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Abstract 

Cryptococcus gattii has been actively emerging and adapting to the climates and 

environment in western North America, bringing with it life-threatening disease to 

humans and myriad animals. Through systematic investigations of the dynamics of this 

pathogen in the United States, by studying outbreaks and individual cases, our studies 

have aimed to increase the understanding of the expansion, emergence, pathogenicity, 

molecular epidemiology, population structure, and speciation dynamics of this organism 

that had previously been largely restricted to tropical and sub-tropical climates of the 

world.  

Molecular sequence typing has revealed that there are four distinct C. gattii 

molecular types (VGI-VGIV). A major focus of our efforts to examine this pathogen in 

the United States surrounds the unprecedented C. gattii outbreak that emerged in British 

Columbia, Canada in 1999 and has since expanded throughout the Pacific Northwest 

region of the United States (Chapters 2, 3). This outbreak has resulted in a large number 

of infections in both humans and animals, including a high percentage of otherwise 

healthy individuals. The outbreak isolates are primarily molecular type VGIIa (the major 

genotype), VGIIb (the minor genotype), or VGIIc, a novel genotype that emerged in 

Oregon in approximately 2005.  

The North American Pacific Northwest harbors one of the highest incidences of 

C. gattii infections. In an expansion of molecular epidemiology and population analysis 

of both MLST and VNTR markers, we show that the VGIIc group is clonal and 
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hypothesize it arose recently. The VGIIa/c outbreak lineages are sexually fertile and 

studies support ongoing recombination in the global VGII population. This illustrates two 

hallmarks of emerging outbreaks: high clonality and the emergence of novel genotypes 

via recombination. In macrophage and murine infections, the novel VGIIc genotype and 

VGIIa/major isolates from the United States are highly virulent compared to similar non-

outbreak VGIIa/major-related isolates. Molecular analysis distinguishes clonal expansion 

of the VGIIa/major outbreak genotype from related but distinguishable less-virulent 

genotypes isolated from other geographic regions. Our evidence documents emerging 

hypervirulent genotypes in the United States that may expand further and provides insight 

into the possible molecular and geographic origins of the outbreak. 

While the outbreak is a significant public health concern, an overlooked but 

considerable disease burden attributable to C. gattii among HIV/AIDS patients in 

Southern California has also occurred (Chapter 4). In our studies, we examined the 

molecular epidemiology, population structure, and virulence attributes of C. gattii 

isolates collected from a cohort of HIV/AIDS patients in Los Angeles County, California. 

We show that these isolates consist almost exclusively of VGIII molecular type (>93%), 

in contrast to the vast majority of VGII molecular type isolates found in the outbreak 

region. Based on molecular phylogenetic analysis, the global VGIII population structure 

can be divided into two groups, VGIIIa and VGIIIb. We show that isolates from the 

Californian patients are virulent in murine and macrophage models of infection, with 

VGIIIa significantly more virulent than VGIIIb. Several VGIII isolates are highly fertile 
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and able to produce large numbers of spores that may serve as infectious propagules. 

Based on molecular analysis, the a and α VGIII MAT locus alleles are largely syntenic 

with limited rearrangements compared to the known VGI (a/α) and VGII (α) MAT loci, 

but each has unique characteristics including a distinct deletion flanking the 5’ VGIII 

MATa locus alleles. Fingerprinting analyses of the MAT locus shows that the α allele is 

more heterogeneous than the a allele. Our studies indicate that C. gattii VGIII is endemic 

in Southern California with other isolates originating from the neighboring regions of 

Mexico, and in some rarer cases from Oregon and Washington state. Given that 

>1,000,000 cases of cryptococcal infection and >620,000 attributable mortalities occur 

annually in the context of the global AIDS pandemic, our findings suggest a significant 

burden of C. gattii infection in AIDS patients may be unrecognized, with potential 

prognostic and therapeutic implications. These results signify the need to classify 

pathogenic Cryptococcus cases and highlight possible host differences among the C. 

gattii molecular types, influencing infection of immunocompetent (VGI/VGII) vs. 

immunocompromised (VGIII/VGIV) hosts. 

In 2007, the first confirmed case of Cryptococcus gattii was reported in the state 

of North Carolina, USA (Chapter 5). An otherwise healthy HIV negative male patient 

presented with a large upper thigh cryptococcoma in February, which was surgically 

removed, and the patient was started on long-term high-dose fluconazole treatment. In 

May of 2007, the patient presented to the emergency room with seizures. Magnetic 

resonance imaging revealed two large CNS lesions found to be cryptococcomas based on 
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brain biopsy. Prior chest CT imaging had revealed small lung nodules indicating that C. 

gattii spores or desiccated yeast were likely inhaled into the lungs and dissemination 

occurred to both the leg and CNS. The patient’s travel history included a visit throughout 

the San Francisco, California region in September-October of 2006, consistent with 

acquisition during this time period. Cultures from both the leg and brain biopsies were 

subjected to analysis. Both isolates were C. gattii, VGI molecular type. Based on 

molecular studies and virulence in a heterologous host model, the leg and brain isolates 

are identical, but the two differed in mating fertility. Two clinical isolates, one from a 

transplant recipient in San Francisco and the other from Australia, were identical to the 

North Carolina isolate at all markers tested. Closely related isolates that differ at only one 

or a few noncoding markers are present in the Australian environment. Our findings 

support a model in which C. gattii VGI was transferred from Australia to California, 

possibly though an association with its common host plant Eucalyptus camaldulensis, and 

the patient was exposed in San Francisco and returned to present with disease in North 

Carolina.  

To elucidate the speciation dynamics between molecular types VGII and VGIII 

and what influence nuclear and mitochondrial genomes have on intracellular proliferation 

and hypervirulence, we conducted a comprehensive analysis of progeny sets between 

these molecular types, including progeny sets of VGIIa x VGIII α and VGIIα x VGIIIa 

crosses (Chapter 6). Our analysis reveals that spore viability is low, supporting that these 

are distinct species. We also found that the mitochondrial genome of virulent strains may 
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be necessary but not fully sufficient to confer virulence characteristics. These studies 

show that each molecular type is likely a distinct species, which was furthermore 

supported by high levels of diploid or aneuploid progeny, and also shed light into the 

possible control that both the mitochondrial and nuclear genomes may play in 

hypervirulence of C. gattii outbreak genotypes. Future analyses of both the regions 

regulating the virulence and also the generation of progeny sets between other species 

will further address the roles of both speciation and virulence evolution in C. gattii.   

Overall, the studies documented in this dissertation have increased the 

understanding of molecular epidemiology, population structures, fertility, phenotypic 

characteristics, virulence characterizations, and speciation of this expanding and 

emerging fungal pathogen in the United States. This dissertation adds a foundation to the 

studies of C. gattii in the United States and enables future research to be conducted in 

several critical areas to better understand and ultimately influence surveillance, 

prognosis, and treatment of patients and animals in future years.  
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1 

1. Introduction to Cryptococcus gattii: an emerging 
pathogen in humans and animals 1  

1.1 Preface 

Infectious diseases cause a significant burden on human and animal health and the 

global economy [2,3,4]. Among the microbial pathogens causing infectious disease 

worldwide, the fungi represent a small minority. However, advances in the healthcare of 

patients with non-infectious diseases coupled with the rise of HIV/AIDS globally, and 

continued outbreaks of primary fungal pathogens in otherwise healthy hosts, has led to an 

overall increase of these etiologic agents. Each of the four major fungal phyla has 

representatives that cause serious disease in both humans and a vast range of other 

animals. Although less prevalent than plant fungal pathogens, the animal fungal 

pathogens pose serious threats to entire animal populations (e.g., Batrachochytrium 

dendrobatidis in amphibians [5], Geomyces destructans in bats [6], and Nosema ceranae 

and/or Nosema-iridovirus co-infections in honey bees [7,8,9,10]) and continue to cause 

serious morbidity and mortality among immunocompromised patients and otherwise 

healthy individuals worldwide.  

