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Abstract 

A cell’s shape is critical to its functions. The development of shape, known as 

morphogenesis, is the result of numerous finely-orchestrated cellular events that occur 

in the right places at the right times. For some cells, the cytoskeleton suffices to generate 

forces that change the shape of the plasma membrane. However, plant, fungal, and 

bacterial cells face an additional challenge required for morphogenesis – the 

modification of a rigid cell wall. 

Here, we use the budding yeast Saccharomyces cerevisiae as a model to understand 

the regulation of molecular mechanisms underlying morphogenesis during the cell cycle 

and mating response. In both situations, changing the cell shape involves polarized 

growth, which is coordinated by the Rho-family GTPase Cdc42 and its effectors. These 

polarity proteins direct the polarized secretion and localized modification of the cell wall 

to form the bud or mating protrusion. 

Once the budding yeast cell is committed to enter the cell cycle by activation of 

G1 cyclin/cyclin-dependent kinase (CDK) complexes, Cdc42 becomes concentrated at the 

presumptive bud site, actin cables are oriented towards that site, and septin filaments 

assemble into a ring around the polarity site. Several minutes later, the bud emerges. 

Here, we investigated the mechanisms that regulate the timing of these events at the 

single cell level. Additionally, we asked if actin-mediated secretion is necessary for 
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pheromone-induced polarized growth and examined the role of a less-understood 

complex (polarisome) during this form of morphogenesis.  

We employed genetics and live cell microscopy to characterize cellular events. 

We developed two image analysis programs to measure the level of protein polarization 

and the precise timing of bud emergence. 

Our results suggest that septin recruitment is delayed relative to polarity 

establishment and that a CDK-dependent septin “priming” facilitates septin recruitment 

by Cdc42. Bud emergence was delayed relative to the initiation of polarized secretion, 

and our findings suggest that the delay reflects the time needed to weaken the cell wall 

sufficiently to bud. The activation of a cell wall integrity regulating protein, Rho1, 

occurred at around the time of bud emergence, perhaps in response to local cell wall 

weakening. 

We also show that cells are capable of forming mating protrusions without actin-

mediated secretion. Surprisingly, we found that the polarisome complex might play a 

role in concentrating the upstream polarity proteins, helping to focus growth to a small 

window on the cell surface. Overall, this report reveals regulatory mechanisms 

underlying the morphogenetic events in the budding yeast.
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1. Introduction  

1.1 Cellular morphogenesis involving cell wall modification 

A cell’s shape is critical to its functions: neurons must properly extend axons and 

dendrites to communicate signals, macrophages must change form to chase down and 

engulf pathogens, and intestinal epithelial cells must grow microvilli on the lumenal 

side to effectively absorb nutrients. The development of shape, known as 

morphogenesis, is the result of numerous finely-orchestrated cellular events that occur 

in the right places at the right times. Universally, morphogenesis starts with an external 

or internal signal that triggers concentration of regulating proteins into one or more 

cluster(s) to mark the cortical site(s), distinguishing certain parts of the cell from the rest. 

Subsequently, the regulating proteins direct downstream machinery towards these 

site(s). The re-organization of different cytoskeletal components then follows suit, 

leading to the modification of cell shape. Over time, the sub-cellular localization of the 

regulators and the cytoskeleton change according to the schedule of different 

developmental stages. Failure to properly coordinate these morphogenetic events in 

time and space can impair cell functions or even lead to cell death. 

For a small percentage of the cells on Earth, the polarized arrangement of 

cytoskeletons suffices to generate mechanical force to deform the plasma membrane and 

achieve shape change. However, for most cells, morphogenesis requires an additional 

event – the biochemical modification of the cell wall. In contrast to animal cells 
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separated from their environment by the fluidic, soft plasma membrane, plant, fungal, 

and bacterial cells secrete and maintain the cell wall just outside of the plasma 

membrane, providing a more solid enclosure. In fact, it is the discovery of the cell wall 

that marked the beginning of the field of cell biology, which dates back to 1665 when the 

English scientist Robert Hooke first observed cork under the microscope in search of the 

basic unit of life. Hooke’s description of the little rooms neatly arranged in the cork 

tissue coined the terms “cell” and “wall”. Since then, we have learned much more about 

the cell wall in different organisms. 

The cell wall is a dynamic structure that is critical for a cell’s functions and 

survival. Its exclusivity to fungal and bacterial pathogens but not animal cells also 

makes it prime target for medicine and hence critical to investigate. Its composition, 

architecture, and properties vary significantly across species and growth conditions, but 

virtually all cell walls are made of different types of cross-linked carbohydrate polymers 

and proteins (with exceptions such as the green algae Chalmydomonas reinhardtii, whose 

cell wall includes only proteins (Imam et al., 1985; Adair and Apt, 1990), demonstrating 

the diversity of cell wall makeups). Collectively, these polymers exhibit spring-like 

characteristics, which is an interesting coincidence with Hooke’s other scientific legacy 

that describes the physics of springs – Hooke’s Law. More on how this mesh of springs 

is involved in cell morphogenesis is discussed later. Below, I introduce common cell wall 

compositions and functions in different domains of life. 
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1.2 Cell wall compositions and functions in plants, fungi, and 
bacteria 

Plant, fungal, and bacterial cell walls are composed of distinct types of polymers 

arranged in specific layers. Plant cells must expand the elastic primary cell wall as their 

volumes increase, and once fully grown, some types of plant cells lay down an 

additional layer called the secondary cell wall. The primary cell wall is made of 

cellulose, glycans, and pectin, whereas the secondary cell wall is made of a stiffer 

material called lignin (Alberts, 2015). Both the primary and secondary cell walls include 

a small amount of cell wall proteins (Keller, 1993). In fungi, the cell wall is schematically 

organized into the inner and outer layers. The inner layer is enriched in chitin, chitosan, 

and glucan, whereas the outer layer is mostly mannan (mannose-rich glycoproteins) 

(Erwig and Gow, 2016). Certain fungal species modify their cell walls according to the 

growth conditions, and additional materials such as melanin can be incorporated into 

the outer layer. Bacterial cell walls fall under two categories based on the architecture of 

the cell wall and the plasma membrane, and this difference was revealed by the Danish 

scientist Hans Christian Gram in 1884 based on whether the bacterium can be stained by 

his Gram staining technique or not. Gram-positive bacteria resemble the cellular 

organization of fungi in that the cell wall lies outside of the plasma membrane. On the 

other hand, Gram-negative bacteria have an extra layer of membrane outside of the 

relatively thin cell wall, making the outer membrane, but not the cell wall, the interface 

with the environment. Both types of bacterial cell wall are made of peptidoglycan 
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(glycans cross-linked to bacterial-specific peptides), but Gram-positive cell walls also 

contains teichoic acids (Silhavy et al., 2010).  

Altogether, the variety of materials together with complex arrangements give the 

cell walls the plasticity to carry out many different functions. Next, I discuss five major 

functions with specific examples. 

1.2.1 Mechanical support 

The solid physical properties of the cell wall allow cells to exhibit certain shapes 

and to resist mechanical stress. Inspired by the work in bacteria, by 1957, biologists were 

able to effectively digest away the cell wall of various yeast species using the gut juice of 

the snail Helix pomatia (thankfully, specific enzymes have since been isolated and 

produced in the lab without continuous snail sacrifice) (Eddy and Williamson, 1957; 

Necas, 1971; Osumi et al., 1998). When the cell wall was stripped away from the sausage-

chain-like psuedohyphal form of the lager-brewing yeast, Saccharomyces carlsbergensis, 

the resulting protoplasts lost their distinct shape and became spherical. Similar results 

have also been observed in the rod-shape fission yeast, Schizosaccharomyces pombe 

(Kopecka, 1975). Together, these studies demonstrated the necessity of the cell wall to 

maintain non-spherical cell shapes. 

In some cases, the mechanical support provided by the cell wall, like that of a 

skeleton to the animal body, is the primary function of the cell. During secondary wall 

growth, the xylem cells establish an interconnected network of “pipes” to transport 
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water and solutes from the soil to other parts of the plant (Ruzicka et al., 2015). This is 

achieved by laying down the hardy secondary cell wall inside of the primary cell wall 

while carefully crafting out the perforation plates and pits to allow contents to flow 

between cells. The final step of xylem maturation is completed by programmed cell 

death, which gets rid of the cell itself to clear out the space inside the cell wall. The 

remaining cell wall continues to support the hollow space inside for water 

transportation without any help from a living cell. The matured xylem is known as the 

woody part of trees, whose excellent mechanical support is often harvested by other 

animals (especially humans). 

1.2.2 Osmolarity support 

Cells swell under hypoosmotic conditions and shrink under hyperosmotic 

conditions. Precise regulation of water homeostasis is therefore important for cell 

survival and function. 

“Marine animals survive in the high tonicity of seawater (500–1000 mOsm/kg) through 

a variety of mechanisms. The shark maintains a high tonicity in its body fluids (2,3), whereas 

dolphins absorb water from foodstuffs while producing a highly concentrated urine through 

complex multilobed reniculate kidneys (4).”  - John Danziger and Mark L. Zeidel, 2015 

(Danziger and Zeidel, 2015) 

For land organisms, the cell wall provides osmolarity support in multiple ways. 

Plants absorb water from the soil, generating hypoosmotic extracellular conditions. In 
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this case, cells swell until the plasma membrane presses tightly against the cell wall, 

without which the cell would have burst (this is also true for fungal and bacterial cells 

under hypoosmotic conditions). The swollen cell pushing against the cell wall in turn 

generates turgor pressure that allows plants to stand, and this is another way for the cell 

wall to support the shape of the organism other than providing a rigid mechanical 

structure like that in the xylem cells. This is evident because in non-woody plants, 

dehydration results in wilting. 

1.2.3 Permeability barrier 

The cell wall not only protects the cell from excess water influx, it can also help 

with preventing water loss to maintain water homeostasis. This is because of the cell 

wall’s ability to act as a permeability barrier for a variety of molecules, including water. 

For example, land plants cover their aerial epidermis with a waxy material called the 

cuticle (Yeats and Rose, 2013). The cuticle, like the secondary cell wall, is a specialized 

modification of the cell wall that provides a hydrophobic layer to prevent water 

evaporation from the surface of plant tissues. It also provides an additional barricade for 

other substances’ entry to the cell from pathogens. 

As previously described, the cell wall resembles a mesh of springs made of cross-

linked polymers. This property allows it to behave like a filter, permitting only 

molecules of certain size, pH, and electric charge to pass through. For instance, the cell 
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walls of the bacteria Escherichia coli and Bacillus subtilis effectively block the entrance of 

fluorescent molecules larger than 2 nm (Demchick and Koch, 1996).  

1.2.4 Specification of cell surface domains 

The components of the cell wall are covalently linked to one another, blocking 

lateral translocation of wall components. Therefore, local structural and compositional 

changes in the cell wall are instrumental in specifying domains on the cell surface. 

In the budding yeast Saccharomyces cerevisiae, the bud site selection machinery 

dictates where the cell produces its offspring in a highly predictive manner (Wu et al., 

2013). Haploid cells bud axially, initiating the next daughter cell close to the previous 

bud site, concentrating all its reproduction around one end of the cell. Diploid cells bud 

in a bipolar fashion, placing daughter cells on either tip of the American football-shaped 

mother cell. The bud site selection machinery involves landmark proteins that are 

transmembrane in nature with the ability to extend into and anchor in the cell wall. This 

property allows these proteins to stay at the same spot after being deposited, where they 

later serve as the spatial signal to guide bud site selection. 

Upon nutrient starvation, both haploid and diploid cells initiate pseudohyphal 

growth to allow the cells form a linear string and extends outward away from the 

colony. A subset of the bud site selection proteins is required for the unipolar-distal 

budding pattern during pseudohyphal growth, which is an important foraging behavior 

(Cullen and Sprague, 2002).  
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1.2.5 Cell-to-cell interaction 

The cell wall is the outermost component of a cell (except in the case of Gram-

negative bacteria); therefore, it is the first to come in contact with the outside world, 

which is why it plays an important role in cell-to-cell interactions.  

There are three scenarios that involve cell-to-cell adhesion in the budding yeast 

Saccharomyces cerevisiae: mating, flocculation, and pseudohyphal growth. All of these 

processes involve the upregulation of certain cell wall proteins that have high affinity for 

other cell wall proteins to promote “stickiness” between cells (Teunissen and Steensma, 

1995). To reproduce sexually, haploid yeast must establish and maintain physical contact 

with another cell to allow intercellular fusion to form a zygote. Cells lacking specific cell 

wall proteins that promote cell-to-cell adhesion exhibit lower mating efficiency 

(Goossens et al., 2015). On the other hand, flocculation is the process where cells 

(regardless of mating type or ploidy) clump together upon depletion of sugars in the 

medium (Guo et al., 2000) and other conditions, forming a macroscale mat of cells easily 

visible to the naked eye (Soares, 2011). Because flocculated cells sink to the bottom of the 

growth container, the ability to exhibit flocculation has been artificially selected in 

industrial strains as a low-cost method to separate the cells from the liquid medium, 

leaving the culture liquid (usually wine or beer) clear and cell-free (Soares, 2011). Lastly, 

low-glucose conditions or nitrogen starvation triggers pseudohyphal growth, where 

cells complete cytokinesis to separate their plasma membranes but remain connected by 
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the cell wall (Gimeno et al., 1992; Cullen and Sprague, 2000). It is thought that in non-

pathogenic fungi, this behavior places new cells in the periphery of the colony, where 

there is a better chance of encountering more nutrients. Interestingly, orthologous genes 

that are upregulated during hyphal growth in the human pathogenic fungus, Candida 

albicans, have been shown to be necessary for Candida to adhere to human endothelial 

and epithelial cells (Hoyer et al., 1995; Cormack et al., 1999). 

Ironically, the cell wall is sometimes key to preventing, instead of facilitating, 

cell-to-cell interactions. During infection, the human pathogen Cryptococcus neoformans 

must evade immune detection as it spreads in the lungs and travels to the brain, causing 

lethal meningitis. Because cell wall material is extremely specific to the domains of life, 

glucan and chitin in fungal cell wall are classic examples of pathogen-associated 

molecular patterns (PAMPS) that are recognized by the animal immune system to 

trigger macrophages to engulf the fungal cells (Vega and Kalkum, 2012). Once the 

airborne Cryptococcus enters the animal, aspects of the host-specific environment, such as 

elevated temperature and reduced oxygen concentration, induce changes in the fungus 

(O'Meara and Alspaugh, 2012). Cryptococcus is often found to modify its cell wall by the 

addition of a polysaccharide capsule to the outer layer, increasing the cell radius by as 

much as 20 µm (which is about ten times the cell size) (Rivera et al., 1998). This capsule 

has been shown to be instrumental in suppressing immune response in the host, and the 
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increased size helps in resisting phagocytosis by macrophages (Vecchiarelli et al., 1995; 

Retini et al., 1998; Bojarczuk et al., 2016).  

1.3 The four forms of morphogenesis in the budding yeast 

The budding yeast Saccharomyces cerevisiae is an excellent model to study the 

regulation of morphogenetic events. Because the budding yeast provides a genetically 

tractable system to allow surgical manipulations to dissect the intricate regulatory 

networks for cellular activities, it is perhaps the best understood organism in terms of 

the genetic requirements for morphogenesis. Lee Hartwell’s classic screen in 1973 for 

temperature-sensitive cell division cycle mutants first unveiled proteins that are 

required for the budding yeast’s morphogenesis progression (Hartwell et al., 1973). Half 

a century later, we now have a better understanding of the molecular functions of these 

proteins and how they regulate one another both spatially and temporally.  

There are four major forms of morphogenesis known in the budding yeast: 

budding growth, pseudohyphal growth, mating, and sporulation. They are triggered by 

certain environmental signals, such as nutrients and pheromone. 

During budding growth, the yeast cell concentrates secretion to a small window 

on the cell surface to extend a bud that eventually grows into a daughter cell. Bud 

formation occurs in two sequential phases – first apical (tip) growth that elongates the 

newly formed bud along the mother-bud axis, followed by a switch to isotropic growth 

that expands the bud uniformly to achieve its final American football-like (diploid) or 
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spherical (haploid) shape. As the bud increases in size, its base remains small, creating a 

bottleneck where the mother and bud connect. After the two nuclei are distributed 

between the mother and bud, cytokinesis proceeds at the bud neck to separate the two 

cell bodies with a septum made of cell wall material in between. The daughter cell then 

secretes cell wall digesting enzymes towards the septum to excise itself from the mother 

cell while ensuring that both cells remain completely enclosed by a cell wall.  

Pseudohyphal growth is similar to budding growth in that a bud neck is present 

and the initial growth of the new cell is apical, but it does not involve an extensive 

period of isotropic growth. After cytokinesis, the mother and daughter cells exhibiting 

pseudohyphal growth remain connected at the cell wall level. More than half of 

environmental isolates of budding yeast are capable of filamentous growth and form 

various colony morphologies in response to different stimuli (Casalone et al., 2005). 

Pseudohyphal growth is associated with invasion into agar-like growth medium and 

adhesion to animal tissues. The ability to link several cells together is also a feature of 

biofilm production in single-celled organisms. Both tissue invasion and biofilm 

formation are virulence factors for multiple pathogenic fungi to infect humans and resist 

medical treatment. Thus, the asexual dimorphism in the budding yeast is 

underappreciated and of significant clinical and ecological significance. 

The budding yeast can multiply as either haploid or diploid cells, but only 

haploid cells undergo sexual reproduction. Upon sensing of the pheromone secreted 
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from cells of the opposite mating type, haploid yeast form “shmoos” as they attempt to 

reach for the mating partner. Because yeast is immotile, two neighboring cells must 

grow towards each other to come in physical contact and fuse to form a diploid zygote. 

A shmoo is made by elongated growth on one side of the cell over time, and it differs 

from a bud in that there is a smooth transition between the protrusion and the original 

cell body without a pinched neck. Notably, the mother-bud axis is stable during 

budding growth, but a shmoo can turn; namely, the axis of polarized growth during 

mating is plastic and can be guided to change based on the direction of the pheromone 

gradient. 

Whereas mating doubles the ploidy, sporulation accompanies meiosis as diploid 

budding yeast produce haploid offspring. Unlike budding growth, pseudohyphal 

growth, and mating, where additional plasma membrane and cell wall materials are 

inserted to the existing one, the four spores’ plasma membrane and cell wall are 

generated de novo within the mother cell’s cytoplasm during sporulation. Briefly, four 

prospore membrane “bubbles” were produced, each cupping one corner of the four 

ends of spindle pole bodies during meiosis II (Neiman, 2005). Over time, each prospore 

membrane extends and completely engulfs each spore nucleus, forming a double layer. 

In the lumen, a layer of mannan protein first assembles, followed by the synthesis of (in 

order) a glucan layer, chitosan layer, and dityrosine layer. Lastly, the outer layer of the 

prospore membrane disappears, and the mother cell’s plasma membrane and cell wall 
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mature into the ascus, holding all four spores together and providing additional shield 

from environmental insults. Many cellular machineries are shared between all four 

forms of growth while some are specialized (Coluccio et al., 2004). 

