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Abstract 

Cryptococcus neoformans is an opportunistic fungal pathogen that causes 

significant disease and death in immunocompromised populations, in particular among 

those with advanced HIV infection. This fungus is found ubiquitously in the environment 

and acquired through inhalation into the respiratory tract followed by dissemination to the 

central nervous system in immunocompromised individuals. The ability for C. 

neoformans to sense and adapt to the host environment is crucial to its success as a 

pathogen. Many C. neoformans proteins require proper subcellular localization for their 

function, and as such this fungus carefully regulates the localization of proteins involved 

in important cellular processes related to host adaptation.  

Fungal growth and morphogenesis, as well as thermotolerance and virulence are 

controlled by conserved Ras-like GTPases. These proteins require proper localization 

for full function and are directed to cellular membranes through the posttranslational 

modification process known as prenylation. Using the tools of fungal genetics and 

molecular biology, we establish that the C. neoformans RAM1 gene encoding the 

farnesyltransferase b-subunit is required for thermotolerance and pathogenesis. We also 

identified and characterized post-prenylation protease and carboxyl methyltransferase 

enzymes in C. neoformans, demonstrating that these later steps have only subtle effects 

on stress response and fungal virulence. By fluorescent microscopy and molecular 

biology, we show that Ram1 is required for proper subcellular localization of Ras1, but 

not Cdc42, and that the post-prenylation processing steps are dispensable for the 

localization of these substrate proteins.  
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C. neoformans dramatically alters its cell wall upon entering the host in order to 

facilitate immune avoidance. Using the tools of forward genetics, we identified a novel 

cell wall regulatory protein, Mar1. We have demonstrated that this protein is required for 

capsule attachment and full virulence in mouse models of infection. Using staining and 

biochemical techniques, we have characterized the cell wall of mar1∆ mutant cells, and 

by fluorescent microscopy we have demonstrated that the b-(1,3)-glucan synthase 

catalytic subunit, Fks1, is mislocalized in mar1∆ cells. Using in vitro co-culture models, 

we have determined that the mar1∆ cell wall induces increased macrophage activation 

that is dependent on the Card9 and MyD88 adaptor proteins, as well as the Dectin-1 and 

TLR-2 pattern recognition receptors.  

To further understand the impact of the Mar1 protein on the host-pathogen 

interaction, we used in vivo mouse models to characterize the pathogenesis and 

immune response to this strain. Using histopathology and light microscopy, we have 

shown that mar1∆ cells induce granulomas in the lungs of infected mice, and in in vitro 

co-culture models we have demonstrated that the mar1∆ strain induces increased 

markers of angiogenesis. Finally using immunization strategies, we show that the mar1∆ 

strain does not induce a protective response against a secondary lethal challenge.  

Lastly, using bioinformatics tools and batch sampling, we developed a novel 

computational tool to more efficiently analyze mutants of interest generated by forward 

genetic screens. We demonstrate the efficacy of this tool through proof of principle 

experiments that led us to the discovery of the Mar1 protein described above. Additional 

projects in our lab and others have already utilized this mutant analysis tool in C. 

neoformans and we propose that it can be ultimately applied to a wide range of 



 

 
vi 

experimental systems and methods of mutagenesis, facilitating future microbial genetic 

screens.  
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1. Introduction 

1.1 Cryptococcal pathogenic mechanisms: A dangerous trip 
from the environment to the brain 

 This section was modified from a review of the same title in press at the time of 

this dissertation in Memórias Do Instituto Oswaldo Cruz (2018). The authors are 

Shannon K. Esher, Oscar Zaragoza, and J. Andrew Alspaugh.  

Invasive fungal infections are estimated to cause over 1.5 million deaths per year 

worldwide, with the vast majority of these infections occurring in immunocompromised 

patients (1). Over the last few decades, the emergence of HIV infection in particular has 

led to the rise of cases of cryptococcal meningoencephalitis. Caused by the 

basidiomycete yeast Cryptococcus neoformans, Cryptococcosis globally results in 

approximately 215,000 infections per year, leading to 180,000 deaths (2). C. neoformans 

can be isolated from the environment in many regions of the world, resulting in nearly 

universal exposure to this fungus among human populations. However, symptomatic 

disease after exposure is relatively rare. Defects in cell-mediated immunity, especially as 

directed by CD4+ lymphocytes, are the most common risk factors for developing 

invasive cryptococcal disease. Additional predisposing factors include solid organ or 

bone marrow transplantation-associated immunosuppression, treatment with 

corticosteroids, treatment with tumor necrosis factor-a inhibitors, various malignancies, 

sarcoidosis, chronic liver disease, and renal failure (3–5). Cryptococcosis is a common 

AIDS-defining illness and a leading cause of mortality among adults with HIV in Sub-

Saharan Africa, resulting in 135,000 deaths per year in this region (2). Despite the 

advent of antiretroviral therapy, which drastically reduced the number of HIV cases in the 

developed world, C. neoformans remains a major problem in resource-limited regions. 
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Furthermore, while the number of AIDS-associated cases of cryptococcal disease has 

decreased overall, the incidence of disease in solid organ transplant patients and other 

non-AIDS-associated cases has increased (6). 

Although this fungus is found primarily in the environment, it possesses features 

that allow survival and proliferation within a human host. Moreover, C. neoformans must 

be able to move from the lungs, the most common initial site of infection, to the central 

nervous system (CNS), the most common site of symptomatic disease. To accomplish 

this journey, C. neoformans has developed inducible and highly regulated cellular 

processes that favor fungal survival despite formidable host defenses. 

1.1.1 Cryptococcus in the environment and acquisition of infection 

C. neoformans is frequently found in the environment in association with pigeon 

guano, as well as in association with a variety of trees and soils (7–9). While C. 

neoformans does not generally cause symptomatic disease in pigeons due to their high 

body temperature, these birds are thought to be a reservoir contributing to the global 

dispersion of this pathogen (9, 10). C. neoformans is found throughout the world and can 

infect a wide variety of hosts, including cats, dogs, koalas, dolphins, and even plants 

(11–16). Studies estimate that 50% of urban children have been exposed to 

Cryptococcus by age 2 (17). A related Cryptococcus species, Cryptococcus gattii, is 

found in more restricted geographic regions. Unlike C. neoformans, Cryptococcus gattii 

is found almost exclusively in association with certain plant species, including eucalyptus 

trees (18). Infections with C. gattii have some overlapping features with those due to C. 

neoformans; however, C. gattii tends to cause disease more often in people without 

clear immunodeficiencies. Additionally, disseminated C. gattii infections often present 

with focal brain abscesses, instead of more generalized CNS infections (19–21). 
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C. neoformans has several well characterized virulence attributes, including the 

ability to grow at mammalian body temperature and the production of polysaccharide 

capsule, melanin, urease, and phospholipases. C. neoformans has also developed 

several strategies to survive and replicate within phagocytic cells. However, despite 

these successful virulence strategies, C. neoformans does not require the mammalian 

host to complete its lifecycle, leading to its designation as an “accidental pathogen” (22). 

Instead, it has been hypothesized that these virulence traits were acquired for survival in 

the environment, and then re-purposed in the setting of mammalian infection. For 

example, the anti-phagocytic capsule has been hypothesized to protect cells from 

environmental desiccation. Similarly, the antioxidant melanin pigment, which is required 

for survival in vivo, is thought to shield against UV radiation-induced cellular damage 

(23, 24).  

It has also been suggested that C. neoformans may have evolved to survive 

encounters with free-living soil microbes, such as amoebae and nematodes (22, 25). 

Amoebae including Acanthamoeba castellanii and Dictyostelium discoideum can interact 

and ingest C. neoformans in a manner similar to mammalian macrophages (26, 27). C. 

neoformans is able to kill these organisms, and many of the virulence attributes 

described above were also shown to be important for survival within amoebae (26). 

Similarly protozoa, as well as bacteria and insects, have been isolated from pigeon 

guano and shown to influence C. neoformans growth (28). Interestingly C. neoformans, 

but not related non-pathogenic cryptococcal species, can kill the nematode 

Caenorhabditis elegans (29). Interaction with A. castellanii, as well as the wax moth 

Galleria mellonella, induced C. neoformans capsule and the formation of giant/titan cells, 

similar to what has been observed in mammalian models of infection (30, 31).  
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1.1.1.1 Role of spores 

C. neoformans isolated from the environment grows almost exclusively as a 

haploid budding yeast. This asexual form replicates by mitosis. C. neoformans also has 

a defined sexual cycle in which it grows in a filamentous form. Mating occurs when 

partners of opposite mating types (MATa and MATa) fuse and form filaments with 

distinct nuclei and specialized clamp cells. The dikaryotic filaments eventually produce a 

basidium, a terminally differentiated structure at the end of a growing hyphae, in which 

nuclear fusion and meiosis occur to produce chains of haploid a and a basidiospores at 

the basidial head. Strains of the a mating type can also undergo monokaryotic haploid 

fruiting or same sex mating (32, 33). Interestingly, most clinical and environmental 

isolates are exclusively a mating type, leading to questions about the frequency of 

sexual reproduction in nature (34). However, Litvintseva et al. identified fungal 

populations in Botswana in which the proportion of MATa and MATa isolates is relatively 

even (35). Further analysis revealed evidence of clonal expansions and recombination 

among this population (35, 36).  

It has long been debated whether desiccated yeasts or spores are the 

predominant infectious particles of C. neoformans. Despite a lack of evidence for 

frequent sexual reproduction as a mechanism to generate infectious basidiospores, 

monokaryotic haploid fruiting can potentially result in the production of abundant spores 

in the absence of a mating partner. While a liquid suspension of fungal cells is generally 

used in murine models of cryptococcal infection, several studies have demonstrated that 

spores are capable of producing infection (37–40). Detailed spore analyses have been 

delayed due to difficulties in purifying large numbers of spores to homogeneity. 

However, recent advances in spore isolation have led to the characterization of spore 
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morphology, stress tolerance, and surface/coat composition (41). These studies 

revealed that the spore surface is composed of specialized polysaccharides, which are 

thought to aid in persistence in the environment (41). Recent comparative proteomic 

analyses highlighted proteins involved in spore composition as well as proteins important 

for spore germination and initiation of vegetative growth (42).   

The recognition of spores compared to yeast-like cells by the immune system 

has also been investigated, revealing important differences in how these two 

morphological states are sensed (37, 43). Unlike yeast cells, spores are readily 

phagocytosed by macrophages, inside which they can germinate and replicate. One 

caveat, however, is that activated macrophages can rapidly kill ungerminated spores, 

which are highly susceptible to ROS (37). Therefore, the ability for spores to produce an 

active infection is dependent on their ability to germinate prior to macrophage activation 

and killing. Once germinated, the budding yeast cells can grow both intracellularly, and 

extracellularly in the host, prompting investigators to refer to this microbe as a facultative 

intracellular pathogen.  

1.1.2 First stop of the trip: Adaptation to the lung environment 

A key step in cryptococcal disease is its arrival at the lungs. The immune 

response of this organ is complex and specialized because it is frequently exposed to a 

large number of exogenous particles suspended in the air, like dust and microorganisms. 

For this reason, the lungs have complex and specialized immune responses to control 

the continuous challenge from external threats. One of the main mechanisms of defense 

in the lung depends on tissue-resident macrophages present in the alveoli, which 

phagocytose and remove exogenous particles and microorganisms. In addition, the lung 

contains the surfactant system, which is a mixture of phospholipids and glycoproteins 
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whose main function is to maintain the superficial tension during respiration. Some of 

these surfactant proteins also have antimicrobial properties allowing them to bind to 

microbes and induce phagocytosis. 

After inhalation, the infectious particles of C. neoformans have to evade the 

complex pulmonary immune response and replicate. Survival in this environment is not 

an intrinsic property of most microbes. In fact, in animal models, most fungi cannot 

cause lung infection. For example, the immune response of the lung typically results in 

complete clearance of most Candida species. Even in the case of Aspergillus fumigatus, 

a filamentous fungus that can cause pulmonary infection in immunosuppressed 

individuals, colonization of the mouse lungs only occurs when the animals are 

immunosuppressed. For this reason, C. neoformans is a unique fungal pathogen due to 

its effective evasion of the lung immune system, and in fact, it behaves like other primary 

fungal pathogens, such as Histoplasma or Paracoccidioides species. In the next 

sections, we will briefly describe the virulence factors and adaptation mechanisms 

elicited by C. neoformans that allow its adaptation to the lung. 

1.1.2.1 Metabolic adaptation to temperature, nutrients and metals 

 While there are over 1.5 million fungi, only a small group of these are capable of 

growing at elevated temperatures, including human body temperature (37˚C). Within the 

basidiomycetes, pathogenic Cryptococcus species are the only organisms known to 

grow well at high temperatures (44). It has been demonstrated that growth at 37˚C can 

protect against the accumulation of deleterious mutations, suggesting a role for this trait 

in genomic stability beyond contributing to pathogenesis in a mammalian host (45). 

Considered one of the main virulence attributes of this organism, many investigators 

have worked to characterize the proteins important for tolerance to high temperature. 
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Components of the mitochondrial antioxidant response, including manganese 

superoxide dismutase, have been shown to be important for high temperature growth, as 

well as virulence (46). Trehalose, a sugar made by fungi and not by mammalian hosts, 

has been demonstrated to aid in protecting C. neoformans from internal and external 

stresses, including high temperature. Components of the trehalose biosynthesis pathway 

are required for high temperature growth as well as virulence in a variety of infection 

models (47). A number of C. neoformans signal transduction pathways also have major 

roles in sensing and responding to high temperature stress. These include the 

calcium/calmodulin/calcineurin pathway (48, 49), MAP kinase pathways including the 

PKC/cell wall integrity pathway (50–52) and the high osmolarity glycerol (HOG) 

response pathway (53, 54), and the Ras signaling pathway (55). Aside from their roles in 

thermotolerance, these pathways contribute to the fungal response to other stress 

responses, and each plays a central role in virulence. 

In addition to adapting to the high temperature of the mammalian host, C. 

neoformans must also adapt to limitations and/or influxes of essential nutrients and 

metals. Analysis of the C. neoformans genes expressed in the context of murine infected 

lungs showed the upregulation of many genes involved in carbon metabolism (56). Hu 

and colleagues also found that various transporters, including those for 

monosaccharides, acetate, iron, and copper, were all induced in the murine lung (56). 

Similarly, a study of the transcriptomes of two clinical isolates from human CSF 

demonstrated that upregulated genes were enriched for GO terms associated with 

cellular metabolism in these in vivo clinical samples compared to ex vivo incubated 

samples (57). 
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Iron availability is an important aspect of cryptococcal pathogenesis. C. 

neoformans and other microbes compete with the host for iron, and iron sequestration is 

a basic component of host “nutritional immunity”. This metal is required for both capsule 

and melanin synthesis, and excess iron can contribute to aggresive meningoencephalitis 

in mouse models of infection (58). C. neoformans has several enzymes and transporters 

that aid in the acquisition of iron from the host (reviewed in (59)). Under the 

transcriptional control of the central iron regulator, Cir1, C. neoformans possesses many 

cell surface proteins that facilitate iron uptake into the fungal cell. These surface proteins 

include iron reductases that reduce extracellular iron to allow transport into the cell, iron 

permeases such as Cft1, and plasma membrane ferroxidases such as Cfo1 to convert 

iron atoms to biologically optimized oxidation states. Additional proteins involved in the 

uptake and homeostasis of iron in C. neoformans include the Sit1 siderophore 

transporter, the cell wall protein Cig1, and the mitochondrial proteins Frr1, Frr3, and 

Frr4.  

Upon transitioning to the host environment, C. neoformans must also adapt to 

the relatively alkaline pH of the mammalian lung. Changes in ambient pH can induce 

stress on many important cellular processes, including nutrient uptake, protein stability 

and function, and membrane and cell wall stability and maintenance. The Rim alkaline 

response pathway is the main signaling pathway responsible for sensing and responding 

to changes in external pH (reviewed in (60)). Activation of the pathway occurs when 

alkaline pH is sensed at the cell surface by the membrane sensing complex composed 

of the Rra1 membrane protein and members of the ESCRT machinery (61–63). The 

assembled ESCRT complexes serve as a scaffold for the proteolysis complex composed 

of Rim20, Rim23, and the Rim13 protease, which cleaves the Rim101 transcription 
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factor so that it can transit to the nucleus to regulate gene expression (63–65). Rim101 

directly regulates genes required for various stress responses including low iron and 

elevated salt concentrations (65). It is also required for proper formation of the 

polysaccharide capsule and proper cell wall maintenance in response to host conditions 

(64–67). 

C. neoformans must also be able to sense and respond to the essential metal 

copper. Copper is both simultaneously required and detrimental for C. neoformans 

growth in vivo. Copper is an important cofactor for a number of enzymatic reactions, in 

addition to being required for the enzymatic activity involved in melanin formation. 

However, there is increasing evidence that it is used by the host as a microbicide; innate 

immune cells upregulate copper importers to accumulate copper in the phagosome (68). 

Furthermore, alveolar cells isolated from mice challenged with C. neoformans were 

shown to have increased expression of copper importers and higher levels of 

intracellular copper (69). As with iron, much work has gone into defining the proteins and 

enzymes required for the response to and regulation of copper uptake and overload. The 

transcription factor Cuf1 has been shown to regulate the response to both high and low 

copper conditions (70, 71). In the lungs and the phagosomes of innate immune cells, C. 

neoformans experiences high copper conditions, in which Cuf1 directs the upregulation 

of the copper-detoxifying metallothioneins, CMT1 and CMT2, and downregulates the 

expression of copper importers (69, 72). Recently, it has been shown that Cuf1 also 

regulates the expression of a mitochondrial ABC transporter, ATM1, under high copper 

conditions (73). Garcia-Santamarina and colleagues demonstrated that iron-sulfur (Fe-S) 

containing proteins and Fe-S assembly machinery are targets of copper toxicity, and that 

Atm1 combats this copper excess by mobilizing Fe-S precursors in the cytosol (73). In 
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contrast to the lung, during infection in the brain, C. neoformans experiences low copper 

conditions, in which Cuf1 directs the upregulation of the CTR1 and CTR4 copper 

importers (69, 72). In addition, several other proteins have been shown to be important 

for copper homeostasis, including cell surface metalloreductases that reduce 

extracellular copper prior to import into the cell, and cytosolic copper chaperones that 

deliver copper to various compartments within the cell and to copper dependent 

enzymes (74).  

1.1.2.2 Adaptation to free radicals: Melanin and antioxidant mechanisms 

Once inside the phagosome, C. neoformans must also adapt to reactive oxygen 

species (ROS) in order to survive within this environment. Melanin is perhaps the most 

well-known factor involved in ROS tolerance. In C. neoformans, melanin synthesis 

depends on laccase enzymes, which uses dopaminergic precursors, mainly L-DOPA to 

produce the pigment. Melanin in C. neoformans accumulates at the cell wall and confers 

resistance to many different types of stresses (27). Melanized C. neoformans strains 

were less susceptible than melanin deficient strains to nitrosative and oxidative stresses 

(75). As a free radical scavenger, melanin is capable of neutralizing ROS (76). 

Additionally, laccases, the enzymes responsible for making melanin, interfere with the 

oxidative burst of phagocytes in part by sequestering and oxidizing iron during infection 

(76, 77). Melanin and the Lac1 laccase enzyme have also been demonstrated to 

facilitate dissemination of C. neoformans from the lung to the CNS (78). 

  

In addition to melanin, combined proteomic and genetic analyses have identified 

several other cellular processes involved in the nitrosative stress response, from 

canonical cellular stress response pathways to cell wall maintenance, signal 
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transduction, intracellular transport, transcriptional control, respiration, and metabolism 

(79). Other classical enzymes, including copper- and zinc-containing superoxide 

dismutase and components of the thioredoxin and glutathione antioxidant systems, have 

been highlighted in the response to oxidative and nitrosative stresses, as well as in 

promoting fungal virulence (80–82). Surprisingly, catalases, enzymes that detoxify 

hydrogen peroxide, were shown not to play a major role in ROS stress tolerance in C. 

neoformans, perhaps due to functional redundancy with other elements of ROS defense 

(83). 

1.1.2.3 The polysaccharide capsule 

The polysaccharide capsule is one of the most characteristic features of C. 

neoformans, as well as one of its major virulence factors. It is composed of a complex 

network of polysaccharides surrounding the cell wall and while this structure has been 

studied extensively, there are key aspects of its biology, composition, and regulation that 

remain unknown. While not required for replication under standard laboratory conditions, 

the capsule is exceedingly important for virulence, and acapsular strains are generally 

unable to cause disease in murine models of infection (84–86). The capsule contributes 

to disease in multiple ways during infection. For example, capsule components 

themselves impact the host in a number of negative ways (reviewed in (87–89)). 

Perhaps the most well-known function, however, is the capsule as a protective shield. As 

discussed above, the capsule can protect cells from environmental stresses such as 

dehydration (23). However, it also has important protective roles during infection. The 

capsule contributes to the evasion of phagocyte-mediated killing and acts to physically 

mask the recognition of immunostimulatory cell wall epitopes from macrophage 
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receptors (90). Furthermore, the capsule itself has antioxidant properties that shield the 

fungal cell from reactive oxygen assault in the phagolysosome (91).  

The main components of C. neoformans capsule are glucuronoxylomannan 

(GXM) and glucuronoxylomannogalactan (GalXM) (87, 92–95). GXM is composed of a 

linear chain of mannose resides modified by glucuronic acid and xylose substitutions, 

while GalXM is mainly composed of chains of galactose molecules modified by 

mannose, xylose, and glucuronic acid substitutions (reviewed in (87, 89)). Many of the 

proteins and enzymes required for capsule biosynthesis have been characterized 

(reviewed in (94)). However, many aspects of capsule formation, structure, and 

organization remain unknown. For example, it is known that capsule is organized as 

interwoven fibers (96–98), but we do not yet understand the mechanistic details of how 

these fibers are assembled. Additionally, capsule components are made within the cell 

and then exported to the cell surface (99), however our understanding of how capsule 

material is secreted from the cell is incomplete. Interestingly, capsular polysaccharides 

can be found in extracellular vesicles (EVs) (100), and these structures have been 

proposed as a mechanism for the extracellular export of capsule material (100, 101). 

While many genes have been identified with roles in capsule biosynthesis (102), a large 

proportion of these genes still have uncharacterized functions.  

The capsule is a dynamic structure that adapts and changes in response to 

different conditions. Of particular interest is the increase in capsule size observed after 

interaction with the host (103). Importantly, a correlation between ex vivo capsule size 

and intracranial pressure of patients suffering from cryptococcal meningoencephalitis 

has been demonstrated, providing clinical relevance for this observed phenotype (104). 

While capsule enlargement is an energy intensive process requiring protein synthesis 



 

13 

and mitochondrial function (105), it provides many benefits for the cell in the setting of 

infection. Yeast cells with large capsules are better able to avoid killing by macrophages 

due to their increased resistance to oxidative stress (91). Additionally, capsule 

enlargement has been shown to confer increased resistance to complement mediated 

phagocytosis (106), antimicrobial peptides, and antifungal drugs (91). Increased capsule 

size has been observed in various infection models, from environmental predators such 

as free-living amoebas (30) to the non-vertebrate host G. mellonella (31), to animal 

models and phagocytic cells (30). It has also been shown to be induced by a variety of 

host environment-associated stresses including CO2 (107, 108), iron limitation (109), 

nutrient limitation (110), and mammalian serum (108). In addition to overall capsule 

enlargement, the density of the polysaccharide fibers can also increase in vitro and in 

vivo (111, 112), presumably leading to a more tightly arranged capsular structure that is 

less permeable to extracellular stresses. 

The capsule can also undergo rearrangements in order to produce a more 

heterogeneous population of cells with different epitope compositions, thereby effecting 

immune recognition and response. Through the use of monoclonal antibodies (mAbs) 

that recognize capsule, a variety of binding patterns have been observed on cells 

obtained from in vivo samples, indicating that there is a large diversity during infection 

(113). Cells obtained from different organs were also shown to have different binding 

patterns, suggesting that organ-specific selection is occurring in vivo (113). 

Microevolution of capsule structure has also been observed in vitro depending on 

laboratory cultures and growth conditions (114).  

In addition to the effects that cell surface capsule can have on the immune 

system, exopolysaccharides, or capsular polysaccharides released extracellularly, can 
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also have profound impacts on immune recognition and immune cell function. 

Exopolysaccharides have been found in various locations during infection including in 

tissues, the cerebral spinal fluid (CSF), and blood. Recent work has demonstrated that 

the release of exopolysaccharides is a regulated process in C. neoformans that depends 

on environmental cues and distinct genes (115). GXM and GalXM can cause apoptosis 

of multiple immune cell types (116–119). Exopolysaccharides have been shown to inhibit 

leukocyte migration (120–122) and reduce immune cell infiltration to the brain (115). 

Furthermore, they can impair antibody production and induce complement depletion 

(123), and stimulate production of cytokines and chemokines (124). With relation to 

immune detection, exopolysaccharides can be recognized by several immune receptors, 

including CD18, CD14, and toll-like receptors (TLRs) (125–127).  

1.1.2.4 Intracellular survival inside macrophages/recognition by macrophages 

One of the first cell types that C. neoformans engages upon entering the lung are 

innate immune phagocytes, in particular alveolar macrophages. C. neoformans has a 

dynamic relationship with macrophages, and there is data to support their role in both 

clearance and persistence of this fungus. For example, depletion of macrophages 

reduces survival in murine models of infection (128). On the other hand, while classical 

virulence attributes such as capsule and melanin assist the fungus to minimize 

phagocytosis and killing by macrophages, C. neoformans requires macrophages for 

efficient dissemination to the CNS (129). 

Recognition 

The interaction between fungi and host begins when fungal factors are 

recognized by innate immune cell surface receptors, triggering immune cell activation 

and inducing phagocytosis of the fungus. A number of pattern recognition receptors 
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(PRRs) recognize C. neoformans, including receptors in the Toll-like (TLR), C-type lectin 

(CLR), and NOD-like families (NLR), as well as scavenger receptors. Acapsular strains 

are readily ingested by phagocytosis through interactions with the mannose receptor 

(MR) and Dectin-1 (4, 130). Capsule components can also be recognized by several 

receptors, including TLR2, TLR4, and the co-receptor CD14 (126, 127, 131). While there 

is opposing evidence as to the importance of TLR2 in the immune response to C. 

neoformans, it is clear that TLR4 is not required for protection against C. neoformans in 

mouse models of infection (127, 132, 133). A major role for MyD88, the adaptor protein 

that directs downstream immune signaling from many of the TLRs, has been 

demonstrated by multiple groups; mice that are deficient in MyD88 succumb to C. 

neoformans infection at rates significantly faster than WT mice (127, 132). 

The CLR Dectin-2, which recognizes mannan in the fungal cell wall, is associated 

with higher levels of non-protective Th2 cytokines during C. neoformans infection (134). 

While Dectin-1 can bind to b-glucan on C. neoformans spores (37), its role in 

phagocytosis of spores as well as overall protection against C. neoformans infection 

appears to be minimal (43, 135). Dectin-3 deficiency was also shown not to be a major 

factor in immunity towards C. neoformans (136). However, mice deficient in the CLR 

adaptor protein Card9, are highly susceptible to C. neoformans infection due to 

decreased influx of INF-g producing cells, suggesting a role for CLR-mediated signaling 

pathways in protection from cryptococcal infection (137). Finally, both the mannose 

receptor (MR) and DC-SIGN recognize mannosylated proteins on the C. neoformans cell 

surface (138), and MR-deficient mice are highly susceptible to infection with C. 

neoformans (139). Together these data suggest that a combination of immune receptors 

might act in hetero-complexes to recognize the dynamic surface of C. neoformans, 
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leading to complex downstream immune signaling, similar to what has been described 

for recognition of other fungal species (reviewed in (140)).  

While capsule and cell wall components can be recognized by several PRRs, 

encapsulated strains require opsonization with antibodies or complement for efficient 

phagocytosis. Anti-capsular antibodies can be recognized by CD19 and Fcg receptors 

(141). The localization of the antibody binding, as well as antibody isotype, impact the 

efficiency of phagocytosis (142, 143). The cryptococcal capsule is also capable of 

inducing complement activation through the alternative pathway. This activation results 

in the deposition of complement proteins within the capsule structure (144), which can 

be recognized by CD11b/CD18 and CD11c/CD18 (125). Similar to antibody-mediated 

phagocytosis, the efficiency of complement-mediated phagocytosis depends on capsule 

size and location of complement protein binding (89, 106, 144). Importantly, 

complement-deficient animals are more susceptible to C. neoformans infection (145). 

Phagocytosis 

As a facultative intracellular pathogen, C. neoformans has many strategies to 

regulate its phagocytosis by immune cells. Perhaps the best studied is the 

polysaccharide capsule, which itself inhibits phagocytosis by macrophages (146, 147). 

The specific capsule components can also influence its interaction with host cells 

through differential binding of opsonins as described above (106, 144). 

In addition to capsule, Luberto and colleagues identified an antiphagocytic 

protein, App1, that has an important role in phagocytosis and virulence in C. 

neoformans. Importantly, this protein was identified in the serum of AIDS patients with 

disseminated C. neoformans, highlighting its physiological importance (148). In vitro, 

treatment of cells with App1 inhibited engulfment in a complement-dependent manner 
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(149). Conversely, app1∆ cells were more readily phagocytosed and displayed 

attenuated virulence in multiple mouse backgrounds (148, 150). Similarly, there is 

another regulator, Gat201, which mediates phagocytosis avoidance through a capsule-

independent mechanism (151). 

Survival and proliferation inside macrophages 

Despite actively avoiding phagocytosis, C. neoformans is quite capable of 

surviving and proliferating inside of phagocytic immune cells. In fact, C. neoformans is 

viable and replicates within the acidic environment of the phagolysosome (152, 153). 

Additionally, phagosomes containing C. neoformans experience lysosomal fusion and 

acquire phagosomal markers, indicating that phagosomal maturation is not inhibited by 

this pathogen (154). More recent work has demonstrated that several of these early 

markers are prematurely removed and that C. neoformans can subtly alter the 

phagosome maturation process in order to create a more permissive environment for its 

survival (155). Through a screen to identify host factors that influence intracellular 

survival, it was shown that C. neoformans hijacks many aspects of macrophage biology, 

including cytoskeletal elements, cell surface signaling molecules, and vesicle mediated 

transport systems, to favor its own survival (153). This study also showed that 

autophagy proteins are recruited to pathogen-containing vacuoles, supporting C. 

neoformans infection (153). Once ingested, C. neoformans induces phagolysosomal 

damage (156–158), perhaps as a result of the combination of increased cell/capsule 

growth and secreted C. neoformans proteins, such as phospholipase B (156, 159). The 

damaged phagolysosomes display increased membrane permeability which enhances 

C. neoformans growth by allowing nutrient influx, pH homeostasis, and eventually 

escape from the macrophage (158). 
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Macrophage exit 

Once inside of a macrophage, C. neoformans has several potential fates. The 

first is being inhibited or killed by the phagocyte. Other options, all of which ultimately 

lead to fungal escape, include lysis of the macrophage, cell-to-cell transfer to a 

neighboring macrophage, and non-lytic exocytosis or “vomocytosis” in which both fungal 

cell and macrophage survive the interaction (reviewed in (154, 160, 161)). Lateral 

transfer of C. neoformans from one macrophage to another, while a rare event, allows 

for fungal cells to disseminate while avoiding immune detection. Alvarez et al. 

demonstrated that this occurs in an actin-dependent manner, leaving lasting effects on 

the inhabited macrophage in the form of a large residual vacuole (162). This process can 

occur regardless of serotype or opsonization type, and in multiple mammalian cell lines 

(163).  

Non-lytic exocytosis, or vomocytosis, is similar to cell-to-cell spread in that both 

the fungal and macrophage cells are viable after fungal escape. This process has been 

shown to occur in vivo and is dependent on several host factors (164). It appears to 

occur after phagosome maturation and is influenced by phagosomal pH. For example, 

when the pH of the phagosome was raised artificially with weak bases, rates of 

vomocytosis increased (164, 165). Concordantly, when acidification of the phagosome 

was blocked altogether using vacuolar ATPase inhibitors, the rate of vomocytosis 

decreased (164, 165). Phagosomal membrane permeabilization occurs rapidly after 

uptake of C. neoformans cells and is thought to be another contributing factor to rates of 

non-lytic exocytosis (154, 157, 158). Actin flashes around the phagosome occur soon 

after membrane permeabilization and contribute to blocking non-lytic exocytosis (166). It 

has also been demonstrated that cytokine signaling has an impact on this process, with 
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Th2-stimulated macrophages having lower rates of non-lytic exocytosis (167). In addition 

to host factors, C. neoformans proteins are also required for non-lytic exocytosis, 

including phospholipase B1 (Plb1) and the Sec14 protein required for phospholipase 

secretion (168).  

1.1.2.5 Morphological changes in C. neoformans and their role during adaptation 

to the host 

A number of fungi undergo morphological changes upon interaction with the host 

environment. Perhaps the most well-known example is the yeast-to-hyphal transition of 

Candida species, which is indispensable for pathogenesis. Filamentous forms of 

Candida are essential in attachment and invasion, whereas the yeast form is important 

for dissemination. While C. neoformans can form hyphae, this occurs primarily during 

sexual reproduction and isn’t thought to contribute to disease (4). In contrast, there are 

other types of morphological changes that can occur in the host that are more relevant to 

our understanding of pathogenesis, including titan cell formation and cell wall 

remodeling.  

Titan cells 

The most well characterized example of a C. neoformans morphological adaption 

to the lung environment is the ability for cells to increase in size. In addition to capsule 

enlargement as discussed above, C. neoformans can undergo a significant increase in 

overall cell size. Termed titan cells due to their size, these giant cells can reach up to 

100 microns in size (169, 170). The exact signals that induce titan cell formation are not 

currently known; however, the cAMP and PKA signaling pathways have been shown to 

have a major role in titan cell regulation (170). Additional upstream effectors including 

pheromone receptors and Gpr5 (171) and downstream signaling components including 
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Rim101 (66) have also been identified. Interestingly, titan cell formation has been shown 

to be associated with alterations in cell cycle regulation, resulting in cases of genome 

replication and polyploidy among cell populations (169, 170).  

Titan cells have been associated with several processes important for immune 

evasion and long-term persistence. Titan cell capsules are very large and composed of a 

dense matrix of polysaccharides compared to the capsules of normal sized cells. They 

are also unable to be phagocytosed, presumably due to their large size (172). 

Interestingly, titan cells are able to confer this phagocytosis resistance to smaller cells 

nearby (172). While the mechanism of this shared resistance has yet to be determined, it 

has been shown that polyploid titan cells can give rise to a variety of haploid and 

aneuploid daughter cells (173). This heterogeneity may allow for rapid adaptations to 

stressful environments and ultimately selection for beneficial phenotypes.  

The exact signals that induce titan cell formation have yet to be fully elucidated. 

However, several important observations have been made. The first was that co-

infection of mice with opposite mating types resulted in an increase in the number of 

titan cells (169). This observation suggested a role for sexual reproduction and/or the 

pheromone signaling pathway in titan cell formation. Furthermore, it has been shown 

that the rate of titan cell formation is partially dependent on mouse background. Garcia-

Barbazan et al. found that in mouse backgrounds that develop Th1 type responses, the 

proportion of titan cells was very low, around 15%. By contrast, mice that develop Th2 

type responses were found to have higher proportions of titan cells, up to 50% of the 

total cell population (174). These data indicated a role for the host immune response in 

promoting or deterring titan cell formation.  
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Cell wall rearrangements during infection 

In addition to these well-characterized morphological changes, there is 

increasing evidence that C. neoformans cell wall maintenance plays an important role in 

its interaction with the host immune system. C. neoformans dramatically alters its cell 

wall, both in size and composition in response to the host environment (65–67, 103). 

Feldmesser et al. demonstrated that the cell wall thickens over time in the setting of 

murine pulmonary infection (103). Additionally, both capsule and titan cell formation 

involve significant cell wall remodeling; polysaccharide capsule attaches to the cell 

surface through an interaction with a-(1,3)-glucan (175), and titan cells have thicker, 

more chitin-rich cell walls (176). Studies investigating the Rim101 transcriptome during 

murine infection indicated that this pH responsive transcription factor directly regulates 

cell wall biosynthesis genes in this context (65, 66). Coordinately, in the absence of 

Rim101, C. neoformans cells expose immunogenic epitopes that ultimately lead to 

detrimental immune responses (65–67). These studies highlight how C. neoformans 

actively remodels its cell surface in response to the host environment in order to avoid 

immune detection.  

1.1.3 The trip continues: Dissemination through the host and arrival 

at the brain 

A key step in Cryptococcal disease and pathogenesis is the ability to disseminate 

from the lung to the CNS in order to cause meningoencephalitis. As such, dissemination 

is a major aspect of disease and in many cases, what ultimately leads to death. For this 

reason, the mechanisms of C. neoformans CNS dissemination have been extensively 

studied (reviewed in (177)). On its trip to the brain, C. neoformans must transit from the 
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lung alveoli to the bloodstream and ultimately the CNS, crossing both epithelial and 

endothelial barriers.  