In many cases, the incidence of disease is increasing largely due to the rise in 

susceptible hosts. However, the limited treatment options in comparison to other classes 

of pathogens further exacerbates both morbidity and mortality. A major factor 

influencing treatment is that, unlike bacteria and viruses, the fungi are eukaryotic siblings 

                                                 

1 Some of the material in this chapter can be found in: 1. Byrnes EJ, 3rd, Heitman J (2009) Cryptococcus gattii 
outbreak expands into the Northwestern United States with fatal consequences. F1000 Biology Reports 1: 62.  
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to the animals. These issues cause major obstacles in the search and development of new 

antimicrobials that target fungi without causing major toxic side effects against animal 

metabolism. Several fungal species cause infections in immunocompromised patients 

(e.g., Candida albicans, Aspergillus fumigatus), while others are known to cause disease 

in otherwise healthy individuals (e.g., Coccidioides immitis, Coccidioides posadasii, 

Histoplasma capsulatum). The pathogenic Cryptococcus species complex, consisting of 

C. neoformans and C. gattii, causes disease in both of these populations [11,12]. This is 

particularly evident with C. gattii, which is endemic in many tropical and sub-tropical 

regions and has also been associated with outbreaks in humans and a wide range of 

mammals, making it of global public health interest [11,12,13].   

C. gattii is a basidiomycetous yeast and is estimated to have diverged from 

Cryptococcus neoformans ~37.5 million years ago [14]. C. gattii is distinct from its 

sibling species C. neoformans, which more commonly infects immunosuppressed hosts. 

In total, pathogenic Cryptococcus infects almost one million people annually with over 

620,000 attributable mortalities and accounts for ~1/3 of all HIV/AIDS associated deaths, 

surpassing tuberculosis mortality in Africa [15]. Within the species, C. gattii can be 

further subdivided into two serotypes (B and C) [16], and four molecular types 

designated VGI, VGII, VGIII, and VGIV [17].  Based on phylogenetic analyses, each 

molecular type appears to show no genetic exchange, indicating that the four molecular 

types are cryptic species, which at some point may each be assigned their own species 

designations [18,19,20,21,22,23,24]. Molecular type discrimination is of principal 

importance clinically and epidemiologically, as types VGI and VGII have been 
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associated with the majority of cases from otherwise healthy hosts with outbreaks in the 

North American Pacific Northwest, in the Northern Territory of Australia in Aboriginals, 

and in the central province of Papua New Guinea, while VGIII and VGIV appear to more 

commonly infect immunocompromised patients including those with HIV/AIDS with 

clear examples in Africa and the United States, which is similar to the epidemiological 

profile that has been observed for C. neoformans (Table 1) [1,11,12,15,25,26,27,28].    

Overall, C. gattii is an emerging fungal pathogen with an expanding geographic 

range and environmental niche. While infections remain rare, the level of mortality, 

percentage of patients with prolonged hospital visits, lengthy treatment regimens, and 

long-term sequelae remain common among infected patients [12,29,30]. Furthermore, 

disease can present in a range of domestic, agricultural, wild terrestrial, and marine 

mammals [21,24,31,32,33,34,35,36,37]. To better understand infections from a global 

perspective, a multidisciplinary approach with broad collaborations need to be 

implemented. For these reasons, aspects of molecular biology, ecology, molecular 

epidemiology, traditional epidemiology, clinical practices, veterinary treatments, and 

therapeutics must be bridged together with each respective specialty aware of the basic 

tenents and principals of the current research in each field. In this introductory chapter, 

sections are divided into specific areas of focus, with the aim of broadly summarizing 

important findings and future directions for this emerging infectious disease. 

Additionally, one section exclusively covers key aspects of the North American Pacific 

Northwest outbreak, as it is the largest primary outbreak of C. gattii to date, and has 
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emerged in a climate that had not been previously associated with this infectious disease 

[1,18,20,21,24,29,32,38]. 

 

Table 1. Descriptions of the four C. gattii molecular types 

Molecular type Clinical features Environmental features Distribution 
VGI Most common molecular type in 

humans and animals and highly 
clonal 

Common associations 
with Eucalyptus trees, 
particularly in Australia  

Global with high 
distribution in Australia 

VGII Responsible for Pacific Northwest 
outbreak, clonal in outbreak 
region but diverse globally, 
highly virulent genotypes (VGIIa, 
VGIIc) identified 

Associations with native 
tree species, with high 
isolation in Douglas fir 
and Alder trees in 
British Columbia 

Global, also the cause of 
the first outbreak in a 
temperate climate  

VGIII Frequent association of infections 
among HIV/AIDS patients.  

Isolates are highly 
fertile, and have been 
found in Corymbia 
ficifolia (Colombia) and 
Eucalyptus (California) 

Global, high levels 
observed in Southern 
California, Mexico, and 
South America 

VGIV Frequent association of infections 
among HIV/AIDS patients 

Largely unknown, but 
one positive isolate from 
an Almond tree 

Rare, reported in Africa, 
India, and South 
America  

 

1.2 Molecular typing methods  

As mentioned above, C. gattii can be divided into four discrete lineages (i.e., 

molecular types) termed VGI-VGIV [18,19]. This is significant as each molecular type 

has distinct characteristics. Molecular types VGI and VGII are the two types most 

frequently associated with illness in otherwise healthy individuals [1]. Infections due to 

VGI have been reported to occur at high rates among populations in Australia with 

numerous cases elsewhere globally, while the levels of VGII infection are high in the 

Pacific Northwest, where over 95% of all cases are attributable to this molecular type 

[1,12,18,19,39]. In comparison, molecular types VGIII and VGIV have largely been 

associated with illness in HIV/AIDS patients, which is similar to the epidemiological 
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profile observed for C. neoformans [1,11,12,15,25]. Molecular type VGIV appears to be 

rare in the global population but has been reported among HIV/AIDS patients in Sub-

Saharan Africa [25]. Furthermore, molecular type VGIII has been isolated from a number 

of regions worldwide [18,19], and was found to be the predominant molecular type 

(>93%) in a cohort of HIV/AIDS patients infected with C. gattii from Southern 

California (Byrnes et al. PLoS Pathogens, submitted), [40]). Overall, these 

discriminations are significant as there are clear associations with host preferences. 

Classification is also fundamental in the general understanding of distinct molecular type 

populations causing disease globally.    

The discrimination of molecular types is useful, but in some cases too limited for 

one to gain a true understanding of the molecular epidemiology in a given region. To 

more fully appreciate and track outbreaks and disparate cases in regions, a more rigorous 

type of examination of isolates is necessary. This type of comprehensive analysis often 

reveals specific genotypes that are associated with clinical and veterinary cases. Several 

genotypes have been identified through molecular approaches including Amplified 

Fragment Length Polymorphism analysis (AFLP), Random Amplification of 

Polymorphic DNA (RAPD), and Restriction Fragment Length Polymorphism analysis 

[17,38]. These molecular approaches are often a rapid way to identify both the molecular 

type and common genotypes, but with the increasing discriminatory power of direct DNA 

sequence analysis and the continued reduction in cost, sequencing for molecular 

epidemiology has become increasingly applied in both the analysis of C. neoformans and 

C. gattii [18,21,24,41,42].   
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The most widely used sequence-based typing method for the analysis of C. gattii 

molecular epidemiology is multilocus sequence typing (MLST) [43]. This method is 

robust as it is portable between labs and simple deposition of sequence alleles into public 

sequence-repository databases. Most often, discriminatory sequences based on unlinked 

genomic loci are employed for the analysis of isolates [18,41,42]. This method revealed 

that the four molecular types share no allelic exchange, supporting the hypothesis that 

they are cryptic species [18,21]. Furthermore, MLST analysis of a large number of global 

isolates showed genotypic diversity within each molecular type, often associated with 

specific geographic regions, such as a high prevalence of VGI in Australia, and common 

VGIV genotypes restricted to Africa [18,21,25].  

