure 3A (red stars, photo-activations). DIC and maximum projection mCh images are shown from a representative time-lapse.

(D) Abp1 in the mother cell increases following photoactivation. Quantification of Abp1-mCh signal in the mother cell (n = 7; 3 experiments) over time is shown,

with the signal at time of new germ tube emergence set to 1. The average and SD are shown.

(E) Cluster of secretory vesicles becomes highly dynamic following recruitment of active Cdc42. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto and

Mlc1-mCh was incubated as in Figure 3A. DIC and sum projection mCh images are shown from a representative time-lapse (images every 2.5 min prior to photo-

activation and 1 min, thereafter, left panel). Right panel shows location of Mlc1 cluster in the final cell shape with location in initial extending germ tube (red),

existence of two clusters (green), dynamic cluster in mother cell (purple), and cluster in final extending germ tube (blue).

(F) Mlc1 cluster is highly dynamic following recruitment of active Cdc42. Location of Mlc1 cluster in 4 cells as in Figure 3E.

(G) Mlc1 cluster is more easily disrupted in shorter filaments. Strain as in Figure 3Ewas analyzed as above and the number of photoactivation pulses necessary to

disrupt initial Mlc1 cluster was determined as a function of filament length (n = 25; 9 experiments), followed by time-lapse microscopy. The average and SD are

shown, and the difference between cells with shorter and longer filaments was statistically significant using an unpaired t test, p < 0.0001. Scale bar, 5 mm.
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(Merrifield et al., 1999; Southwick et al., 2003; Taunton et al.,
2000).

Modeling Secretory Vesicle Cluster Dynamics
To determine whether this cluster of vesicles moves in a random
or directed fashion, we analyzed its movement on the cortex
(approximating the mother cell as a sphere) from 10 cells
following photoactivation (Figure 7B). First, we derived the colat-

itude of the cluster with respect to the initial position (q in Fig-
ure S6A), and the square angular displacement (colatitude q2)
does not depend on time, inconsistent with a pure diffusion pro-
cess (Figure S6B compared to Figure S6C; Figure S6D). Fig-
ure 7C (compared to Figure S7A) confirms that the dynamics
of the vesicle cluster is not simply diffusive but rather that move-
ment is strikingly confined to a small region; from the north pole
this would be roughly up to the 30th parallel north. These

A

B

D E

C

Figure 4. Recruitment of Cdc42,GTP Induces De Novo Secretory Vesicle Clustering
(A) Sec4 dynamics following photo-recruitment of active Cdc42. Strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, and mSc-Sec4 was incubated and

analyzed as in Figure 3E, and a representative time-lapse is shown.

(B) Sec2 is localized to the new vesicle cluster. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, Sec2-3x-mSc, andMlc1-miRFPwas incubated as in

Figure 3E, and maximum projections of RFP (green) and miRFP (magenta) images merged with DIC images from a representative time-lapse are shown. Pre-

photoactivation denotes < 1 s after 488-nm light exposure and post-photoactivation 2.5 min later.

(C) Ypt31 is localized to the new vesicle cluster. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, mCh-Ypt31, and Mlc1-miRFP was incubated and

analyzed as described in Figure 4B.

(D) The new vesicle cluster does not overlap with the endoplasmic reticulum. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, Sac1-mSc, andMlc1-

miRFP was incubated and analyzed as described in Figure 4B, except pre-photoactivation indicates 1 min prior exposure to 488-nm light and post-photo-

activation 5 min later.

(E) The new vesicle cluster is distinct from the late Golgi. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, Sec7-3x-mSc, and Mlc1-miRFP was

incubated and analyzed as described in Figure 4B. Scale bar, 5 mm.
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conclusions are robust, even for analyses of the early (t < 10 min)
or late (t > 15 min) times, corroborating that this effect is not
due to a transient in time (compare Figures S7B and S7C). The

A

B

Figure 5. Optogenetic Recruitment of
Cdc42,GTP Disrupts Sec3 Filament Tip
Localization
(A) Following recruitment of Cdc42,GTP, Sec3 is no

longer observed at filament tip. A strain expressing

CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, Sec3-3x-

mSc, and Mlc1-miRFP was incubated as in Fig-

ure 3E, and maximum projections of RFP (green)

and miRFP (red) images are shown from a repre-

sentative time-lapse (arrowheads indicate Sec3 at

tip cortex).

(B) Quantitation of the percentage of cells with Sec3

localized to the hyphal apex upon optogenetic

recruitment of Cdc42,GTP. The percentage of cells

in which both Sec3-mSc and Mlc1-miRFP were

visible at filament tip was quantitated from time-

lapses as described above. Cells were exposed or

not to 488-nm light (n = 15–30 cells per experiment;

3 experiments) with the mean and standard devia-

tion shown. Scale bar, 5 mm.

cluster often moves in a series of short
hops, but it occasionally undergoes large
jumps (Figure 7C, inset). These long-range
displacements, akin to flipping of the
poles, were observed in the majority of
cells and are also likely to be movement,
as intermediate steps were occasionally
detected (Figure 7B). We hypothesize
that two non-mutually exclusive mecha-
nisms could underlie such vesicle cluster
dynamics: (1) actin cytoskeleton confines
or drives movement and (2) interactions
with the cortex, e.g., a protein anchor
or specific lipid environment limits move-
ment (Figure 7D). Disruption of such
confining or limiting processes could
result in long-range displacements across
the cell.

DISCUSSION

We used optogenetic manipulation of
cell polarity to reset growth in asym-
metric filamentous C. albicans cells. A
transient increase of the overall level of
Cdc42,GTP on the plasma membrane
disrupted the cluster of endogenous
active Cdc42, the key exocyst subunit
Sec3 at the filament tip, and the collar
of endocytosis sites proximal to the
filament apex. In contrast, a striking
de novo cluster of secretory vesicles
formed, distinct from the ER and Golgi,
which had a number of hallmarks of the

Spk. Furthermore, it was highly dynamic, moving in an active
fashion by hops and jumps, until a new growth site was subse-
quently established.
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How does this growth reset compare to filament branching?
During hyphal growth, branching is critical for increasing
biomass and effectively accessing nutrients and occurs laterally,
i.e., along the filament, and at the apex (Harris, 2019). During api-
cal branching in N. crassa, the extension of the initial apex was
substantially reduced and the Spk no longer detectable,
whereas they were largely unaffected during lateral branching
(Reynaga-Peña et al., 1997; Riquelme and Bartnicki-Garcia,
2004). Also, during apical branching in this fungus, as well
as in Aspergillus niger and a range of other fungi, a new

Spk, visualized by phase contrast imaging, appeared to form
de novo via a coalescing of vesicles, where a new branch will
form (Bartnicki-Garcia et al., 1995; Löpez-Franco and Bracker,
1996; López-Franco et al., 1995; Reynaga-Peña et al., 1997; Ri-
quelme and Bartnicki-Garcia, 2004). Transient retraction of the
N. crassa Spk from the hyphal apex, coinciding with a reduction
in filament extension and an alteration in morphology, has been
visualized by following cell wall biosynthetic enzymes, the scaf-
fold protein Spa2, and the membrane dye FM4-64; after retrac-
tion, the Spk did not return to the initial apical position, but rather

A

B

Figure 6. Sec4 Exchanges More Slowly in the New Secretory Vesicle Cluster Than in the Initial Spitzenkörper
(A) Fluorescent recovery after photobleaching of Sec4 prior to or following photo-recruitment of active Cdc42. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42

[G12V]cyto, and mSc-Sec4 was incubated as in Figure 4A, RFP images were acquired at indicated times (in seconds), and a representative FRAP experiment is

shown. Photobleaching was at 4 s, and a zoom of the region analyzed is shown below. Scale bar, 5 mm and 1 mm in zoom of region.

(B) The half-time for recovery of Sec4 fluorescence is significantly slower in the new cluster. The t1/2 for fluorescence recovery was determined for 10–11 cells,

with the average and SD shown, and the difference was statistically significant using an unpaired t test, p = 0.0001.
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an additional Spk appeared to form at the apex (Araujo-Palo-
mares et al., 2009; Sánchez-León et al., 2011; Verdı́n et al.,
2009). Although we did not observe new growth emerge within
several microns of the hyphal apex, the extension of the initial
tip was dramatically reduced upon photo-recruitment of active
Cdc42 in C. albicans, suggesting that this process is similar, in
some respects, to apical branching in filamentous fungi.
However, it should be noted that extension rates are 10- to
100-fold slower in C. albicans compared to these fungi, whose
growth also depends on microtubule cytoskeleton, and that
the Spk composition is different (Weiner et al., 2019).
What is the relationship between growth and the de novo

vesicle cluster? In S. cerevisiae and S. pombe, recent studies
in symmetrical cells, such as spores or sexually differentiated
cells exposed to low mating pheromone concentrations, have
revealed situations inwhich polarity clusters can switch from sta-
ble behavior at a growth site to unstable wandering around the
cell cortex or vice versa (Bendezú and Martin, 2013; Bonazzi
et al., 2015; Bonazzi et al., 2014; Dyer et al., 2013; Haupt et al.,
2018; Mutavchiev et al., 2016). These unstable polarity clusters
were associated with a slowing or stopping of cell growth. Exam-
ination of a C. albicans mutant decreased in filament extension

and altered in restricting growth to a single site (Labbaoui
et al., 2017) also exhibited an unstable, wandering cluster of
active Cdc42, yet in this mutant we observed only one cluster
of secretory vesicles at a time, without dynamic behavior, visible
at the new incipient germ tube site when the initial Spk was
essentially undetectable (Figure S3B). In the recent study of
Haupt et al. (2018), S. pombe growth inhibition by osmotic shock
and physical confinement resulted in perturbation of the actin
distribution. Blocking growth in C. albicans hyphae by actin
depolymerization or in a sec3 exocyst mutant disrupted the
Spk vesicle cluster (Crampin et al., 2005; Jones and Sudbery,
2010; Li et al., 2007; Weiner et al., 2019). In contrast, in the pre-
sent study, photo-recruitment of active Cdc42 did not alter actin
patches and cables during the initial 5min (Figures 3C and 7A), in
which a new cluster of vesicleswas already observed (Figures 3E
and 4A). Hence, the cluster of secretory vesicles observed in this
study appears to be distinct from the polarity cluster visualized
with the CRIB reporter in the S. pombe study (Haupt et al.,
2018), in which secretory vesicle components including a type
V myosin, a cargo glucan synthase, and a v-SNARE were also
less polarized at the cell tips upon blocking growth. Altogether,
the distribution and dynamics of the vesicle cluster that forms

A
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Figure 7. The Actin Cytoskeleton Is Associated
with theNewVesicle Cluster,WhoseMovement
Is Constrained to a Small Region
(A) Actin cables emanate from newly formed cluster of

secretory vesicles. A strain expressing CibN-CtRac1,

Cry2-GFP-Cdc42[G12V]cyto, and Mlc1-miRFP was

incubated and exposed to 488-nm light (Light) or not

(Dark). After photoactivation (5 min), cells were fixed

and the actin cytoskeleton visualized. In the right

panel, cells were imaged every 2.5 min prior to fixing

(7.5 min). Maximum projections of fixed cells with

F-actin (green) and Mlc1 (magenta) shown. Scale

bar, 1 mm.

(B) Positions of the experimentally determined vesicle

clusters on mother cell cortex. The mother cell shape

was approximated as a sphere and the x-y co-

ordinates of the cluster were projected on the surface.

The north pole coincides with the first cluster position

in 10 cells expressing Mlc1-mCh, with spots indicating

the top (green) and bottom (red) hemisphere relative to

the central focal plane, respectively.

(C) Probability distribution of the cluster’s colatitude

for all cells at all times confirms that motion of the

cluster is strikingly different from a purely diffusive

process (line is theoretical prediction for diffusion at

long times, no integral in time), p = 3 3 10#7; Kolmo-

gorov-Smirnov test. Bimodality indicates that the

cluster mostly populates a region proximal to the initial

point, in addition to a distal region. The probability

distribution of angular displacement in a single time

step (inset) demonstrates that the cluster occasionally

undergoes large jumps in a single step (dark red, fre-

quency 18%), while most of the time it proceeds in

smaller hops (green, frequency 82%). The line is the

best fit of the theoretical prediction for pure diffusion to the data, inconsistent with the data (p = 5 3 10#13; Kolmogorov-Smirnov test). From this fit to

the theoretical prediction, we obtained t = 0.07 (t = 1 min acquisition time and R = 2.7 mm is the average mother cell radius), hence this t value corresponds to

D = 0.26 mm2/min.

(D) Schematic of the constrained movement of vesicle cluster. The three coordinates that define cluster location are the angles q and 4 and radius r. The region of

restricted vesicle movement is highlighted in yellow, with initial cluster location indicated in light gray and subsequent location in dark gray. Light gray (initial) and

dark blue (subsequent) arrows indicate the contribution of forces driving movement, e.g., actin cable polymerization.
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upon photo-recruitment of active Cdc42 does not appear to be
solely due to blocking growth and transient destabilization of po-
larity. However, we consider it likely that feedback between the
polarity site and the vesicle cluster via actin-cable-dependent
transport, as reported in S. pombe (Bonazzi et al., 2015), is
also implicated in the dynamics of this cluster in C. albicans.

What mechanisms underlie vesicle cluster dynamics? The
cluster of vesicles formed immediately after photo-recruitment
of active Cdc42 appears to have similarities to the initial Spk.
First, this new cluster had actin cables emanating from it like
the Spk, except that the cables cluster essentially on the distal
side of the Spk. Second, four different proteins that localize to
the Spk—a myosin light chain, two Rab GTPases, and a Rab
GEF—were also found at this new vesicle cluster. In contrast,
the new cluster of vesicles was not restricted to the filament
apex, was highly dynamic, and the turnover of secretory vesicles
was reduced compared to the Spk. Further knowledge of the
Spk composition will be important for more in-depth comparison
of these two structures. Our data indicate that the new cluster of
vesicles undergoes active, directed movement. We envision two
related driving forces for themovement of the new cluster of ves-
icles: (1) actin polymerization driven propulsion, similar to that
observed with different organelles (Merrifield et al., 1999; South-
wick et al., 2003; Taunton et al., 2000), and (2) actin-dependent
myosin motors. In both of these scenarios, an intact actin cyto-
skeleton would be crucial, as it is for Spk integrity (Crampin
et al., 2005; Jones and Sudbery, 2010; Weiner et al., 2019). Spe-
cifically, actin cables are critical in both cases, either to generate
force upon elongation, when anchored at the cell cortex, or to
function as tracks along which vesicle-associated motors
move. We favor the former possibility, as it is hard to envision
sufficient coordination of a large number of vesicle-associated
motors—net displacement would be dramatically reduced as a
function of number of motors. It will be necessary to correlate
the displacement of the vesicle cluster with a precise number
of actin cables and their length and curvature in order to distin-
guish between these possibilities.

In N. crassa and A. gossypii, the presence of a Spk correlated
with hyphal extension rate, suggesting that this structure is a
buildup of vesicles due to limiting fusion with the plasma mem-
brane at the apical growth site (Araujo-Palomares et al., 2007;
Köhli et al., 2008). Our results indicate that even in the absence
of apical filament extension, a cluster of vesicles formed that ap-
peared similar to the Spk, suggesting that clustering of secretory
vesicles does not require directional growth. Our FRAP results
suggest that exchange of secretory vesicles into and out of
this new cluster was somewhat slower than that of the Spk.
We propose that photo-recruitment of active Cdc42 resets
growth by disrupting a site-specific link to the initial cluster of
vesicles, which is likely to be the exocyst subunit Sec3; concom-
itantly, a vesicle cluster is generated elsewhere in the cell. This
highly dynamic new cluster moves in a confined area with occa-
sional large displacements, and modeling indicates that this
behavior is likely to be a constrained or driven active process.
In this scenario, re-establishment of a cap of endogenous
active Cdc42 at a new location would anchor the cluster of
secretory vesicles, facilitating subsequent fusion with the
plasmamembrane. Our results reveal that secretory vesicle clus-

tering can occur in the absence of directional growth in an asym-
metric cell, suggesting that such vesicle clusters found in fungi,
plants, and neurons could precede stabilization of a growth site.
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C.E. (1995). Evidence that Spitzenkörper behavior determines the shape of a

fungal hypha: a test of the hyphoid model. Exp. Mycol. 19, 153–159.

Bassilana, M., Blyth, J., and Arkowitz, R.A. (2003). Cdc24, the GDP-GTP

exchange factor for Cdc42, is required for invasive hyphal growth of Candida

albicans. Eukaryot. Cell 2, 9–18.

Bassilana, M., Hopkins, J., and Arkowitz, R.A. (2005). Regulation of the Cdc42/

Cdc24 GTPase module during Candida albicans hyphal growth. Eukaryot. Cell

4, 588–603.
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Establishment of a robust single axis of cell polarity by coupling multiple pos-

itive feedback loops. Nat. Commun. 4, 1807.

Gallo Castro, D., and Martin, S.G. (2018). Differential GAP requirement for

Cdc42-GTP polarization during proliferation and sexual reproduction. J. Cell

Biol. 217, 4215–4229.

Gerami-Nejad, M., Zacchi, L.F., McClellan, M., Matter, K., and Berman, J.

(2013). Shuttle vectors for facile gap repair cloning and integration into a

neutral locus in Candida albicans. Microbiology 159, 565–579.

Ghosh, A., Samuel, J., and Sinha, S.A. (2012). A ‘‘Gaussian’’ for diffusion on the

sphere. Europhys. Lett. 98, 30003.

Ghugtyal, V., Garcia-Rodas, R., Seminara, A., Schaub, S., Bassilana, M., and

Arkowitz, R.A. (2015). Phosphatidylinositol-4-phosphate-dependent mem-

brane traffic is critical for fungal filamentous growth. Proc. Natl. Acad. Sci.

USA 112, 8644–8649.

Giese, W., Eigel, M., Westerheide, S., Engwer, C., and Klipp, E. (2015). Influ-

ence of cell shape, inhomogeneities and diffusion barriers in cell polarization

models. Phys. Biol. 12, 066014.