In order to exit the lung, the first barriers that C. neoformans must pass through 

are pulmonary epithelial cells. While this interaction has not been as well characterized 

as those described below, we do have some insights into important aspects of this 

process. While both encapsulated and acapsular cells are able to interact with lung 

epithelial cells, it has been shown that acapsular cells are more efficient at recognizing 

and attaching to the epithelial layer (178). GXM is important for the recognition of 

encapsulated cells, and this interaction occurs through the CD14 receptor on epithelial 

cells. Additionally, other C. neoformans proteins including mannoprotein MP84 and 

phospholipase B have roles in epithelial cell interaction (179, 180).  

Compared to pulmonary epithelial cells, significant work has been done to 

characterize interactions with endothelial cells. Of particular interest are the endothelial 

cells that comprise the blood brain barrier (BBB). C. neoformans has developed several 

strategies to cross this normally selective and restrictive barrier. These include 

movement as free-living fungal cells, intracellularly within macrophages, and 

paracellularly through cell-to-cell mechanisms.  

Fungal cells have been observed directly attaching to the endothelial surface of 

brain microvasculature (181). This initial step in penetrating the BBB is followed by 

internalization of C. neoformans by endothelial cells and release on the basolateral side 

of the barrier (182). Hyaluronic acid (HA) present in C. neoformans has been shown to 

be recognized by the CD44 receptor on endothelial cells, suggesting a mechanism for 

fungal uptake (183). The importance of this interaction was emphasized by studies 

demonstrating that CD44-deficiency in mice is associated with decreased Cryptococcal 
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brain infection (184). Furthermore, host produced inositol can be recognized by C. 

neoformans cells and induce increased HA production (185). Urease and phospholipase 

B production have also been implicated in regulating endothelial cell binding (186, 187), 

as well as the extracellular protease Mpr1 (188). Na Pombejra et al. showed that Mpr1 

can induce cytoskeletal rearrangements in endothelial cells that lead to increased 

recognition of C. neoformans by Annexin A2 (188). Others have shown that upon C. 

neoformans uptake, endothelial cell biology can be significantly impacted in ways such 

as cytoskeletal rearrangements and alterations in nuclear, endoplasmic reticular, and 

mitochondrial morphologies (189).  

Another way in which C. neoformans can traverse the BBB is through a 

paracellular mechanism that involves the manipulation of the connections between 

endothelial cells. It has been shown that C. neoformans can modify the tight junctions 

that attach cells of the BBB to one another (186, 189). Drugs that alter the structure of 

BBB tight junctions, such as methamphetamine, have been associated with increased 

dissemination of Cryptococcus to the CNS, providing a clinical perspective on the 

potential importance and contribution of this mechanism to C. neoformans brain invasion 

(190).  

Perhaps the most well-known or hypothesized method of C. neoformans brain 

invasion is the so-called “Trojan horse” mechanism. This process of dissemination 

involves C. neoformans traversing the BBB while inside of a macrophage, a location that 

this fungus is fully capable of surviving and thriving in. To this end, several studies have 

demonstrated the complex and paradoxical relationship that C. neoformans has with 

macrophages. Depletion of macrophages during murine infection results in reduced 

fungal burden in various organs, suggesting that macrophages may be a protective 
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niche for this fungus (129, 191). The reduced number of fungi specifically in the brains of 

infected mice served to highlight the role for macrophages in dissemination of fungal 

cells. Additional studies in which mice were injected with C. neoformans-infected 

monocytes resulted in increased organ fungal burdens, compared to mice injected with 

free-living yeast, further suggesting that macrophages are key components in fungal 

dissemination (129, 187).  

More recently, several models of reconstituted BBBs have been developed which 

have been instrumental in visualizing C. neoformans interacting with these cells. It has 

been shown that C. neoformans can transmigrate across in vitro BBBs through 

transcellular pores as well as within macrophages. Specifically, in regards to traversal 

within macrophages, Santiago-Tirado et al. demonstrated that multiple eventual 

outcomes may occur. These include successful fungal proliferation, non-lytic exocytosis, 

cell-to-cell (macrophage-to-macrophage) migration of fungi, and direct transmission of C. 

neoformans from macrophages to endothelial cells (192). These mirror the multiple 

outcomes observed during fungal-macrophage interactions at other sites of infection.  

Together, these data demonstrate that C. neoformans has adapted many 

strategies to traverse the BBB, including intracellularly, paracellularly, and as a free-

living organism. What remains to be elucidated are the individual contributions and 

occurrences of each of these mechanisms during actual infection. Due to the importance 

of BBB crossing to the pathogenesis of Cryptococcal disease, it is an attractive 

therapeutic target. However, further work is required to characterize these processes in 

vivo in order to better understand and prioritize which mechanisms are most important.   
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1.1.4 Final stop of the trip: Survival within the CNS 

Although survival in the lung and dissemination are key aspects to understand 

cryptococcal disease, the mechanisms that allow survival in the brain are also important 

to define because the most common clinical manifestation of cryptococcal disease is 

brain infection (193). Once C. neoformans has invaded the CNS, the clinical 

manifestations of the resulting infection are due to inflammation of the meningeal tissue 

(meningitis) as well as from involvement of the brain tissue itself (encephalitis). 

Therefore, the symptoms of cryptococcal meningoencephalitis can range from a 

progressive headache to serious neurological symptoms, including coma and death. 

Moreover, the viscous capsular polysaccharide of this microorganism can trigger 

increased intracranial pressure, a major source of morbidity in this infection that must be 

treated aggressively. 

Several investigators have explored how this organism is able to survive in the 

nutrient-poor environment of the cerebrospinal fluid, as well as in the specialized neural 

tissue. C. neoformans is able to grow in vitro on a very minimal medium composed 

primarily of cerebrospinal fluid (57). This fluid has a low carbohydrate and nitrogen 

content, suggesting that this fungus effectively scavenges essential nutrients and their 

precursors from nutrient-poor environments.  

Transcription patterns of C. neoformans isolated directly from the CNS of 

infected patients were compared with samples incubated ex vivo on CSF media (57). 

Carbohydrate importers and the sodium transporter Ena1 are highly induced in both 

conditions. Additionally, the alkaline-responsive Rim101 transcription factor was also 

highly induced during CNS infection. Together, these results suggest that C. neoformans 
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must actively adapt to host-specific signals while growing in the CNS, including nutrient 

deprivation and host pH.  

Several lines of evidence implicate a role for laccase activity during CNS 

infections. First, laccase mutants are highly attenuated for virulence in animal models of 

cryptococcal infection (78). Also, melanized forms of C. neoformans can be isolated from 

CNS tissue during infection (194). The transcript levels of cryptococcal laccases are 

specifically induced by glucose deprivation, a condition known to be present in the CNS 

(195). Additionally, the substrates for cryptococcal melanin formation include diphenolic 

compounds such as epinephrine, DOPA, and norepinephrine (196). The enhanced 

availability of these diphenolic neurotransmitter molecules in neural tissue has been 

postulated to be one reason for the neurotropism of this microorganism.  

1.1.5 Summary 

C. neoformans continues to be a significant pathogen among 

immunocompromised individuals, especially those with advanced HIV infection. As an 

environmental fungus, this organism has adapted many strategies to survive its trip to 

disease in the mammalian host. Suggested to have acquired many of its virulence traits 

from environmental encounters, C. neoformans has been referred to as an “accidental 

pathogen”. 

Beginning its journey in the environment, this fungus can interact with and infect 

many soil microbes, and during its interaction with these microbes, C. neoformans 

utilizes many of its classical virulence attributes. This fungus is introduced into the 

mammalian host through the inhalation of spores or desiccated yeast. With advanced 

methods of spore isolation recently described, the role of spores at this initial step has 

been able to be elucidated more clearly. However, future work will be required to 
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characterize the innate immune responses to these infectious propagules, and how 

these responses direct the development of disease.  

As C. neoformans is inhaled into the mammalian lung, it must adapt to a number 

of additional stresses including high temperature, increased pH, and changes in 

essential nutrients and metal concentrations. Ongoing work continues to identify novel 

upstream and downstream components of the conserved signaling pathways controlling 

responses to these stresses. This fungus has a dynamic relationship with host 

phagocytes, in which it actively avoids detection and killing by these cells, but it also 

requires them for effective CNS dissemination. Inside the host, C. neoformans has also 

developed ways to alter its morphology in order to facilitate survival, including the 

production of polysaccharide capsule, titan cell formation, and cell wall rearrangement. 

Continued efforts to understand this delicate host-pathogen interface will be needed to 

drive the development of novel methods to direct this response in favor of the host.  

Finally, to effectively finish its journey to the CNS, this fungus has the ability to 

traverse the blood-brain barrier (BBB) through various means. These include direct 

traversal through endothelial cells, manipulation of the tight junctions of the BBB, and the 

“Trojan-horse” mechanism. A greater understanding of how C. neoformans utilizes these 

different means in vivo will provide a path forward for developing new therapeutic targets 

to control brain invasion. 
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1.2 Summary of work included in this dissertation. 

The work presented in this dissertation focuses on identifying the mechanisms of 

protein localization and trafficking, and how this effects protein function and 

pathogenesis in C. neoformans. Ras-like GTPases have been well studied for their roles 

in the growth and morphogenesis of fungi and other small eukaryotes. In Chapter 2, I 

describe my work characterizing the enzymes involved in post-translationally modifying 

Ras-like GTPases, a process called prenylation, which is required for proper localization 

and function of substrate proteins. In Chapter 3, I discuss the characterization of a novel 

C. neoformans protein, Mar1, that has a role in intracellular trafficking, in particular the 

membrane localization of the b-1,3-glucan catalytic subunit, Fks1. The mar1∆ strain 

displays cell wall changes that impact immune recognition and the pathogenesis of 

cryptococcal disease, an observation that is introduced in Chapter 3 and further 

characterized in Chapter 4. In Chapter 5 I describe a novel bioinformatics pathway that 

allows for rapid identification of mutations generated by forward genetic screens.  

1.2.1 Characterizing C. neoformans prenylation and post-prenylation 

processing enzymes 

Many aspects of growth and morphogenesis, as well as pathogenesis, are 

controlled by conserved Ras-like GTPases (55, 197–200). These proteins are directed to 

cellular membranes through a post-translational modification process known as 

prenylation (201, 202), and often require proper subcellular localization for full function 

(199, 203, 204). Prenyltransferase enzymes attach a hydrophobic lipid group to 

substrate proteins at a conserved C-terminal CAAX motif. Subsequently, the prenylated 

protein is further processed by post-prenylation enzymes that cleave the terminal 3 

amino acids and carboxymethylate the prenylated cysteine residue. Previous work 
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demonstrated that two forms of protein prenylation, farnesylation and 

geranylgeranylation, are both required for C. neoformans adaptation to stress, as well as 

virulence in animal infection models (205, 206). However, the roles of downstream 

prenylation pathway members had not yet been defined in C. neoformans.  

The prenyltransferase enzymes, farnesyltransferase (FTase) and 

geranylgeranyltransferase (GGTase-1), are heterodimers composed of a common a-

subunit, Ram2, and distinct b-subunits, Ram1 and Cdc43, respectively. While classically 

the amino acid in the X position of the CAAX box determines enzyme specificity, prior 

work from our lab suggested that these enzymes may have different specificities in C. 

neoformans. Selvig et al. demonstrated that while Ras1 is a predicted GGtase-1 

substrate, it was not mislocalized in a cdc43∆ GGTase-1 a-subunit mutant (206). While 

we were previously unable to isolate ram1∆ mutants in the C. neoformans var. 

neoformans background (205), in this study I disrupted the RAM1 gene in the C. 

neoformans var. grubii background using very permissive growth conditions. I 

established that the C. neoformans RAM1 gene is required for growth at elevated 

temperatures, sexual reproduction, and importantly, virulence. I also demonstrated that 

the Ras1 GTPase displays decreased membrane localization in the ram1∆ mutant, while 

membrane localization of Cdc42 does not appear to be dependent upon Ram1.  

A second important implication of this study was a focus on the post-prenylation 

processing enzymes including the C. neoformans CAAX proteases, Rce1 and Ste24, 

and the carboxyl methyltransferase, Ste14. In addition to our work on GGTase-1 

substrate specificity, several other studies have suggested overlapping substrate 

employment as well as cross-specificity between the two prenyltransferase enzymes 

(202, 206). Both farnesylated and geranylgeranylated proteins are processed by the 
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downstream post-prenylation processing enzymes, providing novel therapeutic targets 

that can overcome issues arising from substrate specificity and cross-prenylation. In this 

study, we disrupted all three of these post-prenylation processing enzymes and 

demonstrated that while these proteins have varying roles in fungal pathogenesis, they 

are not required for Ras1 or Cdc42 membrane localization.  

In summary, this work characterized the roles of various members of the 

prenylation and post-prenylation processing pathway, demonstrating differential 

requirements for each in morphogenesis, mating, and virulence. We demonstrated that 

prenylation, but not post-prenylation processing is required for proper localization of the 

Ras1 GTPase to the plasma membrane, and that the Cdc42 GTPase is likely not a 

farnesyltransferase substrate. 

1.2.2 Identification of a novel protein involved in trafficking of cell 

wall synthases 

Pathogenic microorganisms have adapted many strategies to avoid host immune 

detection to facilitate their survival. In particular, pathogenic fungi alter their cell surface 

to mask immune stimulatory epitopes. C. neoformans dramatically alters its cell wall, 

both in size and composition, upon entering the host. In a genetic screen for mutants 

with changes in their cell wall (described in Chapter 5), we identified a novel protein that 

controls cell wall organization and immune evasion. We named this protein Mar1 for 

macrophage activating regulator of cell wall 1.  

We generated an independent mar1∆ mutant strain and observed that this strain 

displays a capsule defect. We demonstrated this was due to a capsule attachment 

defect, leading us to further characterize the cell wall of this mutant. Through staining 

and biochemical assays, we observed an increase in chitin and chitosan exposure, but 
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not an increase in total levels of these cell wall components. Importantly, we observed 

these cell wall changes only in host-like tissue culture conditions, leading us to 

hypothesize that Mar1 is involved in cell wall regulation in response to the host. High 

performance liquid chromatography of whole cell walls revealed that while there was no 

increase in total glucosamine (chitin and chitosan) levels, there were significant 

decreases in the amount of glucose and mannose in the cell wall material. These data 

led us to hypothesize that a decrease in the levels of outer cell wall layers including a- 

and b-glucan were resulting in an increased exposure of the inner cell wall layers, chitin 

and chitosan. Real-time PCR analysis of selected cell wall synthase genes highlighted 

two key findings. First, that many of these cell wall genes, including several chitin 

synthases, chitin deacetylases, and genes involved in a- and b-glucan production, are 

induced in host-like tissue culture conditions. Second, while this induction is generally 

preserved in the mar1∆ strains for the chitin and chitosan genes, a- and b-glucan 

associated gene expression is not induced in tissue culture conditions in the mar1∆ 

background. 

To begin to determine how the Mar1 protein may be regulating these cell wall 

changes, we characterized the localization of the b-1,3-glucan synthase, Fks1. We 

observed that Fks1 localizes to puncta throughout the cell and is recruited to the plasma 

membrane upon transition to tissue culture media. This enrichment at the plasma 

membrane was not observed in the mar1∆ mutant background, leading us to 

hypothesize that Mar1 is involved in tissue culture induced trafficking of Fks1 to the cell 

surface.  

Aside from determining the mechanism of Mar1 regulated cell wall changes, we 

also investigated the immunological implications of these cell wall changes. We found 
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that the mar1∆ cell wall induced increased macrophage activation. We further 

characterized the pattern recognition receptors responsible for recognizing the 

immunostimulatory mar1∆ cell wall. Importantly, our data supports previously published 

work on chitin recognition by innate immune cells. In this work, we also demonstrated 

the role for Mar1 in virulence in multiple mouse backgrounds.  

1.2.3 Elucidating the impact of an aberrant cell wall on pathogenesis 

We have demonstrated that Mar1 regulated cell wall changes are important for in 

vitro immune responses and in vivo pathogenesis. This chapter is a manuscript in 

preparation investigating further the immunological implications of the aberrant mar1∆ 

cell surface. The discussion includes an outline of additional experiments needed to 

bring this work to completion. 

From our work in Chapter 4, several key observations warranted further study. 

First was that mar1∆ cells remain in the lungs of mice at the termination of our murine 

survival studies, despite the fact that these mice had “survived” the infection for the 

duration of the experiment. Here we have demonstrated that mar1∆ is not only persisting 

in the lungs of infected mice, it is actually proliferating at mid-range time points during 

the course of infection.  

The second important observation was that in the lungs of mar1∆-infected mice 

that did succumb to infection, we observed the formation of granulomas. In this work we 

have further examined these structures and described key features that suggest they are 

granulomas. To our knowledge, this is only the second report of granuloma formation in 

murine infections. We further demonstrate that similar to what has been reported for 

tuberculosis granulomas, mar1∆ induces markers of angiogenesis when co-cultured with 

macrophages.  



 

33 

Finally, based on the immunogenic nature of the mar1∆ strain, and what has 

been reported in the literature for successful vaccination candidate strains, we tested the 

ability of heat killed mar1∆ cells to induce a protective response towards a lethal 

secondary challenge. We found that mar1∆ cells are non-protective in the C57B/6 

background, and marginally protective in the BALB/c background. While the mar1∆ 

strain is not a candidate for vaccination studies, we propose that this strain can be used 

to examine the mechanisms of protection versus non-protection.  

1.2.4 Technological innovation to allow for rapid analysis of forward 

genetic screen results 

Random insertional mutagenesis screens are important tools in microbial genetic 

studies and are routinely used in our lab and others. In particular, Agrobacterium 

tumefaciens-mediated transconjugation (AMT) has been used in a variety of fungi to 

generate libraries of insertional mutants for forward genetic screens. However, 

identifying the sites of insertion has traditionally required tedious and time-consuming 

PCR-based methods that limit the throughput of this system. We developed an efficient 

genomic sequencing and analysis method, which we termed AIM-Seq, to facilitate 

identification of inserts generated by AMT. This method combines batch sampling, whole 

genome sequencing, and a novel bioinformatics pipeline, AIM-HII, to rapidly identify sites 

of genomic insertion.  

In this work, we applied this technique to an AMT library generated in C. 

neoformans and screened for cell wall mutations. Using AIM-Seq we identified the sites 

of insertion for a collection of mutants of interest, and further confirmed that the identified 

sites were correct by creating independent mutant strains and analyzing resulting 

phenotypes. In addition to the proof of concept experiments conducted, we were also 
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able to make a number of observations about the process of AMT, which were 

previously unable to be deciphered. In particular, we observed a number of atypical 

insertion events that would be missed by traditional identification methods and we 

hypothesized that these atypical events could be responsible for previously reported 

insertions that could not be easily identified.  
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2. Relative contributions of prenylation and post-

prenylation processing in Cryptococcus neoformans 

pathogenesis 

 This chapter was adapted from a manuscript of the same title published in 

mSphere 1(2):e00084-15 (2016). The authors are Shannon K. Esher, Kyla S. Ost, 

Lukasz Kozubowski, Dong-Hoon Yang, Min Su Kim, Yong-Sun Bahn, J. Andrew 

Alspaugh, and Connie B. Nichols.  

2.1 Introduction 

Ras-like GTPases are important for the growth and morphogenesis of many 

small eukaryotes such as fungi (55, 197, 198, 200, 207–209). For full function, these 

proteins require proper subcellular location, often to various cellular membranes (199, 

203, 204, 206, 210, 211). Many Ras-like GTPase proteins are directed to the membrane 

by prenylation, a process of a post-translational modification involving the covalent 

attachment of a lipid moiety to a cysteine residue near the C-terminus of a substrate 

protein. This process occurs in the cytoplasm and is irreversible (201, 202, 212). 

Prenylation substrates are characterized by their C-terminal CAAX motif, where 

C is the modified cysteine, A represents an aliphatic amino acid, and X represents a 

variable amino acid. Prenylation of CAAX substrates is mediated by either 

farnesyltransferase (FTase) or geranylgeranyltransferase-I (GGTase-I), which catalyze 

the addition of the 15-carbon or 20-carbon lipid group, respectively. The 

prenyltransferase enzymes are heterodimers composed of a common a-subunit and 

distinct b-subunits that mediate target specificity and differential prenyl group addition. 

Classically, the amino acid in the X position confers substrate specificity, with proteins 

terminating in glutamine, methionine, or serine being preferentially processed by FTase, 
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and proteins terminating in leucine most often processed by GGTase-I (201, 202, 213).  

However, recent evidence suggests overlapping substrate utilization and cross-

specificity between these enzymes (202, 206, 212, 214).  

Following prenylation by either FTase or GGTase-1, prenylated substrates 

undergo post-prenylation processing steps to form the fully mature protein. First the 

terminal –AAX motif is endoproteolytically cleaved. Two CAAX proteases, Ras 

processing enzyme 1 (Rce1) and Ste24, have been identified in Saccharomyces 

cerevisiae and in multicellular eukaryotes including humans (RCE1 and ZMPSTE24). 

Similar to prenylation, this step is irreversible. Subsequently, the prenylated cysteine is 

carboxymethylated by the enzyme isoprenylcysteine carboxyl methyltransferase (ICMT), 

known as Ste14 in S. cerevisiae. Carboxyl methylation cannot occur without cleavage of 

the terminal –AAX. Studies have shown that prenylation and post-prenylation processing 

enzymes localize and function on the endoplasmic reticulum (ER) (215, 216).  

Due to the role of Ras and other small GTPases in oncogenesis, the prenylation 

pathway has been extensively studied for therapeutic targeting. A number of FTase 

inhibitors (FTIs) have been developed to potentially disrupt the localization and function 

of Ras-like proteins and other prenylated substrates. A common issue that arises is the 

potential for cross-prenylation by GGTase-I in the absence of FTase (217–220). To 

address this possibility, the post-prenylation steps of CAAX motif cleavage and carboxyl 

methylation have also been investigated as therapeutic targets. Because both 

farnesylated and geranylgeranylated proteins are processed by these downstream 

enzymes, targeting post-prenylation modifying enzymes has the potential to overcome 

both issues of prenyltransferase substrate specificity and cross-prenylation (219–221). 
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Ras family proteins play crucial roles in cellular growth and morphogenesis in a 

number of human microbial pathogens. Furthermore, the functions of these proteins, 

including their roles in virulence, have been shown to be dependent on their subcellular 

localization, in part due to their prenylation (209). For example, in the pathogenic fungus 

Candida albicans, the Ras1 protein requires proper membrane localization to support 

hyphal growth, an important virulence-associated phenotype of this organism (204). In 

Aspergillus fumigatus, mislocalization of RasA from the plasma membrane (PM) results 

in impaired hyphal growth, defective cell walls, and decreased virulence (199). 

Components of the prenylation pathway, in particular the prenyltransferases, have also 

been shown to play important roles in fungal virulence. The C. albicans RAM2 gene, 

encoding the shared a-subunit of FTase and GGTase-I, is essential for viability (222). 

Similarly, RAM2 expression in Candida glabrata is required for viability both in vitro and 

in vivo within infected mice (223).  

We have previously demonstrated the importance of both FTase and GGTase-I 

in the growth and virulence of the human pathogenic fungus Cryptococcus neoformans 

(206, 224). C. neoformans causes significant disease and death in immunocompromised 

patients, estimated to result in over 600,000 deaths each year in patients infected with 

HIV (225). Ras-like GTPases have been identified and characterized extensively in C. 

neoformans (55, 197, 203, 224, 226–229). Furthermore, the role of prenylation in the 

function of these proteins has also been demonstrated (205, 230). CnRas1, which is 

required for thermotolerance, morphogenesis, and mating, is unable to support these 

cellular functions when its CAAX motif is disrupted (203, 206). Similarly the Cdc42 

GTPase, which is important for high temperature growth and actin/septin organization 

during morphogenesis, requires prenylation-dependent membrane localization for full 
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activity (206, 231). In previous studies Cdc42 has been shown to be a GGTase-I 

substrate: membrane localization of this GTPase is disrupted in strains lacking the b-

subunit of GGTase-I, Cdc43 (206). However, while Ras1 and the Rac2 GTPase are 

predicted GGTase-I substrates based on their CAAX motifs, neither protein is 

mislocalized in the cdc43∆ GGTase-1 mutant, suggesting that they may be FTase 

substrates (206). Importantly, the roles of the downstream prenylation pathway members 

(Rce1, Ste24, and Ste14) in the localization of these small GTPases have not yet been 

defined in C. neoformans.  

To examine the prenylation and post-prenylation processing pathways of C. 

neoformans, we have identified and characterized genes encoding the proteins 

predicted to be involved in each step of this process. We have examined their individual 

roles in growth, morphogenesis, and virulence of C. neoformans, as well as 

characterized their impact on protein localization. Our studies reveal that the initial step 

of prenylation, mediated by prenyltransferases, is required for the proper localization and 

function of Ras-like GTPase function. Moreover, these enzymes are absolutely required 

for survival of the pathogen in vivo. However, in comparison, we have demonstrated that 

the post-prenylation processing enzymes are not required for Ras1 GTPase membrane 

localization while still mediating a role in fungal pathogenesis.  

2.2 Results 

2.2.1 Mutation of the C. neoformans FTase β-subunit RAM1 gene  

Previously, we identified and characterized RAM1, the gene encoding the β-

subunit of FTase in C. neoformans var neoformans (205). In this variety of C. 

neoformans, we were unable to isolate a haploid ram1∆ mutant from recombinant 

spores of a diploid, heterozygous RAM1/ram1 mutant strain. We therefore concluded 
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that RAM1 was essential under the specific in vitro conditions tested (205). However, 

based on data from prenylation in other systems, we hypothesized that RAM1 may not 

be an essential gene under all conditions and that we might be able to generate a ram1∆ 

mutant in the fully virulent C. neoformans var. grubii strain background by using a mutant 

strain (cku80) with impaired non-homologous end joining and enhanced homologous 

recombination, as well as very permissive growth conditions (232–234). Using a BLAST 

search with the C. neoformans var. neoformans RAM1 gene (205) as query, we 

identified CNAG_05740 as the gene encoding Ram1 in the C. neoformans var. grubii 

genome database (H99 Sequencing Project, Broad Institute of Harvard and MIT). We 

generated several strains with a targeted deletion of the CNAG_05740 locus in the 

cku80∆ mutant strain background, replacing the entire ORF with the neomycin-resistant 

dominant selectable marker (235). Transformants were incubated at 25˚C to enrich for 

mutants with potentially impaired stress tolerance. In this manner, we isolated nine 

ram1∆ mutants among ten transformants. Once we confirmed that RAM1 was not 

absolutely essential for viability in the cku80 strain background, we generated ram1∆ 

mutant strains in the wild type strain (H99) to use in subsequent experiments.  

2.2.2 Ram1 is required for high temperature growth 

The ability to grow at 37˚C is essential for the pathogenicity of C. neoformans, 

and we previously demonstrated that several targets of prenylation are required for 

thermotolerance in this pathogen (55, 203, 206, 228). The ram1∆ mutant exhibited a 

growth defect compared to the wild type at 30˚C, with all growth abolished at 37˚C (Fig 

1A). This phenotype was complemented in a reconstituted strain in which the wild type 

RAM1 gene was reintroduced. We did not observe defects in these strains for capsule or 

melanin production, two well characterized virulence factors (data not shown).  
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To further elucidate the temperature sensitivity of the ram1∆ mutant strain, we 

microscopically examined cell morphology at various incubation temperatures. Previous 

work demonstrated temperature-dependent morphological defects associated with 

mutations in C. neoformans prenylated proteins (197, 228). Microscopic analysis 

performed at serial time points revealed that ram1∆ mutant cells incubated at 25˚C 

displayed similar cell size and morphology to the wild type and reconstituted strain. 

However, after four hours of incubation at 37˚C, we observed that 23.5 ±± 1.85% of the 

ram1∆ mutant cells (compared to 6.6 ± 1.2% of WT cells and 2.2 ± 0.6% of ram1∆ + 

RAM1 reconstituted cells) displayed morphological changes including wide bud necks 

and chains of unseparated budding cells consistent with a defect in cytokinesis. By 24 

hours the ram1∆ mutant cells displayed marked cytokinesis defects and evidence of cell 

lysis in the majority of cells in the culture (Fig 1B, 1C). These changes were absent in 

the complemented strain, suggesting that the RAM1 mutation was responsible for the 

temperature-dependent morphogenesis defects. 
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Figure 1: C. neoformans Ram1 is required for thermotolerance. (A) Overnight 
cultures of wild type, ram1∆, and the reconstituted ram1∆ + RAM1 strains were serially 
diluted, spotted onto YPD medium, and incubated at 25˚C, 30˚C, and 37˚C for 48 h. (B) 
Strains were incubated to mid-logarithmic phase growth at 25˚C, diluted, and shifted to 
either 25˚C or 37˚C for 4 h. Cells were imaged with DIC optics to assess temperature-
dependent alterations in morphology. Arrows indicate evidence of cell lysis. Bar, 5 µm. 
(C) Quantification of morphological defects after 4 h incubation at 37˚C. Data represent 

mean ± standard error percent of budded cells with morphological defects, which 
included wide bud necks and/or chains of unbudded cells. At least 400 cells over 3 

biological replicates of each strain were counted using ImageJ (Fiji) software.  ****, P < 
0.0001 (ram1∆ vs. WT, ram1∆ vs. ram1∆ + RAM1) as determined by one-way ANOVA 

and Tukey multiple comparisons test. 
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2.2.3 Ram1 is required for full Ras1 membrane localization 

Since the C. neoformans Ras1 protein requires prenylation-dependent 

membrane localization to be fully functional (203), we hypothesized that this localization 

would be altered in the ram1∆ mutant strain, perhaps contributing to some of the 

observed morphological defects. To test this hypothesis, we examined the subcellular 

localization pattern of a constitutively expressed, fluorescently tagged Ras1 protein in 

the wild type (H99) and the ram1∆ mutant strain (Fig 2A). Consistent with previous data, 

mCherry-Ras1 (mCh-Ras1) localized primarily to the PM in wild type cells when 

incubated either at 25˚C or 37˚C. In contrast, in the ram1∆ mutant strain we detected a 

shift of localization of mCh-Ras1 from the PM to the cytoplasm in cells incubated at 

25˚C, and the shift was more pronounced in cells incubated at 37˚C for 4 h and 24 h. We 

further explored the altered localization of Ras1 in the ram1∆ mutant strain by two 

methods. First, we visualized mCh-Ras1 localization using high-resolution microscopy 

and similarly observed increased mCh-Ras1 signal in the cytoplasm and decreased at 

the PM in the ram1∆ mutant, compared to strong PM localization in wild type cells (Fig 

2B). Second, we confirmed this observation by comparing Ras1 protein levels in the 

soluble (cytoplasmic) and insoluble (membrane-associated) fractions of wild type and 

ram1∆ mutant strains expressing mCh-Ras1 using subcellular fractionation and western 

blot analysis (Fig 2C). In wild type cells, mCh-Ras1 was detected only in the insoluble 

pellet fraction, consistent with the observed PM localization of mCh-Ras1. In contrast, in 

the ram1∆ mutant strain, mCh-Ras1 protein was detected in the cytoplasmic/soluble 

fraction in addition to control and pellet fractions. This result demonstrates that Ras1 is 

associated with the cytoplasm in the ram1∆ mutant strain and confirms our fluorescent 
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localization results suggesting that the localization of Ras1 is shifted from the PM to the 

cytoplasm in the absence of the Ram1 FTase.  

We also examined the impact of the ram1∆ mutation on the localization of the 

Cdc42 protein, which we previously demonstrated to be dependent on the GGTase-I 

Cdc43 (206). Consistent with prior observations, the GFP-Cdc42 fusion protein localized 

primarily to the PM and endomembranes in wild type cells (Fig 2D) (206, 236). GFP-

Cdc42 localization was unchanged in the ram1∆ mutant strain, confirming that Cdc42 is 

primarily a substrate of GGTase-I rather than FTase. Although there may be cross-

prenylation of certain proteins, these results demonstrate that at least some prenylated 

C. neoformans proteins are specifically targeted by either FTase or GGTase-I. 
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Figure 2: Ras1 is a specific target of Ram1. (A-B) Ras1 localization to the PM is 
reduced in the ram1∆ mutant strain. To compare the pattern and intensity of mCherry-
Ras1 fusion protein localization, wild type and ram1∆ mutant strains expressing mCh-
RAS1 under control of the histone H3 promoter were incubated in rich medium, diluted 

10-fold, and subsequently incubated for 4-24 h at 25˚C and 37˚C. (A) Live cells 
incubated at 25˚C or 37˚C for 4 h, and at 37˚C for 24 h were imaged by fluorescent 

microscopy using the appropriate filter. Bar, 5 µm. (B) Live cells incubated at 25˚C for 4 
h were also imaged using DeltaVision deconvolution microscopy with the appropriate 

filter. Bar, 5 µm. Images were taken using identical exposures. (C) Ras1 protein 
accumulates in the cytoplasm in the ram1∆ mutant strain. To compare the relative 

amounts of mCherry-Ras1 protein on cellular membranes and in the cytoplasm, total 
lysates from indicated strains were separated into soluble (cytoplasmic) and insoluble 

(membrane-associated) fractions by ultracentrifugation. Total lysate (T), soluble (S), and 
insoluble pellet (P) samples were assessed by western blot with an antibody specific to 
the mCherry fusion protein. (D) Cdc42 localization is not dependent on Ram1. Wild type 

and ram1∆ mutant strains expressing GFP-CDC42 under control of the histone H3 
promoter were incubated overnight in YPD, diluted 10-fold, and grown for 4 h at 25˚C. 

Live cells were imaged using the appropriate filter. Bar, 5 µm. 
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2.2.4 Identification of post-prenylation pathway components in C. 
neoformans 

To characterize the contributions of components of the post-prenylation 

processing pathway in C. neoformans, we identified and deleted genes predicted to 

encode enzymes involved in the serial post-translational processing events that occur 

after prenylation. We identified predicted orthologs of the Rce1 and Ste24 CAAX- 

proteases (CNAG_01978 and CNAG_ 01378, respectively), and the Ste14 carboxyl 

methyltransferase (CNAG_01592) in the C. neoformans var. grubii genome database 

using the S. cerevisiae protein homologs as queries. Single predicted orthologs for each 

gene were identified in the C. neoformans genome, and deletion strains for each gene 

were generated using homologous recombination, replacing each ORF with a dominant 

selectable marker. We also constructed a double rce1∆ ste24∆ protease mutant, given 

the potential for functional redundancy.  

In contrast to the ram1∆ mutant strain, the predicted post-prenylation processing 

genes had more subtle defects in thermotolerance (Fig 3A). Each of the predicted 

downstream prenylation processing mutant strains (rce1∆, ste14∆, ste24∆, rce1∆ 

ste24∆) grew comparably to wild type at 30˚C and 37˚C. The rce1∆ CAAX protease 

mutant and the rce1∆ ste24∆ double mutant strains displayed a notable growth defect 

when incubated at 39˚C. The ste14∆ strain (carboxymethyltransferase mutant) 

demonstrated a more subtle growth impairment at 39˚C manifested as a smaller colony 

size compared to wild type (Fig 3A). 

We noted partial suppression of the high temperature growth defect of the rce1∆ 

mutant in the rce1∆ + RCE1 complemented strain. To ensure that the temperature-

sensitive growth defect was in fact associated with the RCE1 mutations, we produced an 
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independent rce1∆ mutant (SKE51, rce1∆b). Compared to the original mutant (LKA1, 

rce1∆a), this strain demonstrated a similar growth defect at 39˚C (Supplementary Fig 2 in 

(237)).  

In addition to assessing thermotolerance, we microscopically examined individual 

cells for temperature-dependent morphological and cytokinesis defects suggestive of 

defective function of prenylated proteins. When incubated at 37˚C, 8.4 ± 0.7% of the 

rce1∆ mutant strain cells displayed morphological changes, including 

elongated/unbudded cells and wide bud necks, compared to 5.4 ± 0.2% of WT cells (Fig 

3B and 3C). The morphological changes were similar to, though not as severe as, those 

of the ram1∆ mutant. All morphology defects were completely restored in the rce1∆ + 

RCE1 complemented strain (1.7 ± 0.4%). Additionally, similar temperature-dependent 

morphological changes were observed in the two independently derived rce1∆ mutants 

(rce1∆a (LKA1) and rce1∆b (SKE51)). The ste24∆ mutant strain exhibited normal 

morphology at 25˚C and 37˚C, and there was no additive morphological phenotype in 

the double rce1∆ ste24∆ double mutant (7.7 ± 0.4%) compared to the single rce1∆ 

mutant strain, suggesting that Ste24 does not significantly contribute to budding and 

cytokinesis in response to temperature stress. Consistent with its less prominent defect 

in thermotolerance, we did not observe any temperature-dependent morphological 

changes in the ste14∆ mutant strain (Fig 3B). Together, these results suggest that the 

predicted post-prenylation processing enzymes are collectively important for efficient 

cytokinesis during cell stress, though not for thermotolerance at 37˚C.  
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Figure 3: Phenotypic analysis of the post-prenylation processing mutant strains. 