One important application of molecular epidemiology came into play with 

emergence of the Vancouver Island outbreak in 1999, and its subsequent expansion 

throughout the North American Pacific Northwest. First AFLP, then MLST, confirmed 

that there were two genotypes largely responsible for the outbreak, VGIIa and VGIIb 

[23,38]. Subsequent studies on the outbreak were then employed to confirm these 

genotypes in the region, and also applied to document that the outbreak had expanded 

into the United States [18,31,44]. Additionally, sequence based analysis revealed that a 

third outbreak genotype, unique to Oregon, was also contributing to the outbreak 

[20,21,32]. The use of sequence typing and its role in the Pacific Northwest outbreak will 

be detailed further in the introductory section focused on this outbreak.  

MLST analysis is also useful in distinguishing posited travel-associated disease 

acquisition. A significant finding of the Pacific Northwest outbreak was that the VGIIa 
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genotype has yet to be found elsewhere globally in the environment or clinically. This 

finding was then useful when cases in Europe of patients with a travel history to the 

region began to appear with travel-associated VGIIa/major genotype infections now 

documented in patients from Denmark, the Netherlands, and Switzerland [45,46,47]. 

There has also recently been a report of a man from Japan infected with the VGIIa/major 

genotype, but further analysis will have to be employed to determine if this is a non 

travel-associated VGIIa/major infection [48]. Unrelated to the outbreak was also the first 

case of C. gattii infection reported in the Southeastern United States [22]. In this case, the 

isolate was determined to be molecular type VGI based on MLST analysis, and its 

analysis is described in Chapter 5.        

While the analysis of coding regions is highly useful for discriminating genotypes 

of pathogenic fungi, in some cases molecular epidemiology aspects cannot be resolved in 

highly clonal populations. This is especially evident for studies in the VGI and VGII 

molecular types of C. gattii, where isolates are often identical based on MLST sequences 

alone. To increase the resolution of the typing, several approaches have been employed to 

generate microsatellite-based markers, including Variable Number of Tandem Repeat 

(VNTR) markers. The initial study to employ this approach in C. gattii was focused on 

largely clonal isolates from Australia and the United States that were VGI molecular type 

[22]. In this case, MLST analysis was able to discriminate that an isolate in a North 

Carolina patient was identical to clinical isolates from Australia and California, and 

environmental isolates from Australia; however, after the addition of microsatellite 

markers, the environmental isolates could be further distinguished from the clinical 
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isolates based on both size variations of microsatellite PCR products and sequence 

variations in VNTR markers [22].  

As mentioned above, a large clonal outbreak of C. gattii is ongoing in the Pacific 

Northwest of North America. As the isolates from the three outbreak genotypes 

(VGIIa/major, VGIIb/novel, VGIIc/novel) are highly clonal, the sequence based VNTR 

approach was applied so that the combination of repeat variations and single nucleotide 

substitutions, insertions, or deletions could be assessed [21]. Overall, this approach 

demonstrated that there was underlying diversity in the VGIIa/major genotype, 

particularly among three isolates from Oregon, and other associated isolates from 

California. However, the results showed the VGIIb/minor and VGIIc isolates examined 

to be indistinguishable from each other (all VGIIc originated from Oregon), although a 

report of a VGIIc isolate from a patient in Idaho with travel history to Oregon showed a 

single base pair difference at an MLST locus in that respective isolate, indicating a likely 

divergence due to expansion of the genotype [32]. Overall, the application of the VNTR 

sequence based method proved highly discriminatory for differentiating C. gattii isolates 

that otherwise appeared identical at the previous loci examined, and also aided in 

expanding our knowledge of the overall structure of global C. gattii genotypes. 

1.3 Global overview of clinical and environmental populations 
and insights into the origins of the pathogenic Cryptococcus 
species complex 

Molecular typing is often a means utilized to study pathogenic microbes for 

purposes of outbreak analyses. In addition, the analyses of conserved non-repetitive 

sequences are the fundamental basis for population studies. Repetitive sequences are 
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often subject to homoplasy (i.e., similarity in species of different ancestry) and thus 

avoided, although these markers can be of use for non-phylogenetic clustering analysis, 

which is often insightful for studies of global population structures (see section 1.2). For 

these reasons, studies often include only unlinked conserved markers for phylogenetic 

approaches and population genetic analysis and also a combination including non-coding 

variable markers for large clustering approaches. In this section we will review 

approaches that have been employed to analyze the population genetics, including 

approaches to identify evidence for same-sex and opposite-sex mating, global and 

regional population studies, and overall trends of global C. gattii populations, both 

environmentally and clinically.   

While C. gattii is often studied due to its important role as a mammalian 

pathogen, its common ecological niche is in the environment. For this reason, and to also 

understand the roles of mating and recombination, which can lead to novel and 

pathogenic genotypes, studies of naturally occurring isolates and their population 

structures are of fundamental importance. Several landmark studies of C. gattii in the 

environment have been conducted in Australia. Studies focused on the environment, 

clinical isolates, and veterinary isolates have all been conducted from a population 

perspective. Studies conducted during 2003 in Eucalyptus trees yielded results consistent 

with only clonality and no signs of sexual recombination [49]. However, more recent 

studies analyzing populations collected from individual Eucalyptus trees showed 

evidence for both same and opposite-sex mating [50]. Taken together, this suggests that 

while clonal reproduction may be a common means of reproduction, both same- and 
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opposite-sex mating are occurring at some level in the environment. Furthermore, studies 

analyzing the population structures of clinical and veterinary isolates in Australia found 

evidence for clonality in some populations, and a combination of clonality and sexual 

reproduction in others [51]. Supporting studies (from the same research group) showed 

that these isolates retain their ability to sexually reproduce in laboratory-based mating 

assays [52]. Population-based studies in Australia have been a platform for studies in 

other regions, which also often yielded results suggesting both clonality and 

recombination in local and global based analyses, with further additional evidence for 

laboratory based mating supporting these results [18,21,23,39,53]. Studies examining 

both small and geographically dispersed isolates from the environment and infected hosts 

are fundamental to elucidating population structures, speciation dynamics, and evidence 

for same- and opposite-sex mating in naturally occurring populations.       

The origin and evolution of pathogens remain central questions in studies of both 

plant and animal diseases. One method to examine the likely origins of pathogens is to 

phylogenetically place the species into the context of closely related saprobic relatives. 

As mentioned above, Cryptococcus species are major mammalian fungal pathogens. The 

closest related species to the pathogenic Cryptococcus species are associated with insects 

or insect frass. Although these sibling species are often less studied than their medically 

relevant counterparts, they offer important insights into the evolution of the animal 

pathogens and how these pathogenic species might have arisen from insect associated 

saprophytes.    
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Phylogenetic analyses indicate that the Cryptococcus species complex likely arose 

from the Tremella lineage, clustered closely with the Tremellales, Trichosporonales, 

Filobasidiales, and the Cystofilobasidiales [54,55,56]. Several of the species within these 

lineages are saprophytes that are commonly associated with insect debris, leading to the 

hypothesis that the pathogens emerged from an association within this environmental 

niche [57]. In support of this hypothesis, C. gattii has been isolated from both insect frass 

and wasp nests and C. neoformans has been isolated from honeybee hives, indicating that 

these animal pathogens may still in some cases act as an insect-associated saprophyte or 

pathogen in the environment [55,58,59]. While the evolutionary factors influencing the 

manifestation of a mammalian pathogen from saprobes is still unclear, the support for this 

hypothesis of emergence based on phylogenetic and ecological studies gives insights into 

the evolutionary history of the pathogenic Cryptococcus species complex.  

In addition to the studies mentioned above, interactions between Cryptococcus 

and insects have been further supported by the development of a well-validated insect 

model of pathogenesis in the heterologous insect host Galleria mellonella [60,61,62]. 

Results from this system have been shown to correlate with the murine model of 

infection, and studies examining C. neoformans and C. gattii both show similar mortality 

trends to the mammalian infection model [22,57,63]. Additionally, the pathogenic 

Cryptococcus species were shown to be more virulent than their nonpathogenic insect-

associated relatives [57]. This invertebrate model of infection is low-cost and poses fewer 

ethical issues, allowing for more facile, high throughput analyses of virulence. Overall, 

studies focused on related species to the pathogenic Cryptococcus lineages yield 



 

12 

fundamental insights into how these important pathogens may have arisen from insect-

associated fungi. 