Girbardt, M. (1957). Der Spitzenkörper von Polystictus versicolor (L.). Planta

50, 47–59.

Girbardt, M. (1969). Die Ultrastruktur der Apikalregion von Pilzhyphen. Proto-

plasma 67, 413–441.

Gladfelter, A.S., Moskow, J.J., Zyla, T.R., and Lew, D.J. (2001). Isolation and

characterization of effector-loop mutants of CDC42 in yeast. Mol. Biol. Cell

12, 1239–1255.

Goryachev, A.B., and Leda, M. (2017). Cell Polarity: Spot-On Cdc42 Polariza-

tion Achieved on Demand. Curr. Biol. 27, R810–R812.

Grove, S.N., andBracker, C.E. (1970). Protoplasmic organization of hyphal tips

among fungi: vesicles and Spitzenkörper. J. Bacteriol. 104, 989–1009.

Gulli, M.P., Jaquenoud, M., Shimada, Y., Niederhäuser, G., Wiget, P., and Pe-
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Concanavalin A Merck Millipore Cat# 234567-1GM

Fetal bovine serum Dutscher Cat# P30-8500-500ml

Paraformaldehyde Electorn Microscopy Sciences Cat# RT 15710-16%

Alexa Fluor-568 phalloidin ThermoFisher Cat# A12380-300U

Experimental Models: Organisms/Strains

C. albicans N/A

ura3D::imm434/ura3D::imm434 his1D::hisG/his1D::hisG arg4D::hisG/

arg4D::hisG

Wilson et al., 1999 BWP17

Same as BWP17 with arl1D::HIS1/arl1D::URA3 Labbaoui et al., 2017 PY2533

Same as BWP17 but with RP10::ARG4-ACT1p-CibN-GFPg-CtRac1-ADH1t This study PY2935

Same as 2533 but with MLC1/MLC1::MLC1-GFP-HIS1 This study PY3280

Same as PY2935 but with NEUT5L::NAT1-TEF1p-Cry-mCh-Cdc42

[G12V,C188S]-TEF1t

This study PY3451

Same as BWP17 but with NEUT5L::NAT1-TEF1p-Cry-GFPg-Cdc42

[G12V,C188S]-TEF1t

This study PY3643

Same as PY3643 but with NEUT5L::URA3-ADH1p-CibN-CtRac1-ACT1t This study PY4059

Same as PY4059 but with RP10::ARG4-ACT1p-CRIB-mCh-ADH1t This study PY4172

Same as PY4059 but with ABP1/ABP1::ABP1-mCh-HIS1 This study PY4175

Same as PY4059 but with MLC1/MLC1::MLC1-mCh-HIS1 This study PY4268

Same as PY3643 but with NEUT5L::URA3-ADH1p-CibN-CtRac1-ACT1t This study PY4510

Same as PY4510 but with RP10::ARG4-SEC4p-mSc-Sec4-ADH1t This study PY4534

Same as PY4510 but with ADH1/ADH1p::miRFP670-HIS1 This study PY4559

Same as PY4534 but with MLC1/MLC1::MLC1-miRFP670-HIS1 This study PY4623

Same as PY4510 but with MLC1/MLC1::MLC1-miRFP670-HIS1 This study PY4642

Same as PY4642 but with RP10::ARG4-ADH1p-Sac1-mSc-ADH1t This study PY4849

Same as PY4642 but with RP10::ARG4-YPT31p-mCh-Ypt31-ADH1t This study PY4949

Same as PY4642 but with SEC7/SEC7::SEC7-3x-mSc-ARG4 This study PY4957

Same as PY4642 but with SEC2/SEC2::SEC2-3x-mSc-ARG4 This study PY4963

Same as PY4642 but with SEC3/SEC3::SEC3-3x-mSc-ARG4 This study PY4964

Same as BWP17 but with NEUT5L::NAT1-TEF1p-Cry-GFPg-Cdc42

[G12V,T35A,C188S]-TEF1t

This study PY5010

Same as PY5010 but with NEUT5L::URA3-ADH1p-CibN-CtRac1-ACT1t This study PY5058

Oligonucleotides

cttctagtatacgcgtcttataatatagtacattttttagctctcttaatttttcttttCTTGTACAAT

TCATCCATACCATGGGTAATACC

This study yeGFPCtRac1m

ttactagtttaattaagggcgcgccAATTGTTTTTGTATTTGTTGTTGTTGTTG This study CaAdh1pmAscIPacISpeI

ttactagtggcctgcaggGAGTGAAATTCTGGAAATCTGG This study CaAct1tpSpeISbfI

cttaattaaTTATAATATAGTACATTTTTTAGCTCTCTTAATTTTTCTTT

TCTTtgatgaaccaccagctgaaccagctgaaccagctgaatcaaattcAATAT

AATCAGTTTTTTCC

This study CaCIBNlinkCtRac1mPacI

ttactagtttaattaagggcgcgccGATTGATTATGACTATAATG This study CaTEF1pmAscPacSpe

ttactagtggcctgcaggGCTAGTTGAATATTATGTAAGATCTG This study CaTEF1tpSpeISbfI

TTTAATTAAtgatgaaccaccagctgaaccagctgaaccagctgaatcaaattcAGCA

GCACCAATCATAATTTGAGC

This study CaCRYm-link-PacI

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ccagctgattatgttcctGcAgtttttgataattatgctgtaaccgt This study CaCdc42T35ApPstI

acggttacagcataattatcaaaaacTgCaggaacataatcagctgg This study CaCdc42T35AmPstI

Recombinant DNA

CGTACGGACCGATGAATGGTGCTATTGGTGGTGATTTATTGTTAAA

TTTTCCAGATATGTCAGTTTTAGAAAGACAAAGAGCACATTTGAAA

TATTTAAATCCAACTTTTGATTCACCATTGGCTGGTTTTTTTGCTGA

TTCATCAATGATTACTGGTGGTGAAATGGATTCATATTTGTCAACTG

CTGGTTTAAATTTGCCAATGATGTATGGTGAAACTACTGTTGAAGG

TGATTCAAGATTATCAATTTCACCAGAAACTACTTTGGGTACTGGT

AATTTTAAAGCTGCTAAATTTGATACTGAAACTAAAGATTGTAATGA

AGCTGCTAAAAAAATGACTATGAATAGAGATGATTTAGTTGAAGAA

GGTGAAGAAGAAAAATCAAAAATTACTGAACAAAATAATGGTTCA

ACTAAATCAATTAAAAAAATGAAACATAAAGCTAAAAAAGAAGA

AAATAATTTTTCAAATGATTCATCAAAAGTTACTAAAGAATTGGA

AAAAACTGATTATATTGGGAGCTCCGC

Genscript CaCIBNRsrIISacI

CGCGGCGCGCCCATGAAAATGGATAAAAAAACTATTGTTTGGT

TTAGAAGAGATTTAAGAATTGAAGATAATCCAGCTTTGGCTGC

TGCTGCTCATGAAGGTTCAGTTTTTCCAGTTTTTATTTGGTGTC

CAGAAGAAGAAGGTCAATTTTATCCAGGTAGAGCTTCAAGAT

GGTGGATGAAACAATCATTAGCTCATTTGTCACAATCATTAAA

AGCTTTGGGTTCAGATTTAACTTTGATTAAAACTCATAATACT

ATTTCAGCTATTTTAGATTGTATTAGAGTTACTGGTGCTACTAA

AGTTGTTTTTAATCATTTGTATGATCCAGTTTCATTAGTTAGA

GATCATACTGTTAAAGAAAAATTGGTTGAAAGAGGTATTTC

AGTTCAATCATATAATGGTGATTTATTGTATGAACCATGGGA

AATTTATTGTGAAAAAGGTAAACCATTTACTTCATTTAATTCA

TATTGGAAAAAATGTTTAGATATGTCAATTGAATCAGTTATGT

TGCCACCACCATGGAGATTAATGCCAATTACTGCTGCTGCTG

AAGCTATTTGGGCTTGTTCAATTGAAGAATTGGGTTTAGAAAA

TGAAGCTGAAAAACCATCAAATGCTTTGTTAACTAGAGCTTGG

TCACCAGGTTGGTCAAATGCTGATAAATTGTTAAATGAATTT

ATTGAAAAACAATTGATTGATTATGCTAAAAATTCAAAAAAA

GTTGTTGGTAATTCAACTTCATTATTGTCACCATATTTACATTT

TGGTGAAATTTCAGTTAGACATGTTTTTCAATGTGCTAGAATG

AAACAAATTATTTGGGCTAGAGATAAAAATTCAGAAGGTGAA

GAATCAGCTGATTTGTTTTTAAGAGGTATTGGTTTGAGAGAAT

ATTCAAGATATATTTGTTTTAATTTTCCATTTACTCATGAACAA

TCATTATTGTCACATTTAAGATTTTTTCCATGGGATGCTGATGT

TGATAAATTTAAAGCTTGGAGACAAGGTAGAACTGGTTATCCA

TTGGTTGATGCTGGTATGAGAGAATTATGGGCTACTGGTTGGAT

GCATAATAGAATTAGAGTTATTGTTTCATCATTTGCTGTTAAAT

TTTTATTGTTACCATGGAAATGGGGTATGAAATATTTTTGGGA

TACTTTGTTAGATGCTGATTTGGAATGTGATATTTTAGGTTGG

CAATATATTTCAGGTTCAATTCCAGATGGTCATGAATTGGATA

GATTAGATAATCCAGCTTTGCAAGGTGCTAAATATGATCCAG

AAGGTGAATATATTAGACAATGGTTACCAGAATTGGCTAGATTA

CCAACTGAATGGATTCATCATCCATGGGATGCTCCATTGACTGTT

TTAAAAGCTTCAGGTGTTGAATTGGGTACTAATTATGCTAAACCAA

TTGTTGATATTGATACTGCTAGAGAATTATTGGCTAAAGCTATTT

CAAGAACTAGAGAAGCTCAAATTATGATTGGTGCTGCTTTAATTAAAGC

Genscript CaCRYPHRAscIPacI

pFA-yemCh-HIS1 plasmid Reijnst et al., 2011 N/A

pUC57 plasmid Genscript N/A

pDUP5 plasmid Gerami-Nejad et al., 2013 N/A

pDUP3 plasmid Gerami-Nejad et al., 2013 N/A

pEXPARG-ACT1p-CRIB-GFP-ADH1t Corvest et al., 2013 N/A

pEXPARG-ACT1p-CRIB-mCh-ADH1t This study N/A

pEXPARG-ACT1p-CibN-GFP-ADH1t This study N/A

(Continued on next page)
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Robert A.
Arkowitz (arkowitz@unice.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Strains
C. albicans strain BWP17 was used, which is isogenic to SC5314 (Wilson et al., 1999). Derivatives of the BWP17 strain used in this
study are listed in the Key Resources Table. Strains were grown in the dark in rich media (yeast extract peptone dextrose) at 30!C for
all experiments and were incubated with an equal volume of fetal calf serum (FCS) at 37!C for induction of filamentous growth.

METHOD DETAILS

Strain and plasmid construction
Standard methods were used for C. albicans cell culture, molecular, and genetic manipulations as described (Hope et al., 2008). To
generate optogenetic strains, the sequences encoding Cry2Phr and CibN (Kennedy et al., 2010) were codon optimized, synthesized
and cloned into pUC57 (Genscript). CibN was cloned into pEXPARG-ACT1p-CRIB-GFP-ADH1t (Corvest et al., 2013) replacing CRIB
using unique RsrII and SacI sites. GFPg (Zhang and Konopka, 2010) was then amplified with a unique 50 SacI site and 30 primer en-
coding the Rac1 C-terminal plasma membrane targeting domain (KKRKIKRAKKCTIL) (Vauchelles et al., 2010) followed by a stop
codon andMluI site. This GFPg-CtRac1was subsequently cloned into pEXPARG-ACT1p-CibN-GFP-ADH1t to replace GFP resulting
in pEXPARG-ACT1p-CibN-GFPg-CtRac1-ADH1t. An ADH1 promoter and ACT1 terminator were cloned into pDUP5 (Gerami-Nejad
et al., 2013) using unique XmaI and NotI sites resulting in pDUP5-ADH1p-(AscI-PacI-SpeI-SbfI)-ACT1t. CibN was amplified with a
unique 50 AscI site and a 30 15 aa linker encoding EFDSAGSAGSAGGSS, followed by Rac1 C-terminal plasma membrane
targeting domain and a PacI site and this was cloned into pDUP5-ADH1p-(AscI-PacI-SpeI-SbfI)-ACT1t resulting in pDUP5-
ADH1p-CibN-CtRac1-ACT1t. The TEF1 promoter and terminator were cloned into pDUP3 (Gerami-Nejad et al., 2013) using
unique XmaI and NotI sites resulting in pDUP3-TEF1-(AscI-PacI-SpeI-SbfI)-TEF1t. Cry2 was cloned using unique AscI and PacI
sites into pDUP3-TEF1-(AscI-PacI-SpeI-SbfI)-TEF1t resulting in pDUP3-TEF1-Cry2-(PacI-SpeI-SbfI)-TEF1t. The gene
encoding yemCherry (Keppler-Ross et al., 2008) was then amplified with unique PacI and SpeI sites and cloned into
pDUP3-TEF1-Cry2-(PacI-SpeI-SbfI)-TEF1t, resulting in pDUP3-TEF1-Cry2-mCh-(SpeI-SbfI)-TEF1t. Cdc42 or Cdc42[C188S] was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pEXPARG-ACT1p-CibN-GFPg-CtRac1-ADH1t This study N/A

pDUP5-ADH1p-(AscI-PacI-SpeI-SbfI)-ACT1t This study N/A

pDUP5-ADH1p-CibN-CtRac1-ACT1t This study N/A

pDUP3-TEF1-(AscI-PacI-SpeI-SbfI)-TEF1t This study N/A

pDUP3-TEF1-Cry2-(PacI-SpeI-SbfI)-TEF1t This study N/A

pDUP3-TEF1-Cry2-mCh-(SpeI-SbfI)-TEF1t This study N/A

pDUP3-TEF1-Cry2-mCh-Cdc42-TEF1t This study N/A

pDUP3-TEF1-Cry2-mCh-Cdc42[C188S]-TEF1t This study N/A

pDUP3-TEF1p-Cry2-mCh-Cdc42[G12V,C188S]-TEF1t This study N/A

pDUP3-TEF1p-Cry2-GFPg-Cdc42[G12V,C188S]-TEF1t This study N/A

pDUP3-TEF1p-Cry2-GFPg-Cdc42[G12V,T35A,C188S]-TEF1t This study N/A

pEXPARG-ADH1p-Sac1-GFP Weiner et al., 2019 N/A

pEXPARG-ADH1p-Sac1-mSc This study N/A

Software and Algorithms

ImageJ version 1.51 software National Institutes of Health ImageJ

Huygens Professional software version 18.04 Scientific-Volume Imaging Huygens Professional

Volocity Software version 6.3 PerkinElmer Volocity

MATLAB version 2017 software MathWorks MathWorks

GraphPad Prism 6 software GraphPad Prism

MetaMorph version 7.8.8.0 software Molecular Devices MetaMorph
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then cloned into the SpeI and SbfI sites resulting in pDUP3-TEF1-Cry2-mCh-Cdc42-TEF1t or pDUP3-TEF1-Cry2-mCh-Cdc42
[C188S]-TEF1t. A mutation encoding the G12V alteration was generated by site directed mutagenesis resulting in pDUP3-TEF1p-
Cry2-mCh-Cdc42[G12V,C188S]-TEF1t. Cry2 was amplified with 50 AscI site and a linker encoding EFDSAGSAGSAGGSS followed
by a PacI site. GFPgwas subsequently cloned into unique PacI and SpeI and finally Cdc42[G12V,C188S] was cloned into unique SpeI
and SbfI sites resulting in pDUP3-TEF1p-Cry2-GFPg-Cdc42[G12V,C188S]-TEF1t. For generation of Cdc42[G12V,T35A], a mutation
encoding the T35A alteration was generated by site directed mutagenesis resulting in pDUP3-TEF1p-Cry2-GFPg-Cdc42
[G12V,T35A,C188S]-TEF1t. The CibN and Cry plasmids were linearized by either NgoMI or StuI and transformed into strains, which
were subsequently grown in absence of light. The Abp1-mCh, Mlc1-mCh, Mlc1-miRFP670, Sec2-3x-mSc, Sec7-3x-mSc and Sec3-
3x-mSc strains were generated by homologous recombination, using pFA-yemCh-HIS1 (Reijnst et al., 2011), pFA-miRFP670-HIS1,
pFA-mSc-ARG4 and pFA-3x-mSc-ARG4 (to be described elsewhere). pEXPARG-SEC4p-mSc-Sec4 was constructed using 1311 bp
SEC4 promoter with unique NotI and RsrII sites, followed by codon optimized mSc (mSc; to be described elsewhere) with RsrII and
AscI sites and SEC4 ORF flanked by AscI and MluI sites. pEXPARG-YPT31p-mCh-Ypt31 was constructed in a similar fashion as
pEXPARG-SEC4p-mSc-Sec4 (to be described elsewhere). The pEXPARG-ACT1p-CRIB-mCh plasmidwas constructed by replacing
GFP in pEXPARG-ACT1p-CRIB-GFP (Corvest et al., 2013) with yemCherry (Keppler-Ross et al., 2008). The pEXPARG-ADH1p-Sac1-
mSc plasmid was constructed by replacing GFP in pEXPARG-ADH1p-Sac1-GFP (Weiner et al., 2019) with mSc. CRIB, Sec4, Ypt31
and Sac1 plasmids were linearized with StuI and transformed into optogenetic strains.