(A) The rce1∆ protease mutant is temperature-sensitive. The indicated strains were 
serially diluted, spotted onto YPD medium, and incubated at 25˚C, 37˚C, and 39˚C for 48 
h. (B, C) The rce1∆ protease mutant strain exhibits a temperature-dependent cytokinesis 

defect. (B) Strains were incubated in YPD liquid medium and shifted to either 30˚C or 

37˚C
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37˚C for 24 h. Cells were imaged with DIC optics to assess temperature-dependent 
alterations in morphology. Arrows denote wide bud necks indicating the partial 

cytokinesis defects of the rce1∆ and the rce1∆ste24∆ mutant strains. Bar, 5 µm. (C) 
Quantification of morphological defects after 24 h incubation at 37˚C. Data represent 

mean ± standard error percent of budded cells with morphological defects (wide bud 
necks, elongated/unseparated cells, and/or chains of cells). At least 600 cells over 3 

biological replicates of each strain were counted using ImageJ (Fiji) software. Statistical 
significance was determined by one-way ANOVA and Tukey multiple comparisons test. 

****, P < 0.0001 rce1∆ vs. rce1∆ + RCE1; ns, not significant, rce1∆ vs. rce1∆ ste24∆. 
 

2.2.5 Post-prenylation processing does not impact Ras1 or Cdc42 

membrane localization 

Because prenylated proteins such Ras1 and Cdc42 require membrane 

localization to be fully functional (203), we hypothesized that the proper membrane 

localization of these important GTPases may be altered in post-prenylation mutant 

strains. We examined the localization of mCh-Ras1 and GFP-Cdc42 in the rce1∆, rce1∆ 

ste24∆, and ste14∆ mutant strains (Fig 4). As described previously, mCh-Ras1 localized 

to the PM while GFP-Cdc42 localized to the PM and endomembrane structures in wild 

type cells. Interestingly, mutation of the terminal prenylation processing proteins did not 

noticeably affect either Ras1 or Cdc42 membrane localization. These observations 

suggest that, while prenylation itself is required for target protein membrane localization, 

the post-prenylation protein processing events are not individually required for the 

localization and function of these prenylated proteins in C. neoformans. 
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Figure 4: Localization of prenylation substrates Ras1 and Cdc42 are not impaired 

by loss of the post-prenylation processing enzymes. To compare the membrane 
localization of Ras1 and Cdc42 in the post-prenylation processing mutants, wild type and 

mutant strains expressing mCh-RAS1 (top panel) or GFP-CDC42 (bottom panel) were 
incubated overnight in YPD, diluted 10-fold, and incubated for 4 h at 25˚C. Cells were 

imaged by fluorescent microscopy using the appropriate filter. Bar, 5 µm. 

2.2.6 The prenylation pathway plays a role in C. neoformans sexual 

reproduction 

In C. neoformans, multiple proteins involved in sexual reproduction are predicted 

to be prenylated, including Ras1 and the MFalpha 1 pheromone (55, 205, 238). In 

addition, the GGTase-I mutant cdc43∆ strain exhibits a temporal delay in mating filament 

production (206). We assessed the mating competence of the ram1∆ mutant strain and 

the post-prenylation processing mutant strains in simple unilateral mating assays in 

which each mutant strain was co-cultured on MS mating medium with a wild type mating 

partner of the opposite mating type (Fig 5). In this assay we found that the wild type 

control mating reaction (MATa H99 x MATa KN99a) produced abundant filaments after 

one week of incubation. We were unable to detect any mating filaments in the ram1∆ or 

carboxyl methyltransferase ste14∆ mutant mating reactions (ram1∆ x KN99a and ste14∆ 

x KN99a) suggesting that these mutants are completely sterile. The rce1∆ protease 
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mutant strain also demonstrated a deficiency in mating. In these assays, mating was 

reduced to patchy, isolated foci. This reduction in mating was also observed when rce1∆ 

was crossed to a ste24∆ mutant strain (MATa rce1∆ x MATa ste24∆). However, the 

ste24∆ protease mutant strain did not exhibit any defects in unilateral mating reactions 

(MATa H99 x MATa ste24∆). Although reduced in mating filament production, the 

protease mutant strain crosses produced filaments, basida, and basidiospores 

indistinguishable from the wild type mating reaction. Interestingly, although neither 

protease single mutant strain was sterile, the rce1∆ ste24∆ double protease mutant 

strain was completely sterile, unable to produce any mating filaments when crossed to 

wild type (rce1∆ ste24∆ x KN99a). These results demonstrate that the Ram1 FTase 

subunit and the Ste14 protein are absolutely required for the cryptococcal mating 

process. They also suggest that the Rce1 and Ste24 proteases play overlapping roles in 

C. neoformans sexual differentiation, though Rce1 is likely the more important CAAX 

protease for mating. 

 

Figure 5: Prenylation and post-processing enzymes Ram1, Rce1, Ste24, and Ste14 

play a role in mating filament formation during C. neoformans sexual 

development. Overnight cultures of indicated strains were mixed with equal amounts of 
opposite mating type wild type or mutant strains. Each mating mixture was spotted onto 

MS mating medium and incubated for 7 days in the dark. Images were taken at 
periphery of the mating mixtures. 
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2.2.7 Virulence effects of farnesylation and post-prenylation 

processing 

Due to the severe thermotolerance defect of the C. neoformans ram1∆ mutant, 

we hypothesized that this strain would have a similarly notable defect in virulence. To 

address this we first examined the intracellular survival of the ram1∆ mutant strain in co-

culture experiments with J774.1 murine macrophages (239). We also included the rce1∆ 

and ste14∆ mutant strains, given their thermotolerance growth defects, to determine if 

deletion of either of these genes would potentially impact virulence of C. neoformans. 

Compared to wild type, we found that each mutant strain exhibited a significant decrease 

in growth/survival in this assay. The total number of fungal cells remaining viable after 24 

h of co-incubation with activated J774.1 cells was expressed as a ratio to total number of 

C. neoformans cells added at the beginning of the experiment (output/input ratio). The 

ram1∆, rce1∆, and ste14∆ mutant strains displayed significantly reduced survival in the 

macrophage co-culture (42%, 55%, 63%, output/input ratio, respectively) compared to 

wild type (Fig 6A). To determine the contribution of the macrophage culturing conditions 

to this uniform growth/survival defect, we carried out growth curve analyses of each 

mutant in DMEM macrophage media incubated at 37˚C for 48 hr. Consistent with the 

defect observed in macrophages, all three mutant strains displayed growth defects 

under these culture conditions (Fig 6B).  
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Figure 6: In vitro virulence assessment of farnesylation and post-prenylation 

processing enzymes. (A) The ram1∆, rce1∆, and ste14∆ mutant strains display a 
decreased survival in macrophages. Wild type H99, ram1∆, rce1∆, or ste14∆ mutant 

strains were each co-incubated with activated J774.1 cells for 1 h, followed by removal 
of non-phagocytosed yeast cells. Cryptococcal cell survival was assessed at 24 h by 

quantitative culture. Data represent mean ± standard error of 4 replicates for each 
WT/mutant pair. *, P < 0.05 vs. WT, as determined by one-way ANOVA. (B) The ram1∆, 

rce1∆, and ste14∆ mutant strains have a growth defect in DMEM macrophage media. 
Strains were incubated overnight in YPD, normalized and diluted into DMEM, and plated 

in a 96 well plate. Cells were grown for 48 h in a microplate reader, with absorbance 
readings taken every hour. 

From these results, we hypothesized that all three strains would display 

attenuated virulence in vivo, and we used a murine inhalation model of cryptococcal 

infection to directly assess the relative virulence of these strains. We intranasally 

inoculated 8 to 10 mice with each mutant strain, as well as their respective 

complemented and wild type strains.  During the course of infection, we serially 

assessed surrogate end-points of progressive infection known to correlate with impaired 

survival (weight loss, neurological symptoms, inability to maintain self-care) (240). Mice 

infected with the wild type strain exhibited a median survival of 18 days. In contrast, all 

mice infected with the ram1∆ strain survived to the end of the observation period (Fig 

7A). Both rce1∆ and ste14∆ infected mice also exhibited significantly prolonged survival, 

with median survival times of 48 and 40 days, respectively (Fig 7B, 7C). The ram1∆ and 
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rce1∆ complemented strains (SKE26 and SKE30, respectively) resulted in partial 

restoration of virulence with median survival times of 30 days; the ste14∆ complemented 

strain resulted in complete restoration with a median survival time of 18 days (Fig 7A-C).  

 

Figure 7: Virulence contribution of farnesylation and post-processing prenylation 

enzymes. (A, B, C) The ram1∆, rce1∆, and ste14∆ mutant strains are attenuated for 
virulence in a murine model of cryptococcosis. A/Jcr mice were intranasally inoculated 

with the wild type, mutant, and complemented strains. Animal survival was monitored for 
40 days. The statistical significance between survival curves was determined using the 
log-rank test with Bonferroni correction. (A) P < 0.001, all comparisons. (B) P < 0.001, 

WT vs. rce1∆, WT vs. rce1∆ + RCE1 complemented strain. (C) P < 0.001, WT vs. 
ste14∆, ste14∆ vs. ste14∆ + STE14 complemented strain. 

 

To more fully explore the incomplete restoration of virulence in the ram1∆ strain 

background we generated an additional ram1∆ + RAM1 complemented strain (SKE39). 

This strain was used in all other studies presented here. In contrast to the original ram1∆ 

+ RAM1 (SKE26) strain, this newly constructed complemented strain was able to 

completely remediate the growth/survival defect of the ram1∆ mutant in J774.1 

macrophages (Fig 8). We also confirmed that while the rce1∆ + RCE1 complemented 

strain (SKE30) was not fully restored for virulence in the rce1∆ strain tested (LKA1, 

rce1∆a), an independent rce1∆ mutant (SKE51, rce1∆b) displayed similar growth/survival 

defects in J774.1 macrophages to the original mutant strain (Fig 8). These results 

confirm the role of the Ram1 FTase and the Rce1 and Ste14 post-prenylation 

processing enzymes in supporting full C. neoformans virulence, and they also suggest 
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that precise regulation of expression of prenylation pathway enzymes is important for 

controlling the complex and composite phenotype of virulence.  

 

Figure 8: Confirmation of ram1∆ and rce1∆ virulence phenotypes with 

independent mutants. (A) An independent ram1∆ + RAM1 complemented strain fully 
restores ram1∆ mutant in vivo virulence defects. Wild type (H99), ram1∆ (SKE1), and a 
second ram1∆ complemented strain (ram1∆ + RAM11, SKE39) were each co-incubated 
with activated J774.1 cells for 1 h, followed by removal of non-phagocytosed yeast. Cell 

survival was assessed at 24 h by quantitative culture. Data are represented as mean ± 
standard error of 4 replicates. **, P < 0.001 (vs. WT and vs. ram1∆ + RAM11), as 

determined by one-way ANOVA and Tukey-Kramer. (B) Two independent rce1∆ mutants 
display similar virulence phenotypes. Wild type (H99), rce1∆a (LKA1), and rce1∆b 

(SKE51) were co-incubated with J774.1 cells as described above. *, P < 0.05 vs. WT, as 
determined by one-way ANOVA and Tukey-Kramer. 

 

2.3 Discussion 

The protein prenylation pathway is important for the processing and proper 

function of Ras-like GTPases (Fig 9). In this study we have characterized the phenotypic 

and pathogenesis relevant consequences for the FTase b-subunit Ram1, as well as the 

post-prenylation processing enzymes in C. neoformans.  
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Figure 9: Model of prenylation and post-prenylation processing in C. neoformans. 
CAAX proteins are (I) prenylated in the cytosol by the farnesyltransferase or 

geranylgeranyltransferase enzyme resulting in initial membrane localization. Next the 
prenylated protein undergoes further post-translational modifications, including (II) 

cleaving of the C-terminal –AAX by the CAAX proteases Rce1 and Ste24, followed by 
(III) carboxyl methylation of the terminal cysteine by Ste14, after which they can be 

trafficked to their destined cellular membrane. In C. neoformans substrate proteins may 
be trafficked to their destined cellular membrane through pathways independent of the 

CAAX proteases Rce1 and Ste24 and the carboxyl methyltransferase Ste14. 
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2.3.1 RAM1 is required for substrate protein localization. 

Previously, we reported that that the RAM1 gene encoding the FTase b-subunit 

was essential in the C. neoformans var. neoformans JEC21 background (205); however, 

in this study we successfully isolated multiple ram1∆ mutant strains using permissive 

growth conditions and a different, fully virulent, C. neoformans strain background, C. 

neoformans var. grubii H99. While viable, mutant strains lacking RAM1 are very 

temperature sensitive, displaying growth defects at the normally permissive temperature 

of 30˚C. While the RAM2 gene encoding the prenyltransferase a-subunit is essential in 

both S. cerevisiae and C. albicans, the importance of the b-subunits varies among these 

and other species (222, 233). For example, the genes encoding the GGTase-I b-subunit 

in S. cerevisiae (CDC43) and in the fission yeast Schizosaccharomyces pombe (cwg1+) 

are essential, while the deletion of CDC43 in C. albicans results in a subtle morphology 

defect (241–244). In contrast, the gene encoding FTase is not essential in S. cerevisiae 

(RAM1) or S. pombe (cpp1+), although the corresponding deletion strains exhibit poor 

growth at lower temperatures and are unable to grow at 37˚C (233, 234).  

We also previously demonstrated that the GGTase b-subunit Cdc43 is not 

essential in C. neoformans (206). Predicted targets of GGTase in C. neoformans include 

essential proteins such as Rho1 (245), suggesting that the FTase and GGTase 

prenyltransferases have overlapping substrates and compensate for the loss of each 

other during conditions such as temperature stress. Prenylation via the CAAX motif 

promotes membrane association of these substrate proteins (202). In C. neoformans 

mutation of the CAAX motif of either Ras1 or Cdc42 abolishes membrane localization 

and renders these proteins nonfunctional (203, 206). In contrast, Cdc42 membrane 

localization is decreased but not abolished in the GGTase cdc43∆ mutant strain, 
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suggesting that prenylation by Ram1 is compensating for the loss Cdc43 function (206). 

We also find that a similar sharing of substrates may exist for FTase substrates. Ras1 

localization to the PM is decreased but not completely abolished in the ram1∆ mutant 

strain. This decrease in Ras1 PM localization occurs in ram1∆ mutant cells incubated at 

25˚C but is more pronounced at higher temperatures. This appears to be a common 

phenomenon in fungi; S. cerevisiae GGTase can compensate for loss of Ram1 at lower 

temperatures, and C. albicans FTase can partially compensate for the loss of Cdc43 

(241, 246).  

We observed temperature-dependent defects in cytokinesis among our C. 

neoformans strains with mutations in proteins predicted to be involved in prenylation 

(ram1∆ and cdc43∆), prenylation substrates (cdc42∆), and post-prenylation processing 

(rce1∆ CAAX protease mutant) (206, 228, 233). However, the ram1∆ mutant growth 

defect exhibited at the normally permissive temperature of 30˚C is quite distinct from that 

observed in cdc43∆, rce1∆, ras1∆, and cdc42∆ mutant strains. This suggests that Ram1 

has multiple prenylation targets important for growth of C. neoformans. The cytokinesis 

defects observed in the ram1∆ mutant strain are likely due in part to the loss of proper 

Ras1 localization and function. Although the terminal phenotype of the ras1∆ mutant 

strain is characterized by very large unbudded cells, this strain also exhibits a 

cytokinesis defect that is manifested when cells are initially shifted from 30˚C to 37˚C 

(231). Our lab previously determined that C. neoformans septin localization and function 

is impaired in ras1∆ mutants contributing to defects in cytokinesis (231). Ras1 mediates 

cytokinesis by regulating septin function through the activation of Cdc42, which is 

prenylated by Cdc43 (206). Mutation of any of these downstream targets (Cdc42 and 

septins, or Cdc43) leads to similar cytokinesis defects in C. neoformans (206, 228, 229, 
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231, 247). Therefore, one would predict that defective prenylation would manifest as a 

composite phenotype resulting from altered function of many of these downstream target 

proteins.  

2.3.2 Post-prenylation processing enzymes are not individually 

required for localization of prenylation substrates  

Our localization data demonstrate that prenylation is the critical step in 

determining membrane localization for Ras1 and Cdc42. We were not able to detect 

changes in membrane localization of Ras1 or Cdc42 in the rce1∆, ste24∆, or ste14∆ 

single mutant strains or in the rce1∆ ste24∆ double mutant strain. This is distinct from 

what has been observed in mammalian cells and S. cerevisiae. Pharmacological as well 

as genetic disruption of the RCE1 gene in both yeast and mammals results in the 

delocalization of Ras from the PM (248, 249). Disruption of STE14 in S. cerevisiae 

resulted in a slight decrease in Ras2 membrane localization, however this did not appear 

to significantly impact Ras2 function (250). Notably, the disruption of the gene encoding 

the carboxyl methyltransferase in mammalian cells led to the mislocalization of K-Ras 

(251). These results in mammalian cells have led to an increase in the interest in these 

downstream processing steps as therapeutic targets due to the prominent role that Ras 

proteins play in oncogenesis. However, our data would suggest that the post-prenylation 

processing steps would be less attractive antifungal targets than the prenylation events 

themselves in terms of specifically interfering with virulence associated phenotypes and 

target protein localization.  

It is important to note that studies in S. cerevisiae have also indicated that the 

additional M16A metalloproteases Axl1 and Ste23 may contribute to proteolysis of Rce1 

and Ste24 substrates in strains lacking both RCE1 and STE24 (252). This observation 
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suggests that multiple proteases might share some degree of functional redundancy in 

CAAX protein modification, perhaps accounting for the more subtle phenotypes in the 

protease mutants compared to the prenyltransferase mutants. It is therefore possible 

that C. neoformans homologs of Axl1, Ste23, or as yet uncharacterized proteases 

similarly contribute to the post-prenylation processing of prenylated proteins. The 

biochemical studies necessary to define the proteolysis and carboxylmethylation states 

of substrate proteins in C. neoformans will be an important future step to confirm the 

functions of these enzymes.  

2.3.3 Prenylation and post-prenylation processing enzymes are 

required for sexual differentiation in C. neoformans 

In C. neoformans, several important mating determinants have previously been 

shown to be prenylation substrates. Ras1 alone is required for transcriptional induction 

of mating pheromone, as well as filamentous differentiation (55, 227). Ras1 also signals 

downstream to Cdc42 and Rac2 to regulate hyphal transitions that are central to the 

mating process (197, 224, 228, 229, 231). Additionally, mutational analysis of the Ras1 

CAAX motif has demonstrated that Ras-mediated sexual differentiation is dependent on 

prenylation (203).  

To determine which aspects of the prenylation pathway are involved in mating, 

we examined each mutant strain for unilateral mating defects. We observed that ram1∆ 

and ste14∆ strains were completely sterile, with rce1∆ displaying patchy, reduced mating 

structures. The sterility of ram1∆ was to be expected considering the delocalization of 

Ras1 in this strain. However, in the ste14∆ and rce1∆ mutants, strains in which we did 

not detect Ras1 delocalization, we still observed mating defects. It is possible that this is 

the result of subtle decreases in protein membrane localization that we could not detect 
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with our fluorescent protein fusion assays; however, it is more likely due to altered 

pheromone prenylation. Both MATa and MATa pheromones are predicted prenylation 

substrates, and previous studies have indicated that prenylation defects can affect 

pheromone function. In fact, an a-mating pheromone precursor is one of the only known 

substrates of the alternative Ste24 protease in S. cerevisiae (215). While the rce1∆ 

mutant displays a modest mating defect, the rce1∆ ste24∆ double mutant strain is 

completely sterile, suggesting that the sterility of these strains is due to lack of 

pheromone processing. Interestingly, a MATa rce1∆ mutant strain crossed to a MATa 

ste24∆ mutant strain also displays decreased mating, suggesting that Rce1 and Ste24 

share overlapping but dosage-dependent roles in the post-prenylation processing of 

pheromone. 

2.3.4 Prenylation and post-prenylation processing enzymes impact 

pathogenesis 

Our virulence studies offer both expected results, as well as some that could not 

have been readily predicted by in vivo surrogate markers of microbial fitness. For 

example, it was not surprising that the ram1∆ mutant has a defect in virulence in an 

animal model of systemic cryptococcosis due to its temperature sensitivity and 

cytokinesis defects. Because the rce1∆ mutant strain also exhibits a more subtle 

temperature sensitivity, it is expected that this mutant strain also demonstrates a partial 

reduction in virulence. In contrast, the ste14∆ mutant displays a reduction in virulence 

despite lacking in vitro phenotypes typically associated with decreased pathogenesis. 

Due to its role in pheromone processing, the ste14∆ mutant strain does exhibit a mating 

defect, however loss of pheromone does not significantly impact C. neoformans 

pathogenesis (253). It is more likely that the virulence defect of the ste14∆ mutant, and 
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perhaps the rce1∆ mutant as well, may be due to loss of processing of other targets 

such as C. neoformans Rho proteins as has been suggested in mammalian systems 

(254). The primary in vitro phenotypes that correlate with altered fitness in vivo were 

subtle thermotolerance defects at 39ºC. This also potentially suggests the possibility that 

there are host-specific stresses that are not well mimicked by standard in vitro growth 

conditions, confirming the necessity to assess virulence in more relevant models. 

In summary, these studies have confirmed the central role of prenylation enzymes in the 

growth, differentiation, and virulence potential of an important fungal pathogen. This 

process is mediated by the regulation of target membrane localization. We have found 

that the enzymes that mediate post-prenylation processing events are not required for 

the membrane localization of the target proteins tested here. This observation is 

surprising because CAAX proteolysis and carboxyl methylation are often needed in other 

organisms for the full maturation of both farnesylated and geranylgeranylated proteins. 

These post-prenylation processing enzymes were still required for full virulence, 

indicating the possibility of additional, undefined targets of these proteins. The relative 

roles of the enzymes functioning in this process in C. neoformans are demonstrated in a 

model in Figure 9, in which prenylation, but not post-prenylation processing, is required 

for membrane localization of target proteins in C. neoformans. Our studies emphasize 

the importance of prenylation and its target proteins in the response to cell stress, 

especially that encountered by microbial pathogens within the infected host. 

2.4 Materials and Methods 

2.4.1 Strains, media, and growth conditions 

All Cryptococcus neoformans strains used in this study are listed in Table 1. 

Unless otherwise stated, all strains were generated in the C. neoformans var grubii 
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strain H99. Strains were maintained on YPD medium (yeast extract 2%, peptone 1%, 

dextrose 2%).  Mating experiments were carried out by co-culturing strains of opposite 

mating type on MS mating media in the dark at 25˚C and photographed at the specified 

time points (255). Morphology and localization images were obtained by incubating 

strains overnight in liquid YPD medium at 25˚C with aeration, diluting into fresh YPD, 

and incubating for the specified time at 25˚C or 37˚C with aeration prior to imaging. 

Quantifications of cells with morphological defects were carried out using the cell counter 

feature in ImageJ (Fiji) software (256). Temperature sensitivity was determined by 

incubating cultures overnight in liquid YPD medium at 25˙C with aeration, serially diluting 

into fresh YPD, spotting onto YPD plates in 5 µl aliquots, and incubating at 25˚C, 30˚C, 

or 37˚C. Plates were photographed after 48 h of incubation. For growth curve analysis, 

cells were incubated overnight in liquid YPD at 30˚C with aeration, diluted into DMEM 

media, and 200 µl of each strain was plated in quadruplicate into a 96 well plate. Plates 

were shaken at 37˚C with aeration in a FLUOstar Optima microplate reader (BMG 

Labtech) for 48 hours and absorbance readings were taken every hour. 
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Table 1. C. neoformans strains used in Chapter 2 

Strain Genotype Source 

H99 MATa  (257) 

KN99a MATa  (258) 

JLCN437 MATa cku80::NEO (232) 

KS68-2 MATa cku80::NEO ram1::NAT this study 

SKE1 MATa ram1::NEO this study 

SKE26 MATa ram1::NEO RAM1-NAT this study 

SKE39 MATa ram1::NEO RAM1-NAT this study 

LKA1 (rce1∆a) MATa rce1::NEO this study 

SKE51 (rce1∆b) MATa rce1::NEO this study 

SKE30 MATa rce1::NEO RCE1-NAT this study 

LKA14 MATa ste24::HYG this study 

YSB1187 MATa ste14::NAT this study 

YSB1597 MATa ste14::NAT+STE14-NEO this study 

LKA18 MATa rce1::NEO ste24::HYG this study 

SKE32 MATa rce1::NEO ste24::HYG+RCE1-NAT this study 

CBN121 MATa mCh-RAS1-NAT this study 

CBN302 MATa GFP-CDC42-NAT this study 

SKE17 MATa ram1::NEO mCh-RAS1-NAT this study 

SKE19 MATa ram1::NEO GFP-CDC42-NAT this study 

LKA7 MATa rce1::NEO mCh-RAS1-NAT this study 

SKE15 MATa rce1::NEO GFP-CDC42-NAT this study 

CBN308 MATa ste14::NAT mCh-RAS1-NEO  this study 

SKE53 MATa ste14::NAT GFP-CDC42-NEO this study 

SKE22 MATa rce1::NEO ste24::HYG GFP-CDC42-NAT this study 

CBN453 MATa rce1::NEO ste24::HYG mCh-RAS1-NAT this study 

 

2.4.2 Genetic Manipulation of C. neoformans 

C. neoformans targeted gene deletion mutants were generated by homologous 

recombination to replace the open reading frame (ORF) of each gene with a mutant 

allele containing a dominant selectable marker constructed by three-piece PCR overlap 

extension (259). The RAM1 ORF was replaced with the nourseothricin (NAT) cassette 

(260) in the cku80 mutant strain and was also replaced with the neomycin (NEO) 
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cassette (235) in the wild type strain H99 generating strains KS68-2 and SKE1, 

respectively. The ORF for RCE1 was replaced with the NEO cassette generating strain 

LKA1. The STE14 ORF was replaced with the NAT cassette generating strain YSB1187. 

The ORF for STE24 was replaced with the hygromycin (HYG) cassette (261) generating 

strain LKA14. The rce1∆ ste24∆ double mutant strain (LKA18) was generated by 

deleting the STE24 ORF in strain LKA1. Genomic integration and homologous 

recombination was achieved by biolistic transformation (262). Deletion and 

complementation of each mutant was confirmed by PCR and Southern blot analysis. 

Complemented strains of the ram1∆, rce1∆, and ste14∆ mutant strains were generated 

by re-introduction of the wild type gene by biolistic transformation. We also generated a 

second, independent, rce1∆ mutant (SKE51, rce1∆b). This mutant displayed phenotypes 

similar to the original rce1∆ mutant (LKA1, rce1∆a) including a growth defect at 39˚C 

(manifested as smaller colony size compared to WT), similar morphological changes, 

and a significant defect in growth/survival within J774.1 macrophages (Fig 8 and (237)).  

Plasmids expressing the fluorescent fusion genes mCherry-RAS1 and GFP-

CDC42 (206) using the constitutive HIS3 promoter were introduced into wild type H99, 

ram1∆, rce1∆, ste14∆, and rce1∆ ste24∆ mutant strains by biolistic transformation (262). 

2.4.3 Microscopy 

Differential interference microscopy (DIC) and fluorescent images were 

visualized with a Zeiss Axio Imager.A1 fluorescent microscope (100x objective) using 

the appropriate filter set. Images were captured with an AxioCam MRM digital camera 

and processed using ZEN Pro software (Zeiss). High-resolution fluorescent images were 

visualized using a DeltaVision Elite deconvolution microscope. Images were captured by 

a Coolsnap HQ2 high resolution charge-coupled-device (CCD) camera and processed 
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using softWoRx® software (GE). Images being directly compared were taken with 

identical exposures. Images were additionally analyzed using ImageJ (Fiji) software 

(256). 

2.4.4 Cell fractionation and western blot analysis 

To determine the proportion of Ras1 localized in cell membrane vs. soluble 

fractions in wild type and mutant strains, we performed subcellular fractionation. Cells 

were inoculated in liquid YPD medium with shaking for 16-18 h at 25˚C. Quadruplicate 

samples (20 ml, normalized to OD = 1.0) for each strain were centrifuged (3000 rpm for 

15 min), rinsed twice in water, and resuspended in 1 ml of lysis buffer [10 mM Tris-HCl, 

150 mM NaCl, 0.5 mM EDTA, 1x protease inhibitors (Complete, Mini, EDTA-free; 

Roche), 1x phosphatase inhibitors (Phos-stop; Roche), and 1 mM PMSF)]. Each sample 

was pelleted, decanted, and flash frozen on dry ice. Lysis was performed by adding 0.5 

ml of glass beads to each sample and bead-beating (Mini-BeadBeater-16 (BioSpec) for 

30-sec with 1-min incubation on ice for 6-8 cycles. Following lysis, the crude lysate was 

collected from the pellet by adding 0.4 ml lysis buffer, centrifuging to pellet cell debris, 

and transferring the lysate to a fresh tube (repeated 2x). Like-samples were combined 

and diluted to 5 ml with lysis buffer. To separate the soluble and insoluble fractions, 

crude lysates were separated by ultracentrifugation (100,000 x g) for 1 h at 4˚C. The 

soluble fraction was transferred to a new tube and the insoluble pellet fraction was 

resuspended in the equivalent volume of lysis buffer containing 1% Triton x 100. 

For western blot analysis, samples were normalized by total protein 

concentration in the crude lysate, diluted in 4x LDS loading sample buffer and boiled for 

5 min. Fifteen µl of each sample were loaded and separated by electrophoresis on a 
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NuPAGE 4-12% Bis-Tris gel (Invitrogen) with MOPs buffer. Samples were transferred to 

Invitrolon PVDF membrane (Invitrogen) and blocked by incubating in Starting Block T20 

(Pierce) for 1 h. To detect mCherry-labeled proteins, blots were incubated with an anti-

RFP primary antibody (1:5,000 dilution, Clontech) overnight. Blots were washed 3x 10 

min with TBST, incubated with a peroxidase-conjugated secondary antibody (1:50,000 of 

anti-rabbit, Jackson Labs) for 1 h, and washed 3x 10 min with TBST. Proteins were 

detected by enhanced chemiluminescence (ECL Prime Western Blotting Detection 

Reagent, GE Healthcare). 

2.4.5 Macrophage and animal experiments 

Survival within macrophages was tested by co-culturing C. neoformans cells with 

J774.1 murine macrophage-like cells (239). Briefly, 1 x 105 J774.1 cells in Dulbecco’s 

Modified Eagle Medium (DMEM) were added per well in a 96-well plate and allowed to 

adhere overnight at 37˚C with 5% CO2. J774.1 cells were activated by incubating with 10 

nM phorbol myristate acetate (PMA) for 1 h at 37˚C with 5% CO2, or by adding INFg (100 

µg/ml) and lipopolysaccharide (0.6 µg/ml) and incubating overnight at 37˚C with 5% CO2. 

C. neoformans cultures (wild type H99, ram1∆, rce1∆, and ste14∆) were incubated 

overnight in YPD medium with shaking, pelleted by centrifugation, washed 2x with PBS, 

and opsonized by adding DMEM containing 1 µg/ml mAb18B7 for 1 h at 37˚C (142, 

263). Opsonized cells (1 x 105) were added to each well of activated J774.1 cells and co-

incubated for 1 h. Non-phagocytosed C. neoformans cells were removed by washing 3x 

with PBS. Fresh DMEM was added (200 µl) per well and the plates containing the co-

cultured cells were incubated for 24 h at 37˚C with 5% CO2. To release the 

phagocytosed C. neoformans cells from the J774.1 cells, sterile water was added to 

each well, pipetted vigorously, and transferred to a fresh tube. This was repeated 2x. 
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Extracted cells were serially diluted and plated onto YPD agar to assess the number of 

viable C. neoformans cells by quantitative culture. The statistical significance of the 

growth/survival of each mutant strain compared to the WT was determined using one-

way ANOVA and Tukey-Kramer (JMP software, SAS Institute, Cary, NC). 

Virulence was assessed using the murine inhalation model of systemic 

cryptococcosis as described previously (240). In brief, groups of 10 female A/Jcr mice 

were anesthetized with isofluorane and then intranasally inoculated with 5 x 105 C. 

neoformans cells of the following strains: wild type (H99), ram1∆ (SKE1), ram1∆+RAM1 

(SKE26), rce1∆ (LKA1), rce1∆+RCE1 (SKE30), ste14∆ (YSB1187), and ste14∆+STE14 

(YSB1189). The mice were clinically monitored and sacrificed based on predetermined 

clinical endpoints that predict imminent mortality. The statistical significance between 

survival curves of all animals infected with each strain was determined using the log-

rank test with Bonferroni correction (JMP software, SAS Institute, Cary, NC). All studies 

were performed in compliance with Duke University institutional guidelines for animal 

experimentation.  
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3. Defects in intracellular trafficking of fungal cell wall 

synthases lead to aberrant host immune recognition 

This chapter was adapted from a manuscript submitted to PLoS Pathogens in 

January 2018 and in revision at the time of this dissertation. The authors are Shannon K. 

Esher, Kyla S. Ost, Maria Kohlbrenner, Kaila M. Pianalto, Calla Telzrow, Althea 

Campuzano, Carol Munro, Floyd L. Wormley Jr., and J. Andrew Alspaugh.  

3.1 Introduction 

The microbial surface is the first point of contact for interactions with the innate 

immune system, representing the site at which an infected host might recognize a 

microbe as a potential pathogen. This recognition is achieved through host pattern 

recognition receptors (PRRs) that distinguish specific pathogen-associated molecular 

patterns (PAMPs) on microbial surfaces, directing downstream signaling events that 

ultimately lead to the initiation of an immune response. The fungal cell wall is a dynamic 

structure composed of a complex matrix of polysaccharides including a- and b-glucans, 

mannoproteins (mannans), and chitin/chitosan. These fungal specific components have 

been shown by many groups to be recognized by host PRRs including Toll-like receptors 

(TLRs) and C-type lectin receptors (CLRs) (264, 265). Several fungi have developed 

strategies to mask their surfaces from immune detection. Examples include Histoplasma 

capsulatum cell wall a-(1,3)-glucan and Aspergillus fumigatus conidial RodA 

hydrophobin, which both serve to block exposure of the more immunogenic b-glucan 

molecule (266, 267). The fungal cell surface is also responsive to different environments, 

including various micro-environments within the infected host. For example, Candida 

albicans differentially exposes b-glucan in response to diverse host niches, drug 
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treatments, and growth conditions, resulting in varying degrees of Dectin-1-mediated 

host responses (268, 269).  

The opportunistic human fungal pathogen Cryptococcus neoformans continues 

to be a significant health threat for immune compromised populations, particularly those 

with HIV/AIDS, among whom it causes over 175,000 deaths per year (2). This ubiquitous 

fungus colonizes the lungs after inhalation from the environment. It can then disseminate 

to the central nervous system in immunocompromised individuals, where it causes life-

threatening meningoencephalitis (5). C. neoformans has developed several adaptations 

to avoid immune detection and to direct the host immune response in its favor. The 

polysaccharide capsule on the cell surface shields immunostimulatory cell wall 

components from host recognition. Additionally, secreted capsular material actively 

represses various immune responses (88). C. neoformans cells can also grow to 

massive sizes, forming so-called titan cells in the setting of infection. These giant and 

hyper-encapsulated cells are unable to be engulfed by host immune cells, but instead 

they drive a non-protective immune response to C. neoformans leading to pathogen 

persistence (172, 174, 176).  

Both capsule production and titan cell formation are induced in the host 

environment and involve significant cell wall remodeling. Previous work has shown that 

capsule polysaccharide likely attaches to the cell surface through interaction with a-

(1,3)-glucan in the cell wall (175). Titan cell walls are also thicker and more chitin-rich 

then normal sized cells (176). In addition to these macromolecular cell surface changes, 

our lab has shown that C. neoformans actively remodels its cell wall in response to host 

pH signals in order to avoid immune detection (65–67). We have recently demonstrated 

that aberrant chitooligomer exposure leads to a detrimental immune response (67). 
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Although few investigators have performed detailed cell wall analyses in C. neoformans, 

this structure appears to contain significantly more chitin and chitosan than that of other 

pathogenic species (270). There is increasing evidence to support the concept of chitin 

as an immune modulatory molecule, and recent studies have highlighted the complexity 

of chitin recognition, indicating that the source and size of chitin molecules can 

differentially direct immune responses (271–273).  

C. neoformans cell wall regulation, particularly in response to the host 

environment, remains incompletely defined. Our lab has previously identified cell surface 

properties that drive immune detection and through a previously published screen for 

cell wall regulators, we have identified a novel protein involved in this process (64, 66, 

274). In this study we explore the mechanism by which this protein, Mar1, regulates cell 

wall remodeling, and the implications of an aberrant cell wall architecture on host 

immune detection. We report that in the absence of Mar1, cells display a defect in 

capsule attachment, as well as increased exposure of cell wall chitin and chitosan. This 

concurs with our observation of decreased levels of glucans and mannans in the cell 

wall, decreased expression of a- and b-glucan synthases, and mislocalization of the b-

glucan synthase, Fks1. While canonical secretion is intact in the mar1∆ mutant strain, 

general intracellular trafficking appears altered. The implications of this cell wall 

remodeling defect include increased recognition and activation by innate immune cells 

and attenuated virulence. We further show that this innate immune recognition is 

dependent on the Card9 and MyD88 adaptor proteins and the cell surface receptors 

Dectin-1 and TLR2. In addition to highlighting intracellular processes involved in cell wall 

remodeling, these studies underscore the importance of proper cell wall regulation in 
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host immune detection and broaden our understanding of the recognition of individual 

fungal cell wall components.  