1.4 Clinical and veterinary C. gattii infections  

Cryptococcosis, the manifestation of infections caused by the pathogenic 

Cryptococcus species, is a severe and often life-threatening disease in humans and 

myriad wild, agrarian, and domestic mammals. Furthermore, infections can occur in both 

terrestrial and marine mammals, highlighting the ubiquitous nature of this pathogen in a 

wide range of environments. These infections are also complex clinically, as they can 

most commonly result in pneumonia, meningitis, and cryptococcoma formations in 

humans, and additionally may present as skin infections in other animals, particularly in 

feline and canine cases [12,22,34,35,36,37,64,65,66,67,68,69,70,71]. While the clinical 

courses of infections are complex, treatments are limited, and often long-term and costly. 

These issues become particularly apparent in developing regions of the world where 

access to more effective drugs is frequently limited and maintaining treatments for 

extended periods of time is difficult.    

In the clinical setting, the current IDSA guidelines outline similar treatment 

options for C. gattii and C. neformans [30]. However, the guidelines also specify that 

special care should be taken with increased testing to examine the possibility of 

cryptococcoma formation in C. gattii cases, and care should also be given to 

understanding the immune status of the patient, as there is a higher percentage of 

immunocompetent patients with cryptococcal infections attributable to C. gattii [30]. 

Furthermore, several studies have recently documented high levels of azole resistance in 
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C. gattii, particularly among some of the highly virulent molecular type VGII genotypes 

responsible for the Pacific Northwest outbreak [32,72], and the CDC indicates that 

amphotericin B should always be used as an induction therapy followed by fluconazole 

maintenance therapy for C. gattii, whereas in non-CNS C. neoformans cases fluconazole 

is recommended for both induction and maintenance therapy (Harris et al. 48th IDSA 

poster presentation #642, [30]). When patient immune status, the increased predilection 

for cryptococcomas, and higher rates of azole resistance are considered together, it leads 

to the conclusion that C. gattii infections may need to be treated more aggressively than 

other cryptococcal infections. This may be particularly true in outbreak settings, such as 

the Pacific Northwest. Another factor is that C. gattii infections may often go 

undiagnosed for longer periods of time due to cases occurring in atypical outbreak 

environments, and a lack of speciation in clinical labs. Overall, C. gattii infections in 

humans are complex, lending support to the premise that increased clinical studies 

specifically addressing C. gattii prognosis and treatment should be conducted.  

While a large focus of cryptococcal disease is on human infections, veterinary 

infections are a significant cause of animal morbidity and mortality worldwide. Infections 

have been documented in a large range of domestic, agrarian, and wild mammals, 

indicating that most mammals may be subject to infection, and that many cases in wild 

animals may go undocumented [20,31,33,34,35,36,37,64,65,66,68,69,71,73,74,75]. 

Infections in animals are of concern for economic factors (agrarian), quality of life for 

owners (domestic), and of wildlife concern particularly in the cases of Koalas and marine 

mammals [20,21,33,37,71,76,77,78]. Furthermore, in cases of novel emergences 
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(Vancouver island outbreak and United States expansion), animal infections have served 

as sentinel cases and also highlight specific geographic expansion and emergence, as 

many of the animals are non-migratory [22,33,34,76]. Veterinary cases of C. gattii are of 

concern and also useful for epidemiologic purposes, highlighting the need for studies 

focused on animal treatments and epidemiologic studies and documentation of animal 

cases, particularly as it concerns appearances in new regions.  

Cryptococcal infections in humans and other animals, particularly those caused by 

C. gattii, are often complicated to diagnosis and treat. The disease presentation can also 

be diverse in humans (pneumonia, meningitis, cryptococcomas) and animals (all of the 

human presentation types plus mucosal and other disseminated infections) as described 

above. Advances in clinical prognosis and treatment in humans and animals will serve to 

decrease attributable morbidity and mortality, and also aid in understanding the evolution 

of virulence, in addition to collections serving as repositories for molecular studies. 

While the focus of this dissertation is not on clinical or veterinary aspects in particular, 

these issues should be raised and considered during basic studies, as they are relevant to 

health and fundamental to elucidating the biology of this fungal pathogen. Clinical 

aspects also highlight the multidisciplinary and collaborative approach needed to address 

issues surrounding C. gattii infections.  
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1.5 The North American Pacific Northwest outbreak: review and 
outlook 

1.5.1 Introduction to the outbreak and cause for co ncern 

As of 1999, C. gattii has emerged as a primary pathogen in North America, 

including both Canada and the United States [1,18,20,21,23,24,29,38,78]. This outbreak 

now spans a large geographic range, with levels of infection as high or higher than 

anywhere else globally, with an annual incidence on Vancouver Island of approximately 

25 cases/million [29]. The only two reports with higher overall incidences are one 

examination of native Aboriginals in the Northern Territory of Australia, and a study 

conducted in the central province of Papua New Guinea [26,27,29]. Specifically, C. gattii 

is classified into four discrete molecular types (VGI-VGIV), with molecular types VGI 

and VGII as the two most frequent causes of illness in otherwise healthy individuals [1]. 

Infections due to VGI have been reported at high rates among populations in Australia, 

while the levels of VGII infection are high in the Pacific NW, where >95% of all cases 

are attributable to this molecular type [1,12,18,19,39]. The appearance of C. gattii in 

North America is startling because this is the first major emergence in a temperate 

climate [53,79], and unlike Cryptococcus neoformans, this pathogen had been 

geographically restricted to tropical and subtropical regions throughout the world 

[12,13,80,81]. To examine the evolutionary aspects of this unprecedented outbreak, 

efforts were undertaken to study the molecular epidemiology and characteristics of 

isolates collected from humans, animals, and the environment. These efforts have and 
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will continue to shed light onto several key features of this outbreak, while other 

contributing factors remain elusive. 

A central question from the analysis of the Vancouver Island outbreak relates to 

the origin of the first novel genotype observed as part of the outbreak, VGIIa/major. This 

genotype has been responsible for the vast majority of all infections reported in British 

Columbia [23,38]. As in the sibling species C. neoformans, many C. gattii populations 

are predominantly comprised of α mating type isolates, and to date all isolates related to 

the outbreak have been exclusively α. A seminal finding by Lin and colleagues in 2005 

was the discovery that α-α monokaryotic fruiting represents a novel mode of sexual 

reproduction (including meiosis) [82,83,84]. This finding, in combination with the 

discovery of an α/α VGIIa/major diploid isolate from Vancouver Island (RB59), and 

molecular comparisons between the VGIIa/major genotype and the less prevalent 

VGIIb/minor genotype that is also found in Australia led to the hypothesis that same-sex 

mating may have produced the hypervirulent VGIIa/major genotype and may be 

responsible for ongoing production of infectious spores. An alternative hypothesis is that 

opposite-sex mating, possibly in South America where a isolates similar in genotype 

have been discovered, gave rise to the outbreak isolate genotype [18,85]. Mating of C. 

neoformans and C. gattii can be stimulated by plants or plant materials under laboratory 

conditions and may represent environmental niches in which sexual reproduction may 

occur [86,87]. In addition, the VGIIa/major subgroup has been shown to be more fertile 

in comparison to the VGIIb/minor subgroup [21,88]. While the origins of C. gattii 

VGIIa/major in North America remain elusive, it is clear that this emerging pathogen has 
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invaded the United States, and that in addition a new unique and hypervirulent genotype 

in Oregon, VGIIc, has arisen [20,21,31]. 