Microscopy
Cells were imaged as described using spinning-disk confocal microscopy (Bassilana et al., 2005; Ghugtyal et al., 2015) except that
MetaMorph version 7.8.8.0 software (Molecular Devices) controlled the system and for experiments examining the actin cytoskel-
eton, Sec2, Sec3, Ypt31, Sac1 and Sec7, a PLANAPO TIRF 1.45 NA 100 3 objective was used. A long pass LP540 filter was
used in the transmission light path to prevent premature photoactivation. Exponentially growing cells (grown in the dark) were spotted
on YEPD agar pads at 30!C or mixed with an equal volume of FCS and spotted on 25% (vol/vol) YEPD agar–75% (vol/vol) FCS pads
at 37!C (Bassilana et al., 2005). Typically cells on FCS/agar pads were incubated for 30 – 40 min at 37!C prior to microscopy or, in
order to have cells with short filaments, incubation was for 10-30 min. Photoactivation was accomplished by a 300 msec 488 nm
(10% of a 25 mW diode-pumped solid-state laser) pulse, either 3 pulses 10 min apart or 6 pulses 5 min apart. For the analyses of
filament extension rate with the Cdc42[G12V,T35A]cyto fusion, equal amounts of optogenetic strains expressing Cry2-GFP-Cdc42
[G12V]cyto (also expressing cytoplasmic miRFP to identify it) or Cry2-GFP-Cdc42[G12V,T35A]cyto were mixed and imaged simulta-
neously. For imaging of fusions with weaker signals including Sec2, Sec3, Ypt31, Sac1 and Sec7, following incubation with FCS, cells
were imaged on slides for 20-30 min. Images were acquired at indicated times, with 0.5 mm z sections (9 to 15) to capture the entire
cell, except for Sec3-3x-mSc where 43 0.5 mm z sections were acquired every 5 min and Sac1-mSc where 333 0.2 mm z sections
were acquired. For live cell imaging followed by actin visualization, cells were grown in a Concanavalin A treated (0.1 mg/mL) glass
bottommicrowell dish (MatTek Corporation). Following photoactivation, cells were fixed with 4% paraformaldehyde for 10 min, sub-
sequently washedwith PBS, and actin was labeledwith Alexa Fluor-568 Phalloidin as described (Vernay et al., 2012). Fixed cells were
imaged with 0.2 mm z sections (18 to 26). All images were deconvolved with Huygens Professional software version 18.04 (Scientific-
Volume Imaging) with recommended settings and a signal to noise ratio of 5 to 10. Maximum or sum projections are shown and the
latter was used for all quantitations. Image analysis was carried out with ImageJ (version 1.51) and Volocity Software version 6.3 (Per-
kinElmer). Objects were identified as previously described, using the SDmode in Volocity (Ghugtyal et al., 2015), where the selection
is based on SDs above the mean intensity. Scale bar is 5 mm in all images except for actin images and zoom in of the region analyzed
in FRAP images, where it is 1 mm. The data that support the findings of this study are available from the corresponding author upon
request.
Fluorescence recovery after photo-bleaching (FRAP) analysis was performed on a Zeiss LSM880 inverted confocal microscope us-

ing a Plan-Apo 1.4 NA 633 objective. Images were captured every 2 s at 0.1%maximum laser intensity. Bleaching was performed at
80% laser intensity using103 0.5-1msecphoto-bleaching scansoncircular areaof 1-2mm2.Bleach areaswere somewhat larger than
the cluster of vesicles to account for the rapid movement of the new cluster. Photoactivation was accomplished with a 100W Hg
excitation source and a 450 – 490 nm band pass filter using 2 3 1 s pulses of 25% intensity. The average signal intensity of an area
somewhat smaller than the bleachROIwasdetermined (whichwasdynamic in the case of the newcluster) andwas normalized to pho-
tobleaching during image acquisition, which was fit to a one phase decay regression: Y = (Y0 - Plateau)(e

-kx) + Plateau, of the average
intensity elsewhere in the cell (using GraphPad Prism 6 software). Regression analysis to determine the FRAP t1/2 was done using a
one-phase exponential association function in GraphPad Prism 6 software as follows: Y = Ymax(1-e

-kx), where k is the rate constant
and t1/2 is 0.69/k. Given the different sizes of the initial Spk and the dynamic vesicle cluster, it was not possible to determine themobile
fraction. In addition, as the signals were quite low, it was occasionally necessary to saturate the detector prior to bleaching.

Modeling
Data Analysis
Modeling was carried out using MATLAB version 2017 (MathWorks). To analyze movement of the vesicle clusters following photo-
activation we first inferred their z-coordinate by projecting their x-y coordinate on the cortex of the mother cell, using z section infor-
mation to assign the cluster to the top or bottom hemi-sphere. To this end, we approximated the shape of themother cell as a sphere.
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To determine the sphere that best approximates the mother cell, we started from a two dimensional projection of the cell shape; dis-
carding the filament and keeping themother cell. We then used the Average of IntersectionsMethod (Ghosh et al., 2012) to determine
the optimal circle that best approximates the projected shape of the mother cell. Briefly, we grouped the ensemble of points on the
mother cell cortex into triplets and traced all circles passing through the triplets. We obtained the center of the optimal circle by aver-
aging over all the centers and the radius was defined as the average distance between the center and all the points. To minimize
instabilities, we choose triplets of points as far away from each other as possible. Mother cells are spherical to a good approximation:
the distance of the points on the mother cell cortex to the optimum circle range from 0.9% to 3.4% of the radius. The colatitude q
(Figure 7D) is defined relative to the North pole, which is the initial position of the vesicle cluster is aligned to. Note that there is little
variation in the statistics when the position of the cluster at any other time point, is aligned to the North pole, corroborating that the
dynamics is not dependent on the initial conditions and effectively does not depend on time.
Simulations of diffusion
We obtained replicas of the experimental dataset for purely diffusive dynamics using the algorithm developed by Ermak and
McCammon (1978), with an additional term to keep the process on the surface of the sphere (Castro-Villarreal et al., 2014). To
this end, we let the cluster start at the initial location of the real cluster on the cell cortex. We then defined a small time step, over
which the cluster takes a step in a random direction and we applied a force that keeps it on the spherical representation of themother
cell. We use

xi(t + dt) = xi(t) + D fj(t) dt + dxi where D is the diffusivity, dxi are random variables with multivariate statistics hdxidxji = 2Dt; fi is the
term keeping the cluster on the sphere, fi = #k(ri #R)ni, R is the radius of the sphere, k quantifies the strength of the force, ri is the
distance of the cluster from the center and ni is the unit vector normal to the surface of the sphere. We used D = 1.4 mm2/min, which is
within the range of variation of typical diffusivities in cells (Giese et al., 2015) and k = 1000 mm-2, dt = 0.53 10#5 min. We recorded the
position of the walkers every 2 3 105 time steps, corresponding to 1 min (which is the time between subsequent experimental
acquisitions).

The theoretical prediction for diffusion on a sphere can be written in the form of a series of Legendre polynomials and reduced to
the simple form

P(q,t) "1/tq exp(-q2/(2t)) at small t (Umbach and Jones, 2003), where t = 2Dt/R2, q is the colatitude, D is diffusivity and R is the
radius of the sphere. Predictions for diffusion at short and long times (Figures S7A–S7C) are obtained as integrals of the full distri-
bution over the desired time interval (Figures S7B and S7C; t < 10 min, t > 15 min).
Sample sizes
For Figures S7B and S7C, the data have been divided into early (first 10 min after initial photo-activation) and late (times later than
15 minutes after initial photoactivation). These time windows have been chosen empirically to ensure that the two classes contain a
comparable number of data points.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image quantification was carried out with ImageJ (version 1.51) and Volocity Software version 6.3 (PerkinElmer). The number of ex-
periments and cells analyzed and means with standard deviation are indicated in Figure Legends (Figure S4E, standard error of the
mean is shown). Data were compared by unpaired t test using GraphPad Prism (v. 6) software or Kolmogorov–Smirnov test, with all
p values indicated in Figure Legends.

DATA AND CODE AVAILABILITY

The raw data and code that support the findings of this study are available from the corresponding author upon request.
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Supplementary Figure S1. Related to Figure 1
New growth upon uniform plasma membrane recruitment of active Cdc42 is impaired by effector binding mutation. A) New
growth and location of photo-recruited Cdc42•GTP do not correlate. Cdc42•GTP is rapidly recruited to the plasma membrane.
Strain as in Fig. 1B was incubated on agar pads containing serum at 37°C, and subjected to 3 pulses of 488 nm light with 10 min
intervals. Line scan (red line) shows mCh signal through the cell as indicated in bottom left hand image. B) New germ tube emer-
gence occurs subsequent to Cdc42•GTP photo-recruitment. Images showing mCh signal (top) immediately after the 3 photo-acti-
vation pulses. Line scan (green line) of mCh signal along the plasma membrane (indicated by green line in false color image) with
location of new growth, which occurred 30 min after last photo-activation pulse, indicated. C) Plasma membrane recruitment of
active Cdc42 with an effector binding mutation does not perturb filamentous growth. Strains expressing CibN-CtRac1 and Cry2-
GFP-Cdc42[G12V T35A]cyto or Cry2-GFP-Cdc42[G12V]cyto with cytoplasmic miRFP (for identification) were mixed and incu-
bated as in Fig. 3A with images every 10 min (488 nm light pulses at 0:10 – 1:00). Images at indicated time points (top) with
Cdc42[G12V] expressing cells in red. Filament extension rate was determined from 8 time points, including the first 6 with 488
nm irradiation and two additional times (bottom), n = 9. The difference is statistically significant, p < 0.0001. 
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Supplementary Figure S2. Related to Figure 3
Mlc1 cluster dynamics following photo-recruitment of Cdc42•GTP. Location of Mlc1 cluster following photo-activation from 3 
different time-lapses is shown (A-C). Strain as in Fig. 3E with red stars indicating photo-activation. At each time (every 2.5 min 
prior to photo-activation and every 1 min thereafter) DIC and mCh images were acquired and sum projections are shown from 
representative time-lapses.
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Supplementary Figure S3. Related to Figure 3
Mlc1 cluster dynamics when tip growth resumes following recruitment of Cdc42•GTP and in a mutant with decreased growth rate.
A) Mlc1 cluster dynamics in cells in which tip growth resumes following recruitment of Cdc42•GTP. Strain as in Fig. 3E with red
stars indicating photo-activation. At each time (every 1 min) mCh images were acquired and sum projections are shown from a
representative time-lapse. B) Dynamic behavior of Mlc1 cluster is not a consequence of reduced filament extension rate. An arl1
deletion mutant expressing Mlc1-GFP was examined by time-lapse microscopy and images every min from a representative ex-
periment are shown.
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Supplementary Figure S4. Related to Figures 3 and 4
The de novo cluster of secretory vesicles has a dramatic increase in Sec4 and is highly dynamic. A) Substantial increase in the in-

stantaneous velocity of Mlc1 cluster. The instantaneous velocity of the Mlc1 cluster from a representative time-lapse is shown

with initial Spk (red) and new dynamic cluster (blue) indicated. B) The Mlc1 cluster elongates along the axis of movement. The

ratio of major over minor axis of the Mlc1 cluster at the initial Spk was determined from 4 cells (solid lines and symbol) exposed

to 488 nm light and 3 cells kept in the dark (dashed lines and open symbols), with mean and standard deviation indicated. C) The

Sec4 vesicle cluster is highly dynamic. The instantaneous velocity of the Sec4 cluster from a representative time-lapse is shown

with initial Spk (red) and new dynamic cluster (blue) indicated. D) The increase in Sec4 level does not correlate with an increase

in Mlc1 level at the new cluster. A strain expressing CibN-CtRac1, Cry2-GFP-Cdc42[G12V]cyto, mSc-Sec4 and Mlc1-miRFP was

incubated as in Fig. 4A and exposed to 6 pulses of 488 nm light (every 5 min) as indicated by red stars. At indicated times DIC,

RFP (green) and miRFP (magenta) images were acquired and sum projections are shown from a representative time-lapse. Inset

(images at 32.5, 47.5 and 82.5 min) shows an enlargement of secretory vesicle cluster. E) Increase in Sec4 level at the cluster oc-

curs concomitant with a decrease in cytoplasmic signal. RFP signal was quantified from 8 cells expressing mSc-Sec4, as in Fig.

4A. Intensities were corrected for photo-bleaching by fitting the total signal from each cell to an exponential and correcting cyto-

plasmic and Spk signals over time. Cytoplasmic signal is the average from 3 different areas within the cell. The Spk signal repre-

sents the total of the initial and new cluster, where relevant. The maximum values from each compartment in each experiment

were set to 1 and the mean is shown with SEM indicated. F) Dramatic increase in the ratio of Sec4:Mlc1 upon recruitment of

Cdc42•GTP. Quantification of RFP and miRFP signals at the cluster of secretory vesicles from 6 cells followed by time-lapse mi-

croscopy as in Fig. S4D. Mean ratios and standard deviation are shown. G) Total Sec4 and Mlc1 at the Spk following photo-acti-

vation. Values are the averages from 6 cells followed by time-lapse microscopy as in Fig. S4D and the signal at time 0 was set to

1. H) Sec4 is recruited to both the initial Spk and a new dynamic cluster subsequent to Cdc42•GTP photo-recruitment. The ratio of

mSc-Sec4 signal to Mlc1-miRFP signal at the initial Spk (red) and new dynamic cluster (blue) from a total of 20 cells followed by

time-lapse microscopy is shown. Cells were exposed to 488 nm light at 32.5 min. The differences between indicated conditions

were statistically significant, p < 0.0001. 
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Supplementary Figure S5. Related to Figure 4
The Sec4 Rab GEF, Sec2, and the Rab GTPase Ypt31 are localized to new vesicle cluster, which is distinct from the ER and late
Golgi. A) Sec2 is localized to the new vesicle cluster. Strain as in Fig. 4B incubated similarly; DIC and maximum projections of
RFP (green) and miRFP (magenta) and merged images from a representative time-lapse are shown. Photo-activation pulses are in-
dicated by red stars and arrowheads indicate the Spk (white) and new cluster (red). B) Ypt31 is localized to the new vesicle cluster.
Strain as in Fig. 4C incubated similarly; DIC and maximum projections of RFP (green) and miRFP (magenta) and merged images
from a representative time-lapse are shown. D) The new vesicle cluster does not overlap with the endoplasmic reticulum. Strain as
in Fig. 4D incubated similarly; DIC and maximum projections of RFP (green) and miRFP (magenta) and merged images from a
representative time-lapse are shown. E) The new vesicle cluster is distinct from the late Golgi. Strain as in Fig. 4E incubated simi-
larly; DIC and maximum projections of RFP (green) and miRFP (magenta) and merged images from a representative time-lapse
are shown.
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Supplementary Figure S6. Related to Figure 7
Vesicle cluster dynamics are inconsistent with a diffusive process. A) Schematic of colatitude (θ) representation in a filamentous
cell. B) Square colatitude (θ2) of the vesicle cluster as a function of time, each color represents data for one cell; 10 cells were
used for this analysis, where the cluster remained in the mother cell (Fig. 7B). The first position of the cluster is aligned to the
mother cell North pole such that θ2

t0 = 0. Time is non-dimensionalized with R2/D, where D = 1.4 µm2/min is within the range of
variation of typical diffusivities in cells (Giese et al., 2015) and R2 is the square radius of the mother cell. The theoretical predic-
tion for the average colatitude as a function of the non-dimensional time Dt/R2 for a purely diffusive motion on the spherical cor-
tex (solid line with D = 1.4 µm2/min used for simulations) is inconsistent with motion of the cluster (fit does not converge), which
shows no time dependence. Similar results were observed with θ. C) Numerical simulation of pure diffusion of vesicle cluster dy-
namics with identical number of cells and time points. Square colatitude (θ2) of the simulated random vesicle cluster depends on
time, consistent with the prediction for pure diffusion. Fitting the moving average to the theory provides an estimate for the diffu-
sivity of 1 ± 0.7 µm2/min, consistent with the value used to generate these data, r2 = 0.62 (upper panel). D) An identical number of
cells and time points as in Fig. S6B was used and top down view of the positions of vesicle cluster (as in Fig. 7B) from pure diffu-
sion simulation (lower panel). 
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Supplementary Figure S7. Related to Figure 7
A) Probability distribution of the cluster’s colatitude computed for simulated diffusion of all cells at all times converges to the the-
oretical prediction for pure diffusion (solid line, p = 0.24; Kolmogorov-Smirnov test). Deviations result from the finite sample
size. Inset shows the probability distribution of angular displacement measured at adjacent points (1 min apart) is consistent with
the prediction for pure diffusion after 1 min, solid line (r2 = 0.93 and p = 0.09; Kolmogorov-Smirnov test). The theoretical predic-
tion for diffusion was calculated using the diffusivity in the simulations (D = 1.5 µm2/min), t = 1 min acquisition time and R = 2.7
µm as the average mother cell radius. Note that there are little to no large displacements. B) Purely diffusive behavior is depend-
ent on time. The statistics computed over the first 10 min (left panel) and times greater than 15 min (right panel) are consistent
with the theoretical predictions indicated by dashed grey line, with deviations due to finite sample size (p = 0.11 and p = 0.14;
Kolmogorov-Smirnov test). Early and late distributions are statistically distinguishable (p = 6 x 10-4; Kolmogorov-Smirnov test).
C) Bimodal distribution of vesicle cluster colatitude is independent of time. The statistics computed over the first 10 min (left
panel) and times greater than 15 min (right panel) for experimental data are not consistent with a purely diffusive process (p = 1.7
x 10-5 and p = 2.6 x 10-4; Kolmogorov-Smirnov test). Analysis of the experimental trajectories of the vesicle clusters of the 10
cells (Fig. 7B and 7C). The prediction for a purely diffusive process is indicated by dashed grey line and the data differ only
slightly from the probability distribution shown in Figure 7C. The two distributions are statistically indistinguishable (p = 0.297;
Kolmogorov-Smirnov test).

A

B

P(
θ)

(θ)

Diffusion

Early (t < 10 min)

(θ)

Late (t > 15 min)

P(
θ)

(θ)

C

P(
θ)

(θ)

Early (t < 10 min)

(θ)

Late (t > 15 min)

Simulation

Simulation Simulation

Experimental Experimental

Large 
displacements

Small 
displacements

 

 

Diffusion

Diffusion

Diffusion Diffusion

165



IV – A biosensor reveals the spatiotemporal dynamics of phosphorylated 
Gβ in yeast cells decoding pheromone gradients 

Rashida Abdul-Ganiyu1, Leon A. Venegas1, Xin Wang1, Charles Puerner2, Robert 
A. Arkowitz2, Brian K. Kay1, and David E. Stone1

Affiliations:
1Department of Biological Sciences, University of Illinois at Chicago, Chicago, IL 

60607, USA. 
2Université Côte D'Azur, CNRS, INSERM, Institute of Biology Valrose (iBV), Parc, 

Valrose, Nice, France. 