1.4 Local cell wall modification by targeted secretion 

Since the budding yeast is immotile, all four forms of its morphogenesis rely on 

polarized growth. As mentioned, cell morphogenesis generally involves signals that 

trigger the clustering of regulatory proteins and subsequent cytoskeletal reorganization. 

Whereas the forces generated by cytoskeletons suffice to change the shape of wall-less 

cells, the budding yeast requires extra steps to modify the cell wall to complete 

morphogenesis. In fact, about 180 genes are immediately involved in the modification of 

the cell wall in the budding yeast (Orlean, 2012), demonstrating the importance and 

complexity of this process.  

To understand how the budding yeast modifies the cell wall to achieve polarized 

growth, let’s look at the makeup of its cell wall (Figure 1). The yeast cell wall is 

constructed primarily of cross-linked β1,3- and β1,6-glucan polymers (the major load-

bearing elements) and heavily glycosylated cell wall mannoproteins (“mannans”: the 

major permeability determinants). Chitin (a polymer of N-acetyl glucosamine) is a minor 

constituent that is enriched in a ring at the base of the bud and is thought to provide 

mechanical protection to the mother-bud neck (Schmidt et al., 2003). Glucan and chitin 
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polymers are extruded by transmembrane synthases that use cytoplasmic UDP-glucose 

or UDP-GlcNAc as polymerization substrates (Orlean, 2012).  

 

Figure 1: Cell wall composition in Saccharomyces cerevisiae 

Cross-linked glucans and chitin make up the inner layer of the budding yeast cell 

wall, whereas mannans are mostly on the outer layer. Cell wall proteins are also 

connected to various polymers. The cell wall resembles a heterogeneous mesh of 

springs.  

To locally modify the cell wall, secretion is targeted to deliver proteins to the 

local plasma membrane or to secrete them outside of the cell. Targeted secretion 

participates in both the ying and the yang of cell wall turnover. Namely, it has the ability 

to change the composition and architecture of the cell wall in several ways. Secretion is 

essential for delivering transmembrane proteins such as glucan and chitin synthases to 

the plasma membrane (Santos and Snyder, 1997; Abe et al., 2003), where the synthases 

produce and export cell wall polymers that are then cross-linked to each other. The 
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secretory pathway also transports many cell wall proteins such as mannans, adding 

post-translational modifications on the way that enable their covalent linkage to glucan 

once they are secreted. However, polymer synthases and proteins that become part of 

the cell wall are not the only cargo on the secretory vesicles; exocytic vesicles also 

transport proteases and hydrolases, some are anchored to the plasma membrane while 

some are released outside of the cell to diffuse away through the cell wall (Orlean, 2012). 

There is a wide variety of proteases and hydrolases that modify different cell wall 

substrates in different manners, including bond-breaking in the middle or at the ends of 

glucans and chitin as well as further re-attachment for crosslinking between proteins, 

glucans, and chitin. Therefore, specifying where secretion occurs dictates the location of 

both cell wall biogenesis and hydrolysis. 

Polarized secretion in yeast is simple in that it is directed solely by the actin 

cytoskeleton (Jacobs et al., 1988; Pruyne and Bretscher, 2000), unlike larger eukaryotes 

that employ both the microtubules and microfilaments for secretion. Polymerized actin 

filaments form either short, branched “actin patches” or long, bundled “actin cables”, 

depending on the nucleator and decorating proteins. Actin patches organized by the 

Arp2/3 complex are critical for endocytosis. In contrast, actin filaments that originate 

from formins are assembled into linear bundles (cables) that mediate active delivery of 

secretory vesicles.  
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Bni1 and Bnr1 are the two formins in the budding yeast. There is functional 

redundancy between the two, as either is sufficient to support polarized growth, but 

they are synthetic lethal. The formins nucleate and elongate actin filaments, which are 

bundled into cables that serve as tracks to guide the type V myosin (Myo2) to actively 

carry secretory vesicles (marked by the Rab GTPase Sec4) to the plasma membrane 

(Figure 2) (Pruyne et al., 2004b). There, the exocyst complex on the secretory vesicles 

interact with proteins at the plasma membrane to tether the vesicle. Finally, the soluble 

N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins 

facilitate the docking and fusion of the vesicle to the plasma membrane. This is done by 

intertwining the helical domains on both the v-SNARE on the vesicle and the t-SNARE 

on the plasma membrane, bringing the two membranes in close proximity for fusion. 

Inhibition of formins (Evangelista et al., 2002), bundling proteins for actin cables (Pruyne 

et al., 1998), type V myosin (Govindan et al., 1995; Schott et al., 2002), or the SNAREs 

(Novick et al., 1980) leads to loss of polarized growth. 

As soon as a secretory vesicle fuses with the plasma membrane, it is thought that 

the secreted cell wall remodeling enzymes soften the cell wall locally. Because the cell 

wall’s physical characteristics resemble that of a mesh of springs, local softening allows 

the turgor pressure to push the local cell wall outward to generate a bulge. Polarized 

growth occurs when exocytosis is concentrated to a small area. How does secretion 

become concentrated? 
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Figure 2: Actin-mediated targeted secretion 

Formins nucleate and elongate actin filaments, which are bundled to form actin 

cables that guide Myo2 to actively transport Sec4-marked secretory vesicles. These 

vesicles also contain the exocyst, v-SNARE, and various cargo proteins. 

1.5 Regulation of Polarity establishment 

Targeted secretion is nothing more than the engine of the car, and it needs two 

more ingredients to be on the right track to morphogenesis: the foot on the gas pedal 

and the steering wheel that guides the direction of exocytosis. The former refers to the 

morphogenesis-triggering signals, and the latter is carried out by the regulators that 

mark the cortical sites. 

The morphogenesis-triggering signals are controlled by the cyclin-dependent 

kinases (CDK) and the mitogen-activated protein kinase (MAPK) pathways. The CDK 

Cdc28 is regulated via binding by 9 cyclins, Cln1-3 (Clns) and Clb1-6 (Clbs). During the 
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cell cycle, the expression and protein levels of the Clns rise in G1, promoting the 

transition of the cell cycle into S phase. Their activity also promotes the initiation of the 

clustering of regulating proteins as the first step of polarized growth (Howell and Lew, 

2012). In G2, Clb-CDK levels increase, and they promote the depolarization of both the 

regulating proteins and cytoskeletons to allow the apical-isotropic switch for bud 

growth. During mating, pheromone signaling activates a mating MAPK signaling 

pathway that initiates the polarization of the regulatory proteins. The same pathway 

also signals for cell cycle arrest in G1 and the upregulation of mating-specific genes. 

Below, I first introduce how the polarity regulators become clustered and then discuss 

how the CDK and MAPK pathways initiate this process. 

The directional cue for polarized growth comes from the master polarity 

regulator, Cdc42 (Etienne-Manneville, 2004). It is one of the six Rho-family GTPases in 

the budding yeast. All Rho GTPases cycle between the GDP-bound inactive state and the 

GTP-bound active state, which is facilitated by their guanine nucleotide exchange factors 

(GEFs; for activation) and GTPase-activating proteins (GAPs; for inactivation). Upon 

morphogenesis signaling, Cdc42 and its effectors concentrate at one location at the cell 

cortex, forming a “polarity patch” of polarity proteins in a process commonly referred to 

as “cell polarization” or “polarity establishment”. This polarity patch marks the 

incipient bud site (“polarity site”), where Cdc42 is activated. The polarity patch then 

guides the reorganization of cytoskeletons. In the absence of Cdc42, all cell wall 
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modification becomes uniformly distributed and hence unproductive for any of the four 

forms of morphogenesis.  

For yeast cells at the appropriate cell cycle stage ready for morphogenesis, 

external or internal signals dictate the direction of local cell wall modification by biasing 

the location where the Cdc42 cluster forms. During budding, the transmembrane 

landmark proteins (described in the “Specification of cell surface domains” section on 

page 7) transmit the spatial cue via the Ras GTPase, Rsr1, by interacting with its GEF, 

Bud5 (Figure 3A) (Wu et al., 2013). Active Rsr1 at the incipient bud site then recruits the 

sole GEF of Cdc42, Cdc24, kick starting the activation and polarization of Cdc42 at the 

cortex (Park et al., 1997). For mating, the G protein-coupled receptors (GPCRs; Ste2 for 

MATa cells and Ste3 for MATα cells) are critical for sensing the gradient of pheromone 

secreted by the mating partner, which provides the spatial guidance to place the mating 

projection correctly (Figure 3B). The G protein associated with Ste2/3 is composed of 

three subunits, α, β, and γ, that are bound to each other in the absence of pheromone. 

Once a pheromone receptor binds to ligand, it catalyzes the activation of Gα and 

releases the Gβγ dimer. Gβγ then recruit Cdc24 to the plasma membrane via the adaptor 

protein Far1. Effectively, Cdc42 becomes activated near where pheromone is sensed at 

the cell surface.  
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Figure 3: Spatial cues for polarization 

(A) During budding, the spatial cue for polarization is internal. The landmark 

proteins initiates Cdc42 activation through Rsr1 activation. 

(B) During mating, the spatial cue for polarization is external. The pheromone 

receptor, when bound to pheromone, activates the Gα subunit of the G protein, 

allowing the Gβγ dimer to interact with Far1, which then in turn recruits Cdc24 

to bias the location of Cdc42 activation. 

Figure adapted from Wu et al. 2013. 

Surprisingly, both Rsr1 and a pheromone gradient are dispensable for polarity 

establishment (Howell and Lew, 2012). rsr1Δ cells and cells in uniform pheromone 

concentration are able to break symmetry and place the Cdc42 cluster at a random 

location on the plasma membrane to direct downstream morphogenesis events as usual. 
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It is thought that stochastic noise generates randomly activated Cdc42 on the plasma 

membrane that suffices for symmetry breaking when combined with two other factors 

explained below. 

Cdc42 polarization requires its local activation that involves a positive feedback 

loop (Irazoqui et al., 2003; Kozubowski et al., 2008). During polarity establishment, any 

spatial-cue-induced or spontaneous activation of Cdc42 at the cortex can initiate a 

positive feedback loop that activates more Cdc42 in the following manner (Figure 4A): 

GTP-Cdc42 binds to its PAK (Cla4 or Ste20), which is connected to Cdc24 by the scaffold 

protein, Bem1. This way, GTP-Cdc42 effectively recruits its own activator to turn on 

nearby GDP-Cdc42 on the plasma membrane, generating a growing cluster of active 

GTP-Cdc42.  

Microscopy data showed that all Cdc42, active and inactive, is gathered to one 

location on the cell cortex (Figure 4B) (Ziman et al., 1993; Richman et al., 2002; Johnson et 

al., 2011), but the positive feedback alone is not enough to change the localization of 

GDP-Cdc42. A series of studies combining genetic approaches and mathematical 

modeling attribute the accumulation of all Cdc42 to the differences in the cytoplasmic 

and membrane-associated diffusion rates. Proteins like Cdc42 and Cdc24 move 

significantly faster in the cytoplasm than when they are at the plasma membrane 

(Johnson et al., 2009; Woods et al., 2016). This property combined with the positive 

feedback loop generate a “fly paper” effect that captures and converts a big influx of 
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rapidly-diffusing GDP-Cdc42 to GTP-Cdc42, which effectively becomes stuck on the 

plasma membrane. As a result, Cdc42 and other polarity proteins become concentrated 

at the polarity site over time. 

 

Figure 4: Cdc42 polarization and localization 

(A) Symmetry breaking in the budding yeast involves a positive feedback loop that 

requires the Cla4-Bem1-Cdc42 complex. Starting from the left, Cdc42-GTP on the 

plasma membrane recruits the cytoplasmic Cla4-Bem1-Cdc24 via binding with 

Cla4. This keeps the complex at the plasma membrane and allows Cdc24 to 

activate nearby Cdc42-GDP. Newly activated Cdc42-GTP then recruit more Cla4-

Bem1-Cdc42 complexes. This positive feedback loop allows the formation of a 

cluster of active Cdc42 among inactive Cdc42 molecules. 

(B) GFP-Cdc42 polarizes to a small area on the cortex before bud emergence. 

Figure adapted from Wu et al. 2013 and Johnson et al. 2011. 

Two lines of evidence provide mechanistic answers to how the CDK and mating 

MAPK pathways might trigger the onset of polarization. On one hand, the CDK inhibits 

Cdc42 GAPs (Rga2, Bem2, and Bem3) by phosphorylation (Knaus et al., 2007; Sopko et 

al., 2007). This suggests that as CDK activity increases during G1, more Cdc42 can stay 

GTP-bound and therefore able to polarize via the positive feedback loop. On the other 

hand, the association of Cdc24 and Bem1 is stimulated by CDK (Witte et al., 2017). 

Because Cdc24-Bem1 interaction is critical for the positive feedback (Kozubowski et al., 
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2008), CDK activity might therefore correlate with the strength of Cdc42 positive 

feedback. Nevertheless, it remains unclear how mating MAPK signaling triggers Cdc42 

polarization. 

Notably, the appropriate cell cycle stage is a prerequisite for the mating MAPK 

pathway to signal effectively. To avoid polyploidy, it is important that mating does not 

occur in cells with more than one copy of the haploid genome. This is done by inhibiting 

the mating MAPK pathway between Start to mitosis (Strickfaden et al., 2007). During 

that time, the scaffold critical for the MAP kinase signaling pathway, Ste5, is sequestered 

from the plasma membrane, blocking its ability to facilitate signaling even when 

pheromone from a mating partner is present. In summary, the morphogenesis-triggering 

signal is tightly linked to cell cycle control, with the additional MAPK signaling required 

during sexual reproduction. 

Because Cdc42 is widely conserved across fungi and animals (Chiou et al., 2017), 

it is important to understand mechanisms involved in Cdc42 regulation and their 

implications in cell polarity. Several studies have further investigated the mechanisms 

that fine-tune the number of polarity sites. In early polarity establishment, high 

temporal resolution live cell imaging revealed that it is common for more than one 

polarity site to arise, but these sites only exist temporarily (Wu et al., 2015). As the 

budding yeast replicates the chromosomes once during budding, if more than one 

polarity sites persists to produce more than one bud, it could result in genome instability 
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(Wu et al., 2015). How do cells resolve this situation? Wu and colleagues demonstrated 

that a winner-takes-all style competition between polarity patches is key (Wu et al., 

2015). The competition is mediated by the positive feedback as polarity patches grow 

and deplete the cellular pool of polarity proteins. In strains where the exchange of 

polarity proteins between the plasma membrane and the cytoplasm is slowed down to a 

point, the multi-polarity-patch situation cannot be resolved fast enough before bud 

emergence, resulting in simultaneous growth of multiple buds from one cell. This 

provides a potential explanation for how filamentous fungi, which share many polarity 

proteins and cellular components with the budding yeast, manage to maintain more 

than one polarity site in order to generate a branched morphology. 

1.6 Cytoskeleton organization by active Cdc42 

1.6.1 Formin organization by active Cdc42 

How does active Cdc42 in the polarity patch transmit the spatial cue to direct 

targeted secretion? This process involves the organization of actin cables. During 

budding, the cell orients actin cables properly along the mother-bud axis for secretory 

vesicle transport. Extensive research has been devoted to how Cdc42 regulates formins.  

The localization patterns differ between the two formins. Bni1 becomes 

concentrated at the polarity site within minutes of Cdc42 polarization. Both Bni1 and 

Cdc42 remain at the bud tip as the bud grows until the apical-isotropic switch in G2 

(Figure 5). During cytokinesis, Both Cdc42 and Bni1 relocate to the bud neck, where the 
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actomyosin ring forms. On the other hand, Bnr1 does not arrive at the polarity site until 

6 minutes after Bni1, and it remains at the base of the bud until cytokinesis, when it 

leaves the bud neck and becomes dispersed in the cytoplasm. 

 

Figure 5: Polarization timing of morphogenetic events in the cell cycle 

(A) In G1, Cdc42 and cytoskeletal components polarize to the incipient bud site. This 

is followed by bud emergence and apical growth of the bud, during which actin 

and Cdc42 remain polarized to the bud tip while septins form a “collar” at the 

bud neck. In G2, the bud transitions to isotropic growth. The cell undergoes 

cytokinesis at the end of mitosis.  

(B)  The timing of polarization relative to Cdc3 (t = 0) in several proteins involved in 

budding has been observed in vivo. Bem1: polarity protein. Sec4: secretory vesicle 

marker. Cdc3: septin subunit. Bni1 and Bnr1: formins. 

Figure adapted from Howell et al. 2012 and Chen et al. 2012. 

Bni1 and Bnr1 both have an N terminal GTPase-binding domain (GBD). This 

domain has been shown to allow direct Bni1 binding with Cdc42 (Evangelista et al., 1997; 
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Imamura et al., 1997), presumably regulating Bni1 localization. Surprisingly, Bni1 

lacking the GBD is fully capable of localizing to the polarity site and organizing actin 

cables in a polarized manner like in wild-type cells (Dong et al., 2003; Chen et al., 2012). 

Further effort to understand how Bni1 is linked to the polarity site then investigated 

several proteins that interact with Bni1: Spa2, Bud6, and Gic2 (Figure 6). Among them, 

Spa2 and Bud6 are known to be part of a regulatory network called the “polarisome”, 

which also includes Bni1 and Pea2. Gic2, on the other hand, is an effector of Cdc42. Gic2 

binding alone was found sufficient for Bni1 localization (Chen et al., 2012). 

However, all proposed Bni1 regulatory domains (binding sites for Spa2, Bud6, 

and Gic2) are dispensable for Bni1 to support budding growth, even though in this case 

Bni1 becomes diffusely localized in the cytoplasm and no longer locates to the bud tip 

(Gao and Bretscher, 2009). It is proposed that there might be an unknown “cable 

capturing” mechanism that compensates for the lack of a Cdc42-Bni1 link. In other 

words, Bni1 that is missing all known regulator binding sites can still produce actin 

filaments in actin cables, and these free floating cables can associate with other proteins 

located at the bud neck, where secretion was found to polarize to in this case. As to what 

the polarisome’s role is during polarized growth, if not required to locate Bni1, some 

studies suggest that this complex network of interactions contribute to a more narrowly 

targeted growth during mating, and the deletion of certain polarisome proteins lead to 

lower mating efficiency (Chenevert et al., 1994).  
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Figure 6: Complex Bni1 regulation network involving the polarisome  

Cdc42 can connect to Bni1 through four semi-redundant pathways, including 

direct binding to GBD and indirect binding via Gic2, Spa2 (through Pea2), and Bud6. 

Solid lines represent in vitro biochemical interactions. Dashed lines are interactions 

suggested by immunoprecipitation and/or co-fractionation. Dotted lines with question 

marks indicate protein co-localization. Figure adapted from Chen et al. 2012. 

1.6.2 Septin organization by active Cdc42 

In addition to regulating actin, active Cdc42 also regulates another type of 

cytoskeleton called septins. Septins are a family of GTPase proteins conserved in fungi 

and animals (Field and Kellogg, 1999). They were relatively underappreciated compared 

to the microtubules and actin; however, their contribution to cell polarity and 

compartmentalization has become increasingly recognized and studied. In the budding 

yeast, the five septin subunits form linear octamers in the cytoplasm in this order: Cdc11 

(or Shs1) – Cdc12 – Cdc3 – Cdc10 – Cdc10 – Cdc3 – Cdc12 – Cdc11 (or Shs1). The 

octamers (also known as septin rods) are then recruited to the polarity site, which is on 

the plasma membrane, via interactions with the polarity proteins. There, the septin 

octamers further polymerize and organize into higher order structures first discovered 

and known as “neck filaments”. These filaments first form a ring at the incipient bud site 
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before growing into an hourglass-like collar as the bud protrudes. Then, the septin collar 

splits into two rings at either side of the bud neck as cytokinesis takes place.  Last, the 

septin rings disassemble, and septin proteins become dispersed in the cytoplasm. 