1.5.2 Major recent advances in studies surrounding the outbreak 

The first efforts to elucidate the molecular types of the isolates collected in the 

Vancouver Island area revealed that two genotypes, now known as VGIIa/major and 

VGIIb/minor, are responsible for the vast majority of cases [18,38]. C. gattii was 

identified in a number of environments including several tree species, the air, soil, 

seawater, and freshwater [53,78,89]. These studies then led to questions surrounding the 

properties of the common genotypes in the region. The VGIIa/major genotype was found 

to be highly virulent in a murine model of infection [18]. In addition, the examination of 

the isolates, particularly the discovery of a homozygous VGIIa/major diploid and the 

molecular characterization of the genome and mating type locus, led to the hypothesis 

that same-sex mating was involved in this α only outbreak [18]. Together, these efforts 

showed that C. gattii VGII was now endemic in much of the region, and that the 

genotype responsible for the majority of cases is highly virulent in animal models of 

infection and also possibly in humans.  

The next questions in the field then became focused on a possible expansion of 

the outbreak zone and the molecular and phenotypic characterizations of virulent isolates. 

In 2007 and 2008, the first reports of C. gattii in the Pacific Northwest of the United 

States were published. Upton and colleagues illustrated the first confirmed case of the 

Vancouver Island outbreak VGIIa/major in the United States (2006) from a patient in 

Puget Sound, Washington [44]. Additionally, in 2005, MacDougall and colleagues 
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discovered an increased number of outbreak-related cases on the mainland of British 

Columbia and C. gattii VGII genotypes in the United States, including one later 

recognized as a VGIIc/novel isolate [24]. These studies prompted an increased 

surveillance in Washington and Oregon, and retrospective studies concluded that these 

were most likely sentinel cases in the region [44]. Shortly thereafter, our studies 

documented a large cohort of clinical and veterinary cases from the VGIIa/major 

outbreak genotype in both Washington and Oregon [20,31]. These studies also reported 

VGIIb/minor in the United States, and importantly, defined a novel VGIIc genotype that 

was unique to Oregon and observed in both human and animal cases [20], with 

subsequent investigations revealing it was equal in murine virulence to the hypervirulent 

VGIIa/major genotype and more virulent than other non-outbreak VGII genotypes found 

in the United States and South America [21]. Since invading the United States, the 

community has witnessed >60 cases in the United States, all occurring after 2006 [20], 

with mortality in humans reaching levels between 20-33% (Marr and West, unpublished 

observations, [90]). Beyond mortality, these infections are difficult to manage, prolonged, 

and a cause of significant morbidity. In addition to human cases, there has also been 

mortality among terrestrial companion, agrarian, and wild animals in the United States, as 

well as cases in wild marine mammals [20,21,31]. 

  Recent phenotypic examinations have also begun to address several key aspects 

of the outbreak genotypes. Studies in the mouse model revealed that C. gattii isolates 

from the outbreak induced less protective inflammation than C. neoformans, indicating 

that C. gattii may thrive in immunocompetent hosts by evading or suppressing the 
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protective immune responses that normally limit C. neoformans disease progression [91]. 

Another unique feature of the outbreak VGIIa/major genotype is its ability to proliferate 

at high levels within macrophages as well as the ability to form highly tubular 

mitochondria after intracellular parasitism [92]. These unique features were also shown to 

be positively correlated with murine virulence [92]. Recently, it had also been shown that 

the VGIIc/novel genotype shares similar intracellular proliferation rates, mitochondrial 

morphology, and murine virulence characteristics with the VGIIa/major genotype, further 

supporting the hypothesis that the genotypes seen in the region are uncharacteristically 

enhanced for virulence and thus hypervirulent [21].  

The dynamics of emerging outbreaks are often multifaceted, particularly in sexual 

pathogens, requiring in-depth molecular typing methods including multilocus sequence 

typing (MLST), variable number of tandem repeats (VNTR) typing, and epidemiological 

analysis [22,50,75,93,94]. From a molecular epidemiological perspective, the two most 

significant findings of importance regarding the specific outbreak dynamics in the Pacific 

Northwest is the clear evidence that the range of the hypervirulent VGIIa/major genotype 

has expanded from British Columbia, Canada into the United States and the discovery of 

a novel VGII genotype, VGIIc, found thus far exclusively in Oregon (and not in 

Washington, mainland British Columbia, or Vancouver Island), occurring in both humans 

and other animals [20]. 

1.5.3 Where to go from here?  

While aspects of the dynamics of the evolution of VGII in the United States 

remain unclear, recent population genetic and molecular studies of other C. gattii 
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populations yield fundamental insights into hypotheses that should be explored in the 

United States population. While isolates of C. gattii have been shown to undergo a-α 

mating under laboratory conditions [39], no a isolates have been found in the Pacific 

Northwest outbreak region, making same-sex mating a more parsimonious explanation 

for the origins of novel isolates and production of infectious spores, although no fruiting 

of C. gattii has been reported under defined laboratory conditions. Two recent studies 

from Australian populations, one clinical (C. neoformans) and one environmental (C. 

gattii), provide evidence that same-sex mating is occurring within these populations 

[50,75], and similar population based approaches should be employed in the North 

American populations to examine the possibility of ongoing recombination.  

Another recent line of evidence suggests that mitochondrial inheritance and 

recombination could play significant roles in the evolution of C. gattii [95,96]. 

Mitochondrial recombination or exchange requires cell-cell fusion, and it is hypothesized 

that this type of event could also lead to other nuclear or plasmid genetic exchange. 

Detailed examination of mitochondrial genes in the outbreak population may help to 

illustrate levels of fusion and possible genetic recombination among this α-only VGII 

population. Overall, both population genetic and molecular studies focused on the United 

States C. gattii population will help establish the roles genetic exchange may have played 

in virulence acquisition and adaptive evolution to novel environments. 

Over the past decade, we have witnessed the emergence and expansion of a 

tropical/subtropical pathogen into a temperate climate. In response, a multidisciplinary C. 

gattii working group was established to address the epidemiology, clinical features, and 



 

21 

basic science questions surrounding this outbreak [76]. Although the overall incidence 

remains low, little is currently known about how or why specific humans and animals 

become infected and may involve unique host factors, including possible genetic 

predisposition. In addition, the origins of the VGIIa/major and VGIIc/novel genotypes 

remain elusive. Substantial progress has been achieved in addressing the molecular 

epidemiology and expansion of the outbreak, and also the phenotypic characteristics that 

make these genotypes unique. However, many critical questions remain to be addressed 

in the future to understand the evolutionary dynamics of this unprecedented C. gattii 

emergence in North America. Expanded environmental sampling, further phenotypic 

characterizations of associations with host animals and plants, and genome sequencing of 

more representative C. gattii mitochondrial and nuclear genomes should be conducted. 

1.6 Conclusions  

Until 1999, the vast majority of studies surrounding Cryptococcus pathogenesis 

focused on the globally distributed sibling species to C. gattii, C. neoformans. While the 

North American Pacific Northwest outbreak has increased the profile of infections caused 

by the less-common species, we now also appreciate that C. gattii may be more 

frequently found in HIV/AIDS patients than previously estimated, and that outside of the 

Pacific Northwest outbreak there may also be a number of attributable cases from any of 

the four molecular types in both otherwise healthy and immunosuppressed hosts.  

The focus of this thesis is on C. gattii in the United States. A central theme of this 

work surrounds the molecular epidemiology and virulence characteristics of isolates 

collected in the United States. These studies detail aspects of molecular types VGI, VGII, 
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and VGIII. While the analyses all include global isolates for comparisons, the 

foundations of the studies rely on isolates collected in the United States. Clinical 

management of cases, traditional epidemiology, and active public health surveillance are 

critical to tracking outbreaks. However, examinations of isolates at closer molecular and 

phenotypic levels can aid in determining and understanding the dynamics of expansions 

into new regions, help to reveal the emergence of novel genotypes, and aid in 

discriminating cases not related to specific outbreak genotypes. Furthermore, molecular 

typing can support whether or not specific cases are likely travel-associated. 

Characterizing genotypes and molecular types also allows for the classification and 

phenotypic comparisons of virulence, highlighting as in the case of the Pacific Northwest, 

that specific genotypes causing disease are hypervirulent in animal models of infection. 