3.2 Results 

3.2.1 Identification of a novel cell wall regulatory protein in 

Cryptococcus neoformans 

The cell wall is the interface between microbial pathogens and host immune 

cells. To identify genes required for proper fungal cell wall homeostasis, we performed a 

random mutagenesis screen in the human fungal pathogen Cryptococcus neoformans 

using Agrobacterium tumefaciens-mediated transformation (AMT). Mutagenized strains 

were screened for phenotypes corresponding to cell wall changes, including growth 

impairment and dry colony morphology in alkaline conditions (pH 8) and sensitivity to 

elevated salt concentrations (1.5 M NaCl). We hypothesized that a subset of these cell 

wall mutants would also display alterations in the host-pathogen interaction. Preliminary 

results from this screen were previously reported (274).  

From this screen, we identified a mutant displaying dry colony morphology and 

slight sensitivity to alkaline pH as well as decreased growth on elevated salt 

concentrations. This strain had a mutation in a previously uncharacterized gene 

(CNAG_06695), which we have named MAR1 (macrophage activating regulator of cell 

wall-1). The encoded protein is predicted to contain two transmembrane domains, which 

comprise a larger domain of unknown function (DUF4112) (Fig 10A). However, Mar1 

has no annotated predicted functions based on its sequence, and it shares no significant 

sequence homology with proteins from other species, including other basidiomycetes, 

with the exception of highly related Cryptococcus species (C. deneoformans, C. 

deuterogattii, and C. gattii). We confirmed the phenotypes of this mutant by 



 

72 

independently disrupting the entire MAR1 gene in the wild type background (Fig 10B). 

We also complemented all phenotypes by reintroduction of the wild type allele into the 

mar1∆ mutant.  

 

Figure 10: Mar1 is required for proper cell wall integrity. (A) Schematic of the Mar1 
protein domains. DUF, domain of unknown function; TM, transmembrane. (B) The 
mar1∆T-DNA insertional mutant and a mar1∆ full deletion mutant are dry on pH 8 and 

sensitive to 1.5 M NaCl. Serial dilutions of the indicated strains were spotted onto YPD, 
YPD with 150 mM HEPES at pH 8, or YPD with 1.5 M NaCl. (C) The mar1∆ strain 

shares distinct and overlapping sensitivities to cell wall stressors with other cell wall 
integrity pathway mutants. Strains were serially diluted and spotted onto YPD with the 

addition of the indicated cell wall stressors or at the indicated temperatures. Melanin was 
assessed by the production of brown pigment on Niger Seed agar at 30˚C. CFW, 

calcofluor white; SDS, sodium dodecyl sulfate. 
 

We assessed the sensitivity of the mar1∆ mutant to common cell wall stressors. 

These agents included calcofluor white (CFW, binds and blocks chitin assembly), Congo 

red (inhibits assembly of cell wall polymers, especially chitin), caffeine (affects signal 

transduction and general cell wall integrity), and SDS (cell membrane stressor) (275–

278). When incubated in the presence of cell wall stressors, growth of the mar1∆ strain 
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was severely inhibited by Congo red (0.5%) and SDS (0.06%) compared to the WT 

strain (Fig 10C). In contrast, the mar1∆ mutant only displayed a slight decrease in colony 

size on CFW (1 mg/ml), and growth was comparable to WT when incubated in the 

presence of caffeine (1 mg/ml).  

Given the enhanced susceptibilities of the mar1∆ mutant to cell wall perturbing 

agents, we considered that the Mar1 protein might be involved in other cell-signaling 

pathways that regulate or respond to defects in cell wall integrity, including (1) the 

Rim/alkaline response pathway (2) the PKA/cAMP pathway, (3) the PKC/cell wall 

integrity (CWI) pathway, (4) the calcineurin pathway, and (5) the high-osmolality-glycerol 

(HOG) pathway. Therefore, we compared the mar1∆ mutant to strains with mutations in 

these other pathways to specifically test patterns of susceptibility to common cell wall 

stressors (representative mutants used for each pathway (1) rim101∆; (2) pka1∆; (3) 

mpk1∆; (4) cna1∆; (5) hog1∆) (Fig 10C). While sensitivity to Congo red and SDS is 

observed in mutants of the PKC/CWI and calcineurin pathways, these strains are also 

sensitive to caffeine. In a manner distinct from the SDS susceptibility of the mar1∆ strain, 

Rim and PKA/cAMP pathway mutants grew more robustly on SDS. Hog pathway strains 

were exclusively sensitive to SDS and no other stressors tested. 

Additionally, we tested these strains for phenotypes associated with virulence 

including melanin production, and the ability to grow at high temperature. The mar1∆ 

mutant displayed a very modest growth defect when incubated at 37˚C, however 

melanin production was comparable to WT (Fig 10C). These phenotypes contrasted 

sharply with calcineurin pathway mutants, which display defective thermotolerance, and 

PKA pathway mutants, that have defective melanin production (49, 279). Together these 

data indicate that MAR1 is required for normal cell wall integrity under certain cell wall 
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stress conditions. However, this particular combination of sensitivities does not precisely 

mimic that of mutants in any of the previously studied cell wall responsive pathways. 

3.2.2 MAR1 is required for capsule attachment 

The C. neoformans cell wall serves as the site of attachment for the 

polysaccharides that comprise the cell surface capsule (175). Therefore, some C. 

neoformans strains with defects in cell wall organization and structure also display 

defective encapsulation. We incubated the mar1∆ strain in capsule-inducing tissue 

culture medium and assessed capsule microscopically by India ink staining. Compared 

to WT, the mar1∆ mutant displayed a marked reduction in surface capsule (Fig 11A). 

Capsular polysaccharide is synthesized in the cytoplasm, and then secreted, where it 

binds to the cell surface (87). To differentiate between a capsule biosynthesis and 

capsule attachment defect, we assayed the relative amount of secreted capsule in the 

culture supernatant using a previously described immuno-blotting technique (64, 280). In 

brief, we used the mAb18B7 monoclonal antibody directed against the main capsule 

component GXM (glucuronoxylomannan) to probe for secreted capsule polysaccharide. 

By this method, we observed WT-levels of this capsular polysaccharide secreted by the 

mar1∆ mutant. However, the electrophoretic mobility of this polysaccharide appears to 

differ slightly from the WT and complemented strains (Fig 11B). These results indicate 

that mar1∆ has no defect in total capsule polysaccharide production, but that the defect 

in surface encapsulation is likely due to a defect in capsule attachment, and perhaps 

polysaccharide composition/structure. This pattern of altered capsule attachment is 

distinct from PKA pathway mutants that display impaired capsule synthesis (64); 

however, capsule attachment defects have been observed in other strains with cell wall 

defects (64, 175). 
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Figure 11: The mar1∆ mutant has an aberrant cell surface. (A) The mar1∆ strain has 
a capsule defect. Cells were incubated in capsule-inducing conditions (CO2-independent 
tissue culture (TC) medium, 37˚C) with shaking for 72 hours. Capsule was assessed by 

India ink counterstaining, followed by imaging. (B) The mar1∆ strain sheds capsule 
comparable to WT. Shed capsule polysaccharide was measured by blotting of culture 
supernatant, using an anti-GXM antibody to probe for capsule as described previously 

(280). (C) The mar1∆ mutant displays increased WGA and CFW staining in tissue 
culture medium. Cells were incubated for 16-18 hours at 30˚C (YPD) or 37˚C (TC), 
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followed by staining with FITC-conjugated wheat germ agglutinin (WGA) for exposed 
chitin, or calcofluor white (CFW) for total chitin. Stained cells were imaged by fluorescent 

microscopy with the appropriate filters. (D) Average fluorescence of at least 100 
individual cells was measured using ImageJ/FIJI software. (E) The mar1∆ mutant 

displays increased chitosan staining. Cells were incubated as described above, followed 
by staining with eosin Y (EY) for chitosan. Stained cells were imaged by fluorescent 
microscopy. (F) The mar1∆ cell wall does not have increased total chitin or chitosan. 

Cells were incubated as above, followed by cell wall isolation. Chitin and chitosan levels 
were quantified using a modified 3-methyl-2-benzothiazolinone hydrazine hydrochloride 

(MBTH) colorimetric assay as described previously (67). Data represent means of 3 
independent cell wall isolations (n = 3 for each strain). 

 

3.2.3 The mar1∆ mutant has an aberrant cell surface 

To more fully explore the cell wall changes of the mar1∆ mutant, we performed 

microscopy with stains and antibodies specific for various cell wall components. After the 

mar1∆ mutant was incubated in tissue-culture medium (TC), we observed a striking 

increase in its staining by FITC-conjugated wheat germ agglutinin (WGA), a lectin that 

recognizes exposed chitin and chitooligomers (Figs 11C and 11D) (67, 281). This initial 

observation was quantified using flow cytometry, demonstrating a significant increase in 

the mean fluorescence intensity (MFI) of WGA-stained mar1∆ cells compared to WT (Fig 

12A). This pattern of increased WGA staining does not occur when the cells are 

incubated in rich medium (YPD), indicating this chitooligomer-exposure phenotype is 

induced by host-like TC conditions (Figs 11C and 11D).  

Whereas chitooligomer exposure is well approximated by quantifying cell surface 

binding of the large WGA molecule, total cell wall chitooligomer content is better 

assessed using calcofluor white (CFW), a smaller fluorescent molecule that more easily 

penetrates into the cell surface and binds chitin and other chitooligomers. In contrast to 

the marked shift in WGA staining, we only observed a slight increase in CFW staining of 

mar1∆ cells compared to WT, and only when the cells were incubated in TC medium 

(Figs 11C-D, and 12A).  
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Figure 12: Cell wall components are altered in the mar1∆ cell wall. (A) The mar1∆ 
cell wall has increased chitin and chitosan staining by flow cytometry, but mar1∆ staining 

for a-glucans, b-(1,3)-glucan, and mannoproteins is limited above baseline. WT and 
mar1∆ cultures were incubated for 16-18 hours at 37˚C in TC medium, fixed, labeled, 

and analyzed by flow cytometry with the indicated stains and antibodies. Relevant 
events were gated in the FSC/SSC plots and are represented as histograms with mean 
fluorescence on the x-axis and cell counts on the y-axis. Unstained cells were sorted as 
controls to determined positive labeling. (B) The mar1∆ cell wall has decreased glucan 
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and mannan. Cells were incubated as above, followed by cell wall isolation. Cell wall 
carbohydrate levels were quantified using high performance anion-exchange 

chromatography with pulse ampherometric detection (HPAEC-PAD). All data represent 
means of results from 3 independent cell wall preparations for each strain. *, p < 0.05; **, 
p < 0.01 as determined by one-way ANOVA with Tukey’s multiple comparisons test. (C) 

Cell wall genes are differentially regulated in mar1∆. Normalized cell concentrations 
were incubated in YPD (30˚C) or TC (37˚C) for 1.5 hours, followed by RNA extraction 

and cDNA synthesis. Expression of cell wall biosynthesis genes was determined by real-
time PCR. Fold change was calculated relative to WT YPD levels and normalized to the 
expression of an internal control. Data represent means of results from 2 independent C. 

neoformans cultures and RNA extractions per strain. *, p < 0.05; **, p < 0.01; ***, p < 
0.001; ****, p < 0.0001 as determined by two-way ANOVA with Tukey’s multiple 

comparisons test. 
 

We also measured levels of chitosan, the de-acetylated form of chitin, by Eosin Y 

(EY) staining (Fig 11E) (282). Similar to staining for chitin, we did not observe a major 

change in fluorescence when cells were incubated in YPD (Fig 11E); however, we 

observed a non-homogeneous population of mar1∆ EY-stained cells after incubation in 

host-like conditions: by flow cytometry, two peaks were observed, one corresponding to 

the mean fluorescence intensity (MFI) of WT stained cells, and a second shifted to a 

higher MFI (Figs 11E and 12A). Together these cell wall staining results show that in 

host-like tissue culture conditions the mar1∆ strain has increased exposure of 

chitooligomers, including both chitin and chitosan.  

3.2.4 The mar1∆ cell wall has decreased levels of a- and b-glucan, but 

not chitin or chitosan 

We used several independent methods to further quantify the relative levels of 

cell wall carbohydrates in our strains. First, we used an enzymatic method (270) to 

quantify total chitin and chitosan levels in the mar1∆ and WT cell walls after incubation in 

TC medium, the condition in which we observe differences in staining intensity. 

Compared to the WT, the mar1∆ mutant displayed no increase in total chitin or chitosan 

using this biochemical assay (Fig 11F).  
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We were unable to accurately assess the relative levels of other cell wall 

carbohydrates such as a-glucan, b-glucan, and mannoproteins using staining and 

microscopy methods adapted from other fungal species. In all cases, the staining signal 

of WT cells was similar to unstained controls (Fig 12A). Therefore, we utilized 

biochemical methods to quantify cell wall carbohydrate composition. We extracted total 

cell wall material from our strains and used high-performance liquid chromatography 

(HPLC) to quantify the levels of glucosamine (chitin and chitosan together), glucose 

(glucans), and mannose (mannosylated proteins) in these extracts (67, 283). Similar to 

our enzymatic measurements of chitin and chitosan, we observed no significant 

difference in the level of glucosamine between the WT and mar1∆ strains (Fig 12B). 

However, by HPLC, we measured a significant decrease in the levels of glucose and 

mannose in the mar1∆ mutant compared to the WT (Fig 12B). Together, these results 

suggest that Mar1 is required to maintain normal levels of the outer glucan and mannan 

cell wall layers. Accordingly, in the absence of functional Mar1, the resulting changes in 

outer cell wall carbohydrate abundance result in increased exposure, but not total levels, 

of the inner cell wall chitooligomers, chitin and chitosan.  

3.2.5 Mar1 regulates a- and b-glucan synthase expression 

To determine the site of regulation for these cell wall changes, we performed 

quantitative real time PCR analysis of selected cell wall synthesis genes in the WT and 

mar1∆ strains. Interestingly, as the WT strain transitions from a rich medium to tissue 

culture medium, there is a marked increase in the expression of genes encoding a- and 

b-glucans (Fig 12C). In contrast, there is no significant transcriptional change in most 

chitin synthase and chitin deacetylase genes during this environmental transition, except 
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for the CHS4 chitin synthase. Consistent with our chitooligomer cell wall staining and 

quantification data, the expression of these chitin synthase and chitin deacetylase genes 

was not significantly different between WT and mar1∆ in tissue culture medium. By 

contrast, the genes encoding the major glucan synthases, including the a-glucan 

synthase AGS1 and the b-1,3-glucan synthase FKS1, displayed statistically significantly 

decreased expression in tissue culture medium in mar1∆ compared to WT. These data 

indicate that Mar1 is required for the transcriptional induction of glucan cell wall genes, 

including AGS1 and FKS1, that are typically upregulated during host-like TC conditions. 

3.2.6 Rim and cell wall integrity pathway signaling is intact in the 

mar1∆ background. 

We chose to more fully explore the relationship of Mar1 function with the Rim and 

CWI signaling pathways given our observation that the mutant strains associated with 

each of these pathways most closely shared cell wall-related phenotypes. C. 

neoformans strains defective in Rim pathway signaling are unable to grow well at 

alkaline pH or in the presence of elevated salt concentrations, similar to the mar1∆ 

strain. This signaling pathway is responsible for activating the Rim101 transcription 

factor, which in turn regulates the expression of many genes required for cell wall 

integrity and organization during growth in host-like conditions. Additionally, Rim 

pathway mutants have increased chitooligomer exposure (67).  

The MAR1 gene was not identified as a Rim101 target in previously published 

comparative transcriptional profiling experiments (66). However, direct analysis of the 

raw data from these experiments (NCBI GEO database accession number GSE43189) 

indicated that the MAR1 locus was not included in the statistical analyses due to its 

relatively low transcript abundance. To more definitively determine whether MAR1 is a 
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downstream target of the Rim101 transcription factor, we performed quantitative real 

time PCR to measure the expression of MAR1 in the WT compared to the rim101∆ 

mutant. After incubation in tissue culture conditions, there is no measurable difference in 

MAR1 expression between these two strains (Fig 13A), suggesting that MAR1 gene 

expression is not regulated by Rim101. 

We also assessed whether Mar1 might function in the Rim signaling pathway 

upstream of Rim101. Rim pathway activation occurs in a pH-dependent manner, 

culminating in the cleavage of the Rim101 transcription factor and its translocation to the 

nucleus (60). Rim101 cleavage and nuclear localization are disrupted in mutants of 

upstream Rim pathway activators (63). In contrast, Rim101 cleavage/activation is intact 

in the mar1∆ background (Fig 13B). Together these data indicate that Mar1 likely 

operates in cellular processes independent of the C. neoformans Rim pathway, despite 

phenotypic similarities of these mutant strains. 

 

Figure 13: Mar1 is not regulated by or regulating the Rim pathway. (A) MAR1 
expression is not regulated by the Rim101 transcription factor. WT and rim101∆ cells 

were incubated for 2 hours in YPD (30˚C) or TC (37˚C), followed by RNA extraction and 
cDNA synthesis. Expression of MAR1 was determined by real-time PCR with fold 

change calculated relative to WT YPD levels and normalized to the expression of an 
internal control. (B) Rim101 processing is intact in mar1∆ cells. WT and mar1∆ cells 

were incubated for 1 hour at the indicated pH, followed by western blotting using an a-
GFP antibody. 
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The PKC/CWI pathway is responsible for the activation of the Mpk1 MAP kinase 

protein, which in turn coordinates enhanced cell wall stress resistance. Accordingly, 

mutants in this pathway display defective phosphorylation of Mpk1. We therefore 

assessed Mpk1 phosphorylation in response to cell wall stress in the WT and mar1∆ 

mutant strains. Western blots of total cell lysates from these strains were analyzed using 

an antibody directed against phosphorylated (activated) Mpk1 (50, 52). After 3.5 hours of 

incubation in YPD, WT and mar1∆ cells had a modest level of phosphorylated Mpk1 (Fig 

14A). After incubation in TC medium, both WT and mar1∆ displayed enhanced Mpk1 

phosphorylation (Fig 14A). These results demonstrate that Mar1 is not required for CWI 

integrity pathway activation under host-like tissue culture conditions as measured by 

Mpk1 phosphorylation.  

 

Figure 14: Mar1 is not a direct member of the cell wall integrity (CWI) pathway. (A) 
CWI pathway signaling is intact in mar1∆ cells. WT and mar1∆ cells were incubated 

overnight in YPD and refreshed in YPD (30˚C) or TC (37˚C) for 3.5 hours, followed by 

western blotting using an a-phospho-Mpk1 antibody. Left panel is a representative blot 
image; Right panel is quantification of bands from 3 replicate experiments using 

ImageJ/FIJI software. (B) mar1∆ and mpk1∆ have combined effects on WGA staining. 
Indicated strains were incubated for 16-18 hours in YPD (30˚C) or TC (30˚C) followed by 

staining with WGA. Live cells were imaged by fluorescent microscopy and average 
fluorescence was quantified for at least 100 cells using ImageJ/FIJI software. 
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To further test this, we constructed a mar1∆ mpk1∆ double mutant and analyzed 

chitooligomer exposure by WGA staining. In agreement with the mar1∆ mutation 

inducing distinct cell wall changes, the mar1∆ mpk1∆ double mutant displayed more 

WGA staining then either mpk1∆ or mar1∆ single mutants (Fig 14B). The patterns of Rim 

and CWI signaling pathway activation in the mar1∆ strain suggest that the Mar1 protein 

regulates cell wall integrity in a novel manner. 

3.2.7 Localization of the b-glucan synthase Fks1 is altered in mar1∆ 

To further explore the mar1∆ mutant defect in glucan abundance, we constructed 

a C-terminally tagged Fks1-Gfp fusion protein. We transformed this allele into the WT 

H99 background and selected those transformants in which the allele replaced the 

endogenous locus for further analysis. Previous work has indicated that FKS1 is an 

essential gene in C. neoformans (284). Therefore, the ability to replace the WT FKS1 

allele with the FKS1-GFP allele suggests that this fluorescent fusion protein is functional. 

We subsequently mutated the MAR1 gene in the strain expressing Fks1-GFP, and we 

analyzed the localization of Fks1-GFP in two independent mar1∆ mutants. After 

incubation in YPD media, we observed by fluorescent microscopy that Fks1-GFP 

localizes to punctate structures on cellular membranes in both the WT and mar1∆ 

backgrounds (Fig 15). After incubation in TC medium, Fks1-GFP localization is still 

present in puncta throughout the cell, but it is enriched at the plasma membrane in the 

WT background (Fig 16A). By contrast, in the mar1∆ background, plasma membrane 

Fks1-GFP puncta were reduced, with very few cells displaying the uniform plasma 

membrane localization observed in the WT (Fig 16A). These data suggest that Mar1 is 

required for proper trafficking and localization of Fks1 to the cell membrane in TC 

medium.  
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Figure 15: b-(1,3)-glucan synthase localization is similar in WT and mar1∆ mutant 

strains after incubation in YPD medium. Cells were incubated for 16-18 hours in YPD 
at 30˚C prior to imaging. Live cells were imaged using DeltaVision deconvolution 

fluorescent microscopy with the GFP filter. Bar, 10 µM. 

3.2.8 Intracellular trafficking is impaired in mar1∆ 

Our Fks1-GFP observations led us to hypothesize that the mar1∆ mutant has a 

defect in more general intracellular trafficking processes. To address this hypothesis, we 

used the lipophilic dye FM4-64 to assess rates of endocytosis. After 1 hour of continuous 

staining, medium-sized bright endocytic vesicles are noted in WT cells. By contrast, 

more numerous, less well-defined, small punctate structures are observed in mar1∆ cells 

(Fig 16B). The staining of these structures in the mar1∆ mutant is more diffuse, with 

enhanced cytoplasmic staining, compared to WT cells. We also observed an increased 

uptake of the vacuolar membrane marker MDY-64 in mar1∆ cells compared to WT (Fig 

16B).  
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Figure 16: Localization of the b-(1,3)-glucan synthase, Fks1, and intracellular 

trafficking are impaired in mar1∆. (A) Fks1 is mislocalized in TC medium in mar1∆ 
cells. Cells were incubated for 16-18 hours in TC medium at 37˚C. Live cells were 

imaged using DeltaVision deconvolution fluorescent microscopy with the GFP filter. Bar, 
10 µM. (B) Uptake of the lipophilic dye, FM4-64, and the vacuolar membrane marker, 

MDY-64, is irregular in mar1∆ cells. Cells were incubated overnight in synthetic complete 
(SC) medium and stained with MDY-64 for 5 minutes at room temperature, followed by 
staining with FM4-64 for 30 minutes, and refreshing the FM4-64 staining solution for an 

additional 30 minutes at 30˚C. Stained cells were imaged by fluorescent microscopy with 
the appropriate filters. Images were taken with the same exposure time for individual 

filters. Bar, 5 µM. (C, D) Acid phosphatase secretion is intact in the mar1∆ strain; 
alkaline phosphatase activity is decreased. Phosphatase activity in WT and mar1∆ 

cultures was assessed over a time course in (C) acidic or (D) alkaline para-
Nitrophenylphosphate (pNPP) substrate solution. Data represent means of 3 replicates 

per strain per condition. 
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To further assess intracellular trafficking, we measured acid and alkaline 

phosphatase activity in cell supernatants. In S. cerevisiae, acid phosphatase is secreted 

through the canonical secretory pathway, whereas alkaline phosphatase is trafficked to 

the vacuolar membrane through the alternative ALP pathway (285). Both enzymes are 

induced under low phosphate conditions and can be assayed by measuring the 

colorimetric hydrolysis of the para-Nitrophenylphosphate (pNPP) substrate. Over a time-

course of incubation with the pNPP substrate in acidic medium, phosphate starved 

(induced) WT and mar1∆ cells showed increased phosphatase activity compared to 

phosphate replete (non-induced) cells (Fig 16C). A similar induced increase in 

phosphatase activity was observed for WT cells in alkaline conditions; however, there 

was a minimal difference in phosphatase activity between phosphate starved and 

phosphate replete mar1∆ cells in alkaline conditions, suggesting a defect in secreted 

alkaline phosphatase activity (Fig 16D). Together, these data are most consistent with 

defects in endocytic and vesicular trafficking in the mar1∆ mutant, but not a defect in 

classical secretion.  

3.2.9 Cell wall ultrastructure and vesicular trafficking appear 

disordered in mar1∆ cells 

To better visualize the cell wall changes of the mar1∆ mutant, we examined our 

strains by transmission electron microscopy (TEM) after incubation in either YPD or TC 

medium. In rich YPD medium, both WT and mar1∆ cells had thin, organized cell walls 

with a well-defined lamellar appearance (Fig 17A). In TC medium, the cell walls of WT 

cells remained compact and well-ordered (Fig 17B). In contrast, mar1∆ cell walls were 

less compact and well-organized after incubation in TC medium. Several cells appeared 

to have layers of cell wall material sloughing away from the cell periphery, a phenotype 
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that was not observed for WT cells (Fig 17B). Accordingly, significant amount of debris 

was also observed in the space between cells in the mar1∆ TC samples, likely 

representing degraded cell wall material, or perhaps changes in chemical cross-linking 

resulting in altered cell wall integrity during sample processing. 

In addition to the notable TC-induced cell wall changes in the mar1∆ strain, the 

TEM images also suggested alterations in vesicular trafficking. In both WT and mar1∆ 

strains, there were numerous membrane-bound vesicles. These structures have been 

suggested to be secretory vesicles transporting cargo toward the cell surface (100). In 

TC medium, both the WT and mar1∆ strains demonstrated a relative increase in the 

number of these vesicles carrying electron-dense material localized near the cell 

surface. In mar1∆ cells, an increase in large electron-lucent vesicles was also observed 

(Fig 17C). In some cells, multiple large “empty” vesicles can be seen near the cell 

periphery. In S. cerevisiae, the accumulation of similar vesicles has been observed for 

several secretory mutants (288, 289). Similarly, the sav1∆ secretory mutant in C. 

neoformans accumulates post-Golgi secondary vesicles (99). Along with the altered 

FM4-64 staining and alkaline phosphatase secretion described, these images support a 

defect in intracellular trafficking in this mutant.  
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Figure 17: mar1∆ cells have disordered cell walls and altered vesicular trafficking 

by ultrastructure analysis. WT and mar1∆ cells were incubated for 16-18 hours in YPD 
(30˚C) and TC (37˚C) medium, followed by glutaraldehyde and KMnO4 fixation and 

partial dehydration as described previously (66, 286, 287). Samples were further 
processed, embedded, sliced, and imaged by transmission electron microscopy (TEM). 
(A) YPD incubated cells display thin, ordered cell walls. Left image of each pair: bar, 1 
µM. Right image of each pair: bar, 200 nm. Letters indicate location of inset. (B) mar1∆ 
cells incubated in TC medium have a less organized cell surface. Left image of each 

pair: bar, 1 µM. Right image of each pair: bar, 200 nm. Letters indicate location of inset. 
Red arrows indicate apparent cell wall material disassociating from cell surface. (C) 

There are increased numbers of electron lucent structures in mar1∆ cells incubated in 
TC medium. Bar, 1 µM. Red asterisks indicate mar1∆ cells with several electron lucent 

vesicles near cell periphery. 
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3.2.10 The mar1∆ mutant cell wall changes are associated with 

increased recognition by macrophages and dendritic cells 

Macrophages and dendritic cells are likely the first immune cells that C. 

neoformans contacts within infected lungs. To determine if the changes in the mar1∆ cell 

wall would affect this interaction, we quantified the production of tumor necrosis factor-

alpha (TNF-a) after co-culturing WT and mar1∆ strains with primary bone marrow-

derived macrophages (BMMs) and bone marrow-derived dendritic cells (BMDCs). We 

have previously used this pro-inflammatory cytokine as a marker of macrophage 

activation in vitro, observing that C. neoformans strains with increased chitooligomer 

exposure often induce more TNF-a production than WT (66, 67). Accordingly, we 

observed that mar1∆ cells induced significantly more TNF-a production from both BMMs 

and BMDCs, compared to the WT or reconstituted strains (Fig 18A and 18B). To 

determine if this is due to an active cellular process, we tested the macrophage 

response after co-culturing with heat-killed mar1∆ cells. Similar to live cells, we found 

that heat-killed mar1∆ cells also induce increased TNF-a production by BMMs, 

demonstrating that mar1∆ macrophage stimulation is not dependent on cell viability (Fig 

18A).  

Because we have observed that the mar1∆ cell wall changes are only induced 

when the cells are incubated in host-mimicking tissue culture conditions, we tested both 

YPD- and tissue culture medium-incubated cells in our BMM assays. Consistent with the 

host-induced changes in the mar1∆ cell wall, only cells pre-incubated in TC medium 

prior to co-culture induced increased TNF-a production from BMMs (Fig 18C). This was 

the case for both live and heat-killed cells. We also examined whether the cell wall itself 

was sufficient to elicit a response from BMMs. Compared to WT and reconstituted strain 
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controls, we observed that isolated cell walls from the mar1∆ strain pre-incubated in TC 

medium induced more TNF-a production by BMMs (Fig 18D). Together these data 

suggest that macrophage activation by this strain is dependent on specific cell wall 

changes that are induced by host-mimicking tissue culture conditions.  

 

Figure 18: The mar1∆ mutant induces increased TNF-a production from 

macrophages and dendritic cells. (A) Macrophage activation by mar1∆ cells is not 
dependent on cell viability. Indicated strains were incubated for 16-18 hours at 37˚C in 

TC medium. Bone marrow-derived macrophages (BMMs) were co-incubated with live or 
heat-killed (HK, 1-2 hours at 65˚C) C. neoformans strains at a multiplicity of infection 

(MOI) of 10:1, C. neoformans:BMMs. TNF-a levels (pg/ml) were assayed from the 
supernatant by ELISA. Data represent means from 3 replicates per strain per condition 

from 3 independent experiments (n = 9). *, p < 0.05; ***, p < 0.001 mar1∆ vs. WT as 
determined by two-way ANOVA with Tukey’s multiple comparisons test. (B) mar1∆ 

induces increased TNF-a production by dendritic cells. C. neoformans cells were 
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incubated as described above and co-incubated with bone marrow derived dendritic 

cells (BMDCs) at an MOI of 10:1, C. neoformans:BMDCs. TNF-a levels were assayed 
as above. Data represent means from 3 replicates per strain from 2 independent 

experiments (n = 6). **, p < 0.01 mar1∆ vs. WT as determined by one-way ANOVA with 
Tukey’s multiple comparisons test. (C) Macrophage activation by mar1∆ cells is 

dependent on pre-culturing in TC medium. Cells were incubated for 16-18 hours in YPD 

(30˚C) or TC (37˚C) prior to co-incubation with BMMs and TNF-a quantification by ELISA 
as above. Data represent means from 3 replicates per strain (n = 3). ****, p < 0.0001 

mar1∆/TC vs. WT/ TC as determined by two-way ANOVA with Tukey’s multiple 
comparisons test. mar1∆/YPD vs. WT/YPD, not significant. (D) Cell wall material isolated 
from mar1∆ induces increased macrophage activation. Cells were incubated as above in 
TC medium, followed by cell wall isolation. 10 µg/ml of cell wall material was co-cultured 

with BMMs and TNF-a was quantified from the supernatant by ELISA. Data represent 
means of 3 independent cell wall isolations in 3 independent experiments (n = 9 for each 

strain). *, p < 0.05 mar1∆ vs. WT as determined by one-way ANOVA with Tukey’s 
multiple comparisons test. 

3.2.11 Cell wall changes in mar1∆ increase recognition of the 

acapsular cap59∆ mutant 

The polysaccharide capsule can serve to shield the immunogenic cell surface of 

C. neoformans from immune recognition. Additionally, capsule polysaccharide itself can 

be immunosuppressive (88). We have observed that the mar1∆ mutant does not 

properly attach capsule to its cell surface, but it seems to secrete the polysaccharide 

similarly to WT (Fig 11A and 11B). Therefore, we wanted to determine if the capsule-

deficient phenotype of mar1∆ is contributing to its ability to stimulate macrophages. To 

test this, we generated a mar1∆ cap59∆ double mutant; Cap59 is involved in capsule 

biosynthesis, and the cap59∆ mutant does not produce any detectable capsule 

polysaccharide (66, 84). We used the cap59∆ single mutant as our control strain, and 

tested macrophage activation of the mar1∆ cap59∆ double mutant compared to cap59∆ 

alone. We observed that the mar1∆ cap59∆ double mutant induced significantly more 

TNF-a then the single cap59∆ mutant (Fig 19). This indicates that the cell surface of 

mar1∆ has a role in activating macrophages that is independent of this strain’s capsule 
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defect and separate from any cell surface changes that the cap59∆ mutant exhibits as a 

result of its inability to produce capsular polysaccharide.  

 

Figure 19: Macrophage activation by mar1∆ is independent of capsule. Cultures of 
cap59∆ and mar1∆ cap59∆ were incubated for 16-18 hours in TC medium at 37˚C. 2 

mg/ml wet weight of each strain was co-cultured with BMMs, followed by quantification 

of TNF-a (pg/ml) in the supernatant by ELISA. Data represent 3 replicates from 3 
independent experiments. **, p < 0.01 mar1∆ cap59∆ vs. cap59∆ as determined by one-

way ANOVA with Tukey’s multiple comparisons test. 
 

3.2.12 Mar1 is required for full virulence in vivo 

We used a murine inhalation model of cryptococcosis to assess the role of Mar1 

in virulence (240). We intranasally inoculated C57B/6 mice with WT, mar1∆, or mar1∆ + 

MAR1 reconstituted cells and monitored mice over the course of 40 days for clinical 

endpoints predictive of mortality. Mice infected with the WT or mar1∆ + MAR1 

complemented strains exhibited a median survival time of 18 days (Fig 20A). In contrast, 

mice infected with the mar1∆ mutant had a median survival time of 28 days. We also 

measured fungal burden in the lungs at early time points after infection. As early as days 

1 and 4 after infection, the number of mar1∆ mutant cells were significantly decreased in 

the lungs of infected mice compared to WT cells (Fig 20B). However, half of the mar1∆-

infected mice eventually succumbed to infection, suggesting there is not complete 

clearance of these cells.  
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Figure 20: Mar1 is required for full virulence. (A) The mar1∆ strain is attenuated in 
the C57B/6 mouse background. For each strain, 9-10 C57B/6 mice were inoculated with 

1 x 105 cells, monitored daily for signs of infection, and sacrificed at predetermined 
clinical endpoints that predict mortality. Statistical significance was determined by log-
rank test with Bonferroni correction: p < 0.0001, mar1∆ vs. WT; p < 0.001, mar1∆ vs. 

mar1∆ + MAR1; not significant. (B) There are minimal mar1∆ cells in the lungs of 
infected mice at early time points. Colony forming units (CFUs) were determined from 
lung homogenates from 5 mice per strain at days 1 and 4 post inoculation. *, p < 0.05 

mar1∆ vs. WT; **, p < 0.01 mar1∆ vs. mar1∆ + MAR1 as determined by one-way 
ANOVA with Tukey’s multiple comparisons test. (C) The mar1∆ strain is avirulent in the 
BALB/c mouse background. For each strain, 9-10 BALB/c mice were inoculated with 1 x 
105 cells, monitored daily, and sacrificed as described above. Statistical significance was 
determined by log-rank test with Bonferroni correction: p < 0.0001, mar1∆ vs. WT/mar1∆ 
+ MAR1; not significant, WT vs. mar1∆ + MAR1. (D) The mar1∆ strain is not completely 

cleared from BALB/c mice despite mouse survival. CFUs were determined from lung and 
brain homogenates from mar1∆ infected mice post-mortem. Ratio indicates number of 

mice represented. 
 

It has been previously documented that mice from different genetic backgrounds 

display varying levels of sensitivity to cryptococcal infection (290, 291). C57B/6 mice 

predominate towards protective Th1 type responses, while BALB/c mice have a non-

protective Th2 type bias (292). Therefore, we also tested the susceptibility of BALB/c 

A

0 5 10 15 20 25 30 35 40
0

20
40
60
80

100

Days Post Inoculation

P
er

ce
nt

 s
ur

vi
va

l

WT
mar1∆
mar1∆ + MAR1

BALB/c

B

0 5 10 15 20 25 30 35 40
0

20
40
60
80

100

Days Post Inoculation

P
er

ce
nt

 s
ur

vi
va

l
C57B/6

WT
mar1∆
mar1∆ + MAR1

0

10

20
200
600

1000

C
FU

s/
m

g 
tis

su
e

WT mar1∆ mar1∆
+ MAR1

Day 1
Lungs

0

10

20
5000

15000

C
FU

s/
m

g 
tis

su
e

WT mar1∆ mar1∆
+ MAR1

Day 4
Lungs

C

D

Brain Lung 

C
FU

/m
l

(4/9) (8/9)

Post-Mortem

0
1x106
2x106
3x106

8x106

1.2x107* **



 

94 

mice to mar1∆ infection. We intranasally inoculated BALB/c mice as above and 

monitored mice over the course of a 40-day infection. In contrast to C57B/6 mice, all of 

the mar1∆-infected BALB/c mice survived the course of the experiment (Fig 20C). At the 

end of the experiment, we measured fungal burden in the lungs and brain post-mortem 

and observed that mar1∆ is not completely cleared from all mice, despite mouse survival 

(Fig 20D).  

