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ABSTRACT 

 

In eukaryotes, different cell morphologies are generated by fine-tuning the 

spatiotemporal regulation of the polarized growth machinery.  Studying hyphal growth in 

the multimorphic opportunistic yeast pathogen Candida albicans provides a unique 

opportunity to understand how highly polarized cell structures are generated and 

maintained, and has the potential to provide insight into mechanisms of pathogenesis.  

Hyphal cell morphology requires that polarized growth machinery be held at hyphal tips 

over extreme distances and through multiple cell cycles.  Deletion of the bud-site 

selection GTPase Rsr1 in C. albicans results in defects in cell size and shape not 

observed in studies of its ortholog in the related yeast Saccharomyces cerevisiae. This 

suggests that, in addition to its role in bud site selection, Rsr1 has expanded function in 

C. albicans, which impacts polarized growth and the generation of the hyphal 

morphology.  Here, I show that loss of Rsr1 results in changes to a hyphal-specific tip 

structure, the Spitzenkörper, a downstream developmental indicator of Cdc42 signaling, 

and key regulator of polarized growth. Also, my results show that Rsr1’s function 

impacts the spatiotemporal distribution of Bem1 a marker of the active form of Cdc42.  

Interestingly, the changes in the distribution of Cdc42 activity are also correlated with 

reduced expression of the hyphal transcriptional program.  In addition, I also show the 

differential effects of the guanine nucleotide binding states of Rsr1, through the 

manipulation of the Rsr1 GAP, Bud2, and GEF, Bud5.  Through the action of Bud2, 

Rsr1-GDP acts as a global inhibitor that limits competitive, stochastically-activated 

clusters of Cdc42, and also as a lateral inhibitor of growth at hyphal tips that strongly 

influences the overall width of the hypha.  In contrast, Rsr1-GTP, through Bud5 activity, 

is needed to efficiently nucleate single clusters of Cdc42 activity during hyphal 

emergence, and also contributes to the extremely narrow morphology of the hypha.  

Altogether, the data presented here suggest that Rsr1 cycling supports a conservative 

mechanism of polarization that optimizes the efficiency with which polarization occurs, 

which is required for the maintenance of polarized growth. 



 

iv 

 

 

TABLE OF CONTENTS 

Acknowledgments ............................................................................................................. i 

Dedication ......................................................................................................................... ii 

Abstract ............................................................................................................................ iii 

Table of Contents ............................................................................................................ iv 

List of Tables ................................................................................................................... vi  

List of Figures ................................................................................................................. vii 

List of Abbreviations ...................................................................................................... ix 

Chapter 1 .......................................................................................................................... 1 

Polarized Growth and Hyphal Development of C. albicans 

I. The Cell Morphology of C. albicans is Linked to Virulence .................... 2 

II. C. albicans Hyphal Morphogenesis is a Model for Extremes in Polarized 

Growth ....................................................................................................... 3 

III. Polarized Growth and GTPase Function in Fungal Hyphae and Yeasts ... 4 

IV. Models of Initiation and Maintenance of Polarized Growth ..................... 4 

V. Hyphal Development in C. albicans  ......................................................... 6 

VI. Defining Morphogenesis in C. albicans  ................................................... 8 

VII. Rsr1 is a Bud-Site Selection Protein That Also Impacts Morphogenesis in 

C. albicans  .............................................................................................. 10 

VIII. Current Objectives ................................................................................... 12 

IX. Chapter1 Figures ...................................................................................... 13 

Chapter 2 ........................................................................................................................ 18 

Rsr1 Focuses Cdc42 Activity at Hyphal Tips and Promotes Maintenance of Hyphal 

Development in C. albicans 

I. Introduction .............................................................................................. 19 

II. Materials & Methods ............................................................................... 21 

III. Results ...................................................................................................... 29 

IV. Discussion ................................................................................................ 39 



 

v 

 

V. Acknowledgements .................................................................................. 45 

VI. Chapter 2 Tables & Figures ..................................................................... 46 

Chapter 3 ........................................................................................................................ 62 

Rsr1-GTPase Cycling Promotes Efficient Clustering of Cdc42 and Limits Competition 

for Polarity Factors During C. albicans Hyphal Development 

I. Introduction .............................................................................................. 63 

II. Materials & Methods ............................................................................... 66 

III. Results ...................................................................................................... 69 

IV. Discussion ................................................................................................ 78 

V. Chapter 3 Tables & Figures ..................................................................... 84 

Chapter 4 ........................................................................................................................ 99 

Conclusions and Perspectives ........................................................................................ 100 

Bibliography ................................................................................................................. 109 

Appendix A ................................................................................................................... 117 

 



 

vi 

 

LIST OF TABLES 

Table2.1: Strains Used in This Study.............................................................................46 

Supplemental Table2.1: Oligonucleotide Primers Used in This Study ........................53 

Supplemental Table2.2: Vesicle Trafficking Characteristics Determined 

by FRAP in GTs and Mature Hyphae of WT and rsr1Δ/Δ Strains ....................56 

Table3.1: Strains Used in This Study.............................................................................84 

Table3.2: Vesicle Delivery to Hyphal Tips is Disrupted in bud2Δ/Δ Strains ...............90 

Supplemental Table3.2: Oligonucleotide Primers Used in This Study ........................94 

  



 

vii 

 

LIST OF FIGURES 

Fig.1.1: Candida albicans Morphologies .......................................................................13 

Fig.1.2: Cdc42 Cycling...................................................................................................14 

Fig.1.3: Induction of the Hyphal Program......................................................................15 

Fig.1.4: Morphological Index in C. albicans .................................................................16 

Fig.1.5: Rsr1 Cycling .....................................................................................................17 

Fig.2.1: Positive and Negative Regulators of Rsr1 Localize at Tips of GT 

and Mature Hyphae .............................................................................................47 

Fig.2.2: Comparison of Vesicular Spks in WT and rsr1Δ/Δ Hyphae. ...........................48 

Fig.2.3: Comparison of Mlc1-YFP Localization Characteristics in WT and 

rsr1Δ/Δ Hyphae ..................................................................................................49 

Fig.2.4: RSR1 Genetically Interacts with RGA2 and BEM3, Genes That 

Encode Regulators of Cdc42, to Influence the Hyphal 

Morphogenesis Program .....................................................................................50 

Fig.2.5: Rsr1 Focuses Cdc42 Activity at Tips of GTs and is Required to 

Maintain Polarized Growth in Established Hyphae. ...........................................51 

Fig.2.6: Model of How Rsr1 Impacts the Hyphal Morphogenesis 

Developmental Program. ....................................................................................52 

Supplemental Fig.2.1: Spk Vesicle Localization Characteristics in RSR1-

Reintegrant Control Strains Visualized by FM4-64 ...........................................55 

Supplemental Fig.2.2: Internalization of FM4-64 by GTs and Mature 

Hyphae of WT (9955) and rsr1Δ/Δ (8880) Strains ............................................57 

Supplemental Fig.2.3: Mlc1 Localization Characteristics of RSR1-

Reintegrant Control Strains Expressing Mlc1-YFP ............................................58 

Supplemental Fig.2.4: Expression of HSGs (ECE1, HGC1, HWP1, and 

HYR1) by C. albicans Strains .............................................................................59 

Supplemental Fig.2.5: HSG Expression in RSR1-Reintegrant (12567) and 

rsr1 Null-Reintegrant (12570) Control Strains in GTs and Mature 

Hyphae ................................................................................................................60 



 

viii 

 

Supplemental Fig.2.6: Bem1-YFP Localization Characteristics in RSR1-

Reintegrant (12595) and rsr1 Null-Reintegrant (12598) Strains ........................61 

Fig.3.1: Mature Hyphae of bud5Δ/Δ Strains Are More Hyphal Compared 

to bud2Δ/Δ and rsr1Δ/Δ strains, and Are Less Hyphal as 

Compared to WT.................................................................................................85 

Fig.3.2: Mature Hyphae of bud2Δ/Δ Strains Branch More Frequently and 

in Ectopic Positions as Compared to rsr1Δ/Δ, bud5Δ/Δ, and WT 

Hyphae ................................................................................................................86 

Fig.3.3: rsr1Δ/Δ and bud2Δ/Δ Strains Exhibit Multiple Nuclei Per Cell, 

but bud5Δ/Δ Strains Do Not ...............................................................................87 

Fig.3.4: Spk and Septum Compete for the Polarity Factor Mlc1 During 

Hyphal Growth....................................................................................................88 

Fig.3.5: Competition Between Spk and Septum is Disrupted in rsr1Δ/Δ 

and Rsr1-Cycling Deficient Strains ....................................................................89 

Fig.3.6: Comparison of HSG Expression Between WT and Rsr1-Cycling 

Deficient Strains, in GTs and Mature Hyphae ....................................................91 

Fig.3.7: The Localization of Bem1-YFP to Hyphal Tips Differs Between 

bud2Δ/Δ and bud5Δ/Δ Strains ............................................................................92 

Fig.3.8: Model of how Rsr1 Cycling Creates Zones of Cdc42 Activity at 

Hyphal Tips .........................................................................................................93  

Supplemental Fig.3.1: bud5Δ/Δ Strains Show Full and Partial Recovery, 

Respectively, of Hyphal Length and Width as Compared to 

rsr1Δ/Δ Strains ...................................................................................................96 

Supplemental Fig.3.2: Aberrant Branching Frequency of WT, rsr1Δ/Δ, 

and Rsr1-Cycling Mutant Strains........................................................................97 

Supplemental Fig.3.3: Comparison of Expression Levels of HSGs in WT, 

rsr1Δ/Δ and Rsr1-Cycling Mutant Strains ..........................................................98 

Appendix A ..................................................................................................................117 

  



 

ix 

 

LIST OF ABBREVIATIONS 

Analysis of variance    ANOVA 

Bud site selection    BSS 

Confidence interval    CI 

Differential interference contrast  DIC 

GTPase activating protein   GAP 

Guanine nucleotide exchange factor  GEF 

Germ tube     GT 

Hyphal specific gene    HSG 

New end take off    N.E.T.O. 

Region of interest    ROI 

Standard error of the mean   SEM 

Spitzenkörper     Spk 

Yellow fluorescent protein   YFP 

Wild-type     WT



 

1 

 

Chapter 1 

Polarized Growth and Hyphal Development of C. albicans 

 



Chapter 1 

 

2 

 

I. The Cell Morphology of C. albicans is Linked to Virulence 

Candida albicans is an important opportunistic fungal pathogen of humans.  

Candida is the 4th leading cause of hospital acquired infection with C. albicans being the 

most frequently isolated species (76, 77).  While it is commonly associated with mild to 

moderate mucosal infections of the oral and vaginal tract, in immunocompromised 

individuals, it is associated with far more serious infections of the bloodstream and vital 

organs.  In these high-risk populations, approximately 49% of patients who acquire a 

disseminated Candida infection will die as a result of the infection, whereas only an 

estimated 12% will die as a result of the underlying disease (77).  

C. albicans can reversibly switch between three major cell morphologies 

(Fig.1.1): round to ellipsoid cells that separate completely are considered yeast, elongated 

cells that often form chains are classified as pseudohyphae, and highly elongated, parallel 

sided cells are categorized as hyphae.  For the process of infection, both yeast and hyphal 

growth forms are thought to be important and, in particular, the ability to change between 

growth forms is thought to give C. albicans “morphogenetic plasticity” that enhances its 

virulence potential by allowing it to adapt to different environmental situation (64, 79, 

86).  During infection, the yeast form is thought to be well-suited for dissemination in the 

blood stream, as this yeast cell shape is thought to move through blood vessels with 

minimal resistance; the hyphal form, in contrast, is associated with invasion and causing 

damage to host tissues.  Indeed, one study’s findings show that strains held in the yeast 

growth form, using a regulatable promoter system, regains its ability to invade tissue 

once allowed to transition into the hyphal form post-infection (86).  Further, in the same 

study, only mice in which hyphal growth was permitted succumbed to the infection, 

despite having an equivalent fungal burden as those in treatment groups where hyphal 

growth was not permitted.  Interestingly, C. albicans was shown to invade more 

frequently and cause more epithelial cell damage than non-hyphal forming Candida spp, 

or C. dubliniensis (37), a Candida species, which can form hyphae albeit less efficiently 

than C. albicans(92).  Together these data implicate that the hyphal growth form is 

important for C. albicans virulence and provide the rationale for the continued study of 
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mechanisms of C. albicans hyphal development, its regulation, and its link to the 

pathogenesis process during human infection. 

 

II. C. albicans Hyphal Morphogenesis is a Model for Extremes in Polarized 

Growth 

C. albicans hyphal formation, in addition to being of interest to human health, can 

also serve as a more general experimental model for fungal hyphal development.  Other 

fungal pathogens of humans (Malasseia spp, dermatophytes, Aspergillus fumigatus) and 

plants (Fusarium graminearum, Pucciniales spp. Ashbya gossypii) also form hyphae as 

part of the infective process and /or as part of their life cycle (reviewed in(19, 95).  As 

compared to most other hyphal forming fungi, C. albicans is easily cultured and has a 

well-developed set of genetic tools available for its manipulation, making greater 

advances in knowledge possible on a shorter timescale.  Studies using model yeasts like 

Saccharomyces cerevisiae and Neurospora crassa have provided a base of information 

for the understanding of these and other eukaryotic systems.  However, S. cerevisiae does 

not undergo continuous polarized growth (i.e. no true hyphal from) and neither organism 

is inherently pathogenic. With this in mind, studies of C. albicans hyphal growth can act 

as a platform for understanding fungal pathogenicity and polarized growth in other fungi. 

As a general biological model for polarized growth, two interesting aspects of 

hyphal elongation are the efficiency with which it proceeds (up to 1um /sec, (60)) and the 

ability to maintain continuous polarization.  Hyphal elongation in C. albicans is 

somewhat unique in that it is linear (0.3 µm/min(45)); yet, even in filamentous fungi that 

display pulsed growth patterns, polarization remains consistently directed toward hyphal 

tips (66).  Understanding the mechanisms of how such extremes in polarization are 

achieved may give insight into how highly polarized structures are formed in other non-

fungal eukaryotic systems; and while all aspects of polarized growth may not be 

conserved, knowledge gained in studying fungal morphogenesis may improve our 

understanding of other extreme examples of polarized growth such as pollen tubes in 

plants and neurons in animals. 
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III. Polarized Growth and GTPase Function in Fungal Hyphae and Yeasts  

Cdc42 activity is the driving force behind polarized growth throughout the Fungal 

Kingdom and much of eukaryotic life.  Cdc42 orchestrates the assembly of polarized 

growth machinery, and the associated cytoskeletal elements, at hyphal tips, which 

ultimately results in polarized growth (44, 91).  In the model yeast S. cerevisiae, the site 

of polarization in budding yeast cells is determined by a group of proteins collectively 

known as bud site selection (BSS) proteins, which act as landmarks to place Cdc42 

activity.  Cdc42 is part of the Ras-superfamily of monomeric GTPases that cycle between 

GDP and GTP bound forms, assisted by guanine nucleotide exchange factors (GEF) and 

GTPase activating proteins (GAP) (Fig.1.2).  The GEF is thought to facilitate the 

formation of a GDP/GTP bound intermediate that ultimately results in loading of GTP to 

the active site of the GTPase (104).  Juxtaposed to this is the function of the GAP, which 

facilitates the hydrolysis of GTP to GDP and completes the cycle. In C. albicans, Cdc42 

has one GEF, Cdc24, and two GAPs, Bem3 and Rga2.  During hyphal growth, both 

Cdc24 and Bem3 localize to hyphal tips, (8, 32) whereas Rga2 is sequestered away from 

hyphal tips, as a result of its hyperphosphorylation by the Cdc28/Hgc1 complex (105).  

Down-regulation of Rga2 activity during hyphal induction is thought to prolong the state 

of Cdc42 activation, and help to drive the constitutive state of polarized secretion 

associated with hyphal growth (32, 105). 

 

IV. Models of Initiation and Maintenance of Polarized Growth 

Polarized growth is initiated when a cluster of Cdc42 activity is formed within a 

localized region, such that only a discrete portion of the membrane protrudes.  It is likely 

that the mechanisms which control the earliest stages of hyphal emergence are similar to 

those of bud initiation during yeast growth.  As such, I will briefly review and highlight 

the relevant aspects of four current models of polarized growth initiation that are 

primarily based on work done in S. cerevisiae and Schizosaccharomyces pombe.  
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Two models proposed for bud emergence focus primarily on how Cdc42 is 

directed to, and accumulates within, the membrane during budding.  The first model 

utilizes a Turing-type, activator-inhibitor mechanism to explain the process of “symmetry 

breaking” (i.e. polarization in the absence of bud site selection landmarks).  This model 

demonstrates that Cdc42 activity forms a positive feedback loop that involves 

interactions between its GEF, Cdc24, a scaffold protein (Bem1), and the p21 activated 

kinase (Cla4) (17, 49, 50, 52, 53, 62).  Data from these studies also show that this 

mechanism is sufficient to drive polarization independent of actin, as cells were still able 

to polarize in the presence of Latrunculin A, a drug which disrupts actin cables by 

binding to the free monomers (17, 50, 62).  Two important assumptions are inferred in 

this empirical model: 1) spatial regulation of the cluster is assumed to be self-limiting and 

2) membrane diffusion is negligible.  That is, Cdc42-GTP does not persist long enough at 

the membrane (likely because of hydrolysis) for it to diffuse outward and result in a 

uniform membrane distribution.  The second, similar model used to understand polarized 

growth initiation uses a different approach to follow spontaneous cell polarization events.  

It takes advantage of a GTP-locked version of Cdc42 to generate spontaneous clusters of 

Cdc42 activity even in the presence of landmarks (68, 90, 99).  In this model, changes in 

the amount and spatial distribution of Cdc42 activity within a defined window on the 

membrane are critical for initiating polarized growth and generating cell shape.  This 

model supports the hypothesis that Cdc42 activity at the membrane is limited by a 

combination of a slow acting, actin-based recycling mechanism, and the fast acting, 

Cdc42 guanine nucleotide dissociation inhibitor, Gdi1 (68, 90).  However, this model 

neglects the important role of the Cdc42 GAPs in limiting Cdc42 activity, as Cdc42-GTP 

is unable to be hydrolyzed in this model.  In addition, the two separate modes of action, 

Gdi1-and actin-based recycling, are viewed as redundant, since neither deletion by itself 

affects the ability to form a bud.  

Closely related to these empirically based models for polarized growth is a 

computational model of particle clustering.  The particle clustering model is used as an 

abstraction to understand how proteins and/or any group of macromolecules accumulate 
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in a localized manner (reviewed in (72)).  The model, focused on polarization as an 

outcome of particle clustering, showed that the most feasible way for a cell to polarize 

involved relatively low numbers of total particles, and a low ratio of random particle 

membrane associations to the amount of directed feedback to the site of interaction (3).  

This predictive computational model is consistent with results from a biochemically “re-

wired” version of the symmetry breaking system, where cells were “re-wired” to increase 

the strength of feedback into the system and resulted in the production of two, short-

lived, but simultaneously growing buds (49, 50). 

The final model of polarized growth initiation that I will discuss as part of this 

review comes from work in the fission yeast, S. pombe.  S. pombe grows in a bipolar 

fashion and so, results using this model system are pertinent to the understanding of how 

polarized growth can be supported simultaneously at two spatially separate sites of 

growth.  In C. albicans, this phenomenon occurs transiently at the close of the cell cycle 

when polarized growth is being directed to both the hyphal tip and the septum.  In S. 

pombe, this phenomenon occurs during the transition from unipolar growth at the “old 

end”, to bipolar growth when growth begins at the site of “New End Take Off” (NETO).  

Transition from unipolar to bipolar growth occurs in cells > 9µm in length (71) and was 

ultimately shown to be dependent on substrate availability (34).  As the transition begins, 

there is a dynamic competition between growth sites and Cdc42 activity oscillates 

between the two ends.  This competition is resolved when there is a sufficient increase in 

the physical distance between the two sites, so that the two sites no longer compete for 

the same pool of limiting substrates, and by the increased availability of limiting 

substrates through general protein synthesis (i.e. there is no time specific up-regulation). 

 

V. Hyphal Development in C. albicans 

Hyphal induction itself is complex, and a large number of environmental factors 

have been shown to influence hyphal growth (reviewed (16, 35, 87)).  Single and varying 

combinations of growth temperature, presence of serum, pH, and nitrogen depletion are 
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able to activate one or more signaling pathways that result in the induction of hyphal-

form growth (reviewed (43)). 

Once activated, C. albicans hyphae undergo a two-step successive cell biological 

process of hyphal development, starting with germ tube (GT) formation in the first cell 

cycle, and then moving to mature hyphal growth in subsequent cell cycles.  The transition 

from GT to mature hyphal growth involves induction of the hyphal transcriptional 

program as well as the activation of polarized growth machinery.  In turn, these two 

processes feedback into one another to perpetuate the transition to mature hyphal growth 

(4, 25, 67).  During GT development, there is a reduction of hyphal-repressing 

transcription factors, such as Nrg1, Rfg1, and Tup1, that is coordinated with the up-

regulation of hyphal-promoting transcription factors (21, 57, 67) (Fig.1.3).  Occurring 

concomitantly with these changes in gene expression is the recruitment of Cdc42 to a 

single site and the initiation of polarized growth (8).  These processes are thought to be 

related to one another by the up-regulation of Ume6, a positive regulator of hyphal 

growth, whose expression is de-repressed upon the down regulation of Nrg1 (4, 25).  Up-

regulation of Ume6 is associated with more hyphal-like morphologies, even when cells 

are growing in conditions that do not favor hyphal morphogenesis, and increased 

virulence in animal models of infection (4, 25).  Ume6’s influence on hyphal growth is 

likely through its control over the level and duration of Hgc1expression (106), the sole 

hyphal-specific cyclin.  Hgc1 complexes with the master cyclin Cdc28 to phosphorylate 

Rga2, a GAP of Cdc42 (Fig.1.2), and causes Rga2 to be sequestered away from hyphal 

tips, thereby promoting Cdc42 activity within that region.  Increased activity of Cdc42 is 

thought to feedback through a cAMP-based signaling mechanism that promotes 

maintenance of hyphal specific (HSG) gene expression (8).  In addition, changes in 

Cdc42 activity itself may also influence the strength and duration of cAMP signaling 

during GT formation.  Activation of Cdc42 results in actin remodeling, and free actin has 

been shown to bind to and take part in the activation of the adenylate cyclase, Cry1(85).  

In addition, increased Cdc42 activity also results in increased expression of the Cdc42 

GEF, Cdc24, via the transcription factor Tec1, reinforcing its own activity (8).   
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The interplay between hyphal gene expression and Cdc42 activity during GT 

development may influence the transition to mature hyphal form growth.  If the level and 

period of cAMP signaling during GT development is sufficient, there is a secondary 

chromatin remodeling step, involving the histone deacetylase Hda1that blocks any further 

expression of Nrg1, which would result in shift back toward yeast-form growth (67).  

This chromatin remodeling occurs within the average time frame of the first cell cycle, 

and sets the hypha into its maintenance phase for successive cell cycles.   

Finally, it should be noted that, despite the observation that each of the growth 

forms have what are considered to be defining features (as detailed in the next section), 

the three morphologies exist on a continuum with one another.  This idea is important 

because the degree of feedback between the hyphal gene expression program and Cdc42 

activity are thought to contribute to the overall strength of hyphal induction.  For 

example, when the expression of Ume6 is upregulated in a stepwise fashion, cell shapes 

transition from yeast to pseudohyphal to hyphal (4,19).  Likewise, if cAMP signaling 

during GT initiation doesn’t reach sufficient levels to result in chromatin remodeling, 

Nrg1 levels will begin to increase.  This results in an inability to maintain hyphal growth 

and a cell morphology that appears more pseudohyphal. Thus, varying degrees of 

induction are thought to result in the intermediate morphologies observed in culture (21, 

25, 57, 58, 67). 