Electron microscopy revealed distinct architectures throughout these phases, from long 

filaments in concentric circles to interlaced long and short filaments resembling a picket 

fence (Ong et al., 2014). 

Septins are widely conserved across fungi and animals. Interestingly, they are 

often found at the base of branching hyphae in filamentous fungi, at the base of 

dendritic spines in neurons, and at the base of primary cilia. This is likely due to their 

affinity for membrane curvature at the micron-scale, and they are proposed to be a key 

component in cellular sensors that monitors cell morphology (Bridges et al., 2016). For 

example, septins help the cell watch its own figure. A morphogenesis check point arrests 

the cell cycle if a cell is unable to make a bud by G2 (Lew and Reed, 1995). This prevents 

the formation of multi-nucleated cells and allows the morphogenesis cycle to catch up 

with the nuclear cycle. In order to pass through this check point, bud emergence is 

required to trigger the degradation of the mitotic inhibitor Swe1 to allow the progression 

of the cell cycle. But how is bud emergence detected? Kang et al. recently elucidated that 

changes in septin organization from the flat ring to the three-dimensional collar during 

bud formation allow the recruitment of Elm1 and consequently Hsl7 to the septins at the 

bud neck. Hsl7 then in turn recruits Swe1 to the bud neck, where Swe1 can be degraded. 
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In summary, septin organization reflects the morphogenesis progress and is key to 

targeting specific proteins to the bud neck.  

The regulation and localization of septins are still largely unclear. Like the 

orientation of actin cables towards the polarity site, recruitment of septins to the 

incipient bud site also requires polarity establishment. This is thought to be done via the 

interactions between septins and several Cdc42 effectors, including Gic1, Gic2, and Cla4. 

As the polarity patch remains at the bud tip and moves away from the bud neck, septins 

presumably undergo structural changes to allow persistent localization at the bud neck. 

How septins organize into a ring is also another topic of ongoing investigation. 

1.7 Local cell wall modification regulated by local activation 

So far, we discussed how polarization signals at the correct cell cycle stage 

trigger polarity establishment that leads to cytoskeleton organization and subsequent 

targeted secretion. Among cell wall modifying proteins, hydrolases are considered to be 

constantly active, and they begin to digest away polymers in the cell wall immediately 

once secreted. However, other cell wall modifying proteins require further regulation to 

function, which can be mediated by local activation at the plasma membrane.  

For instance, the glucan synthase Fks1 is inert without direct interaction with a 

regulating protein, Rho1 (Orlean, 2012). Like Cdc42, Rho1 is one of the six Rho-family 

GTPases in the budding yeast, and it also cycles between the GTP-bound active state 

and the GDP-bound inactive state with the help of its own GEFs and GAPs. Rho1 is 
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known to participate in both polarized growth and cytokinesis. Interaction between 

active Rho1 and Fks1 is required to produce glucan. 

Rho1 and Fks1 both localize to the incipient bud site and growing bud tip 

(Drgonova et al., 1996; Qadota et al., 1996). Rho1 is found on secretory vesicles like Fks1, 

but there it remains in the inactive state (Abe et al., 2003). In contrast, the localization of 

Rom2 (GEF of Rho1) at the incipient bud site and growing bud tip is independent of 

actin-mediated secretion (Abe et al., 2003), and there are reports that it is recruited to the 

plasma membrane via interactions with cell wall stress sensors in the cell wall integrity 

pathway (described in the next section) (Philip and Levin, 2001) or with 

phosphatidylinositol (PI)-4,5-bisphosphate (PIP2) (Audhya and Emr, 2002). Upon 

overexpression of Rom2, glucan synthesis becomes detectable in the secretory vesicles 

(Abe et al., 2003). This suggests that Rho1 (and hence Fks1) activity is largely controlled 

by local activation by Rom2 at the plasma membrane. 

Why does it take additional steps like Rho1 activation and active Rho1-Fks1 

binding for Fks1 to become catalytic? For one, both Rho1 and Fks1 are transported via 

exocytosis. If Rho1 on secretory vesicles were active, glucan synthesis would occur 

inside the cell before these proteins reach the plasma membrane, which is toxic for the 

cells (Abe et al., 2003). By separating the trafficking of Rho1 and its activators, cell wall 

biosynthesis is only allowed at the cell surface. Secondly, because Fks1 is a 

transmembrane protein, once it is delivered to the plasma membrane, diffusion causes 



 

31 

its localization to spread away from the polarity patch until it is endocytosed. Endocytic 

sites form where cargos are on the plasma membrane (Sorkin, 2004), and their lifespan 

depends on the amount of cargos trapped in them (Layton et al., 2011). Having Rho1 as a 

regulator that can be turned off quickly provides agile control for glucan synthesis in 

addition to the expression, delivery, and endocytosis control of Fks1 levels. Thus, local 

activation of Fks1 and Rho1 perhaps provides a mechanism to precisely command the 

time and place of glucan synthesis. 

Another example of local activation of a regulator for cell wall modification is the 

control of chitin synthase III (Chs3). Chs3 is crucial for the building of a chitin ring 

during the early stage of bud emergence in G1. This ring of chitin is laid down at the 

incipient bud site starting before the time of budding. It is retained mostly on the mother 

cell side after detachment of the daughter cell post-cytokinesis, leaving an SEM-visible 

structure called the “bud scar”. Deletion of CHS3 eliminates the bud scar completely but 

does not prevent budding (Shaw et al., 1991). chs3Δ cells exhibit abnormal morphology 

such as elongated bud neck, suggesting a structural supportive role for this additional 

chitin deposit where the mother cell and the bud connect (Shaw et al., 1991). 

 Chs3 localizes in an annulus pattern via direct interactions with septins. Chs3 

localization to the plasma membrane requires the secretory pathway, but it does not get 

targeted to the polarity site directly. Instead, newly synthesized Chs3 is kept in internal 

membrane compartments called “chitosomes” (Valdivia and Schekman, 2003). To 
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deposit chitins in a ring shape, Chs3 is recruited from the chitosomes to the polarity site 

as septin assembles into a ring soon after polarity establishment. The septin ring recruits 

Chs3 via direct binding of a series of proteins, similar to how it recruits Swe1 to the bud 

neck via a series of protein interaction: septins bind to the scaffold protein Bni4, which 

associates with Chs4, which binds Chs3 and is required for both Chs3 localization and 

activation. 

1.8 The surveillance system: cell wall integrity pathway 

Due to the importance of the cell wall’s role in providing mechanical and 

osmolarity support, the process of cell wall modification is also closely monitored by a 

surveillance system known as the cell wall integrity (CWI) pathway (Figure 6) (Levin, 

2011). When the CWI pathway is impaired, cells are vulnerable to environmental 

assaults and are prone to lysis. 

As a multi-functional protein, Rho1 is central to the CWI pathway, in addition to 

its role in polarized growth. At the upstream of the CWI pathway, integral membrane 

proteins (Wsc1-3, Mid2, and Mtl1) that protrude into the cell wall can sense mechanical 

stress in the cell wall-plasma membrane space. These sensors activate Rho1 by recruiting 

the GEF Rom2 and its homolog Rom1 to the cortical sites experiencing stress, where 

active Rho1 then transmits the stress signal through a kinase pathway to regulate 

proteins in cell wall biogenesis to make sure the cell’s integrity remains intact. Here, the 
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Pkc1 kinase is the Rho1 effector that bears the major responsibility for signaling. Cells 

lacking Pkc1 can only stay alive when the osmolarity of the medium is elevated. 

 

Figure 7: Cell wall integrity pathway 

Cell wall sensors transmit stress signals by recruiting Rom2, which activates 

Rho1. Rho1 then turns on the MAPK signaling pathway to upregulate cell wall genes 

through its effector Pkc1. 

An interesting study by Kono et al. observed the CWI pathway in action by 

locally damaging the mother cell wall/plasma membrane of small- or medium-budded 

cells with a laser. Upon wounding, Rho1, Rom2, Pkc1, Bni1, Myo2, and an exocyst 

component (Exo70) disappear from the bud tip within twelve minutes. Then, Pkc1, Bnr1, 

Myo2, and Exo70 accumulate at the wound site, whereas Bni1 and another exocyst 

component (Sec3) are degraded in a Pkc1-dependent manner. Cells become more 

sensitive to cell wall stress (induced by SDS or increased temperature) if they carry 

either or both mutated Bni1 and Sec3 that cannot be degraded upon laser wounding. 

The authors concluded that 1) the CWI pathway uses components that normally 
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promote polar growth to repair the local damage and that 2) the CWI pathway 

reconciles competition for common machinery between the existing polarity site at the 

bud tip and the wound site by degrading key components. The translocation and 

degradation of different parts of the secretory pathway is likely a response to prioritize 

wound healing to ensure cell survival. 

1.9 Thesis Objective 

Morphogenesis is critical for cell functions and involves the cooperation of 

multiple complex processes, including regulatory proteins, cytoskeleton, and, in plant, 

fungal, and bacterial cells, cell wall modifying proteins. The budding yeast S. cerevisiae 

serves as an excellent model organism to study morphogenesis because of its elegant 

genetic tractability and the abundance of knowledge regarding its molecular 

machineries. To reproduce by budding, yeast G1 CDK triggers polarity establishment, 

which is the clustering of the master polarity regulator Cdc42 at the cell cortex. There, 

active Cdc42 directs the polarized organization of actin and septins, leading to targeted 

secretion and local activation of cell wall modifying proteins. Over time, the bud 

emerges. During mating, the pheromone-induced MAPK pathway triggers polarity 

establishment in the cell, and, as in budding, Cdc42, cytoskeleton organization, and local 

cell wall modification together contribute to polarized growth, forming a shmoo. 

Thanks to advances in high temporal resolution microscopy, direct observation 

of cellular activities in live cells has led to breakthroughs in our understanding of 
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morphogenetic events. For example, our lab has begun to provide answers to questions 

such as how a budding yeast cell makes one and only one bud at a time. Recent studies 

also revealed complex mechanisms during polarity establishment that contribute to 

Cdc42 polarization. We also have begun to document the dynamics of protein 

localization throughout morphogenesis (Figure 7). However, we still do not have a 

holistic picture of the regulation of morphogenetic events downstream of polarity 

establishment. My thesis research uses genetics and high temporal resolution 

microscopy to study cytoskeletal organization and cell wall modification, both during 

the polarized (apical) growth phase of budding growth and shmoo formation during 

mating. 

In Chapter 2, we report a highly-predictable temporal schedule of 

morphogenetic events leading up to bud emergence. We investigate how the CDK and 

other polarity regulators affect the timing of septin recruitment at the polarity site and 

the timing of bud formation. We also tackle several controversial topics in the field, such 

as whether targeted vesicle delivery affects polarity establishment and septin ring 

assembly. To effectively extract quantitative information from the microscopy images, 

we collaborated with two scientists to develop two customized image analysis 

programs, which serve as the basis of most analyses in Chapter 2. 

In Chapter 3, we present a preliminary investigation of polarized growth in the 

mating context to understand the functions of several less-understood polarity proteins. 
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We reconcile contradicting data in the literature regarding whether targeted vesicle 

delivery is required to achieve any polarized growth in the budding yeast. We also 

discover unexpected effects in the distribution of the upstream polarity proteins by the 

polarisome complex.
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2. Temporal regulation of morphogenetic events in 
Saccharomyces cerevisiae1 

2.1 Introduction 

Many of the signature achievements of cells and organisms rely on the execution 

of a precisely ordered series of events. For example, metabolic pathways synthesize 

complex molecules through ordered series of reactions in which the product of one 

reaction creates the substrate for the next reaction (Berg et al., 2015). In this and other 

instances, each step is dependent upon completion of a prior step. In a different 

example, successful cell multiplication involves the ordered duplication and segregation 

of chromosomes prior to cell division during the cell cycle (Morgan, 2007). In that case, 

the ordering of events arises from regulated increases and decreases in the activity of 

master regulatory cyclin-dependent kinases (CDKs), constituting an independent timer 

that triggers different events in their proper order. Here we address the mechanisms 

dictating the timing of the events that contribute to bud emergence, an essential 

morphogenetic step during the cell cycle in the budding yeast Saccharomyces cerevisiae. 

Bud emergence involves several events that appear to occur in a reproducible 

order (Pringle et al., 1995; Chen et al., 2012). First, cells establish a polarity site marked by 

the local accumulation of polarity factors including the master regulatory GTPase, Cdc42 

                                                      

1 Chapter 2 is adapted from the following publication: 

Lai, H., Chiou, J-G., Zhurikhina, A., Zyla, T., Tsygankov, D., and Lew, D.J. (2018). Temporal regulation of 

morphogenetic events in Saccharomyces cerevisiae. Mol Biol Cell (in press). 
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(Chiou et al., 2017). The formin Bni1, an actin nucleator, then localizes to the polarity site 

and generates actin cables (linear bundles of parallel actin filaments) oriented towards 

that site (Pruyne et al., 2004b). The actin cables act as tracks for the delivery of secretory 

vesicles, which accumulate near the polarity site (Pruyne et al., 2004b). Septin proteins, 

which also assemble into filaments, accumulate and form a ring surrounding Cdc42 at 

the polarity site to recruit multiple proteins to the mother-bud neck and to support the 

structure of the bud (Oh and Bi, 2011; Howell and Lew, 2012). Bud emergence itself 

occurs several minutes later and involves modifications of the cell wall overlying the 

polarity site (Smits et al., 1999). 

Studies using mutants and drugs that perturb polarity or cytoskeletal factors 

have shown that whereas both the actin and the septin reorganizations that precede bud 

emergence are dependent upon Cdc42 (Adams et al., 1990; Iwase et al., 2006), actin 

polarization can occur in the absence of septins (Adams and Pringle, 1984), and septin 

ring formation can occur in the absence of F-actin (Ayscough et al., 1997), so these events 

are not obligatorily linked. Nevertheless, there is evidence that actin-mediated vesicle 

delivery contributes to proper septin ring assembly (Kadota et al., 2004; Kozubowski et 

al., 2005; Iwase et al., 2006; Gao et al., 2007; Okada et al., 2013), and that septins contribute 

to the assembly of oriented actin cables (Pruyne et al., 2004a; Chesarone and Goode, 

2009). It is unclear whether these cytoskeletal cross-talk pathways act during normal 
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assembly of the polarized cytoskeleton or whether they are required to maintain the 

structures once they have formed. 

Bud emergence requires the local modification of the cell wall. Once polarized, 

actin and septins lead to modifications of the yeast cell wall, an elastic structure that 

confers cell shape and provides a selective barrier to the passage of large molecules 

(Lesage and Bussey, 2006). Yeast cells are under turgor pressure caused by the influx of 

water in response to an osmotic gradient between the cell and its environment (Harold, 

1990, 2002). The turgor pushes the plasma membrane out against the cell wall, 

expanding it until the glucan cage resists the pressure. A bud forms when the local cell 

wall overlying the polarity site is weakened by secreted hydrolases, allowing the 

pressure to generate a bulge. Actin-mediated delivery of secretory vesicles promotes 

local cell wall remodeling (Lesage and Bussey, 2006), and septin-mediated localization of 

chitin synthase III promotes formation of the chitin ring (also called bud scar) at the base 

of the emerging bud (DeMarini et al., 1997). Thus, polarity establishment leads to 

cytoskeletal remodeling that promotes localized cell wall changes leading to bud 

emergence. 

Single-cell imaging suggests that there is considerable cell-to-cell variability in 

the timing of polarization of cytoskeletal elements (Chen et al., 2012), so it is not clear 

whether there is a reproducible order of polarization events or whether some cells may 

exhibit alternative orders of events. To gain insight into whether bud emergence 
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requires a precisely ordered series of events, and to understand why and how some 

events might occur at different times relative to others, we examined the events leading 

to bud emergence at high temporal resolution. Our findings suggest that these 

morphogenetic events are indeed ordered, and some events are regulated by an 

independent timer whereas the initiation of other events depend on the completion of 

previous events.  

2.2 Results 

2.2.1 Measuring the timing and dynamics of morphogenetic events 

To examine the timing of morphogenetic events, we imaged strains bearing 

fluorescent probes for polarity establishment (the polarity scaffold protein Bem1 

(Kozubowski et al., 2008)), actin-dependent secretory vesicle polarization (the Rab 

GTPase Sec4 (Chen et al., 2012)), and septin organization (the septin Cdc3 (Caviston et 

al., 2003)). We have found that Bem1 precisely co-localizes with Cdc42 in cells bearing 

probes for both proteins (Howell et al., 2012; Wu et al., 2015; Woods et al., 2016). Because 

these probes also accumulate at sites of cytokinesis, and cells often polarize next to 

previous division sites, it can be difficult to distinguish whether a concentrated signal 

represents new polarization or a remnant from the previous cell division. To 

unambiguously distinguish these events, we used rsr1Δ strains, where polarity site 

location is independent of the previous cytokinesis site (Bender and Pringle, 1989). We 

note that Rsr1 can affect the timing of polarity establishment relative to start (Lee et al., 
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2015) (unpublished results). Cells expressing pairs of probes were synchronized by 

pheromone arrest-release and imaged on slabs at 45 s intervals. Although it is possible 

that synchronization could affect the precise timing of events, imaging unsynchronized 

cells at lower temporal resolution in several cases yielded results consistent with those 

reported below (unpublished data) (Chen et al., 2012). Example time series are shown in 

Fig. 8A-C. 

 

Figure 8: Polarization timing of Bem1, Sec4, and Cdc3 relative to start or Bem1 

Inverted maximum projection montages of illustrative wild-type haploid cells 

bearing the indicated probes following alpha-factor arrest-release at 24°C. “Start” 

indicates the time of 50% Whi5 exit from the nucleus, and arrows indicate the first visual 

detection of probe polarization. 
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(A-C) Polarization dynamics of the polarity scaffold protein Bem1-tdTomato 

(DLY19233; n = 17 cells), the secretory-vesicle-associated Rab mCherry-Sec4 

(DLY22693; n = 32 cells), and the septin subunit Cdc3-mCherry (DLY20258; n = 28 

cells), all shown relative to relative to the cell cycle Start (t=0) marker Whi5-GFP 

in the same cell. Probe clustering was quantified using the CV of pixel intensity 

in each cell; colors indicate different cells. 

(D, E) Example cells showing GFP-Sec4 (DLY17282) or Cdc3-mCherry (DLY17117) 

polarization timing relative to Bem1-tdTomato or Bem1-GFP, respectively (t=0). 

(F) Cumulative probe polarization timing relative to Bem1 in cells from (D, E). Dots 

indicate % of cells that had polarized the probe by the indicated time. Lines 

indicate fitted cumulative normal distributions (n = 31 cells for Sec4; n = 51 cells 

for Cdc3). 