3.2.13 In vitro response to mar1∆ requires members of the C-type 

lectin receptor and Toll-like receptor families.  

The initial innate interaction between fungi and the host begins with pathogen 

recognition by pattern recognition receptors (PRRs) on innate immune cells. Members of 

the C-type lectin receptor (CLR) and Toll-like receptor (TLR) families have been 

implicated in recognizing fungal pathogen-associated molecular patterns (PAMPs), 

including fungal cell wall components. Many of the CLRs signal through the adaptor 

protein, Card9, to downstream cellular pathways to activate pro-inflammatory cytokines. 

Similarly, several of the TLRs signal through the adaptor protein, MyD88, to activate 

downstream cellular responses.  

To determine if members of the CLR or TLR families are responsible for 

recognizing the mar1∆ cell surface, we examined the roles of the Card9 and MyD88 

adaptor proteins in macrophage activation by these strains. We co-cultured our strains 

with BMMs isolated from Card9-/- and MyD88-/- mice and compared the production of 

TNF-a with BMMs isolated from WT mice. Consistent with our results above, the mar1∆ 

mutant induced significantly more TNF-a production from WT BMMs than isogenic WT 

C. neoformans strains. By contrast, the Card9-/- BMMs had a significant, but incomplete, 

reduction in their response to the mar1∆ mutant, indicating a role for both Card9-
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dependent and –independent receptors (Fig 21A). Strikingly, the exaggerated TNF-a 

response to the mar1∆ strain was completely absent in MyD88-/- BMMs, suggesting a 

significant role for TLRs in recognizing the mar1∆ cell surface (Fig 21B). Combined, 

these data demonstrate that both CLR and TLR family receptors are likely involved in 

sensing and responding to the mar1∆ strain.  

 

Figure 21: Macrophage activation in response to mar1∆ requires members of the 

CLR and TLR families. BMMs were harvested from the indicated mouse strains 
(C57B/6 background, unless otherwise noted) and co-incubated with C. neoformans 
(Cn) cells at an MOI of 10:1, Cn:BMMs, followed by quantification of TNF-a (pg/ml) in 
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the supernatant by ELISA. (A) Card9 is involved in macrophage activation by mar1∆ 
cells. Data represent means of 3 replicates from 3 independent experiments (n = 9). **, p 

< 0.01 WT vs. Card9-/- BMMs. (B) MyD88 is required for TNF-a production by 
macrophages in response to mar1∆. Data represent means of 3 replicates from 3 

independent experiments (n = 9). ****, p < 0.0001 WT vs. MyD88-/- BMMs. (C) Dectin-1 
is involved in the response to mar1∆ cells. Data represent means of 3 replicates from 2 
experiments (n = 6). ****, p < 0.0001 WT vs. Dectin-1-/- BMMs. (D) TLR2/4-/- BMMs do 

not respond to mar1∆ cells. Data represent means of 3 replicates (n = 3). ****, p < 

0.0001 WT vs. TLR2/4-/- BMMs. (E) TLR4 is not required for the production of TNF-a 
induced by mar1∆ cells. BMMs were isolated from C3H/HeJ mice with a null mutation in 

TLR4, and C3H/HeOuJ control mice. Data represent means of 3 replicates from 2 
independent experiments (n = 6). **, p < 0.01 C3H/HeOuJ vs. C3H/HeJ BMMs. (F) 

Macrophage activation by mar1∆ is partially dependent on TLR2. Data represent means 
of 3 replicates from 3 independent experiments (n = 9). ****, p < 0.0001 WT vs. TLR2-/- 
BMMs. All statistics determined by two-way ANOVA with Sidak’s multiple comparisons 

test. 

3.2.14 Recognition of the mar1∆ cell surface involves multiple PRRs 

important for chitin sensing 

Based on the importance of both Card9 and MyD88 in sensing and responding to 

mar1∆ cells, we next focused on specific PRRs that have been previously implicated in 

fungal cell wall recognition, in particular chitin and chitooligomers. The C-type lectin 

receptor, Dectin-1 has been studied extensively for its role in recognizing the fungal cell 

surface, in particular b-glucan in the cell wall (293). It has also been implicated in 

sensing fungal chitin and leading to a pro-inflammatory response, including the 

production of TNF-a, from innate immune cells (272, 273). To test the role of Dectin-1 in 

recognizing mar1∆ cells, we co-cultured our strains with Dectin-1-/- BMMs and measured 

the production of TNF-a after 6 hours (Fig 21C). Compared to WT BMMs, the response 

to mar1∆ by Dectin-1-/- BMMs was significantly decreased, indicating that this C-type 

lectin receptor is involved in sensing mar1∆.  

Due to the marked decrease in the mar1∆ response by MyD88-/- BMMs, we used 

BMMs isolated from TLR2/4-/- mice to focus on the extracellular TLRs that have been 

previously implicated in fungal PAMP recognition (294–296). We co-cultured our strains 
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with TLR2/4-/- BMMs and measured the TNF-a response after 6 hours compared to WT 

BMMs. Similar to what we observed for MyD88-/- BMMs, TLR2/4-/- BMMs showed 

significantly reduced responses to mar1∆, indicating a role for TLR2 and/or TLR4 in 

sensing this fungal cell surface (Fig 21D).  

To test the individual role of TLR4, we utilized C3H/HeJ mice that have a null 

mutation in the TLR4 gene (297). These mice have been used in several studies to 

assess the role of TLR4 in the response to a variety of microbial pathogens or pathogen 

products including bacteria (Mycobacterium (298), Bordetella (299), Rickettsia (300), 

Neisseria (301)) and fungi (Coccidioides (302), Aspergillus (303)). We isolated BMMs 

from C3H/HeJ mice and C3H/HeOuJ control mice, and assessed their TNF-a responses 

to mar1∆. We found a modest increase in the response to mar1∆ between C3H/HeJ 

TLR4 mutant BMMs and C3H/HeOuJ control mice (Fig 21E). In control experiments, 

both mutant and control BMMs responded similarly to a control ligand, zymosan; 

however, as expected, C3H/HeJ BMMs did not respond to the canonical TLR4 ligand, 

LPS, while C3H/HeOuJ BMMs responded normally (data not shown). These results 

suggest that the response to mar1∆ is TLR4-independent. 

In previous work, TLR2 has been described to have a role in recognizing fungal 

chitin, leading to a pro-inflammatory response and the production of TNF-a (271–273). 

To test if TLR2 is responsible for recognizing the mar1∆ surface, we carried out our co-

culture assays using TLR2-/- BMMs. The TNF-a response after 6 hours was significantly 

reduced in the TLR2-/- BMMs compared to WT BMMs (Fig 21F). These data suggest that 

the decrease in response to mar1∆ in the TLR2/4-/- BMMs was due to the defect in 

TLR2. Together these results support a model in which the TLR2 and Dectin-1 PRRs are 

both involved in sensing and responding to the mar1∆ cell surface.  
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3.3 Discussion 

The fungal cell wall is a dynamic structure that is constantly being remodeled. 

Fungal pathogens carefully regulate their cell wall in the context of the host in order to 

adapt to this environment, as well as to avoid detection by the immune system. Here we 

have identified a novel cell wall remodeling protein in C. neoformans, Mar1, and 

demonstrated that this protein has a role in intracellular trafficking that results in the 

mislocalization of the cell wall b-(1,3)-glucan synthase, Fks1. The mar1∆ strain has 

decreased total levels of outer cell wall components, including glucans and mannans, 

leading to increased exposure of inner cell wall components including chitin and chitosan 

(Fig 22). The immunological consequence of this cell wall misregulation is an increased 

activation of macrophages and dendritic cells by the mar1∆ mutant and attenuated 

virulence in vivo.  

 

Figure 22: Model of WT versus mar1∆ cell wall structure 
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3.3.1 Mar1 is impacting cell wall remodeling through regulation of cell 

wall synthases 

The direct mechanism by which Mar1 is mediating cell wall composition and 

organization will require additional future studies; however, our results suggest several 

intriguing possibilities. Our data demonstrates that in the context of tissue culture 

medium, a- and b-glucan synthase gene expression is upregulated. This increased 

expression is lacking in mar1∆, and as a result we see decreased levels of glucans in 

the cell wall of this mutant. In agreement with this, we observe less Fks1 localization to 

the cell surface in mar1∆ cells under host-like conditions, compared to WT cells.  

The S. cerevisiae chitin synthase, Chs3, is maintained under normal conditions in 

internal compartments called “chitosomes”, where it is cycled between early endosomes 

and the trans-Golgi network in a clathrin adaptor protein (AP) complex dependent 

manner (304). However, under stress conditions, Chs3 is trafficked to the plasma 

membrane in order to synthesize increased chitin (305). Similar clathrin AP complex-

dependent trafficking has been described for the Schizosaccharomyces pombe b-(1,3)-

glucan synthase, Bgs1. Mutations in the conserved AP-1 adaptor complex protein, Sip1, 

and the clathrin light chain protein, Clc1, lead to defects in Bgs1 localization/delivery to 

the plasma membrane (306, 307).  

Here we have observed that Fks1 plasma membrane localization is enriched 

upon shifting cells to tissue culture medium, suggesting a similar stress-induced cycling 

of this protein to its functional location at the cell surface. Mar1 could be impacting the 

cycling of Fks1 between internal compartments and the plasma membrane in multiple 

ways. For example, Mar1 may be required for exocytic movement towards the plasma 

membrane, and therefore in the absence of this protein, exocytosis and/or secretion of 
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Fks1 is defective. However, the fact that capsule, melanin, and acid phosphatase 

secretion remain intact in this strain would suggest that Mar1 is not impacting 

generalized exocytosis or secretion. Another way in which Mar1 could be impacting Fks1 

trafficking is if it were required for protein maintenance on the PM, for example, by 

preventing excessive endocytosis or recycling. In fact, our data showing altered 

endocytosis of FM4-64 and increased uptake of MYD-64 in the mar1∆ strain would 

support this model.  

Another alternative mechanism by which Mar1 might impact Fks1 localization 

and ultimately cell wall remodeling could be through a role in cell surface signaling. The 

Mar1 protein has two transmembrane domains and would therefore be predicted to 

localize to a cellular membrane. It is possible that this cellular membrane is the plasma 

membrane, and Mar1 is serving a signaling role, propagating the cue to traffic cell wall 

synthase proteins from internal stores to the PM under stress conditions. This model for 

Mar1 function, unlike the previous, would also explain the lack of transcriptional 

response of the FKS1 and AGS1 genes in the mar1∆ background. If the mutant cells are 

unable to sense that they are experiencing stress conditions, it is plausible that they will 

not induce transcription of the enzymes required to respond to that stress. This is a 

particularly intriguing model, as few cell surface stress sensors have been identified by 

sequence homology in C. neoformans. Interestingly, the putative Rra1 pH sensor was 

recently identified in C. neoformans; while appearing structurally and functionally similar 

to that of the pH sensors in ascomycete fungi, it was found to share no significant 

sequence similarity (63). While Mar1 does not share sequence similarity with any known 

sensor proteins, it could be serving as a functional homologue to an ascomycete cell 

stress sensor.  
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3.3.2 Proper cell wall regulation is required for effective immune 

avoidance 

The importance of cell wall remodeling, in particular as it relates to cell wall 

masking, has been well-described in other fungi. The a-glucan layers of H. capsulatum 

and A. fumigatus have both been implicated in shielding b-glucan in these fungi. b-

glucanases that degrade exposed b-glucan have also been elucidated in H. capsulatum 

(308). In C. albicans, several factors have been implicated in b-glucan exposure 

including morphotype switching, antifungal exposure, phospholipid production, and 

carbon source (268, 269, 309). For example, Ballou, et al. recently demonstrated that 

lactate exposure elicits increased b-glucan masking in C. albicans and other pathogenic 

Candida species, leading to reduced recognition by immune cells (269). Furthermore, 

cell wall remodeling has been shown to drive immune function even after ingestion by 

host phagocytes. O’Meara, et al. showed that C. albicans actively remodels its cell 

surface upon phagocytosis in order to induce inflammatory cell death pathways in 

macrophages to aide in fungal cell escape (65).  

C. neoformans is particularly adept at hiding from the immune system. 

Importantly, the polysaccharide capsule serves to effectively shield potentially 

immunostimulatory molecules from host detection (87, 130). However, there are several 

examples of the immune consequences of improper cell wall organization in C. 

neoformans. The loss of a-(1,3)-glucan results in a highly disorganized cell wall, with 

increased chitin and chitosan content and redistributed b-glucan, rendering cells 

avirulent in mouse models of infection (286). Chitosan-deficient strains of C. neoformans 

are also unable to cause disease in mice, inducing a protective proinflammatory host 

immune response that leads to their rapid clearance (310–312). Imprecise regulation of 
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the cell wall has also been implicated in excessive immune responses related to 

improper C. neoformans cell wall exposure, in particular chitooligomers (chitin and/or 

chitosan). Our laboratory has previously studied the importance of the Rim101 alkaline 

pH transcription factor in regulating cell wall remodeling (65–67). The rim101∆ mutant 

exposes increased cell wall chitooligomers, which results in an excessive and 

nonprotective immune response in vivo (67). Likewise, Wiesner, et al. demonstrated that 

strains with increased chitin abundance induced unfavorable immune outcomes and 

exacerbated disease (176).  

Here, we propose that both the exposure and total levels of cell wall components 

are important determinants of immune recognition of fungi. Based on our HPLC data, 

our model suggests that mar1∆ has less b-glucan in its cell wall. Therefore, one might 

predict that immune signaling would be less active with reduced immunostimulatory b-

(1,3)-glucan to sense. However, the mar1∆ cell wall has more exposed chitooligomers 

than WT. As noted above, several studies have highlighted the importance of chitin and 

chitin-derived structures in C. neoformans immune recognition (67, 176). Additionally, 

cells in which chitooligomer exposure was blocked by WGA exhibited reduced 

association with murine macrophages (313). While a single chitin receptor has not been 

identified to date, several PRRs have been implicated in different aspects of chitin 

recognition. Here we have demonstrated that multiple PRRs are also involved in the 

recognition of the mar1∆ cell wall. Macrophage activation by mar1∆ was partially 

dependent upon Card9, the adaptor protein required for most C-type lectin receptor 

signaling, and entirely dependent on MyD88, the adaptor protein required for signaling 

through many Toll-like receptors (TLRs). Accordingly, we demonstrated a requirement 

for Dectin-1 and TLR2 in the activation of macrophages in response to the mar1∆ mutant 
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strain. There are several possibilities as to why more than one PRR might be involved in 

this process. In addition to their roles individually, PRRs can function together to induce 

downstream immune signaling pathways. In particular, several groups have 

demonstrated a collaborative role between Dectin-1 and TLR2 in detecting fungal 

epitopes (140, 314, 315).  

Wagener and colleagues proposed a model in which chitin recognition occurs in 

different stages during C. albicans interaction with immune cells (273). During early 

interaction, chitin on the surface of this fungus is recognized by Dectin-1 and TLR2, 

resulting in the secretion of proinflammatory TNF-a. Over time this leads to the secretion 

of chitinases and decrease in pathogen load. Later in this interaction, digested fragments 

of chitin are phagocytosed by immune cells and recognized by intracellular TLR9 and 

NOD2 in a mannose receptor (MR)-dependent manner, resulting in the secretion of IL-

10. This latter state occurs during the resolution of infection. In agreement with this 

model, other groups have demonstrated that intermediate-sized chitin stimulated 

macrophage production of TNF-a that is dependent on TLR2, Dectin-1, and MR. In 

contrast, small chitin fragments induced IL-10 production (272). Given the importance of 

chitooligomer size and structure in the immunostimulatory process, future work on the 

mechanism of chitin and chitosan synthesis and degradation will elucidate its role in 

fungal immune recognition and evasion. Our data demonstrating that intact mar1∆ cells 

induce increased TNF-a from macrophages in a TLR-2 and Dectin-1 dependent manner 

support these emerging models of the centrality of chitooligomer exposure in fungal 

stimulation of the host immune system.  

It is still possible, that other factors are contributing to the mar1∆ macrophage 

activation phenotype. While we demonstrated decreased overall levels of glucans and 
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mannans in mar1∆ cell wall extracts, this does not necessarily exclude these 

components from playing a role. We did not observe a significant signal from Fc-Dectin-

1 labeled cells above baseline, however we did see a very modest increase in mar1∆ 

cells stained with the a-glucan antibody, MOPC-104E, and the mannoprotein-binding 

lectin, Concanavalin A (Fig 3A). While a-glucans generally serve to mask other cell wall 

components, Cryptococcal mannoproteins are well-known to illicit immune responses 

(316). We have also shown that mar1∆ cells lack a polysaccharide capsule, and further 

demonstrated that this is due to a capsule attachment defect, rather than a biosynthesis 

or secretion defect. Polysaccharide capsule serves to shield the cell surface from 

immune detection, and free capsule has been shown to have immunomodulatory effects 

(88, 115). Using a mar1∆ cap59∆ double mutant, in which capsule biosynthesis is 

inhibited, we showed that the mar1∆ cell wall has an impact on macrophage activation 

that is independent of the cap59∆ single mutant strain, suggesting this response is not 

due simply to the lack of capsule in the mar1∆ background. We also determined that 

heat killed mar1∆ cells, in which capsule polysaccharide is not being actively shed, are 

still immunostimulatory.  

Based on our data, we suggest multiple ways in which this capsule defect may 

arise. First, it has been previously shown that capsule attachment to the cell wall 

requires Ags1 expression and a-glucan (175). We demonstrated that the mar1∆ mutant 

has decreased glucans in its cell wall and severely decreased Ags1 expression. We also 

observed that while mar1∆ sheds a similar amount of capsule polysaccharide into the 

media as WT cells, it migrated at a different rate. This could suggest that the major 

capsule polysaccharide component, GXM, is modified in some way as to inhibit its ability 

to attach to the cell wall. 
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Additional yet unidentified PRRs may also be involved in this interaction. In 

addition to further interrogating the role of mannoproteins in the mar1∆ response, future 

work will examine the importance of the mannose receptor in this interaction. The role of 

TLR9 and NOD2 in this interaction is also intriguing. We did not explore these 

intracellular receptors in this study, however TLR9 and NOD2 have been previously 

implicated in recognizing fungal chitin that has been digested and phagocytosed by 

mammalian macrophages (273). This recognition leads to the production of the anti-

inflammatory cytokine, IL-10, and is thought to lead to the resolution of the pro-

inflammatory immune response to intact fungal chitin (273). In earlier studies, it was 

observed that, in fact, TLR9-/- macrophages co-incubated with C. albicans and S. 

cerevisiae had increased TNF-a production, suggesting a role for TLR9 in modulating 

the pro-inflammatory response to these fungi (317). TLR9 deficiency has also been 

associated with worsened immune outcomes in C. neoformans (318, 319).  

3.3.3 Conclusions 

In summary, we have identified a novel cell wall regulatory protein, Mar1. This 

protein, while not apparent in any canonical cell wall regulatory pathway, is required for 

proper cell wall organization in host-like conditions. In the absence of Mar1, transcription 

of the a- and b-glucan synthases is not induced, leading to a decrease in these cell wall 

components and an increase in the exposure of the chitooligomers, chitin and chitosan. 

We propose that its role in cell wall integrity, at least in part, occurs at the level of 

intracellular trafficking and results in the mislocalization of the b-(1,3)-glucan synthase, 

Fks1. Here was have also shown that this dysregulated cell wall manipulates the host-

pathogen interaction, leading to increased macrophage activation that is dependent on 
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multiple pattern recognition receptors. Finally, Mar1 is required for full virulence in the 

two mouse backgrounds tested here.  

3.4 Materials and Methods 

3.4.1 Strains, media, and growth conditions 

Cryptococcus neoformans strains used in this study are listed in Table 2. Unless 

otherwise noted, all strains were generated in the C. neoformans var. grubii H99 

background and maintained on YPD agar plates (2% yeast extract, 1% peptone, 2% 

dextrose). Strains created by crosses were co-incubated on MS mating media (255), 

followed by spore isolation by microdissection. Recombinant spores were identified by 

PCR and selectable marker resistance. To assess cell wall associated phenotypes, NaCl 

(1.5 M) and Congo red (0.5%) were added to YPD medium prior to autoclaving; caffeine 

(1 mg/ml) and calcofluor white (1 mg/ml) were filter sterilized and added to YPD after 

autoclaving. Alkaline pH plates were made by adding 150 mM HEPES buffer to YPD and 

adjusting the pH (pH 8.15) with NaOH prior to autoclaving. To induce and visualize 

capsule, strains were incubated in CO2-independent tissue culture medium (TC, Gibco) 

for 72 hours with shaking at 37˚C, followed by staining with India Ink. 

For cell wall staining, cell wall isolation, and in vitro co-culture experiments, 

overnight YPD cultures were diluted 1:10 in YPD liquid medium (at 30˚C) or in TC 

medium (at 37˚C) for 16-18 hours with shaking (150 rpm). These methods were 

described previously (67).  
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Table 2. C. neoformans strains used in Chapter 3 

Strain Genotype  Source 

H99 MATa S1 (257) 

KN99a MATa S134 (258) 

SJB12 MATa mar1∆T-DNA S1488 This study 

MAK1 MATa mar1∆::NAT S1580 This study 

MAK11 MATa mar1∆::NAT + MAR1-NEO S2019 This study 

TOC35 MATa rim101∆::NAT S845 (67) 

TOC97 MATa pka1∆::NAT S1519 (65) 

KK3 MATa mpk1∆::NAT-STM#150 S2045 (320) 

KK6 MATa cna1∆::NAT-STM#177 S2050 (320) 

YSB64 MATa hog1∆::NAT-STM#177 S2044 (53) 

KS208 MATa rim101∆::NAT + eGFP-RIM101 S1929 (63) 

MAK8 MATa mar1∆::NAT + eGFP-RIM101 S1931 This study 

SKE94 MATa MPK1-4FLAG-NEO S2302 This study 

SKE96 MATa mar1∆::NAT + MPK1-4FLAG-NEO S2304 This study 

SKE87 MATa mar1∆::NEO mpk1∆::NAT S2291 This study 

KMP13 MATa FKS1-GFP-NEO S2170 This study 

CLT1 MATa FKS1-GFP-NEO mar1∆::NAT S2311 This study 

CLT2 MATa FKS1-GFP-NEO mar1∆::NAT S2312 This study 

cap59∆ MATa cap59∆::NEO S653 (66) 

CBN377 MATa cap59∆::NEO S1674 (66) 

SKE60 MATa mar1∆::NAT cap59∆:NEO S2154 This study 

 

3.4.2 Molecular biology 

All primers used in this study are listed in Table 3. All plasmids used in this study 

are listed in Table 4. The mar1∆T-DNA strain was generated by Agrobacterium 

tumefaciens-mediated transformation (AMT) as described previously (274). C. 

neoformans targeted gene deletion strains were generated by homologous 

recombination to replace the entire open reading frame (ORF) with a dominant 

selectable marker. The deletion cassettes were created using overlap PCR as described 

previously (259, 321) using the primers indicated in Table 2. Deletion cassettes were 
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introduced into the indicated background strain by biolistic transformation (262). All 

deletion strains were confirmed by PCR and Southern blot; primers used to design 

probes for Southern blot can be found in Table 3.  

Table 3. Primers used in Chapter 3 

Primer 

name 

Primer sequence (5’-3’) Purpose 

Deletion Cassettes 
AA3640 GAAGAGGGCAATAAAGGAGA mar1∆ primer 1 

AA3641 GTCATAGCTGTTTCCTGTTGAGGACAGTGACGG

TTGGACA 

mar1∆ primer 2 

AA3642 TGTCCAACCGTCACTGTCCTCAACAGGAAACAG

CTATGAC 

mar1∆ primer 3 

AA3643 AACTATTGACCTCTTCTTAGTTTTCCCAGTCACG

ACG 

mar1∆ primer 4 

AA3644 CGTCGTGACTGGGAAAACTAAGAAGAGGTCAAT

AGTT 

mar1∆ primer 5 

AA3645 TATAACGAAGGGGCATGATA mar1∆ primer 6 

AA4096 AAGGTGTTCCCCGACGACGAATCG NAT split marker 

AA4097 AACTCCGTCGCGAGCCCCATCAAC NAT split marker 

AA3934 TCGATGCGATGTTTCGCT NEO split marker 

AA3935 CCTGAATGAACTGCAGGA NEO split marker 

Southern probes 
AA3670 TTGCGGGAAGACCTTCACTA MAR1 F 

AA3671 GCTGCGTTCGCACTGTACTA MAR1 R 

AA4903 TCCCCTTCGACTTTTCCTTT MPK1-4FLAG F 
AA4904 ATGTTGAGGTGCAGGAGGAG MPK1-4FLAG R 
Cloning  
AA4829 CGGTACCCGGGGATCCCCGTTGTATCCTAACGC MPK1-4FLAG F1 F 

AA4830 ATCTGGCGCGCCAGGTGATAATTTCTGCCTCTC

CA 

MPK1-4FLAG F1 R 

AA4831 CCTGGCGCGCCAGATTAC MPK1-4FLAG F2 F 

AA4832 TAATACAGATAAACCCCTCAATCTATCCCTCTCT MPK1-4FLAG F2 R 

AA4264 GGTTTATCTGTATTAACACG MPK1-4FLAG F3 F 

AA4598 TCGACAAATATGATTGCTGCGAGGATGTGAGCT MPK1-4FLAG F3 R 

AA4599 AATCATATTTGTCGAGTCTGT MPK1-4FLAG F4 F 

AA4833 TGATTACGCCAAGCTGAAGGAATTATGCTGTGG

TC 

MPK1-4FLAG F4 R 

AA4545 TCGGTACCCGGGGATCCCTCACAGCTGAACTC FKS1-GFP-NEO F1 F 
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AA4362 CGCCCTTGCTCACCATGATGATACCGTTGAAAG

GC 

FKS1-GFP-NEO F1 R 

AA4364 ATGGTGAGCAAGGGCG FKS1-GFP-NEO F2 F 

AA4400 GATAACGCTCGGTACCTAGTACAGCTCGTCCAT

G 

FKS1-GFP-NEO F2 R 

AA4553 GTACCGAGCGTTATC FKS1-GFP-NEO F3 F 

AA4426 GTTAATACAGATAAACCGTGACATGTAATTCGAC

G 

FKS1-GFP-NEO F3 R 

AA4264 GGTTTATCTGTATTAACACG FKS1-GFP-NEO F4 F 

AA1668 GCTGCGAGGATGTGAGCTG FKS1-GFP-NEO F4 R 

AA4433 CTCACATCCTCGCAGCCCTCATAAGCCTCGTGG

TAG 

FKS1-GFP-NEO F5 F 

AA4546 GGTCGACTCTAGAGGATCCGATCACCTCCAACG FKS1-GFP-NEO F5 R 

Real-time PCR 
AA301 AGTATGACTCCACACATGGTCG GPD1 F 
AA302 AGACAAACATCGGAGCATCAGC GPD1 R 
AA4298 ACCCAGGTCTGGCATTCC CHS3 F 
AA4299 AGGATCAACATTGGAAGC CHS3 R 
AA3628 CGGTCTTCAGGCATTGATTT CHS4 F 
AA3629 TTCGGAGTGAAGTGATGCTG CHS4 R 
AA4905 TTGACCCTTGGCACATCT CHS6 F 
AA4906 GTTGGCATAAGTATCCTT CHS6 R 
AA3632 TCGAGCTATTGCTGCTCAGA CDA1 F 
AA3633 GCTGGTAGATGTCGTGCTCA CDA1 R 
AA4304 GTAACGAGGTCGTCTTTG CDA2 F 
AA4305 TGTAGTTGGTGAGCTCGT CDA2 R 
AA3652 ATGTGGCCGATGCTTTTAAC CDA3 F 
AA3653 GAAGTGAGAAGGCCTGTTGG CDA3 R 
AA3828 ATCCTTATCCGTTATTCC AGS1 F 
AA3829 AGCTGTTCCTCTAGCGAGC AGS1 R 
AA3626 TGGACTGGTGTTTGGTTCAA FKS1 F 
AA3830 GTACAAAAGACCGTACTTG FKS1 R 
AA3654 GTCTCGGAAGGCGACTCAT KRE6 F 
AA3655 TCAACTCATTCTTTGGGAAGG KRE6 R 
AA3634 CTGGACAATGTATGCGGATG SKN 1 F 
AA3635 TCCGCAGTGGGATAATCTTC SKN 1 R 
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Table 4. Plasmids used in Chapter 3 

Plasmid ORF Backbone Source 

pJAF Neomycin resistance cassette (NEO)  (235) 

pCH233 Nourseothricin resistance cassette (NAT)  (260) 

pSKE19 3’ MPK1; C-terminal 4xFLAG; HOG1 
terminator; NEO; 3’ MPK1 flaking region 

pUC19 This study 

pKP6 3’ FKS1; C-terminal Gfp; FKS1 terminator; 

NEO; 3’ FKS1 flanking region 

pUC19 This study 

 

The mar1∆ deletion strain (MAK1) was constructed by replacing the MAR1 ORF 

with the nourseothricin (NAT) cassette (260). The mar1∆ + MAR1 complemented strain 

(MAK11) was constructed by co-transformation of the WT MAR1 allele with the pJAF 

neomycin (NEO) resistance vector into the MAK1 background.  

The mar1∆ + eGFP-RIM101 (MAK8) strain was constructed by crossing MAK1 

with KS208. Recombinant spores were screened by epifluorescent microscopy and 

confirmed by PCR.  

The MPK1-4FLAG-NEO strains (SKE94 and SKE96) were generated by 

transforming pSKE19 into the WT or mar1∆ (MAK1) background. The MPK1-4FLAG-

NEO tagging construct was designed such that a C-terminal 4xFLAG epitope tag would 

homologously recombine into the 3’ end of the MPK1 locus. The pSKE19 plasmid was 

generated by In-Fusion cloning (Clontech) the following fragments into the pUC19 

backbone: (1) ~500 bp of the 3’ end of MPK1 ORF, amplified from H99 genomic DNA 

using primer pair AA4829/AA4830; (2) 4xFLAG linked to the HOG1 terminator, amplified 

from pSG27 (73) using primer pair AA4831/AA4832; (3) NEO resistance cassette 

amplified from pJAF using primer pair AA4264/AA4598; (4) ~ 1 kb 3’ MPK1 flank 

amplified from H99 genomic DNA using primer pair AA4599/AA4833. Transformants 

were screened by PCR and confirmed by Southern blot.  
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The mar1∆ mpk1∆ (SKE87) strain was constructed by replacing the MAR1 ORF 

with the NEO cassette in the mpk1∆ deletion background (KK3). Transformants were 

screened by dry colony morphology on pH 8 and PCR.  

The FKS1-GFP-NEO strain (KMP13) was constructed by transforming pKP6 into 

the WT background. The FKS1-GFP-NEO tagging construct was designed to facilitate 

homologous recombination at the FKS1 locus. The pKP6 plasmid was created by In-

Fusion cloning the following fragments into the pUC19 backbone: (1) ~ 1 kb of the 3’ end 

of the FKS1 ORF, amplified from H99 genomic DNA using primer pair AA4545/AA4362; 

(2) GFP amplified from pCN19 (Price 2008) using primer pair AA4364/AA4400; (3) FKS1 

terminator (464 bp) amplified from H99 genomic DNA using primer pair 

AA4553/AA4426; (4) NEO resistance cassette amplified from pJAF using primer pair 

AA4264/AA1668; (5) 1 kb 3’ FKS1 flank amplified from H99 genomic DNA using primer 

pair AA4433/AA4546. Transformants were screened by PCR and epifluorescent 

microscopy and integration into the locus was confirmed by PCR. The mar1∆ FKS1-

GFP-NEO strains (CLT1 and CLT2) were generated by replacing the MAR1 ORF with 

the NAT cassette in the KMP13 background. Transformants were screened by dry 

colony morphology on pH 8 and confirmed by PCR and Southern blot.  

The mar1∆ cap59∆ (SKE60) strain was created by crossing MAK1 with CBN377. 

Recombinant spores were screened and confirmed by PCR.  

3.4.3 Capsule blot 

The relative amount of capsule shedding in the cell supernatant was assayed as 

previously described (64, 280). Briefly, capsule induced cultures (incubated as described 

above) were incubated at 70˚C for 15 minutes to denature enzymes, after which the cells 

were pelleted and the supernatant was sterile filtered. This conditioned medium was 
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then run on a 0.6% agarose gel for 15 hours at 25 V, followed by transfer to a positively 

charged nylon membrane using Southern blotting methods. The membrane was air dried 

overnight, followed by blocking with 5% skim milk in Tris-Buffered Saline-Tween-20 

(TBST). To detect capsule polysaccharide, blots were incubated with a mouse 

monoclonal anti-GXM antibody, MAb18B7 (1 µg/ml) (142, 263) for 1 hour, washed 3x 

with TBST, and incubated with an anti-mouse horseradish peroxidase-conjugated 

secondary antibody (Jackson ImmunoResearch) for 1 hour. Blots were washed 3x with 

TBST and capsule polysaccharide was detected by enhanced chemiluminescence (ECL 

Prime Western blotting detection reagent; GE Healtcare). 

3.4.3 Cell wall staining and flow cytometry 

Prior to all cell wall staining, cells were pelleted and washed 1-2x with phosphate 

buffered saline (PBS). For quantification by microscopy, stained cells were imaged on a 

Zeiss Axio Imager.A1 fluorescence microscope equipped with an AxioCam MRm digital 

camera (60X objective). The same exposure time was used to image all strains with the 

same stains. The mean gray value (sum of gray values for all the pixels in a cell divided 

by the number of pixels that make up the cell) of at least 100 cells was calculated using 

ImageJ (Fiji) (322, 323). Results are reported as mean fluorescence values +/- standard 

error of the means.  

For flow cytometry, cells were fixed with 3.7% formaldehyde for 5 minutes at 

room temperature, followed by washing 2x with PBS. Eosin Y stained samples were 

fixed with 10 mM sodium azide for 10 minutes at room temperature, followed by washing 

2x with PBS. A total of 107 cells/ml were stained and 106 cells/ml were submitted to the 

Duke Cancer Institute Flow Cytometry Shared Resource for analysis using a BD 

FACSCanto II flow cytometer. Data was analyzed using FlowJo v10.1 software (FlowJo, 
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LLC). Relevant events were gated in the forward scatter/side scatter (FSC/SSC) plots 

and then represented as histograms with mean fluorescence intensity (MFI) on the x-

axis and cell counts on the y-axis. Unstained cells and cells incubated with secondary 

antibodies alone were used as negative controls.  

To visualize chitin, cells were stained with 100 µg/ml FITC-conjugated wheat 

germ agglutinin (WGA; Molecular Probes) for 35 minutes in the dark, followed by 25 

µg/ml calcofluor white (CFW) for 10 minutes. Prior to analysis, cells were washed 2x and 

resuspended in PBS. For microscopy, WGA was imaged using a GFP filter and CFW 

was imaged using a DAPI filter. For flow cytometry, WGA cells were analyzed using a 

488 nm laser and CFW cells were analyzed using a 405 nm laser.  

To visualize chitosan, sodium azide fixed cells were washed 2x with McIlvaine’s 

buffer (0.2 M Na2HPO4, 0.1 M citric acid, pH 6.0), followed by staining with 300 µg/ml 

Eosin Y (EY) in McIlvaine’s buffer for 5 minutes at room temperature. Prior to analysis, 

cells were then washed 2x and resuspended in McIlvaine’s buffer. For microscopy cells 

were visualized using a GFP filter. For flow cytometry cells were analyzed using a 488 

nm laser.  

The MOPC-104E antibody (Sigma) was used to visualize a-glucan, as described 

previously (66, 266). Briefly cells were incubated with 400 ng/ml MOPC-104E primary 

antibody for 1 hour, washed 2x with PBS, and incubated with 4 µg/ml anti-mouse 

AlexaFluor 488 secondary antibody (Jackson ImmunoResearch) for 30 minutes in the 

dark. Cells were washed 2x and resuspended in PBS prior to analysis. For flow 

cytometry cells were analyzed using a 488 nm laser.  

An Fc-Dectin-1 fusion protein was used to visualize b-glucan (a gift from Gordon 

Brown, University of Aberdeen) (324–327). Cells were resuspended in FACS block 
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(0.5% BSA, 5% HI-rabbit serum, 5 mM EDTA, 2 mM NaAzide in PBS) for 10 minutes, 

followed by incubation with 5 µg/ml Fc-Dectin-1 protein for 40 minutes on ice. Cells were 

washed 3x with PBS and resuspended in 3.75 µg/ml anti-human AlexaFluor 488 

secondary antibody (Jackson ImmunoResearch) in FACS wash (0.5% BSA, 5 mM 

EDTA, 2 mM NaAzide in PBS) for 30 minutes on ice. Cells were washed 2x and 

resuspended in PBS prior to analysis. For flow cytometry cells were analyzed using a 

488 nm laser.  

Concanavalin A conjugated to AlexFluor 488 (ConA; Molecular Probes) was 

used to visualize mannoproteins. Cells were resuspended in 50 µg/ml ConA for 1 hour, 

then washed 2x and resuspended in PBS prior to analysis. For flow cytometry cells were 

analyzed using a 488 nm laser.  