 

VI. Defining Morphogenesis in C. albicans 

Yeast, pseudohyphae, and hyphae have distinct morphological features that are 

thought to arise from changes in the way polarized growth is associated with cell cycle 

events.  The most distinctive of these morphological features are commonly used to 

assess and categorize the growth form (reviewed in (93)). Both yeast and pseudohyphal 

growth are coupled to the cell cycle, such that there is an initial period of polarized 

growth in G1 that is soon followed by a period of isotropic growth.  Then, at the close of 

the cell cycle, polarized secretion is redirected toward mother-bud junctions.  

Qualitatively, yeast cell morphology is round to oblong, and cells separate completely 
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from one another (Fig.1.1).  Pseudohyphae have an extended period of polarized growth, 

but do eventually transition to isotropic growth.  Thus, pseudohyphal cells appear more 

elongated than yeast, and although cytokinesis occurs, mother and daughter cells remain 

connected by constricted cell junctions.  In contrast, during hyphal cell development, 

growth remains constitutively directed toward hyphal tips, even at the close of each cell 

cycle.  This growth pattern yields hyphae that are highly elongated, have parallel-sided 

walls, and are extremely narrow (~2µm).  Hyphal compartments are delineated by 

specialized non-constricted cell-cell junctions called septa.  Although these qualitative 

aspects of morphology seem to be quite distinctive, the morphologies that are exhibited 

by cells in culture exist on more of a continuum.  To better assess and categorize C. 

albicans cellular morphology, morphometric features can be measured and combined into 

a single unit, called the morphological index, which provides a quantitative means of 

comparing morphologies between cellular populations (Fig.1.4) (70).  This index is often 

used to assess the robustness of hyphal induction by a particular strain, and in the 

assessment of mutant strains in which morphology is defective. 

 The pattern of nuclear division is another distinguishing feature exhibited by C. 

albicans growth forms. In yeast and pseudohyphae, nuclear division occurs across the 

mother-bud junction.  In hyphae, the site of cellular division (i.e. the site of septum 

formation) is called the presumptum, marked by localization of septin proteins (38).  

During nuclear division, the nucleus migrates into the elongating hypha and divides 

across the presumptum.  The nucleus destined for the mother cell migrates back into the 

basal cell, whereas the daughter nucleus remains in the apical hyphal compartment.  

Interestingly, presumptum formation and nuclear division show a greater dependency on 

hyphal length than on the time of entrance into the cell cycle (38). 

One final unique feature observed in C. albicans hyphae is the Spitzenkörper 

(Spk).  The Spk is a hyphal specific organelle that, with few exceptions, is found 

ubiquitously in hyphal-forming fungi, and its presence is often used as a hallmark of the 

hyphal growth form. First described in two species of Coprinus (22), it was later found 

that the Spk is an apically localized, spherical, cloud-like accumulation of vesicles (42, 
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48, 85) and proteins (33, 56, 88), with no defined boundaries.  The most widely accepted 

model of Spk function postulates that it is a vesicle supply center, which provides the 

hyphal tip with components for growth (5, 6).  Computational models of hyphal growth 

demonstrate that the shape and size of the Spk are mathematically related to hyphal width 

and give rise to the acicular shape of the hyphal tip (5, 6, 83).  Further, the position of the 

Spk within hyphal tips has been shown to affect the directionality of growth (18).  At 

least a portion of the vesicles that comprise the Spk are derived directly from 

endocytosis, because the lipophilic dye FM4-64 stains the Spk prior to any other part of 

the endomembrane system (39), and because assembly and maintenance of the Spk 

require a polarized cytoskeleton (14, 15, 33). Treatment of hyphae with drugs that disrupt 

F-actin causes the Spk to disperse and tip growth to become isotropic (15, 33).  The 

presence of polarized actin cables at hyphal tips is a downstream consequence of Cdc42 

activity (36).  It is then logical to think that the integrity of the Spk is dependent upon 

Cdc42 activity at hyphal tips.  

 

VII. Rsr1 is a Bud-Site Selection Protein That Also Impacts Morphogenesis in 

C. albicans 

Bud-site selection (BSS) is a process that occurs prior to polarized growth 

initiation.  BSS establishes a landmark for the placement of Cdc42 activity at the 

incipient site of bud growth, but does not influence the process of polarized growth itself.  

This distinction is based on work done in S. cerevisiae where, in the absence of proteins 

involved in BSS, cells are able to polarize and form buds, albeit in a disrupted pattern on 

the mother cell cortex (59).  There are three main classes of BSS proteins: those that 

control axial budding (e.g. new growth adjacent to previous growth site), those that 

control bipolar budding (new growth either adjacent to, or directly opposite to that of the 

previous growth site), and those that are needed for both budding patterns (reviewed 

(26)).  Deletion of genes encoding for this final class of BSS proteins results in cells with 

randomly-placed buds.  Deletion of BSS proteins in S. cerevisiae results in disrupted 

budding pattern, but show no other obvious effects on the morphology of the cell or in 
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the efficacy of budding (11, 28).  In C. albicans this does not appear to be the case for 

one such BSS protein, Rsr1. 

Deletion of Rsr1, as well as its GAP Bud2, in C. albicans results in an enlarged 

cell phenotype in all growth forms (45).  C. albicans rsr1Δ/Δ and bud2Δ/Δ strains 

appeared more pseudohyphal, and were curvier than wild-type (WT) strains when grown 

in hyphal-inducing conditions.  In addition, deletion of Bud2 results in an increased 

branching frequency, as compared to WT.  Changes in the organization of the actin 

cytoskeleton were also detected in rsr1Δ/Δ and bud2Δ/Δ strains when grown under yeast- 

and hyphal-inducing conditions.  The asymmetric distribution of actin patches was 

disrupted in both yeast and hyphae of rsr1Δ/Δ and bud2Δ/Δ cells, and hyphae of both 

strains showed fewer polarized actin cables extending from hyphal tips, than were 

observed in WT cells (45).  These disruptions in the cellular morphology suggest that 

Rsr1 has an expanded role in cell growth in C. albicans. 

In S. cerevisiae, Rsr1 was first described as a multi-copy suppressor of 

temperature-sensitive (Ts-) mutations in Cdc24 (11) and Ras2 (80).  The regulators of 

Rsr1, Bud5 (GEF) and Bud2 (GAP) (Fig.1.5), were identified in a similar manner (10).  

Rsr1 was also shown to have direct physical interactions with Cdc42 and Cdc24 in S. 

cerevisiae (61) (Fig.1.3B).  These interactions are likely to be conserved at some level in 

C. albicans.  The enlarged cell morphologies observed in rsr1Δ/Δ strains are similar to 

those observed in Cdc24 and Cdc42 mutant strains (1, 45).  This observation not only 

supports that the interactions between Rsr1 and Cdc42 are conserved in C. albicans, but 

also suggest that loss of Rsr1 in C. albicans may disrupt the activity of Cdc42.  In S. 

cerevisiae and C. albicans Rsr1 localizes throughout the entire yeast cell membrane, and 

also becomes enriched at the incipient bud site during initial bud formation (60).  As the 

cell progresses through the cell cycle, the localization of Rsr1 becomes more evenly 

distributed throughout the plasma membrane.  At cytokinesis, the localization of Rsr1 is 

enriched at the site of the cytokinetic ring.  In S. cerevisiae the observed changes in Rsr1 

localization are thought to be related to the ability of Rsr1 to dimerize with itself.  Using 

bimolecular fluorescence complementation, dimerization of Rsr1 was shown to occur at 
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bud tips and to be dependent on its activation(59).  In S. cerevisiae, the localization of the 

Rsr1 regulators, Bud5 and Bud2, are thought to control the localization of Rsr1 activity 

during the cell cycle.  In G1, both Bud5 and Bud2 localize to the presumptive bud site 

(75).  During budding, Bud2 moves to the mother-bud neck and then becomes 

delocalized in M-phase.  Bud5 remains at the site of bud growth during bud emergence 

and then, during M-phase, localizes to a double ring at the mother-bud neck 

 

VIII. Current Objectives 

 Previous work (20, 45) demonstrates that the proposed role for Rsr1 in S. 

cerevisiae in BSS does not explain the morphological phenotypes of C. albicans rsr1Δ/Δ 

strains.  The overall increase in cell size and more pseudohyphal appearance of rsr1Δ/Δ 

hyphae suggests that, in C. albicans, Rsr1 is involved in the initiation and maintenance of 

growth, in addition to its functionality as a landmark.  Based on these ideas, the central 

hypothesis of this work is that Rsr1 impacts morphogenesis through the regulation of 

polarized growth machinery.   

The work herein aims to test this hypothesis by analyzing the effects of loss, as 

well as changes in the efficiency, of Rsr1 cycling on downstream effectors of Cdc42, a 

keystone in the process of polarized growth.  Chapter 2 of this thesis addresses how the 

loss of Rsr1 impacts Cdc42 activity at hyphal tips.  In Chapter 3, I assess the 

contributions of the GTP and GDP bound forms of Rsr1 to the process of GT emergence 

and hyphal maintenance, and how changes in Rsr1 cycling impact the downstream 

outcomes of Cdc42 activity. 
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IX. Chapter 1 Figures 

  

 

Fig.1.1. Candida albicans Morphologies. Differental interference contrast (DIC) images depicting three 

morphologies of C. albicans.  From left to right: yeast, pseudohyphae, and hyphae. Image modified from 

Candida and Candidiasis 2nd edtion(23). 
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Fig.1.2. Cdc42 Cycling.  A diagram of Cdc42 cycling between GTP and GDP bound forms.  The 

Cdc42 GEF is Cdc24, and there are two known GAPs for Cdc42 in C. albicans, Rga2 and Bem3. 
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Fig.1.3. Induction of the Hyphal Program.  This diagram depicts the down regulation of hyphal 

repressing transcription factors (blue), and the up regulation of hyphal promoting transcription factors 

(red) that are needed for transcriptional and cell biological expression of the hyphal morphogenesis 

program.  The converse relationship is thought to be true for yeast morphogenesis. 



Chapter 1 

 

16 

 

  

 

 

Fig.1.4. Morphological Index (MI) in C. albicans.  A diagrammatic depiction of the components of the 

MI in three C. albicans morphologies, where d = diameter at the widest point of the cell, s = the width of 

the junction (constriction and/or septum) between cells, and l = the length of the cellular compartment.  

Because the yeast, pseudohyphal and hyphal morphologies of C. albicans exist on a continuum, the 

calculated MIs are categorized into ranges.  Cells that have an MI of <2 are considered yeast or elongated 

yeast, MIs between 2.5-3.4 are considered pseudohyphal, and MIs >3.4 are categorized as true hyphae 

(70). 
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Fig.1.5. Rsr1 Cycling A diagram depicting Rsr1cycling between GDP and GTP bound forms.  Its 

GEF, Bud5, removes GDP and aids in the loading of GTP. The GAP, Bud2, facilitates the hydrolysis 

of GTP. 



 

18 

 

 

 

Chapter 2 

Rsr1 Focuses Cdc42 Activity at Hyphal Tips and Promotes 

Maintenance of Hyphal Development in Candida albicans 

 

Rebecca Pulver2, Timothy Heisel 1, Sara Gonia1
, Robert Robins1, Jennifer Norton1*, 

Paula Haynes1†, Cheryl A. Gale1,2  

 

This chapter is an original research manuscript, previously published. Reproduced with 

permission from Eukaryotic Cell April 2013 vol. 12 no. 4 482-495 

Copyright © 2013, American Society for Microbiology 

 



Chapter 2 

 

19 

 

I. Introduction 

 

Fungal hyphae are able to elongate over large distances and must allocate their 

cellular resources in order to maintain extremely polarized growth for extended periods 

of time.  The multimorphic opportunistic fungal pathogen Candida albicans provides a 

useful model system in which to investigate the basic cell biological and genetic 

mechanisms that generate highly polarized cell shapes and the requirements for hyphal 

development.  C. albicans has a true hyphal growth form, as well as pseudohyphal and 

yeast forms, and reversibly switches between these morphologies depending on 

environmental conditions (reviewed in (93)).  Yeast cells are ellipsoid in shape, propagate 

by budding, and undergo cytokinesis and cell separation.  Pseudohyphae are more 

elongated than yeast and do not undergo cell separation, resulting in the formation of 

chains of elongated daughter cells.  Hyphae, in contrast, are extremely elongated narrow 

cells, and their development can be thought of as two continuous stages, early growth and 

development of germ tubes (GTs) followed by the development and maintenance of 

mature hyphae.  GTs enter the maintenance phase of polarized growth, transitioning to 

mature hyphae, after the formation of the first septum, a specialized structure that 

delimits cellular compartments. Whereas morphogenesis mechanisms in C. albicans 

yeast and pseudohyphae appear to follow those of the similar morphologies in S. 

cerevisiae, it is unclear if, or how, these mechanisms are modified to enable the 

development of the highly elongated hyphal form.  

Localized activation of Rho GTPases underlies actin-based cell polarization and 

morphogenesis in eukaryotic cell systems (reviewed in (55)).  In C. albicans, the role of 

the essential Rho GTPase, Cdc42, is thought to impact hyphal development in C. 

albicans in at least two ways.  First, the amount of Cdc42 affects the morphogenesis 

program at the transcriptional level. Strains expressing reduced levels of Cdc42 have 

decreased expression of hyphal-specific genes, some of which are important for 

production of hyphal morphogenesis characteristics and hyphal-associated virulence 

factors (8).  Second, Cdc42 activates and localizes proteins needed for polarized growth.  
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Decreasing cellular levels of Cdc42 results in both yeast and hyphae that have larger and 

rounder cell shapes indicative of a defect in polarized growth (7, 96, 97).  Clusters of 

Cdc42 localize at incipient growth sites periodically during bud initiation in yeast while 

during C. albicans hyphal morphogenesis, Cdc42 clusters localize constitutively to 

hyphal tips in an F-actin dependent manner (46).   In yeast cells, growth sites are dictated 

by internal landmarks such as the Ras-like GTPase Rsr1 (45).  In hyphae, although germ 

tube emergence sites can be directed by external electrical cues(20), it is unclear if an 

internal landmark mechanism directs germ tube emergence sites in non-cued conditions 

(27, 47).  In the end, effectors of Cdc42 are recruited to these growth initiation sites and 

direct the polarization of the actin cytoskeleton to ultimately target secretion to the 

daughter cell apex. 

C. albicans hyphae contain a tip-localized polarity structure, not found in yeast 

and pseudohyphae, called a Spitzenkörper (Spk).  The Spk is a developmental hallmark 

of hyphal growth that is observed in the majority of cultured filamentous fungi, and is 

required for hyphal cell shape (reviewed in (44)).  Formation and maintenance of the Spk 

require that polarized actin cables, a downstream result of localized Cdc42 activity, be 

directed toward hyphal tips (33).  Spks are composed of accumulations of vesicles and 

proteins and, as a unit, act as reservoirs to supply extending tips with the components 

needed to maintain continuous hyphal growth (5, 84).  Although it is clear that polarity 

factors such as the Spk need to be maintained constitutively at cell apices for hyphal 

growth to continue, the mechanism by which this occurs is not understood.   

Proposed mechanisms for polarity establishment and maintenance have been 

derived from results of studies using S. cerevisiae.  These studies focused on how cortical 

Cdc42 clusters of an optimized distribution are formed and stabilized to promote bud 

initiation and early bud growth.  These mechanisms require that activated Cdc42 be 

continually supplied to sites of growth while its lateral diffusion at the membrane is 

simultaneously restricted in order to generate the discrete focus of Cdc42 activity needed 

for growth initiation (reviewed in (72)).  In addition, the size of the Cdc42 cluster has 

been shown to influence the shape of the growing daughter cell (90).  This optimal Cdc42 
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cluster, or “window”, is proposed to be achieved by a combination of processes including 

positive feedback mechanisms that increase Cdc42 activity at the growth site, membrane 

diffusion, local limitation of substrates (e.g. Cdc42, its regulators and/or effectors), and 

active removal of Cdc42 from the membrane adjacent to the site of growth (34, 53, 90).  

It remains unknown how, and if, similar Cdc42 regulatory mechanisms are employed to 

regulate cell shape and maintain continuous polarization during C. albicans hyphal 

morphogenesis.   

We previously reported that C. albicans strains lacking the landmark GTPase 

Rsr1 have defects in yeast and hyphal morphogenesis; rsr1∆/∆ yeast cells are larger and 

rounder, and hyphae are wider, than wild-type (WT) control strains (45). These 

phenotypes are similar to those observed in C. albicans strains with reduced expression 

of Cdc42 (20) and were unexpected because the ortholog of Rsr1 in S. cerevisiae, 

although interacting physically with Cdc42, is important for bud site selection but not for 

polarized growth(11).  Thus, we hypothesized that C. albicans Rsr1 has a role in 

polarized growth and morphogenesis, beyond that of simply determining the location of 

Cdc42 activity. 

In the current study, we aimed to understand how Rsr1 is involved in the 

assembly and/or maintenance of tip localized polarity factors and how the localization 

features of these factors correlate with hyphal morphogenesis.  Overall, our results are 

consistent with the idea that, in C. albicans, Rsr1 is needed for the efficient assembly of a 

focused Cdc42 cluster in GTs that, in turn, is important for the continued maintenance of 

hyphal development.   

 

II. Materials & Methods 

 

Media and Growth Conditions 

 Strains were grown on synthetic dextrose complete (SDC) (89) agar medium at 

30C, followed by transfer of a colony into SDC liquid media at 30C, and grown 

overnight to obtain stationary phase yeast-form cultures, unless otherwise noted.  For all 
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imaging experiments, hyphae were induced by growth of 25 µL of overnight yeast 

cultures  in 1 mL of pre-warmed (37°C) SDC medium + 10% bovine serum.  Uridine (80 

µg/ml) was added to all media, except when selecting for uridine prototrophs during 

strain constructions.  Regulatable expression of genes from the MET3 promoter was 

achieved by growth of strains in media lacking (expression) or containing (repression) 

methionine and cysteine, respectively, as previously described (24). 

 For quantitative fluorescence indexing and fluorescent fusion protein localization 

experiments in hyphae, 150 µL of diluted cells were placed onto poly-L-lysine (PLL) 

coated slides and grown in humidified chambers at 37°C.  For time-lapse microscopy, 

hyphae were grown on agarose pads with cover slips applied (except in FM4-64 staining 

experiments). Growth times were established relative to the completion of the first cell 

cycle, with 30 and 90 min (depending on the experiment) representing GTs (no septa had 

formed) and 3hr and 4hr representing mature hyphae (septa were present).  

 

Strains and Strain Constructions 

 Yeast strains used in this study are listed in Table 1.  Fluorescent protein fusions 

were constructed by PCR-mediated gene modification as previously described (40, 41), 

using the primers listed in Supplemental Table 1.  Constructions were verified by PCR 

using primers targeting sequences outside of the sites of integration. In addition, 

expression of fluorescent proteins was evaluated by fluorescence microscopy and western 

blotting as described below.  

Due to the lack of an available auxotrophy in the original RSR1-reintegrant 

control strain, it was necessary to reconstruct rsr1 null and re-integrant strains in order to 

introduce MLC1-YFP and BEM1-YFP fusions into them. To do this, the two RSR1 alleles 

were sequentially disrupted in C. albicans strain BWP17 by PCR-mediated gene 

modification using the dpl200 sequence as previously described (100) using primers 1460 

and 1265 (Supplemental Table 1) and plasmid p1653 (100) as the DNA template.  

Disruption of both RSR1 alleles in the resulting strain, CA12363, was verified by PCR 

using primer sequences located outside of the sites of integration and by RT-PCR using 



Chapter 2 

 

23 

 

primers targeting RSR1 mRNA (data not shown).  To construct RSR1-reintegrant control 

strains, disrupted and wild-type RSR1 sequences were integrated into an rsr1::dpl200 

locus using linearized pMG2157 and pMG2128 to construct the control strains CA12431 

(rsr1::rsr1/rsr1) and CA12430 (RSR1::rsr1/rsr1), respectively, as previously described 

(20, 45).  Strain constructions were verified by PCR using primer sets that distinguished 

integration of the disrupted rsr1 and full-length RSR1 sequences into the promoter region 

of the deleted rsr1 locus and confirmed by RT-PCR of RSR1 mRNA (data not shown). 

 

Western Blotting 

 500 µL of yeast cell culture were harvested from overnight cultures, washed in 

water, inoculated into 10 ml of hyphal-inducing medium, and grown at 37°C to obtain 

GTs and mature hyphae.  The entire 10 ml of each hyphal culture was harvested, washed 

and resuspended in 150 µL of 4% ULSB (20 mM Tris, pH 6.8, 10% glycerol, 0.005% 

bromophenol blue, 6 M Urea, 4% SDS and 20 mM dithiothreitol).  Cell lysis and 

denaturation of proteins was achieved in one step by heating the resuspended cells in 

ULSB for 5 min at 100°C.  Protein concentrations of the resulting lysates were 

determined spectrophotometrically (A280) and diluted to equalize the concentrations of 

the samples.  Protein samples were separated on SDS–polyacrylamide gels (12%) and 

then transferred to a PVDF membrane, blocked for 30 min with 2% milk buffer (skim 

milk in TBST [20 mM Tris, pH 7.6, 137 mM NaCl, 0.1% Tween-20]), and incubated 

with the appropriate primary antibody (mouse-α-GFP: Roche, Indianapolis, IN, 1:2000; 

rat-anti-Cdc42: Santa Cruz Biotechnology, Santa Cruz, CA, 1:5000; or rat-anti-α-tubulin: 

Ab-Cam, Cambridge, MA, 1:5000) diluted in 0.2% milk buffer for 1 h. Blots were 

washed in TBST and incubated with the appropriate horseradish peroxidase-conjugated 

secondary antibody (goat-α-mouse IgG: Santa Cruz Biotechnology, Santa Cruz, CA, 

1:10,000; goat-α-rat IgG: Santa Cruz Biotechnology, Santa Cruz, CA, 1:10,000; or goat-

α-rabbit IgG: Southern Biotech, Birmingham, AL, 1:10,000) diluted in 0.2% milk buffer 

for 1 h. The blots were washed again in TBST and developed using the Supersignal 

Fempto Chemiluminescent reagent (Pierce, Rockford, IL). The amount of protein 
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detected (signal intensity) was quantified using an Alpha-Innotech Chemi-Imager (San 

Leandro, CA) and Image-Quant image analysis software (GE Healthcare Biosciences, 

Pittsburgh, PA). The background-subtracted intensity was obtained using Image J (82), 

and the ratio of the amount of the protein of interest to that of tubulin was calculated.  

 

Image Acquisition and Processing 

 All images (except for those obtained during fluorescence recovery after 

photobleaching (FRAP)) were collected on a Nikon E600 microscope equipped with 

60X/1.4 NA and 100X/1.4 NA objectives, FCS2 objective heaters (Bioptechs, Butler, 

PA), and epifluorescence.  MetaMorph version 6.3r7 (Molecular Devices LLC, 

Sunnyvale, CA) was used for acquisition and processing of all images.  Differential 

interference contrast (DIC) images were collected in conjunction with fluorescent images 

in all cases using 50 ms exposures.  Final representative images for publication were 

adjusted for brightness and contrast, cropped and resized as a group, for each set of 

experiments using Photoshop CS3 (Adobe Systems Inc, San Jose, CA).   

 Imaging YFP-Rsr1, YFP-Bud5, and YFP-Bud2 localization 

Images of YFP-tagged versions of Rsr1 (exposure 800ms, range 10, step size 2, 5 steps), 

Bud5 (exposure 800ms, range 10, step size 5, 3 steps), and Bud2 (exposure 600ms, range 

10, step size 5, 3 steps) were collected using a 60X objective.  Resultant stacked images 

were merged using summation and the intensities were adjusted in MetaMorph before 

being exported to, and scaled together, in Photoshop. 