Polarity establishment is regulated by G1 cyclin/cyclin-dependent kinase (CDK) 

complexes (Gulli et al., 2000; Howell and Lew, 2012). CDK activation triggers cell-cycle 

commitment at a point called Start in G1.  We initially compared the dynamics of 

polarization relative to Start, which can be tracked by monitoring the nuclear export of 

the yeast Rb analogue, Whi5 (Costanzo et al., 2004; de Bruin et al., 2004). Start coincides 

with the time when 50% of the Whi5 probe exits the nucleus (Doncic et al., 2011). We 

determined the timing of Start using the customized image analysis tool ROI_TOI 

(Materials and Methods). Previous studies generally treated morphogenetic events in a 

binary manner (e.g. scoring the % of cells that have or have not polarized, that have or 

have not assembled septin rings, or that have or have not budded). Similarly, we 

visually scored the time of polarization of each probe based on the first detectable 

concentration of probe at the incipient bud site (Fig. 8A-C). Cells can in some cases 

initially develop multiple polarity sites or relocate a polarity site (Chen et al., 2012; 
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Howell et al., 2012), complicating the question of when to call initial polarization; for 

simplicity, we excluded those cells from our analysis.  

Based on visual binary scoring, the onset of polarization for Bem1, Sec4, and 

Cdc3 was on average 10-12 min after Start, with considerable cell-to-cell variability in 

this interval (Fig. 8A-C). In addition, different probes appeared to polarize at different 

rates. To allow more quantitative comparisons of morphogenetic events in individual 

cells, we adopted a “polarization metric” based on the coefficient of variation (CV) in 

pixel intensity for a given probe within each cell (see Materials and Methods for details). 

If the probe is uniformly distributed, all pixels have similar intensity and the CV is low, 

whereas if the probe is highly polarized, a subset of pixels have much higher intensity 

than the rest and the CV is higher. We found that for several probes the CV was reliably 

consistent with both visual scoring of the degree of polarization and measurement of the 

local probe intensity at the polarity site (Fig. 9). Intensity and CV results correlate 

linearly (Figure 9B-C), suggesting that both analysis methods report the dynamics of 

polarization of the probes. Based on the CV traces, Bem1 and Sec4 became concentrated 

rapidly, whereas Cdc3 polarized much more gradually (Fig. 8A-C). 
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Figure 9: Comparison of polarization measurements using CV to those using 

signal intensity 

(A) Bem1-GFP and Cdc3-mCherry intensity measured by Vicinity or coefficient of 

variation (CV) measured by ROITOI over time in illustrative cells (DLY17117). 

Using suitable axes, the patterns are very close. 

(B) Correlation between intensity and CV in representative cells 1-3 from (A). 

Dashed lines indicate linear fits to the data. 

(C) Fitted correlation between intensity and CV for 12 cells analyzed as in (A). 

(D)  Within-cell correlation between CV and intensity is very high: R2 values for cells 

from (C). Each dot is one cell. 

(E)  Relation between CV and intensity varies between cells: slope values for cells 

from (C). Each dot is one cell. 

(F) Different cell slopes are primarily due to differences in cell size: correlation of 

CV/Intensity slopes with cell size (projected area) for cells from (C). Each dot is 

one cell. 
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2.2.2 Relative timing of polarity establishment, secretory polarization, 
and septin ring assembly 

To better understand the relative timing of events in each cell, we examined cells 

bearing either a Cdc3 or Sec4 probe together with a Bem1 probe (Fig. 8D, E). Sec4 

polarization reproducibly occurred within 1 min of Bem1 polarization, whereas Cdc3 

polarization timing was more variable. In some cells, initial Sec4 accumulation preceded 

visible Bem1 accumulation by one time point. As the abundance of Sec4 is significantly 

higher than that of Bem1 (Fig. 10), it may be that this small difference stems from the 

better visual detection threshold for Sec4 than for Bem1. We conclude that initial 

concentration of Bem1 triggers immediate actin cable orientation towards that site, 

leading to delivery of Sec4-loaded vesicles within 1 min or less. 

 

Figure 10: GFP-Sec4 is more abundant than Bem1-tdTomato 

Total GFP-Sec4 intensity (mean ± SEM) normalized to total Bem1-tdTomato 

intensity in the same cells in the same images across 4 time points, 20-30 min apart, 

throughout a time lapse movie (DLY17282). 

The interval between first detection of Bem1 and Cdc3 was more variable than 

that between Bem1 and Sec4 (SD = 1.5 vs 0.7 min; a < 0.01 by F-test) (Fig. 8F). This 

observation suggests that polarity establishment is the only requirement for actin 
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orientation, whereas factors other than polarity establishment also regulate initial septin 

accumulation. 

2.2.3 Effect of delaying vesicle delivery on the dynamics of septin 
accumulation 

Previous work suggested that actin polarization could impact septin ring 

assembly in at least two different ways. First, a transmembrane protein, Axl2, was 

identified as a regulator of septin organization (Gao et al., 2007). As Axl2 is delivered to 

the polarity site on secretory vesicles, actin-targeted secretion could play a role in 

promoting septin accumulation. Second, it was proposed that the septin-free membrane 

inserted at the polarity site by vesicle fusion was instrumental in creating the “hole” in 

the middle of the septin ring (Okada et al., 2013). This hypothesis would explain how a 

clustered patch of polarity factors could generate a ring (as opposed to a patch) of 

septins. 

To test these ideas, we investigated what effect delaying vesicle delivery would 

have on septin accumulation (which does not distinguish whether the septins assemble 

in a ring or other morphology) and septin ring morphology. To that end, we inactivated 

the formin Bni1, responsible for initial actin cable polarization, using temperature-

sensitive bni1-116 cells (Kadota et al., 2004). Because Bni1 also plays a role during 

cytokinesis, cells were grown at permissive temperature and allowed to complete 

cytokinesis during pheromone-mediated G1 arrest before they were released from the 

arrest and imaged at the restrictive temperature (37°C). As shown previously (Woods et 
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al., 2016), accumulation of Sec4 at the polarity site was delayed in bni1-116 mutants by 

5.8 min on average (Fig. 11A). However, we found that initial accumulation of Cdc3 

occurred with similar timing in wild-type and bni1-116 cells at 37°C (Fig. 11B). As a 

consequence, the relative order of initial Sec4 and Cdc3 accumulation was reversed in 

bni1-116 cells compared to wild-type cells (Fig. 11C). Thus, the onset of septin 

recruitment does not seem to depend on polarized vesicle delivery. 
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Figure 11: Effect of bni1ts in the polarization timing and dynamics of secretion 

and septin relative to polarity establishment 

Inverted maximum projection montages of wild-type or bni1-116 haploid cells 

following alpha-factor arrest at 24°C and then release at 37°C 
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(A) GFP-Sec4 polarization timing relative to Bem1-tdTomato is delayed in bni1-116 

(DLY20272; n =21) compared to wild-type (DLY17282; n = 56) cells. 

(B) Cdc3-mCherry polarization timing relative to Bem1-GFP is the same in bni1-116 

(DLY20904; n = 22) and wild-type (DLY17117; n = 22) cells. 

(C) Relative timing of Cdc3-mCherry and GFP-Sec4 polarization is flipped in bni1-

116 (DLY21105; n = 51) compared to wild-type (DLY22546; n = 24) cells. 

(D) Polarization dynamics measured by the CV of pixel intensity of GFP-Sec4 and 

Cdc3-mCherry in bni1-116 cells compared to wild-type cells; same cells as in (C).  

(E) Mean ± SEM polarization dynamics of Cdc3-mCherry from (D) plotted on the 

same graph for direct comparison of wild-type and bni1-116 cells. 

Although the initial timing of septin recruitment was unaffected by the absence 

of actin cables, bni1-116 mutant cells displayed reduced and more variable rates of septin 

accumulation in the period following initial appearance of septins (Fig. 11D, E). This is 

consistent with the idea that Axl2 (Gao et al., 2007), and possibly other factors delivered 

on actin cables, assist in the gradual and sustained recruitment of septins to the polarity 

site (or bud neck once the bud is formed). 

To assess whether vesicle delivery was important for the assembly of septins into 

a ring rather than a patch, we examined those cells in which we could obtain en face 

images of assembling septin structures. In both wild-type cells and bni1-116 mutants, 

septins first appeared as uneven spots (Fig. 12). These early-stage septin assemblies have 

been referred to as uneven or discontinuous septin rings (Chen et al., 2011) or septin 

clouds (Iwase et al., 2006). In wild-type cells, a strong Sec4 focus was always present by 

the time that septins became visible, and (consistent with the idea that vesicle delivery 

creates a septin-free central zone) the early-arriving septins often appeared to populate 

the annulus surrounding the Sec4 spot (Fig. 12). In bni1-116 mutants, similar ring-like 
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septin morphologies could sometimes be observed without any obvious Sec4 spot in the 

middle, but the morphology of the early septin structure was rather more dynamic than 

in wild-type cells (Fig. 12), as noted previously for septins in sec4 mutants (Okada et al., 

2013). This may indicate that a ring-like configuration can develop even without 

targeting of vesicles to the center. However, lack of Sec4 accumulation simply indicates 

that vesicles do not accumulate there, and it is still possible that some number of vesicles 

are fusing in the center. Septins did form full rings in bni1-116 mutants, and ring 

diameters were similar in wild-type and bni1-116 cells (Fig. 12D). Thus, the early 

polarized vesicle delivery mediated by Bni1 does not appear to be required for septins to 

assemble a ring with a hole in the middle. 
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Figure 12: Septin ring assembly in wild-type and bni1-116 cells 

(A) En face maximum projection images of septin ring formation (Cdc3-mCherry) 

and timing relative to vesicle accumulation (GFP-Sec4) in example wild-type 

(DLY22546) and bni1-116 (DLY21005) cells at 37°C. Arrows indicate time points 

enhanced in (B) (red) and (C) (green).  

(B, C) Selected time points from (A) with increased contrast showing early septin 

morphology. Early septin assembly intermediates appear as uneven rings (B) or 

amorphous clouds (C). However, these do not correlate with the presence of a 

clear Sec4 focus indicative of polarized secretion: septin clouds can co-localize 

with strong Sec4 foci and septin rings can appear without a local Sec4 focus. 

(D) Septin ring diameter measured 7.5 min after Bem1 polarization in wild-type 

(DLY17117) and bni1-116 (DLY20904) cells at 37°C. 
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In the course of these experiments, we noticed that the interval between Bem1 

polarization and initial septin recruitment was longer at 37°C (average 3.2 min) than at 

24°C (average 1.5 min) (compare Fig. 8F with Fig. 11B). For some cells at 37°C, there was 

a delay of several minutes between polarity establishment and detectable septin 

accumulation, which is consistent with previous reports based on cells at 30°C (Chen et 

al., 2012; Howell et al., 2012; Merlini et al., 2015). If polarity factors are the only 

requirement to initiate septin assembly, then what is the basis for this delay?  

2.2.4 Timing of septin accumulation 

One possible explanation for the variability in septin assembly following polarity 

establishment is that there is an additional requirement, beyond polarity establishment 

per se, to enable septin recruitment to the polarity site. As cells progress through the cell 

cycle, there is an increase in CDK activity, and we speculated that the CDK might 

“prime” septins or septin regulators for subsequent recruitment. This hypothesis makes 

the prediction that if polarization were to be delayed until after priming had taken place, 

then septin assembly would follow immediately upon polarization. 

To test this hypothesis, we used the reversible temperature-sensitive cdc24-4 

allele (Sloat et al., 1981). Cdc24 encodes the GEF for Cdc42 (Zheng et al., 1994), and at 

37°C, cdc24-4 mutants fail to establish polarity but proceed with the cell cycle until G2 

(Lew and Reed, 1995). We synchronized cdc24-4 mutants in G1 by pheromone arrest-

release at 24°C and shifted them to 37°C for 90 min (“delayed” treatment) or, as a 
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control, for only 7 min. During the incubation at 37°C, cells grew in a depolarized 

manner and progressed through the cell cycle (Fig. 13A). Upon shift-down to 24°C, these 

cells polarized Bem1, assembled septin rings, and formed buds (Fig. 13B). Bem1 

dynamics upon shift-down were similar in control and delayed cells (Fig. 14). Strikingly, 

initial septin recruitment was advanced and there was no longer any delay relative to 

Bem1 recruitment in the cells that had been incubated at 37°C for 90 min, whereas the 

delay remained in the control cells (Fig. 13B, D). In addition to advancing the onset of 

septin assembly, the rate of Cdc3 accumulation in individual cells was increased in the 

cdc24-4 cells in the “delayed” group, as confirmed by averaged data on the rates of 

septin accumulation (Fig. 13E). Interestingly, after the initial ~3 minutes, the increased 

accumulation rate slowed down and appeared similar to wild-type for at least 12 

minutes. In many of the “delayed” cells, septin recruitment preceded detectable Bem1 

polarization, suggesting that under these conditions even very low levels of polarity 

factors suffice to efficiently recruit septins from the cytoplasm. 
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Figure 13: Effect of delayed polarity establishment on septin assembly 

(A) Schematic illustration of the experimental procedure. 

(B, C)  Illustrative inverted maximum projection montages of cells comparing Cdc3-

mCherry polarization timing relative to Bem1-GFP (t=0) in (B) cdc24-4 (two 

independent isolates, DLY21169 and DLY22202) Control and Delayed cells, and 

(C) cdc24-4 cdc28-13 (two independent isolates, DLY22061 and DLY21995) 

Control and Delayed cells. 

(D)  Cumulative Cdc3 polarization timing in cells from (B, C) (Control n = 63 cells and 

Delayed n = 78 cells for cdc24-4 across isolates; Control n = 70 cells and Delayed n 

= 73 cells for cdc24-4 cdc28-13 across isolates). 

(E)  Polarization dynamics of Cdc3-mCherry in individual cells (left) and mean ± 

SEM (right) in cdc24-4 Delayed and Control cells from (B). 

(F)  Correlation of cell size and the interval between Bem1-GFP and Cdc3-mCherry 

polarization in cells from (B). Cell size was measured as cell area in maximum 

projection images at the time point of Bem1-GFP polarization. 
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(G)  Septin ring diameter, measured 7.5 min after polarity establishment, in cdc24-4 

Delayed and Control cells from (B). 

(H)  Correlation of cell size and septin ring diameter, measured 7.5 min after polarity 

establishment, in cdc24-4 Delayed cells from (B). 

(I) Septin diameter, measured 7.5 min after polarity establishment, over 3 

sequential cell cycles at 24°C following Delayed treatment (DLY21169; n=20, 19, 

and 17). The same cells were measured in each cell cycle. 

(J)  Illustrative inverted maximum projection images of septin rings in the same cell 

throughout sequential cell cycles as in (I). Scale bar, 1 µm. en face images for the 

1st and 2nd cell cycles, and side view image for the 3rd cell cycle. 

*** p<0.001 by two-tailed t-test assuming unequal variance. 

 

Figure 14: Delaying polarity establishment does not affect Bem1 polarization 

dynamics 

Bem1-GFP intensity over time in illustrative cdc24-4 control and delayed cells 

(DLY22202). 

Our findings are consistent with the hypothesis that a septin priming event takes 

place as the cells proceed through the cell cycle. However, it could be that increased cell 

size, protein amount, or other physiological changes in response to prolonged 

incubation at a higher temperature, rather than cell cycle progression, were responsible 

for the subsequent accelerated septin recruitment to the polarity site. To assess the need 

for cell cycle progression, we repeated the experiment using strains bearing both cdc24-4 

and a temperature-sensitive cdc28-13 mutation (Reed, 1980). Cdc28 encodes the major 
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cell cycle CDK in yeast (Morgan, 2007). cdc28-13 mutants remain arrested in G1 during 

the 90 min incubation at 37°C and do not progress through the cell cycle. Shift-down of 

cdc28-13 cdc24-4 cells accelerated septin recruitment but to a lesser degree than shift-

down of cdc24-4 cells (Fig. 13C, D), suggesting that septins are primed for recruitment to 

the polarity site by a process that depends (at least in part) on CDK activity. 

Furthermore, there was no apparent correlation between cell size and the interval 

between Bem1 polarization and initial septin recruitment (Fig. 13F), so the increased cell 

size per se does not explain the advanced recruitment in the “delayed” cdc24-4 cells. We 

also noticed that the septin rings assembled by cdc24-4 “delayed” cells were larger than 

those in control cells (Fig. 13B, G). There was a positive correlation between septin ring 

diameter and cell size (Fig. 13H), but long-term imaging of the septin ring size of the 

same (large) cells showed that they made smaller rings in subsequent cell cycles (Fig. 

13I, J), suggesting that increased ring diameter was not simply a consequence of 

increased cell size. These findings suggest that differences in the relative timing of septin 

priming and polarization can lead to abnormalities in septin ring size, and possibly 

septin organization. 

2.2.5 Timing of bud emergence 

Next, we examined the timing of bud emergence, whose early stages were 

difficult to see using DIC microscopy. To facilitate accurate detection of bud emergence, 

we collected z-stacks of cells expressing a plasma membrane probe based on the N-
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terminal 28 residues of Psr1 (Fig. 15A) (Kuo et al., 2014).  In favorable instances where 

bud emergence occurred perpendicular to the imaging z-axis, bud emergence was seen 

to involve an acceleration of local cell expansion, which could be captured on 

kymographs using a custom software BudTrack (Materials and Methods), allowing us to 

call a time of bud emergence (Fig. 15A). However, this was more difficult in cases where 

buds formed at oblique angles or the cell rotated due to the growth of a nearby cell. To 

allow consistent determination of initial bud emergence we developed an “Automated 

Fitting” mode in BudTrack to create a continuous 3D surface rendering of the cell so that 

bud formation can be observed from any angle (Materials and Methods), as illustrated in 

Fig. 15B. Bud emergence involves a change in the rate of local outgrowth (Fig. 15A, C). 

On average, bud emergence occurred 24 min after Start (Fig. 15D). Population-level data 

indicated that the timing of bud emergence was offset from and more variable (SD = 7.4 

min) than the onset of polarized secretion (SD = 1.7 min) (Fig. 15D, E).  
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Figure 15: Effects of delayed polarity establishment, actin cable nucleation, 

and septin assembly on the timing of bud emergence 

(A) Kymograph of a plasma membrane marker, Psr1(1-28aa)-mCherry, from a single 

z plane of an illustrative cell (DLY20823). p.s.: onset of polarized secretion 

determined by visual calling based on the GFP-Sec4 channel (not shown). b.e.: 

bud emergence determined by ROITOI as illustrated in (B). Scale bar = 7.5 min. 

Color represents signal intensity; red being the brightest signal and dark blue 

being the dimmest signal. 

(B) 3D reconstructed cell surface used to determine the timing of bud emergence in 

the cell from (A). 

(C) Bud growth rate speeds up after bud emergence as estimated by fitted bud 

volume for the cell from (A) (raw data in gray and smoothed data in black). Bud 

volume before bud emergence is greater than 0 due to noise in fitting an ellipsoid 

to the bud. The noise stems from BudTrack recognizing a small region of the 

mother cell contour that is outside of the ellipse fitted to the mother cell. After 

secretion becomes polarized (0:00) but before bud emergence can be detected by 
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eye (6:45), there is very little change in the morphology of the mother cell (data 

produced by BudTrack in Automated Fitting mode). 