Lastly, in-depth studies of populations allows for recombination studies, leading to a 

greater understanding of the roles that both same- and opposite-sex may play in the 

formation of infectious spores and the generation of genetic diversity and thus novel 

genotypes via meiotic events. 
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2. Evidence that the Vancouver Island C. gattii outbreak 
has expanded into the United States Pacific Northwe st 
and the emergence of a novel outbreak genotype 1 

2.1 Introduction  

Cryptococcus gattii is a basidiomycetous yeast in the Cryptococcus pathogenic 

species complex (C. neoformans and C. gattii) [80]. Unlike C. neoformans, which is 

distributed worldwide and predominantly infects immunosuppressed patients [80], C. 

gattii is typically associated with tropical and subtropical climates and more commonly 

causes disease in immunocompetent individuals [12,80]. C. gattii can be subdivided into 

two serotypes (B and C), and multilocus sequence typing (MLST) has revealed four C. 

gattii molecular types (VGI-VGIV) [18,19]. There appears to be little or no genetic 

exchange between VG groups, indicating that these four distinctive molecular types are 

likely to be cryptic species, which at some point might be reclassified as four separate 

species [18,19]. 

C. gattii emerged as a pathogen in a temperate climate when it precipitated an 

outbreak of cryptococcosis on Vancouver Island, British Columbia, Canada, which began 

in 1999 and is ongoing throughout the Pacific Northwest region of North America 

[33,97]. C. gattii infection on Vancouver Island and the mainland of British Columbia is 

caused almost exclusively by two genotypes within the VGII molecular type (90%-95% 

                                                 

1 Some of the material in this chapter can be found in: 20. Byrnes EJ, 3rd, Bildfell RJ, Frank SA, Mitchell TG, Marr 
KA, et al. (2009) Molecular evidence that the range of the Vancouver Island outbreak of Cryptococcus gattii infection 
has expanded into the Pacific Northwest in the United States. J Infect Dis 199: 1081-1086, 31. Byrnes EJ, 3rd, Bildfell 
RJ, Dearing PL, Valentine BA, Heitman J (2009) Cryptococcus gattii with bimorphic colony types in a dog in western 
Oregon: additional evidence for expansion of the Vancouver Island outbreak. J Vet Diagn Invest 21: 133-136. 
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of infections are due to VGIIa and 5%-10% of infections are due to VGIIb) [18,38]. 

Although VGII also occurs in well-established cryptococcosisendemic regions, such as 

Australia, the most common molecular type to cause infections in humans and animals 

(in Australia and elsewhere) is VGI [12]. C. gattii can be isolated in cryptococcosis-

endemic areas, and airborne particles have been isolated by use of air sampling [23,52]. 

A recent study reported cases of C. gattii VGII infection on mainland British Columbia 

that occurred in patients and animals with no history of travel to Vancouver Island, 

indicating that the outbreak genotype has spread beyond the island [24]. In February 

2006, the first confirmed case of C. gattii infection in the United States due to the 

outbreak-related VGIIa genotype was reported in a patient from Washington [44], with 

other isolates similar to the outbreak VGIIa and VGIIb genotypes reported in Oregon 

[24]. Environmental sources from which C. gattii has been isolated in British Columbia 

and the Pacific Northwest region of the United States include trees native to the Pacific 

Northwest, soil, air, and water [24]. 

Pathogenic Cryptococcus species routinely reproduce clonally, but they can also 

complete a sexual cycle involving a-α opposite-sex mating or α-α same-sex mating 

[18,39,82]. Studies have identified trees that harbor recombining C. gattii populations in 

which there is active mating between a-α or α-α cells [50]. It has been postulated that the 

spores thus produced are the infectious propagules [82,98]. Analyses of isolates related to 

the Vancouver Island outbreak suggest that a hypervirulent genotype may have originated 

from an α-α mating event [18]. Given that no a isolates have been recovered from 
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Vancouver Island or any areas associated with the outbreak, ongoing α-α mating may 

contribute to spore production in this region [18]. 

C. gattii infection persists as a public health concern in the Pacific Northwest, and 

it is clear the organism's range has spread. A British Columbia Centre for Disease Control 

surveillance study of C. gattii between 1999 and 2006 documented increasing incidence 

of infection on Vancouver Island and established spread to the mainland [24,99]. Our 

efforts focused on determining whether the range of C. gattii infection is expanding into 

the United States, and if so, the relationship of the United States isolates to the genotypes 

involved in the Vancouver Island outbreak.  

Our results presented in this chapter document infections in humans and 

mammals, indicating an expansion of the range of VGIIa from Vancouver Island to the 

Pacific Northwest region of the United States. In addition to the VGIIa and VGIIb 

genotypes, we identified a divergent VGIIc genotype that has infected humans and other 

mammals. The VGIIc genotype is distinct from other isolates analyzed thus far, with the 

exception of a clinical isolate from Oregon reported in 2005 [24]. In addition, the first 

infection in the region due to a VGIII isolate was noted.  

Overall, these data reveal an expansion of the outbreak's range beyond Vancouver 

Island and the establishment of the outbreak-related genotype in the United States. 

Furthermore, the results also show a distinct and novel VGII genotype (VGIIc) in the 

United States and that the United States has been invaded by at least one VGIII isolate. 

The origins of C. gattii VGIIa on Vancouver Island and of the VGIIc genotype that is 
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present in Oregon but not Washington, mainland British Columbia, or Vancouver Island 

remain to be elucidated. 

2.2 Materials and methods  

2.2.1 Case and isolate identification  

Human and veterinary cases of confirmed or suspected C. gattii infection in 

Washington and Oregon were identified by referring physicians and veterinarians (Table 

2). Melanin production was assayed by growth and dark pigmentation on Staib niger seed 

medium, and urease activity was detected by growth and alkaline pH change on 

Christensen’s agar. These tests were used to establish whether isolates were C. 

neoformans or C. gattii. Isolates were then examined for resistance to canavanine and use 

of glycine as a sole carbon source on L-canavanine-glycine-2 bromothymol blue (CGB) 

agar [100]. Growth on CGB agar indicates that isolates were canavanine resistant and 

able to use glycine as a sole carbon source, triggering a bromothymol blue color reaction 

indicative of C. gattii, whereas C. neoformans is sensitive to canavanine and cannot use 

glycine as a sole carbon source, which results in no growth or coloration in this selective 

indicator medium. All positive samples were colony purified and grown on rich medium 

prior to extraction of genomic DNA. 

2.2.2 Genotyping  

For MLST [43], each isolate was analyzed with a minimum of eight unlinked loci. 

For each isolate, genomic DNA was extracted, amplified, purified, and sequenced. All 

primers used for MLST analysis were designed specifically to amplify open reading 

frame gene�sequence regions, including variable noncoding DNA regions to maximize 
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discriminatory power (Table 3). Sequences from both forward and reverse strands were 

assembled and manually edited by use of Sequencher (version 4.8; Gene Codes 

Corporation). BLAST analysis of the GenBank database (National Center for 

Biotechnology Information) was performed, and each allele was assigned either an 

existing allele number from the analysis by Fraser et al. [18] or a new allele number if a 

perfect match was not found. GenBank accession numbers and corresponding allele 

numbers are listed in Table 4.  

Table 2: C. gattii isolates analyzed in Chapter 2. 