In this section I will explain my contribution to the collaborative work with the Stone 
lab at the University of Chicago “A biosensor reveals the spatiotemporal dynamics of 
phosphorylated Gb in yeast cells decoding pheromone gradients,” by Abdul-Ganiyu et al. 
This work was submitted to the Journal of Cell Biology. The purpose of this work was to 
investigate the dynamics of the phosphorylated form of Gβ during pheromone perception and 
mating events in the budding yeast Saccharomyces cerevisiae by using a novel biosensor 
reporter for phosphorylated Gβ. My contribution to this work was through my extensive 
experience with weak signals for microscopy. I undertook several live-cell imaging 
experiments and deconvolution image treatment to improve the image quality of the very 
low-level signal observed with this biosensor. My contribution lead to the creation of Figure 
6A, facilitated the quantitation in 6B-C as seen below. This article is currently being 
redrafted and will be re-submitted.  
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Figure 6. Relative distribution of gradient-tracking Gbg and the biosensor in WT cells. 

MATa cells co-expressing RFP-Gb and the biosensor were mixed with MATa cells in equal 

proportions and imaged at 5-minute intervals. The mating partners are labelled a and a in the 

DIC images. Fluorescent images show the localization of Gb (magenta) and the biosensor 

(green) during assembly, tracking, stabilization, and fusion. The dashed, closed, and filled 

arrowheads indicate the peaks of the default, tracking and stabilized signals, respectively. The 

dotted blue outlines represent MATa cells that appear to be competing to mate with the 

indicated MATa cells. (A) Representative time-lapse images of a MATa cell orienting toward 

a single partner. The plots show the relative distribution of Gb (magenta) and the biosensor 

(green) on the PM at the indicated time points (10-point rolling average). The dashed blue, 

pink, and red lines mark the DS, tracking, and CS peak, respectively. The images are 

representative of 30 matings examined. Scale bars, 5µm (B) Schematic diagram of how the 

size and position of the biosensor crescent relative to the total Gb crescent was measured 

during gradient sensing. With the size of each Gb crescent (magenta arc) normalized to 100, 

the size and midpoint (y) of its corresponding biosensor crescent (green arc) are given by z-x 

and (z-x)/2 + y, respectively. (C) Box plots showing the mean size and position of the 

biosensor crescents relative to the total Gb crescents during gradient sensing. The boxes 

show the mean downgradient ends, midpoints (horizontal line), and upgradient ends of 

biosensor crescents ± SEM superimposed on the Gb crescents, which have been normalized 

to 100 at each time point. Start, the last time point before tracking begins; 1/3 and 2/3, 

fraction of complete distance tracked; SS, biosensor stabilization at the CS; End, Gb 

stabilization at the CS. n = 20 from three independent experiments. Mean crescent midpoints 

± SEM; Start = 42.3 ±  3.3; One-third = 53.9 ± 4.0; Two-thirds = 62.6 ±	3.3; SS = 63.4 

±	3.4; End = 54.0 ±	2.4;  *p < 	0.05; **p < 	0.005; ***p < 0.0005; ns, not significant. 
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(D) Biosensor crescent size during tracking in cells co-expressing RFP-Gb and the GFP-

biosensor. Mean crescent size ± SEM; n = 20. (E) Representative time-lapse images of 

MATa cells orienting toward two potential partners of equal size. Scale bars, 5µm  
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Discussion 
 
I – Mechanical force induced morphological changes 

A significant amount of work has been done on the ability of C. albicans to undergo 

active penetration into host tissue and substrates of different stiffnesses (Allert et al., 2018; 

Desai et al., 2015; Goyer et al., 2016; Moyes et al., 2015). However, these studies 

investigated invasion by endpoints assays or snap shots of the invasion process. We aimed to 

study the process of invasion in real-time in a controlled environment, which has allowed for 

a quantitative analysis of the effects of the physical forces on this fungus. This work has led 

to four main conclusions regarding filamentous growth against the mechanical resistive 

forces, that are encountered during substrate invasion: 1) there is a substrate stiffness 

threshold of ~200 kPa under which C. albicans hyphae are able to invade; 2) invasive growth 

leads to altered cell morphology that depends on substrate stiffness; 3) during invasive 

growth there is an increase in polarized active Cdc42 and a decrease in active Rho1 

polarization; 4) the observed morphological changes are a result of growth against resistive 

forces, i.e. mechanical compression and not an alteration of the growth site. Ablating cell 

compartments on either side of a buckling compartment of an invasive filament relieved the 

turgor pressure on either side. Quantification of the change in buckling angle showed a 

significant relaxation of the buckling angle giving further evidence that these invasive cells 

are under constant mechanical force during invasion (Appendix Figure 1). 

Additionally, by using these quantitative data of growth during substrate invasion 

with substrates of known stiffnesses, we were able to determine the effective turgor pressure 

of C. albicans to be 1-3 MPa, which is within the range previously calculated using a similar 

indentation based method and from biofilm cells (Desai et al., 2015; Thomson et al., 2015). 

During invasion in 100 kPa PDMS, we calculated a turgor pressure of 1.5 MPa, which is 
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close value to the 1.2 MPa value calculated by Thomson et al. 2015, and slightly less than the 

2 MPa value calculated for biofilm cells, which is to be expected since biofilm cell have a 

higher glycerol concentration (Desai et al., 2015, 2013; Thomson et al., 2015). Interestingly, 

we calculated the turgor pressure during invasive growth at a higher stiffness (150 kPa) to be 

3 MPa. It appears that turgor pressure can be regulated to counter growth in a stiffer 

substrate. Linked to this we observed instances where there were small numbers of cells that 

were able to penetrate very stiff substrates; we termed these cells escapers. It is possible that 

the turgor pressure of these escaper cells was higher and hence they were able to penetrate 

more efficiently.  

We initially investigated invasive growth in a wild-type strain, however, given that 

the mlc1 mutant is able to invade PDMS substrate to some extent, it would be interesting to 

further investigate the invasion mutant over a range of PDMS stiffnesses. Perhaps this is due 

to filament geometry or the cells eventually succumb to the surrounding pressures during 

invasion and lyse. Initial experiments using haploid and tetraploid strains that were kindly 

provided by Judith Berman’s lab suggests geometry plays a role in invasive ability. In these 

strains, ploidy appears to affect filament diameter with the tetraploid having wider than 

normal filaments and haploids are slightly narrower. Initial results showed that the haploid 

seemed to invade less efficiently than the diploid wild-type or the haploid. 

During the process of invasion, it might be proposed that the cells are under constant 

stress due to the mechanical force of invasion. I sought to address this possibility by using 

stress reporters to quantify if invasion causes stress on the cells. I used the osmolarity stress 

marker Hog1 and the cell wall stress marker Pkc1 (Andrews and Stark, 2000; Day and Quinn 

2019). Using osmotic shock as a control experiment I found that during osmotic stress 

Hog1localizes to the nucleus, as has been shown previously, while Pkc1, which normally 

localizes to the filament tip, re-localizes along the sides of the filament (Appendix Figure 
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2A,B). During invasive growth neither Hog1 or Pkc1 showed altered localization (Appendix 

Figure 2C-F). This provides evidence that cells during invasive growth are not under stress; 

this is similar to what has been previously shown that fission yeast growing under mechanical 

force do not show indications of cell stress (Minc et al., 2009). Another interesting possible 

effect of invasive growth is an effect on cytoplasmic crowding, or rheology. This is an 

interesting question that should be addressed. I have done preliminary work which shows 

effects of cytoplasmic crowding during drug treatment and during the yeast to hyphae 

transition using particle tracking of fluorescently genetically encoded monomeric 

nanoparticles (GEMs) (Delarue et al., 2018), which I optimized for use in C. albicans 

(Appendix Figure 3). It would be interesting to observe the effects on cytoplasmic crowding 

during invasive growth as well. 

Another interesting observation that was made during this work was that the 

Spitzenkörper appears to be altered during burst-out events (see appendix figure 4). During 

the rare occurrence of a burst-out event, I also observed several instances where there was a 

transient increase in the Spitzenkörper intensity, observed by Sec4, and this consistently 

appeared just after the breakthrough occurred.  

 

II – The composition and function of the C. albicans Spitzenkörper 

It has been known for some time that the C. albicans hyphae have a Spitzenkörper, 

which is a feature of filamentous fungi, and this structure clearly contains a population of 

vesicles (Crampin et al., 2005; Jones and Sudbery, 2010; Li et al., 2007; Silva et al., 2019; 

Weiner et al., 2019). Recently, this structure was studied by perturbing polarized growth 

through optogenetic recruitment of Cdc42•GTP over the plasma membrane (Silva et al., 

2019). Although, there is little known about the type of vesicles that are present in the 

structure and what the effects are to cells when this structure is continually altered. Previous 
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studies showed evidence that the population was at least largely secretory vesicles. Previous 

deletion of the gene encoding the Spitzenkörper localized formin BNI1 resulted in no 

detectable Spitzenkörper formation (Li et al., 2005), making it difficult to study an altered 

Spitzenkörper. However, other work has been done on altering the Spitzenkörper through 

actin cable disruption using cytochalasin A (Crampin et al., 2005), latrunculin A (Crampin et 

al., 2005; Weiner et al., 2019) and through optogenetic delocalization (Silva et al., 2019). In 

the last study the Spitzenkörper appeared to be a robust structure that stayed intact, despite 

altered dynamics and cellular localization (Silva et al., 2019). Lastly, a SEC3 mutant has been 

used to perturb the tip structure and leads to unfocused growth, shown by electron 

microscopy, and tip bulging after initial germ tube formation (Li et al., 2007; Weiner et al., 

2019). 

Here, I have presented work that explores the composition of the Spitzenkörper and, 

more importantly, its function in vivo using loss of function mutants (mlc1) as well as altering 

its stability and distribution. There are four main conclusions from my work: 1) the 

Spitzenkörper is comprised essentially of secretory vesicles; 2) the Spitzenkörper is critical 

for maintaining cell size and growth rate, specifically perturbing the Spitzenkörper increases 

filament diameter and increase the range of growth rates observed in a population; 3) there is 

a strong link between filament diameter and its extension rate, with a linear relationship 

between these two; 4) there does not appear to be a link between Spitzenkörper size and cell 

morphology, i.e. filament diameter or its extension rate. 

I show that the Spitzenkörper in wild-type hyphae consists of ~100 secretory vesicles 

which is similar to the number vesicle determined by electron microscopy (Weiner et al., 

2019), although somewhat higher. Previously it was shown that the Spitzenkörper can be 

labeled with FM4-64, which requires endocytosis for its uptake (Crampin et al., 2005; Zeng 

et al., 2012). However, it has been shown in S. cerevisiae (Bhave et al., 2014), filamentous 



Discussion 

 174 

fungi (Fischer-Parton et al., 2000; Hernández-González et al., 2018) and, more recently, in C. 

albicans (Ghugtyal et al., 2015) that this lipophilic dye first travels to the Golgi via the 

endocytic network, where it then buds off in post Golgi vesicles targeted to the plasma 

membrane (via the Spitzenkörper).  

Although the numbers of vesicles determined by electron microcopy are within the 

range of the number secretory vesicles, I determined by fluorescence microscopy, there is 

certainly a shift in the number from ~60 to what I estimate at ~100. There are several possible 

explanations for this difference. Firstly, the number of vesicles determined by EM may be an 

under estimation due to fixation affect, i.e. some destruction of some vesicles. Secondly, my 

estimation by fluorescence microscopy could be an overestimation due the fact that signals 

considered to be from secretory vesicles encompass a range of sizes, such that the signal of 

some vesicles or clusters are not fully captured, meaning that the average signal per vesicle is 

actually higher. Finally, the discrepancy could be due to differences in the numbers of cells 

sampled. 

I was able to show that from the first time that a cluster of secretory vesicles is 

observed on the cell cortex its intensity is constant over time. Interestingly, and consistent 

with our previous studies (Silva et al., 2019), a vesicle cluster is typically observed prior to 

germ tube emergence. The results of altering the Spitzenkörper suggests that focusing vesicle 

traffic to a restricted, unique location is important for a constant filament morphology in a 

population of cells. Below I will discuss three questions related to the main aspects of this 

work.  

 

III – Function of Mlc1 and its role in the Spitzenkörper 

 Interestingly mlc1 deletion cells were multinucleated, reminiscent of filamentous 

fungi that have more than one nucleus (Gladfelter, 2006). We speculate this could be due to a 
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uncoupling of nuclear and cellular division, and I would need to examine in further detail 

time acquisitions to determine if the cell division is delayed or lacking. In addition, mlc1 

deletion mutants had a ~two-fold increase in filament diameter. Although the average 

extension rate for these cells was not substantially different from the wild-type, there was a 

strong correlation between extension rate and diameter. This suggests that in the wider cells 

with a substantially increased diameter there is likely a significant increase in vesicle 

incorporation into the tip to compensate for the increased geometry.  In S. cerevisiae, Mlc1 is 

essential and plays a role in the regulation of secretory vesicle traffic to the site of cytokinesis 

and to the bud tip through an association with the myosin motor proteins Myo1 and Myo2 

respectively (Luo et al., 2004; Pennestri et al., 2007; Stevens and Davis, 1998). Mlc1 is 

recruited to the cytokinetic ring, where it in turn recruits the IQGAP-like protein Iqg1 for 

actomyosin ring contraction and Myo1 to regulate the traffic of material for cytokinetic ring 

closure (Boyne et al., 2000; Feng et al., 2015; Luo et al., 2004; Shannon and Li, 2000).   

We speculate that in C. albicans Mlc1 plays a role in regulating vesicle traffic from 

the Spitzenkörper by focusing or directing delivery to a restricted region of the filament tip. 

As we know from EM studies that secretory vesicles are within a diameter distance from the 

plasma membrane, it is possible that the size, shape and number of vesicles in the 

Spitzenkörper play, in part, a role in the location of vesicle fusion (also dictated by Sec3) and 

flux of vesicles, i.e. a greater area where vesicles are adjacent to the plasma membrane, 

which could mean a larger area for fusion and, hence, an increased flux. Without Mlc1 there 

is an increase in the rate of vesicle flux to the apex that is also less focused, leading to wider 

filaments with relatively constant extension rates. Consistent with this idea, the total intensity 

of the Spitzenkörper as observed with mSc-Sec4 is increased, while the overall area of the 

cluster remained unchanged. However, it would be critical to measure the region of the 

Spitzenkörper that is adjacent to the plasma membrane as this could increase without an 



Discussion 

 176 

overall area increase. Nonetheless, the two-dimensional shape of the Spitzenkörper is not 

affected, arguing against this possibility. My results suggest there is an increase in the 

packing density of secretory vesicles in the Spitzenkörper, i.e. an increased population of 

vesicles in the cluster at a given time or alternatively an increase in the Sec4 level per vesicle, 

hence overall in the Spitzenkörper. This observed increase in Spitzenkörper intensity could 

be due to a lag in the initiation of traffic out of the Spitzenkörper. It is possible that initially, 

when the Spitzenkörper is forming, vesicles build up in a cluster and, for a specific amount of 

time, the Spitzenkörper increases in size as there are less vesicles leaving the Spitzenkörper, 

which subsequently increases.  

Using the single vesicle intensity value and a normalization based on Spitzenkörper 

intensity, I estimated that there is roughly twice as many secretory vesicles in this mutant 

compared to the wild-type cells, assuming that the Sec4 per vesicle level is constant. This 

could be addressed by examining the average Sec4 signal in what appear to be vesicles, i.e. 

resolution limited signals. Additionally, it is possible that the altered growth rate results in an 

altered cell wall, hence explaining the sensitivity to cell wall perturbants and antifungal 

drugs, such as caspofungin (Mazu et al., 2016; Sorgo et al., 2011).  

I also observed that the population of these mutants is highly variable in almost all 

aspects. It appears that Mlc1 not only regulates the flux of vesicles to the filament tip but also 

regulates the uniformity of this flux. However, if these two processes were linked, then only 

one would need to be altered for both to be affected. A large variation in budding cell size 

and shape was also observed. Importantly, the budding cell size had a significant positive 

correlation with filament diameter. It appears that the hyphal filament width is set by budding 

cell axis perpendicular to germ tube emergence and hence a wider budding cell leads to a 

wider filament. This would suggest that if polarity were altered in the budding cells, even 

slightly, it would result in wider filaments. It is interesting to note that the blastospore area 
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correlates linearly with the filament diameter, i.e. r2 with r. One possibility is the critical 

parameter in the blastospore (which was the mother cell) is the radius of curvature, as this 

could dictate the size of the polarity cluster. Hence a mother cell that is large would have a 

larger radius of curvature and, hence, a larger polarity cluster would be maintained and lead 

to wider filaments.  

It is likely that once the filament diameter is initially determined, it is maintained by 

feedback loops that maintain the region of vesicle fusion and the filament diameter. This 

process is likely regulated by Sec3 and Cdc42; the clustering of both on the plasma 

membrane of the apex is probably affected by the zone of secretory vesicle fusion. It would 

be important to investigate the distribution of both of these proteins in this mutant.   

Additionally, endocytosis regions have been shown to contain the region of exocytosis and 

disruptions in the endocytic containment results in a wider polarity axis (Jose et al., 2013). 

Although I do not see displaced endocytosis sites, it did appear that these sites were less 

intense, suggesting endocytosis might be decreased for the mlc1 mutant. This would need 

additional investigation to address fully this notion. 

 

IV – Mis-targeting the Spitzenkörper   

 Using a constitutively synthetic interaction, between the Mlc1 Spitzenkörper 

component fused to a GFP Nanobody and GFP targeted to the plasma membrane, I was able 

to alter the distribution of the Spitzenkörper.  Given the proximity of the Spitzenkörper and 

the plasma membrane, it is not possible to resolve the two compartments spatially; however, 

in this mutant, the Spitzenkörper was less circular and had a large two-dimensional area.  