(D) Cumulative mCherry-Sec4 polarization (DLY22693; n = 32) and bud emergence 

(DLY20784; n = 21) timing relative to Start in wild-type haploid cells following 

alpha-factor arrest-release at 24°C. 

(E) Cumulative bud emergence timing relative to GFP-Sec4 polarization in wild-type 

haploid cells following alpha-factor arrest-release at 24°C (DLY20823; n = 58). 

(F) Cumulative bud emergence timing relative to GFP-Sec4 polarization in cdc24-4 

Control (n = 19) and Delayed (n = 17) cells following treatment illustrated in Fig. 

3A (two independent isolates, DLY21132 and DLY21996). 

(G) Cumulative bud emergence timing relative to Bem1-GFP polarization in wild-

type (DLY18870; n = 41) and bni1-116 (DLY20663; n = 62) cells following alpha-

factor arrest at 24°C and release at 37°C. 

(H) Cumulative bud emergence timing relative to GFP-Sec4 polarization in wild-type 

(DLY20823; n = 68) and bni1-116 (DLY20887; n = 46) cells following alpha-factor 

arrest at 24°C and release at 37°C. 

(I) Illustrative inverted maximum projection montages of cells comparing Cdc3-

mCherry polarization timing relative to Bem1-tdTomato in wild-type 

(DLY17117) and cdc12-6 (DLY22350) mid-log phase cells grown at 24°C. 

(J) Cumulative Cdc3-mCherry polarization timing relative to Bem1-GFP 

polarization for cells from (I) (n = 24 cells for DLY17117; n = 57 cells for 

DLY22350).  

(K) Cumulative bud emergence timing relative to Cdc3-GFP in wild-type 

(DLY22470; n = 27) and cdc12-6 (DLY22469; n = 17) asynchronous cells grown at 

24°C. 

(L) Cumulative bud emergence timing relative to GFP-Sec4 polarization in wild-type 

(DLY20823; n = 58) and sec4Q79L (DLY22528; n = 36) cells following alpha-factor 

arrest-release at 24°C. 

A closer look at the cell outline kymograph and bud volume change also 

highlighted the very limited local growth during the interval from polarized secretion to 

bud emergence as compared with the more rapid subsequent growth after bud 

emergence (Fig. 15A, C). If polarized secretion delivered bud-building material to the 

polarity site at a constant rate and that rate translates in a linear manner to the rate of 

growth, then it should not have taken about 9 min to detect a change in cell shape 
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(compare the bud size at t=0, 6:45, and 13:30 in Fig. 15B). The lack of obvious growth at 

the polarized secretion site around the time of bud emergence is consistent with 

previous studies which reported a decrease in growth rate around the same time 

(Goranov et al. 2009 and Di Talia et al. 2007). 

One possibility is that, as suggested for septin priming, other CDK-dependent 

events may be needed to promote bud emergence. CDK activity is known to promote 

transcriptional induction of cell wall genes such as the glucan synthase Fks1 (Mazur et 

al., 1995; Ram et al., 1995), suggesting that polarized secretion might cause different cell 

wall modifications before and after CDK-induced transcriptional changes. Thus, the 

delay between the onset of polarized secretion and the emergence of a bud could reflect 

the time it takes to promote synthesis of cell wall components.  A prediction of this 

hypothesis is that if polarity establishment were delayed until later in the cell cycle 

(when the relevant genes are expressed), then bud emergence would follow closely after 

secretory polarization. 

To test this hypothesis, we used a similar protocol to the one described above to 

analyze the timing of septin recruitment (Fig. 13A). Synchronized cdc24-4 mutants were 

shifted to 37°C to allow cell cycle progression without polarity establishment, and the 

timing of Sec4 polarization and bud emergence were monitored following shift-down to 

24°C. Unlike the delay between polarity establishment and septin recruitment, the delay 

between Sec4 polarization and bud emergence was unaffected by delaying polarity 
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establishment (Fig. 15F), indicating that the timing of bud emergence is not explained by 

CDK activity or cell cycle stage. 

What, then, is the basis for the significant and variable delay between secretory 

polarization and bud emergence? We assume that polarized secretion initiates a series of 

changes in cell wall composition that are required for bud emergence. If these 

modifications are rate-limiting for bud emergence, then delaying secretory polarization 

should lead to a corresponding delay in bud emergence. To assess whether that was the 

case, we used bni1-116 mutants to delay secretory polarization. Mutant and wild-type 

control cells were synchronized at permissive temperature and released from G1 arrest 

at 37°C. Relative to polarity establishment, bud emergence was delayed in bni1-116 

mutants by 5.8 minutes on average, comparable to the delay of polarized secretion in the 

mutants (Fig. 11A, 15G), indicating that actin polarization is rate-limiting for bud 

emergence. Moreover, the interval between Sec4 polarization and bud emergence was 

similar in bni1-116 and wild-type control cells (Fig. 15H), suggesting that no parallel 

pathways or priming effects are responsible for the timing of bud emergence.  

Nevertheless, as reported in Fig. 11E, incubating bni1-116 cells at 37°C dampened the 

accumulation rate of septins in addition to delaying early polarized secretion. It is 

therefore possible that delayed bud emergence timing in bni1-116 cells was a result of 

altered septin assembly dynamics. Serendipitously, we discovered that cdc12-6 septin 

mutants (Adams and Pringle, 1984) delayed septin ring assembly by 7 min relative to 
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polarity establishment, even at the permissive temperature, allowing us to ask if septin 

assembly contributes to the timing of bud emergence (Fig. 15I, J). Delayed septin 

polarization in cdc12-6 was not accompanied by a commensurate delay of bud 

emergence (Fig. 15K), suggesting that septin ring assembly is not a major factor for 

initial bud formation.  

To ask if polarized secretion itself affects the timing of bud emergence, we specifically 

perturbed vesicle fusion. Sec4 GTP hydrolysis is thought to be rate-limiting for vesicle 

fusion with the plasma membrane, based in part on observations with a mutant that 

slows GTP hydrolysis, Sec4Q79L (Walworth et al., 1992; Donovan and Bretscher, 2015). 

Indeed, cells bearing GFP-Sec4Q79L as the sole source of Sec4 exhibited a delay in bud 

emergence relative to secretory polarization (Fig. 15L). Together, these findings suggest 

that the timing of bud emergence is governed by the onset of polarization of secretion. 

2.2.6 Timing of cell wall modification 

We noticed that Sec4 signal (measured as described in the Materials and 

Methods), and hence presumably the number of secretory vesicles at the polarity site, 

increased gradually with time in individual cells (Fig. 16A). As Sec4 signal dissipates 

after vesicle fusion (Donovan and Bretscher, 2015), this surprising observation suggests 

that for several minutes after polarity is established, delivery of vesicles to the polarity 

site outpaces their fusion with the plasma membrane. This observation is consistent with 

older electron microscopy literature showing clusters of secretory vesicles backed up at 
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the sites of emerging buds (Mulholland et al., 1994). A possible explanation for the 

accumulation of secretory vesicles is that vesicles do not initially fuse when they reach 

the polarity site, but rather wait for some later signal before fusing with the plasma 

membrane. If that were the case, it could explain the delay between vesicle accumulation 

and bud emergence. 

 

Figure 16: Timing of cell wall modification and Rho1 activation 

(A) Accumulation of GFP-Sec4 at the polarity site in 5 example cells using the 

analysis tool Vicinity. 
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(B) Illustrative inverted maximum projection montages of a cell bearing GFP-Sec4 

pre-stained with ConA-594 to label wall mannoproteins (DLY9880). Polarized 

secretion is accompanied by local diminution of ConA signal. 

(C) Single z plane line scan kymograph of the cell from (B) over time. Scale bar = 6 

min. 

(D) GFP-Sec4 and ConA-594 intensity at the polarity site of the cell in (B). 

(E) GFP-Sec4 and ConA-594 intensity (mean ± SEM) at the polarity site (DLY9880; n 

= 16). 

(F, G)  Illustrative inverted maximum projection montages of cells bearing Rom2-GFP 

(DLY22105) or Pkc1-mNeonGreen (DLY22185) and Bem1-tdTomato following 

alpha-factor arrest-release at 24°C. 

(H)  Illustrative inverted maximum projection montages of cells bearing Rom2-GFP 

and Pkc1-tdTomato (DLY22247) following alpha-factor arrest-release at 24°C. 

(I)  Cumulative timing of probe polarization for the cells from (F, G) (n = 37 cells for 

Rom2; n = 17 cells for Pkc1). 

(J)  Cumulative timing of probe polarization for the cells from (H) (n = 33 cells). 

(K) Cumulative polarization timing of Rom2-GFP (DLY22000; n = 17) or Pkc1-

mNeonGreen (DLY22079; n = 53) in wild-type cells, and Rom2-GFP in rom1Δ 

tus1Δ (DLY22267; n = 24) cells, relative to bud emergence following alpha-factor 

arrest-release at 24°C. There is no significant difference between the three data 

sets by ANOVA. 

To assess when vesicle fusion occurs, we examined the timing of cell wall 

modification. Mannans as well as glucan remodeling enzymes are delivered to the cell 

wall via the secretory pathway. Mannans can be detected by the mannose-binding lectin 

Concanavalin A (Con A). When fluorescent Con A is incubated with cells, the entire wall 

becomes fluorescent (Fig. 16B). After removal of excess unbound Con A, local 

breakdown of existing, labeled mannan and insertion of new, unlabeled mannan can be 

detected as a local decrease in Con A fluorescence (Fig. 16B-E).If vesicles begin fusing as 

soon as they begin to accumulate at the polarity site, then new mannan insertion should 

be detected at around the time of Sec4 polarization. Indeed, new mannan insertion 
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began as soon as Sec4 was concentrated at the polarity site (Fig. 16B-E), well before bud 

emergence. Thus, local cell wall modification proceeds immediately upon secretory 

polarization. 

If secretion and cell wall modification begin simultaneously, why is there no 

detectable change in cell shape for several minutes? Once bud emergence occurs, a 

similar several-minute interval yields a much more significant expansion of the bud (Fig. 

15A-C). Thus, either there is a change in the nature of the cell wall modification that 

occurs right before bud emergence, or the same modifications take much longer to alter 

the shape of the unbudded mother cell wall than they do to alter the cell wall of a 

growing bud. Such modification might not be limited to only one component of the cell 

wall (mannans). In fact, the primary load-bearing component of the cell wall consists of 

cross-linked glucan polymers, which are synthesized by the integral membrane glucan 

synthases Fks1 and Fks2. These enzymes are activated by GTP-Rho1 (Drgonova et al., 

1996; Qadota et al., 1996), and activation of Rho1 is mediated by the Rho-GEFs Tus1, 

Rom1, and Rom2 (Levin, 2005). To assess when glucan synthesis might be initiated at 

the polarity site, we next examined the localization of these GEFs. 

A previous study reported that Tus1 and Rom2 localize to the bud neck during 

cytokinesis, but only Rom2 was detected at the incipient bud site and the growing bud 

tip, suggesting that Rom2 is involved in bud formation (Krause et al., 2012). In our strain 

background, deletion of ROM2 was lethal (Fig. 17A), while deletion of ROM1, TUS1, or 
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both was not. Thus, we focused on Rom2. Rom2-GFP was functional as the sole source 

of Rom2 (Fig. 17B). Rom2 was localized to polarity sites but surprisingly was only 

detected about 10 min after Bem1 polarization (Fig. 16F, I). The Rom2-GFP probe is faint 

(presumably because Rom2 has a lower abundance than the other proteins we imaged), 

raising the possibility that functionally relevant levels of Rom2 at the polarity site might 

go undetected. To address that possibility, we sought to image the GTP-Rho1 

presumably generated by Rom2.  

 

Figure 17: Functionality of Rom2 and Pkc1 probes 

(A) ROM2 is essential in the YEF473 strain background. Heterozygous 

rom2::natR/ROM2 diploids (DLY22308) were sporulated and tetrads were 

dissected. All yielded 2:2 viability and viable spores were NAT sensitive. 

(B) Tetrad analysis showing that Rom2-GFP is functional as the sole copy of Rom2. 

Heterozygous ROM2-GFP:kanR/ROM2 diploids (DLY21932) were sporulated and 

tetrads were dissected. Green boxes indicate KAN resistant colonies. 

(C) Tetrad analysis showing that Pkc1-mNeonGreen and Pkc1-tdTomato are 

functional at both 24°C and 37°C. Heterozygous PKC1-mNeonGreen:natR/PKC1 

diploids (DLY22101) or PKC1-tdTomato::HIS3/PKC1 diploids (DLY22186) were 

sporulated and tetrads dissected. Green boxes indicate NAT resistant colonies; 

red boxes indicate His+ colonies. 

Previous studies used the Rho1 effector Pkc1 for that purpose (Denis and Cyert, 

2005), and we found that Pkc1-mNeonGreen and Pkc1-tdTomato probes were functional 
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(Fig. 17C) and significantly brighter than Rom2-GFP. As for Rom2, Pkc1 polarization 

occurred several minutes after Bem1 polarization (Fig. 16G, I) and behaved similarly to 

Rom2 when imaged in the same cells (Fig. 16H, J). In cells bearing the plasma membrane 

probe that allows accurate detection of bud emergence, we found that both Rom2 and 

Pkc1 cluster at the polarity site shortly before bud emergence (Fig. 16K). When Rom2 

was the only Rho1 GEF in the cell, its polarization timing was slightly advanced but still 

similar to Pkc1 polarization timing, and the interval between polarized secretion and 

bud emergence was comparable to that of wild-type (Fig. 16K, 18). These data suggest 

that polarized Rho1-GTP accumulation, and presumably glucan synthesis, only occurs 

several minutes after the onset of polarized secretion and mannan modification.  

 

Figure 18: Tus1 and Rom1 do not affect the timing of bud emergence 

Cumulative bud emergence timing in wild-type (DLY20823; n = 58) and tus1Δ 

rom1Δ (DLY22478; n = 25) cells. ns: no statistically significant difference (p = 0.33 by two-

tailed t-test assuming unequal variance). 

Aside from the stable, persistent localization of both Rom2 and Pkc1 at the 

polarity site around the time of budding, we noticed that in some cells Rom2 and Pkc1 

puncta formed and then disappeared at random sites (Fig. 19). Occasionally, transient 

puncta co-localized with Bem1, but soon disappeared (except around the time of 
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budding). As Pkc1 is central to the cell wall integrity (CWI) pathway (Levin, 2005), we 

speculate that these puncta may represent transitory weak spots in the cell wall that are 

rapidly repaired following Pkc1 recruitment. 

 

Figure 19: Examples of transient clustering of Rom2 and Pkc1 

(A) A Pkc1 localizes only transiently to the polarity site marked by Bem1 in a 

polarized cell (t = 0 at time of Bem1 polarization). 

(B) Transient Rom2 clusters in a cell prior to Bem1 polarization (t = 0). 

(C) Transient Pkc1 cluster in the mother portion of a budded cell (t = 0 at time of 

Bem1 polarization). 

(D) Co-clustering of Rom2 and Pkc1 before both probes form a stable clustering at 

the same time (t=0). 
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2.3 Discussion 

Extensive study of the requirements for bud emergence led to a detailed 

understanding of the underlying mechanism: CDK activation at Start promotes 

clustering of polarity regulators including Cdc42, which in turn promotes assembly of 

oriented actin cables and a septin ring at the polarity site (Howell and Lew, 2012). These 

cytoskeletal rearrangements lead to polarized secretion of cell wall proteins and 

modifying enzymes, as well as localized synthesis of cell wall polysaccharides, which in 

turn lead to bud emergence. But how would such a series of reproducible biochemical 

reactions lead to the observed variability in the timing of these events from cell to cell? 

To address that question, we examined the relative timing of events at the single-cell 

level. Whereas polarity establishment reproducibly led to oriented actin-dependent 

polarization of secretion within 1 min, there was significantly greater variability in the 

interval between polarity establishment and septin ring formation. Our findings suggest 

that septins must be “primed” in a CDK-dependent manner before they can be recruited 

to the polarity site by Cdc42, introducing a delay between polarity establishment and 

septin recruitment that ensures proper ring formation (Fig. 20). There was also a delay 

between the polarization of secretion and the emergence of a bud, but in this case the 

timing of bud emergence was nevertheless determined by the timing of polarized 

secretion. We suggest that an interval of polarized secretion is necessary to weaken the 

mother cell wall sufficiently to allow bud emergence, and we identify a key role for 
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Rom2, possibly activated by the CWI pathway, in activating local glucan synthesis to 

promote bud formation (Fig. 20). 

 

Figure 20: Schematic of temporal regulation of morphogenetic events in 

Saccharomyces cerevisiae 

CDK is key to both triggering polarity establishment and priming septins for 

assembly at the polarity site. Subsequently, secretion becomes focused, leading to 

immediate local cell wall modification at the incipient bud site. Over time, the 

weakening of the cell wall leads to bud emergence, which coincides with the time of 

Rho1 activation. We speculate that gradual cell wall weakening leads to eventual 

activation of Rho1 by Rom2 to promote glucan synthesis.  

2.3.1 CDK-mediated septin priming 

As in previous studies (Chen et al., 2012; Howell et al., 2012), we documented the 

unexplained presence of a delay between polarity establishment and detectable septin 

recruitment to the polarity site. This delay was dependent on temperature (being longer 

at 37°C than 24°C), was severely exacerbated by a cdc12-6 mutation even at 24°C, and 

was variable from cell to cell. We found that the delay could be eliminated if cells were 

allowed to progress further in the cell cycle before initiating polarity establishment. The 

dynamics of polarity protein clustering were unaffected by this protocol (Fig. 13), 
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indicating that the effect is specific to septin assembly. Elimination of the delay required 

CDK activity and was accompanied by more rapid septin accumulation at the polarity 

site. These data suggest that CDK activity “primes” septins (either directly or via 

regulators) to facilitate their recruitment by polarity factors. Studies in various fungi 

have suggested that CDKs directly phosphorylate septins and/or septin regulators, 

providing a potential mechanism for septin priming (Cvrckova et al., 1995; Tang and 

Reed, 2002; Gladfelter et al., 2005; Sinha et al., 2007; Egelhofer et al., 2008; Gonzalez-Novo 

et al., 2008; Li et al., 2012).  

Notably, the septin rings formed under higher CDK activity had visibly different 

morphologies. As with control rings, the septins were initially recruited to form a 

discontinuous set of spots around the circumference of a circle, with subsequently 

recruited septins filling in the gaps to generate a smooth circle. But the discontinuous 

stage lasted longer, the ring grew to an abnormally large diameter, and in some cases 

sections of the initial ring later disappeared as the ring shifted laterally. These 

observations suggest that higher CDK activity might negatively impact the assembly of 

a proper ring. Possibly, aberrant septin ring formation could result from the accelerated 

septin assembly. 

Quantification of septin recruitment revealed that rings formed under higher 

CDK activity accumulated septins in a biphasic manner, with an early phase of rapid 
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septin accumulation 3 followed by continued recruitment at the normal rate. It remains 

unclear what triggers this switch in septin accumulation rate. 