3.4.4 Microscopy 

Differential interference microscopy (DIC) and fluorescent images were 

visualized with a Zeiss Axio Imager.A1 fluorescence microscope (60X or 100X 

objectives). Images were taken with an AxioCam MRm digital camera with ZEN Pro 

software (Zeiss). High-resolution fluorescent images were taken using a DeltaVision 

Elite deconvolution microscope equipped with a CoolSnap HQ2 high-resolution charge-

coupled-device (CCD) camera. Images were processed using softWoRx software (GE). 

Images taken on both microscopes were additionally analyzed using ImageJ (Fiji) 

software (322, 323).  

3.4.5 Cell wall isolation and analysis 

Chitin and chitosan levels were quantified using a modified MBTH (3-methyl-

benzothiazolinone hydrazine hydrochloride) method as previously described (67). Cell 
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wall isolation and high performance anion-exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) were performed as previously described (67, 

283).  

3.4.6 RNA extraction and real time PCR analysis 

Cells from an overnight YPD culture were washed 1x with water, diluted to 107 

cells/ml in YPD or TC medium in duplicate and incubated for 1.5 hours at 30˚C (YPD) or 

37˚C (TC). Cultures were spun down and flash frozen on dry ice, followed by 

lyophilization. RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) with optional 

on-column DNAse digestion. cDNA for real time-PCR (RT-PCR) was prepared using the 

AffinityScript cDNA synthesis kit (Agilent) with oligo(dT) primers. For RT-PCR, cDNA 

was diluted 1:3 in RNase-free water, added to IQ SYBR Green Supermix (Bio-Rad) per 

protocol instructions, and analyzed on an iCycler iQ Real-Time PCR Detection System 

(Bio-Rad). GPD1 was used as an internal control, and negative control samples without 

reverse transcriptase were included. All RT-PCR primers are listed in Table 2.  

3.4.7 Protein extraction and Western blot analysis 

To assess Rim101 processing, overnight cultures were diluted to an optical 

density of 1 in 25 ml YPD pH 4 and pH 8. Cells were incubated for 1 hour, washed 1x 

with water, flash frozen on dry ice, and stored at – 80˚C until cell harvesting.  

For cell wall integrity pathway activation analysis, overnight YPD cultures were 

diluted to an optical density of 0.8 in 25 ml YPD in duplicate and incubated for 2.5 hours 

at 30˚C. Cultures were then spun down and duplicates were resuspended in YPD or TC 

medium and incubated at 30˚C (YPD) or 37˚C (TC). After 3.5 hours, samples were 
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taken, washed 1x with water, flash frozen on dry ice, and stored at -80˚C until cell 

harvesting.  

For protein extraction, cells were lysed by bead beating and the lysate was 

collected in 1.4 ml NP40 lysis buffer (6 mM Na2HPO4, 4 mM NaH2PO4, 1% Nonidet P-40, 

150 mM NaCl, 2 mM EDTA, 1x protease inhibitors [Complete mini, EDTA-free; Roche], 

1x phosphatase inhibitors [Phos-Stop; Roche], and 1 mM phenylmethylsulfonyl fluoride 

[PMSF]), as described previously (237). For Western blot analysis, samples were 

normalized by BCA assay (Thermo Scientific), diluted in 4x lithium dodecyl sulfate (LDS) 

loading sample buffer, and boiled for 5 minutes. Normalized protein was loaded on a 

NuPage 4-12% Bis-Tris gel (Invitrogen) and western blots were performed as previously 

described (237). To detect Gfp-Rim101, blots were incubated with an anti-GFP primary 

antibody (1/5,000 dilution; Roche) and an anti-mouse peroxidase-conjugated secondary 

antibody (1/25,000 dilution; Jackson Labs). To detect phosphorylated Mpk1, blots were 

incubated with a phospho-p44/42 MAPK (Thr202/Tyr204) rabbit polyclonal primary 

antibody (1/2,500 dilution; 4370 Cell Signaling Technology) and an anti-rabbit 

peroxidase-conjugated secondary antibody (1/50,000 dilution; Jackson Labs). Proteins 

were detected by enhanced chemiluminescence (ECL Prime Western blotting detection 

reagent; GE Healthcare). 

3.4.8 FM4-64 and MDY-64 staining and imaging 

Cells from an overnight culture in synthetic complete medium (SC, Difco) were 

stained with the yeast vacuolar marker MDY-64 (1/1000 dilution in SC medium, 

Molecular Probes) for 5 minutes at room temperature. Cells were then pelleted and 

stained with FM4-64 (1/1000 dilution in SC medium, Molecular Probes) for 30 minutes 

shaking at 30˚C, after which the cells were pelleted and the FM4-64 staining solution 
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was refreshed for an additional 30 minutes at 30˚C with shaking. For microscopy, cells 

were pelleted, washed 1x with PBS, and resuspended in PBS. MDY-64 staining was 

visualized using a GFP filter and FM4-64 was visualized using a Texas Red filter. The 

same exposure time for an individual filter was used for all images.  

3.4.9 Acid and alkaline secretion analysis 

Cells were incubated overnight in phosphate replete minimal medium (15 mM 

dextrose, 10 mM MgSO4, 13 mM glycine, 3 µM thymine, 0.4% KH2PO4). Cultures were 

then diluted to an OD of 0.9 in phosphate replete or phosphate deficient minimal medium 

(15 mM dextrose, 10 mM MgSO4, 13 mM glycine, 3 µM thymine, 0.4% KCl) and washed 

1x in respective minimal media. 100 µl aliquots were plated in triplicate in a 96-well plate 

and incubated for 3 hours at 30˚C with shaking at 150 rpm. Para-Nitrophenylphoshate 

(pNPP) solutions were prepared by dissolving a 5 mg pNPP substrate tablet (Thermo) in 

50 mM sodium acetate (pH 5.2) for acid phosphatase testing or 1x diethanolamine 

substrate buffer (Thermo) for alkaline phosphatase testing. 100 µl of pNPP solution was 

added to each well and plates were incubated for 3 hours at 37˚C with shaking at 150 

rpm. Phosphatase activity was measured at an absorbance of 410 nm and adjusted for 

cell density, as determined by absorbance at 600 nm, over a time course of 3 hours.  

3.4.10 Transmission electron microscopy 

Overnight YPD and TC cultures were diluted to an OD of 0.5 and recovered in 

the same media for 4-6 hours. Cells were prepared as described previously (66, 286, 

287). Briefly, cells were spun down and washed 1x in pre-fixation mix (0.1 M sorbitol, 1 

mM MgCl2, 1 mM CaCl2, 2% gluteraldehyde in 0.1 M PIPES, pH 6.8), followed by fixing 

in fresh pre-fixation mix overnight at 4˚C. The next day, cells were washed 3x for 10-
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minute intervals in water. Next the cells were washed 3x in 2% KMnO4, and post-fixed 

for 45 minutes at room temperature in fresh 2% KMnO4. The cells were then washed 

repeatedly in water until no purple color was visible, and partially dehydrated for 10-

minute intervals in increasing concentrations of ethanol (30%, 50%, 70%). Partially 

dehydrated samples were submitted to the Duke Shared Materials Instrumentation 

Facility (SMIF) for further processing, embedding, and sectioning as follows: Samples 

were rinsed thoroughly in PBS and post-fixed in 1% osmium tetroxide for 1 hour at room 

temperature. Samples were then stained with 0.5% uranyl acetate for 1 hour, further 

dehydrated in a series of graded ethanol (30%, 50%, 70%, 90%, 100%) and infiltrated 

overnight in resin. Samples were then embedded in resin and cured in a 55˚C oven for 

48 hours. The cured samples were thin sectioned with an ultramicrotome to 

approximately 60-90 nm. Thin-sections were mounted on copper grids and stained with 

uranyl acetate and lead citrate to enhance contrast. Grids were examined and digital 

images were taken on the FEI Tecnai G2 Twin transmission electron microscope with an 

Eagle digital camera.  

3.4.11 Generation of bone marrow derived macrophages and 

dendritic cells 

Bone marrow cells derived from female C57B/6 mice purchased from Jackson 

Laboratories were used as WT controls for all experiments, unless otherwise noted. 

MyD88-/- and TLR2/4-/- bone marrow cells were a generous gift from Marcel Wüthrich at 

the University of Wisconsin-Madison. Bone marrow cells from Card9-/- mice were 

provided by Floyd Wormley. Dectin1-/- mice were a generous gift from Mari Shinohara at 

Duke University. C3H/HeOuJ TLR4 mutant mice (Stock no. 000659), C3H/HeJ control 
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mice (Stock no. 000635), and TLR2-/- mice (Stock no. 004650, (328)) were purchased 

from Jackson Laboratories. 

Murine bone marrow cells were isolated and prepared as previously described 

(67, 329, 330). Briefly, femurs and tibias were isolated from mice and each bone was 

flushed with 5 to 10 ml cold PBS using a 27½ gauge needle. Red blood cells were lysed 

in 1x RBC lysis buffer (0.15 M NH4Cl, 1 mM NaHCO3, pH 7.4) and cells were 

resuspended in 1x Dulbecco’s modified Eagle’s medium (DMEM; + 4.5 g/L D-Glucose, + 

L-Glutamine, +110 mg/L sodium pyruvate) with 1 U/ml pencillin/streptomycin. Bone 

marrow cells were cryopreserved in 90% FBS/10% endotoxin-free DMSO at a 

concentration of 1 x 107 cells/ml and later thawed for use as previously described (329).  

Fresh or frozen bone marrow cells were used to generate bone marrow derived 

macrophages (BMMs) or bone marrow derived dendritic cells (BMDCs). BMMs were 

differentiated in BMM medium (1x Dulbecco’s modified Eagle’s medium [DMEM; + 4.5 

g/L D-Glucose, + L-Glutamine, +110 mg/L sodium pyruvate], 10% fetal bovine serum 

[FBS; non-heat inactivated], 1 U/ml penicillin/streptomycin) with 3 ng/ml recombinant 

mouse GM-CSF (rGM-CSF; R&D Systems or BioLegend) at a concentration of 2.5 x 105 

cells/ml in 150 x 15 mm petri plates at 37˚C with 5% CO2. The media was refreshed after 

3-4 days and the cells were harvested on day 7 as previously described (Marim 2010). 

BMMs were counted (by hemocytometer, with Trypan blue to discount dead cells), 

plated in BMM medium in 96-well plates at a concentration of 5 x 104 cells/well, and 

incubated at 37˚C with 5% CO2 overnight prior to fungal co-culture experiments.  

BMDCs were differentiated in BMDC medium (1x RPMI, 10% FBS [non-heat 

inactivated], 1 U/ml penicillin/streptomycin, 1x beta-mercaptoethanol) with 20 ng/ml rGM-

CSF at a concentration of 5 x 106 cells/ml in 20 ml in 150 x 15 mm petri plates at 37˚C 
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with 5% CO2. After 3 days an additional 20 ml of BMDC medium with 20 ng/ml rGM-CSF 

was added to plates. After 6 days, 20 ml of culture supernatant was collected, 

centrifuged, resuspended in fresh BMDC medium with rGM-CSF and returned to the 

culture plate. BMDCs were harvested on day 10 as described previously (331) and 

BMDCs were counted, plated in BMDC medium in 96-well plates at a concentration of 5 

x 104 cells/well, and incubated at 37˚C with 5% CO2 overnight prior to fungal co-culture 

experiments. 

3.4.12 In vitro fungal co-culture experiments 

BMM and BMDC co-cultures with C. neoformans were performed as described 

previously (67). Briefly, C. neoformans cells were washed 2x with PBS, counted, and 

added to BMM or BMDC containing 96-well plates at a concentration of 5 x 105 fungal 

cells per well (10:1 C. neoformans cells:BMMs/BMDCs). Isolated cell wall material was 

added at a concentration of 10 mg/ml. Co-cultures were incubated for the indicated 

amount of time at 37˚C with 5% CO2. Supernatants were collected and stored at -80˚C 

until analysis. Secreted cytokines (TNF-a) were quantified in supernatants by enzyme-

linked immunosorbent assay (ELISA; BioLegend). Data are represented as the average 

TNF-a values (pg/ml) for biological replicates; each fungal strain was tested a minimum 

of 3 times. BMM/BMDC only control wells, in which fresh media was added in lieu of 

fungi are included as negative controls. Ultrapure lipopolysaccharide (List Biolabs) and 

zymosan from S. cerevisiae (Sigma) were diluted to the indicated concentrations in BMM 

medium and used as positive controls.  

As described previously (67), the cap59∆ mutation causes cell aggregation that 

makes quantification by hemocytometer inaccurate. As a result, these strains were 

normalized to 2 mg wet cell pellet/ml of medium, which was used previously for other 
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mutants with similar mass/cell ratios and approximates the milligram-per-milliliter 

concentration used for standard co-culture experiments (67).  

3.4.13 Animal experiments 

We used the murine inhalation model of Cryptococcosis to assess virulence 

(240). For each strain, 9-10 female C57B/6 mice and 9-10 male and female BALB/c 

mice were used. Mice were anesthetized by isoflurane inhalation and intranasally 

inoculated with 1 x 105 fungal cells of the following strains: WT (H99), mar1∆ (MAK1), 

and mar1∆ + MAR1 (MAK11). Mice were monitored over the course of 40 days and 

sacrificed based on clinical endpoints that predict mortality. The statistical significance of 

difference between survival curves of mice infected with different strains was determined 

by log-rank test with Bonferroni correction (GraphPad Prism).  

An additional 9-10 mice per strain were intranasally inoculated as described 

above for organ burden. Mice (5 per time point) were sacrificed on days 1 and 4 post 

inoculation. From each mouse 1 lung was harvested, weighed, and homogenized in cold 

PBS. Colony forming units (CFU) were calculated by quantitative culture and are 

represented as CFU/gram of tissue. For BALB/c post-mortem CFU analysis, lungs and 

brains were harvested from mice and homogenized in 1 ml PBS. Viable cells were 

calculated by quantitative culture and are represented as CFU/ml.  

3.4.14 Ethics statement 

All animal experiments were performed in compliance with guidelines at Duke 

University, the University of Texas at San Antonio, and the American Veterinary Medical 

Association. All mice were anesthetized by isoflurane inhalation. Mice were sacrificed by 

CO2 with approved secondary methods of ensuring animal death. The Duke University 
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Institutional Animal Care and Use Committee reviewed and approved the protocol 

(A138-17-06) used for animal experimentation in these studies. The specific projects 

were reviewed for congruence with this protocol, and approval was granted on 

6/29/2015. Duke University maintains an animal program that is registered with the 

United States Department of Agriculture (Animal Welfare Act, Customer Number: 863), 

assured through the National Institutes of Health/Public Health Service (Assurance 

Number D16-00123 (A3195-01)), and accredited with AAALAC International 

(Accreditation Number: 363).  
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4. Aberrant fungal cell wall remodeling induces 

granuloma formation and a non-protective immune 

response 

This chapter is written as a manuscript in preparation. The authors will be 

Shannon K. Esher, Calla Telzrow, Chrissy Leopold Wager, Althea Campuzano, Floyd 

Wormley Jr., and J. Andrew Alspaugh. 

4.1 Introduction 

The initial interactions between pathogenic microorganisms and their infected 

hosts often shape the eventual course of infection. Some microorganisms, such as the 

opportunistic fungal pathogen, Cryptococcus neoformans, effectively evade many 

aspects of immune recognition, and can establish a chronic, dormant state of infection 

that many persist asymptomatically for decades. Alternatively, in the setting of impaired 

immune containment, this infection can progress to life-threatening disseminated 

disease. In this way C. neoformans, is responsible for over 175,000 deaths per year in 

immunocompromised populations (2). After inhalation into the lungs from the 

environment, C. neoformans can disseminate to the central nervous system (CNS) and 

cause life threatening meningoencephalitis in susceptible populations (5). A large 

majority of people are exposed to C. neoformans early in life. However, most healthy 

individuals do not develop symptoms of cryptococcal disease (17). In immunocompetent 

individuals, the formation of granulomas in the lungs and regional lymph nodes is 

thought to contain C. neoformans and prevent dissemination to the CNS (4, 332). 

Evidence for this includes autopsy reports in which cryptococcal granulomatous lesions 

were found in patients that died of unrelated causes (333, 334). Several studies have 

demonstrated that once established in the lungs, this fungus can remain latent for 
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extended periods of time and eventually become reactivated upon immunosuppression 

(4, 335, 336).  

Pulmonary innate immune phagocytes are the first cells that come into contact 

with C. neoformans. Many fungal cell wall components are directly recognized by pattern 

recognition receptors (PRRs) on the surface of innate immune cells (264, 265). This 

interaction directs the progression and outcome of disease, beginning with fungal cell 

recognition, immune activation, and the induction of an adaptive cell mediated immune 

responses that lead to control of the infection.  

The microbial cell surface is the first point of contact with the host immune 

system, and therefore cell wall biosynthesis and organization are precisely regulated. 

Many fungi, such as Candida albicans, Aspergillus fumigatus, and Histoplasma 

capsulatum carefully mask immunostimulatory molecules from detection by immune 

cells (268, 269, 308, 309). C. neoformans is adept at avoiding immune detection, most 

notably with its polysaccharide capsule (87, 130). Imprecise regulation of the fungal cell 

wall has been demonstrated to result in a range of responses, including protective and 

immunizing effects as well as excessive responses resulting in immune pathology (67, 

176, 312).  

Our lab has previously identified a novel protein, Mar1, which regulates cell wall 

remodeling in the context of the host environment. We demonstrated that the aberrant 

cell surface architecture resulting from the absence of Mar1 protein induces increased 

macrophage activation in vitro and attenuates virulence in vivo. Here we report that 

despite survival of infected mice during murine cryptococcal infection, mar1∆ cells 

remain in the lungs, proliferating over time. Additionally, we report the formation of 

granulomas in the lungs of mar1∆-infected mice, and we show that this chronic 
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inflammatory containment is associated with the induction of markers of angiogenesis. 

Finally, we determine that the immune response induced by mar1∆ is non-protective 

towards a secondary lethal WT challenge, despite the in vitro induction of a vigorous 

immune reaction to initial fungal challenge. These results explore the fungal and 

inflammatory components associated with protective versus non-protective responses to 

C. neoformans infection. They also suggest that angiogenesis is an important 

component of the host antifungal response. 

4.2 Results  

4.2.1 The mar1∆ strain persists in the lungs of non-symptomatic mice 

The Mar1 protein directs the localization of fungal cell wall enzymes to proper 

subcellular domains. Therefore, the mar1∆ mutant strain displays a disordered cell wall, 

and it displays susceptibility to several cell wall stresses. Accordingly, the mar1∆ mutant 

is attenuated for virulence in multiple mouse strain backgrounds (Fig 20C). Interestingly, 

post-mortem quantitative cultures of infected tissues in surviving BALB/c mice indicated 

that the mar1∆ strain persisted in the lungs despite continued host survival (Fig 20D).  

To more carefully examine the kinetics of mar1∆ lung infections, we performed 

quantitative cultures of infected tissue in a murine inhalational model of cryptococcosis 

at days 7 and 14 (Fig 23A). Despite equal inocula, the fungal burden in the mar1∆-

infected lungs is significantly lower than WT at both time points, suggesting a difference 

in microbe viability or in host-mediated immune response between these two strains. 

However, in all strains there is a progressive and similar fold-increase in the number of 

recovered fungal cells from day 7 to 14 (Fig 23B). These data indicate that, despite a 

rapid initial decrease in fungal survival, the mar1∆ strain is not being effectively cleared 

from the lungs of infected mice, and it is in fact replicating over time. 
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Figure 23: The mar1∆ strain persists in the lungs of BALB/c infected mice. (A) 
Colony forming units (CFU) per ml of lung homogenate was calculated by quantitative 

culture from 4 mice per strain on days 7 and 14 post inoculation. Mice were infected with 
104 cells for each strain. **, p < 0.01 mar1∆ vs. WT; ***, p < 0.001 mar1∆ vs. mar1∆ + 
MAR1 as determined by one-way ANOVA with Tukey’s multiple comparisons test. (B) 

CFU/ml values for each mouse are represented in a table and the average fold change 
of values from day 14 over values from day 7 was calculated for each strain. 
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leukocytes in WT-infected mice decrease from day 7 to 14, levels remain constant in 

mar1∆ infected mice. Additionally, at day 7 post infection, mar1∆ infected lungs 

contained decreased levels of all leukocyte subsets tested (Fig 24B). By day 14, despite 

an increasing fungal burden, there were fewer innate and phagocytic immune cells in 

mar1∆ infected lungs; however, a similar number of adaptive cells were observed 

between mar1∆ and WT infected mice (Fig 24C).  

To further characterize the immune response, we analyzed the levels of 21 

cytokines in infected lungs at day 7 and day 14 post infection (Fig 25). We found that 

lungs from mar1∆ infected mice had decreased levels of most cytokines at both time 

points (Fig 25A, 25B). Exceptions to this were TNF-a, Eotaxin, and GM-CSF, which had 

similar levels in mar1∆ and WT infected lungs (Fig 25C). This indicates that the mar1∆ 

strain is eliciting a specific and selective response compared to WT. During in vitro 

macrophage/fungal co-culture experiments, we observed a marked increase in TNF-a 

production in response to the mar1∆ strain compared to WT (Fig 18). In contrast, after 7 

days of interaction, and with a documented lower fungal burden, the mar1∆ strain was 

not associated with a marked difference in TNF-a levels in the setting of infection 

compared to WT. 
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Figure 24: Pulmonary leukocyte levels are decreased in mar1∆ infected lungs. (A). 
Total pulmonary CD45+ leukocyte counts and percentages (%) from lungs of BALB/c 
mice infected with 104 WT or mar1∆ cells on days 7 and 14 post infection. (B and C). 

Subsets of pulmonary leukocytes on (B) day 7 and (C) day 14 post infection. Top panels 
represent total cell numbers and bottom panels represent percent of total leukocytes. 
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Figure 25: The mar1∆ strain elicits a distinct response in the lungs of infected 

mice. Indicated cytokines were quantified from whole lung digests from 4 BALB/c mice 
infected with 104 fungal cells for each strain. (A) Pro-inflammatory cytokines on days 7 

and 14 post infection. (B) Th1 and Th2 associated cytokines on days 7 and 14 post 

infection. (C) Levels of TNF-a, eotaxin, and GM-CSF in the lungs of infected mice on 
days 7 and 14 post infection. 
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4.2.3 Mice infected with mar1∆ develop granuloma-like nodules in the 

lungs 

While 100% of BALB/c mice intranasally inoculated with mar1∆ survived the 

infection, around 60% of C57B/6 mice succumbed to the infection during the 40-day 

experiment (Fig 20A). The C57B/6 mar1∆ infected mice that were sacrificed met clinical 

guidelines that often predict imminent mortality during infection (i.e., weight loss greater 

than 10% of their initial body weight); however, we noted that these infected animals did 

not exhibit other symptoms of progressive, lethal cryptococcal infection including labored 

breathing, lack of grooming, or signs of meningoencephalitis. This suggested a very 

different nature of late cryptococcal infection in the mar1∆ infected animals. Interstingly, 

during necropsy we observed large homogeneous lesions in the lungs of all mice dying 

after infection with the mar1∆ mutant; we did not observe these lung lesions in WT lung 

infections (Fig 26A and data not shown). Importantly, these lesions were also not 

observed in those mar1∆-infected mice that asymptomatically survived the duration of 

the experiment (data not shown).  

To characterize the nature of the inflammatory lesions observed upon gross 

dissection, we repeated the infection and performed histopathological analysis of lungs 

infected with the various C. neoformans strains at predetermined time points after 

infection. By H&E staining, the nodules within the lungs infected with the mar1∆ mutant 

were classic necrotizing granulomas with multinucleated giant cells (Fig 26Biii, 26Bv). 

Epithelioid, macrophage-like cells surrounded a central necrotic core, often containing 

budding yeast cells (Fig 26Bii). In some cases, these engulfed cells appear to be dead 

or “ghost” fungal cells, as has been previously described within C. neoformans-induced 

mouse granulomas (Fig 26Bvii) (337). Additionally, there was a well-defined demarcation 
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between the granulomas and the surrounding lung tissue (Fig 26Bi, 26Biv). Although this 

type of granuloma is commonly observed in human lung infection with C. neoformans, it 

is an unusual feature in murine models of inhalational/pulmonary cryptococcosis (4, 

338).  

 

Figure 26: Mice infected with the mar1∆ strain develop granuloma-like nodules in 

their lungs. (A) Gross image of granulomas observed in the lungs of two mar1∆ infected 
C57B/6 mice. (B) Histopathology of two granulomas from the lungs of C57B/6 mice 

intranasally inoculated with the mar1∆ strain. Lungs were harvested at time of death and 
stained with H&E. Green arrows indicate giant multinucleated immune cells containing 

yeast cells. White arrows indicate dead/dying engulfed yeast. Bar = 100 µM. 
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4.2.4 Production of the angiogenic marker, ANG-2, is induced by 

mar1∆ cells 

Recent investigations in the formation of granulomas in response to 

Mycobacteria suggest that new blood vessel growth is an important aspect of the 

development of these chronic inflammatory lesions (339). To further characterize the 

mechanism of granuloma formation by the mar1∆ strain, we tested whether this mutant 

could similarly induce neo-angiogenesis. Tuberculosis granuloma formation likely 

involves extensive neovascularization, a result of granuloma-induced angiogenesis and 

altered vascular permeability. The vascular changes can be quantified by measuring 

induction of host angiopoietin-2 (ANG-2) production, and robust ANG-2 expression from 

granuloma-associated macrophages has been observed during mycobacterial infection 

(339, 340). This process of neovascularization is regulated by the vascular endothelial 

growth factor (VEGF) signaling pathway, and it serves to combat the formation of 

hypoxic areas that can be detrimental to microbial growth (339). In this manner, we 

quantified the production of ANG-2 after co-culture of WT and mar1∆ cells with primary 

murine bone marrow-derived macrophages (BMMs). After 24 hours, there was no 

induction of ANG-2 by BMMs co-cultured with WT cells compared to the start of the 

experiment. By contrast, we observed a significant increase in the amount of ANG-2 

produced by BMMs co-cultured with mar1∆ cells (Fig 27). After 48 hours, there was a 

small increase in ANG-2 production associated with WT C. neoformans; however, the 

production of ANG-2 was significantly higher from mar1∆ co-cultured cells (Fig 27). 

Therefore, these data demonstrate that the mar1∆ mutant cell surface is sufficient to 

induce an important host mediator of angiogenesis and vascular remodeling. 
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Furthermore, this suggests that, similar to tuberculosis granulomas, mar1∆-associated 

granulomas may involve accelerated angiogenesis and vascular permeability.  

 

Figure 27: The ANG-2 marker of vascular permeability is induced in macrophages 

by mar1∆ cells. WT and mar1∆ cells were incubated for 16-18 hours at 37˚C in tissue 
culture (TC) medium. Bone-marrow derived macrophages (BMMs) were co-cultured with 

live C. neoformans strains for the indicated amount of time at a multiplicity of infection 
(MOI) of 10:1, C. neoformans:BMMs. ANG-2 levels (pg/ml) were assayed from the 

supernatant by ELISA. Data represent means from 3 replicates per strain per condition 
(n = 3). ***, p < 0.001; ****, p < 0.0001 mar1∆ vs. WT as determined by two-way ANOVA 

with Tukey’s multiple comparisons test. 
 

4.2.5 The mar1∆ strain does not induce complete protective immunity 

in multiple mouse strain backgrounds 

Several lines of evidence led us to hypothesize that the mar1∆ strain may induce 

a protective response when used to immunize mice. First, the mar1∆ mutant cell wall 

induces a robust TNF-a response in BMMs and BMDCs (Fig18). Previous studies have 

indicated that high levels of TNF-a during early infection are important for the induction 

of a protective Th1 immune response (312). Second, mice inoculated with heat-killed 

mar1∆ cells exhibited a loss in body weight during the first week after inoculation, which 

they recovered in the following week (Fig 28B). Zhai et al. previously observed a similar 

temporary weight loss in mice infected with their protective hyphal mutants, and they 
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inoculated C57B/6 mice with a high dose (1 x 107 cells) of heat-killed mar1∆ (Fig 28A). 

We selected this inocula based on previous studies indicating that protection is dose-

dependent, with a 107 inocula yielding the best outcomes (312, 341). Additionally, we 

chose to vaccinate with heat-killed cells due to the fact that the mar1∆ strain is not 

completely avirulent in the C57B/6 mouse background. Importantly, we have 

demonstrated that the heat-killed cells induce a similar amount of TNF-a in vitro (Fig 

18A). After 45 days, we reinoculated mar1∆ vaccinated and unvaccinated controls with a 

lethal dose of WT C. neoformans. Both groups succumbed to the infection, with median 

survival times of 16.5 and 15.5 days for the control and mar1∆ vaccinated groups, 

respectively (Fig 28C). Therefore, although the infection by inhalation with heat killed 

mar1∆ cells results in a temporary weight loss suggestive of an early inflammatory 

response, this strain does not induce a protective immune response towards WT C. 

neoformans by this route of inoculation and in this mouse background.  

While C57B/6 mice have a protective Th1 type bias, BALB/c mice predominate 

towards a non-protective Th2 type response (292). In previous studies, we demonstrated 

BALB/c mice infected with the mar1∆ strain survive the course of infection (Fig 20C). 

This is in contrast to C57B/6 mice in which around 50% of the mice succumb to the 

mar1∆ infection. This aligns with previous studies indicating that mice from different 

genetic backgrounds respond differently to cryptococcal infection (290, 291). 

Additionally, recent studies testing C. neoformans vaccination strategies have indicated 

differences in protection depending on mouse background. In particular, vaccination 

approaches have been found to be more effective in the BALB/c mouse background 

compared to C57B/6 mice (312, 342). To examine if the mar1∆ strain could induce a 

more protective response in the BALB/c mouse background, we carried out the same 
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vaccination experiment as above (Fig 28A). Similar to what we observed in the C57B/6 

mouse background, BALB/c mice lost body weight during the first 2 days after 

inoculation, although the percent change was lower than observed previously and 

recovered slightly earlier (Fig 28D). After a lethal secondary challenge, mar1∆ 

vaccinated mice survived longer than mock treated, with a median survival time of 25.5 

days compared to 22 days for control mice (Fig 28E), representing an incomplete but 

statistically significant immunizing effect.  
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Figure 28: The mar1∆ strain does not completely protect against a secondary WT 

strain. (A) Outline of vaccination experimental design. Mice were inoculated with 107 
heat killed cells, allowed to recover for 45 days, and then reinoculated with 105 live WT 

H99 cells. (B) Mice lose weight during the first week after inoculation with heat killed 
mar1∆ vaccination dose. Ten C57B/6 mice were inoculated with 1 x 107 heat killed 

mar1∆ mutant cells. Eight uninoculated mice served as controls. (C) Vaccination with 
heat killed mar1∆ cells does not induce a protective response in the C57B/6 mouse 
background. Survival curve of mice after secondary challenge. Mice were monitored 

daily for signs of infection and sacrificed at predetermined clinical endpoints that predict 
mortality. All comparisons, not significant as determined by log-rank test with Bonferroni 

correction. (D) BALB/c mice exhibit similar weight loss after vaccination dose. Ten 
BALB/c mice were inoculated with 1 x 107 heat killed mar1∆ cells. Ten PBS mock treated 
mice served as controls. (E) Vaccination with heat-killed mar1∆ increases the survival of 
BALB/c mice. Survival curve of vaccinated BALB/c mice after secondary challenge. Mice 

were monitored daily for signs of infection and sacrificed at predetermined clinical 
endpoints. *, p < 0.05 as determined by log-rank test. 

A

2 4 6

-10

-5

0

5

10

Days post vaccination

%
 C

ha
ng

e 
in

 B
od

y 
W

ei
gh

t Uninoculated control
Heat killed mar1∆ 

0 10 20 30 40
0

50

100

Days post inoculation

Pe
rc

en
t s

ur
vi

va
l

Uninoculated Control
Heat killed mar1∆ 

B

Day -45
Vaccination  

(107 heat killed cells)

Day 0
WT Challenge 

(105 cells)
Day 40

End of experiment

Weigh mice daily

C

2 4 6 8

-2

-1

0

1

2 Mock (PBS)
Heat killed mar1∆

0 10 20 30 40 50
0

20
40
60
80

100

*

8

Days post vaccination

%
 C

ha
ng

e 
in

 B
od

y 
W

ei
gh

t

Days post inoculation

Pe
rc

en
t s

ur
vi

va
l

Mock (PBS)
Heat killed mar1∆

D

E

C57B/6 mice BALB/c mice



 

137 

4.3 Discussion 

In previous work we demonstrated that the mar1∆ strain has an aberrant cell 

surface with increased exposure of chitin and chitosan resulting in the increased 

activation of macrophages and attenuated virulence. Here we have further explored our 

analysis of the immunological response to this mutant strain. We have shown that mar1∆ 

persists in the lungs of infected mice and induces a specific immune response that 

differs from that in WT infections. We have also observed the formation of granulomas in 

the lungs of infected mice, a clinical presentation not ordinarily seen in mouse models of 

cryptococcosis. Similar to what has been reported for tuberculosis granulomas, mar1∆ 

induces increased markers of angiogenesis when co-cultured with macrophages. Finally, 

we have tested the ability of this mutant to induce an incompletely protective response 

against a lethal secondary challenge in two mouse backgrounds. These data highlight 

the complexities involved in the interaction between fungus and host, and begin to 

elucidate factors involved in producing a range of immune responses including those 

associated with persistence of C. neoformans in the lungs.  

4.3.1 Characterization of the fungal burden and immune response in 

the lungs of mar1∆ infected mice 

Several studies have indicated that C. neoformans can persist in the lungs of 

infected people for many years after treatment or apparent recovery from symptomatic 

disease (335, 336, 343, 344). While we have observed that BALB/c mice do not 

succumb to infection with the mar1∆ strain, we previously demonstrated that the mar1∆ 

strain persisted in the lungs of these infected mice at the termination of the experiment. 

Here we have further shown that in fact mar1∆ cells are proliferating in the lungs of 

infected mice, albeit at a lower total microbial burden compared to WT cells. While we 
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have not yet measured fungal burden over an extended time course of infection in 

C57B/6 mice, it is possible that a similar, slow proliferation of mar1∆ cells within the 

lungs of these mice is responsible for eventually causing death in this mouse 

background. In future studies, we will extend the length of these virulence experiments 

to determine if the mar1∆ strain would eventually proliferate to WT levels and cause 

disease in these mice. Analysis of CFUs at additional time points in the C57B/6 

background will also provide insight into the mechanism of mar1∆ pathogenesis in these 

mice.  

We have also demonstrated that the mar1∆ strain elicits a distinct immune 

response in the lungs of infected mice. Overall, there is decreased immune cell infiltrate 

and decreased cytokine production in response to the mar1∆ strain at post-infection Day 

7. However, at later time points after infection, the adaptive cell subsets are similar to 

that in WT infections, indicating that activation of the adaptive response appears to be 

intact in response to the mar1∆ infection. Interestingly, of all the cytokines tested, only 

TNF-a, eotaxin, and GM-CSF were not significantly decreased in the mar1∆ infected 

lungs at the time points tested. The levels of eotaxin and GM-CSF are particularly 

intriguing, as the cell types that these specific chemokines attract (eosinophils and 

macrophages respectively) are decreased in mar1∆ lungs compared to WT. While the 

levels of TNF-a in mar1∆-infected lungs does not directly match what we have seen in 

our in vitro co-culture experiments, these in vivo experiments are examining much later 

time points after infection compared to the immediate macrophage interaction tested in 

vitro. To understand how mar1∆ cells are shaping the initial immune response, and how 

this may affect the responses we are observing at later time points, we will need to 
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assess pulmonary inflammation at earlier time points, such as days 1, 2, or 4 post 

infection.  

4.3.2 Determining the mechanisms of mar1∆-induced granuloma 

formation in vivo  

In addition to long term persistence of C. neoformans in the lungs, 

immunocompetent humans often form granulomas in response to infection (4, 332). In 

mouse models of cryptococcosis, the WT H99 strain is quite virulent and results in 

mouse death too quickly to allow for the formation of granulomas (4, 338). Prior work 

identified the gcs1∆ glucosylceramide synthase mutant as the only other strain known to 

induce granuloma formation in mice (337). This strain lacks glucosylceramide and is 

unable to survive in the neutral/alkaline pH of the extracellular host environment, but it 

thrives in the acidic phagolysosome (337). Importantly, gcs1∆-induced granuloma 

formation was shown to be important for limiting the dissemination and virulence of this 

strain. A detailed analysis of the CNS fungal burden associated with mar1∆ infection has 

not been done; however unpublished data suggests that this strain has a defect in CNS 

dissemination. Future studies will include analysis of fungal load in the brain of infected 

mice at multiple time points. Additionally, Rittershaus et al. demonstrated that during an 

intravenous (IV) infection, gcs1∆-infected mice exhibit delayed, but rapid onset 

symptoms and death resulting from meningoencephalitis (337). Future work will also 

characterize the pathogenesis of a mar1∆ infection by the IV route to decipher if this 

strain is unable to disseminate or unable to cause CNS disease.  