This resulted in a substantial increase in hyphal diameter, similar to that observed in the mlc1 

deletion mutant. In contrast to the mlc1 deletion mutant, the average filament extension rate 

of this mutant was also increased. These results are similar to what has been previously 
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reported in S. pombe strains with a GNB decorated PM and GFP labeled v-SNARE protein 

Syb1 (Abenza et al., 2015). These effects are dominant as there is a wild-type copy of MLC1 

present, and I have not observed any defects with the MLC1 heterozygote. By examining the 

GFP channel it is apparent that plasma membrane is re-localized,; however, we can’t 

distinguish whether this is due to the Spitzenkörper or the plasma membrane.  

I speculate that the wider diameter of these filaments is due to the broadened region of 

secretory vesicle fusion. The Spitzenkörper is perhaps associated with a larger region of the 

filament tip due to a change in shape or anchoring, which in turn spreads out new membrane 

insertion, resulting in a wider filament. This is a similar, in some respects, to that observed in 

the mlc1∆/∆ mutant. Here extension rate is also increased, and I speculate again that an 

increased region of vesicle fusion with the plasma membrane leads ultimately to the 

spreading out of Cdc42 and Sec3. If this were true, it could result in more fusion at the same 

time, for example like the analogy that with three separate lines to three separate doors, more 

people can enter the room as opposed to three lines going through one door. Again, with this 

mis-targeted mutant, there remains a strong linear dependence between extension rate and 

diameter as well as an increase in variation of filament diameter and extension rate with a 

population. 

 

V – Stabilizing the Spitzenkörper 

 The other perturbation of the Spitzenkörper involved a constitutive interaction 

between two Spitzenkörper components, Mlc1 and Sec4. Analysis of the Spitzenkörper Sec4 

dynamics by FRAP confirmed that there was a significant increase in the Sec4 immobile 

population, indicating that the Spitzenkörper was stabilized. The exchange rate, i.e. t½ for 

recovery did not change, consistent with the notion that the rate of vesicles into the 

Spitzenkörper (as well as that going out, as the size remains constant) was unchanged in this 
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mutant. This SPK-stabilized strain had an increased amount of Sec4, with an unchanged size 

and shape, suggestive of increased packing. Compared to the wild-type and PM-targeted 

mutant, the diameter was intermediate, while the extension was identical to the wild-type, 

similar to the situation with the mlc1 deletion mutant. Interestingly, there was substantially 

less variation in the filament diameter with this SPK-stabilized strain compared to the 

deletion mutant as well as the PM-targeted strain. However, the extension rate was still quite 

variable.  

 Irrespective of the method to perturb the Spitzenkörper, there is a clear and strong 

dependence of extension on filament diameter. I speculate that this also exists in the wild-

type; however, the range of diameters is very small, limiting measurement precision due to 

light resolution limits and pixel size. In any case the wild-type strains fall on the linear fit of 

filament extension rate versus diameter. This suggests that there is a link between diameter 

and secretory vesicle flux, i.e. new membrane addition and, as indicated above, may be due 

to the fact that with a focused and restricted zone of fusion, spatial constraints limit extension 

rate and when this extended (spread out) increased fusion can occur. This assumes that 

exocyst components, such as Sec3 and SNARES, are not limiting, or that the cell can 

compensate such as in the case of wider filament. 

 

VI – Heterogeneity within populations 

 A common underlying theme in this work is a consistent heterogeneity within all 

measurements of a sample of single cells within a population. Often, we are comparing 

sample populations using mean averages and statistical significance between conditions; 

however, an often-overlooked aspect is the variation within each population, and how that 

may compare between conditions. In our investigation on the mechanical forces during 

invasive growth, we often observed variation within conditions: for example, extension rates 
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clearly decrease as a function of stiffness. However, within each condition, there may be 

subpopulations of cells with greater or decreased invasive growth ability, leading to a 

reasonable amount of spread within each condition. We observed what we referred to as 

‘escaper cells’, which were cells that were able to invade substrate stiffnesses beyond the 

threshold of the population of cells. This variation is also clearly increased, for example with 

extension rates in Spitzenkörper perturbed mutants.  

I have compiled the variation of several parameters from the Spitzenkörper 

perturbation study (Appendix Figure 4). The variation parameter used here is the coefficient 

of variation, which is a normalization of the variation by dividing the standard deviation by 

the mean. Doing this allows one to directly compare variation between conditions that would 

not be comparable by standard deviation due to the difference in scales. Here, it can be seen 

that the variation for the mlc1∆/∆ mutant is substantially and consistently larger than the 

control strains (Appendix Figure 4A). A similar trend is seen in the GNB perturbed strains, 

with the SPK-stabilized strain showing the largest variation (Appendix Figure 4B).  

This interest in variation has increased in recent years, particularly in the context of 

population heteroresistance to antifungal drug treatments not only in C. albicans but also 

other pathogenic fungi such as C. glabrata, Cryptococcus neoformans, Cryptococcus gatti, 

and Aspergillus Fumigatus (Ben-Ami et al., 2016; Bleichrodt et al., 2020; Rosenberg et al., 

2018; Stone et al., 2019). I feel this topic of population variation could be an important aspect 

to research in more detail in the context of filamentous growth of C. albicans particularly 

because I have shown here that some perturbations to cellular processes may amplify what is 

normally a small amount of variation, which allows us to study this variation in greater detail. 

Some questions that arise in this context are: Does heterogeneity in invasive ability play a 

significant role in host infection? What leads to heterogeneity in size with mlc1∆/∆? Is there a 
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mechanism that allows some cells (‘escapers’) to survive and infect the host better, which 

could be useful drug targets? 

 

VII – Conclusions and future prospects  

 Here I have presented two lines of work, both of which have a main goal of better 

understanding the mechanisms of polarized growth in the human fungal pathogen 

C. albicans. In the first we investigated how the mechanical forces and substrate stiffness 

affect the invasive capability of C. albicans. We first found a stiffness threshold where the 

fungus is no longer able to invade. Upon studying invasive growth compared to surface 

growth, we found that under the mechanical forces of invasion, cells undergo morphological 

changes in which they have an increased diameter and a reduction in cell compartment 

length. Additionally, invasive cells have a reduced extension rate that was used to determine 

the effective turgor pressure of this organism. We found that cell polarity was affected by 

resistive forces by an increase in active Cdc42 concentration in the filament apex but not an 

altered distribution. In contrast active Rho1 became less polarized during invasion. Lastly, we 

showed that the observed morphological changes were due to mechanical compressive force 

and not due to a widening of the growth site since the tip diameter did not increase over time, 

whereas subapical compartments did increase in diameter over the time of invasion.  

 With this work we developed a unique method of studying how mechanical resistive 

force affects cells. There are several ways this method could be used to study various aspects 

of the invasive growth of C. albicans, as this process is important for its ability to invade host 

tissues. As we developed this method to allow for live-cell imaging of fluorescently labeled 

cells, it would be interesting to screen available secretory pathway markers for possible 

alterations in localization or dynamics, also cytoplasmic crowding can be quantified using 

GEM mobility analysis. I have initiated some of this work by imaging invading cells with 
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labels such as mSc-Sec4, Abp1-mCh, mSc-LifeAct, GFP-Mlc1. There is some evidence that 

mSc-Sec4 signal transiently increases just after bursting out from PDMS into a chamber (i.e. 

change in resistive force); however, this will need additional examples in order to validate 

this phenomenon (see Appendix Figure 3).  

Along a similar line, this method could be used to study if lipid distributions, such as  

PI(4)P or PI(4,5)P2, are altered during invasive growth, as thus far this has been studied in 

non-invasive conditions (Ghugtyal et al., 2015; Vernay et al., 2012). There are also many 

possibilities in chamber shapes and designs that could be fabricated at various stiffnesses, 

which would allow one to test many aspects of C. albicans invasive growth. Lastly, this 

method also could be adapted for assays (as I used for the mlc1∆/∆ mutant) or screening 

purposes, either looking for mutations or drug candidates that prevent invasive growth from 

occurring. 

 The second body of work revolves around the composition and perturbation of the 

Spitzenkörper. I showed that the Spitzenkörper is composed entirely of secretory vesicles of 

which the population number strongly correlates with the volume of the structure, suggesting 

a constant packing density. I also showed through three different perturbations that the 

Spitzenkörper functions to regulate the morphology and growth rate of hyphae and likely vice 

versa. I speculate this occurs through regulating the focus of growth to a small region in the 

tip, similar to what has been proposed in the vesicle supply center model. Any disruptions in 

this focus lead to altered and highly variable cell morphologies, growth rates, and 

Spitzenkörper shape and composition.  

 The mutant and alterations through GFP-GNB interaction presented here are an 

example of how to study the function of a cellular component or process. There are several 

aspects of the mlc1∆/∆ mutant that could become future lines of research. This mutant 

appears to be multinucleated, defective in cell division in filaments (despite septin 
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localization still occurring), and more prone to lysis; however, mlc1∆/∆ is still able to form 

long true hyphae and even undergoes filament branching after an extended growth period. It 

would be worthwhile to study additional aspects of this mutant, such as active Cdc42 

localization, actin distribution, and localization of other secretory pathway components 

including the exocyst Sec3 and Golgi and ER distribution. Also, since this mutant appears to 

be prone to lysis, it would be intriguing to determine if this is due to an alteration in the cell 

wall, or perhaps there is improper regulation of turgor pressure that leads to overly inflated 

cells. Lastly, the GNB molecule has been used in other organisms (Abenza et al., 2015; 

Rothbauer et al., 2008; Schornack et al., 2009) and having it now as a tool to use for altering 

protein localization is novel in C. albicans research and will open up new ways of studying 

this organism.  

 Overall, this work provides novel insights into aspects of invasive growth and the role 

of the Spitzenkörper in regulation of cell growth and morphology in the human fungal 

pathogen C. albicans. Both of these aspects are important for successful host infection, and 

the information learned here may provide novel mechanisms to target for development in a 

quest to better treat this major human fungal pathogen.  
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Materials & Methods 

I – Growth conditions 

Strains were grown in rich (yeast extract peptone dextrose) media at 30oC, and hyphal 

inductions were performed at 37oC in 50% FCS and 50% YEPD+Uri. Strains used are 

derivatives of the BWP17 strain background and are explained in detail below. They can also 

be found in Table 1.  

 

II – Plate assays 

Invasive growth on FCS plates 

Overnight cultures were back diluted to an O.D.600 of 0.1 and incubated at 30oC, shaking 

until O.D.600 of 0.6-0.8 was achieved. Using a 96 well microtiter plate, cultures were diluted to 

O.D.600 of 0.1 in the first well and serially diluted to 1x10-4. Each of the five dilutions were 

spotted (7 µl) on 50% FCS plates (50% YEPD+URI, 50% FCS, 1% agar). Plates were 

incubated at 30oC and imaged daily from day 3-6.  

Antifungal and cell wall perturbant susceptibility 

Spotting was performed in the same manner as with FCS plates. Plates were incubated 

at 30oC and imaged daily from day 1-5. The concentration of molecules was used as indicated. 

 

III – Plasmid constructions 

Primers used in the construction of plasmids can be found in Table 2, and the plasmids 

constructed can be found in Table 3.  

pFA-CamScarlet and pFA-CamiRFP670 plasmids 

The nucleotide sequences for the monomeric red fluorescent protein CamScarlet 

(Bindels et al., 2016) and the far-red fluorescent protein CamiRFP670 (Shcherbakova et al., 
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2016) were all codon optimized for C. albicans and commercially synthesized (Baseclear, 

Netherlands for CamiRFP670 and GenScript, USA for CamScarlet). The synthesized 

fluorescent protein genes CamScarlet and CamiRFP670 were PCR amplified with primers 

containing a unique 5’ PstI site and a GAGAGA linker sequence, and a unique 3’ AscI site 

(Primers GA3CamScarPstIp, CamScarletmAscI, CamiRFP670PstIp and CamiRFP670AscIm). 

The genes were ligated into the pFA-GFP-URA3 plasmid (Gola et al., 2003) to generate the 

pFA-CamScarlet-URA3 and pFA-miRFP760-URA3. The URA3 marker from pFA-

CamiRFP670-URA3 was swapped for the CdHis1 marker from pFA-GFP-CdHIS1 (Schaub et 

al., 2006) using unique AscI and PstI restriction sites. These plasmids were used with primers 

containing the standard S1-GFP and S2 sequences for use with pFA plasmids (Gola et al., 

2003; Schaub et al., 2006). 

pFA-mScarletx3-URA3 

A cassette was commercially synthesized containing two tandem CamScarlet genes 

with a 5’XhoI site and GGsGGS linker, separated by a XmaI site and GSGSGS linker, and a 

3’ AscI site. This cassette was provided to us in a pUC57 backbone (BaseClear, Netherlands). 

Each of the two CamScarlet genes was altered in nucleotide sequence with conserved codons 

to prevent recombination effects. The mScarletx3 cassette was generated by PCR, amplifying 

CamScarlet from pUC57-CamScarlet with primers 1 and 3. Amplified fragments were digested 

with PstI and XhoI restriction enzymes, and column purified. The fragment was ligated into a 

pUC57-CamScarletx2 plasmid, which was digested with PstI and XhoI, and column purified. 

This resulted in a pUC57-CamScarletx3 plasmid. The CamScarletx3 fragment was digested 

out from pUC57-CamScarletx3 with PstI and AcsI restriction enzymes, and then ligated into a 

PstI and AscI digested pFA-GFP-URA3 backbone (Gola et al., 2003) that was gel purified to 

remove the GFPγ fragment. This resulted in the pFA-CamScarletx3-URA3 plasmid. 
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pFA-CaPfV-GFP plasmid set (40nm GEM) 

  The CaPfV gene, which encodes a genetically encoded monomeric (GEM) nanoparticle 

(Delarue et al., 2018), was codon optimized for C. albicans and commercially synthesized 

(BaseClear, Netherlands). The synthesized CaPfV gene was cloned from the pUC57 vector 

into the pFA-GFPγ-URA3 plasmid using PstI sites, resulting in the pFA-CaPfV-GFPγ-URA3 

plasmid. The URA3 marker was exchanged for CdHIS1, as described above. This plasmid was 

used as a template to PCR amplify the CaPfV-GFPγ-URA3 cassette for genomic knock-in that 

would be expressed under the TEF1p promotor by using the primers pair TEF1p-pfVp and 

TEF1KIxFP_S2. 

pFA-GNB plasmids 

The GFP nanobody (GNB) gene (Rothbauer et al., 2006) was codon optimized for 

C. albicans and commercially synthesized (BaseClear, Netherlands). The synthesized CaGNB 

gene was cloned from the pUC57 vector into the pFA-GFPγ-URA3 plasmid using PstI and AscI 

sites, which resulted in the pFA-CaGNB-URA3 plasmid. The URA3 marker was exchanged for 

CdHIS1 and ARG4, as previously described. In the URA3 version, the CamiRFP670 gene was 

PCR amplified with the forward sense primer CaiRFPpPstI, which adds a PstI restriction site 

to the 5’ end and the reverse sense primer CaiRFPm-GSlink-PstI_noStop to introduce a 

GSGSGS linker between the CamiRFP670 gene and the CaGNB gene, and a PstI restriction 

site on the 3’ end. The gene for CamiRFP670 was cloned in front of the CaGNB gene using a 

single PstI site. This resulted in the plasmid pFA-CamiRFP670-CaGNB-URA3. This plasmid 

was used to C-terminally tag MLC1 with the construct -CamiRFP670-CaGNB-URA3 using the 

forward sense primer CaMLC1_S1miRFP670p and the reverse sense primer CaMLC1mFA.  

Plasmids for plasma membrane labeling 

The pEXPARG4-ACT1p-CamScarlet-CtRac1-ADH1t was generated as follows. The 

synthesized CamScarlet gene was PCR amplified with primers containing a unique 5’ RsrII 
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site (CamScarletFwdRsrII) and a 3’ CtRac1 plasma membrane targeting moiety followed by a 

unique MluI site (yemChmCtRacMluI). The fragment was ligated into the pEXPARG4-

ACT1p-CRIB-mCherry-CtRac1-ADH1t (Silva et al., 2019), resulting in pEXPARG4-ACT1p-

CamScarlet-CtRac1-ADH1t. The genes for the fluorescent proteins CamiRFP670 and GFPγ 

were PCR amplified with the primer pairs CamiRFP670pRsrII and CamiRFP670CtRacmMluI 

for CamiRFP670, and GFPgpRsrII and CaGFPymCtRacMluI for GFPγ, and ligated into 

pEXPARG4-ACT1p-CamScarlet-CtRac1-ADH1t resulting in pEXPARG4-ACT1p-

CamiRFP670-CtRac1-ADH1t and pEXPARG4-ACT1p-GFPγ-CtRac1-ADH1t. The plasmids 

were integrated at the RP10 locus after linearization with the StuI restriction enzyme.  

The pDUP5-ADH1p-CamScarlet-Ctrac1-ACT1t plasmid was generated by PCR 

amplification of CamScarlet with a unique 5’ AscI site and a 3’ CtRac1 followed by a unique 

MluI site (primernucleotides CamScarletAscIp and yemChmCtRacMluI) and cloned into 

pDUP5-ADH1p-CibN-CtRac1-ACT1t (Silva et al., 2019). The fragment used for integration 

was released from the pDUP3/5 plasmids by digestion NgoMIV for integration at the NEUT5L 

locus. 

SEC4 plasmids 

The pEXPARG-SEC4p1311-CamScarlet-Sec4 plasmid was constructed by PCR 

amplification of the SEC4 ORF using the primers CaSec4pAscI and CaSec4mMluI, and 

inserted using AscI and MluI restriction sites. The codon optimized CamScarlet was added by 

PCR amplification using the primers CamScarletFwdRsrII and CamScarletmAscI, and inserted 

using RsrII and AscI sites.  The 1311 bp SEC4 promoter was added by PCR amplification with 

the primers CaSec4P1311pNotI and CaSec4PmRsrII, and inserted using NotI and RsrII 

restriction sites (Silva et al., 2019).  