2.3.2 Relation between actin and septin assembly 

Actin depolymerization causes defects in septin ring formation (Kadota et al., 

2004; Kozubowski et al., 2005; Iwase et al., 2006), and this has been proposed to reflect 

roles for actin-mediated vesicle traffic in creating a hole in the middle of a septin patch 

(Okada et al., 2013) or in delivering septin regulators to the neck (Gao et al., 2007). To 

dissect the role of actin cables in the dynamics of septin assembly, we employed a 

conditional allele of the yeast formin BNI1, bni1-116, that delays the onset of polarized 

secretion without affecting Cdc42 polarization. Exploiting rsr1Δ mutants to find en face 

views of assembling septin rings, we found no obvious effect of bni1-116 on septin ring 

morphology or diameter (Fig. 12). However, the septin accumulation rate was 

dampened in a subset of bni1-116 cells, consistent with the idea that secretory vesicles 

deliver factors such as Axl2 that facilitate septin recruitment. 

2.3.4 Polarized secretion is rate-limiting for bud emergence 

F-actin and exocytosis are both required for bud emergence (Ayscough et al., 

1997), but there was a significant delay between the onset of polarized secretion and bud 

emergence. This raised the possibility that the timing of bud emergence may be 

influenced by parallel processes like a rise in CDK activity or the assembly of a septin 

ring. However, our findings do not support that hypothesis. Using different approaches 
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to perturb exocytosis, we found that delaying the polarized delivery or the fusion of 

secretory vesicles caused a commensurate delay in bud emergence. This finding 

indicates that polarized secretion initiates a series of events that culminate 9 min later in 

bud emergence. 

2.3.5 Delay between secretory polarization and bud emergence 

To understand why it takes 9 min to start budding, we examined the timing of 

cell wall modification. Local modification of mannoproteins began immediately upon 

secretory polarization. However, we did not detect sustained local activation of the 

glucan synthesis regulator Rho1 (assessed using the Rho1 effector Pkc1 as probe) until 

around the time of bud emergence. The Rho1 GEF, Rom2, is known to act downstream 

of the cell wall sensors Wsc1 and Mid2 in response to stress that threatens the integrity 

of the cell wall (Gray et al., 1997; Ketela et al., 1999; Rajavel et al., 1999), and Rom2 also 

became polarized at around the time of bud emergence. We speculate that the 

recruitment of Rom2 to the incipient bud site is due to the cumulative cell wall 

weakening caused by polarized delivery of wall-degrading enzymes on vesicles. Bud 

emergence then occurs as turgor pressure pushes against the locally weakened wall, and 

Rho1 activation provides the additional glucan synthesis necessary to support this 

morphological change (Fig. 20). 

An alternative and not mutually exclusive hypothesis regarding the timing of 

local Rho1 activation stems from previous findings that another Rho1 GEF, Tus1, 
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undergoes CDK-dependent activation in late G1 (Kono et al., 2008). However, we were 

unable to detect Tus1 at the bud site, cells tolerated the loss of Tus1 and Rom1 with only 

minor effects on the timing of bud emergence (Fig. 18), and increased CDK activity did 

not advance the timing of bud emergence. 

During the interval between secretory polarization and bud emergence, cell 

expansion is undetectable, but once a visible bud has emerged, growth accelerates 

rapidly. This pause in volume increase is consistent with the previously reported 

increase in cell density during this time window (Bryan et al., 2010), assuming a constant 

rate of mass increase in cells. In thin section electron micrographs, the thickness of the 

cell wall appears greater in the mother cell compared to the bud (Sentandreu and 

Northcote, 1969; Linnemans et al., 1977; Roh et al., 2002). We speculate that a rate of cell 

wall modification sufficient to promote growth of the thin-walled bud may take some 

time to modify the thicker mother cell wall, accounting for the delay between secretory 

polarization and bud emergence.  

2.3.6 Secretory vesicles accumulate at the bud site 

Electron micrographs of cells with very small buds show a cluster of secretory 

vesicles at the incipient bud site (Mulholland et al., 1994), but the dynamics of vesicle 

accumulation was unknown. Here we report an increase in Sec4 signal from the onset of 

polarized secretion to around the time of budding, suggesting that the rate of vesicle 

delivery is greater than that of vesicle fusion, leading to gradual vesicle accumulation. 
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We have shown that secretory vesicles begin to fuse with the plasma membrane as soon 

as secretion becomes polarized. It remains unclear if the vesicle delivery and fusion rates 

change over time and why there was considerable cell-to-cell variability in Sec4 

accumulation rate. A similar vesicle cluster, the Spitzenkörper, has been described in 

many filamentous fungi. In Ashbya gossypii, the formation and expansion of the 

Spitzenkörper is associated with an acceleration in the hyphal growth rate (Kohli et al., 

2008). Why it is advantageous to have a cluster of vesicles located behind the growing 

tip is unclear. It is possible that the Spitzenkörper simply arises from the imbalance of 

vesicle delivery and fusion rates.



 

76 

3. The roles of polarisome and actin-mediated vesicle 
delivery in pheromone-induced polarized growth 

3.1 Introduction 

All forms of morphogenesis in the budding yeast involve polarized growth, 

which requires asymmetrical modification of the cell wall. This is accomplished by 

targeted secretion, a process that focuses the active delivery of cell wall proteins, glucan 

and chitin synthases, proteases, and hydrolases to specific locations at the plasma 

membrane. Effective targeted secretion requires the collaboration of multiple cellular 

components, including the polarity regulators, the formins, the polarisome complex, the 

myosin motor, the exocyst complex, and the v- and t-SNAREs. In developing buds, 

polarized growth stops when vesicle fusion is disrupted by impairing the functions of 

the exocyst or SNAREs using conditional mutants, and cells arrest at respective stages of 

vesicle trafficking or just before vesicle-plasma membrane fusion (Novick et al., 1980). 

However, it is controversial whether active transport of vesicles on actin cables is 

required for polarized growth. 

The idea that actin-mediated targeted secretion is indispensable for polarized 

growth came from early studies that investigated the roles of polymerized actin and 

proteins that are known to regulate actin cables or secretory vesicles. In 1997, Ayscough 

et al. first reported the consequences of Latrunculin A (Lat A) treatment of the budding 

yeast (Ayscough et al., 1997). Lat A is a drug that inhibits the polymerization of actin 

monomers into actin patches and actin cables, abolishing both actin-mediated 
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endocytosis and exocytosis. After Lat A treatment for two hours, yeast cells released 

from stationary phase remained round with no visible bud, in contrast to cells treated 

with DMSO as a control. 

To decipher if the polarized-growth-suppressing effect of Lat A is due to the 

depolymerization of actin patches or cables, we can take a closer look at the 

consequences of impairing proteins that are specific to actin cables. Tropomyosins are 

proteins that bind to and stabilize actin filaments in the cables, and in their absence actin 

cables disappear in the budding yeast (Pruyne et al., 1998). The Bretscher lab observed 

cells bearing temperature-sensitive alleles of formins (bnr1Δ bni1ts) or tropomyosins 

(tpm1ts tpm2Δ), and at the restrictive temperature these cells enlarged uniformly over 

time (Evangelista et al., 2002). Consistent with the idea that the lack of bud formation in 

these cells is due to actin cables’ essential role in active delivery of secretory vesicles, 

several observations suggested that the type V myosin Myo2 is required for polarized 

growth (Johnston et al., 1991; Reck-Peterson et al., 1999; Schott et al., 2002). Furthermore, 

Evangelista and colleagues showed that bni1Δ cells, unlike wild-type cells, are unable to 

generate a mating projection (“shmoo”) upon pheromone treatment, suggesting actin-

mediated targeted secretion is required for both bud and shmoo morphogenesis. In 

summary, a series of studies support the notion that without actin-mediated vesicle 

delivery, growth remains uniform in the cell. 
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Nevertheless, several lines of evidence have challenged the necessity of actin-

mediated secretion for polarized growth. A couple of papers first contradicted the bnr1Δ 

bni1ts study; in 2007, it was shown that bnr1Δ bni1ts cells are capable of producing a small 

bud (Bettinger et al., 2007). Yamamoto et al. reproduced this data, and they provided 

evidence that whether cells lacking both formins can generate a small bud depends on 

genetic differences between lab strains (Yamamoto et al., 2010). Moreover, Gao and 

Bretscher reported that bni1Δ cells displayed shmoo formation despite less-polarized 

Myo2 at the shmoo tip, which is inconsistent with previous results (Gao and Bretscher, 

2009). Thus, the budding yeast are potentially equipped with the ability to initiate a bud 

or mating projection in the absence of actin-mediated vesicle delivery. 

If a secretory vesicle is not actively transported, might it reach the polarity site by 

diffusion in the cytoplasm? Must Bni1 nucleate and organize actin cables in order for 

secretory vesicles to arrive at the polarity site? A concern for studies that involve Lat A 

is its side effects. In 2001, Harrison et al. reported that Lat A treatment activates the CWI 

pathway in the budding yeast, suggesting unexpected cell wall stress as a consequence 

of actin depolymerization (Harrison et al., 2001). Another study in a different species 

resonates this result; Schizosaccharomyces pombe is a rod-shaped organism that 

reproduces not by budding but by fission in the middle of the cell following elongation 

at both ends. In S. pombe, Lat A treatment leads to uniform growth, but it also induces 

the activation of the Sty1-mediated (homolog to Hog1 in S. cerevisiae) MAPK pathway 
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that is known to respond to a variety of stresses (Mutavchiev et al., 2016). Specifically, 

how actin depolymerization triggers the MAPK signaling is unclear, but inhibition of 

Sty1 restores polarized growth. This suggests that older reports using Lat A might have 

mistakenly confused stress-induced pause in polarized growth as a direct consequence 

of actin depolymerization. 

Another hint also comes from S. pombe, where two parallel and redundant 

pathways promote morphogenesis: the actin-mediated active delivery of the vesicle and 

the exocyst-mediated tethering of the secretory vesicle to the plasma membrane 

(Bendezu and Martin, 2011). Because either pathway alone is sufficient for polarized 

growth in the fission yeast, the former pathway is likely not the only approach to 

achieve targeted secretion. This idea is supported by an earlier discovery that a S. 

cerevisiae cdc42 temperature-sensitive allele is specifically defective in vesicle fusion with 

no defect in polarity establishment (Adamo et al., 2001). This mutant is thought to be 

defective in interacting with an exocyst subunit, suggesting a model in which the 

exocyst proteins interact with Cdc42 to promote secretory vesicle fusion at polarity sites. 

To reconcile these data, we revisit the role of actin-mediated vesicle transport in 

S. cerevisiae. Here I report that both bnr1Δ bni1ts and myo2ts cells are capable of shmoo 

morphogenesis when treated with uniform pheromone at the restrictive temperature, 

just as they are capable of bud formation as presented in some previous publications. 

However, these cells exhibited altered shmoo morphology. Similar altered shmoo 
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morphology has been reported in cells lacking certain polarisome proteins. I present 

preliminary findings that reveal new details of the inter-relationships between 

polarisome proteins, and there is the possibility that the polarisome might influence the 

upstream polarity machinery. 

3.2 Results 

Haploid MATa cells respond to the pheromone α-factor, and they secrete Bar1 

protease to degrade α-factor in the medium. To keep the concentration of pheromone 

treatment precise and constant, we employ only bar1Δ cells. 

 Rsr1 is required for the bud site selection machinery to convey spatial cue from 

the previous bud site to the polarity proteins during budding growth. Under uniform 

pheromone treatment, Rsr1 biases the polarity site near to previous bud site, and it 

allows cells that cannot break symmetry to form a steady polarity patch (Nern and 

Arkowitz, 2000). Because the experiments presented in this chapter were originally 

conducted as part of a study aiming to understand the regulation of cell polarity in the 

absence of an internal cue, all cells are rsr1Δ unless otherwise indicated. 

3.2.1 Shmoo morphology in cells lacking the actin-mediated vesicle 
delivery pathway 

In wild-type cells, shmoo morphology depends on the concentration of 

pheromone: “broad” in low dose and “pointed” in high dose (Dyer et al., 2013). In our 

hands, bni1Δ cells are capable of generating mating projections, but the shmoo tips 

remain broad even in high dose (300 nM) α-factor, whereas bnr1Δ shmoos resemble that 
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of wild-type (Figure 23). Is this a result due to the difference between Bni1 and Bnr1 in 

the regulation of actin cables? Rhodamine-phalloidin is a staining technique that allows 

visualization of polymerized actin. In wild-type and bnr1Δ cells, strong Rhodamine-

phalloidin staining at the shmoo tip suggests highly concentrated actin patches (Wulf et 

al., 1979; Adams and Pringle, 1984). Several actin cables emanate from the shmoo tip and 

extend toward the other end of the cell. In bni1Δ cells, actin patches are also 

concentrated to the shmoo. Remarkably, bni1Δ cells have less visible actin cables (Figure 

21). This suggests that Bni1 might play a more important role in actin regulation during 

shmoo morphogenesis than Bnr1. 

 

Figure 21: Formin mutants are capable of pheromone-induced morphogenesis 

rsr1Δ (DLY11740), rsr1Δ bnr1Δ (DLY12814), and rsr1Δ bni1Δ(DLY12112) cells 

were treated with 300nM α-factor at 24°C for 3 hr before fixed and stained with 

Rhodamine-phalloidin to visualize polymerized actin structures. Z planes are 0.24 µm 

apart. 

The differences between bnr1Δ, bni1Δ, and wild-type shmoo morphologies raise 

three questions. First, since bnr1Δ mating projections do not have obvious 

morphological defect, does Bnr1 normally participate in shmoo formation? Second, is 

the rounded shmoo shape a result of having Bnr1 as the sole formin in the cell? During 
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mating, Bni1 localizes to the shmoo tip (Evangelista et al., 1997) whereas Bnr1 localizes to 

the base of the protrusion (Gao et al., 2010). It is curious whether Bnr1 contributes to 

polarized growth, and if so, how Bnr1 alone leads to an altered morphology of the 

mating protrusion. Third, if cells can bud without actin-mediated vesicle delivery, can 

they also shmoo? 

To answer these questions, we conditionally rid the cells of both formins or the 

type V myosin. The cells were still able to undergo shmoo morphogenesis in both bnr1Δ 

bni1ts and myo2ts cells at the restrictive temperature, albeit with a rounded shmoo tip 

(Figure 22). In bnr1Δ bni1ts cells, no visible actin cables were present, suggesting little to 

no vestigial formin activity. Therefore, we conclude that actin-mediated targeted 

secretion is not required for polarized growth during mating response but instead acts 

to concentrate such growth to a narrow zone to form a pointed shmoo tip in high dose 

uniform pheromone. 
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Figure 22: Actin-mediated targeted secretion is not required for shmoo 

formation 

rsr1Δ (DLY11740), rsr1Δ bnr1Δ bni1-11 (DLY12795), and rsr1Δ myo2-

16(DLY12465) cells were treated with 300nM α-factor at 24°C for 3 hr before fixed and 

stained with Rhodamine-phalloidin to visualize polymerized actin structures. Z planes 

are 0.24 µm apart. 

3.2.2 Role of the polarisome in shmoo morphogenesis 

The broad shmoos formed by cells lacking Myo2, Bni1, or both Bni1 and Bnr1 

resemble the shape of peanut pods, which led us to further investigate other proteins 

whose absence also induces this broad shmoo phenotype. These proteins are Pea2 (as in 

peanut) and Spa2 (isolated as Pea1) (Chenevert et al., 1994), and they both belong to the 

polarisome complex (Sheu et al., 1998). It is not unexpected to see cells without Bni1 or a 

polarisome protein share similar phenotypes as the polarisome complex has been 
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implicated to regulate Bni1 (Figure 5) and hence work in the same pathway during 

shmoo morphogenesis.  

 Overall, cells lacking Rsr1 form less pointed shmoos than wild-type cells, but in 

either the presence or absence of Rsr1, all polarisome delete mutants made less pointed 

shmoos (Figure 23). However, the morphology of bud6Δ shmoos are more heterogenous, 

with occasional shmoos that are more pointed than other polarisome delete mutants. 

Future image analysis is needed to quantify how pointed the shmoos are. 

 

 

Figure 23: Polarisome mutants exhibit round shmoo morphology in high does 

uniform pheromone 

Illustrative DIC live cell images of WT (DLY11742), bni1Δ (DLY18256), spa2Δ 

(DLY17475), pea2Δ (DLY17456), bud6Δ (DLY17996), rsr1Δ (DLY11740), rsr1Δ bni1Δ 

(DLY12112), rsr1Δ spa2Δ (DLY17476), rsr1Δ pea2Δ (DLY17450), and rsr1Δ bud6Δ 

(DLY17992) cells treated with 300nM α-factor at 24°C for 2 hr. 

One potential explanation for the formation of a broader shmoo was provided by 

studies that ask how yeast cells track a pheromone gradient during mating. The polarity 

patch wanders along the cell cortex in haploid MATa cells experiencing either a 

pheromone gradient or a low dose of uniform pheromone (Dyer et al., 2013). In contrast, 
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cells in high dose uniform pheromone exhibit stable localization of the polarity patch. 

Dyer et al. further demonstrated that the difference in patch mobility is key to gradient 

tracking and effective chemotropism. Briefly, the concentration of pheromone at the 

local cell surface negatively correlates with the displacement of the patch over time 

because the pheromone stabilizes the patch. In this way, the polarity patch tends to 

spend more time at the up-gradient side of the cell than at the down-gradient site of the 

cell. Since the polarity patch directs growth, over time this mechanism contributes to 

shmoo formation up-gradient. 

 In the Dyer model, polarity patch wandering during mating depends on actin, at 

least in part because actin-mediated vesicle delivery locally dilutes the polarity 

regulators at the site of vesicle fusion, displacing the centroid of the patch. Because the 

polarity circuit possesses a positive feedback loop that self-reinforces the clustering and 

activation of Cdc42, an established cluster of polarity proteins requires some 

perturbation in order to move to a new location. Most polarity proteins are thought to 

diffuse rapidly in the cytoplasm, with little if any protein on the vesicles. Therefore, 

membrane fusion of the vesicles would perturb the patch by local dilution, providing a 

negative feedback that pushes the patch. 

 According to the Dyer model, perturbing Bni1 and its regulation might lead to 

altered vesicle delivery, leading to altered patch mobility. Increased patch mobility 

would result in a more rounded shmoo tip like that seen in low dose uniform 
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pheromone. To test that hypothesis, we visualized the polarity patch (marked by Bem1-

GFP) in the polarisome mutants but found no sign of increased patch mobility in high 

dose uniform pheromone (Figure 24). 

 

Figure 24: Polarisome mutants exhibit wild-type-like polarity patch stability in 

high dose uniform pheromone 

Bem1-GFP in inverted maximum projection montages of illustrative rsr1Δ 

(DLY11740), rsr1Δ bni1Δ (DLY12112), rsr1Δ spa2Δ (DLY17476), rsr1Δ pea2Δ (DLY17450), 

and rsr1Δ bud6Δ (DLY17992) cells treated with 300nM α-factor at 24°C for 1 hr before 

live cell imaging. 

Another possibility that might explain the broad shmoo phenotype in the 

polarisome mutants is that they have a more broadly distributed polarity patch. As the 

polarity patch directs secretion, the spread of the polarity patch might reflect in the area 

of polarized growth. Preliminary results showed that the width of the polarity patch 

appeared to be larger in spa2Δ and pea2Δ cells than in wild-type controls. The situation 

was less clear in bni1Δ and bud6Δ cells where some cells had broader patches but others 

were comparable to wild-type (Figure 25). Further quantification of the patch size and 
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intensity distribution is required to understand the effect in the broad shmoo 

morphology. 