Isolate Molecular type Year isolated Region recovered Type of infection 
EJB3 VGIIa 2006 Oregon, USA Human 
W15209 VGIIa 2006 Washington, USA Human 
EJB4 VGIIa 2007 Washington, USA Human 
EJB5 VGIIa 2007 Washington, USA Human 
EJB6 VGIIa 2007 Washington, USA Human 
EJB7 VGIIa 2007 Washington, USA Human 
EJB8 VGIIa 2007 Washington, USA Human 
EJB9 VGIIa 2007 Washington, USA Human 
EJB10 VGIIb 2007 Oregon, USA Human 
EJB11 VGIII 2008 Washington, USA Human 
EJB12 VGIIc 2008 Oregon, USA Human 
EJB13 VGIIa 2008 Washington, USA Human 
EJB18 VGIIc 2008 Oregon, USA Human 
EJB19 VGIIa 2008 Oregon, USA Human 
3700 (1) VGIIa 2006 Washington, USA Veterinary 
3700 (2) VGIIa 2006 Washington, USA Veterinary 
3635 VGIIa 2006 Washington, USA Veterinary 
3059 VGIIa 2006 Washington, USA Veterinary 
EJB14 VGIIc 2007 Oregon, USA Veterinary 
EJB15 VGIIc 2007 Oregon, USA Veterinary 
EJB16 VGIIa 2007 Oregon, USA Veterinary 
EJB17A+B VGIIa 2008 Oregon, USA Veterinary 
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Table 3. Primers used in Chapter 2. 

Name Description Oligonucleotide Sequence 
JOHE10451 SXI1α 5’ MLST primer TACATCACCGGTCATATCTGC 
JOHE10452 SXI1α 3’ MLST primer CTGGAGAAGCGCCTCACTGGA 
JOHE14115 SXI1α alt. 5’ MLST primer AGGGTACGTTTGAGGCCAGTT 
JOHE14116 SXI1α alt. 3’ MLST primer GAAAGCGTTGGCAAGGAATGA 
JOHE10453 SXI2a 5’ MLST primer TGATCGCACGAGCCAAATCCC 
JOHE10454 SXI2a 3’ MLST primer GGCTTCCTGACAACACTTCTA 
JOHE14408 IGS 5’ MLST primer ATCCTTTGCAGACGACTTGA 
JOHE14409 IGS 3’ MLST primer GTGATCAGTGCATTGCATGA 
JOHE14976 TEF1 5’ MLST primer GCACGCTCTTCTCGCCTTCAC 
JOHE14977 TEF1 3’ MLST primer GTAGTCGGCGTAGGTCTCAAC 
JOHE14968 GPD1 5’ MLST primer CCACCGAACCCTTCTAGGATA 
JOHE14969 GPD1 3’ MLST primer CTTCTTGGCACCTCCCTTGAG 
JOHE14970 LAC1 5’ MLST primer AACATGTTCCCTGGGCCTGTG 
JOHE14971 LAC1 3’ MLST primer ATGAGAATTGAATCGCCTTGT 
JOHE14386 CAP10 5’ MLST primer CCGGAACTGACCACTTCATC 
JOHE14387 CAP10 3’ MLST primer GCCCACTCAAGACACAACCT 
JOHE14974 PLB1 5’ MLST primer CTCTCATTGTTCGCCGCTACT 
JOHE14975 PLB1 3’ MLST primer GGAAGCCGAGGTCTGATTTGG 
JOHE14972 MPD1 5’ MLST primer TGCCCTGGATCCTAATGCTCT 
JOHE14973 MPD1 3’ MLST primer ACCCAGACTGCCGCTGTCGTC 
JOHE15459 HOG1 5’ MLST primer AATCTGTGACTTTGGCCTTGC 
JOHE15460 HOG1 3’ MLST primer TTCGCTGTACATCATCACCTT 
JOHE15431 BWC1 5’ MLST primer CTCCATTCACTGCGCCAATAA 
JOHE15432 BWC1 3’ MLST primer ATACGTGCCCTCAAAGATTCT 
JOHE15445 CNB1 5’ MLST primer AGTGCGTCATCGTCGATTAGG 
JOHE15446 CNB1 3’ MLST primer TCTTCGCTCGAAATCTTTCAA 
JOHE15471 TOR1 5’ MLST primer TTCGGTACCATCCTGAGTTAT 
JOHE15472 TOR1 3’ MLST primer TTAGCCAAGGTCTTCCCACTG 
JOHE15449 CRG1 5’ MLST primer TCAGCACCGCTATTCTTCTTA 
JOHE15450 CRG1 3’ MLST primer TACCTAGCACCCGCGTCTCCT 
JOHE15451 FHB1 5’ MLST primer TTATGCGTACGCTTTGAACAT 
JOHE15452 FHB1 3’ MLST primer CCGTCTTCCCGCTTGACAGAA 
JOHE15453 FTR1 5’ MLST primer TCAACTGTACTGACGCTGACC 
JOHE15454 FTR1 3’ MLST primer GATGCTCAACTTACACCACCA 
JOHE15437 CAP59 5’ MLST primer TCCGCTGCACAAGTGATACCC 
JOHE15438 CAP59 3’ MLST primer CTCTACGTCGAGCAAGTCAAG 
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Table 4. Previous and novel allele numbers and designations used in Chapter 2 with 
GenBank accession numbers. 

GenBank Acc. # Submission Details GenBank Acc. # Submission Details 

AY973641 MLST allele SXI1α_7 DQ096344 MLST allele PLB1_2 

DQ096304 MLST allele SXI1α_12 DQ096345 MLST allele PLB1_3 

DQ096307 MLST allele SXI1α_16 DQ096347 MLST allele PLB1_5 

AY973651 MLST allele SXI1α_17 DQ096348 MLST allele PLB1_6 

DQ096308 MLST allele SXI1α_18 DQ096351 MLST allele PLB1_9 

AY973646 MLST allele SXI1α_19 DQ198349 MLST allele PLB1_23 

AY973647 MLST allele SXI1α_23 DQ096330 MLST allele MPD1_1 

EU937833 MLST allele SXIα_35 DQ096331 MLST allele MPD1_2 

DQ096311 MLST allele IGS_1 DQ096332 MLST allele MPD1_3 

DQ096313 MLST allele IGS_3 DQ096334 MLST allele MPD1_5 

DQ096314 MLST allele IGS_4 DQ096337 MLST allele MPD1_8 

DQ096318 MLST allele IGS_8 DQ096456 MLST allele HOG1_1 

DQ096319 MLST allele IGS_10 DQ096457 MLST allele HOG1_2 

DQ096323 MLST allele IGS_14 EU937830 MLST allele HOG1_3 

DQ096324 MLST allele IGS_15 EU937831 MLST allele HOG1_4 

DQ096327 MLST allele IGS_18 EU937832 MLST allele HOG1_5 

DQ096358 MLST allele TEF1_1 DQ096428 MLST allele BWC1_1 

DQ096359 MLST allele TEF1_2 EU937818 MLST allele BWC1_2 

DQ096361 MLST allele TEF1_4 DQ096442 MLST allele CNB1_1 

DQ096362 MLST allele TEF1_5 DQ096443 MLST allele CNB1_2 

DQ096364 MLST allele TEF1_7 EU937820 MLST allele CNB1_3 

DQ096367 MLST allele TEF1_10 DQ096470 MLST allele TOR1_1 

DQ096377 MLST allele GPD1_1 DQ096471 MLST allele TOR1_2 

DQ096379 MLST allele GPD1_3 DQ096444 MLST allele CRG1_1 

DQ096380 MLST allele GPD1_4 DQ096445 MLST allele CRG1_2 

DQ096381 MLST allele GPD1_5 EU937821 MLST allele CRG1_3 

DQ096382 MLST allele GPD1_6 EU937822 MLST allele CRG1_4 

DQ096385 MLST allele GPD1_9 EU937823 MLST allele CRG1_5 

DQ096392 MLST allele GPD1_16 DQ096446 MLST allele FHB1_1 

DQ096394 MLST allele GPD1_18 DQ096447 MLST allele FHB1_2 

DQ096397 MLST allele LAC_1 EU937824 MLST allele FHB1_3 

DQ096398 MLST allele LAC_2 EU937825 MLST allele FHB1_4 

DQ096399 MLST allele LAC_3 EU937826 MLST allele FHB1_5 

DQ096400 MLST allele LAC_4 DQ096448 MLST allele FTR1_1 
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Table 4 (continued) 
DQ096401 MLST allele LAC_5 DQ096449 MLST allele FTR1_2 

DQ096416 MLST allele CAP10_1 EU937827 MLST allele FTR1_4 

DQ096417 MLST allele CAP10_2 EU937828 MLST allele FTR1_5 

DQ096419 MLST allele CAP10_4 EU937829 MLST allele FTR1_6 

DQ096421 MLST allele CAP10_6 DQ096432 MLST allele CAP59_1 

DQ096422 MLST allele CAP10_7 DQ096433 MLST allele CAP59_2 

DQ096425 MLST allele CAP10_10 DQ096434 MLST allele CAP59_3 

DQ096343 MLST allele PLB1_1 EU937819 MLST allele CAP59_4 

 

2.2.3 Fertility assays  

Mating (fertility) analysis was conducted on Murashige and Skoog (MS) media 

with myo-inositol [87]. Isolates were incubated at room temperature in the dark for 7-10 

days in dry conditions. All α strains were crossed with the mating type a fertile isolate 

JF109. Fertility was detected through microscopic examination for filamentation and 

basidiospore formation. 