 Imaging FM4-64-stained hyphae 

To obtain images used in determining fluorescence indices, hyphae were stained with 165 

mM FM4-64 for 10 min (39). Excess medium and stain were aspirated and cells were 

imaged as soon as technically feasible using the 60X objective.  Approximately 10 

images were captured for each strain using identical acquisition settings (10 ms exposure, 

shutter open between steps, 2x2 binning, range 10, step size 5, 3 steps), and replicate 

experiments were carried out on three separate days.  To assess for differences in FM4-64 

uptake between mutant and control strains, a mixed subculture of WT cells expressing 
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Nop1-GFP and rsr1Δ/Δ cells was placed on PLL-coated slides, and grown in hyphal-

inducing media to obtain either GTs or mature hyphae.  Cells were stained as before with 

FM4-64, cover slips were sealed to slides with stopcock grease, and the cells were 

imaged using a 60X objective heated to 37°C.  A GFP image (50ms exposure time) was 

captured after completion of the time-lapse acquisition to identify WT (GFP-expressing) 

hyphae during quantification.  FM4-64 localization was imaged over 1 hr at 10 min 

intervals using identical acquisition settings to those stated above.   

 Imaging Mlc1-YFP and Bem1-YFP localization in hyphae 

All images were acquired using a 60X objective heated to 37°C using the following 

acquisition settings: for Mlc1-YFP, 500 ms exposure, shutter closed between steps, 2x2 

binning, step size 5, 3 steps; for Bem1-YFP, acquisition settings were the same except 

that 300 ms exposure times were used. The acquisition settings used in the time series 

were identical to those used in measuring fluorescence intensity indices, with images 

being obtained every 2 min for the length of the movie.  The resultant time-lapse stacks 

were assembled into a time series as Z-projections using the “Review Multi Dimensional 

Data” tool of MetaMorph. 

 

Quantification of Fluorescent Signals  

 Determination of fluorescence intensity index (FM4-64, Mlc1-YFP, and Bem1-

YFP) 

Stacked images were merged using summation, background correction was performed by 

batch processing, and then each image was thresholded for quantification manually.  

Thresholds were established by visually highlighting the region of tip-localized signal for 

the majority of hyphae in each image.  A circular region of interest (ROI) was created 

around each hyphal tip in order to collect the mean integrated intensity (fluorescence 

intensity) and the area of the region. The width of the tip-localized signal was obtained 

using the line tool of MetaMorph and drawing across what was visibly the widest part of 

the thresholded tip signal.  Fluorescence intensity, signal area, and signal width were 

collected using the “Region Measurements” tool in MetaMorph and exported to 
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Microsoft Excel (2003).  The intensity index was calculated for each individually 

analyzed cell by dividing the integrated fluorescence intensity per unit area by the width 

of the signal, which, for tip-localized proteins, approximates the hyphal tip width. 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 =
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎

𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡𝑖𝑝 𝑠𝑖𝑔𝑛𝑎𝑙
 

 Analysis of FM4-64 uptake dynamics 

Timing of dye uptake was determined by visually assessing vacuolar staining in the 

mixed WT and rsr1Δ/Δ hyphal culture at each time frame of the series.  The reported 

times of vacuolar staining represent the 10 min staining period plus the time from the first 

frame of the movie until the appearance of vacuolar staining in both strains (this occurred 

simultaneously).  For the quantification of final fluorescence intensity, the final frame of 

the time-lapse series (red channel) and the final still image of Nop1-GFP expressing 

(WT) cells (green channel) were processed using “no neighbors” 2-D deconvolution in 

MetaMorph.  WT and rsr1Δ/Δ hyphae were identified, and measurements were taken 

using the mean integrated fluorescence intensity of a fixed rectangular region.  The 

region was placed on an in-focus portion of the hyphal cell membrane and spanned into a 

portion of the intracellular space for both strains in the same field.  Background 

fluorescence intensities were subtracted, and measurements were taken from at least one 

hypha, per strain, per movie (the final frame of the time-lapse series), for each of three 

experiments performed on different days.  

 Determination of percent of hyphae with tip-localized fluorescent signals 

Images that were used to determine fluorescence intensity indices were also used to 

determine the overall percentage of hyphae displaying tip localization of polarity proteins 

(Mlc1 or Bem1).   Hyphal tips that were in focus in DIC images were marked with the 

“Circular ROI” tool of MetaMorph and counted to determine the total number of hyphae 

in the analysis.  The ROI’s were transferred from the DIC image to the corresponding 

fluorescent image and visible tip-localized signals were manually counted and reported as 

a percentage of total hyphae.  
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Fluorescence Recovery after Photobleaching (FRAP) 

 WT and rsr1Δ/Δ strains were grown on cover slips in hyphal-inducing conditions, 

stained with 5 µL of 165 mM FM4-64 for 2 min and washed prior to imaging on an 

inverted Olympus Fluoroveiw 2000 microscope (60x/1.42 UPlanApoN objective using 

3x digital zoom).  A fixed size circular ROI was placed over the FM4-64-stained Spk of 

each hypha.  Three images were collected for baseline fluorescence measurements before 

bleaching for 2.5 sec using a 408 nm laser.  Recovery images were collected at ~1 

frame/sec, using the streaming function, until recovery reached a plateau (30-40 sec).  

Recovery intensities were normalized (78), and resulting recovery curves were fitted 

using the non-linear regression tool (f=a*(1-exp(-b*x))) of SigmaPlot (version 10.0, 

Systat Software, San Jose, CA).   Time to half-max recovery (τ1/2) values for GTs and 

mature hyphae of each strain were collected and analyzed for differences (see statistical 

methods below).  

 

Quantitative Real-Time PCR (qPCR) 

 Strains were inoculated into yeast peptone adenine dextrose (YPAD; (89)) media 

and grown overnight at 30°C.  Hyphal growth was induced by inoculating overnight 

cultures as a 1:20 dilution into YPAD + 10% serum (pre-warmed to 37°C) and cells were 

grown to obtain GTs and mature hyphae.  Pseudohyphae were induced by inoculating 

overnight cultures into YAPD at pH 6.0 and growing at 36°C (74), to time-match the 

induction times of GT’s and mature hyphae.  1.5 ml of cell culture were harvested for 

RNA extraction using the MasterPure Yeast RNA Purification kit (Epicentre 

Biotechnologies, Madison, WI), per the manufacturer’s instructions.  Isolated nucleic 

acids were then treated with DNAse, RNA quantities were determined using a NanoDrop 

ND-1000 spectrophotometer (NanoDrop, Wilmington, DE) and RNA (1 µg) was then 

converted to cDNA using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems, 

Carlsbad, CA) according to the manufacturer’s instructions.  qPCR was performed using 

a Roche LightCycler 480 instrument (Roche Diagnostics, Indianapolis, IN) equipped with 

LightCycler 480 Software (release 1.5.0 SP3).  Primer sequences for hyphal-specific 
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genes (HSGs) and actin (ACT1) were as previously published (8) and are reproduced in 

Supplemental Table 2.  The LightCycler 480 SYBR Green I Master kit (Roche) was used 

to perform all qPCR experiments, and reactions were set up following the manufacturer’s 

instructions.  A total quantity of 0.025 µg of cDNA was loaded into each 20 µl reaction 

along with 0.25 µM of each primer and 10 µl of 2x Master Mix.  Samples were subjected 

to the following PCR program: a pre-incubation step of 95°C for 5 minutes; an 

amplification step of 95°C for 10 seconds, 60°C for 10 seconds, and 72°C for 10 seconds, 

repeated for 45 total cycles, with fluorescence readings taken once during the 72°C stage; 

and finally a melting curve step of 95°C for 5 seconds, 60°C for 1 minute, and a final 

temperature of 97°C that is achieved slowly (0.11°C/second), with fluorescence readings 

being taken continuously.  All ACT1-specific reactions were done in triplicate on each 

plate, and all HSG-specific reactions were done in duplicate on each plate.  Each 

experiment was repeated on three separate days using newly obtained RNA from newly 

grown cells.  Each experimental day analyzed two identical plates that were set up 

together and each plate was run consecutively, with as little time between runs as 

possible.  To determine the relative expression of a given HSG for a given day, the daily 

mean Cp for that gene was divided by the daily mean Cp for ACT1. 

 

Statistical methods 

 Choice of data set for intensity index determinations 

For experiments where the intensity index was calculated, all cells with localizable 

signals were counted in an effort to obtain the “truest” possible mean for each strain.  

However, the disparity in the number of cells displaying tip-localized signals left the data 

sets unbalanced.  Thus, a random sample was selected from the original data sets using 

SPSS 16 (IBM, Armonk, NY).  The resultant randomized sample was used in the 

comparative analysis if it met the following three conditions: 1) data set contained 

approximately equal numbers of cells for each strain used in the experiment, 2) 

approximately equal proportions of GTs and mature hyphae were represented in the data 



Chapter 2 

 

29 

 

set for each strain, 3) a minimum of 15% of the total cells analyzed were represented by 

each date of replication, across all days of the experiments. 

 Statistical analyses 

All data analyzed statistically were repeated on at least three different days.  Differences 

were assessed with either univariate or, when appropriate, multivariate analyses using a 

general linear model in SPSS 16.  As part of the analysis, if the main statistical effect of 

day was significant in the experimental analysis, “date” was blocked in all subsequent 

analyses.   In cases where a blocked ANOVA was used, graphs display error bars using 

standard error of the mean (SEM), and where unblocked analyses were used, error bars 

represent 95% confidence intervals (CI).  Full factorial analysis of dependent variable(s) 

against all fixed factors was performed initially (when appropriate), and then separate 

subsequent assessments for within-strain (file split by strain, fixed factor = growth stage) 

and between-strain (file split by growth stage, fixed factor = strain) differences were 

performed.  When the number of comparable strains in the analysis was greater than two, 

post-hoc separation of means procedures were performed using Tukey’s honestly 

significant differences, or when a blocked analysis was performed, least significant 

differences was used. 

 

III. Results 

 

Rsr1 regulators are localized to the tips of hyphae.  We previously reported 

that Rsr1-YFP localizes to the entire cell membrane of hyphae ((45) and Fig.2.1A).  This 

diffuse membrane localization, while similar to that observed in S. cerevisiae and in 

Ashbya gossypii (9, 74), was unexpected because strains lacking Rsr1 have defects 

specifically at hyphal tips.  To ask if Rsr1 cycling is localized to hyphal tips, we analyzed 

the localization of tagged versions of the Rsr1 GAP, Bud2, and its GEF, Bud5.  We 

looked at the localization of these proteins at the two stages of hyphal development, using 

the presence of the first DIC-refractive septa (when chitin is visible at septa using DIC 

optics) as a marker of developmental time.  Cells grown in hyphal-inducing conditions 
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for short periods of time, without septa, were deemed GTs, whereas cells grown for 

longer times, such that septa were present, were considered mature hyphae.  YFP-Bud5 

localized to the apices of GT and mature hyphal tips in a discrete crescent (Fig.2.1B) 

reminiscent of the polarisome proteins, Bud6 and Spa2 (33).  When expressed from its 

native promoter, Bud2-YFP was very dim and fairly long exposure times were needed to 

resolve a discrete signal.  In these images, Bud2 was enriched just behind the apex of 

hyphal tips appearing as a faint ring at the membrane with a relatively reduced intensity 

at the extreme tip (data not shown).  The localization pattern was also visualized when 

YFP-Bud2 was expressed from the regulatable MET3 promoter (Fig.2.1C, asterisks).  In 

addition, YFP-Bud2 was enriched in the concave angle of some curved hyphae (Fig.2.1C, 

arrowhead) and showed a discrete localization to septa (Fig.2.1C, arrows), based on co-

localization with Cdc12 (data not shown). The dual localization of YFP-Bud2 and YFP-

Bud5 at both hyphal tips and septa suggests that their localizations during C. albicans 

hyphal morphogenesis do not vary with the cell cycle as they do during yeast-form 

growth (69). Thus, the localizations of the Rsr1 GAP and GEF suggest that Rsr1 activity 

is continuously poised to act at the tips of hyphae where polarized growth occurs 

constitutively.  Further, the differential localizations of Bud2 and Bud5 imply that Rsr1-

GTP is enriched at the hyphal apex, whereas Rsr1-GDP is favored subapically.  

The vesicular Spk is stably maintained during WT hyphal development.  The 

presence of a Spk is associated with hyphal morphogenesis in C. albicans and other 

filamentous fungi.  The vesicle component of the Spk can be visualized using FM4-64, a 

fluorescent lipophilic dye that is internalized by endocytosis and thereby stains the 

endomembrane system, which is contiguous with the Spk (33, 39).  Because of its 

intimate association with hyphal growth, Spk integrity can be thought of as a down-

stream developmental characteristic of hyphal morphogenesis signaling pathways.  

However, because the overall appearance of the Spk varies considerably, even during 

wild-type (WT) hyphal development (Fig.2.2A), we developed an intensity index 

(Materials & Methods) to quantitatively describe and compare, with more accuracy and 

precision, Spks in WT and mutant strains with defects in polarized growth. The intensity 
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index is a unidimensional metric akin to the morphological index described by Merson-

Davies and Odds (70).  It takes into account the integrated fluorescence intensity, per unit 

area of a localized signal (hereafter referred to simply as the fluorescence intensity), and 

the distribution (width) of that fluorescent signal, which approximates the hyphal tip 

width.  This yields a single unit that describes tip signals as a proportion of the hyphal 

width, and facilitates the comparison of fluorescent signals in cells of different sizes. 

Furthermore, differences between intensity indices of two strains can be further analyzed 

to determine which individual index parameter (e.g. fluorescence intensity, area, or 

width) contributes most to changes in the intensity index. 

 Between-stage analysis of FM4-64 signal characteristics at hyphal tips revealed 

that the intensity indices of WT Spks were the same in GTs and mature hyphae.  Analysis 

of individual index parameters showed that Spks of mature hyphae had significantly 

increased fluorescence intensities, as compared to WT GTs (p < 0.05).  However, the 

increase in intensity did not result in an increased index for mature hyphae because of a 

relatively small increase in the size (i.e. area and width) of the signal.  Overall, the FM4-

64 intensity index results indicate that despite changes in individual localization 

characteristics, WT Spk integrity is not different between germ tubes and mature hyphae.  

Rsr1 function impacts the amount and spatial distribution of vesicles in the 

Spk. The morphological phenotypes of rsr1Δ/Δ strains indicate a defect in polarized 

growth (20, 45).  Because the Spk is an essential organelle for polarized secretion (33), 

we asked if Spk characteristics differed between GTs and mature hyphae of rsr1Δ/Δ and 

WT strains.  In GTs, the mean intensity index of rsr1Δ/Δ Spks was similar to that of WT 

Spks (Fig.2.2B).  When the individual components used to calculate the index were 

compared, rsr1Δ/Δ GTs had significantly higher vesicle intensities, areas, and widths. 

This indicates that although the Spks of rsr1Δ/Δ GTs are not identical to those of WT, 

they are proportionally equal (Fig.2.2B, C).  In contrast, in mature hyphae, the intensity 

index of rsr1Δ/Δ Spks was significantly less than that of WT Spks.  In addition, the Spk 

intensity index of mature rsr1Δ/Δ hyphae was significantly less than that of rsr1Δ/Δ GTs, 

indicating that Spk integrity is reduced over time in strains lacking Rsr1 (p < 0.001, 
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Fig.2.2C).  The reduced Spk intensity index of mature rsr1Δ/Δ hyphae was due to a 

decrease in intensity without a corresponding decrease in width or area of the signal. 

Importantly, loss of Spk integrity was also observed when we compared RSR1-expressing 

and non-expressing control strains (Supplemental Fig.2.1), indicating that Spk 

phenotypes in the rsr1Δ/Δ strain were due to deletion of RSR1 and not to non-specific 

mutations introduced during strain construction. 

The observation that overall Spk intensities and intensity indices were lower in 

mature rsr1Δ/Δ hyphae raised the possibility that vesicle delivery to hyphal tips 

diminishes over time in the rsr1Δ/Δ strain.  To assess differences in vesicle delivery 

between GTs and mature stages of hyphal growth within each strain, FM4-64-stained 

membranes at the tips of WT and rsr1Δ/Δ hyphae were studied using Fluorescence 

Recovery After Photobleaching (FRAP) (Supplemental Table 2).  A significant decrease 

in recovery rates was observed between rsr1Δ/Δ GTs and mature hyphae (p=0.032).  In 

contrast, no differences were observed when we compared the recovery rates of WT GTs 

and mature hyphae.  The change in rate observed between rsr1Δ/Δ GTs and mature 

hyphae was specific to hyphal tips since no change in recovery rate was detected between 

the developmental stages when regions 10 µm behind the hyphal tip were assessed 

(Supplemental Table 2).  The change in recovery rates seen between rsr1Δ/Δ GTs and 

mature hyphae is consistent with the data from the FM4-64 index experiments that 

showed a significant decrease in vesicle intensity in mature rsr1Δ/Δ hyphae as compared 

to rsr1Δ/Δ GTs (P < 0.001). Taken together, the results from the FM4-64 index analysis 

and FRAP experiments infer that Rsr1 is involved in regulating the amount, spatial 

distribution, and recruitment of vesicles to hyphal tips.  Further, the changes observed 

between stages of growth in rsr1Δ/Δ strains indicate that the requirements for Rsr1 may 

differ between early (GT) and mature hyphae.  

FM4-64 staining of the Spk and other cellular structures requires uptake of the 

dye by endocytosis.  To control for potential differences in dye uptake between rsr1Δ/Δ 

and WT strains, we compared them with respect to rate of vacuolar staining and the final 

fluorescence intensity of FM4-64 in both GTs and mature hyphae. To eliminate 



Chapter 2 

 

33 

 

differences in the timing of dye uptake due to preparation of the strains for imaging, we 

mixed the control WT strain marked with a nuclear GFP reporter with a non-fluorescent 

rsr1Δ/Δ strain, and imaged FM4-64 uptake simultaneously in the two strains. Both 

strains internalized FM4-64 at similar rates, for both GTs and mature hyphae, with 

vacuolar staining being visible by 40-50 minutes in all cases, which is within the range of 

time observed by other investigators (101).  In addition, the final mean fluorescence 

intensity of cell membranes was not different between WT and rsr1Δ/Δ strains or within 

either strain between developmental stages (Supplemental Fig.2.2).  Thus, the differences 

in vesicle intensity seen in rsr1Δ/Δ hyphae are not due to differences in the ability of WT 

and rsr1Δ/Δ strains to internalize FM4-64.  Further, the data supports the conclusion that 

Rsr1 is not important for endocytosis, but rather for polarized vesicle trafficking to 

hyphal tips. 

 Rsr1 is important for Mlc1 localization within the Spk.  The disruption of Spk 

vesicle integrity in mature rsr1Δ/Δ hyphae raised the possibility that Rsr1 is important for 

the focused localization of other Spk components.  Co-localization of FM4-64 stained 

Spk vesicles with motor-associated proteins like myosin light-chain 1 (Mlc1) (33) 

indicate that vesicle delivery occurs, at least partly, via actin and myosin.  We used Mlc1, 

fused to YFP, as a representative protein component of the Spk, and compared its signal 

characteristics in GTs and mature hyphae of rsr1Δ/Δ and WT strains (Fig.2.3A).  In GTs, 

there was no difference between the strains with respect to the number of hyphal tips 

exhibiting discrete, Spk-localized Mlc1signals (Fig.2.3B).  The Mlc1 intensity index of 

rsr1Δ/Δ GTs was higher than that of WT GTs (Fig.2.3C).  In contrast to the results in 

GTs, mature rsr1Δ/Δ hyphae had significantly fewer tips containing localized Mlc1-YFP 

as compared to the WT strain (Fig.2.3B), despite both strains expressing the same amount 

of Mlc1-YFP (Fig.2.3D).   In mature rsr1Δ/Δ hyphae with localizable signal, the Mlc1-

YFP intensity index was the same as that of mature WT hyphae (Fig.2.3C).   Comparing 

Mlc1-YFP localization characteristics of each strain between the two hyphal stages, WT 

strains maintained Mlc1-YFP intensity index (P=0.106) whereas rsr1Δ/Δ strains have 

reductions in this feature over time (P<0.001).  The Mlc1 results parallel those seen for 
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FM4-64 stained vesicles; WT strains maintain similar vesicle amounts and distributions 

over time whereas rsr1Δ/Δ strains showed decreased amounts and broader distributions 

of vesicles over time.  To better understand the timing of Mlc1 signal “loss” from the 

hyphal tips of mature rsr1Δ/Δ hyphae, we analyzed Mlc1-YFP localization by time-lapse 

fluorescence microscopy.  During WT hyphal development, Mlc1 localizes to two 

regions in the cell, constitutively to the Spk (in GTs and mature hyphae), and transiently 

to septa at the close of the cell cycle ((33), Fig.2.3E, Supplemental Movie 2.1).  In 

contrast, the Spk-localized Mlc1 signal in rsr1Δ/Δ GTs became dimmer as growth 

approached the mitotic phase of the cell cycle, when Mlc1-YFP also localizes to the 

septum (Fig.2.3E and Supplemental Movie 2.2).  In cases where Mlc1-YFP was visibly 

absent for a brief time (< 10 min) from tips of rsr1Δ/Δ hyphae, the hypha would continue 

to elongate (Fig.2.3E and Supplemental Movie 2.2).  When the Mlc1 Spk signal was not 

visible for longer periods of time, hyphal elongation paused either until Mlc1-YFP re-

localized to the original site of growth or the time-lapse image acquisitions stopped.  In 

addition, extended loss of Mlc1-Spk localization and pauses in elongation were also 

associated with an increased likelihood of re-localization of Mlc1 to new, ectopic growth 

sites (Supplemental Movies 2.3 and 2.4).   Results showing that Rsr1 is important for 

maintaining the localization of Mlc1to hyphal tips were also obtained using RSR1-

expressing and non-expressing control strains (Supplemental Fig.2.3A and Supplemental 

Movies 2.5 and 2.6).  Of note, Mlc1-YFP intensity index values of the RSR1-expressing 

reintegrant control strain did not reach the levels seen in the WT strain (P=0.023), 

suggesting that one copy of RSR1 is not sufficient for complete restoration of WT Mlc1 

localization characteristics in early hyphae (compare re-integrant results in Supplemental 

Fig.2.3B to WT results in Fig.2.3C).  Nevertheless, the Mlc1 localization results for both 

the experimental and RSR1-reintegrant control strains support the idea that Rsr1 is 

important for the maintenance of Mlc1 localization characteristics during hyphal 

morphogenesis. 

Together, the results of the FM4-64 and Mlc1-YFP analyses have two important 

implications.  First, loss of Rsr1 affects the size of the fixed region to which polarity 
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components are delivered since, independent of the stage of hyphal growth, the 

distribution of Spk markers is always broader in rsr1Δ/Δ hyphae relative to WT hyphae 

(Figs.2.2, 2. 3).  Second, Rsr1 appears to be involved in both limiting the delivery of 

polarity components at early stages of growth (GTs) and reinforcing the delivery of those 

components at later stages of hyphal growth.  This statement is supported by data from 

rsr1Δ/Δ strains that consistently show elevated fluorescence intensities of Spk markers in 

GTs, an inability to maintain those elevated intensities over time, and also by FRAP data 

showing a tip-specific reduction in the speed of vesicle recovery in mature rsr1Δ/Δ 

hyphae as compared to GTs. 