The SEC4p1311-CamScarlet-SEC4 cassette was cloned into pGEMURA (Wilson et al., 

1999) using unique NotI and SalI restriction sites, resulting in pGEMURA-SEC4p1311-
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CamScarlet-SEC4. The CamScarlet was exchanged for GFPγ by using RsrII and AscI 

restrictions sites. The gene for GFPγ was PCR amplified using the primers GFPgpRsrII and 

CaGFPymAscI. These plasmids were linearized with BglII that cuts within SEC4p1311 and 

integrated at the SEC4 locus. Additionally, for some strains, the cassette was PCR amplified 

using the primers CaSec4KIpURAmScar and CaSec4m1139 and then transformed into cells 

for replacement of genomic SEC4 with the fluorescently tagged copy. 

pEA MLC1p-MLC1-MLC1t complementation vector 

The MLC1 gene with 1kb upstream and downstream (3479 bases) was PCR amplified 

from genomic DNA using the primers MLC1pup1000XhoI and MLC1m2479NotI, which 

include unique 5’ XhoI and 3’ NotI restriction sites. This cassette was ligated into the pEA-

pARF3ARF3 plasmid (Labbaoui et al., 2017) that was digested with XhoI and NotI, and 

purified to generate the pEA-MLC1p-MLC1-MLC1t plasmid. The sequence of the MLC1 ORF 

was confirmed by sequencing the plasmid using the primers MLC1mup177 and MLC1p1006. 

This plasmid was digested with StuI for integration at the RP10 locus.  

 

IV – Yeast transformation 

Electroporation 

Genetic manipulations were performed using electroporation as a standard protocol. 

For this, overnight cultures were back-diluted 1:10 in 10 ml of YEPD+Uri, and cells were 

incubated, shaking at 30oC for 4-5 hr. To prepare cells for electroporation, cultures were 

centrifuged and resuspended in sterile diH2O, 0.1 M lithium acetate, 10 mM Tris, and 1 mM 

EDTA; and incubated, shaking at 30oC for 45 min. 25 mM dithiothreitol (DTT) was then added, 

and cells were incubated for an additional 15 min. After incubation, cells were washed twice 

with ice-cold diH2O (40 ml then 25 ml) and once with cold 1 M sorbitol (5 ml). They were 

then resuspended in 40 µl of cold 1 M sorbitol per electroporation and kept on ice.  
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For the electroporation, 40 µl of prepared cells were placed in electroporation cuvettes 

(Cell Projects, 0.2 mm electrode gap) with 5µg of DNA (5-10µl of DNA in diH2O). DNA used 

for electroporation was prepared by isopropanol precipitation for PCR product cassettes and 

by column purification for digested plasmid cassettes. Cells were electroporated at 18 kV to 

achieve a time constant between 5 and 6 msec (Eppendorf electroporator 2510). After 

electroporation, cells were removed from cuvettes by suspending them in 1 ml of 1 M sorbitol. 

Cells were pelleted by centrifugation and the supernatant was removed. The cells were 

resuspended in LM2 media and then plated on selective plates. For nourseothricin (NAT) 

selection, cells were resuspended in YEPD+Uri media and incubated at 30oC for 4 hr prior to 

plating on YEPD+Uri+NAT plates (200µg/ml NAT). For hygromycin (HYG) selection, cells 

were resuspended in YEPD+Uri media and incubated at 30oC for 5 hr prior to plating on 

YEPD+Uri+HYG plates (1 mg/ml HYG). 

 

V – Strains 

Fluorescently labeled strains 

Strains were fluorescently labeled by either C-terminal knock-in tagging or by 

integration of a cassette on an integrative plasmid. For C-terminal knock-in tagging, primers 

containing 50-100 bp of sequence homology to the 3’ end of the ORF being tagged were used 

to integrate the fluorescent tag in frame just before the stop codon. (Primers used for this are 

listed in Table 2, under the section titled AFP tagging KI primers.) Cassettes that are in the 

pEXPARG4 backbone were linearized with the StuI restriction enzyme for integration into the 

RP10 locus. The backbones pDUP3 and pDUP5 were digested with NgoMIV to release the 

cassette to be integrated in the NEU5L locus. The SEC4 containing pGEM plasmids were 

designed to be digested with BglII to linearize the plasmid for integration in the SEC4 promotor 
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region or PCR amplification of the SEC4p1311mScarlet-SEC4-ADH1t cassette using the 

already stated primers, which are listed in Table 2. 

MLC1 deletion mutant 

Knockout cassettes were generated using the primers CaMLC1pKO and 

CaMLC1mKO, which contain 100 and 105 bases of homology that are respectively upstream 

and downstream of the MLC1 open reading frame in addition to S1 and S2 primer sites for 

amplifying knockout cassettes from the pFA knockout plasmid set (Gola et al., 2003; Schaub 

et al., 2006).  

The mlc1∆/∆ strain, which contains CamScarlet-Sec4, was generated as follows. The 

heterozygote was made by knocking out one copy of MLC1 with the SAT1 dominant 

selection marker. Then the BglII digested pGEM URA3 CamScarlet-SEC4 plasmid was 

integrated into the SEC4 locus. Lastly, the second copy of MLC1 was deleted using the 

CdHIS1 auxotrophic marker. This resulted in the mlc1∆/∆;CamScarlet-SEC4 mutant strain. 

Additional double mutants were generated from the initial heterozygote using URA3 or HygB 

markers in three additional independent transformations. Mutants were confirmed by PCR 

using genomic DNA prepared from transformants grown overnight in liquid media. The 

primer pair CaMLC1pup303 and CaMLC1m85 was used for confirming the absence of the 

MLC1 ORF. The primer pair CaMLC1pup303 combined with CaSATm240, or 

CaUra3minus, CdHis1m93 or CaHygm416, was used to confirm the presence of the SAT1, 

URA3, CdHIS1, or HygB genes respectively. 

The mlc-/- strains with NOP1-GFP, CDC10-GFP, and ABP1-GFP were generated as 

follows. The fluorescent tags were introduced into the mlc1+/∆;CamScarlet-SEC4 strain 

using the pFA-GFPγ-ARG4 and the primer sets: CaNop1KI_S1 and CaNop1KI_S2 for NOP1 

tagging, CaCdc10pFA and CaCdc10mFA for CDC10, and caAbp1xFP_S1 and 

caAbp1xFP_S2 for ABP1. This resulted in the strains mlc1+/∆;CamScarlet-SEC4;NOP1-
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GFP, mlc1+/∆;CamScarlet-SEC4;CDC10-GFP, and mlc1+/∆;CamScarlet-SEC4;ABP1-GFP. 

The second copy of MLC1 was knocked out with HIS1 from the pFA-HIS1 to generate 

mlc1∆/∆;CamScarlet-SEC4;NOP1-GFP, mlc1∆/∆;CamScarlet-SEC4;CDC10-GFP, and 

mlc1∆/∆;CamScarlet-SEC4;ABP1-GFP. These mutants were indistinguishable from the 

original mutant by microscopy and were verified by their inability to form invasive 

filamentous growth when spotted on FCS plates after 6 days of growth. 

Mlc1-miR-CaGNB strains 

The miR-CaGNB tag was PCR amplified from pFA-CamiRFP670-CaGNB-URA3 

using the forward sense primer CaMLC1_S1miRFP670p and the reverse sense primer 

CaMLC1mFA. It was then transformed into the wildtype auxotrophic BWP17 background, 

resulting in the MLC1-miR-CaGNB strain background. Next, pGFP-SEC4-utr was introduced 

by BglII digestion or pEXPARG4-GFPγ-CtRac1 was introduced by StuI digestion. This 

resulted in the strains MLC1-miR-CaGNB;GFP-SEC4 (SPK stabilized strain) and 

MLC1-miR-CaGNB;GFPγ-CtRac1 (PM Targeted strain). 

 

VI – Microfabrication 

Thin layer 

Microchambers were fabricated using standard soft-lithography methods (Minc et al., 

2009; Whitesides et al., 2001). Chambers were 5 μm deep and 10 μm in diameter with 15 μm 

spacing between them. The overall thickness of the microchamber preparations was 

approximately 150 μm. PDMS microchambers of varying stiffness were generated by varying 

the ratios of polymer and crosslinker (Sylgard 184; Dow Corning). Mixtures of polymer and 

crosslinker were spin coated (Laurell Technologies corporation) on molds (5 sec 100 rpm 

followed by 50 sec 500 rpm) to achieve ~150 μm thickness and then cured for 1 hr at 60oC. 
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Thick 10:1 PDMS frames were then placed on top of the partially cured chambers, which were 

baked for an additional 2 hr at 90oC in order to peel the thin chambers off the mold. 

Thick layer 

The same microchamber molds were used as above. PDMS microchambers of varying 

stiffness were generated by varying the ratios of polymer and crosslinker (Sylgard 184; Dow 

Corning). Mixtures of polymer and crosslinker were degassed by centrifugation at 3200 rpm 

for 2 min (LaFratta, 2010). The degassed polymer-crosslinker mixtures were poured on to 

molds and cured overnight at 60oC. After curing, PDMS was slowly removed from the molds 

and stored dry until use. 

 

VII – PDMS microscopy sample preparation 

PDMS microchambers were activated by plasma treatment (Harrick Plasma Cleaner) 

for 14 sec at 500 mTorr on low setting and submerged in DH2O until usage. Prior to usage, 

PDMS samples were dried with nitrogen gas, treated with poly-D-lysine (1 mg/ml), and 

subsequently treated with concanavalin A (0.4 mg/ml). Each sample was incubated for 20 

min and then dried with a stream of nitrogen gas. Exponentially growing cells were mixed 

with FCS media (75% FCS, 0.6 × minimal media and 2% dextrose), spotted onto the 

microchambers and sealed with a coverslip. Typically, cells on PDMS microchambers were 

incubated for ~ 1 hr at 37oC to initiate filamentation prior to microscopy. 

VIII – Microscopy 

All imaging was carried out in the iBV PRISM microscopy platform. 

FCS + agarose pad preparation 

 FCS + agarose pads for use in live-cell time-lapse imaging were prepared as follows. 

Pads were composed of 75% FCS, 2% agar, and SC media. Exponentially growing cells were 
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first mixed with 50% FCS then added to the pads and covered with a No. 1.5 cover slip. 

Typically, cells were incubated on the pads for 30 min prior to microscopy.  

Spinning disk confocal 

Spinning disk confocal experiments were done on an inverted IX81 Olympus 

microscope (Olympus Corporation of the Americas, Center Valley, Pa). The microscope was 

equipped with a motorized XY stage (Prior scientific, Cambridge, UK), a Yokogawa CSU-X1 

confocal head (Yokogawa Electric Corporation, Tokyo, Japan), and a sensitive iXON DU-897-

BV EMCCD camera (Andor technology, Belfast, UK). The laser lines used were a 488 nm 

(DPSS), 561 nm (DPSS), or 640 nm (Diode) (Andor technology, Belfast, UK). The objective 

used was a UPLSAPO 60X oil 1.35 NA, a UPLSAPO 60X water 1.2 NA, or a UPLSAPO 

100X oil 1.4 NA. Z stacks of 0.4 µm, 0.5 µm, or 0.2 µm were acquired using a piezo stage 

NanoScan Z100 (Prior scientific, Cambridge, UK). The 37°C atmosphere was controlled by an 

incubator box, an air heating system and an air pump system (Okolab, Ottaviano, Italy). The 

system was controlled using MetaMorph software version 7.8.8.0 (Molecular Devices, 

Sunnyvale, CA, USA).  

For colocalization experiments, samples were illuminated simultaneously with 488 nm 

and 561 nm laser lines. The emission signal was split using a red-green dichroic placed within 

an Andor TuCam two-camera adaptor (Andor technology, Belfast, UK). Each channel was 

captured simultaneously by a separate iXON DU-897-BV EMCCD camera (Andor technology, 

Belfast, UK) into one 1024x512 image. Images were split and organized into hyper-stacks for 

image analysis.  

Spinning disk confocal with photo manipulation and pseudo-TIRF imaging 

Spinning disk confocal experiments that combined photomanipulation, as with the 

ablation during invasion experiments, were carried out on a Nikon Ti eclipse inverted 

microscope (Nikon France S.A.S., Champigny-sur-Marne, France) that was equipped with an 
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iXON life 888 camera (Andor technology, Belfast, UK). The laser illumination used was a 405 

nm diode, a 488 nm diode, a 561 nm diode, or a 642 nm diode. The objective used a 100x CFI-

APO-TIRF oil NA 1.49. Photomanipulation was controlled with an iLas2 scan head (Roper 

scientific, Evry, France) using a 405 nm diode, a 488 nm diode, a 561 nm diode, or a 642 nm 

diode. Multi-position acquisitions were done using a motorized XY stage (Nikon France 

S.A.S., Champigny-sur-Marne, France). Image acquisition was controlled by Metamorph 

software version 7.10.1.161 (Molecular Devices, Sunnyvale, CA, USA) and supplemented 

with iLAS2 software for photomanipulation. Temperature conditions of 37oC were controlled 

by an incubator chamber (Okolab, Ottaviano, Italy). 

Lysis of PDMS invading cells 

Lysing of PDMS invading cells used the on-the-fly spot mode and 405 nm laser set to 

100%. A before image was taken first and then the cell was lysed by repeated laser pulses 

(typically 2-5) at the edge of the cell or cell tip. Finally, an after image was acquired.  

Rapid framerate GEM acquisition 

Rapid frame rate time-lapse of GEMs displacement experiments were carried out in 

TIRF mode without the spinning disk in the light path. The illumination light was bent within 

the near-TIRF range. Images were collected in stream mode, allowing for the fastest possible 

imaging and set with an exposure time of 10 msec for 200-300 images depending on the 

experiment.  

Scanning confocal with photomanipulation 

FRAP experiments were carried out on an inverted Axio Observer Z1 stand (Carl Zeiss 

Microscopy GmbH, Jena, Germany) equipped with a Zeiss 880 confocal head, using a Plan 

Apo 63X oil 1.4. The lasers used were a 488 nm argon, a 561 nm DPSS, or HeNe 633 nm. 

Images were acquired using two descanned PMTs, a descanned GaAsP, and an external PMT 

for transmission. The system was controlled using Zen software version 14.0.19.201 (Carl 
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Zeiss Microscopy GmbH, Jena, Germany). Temperature conditions of 37oC were controlled 

by an incubator chamber. 

FRAP was performed by creating a circular ROI that encompassed the Spitzenkörper. 

The acquisition was done with a 256x256 frame with a scan time of 629.14 msec with 

averaging of 4 per line, unidirectional scanning and a bit depth of 12-bit. The zoom was set to 

achieve a pixel size of 0.18 µm. Images were acquired with a 488 nm or 561 nm laser, set to 

0.66 or 0.02 respectively, using a maximum pin hole size of 601µm. Signals were acquired 

using the GaAsP detector set to range 492-533 nm for the green channel and 588-630nm for 

the red channel. Bleach was performed with 488 nm and 561 nm laser lines using a power of 

0.8 or 0.5 respectively. Bleach was performed after 5 initial images and was done with 5 

iterations using an alternative pixel dwell time of 16.38 µsec for the green channel only. After 

the bleach an additional 95 images (~94 sec) were acquired to track the recovery of the signal.  

Widefield 

For widefield images, acquisitions were performed on an inverted ZEISS Axio 

Observer Z1 microscope (Zeiss, Jena, Germany) equipped with Zeiss 63X Plan-Apo DICIII 

oil 1.4 NA and Zeiss 100X Plan-NeoFluar DICIII oil 1.3 NA objectives. Images were acquired 

with a monochrome EMCCD iXON+897 camera (Andor, Belfast, UK) or Neo scMOS camera 

(Andor, Belfast, UK) controlled with Metamorph 7.8 software (Molecular Devices, Sunnyvale, 

CA). Temperature conditions of 37oC were controlled by an incubator chamber. 

Deconvolution 

Deconvolution of image z-stacks was carried out using Huygens professional software 

version 18.04 (Scientific-Volume Imaging). Images were deconvolved using the appropriate 

settings for the microscope and excitation source used. The signal to noise setting was 10, and 

the background detection was set to auto unless otherwise stated. 
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IX – Analysis  

Morphology and extension rates 

Image analysis for extension rate, compartment and tip diameter, and active Rho 

GTPase polarization was carried out with Fiji (version 1.51) (Schindelin et al., 2012). For 

determination of the extension rate, the lengths of the filaments (mother cell neck to filament 

tip) were determined over time using plasma membrane fluorescence signal. For the mlc1 

mutants, the CamScarlet-Sec4 signal was used. Extension rate values are from the slope of a 

line fit to length values over minimally a 1 hr acquisition (> 12 time points). For liquid 

extension rates, cells induced with 50% FCS at 37oC were fixed every 30 min, and average cell 

lengths for each time point (0 - 90 min) were used. Compartment lengths were measured using 

the edge-to-edge fluorescence signal between two formed septa. Only invasive compartments 

that were entirely within the PDMS were used for analyses. Active Cdc42 and Rho1 

polarization was determined using a fixed size ROI to quantitate the signal intensity at the tip 

and in a subapical region. The ratio of tip to subapical signal was averaged over the time-lapse, 

and the mean for invasive cells was normalized to the mean ratio for non-invasive cells. The 

percentage of cells undergoing subapical bending within a chamber and filament buckling 

within PDMS was assessed using DIC images. For the determination of errors from values 

derived from multiple measurements, classical error propagation was carried out (Bevington 

and Robinson, 2003). Statistical significance was determined with Student’s t-test. 

DIC representation 

For representation of three-dimensional DIC images, an algorithm was applied to image 

z-stacks using a custom developed Matlab program, called InFocus, inspired from Extended 

Depth of Field plugin (Forster et al., 2004). The program extracts the local contrast per channel 

from any three-dimensional multi-channel acquisition. From these maps, it determines the Z 

of highest contrast per pixel from one or a combination of channels and then extracts a 
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smoothened plane to get a two-dimensional multichannel image. Parameters can be adapted 

through the Graphical User Interface. 