 

Figure 25: Polarity distribution is broader in polarisome mutants 

Bem1-GFP in inverted maximum projection snapshots of illustrative rsr1Δ 

(DLY18233), rsr1Δ bni1Δ (DLY18239), rsr1Δ spa2Δ (DLY18155), rsr1Δ pea2Δ (DLY18374), 

and rsr1Δ bud6Δ (DLY18372) cells treated with 300nM α-factor at 24°C for 1 hr before 

live cell imaging. 

The secretory vesicles (marked by GFP-Sec4) are more diffusely distributed near 

the shmoo tip in spa2Δ, pea2Δ, and bud6Δ cells compared to wild-type cells (Figure 26). 

In bni1Δ cells, GFP-Sec4 is barely, if at all, polarized. This result suggests a regulatory 

effect of the polarisome in targeted secretion, and that Bni1 is essential to concentrate the 

vesicles. 

 

Figure 26: Secretory vesicle is less or not concentrated in polarisome mutants 
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GFP-Sec4 in inverted maximum projection snapshots of illustrative rsr1Δ 

(DLY11740), rsr1Δ bni1Δ (DLY12112), rsr1Δ spa2Δ (DLY17476), rsr1Δ pea2Δ (DLY17450), 

and rsr1Δ bud6Δ (DLY17992) cells treated with 300nM α-factor at 24°C for 1 hr before 

live cell imaging. 

3.2.3 Inter-regulation among the polarisome components 

In addition to the binding and potential regulation of Bni1 by the other 

polarisome proteins, Pea2 protein level decreases in spa2Δ mutants, and that Spa2 

localization depends on Pea2 (Valtz and Herskowitz, 1996). The mechanism of Pea2 

degradation in spa2Δ cells remains unknown. 

 To visualize the localization of polarisome components in vivo, we fluorescently 

tagged Spa2 and Pea2. Spa2-mCherry localized to the shmoo tip in wild-type cells. It 

had decreased intensity in bni1Δ cells and even dimmer appearance in pea2Δ cells at the 

shmoo tip (Figure 27). When observed in cells without both Bni1 and Pea2, Spa2-

mCherry was no longer polarized. Unexpectedly, Spa2 localization was not affected by 

deleting the Spa2-binding domain (SBD) of Bni1, suggesting that the role of Bni1 in Spa2 

localization is indirect and not mediated by the known binding interaction between the 

proteins (Figure 27). 

Like Spa2, Pea2-mCherry also localizes to the shmoo tip, and its intensity and 

level of polarization were reduced in bni1Δ and bud6Δ cells. Without Spa2, Pea2-

mCherry was not detectable (Figure 28). Finally, I examined the protein level of Spa2 

and Pea2. As reported by Valtz and Herskowitz (Valtz and Herskowitz, 1996), the 

amount of Pea2 was reduced in spa2Δ cells. In contrast, Spa2 level was not affected by 
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the absence of other polarisome proteins (Figure 29). Representative cells are presented 

here. However, as this study is still in the preliminary phase, further observation of 

protein localization (such as Spa2-mCherry in bud6Δ cells) and quantification for protein 

distribution are needed. 

 

 

Figure 27: Spa2-mCherry localization in polarisome mutants 

Spa2-mCherry in inverted maximum projection snapshots of illustrative rsr1Δ 

(DLY11740), rsr1Δ bni1Δ (DLY17745), rsr1Δ pea2Δ (DLY17570), rsr1Δ bni1Δ pea2Δ 

(DLY17743), rsr1Δ bni1ΔSBD (DLY18439), rsr1Δ bni1Δ pea2Δ (DLY17743), and rsr1Δ 

bni1ΔSBD pea2Δ (DLY18599) cells treated with 300nM α-factor at 24°C for 1 (top) or 2 

(bottom) hr before live cell imaging. 

 

 

Figure 28: Pea2-mCherry localization in polarisome mutants 

Pea2-mCherry in inverted maximum projection snapshots of illustrative rsr1Δ 

(DLY18065), rsr1Δ bni1Δ (DLY18267), rsr1Δ spa2Δ (DLY18063), rsr1Δ bni1Δ pea2Δ 
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(DLY17743), rsr1Δ bud6Δ (DLY18303cells treated with 300nM α-factor at 24°C for 2 hr 

before live cell imaging. 

 

Figure 29: Spa2 and Pea2 protein level in polarisome mutants 

Western Blot of Spa2-mCherry and Pea2-mCherry in cycling cells with indicated 

genotypes; SPA2-mCherry rsr1Δ bni1Δ (DLY17745), SPA2-mCherry rsr1Δ bni1Δ pea2Δ 

(DLY17743), SPA2-mCherry rsr1Δ pea2Δ (DLY17570), SPA2-mCherry rsr1Δ (DLY11740), 

PEA2-mCherry rsr1Δ spa2Δ (DLY18014), PEA2-mCherry spa2Δ (DLY18013), PEA2-

mCherry rsr1Δ (DLY18012), PEA2-mCherry (DLY18011).  

3.3 Discussion 

 We found that mating-induced polarized growth can occur without actin-

mediated targeted secretion. However, the polarisome proteins Bni1, Spa2, Pea2, and 

possibly Bud6 are required to focus secretory vesicles to generate pointed shmoos in 

high dose uniform pheromone. This is consistent with earlier studies that the polarisome 

regulates local cell shape, with Spa2 as a scaffold that mediates vesicle delivery and 

fusion via interactions with both Bni1 and the GAPs of Sec4.  

Unexpectedly, Bem1-GFP distribution at the shmoo tip is broader in polarisome 

mutants. This is not consistent with the currently known pathway hierarchy: Cdc42 and 

other polarity proteins are thought to be the most upstream regulators that direct both 

the polarisome proteins and the vesicle delivery machinery. As shown in the previous 

chapter in this thesis, there is no evidence that Cdc42 is delivered to the polarity site via 

the secretion pathway, and cells harboring a temperature-sensitive BNI1 allele exhibit 
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wild-type-like polarity proteins dynamics at the restrictive temperature. Thus, how 

Spa2, Pea2, and perhaps Bni1 and Bud6 act to affect the distribution of upstream polarity 

proteins appears to be independent of their function in actin cable regulation, and the 

specific mechanisms remain mysterious. 

In summary, we report that actin-mediated secretion necessary for highly 

concentrated polarized growth but not polarized growth per se. The polarisome proteins 

likely promote focused vesicle delivery during mating-induced morphogenesis, but they 

may also affect the distribution of the polarity proteins in an unknown manner. 

Moreover, the polarisome proteins inter-regulate one another’s protein level and 

localization. The findings presented in this chapter are tentative and not quantitative. 

Future analysis is required to confirm these conclusions and the underlying 

mechanisms. 
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4. Materials and Methods 

4.1 Yeast strain and plasmid construction 

All yeast strains used in Chapter 2 (Table 1) are in the YEF473 background (his3-

Δ200 leu2-Δ1 lys2-801amber trp1-Δ63 ura3-52) (Bi and Pringle, 1996). All yeast strains 

used in Chapter 3 (Table 2) are in the BF264-15Du background (ade1 his2 leu2-3,112 trp1-1 

ura3Δns) (Richardson et al., 1989). 

Table 1: Yeast strains used in Chapter 2. 

Strain 

(DLY 

numbered) 

Relevant genotype 

9880 ura3::GFP-SEC4:URA3 rsr1::TRP1 a 

17117 BEM1-GFP:LEU2 CDC3-mCherry:LEU2 rsr1::TRP1 a 

17282 ura3::GPF-SEC4:URS3 BEM1-tdTomato:HIS3 rsr1::HIS3 a 

18870 BEM1-GFP:LEU2 leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 

rsr1::TRP1 a 

19233 BEM1-tdTomato:HIS3 WHI5-GFP:HIS3* 

rsr1::TRP1  a 

20258 WHI5-GFP:HIS3* CDC3-mCherry:LEU2 rsr1::TRP1 a 

20272 bni1-116 ura3::GFP-SEC4:URA3 BEM1-tdTomato:HIS3 rsr1::HIS3 a 

20663 bni1-116 BEM1-GFP:LEU2 leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 

rsr1::TRP1 a 

20784 WHI5-GFP:HIS3* leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 

rsr1::TRP1 a 

20823 GFP-SEC4:URA3 leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 

rsr1::TRP1 a 

20887 bni1-116 urs3::GFP-SEC4:URA3 leu2::pTEF1-PSR1(1-28aa)-

mCherry:LEU2 rsr1::TRP1 a 

20904 bni1-116 BEM1-GFP:LEU2 CDC3-mCherry:LEU2 rsr1::TRP1 a 

21105 cdc24-4 BEM1-GFP:LEU2 leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 a 

21132 cdc24-4 ura3::GFP-SEC4:URA3 leu2::pTEF1-PSR1(1-28aa)-
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mCherry:LEU2 rsr1::TRP1 a 

21169 cdc24-4 BEM1-GFP:LEU2 CDC3-mCherry:LEU2 rsr1::TRP1 a 

21932 ROM2-GFP:kanR/ROM2 leu2::pTEF1-PSR1(1-28aa)-

mCherry:LEU2/leu2 rsr1::TRP1/RSR1 a/α 

21995 cdc28-13 cdc24-4 BEM1-GFP:LEU2 CDC3-mCherry:LEU2 rsr1::TRP1 a 

21996 cdc24-4 ura3::GFP-SEC4:URA3 leu2::pTEF1-PSR1(1-28aa)-

mCherry:LEU2 rsr1::TRP1 a 

22000 ROM2-GFP:kanR leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 rsr1::TRP1 

a 

22061 cdc28-13 cdc24-4 BEM1-GFP:LEU2 CDC3-mCherry:LEU2 rsr1::TRP1 a 

22079 PKC1-mNeonGreen:natR leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 

rsr1::TRP1 a 

22101 PKC1-mNeonGreen:natR/PKC1 a/α 

22105 ROM2-GFP:kanR BEM1-tdTomato:HIS3 rsr1::TRP1 a 

22185 PKC1-mNeonGreen:natR BEM1-tdTomato:HIS3 rsr1::TRP1 a 

22186 PCK1-tdTomato:HIS3/PKC1 a/α 

22202 cdc24-4 BEM1-GFP:LEU2 CDC3-mCherry:LEU2 rsr1::TRP1 a 

22247 ROM2-GFP:kanR PKC1-tdTomato:HIS3 rsr1::TRP1 a 

22267 rom1::natR tus1::hygR ROM2-GFP:kanR leu2::pTEF1-PSR1(1-28aa)-

mCherry:LEU2 rsr1::TRP1 a 

22308 rom2::natR/ROM2 a/α 

22350 cdc12-6 BEM1-GFP:LEU2 CDC3-mCherry:LEU2 rsr1::TRP1 a 

22469 cdc12-6 CDC3-GFP:URA3 leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 

rsr1::TRP1 a 

22470 CDC3-GFP:URA3 leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 

rsr1::TRP1 a 

22528 sec4::GFP-SEC4Q79L:URA3 leu2::pTEF1-PSR1(1-28aa)-mCherry:LEU2 

rsr1::TRP1 a 

22546 ura3::GFP-SEC4:URA3 CDC3-mCherry:LEU2 rsr1::HIS3 a 

22693 WHI5-GFP:HIS3* leu2::mCherry-SEC4:LEU2 rsr1::TRP1 a 

22748 rom1::natR tus1::hygR ura3::GFP-SEC4:URA3 leu2::pTEF1-PSR1(1-

28aa)-mCherry:LEU2 rsr1::TRP1 a 

* WHI5-GFP is marked by a heterologous HIS3 composed of HIS3 in Saccharomyces 

kluyveri and Schizosaccharomyces pombe that complements HIS3 in Saccharomyces cerevisiae 

to reduce false-positive transformants due to gene conversion (Wach et al., 1997). 
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Table 2: Yeast strains used in Chapter 3. 

Strain 

(DLY 

numbered) 

Relevant genotype 

11740 SPA2-mCherry:hygR BEM1-GFP:LEU2 rsr1::kanR bar1 a 

11742 BEM1-GFP:LEU2 SPA2-mCherry:hygR bar1 a 

17745 BEM1-GFP:LEU2 SPA2-mCherry:hygR bni1::natR bar1 a 

12112 BEM1-GFP:LEU2 bni1::URA3 rsr1::kanR a 

12112 BEM1-GFP:LEU2 bni1::URA3 rsr1::kanR bar1 a 

12465 SPA2-mCherry:hygR BEM1-GFP:LEU2 myo2-16:URA2 rsr1::kanR bar1 

a 

12795 SPA2-mCherry:hygR BEM1-GFP:LEU2 bni1-11 bnr1::TRP1 rsr1::kanR 

bar1 a 

12814 SPA2-mCherry:hygR BEM1-GFP:LEU2 bnr1::TRP1 rsr1::kanR bar1 a 

17450 BEM1-GFP:LEU2 pea2::URA3 rsr1::kanR bar1 a 

17456 BEM1-GFP:LEU2 pea2::URA3 bar1 a 

17475 BEM1-GFP:LEU2 spa2::URA3 bar1 a 

17476 BEM1-GFP:LEU2 spa2::URA3 rsr1::kanR bar1 a 

17570 SPA2-mCherry:hygR BEM1-GFP:LEU2 pea2::URA3 rsr1::kanR bar1 a 

17743 SPA2-mCherry:hygR BEM1-GFP:LEU2 pea2::URA3 bni1::natR rsr1::kanR 

bar1 a 

17992 BEM1-GFP:LEU2 bud6::natR rsr1::kanR bar1 a 

17996 BEM1-GFP:LEU2 bud6::natR bar1 a 

18063 PEA2-mCherry:hygR BEM1-GFP:LEU2 spa2::URA3 rsr1::kanR bar1 a 

18065 PEA2-mCherry:hygR BEM1-GFP:LEU2 rsr1::kanR bar1 a 

18155 GFP-SEC4:URA3 PEA2-mCherry:hygR spa2::URA3 bar1 a 

18233 GFP-SEC4:URA3 SPA2-mCherry:hygR rsr1::kanR bar1 a 

18239 GFP-SEC4:URA3 SPA2-mCherry:hygR bni1::natR rsr1:kanR bar1 a 

18256 BEM1-GFP:LEU2 bni1::natR bar1 a 

18267 PEA2-mCherry:hygR bni1::natR rsr1::kanR bar1 a 

18303 PEA2-mCherry:hygR BEM1-GFP:LEU2 bud6::natR rsr1::kanR bar1 a 

18372 GFP-SEC4:URA3 SPA2-mCherry:hygR bud6::natR rsr1::kanR bar1 a 

18374 GFP-SEC4:URS3 pea2::URA3 bar1 a 

18439 SPA2-mCherry:hygR BEM1-GFP:LEU2 bni1::natR::3HA-

bni1ΔSBD:URA3  rsr1::kanR bar1 a 
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18599 SPA2-mCherry:hygR BEM1-GFP:LEU2 bni1::natR::3HA-

bni1ΔSBD:URA3 pea2::URA3  rsr1::kanR bar1 a 

 

Genetic alterations (deletions and gene tagging) were introduced into diploid 

strains by transformation with appropriate PCR products, and desired strains were 

derived by sporulation and tetrad dissection, with further crossing as needed.  

Fluorescent probes, including Bem1-GFP (Kozubowski et al., 2008), Bem1-

tdTomato (Howell et al., 2012), GFP-Sec4(Chen et al., 2012), Cdc3-mCherry (Chen et al., 

2011), Cdc3-GFP (Chen et al., 2011), and Psr1(1-28aa)-mCherry (Kuo et al., 2014), were 

described previously. All proteins are fluorescently-tagged at the endogenous locus 

except GFP-Sec4 and mCherry-Sec4, which are inserted at URA3 and LEU2, respectively. 

GFP-Sec4Q79L was generated by PCR with primers that carry the mutated sequence, 

subcloned into pDLB4388 (pRS306-YeGFP-SEC4(last 81 bases truncated)) (Schott et al., 

2002), digested with BspE1 to integrate at the SEC4 locus in a diploid strain, and 

sporulated to obtain the final strain. 

Pkc1-mNeonGreen, Pkc1-tdTomato, and Rom2-GFP are generated by PCR 

amplification of the fluorophore open reading frames from pDLB4373 (pNCS-

mNeonGreen:natR, Allele Biotechnology), pDLB3299 (pFA6a-tdTomato-HIS3), and 

pDLB3524 (pFA6a-GFP(S65T)-KanMX6) with 50 base pairs of homology to the C 

terminus and 3’ UTR regions of the target genes to allow homologous recombination for 

protein tagging. Correct integration was confirmed by PCR and sequencing. 
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Temperature-sensitive alleles, bni1-116 (Kadota et al., 2004), cdc24-4 (Sloat et al., 

1981; Kozubowski et al., 2008), cdc28-13 (Reed, 1980) and cdc12-6 (Adams and Pringle, 

1984; Lee et al., 2002), are also from previous studies. cdc28-13 was introduced to the 

YEF473 background by PCR with primers that amplify 604-789bp of cdc28-13 with 

additional Xbal/Xhol sites at the ends using a strain of 15Du background (DLY107) 

(Reed, 1980) as the template. The PCR product was subcloned into pDLB212 (pRSII306) 

using Xbal/Xhol, digested with MscI to integrate at the CDC28 locus in a diploid strain, 

sporulated to generate a haploid stain, and then the wild-type CDC28 and URA3 marker 

were popped out using 5FOA selection to obtain the final strain. Correct replacement 

was confirmed by sequencing and temperature-sensitive phenotype. 

  rom1Δ, rom2Δ, and tus1Δ strains were generated using PCR to amplify drug 

resistance markers from plasmids pDLB147 (pRS40N-natMX4) and pDLB148 (pRS40H-

hphMX4) with 50 base pairs of homology flanking the open reading frames of the target 

genes to allow gene deletion by homologous recombination (Baudin et al., 1993). Correct 

deletion was verified by PCR from genomic DNA. 

4.2 Microscopy 

4.2.1 Live cell microscopy 

Cells were grown to mid-log phase in liquid Complete Synthetic Medium (CSM) 

(MP Biomedicals) containing 2% dextrose at 24°C unless otherwise indicated. Where 

pheromone arrest-release is indicated, cells were diluted to 0.75 x 107 cells/ml and 
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arrested with 2 µM alpha factor (Genway Biotech) for 3 h, harvested, washed twice, and 

placed on a slab lacking alpha factor for imaging. Slabs were made of CSM +2% dextrose 

solidified with 2% agarose (Denville Scientific, Inc.), and the cover slip was sealed over 

the slab with petroleum jelly to prevent evaporation.  

All live cell microscopy was carried out with an Andor Revolution XD spinning-

disk confocal microscope (Olympus) with a 100x oil-immersion 100×/1.4 UPlanSApo 

objective and an Andor Ixon3 897 512 EMCCD camera. Z-stacks (0.5 μm spacing) of 15 

images were acquired at 2 stage positions every 45 s. Laser power was set to 6-10% for 

both 488 nm and 561 nm illumination, with 200 ms exposure and 200 Hz EM Gain. 

Unless otherwise indicated, live cell microscopy was done at room temperature ranging 

from 23-26°C. 