 Rsr1 contributes to the maintenance of hyphal-specific gene (HSG) 

expression. Cells lacking Rsr1, when grown in hyphal induction conditions, have 

morphologies characteristic of both pseudohyphae and hyphae.  Elongation rates of 

rsr1Δ/Δ and WT hyphae are similar, but rsr1Δ/Δ cells exhibit pseudohyphal-like growth 

with wider cells and slight constrictions at septa (Fig.2.4A and (45)).  Consistent with this 

“dual” morphology, nuclear division often takes place within elongating rsr1Δ/Δ cells, 

similar to WT hyphae, but sometimes occurs across the mother-daughter neck, similar to 

the nuclear division pattern of pseudohyphae (T. Heisel and C. A. Gale, unpublished 

data).  The ability of rsr1Δ/Δ cells to form Spks, albeit with altered localization 

characteristics, is also consistent with a more hyphal than pseudohyphal developmental 

program.  To further characterize the developmental state of rsr1Δ/Δ cells grown in 

hyphal-inducing conditions, we used qPCR to compare the expression of four hyphal-

specific genes (HSGs), ECE1, HGC1, HYR1, and HWP1, in rsr1∆/∆ and WT strains.   

HSG expression was analyzed after growth in hyphal-induction conditions for 30 min 

(GTs) and 4 hours (mature hyphae) (Fig.2.4A).  We observed decreased expression of 

HSGs in the rsr1Δ/Δ strain regardless of the developmental stage of hyphal growth (both 

pooled HSG results, Fig.2.4B and individual HSG results, Supplemental Fig.2.4).  

Indeed, HSG expression in rsr1Δ/Δ strains at both stages of hyphal growth was more 

similar to that of WT pseudohyphae, than to that of either WT GTs or mature hyphae 

(Fig.2.4B).  In addition, RSR1-expressing reintegrant control strains showed significantly 
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increased expression of HSGs as compared to the rsr1 null controls, demonstrating that 

HSG expression defects are specific to disruption of RSR1 (Supplemental Fig.2.5). 

Altogether, the HSG expression results indicate that Rsr1, a landmark protein, influences 

the induction and maintenance of HSG expression during hyphal morphogenesis. 

RSR1 genetically interacts with regulators of CDC42 to influence hyphal 

morphogenesis and HSG expression.  Similar to deletion of Rsr1, decreased expression 

and mutation of the essential Rho GTPase Cdc42 in C. albicans hyphae, results in larger, 

rounder cells and reduced HSG expression (8, 96, 97).  In S. cerevisiae, Rsr1 facilitates 

activation of Cdc42 by physically interacting with, and positioning, Cdc42 and its GEF, 

Cdc24 (61).  To investigate the relationship between Rsr1 and Cdc42 with respect to the 

C. albicans hyphal transcriptional program, we analyzed morphology and HSG 

expression in an rsr1Δ/Δ strain that also contained deletions of the Cdc42 GAPs, Bem3 

and Rga2.  Deletion of Cdc42 GAPs is predicted to slow the rate of GTP hydrolysis and 

result in an enrichment of membrane-associated Cdc42-GTP at hyphal tips (33).  We 

reasoned that if the morphology and HSG expression defects of the rsr1Δ/Δ strain are due 

to reduced Cdc42 activation, then enrichment of Cdc42-GTP levels by deletion of the 

Cdc42 GAPs may rescue rsr1Δ/Δ phenotypes.  Deletion of RSR1 in combination with 

RGA2 and BEM3 (triple deletion strain, hereafter referred to as 3X strain) resulted in 

narrow hyphal morphologies similar to the WT and rga2Δ/Δ bem3Δ/Δ (double deletion, 

hereafter referred to as 2X) strains (Fig.2.4A).  HSG expression in the 2X strain was 

reduced, however, relative to that of the WT strain, for both GTs and mature hyphae 

(Fig.2.4B).  This result suggests that while disrupting normal GTP/GDP cycling and 

increasing Cdc42-GTP levels affects HSG expression to a small extent, it does not 

dramatically affect the ability to form a WT hyphal morphology.  In contrast, HSG 

expression in GTs of the 3X strain did not differ from that of WT GTs and was 

significantly increased as compared to rsr1Δ/Δ and 2X GTs (Fig.2.4B).  HSG expression 

in mature 3X hyphae was reduced to levels equal to that of the 2X strain, but still 

significantly higher than that of the strain containing deletion of RSR1 alone (Fig.2.4B).  

These HSG expression results correlate with our morphology observations (Fig.2.4A).  A 
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more hyphal-like morphology is seen in strains with increased HSG expression (e.g. WT, 

2X, and 3X strains) as compared to strains with lower HSG expression (e.g. rsr1Δ/Δ 

strain).  In addition, the results imply that genetic interactions between RSR1 and 

regulators of CDC42 impact HSG expression differently in GTs and mature hyphae.  In 

GTs, loss of the Cdc42 GAPs in conjunction with deletion of RSR1, suppresses the 

defects of the individual deletions.  In contrast, in mature hyphae the effect of slowing 

Cdc42 hydrolysis by deletion of the Cdc42 GAPs is epistatic to that of RSR1 deletion.   

  Rsr1 affects the amount and distribution of Cdc42 activity at hyphal tips.  To 

ask if the reduced HSG expression exhibited by some of the mutant strains was 

associated with changes in Cdc42 expression, CDC42 mRNA and Cdc42 protein levels 

were determined by qPCR and western blot, respectively.  No differences in CDC42 

expression were found in comparing WT, rsr1Δ/Δ, 2X, or 3X deletion strains in either 

GTs or mature hyphae (P=0.211 and P=0.061, respectively, by ANOVA).   CDC42 levels 

also did not differ between RSR1-expressing and non-expressing reintegrant control 

strains (data not shown).  In addition, no differences were observed in Cdc42 protein 

levels among the strains at either time point (Fig.2.5A).  Thus, deletion of RSR1 does not 

affect total cellular CDC42 or Cdc42 protein levels in GTs or mature hyphae.   

 Although the total cellular amounts of CDC42 and Cdc42 are not affected in 

hyphae lacking Rsr1, the possibility remained that Rsr1 could be affecting the amount 

and/or activity of Cdc42 specifically at hyphal tips.  To compare the amount and 

distribution of active Cdc42 (Cdc42-GTP) in WT, rsr1Δ/Δ, 2X and 3X deletion strains, 

the expression and localization characteristics of a reporter protein, Bem1, fused to YFP 

were analyzed (Fig.2.5A, B).  Bem1 is a polarity establishment scaffolding protein that 

binds the GTP-bound form of Cdc42 and is used as a marker of Cdc42-GTP localization 

(61).  No differences were observed in the amounts of Bem1-YFP expressed in GTs or 

mature hyphae for any of the mutant strains as compared to the WT strain (Fig.2.5A).  In 

comparing the localization of Bem1-YFP, the majority of GTs of all strains had a visible 

tip-localized fluorescent signal (~75-80% of cells) (Fig.2.5C); however, when the Bem1-

YFP signal characteristics in GTs were compared, significant differences were observed 
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between the strains.  The fluorescence intensities of Bem1-YFP were significantly 

increased in 2X, 3X, and rsr1Δ/Δ GTs as compared to the WT strain (Fig.2.5D).   

The results from 2X and 3X strains, along with those of Court and Sudbery (32), 

support the idea that loss of the Cdc42 GAPs result in an enrichment of active GTP-

bound Cdc42.  In rsr1Δ/Δ GTs, the increased fluorescence intensity levels of Bem1-YFP 

parallel the results of FM4-64-stained vesicles and Mlc1-YFP, implicating a role for Rsr1 

in limiting the localization of polarity factors during early hyphal (GT) growth.  

However, the increased intensity of Bem1-YFP in rsr1Δ/Δ GTs was associated with a 

broader signal distribution, resulting in a lower, less focused Bem1-YFP intensity index 

as compared to the WT strain.  In contrast, the Bem1-YFP distributions of 3X, and 2X 

GTs were smaller, yielding a WT or greater than WT intensity index, respectively.  In 

comparing Bem1-YFP intensity indices with HSG expression in GTs, we observed that 

WT Bem1-YFP intensity indices (WT and 3X strain) are associated with WT levels of 

HSG induction whereas indices that are either higher (2X strain) or lower (rsr1Δ/Δ strain) 

than WT are associated with reduced HSG expression.  

 In mature hyphae, significantly fewer rsr1Δ/Δ cells had visible Bem1-YFP 

signals at their tips as compared to all other strains (Fig.2.5C).  These results are similar 

to those observed in the analysis of Mlc1 localization (Fig.2.3B), and are consistent with 

rsr1Δ/Δ strains being unable to maintain tip-localization of polarity proteins during 

hyphal morphogenesis.  Mature rsr1Δ/Δ hyphae that were able to localize Bem1-YFP to 

their tips exhibited an intensity index that was similar to mature WT hyphae (P=0.835) 

and showed an increasing trend relative to rsr1Δ/Δ GTs (P=0.065).  Interestingly, the size 

(area) of the Bem1-YFP signal was the only parameter of the intensity index that showed 

a significant change between rsr1Δ/Δ GTs and mature hyphae (P = 0.041).  This 

indicates that the decrease in signal area was the primary influence in mature rsr1Δ/Δ 

hyphae being able to attain a WT intensity index. The finding that some mature rsr1Δ/Δ 

hyphae do not have visible Bem1-YFP at their tips indicates that there were two, 

potentially distinct, populations of cells analyzed in the HSG expression experiments. It 

is possible that the population that lacked Bem1-YFP tip localization had low HSG 



Chapter 2 

 

39 

 

expression levels and the population with WT Bem1-YFP localization and intensity 

indices had near WT levels of HSG expression, such that, together, an overall reduction 

in HSG expression was observed.  Mature hyphae of the 2X and 3X strain, which were 

able to localize Bem1-YFP to a similar extent as the WT strain (Fig.2.5C), exhibited 

more WT levels of HSG expression than mature rsr1Δ/Δ hyphae.  In analyzing the RSR1-

reintegrant control strain, we observed that GTs did not exhibit a WT Bem1 intensity 

index (Supplemental Fig.2.6A), however, mature hyphae did achieve WT levels for 

Bem1-YFP tip localization and intensity indices (Supplemental Figs.2.6B and 2.6A, 

respectively).  These data suggest that one copy of RSR1 is not sufficient to focus Cdc42 

in GTs, but that one copy is sufficient to focus Cdc42 and maintain Cdc42 tip-

localization in mature hyphae.  Altogether, the Bem1 localization results show a positive 

correlation between HSG expression and the focused localization of Cdc42-GTP at 

hyphal tips.  In addition, the requirements for Rsr1 are different depending upon the stage 

of hyphal growth.  In GTs, Rsr1 is needed for focusing Cdc42 activity and, in mature 

hyphae, it is important for maintaining Cdc42 activity at hyphal tips.  Further, the results 

are consistent with the idea that establishment of a focused distribution of Cdc42 activity 

in GTs is important for its continued maintenance at cell tips as hyphal development 

progresses.   

 

IV. Discussion 

 

Establishment and maintenance of polarity are highly regulated biological 

processes that are required for initiation of cell growth, variations in cell morphology, 

and generation of specialized cell types in multicellular organisms.  In this study, we used 

a C. albicans strain with abnormal hyphal morphology as a tool to understand the 

requirements for constitutive polarized growth and the highly elongated morphology of 

hyphae.  In S. cerevisiae, Rsr1 functions as a landmark, positioning new daughter cell 

growth with respect to that of the previous cell cycle, and is not essential for bud shape or 

cell size (11).  Herein and in previous work (45) from our lab, we found that deletion of 
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the GTPase Rsr1 resulted in significant defects in polarized growth and cell shape.  

Similarly, in the filamentous fungus A. gossypii, hyphae lacking Rsr1 have defects 

maintaining polarized growth and the localization of polarity structures at hyphal tips (9).  

Thus, in filamentous fungi, Rsr1-like proteins appear to have an expanded role in 

polarized growth. 

The differential localization of Bud2 and Bud5 in C. albicans supports a role for 

Rsr1 activity specifically at hyphal tips.  Bud5 localization predicts that the very apex of 

the hypha is enriched for GTP-bound Rsr1, whereas Bud2 localization predicts that GDP-

bound Rsr1 is favored subapically.  Given that a number of key polarity proteins (e.g. 

Cdc42, Cdc24, and Bem1) physically interact with the two guanine nucleotide-bound 

forms of Rsr1 in S. cerevisiae (73), a gradient of Rsr1 activity along hyphal tips could 

provide a way to regulate the localization and activity of Rsr1 effectors.  For example, 

ScRsr1 has been shown to have a higher affinity for Cdc24 when Rsr1 is in its GTP-

bound form, whereas the interaction between Bem1 and Rsr1 is stronger when Rsr1 is 

GDP-bound.  If this paradigm holds true in C. albicans, different zones of Rsr1 activity 

would be expected to limit the diffusion of Rsr1 effectors away from the tip and to hold 

them in proximity to regions of active growth.   

Our results support the idea that focused localization of Cdc42 activity early on in 

hyphal development (e.g. GTs) is related to the ability of mature hyphae to maintain 

polarization and the localization of polarity proteins at hyphal tips.  During WT hyphal 

growth, Cdc42-GTP (Bem1) and its downstream targets (e.g. components of the Spk) 

were constitutively localized to hyphal tips and showed no significant changes in either 

the maintenance of their localization or focused distribution between GTs and mature 

hyphae.  In GTs lacking Rsr1, localization of Cdc42 activity lacked focus; this was 

associated with an inability to maintain hyphal growth and tip-localization of Bem1 and 

Spk components over time.  Indeed, in mature rsr1Δ/Δ hyphae, the only cells able to 

maintain tip-localization of Bem1 and polarized growth, were those able to exhibit a WT-

like focus of Cdc42 activity.  The idea that mature hyphae are dependent upon processes 

originating in GTs is supported by the report that defects in chromatin remodeling at 
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HSG promoters during GT growth do not affect GT morphology but yield mature hyphae 

with a pseudohyphal appearance and an inability to maintain expression of HSGs (67). 

In C. albicans, we found that Rsr1 contributes to hyphal morphogenesis by 

regulating the amount and distribution of Cdc42 activity at hyphal tips. In addition, we 

observed that the ability to localize and focus Cdc42-GTP is associated with the ability to 

express genes specific to the hyphal transcriptional program.  These results are 

particularly interesting as rsr1Δ/Δ strains show defects in their ability to invade and cause 

damage in both in vitro and in vivo models of invasive candidiasis (20, 37), implicating a 

role for tip distribution of Cdc42 in the pathogenesis process.  Our results extend those of 

Bassilana and coworkers (8) who found that reducing total cellular amounts of Cdc42, as 

well as its GEF, Cdc24, attenuated the expression of HSGs that are regulated by the 

transcription factor Tec1. Tec1 was also found to regulate a transient increase in Cdc24 

expression at hyphal induction, suggesting that Tec1 and the Cdc42 GEF, which localizes 

at the hyphal tip, form a positive feedback loop.  Our data provides additional support for 

the idea that tip-localization and focus of Cdc42 are associated with expression of the 

hyphal transcriptional program.  We propose that Rsr1, a landmark protein, supports this 

morphogenesis feedback mechanism by fine-tuning the localized distribution of Cdc42 

and/or downstream targets of Cdc42 activity.  It still remains to be shown how tip-

localization characteristics of the Cdc42 module are directing gene expression.  One 

possibility is that Cdc42 localization sets up a physical platform for actin-dependent 

regulation of hyphal signaling pathways.  Indeed, it has been shown that ECE1, HGC1, 

HWP1 and HYR1 are induced via the cAMP-dependent protein kinase A signaling 

pathway and that their expression is reduced in the face of genetic and chemical 

disruptions of the actin cytoskeleton (55, 102).  The recent discovery that actin and 

adenylate cyclase physically interact with each other in a complex, and that this complex 

is required for the efficient production of cAMP (107), provides strong support for the 

idea that the cellular status of polarized actin modulates gene transcription during hyphal 

morphogenesis.  
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  Overall, these results lead us to propose a model where Rsr1 is needed to create 

a focused, dynamic cluster of Cdc42 activity that is associated with optimized Cdc42-

dependent feedback to the hyphal transcriptional program (Fig.2.6).  In WT GTs, Rsr1 

acts to generate a focused cluster of Cdc42 activity at hyphal tips with a limited amount 

of Cdc42-GTP (supported by lower Bem1 fluorescence intensities in WT as compared to 

rsr1Δ/Δ GTs and hyphae).  In the absence of Rsr1, the clusters of Cdc42 activity that are 

generated contain higher amounts of Cdc42 and the localization is more broadly 

distributed.  This results in an inability to generate the extremely narrow shape of GTs 

and a reduced ability to provide positive feedback to the hyphal transcriptional program.  

As hyphal growth progresses, if the Rsr1-independent mechanism of cluster formation is 

able to generate a sufficient focus of Cdc42 activity, which happens with a greatly 

reduced efficiency, polarized growth continues (Fig.2.6, pathway 2); if not, tip-

localization of polarity proteins is lost and the progression of polarized growth is 

disrupted (Fig.2.6, pathway 1).  Thus, elongation of GTs does not absolutely require an 

optimized focus of Cdc42 activity.  However, if an optimal Cdc42-GTP distribution is 

not present by the end of the cell cycle, polarized growth will not continue.  Our model is 

supported by results from 2X and 3X GTs that showed a positive relationship between 

increased intensity indices for Bem1-YFP and HSG expression.  In GTs, the 3X strain 

was the only mutant that had a WT Bem1-YFP intensity index and this correlated with a 

WT HSG expression profile.  This suggests that in GTs, altering Cdc42 cycling in favor 

of the GTP-bound form compensates for the absence of Rsr1 by increasing Cdc42 focus, 

which in turn provides positive feedback to the hyphal program.  The increase in the 

intensity index of the 3X strain may have been achieved by a cytoskeletal-dependent 

mechanism. Given the role of active Cdc42 in directing cytoskeletal changes, holding 

Cdc42 in its GTP-bound state by deletion of its GAPs could have allowed sufficient 

reorganization of the cytoskeleton to reinforce Cdc42 activity at hyphal tips.  Indeed, 

mathematical models of polarization events support the idea that altering Cdc42 cycling 

rates influences Cdc42 clustering (3).  This idea is further supported by data from the 2X 

strain, where altering Cdc42 cycling in the presence of the Rsr1-dependent focusing 
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mechanism, resulted in a hyper-focused Bem1 signal.  Despite the higher than WT focus 

of 2X GTs, HSG expression remained reduced as compared to the WT strain.  These 

observations suggest that, while Cdc42 enrichment drives polarized cell shapes in C. 

albicans (32), an optimized distribution of normally cycling Cdc42, mediated in part 

through Rsr1 activity, is required to reinforce the hyphal transcriptional program and 

potentially, the expression of morphogenesis-associated virulence functions.   

Although mature hyphae of the 3X strain exhibited a WT Bem1 intensity index, 

they did not completely reach WT levels of HSG expression.   There are two potential 

explanations for these findings.  First, mature 3X hyphae had a relatively small but 

significant loss in the number of cells exhibiting tip-localized Bem1 signal (Fig.2.5).  

This is similar to the situation with the rsr1Δ/Δ strain in that the HSG data was from a 

mixed population of cells and, thus, could potentially contribute to the reduced HSG 

expression in the total population of mature 3X hyphae.  Alternatively, the reduced HSG 

expression levels of mature 3X (and 2X) hyphae as compared to the WT strain could be 

attributed to changes in Cdc42-GTP hydrolysis rates.  This would mean that there is an 

epistatic relationship between Cdc42-GTP hydrolysis rate and the distribution of Cdc42 

activity for feedback to the hyphal transcriptional program in mature hyphae.  In WT 

strains, we propose that Rsr1 supports Cdc42 cycling such that Cdc42 activity achieves a 

focused distribution without a change in the rate of hydrolysis.  

 A “fine-tuned” amount and/or distribution of Cdc42 has been proposed to be 

required for cells to break symmetry and generate polarized cell shapes in the model 

yeast S. cerevisiae (62, 90).  While aspects of these models are still being worked out, our 

results support the idea that, in C. albicans, Rsr1 is part of the mechanism that creates the 

finite window of Cdc42 activity that is needed for polarized morphogenesis of yeast, 

pseudohyphae and hyphae as well as for maintenance of continuous hyphal growth. Thus, 

CaRsr1 has a larger impact on polarized growth than its ortholog in S. cerevisiae.  It is 

possible that an additional level of Cdc42 regulation, provided by CaRsr1, is required for 

the continuum of reversible morphologies exhibited by C. albicans. C. albicans and S. 

cerevisiae also differ with respect to the number of growth zones that are simultaneously 
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present within the cell.  In budding yeast, symmetry breaking is achieved by a “winning” 

Cdc42 cluster that initiates growth of a single bud (49, 50).  In contrast, C. albicans 

hyphal development requires that Cdc42 be strongly maintained at hyphal tips, even as it 

transiently acts at a second site (the incipient septum) at septation (46).  The observation 

that polarization defects took place coincident with septa formation in rsr1Δ/Δ hyphae 

implicates Rsr1 in limiting the competition for Cdc42 between the incipient septum and 

the hyphal tip.  Similarly, recent studies in the fission yeast, Schizosaccharomyces 

pombe, suggest that there is a relationship between the competition for Cdc42 at multiple 

(bipolar) sites and polarized morphogenesis (34).    Thus, we propose that the role of Rsr1 

in limiting Cdc42 activity might serve as a mechanism that both initiates highly polarized 

cell shapes and also reserves a pool of Cdc42 to maintain continuous polarized growth 

throughout C. albicans hyphal development. 
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V. Chapter 2 Tables & Figures 

 

  

Table 2.1. Strains Used in This Study  

Strain Relevant Genotype Source 

BWP17 ura3:: imm434/ura3:: imm434 his1::hisG/his1::hisG 

arg4::hisG/arg4::hisG 

(100) 

CA1243 (BWP17) rsr1::dpl200/rsr1::dpl200 MLC1/MLC1-YFP:HIS1 

rsr1::dpl200::rsr1:URA3 

(This study) 

CA8880 (BWP17) rsr1::ARG4/rsr1::HIS1 arg4::hisG/ARG4-

URA3::arg4::hisG 

(45) 

CA8832 (BWP17) rsr1::ARG4/rsr1::HIS1 (45) 

CA9151 (BWP17) rsr1::ARG4/rsr1::HIS1 MLC1/MLC1-YFP:URA3 (This study) 

CA9215 (BWP17) rsr1::ARG4/pURA3-RSR1::rsr1::HIS1 (45) 

CA9339 (BWP17) rsr1::ARG4/pURA3-rsr1::rsr1::HIS1 (20) 

CA10055 (BWP17) URA3:PMET3:YFP::BUD2/BUD2 (This study) 

CA10271 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5’Δ)/bem3::ura3(5’Δ) (32) 

CA10755 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5’Δ)/bem3::ura3(5’Δ) 

rsr1::dpl200/rsr1::dpl200 

(This study) 

CA12168 (JB7783) BEM1/BEM1-YFP:URA3 (This study) 

CA12172 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5’Δ)/bem3::ura3(5’Δ) 

BEM1/BEM1-YFP:HIS1 

(This study) 

CA12173 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5’Δ)/bem3::ura3(5’Δ) 

rsr1::dpl200/rsr1::dpl200 BEM1/BEM1-YFP:HIS1 

(This study) 

CA12183 (BWP17) rsr1::ARG4/rsr1::HIS1 BEM1/BEM1-YFP:URA3 (This study) 

CA12188 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5’Δ)/bem3::ura3(5’Δ) 

arg4::hisG/ARG4-URA3::arg4::hisG 

(This study) 

CA12191 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5’Δ)/bem3::ura3(5’Δ) 

rsr1::dpl200/rsr1::dpl200 arg4::hisG/ARG4-URA3::arg4::hisG 

(This study) 

CA12343 (BWP17) URA3:PMET3:YFP::BUD5/BUD5 (This study) 

CA12345 (BWP17) URA3:PMET3:YFP::RSR1/RSR1 (This study) 

CA12363 (BWP17) rsr1::dpl200/rsr1::dpl200 (This study) 

CA12388 (BWP17) rsr1::dpl200/rsr1::dpl200 MLC1/MLC1-YFP:HIS1 (This study) 

CA12430 (BWP17) rsr1::dpl200/rsr1::dpl200 MLC1/MLC1-YFP:HIS1 pURA3-

RSR1::rsr1::dpl200 

(This study) 

CA12567 (BWP17) rsr1::dpl200/rsr1::dpl200 pURA3-RSR1::rsr1::dpl200 (This study) 

CA12570 (BWP17) rsr1::dpl200/rsr1::dpl200 pURA3-rsr1::rsr1::dpl200 (This study) 

CA12595 (BWP17) rsr1::dpl200/rsr1::dpl200 pURA3-RSR1::rsr1::dpl200 

BEM1/BEM1-YFP:HIS1 

(This study) 

CA12598 (BWP17) rsr1::dpl200/rsr1::dpl200 pURA3-rsr1::rsr1::dpl200 

BEM1/BEM1-YFP:HIS1 

(This study) 

JB6284 (BWP17) his1::hisG/hisG::his1::HIS1 arg4::hisG/ARG4-

URA3::arg4::hisG 

(13) 

JB7783 (BWP17) his1::hisG/hisG::his1::HIS1 arg4::hisG/ARG4::arg4::hisG (12) 

MG7139 (BWP17) MLC1/MLC1-YFP:URA (33) 
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Fig.2.1. Positive and Negative Regulators of Rsr1 Localize at Tips of GTs and Mature Hyphae.  