Tip curvature 

  For quantitation of filament tip curvature over time, we developed another Matlab 

program, called TipCurve, with an intuitive interface dedicated for morphological analyses 

along the major axis of filamentous cells. For such analyses, three-dimensional images were 

converted into two-dimensional images by sum projection. Similar to the HyphalPolarity 

program (Silva et al., 2019), a backbone was extracted from images over time as well as the 

cell contour. By specifically extracting the tip first, the extremity of the backbone subtracted 

by the tip radius was estimated. The local curvature was then estimated only along the tip 

(either -45° to +45° or -90° to 90°) from the curvilinear function f(s) extracted from the cell 

contour. 

𝐶(𝑠) = 	
1

𝑅(𝑠) = 	
𝑓"(𝑠)
(𝑓"(𝑠))# 

The distribution of active Cdc42 and Rho1 at the filament tip was determined by TipCurve. 

For these analyses, images that had a polarized fluorescent signal along with a uniform 

cytoplasmic signal were used. The latter were used to identify the cell and extract the backbone. 

Then an additive projection was done to get kymograph curves per time point and per 

fluorescence channel. To estimate the distribution of intensity at the tip of Cdc42 and Rho1, 

we fitted the kymograph to estimate 𝑥$%&', the distance of maximum intensity from the tip, 

and the decay of intensity above 𝑥$%&' as an exponential function.  

Analysis of the Spitzenkörper 

 Quantification of the number of secretory vesicles in the Spitzenkörper by CamScarlet-

Sec4 intensity was done by using z-stack images of live filaments expressing CamScarlet-Sec4 

with z-step intervals of 0.2 µm. Image z-stacks were deconvolved and analyzed using Volocity 

software version 6.3. Particles and clusters of CamScarlet-Sec4 were identified by intensity 
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using 5.5 standard deviations above the mean. An average intensity for single particles of Sec4 

was calculated as these were assumed to be single vesicles. The intensity of the Spitzenkörper 

cluster was divided by the average single vesicle intensity to estimate the number of vesicles 

in the identified Spitzenkörper cluster. Spitzenkörper vesicle population numbers were 

comparative to a previous study that counted vesicle numbers by serial section transmission 

electron microscopy (Weiner et al., 2019). For the two-dimensional analysis of the 

Spitzenkörper, image stacks were acquired by the same method. Image z-stacks were 

deconvolved and then sum projected. The sum projected images were uploaded into the 

Volocity program for analysis. The Spitzenkörper structure was identified by standard 

deviations above the mean using 8 standard deviations for CamScarlet-Sec4 and 25 standard 

deviations for GFP-Sec4. All parameters reported were calculated by Volocity. The shape 

factor formulas are: 

Shape	Factor	(2D) = 4𝜋
𝐴
P# 																														Shape	Factor	(3D) = 	

π
(
)(6V*)

#
)

A*
 

A is the area, P is the perimeter, and V is the volume. The closer the value is to 1, the closer 

the object is to a perfect circle or sphere respectively.  

GEM diffusion analysis 

Quantification of GEM diffusions by particle tracking was carried out as follows. Rapid 

frame rate images of GEM particles in cells were analyzed with the Mosaic Particle Tracker 

plugin for Fiji (Sbalzarini and Koumoutsakos, 2005). The parameters used in the Particle 

Tracker were a radius of 3, a cutoff of 0, a percentile of 0.5-2—this was adjusted based on 

background levels per experiment. Additionally, the link range was set to 1, the displacement 

was set to 5, and the Brownian diffusion model was used. The output in the form of X and Y 

coordinates for particle tracks was analyzed cumulatively per condition using a custom made 

Matlab program, QuantTrack. This program analyzes the mean squared displacements (MSD) 
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for each track in a condition to calculate the effective diffusion coefficient. The program fits 

curve to the mean ensemble MSDs and calculates the slope of the curve and the sigma or 

plateau.  

FRAP analysis 

 FRAP analysis was performed by measuring the intensity of the bleach site (bleach), 

another location within the cell (inside), and outside the cell (bkgd) at each time point of the 

bleach time series. The inside signal was used to fit an exponential decay bleaching curve (BC). 

The bleach signal was corrected for bleaching using the following formula:  

Bleach	Corr+ =	
,-.&/0!1,234!

56!
  

The Bleach Corr values were normalized to the maximum prebleach (first 5 time points) 

Bleach Corr value.  

X – Gene Sequences 

CamScarlet 
ATGGTTTCAAAAGGTGAAGCTGTTATTAAAGAATTTATGAGATTTAAAGTTCAT
ATGGAAGGTTCAATGAATGGTCATGAATTTGAAATTGAAGGTGAAGGTGAAGG
TAGACCATATGAAGGTACTCAAACTGCTAAATTAAAAGTTACTAAAGGTGGTC
CATTACCATTTTCATGGGATATTTTATCACCACAATTTATGTATGGTTCAAGAG
CTTTTACTAAACATCCAGCTGATATTCCAGATTATTATAAACAATCATTTCCAG
AAGGTTTTAAATGGGAAAGAGTTATGAATTTTGAAGATGGTGGTGCTGTTACT
GTTACTCAAGATACTTCATTAGAAGATGGTACTTTAATTTATAAAGTTAAATTA
AGAGGTACTAATTTTCCACCAGATGGTCCAGTTATGCAAAAAAAAACTATGGG
TTGGGAAGCTTCAACTGAAAGATTATATCCAGAAGATGGTGTTTTAAAAGGTG
ATATTAAAATGGCTTTAAGATTAAAAGATGGTGGTAGATATTTAGCTGATTTTA
AAACTACTTATAAAGCTAAAAAACCAGTTCAAATGCCAGGTGCTTATAATGTT
GATAGAAAATTAGATATTACTTCACATAATGAAGATTATACTGTTGTTGAACA
ATATGAAAGATCAGAAGGTAGACATTCAACTGGTGGTATGGATGAATTATATA
AATAA 
 
CamiRFP670 
ATGGTTGCTGGTCATGCTTCAGGTTCACCAGCTTTTGGTACTGCTTCACATTCA
AATTGTGAACATGAAGAAATTCATTTAGCTGGTTCAATTCAACCACATGGTGCT
TTATTAGTTGTTTCAGAACATGATCATAGAGTTATTCAAGCTTCAGCTAATGCT
GCTGAATTTTTAAATTTAGGTTCAGTTTTAGGTGTTCCATTAGCTGAAATTGAT
GGTGATTTATTAATTAAAATTTTACCACATTTAGATCCAACTGCTGAAGGTATG
CCAGTTGCTGTTAGATGTAGAATTGGTAATCCATCAACTGAATATTGTGGTTTA
ATGCATAGACCACCAGAAGGTGGTTTAATTATTGAATTAGAAAGAGCTGGTCC
ATCAATTGATTTATCAGGTACTTTAGCTCCAGCTTTAGAAAGAATTAGAACTGC
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TGGTTCATTAAGAGCTTTATGTGATGATACTGTTTTATTATTTCAACAATGTACT
GGTTATGATAGAGTTATGGTTTATAGATTTGATGAACAAGGTCATGGTTTAGTT
TTTTCAGAATGTCATGTTCCAGGTTTAGAATCATATTTTGGTAATAGATATCCA
TCATCAACTGTTCCACAAATGGCTAGACAATTATATGTTAGACAAAGAGTTAG
AGTTTTAGTTGATGTTACTTATCAACCAGTTCCATTAGAACCAAGATTATCACC
ATTAACTGGTAGAGATTTAGATATGTCAGGTTGTTTTTTAAGATCAATGTCACC
ATGTCATTTACAATTTTTAAAAGATATGGGTGTTAGAGCTACTTTAGCTGTTTC
ATTAGTTGTTGGTGGTAAATTATGGGGTTTAGTTGTTTGTCATCATTATTTACCA
AGATTTATTAGATTTGAATTAAGAGCTATTTGTAAAAGATTAGCTGAAAGAAT
TGCTACTAGAATTACTGCTTTAGAATCATAA 
 
CamScarletx3 
ATGGTTTCAAAAGGTGAAGCTGTTATTAAAGAATTTATGAGATTTAAAGTTCAT
ATGGAAGGTTCAATGAATGGTCATGAATTTGAAATTGAAGGTGAAGGTGAAGG
TAGACCATATGAAGGTACTCAAACTGCTAAATTAAAAGTTACTAAAGGTGGTC
CATTACCATTTTCATGGGATATTTTATCACCACAATTTATGTATGGTTCAAGAG
CTTTTACTAAACATCCAGCTGATATTCCAGATTATTATAAACAATCATTTCCAG
AAGGTTTTAAATGGGAAAGAGTTATGAATTTTGAAGATGGTGGTGCTGTTACT
GTTACTCAAGATACTTCATTAGAAGATGGTACTTTAATTTATAAAGTTAAATTA
AGAGGTACTAATTTTCCACCAGATGGTCCAGTTATGCAAAAAAAAACTATGGG
TTGGGAAGCTTCAACTGAAAGATTATATCCAGAAGATGGTGTTTTAAAAGGTG
ATATTAAAATGGCTTTAAGATTAAAAGATGGTGGTAGATATTTAGCTGATTTTA
AAACTACTTATAAAGCTAAAAAACCAGTTCAAATGCCAGGTGCTTATAATGTT
GATAGAAAATTAGATATTACTTCACATAATGAAGATTATACTGTTGTTGAACA
ATATGAAAGATCAGAAGGTAGACATTCAACTGGTGGTATGGATGAATTATATA
AACTCGAGGGAGGTTCAGGAGGCAGCGTGTCCAAAGGTGAGGCCGTTATTAA
AGAGTTCATGCGTTTCAAAGTACACATGGAAGGCTCAATGAATGGTCACGAGT
TTGAGATTGAGGGGGAAGGGGAAGGTAGGCCCTATGAGGGTACGCAAACCGC
AAAACTAAAGGTCACGAAAGGAGGGCCTCTACCGTTTAGTTGGGACATCCTTT
CTCCTCAGTTCATGTATGGCCTGCGCGCGTTCACGAAACATCCTGCGGACATTC
CAGATTATTATAAGCAGTCTTTTCCGGAGGGTTTCAAATGGGAAAGAGTCATG
AATTTTGAGGACGGTGGAGCTGTAACGGTCACTCAGGACACCAGCCTTGAAGA
TGGCACTCTTATCTACAAAGTAAAACTACGCGGAACGAACTTTCCTCCAGACG
GACCTGTCATGCAGAAGAAAACAATGGGATGGGAGGCTAGTACAGAGAGATT
ATATCCAGAAGATGGTGTGTTAAAAGGAGATATTAAGATGGCTCTACGGTTGA
AGGATGGTGGGCGGTACCTTGCAGATTTTAAGACCACGTACAAGGCCAAGAAG
CCCGTACAGATGCCCGGCGCGTACAATGTAGACCGTAAATTAGACATAACCTC
CCACAACGAGGACTATACTGTTGTCGAACAATACGAACGGTCAGAGGGCCGAC
ATCTGACTGGTGGTATGGATGAATTGTACAAGGGTAGCGGCAGCGGTAGCCCC
GGGGTCTCGAAAGGTGAAGCAGTTATCAAGGAGTTCATGCGATTTAAGGTTCA
CATGGAAGGATCAATGAATGGTCATGAGTTTGAAATTGAAGGCGAGGGTGAA
GGTCGCCCTTATGAAGGCACTCAGACTGCAAAGTTAAAGGTTACGAAAGGTGG
GCCTCTTCCGTTTTCTTGGGATATTTTAAGCCCCCAGTTCATGTATGGAAGTCG
TGCATTTACCAAGCATCCAGCTGATATTCCAGATTACTATAAACAATCCTTTCC
CGAAGGTTTTAAGTGGGAACGTGTCATGAATTTTGAAGATGGCGGTGCTGTTA
CTGTTACACAAGATACATCTCTTGAGGACGGTACTTTAATCTATAAAGTCAAAC
TCCGTGGCACAAATTTTCCGCCTGATGGCCCTGTCATGCAGAAGAAGACCATG
GGCTGGGAAGCTAGTACAGAAAGGCTCTACCCAGAAGACGGAGTACTAAAAG
GAGACATTAAAATGGCATTACGTCTCAAAGATGGTGGTCGCTATCTAGCTGAC
TTCAAAACTACTTATAAGGCTAAAAAGCCTGTTCAAATGCCTGGCGCATATAA
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TGTTGACCGTAAATTAGATATCACTCTGCACAACGAAGATTATACGGTAGTTG
AGCAATACGAACGCTCTGAGGGTCGCCATTCAACCGGTGGAATGGATGAATTA
TATAAGTAA 
 
CaPfV 
ATGTTATCAATTAATCCAACTTTAATTAATAGAGATAAACCATATACTAAAGA
AGAATTAATGGAAATTTTAAGATTAGCTATTATTGCTGAATTAGATGCTATTAA
TTTATATGAACAAATGGCTAGATATTCAGAAGATGAAAATGTTAGAAAAATTT
TATTAGATGTTGCTAGAGAAGAAAAAGCTCATGTTGGTGAATTTATGGCTTTAT
TATTAAATTTAGATCCAGAACAAGTTACTGAATTAAAAGGTGGTTTTGAAGAA
GTTAAAGAATTAACTGGTATTGAAGCTCATATTAATGATAATAAAAAAGAAGA
ATCAAATGTTGAATATTTTGAAAAATTAAGATCAGCTTTATTAGATGGTGTTAA
TAAAGGTAGATCATTATTAAAACATTTACCAGTTACTAGAATTGAAGGTCAAT
CATTTAGAGTTGATATTATTAAATTTGAAGATGGTGTTAGAGTTGTTAAACAAG
AATATAAACCAATTCCATTATTAAAAAAAAAATTTTATGTTGGTATTAGAGAA
TTAAATGATGGTACTTATGATGTTTCAATTGCTACTAAAGCTGGTGAATTATTA
GTTAAAGATGAAGAATCATTAGTTATTAGAGAAATTTTATCAACTGAAGGTAT
TAAAAAAATGAAATTATCATCATGGGATAATCCAGAAGAAGCTTTAAATGATT
TAATGAATGCTTTACAAGAAGCTTCAAATGCTTCAGCTGGTCCATTTGGTTTAA
TTATTAATCCAAAAAGATATGCTAAATTATTAAAAATTTATGAAAAATCAGGT
AAAATGTTAGTTGAAGTTTTAAAAGAAATTTTTAGAGGTGGTATTATTGTTACT
TTAAATATTGATGAAAATAAAGTTATTATTTTTGCTAATACTCCAGCTGTTTTA
GATGTTGTTGTTGGTCAAGATGTTACTTTACAAGAATTAGGTCCAGAAGGTGAT
GATGTTGCTTTTTTAGTTTCAGAAGCTATTGGTATTAGAATTAAAAATCCAGAA
GCTATGTTGTTTTAGAATGGTAA 
 
CaGNB 
ATGGCTGATGTTCAATTAGTTGAATCAGGTGGTGCTTTAGTTCAACCAGGTGGT
CATTAAGATTATCATGTGCTGCTTCAGGTTTTCCAGTTAATAGATATTCAATGA
GATGGTATAGACAAGCTCCAGGTAAAGAAAGAGAATGGGTTGCTGGTATGTCA
TCAGCTGGTGATAGATCATCATATGAAGATTCAGTTAAAGGTAGATTTACTATT
TCAAGAGATGATGCTAGAAATACTGTTTATTTACAAATGAATTCATTAAAACC
AGAAGATACTGCTGTTTATTATTGTAATGTTAATGTTGGTTTTGAATATTGGGG
TCAAGGTACTCAAGTTACTGTTTCATCAGGTAGATAA 
 



Table 1: Strains
Strain Genotype reference
BWP17 ura3Δ::λimm434/ura3Δ::λimm434 his1Δ::hisG/his1Δ::his arg4::hisG/arg4Δ::hisG Wilson et al. 1999

PY173
ade2Δ::hisG/ade2Δ::hisG ura3Δ::λimm434/ura3Δ::λimm434 his1Δ::hisG/his1Δ::hisG
arg4Δ::hisG/arg4Δ::hisG ENO1/eno1::ENO1-tetR ScHAP4AD- 3×HA-ADE2 Vernay et al. 2012

PY2165 BWP17 with RP10::ARG4-ACT1p-GFP-RID-ADH1t Corvest et al. 2013
PY2263 BWP17 with RP10::ARG4-ACT1p-CRIB-GFP-ADH1t Corvest et al. 2013
PY2705 BWP17 THE1 with sec4∆::HIS1/SEC4
PY3113 BWP17 with RP10::ARG4-ADH1p-GFP-CtRac1-ACT1t This study
PY4405 BWP17 with RP10::ARG4-ACT1p-mScarletCtRac1-ADH1t This Study
PY4483 BWP17 with RP10::ARG4-ACT1p-miRFP670CtRac1-ADH1t This Study
PY4501 BWP17  RP10::ARG4-GFP-SEC4 This Study
PY4524 BWP17 RP10::ARG4-mScarlet-SEC4 This Study
PY4538 PY4524 with MLC1/MLC1::HIS1 MLC1-GFPγ This Study
PY4554 PY2705 with sec4∆::HIS1/SEC4::URA3.SEC4P.mScarlet.SEC4 This Study
PY4687 BWP17 with mlc1∆::SAT1/ MLC1 This Study
PY4709 BWP17 SEC4/SEC4::URA3 GFPγ-SEC4 This Study
PY4809 PY4709 with MLC1/MLC1::CdHIS1 MLC1-miRFP670 This Study

PY4861
ura3Δ::λ imm434/ura3Δ::λ imm434 his1::hisG/HIS1::his1::hisG 
arg4::hisG/URA3::ARG4::arg4::hisG Bassilana et al. 2003