4.2.2 Fixed cell microscopy 

Cells were grown to mid-log phase in liquid Complete Synthetic Medium (CSM) 

(MP Biomedicals) containing 2% dextrose at 24°C unless otherwise indicated. Cells were 

fixed in 4% formaldehyde for 15 min and then washed with PBS twice. Cells were then 

permeabilized in 0.1% Triton-X for 15 min then washed with PBS twice. Overnight 

incubation of cells with 1:10 diluted Rhodamine-phalloidin at room temperature was 

sufficient to visualize polymerized actin structures under a Zeiss 780 upright scanning 

confocal scope.  
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4.2.3 Image analysis 

Images were deconvolved using SVI Huygens Deconvolution. An ImageJ plugin 

was used to correct stage position drifting when needed (K. Li, "The image stabilizer 

plugin for ImageJ,"http://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html, 

February, 2008.) 

4.2.4 Cell wall staining with Concanavalin A 

Mid-log phase cells grown in CSM + 2% dextrose were harvested, resuspended 

in 50 µg/ml Concanavalin A-Alexa Fluor 594 Conjugate (ConA-594) (ThermoFisher 

Scientific) in water, incubated at room temperature for 5 min, and washed with CSM + 

2% dextrose twice before loading onto an agarose slab for imaging. 

4.2.5 Polymerized actin staining with Rhodamine-phalloindin 

Mid-log phase cells grown in CSM + 2% dextrose were harvested, resuspended 

in 50 µg/ml Concanavalin A-Alexa Fluor 594 Conjugate (ConA-594) (ThermoFisher 

Scientific) in water, incubated at room temperature for 5 min, and washed with CSM + 

2% dextrose twice before loading onto an agarose slab for imaging. 

4.3 Image analysis by customized programs 

Three customized MATLAB Graphical User Interface (GUI) tools were used in 

this study, including Vicinity (Wu et al., 2015) and two newly developed tools, ROI_TOI 

and BudTrack, as described in detail below. 
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4.3.1 ROI_TOI 

ROI_TOI (Fig. 30) is designed for the fast and convenient setting of a 

dynamically changing, elliptical region of interest (ROI) and subsequent quantification 

of the fluorescence intensity within that region during a user-specified time of interest 

(TOI). The analysis works for a single gray-scale channel or for two synchronized 

channels. The quantification includes mean, maximum, median, summed (total) 

intensity, the coefficient of variation (CV), and other analyses of the pixel intensity 

distribution. 

 

Figure 30: Screenshot illustrating the customized image analysis tool ROI_TOI 
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The upper left shows two maximum projection z-stacks from two fluorescent 

channels of a time lapse imaging (Whi5-GFP and Cdc3-mCherry in this case). The upper 

right column allows the user to specify a cell by creating an elliptical region of interest 

(ROI), the type of analysis (Coefficient of Variation level in this case), the % of max at 

which to determine the peak duration (50% in this case), the time of interest (TOI), and 

the smooth parameter. After the user clicks the “Quantify” button, the upper right 

column indicates “T2”, which is the interpolated time point (11.99 in this case) at which 

Whi5-GFP is at 50% with a negative slope. The bottom right shows the results for the 

two channels, and the bottom left is where the list of results are temporarily stored 

before being saved. 

In this study we used the CV of the pixel intensity for maximum-intensity 

projections of cell images to measure both Whi5 nuclear exit (see below) and 

polarization of other probes (Bem1, Cdc3, or Sec4). For any given cell, the CV measure 

tracked closely with a measurement of the total probe signal intensity measured in a  

circle with 1.5 µm radius at the polarity site (background subtracked) using a previously 

published tool Vicinity (Fig. 9) (Wu et al., 2015). However, the CV measure is sensitive to 

overall cell size as well as local probe accumulation (Fig. 9F): if a small cell and a large 

cell accumulated the same amount of probe at the polarity site, the CV would report a 

higher value for the small cell, because the large cell would have a greater number of 

pixels with uniform intensity outside the polarity site. Thus, the CV measure effectively 

reports the proportion of total cellular probe that accumulates at the polarity site rather 

than the absolute amount of probe. 

To allow determination of the timing of 50% Whi5 nuclear exit (i.e. start), 

ROI_TOI is designed to identify a “peak duration” defined as one of following: (1) the 

time interval for which the measure of interest (here Whi5 CV) is above a user-defined 
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percent of the difference between the maximum and minimum value of the signal 

throughout the TOI, (2) the time interval between the largest and the smallest values of 

the first derivative of the measure, or (3) the time interval between the two nearest peaks 

of the second derivative of the measure. The method in (1) was used to determine the 

timing of Start based on when the CV for Whi5-GFP drops to 50% of its peak value (Fig. 

8A-C). 

The two major advantages of this tool are: (1) The elliptical region of interest can 

be interactively positioned with an arbitrary location, size, and orientation using three 

mouse-draggable points. (2) By setting the ROIs at selected time frames, the dynamic 

ROI is automatically created by linear interpolation. The selections can be added at any 

time frame and removed from any previously set time frame. 

Each ROI setting and quantification can be added to the table as a list for 

subsequent saving of the collected results as a text file. Additional features of the GUI 

include zoom in/out option, image contrast adjustment, image colormap selection, and 

the Gaussian smoothing of a measure of interest with a user-defined size of the 

smoothing window. 

4.3.2 BudTrack 

BudTrack (Fig. 31) is designed for close inspection of the yeast budding process 

and for accurate detection of the time of bud emergence using fluorescence intensities 

(such as the plasma membrane probe Psr1(1-28aa)-mCherry used for this study). The 
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GUI provides three-dimensional visualization of a gray-scale z-stack of fluorescent data 

and two modes of analysis: (1) kymograph of the fluorescent signal along the axis of the 

bud growth and (2) automated fit of the cell-bud geometry with two ellipsoids. The z-

stack data must be imported as a single tiff file. The user specifies the number of z-slices 

and the resolution ratio (z step to the pixel size in the (x,y)-plane) for a proper scaling in 

the 3D view. The GUI automatically determines a background threshold using the Otsu 

algorithm, but the resulting value can be changed as needed. The GUI displays the 

isosurface based on the binary 3D mask that is generated with the specified threshold 

value. 



 

103 

 



 

104 

Figure 31: Screenshot illustrating the customized image analysis tool BudTrack 

 (A) Manual Alignment mode: the upper left is the 3D cell surface rendering 

constructed from a z-stack of a cell expressing the fluorescent plasma membrane probe, 

Psr1(1-28aa)-mCherry. The upper middle and right channels are the same cell viewed 

from two different angles to allow alignment of the mother-bud axis. The bottom left 

shows the control panel and provides information on the alignment settings. The bottom 

right illustrates the kymograph rendering for the aligned cell (white line corresponds to 

the time point for cell shown in the upper panels). 

(B) Automated Fitting mode: the layout of the program is the same as (A), except in 

this case “Automated Fitting” was selected. The original 3D cell surface rendering is 

represented in transparent red. The ellipses fitted to the mother cell and bud are 

represented in the top panels in transparent cyan and dark blue, respectively. The 

change in fitted bud volume over time is shown in the bottom right panel. 

In the “Manual Alignment” mode, the user is asked to manually align the axis of 

bud growth to a horizontal line by adjusting the yaw and pitch angles of rotation. The 

resulting kymograph is the fluorescent signal in the originally imported file along the 

central axis of the bud growth (y-axis of the kymograph) at each time (x-axis of the 

kymograph).  

In the “Automated Fitting” mode, the GUI runs an optimization algorithm that 

minimizes the difference between the isosurface from the segmented data and the 

surface formed by two ellipsoids. Effectively, the algorithm fits two ellipsoids to the cell-

bud shape by adjusting the location and orientation of the ellipsoids. The fitting is 

sensitive to the quality of the data. Thus, if the data-based isosurface does not look like 

an intersection of two ellipsoids to begin with, the kymograph mode should be favored 

over this type of analysis. Otherwise, this method provides a measure of the bud volume 

and its extension length (the distance from the base to the tip of the bud) in an automatic 
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and unbiased manner.  The volume is smoothed using the standard Gaussian filtering 

and displayed together with the unsmoothed measurement. 

5. Conclusions 

5.1 How does the CDK prime septins for assembly at the 
membrane? 

In Chapter 2, we present strong data suggesting that G1 CDK primes the septins 

for assembly at the polarity site. It is still unclear whether the CDK does so by 

phosphorylating septins, septin regulators, or both. Because many proteins that interact 

with septins are known, we can take a candidate approach to see which of the septin 

subunits or regulators are phosphorylated in a cell-cycle-dependent manner. It would 

also be interesting to determine whether the two known CDK phosphorylation sites in 

the septin subunit Cdc3 (Tang and Reed, 2002) are relevant to the “priming” we 

observed in G1. It would be interesting to determine whether mutant cells that cannot be 

phosphorylated at these two sites have delayed septin assembly relative to polarity 

establishment, and if this timing cannot be advanced in these mutants by the increased 

CDK activity (e.g. using the “delayed” temperature shift treatment in cdc24-4 cells), it 

would suggest that the CDK directly phosphorylates the septins to prime them for 

recruitment and/or polymerization at the polarity site. 

How might direct phosphorylation of septins by CDK prime them? Could CDK 

phosphorylation affect septins’ nucleotide binding? GTP-binding-deficient septin 
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mutants cannot form filaments in vitro, and they are unable to remain at the bud neck 

unlike wild-type septins (Versele and Thorner, 2004). Additionally, a recent study 

showed that the addition of GTP and GDP promotes in vitro septin bundling (Khan et al., 

2018). It is therefore interesting to biochemically measure the bundling rate and 

assembly dynamics either of septins purified from synchronized yeast cells at different 

cell cycle stages or of septins with putative phosphorylation sites mutated. Alternatively, 

phosphorylation might affect septins’ membrane affinity, which would affect both their 

ability to remain at the plasma membrane and to effectively polymerize. These effects 

could be quantitatively measured in in vitro septin reconstitution assays (Bridges et al., 

2014). 

A septin regulator that is likely a target of CDK phosphorylation is the Cdc42 

effector Cla4, which affects septin assembly at the polarity site. Cla4 has been shown to 

phosphorylate septins (Versele and Thorner, 2004), and cla4Δ cells have larger septin 

rings in unbudded cells (Gladfelter et al., 2005). Would increased CDK level in cdc24-4 

mutants with “delayed” temperature shift treatment still advance the timing of septin 

assembly in cla4Δ cells? Using the image analysis tools and experimental protocols 

developed in this study, we can assess the regulators required for the CDK priming 

effects on septin assembly. 
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5.2 The activation of Rho1 during bud formation 

We found that the timing of bud emergence is not directly dependent on CDK 

activity but rather appears to depend on the accumulation and fusion of secretory 

vesicles at the polarity site. Interestingly, we also found that the Rho1 GEF, Rom2, and 

Rho1 effector, Pkc1, both localize to the polarity site within minutes of bud emergence, 

suggesting their possible involvement in the process. How is their recruitment 

regulated? 

In Chapter 2, we proposed the idea that vesicle fusion at the incipient bud site 

gradually modifies the local cell wall to allow turgor pressure to push outward and form 

a bulge. It is critical for the cell to monitor this major weakening process because there is 

a risk of compromising the cell wall integrity resulting in cell lysis. The moment the cell 

wall gives way to a significant change in shape is therefore likely coincidental with the 

activation of the CWI pathway via cell wall sensor signaling. To confirm this hypothesis, 

it will be necessary to measure the interval between Rom2 or Pkc1 polarization relative 

to bud emergence in the absence of one or more cell wall sensors. If Rom2 and Pkc1 no 

longer polarize to the polarity site or if they are delayed, this would support the idea 

that the cell wall sensors are key to activate Rho1 during early bud formation. 

One caveat is that, because cell wall integrity is a subject of life or death for the 

cell, deleting cell wall sensor genes might lead to significant risk of cell death and hence 

raising the possibility of accumulating suppressors. Providing osmolarity support in the 
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medium might help circumvent this situation, but it could be difficult to find a regime in 

which the CWI pathway is compromised enough to exhibit a phenotype but not 

impaired enough to cause cell death. 

5.3 How does polarized growth occur without actin-mediated 
secretion in mating yeast? 

 In Chapter 3, we showed that actin-mediated targeting of secretion is dispensable 

for shmoo formation during pheromone-induced morphogenesis. In this case, cells 

underwent polarized growth but were only able to form a broad shmoo. This is an 

interesting but not unexpected result, given that cells without both formins were capable 

of generating small buds (Tanaka et al. 2010). Tanaka and colleagues reported roles of 

the endocytic recycling pathway in “cable-less” polarized growth, but it remains unclear 

how secretory vesicles are targeted to the polarity site. 

One intriguing possibility is that the exocyst-mediated pathway becomes 

essential for polarized growth in budding yeast cells that lack actin cables. It has been 

reported that the fission yeast have two redundant pathways mediating polarized 

growth, one by actin cables and another by the exocyst complex (Bendezu and Martin, 

2011). Fission yeast can carry out polarized growth as long as one of the two pathways is 

intact. How might the exocyst-mediated pathway direct vesicles to the polarity site? 

Perhaps secretory vesicles, moving through the cytoplasm by Brownian motion, can be 

captured by at the polarity site via interactions between the exocyst and polarity 

proteins. Because the exocyst is well-conserved from yeast to plants, insects, and 
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mammals, elucidating how the exocyst can direct polarized growth could have 

implications in many systems (Ting et al., 1995; Murthy and Schwarz, 2004; Brennwald 

and Rossi, 2007; Liu and Guo, 2012).  

It is known that growth continues in an isotropic manner when the polarity site 

is abolished in the budding yeast (Adams et al., 1990). This suggests that the connection 

between the polarity regulators and vesicle delivery only participates in confining 

vesicles to the polarity site but is not necessary for the docking, tethering, and fusion of 

vesicles to the plasma membrane (Karpova et al., 2000). The exocyst is a protein complex 

required for the “tethering” step (holding the vesicle and plasma membrane in close 

proximity) before the SNARE proteins catalyze fusion (TerBush et al., 1996; Munson and 

Novick, 2006). It is composed of eight subunits: Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, 

Exo70, and Exo84. Since cells can shmoo in the absence of actin cables, I speculate that 

the exocyst-mediated polarized vesicle fusion might also occur in the budding yeast 

during mating. 

Two exocyst subunits, Sec3 and Exo70, are effectors of Rho proteins, and these 

interactions are thought to play crucial roles in polarized growth (Adamo et al., 1999; 

Bretscher, 2000). In particular, Sec3 and Exo70 both bind Cdc42, providing two potential 

cross-talk mechanisms for the polarity regulator to capture secretory vesicles for 

directed fusion (Figure 32A, B). Sec15 also provides a probable connection because it 

binds to Bem1, a scaffold protein in the polarity patch that is essential for the activation 
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and concentration of Cdc42 (Figure 32C) (Peterson et al., 1994; Zheng et al., 1995; 

Roumanie et al., 2005). 

The N-terminus of Sec3 contains a Rho1/Cdc42 binding domain. Sec3 localizes to 

the bud tip in wild-type cells. N-terminus-truncated Sec3 (Sec3ΔN) is unable to polarize 

to the bud tip, implying that its localization depends on the interactions with Rho 

proteins (Roumanie et al., 2005). Additionally, when sec3Δ cells are treated with mating 

pheromone, they form rounded shmoos like bni1Δ cells, which is consistent with the 

hypothesis that Sec3 promotes polarized growth (Wiederkehr et al., 2003). These 

observations agree with the idea that Sec3 might provide a connection between the 

secretory vesicles and the polarity regulators to promote polarized growth. Similar to 

Sec3, Exo70 interacts with Rho3 and Cdc42 (Figure 32B) (Adamo et al., 1999; Robinson et 

al., 1999; Bretscher, 2000). Rho3 and Cdc42 play overlapping but distinct roles in 

regulating exocytosis based on localization difference: Rho3 is loosely localized to the 

mother side of the bud neck, whereas Cdc42 is highly polarized at the bud tip, 

suggesting that Cdc42 is mostly responsible for polarized growth (Wu and Brennwald, 

2010). The temperature-sensitive allele, cdc42-6, is known to abolish the proper spatial 

regulation of Exo70 by Cdc42 and block polarized growth (Adamo et al., 2001). A third 

link between the polarity regulators and the exocyst is the direct binding between Sec15 

and Bem1 (Figure 32C) (France et al., 2006). This interaction can be compromised by 

truncating the SH3-1 domain of Bem1 (Bem1-SH3-1Δ). It will be interesting to determine 
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whether cells harboring bni1Δ and combinations of sec3ΔN, cdc42-6, and/or bem1-SH3-1Δ 

are able to undergo polarized growth in response to pheromone. By determining if these 

strains can still shmoo, future studies will be able to tease out which of these three links 

(Sec3-Rho, Exo70-Rho, and Sec15-Bem1) either independently or synergistically target 

secretory vesicles to the polarity site in the absence of actin cables.  

 

Figure 32: Interactions between the exocyst and polarity proteins 

Three interactions between the polarity regulators (Rho proteins and Bem1) and 

the exocyst subunits (Sec3, Exo70, and Sec15) that might serve as potential connections 

to capture secretory vesicles and facilitate directed fusion. Blocks with numbers 

represent subunits of the exocyst. Figure adapted from Munson and Novick 2006. 

5.4 The role of the polarisome during pheromone-induced 
morphogenesis 

Another notable result reported in Chapter 3 is the broader distribution of 

polarity protein (Bem1-GFP) in polarisome mutants (more so in spa2Δ and pea2Δ and 
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less so in bni1Δ and bud6Δ cells). It is important to first quantify this phenotype at the 

population level using linescan analysis of Bem1-GFP along the cortex. In addition to 

snapshots, time laspe imaging will help capturing potential temporal differences in 

Bem1 distribution at the polarity site. 

Next, it will be interesting to understand if the broader distribution of polarity 

proteins is the a result or a cause of the less pointed shmoo tip morphology. To the best 

of my knowledge, there is currently no evidence that local cell morphology affects the 

distribution of polarity proteins in the budding yeast. However, it is conceivable that a 

broader shmoo tip might be sensed by the septins, which would consequently organize 

differently at the base of the shmoo. Because septins are known to interact with the 

formin Bnr1, differences in septin organization might affect the distribution of vesicle 

delivery and hence how secretory vesicle fusion affects the polarity patch. A similar idea 

is supported by a report in S. pombe, where the local cellular curvature is correlated to 

the width of the polarity patch (Bonazzi et al., 2015), and this scaling mechanism 

depends on actin-mediated vesicle transport. To test this idea in S. cerevisiae, we can 

utilize bni1ts mutants incubated at restrictive temperature in the presence of pheromone 

to first induce the formation of a round shmoo. Then, we can measure the distribution of 

Bem1-GFP both before and after shifting to the permissive temperature, which restores 

Bni1 function. If Bem1-GFP distribution remains broader in a round shmoo with 

functional Bni1, it suggests that local cell morphology indeed can affect the clustering 
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polarity proteins. However, if Bem1-GFP distribution becomes more polarized, it is 

possible that the lack of Bni1 during pheromone-induced morphogenesis is the cause of 

a broader polarity protein distribution. Further investigation is needed to understand 

the underlying mechanism. 
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