Representative images of strains expressing YFP-tagged versions of Rsr1 (A, 12345), Bud5 (B, 12343), 

and Bud2 (C, 10055).  Arrows indicate enrichment of YFP-tagged proteins at septa.  Arrowhead (in C) 

denotes enrichment of YFP-Bud2 at the inner curve of a non-linear GT.  Asterisks (in C) indicate 

subapical enrichment of YFP-Bud2.  Scale bars, 5 µm 



Chapter 2 

 

48 

 

 

 

  

 
Fig.2.2. Comparison of Vesicular Spks in WT and rsr1 Δ/Δ Hyphae.  A. Representative fluorescence 

images of WT (9955) and rsr1Δ/Δ (8880) hyphae stained with FM4-64.  To the right of each set of images 

is the calculated intensity index for each of the representative FM4-64 stained Spks.  Tip signals that appear 

less intense (lower fluorescence intensity), or have broader distributions (increased area and width), have 

lower intensity indices than signals that are more intense and/or are more focused at the hyphal tip.  Scale 

bar, 5 µm.  B. Bar graphs depicting the mean intensity index, fluorescence intensity, area and width of the 

FM4-64 signal obtained for GTs and mature hyphae of the strains featured in A.  Stage-specific differences 

between strains (i.e. WT GT vs. rsr1Δ/Δ GT, etc.) are shown.   Pertinent within strain differences between 

time points (i.e. WT GT vs. WT mature hyphae, etc.) are stated within the text.  Error bars show SEM and 

data sharing the same letter (a or b) designations are not significantly different from each other.  Statistical 

differences are at the level of P<0.05 for both hyphal stages (~100 cells per strain for each of 3 independent 

experiments).  C. Diagrammatic representation of the differences in appearance of FM4-64 stained Spks of 

WT and rsr1Δ/Δ hyphae, based on the data presented in B. 
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Fig.2.3. Comparison of Mlc1-YFP Localization Characteristics in WT and rsr1Δ/Δ Hyphae.    A. 

Fluorescence micrographs of WT (7139) and rsr1Δ/Δ (11729) strains expressing Mlc1-YFP in GTs and 

mature hyphae. Arrows show Mlc1-YFP at septa.  Scale bar, 5 µm. B. Bar graph depicting the percent of 

hyphae with localized Mlc1-YFP signal at the tip for the WT and mutant strains listed in A. Means represent 

data from an average of ~70 images for each strain, from 3 independent experiments.  Error bars show 

SEM.  C. Bar graphs depicting the mean intensity index and index parameters of the strains featured in A.  

Means represent ~100 cells per strain from each of 3 independent experiments.  Stage-specific data sharing 

the same letter designation are not significantly different from each other.  Statistical differences are at the 

level of P<0.05 for both hyphal stages.  D. Representative western blot of Mlc1-YFP expression in the 

strains depicted in A, at both stages of hyphal development. The mean background subtracted ratio of Mlc1-

YFP to tubulin in WT to rsr1Δ/Δ strains was 1.04 ± 0.18 and 1.16 ± 0.09 for GT and mature hyphae, 

respectively (n=3).  E. Representative still fluorescence images taken from time-lapse movies 

(Supplemental Movies 1 and 2) of Mlc1-YFP localization in the strains featured in A prior to, during, and 

after a septation event. 
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Fig.2.4.  RSR1 Genetically Interacts with RGA2 and BEM3, Genes that Encode Regulators of Cdc42, 

to Influence the Hyphal Morphogenesis Program.  A. Representative images of WT (12168), rsr1Δ/Δ 

(12182), rga2Δ/Δ bem3Δ/Δ (2X, 12172) and rga2Δ/Δ bem3Δ/Δ rsr1Δ/Δ (3X, 12173) strains. Scale bars, 

5 µm in GTs; 10 µm in mature hyphae).  B. Mean, pooled HSG expression levels for each strain were 

determined by qPCR, normalized to ACT1 levels, and expressed as a percentage of WT HSG expression 

for that day (n=3 for each strain).  PH, pseudohyphae.  Stage-specific data sharing the same letter 

designation are not significantly different from each other.  Error bars show SEM.  Statistical differences 

are at the level of P≤0.002 for GTs and P<0.001 for mature hyphae.  
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Fig.2.5. Rsr1 Focuses Cdc42 Activity at Tips of GT’s and is Required to Maintain Polarized 

Growth in Mature Hyphae.  A. Representative western blot of Bem1-YFP and Cdc42 levels in GTs 

and mature hyphae of WT (12168) and mutant strains (rsr1Δ/Δ, 12183; 2X, 12172; 3X,12173). Tubulin 

levels are shown as a reference for protein loading. B. Representative fluorescent images of Bem1-YFP 

tip-localization at both stages of hyphal growth, for each of the strains listed in A. C. Bar graph depicting 

the percent of hyphae with localized Bem1-YFP signal at the tip for the WT and mutant strains listed in 

A. Means represent data from ~60 images for each strain, from 3 independent experiments. Error bars 

show 95% CI. D. Bar graphs depicting the mean intensity index and index parameters from cells with 

visible Bem1-YFP tip signals, in GTs and mature hyphae, for the strains listed in A. Strains are as 

depicted by bar color in panel C. Means represent ~45 cells per strain from 3 independent experiments. 

Stage-specific data sharing the same letter designation are not significantly different from each other. 

Pertinent within strain differences between time points are stated within the text. Statistical differences 

are at the level of P<0.05 for both hyphal stages and error bars show SEM. 
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Fig.2.6. Model of How Rsr1 Impacts the Hyphal Morphogenesis Developmental Program.  In WT 

strains, Rsr1 (blue spheres) limits the amount of Cdc42-GTP (green spheres), focuses the distribution of 

Cdc42 activity during germ tube growth, and maintains the localization of Cdc42 activity during mature 

hyphal growth.  Focused, tip-localized Cdc42 activity contributes to the induction (in GTs) and 

maintenance (in mature hyphae) of HSG expression, as well as maintenance of Spk integrity (not pictured).  

In GTs lacking Rsr1, the amount of tip-localized Cdc42-GTP is elevated relative to WT, but is also more 

broadly distributed at the hyphal tip.  The diffuse localization of Cdc42 activity provides weak feedback 

and results in decreased HSG expression, as well as unregulated (excessive) delivery of Spk-associated 

components (not pictured) to the hyphal tip.  In mature hyphae lacking Rsr1, some cells can no longer 

localize Cdc42 activity effectively at hyphal tips (pathway 1), whereas others in the population (i.e. those 

with Cdc42 distributions similar to wild type) are able to maintain localization of Cdc42 activity, Spk 

integrity (not pictured), and polarized hyphal growth (pathway 2). 
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Chapter 2 Supplemental Tables & Figures 

 
Supplemental Table 2.1. Oligonucleotide Primer Sequences Used in This Study 

Primer Name Primer Sequence (5’3’) Source 

1076 MLC1-YFP F AAAGGGGTCAATGTAACTTCTGATGGAAATGTG

GATTATGTTGAATTTGTCAAATCAATTTTAGACC

AAGGTGGTGGTTCTAAAGGTGAAGAATTATT 

(93) 

1077 MLC1-YFP-HIS1 R CCAATTCGAACAAGACTATACAATAACTATAATT

TGTAAAACTTGTAGTATATATATTTCAATGGTTA

ATTGTCTAGAAGGACCACCTTTGATTG 

(93) 

1265 rsr1::dpl200 R TCACATAATTGTGCAGCACTTGCTTCCTGAGCTA

GACTTTGGGTGATCATTAATTGATTGTTTCAATC

TGTGTGGAATTGTGAGCGGATA 

(This Study) 

1276 PMET3-YFP-BUD2 F  GACTGTGTACGGTTATCCACATTTTTAAATTAAA

ACTATCTGTATTATTATTACTTATAAAGATAATC

TATCTAGAAGGACCACCTTTGATTG 

(This Study) 

1327 MLC1-YFP-HIS1 R CCAATTCGAACAAGACTATACAATAACTATAATT

TGTAAAACTTGTAGTATATATATTTCAATGGTTA

ATTGGAATTCCGGAATATTTATGAGAAAC 

(93) 

1460 rsr1::dpl200 F AGGTATGTACATTCAACAAAAGCCCGTTACACTT

GTATTTCAATAACCCTATATACTAACTTTTGTTTT

GGTTTTCCCAGTCACGACGTT 

(This Study) 

1530 PMET3:YFP::BUD5 F ATTCACTGAATTTCACTTATATATATAAATTCATT

TGACATCCCGTTTACAGAAATAGTTCCCGTATAT

ATCAAGTTCTAGAAGGACCACCTTTGATTG 

(This Study) 

1702 PMET3-YFP-RSR1 F ACACCAGAAAAAAAATAGTAATTCTGTATACCT

TTATACAAATAAGATTTTAAAGCCTATTCACAAA

CATCAATCTTCTAGAAGGACCACCTTTGATTG 

(This Study) 

1717 PMET3:YFP::BUD5 R GGCACTGTTCGAGTCAGGATATACGCTAGATGA

TGTACTGATATGTTTGCCTGGATCTGAATAGTTT

GGTTGTTGAAATTTGTACAATTCATCCATAC 

(This Study) 

2540 PMET3-YFP-BUD2 R TGTGACCTTCAAATACTCCTTTATCACGAGAAAT

GATTTTATGAAATGCAGATTGATAAGCTGGAGG

CATTTTGTACAATTCATCCATAC 

(This Study) 
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Supplemental Table 2.1 Continued 

Primer Name Primer Sequence (5’3’) Source 

2602 BEM1-YFP-HIS1 R TTTCCTCTCAACTTGAAAATATATATATATATAT

ATATAATACAAAAGTAAAACAATTCTTCTCGAAT

TCCGGAATATTTATGAGAAAC 

(This study) 

2601 BEM1-YFP F TGAAGTTAATGATGATGAAAAATTTCAAAGTATT

TTATTTGATAAATGTAAATTAATGGTTTTAGTAT

ATGGTGGTGGTTCTAAAGGTGAAGAATTATT 

(This study) 

2739 BEM1-YFP-URA3 R  TTTCCTCTCAACTTGAAAATATATATATATATAT

ATATAATACAAAAGTAAAACAATTCTTCTCTCTA

GAAGGACCACCTTTGATTG 

(This study) 

4429 RSR1F GAGAGATTATAAAGTCGTAGTA (This study) 

4430 RSR1R TCACATAATTGTGCAGCACTT (This study) 

4456 ACT1F ATGTTCCCAGGTATTGCTGA (55) 

4457 ACT1R ACATTTGTGGTGAACAATGG (55) 

4458 ECE1F CCAGAAATTGTTGCTCGTGTTG (55) 

4459 ECE1R CAGGACGCCATCAAAAACG (55) 

4460 HGC1F AAAGCTGTGATTAAATCGGTTTTGA (55) 

4461 HGC1R AATTGAGGACCTTTTGAATGGAAA (55) 

4462 HWP1F CGGAATCTAGTGCTGTCGTCTCT (55) 

4463 HWP1R TAGGAGCGACACTTGAGTAATTGG (55) 

4464 HYR1F CTCAACCTCAGTGCTGCATTAGAA (55) 

4465 HYR1R AGCCCAAGTAGCACCAGAATGA (55) 

5410 CDC42F TCCCCAATCACCCAGGAA (55) 

5411 CDC42R TGCAGCTACTATAGCCTCGTCAA (55) 
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Supplemental Fig.2.1. Spk Vesicle Localization Characteristics in RSR1-Reintegrant Control Strains, 

Visualized by Staining with FM4-64. A. Bar graphs showing the intensity index and index parameters of 

strains containing either a reintegrated complete (reintegrant, 9215) or disrupted (reintegrant null, 9339) copy 

of RSR1. Error bars show SEM. Stage-specific (GT or mature hyphae) data sharing the same letter 

designation are not significantly different from each other. Statistical differences were at the level of P<0.001 

for both hyphal stages. N=140 cells per strain for each of 3 independent experiments. 
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Supplemental Table 2.2. Vesicle Trafficking Characteristics Determined by FRAP in GTs and 

Mature Hyphae of WT (9955) and rsr1 Δ/Δ (8880) Strains* 

 
* Photobleaching experiments were performed on hyphal tips (encompassing the Spk signal) as well as on 

cytoplasmic regions 10 μm from the hyphal tip, to evaluate hyphal tip-specific changes. Note the significant 

decrease in recovery times (τ1/2 sec) between GTs and mature hyphae that is specific to rsr1Δ/Δ hyphal 

tips. P values indicate differences within a given strain with respect to developmental stage. 
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Supplemental Fig.2.2. Internalization of FM4-64 by GTs and Mature Hyphae of WT (9955) and 

rsr1Δ/Δ (8880) Strains. Bar graph depicting the background subtracted fluorescence intensities of cells 

collected from the final frames of time-lapse movies of mixed cultures of rsr1Δ/Δ and WT (expressing a 

GFP-tagged nuclear marker) cells (GTs and mature hyphae) stained with FM4-64. Error bars show 95% 

CI. Measurements were taken from one or two in-focus GT(s) and mature hyphae for each strain. Movies 

of GTs and mature hyphae were taken on the same day from a common subculture, to make comparisons 

between stages, and movies were obtained on 3 separate days. 
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Supplemental Fig.2.3. Mlc1 Localization Characteristics of RSR1-Reintegrant Control Strains 

Expressing Mlc1-YFP. A.  Bar graph depicting the percent of cells showing localization of Mlc1-YFP to 

the Spk in GTs and mature hyphae of RSR1-integrant (12430) and rsr1 null reintegrant (12431) strains.  

Stage-specific data sharing the same letter designation are not significantly different from each other.  

Statistical differences were at the level of P<0.001 for both hyphal stages.  Means represent data from an 

average of ~85 images for each strain, from 3 independent experiments. Error bars show 95% CI. B. Bar 

graphs depicting the mean intensity index and index parameters of the strains listed in A. Means represent 

~ 325 cells per strain from each of 3 independent experiments.  Stage-specific data sharing the same letter 

designation are not significantly different from each other.  Statistical differences were at the level of 

P<0.001 for both hyphal stages.  These data, in combination with the localization data in A, show a similar 

relationship as that seen in experimental WT and rsr1Δ/Δ strains, where the ability to maintain Mlc1 

localization correlates with the ability to attain a WT Mlc1 intensity index. 
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Supplemental Fig.2.4. Expression of HSGs (ECE1, HGC, HWP1, and HYR1) by C. albicans Strains  

WT, 9955; rsr1Δ/Δ, 8880; bem3Δ/Δ rga2Δ/Δ (2X), 12188; bem3Δ/Δ rga2Δ/Δ rsr1Δ/Δ (3X), 12191. Bar 

graph showing expression levels of individual HSGs, determined by qPCR, as a percentage of the stage-

specific WT strain grown in hyphal induction conditions, normalized to 100%. Stage-specific data sharing 

the same letter designation are not significantly different from each other. Statistical differences were at the 

level of P<0.05 for both hyphal stages. N=3 for each strain and hyphal stage. 



Chapter 2 

 

60 

 

  

 

 

Supplemental Fig.2.5. HSG Expression in RSR1-Reintegrant (12567) and rsr1 Null-Reintegrant 

(12570) Control Strains in GTs and Mature Hyphae. Bar graph showing pooled HSG (HGC, ECE1, 

HWP1, and HYR1) expression levels (after 120 min of hyphal induction), measured by qPCR, as a 

percentage of the RSR1-reintegrant strain, normalized to 100%.   Error bars are SEM. Statistical difference 

was at the level of P<0.05. n=3 for each strain. 
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Supplemental Fig.2.6. Bem1-YFP Localization Characteristics in RSR1-Reintegrant (12595) and rsr1 

Null-Reintegrant (12598) Strains. A. Bar graph depicting the percent of cells showing localization of 

Bem1-YFP at the tips of GTs and mature hyphae.  Stage-specific data sharing the same letter designation 

are not significantly different from each other.  Statistical differences were at the level of P<0.05.  Means 

represent data from an average of ~65 images for each strain, from 3 independent experiments.  Error bars 

show 95% CI.  B. Bar graphs depicting the mean intensity index and index parameters of the strains listed 

in A. Error bars show 95% CI.  Means represent an average of ~90 cells per strain from each of 3 

independent experiments.  Stage-specific data labeled with the same letter are not significantly different 

from each other.  Statistical differences were at the level of P<0.05 for both hyphal stages. These results 

are similar to those observed in Mlc1 experiments, suggesting that one copy of Rsr1 is not sufficient to 

restore the localization or the index at early time points, but is sufficient for recovery of characteristics in 

mature hyphae.   
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Chapter 3 

Rsr1-GTPase Cycling Promotes Efficient Clustering Of Cdc42 

and Limits Competition For Polarity Factors During C. 

albicans Hyphal Development 

 

 

 

 

 

 

 

All experiments performed and data analyzed completely by REP except:  

MI and hyphal branching data collection (Figs.3.1, 3.2) performed with the help of Sara 

Gonia. 

Time-lapse Mlc1 localization experiments and data collection (Figs.3.3, 3.4) performed 

with help from Jennifer Norton and Kendra Van Beusekom.  

RNA expression experiments (Fig.3.5) performed by Tim Heisel; data analyzed by REP. 
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I. Introduction 

 

GTPases are often described as cellular switches, ‘on’ in their GTP-bound state 

and ‘off’’ in their GDP-bound state.  However, it is thought that cycling between these 

forms, rather than any single guanine nucleotide bound state, is important to the function 

of GTPases in a number of biological processes, including polarized growth (20, 29, 45, 

53, 65, 73).  

The process of polarization has been the topic of many investigations using the 

yeast S. cerevisiae, and involves the creation of a stable cluster of activated Cdc42, a 

Rho-GTPase, to the site of growth followed by emergence of a daughter bud (17, 52).  

Models of spontaneous polarization in both in silico and “feedback re-wired” S. 

cerevisiae strains, support the idea that the ratio between the rate of Cdc42 activation 

(Kon) and the amount of positive feedback (Kfb) to the growth site controls polarization 

frequency, and can influence the number of Cdc42 clusters able to persist in a cell at any 

one time (3, 65). The computational model predicts that when the Kon is relatively large 

as compared to the Kfb, the accumulation of Cdc42 at the membrane quickly becomes 

uniform and polarization is less likely.  In contrast, as the Kon decreases with Kfb 

remaining constant, the ability to form a stable cluster increases and polarization events 

are more likely to occur.  Results from feedback re-wired S. cerevisiae strains suggest 

that increasing feedback to the site can generate multiple clusters, but that multiple Cdc42 

clusters within the same cell compete for polarity components and usually result in a 

“winner takes all” situation (50).  The inactivation of Cdc42 is also critical to the process 

of polarized growth (53, 65, 90).  Inactivation of Cdc42-GTP by either hydrolysis, via the 

Cdc42 GAPs, or its removal from the membrane, via the guanine nucleotide dissociation 

inhibitor, Gdi1, limits the region of Cdc42 activity on the membrane and impacts bud 

shape (65, 90). However, one caveat to these models is that unlike the situation in S. 

cerevisiae, or even during C. albicans’ yeast form growth, clustering of Cdc42 during C. 

albicans GT emergence is F-actin dependent (46).   During GT emergence, the stability 

or maintenance of Cdc42 clusters is thought to be dependent on the activation of 
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downstream effectors of Cdc42 at the growth site.  As a result, actin cables are directed to 

the site of growth and growth is reinforced to the region through directed transport (46, 

52-54, 62).  Polarization during C. albicans hyphal growth requires that this process must 

also be continually maintained at hyphal tips throughout development.  After the initial 

polarization event at emergence, Cdc42 activity must be restricted to a small region at the 

hyphal tips to generate the narrow morphological characteristics of GTs and mature 

hyphae (33).  As the cell transitions to the mature stage of hyphal growth, two 

simultaneous regions of Cdc42 activity are present within the cell; one narrow region of 

Cdc42 activity is maintained at the hyphal tip and a second, transient, region of Cdc42 

activity forms at what will become the septum.  After septation is completed, Cdc42 

activity is again localized exclusively to hyphal tips for the remainder of the cell cycle. 

Data from the previous chapter show that Rsr1 is involved in focusing Cdc42 

activity at hyphal tips, and is important for the maintenance of polarized growth.  Only 

cells with WT or higher Bem1-YFP intensity indices were able to maintain Bem1-YFP 

localization in mature hyphae.  In addition, time-lapse movies of the Spk, marked by 

Mlc1-YFP, suggested that the failure to transition to the mature stage of hyphal growth 

often coincided with septum formation, indicating that hyphal growth maintenance is 

particularly sensitive to disruption when two sites of growth are simultaneously 

supported.  A potential mechanism to address how two sites of polarized growth are 

initiated and maintained has been proposed in S. pombe (34).  Results from that study 

suggest that in order to initiate and maintain two sites of growth, there must be sufficient 

spatial separation to limit competition, and/or sufficient polarized growth components 

must be produced to support the second growth site.  In both single and dual site growth 

models, polarization is dependent on the cell’s ability to recruit Cdc42 to specific sites, 

while restricting its activity in other areas (3, 17, 49, 50, 52-54, 62, 90, 103).  The 

common requirement in all of the models proposed is that creation and maintenance of a 

growth zone(s) is, at least to some degree, dependent on the availability of Cdc42. 

In C. albicans, Cdc42 is uniformly localized throughout the yeast cell membrane 

and as GT growth is initiated, Cdc42 is re-localized to the site of growth (31). The region 
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of activity is thought to be enhanced through positive feedback mechanisms until there is 

a sufficient amount of components and activity to drive polarized secretion (8, 46). Data 

presented in Chapter 2 suggest that Rsr1 helps to focus Cdc42 activity at hyphal tips 

(Fig.2.5), and that focusing Cdc42 is needed to facilitate the feedback that maintains the 

expression of the hyphal transcriptional program (Fig.2.4).  Localized Rsr1 activity at 

hyphal tips, along with the predicted interactions of the Rsr1 GTP-and GDP-bound forms 

with the polarity proteins Cdc42, Cdc24, and Bem1 (11, 73, 81), provides a possible 

mechanism for how Rsr1-cycling activity could spatially restrict the activity of Cdc42 

and support continuous polarized hyphal growth.  I hypothesize that Rsr1 activity, by 

cycling between its GTP and GDP bound forms, has the capability to control both 

positive feedback to regions of Cdc42 activity, as well as the negative feedback that 

delimits the region of Cdc42 activity. 