It is well understood that there is a complicated and often contradictory 

relationship between C. neoformans and macrophages. While these phagocytes are 

required for containment and clearance of C. neoformans, they can also exacerbate 
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disease by providing a reservoir for proliferation and a mode of transit to and into the 

CNS. The relationship between granuloma formation and alveolar macrophages was 

shown to be equally delicate in the case of gcs1∆ infection. This strain is particularly 

adept at surviving within macrophages, which the authors hypothesized is what 

facilitates granuloma formation (191, 337). However, in the absence of macrophage 

activation, they found that gcs1∆ cells disseminate at a higher rate and exhibit increased 

virulence (191). There are a number of additional experiments to be done to further 

explore the relationship between mar1∆ cells and macrophages. For example, while it is 

unlikely that mar1∆ survives better in the intracellular environment of the phagolysosome 

(based on in vitro phenotypic experiments described in Chapter 3), it is possible that the 

immunostimulatory nature of the cell surface of this strain results in increased 

phagocytosis. Additionally, we have demonstrated that mar1∆ cells induce increased 

TNF-a production from macrophages, suggesting that these macrophages are 

classically activated and thus more protective for C. neoformans infection. However, we 

have not directly assessed whether mar1∆ associated macrophages are classically (M1) 

or alternatively (M2) activated. Compared to M1 macrophage activation, which is critical 

in containing and destroying C. neoformans cells, M2 macrophage activation results in 

enhanced phagocytosis, intracellular growth, and persistence of fungal cells (343, 345). 

Therefore, it is plausible that mar1∆ cells may be inducing M2 macrophage activation 

and this may explain their persistence in the lungs.  

Finally, additional studies to further characterize mar1∆-induced granulomas and 

the mechanisms of granuloma formation are needed. In work in progress, we are 

carrying out additional histopathological analyses of the C57B/6 granulomas to identify 

specific granuloma characteristics observed in previous studies (337, 338). It will be 
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important to determine if granuloma formation is unique to C57B/6 mice, or if it also 

occurs in other immunocompetent and immunosuppressed mouse backgrounds. 

Understanding the roles of specific immune cell infiltrates, such as alveolar 

macrophages, neutrophils, and eosinophils, will also give insight into the mechanisms of 

granuloma formation. Whether or not the adaptive immune response is playing a role in 

mar1∆-induced granuloma formation or mar1∆ persistence is another important question 

yet to be answered. It has been demonstrated in humans that persistence can lead to 

relapse and/or reactivation upon immune suppression (335, 336, 344). Future 

experiments will aim to determine how the mar1∆ strain may respond to immune 

suppression during initial and latent infection.  

4.3.3 Defining the immune response induced by mar1∆ vaccination 

In previous studies we have demonstrated that the cell wall changes associated 

with the mar1∆ mutation are more immunogenic then the cell surface of WT C. 

neoformans in in vitro models of fungus-macrophage interaction. Based on this 

observation, and the impaired virulence phenotype of this strain, we hypothesized that it 

might be a good candidate for vaccination. We observed a small, but significant, 

increase in BALB/c mouse survival after secondary challenge, though there was no 

significant protection in the C57B/6 background. This difference in protection based on 

mouse background is not uncommon, and in fact previous C. neoformans vaccination 

studies have reported similar results (312, 342).  

Several groups have carried out similar vaccination experiments, and from their 

results 4 key protection components have emerged: (1) the induction of an early and 

controlled pro-inflammatory response (312, 341); (2) a protective Th1 type cytokine 

response (311, 312, 341); (3) increased levels of CD4+ T cells at later time points in 
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infection (312, 341) and; (4) an approximate correlation between fungal burden and level 

of protection (312, 341, 342). While our cytokine data would not suggest that mar1∆ is 

inducing a strong immune response, we examined cytokines at later time points after 

secondary challenge, making it difficult to directly compare our results. Additional time 

points earlier in infection will be required to determine if mar1∆ is inducing any type of 

immune response early on after infection, and if this response is Th1 or Th2 skewed. 

Importantly, we did observe slightly increased levels of CD4+ T cells 14 days post 

infection, which represented a higher percentage of the total cells in mar1∆ infected 

lungs compared to WT. We did not examine fungal burden during the secondary 

challenge, however future vaccination studies will include this important measurement.  

An interesting concept to consider is the relationship between mar1∆ induced 

granuloma formation and protection. We performed our vaccination experiments using 

heat killed cells, which presumably would not proliferate, persist, or induce granuloma 

formation in the lungs. If any of these steps are required for the induction of protective 

responses, this could explain why our vaccination strategies were unsuccessful. 

Alternatively, the increased recognition of the mar1∆ cell surface could induce rapid 

clearance of heat killed cells before any significant immune response can be mounted. 

Future studies will test the vaccination capability of live mar1∆ cells. Furthermore, there 

are many other vaccination strategies that can be tried including multiple vaccination 

doses (311, 342), alternative routes of vaccination, and varied amounts of cells (312, 

341).  

Lastly, it is possible that the mar1∆ strain is actually inducing a non-protective 

response. The rapid weight loss of mice after the vaccination dose suggests that some 

sort of response is occurring, however the lack of protection suggests this response may 
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not be beneficial. Additional experiments to analyze the immune cell infiltrate and 

cytokine induction after the mar1∆ vaccination dose will provide insight into what sort of 

response is being elicited at this time point.  

4.3.4 Summary 

We have previously demonstrated that the mar1∆ strain has an aberrant cell 

surface that has an altered immune interaction. Here we have expanded on these initial 

studies and began to elucidate the pathogenesis of the mar1∆ strain. While attenuated in 

virulence, this strain persists in the lungs of infected mice, elicits a selective immune 

response, and induces the formation of granulomas. These distinct immune responses 

are not strongly protective against a secondary lethal challenge, but further studies will 

provide novel insight into the roles of various immune responses towards C. neoformans 

persistence and pathogenesis.  

4.4 Materials and Methods 

4.4.1 Strains, media, and growth conditions  

The Cryptococcus neoformans strains used in this study were H99, mar1∆ 

(MAK1), and the mar1∆ + MAR1 complemented strain (MAK11; see Table 2). All strains 

were maintained on YPD agar plates (2% yeast extract, 1% peptone, 2% dextrose) and 

cultured in liquid YPD at 30˚C with shaking (150 rpm), unless otherwise noted.  

4.4.2 Murine pulmonary fungal burden, immune response, and 

histology 

The murine inhalation model of cryptococcosis was used to assess pulmonary 

fungal burden, immune response, and granuloma formation (240). For fungal burden, 4 

BALB/c mice were used per strain per time point. Mice were anesthetized by isoflurane 
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inhalation and intranasally inoculated with 104 fungal cells. At specified time points, 

animals were sacrificed and lungs were dissected and homogenized in 1 ml PBS. Viable 

cells were calculated as colony forming units (CFU) per ml by quantitative culture and 

are represented as CFU/ml. To assess pulmonary immune cell infiltrates, leukocyte 

isolation, staining, and flow cytometry was done as previously described (341). Levels of 

lung cytokines were quantified from lung homogenates as previously described (341).  

To assess the formation of granulomas, 8 C57B/6 mice were used. Mice were 

anesthetized as above and intranasally inoculated with 105 mar1∆ cells. Mice were 

monitored over the course of infection and sacrificed based on clinical endpoints that 

predict mortality. At time of death, lungs were dissected and inflated with 10% buffered 

formalin. Samples were submitted to the Duke Department of Pathology Research 

Histology Laboratory for paraffin embedding, sectioning, and staining with haemotoxylin 

and eosin (H&E). Slides were examined by light microscopy using a Zeiss Axio 

Imager.A1 fluorescence microscope and images were taken with an AxioCam 105 color 

digital camera with ZEN Pro software (Zeiss).  

4.4.3 Generation of bone marrow derived macrophages and fungal 

co-culture experiments 

Murine bone marrow cells were isolated from female C57B/6 mice and prepared 

as previously described (67, 329, 330). Cells were cryopreserved in 90% FBS/10% 

endotoxin-free DMSO at a concentration of 1 x 107 cells/ml. Frozen bone marrow cells 

were thawed for use as previously described (329). To generate bone marrow derived 

macrophages (BMMs), fresh or thawed bone marrow cells were differentiated in BMM 

medium (1x Dulbecco’s modified Eagle’s medium (DMEM; with 4.5 g/L D-glucose, L-

Glutamine, 110 mg/L sodium pyruvate), 10% fetal bovine serum (FBS; non-heat 
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inactivated), 1 U/ml penicillin/streptomycin) with 3 ng/ml recombinant mouse GM-CSF 

(rGM-CSF; BioLegend). Cells were incubated at a concentration of 2.5 x 105 cells/ml in 

150 x 15 mm petri plates at 37˚C with 5% CO2. After 3-4 days the media was refreshed 

and the cells were harvested on day 7 as described previously (329). BMMs were 

counted and plated in BMM medium in 96-well plates at a concentration of 

approximately 5 x 104 cells/well. Cells were incubated at 37˚C with 5% CO2 overnight 

prior to fungal co-culture.  

For co-culture experiments, overnight YPD cultures of fungal strains were diluted 

1:10 in CO2-independent tissue culture medium (TC; Gibco) at 37˚C for 16-18 hours with 

shaking (150 rpm) as previously described (67). BMM co-cultures with C. neoformans 

were performed as previously described (67) with a multiplicity of infection (MOI) of 

approximately 10:1, C. neoformans cells:BMMs. Co-cultures were incubated for the 

indicated amounts of time at 37˚C with 5% CO2, followed by collection of supernatants 

and storage at -80˚C until analysis. Secreted angiopoietin-2 (ANG-2) was quantified in 

the collected supernatants by ELISA (Abcam Mouse Angiopoietin 2 SimpleStep ELISA 

kit; ab209883). Data are represented as the average ANG-2 values (pg/ml) for 3 

biological replicates from one experiment.  

4.4.4 Vaccination and challenge studies 

For vaccination experiments, overnight YPD cultures of mar1∆ were diluted 1:10 

in TC medium and incubated for 16-18 hours at 37˚C with shaking. Cells were heat killed 

at 65˚C for 1 hour, washed with PBS, and counted. Mice were anesthetized by isoflurane 

inhalation and vaccinated intranasally with 107 heat-killed cells. For C57B/6 experiments, 

10 female mice were vaccinated and an additional 8 female mice were monitored as 

unvaccinated controls. For BALB/c experiments, 10 mice (5 female, 5 male) were 
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vaccinated and an additional 10 mice (5 female, 5 male) were mock vaccinated with 

PBS as controls. To monitor body weight after the vaccination dose, mice were weighed 

daily for the first 7 days. After 45 days, all mice were challenged with 105 live H99 cells 

by intranasal inoculation as described above. Mice were monitored daily and sacrificed 

as described above. All animals were terminated on day 40 after challenge.  

4.4.5 Mice 

All mice were purchased from Jackson Laboratories. All animal experiments 

were performed in compliance with guidelines at Duke University, the University of 

Texas at San Antonio, and the American Veterinary Medical Association. All mice were 

sacrificed by CO2 with approved secondary methods of ensuring animal death.  

4.4.6 Statistics 

All statistical analyses were carried out using GraphPad Prism software. The 

statistical significance of fungal burden between strains at each time point was 

determined by one-way ANOVA with Tukey’s multiple comparisons test. ELISA data was 

analyzed by two-way ANOVA with Tukey’s multiple comparisons test. The difference 

between survival curves of vaccinated versus non-vaccinated mice was determined by 

log-rank test.  
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5. Rapid mapping of insertional mutations to probe cell 

wall regulation in Cryptococcus neoformans.  

 This chapter was modified from a manuscript of the same title published in 

Fungal Genetics and Biology 82: 9-21 (2015). The authors are Shannon K. Esher, 

Joshua A. Granek, and J. Andrew Alspaugh.  

5.1 Introduction 

Genetic screens, including those performed by random insertional mutagenesis, 

have elucidated the functions of many genes in varied species. Agrobacterium 

tumefaciens-mediated transconjugation (AMT) is one method of trans-kingdom DNA 

delivery that has been increasingly used to generate insertional mutants in a variety of 

organisms. While A. tumefaciens is a plant pathogen in nature, it has been adapted for 

DNA transformation into a number of species, including several fungi. Fungi that have 

been studied using AMT include the yeast Saccharomyces cerevisiae; the plant 

pathogens Fusarium oxysporum, Leptosphaeria maculans, and Magnaporthe oryzae; 

and the human pathogenic fungi Aspergillus fumigatus, Blastomyces dermatitidis, 

Histoplasma capsulatum, and C. neoformans (346–354).  

The DNA transferred during transconjugation, or T-DNA, is flanked by short 

border repeats that serve as recognition sequences for processing and transfer by A. 

tumefaciens. When used for AMT, the portion of the T-DNA between the border repeats 

is replaced with species-specific selectable markers to allow selection of transformed 

isolates (355). In contrast to other common methods such as transposon mutagenesis, 

AMT insertions have been reported to occur frequently as single genomic integration 

events with less bias towards integration at particular loci (355, 356).  
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Cryptococcus neoformans is an opportunistic fungal pathogen that causes over 

500,000 deaths per year worldwide primarily in immunocompromised populations (225). 

An environmental fungus, C. neoformans is inhaled into the lungs, where it establishes a 

primary infection. In immunocompromised individuals, it can disseminate from this 

primary site of infection to the central nervous system to cause life-threatening 

meningitis. C. neoformans has emerged as a model organism of fungal pathogenesis, 

and molecular genetic techniques are well established in this species. Importantly, the 

genome sequence has recently been published for a clinically derived isolate used 

widely in many research laboratories (357). AMT has been an important tool for 

determining the function of a number of genes in C. neoformans, including those 

required for melanin production, sexual development, metal homeostasis, and capsule 

production (62, 354, 358–362).  

The process of AMT has been streamlined so that generating and screening 

large mutant libraries is quite straightforward. However, identifying the sites of AMT 

insertion continues to be a time- and resource-consuming task. Classical molecular 

methods, such as inverse PCR, splinkerette PCR, and vectorette PCR often require 

many rounds of optimization to identify a limited number of AMT insertion sites (363–

366). The effort required to identify AMT-generated mutations creates a significant 

bottleneck in an otherwise efficient system. Furthermore, current PCR-based methods 

regularly fail to identify many induced mutations. 

Here we report a new method to rapidly identify sites of insertion generated by 

techniques such as AMT. AIM-Seq (Agrobacterium-mediated Insertional Mutagenesis 

sequencing) is a sequencing and analysis method that combines batch sampling, whole 

genome sequencing, and a new bioinformatics pipeline, AIM-HII (Agrobacterium-
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mediated Insertional Mutagenesis High-throughput Insert Identification), to identify the 

sites of insertion in mutants generated by AMT. This method has several key 

advantages over established PCR-based identification methods, as well as other 

insertion sequencing methods such as Tn-Seq or INSeq (367–369). Previously 

generated AMT libraries can be used with no additional steps or optimization required. 

This is in contrast to transposon-insertion sequencing methods that require additional 

steps to enrich for insert-flanking fragments prior to sequencing (369). Although higher 

throughput than traditional PCR-based insertion identification methods, these previously 

described deep sequencing methods still pose technical challenges especially biases 

introduced by initial PCR-enrichment steps. While applicable in theory to eukaryotes, 

many of these established techniques were designed with smaller, prokaryotic genomes 

in mind. Additionally, AIM-Seq is capable of identifying non-canonical insertion events 

that cannot be assessed by standard PCR-based and insertion sequencing methods. 

Furthermore, when considering the overall cost, including labor, of performing PCR-

based identification methods for each mutant selected, the cost of the DNA extraction 

and whole genome sequencing for AIM-Seq is less expensive on a per mutant basis. 

The C. neoformans cell wall plays a key role in immune recognition and 

avoidance. Given this important cellular function, we sought to characterize mutants with 

changes in the cell wall that may affect its interaction with the host. We screened a 

library of random AMT mutants for altered cell wall phenotypes, applying the AIM-Seq 

method to map and confirm the mutations. In this screen we identified “typical” T-DNA 

insertions in genes known to be involved in cell wall homeostasis, as well as in genes 

not previously associated with the fungal cell wall. We also identified atypical AMT-

induced events that would be missed by traditional mutation identification methods. We 
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think that these types of events are responsible for previously reported mutations of 

interest that could not easily be identified by standard means (62, 360, 361).  

While the proof of concept experiments discussed here were conducted in C. 

neoformans using AMT generated mutants, this method is applicable more generally: it 

can be used with any insertional mutagenesis method (e.g. transposon-mediated 

mutagenesis) and in any mutable target organism. The only requirements are that the 

insert sequence and target genome sequences are known (or can be sequenced). Once 

mutants are generated and screened, organism-specific adjustments to this analysis tool 

can be easily made by choosing a sequencing depth appropriate to the genome size and 

the number of mutations expected. 

5.2 Results 

5.2.1 Insertional mutagenesis screen for C. neoformans cell wall 

mutants 

We screened a library of 1500 C. neoformans insertional mutants for cell wall 

phenotypes known to be associated with adaptation to the host environment (64, 66). 

These phenotypes included sensitivity to pH 8, sensitivity to high concentrations of salt 

(1.5 NaCl), and resistance to the detergent sodium dodecyl sulfate (0.06% SDS). We 

selected 40 mutants that exhibited one or more of these phenotypes. 

Previous investigations suggest that AMT in C. neoformans primarily results in 

single, randomly generated genomic insertion events with rare instances of multiple 

insertions (62, 360, 370). To simplify our initial assessment process, we limited our 

analysis to strains with a single insertion. Our Southern blot analysis identified 27 of 40 

mutant strains with a single likely insertion of the nourseothricin resistance marker (NAT) 

that is part of the T-DNA (data not shown).  
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5.2.2 Mutant insert identification by Agrobacterium Insertional 

Mutagenesis Sequencing (AIM-Seq) 

To facilitate the identification of random insertion events generated by AMT, we 

developed AIM-Seq, a high-throughput genomic sequencing and analysis method (Fig 

29). Genomic DNA from each of the 27 single insertion mutants was extracted and 

pooled in equimolar amounts. This pooled DNA sample was analyzed by whole genome 

sequencing. We sequenced the pooled genomic DNA in a single MiSeq lane with 250 bp 

x 250 bp paired-end reads (Illumina, Inc.). With 250 bp reads, it is not possible for a 

single read to fully span the expected insert, which is over 2 kb long. Instead, our 

strategy to map insertion locations is to identify the sequences flanking each insertion by 

finding reads that span genome-insertion junctions. Long reads are particularly important 

in this application because the longer the read, the higher likelihood that this particular 

sequence will span a genome-insertion junction and contain enough sequence on each 

side of the junction that both parts can be uniquely mapped.  

This sequencing data was next analyzed by AIM-HII (Agrobacterium Insertional 

Mutagenesis High-throughput Insert Identification), the software we developed to identify 

sites of insertion from our whole genome sequencing data (Supplementary Fig 1 in 

(274)). AIM-HII takes as input the raw whole-genome sequence data from the mutant 

pools; maps and extracts reads that contain both genome and insert sequence; clusters 

them by their genomic location; and identifies the pair of read clusters that flank a 

putative insertion. The AIM-HII output is formatted as a table with detailed information 

about identified insertions as well as plots of the constituent reads (Supplementary Table 

1 in (274)). Additionally, the AIM-HII dataset can be examined directly using genomic 

visualization tools such as the Integrative Genomics Viewer (IGV) (371, 372). 
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Figure 29: The AIM-Seq Method. A library of insertional mutants is generated 
by Agrobacterium-mediated transconjugation, followed by a genetic screen for 

phenotypes of interest. Genomic DNA from mutants of interest is pooled and sequenced. 
Sequence data is analyzed by AIM-HII software, which (1) extracts those containing T-

DNA-genomic junctions, (2) trims the T-DNA sequence, and (3) maps the remaining 
sequence to the annotated genome. AIM-HII identifies clusters of junction reads, and 

then matches clusters corresponding to the ends of the insertion. 

Generate library of insertional 
mutants by AMT 

Genetic screen on library

Extract and pool genomic DNA 

Whole genome sequencing of 
pooled DNA 
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5.2.3 AIM-HII identified typical and atypical insertion events 

In our mutant strain collection, AIM-HII identified 35 putative insertion sites with 

greater than 5 total aligning sequences (Table 5, Fig 30, Supplementary Table 1 in 

(274)). Sixteen of these sites displayed typical insertion characteristics with clustered 

reads on both sides of the putative insertion site (Fig 30B). Of these typical insertions, 10 

displayed short deletions of 2-30 bp, similar to what has been observed previously using 

this mutagenesis technique in C. neoformans (354, 373). Four sites displayed no 

deletion, or a putative small DNA duplication at the site of T-DNA insertion. The 

remaining two events involved larger insert-induced deletions, including one deletion of 

1.2 kb (Fig 30C). Large deletions have been described in other fungi, however they are 

thought to occur uncommonly (349, 374, 375). 

At the remaining 19 putative insertion sites, we observed atypical phenomena we 

have named “singleton clusters”, in which only one side of a putative insertion site has 

true clustering reads (Fig 30D). We hypothesize that these singleton clusters represent 

insertion-induced large chromosomal rearrangements. These types of events have been 

documented in AMT mutants in C. neoformans and other organisms (355, 370, 374–

376).  
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Table 5. AIM-HII Identified Insert Locations 

Chromosome Position Number of Reads Insert Location Insert Type Gene ID 
Chromosome 1 1515285-1515409 5 Intergenic Singleton -- 
Chromosome 1 1752283-1752786 45 Promoter Pair CNAG_00674 
Chromosome 2 774969-775175 15 CDS Singleton CNAG_03772 
Chromosome 2 991283-991766 10 CDS Pair CNAG_03844 
Chromosome 3 596973-597253 12 CDS Pair CNAG_02857 
Chromosome 3 754720-754915 10 CDS Pair CNAG_02793 
Chromosome 3 1050456-1050652 19 CDS Pair CNAG_02676 
Chromosome 3 1056712-1057010 7 Promoter Singleton CNAG_02675 
Chromosome 3 1257168-1257416 7 Promoter Singleton CNAG_02601, CNAG_02602 
Chromosome 4 167147-167344 15 CDS Singleton CNAG_04991 
Chromosome 4 373261-373562 10 CDS Singleton CNAG_05076 
Chromosome 4 541443-543070 19 CDS Pair CNAG_05142 
Chromosome 4 759966-760537 18 CDS Pair CNAG_05218 
Chromosome 5 219282-219737 11 CDS Pair CNAG_06804 
Chromosome 5 556667-557021 6 CDS Singleton CNAG_01339, CNAG_01336 
Chromosome 5 663564-663833 5 CDS Singleton CNAG_01294 
Chromosome 5 734791 - 735049 9 CDS Singleton CNAG_01272 
Chromosome 5 796816-797015 15 Intergenic Singleton CNAG_01251, CNAG_01252 
Chromosome 6 804933-805064 5 Intergenic Singleton -- 
Chromosome 6 880446-880782 11 Promoter Singleton CNAG_02220 
Chromosome 6 1165644-1165974 10 CDS Pair CNAG_02109 
Chromosome 7 565664-565912 10 Intergenic Singleton -- 
Chromosome 8 72699-72836 12 CDS, Promoter Singleton CNAG_03109, CNAG_03110 
Chromosome 8 885191-885606 16 CDS, Promoter Pair CNAG_03409, CNAG_03410 
Chromosome 9 190056-190580 19 CDS Pair CNAG_04171 
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Chromosome Position Number of Reads Insert Location Insert Type Gene ID 
Chromosome 9 416783-416940 5 CDS, Promoter Singleton CNAG_04256, CNAG_04257 
Chromosome 9 1133822-1134115 10 CDS Singleton CNAG_07780 
Chromosome 10 770026-770300 61 Intergenic Pair CNAG_04653, CNAG_04654 
Chromosome 11 262855-263019 15 CDS Singleton CNAG_01552 
Chromosome 12 257752-258181 13 Intergenic Pair -- 
Chromosome 13 266250-266756 8 CDS Pair CNAG_06348 
Chromosome 13 429584-430045 13 CDS Pair CNAG_06418, CNAG_06419 
Chromosome 14 151923-152160 8 Promoter Singleton CNAG_05381 
Chromosome 14 340727-341091 8 Promoter, CDS Pair CNAG_05449, CNAG_07876 
Chromosome 14 428615-428878 18 Intergenic Singleton -- 
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Figure 30: Insertion sites identified by AIM-HII. (A) Twenty-seven mutants of interest 
were pooled and submitted for whole genome sequencing and analysis. AIM-HII 

identified 35 putative insertion sites. Sixteen sites displayed typical insertion 
characteristics with clustered reads on both sides of a putative insert. Fourteen of the 16 
displayed no deletion, or short insertion-induced deletions, while 2 inserts induced larger 

deletions. Nineteen sites were singletons, with clustered reads on only one side of a 
putative insertion, suggesting chromosomal rearrangements. (B) A typical insertion site 
with reads clustering on both sides of a putative insert-induced deletion. Region where 

sequences flanking an insert align is shown in the expanded view. Grey boxes represent 
exons. (C) An insertion-induced large deletion of ~1.2 kb. The deleted region, along with 

regions where sequences flanking the insert align to the genome, are shown in the 
expanded view (D) A singleton insertion with reads clustering on one side of a putative 
T-DNA insert. Expanded view shows region where sequences flanking one side of an 

insert align to the genome. 
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5.2.4 Insertion-induced alterations of the T-DNA sequence 

The AIM-Seq method also gives us detailed insight into the variable structure of 

the T-DNA. Five of the 35 putative sites have truncated T-DNA inserts, as indicated by 

insert lengths significantly shorter than 2.3 kb, the full T-DNA sequence length 

(Supplementary Table 1 in (274)). In all of the truncated inserts in our experiments, the 

size of the insert sequence suggests that part or all of the selectable marker is missing. 

Because all of the AMT strains were initially selected for their NAT resistance, it is likely 

that these truncated inserts are additional mutation events occurring in strains with 

“typical” insertions of the selectable marker. It would not be immediately evident whether 

the observed phenotypes of these strains are due to their “typical” NAT containing insert 

or their truncated insert; however, with both sites of insertion identified, independent re-

isolation of these mutations would distinguish which insertion was causative. In addition, 

these truncated insertions will be missed by PCR-based methods, including transposon-

insertion sequencing methods (369), which depend on specific sequence being present 

near the end of the inserted sequence. Therefore, our whole genome sequencing-based 

methods of insert localization identified nontraditional mutations in our strains, which 

could not have been identified by established methods.  

Truncations, as well as extensions, of the T-DNA insert have been reported 

previously in AMT experiments from diverse fungi (346, 349, 355, 370, 375). Our 

identification of vector backbone beyond the T-DNA insert sequence indicates that, at 

least in one case, additional and unexpected vector sequence was introduced into the 

fungal strain (Fig 31). While incorporation of the vector backbone is theoretically 

identifiable by PCR-based methods, it would complicate the interpretation of the results, 
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as the PCR product would be much larger than expected. These data confirm that AMT-

generated mutants in fungal species do not always contain simple, clean insertions of 

the selectable marker, and represent another group of mutants that might be difficult to 

characterize by existing methods. 

 

Figure 31: T-DNA insert characteristics. T-DNA sequences extracted from 
whole genome sequence data aligned to the full-length pPZP-NATcc Ti plasmid. The 
depth (number) of reads mapping to the full-length plasmid demonstrates that most of 

the inserted plasmid DNA is from the T-DNA insert portion. However, the uniform 
appearance of reads across the backbone clearly indicates at least one instance in 

which the plasmid backbone has been incorporated. 

5.2.5 Confirmation of AIM-HII putative insertion sites by PCR 

We confirmed the output of AIM-HII by PCR, by designing primers on both sides 

of putative insertion sites to amplify across the insert. In this manner, we were able to 

distinguish between wild type and mutated loci by differences in PCR fragment size. By 

PCR screening all of the mutants, we have matched 9 insertions to individual strains, 

indicating that AIM-HII positively identified these true insertion sites (Table 6). We 
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attempted to amplify across 3 separate singleton events, however we were unable to 

generate a corresponding PCR amplicon. Considering these events may be due to 

chromosomal rearrangements, it was expected that they could not be identified in this 

manner. While this site-to-strain matching was used to validate the AIM-Seq method, it is 

not a necessary step in C. neoformans. In this organism where both classical and 

reverse genetics are possible, identification of the insertion site will allow the simple re-

isolation of the relevant mutant strains, either with a complete gene deletion, or with an 

identical mutation as in the original insertional mutant. Importantly, a new mutant strain 

will also allow independent confirmation of the mutant and its phenotypes. 

Table 6. AMT strains positively matched to insertion sites by PCR 

AMT Strain ID Insert Location Gene ID 
WHM4 CDS CNAG_05142 

WHM11 CDS CNAG_02793 

WHM12 Promoter CNAG_00674 

WHM13 CDS CNAG_02857 

WHM15 Intergenic CNAG_04653, CNAG_04654 

WHM19 CDS CNAG_03844 

WHM21 CDS, Promoter CNAG_03409, CNAG_03410 

WHM24 CDS CNAG_05218 

WHM27 CDS CNAG_02676 

   

5.2.6 Phenotypic validation of AIM-Seq method 

To further validate the insert identification method, we tested whether the 

phenotypes of the original AMT mutants were identical in independently generated 

mutant strains. Table 7 details the mutations that have been phenotypically validated 

with independent mutant strains. Three of the mutations identified by AIM-Seq occurred 



 

160 

 

in previously described genes, for which pre-existing mutant strains with targeted 

deletions of these genes were available. 

One of our new mutants, WHM24, contained an insertion in exon 6 of the gene 

encoding adenylyl cyclase-associated protein 1 (ACA1, CNAG_05218). This mutation 

resulted in a strain exhibiting a growth defect at pH 8 and in the presence of high salt 

(Fig 32). A previously generated aca1∆ mutant strain exhibited similar pH and salt 

sensitivities (377). Previous work has demonstrated that Aca1 interacts with the adenylyl 

cyclase Cac1 to regulate capsule and melanin (377). Phenotypic analysis of the aca1∆ 

mutant compared to other cAMP/PKA pathway mutants revealed a role for this protein in 

cell wall integrity (378), confirming the ability of our screen to identify mutants with 

important cell wall phenotypes.  

Another of our new mutants, WHM21, contained an insertion in the 5’ 

untranslated region of the SKN7 gene encoding a response regulator and transcription 

factor (CNAG_03409). The original WHM21 strain exhibited salt sensitivity and 

resistance to SDS (Table 7). An independently derived skn7∆ mutant has been 

previously described to be salt sensitive, and it was recently shown to be at least 10-fold 

more resistant to SDS than WT (54, 379–381). The SKN7 gene was originally identified 

in S. cerevisiae through a screen to identify proteins that suppress mutations in kre9∆ 

mutants, which have decreased cell wall b-1,6-glucan (382). Interestingly, the AMT-

induced mutation in WHM21 also affected the potential regulatory/protein-coding region 

of a neighboring gene (CNAG_03410). However, the phenotypic similarity between the 

independently derived skn7∆ mutant strain and WHM21 suggests that the WHM21 

mutant cell wall phenotypes are primarily due to altered SKN7 expression. 
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Table 7. AMT strains phenotypically validated in independent mutant strains 

    Phenotypesb 

AMT Strain ID Independent 
Disruption Gene ID Annotation pH 8 1.5 M 

NaCl 
0.06% 
SDS 

WHM4 -- CNAG_05142 alpha-1,3-
mannosyltransferase 

+ ± − 

-- WHM4-SKEa   + ± − 
WHM11 -- CNAG_02793 kynurenine 3-

monooxygenase 
± + − 

-- WHM11-SKE   ± + − 
WHM21 -- CNAG_03409, 

CNAG_03410 
Skn7, cytoplasmic 
protein 

+ ± ± 

-- skn7∆   + ± + 
WHM24 -- CNAG_05218 adenylyl cyclase-

associated protein 
± − − 

-- aca1∆   ± − − 
WHM27 -- CNAG_02676 conserved 

hypothetical protein 
+ − − 

-- WHM27-SKE   + − − 
  a Generated by disruption with original T-DNA insert in the H99 MATα background 
  b +: robust growth, ±: moderate growth/sensitivity, −: no growth 
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Figure 32: PCR and phenotypic validation of an insertion in the C. neoformans 

ACA1 gene (CNAG_05218) identified by AIM-Seq. (A) Plot of the insertion site in the 
open reading frame of ACA1. Expanded view shows the region where insert flanking 

sequences align. Grey boxes indicate exons. (B) PCR confirmation of this site in strain 
WHM24. Primers flanking the putative insertion site were used to differentiate between 
wild type and mutated loci in AMT mutants. In lane 3, WHM24 shows a shift to a larger 

amplification product of 2.8 kb relative to the WT 500 bp product in lane 2. HyperLadder, 
1kb, shown in lane 1 for reference. (C) Phenotypic validation of WHM24. The sensitivity 

to pH 8 and growth defect on 1.5 M NaCl of the original AMT mutant, WHM24, are 
identical in an independent strain with an aca1Δ mutation. 

 

Our mutant phenotype analyses indicate that at least one of our identified 

insertion sites was not the cause of the cell wall phenotype observed in the 

corresponding mutant strain. We identified a simple insertion in the first exon of an 

arrestin-like gene, ALI1 (CNAG_02857) in mutant strain WHM13. An independently 

isolated ali∆ mutant (63) did not display any of the cell wall-associated phenotypes that 
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we tested. Because more mutations were identified than the total number of mutant 

strains tested, it would be expected that not all identified T-DNA insertion events were 

necessarily causative for mutant phenotypes of interest. Furthermore, previous studies 

have shown through linkage analysis that AMT mutant phenotypes are not always 

associated with the T-DNA insertion event (354, 355, 358, 361), emphasizing the need 

for subsequent biological validation of identified mutations. 

5.2.7 Identification of new genes with cell wall related functions 

We also generated several independent mutant strains to confirm a role in cell 

wall integrity for genes that have not been previously characterized. In each case we 

constructed an independent mutant by transforming the WT strain with a disruption 

construct generated by PCR-amplifying insert-containing fragments from the mutant 

pool. In this way, we confirmed that these mutations in three previously uncharacterized 

genes were responsible for the cell wall phenotypes observed in the associated mutant 

strains (Table 7). These genes include a putative mannosyltransferase (CNAG_05142, 

WHM4), a putative kynurenine-3-monooxygenase (CNAG_02793, WHM11), and a 

conserved hypothetical protein (CNAG_02676, WHM27).  

The CNAG_05142 gene locus encodes a predicted a-1,3-mannosyltransferase. 

The Saccharomyces cerevisiae homolog of this gene, ALG3, encodes an a-1,3-

mannosyltransferase that initiates one of the branches of N-glycan from a dolichol 

pyrophosphate backbone in the beginning stages of protein N-glycosylation (383, 384). 

Both the original and independent mutant strains grew well at 30˚C and 37˚C and 

displayed no defects in melanin production; however, a slight decrease in capsule 
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production was observed in both mutants (Fig 33). These mutant strains displayed 

growth inhibition on 1.5 M NaCl but did not display altered phenotypes on pH 8 or 0.06% 

SDS (Table 7). Additionally, the strain does not have any growth defects on caffeine, 

calcofluor white (CFW), or Congo red, nor does it display differences from WT in cell wall 

staining, suggesting no alterations in exposed chitin or chitosan content (Fig 33, 34). 

Together these results suggest that this gene, although identified in our primary screen 

for regulating salt sensitive growth, may not be involved in major cell wall-associated 

processes.  

 

Figure 33: Virulence- and cell wall-associated phenotypes of C. neoformans 

insertional mutants identified by AIM-Seq. (A) Indicated strains were normalized, 
serially diluted, and incubated on YPD medium with the addition of indicated cell wall 

perturbing agents or at the indicated temperatures. (B) Strains were incubated in 
capsule-inducing conditions (CO2-independent medium, 37˚C) with shaking for 72 hours. 

Capsule was assessed by India ink counterstaining, followed by imaging (630x). (C) 
Melanin production was assessed by the appearance of brown pigment in colonies 

incubated on Niger seed agar for 2-3 days at the indicated temperatures. 
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Figure 34: Cell wall chitin and chitosan exposure as assessed by staining of C. 
neoformans insertional mutants identified by AIM-Seq. Strains were incubated in 

CO2-independent medium at 37˚C for 18 hours prior to staining and imaging. Exposure 
of cell wall components was assessed by staining with (A) CFW and WGA for chitin, and 

(B) eosin Y for chitosan. Stained cells were imaged by fluorescent microscopy (630x). 
 

CNAG_02793 encodes a predicted kynurenine-3-monooxygenase (KMO) 

enzyme. Our original and independent mutant strains demonstrated growth defects at 

37˚C, as well as a defect in capsule (Fig 33). These mutants also displayed modest 

sensitivities to CFW and Congo red (Fig 33). Staining with CFW and WGA revealed 

increased fluorescence when the cells were grown in tissue culture conditions, 

suggesting an increase in chitin exposure under these conditions (Fig 34, 

Supplementary Fig 2 in (274)). This predicted KMO enzyme is a member of the 

kynurenine pathway that converts tryptophan to quinolinic acid (QA), which in yeast is 

utilized to produce NAD+. The kynurenine-3-monooxygenase enzyme, encoded by the 
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gene BNA4 in S. cerevisiae, catalyzes an intermediate step in this process, converting 

kynurenine to 3-hydroxykynurenine (3-HK) (385, 386). We observed that these mutants 

were unable to grow on YNB (yeast nitrogen base) media; however we were able to 

suppress this grow defect by adding exogenous QA, demonstrating that this protein is 

likely functioning as the KMO enzyme (Bna4) in C. neoformans (Fig 35). The kynurenine 

pathway has not previously been linked to changes in the fungal cell wall.  