PY4887 BWP17 with RP10::ARG4-ACT1p-GFPγCtRac1-ADH1t This Study
PY4914 PY4805 MLC1/MLC1::HIS1 MLC1-miRFP670 This Study
PY5018 PY4687 with SEC4::URA3.SEC4P.mScarlet.SEC4/SEC4 This Study
PY5127 PY4489 with NEUT5L::URA3-ADH1p-mScarlet-CtRac1-ACT1t This study
PY5184 PY2263 with ADH1p::mScarlet-URA3 This study
PY5224 BWP17 with bni1∆::ARG4/bni1∆::HIS1 Li et al. 2005
PY5304 BWP17 TEF1p::PfV-GFPγ-CdHIS1 This Study
PY5385 BWP17 with  MLC1/MLC1::URA3 MLC1-miRFP670-GNB This Study
PY5405 PY5385 with RP10::ARG4-GFP-SEC4 This Study
PY5409 PY5385 with GFPγ-CtRac1 This Study
PY5234 PY4887 with HOG1/HOG1:: URA3 HOG1-mScarlet(3x) This Study
PY5250 PY4887 with PKC1/PKC1::URA3 PKC1-mScarlet(3x) This Study
PY5433 BWP17 with SEC4/SEC4::URA3 mScarlet-SEC4 This Study
PY5435 PY5224 with SEC4/SEC4::URA3 mScarlet-SEC4 This Study
PY5451 PY5018 with mlc1∆::SAT1/ mlc1∆::CdHis1 This Study
PY5556 PY5304 with RP10::ARG4-ACT1p-mScarletCtRac1-ADH1t This Study
PY5661 PY5451 with RP10::ARG4-MLC1pMLC1MLC1t This Study
PY5713 PY5018 with CDC10/CDC10::ARG4 CDC10-GFPγ This Study
PY5716 PY5018 with NOP1/NOP1-GFPγ This Study
PY5717 PY5713 with mlc1∆::SAT1/ mlc1∆::CdHis1 This Study
PY5720 PY5716 with mlc1∆::SAT1/ mlc1∆::CdHis1 This Study
PY5755 PY 5018 with ABP1/ABP1:: ARG4 ABP1-GFPγ This Study
PY5764 PY 5755 with mlc1∆::SAT1/ mlc1∆::CdHis1 This Study
PY5831 PY5409 with SEC4/SEC4::URA3 mScarlet-SEC4 This Study
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Table 2: Oligos used
Name Sequence
CamScarletFwdRsrII ctcgcggtccgcggaccgATGGTTTCAAAAGGTGAAG

yemChmCtRacMluI cttctagtatacgcgtcttataatatagtacattttttagctctcttaatttttcttttcttTTTATATAATTCATCCATACCACC

GA3CamScarPstIp gtactgcagGGTGCTGGCGCAGGTGCTgtttcaaaaggtgaagctg

CamScarletmAscI cggcgcgccTTTATATAATTCATCCATACCACC

CamScar.mXhoI ctccctcgagTTTATATAATTCATCCATACC

CamiRFP670pRsrII ctcgcggtccgcggaccgATGGTTGCTGGTCATGCTTCAGG

CamiRFP670CtRacmMluI cttctagtatacgcgtcttataatatagtacattttttagctctcttaatttttcttttcttTGATTCTAAAGCAGTAATTCTAG

CamiRFP670PstIp gtactgcagGGTGCTGGCGCAGGTGCTgttgctggtcatgcttcagg

CamiRFP670AscIm cgcggcgcgccTTATGATTCTAAAGCAGTAATTC

GFPgpRsrII acgcggaccgATGTCTAAAGGTGAAGAATTATTCACTGG

CaGFPymAscI cggcgcgccTTTGTACAATTCATCCATACC

GFPgpRsrII acgcggaccgATGTCTAAAGGTGAAGAATTATTCACTGG

CaGFPymCtRacMluI cttctagtatacgcgtcttataatatagtacattttttagctctcttaatttttcttttcttTTTGTACAATTCATCCATACC

CaSec4P1311pNotI GTAGACGCGGCCGCaaagctgttaaattggaaaatccaaag

CaSec4PmRsrII cgatcgCGGTCCGCGGACCGggatgaattgttaatacttag

CaSec4KIpURAmScar
GTTGGCAAGTTCTCAAGCTGGTTATTTAGAAGTCATGCCTTTGACTTTATCTTCTCACG
ATGAGAATTTTGCTTGGTTGAAACAGAAGGATGATGGTACCgggcccgacgtcgcatgctc

CaSec4m1139 GGTGGTTATAAATGAAGGG

CaSec4pAscI aaaggcgcgccgATGAGCGGTAAAGGAACATC

CaSec4mMluI atcacgcgtaCTAGCAACAGTTATTCTTTGC

CaMLC1pKO
CTGTCACTGATAGATTATGTAGGCTTCACTAGTTGCATTGTGCAGGGTAAACTTTTTTT
TTGTCTGATCCCAAAAGAGTAGTTTGTTTACATTTTTTCTGgaagcttcgtacgctgcaggtc

CaMLC1mKO
GTTACTTTTCCTCTCTTACTCTCTCTCTTTTCATTGGCATATATTACTCTCCAAAGTAACT
TATCAAGTACTACATAAAACTTCAAATAAACGGTATCCAATTCGtctgatatcatcgatgaattcgag

MLC1pup1000XhoI GTCTGTctcgagTAACTGTCCAATTTGATTCTTTGGC

MLC1m2479NotI ACgcggccgcACCGAACAAGCTAAAACCTTAGGTGC

CaMLC1m85 gcaaatgcatctctgtaggtc

CaMLC1pup303 CTGTTTGTTCTGGTCTCCTG

MLC1mup177 GAGTACTTTGGTTGCGTC

MLC1p1006 TCATGATCGTTGCTGGTGTC

CaADH1KIxFP_S1
ccagaattatttttttttcatcagtttaacaacaacaaacgttattgtcatacaacaacaacaacaaatacaaaaacaattatgGGTGCTGG
CGCA
GGTGCT

CaADH1KIxFP_S2
ctgggtaatccttgtagactaattgaccaccattggtatcaaagacaacggctttttgagtttttgggatttgttcagacatTCTGATATCAT
CGATGAATTCGAG

TEF1p-PfVp
aaagaaaaaaaaattttccctcgtcatcttgatttttacttcttcttcttcttcttctttttcctttcttcacacattatagtcataatcaatcATGTTATC
AA
TTAATCCAAC

TEF1KIxFP_S2
CCACCACACTTGTAAATTAAGTGACCGGTGGTAGTAGATTTACCGGAATCGACGTGA
CCAATAACAACAACGTTAACGTGAGTTTTTTCTTTACCCATtctgatatcatcgatgaattcg

CaSATm240 gggcagtgcacacactac

caUra3minus TGTTACGAATCAATGGCACTAC

CdHis1m93 ACCGCTCAATAAGCTGCA

CaHygm416 gttattgcgtacacgacctgg

caAbp1xFP_S1
TGTTGAAATCGAATTTGTTGACGATGATTGGTGGCAAGGAAAACATTCCAAGACAGG
AGAAGTCGGATTGTTCCCTGCTAACTATGTTGTCTTGAATGAGggtgctggcgcaggtgcttc

caAbp1xFP_S2
CAATTTATCTTTTCTTTGTATTTATATTATAGATTCATATAAAAAAAAAACGAATATTG
TTTATACTAAATtctgatatcatcgatgaattcgag

CaCdc10pFA
caatcaaaccaagatttgaagaacacctctggtgtgccaaatgctcctatgttccaatcaactacaggtactgctgctgctagaGGTGCTG
GCG
CAGGTGCTTC
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CaCdc10mFA
CGCGTTTTGCTTTTCAACAAACACACAAAAGAAGAGGAATACAAAAAAGTAAAATCACA
TTATATCAATAACAAACctgatatcatcgatgaattcgag

CaHOG1xFP_S1
GTTGGTGTGGCAAATGAAACTGAGGGTTCCGAACAACCAGACCTGCAAGTGGAGCA
AAACAACTTGGATTCCGCCAACGGAGCTggtgctggcgcaggtgct

CaHOG1xFP_S2
CAAACTTAATAATGTAAAGTTAATAGTAATAGTAATACATATTTCACTTTTAAATTTA
TTTCTATAATTGCTAGCTTGTATTTTTGAAGATTAtctgatatcatcgatgaattcgag

CaPKC1xFP_S1
GAAACACCAAGATTGACACCAGTGGAAACAGTTCTTACTTCTGAAATGCAAGAACA
GTTTAGAGGGTTCTCGCATATATCTGACAATGCAACGATTggtgctggcgcaggtgct

CaPKC1xFP_S2
GTACATAGATGAATATACATATTATACGGATGTGTGTATGTTCTGCCATCCTCCTTTTT
ATAAAAATATTATTATTATATATCTACTTTAATCAtctgatatcatcgatgaattcgag

CaMLC1pFA
GATGAGTTATTAAAAGGGGTCAATGTAACTTCTGATGGAAATGTGGATTATGTTGAATT
TGTCAAATCAATTTTAGACCAAGGTGCTGGCGCAGGTGCTTC

CaMLC1mFA
CGAACAAGACTATACAATAACTATAATTTGTAAAACTTGTAGTATATATATTTCAATGGT
TAATTGTAAATTTTCTTTTATTCTGATATCATCGATGAATTCGAG

CaNop1KI_S1
GAGAAGTCCAAAAATTGAGAGAAGAAAGAATTAAACCATTGGAACAATTGACCTTGGA
ACCTTATGAAAGAGACCATTGTATTGTTGTTGGTAGATACATGAGAAGCGGAATAAAGA
AAggtgctggcgcaggtgcttc

CaNop1KI_S2
CCAGTGTTTCCAAAATTTTCATTCATTCTTTATTTTTTTTTAGTTTTCAATAATCAAATGTA
TTAATCCTATTGTACAAAATATTTTTATTTAAAATTTAGAGTATCCCAAAATAACCTAATt
ctgatatcatcgatgaattcgag
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Table 3: Plasmids
Plasmid Reference
pFA-SAT1 Schaub et al . 2006
pFA-CdHIS1 Schaub et al . 2006
pFA-GFP-URA3 Gola et al. 2003
pFA-GFP-CdHIS1 Schaub et al . 2006
pFA-GFPγ-HIS1 Zhang and Konopka 2010 Euk. Cell 

pFA-GFPγ-ARG4 Zhang and Konopka 2010 Euk. Cell 

pFA-mScarlet-URA3 This Study

pFA-mScarletx3-URA3 This Study

pFA-miRFP760-URA3 This Study

pFA-miRFP760-CdHis1 This Study

pFA-PfV-GFPγ-URA3 This Study

pFA-PfV-GFPγ-CdHis1 This Study

pFA-miRFP670-GNB-URA3 This Study

pEXPARG4-ACT1p-CRIB-mCherry-CtRac1-ADH1t Silva et al. 2019

pEXPARG-SEC4p-mScarlet-Sec4 This Study

pEXPARG4-Sec4p1311-mScarlet-Sec4-ADH1t This Study

pEXPARG4-ACT1p-mScarlet-CtRac1 -ADH1t This Study

pEXPARG4-ACT1p-miRFP670-CtRac1 -ADH1t This Study

pEXPARG4-ACT1p-GFPγ-CtRac1 -ADH1t This Study

pEXPARG4-MLC1p-MLC1-MLC1t This Study

pARF3ARF3 Labbaoui et al 2017
pGEMURA Wilson et al. 1999
pGEMURA-SEC4p1311-mScarlet-SEC4 This Study

pGEM-URA-SEC4p1311-GFPγ-SEC4 This Study

pDUB5 Gerami-Nejad et al., 2013

pDUP5-ADH1p-CibN-CtRac1 -ACT1t Silva et al. 2019

pDUB5-ADH1p-mScarlet-Ct rac1 -ACT1t This Study
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Table 4: Materials
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals
Concanavalin A Merck Millipore Cat# 234567-1GM
Fetal bovine serum Dutscher Cat# P30-8500-500ml
Paraformaldehyde Electorn Microscopy Sciences Cat# RT 15710-16%
SYLGARD 184 Silicone Elastomer Kit Dow 1673921
Poly-D-lysine hydrobromide Sigma-Aldrich P6407-5MG
Software
ImageJ version 1.53 software National Institutes of Health  ImageJ 
Huygens Professional software version 18.04 Scientific-Volume Imaging Huygens Professional 
Volocity Software version 6.3 PerkinElmer Volocity
MATLAB version 2019 software MathWorks MathWorks 
GraphPad Prism 8 software GraphPad Prism
MetaMorph version 7.8.8.0 software Molecular Devices MetaMorph 

206



Appendix figures 

207 

Appendix Figures

Appendix Figure 1:  Invasively growing cells are under mechanical compressive force. 

Using a UV laser, for photomanipulation, on maximum intensity, cells were lysed during 

PDMS invasion to measure the difference in buckling angles when the internal cell pressure is 

released. A) The buckling angle is increased after lysis, indicating cells are under mechanical 

force. Before and after representative image of a lysed invading cell. The tip compartment and 

mother cell compartment were lysed, and the middle compartment was left intact. The buckling 

angle was measure before and after lysis with an increase of ~ 15 degrees. Images are from 

sum projections. Magenta lines represent the angles that were measured. B) A quantification 

of buckling angle percent change for several cells lysed on 1 or both sides of the compartment 

that was measured. Surface cells were also lysed on both sides and measured as a control. This 

data shows that invading cells are growing against mechanical compressive force and 

complements the observation that upon bursting out, the buckling angle is also relaxed. 
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Appendix Figure 2: Cells undergoing invasive growth do not appear have constant osmotic 

or cell wall stress. I used the Hog1 and Pkc1 as reporters for osmotic and cell wall stress 

respectively (Andrews and Stark, 2000; Day and Quinn, 2019). A control experiment was done 

by osmotically shocking cells with 2 M sorbitol and immediately imaging. A) Hog1 labels the 

nucleus after sorbitol treatment. Representative max projected images are shown with or 

without sorbitol treatment. B) Invasive growth does not affect Hog1 localization. 

Representative max projected images of invasive and surface cells are shown. C) 

Quantification of nuclear signals from sorbitol treatment and invasive growth. D) Pkc1 

delocalizes along the filament after sorbitol treatment. Pkc1 normally localized to the filament 

tip. After sorbitol treatment, Pkc1 re-localized along the length of the filament. Representative 

max projected images of cells treated, or untreated, with sorbitol. E) Invasive growth does not 

affect Pck1 localization. During invasive growth Pkc1 remained localized to the filament tip. 

F) Quantification of Pkc1 localization. Quantification is a mean of 3 background subtracted 

cross-section intensity measurements along the length of the filament. There is a clear increase 

in the sorbitol treatment but not during invasive growth. This data indicates that invasive 

growth does not impose osmotic or cell wall stress on the cells.  
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Appendix Figure 3: Cytoplasmic crowding in filamentous cells and during drug treatment. 

A) Cytoplasmic crowding is measured by particle tracking of fluorescently labeled and self-

assembling genetically encoded monomeric nanoparticles (GEMs). Representative images are 

color coded time projections of GEM particles in filaments (left) and budding cells (right). 

Images of short exposure time (~10 ms) are taken sequentially for ~20-30 sec (200-300 

images). GEM particles are tracked using particle tracking software, and the tracks are 

quantified for mean squared displacements and coefficient of diffusions. B) Cytoplasmic 

mobility is increased in longer filaments. Cells were treated with FCS for 60 min or 90 min 

and the effects on cytoplasmic mobility were quantified. Quantification of mean squared 

displacements (left graph) and cumulative frequency distributions of effective diffusion 

coefficients (right graph). C) Drug treatments affect cytoplasmic mobility. Cells were treated 

with caspofungin or fluconazole and the effects on cytoplasmic mobility were quantified after 

4 hr and 8 hr of growth under drug exposure. Quantification of mean squared displacements 

(left graph) and cumulative frequency distributions of effective diffusion coefficients (right 

graph). D) A table of mean effective diffusion coefficients and their ratios to the untreated 

budding control. 

 

These are preliminary results which I have acquired and analyzed. Future work could look into 

how invasion affects mobility as well as investigating population heterogeneity during drug 

treatments and how this might correspond with survival or susceptibility to drugs.  
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Appendix Figure 4: The Spitzenkörper is altered during invasive growth. A) A 

representative time lapse of a Spitzenkörper alteration during a burst-out from growth within 

PDMS into a chamber. Images are sum projections of 21 x 0.4 µm z-stacks. Images were 

acquired every 5 min. Increase in Sec4 intensity is indicated by the white arrowhead, and the 

diameter of the well is indicated by dotted yellow circle. Top panel is a zoom of the tip in mSc-

Sec4 channel only. Bottom panel is DIC transmission. Red line indicates where burst-out 

occurs. B) Quantification of mSc-Sec4 intensity and well diameter. Well diameter was 

measured at point of entry by the filament tip. mSc-Sec4 tip intensity is normalized to the PM 

signal at the same location. Red line indicates where burst-out occurs.  C) Signal intensity for 

surface cells is stable over time. Average of 10 cells over 80 min of surface growth. mSc-Sec4 

tip intensity is normalized to the PM signal at the same location. Error bars are standard 

deviations. D) Three additional examples of mS-Sec4 intensity increases at burst out events. 

 

I invested a significant amount of time in attempting to quantify effects to the Spitzenkörper 

during invasive growth. I found that during burst-out events that result in dramatic 

microchamber deformation and snap-back there was an alteration in the Sec4 intensity at the 

filament tip. This alteration is observed through a transient increase in Sec4 intensity, which 

consistently occurs just after the burst-out. Unfortunately, these burst-out events were quite 

rare events; therefore, I was unable to acquire sufficient examples to appropriately quantify 

this. Here, I have shown four examples of this occurrence; I have quantified a total of 10 

examples of this phenomenon out of 1000s of cells imaged during many time-lapses. 
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Appendix Figure 5: Spitzenkörper alterations lead to population variability. When the 

Spitzenkörper is altered there is a substantial increase in the variation of several parameters. I 

quantified this variation between conditions by dividing the standard deviation by the mean, 

also known as (A) the coefficient of variation. B) Cells lacking MLC1 are highly variable. 

Heatmap of coefficient of variation values for four parameters measured. Values are 

normalized to the mean of the mlc1+/∆ and mlc1∆/∆+MLC1 strains. The normalized values 

used for the heatmap are in the table below. C) Altering the distribution and stability of the 

Spitzenkörper results in increased variability. Heatmap of coefficient of variation values for 

four parameters measured. Values are normalized to the wild-type. The normalized values used 

for the heatmap are in the table below. 
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