 In this chapter, I use the deletion of the Rsr1-GAP (Bud2) and-GEF (Bud5) to 

examine the effects of Rsr1-GTP and GDP on growth initiation and maintenance, hyphal 

morphogenesis, and the expression of the hyphal transcriptional program.  My data show 

that Bud2 activity strongly affects hyphal widths by limiting the window of Cdc42 

activity, and supports polarized growth initiation.  In comparison, Bud5 activity does not 

have as strong of an effect on hyphal widths, but does support growth maintenance in 

mature hyphae.  Together, these data support my previous hypothesis that Rsr1 helps 

focus Cdc42 activity at hyphal tips, and extends those results to show how spatial 

restrictions may be imposed by Rsr1 cycling to affect growth initiation, morphology, 

hyphal gene expression, and maintenance of hyphal growth. Using these results and those 

from the previous Chapter, I propose a mechanism of conservative polarization in which 

Rsr1-cycling limits the amount of Cdc42 needed to achieve polarization at GT initiation, 

and enhances the maintenance of polarized growth by slowing Cdc42 activation rates and 

spatially restricting the region of Cdc42 activity at hyphal tips. 
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II. Materials & Methods 

 

Strains, Culture Conditions, and General Procedures 

 Strains were grown as previously described (81), unless otherwise noted.  C. 

albicans strains used in this study are listed in Table 3.1.  Strains were constructed as 

previously described using PCR-mediated gene modification (26, 27).  Primers used in 

the construction of strains are listed in Supplemental Table 3.1.  Constructions were 

verified by PCR using at least one primer that targeted a sequence outside of the site of 

integration. In addition, expression of fluorescent proteins was evaluated by fluorescence 

microscopy and western blotting as described in Chapter 2(81).  DAPI (4',6-Diamidino-2-

Phenylindole, Dihydrochloride, Roche, #10236276001) was used in determining the 

number of nuclei in each cell during yeast form growth.  Briefly, exponentially growing 

cells from each strain were harvested from a 4 hr subculture, resuspended in DAPI 

(5mg/ml) in phosphate buffered saline (PBS) solution for 5 min, and rinsed with PBS 

before imaging. 

 

Image Acquisition and Processing 

 Still and time-lapse images were collected as previously described in Chapter 2 

(81) using a Nikon E600 microscope equipped with 60X/1.4 NA and 100X/1.4 NA 

objectives, FCS2 objective heaters (Bioptechs, Butler, PA), and epifluorescence.  

MetaMorph version 6.3r7 (Molecular Devices LLC, Sunnyvale, CA) was used for 

acquisition and processing of all images, with the exception of FRAP experiments.  

Image acquisition settings and processing for time-lapse images of Mlc1-YFP 

localization, as well as still images of Bem1-YFP localization were identical to those 

listed in Chapter 2(81).  For MI and hyphal branch analysis, strains were grown for 4 hr 

under identical time-matched conditions, and DIC images were collected on each of three 

separate days.  A maximum of 20 fields were collected for each strain on each day using 

60X objective and acquisition setting of: 50 ms exposure, 6 steps, with a step size of 3.  

Stacked DIC images were merged using the “Best Focus” algorithm in MetaMorph.  



Chapter 3 

 

67 

 

Images of DAPI staining were collected using the Nikon E600 listed above (acquisition 

settings, 60X objective, 50 ms exposure, 86004v2 JP5 filter cube).  Final images were 

adjusted for brightness and contrast, and were cropped and resized as a group for each set 

of experiments using Adobe Photoshop CS3 (Adobe Systems Inc, San Jose, CA). 

 

Image Quantifications 

 To assess MI, the hyphal length, width, and septal/cell junction distance were 

collected using the measurements tool in MetaMorph version 6.3r7, logged to Microsoft 

Excel.  The MI was calculated for each cell (70). For hyphal branch analysis the number 

of branches, per hypha were counted. Branches were considered aberrant if the branch 

placement was <10µm from the septa and/or if the branch occurred in the apical 

compartment. The number of hyphae with apical branches was also logged separately, for 

each strain, for use in apical branching analysis.  Fluorescence Recovery after 

Photobleaching (FRAP) experiments were performed, and images were collected and 

analyzed as previously described in Chapter 2.  Briefly, recovery intensities were 

normalized (78, 81) prior to fitting using the non-linear regression tool (f=a*(1-exp(-

b*x))) of SigmaPlot (version 10.0, Systat Software, San Jose, CA).  The values of 

coefficient of determination (i.e. R2
 values) for GTs and mature hyphae of each strain 

were analyzed for differences (see statistical methods below).  Bem1-YFP tip localization 

and intensity indices were determined as described in the previous chapter.   

Mlc1-YFP localization analysis 

Results from Chapter 2 noted that the times at which the Mlc1-YFP Spk- 

associated signal was no longer visible coincided with septum formation in rsr1Δ/Δ 

strains.  Thus, to focus the analysis on changes in Mlc1-YFP tip localization during 

septum formation, only the 10th frame prior to the first visible septum up until the 10th 

frame after the septum was no longer visible where quantified from and included in the 

analysis of the time lapse movies. The percent of Mlc1-YFP localized to hyphal tips 

during time-lapse imaging, was calculated for each frame of the time-lapse movie using 

the following equation: (ISpk-Bkgr/IWC-Bkgr)*100.  Where ISpk is equal to the mean 
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integrated intensity of the Spk, Bkgr is equal to the background fluorescence levels from 

a region outside the cell, and IWC is equal to the whole cell fluorescence intensity.  

 

Quantitative Real-Time PCR (qPCR) 

 Quantitative real-time PCR assays, used to determine the expression levels of 

HSGs, were performed as previously described in Chapter 2(81) using the primers listed 

in Supplemental Table 2.2. 

 

Statistical methods 

 Bem1-YFP localization and intensity index data were analyzed as previously 

described in Chapter 2 (81).  Morphological assessments (i.e. MI and branch analysis) 

were performed using multivariate analyses using the general linearized model (GLM) 

option in SPSS 16 (IBM, Armonk, NY).  MI data was assessed using a Main Effects 

Model in the GLM, and excluding the intercept to blocking for day-to-day variation in 

hyphal induction. A repeated measures analysis of variance, was performed on time lapse 

data obtained from Mlc1-YFP localization movies (P=0.052), but the analysis was 

abandoned for two reasons.  First, I was not confident in the resultant trend based on the 

sample size, which was limited because data collection for this analysis was extremely 

labor intensive.  Second, the means obtained by pooling the percent of localized 

florescence for all time points in the time-lapse movie (the Spk and septa) appeared to be 

an accurate representation of our observations that also had a clear biological rational for 

the changes in Mlc1 localization at the  tips of rsr1Δ/Δ hyphae.  Comparison of percent 

localization and whole cell intensity values of Mlc1-YFP were also done using the 

multivariate analysis in the GLM.  Percent localization for Spk and septa, and whole cell 

Mlc1-YFP intensity values were assessed using a Main Effects Model with the intercept 

included.  Post-hoc separation of means procedures were performed in all cases using 

Tukey’s Honestly Significant Differences. 
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III. Results 

 

Hyphal morphology defects of bud2Δ/Δ strains are more severe than those of 

bud5Δ/Δ strains.  Changes in morphogenetic characteristics from those of wild-type C. 

albicans cells in response to a mutation or environmental perturbation can give us insight 

into the regulation of polarized growth.  By carefully quantifying aspects of these 

morphological changes, I am better able to understand the specific requirements for 

morphogenesis.  Previously, both rsr1Δ/Δ and bud2Δ/Δ strains, unlike S. cerevisiae 

strains with the orthologous deletions, were reported to have enlarged cell sizes and have 

more rounded cell shapes (45).  In addition, hyphae of rsr1Δ/Δ and bud2Δ/Δ strains had a 

more pseudohyphal appearance, and bud2Δ/Δ hyphae branched more frequently than 

hyphae of WT C. albicans strains (45).  To further quantify morphological observations 

in rsr1Δ/Δ and bud2Δ/Δ hyphae, and to make initial observations of bud5Δ/Δ hyphae, the 

MI for WT and each of the null mutant strains was quantified and compared after growth 

in hyphal induction medium for 4 hrs.  Consistent with previous qualitative observations 

that both rsr1Δ/Δ and bud2Δ/Δ appeared more pseudohyphal (Fig.3.1A), the MIs of both 

rsr1Δ/Δ and bud2Δ/Δ hyphae were significantly lower than WT hyphae grown on the 

same days (Fig.3.1B).  In comparison, bud5Δ/Δ hyphae appeared more hyphal-like and 

had a significantly higher mean MI than rsr1Δ/Δ and bud2Δ/Δ hyphae; however, the MI 

of bud5Δ/Δ hyphae was reduced compared to that of WT hyphae.  In addition, I 

compared the individually measured components of the MI to address how morphology 

was specifically altered in the null mutant hyphae (Supplemental Fig.3.1).  Hyphal 

lengths and widths of bud2Δ/Δ and rsr1Δ/Δ hyphae did not differ from one another, and 

while septa of rsr1Δ/Δ hyphae were less constricted than those of bud2Δ/Δ hyphae, the 

difference did not impact the MI overall.  In comparison, the lengths of bud5Δ/Δ hyphae 

were equal to those of WT, whereas the lengths of bud2Δ/Δ and rsr1Δ/Δ hyphae were 

significantly shorter than both bud5Δ/Δ and WT hyphae.  The hyphal widths of the 

bud5Δ/Δ strain were intermediate, significantly narrower than either bud2Δ/Δ or rsr1Δ/Δ, 
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but still not equal to those of WT strains. These data suggest that both Rsr1-GDP and 

Rsr1-GTP play roles in maintaining hyphal widths and lengths.  Hyphae from bud2Δ/Δ 

strains, thought to be enriched in Rsr1-GTP, had a more pseudohyphal appearance.  In 

comparison, hyphae of the bud5Δ/Δ strains, which logically are enriched in Rsr1-GDP, 

are statistically wider than the WT strain.  Together, these results support the idea that 

efficient Rsr1 cycling (a specific balance between Rsr1-GTP and GDP) is needed to 

achieve the WT hyphal morphology. 

In addition, I quantified and compared the branching frequency in mature hyphae 

of the Rsr1 cycling mutants with those of the WT strain (Fig.3.2A) to investigate the role 

of Rsr1 cycling in polarity establishment during hyphal morphogenesis.  Branching 

represents the ability to form new clusters of Cdc42, and the frequency with which new 

clusters are formed in the growing hypha.  The average number of branches per hypha in 

the bud2Δ/Δ strain was greater than in WT, and rsr1Δ/Δ hyphae had an intermediate 

branching frequency.  In contrast, the branching frequency of bud5Δ/Δ hyphae was equal 

to that of WT and significantly less that of the bud2Δ/Δ strain.  Branch positioning was 

also assessed.  WT C. albicans hyphae form branches adjacent to septa, proximal to the 

mother cell.  In rsr1Δ/Δ and bud2Δ/Δ hyphae, branch positioning is defective (45).  Upon 

closer observation, in these mutant strains, branches formed at a distance greater than 10 

μm from the septum and/or were located in the apical compartment more frequently than 

in WT hyphae.  The aberrant branching frequencies of bud2Δ/Δ hyphae were the highest 

among all of the strains; rsr1Δ/Δ and bud5Δ/Δ strains both had an intermediate aberrant 

branching frequency as compared to that of WT and bud2Δ/Δ hyphae (Supplemental 

Fig.3.2).  Even more striking in this analysis was the increased frequency of apical 

branching (branching in the most apical compartment) in bud2Δ/Δ hyphae that resulted in 

bifurcated hyphal compartments (Fig.3.2B, C). A potential explanation for this phenotype 

in bud2Δ/Δ hyphae can be derived from the localization of Bud2-YFP as observed during 

hyphal development (Fig.2.1).  Diffusely localized Bud2-YFP in the apical, actively 

elongating, compartment suggests the possibility that Bud2 acts in inhibiting the 

stochastic activation of Rsr1, thereby preventing branch formation in the apical 
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compartment.  Together, the results from the hyphal branching analyses suggest that 

regulating the amount and spatial distribution of Rsr1-GTP is important in preventing 

ectopic Cdc42 clustering and in maintaining a singular focus of polarized secretion 

during WT hyphal elongation.  

In addition, rsr1Δ/Δ and bud2Δ/Δ strains often contain multiple nuclei, whereas 

WT cells are mononuclear (Fig.3.3).  The multinuclear phenotype of the mutant strains is 

likely a consequence of defects in cytoskeleton polarization ((45) and unpublished data).  

Interestingly, bud5Δ/Δ strains that exhibited hyphal morphologies more like those of the 

WT strain, also had a reduced frequency of multi-nucleate cells as compared to rsr1Δ/Δ 

and bud2Δ/Δ strains (Fig.3.3).  These data support the idea that Rsr1 function is 

important for cytoskeletal organization, and promotes the faithful segregation of nuclei 

during polarized growth.  Altogether, these data and results from the morphological 

analysis support the idea that negative regulation of Rsr1 (i.e. GDP-bound) plays an 

active role in polarization events and that a balanced proportion of the GTP/GDP-bound 

forms of Rsr1 are needed to achieve WT polarized growth characteristics (narrow cell 

shapes (MI), limited branching, cytoskeletal polarization).   

Competition for polarity factors between Spk and septum is disrupted by 

changes in Rsr1 cycling.  The morphological and nuclear analyses indicate that the 

degree of disruption to the cytoskeleton and polarized growth processes of the bud5Δ/Δ 

strain are less than that of rsr1Δ/Δ and bud2Δ/Δ strains.  A possible reason for the less 

severe phenotypes is that bud5Δ/Δ hyphae are able to direct and/or retain components of 

polarized growth machinery to hyphal tips more effectively than either rsr1Δ/Δ or 

bud2Δ/Δ strains.  Cycling of Rsr1 at hyphal tips, in conjunction with the predicted 

interactions of Rsr1 with Cdc24 and Cdc42, sets up a potential mechanism for polarity 

factors to be retained in regions of active growth.  I previously observed that localization 

of the Mlc1-Spk signal, a downstream marker of Cdc42 activity, was lost in rsr1Δ/Δ 

hyphae specifically at times of septation (81).  This indicated that the ability to retain 

polarity factors like Mlc1during the completion of the cell cycle, may be reduced in 

rsr1Δ/Δ hyphae.  To gain more information about how Rsr1 cycling was affecting the 
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localization and retention of Mlc1 to hyphal tips during septum formation, I quantified 

and compared fluorescence intensity values of Spks and septa, as a percent of the whole 

cell fluorescence, from time-lapse movies of WT, rsr1Δ/Δ, bud2Δ/Δ, and bud5Δ/Δ 

hyphae.   A minimum of 40 frames per hypha were quantified spanning the times shortly 

before, during, and after septum formation was complete, and only movies in which 

polarized growth continued in the primary hypha were used for quantification purposes. 

Consistent with my earlier qualitative observations in rsr1Δ/Δ hyphae, the Spk-associated 

signal showed the greatest reduction in intensity when the signal from the septum was at 

its peak (Fig.3.4).  Quantitative fluorescence data from time-lapse movies of bud2Δ/Δ 

and bud5Δ/Δ hyphae expressing Mlc1-YFP showed a similar relationship between the 

Spk and septum-localized signals.  Somewhat surprisingly though, when the Mlc1-Spk 

and septum localizations were analyzed in the WT strain, a similar anti-correlated pattern 

was observed.  This consistent fluctuation between the Spk and septum-localized signals 

in all strains, including WT, suggests a potential competition between the sites for 

polarity factors during septation events.  To determine if the competition between these 

two sites of polarized growth is affected by changes in Rsr1 cycling, I averaged the 

percent of whole cell Mlc1-fluoresence that was localized to either the Spk or septum, 

from multiple hyphae, and compared those values between strains (Fig.3.5).  The percent 

of Mlc1-fluorescence that localized to the Spks differed between all strains.  WT showed 

the highest percentage of Spk-associated fluorescence, followed by bud5Δ/Δ, rsr1Δ/Δ, 

and finally bud2Δ/Δ (Fig.3.5A).  Thus, of all the mutant strains, bud5Δ/Δ strains appear 

to be the best able to retain Mlc1-YFP at the Spk.  Given the results showing that reduced 

Spk fluorescence levels are at their lowest when fluorescence levels at the septum are at 

their peak, it is tempting to speculate that the Spk-signal reduction might be due to a 

direct re-allocation of polarity factors from the Spk to the septum.  If this were the case, I 

would expect a proportional increase in septal fluorescence in the mutant strains.  

However, when the percent of Mlc1-YFP fluorescence localized to septa was analyzed 

between strains, the fluorescent signals were equal to, or lower than those, of WT 

(Fig.3.5B). These results argue that the reduced Mlc1 Spk signal in the null mutant 
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strains is not because Mlc1-YFP is being re-allocated to the septum, because the mean 

septum fluorescence did not show increases in intensity that were proportional to losses 

observed at the hyphal tip.  Rather, these results suggest that the Mlc1-YFP fluorescence 

had become delocalized in the null mutant strains, and in particular, the effect is greatest 

for the bud2Δ/Δ strain. These results are consistent with idea that Bud2 (or Rsr1-GDP) 

acts as a barrier to prevent loss of polarity components from hyphal tips to a competing 

site of polarized growth.  Although Bud5 also has a role in this, its function may be less 

than that of Bud2, since the amount of mislocalization, inferred by the respective loss of 

fluorescence signal in the Spk and septum, was minimal in bud5Δ/Δ hyphae. These 

results are consistent with the observation that bud5Δ/Δ hyphae have a more hyphal MI 

than bud2 hyphae (Fig.3.1). I hypothesize that mislocalization of Mlc1 in the Rsr1-

cycling-deficient strains is a result of an imbalance in the ratio of Rsr1-GTP to GDP.  

Overall, these data are consistent with the idea that the GTP- and GDP-bound forms of 

Rsr1 influence the ability of polarity factors to localize to, and be maintained at, hyphal 

tips.  Importantly, the total cellular levels of Mlc1-YFP did not differ between any of the 

strains by quantitative western blot analysis (Fig.3.5C, Fig.2.3D).  Thus, it is unlikely that 

the fluorescence intensity differences in the mutant strains were due to changes in Mlc1-

YFP expression levels.   

The apparent greater increase in mislocalization of Mlc1 observed in the bud2Δ/Δ 

strain raised the possibility that vesicle delivery is misdirected in this strain.  To test this, 

I analyzed the R2 values derived from FRAP experiments of FM4-64 stained vesicles in 

WT, bud2Δ/Δ, and rsr1Δ/Δ GTs and mature hyphae.  The R2 value, or correlation co-

efficient, is determined from the FRAP recovery curve, and represents the dependency of 

fluorescence recovery with respect to time.  In GTs, R2 values did not differ between 

strains (Table 3.2).  In contrast, R2 values obtained from mature bud2Δ/Δ hyphae were 

significantly lower than those from bud2Δ/Δ GTs, and lower than those of mature WT 

hyphae, and this finding was specific to the region in which the Spk normally localizes 

(the hyphal tip).   R2 values of rsr1Δ/Δ strains did not differ between stages of growth or 

from the R2 values obtained in mature WT hyphae.  These results show that the regular, 



Chapter 3 

 

74 

 

step-wise, amount of fluorescence recovered per unit time (i.e. the “pattern” of vesicle 

delivery) as observed in WT hyphae is disrupted in mature bud2Δ/Δ hyphae, and indicate 

that vesicle delivery to hyphal tips is disorganized.  In addition, these data support the 

results of the time-lapse measurements, where bud2Δ/Δ hyphae showed a higher level of 

Mlc1-YFP mislocalization than rsr1Δ/Δ hyphae. 

WT Rsr1 cycling is required for WT HSG expression.  Thus far, I’ve shown 

that C. albicans bud5Δ/Δ strains (presumed enriched for Rsr1-GDP) appear to be less 

severely affected, with respect to cell biological markers of morphology than bud2Δ/Δ 

strains (presumed enriched for GTP-Rsr1).  As an additional measure of hyphal 

development, I monitored and compared the expression of hyphal specific genes using 

qPCR, as previously described (81).  When expression of the individual genes was 

compared between strains in GTs at 30 min of induction and mature hyphae at 4 hrs of 

induction, both bud2Δ/Δ and bud5Δ/Δ strains showed a significant increase in expression 

for each representative HSG above that of the rsr1Δ/Δ strain, and in some cases did reach 

WT levels (Supplemental Fig.3.3).  To better assess how the overall expression of HSGs 

was impacted as a group, results for each strain were pooled and compared at each stage 

of hyphal development (GT versus mature hypha).  Analysis of the pooled expression 

levels supported the general observations made with individually expressed HSGs that 

both bud2Δ/Δ and bud5Δ/Δ strains showed higher HSG expression as compared to the 

rsr1Δ/Δ strain, but reduced levels as compared to the WT strain (Fig.3.6A).  Further, no 

significant differences were observed between the developmental stages for any 

individual strain.  The finding that bud2Δ/Δ and bud5Δ/Δ strains did not differ with 

respect to HSG expression suggests that intact cycling is required, rather than a specific 

guanine nucleotide-bound form, for Rsr1 to provide WT levels of feedback to the hyphal 

transcriptional program.  Together with the data presented in Chapter 2 (81), these results 

support the idea that Rsr1 cycling activity is important for promoting the hyphal 

developmental program at the transcriptional level.  

Bud2 function (Rsr1-GDP) supports polarized growth initiation whereas 

Bud5 function (Rsr1-GTP) supports maintenance of polarity in mature hyphae.  The 
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data presented in the previous chapter supports the idea that achieving a specific level and 

distribution of Cdc42 activity in GTs is important for the continued maintenance of 

hyphal growth (Fig.2.5C).  The data also suggested that Rsr1 activity impacts GTs 

differently than mature hyphae (Fig.2.5D).  Specifically, in GTs, Rsr1 activity appears to 

define the window of polarized secretion by preventing too much active Cdc42 from 

localizing to hyphal tips.  In mature hyphae, Rsr1 activity maintains the window of 

polarized secretion by promoting the retention of active Cdc42 and its effectors to hyphal 

tips. To evaluate the role of Rsr1 cycling on the level and distribution of Cdc42 activity, I 

compared the localization characteristics of Bem1-YFP, a proxy of Cdc42-GTP 

localization, in WT, bud2Δ/Δ, and bud5Δ/Δ GTs and mature hyphae.  

 The ability to localize Bem1-YFP to growth sites of bud2Δ/Δ and bud5Δ/Δ cells, 

incubated for a short time (30 min) in hyphal-induction media, did not differ from that of 

WT cells (Fig.3.7A).  However, I noted a difference in the number of successful 

polarization (i.e. emergence) events between the strains.  I categorized the cells with 

Bem1-YFP localization as either incipient GT (IGT) or emerged GT (EGT), and 

determined the average ratio of IGT to EGT per high-power field.  Both bud5Δ/Δ and 

bud2Δ/Δ strains had a ~ 1:1 ratio of IGT to EGT, whereas WT strains showed a 4:1 ratio 

at the same time point.  This shows that while the number of cells with Bem1-YFP 

localization for either strain did not differ from WT, both bud2Δ/Δ and bud5Δ/Δ GTs 

emerged more frequently.  When the percent of cells with distinct Bem1-YFP 

localizations was compared between bud2Δ/Δ and bud5Δ/Δ strains, the percent of 

bud5Δ/Δ cells with a Bem1-YFP signal was significantly greater than that of bud2Δ/Δ 

cells (P=0.002).  These data suggest that bud5Δ/Δ strains, predicted to be enriched for 

Rsr1-GDP over Rsr1-GTP, have a greater ability to polarize than bud2Δ/Δ cells, which 

are predicted to be enriched for Rsr1-GTP over Rsr1-GDP.  In addition, I observed that a 

small but consistent percentage of bud5Δ/Δ IGTs had two or more distinct Bem1-YFP 

clusters simultaneously (Fig.3.7B).  Further, many bud5Δ/Δ cells had multiple small 

outgrowths that no longer showed Bem1-YFP localization to those tips, which were 

likely aborted attempts at GT emergence. When images of WT, rsr1Δ/Δ, and bud2Δ/Δ 
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strains taken at the same induction time were carefully inspected for similar defects, no 

evidence of multiple clustering was observed for either WT or rsr1Δ/Δ, and only one 

instance was observed in bud2Δ/Δ strains.  Similarly, no such aborted GT emergence 

sites were observed in WT, and only a few instances were observed in bud2Δ/Δ and 

rsr1Δ/Δ strains.  Thus, these data support the idea that Rsr1-cycling influences the 

activity of Cdc42, and impacts polarity establishment and early GT growth. 