 

Figure 35: Growth defect of WHM11/cnag_02793∆T-DNA
 on YNB medium can be 

rescued by exogenous quinolinic acid. Cells were normalized, serially diluted, and 
incubated on YPD or YNB medium with the addition of the indicated concentrations of 

quinolinic acid (QA). 
 

Finally, CNAG_02676 encodes a conserved hypothetical protein with homology 

to a vacuolar SNARE protein in S. cerevisiae, VAM7, which has been implicated in 

vacuolar transport and morphogenesis (387–390). A modest decrease in capsule 

production was observed in the original and independent mutants, as well as attenuated 

melanin production at both 30˚C and 37˚C, despite wild type growth at all temperatures 

(Fig 33). CFW and WGA staining of the mutants were increased under both YPD and 

tissue culture conditions, while eosin Y staining was increased only under tissue culture 

conditions, suggesting alterations in both chitin and chitosan in the cell wall in host-

mimicking growth conditions (Fig 34, Supplementary Fig 2 in (274)). To assess the role 

of this gene in C. neoformans vacuolar morphogenesis, we stained wild type and mutant 
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cells with the endocytosis marker, FM4-64. Similar to what has been observed in S. 

cerevisiae, we observed FM4-64 staining of numerous small punctate structures in the 

mutants, as compared to vacuolar staining in the wild type (Fig 36) (388). This staining is 

consistent with a role for CnVam7 (CNAG_02676) in assisting endocytic transport from 

the membrane to the vacuole. Previous work characterizing this protein in S. cerevisiae, 

as well as homologous proteins in other fungi, have indicated additional roles for Vam7 

in fungal cell wall stress and organization (391–394). 

 

Figure 36: Vacuolar staining of WHM27/cnag_02676∆T-DNA
. Strains were incubated in 

YPD liquid media at 30˚C for 18 hours prior to staining and imaging. Cells were stained 
with the endocytosis marker, FM4-64, for 10 minutes on ice, followed by washing and 

incubation at room temperature for 30 minutes. Stained cells were imaged by fluorescent 
microscopy (630x). Black arrows indicate FM4-64 staining of vacuolar membranes. 
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5.3 Discussion 

The fungal cell wall is a critical regulator of the host-pathogen interface, 

representing a dynamic structure that changes in response to different environments. C. 

neoformans dramatically alters its cell wall in response to the host, an important part of 

this pathogen’s ability to adapt to this potentially hostile environment. Here we screened 

a library of insertion mutants for phenotypes associated with host environment-induced 

cell wall changes. In our initial screen, we identified two strains with mutations in genes 

known to regulate cell wall processes in C. neoformans. The ACA1 gene encodes a 

protein that coordinately signals with the cAMP/PKA pathway. Similar transcriptome 

patterns were observed between aca1∆ and cac1∆ (adenylyl cyclase) mutants, 

supporting an interaction between these two proteins (378). A small group of genes was 

found to be differentially and specifically regulated in the aca1∆ mutant, suggesting a 

cAMP/PKA-independent downstream signaling output for Aca1 (378). Additionally, this 

mutant strain has been previously linked to cell wall phenotypes, confirming the 

screening methodology. Similarly, we identified an insertion in the SKN7 gene by our 

screening strategy. While the skn7∆ mutant is not sensitive to traditional cell wall 

stressors such as Congo red or calcofluor white, transcriptional profiling of the skn7∆ 

mutant in C. neoformans revealed that approximately 6% of up-regulated genes in this 

strain compared to the WT were related to cell wall/membrane/envelope biogenesis 

(381, 395).  

We also identified two new genes in C. neoformans that have not been 

previously associated with cell wall processes. BNA4 (CNAG_02793) encodes a 

predicted kynurenine-3-monooxygenase involved in tryptophan degradation. The 
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corresponding mutant displayed increased chitooligomer exposure on the cell surface, a 

new phenotype not previously attributed to this pathway. Similarly, the VAM7 gene 

(CNAG_02676) encodes a conserved protein that is involved in endocytosis and 

vacuolar morphogenesis. Vesicle transport to and from the cell surface plays a major 

role in cell wall maintenance and the delivery of proteins to the cell surface (396–398) 

To facilitate our screen, we developed a high-throughput genomic sequencing 

and analysis method for rapid identification of random insertion events generated by 

AMT. AIM-Seq is designed to complement the use of lower throughput, PCR-based 

methods in screening through a large collection of randomly generated mutant strains. It 

is also a distinct alternative to other deep-sequencing, insert-identification techniques 

previously used in prokaryotic systems that rely on pre-amplification of transposon-

genome junctions prior to sequencing (367, 368, 399, 400).  

In this initial group of experiments, we have established the basic AIM-Seq 

technique; however, we took several steps in our analysis of this initial mutant set that 

would not be necessary in routine use. Based on previous studies in which a small 

portion of AMT mutants contained multiple T-DNA insertion events, we prescreened for 

mutants that contained only a single insertion. We also took the additional step of site-to-

strain matching in order to demonstrate the efficacy of our system. In C. neoformans and 

other organisms where classical and reverse genetics manipulations are possible, and in 

which AIM-Seq insertion sites will be confirmed through the generation of independent 

mutants, these more time-intensive steps will generally not be necessary.  

In addition to rapidly and inexpensively identifying sites of insertion in our pilot 

mutant pool, AIM-Seq also allowed us to observe a number of atypical AMT-induced 
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insertion events. Many of these have been suggested or described by previous 

investigators, both in plants and fungi (355, 370, 374–376, 401). Our results suggest that 

these atypical events might be responsible for mutant phenotypes reported in prior 

studies in which traditional methods failed to identify the causative mutation. Truncations 

of the T-DNA are particularly problematic, as we observed that these events can result in 

the loss of primer binding sites used in many of the PCR-based methods, including 

transposon-insertion sequencing, thus rendering these sites undetectable by such 

methods. Therefore, it would be difficult to directly compare transposon-insertion 

sequencing processes that require intact genome-insert borders with AIM-Seq. 

Tolerance of truncated inserts is an advantage of AIM-Seq, particularly in mapping 

insertions in mutants identified through labor-intensive screens where every mutant is 

precious.  

Additionally, while we selected for strains that we thought contained single 

insertions, we have putatively identified an AMT strain with two independent insertions; 

the second insertion was undetectable by Southern blot analysis due to a truncation that 

eliminated the portion of T-DNA that was used as a probe (data not shown). We 

hypothesize that the singleton clusters we observed are the result of large chromosomal 

events such as rearrangements. In fact, detailed analysis of AMT insertion events in H. 

capsulatum revealed that up 31% of characterized T-DNA integrations were associated 

with genomic rearrangments (375). In C. neoformans, Idnurm et al. similarly detected 

both large-scale genomic rearrangements and intrachromosomal rearrangements 

associated with T-DNA integrations (370). In our case, these rearrangements likely 

produce strains containing two mapped singleton events, each corresponding to one 
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side of the mutation. Since each singleton event is identified independently by AIM-Seq, 

it is difficult to predict which are paired within a given strain. Even if located, the 

multifactorial effects of such rearrangements (e.g. gene disruption, promoter exchange, 

and position effects) make it difficult to determine the gene(s) responsible for the 

phenotype of interest, making these less desirable mutations to study in AMT 

experiments. The prevalence of these atypical AMT insertion events underscores the 

need for independent confirmatory studies of AMT generated mutant strains.  

Despite the increasing availability of whole gene knockout collections in model 

organisms, random insertional mutagenesis remains a valuable research tool. Because 

random insertional mutagenesis libraries can be generated easily and inexpensively, this 

method enables genetic study of a large diversity of organisms, including wild type 

isolates and species that do not have established genetic techniques. Insertional 

mutagenesis is also capable of generating diverse mutations beyond what is available in 

targeted gene knockout collections, including partial loss-of-function and gene regulatory 

variants. As such AIM-Seq is an important advancement in leveraging high-throughput 

sequencing technology in order to make the analysis of insertional mutagenesis more 

accessible, faster, and cost effective.  

5.4 Materials and Methods 

5.4.1 Strains, media, and growth conditions 

Cryptococcus neoformans strains used in this study are listed in Table 8 (AMT 

strains not listed). A. tumefaciens strain EHA105/NAT was used for AMT (358). Unless 

otherwise noted, all strains were created in the C. neoformans H99 MATa background 
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(357). Strains were cultured on YPD (yeast extract 1%, peptone 2%, dextrose 2%) agar 

plates or in YPD liquid media with shaking at 150 rpm at 30˚C, unless otherwise stated 

(402). To induce capsule for India ink visualization, cells were incubated in CO2-

independent tissue culture media (Gibco) for 3 days with shaking at 150 rpm at 37˚C. 

Melanin was assessed at 30˚C and 37˚C on Niger seed (Guizotia abyssinica) medium 

prepared as described previously (403). Congo red (0.5%) was added to YPD medium 

prior to autoclaving. Caffeine (1 mg/mL) and calcofluor white (1 mg/mL) were filter 

sterilized and added to YPD after autoclaving. Quinolinic acid (Sigma Aldrich) was filter 

sterilized and spread onto yeast nitrogen base (YNB) plates at the indicated 

concentrations.  

Table 8. C. neoformans strains used in Chapter 5 

Strain Genotype Reference 

H99 MATα (257) 
YSB6 MATα aca1∆::NAT-STM#43 (377) 
YSB349 MATα skn7∆::NAT-STM#201 (54) 
SKE47 MATα cnag_05142∆T-DNA This study 
SKE40 MATα cnag_02793∆T-DNA This study 
SKE49 MATα cnag_02676∆T-DNA This study 

 

For cell staining and imaging, seed cultures were grown overnight in YPD 

medium with shaking at 150 rpm at 30˚C. Cells were then diluted into YPD or CO2-

independent tissue culture medium and incubated with shaking at 150 rpm at 30˚C or 

37˚C for 18 hours.  

5.4.2 Molecular Biology 

All primers used in this study are listed in Table 9.  
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Table 9. Primers used in Chapter 5 

Primer Name Primer Sequence Purpose 
AA428 GGGCATGCTCATGTAGAGC NAT Southern probe 
AA621 CCACTCTTGACGACACGGCT NAT Southern probe 
AA3847 GCCACTTCCATTTTCCTTTG WHM4 insert 5' flank 
AA4008 ACGGGCAAAGAGCATACCTA WHM4 insert 3' flank 
AA3837 GTGCCCTCCAGCTGTAGTCC WHM7 insert 5' flank 
AA3838 TATCGGATGCAGATGTGTTC WHM7 insert 3' flank 
AA4009 CTGGTCATTGGATGTGATGG WHM11 insert 5' flank, WHM11-

SKE Southern probe 5' 
AA4010 TAGTTTTGCAAGGCCAGTTC WHM11 insert 3' flank 
AA3833 CGGTCGAGTGTTGATCTGTG WHM12 insert 5' flank 
AA3834 TAGTGAGGGGCGATGGAGTC WHM12 insert 3' flank 
AA3928 AAATCCCGGTCAACATCAAA WHM13 insert 5' flank 
AA3929 GGATGGGGATGCTGAAGTAA WHM13 insert 3' flank 
AA3843 GAGGCCGTATAGAAGGTT WHM15 insert 5' flank 
AA3844 CATGGAGTAGGAGATGATCG WHM15 insert 3' flank 
AA4016 TGTCCGAGGAGGTGAGGTAG WHM19 insert 5' flank 
AA4017 GTTGAGAACGGAGGACCTTG WHM19 insert 3' flank 
AA3850 GCTGCTGAGAGCCTGAAGGC WHM21 insert 5' flank 
AA3851 ACCAGACCATCGAGCTGGCC WHM21 insert 3' flank 
AA3963 CTTGGGGCTGGGTACAAGT WHM24 insert 5' flank 
AA3964 TCGCAATCCAGAAGTGACAG WHM24 insert 3' flank 
AA3854 CCATACAATCCCCGAAAGAG WHM27 insert 5' flank 
AA3855 GGAGAGGAAGTCGGAAAAGG WHM27 insert 3' flank 
AA4087 TTCCTGTGATCCGTCCTTTC WHM4-SKE Southern probe 5' 
AA4088 AGCTTATGTCGAGGGGTTGA WHM4-SKE Southern probe 3' 
AA4102 TACAATGTCCACTGCGGAAG WHM11-SKE Southern probe 3' 
AA4086 ACAGGGTTTGTCATGGCTCT WHM27-SKE Southern probe 5' 
AA3927 TTCCCGTCTCCTGATTTCAC WHM27-SKE Southern probe 3' 

 

Independent confirmatory mutants were generated by amplifying the insert T-

DNA cassette from the original AMT mutant, followed by genomic integration by biolistic 

transformation into the H99 MATa background (262). All new deletion strains were 
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confirmed by Southern blot analysis (data not shown), using the nourseothricin (NAT) 

resistance gene as a probe (260).  

5.4.3 Agrobacterium tumefaciens-mediated transformation (AMT) 

AMT was carried out as previously described using A. tumefaciens strain 

EHA105 expressing the PZP-NATcc plasmid (354, 358). In brief, A. tumefaciens was 

incubated overnight with shaking at 30˚C in Luria-Bertani (LB) media containing 

kanamycin. A. tumefaciens cells were washed and resuspended at an OD660nm of 0.15 in 

liquid induction medium (IM) with 100 µM acetosyringone (AS), shaking at room 

temperature for 6 hours, or until the final concentration reached an OD660nm of 0.6 (346). 

An overnight culture of C. neoformans H99 was harvested and diluted in IM to a final 

concentration of 106 cells/mL. Equal volumes (200 µL) of A. tumefaciens and C. 

neoformans cells were then co-incubated on IM agar at room temperature for 2 days, 

after which cells were scraped onto selection media (YPD + 100 µg/mL nourseothricin + 

100 µg/mL cefotaxime). Colonies were inoculated into liquid YPD media in 96-well plates 

and incubated at 30˚C for 2-3 days before freezing down and/or screening. A wild type 

H99 control was inoculated into wells A1 and A7 of each 96-well plate.  

5.4.4 Screening of AMT mutants 

1500 mutants were patched onto YPD agar media containing 150 mM HEPES 

adjusted to pH 8, 1.5 M NaCl, or 0.06% sodium dodecyl sulfate (SDS). Mutants with one 

or more growth phenotypes on these conditions were selected and passaged 1x on YPD 

and inoculated into liquid YPD media in new 96-well plates, followed by re-patching for 

confirmation.  
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5.4.5 Preparation of genomic DNA and whole genome sequencing 

Forty AMT mutants were selected for further genotypic analysis. We made our 

initial selection of 40 mutants based on the size of the C. neoformans genome and the 

expected sequencing output of the MiSeq sequencing platform. The number of mutants 

pooled can be adjusted to fit the genome size of the organism and sequencing platform. 

We estimated that with these conditions we would obtain an average genome coverage 

of approximately 10x for each of the 40 strains. Genomic DNA was extracted from each 

mutant using the MasterPure Yeast DNA Purification Kit (Epicentre). The number of 

insertions in each mutant was assessed by Southern blot using a probe for the 

heterologous NAT resistance gene (Table 9). The genomic DNA of 27 AMT mutants with 

single insertions was pooled in equimolar amounts to a final concentration of 40 ng/µL. 

This pooled DNA was submitted to the Duke University Genome Sequencing and 

Analysis Core for library preparation and sequencing (Illumina MiSeq, 250 bp x 250 bp, 

paired end reads). The resulting sequence data consisted of 1.75 x 107 read pairs, 

yielding an average of 8.5x genomic coverage per strain.  

5.4.6 Identification of inserts by AIM-HII 

The AIM-Seq analysis pipeline can be accessed at 

https://github.com/granek/aimhii. AIMHII, the analysis software, is a Python pipeline that 

uses several pre-existing packages as well as implementing methods developed 

specifically for this analysis (Supplementary Fig 1 in (274)). The required input to AIM-

HII includes a reference genome sequence, insert DNA sequence, adapter sequences, 

and sequence read data in FASTQ format (either single-end or paired-end). The 
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appropriate adapter sequence was supplied by Illumina (TruSeq Adapter Index 1: 

GATCGGAAGAGCACACGTCTGAACTCCAGTCACATCACGATCTCGTATGCCGTCTT

CTGCTTG, Oligonucleotide sequences © 2007-2013 Illumina, Inc. All rights reserved). 

There are a number of adjustable parameters that can be provided when running AIM-

HII, including the maximum allowable insertion-site deletion, the minimum number of 

reads required for a cluster, and the number of CPUs that should be utilized for parallel 

operation. 

AIM-HII removes sequencing adapters and trims low quality bases using fastq-

mcf (404). If paired-end data is supplied, read pairs with overlapping 3’ ends are merged 

into a single read using fastq-join (404). AIM-HII concatenates the genome and insert 

sequence supplied by the user, then runs BWA-MEM (405) for mapping the processed 

reads to this concatenated reference sequence. It converts the SAM file output by BWA-

MEM to a sorted BAM file using samtools (406). AIM-HII then extracts all reads spanning 

a genome-insert junction. These reads are processed to determine where in the genome 

the putative insertion occurred, and then assembled into clusters by their genomic 

location. AIM-HII pairs clusters that are within the specified gap limit and appear to flank 

opposite ends of the insert into “cluster pairs” (Fig 30B).  We have found that a subset of 

read clusters have no identifiable partner; we refer to these unpaired clusters as 

“singleton clusters” (Fig 30D). AIM-HII uses a conservative default maximum gap (i.e., 

insertion-site deletion size) of 5 kb but this value can be adjusted at run time, to 

accommodate insertional systems with different insertion site deletion profiles. Because 

neither individual reads, nor read pairs can span a full insertion, insert size and 

coordinates are extrapolated based on the insert portions of the junction spanning reads. 
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The outputs from AIM-HII include a table with detailed information about each cluster 

pair or singleton cluster, and a plot of the constituent reads.  AIM-HII depends on a 

number of non-standard Python libraries: Pysam (407), HTSeq (408), NumPy (409), and 

Biopython (410).  

5.4.7 Detailed phenotypic analysis of mutant strains 

To further characterize newly identified genes, we performed detailed phenotypic 

analyses of the original (AMT mutant) and independent mutant strains. We directed our 

phenotypic analysis to include cellular features associated with pathogenesis, including 

growth at 37˚C, capsule and melanin production, as well as additional cell wall-

associated phenotypes. We examined the susceptibility of our mutants to cell wall 

disrupting agents including Congo red, caffeine, and calcofluor white, and performed cell 

wall staining for exposed chitin and chitosan (see below).  

5.4.8 Microscopy 

All differential interference contrast (DIC) and fluorescent microscopy images 

were captured using a Zeiss Axio Imager A1 fluorescent microscope equipped with an 

AxioCam MRM digital camera.  

5.4.9 Cell wall staining 

Similar to other cell wall components, chitin has been shown to be recognized by 

the host immune system as a pathogen associated molecular pattern (273, 296, 411, 

412). The C. neoformans cell wall in particular contains significantly more chitin and 

chitosan than other pathogenic fungi (270). Our lab has previously shown an even 

greater increase in these molecules in the highly immunogenic rim101∆ mutant strain 
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cell wall, specifically when these cells are grown in tissue culture conditions (65, 66). For 

these reasons, we chose specifically to examine the exposure of chitooligomers in our 

cell wall mutants. 

To visualize chitin, cells were pelleted, washed twice with PBS, and stained with 

100 µg/mL wheat germ agglutinin (WGA) conjugated to Alexa Fluor 488 (Molecular 

Probes) for 30 minutes at room temperature, followed by 25 µg/mL CFW (source) for 10 

minutes at room temperature. Cells were washed twice with PBS prior to imaging. WGA 

staining was visualized using a GFP filter and CFW staining was visualized using a DAPI 

filter.  

To visualize chitosan, cells were stained with eosin Y as described previously 

(282). Cells were pelleted and washed twice with McIlvaine’s buffer (0.2 M Na2HPO4 and 

0.1 M citric acid, pH 6.0), followed by staining with 300 µg/mL eosin Y (EY, Sigma) for 5 

minutes at room temperature. Cells were then washed twice more with McIlvaine’s buffer 

prior to imaging. Eosin Y staining was visualized using a GFP filter.  

5.4.10 FM4-64 staining 

Cells were pelleted, washed twice with PBS, and stained with a final 

concentration of 2 µg/mL FM4-64 (Molecular Probes) for 10 minutes on ice. Cells were 

then washed with PBS, resuspended in fresh PBS, and incubated at room temperature 

for 30 minutes prior to imaging. FM4-64 was visualized using a Texas Red filter.  

5.4.11 Software and Data Availability 

AIM-HII is open source software and is available for download. The AIM-HII 

repository at https://github.com/granek/aimhii contains instructions for installing and 
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running AIM-HII, and the AIM-HII source code. An AIM-HII Python package is at 

https://pypi.python.org/pypi/aimhii, and an AIM-HII Docker image is at 

https://registry.hub.docker.com/u/granek/aimhii/. This Docker image allows AIM-HII to be 

run on a number of computer types including Mac OS X, Windows, and Linux. The raw 

sequences from our pooled mutants have been deposited at the Sequence Read 

Archive (413); the SRA Study accession number is SRP057031. In keeping with best 

practices of reproducible research (414), the software repository also includes a script, 

support files, and instructions for automatically replicating all analyses presented here 

using the data available from the Sequence Read Archive. 
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6. Conclusions 

6.1 Summary 

The goal of this dissertation was to understand how C. neoformans protein 

regulation impacts fungal virulence and immune recognition. The work outlined here 

focuses on two important mechanisms of protein processing and localization. The first is 

the protein prenylation pathway, which is required for membrane localization of Ras-like 

GTPases. The second is a novel C. neoformans protein of unknown function, which we 

have demonstrated is required for intracellular trafficking of cell wall synthases and 

ultimately proper cell wall remodeling. Through these studies we have not only 

characterized the importance of the enzymes involved, but also the importance of their 

substrate proteins and their subsequent roles in promoting fungal virulence.  

My first project focused on the protein prenylation pathway, a post-translational 

modification process that adds lipid moieties to substrate proteins, directing them to 

cellular membranes. I demonstrated that the Ram1 farnesyltransferase b-subunit is 

required for thermotolerance, sexual reproduction and virulence. We also investigated 

the post-prenylation processing enzymes, which are of interest as novel therapeutic 

targets as they have the potential to overcome concerns related to substrate specificity 

of and cross-prenylation by the prenyltransferase enzymes. I showed that these post-

prenylation processing enzymes have varying roles in thermotolerance, morphogenesis, 

sexual reproduction, and virulence. Importantly, I also determined that prenylation, but 

not post-prenylation processing, is required for proper localization of the important Ras1 

GTPase to the plasma membrane. These experiments highlight the role of protein 
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prenylation, in particular farnesylation, in fungal virulence, and suggest a focus on 

prenylation enzymes over post-prenylation processing enzymes for future drug 

development studies.  

My second project centered on understanding how C. neoformans regulates its 

cell surface in response to the host, including how this regulation directs immune 

detection. I identified a novel cell wall regulatory protein, Mar1, and characterized its role 

in modulating the fungal cell surface. I demonstrated that this protein is important for 

capsule attachment and chitin exposure. I found that Mar1 is regulating the cell surface 

through its role in intracellular trafficking of cell wall synthases, in particular the host 

environment-induced cell surface localization of the b-glucan synthase. Lastly, I showed 

that the mar1∆-associated cell wall changes have implications for fungal cell recognition 

by the innate immune system and identified specific pattern recognition receptors 

(PRRs) that are important for recognizing the mar1∆ cell surface.  

In a continuation of my second project, I further explored the role of the mar1∆ 

cell wall changes in the host-pathogen interaction. I began characterizing the 

pathogenesis and immune response towards this strain in mouse models of 

cryptococcosis. Importantly, I observed that the mar1∆ strain induces granulomas in the 

lungs of infected mice, something not generally seen in WT mouse infections. I showed 

that mar1∆ cells induce increased markers of angiogenesis, suggesting the observed 

granulomas are exhibiting neovascularization. Finally, I tested the ability of the mar1∆ 

strain to induce a protective immune response towards a secondary challenge. With 

further work, these studies will lead to a better understanding of the importance of cell 
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wall remodeling in immune recognition, and the differences between a protective versus 

non-protective immune response to C. neoformans.  

My third project focused on the development of a novel bioinformatics tool to 

identify sites of random insertion generated by Agrobacterium tumefaciens-mediated 

insertional mutagenesis. In this work I also applied the technique to a forward genetic 

screen I carried out, the results of which led to discovery of the Mar1 protein. This work 

has facilitated the identification of several novel proteins in our lab and others since its 

publication.  

6.2 Future Directions 

6.2.1 Identifying mechanisms of Mar1-mediated cell wall synthase 

localization 

6.2.1.1 Fks1 

Previous work in Saccharomyces cerevisiae and Schizosaccharomyces pombe 

has demonstrated that cell wall synthase enzymes can be trafficked between 

intracellular compartments and the plasma membrane. The S. cerevisiae chitin 

synthase, Chs3, is maintained in internal chitosome compartments and trafficked to the 

plasma membrane when needed to synthesize chitin (304, 305). Similarly, when 

trafficking pathways are blocked in S. pombe, the b-glucan synthase, Bgs1, does not 

properly localize to the plasma membrane (306, 307). Our data indicates that Fks1 

localization is enriched at the plasma membrane upon shifting cells to host-like tissue 

culture conditions. This suggests that there is stress-induced trafficking of Fks1 from 

intracellular stores to the plasma membrane, presumably in conditions when increased 

Fks1 is needed to synthesize more b-glucan. 
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The reduced plasma membrane localization of Fks1-GFP in mar1∆ cells 

indicates that Mar1 is involved in regulating this trafficking process. We have not 

definitively demonstrated the mechanism of this regulation, however there are several 

hypotheses for how this might be occurring (Fig 37).  

 

Figure 37: Model of potential mechanisms for Mar1 regulation of Fks1 trafficking. 
Our data suggests that Fks1 is being trafficked from intracellular stores to the plasma 

membrane during cell stress conditions such as host-like tissue culture conditions. 
Potential mechanisms for how Mar1 is regulating this process include (A) Mar1 

represses endocytosis of Fks1 from the PM, (B) Mar1 promotes exocytosis of Fks1 to 
the PM, or (C) Mar1 is a plasma membrane sensor of cell stress.  

The first possibility is that Mar1 is involved in the endocytosis of Fks1 from the 

plasma membrane, in particular as an inhibitor of this process under stress conditions 

(Fig 37A). In this case, Fks1 is properly trafficked to the membrane, however in the 
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absence of Mar1, it is endocytosed back to its intracellular stores too quickly, resulting in 

reduced plasma membrane localization. Evidence for this possibility includes the 

increased uptake of the yeast vacuolar marker, MDY-64, we observed by mar1∆ cells 

compared to WT (Fig 16B). In order to test this hypothesis, we could treat mar1∆ + Fks1-

GFP cells with endocytosis inhibitors and look for increased plasma membrane 

localization of Fks1-GFP in tissue culture conditions. If we determine that Mar1 is 

involved in inhibiting Fks1 endocytosis, future studies could utilize genetic and molecular 

biology approaches to focus on the contributions of known endocytosis components and 

their interactions with Mar1.  

A second hypothesis is that Mar1 is involved in the exocytosis of Fks1 to plasma 

membrane upon tissue culture conditions (Fig 37B). In this case, in the absence of Mar1, 

stress-induced trafficking of Fks1 to the plasma membrane would be reduced. Simple 

experiments in which the localization of WT Fks1-GFP cells treated with secretion 

inhibitors such as Brefeldin A are compared with mar1∆ Fks1-GFP cells would begin to 

test this hypothesis. The effect of these secretion inhibitors on WT cell wall composition 

in tissue culture conditions compared to the aberrant mar1∆ cell wall could also provide 

indirect evidence for Mar1’s role in this process.  

Finally, perhaps the most intriguing possibility, is that Mar1 is involved in sensing 

an extracellular signal that ultimately directs Fks1 to the plasma membrane (Fig 37C). In 

this case, in the absence of Mar1, the signal that the cells are in tissue culture conditions 

and require increased b-glucan would not be transmitted and therefore Fks1 would not 

be trafficked from internal stores to the cell surface. Additionally, if Mar1 is responsible 

for sensing and/or transmitting the initial stress signal, the lack of FKS1 (and AGS1) 
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transcriptional induction could also be explained. A number of additional, more 

extensive, future experiments could begin to test this exciting hypothesis including 

determining Mar1 localization and characterizing the Mar1 interactome, which are 

discussed in the following sections.  

6.2.1.2 Ags1 and other cell wall biosynthesis enzymes 

Our cell wall analyses and the strains available to us at the time of our study led 

us to characterize the localization of Fks1 in the mar1∆ strain. However, there is still the 

possibility that other cell wall synthases are impacted in this strain as well. Of particular 

interest for future studies is the a-(1,3)-glucan synthase, Ags1. The expression of AGS1 

was significantly decreased in the mar1∆ background and therefore may also be 

contributing to the overall decrease in glucans we observed in the mar1∆ cell wall. 

Additionally, it is well known that a-(1,3)-glucan is required for attachment of capsule to 

the cell surface (286). Therefore, the lack of AGS1 expression and/or a-(1,3)-glucan 

could explain the mar1∆ capsule attachment defect we observed. Future experiments 

could also examine the localization of Ags1 in standard and host-like tissue culture 

conditions to (1) determine if Ags1 is also trafficked from intracellular compartments 

during stress and (2) if Mar1 has an impact on any aspect of Ags1 localization.  

6.2.2 Characterizing Mar1 localization and the Mar1 interactome 

A major lapse in our understanding of Mar1 lies in our lack of knowledge about 

the localization of this protein. We have been unsuccessful in our attempts to C-

terminally epitope tag this protein using overexpression constructs. We assume that 

either (1) the addition of the large GFP protein to the C-terminal end of Mar1 is 
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negatively impacting function or (2) the level of expression of Mar1 is tightly regulated 

and our overexpression constructs are not tolerated by the cell. Current work is ongoing 

to (1) express a Mar1-GFP construct under the endogenous MAR1 promoter and (2) to 

create a GFP-Mar1 N-terminally tagged strain. Additional options for epitope tagging this 

protein include using an inducible promoter system, alternative epitope tags, or internally 

tagging the protein to avoid disruption of either end. A final alternative could be to 

generate an antibody towards Mar1 to be used in studies moving forward.  

With a GFP-tagged Mar1 strain in hand, I would determine the localization of this 

protein by microscopy. The Mar1 protein is expressed at very low levels, so in the case 

of an endogenously expressed construct, the use of high-resolution fluorescent 

microscopy with deconvolution could help to amplify the signal. Molecular probes and 

stains could be used to try to co-localize the Mar1 protein with known cellular 

compartments. I would also examine any changes in Mar1 localization between standard 

YPD conditions and tissue culture conditions, and if warranted, try to perturb any 

localization changes with various endo- and exocytosis inhibitors.  

With a Mar1 antibody, indirect immunofluorescence could be used to visually 

localize this protein. I could also use subcellular fractionation and western blotting to 

determine the cellular compartment that Mar1 associates with. Our lab has a number of 

strains on hand that can be used as markers for various cellular compartments.  

Ultimately to gain better insight into the function of Mar 1, I plan to directly define 

Mar1-interacting proteins. To do this, I would perform protein pull-downs in YPD and 

tissue culture conditions and submit these for proteomic analysis to define the Mar1 

interactome. The results from these studies would offer many new avenues for further 
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analysis and provide us with new insights into what proteins are important for cell wall 

remodeling. By defining the localization of the Mar1 protein and identifying other proteins 

that it interacts with, we will begin to better understand the function of this elusive 

protein.  

6.2.3 Define the specific conditions inducing cell wall changes in 

mar1∆ 

An important observation that led us to further characterize the mar1∆ strain was 

that the cell wall changes we observed were specifically induced in host-like tissue 

culture conditions. These data emphasized to us that important cell wall changes are 

occurring in the WT strain in tissue culture conditions in order to maintain a cell surface 

that supports capsule attachment and remains non-immune stimulatory. Over the course 

of this work, many colleagues have posed the question, what exactly is it in the tissue 

culture conditions that is stimulating the observed cell wall changes? Some possibilities 

include temperature, pH, and salt concentration. To answer this question, I would test 

the effects of some of these factors individually on mar1∆ cell wall changes. Perhaps 

more likely, it could be the combination of many factors that induce the specific cell wall 

changes we observe in the mar1∆. However, understanding the specific signal more 

clearly will provide insight into Mar1 function, as well as how cell wall remodeling is 

induced in a more general sense.  

In addition to understanding the in vitro signal that induces mar1∆ cell wall 

changes, future experiments could also examine the cell wall of mar1∆ cells isolated 

directly from murine lungs.  
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6.2.4 Characterize innate immune response to mar1∆ 

Chapter 5 provided a foundation for continued work focused on understanding 

the immune response to the mar1∆ strain. However, we still do not fully understand the 

initial innate immune response to the mar1∆ strain, or the mechanism behind granuloma 

formation.  

The mar1∆ cell wall shares several similarities with the hyper-immune stimulatory 

rim101∆ cell wall, including increased staining by wheat germ agglutinin (WGA) and lack 

of capsule attachment (66, 67). Additionally, both the mar1∆ and rim101∆ strains induce 

increased macrophage activation in vitro. Based on these similarities and the 

overabundant immune response to the rim101∆ mutant (64, 66, 67), we initially 

hypothesized that we would observe a significant pro-inflammatory response towards 

mar1∆ in vivo. However, we saw a very minimal response on days 7 and 14 post 

infection. We showed that the mar1∆ strain persists in the lungs and is present at these 

time points, despite our secondary hypothesis that this strain was being rapidly cleared 

from the lungs of infected mice. Therefore, our current hypothesis is that the mar1∆ 

mutant may be inducing a very early and distinct pulmonary inflammatory response, that 

ultimately leads to its persistence and the formation of granulomas. To test this, I would 

carry out cytokine and cell type analyses like we did previously at much earlier time 

points after infection, such as days 1, 2, or 4.  

We also tested whether the mar1∆ strain could provide protection from a 

secondary challenge. While we observed very minimal protection, there is still potential 

for our vaccination experiments to provide valuable information to help define protective 

versus non-protective responses. Future studies could examine the immune response 
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following the vaccination dose and compare this response to strains that have been 

demonstrated to provide protection (312, 341, 342, 415). In this way, we could identify 

specific cytokine signatures that are associated with a protective response.  

6.2.5 Determine the mechanism of mar1∆-induced granuloma 

formation 

The observation that the mar1∆ strain induces granuloma formation in the lungs 

of infected mice was very exciting, as only one other C. neoformans strain has been 

reported to induce granulomas in mice to date (337). While granulomas are often 

observed in human lungs (4, 332), WT H99 is too virulent in standard mouse models and 

causes mortality before there is time for a granuloma to form (338). To determine the 

mechanism of mar1∆-induced granuloma formation, a number of additional in vitro and 

in vivo studies will be needed.  

The first experiments I would undertake would be to determine the kinetics of 

granuloma formation. I would infect mice with the mar1∆ strain and then sacrifice and 

dissect lungs for histopathology at defined of time points over the course of infection. In 

this way, we could determine the course of granuloma formation, and visualize the 

maturation process. I would next perform pulmonary immune assessments based on 

informative time points in order to determine the timing and type of response associated 

with granuloma formation.  

It would also be informative to characterize the mar1∆-induced granulomas 

compared to those induced by the gcs1∆ glucosylceramide synthase mutant (337). It 

has been determined that gcs1∆-induced granuloma formation is dependent on alveolar 

macrophages and their ability to be activated (191), as well as the spingosine-1-
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phosphate (S1P) pathway in mice (338, 416). To test the role of alveolar macrophage 

activation, I would look for granuloma formation in Tge26 immunodeficient mice, which 

lack natural killer (NK) cell activity, T cell development, and proper macrophage 

activation (191). To test S1P pathway involvement, I would examine granuloma 

formation in SK1 deficient mice which lack the sphingosine 1 kinase gene, the enzyme 

that catalyzes the synthesis of S1P (338, 416). Both of these mouse backgrounds are 

available for purchase from Jackson Labs.  

6.3 Conclusions 

These studies have examined the importance of proper protein localization and 

trafficking through to characterization of proteins involved in these processes. We have 

demonstrated the importance of the Ram1 farnesyltransferase in plasma membrane 

localization of the Ras1 GTPase, and as a result, in overall fungal virulence. We have 

also characterized the role of a novel protein, Mar1, in regulating the intracellular 

trafficking of the b-glucan synthase, Fks1, and as a result, the immune recognition of this 

organism. Through these studies, we have demonstrated the importance of detailed 

cellular processes in the overall pathogenesis of this fungal pathogen. Importantly, both 

of the cellular processes impacted here are fungal specific, and therefore our results 

have the potential to influence the development of novel therapeutics, as is the case for 

the prenylation pathway currently. Furthermore, in the case of immune recognition, I 

envision the mar1∆ strain being used as a tool to further probe and understand the host-

pathogen interaction, ultimately allowing us to better quantify and perhaps individually 

direct optimal immune responses in the management of serious infectious diseases.
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