 In comparing the Rsr1 cycling mutant strains with respect to Bem1 localization 

characteristics at 30 min of hyphal induction, the Bem1 intensity index of bud2Δ/Δ 

strains was reduced compared to WT.  In comparison, the intensity index of bud5Δ/Δ 

strains was intermediate to that of WT and bud2Δ/Δ strains (Fig.3.7C).  Analysis of the 

individual index components revealed that despite fluorescence intensities that were 

higher than WT, the indices for both bud2Δ/Δ and bud5Δ/Δ cells were reduced due to a 

broader distribution of the fluorescence signal.  Importantly, these increases in 

fluorescence intensity and distribution, while greater than WT, were far more modest 

than those previously observed in rsr1Δ/Δ cells.  Previously, I showed a correlation 

between the reduced Bem1-YFP intensity indices of the rsr1Δ/Δ strain, and a reduced 

HSG expression profile.  In comparing these results in bud2Δ/Δ and bud5Δ/Δ strains 

(Figs.3.6, 3.7), it is possible that the increased HSG expression level observed for 

bud2Δ/Δ and bud5Δ/Δ at 30 min of induction, as compared to rsr1Δ/Δ strains, is related 

to the more modest levels of change in the measured parameters of the Bem1 intensity 

index.  These differences could reflect a change in the level of Cdc42 activation that is 

closer to that observed in WT, and might explain the increased HSG expression levels in 

bud2Δ/Δ and bud5Δ/Δ despite having a lower than WT Bem1-YFP intensity index.  Still, 

these data support the idea that a balanced ratio of Rsr1-GTP to Rsr1-GDP is required to 

create a more focused Cdc42 cluster in GTs, which is needed to achieve WT HSG 

expression levels. 

As compared to GTs after 30 min of induction, mature bud2Δ/Δ and bud5Δ/Δ 

hyphae after 4 hr of induction had different phenotypes with respect to Bem1 localization 

characteristics.  Both bud2Δ/Δ and bud5Δ/Δ strains showed a significant decrease in the 
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ability to localize Bem1-YFP to hyphal tips as compared to the WT strain, with bud5Δ/Δ 

strains showing the most severe defect (Fig.3.7A).  These results seemed somewhat 

surprising at first, because the morphological defects and the Mlc1-YFP mislocalization 

defect had been less severe in bud5Δ/Δ hyphae.  However, the Mlc1-YFP time-lapse 

assay looks at how well the polarity component is retained at hyphal tips only during the 

period of time (generally < 90 min) during the transition from GT to mature hyphal 

growth (e.g. period of septum formation).  Results from the Mlc1-YFP localization 

analysis in bud2Δ/Δ hyphae support the idea that polarized growth can be misdirected to 

a high degree (as a result of competition between the Spk and the septum); yet, bud2Δ/Δ 

hyphae are still able to direct growth back to hyphal tips after completion of the cell cycle 

(Mlc1-YFP leaves the septum).  The ability of bud2Δ/Δ hyphae to redirect growth back 

to hyphal tips, despite mislocalization during septum formation, is consistent with data 

showing that a higher percentage of mature bud2Δ/Δ hyphae have a localized Bem1-YFP 

tip signal than bud5Δ/Δ hyphae.  The ability to reorient growth to hyphal tips after 

septation, despite the high degree of mislocalization, is likely due to Bud5 activity still 

being present at the tips of bud2Δ/Δ hyphae.  Following this logic, it makes sense that 

fewer mature bud5Δ/Δ hyphae show localized Bem1-YFP tip signal, since Bud5 is not 

present to help counteract the competition between Spk and septum, and maintain growth 

at the tips of mature hyphae.   

The Bem1-YFP intensity indices were also assessed in mature hyphae of WT, 

bud2Δ/Δ and bud5Δ/Δ strains.  Mature bud5Δ/Δ hyphae had Bem1-YFP intensity indices 

that were significantly increased as compared to both mature WT hyphae and bud5Δ/Δ 

GTs (Fig.3.6B).  The Bem1 intensity indices of mature bud2Δ/Δ hyphae were 

intermediate as compared to mature WT and bud5Δ/Δ hyphae, and were significantly 

increased as compared to bud2Δ/Δ GTs.  Analysis of the individual intensity index 

components in bud2Δ/Δ and bud5Δ/Δ hyphae showed that mature hyphae had reduced 

Bem1-YFP signal areas and widths as compared to GTs, while the overall fluorescence 

intensities remained unchanged.  Therefore, the changes in signal area and width are 

primarily responsible for the changes in the intensity index between the two 
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developmental stages.  These results are consistent with those reported in Chapter 2 (81) 

(Fig.2.5), where only a sub-population of mature hyphae that had intensity indices equal 

to or higher than WT, were able to maintain Bem1-YFP localization at their tips, and 

again support the idea that an optimum balance between the level of Cdc42 activity and 

its spatial distribution is required to maintain hyphal morphogenesis.  

 

IV. Discussion  

 

Through cycling, cellular GTPases are able to promote the activity of their 

substrates in one region while suppressing it in others to create discrete zones of activity 

within the cell.  The data presented here are consistent with my previous conclusion from 

Chapter 2 (81) demonstrating that, in C. albicans, Rsr1 activity has a novel role in 

controlling the amount and distribution of Cdc42 activity at hyphal tips (Fig.2.5A, D, 

3.7C).  The localization of Bud5 and Bud2 (Fig.2.1 B, C), and the defects associated with 

their deletion, suggest that three zones of Rsr1 activity are created in the actively growing 

hyphal compartment, which impact Cdc42 activity (Fig.3.8).  A zone of activation is 

generated at hyphal tips during GT emergence by the localization of Bud5, and a distinct 

zone of deactivation is created by the ring-like, subapical, localization of Bud2.  These 

zones act together to focus Cdc42 activity during GT emergence and are maintained at 

hyphal tips throughout development.  A third zone, a zone of inhibition, is created by the 

more diffuse localization of Bud2 in the actively elongating compartment.  In mature 

hyphae, this zone prevents the spontaneous activation of Cdc42 in actively elongating, 

apical hyphal compartments.  All three of these zones likely act in concert to create a 

sink-like draw for polarity components that drive continuous polarized growth at hyphal 

tips.  After the cell cycle is complete and the septum has formed, the mother cell returns 

to a neutral state until growth is once again activated in later cell cycles (i.e. no gradient 

of Cdc42 activity) and the daughter cell continues to elongate.     

The zones of activation and deactivation help to generate the narrow hyphal 

morphology.  Data from the MI and Bem1 intensity index support the idea that the zones 
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of activation and deactivation act in concert to control morphogenesis. When in balance, 

Rsr1-GTP (zone of activation) and Rsr1-GDP (zone of deactivation) create a narrow 

window of Cdc42 activity that defines hyphal widths and influences hyphal cell lengths 

(Fig. 3.1, Supplemental Fig.3.1, Fig.3.7).  The zone of activation directs growth to the 

region and, to some extent, contributes to the shape of the hypha.  However, the zone of 

deactivation appears to have a greater influence on morphogenesis.  The MI of the 

bud2Δ/Δ strain was not different from that of the rsr1Δ/Δ strain, whereas the bud5Δ/Δ 

strain had a more “hyphal” MI (Fig.3.1, Supplemental Fig.3.1).  I interpret these results to 

mean that the zone of activation, by itself, is not able to create the narrow window of 

activity needed to generate the hyphal cell shape.  On the other hand, the zone of 

deactivation does, to a large extent, control the size of the growth region, but by itself, 

cannot focus the window of active growth to the same extent as WT.  The subapical 

enrichment of Bud2, which defines the zone of deactivation, as opposed to its more 

diffuse localization throughout the hypha (the zone of inhibition), seems more likely to 

act in delimiting the region of active growth. Results from the branch analysis and 

observations from Mlc1-YFP time-lapse analysis suggest that all three zones contribute 

to the occurrence of branch formation and placement during hyphal morphogenesis.  The 

sink-like draw created by the zone of activation and deactivation may help to retain 

polarized growth components to hyphal tips, while the zone of inhibition limits the 

formation of competitive growth clusters.  The branch analysis shows a high frequency of 

ectopic branch placement, including branching in the apical compartment, of bud2Δ/Δ 

and rsr1Δ/Δ hyphae (Fig.3.2, Supplemental Fig. 3.2).  Observations from the time-lapse 

analyses of Mlc1-YFP localization in Chapter 2 (81) show that competitive growth sites 

in the apical compartment occur around the time of septum formation, when polarity 

components are lost from hyphal tips (Fig.2.3E, Fig.3.5). It follows then that the bud2Δ/Δ 

strain shows the highest occurrence of apical branching because bud2Δ/Δ hyphae are the 

least able to retain polarity components to hyphal tips during septation (Fig.3.5).  

Accordingly, the bud5Δ/Δ shows the least occurrence of apical branch formation because 

it had the greatest ability to retain polarity components to hyphal tips.  These data support 
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the idea that the zones of activation and deactivation contribute to single site growth by 

limiting the activity of Cdc42 to hyphal tips leading to better retention of polarity 

components during septum formation. 

The data suggest that the zone of inhibition is also important in preventing apical 

branching and maintaining tip-focused growth.  In my model, the zone of inhibition 

covers the entire actively elongating cell up to the zone of deactivation.  Time-lapse 

analyses of Mlc1-YFP localization show that apical branches most often occur in the 

central portion of the apical compartment, rather than “tip-splitting” or branching 

adjacent to septa (Movies S2.3 and S2.4).  As a cell’s length increases, the zone of 

inhibition’s role in preventing spontaneous activation of Cdc42 may extend the length 

over which the zones of activation and deactivation are able to maintain the sink-like 

draw of polarity components to hyphal tips.  This, in effect, would prevent branching in 

actively elongating compartments and contribute to maintenance of hyphal growth.  In S. 

pombe “old end” growth and “new end” growth compete for polarity components, during 

N.E.T.O., a phenomenon dependent on cell length.  As the length of the cell increases, 

the ability of a single site to effectively draw polarity components decreases and a 

secondary site is able to initiate and compete for polarity components.  Data from S. 

pombe and S. cerevisiae suggest that, if sufficient amounts of polarity components are 

present in the cell, two sites can be maintained; if not, a single site will win (34, 50).  By 

preventing spontaneous clusters of active Cdc42 from forming, growth components can 

be continuously directed to hyphal tips despite increasing cell lengths.  Consequently, the 

ability of the zone of inhibition to limit spontaneous Cdc42 activity may also play a role 

in the timing of septum formation.  Finley and colleagues showed that septum formation 

was more dependent on cell length than the length of time in the cell cycle (38).  The 

distance over which the cell is able to maintain the diffuse localization of Bud2 extending 

back from the tip may be limited; at which point, that distance may be involved in 

determining the site of septum formation.  This distance may be critical to the ability of 

the cell to maintain tip-growth during the transition between GT and mature hypha, in 

that too much competition might occur with shorter cell lengths.  This could result in an 
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increase the period of competition, and might appear as the signal “bouncing” between 

the two growth sites. 

Results from the analysis of Bem1 localization and intensity index support the 

idea that the zones of activation and inactivation impact both the frequency GT 

emergence and the maintenance of growth in the mature hypha (Fig.3.7A, C).  In GTs, 

Bem1 localization data from bud5Δ/Δ and bud2Δ/Δ strains suggest that the region of 

inactivation supports clustering and polarization events in GTs, whereas the region of 

activation may be needed to limit the frequency of clustering (Fig.3.7A, B).  A 

computational model of particle clustering uses the rate of Cdc42 activation (Kon) and 

the level of feedback (Kfb) to predict the frequency and efficiency of polarization (3).  In 

addition, the model also factors in the rate of lateral diffusion across the membrane (D).  

Relatively small ratios of Kon/Kfb were found to promote clustering and polarization by 

decreasing the frequency of activation and enhancing feedback.  Not surprisingly, when 

lateral diffusion rates were assessed as part of the model, their results suggested that high 

lateral diffusion rates reduced the frequency of polarization events because spontaneous 

localizations quickly became uniform.  In applying these results to the polarization data 

presented here, it would mean that Rsr1-GTP via Bud5 (zone of activation) is acting to 

slow the Kon of Cdc42.  This is the most likely explanation since Rsr1-GTP is known to 

interact with the Cdc42 GEF, Cdc24, in S. cerevisiae, and further, my data showing that 

bud5Δ/Δ hyphae form multiple clusters of Bem1-YFP is consistent with a higher Kon/Kfb 

ratio for Cdc42 (Fig.2.5D and 3.7C).  The role of Rsr1-GDP, in the zone of deactivation, 

is most likely to limit lateral diffusion of the zone of activation.  Indeed, the Bem1-YFP 

intensity index of the bud2Δ/Δ strain at 30 min of hyphal induction is the lowest of all the 

strains.  Growth maintenance was also impacted when Rsr1 cycling was disrupted.  

Results from Bem1 localization analyses in mature hyphae show that a higher frequency 

of successful polarization events in GTs is associated with a reduced ability to maintain 

growth in mature hyphae.  This suggests that in WT strains polarization and initiation of 

GT emergence may be minimized to increase the duration of polarized growth.  Together, 

these data are in agreement with those from Chapter 2 showing that Rsr1cycling controls 
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the amount and distribution of Cdc42 at hyphal tips, and extends them to show the 

different roles of Rsr1 GTP/GDP in limiting the frequency of polarization events and 

promoting hyphal growth maintenance. 

Overall, the tight regulation of these zones suggest the presence of a mechanism 

that promotes initial polarization events while conserving cytosolic pools of Cdc42 

needed for continuous polarized growth.  Unlike elongation in several other major 

taxonomic groups, including Ascomycetes, C. albicans elongation rates are linear and not 

pulsed (43, 45, 66, 87).  In addition, C. albicans, unlike true fungal spores, require no de 

novo synthesis of proteins for GT emergence (43).  This type of growth pattern suggests 

that a constant supply of polarized growth components is quickly made ready for a faster 

response to induction, and for growth to be made continuous.  The results presented here, 

and elsewhere (3, 49, 50) support the idea that altering polarization efficiencies can 

impact growth maintenance, and further that Rsr1 cycling impacts both emergence and 

maintenance by controlling the level and spatial distribution of Cdc42 activity.  In WT 

strains, Rsr1-GTP in the zone of activation may reduce the Kon rate of Cdc42, decreasing 

the occurrence of clustering and increasing the frequency of successful polarizations.  

The zone of inactivation limits the window of Cdc42 activity, helping to focus the Cdc42 

signal, and minimize the amount of Cdc42 required to achieve polarization.  In addition, 

the focusing effect of these zones may also act to increase positive feedback to the system 

through enhancing the recruitment of polarity components to the region, via optimization 

of a polarized actin cytoskeleton (32, 46).  The zone of inhibition contributes to this 

conservative mechanism of growth by preventing the formation of competing clusters of 

Cdc42, helping to “save” available growth components for hyphal tips. In addition, the 

zone of inhibition may be involved in determining the site where the septum will form.  

In other words, the site of septum formation may be where Bud2’s effect is no longer 

maintained.  Thus, for C. albicans, these zones help establish a conservative mechanism 

of polarization.  This is an attractive model for continuous hyphal growth in C. albicans 

because it allows for the immediate emergence of GTs using “on hand” supplies of 
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polarized growth components, while at the same time reserving pools of these 

components that can be used to support continuous polarization. 
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V. Chapter 3 Tables & Figures 

 

Table 3.1. Strains Used in This Study 

Strain Relevant Genotype Source 

BWP17 ura3 Δ:: λimm434/ura3Δ:: λimm434 his1::hisG/his1::hisG 

arg4::hisG/arg4::hisG 
(100) 

CA1243 (BWP17) rsr1::dpl200/rsr1::dpl200 MLC1/MLC1-YFP:HIS1 

rsr1::dpl200::rsr1:URA3 
(81) 

CA7426 (BWP17) bud2::HIS1/bud2::ARG4 (45) 

CA7453 (BWP17) bud2::HIS1/bud2::ARG4 hisG  arg4::hisG/arg4::URA3-

ARG4 
(45) 

CA8880 (BWP17) rsr1::ARG4/rsr1::HIS1 arg4::hisG/ARG4-

URA3::arg4::hisG 
(45) 

CA8832 (BWP17) rsr1::ARG4/rsr1::HIS1 (45) 

CA8841 (BWP17) bud5::ARG4/bud5::HIS1 (This 

study) 

CA8870 (BWP17) bud2::HIS1/bud2::ARG4 arg4::hisG/arg4::hisG 

MLC1/MLC1::YFP-URA 
(This 

study) 

CA9151 (BWP17) rsr1::ARG4/rsr1::HIS1 MLC1/MLC1-YFP:URA3 (81) 

CA8855 (BWP17 ) bud5::HIS1/bud5::ARG4 ARG4-URA3::arg4::hisG (This 

study) 
CA11710 (BWP17 ) bud5::ARG4/bud5:: HIS1 MLC1/ MLC1::YFP-URA3 (This 

study) 

CA12156 (BWP17 ) bud2::HIS1/bud2::ARG4 BEM1/ BEM1::YFP-URA3 (This 

study) 

CA12159 (BWP17) bud5::ARG4/bud5::HIS1BEM1/ BEM1::YFP-URA3 (This 

study) 

CA12168 (JB7783) BEM1/BEM1-YFP:URA3 (81) 

CA12183 (BWP17) rsr1::ARG4/rsr1::HIS1 BEM1/BEM1-YFP:URA3 (81) 

CA12363 (BWP17) rsr1::dpl200/rsr1::dpl200 (81) 

CA12388 (BWP17) rsr1::dpl200/rsr1::dpl200 MLC1/MLC1-YFP:HIS1 (81) 

CA12570 (BWP17) rsr1::dpl200/rsr1::dpl200 pURA3-rsr1::rsr1::dpl200 (81) 

CA12598 (BWP17) rsr1::dpl200/rsr1::dpl200 pURA3-rsr1::rsr1::dpl200 

BEM1/BEM1-YFP:HIS1 
(81) 

JB6284 (BWP17) his1::hisG/hisG::his1::HIS1 arg4::hisG/ARG4-

URA3::arg4::hisG 
(13) 

JB7783 (BWP17) his1::hisG/hisG::his1::HIS1 arg4::hisG/ARG4::arg4::hisG (12) 

MG7139 (BWP17) MLC1/MLC1-YFP:URA (33) 
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Fig.3.1. Mature Hyphae of bud5Δ/Δ Strains Are More Hyphal as Compared to bud2Δ/Δ and 

rsr1Δ/Δ Strains, and Are Less Hyphal as Compared to WT.  A) Representative DIC images of 

WT (9955), rsr1Δ/Δ (8880), bud2Δ/Δ (7453), and bud5Δ/Δ (8855) strains.  B) Bar graph showing 

MI results from the strains shown in A. Error bars show 95% CI.  An average of ~75 cells per strain, 

were scored from 3 separate days of experiments.  Data sharing the same letter designations are not 

significantly different from each other. Statistical significance defined as P< 0.05. 
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Fig.3.2. Mature Hyphae of bud2Δ/Δ Strains Branch More Frequently and in Ectopic Positions as 

Compared to rsr1Δ/Δ, bud5Δ/Δ, and WT Hyphae.  A) Bar graph depicting the mean number of 

branches per hypha in WT (9955), rsr1Δ/Δ (8880), bud2Δ/Δ (7453), and bud5Δ/Δ (8855) strains. B) 

DIC image of bud2Δ/Δ hyphae exhibiting apical branches (arrowheads). Note that there is no visible 

septation in the vicinity of the branch, indicating that the branches are part of a continuous apical cell.  

C) Bar graph showing the percent of branches, scored in A, that were apically positioned.  Error bars 

show 95% CI.  An average of ~45 cells per strain were scored from 2 separate days of experiments. 

Data sharing the same letter designations are not significantly different from each other. Statistical 

significance defined as P < 0.05. 
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Fig.3.3. rsr1Δ/Δ and bud2Δ/Δ Strains Exhibit Multiple Nuclei Per Cell, but bud5Δ/Δ Strains Do 

Not.  Representative images from DAPI stained yeast of WT (9955), rsr1Δ/Δ (8880), bud2Δ/Δ (7453), 

and bud5Δ/Δ (8855) strains. 
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Fig.3.4. Spk and Septum Compete for the Polarity Factor Mlc1 During Hyphal Growth. Plots of the 

fluorescence intensities of Mlc1-YFP signals at the Spk (black solid line) and septum (red dashed).  Data 

were collected from representative time-lapse movies during hyphal growth of WT (7139), rsr1Δ/Δ 

(9151), bud2Δ/Δ (8870), and bud5Δ/Δ (11710) strains.  Intensity is expressed as a percent of whole cell 

fluorescence.  
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Fig.3.5. Competition Between Spk and Septum is Disrupted in rsr1Δ/Δ and Rsr1-cycling Deficient 

Strains.  Bar graphs of mean fluorescence intensities of Mlc1-YFP at Spk (A) and septum (B) collected 

from time-lapse movies of  WT (7139), rsr1Δ/Δ (9151), bud2Δ/Δ (8870), and bud5Δ/Δ (11710) strains 

growing as hyphae.  Mlc1-YFP fluorescence intensities at each location are expressed as a percent of 

whole cell fluorescence.  A minimum of 40 time points, spanning the time(s) of septation, were collected 

from 3-4 hyphae for each strain, and only hyphae able to  complete septum formation were included in the 

analysis.  Time-lapse images that were selected for quantitation were taken on a minimum of 3 separate 

days for each strain.  Error bars show the 95% CI. Data sharing the same letter designations are not 

significantly different from each other. Statistical significance defined as P < 0.05. C) Representative 

western blot of protein lysates from strains listed in A after 4 hrs of growth in hyphal induction conditions.  

The background-subtracted ratio of Mlc1-YFP to tubulin was collected for each strain for each of 3 

independent experiments; the means were calculated and compared using ANOVA.  No significant 

differences were detected between strains (P=0.833). 
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 Table.3.2. Vesicle Delivery to Hyphal Tips is Disrupted in bud2Δ/Δ Strains*  

 
*Table of R2 values obtained during photobleaching experiments performed with 

bud2Δ/Δ (7453), rsr1Δ/Δ (8880) and WT (9955) strains.  Independent photobleaching 

experiments were performed over multiple days at either the apex of the hyphal tip 

(Spk region) or 10µm behind the hyphal tip in GTs and mature hyphae. Significant 

statistical differences (P<0.05) are denoted by asterisks, and reflect the comparison of 

the mean R2 values of GTs and mature hyphae for each strain, within a given region. 
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Fig.3.6. Comparison of HSG Expression Between WT and Rsr1-Cycling Deficient Strains, in GTs 

and Mature Hyphae.  Bar graph showing the mean HSG expression levels for WT (9955), rsr1Δ/Δ (8880), 

bud2Δ/Δ (7453) and bud5Δ/Δ (8855) strains.  Error bars show 95% CI.  Data is represented as the mean 

pooled HSG expression level for three independent experiments. Data sharing the same letter designations 

are not significantly different from each other. Statistical significance defined as P < 0.05. 
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Fig.3.7. The Localization of Bem1-YFP to Hyphal Tips Differs Between bud2Δ/Δ and bud5Δ/Δ 

Strains. A) Bar graph showing the percent of GTs and mature hyphae with tip localization of Bem1-YFP 

in WT (12168), bud2Δ/Δ (12156) and bud5Δ/Δ (12159) strains.  Data from rsr1Δ/Δ strains, shown in A 

and C, is reprinted from Chapter 2 for ease of comparison.  B) Representative DIC and fluorescence images 

from bud5Δ/Δ strain expressing Bem1-YFP (12159).  In the far left DIC panel, the black arrows indicate 

aborted attempts at polarized growth.  In the middle and far right fluorescence panels, the white arrows 

indicate multiple, distinct Bem1-YFP clusters within the same cell.  C)  Bar graphs of the intensity index 

and index components for the strains listed in A. Error bars indicate 95%CI.  Data sharing the same letter 

designations are not significantly different from each other. Statistical significance defined as P < 0.05. 
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Fig.3.8. Model of how Rsr1 Cycling Creates Zones of Cdc42 Activity at Hyphal Tips.  Localization 

of the Rsr1 activator, Bud5, provides positive feedback at the very apex of the hyphal tip.  Bud2 activity 

provides negative spatial regulation, through its subapical localization, and also creates a zone of 

inhibition though its more diffuse localization within the apical compartment. 
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Chapter 3 Supplemental Tables & Figures 

 
Supplemental Table.3.1. Oligonucleotide Primer Sequences Used in This Study 
Primer Name Primer Sequence (5’3’) Source 

1076 MLC1-YFP F AAAGGGGTCAATGTAACTTCTGATGGAAATGTG

GATTATGTTGAATTTGTCAAATCAATTTTAGAC

CAAGGTGGTGGTTCTAAAGGTGAAGAATTATT 

(93) 

1077 MLC1-YFP-HIS1 R CCAATTCGAACAAGACTATACAATAACTATAAT

TTGTAAAACTTGTAGTATATATATTTCAATGGTT

AATTGTCTAGAAGGACCACCTTTGATTG 

(93) 

1265 rsr1::dpl200 R TCACATAATTGTGCAGCACTTGCTTCCTGAGCT

AGACTTTGGGTGATCATTAATTGATTGTTTCAAT

CTGTGTGGAATTGTGAGCGGATA 

(This study) 

1327 MLC1-YFP-HIS1 R CCAATTCGAACAAGACTATACAATAACTATAAT

TTGTAAAACTTGTAGTATATATATTTCAATGGTT

AATTGGAATTCCGGAATATTTATGAGAAAC 

(93) 

1460 rsr1::dpl200 F AGGTATGTACATTCAACAAAAGCCCGTTACACT

TGTATTTCAATAACCCTATATACTAACTTTTGTT

TTGGTTTTCCCAGTCACGACGTT 

(This study) 

2602 BEM1-YFP-HIS1 R TTTCCTCTCAACTTGAAAATATATATATATATAT

ATATAATACAAAAGTAAAACAATTCTTCTCGAA

TTCCGGAATATTTATGAGAAAC 

(This study) 

2601 BEM1-YFP F TGAAGTTAATGATGATGAAAAATTTCAAAGTAT

TTTATTTGATAAATGTAAATTAATGGTTTTAGTA

TATGGTGGTGGTTCTAAAGGTGAAGAATTATT 

(This study) 

2739 BEM1-YFP-URA3 R  TTTCCTCTCAACTTGAAAATATATATATATATAT

ATATAATACAAAAGTAAAACAATTCTTCTCTCT

AGAAGGACCACCTTTGATTG 

(This study) 

4429 RSR1F GAGAGATTATAAAGTCGTAGTA (This study) 

4430 RSR1R TCACATAATTGTGCAGCACTT (This study) 

4456 ACT1F ATGTTCCCAGGTATTGCTGA (55) 

4457 ACT1R ACATTTGTGGTGAACAATGG (55) 

4458 ECE1F CCAGAAATTGTTGCTCGTGTTG (55) 

4459 ECE1R CAGGACGCCATCAAAAACG (55) 
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Supplemental Table.3.1 Continued 

4460 HGC1F AAAGCTGTGATTAAATCGGTTTTGA (55) 

4461 HGC1R AATTGAGGACCTTTTGAATGGAAA (55) 

4462 HWP1F CGGAATCTAGTGCTGTCGTCTCT (55) 

4463 HWP1R TAGGAGCGACACTTGAGTAATTGG (55) 

4464 HYR1F CTCAACCTCAGTGCTGCATTAGAA (55) 

4465 HYR1R AGCCCAAGTAGCACCAGAATGA (55) 

5410 CDC42F TCCCCAATCACCCAGGAA (55) 

5411 CDC42R TGCAGCTACTATAGCCTCGTCAA (55) 
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Supplemental Fig.3.1. bud5Δ/Δ Strains Show Full and Partial Recovery, Respectively, of Hyphal 

Length and Width as Compared to rsr1Δ/Δ Strains.  Error bars show 95% CI.  An average of ~75 cells 

per strain, were scored from 3 separate days of experiments.  Data sharing the same letter designations are 

not significantly different from each other. Statistical significance defined as P < 0.05. 
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Supplemental Fig.3.2. Aberrant Branching Frequency of WT, rsr1Δ/Δ, and Rsr1-Cycling Mutant 

Strains.  Frequency of branches that were >10 µm from septa and branches that formed in the apical 

compartment of the hypha in WT (9955), rsr1Δ/Δ (8880), bus2Δ/Δ (7453), and bud5Δ/Δ (8855) strains.  

Bars of the same letter designation are not statistically different from one another (P<0.05). 
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Supplemental Fig.3.3. Comparison of Expression Levels of HSGs in WT, rsr1Δ/Δ and Rsr1-

cycling mutants.  Bar graph showing the mean expression levels of ECE1, HWP1, HGC1, and HYR1 

in GTs and mature hyphae (MH) of the strains listed in Fig.3.6.  Error bars show 95% CI.  Data is 

represented as the mean of three independent experiments. Data sharing the same letter designations 

are not significantly different from each other. Statistical significance defined as P < 0.05.  
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Initiation and maintenance of polarized growth are critical steps in processes such 

as cell division, cell migration, and the generation of cell shape across all of Eukarya.   

The opportunistic fungal pathogen C. albicans is an interesting model system in which to 

study the mechanisms of polarized growth because of its plasticity in cell shape, and the 

extreme nature of polarization during its hyphal development.  Further, because there is 

such a strong link between the hyphal growth form and virulence, an understanding of 

hyphal development could provide insight into mechanisms C. albicans pathogenesis.    

The foundation for my thesis work is based on previous findings from the Gale 

laboratory that deletion of C. albicans Rsr1 results in additional morphological defects, 

which could not be attributed to the proposed function of Rsr1 in S. cerevisiae BSS (45).   

The goals of my work were to address the following, within the context of C. albicans 

hyphal development: 1) identify and, when possible, quantify specific aspects of cellular 

dysfunction caused by loss of Rsr1, 2) assess the different roles of Rsr1-GDP and Rsr1-

GTP, and 3) identify potential mechanisms by which Rsr1 activity is involved in 

polarized growth.   As part of this work I have developed and employed a number of 

assays that utilize quantitative fluorescent microscopy (QFM).  It should be noted that 

while there are currently many fluorescent tools available for use in C. albicans research, 

very few groups use quantitative approaches with fluorescent microscopy to address their 

research questions.  My work contributes to the emerging use of QFM in answering cell 

biological questions, not with simple qualitative comparisons, but with relevant metrics 

with which to test hypotheses about cellular morphogenesis in both time and space.  My 

work identifies a role for Rsr1 cycling in generating a focused cluster of Cdc42 at hyphal 

tips.  In doing this, Rsr1 affects the efficiency with which polarization is established, the 

maintenance of constitutive polarized secretion at the hyphal tips, and the degree to 

which the hyphal transcriptional program is expressed.  Results from my work and works 

of others support the notion that requirements for polarized growth in C. albicans differ 

from those of S. cerevisiae. 

The fact that C. albicans hyphal growth can maintain cell-cycle independent 

linear growth rates over extreme distances, and requires no de novo protein synthesis 
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gives rise to the idea that there is potentially a higher demand for polarized growth 

components during hyphal development.  The narrow width of the hyphal tube and 

maintenance of a single axis of growth in the apical cell both, theoretically, decrease the 

amount of Cdc42 and other polarized growth components needed to maintain growth, and 

therefore help meet the higher demands of the hyphal growth form.  The inability of 

rsr1Δ/Δ and Rsr1 cycling mutants to generate a WT focus of Cdc42 activity and maintain 

polarized growth, suggests that focusing Cdc42 activity may be a critical aspect of its 

own conservation, and that focusing is required for the transition to, and maintenance of, 

polarized growth in mature hyphae.  Based on these findings, I propose that Rsr1 

contributes to a conservative mechanism of polarization that supports the unique growth 

parameters of C. albicans hyphal development.   Finally, the results herein raise new 

questions about the function of Rsr1 and its cycling components during yeast growth vs. 

hyphal growth in C. albicans; for example, how Rsr1’s interactions with other polarized 

growth components may be altering their function and impacting cell signaling, and the 

potential evolutionary differences between CaRsr1 and ScRsr1 that contribute to the 

extended role of CaRsr1 in polarized growth. 

As part of this work, I developed a novel method to quantify and compare 

fluorescent signals at hyphal tips: the intensity index.  The intensity index imparts two 

advantages for measuring fluorescence signals at hyphal tips.  First, the intensity index, 

as used herein, accounts for both the shape of the fluorescent signal as well as the 

fluorescent intensity per unit volume1.   The idea of tracking the shape, or distribution, of 

fluorescence signals along with the fluorescence intensity allows us to identify spatial 

differences in fluorescent localization not afforded by using integrated measurement of 

volume, which (usually) assumes a sphere.  This was of particular value in measuring the 

fluorescent signal localization of FM4-64 and Mlc1-YFP, since the “shapes” of these 

fluorescent signals are known to change from a crescent localization (polarisome) in 

                                                 
1 since all images compared were taken with equal numbers of z-stacks, then merged as part of processing, 

the units were reported as area, but reflect the fluorescence intensity acquired over a standard z-plane 

distance i.e. volume 
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yeast and pseudohyphae, to a spherical localization (Spk) during hyphal growth.  This is 

important because it is theoretically possible for both a polarisome and a Spk to have 

identical volumes and intensities, but occupy different shapes, and because it is 

specifically a difference in shape, rather than volume, area, or intensity of these markers 

that has been used as a hallmark in distinguishing growth forms.  The second advantage 

of the intensity index is that it is unimetric, and it allows the comparison of fluorescent 

signals of varying sizes by relating them to the individual cell.  This permitted us to 

compare the fluorescent signals between cells of differing sizes and led us to identifying 

the importance of a focused activity at hyphal tips (i.e. Bem1) during hyphal 

development. 

The results from assays utilizing the intensity index infer that pseudohyphae and 

yeasts have a reduced intensity index of tip-localized polarity proteins as compared to 

those of hyphae.   However, it remains unresolved whether the intensity index observed 

for indicators like Bem1-YFP in WT hyphae are a theoretical optimum unique to hyphae, 

or simply an optimal focus for polarized growth.  That is, does all polarized growth, 

irrespective of growth form, start with an optimal focus that dissipates with time in the 

non-hyphal morphologies (more like an “On/Off” system), or do the different 

morphologies possess unique thresholds for Cdc42 activity and its distribution?  It would 

be interesting to compare the Bem1 intensity index taken from the earliest stages of 

budding yeast and compare them to the earliest stages of GT emergence to differentiate 

between these two possibilities.  Utilizing the intensity index, I could determine the 

extent to which the focus of Cdc42 activity correlates with polarized growth, and to what 

extent reductions in focus correlate with a switch to isotropic growth.  Determining the 

empirical value of this potential threshold (that correlates with polarized growth) may 

give insight into the intrinsic requirements for polarization in C. albicans as well as other 

eukaryotic organisms.  Alternatively, differences in the intensity index for budding yeast, 

pseudohyphae, and emerging hyphae could indicate that there are unique parameters that 

determine the level and distribution of Cdc42 for each growth form, and that the cell has 
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mechanisms for generating different levels of Cdc42 focus in response to environmental 

stimuli. 

The results and conclusions generated from my thesis research have also raised 

new questions about hyphal development and the role of Rsr1 in morphogenesis.   My 

results, and previous results from the Gale lab (45), show that the patterns of localization 

for each component of the Rsr1 cycling module (Rsr1, Bud5, and Bud2) during hyphal 

development differ from those observed during yeast form growth.  First, during hyphal 

development Rsr1 has a more uniform distributed across the cell membrane showing little 

to no enrichment of Rsr1 at hyphal tips.  In comparison, during yeast form growth Rsr1 

appears enriched at bud tips (45).  Second, Bud5 and Bud2 show persistent localizations 

to regions of active growth at hyphal tips that are distinctly different from their cell cycle 

dependent localizations as inferred from yeast growth in  S. cerevisiae (59, 69).  This 

raises questions about what directs these changes in localization between hyphal form 

growth and yeast, how localization becomes uncoupled from the cell cycle, and how 

these changes impact polarized growth.  One potential mechanism for the changing Rsr1 

localization between hyphal form growth and yeast may be through dimerization of Rsr1.  

In S. cerevisiae, Rsr1 was shown to interact with itself and Cdc42 in both in vivo and in 

vitro assays (59).  The Rsr1-Rsr1 interactions depended upon the guanine nucleotide 

bound state of Rsr1 (Rsr1-GDP favors dimerization), and temperature (25⁰C favored the 

interaction over 30⁰C).  Using bimolecular fluorescence complementation, the same 

study showed that as a dimer, Rsr1 was more efficiently recruited by its GEF, Bud5, to 

the mother-bud neck at the completion of the cell cycle.  These results suggest the 

possibility that shifts in temperature and/or the guanine nucleotide bound state of Rsr1 

may alter its ability to interact with itself and could influence localization of Rsr1 at 

specific times during the cell cycle.  It would be interesting to test, using bimolecular 

fluorescence complementation, the extent to which this interaction influences Rsr1 

localization and function during both hyphal and yeast morphogenesis in C. albicans as it 

could give insight into how polarized growth is reprogrammed between the two 

morphological forms. 



Chapter 4 

 

104 

 

The signal/marker that dictates the localization of the Rsr1 GEF, Bud5, and GAP, 

Bud2, and how the differences in localization between the growth forms are achieved, 

also remains unknown in C. albicans.  In S. cerevisiae, Bud5 localization is affected by 

ploidy.  In diploid cells Bud5 localization is disrupted by the deletion of ScBud8 and to a 

lesser extent ScBud9, whereas in haploid cells Bud5 localization shows strong 

dependence on the presence of Axl2 and Bud3 (59, 69).  C. albicans is not known to 

undergo a traditional sexual cycle, and little is known about how the DNA content of C. 

albicans changes, much less the impact of these changes on cellular function.  

Sequencing of the C. albicans genome has revealed that there are no orthologous 

sequences to either Bud8 or Bud9.  Unpublished work from the Gale lab indicates that 

Axl2 is not likely involved in Bud5 localization, because while bud5Δ/Δ strains show 

reduced cytotoxicity in in vitro assays of cell damage, axl2Δ/Δ strains do not.  A Bud3 

ortholog has been identified (uncharacterized ORF in the Candida Genome 

Database(51)) and may prove to be an interesting avenue of investigation for control of 

Bud5 localization.  What is known of Bud2 localization also comes from S. cerevisiae, 

where its localization to the mother-bud neck has shown dependency on the septin 

Cdc12.  In C. albicans Cdc12 is essential, and the temperature sensitive mutant, cdc12-6, 

shows defects in maintenance of hyphal growth that are reminiscent of those of the 

bud2Δ/Δ strain(Li 2012).  Growth in the primary hyphae is often abandoned and a 

secondary ectopic GTs will often form adjacent to the primary growth site.  In S. 

cerevisiae Bud2 localization is also dependent on Rsr1 itself.  In the absence of Rsr1, 

Bud2 localizes to the proper incipient bud site in G1 but then moves to a random position 

just prior to bud emergence (75).  It is possible that both of these factors could be 

influencing the maintenance of Bud2 localization to polarized growth sites.  Further 

potential changes in their associations could be important for the coupling/uncoupling of 

Bud2 localization to/from the cell cycle.   

Another interesting hypothesis to be tested, based on my findings, is that the 

mechanism by which Rsr1-cycling focuses Cdc42 activity may be by altering the rate of 

Cdc42 GTP/GDP cycling at hyphal tips.  Results from 3X (bem3Δ/Δ rga2Δ/Δ rsr1Δ/Δ) 
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strains demonstrate that slowing the rate of Cdc42 exchange can compensate for many of 

the rsr1Δ/Δ phenotypes (Fig.2.4, 2.5).  Further, the polarization patterns and frequencies 

observed in Bem1 localization studies of bud2Δ/Δ and bud5Δ/Δ GTs (Fig.3.7A, B) are 

consistent with the predicted polarization frequencies associated with lower and higher 

Kon/Kfb ratios for Cdc42, respectively (3).  Given that Rsr1 likely interacts with both 

Cdc42 and Cdc24 (73), my results are consistent with the idea that Rsr1 affects Kon rather 

than Kfb, and that Rsr1 acts to slow the activation (Kon) of Cdc42.  In support of this idea, 

data presented in Appendix A show that HSG expression is further reduced when Cdc24 

is overexpressed in an rsr1Δ/Δ strain and that WT (i.e. Rsr1 present) HSG expression is 

unaffected by overexpression of Cdc24.  In addition, it also remains open as to whether 

Cdc42 cycling rates are differentially affected by the yeast-to-hyphal transition.  I suggest 

that Rsr1 acts to slow Cdc42 activation.  I would test this hypothesis using FRAP to 

compare the exchange rate of Bem1-YFP at during both yeast and hyphal growth.  Bem1 

is an ideal candidate for this experiment as it is both a proxy for Cdc42-GTP and it is 

predicted to be highly dynamic (50).  The faster recovery times associated with increased 

rates of exchange would ease the experimental challenge of the hyphal tip growing 

outside of the selected region of interest prior to recovery (personal observations and 

(56)).  Based on my current results, I predict that rsr1Δ/Δ strains would show a faster 

Bem1 recovery than WT in either growth form, and that the Bem1-YFP signal would 

show an increased rate of exchange in yeast (during budding) over those in the WT 

hyphal growth form. 

My results also support an important role for actin in hyphal development.  The 

role of the actin cytoskeleton during polarized growth has been a subject of debate in S. 

cerevisiae, with some studies showing that polarization can proceed independently of 

organized actin cables (17), while others show that actin cables are essential for Cdc42 

recycling during polarization events (90).  In C. albicans, the initial clustering of Cdc42 

at sites of polarization during yeast form growth does not require F-actin (46), whereas 

GT emergence and maintenance of hyphal growth have been shown to be F-actin 

dependent (2, 33, 46).  In fact, mutant strains with defects in hyphal morphology almost 
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always show disruption to the organization of the actin cytoskeleton.  The results from 

my work presented here indicate that actin cable orientation at hyphal tips is potentially 

involved in reinforcing the localization of active Cdc42 at hyphal tips (Fig.2.5) and the up 

regulation of the hyphal program (Fig.2.4B), because the recovery of the Bem1-tip signal 

in 3X strains was likely the result of an actin dependant mechanism.  In addition to the 

requirement for actin cables, previous work indicates that pools of free actin may act as 

sensors during hyphal growth in C. albicans (98, 107).  A pool of free actin is needed as 

part of a tripartite signaling complex with Cry1 and Cap1, which increases production of 

the second messenger signaling molecule cAMP, to enable the up-regulation of the 

hyphal transcriptional program.  Together these results are consistent with the idea that a 

balance between actin polymerization and depolymerization within a spatially restricted 

area is needed for polarized growth and for full induction of the hyphal program.  Data 

from Chapter 2 suggest that actin cable orientation can be influenced by hydrolysis rates 

of Cdc42 (i.e. GAP deletion) and by changes in spatial regulation of Cdc42 (i.e. Rsr1 

deletion).  It would be interesting to further investigate how changes in hydrolysis rates 

of Cdc42, by the sequestration of Rga2, might affect actin dynamics between hyphal and 

yeast growth forms; and related to this, how the spatial regulation of Cdc42, by Rsr1, 

influences actin dynamics at hyphal tips, because, changes in hydrolysis rates of Cdc42 

and its spatial regulation might influence the availability of free actin to increase cellular 

cAMP levels.  These data could be used to create a computational model that could 

inform us about how Cdc42 activity and the actin cytoskeleton act together to couple cell 

biological features of hyphal morphogenesis with hyphal gene expression.  Finally, work 

done in N. crassa, suggests that changes in actin cytoskeletal dynamics influence the 

ability of fungal hyphae to invade (94).  An apical clear zone, associated with the 

depolymerization of actin, was observed in only the tips of invading N. crassa hyphae, 

suggesting a link between the regulation of actin dynamics at hyphal tips and the ability 

to invade.  Further, it was suggested that the depolymerization of actin, during invasion 

events, might represent a mechanism to allow tip yielding during substrate penetration.  It 

would be interesting to use the fluorescent reporter, Lifeact, to watch actin dynamics as 
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part of a model of C. albicans invasion in real-time (14, 15).  I would expect that similar 

changes in actin dynamics would exist during C. albicans tissue invasion; however, the 

changes may only be temporary, since the force needed to penetrate host cell membranes 

is likely greater than that required for growth inside the cell.  At which point, it might be 

interesting to look at how actin polarization is re-established after the event and what 

proteins are required for that process.  

Finally, there is the question of how the CaRsr1 protein exhibits differences in 

function as compared to the ScRsr1 protein.  A comparison of the CaRsr1 and ScRsr1 

protein sequence domains by SMART (63) analysis reveals that CaRsr1 contains a low 

complexity region (LCR) in its C-terminus that is not found in the sequence from S. 

cerevisiae (Fig.4.1A).  LCR’s are similar to tandem repeat sequences and are thought to 

arise by similar mechanism (30).  In general, as a domain, LCRs impart a greater number 

and/or flexibility in binding partners to the protein, and the position of the LCR enhances 

these effects (C-terminal localization > central localization) (30).  To test if the potential 

role of LCR in CaRsr1function, I would assess the phenotypes of a CaRsr1LCRΔ/Δ strain.  

In addition, because LCR’s are associated with an ability to interact with a greater 

number of proteins, I think it would also be important to more fully characterize the 

binding partners for CaRsr1.  ScRsr1’s interaction with Cdc42 and Cdc24 has been well 

established (11, 59, 61, 65, 73-75), and while the phenotypes of CaRsr1 most certainly 

support this predicted interaction, my results do not preclude the possibility that Rsr1 has 

other biologically significant interactions.  ScRsr1 was also shown to act as a multi-copy 

suppressor of a temperature-sensitive mutation in Ras2, which stimulates the production 

of cAMP.  Investigating new protein-protein interactions for CaRsr1, as well as the 

potential importance of the CaRsr1 LCR, may shed new light on the differences in 

function between these two organisms and the evolution of protein function. 
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Appendix A 
 

 
Appendix A. Overexpression of CDC24 Does Not Rescue HSG Expression in rsr1Δ/Δ Strains.  Bar 

graphs showing the mean pooled HSG expression levels in C. albicans strains with or without expression 

of CDC24 via the MET3 promoter. WT (12366) and rsr1Δ/Δ (12367) strains containing inducible CDC24 

alleles were grown in either the presence (repressing) or absence (inducing) of methionine or cysteine 

overnight at 30°C.  Harvested cells were inoculated into fresh media under either repressing or inducing 

conditions.  GTs and mature hyphae were harvested for mRNA extraction after 30 min and 4hr, 

respectively, of induction as previously described (81). 

Strains used in these experiments 

Strain Relevant Genotype Source 

CA12366 (BWP17) URA3-PMET3::CDC24/CDC24 (This study) 

CA12367 (BWP17) rsr1::ARG1/rsr1HIS1 URA3-PMET3::CDC24/CDC24 (This study) 