2.2.4 Environmental sampling 

Intermittently from November 2007, through February 2008, attempts were made 

to isolate C. gattii from the environment in Oregon. Using swabs, sterile bottles, and a 

Biotest HYCON RCS high flow air sampler, 191 total samples were collected. Samples 

included air, soil, water, arboreal debris, wood shavings, avian excreta, and alpaca 

compost, and were collected from tree hollows, public parks, rural fields, lumber yards, 

residential neighborhoods in urban, suburban, and rural settings, alpaca farms, highway 

underpasses, roadsides, automobile wheel wells, tires, and shoes. The location of each 

sample was recorded with notes and digital photography. Samples were processed within 

12 hours by plating in duplicate onto Staib niger seed agar medium with chloramphenicol 
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(0.4g/L), ampicillin (0.05g/L) gentamicin (0.025g/L), and biphenyl (0.1g/L) and 

incubated at 30ºC to identify Cryptococcus species. Swabs were streaked onto plates, air 

sample medium-bearing strips were directly incubated, and solid and water samples were 

suspended, diluted in sterile water, and plated. Samples were processed by macroscopic 

and microscopic inspection at 24-hour intervals for seven days. Candidate colonies were 

colony purified onto niger seed media with antibiotics and biphenyl and then cultured on 

niger seed media without additives and yeast extract potato dextrose (YPD) agar media. 

2.3 Results  

2.3.1 Expansion of the outbreak and discovery of a novel genotype  

Between 2006 and 2008, we were informed of 14 human and 8 veterinary cases of 

confirmed C. gattii infection in the Pacific Northwest (Table 2). The geographic locations 

of these cases span much of Washington and Oregon (Figure 1). The veterinary cases 

involved a range of animals, including porpoises, alpacas, cats, and dogs. Isolates were 

confirmed to be C. gattii on the basis of melanin and urease production, as well as 

resistance to canavanine and glycine use on CGB agar. All isolates (except EJB11) were 

documented to be molecular type VGII. While the VGII isolates from Washington are the 

major molecular type (VGIIa), the population in Oregon was more diverse. For additional 

information about the isolates, see Table 2 and Figure 2. Genomic DNA from each isolate 

was analyzed by MLST (Figure 2). To determine the mating type of each isolate, 

polymerase chain reaction (PCR) and sequence analysis were used to detect mating type–

specific alleles of the SXI genes. Sequence analysis of the sex-specific SXI1α mating-type 

gene, as well as the absence of the SXI2a gene, showed that all isolates were MAT α. Of 
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the 13 isolates from Washington, 12 were identical to control isolates from the VGIIa 

major genotype. The exception was a molecular type VGIII strain isolated from a case 

patient in southern Washington State. Of the 12 VGIIa isolates recovered from cases in 

Washington, 11 were recovered from cases in the coastal Puget Sound region; the 

remaining isolate was recovered from a case in Seattle. In addition, the occurrence of 

cryptococcosis in marine mammals is a potential harbinger of dispersal. These findings 

document the spread of organisms with the major outbreak�related genotype from 

Vancouver Island into Washington. 

To date, all C. gattii isolates recovered from northwest Washington belong to the 

VGIIa major outbreak genotype. Isolates from Oregon were also VGII, but they were 

more diverse and could be grouped into three genotypes: VGIIa, VGIIb, and VGIIc. The 

VGIIb molecular type is found in both Australia and on Vancouver Island, whereas the 

VGIIc molecular type is distinct from other VGII molecular types found elsewhere in the 

world, although it shares some MLST-identified alleles with both VGIIa and VGIIb. The 

VGIIc isolates are noteworthy because they have never been found on Vancouver Island, 

in mainland British Columbia, or in Washington, but they were recovered from both 

humans and animals in Oregon. 

Despite the fact that it shares alleles with other VGII strains, sequence analysis of 

the VGIIc genotype indicates that it is unique. MLST analysis of eight loci indicated that 

this group shares five loci with VGIIa and one locus each with isolates from the VGIIb 

and global VGII genotypes; in addition, VGIIc has one novel allele not seen in any other 

VGII genotype (Figure 2) and was also shown to be distinct in a previous study [24]. 
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When this analysis was expanded to include eight additional loci characterized by MLST, 

the VGIIc group was found to share another locus with the VGIIa group; it also shared 

the TOR1 locus with a divergent VGII isolate and contained novel alleles at six additional 

loci (Figure 3). The discovery of VGIIc, coupled with the recent cases of cryptococcal 

disease, marks the emergence of a new VGII genotype in this region. 

The lone VGIII isolate, which was molecularly distinct from VGII and therefore 

deemed unrelated to the outbreak, was recovered in southern Washington, at a location 

distant from the outbreak expansion zone (Figure 1). Most VGIII subgroup isolates are 

serotype C, and they more commonly infect immunosuppressed patients, such as patients 

with AIDS (Chapter 4) [18,25,40]. While this case of infection due to C. gattii VGIII is 

not indicative of the expanded range of the outbreak of C. gattii VGII infection, its 

discovery provides evidence of an increased regional incidence of C. gattii infection and 

highlights the need to molecularly classify clinical isolates of Cryptococcus. 
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Figure 1. Geographical locations of C. gattii infections in the Pacific Northwest 
region of the United States (2006-2008). Locations of cases in animals and humans 
(Washington and Oregon, 2006-2008). All cases represented were confirmed by use of 
phenotypic analysis and MLST. There were a total of 22 cases-13 in Washington and 9 in 
Oregon. Of the isolates from these 22 cases, 14 were human clinical isolates, and 8 were 
isolates from deceased wild and companion animals.  
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Figure 2. Multilocus sequence typing (MLST) data for isolates from Washington 

and Oregon, as well as control isolates. MLST revealed isolates with the VGIIa/major, 
VGIIb/minor, and VGIIc genotypes in Washington and Oregon. MLST was performed for 
eight unlinked loci. Numbers and color----codingcodingcodingcoding indicate different alleles, designated by 
genetic sequence variation. The lone VGIII isolate was an identical match only for 
Australian isolates, which indicates its possible origin.  

 

 
 

Figure 3. Expanded MLST analysis for the novel VGIIc genotype and selected 
VGIIa and control VGII isolates. Expanded MLST analysis for selected VGII isolates, 
including VGIIc isolates. Of the eight additional alleles, six were novel among the VGIIc 
isolates tested. Isolates WA861 and ICB184 were examined as other VGII isolates that were 
possibly closely related to the VGIIc group, with MLST analysis providing further evidence 
that the VGIIc group is unique. 
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2.3.3 Phenotypic and mating analysis of the VGII ou tbreak genotypes 

The 20 outbreak expansion isolates (Table 2), in addition to VGIIa molecular type 

control R265, VGIIb molecular type control R272, and VGIII molecular type controls 

NIH184 and V28/571_169 (Figure 2), were subjected to phenotypic and mating analyses.  

The focus of the analysis was to determine patterns and distinctions that may be present 

between the VGII molecular type subgroups VGIIa, VGIIb, and the novel VGIIc.  All 24 

isolates exhibited growth and blue coloration effect on CGB agar, as well as pink 

coloration on Christensen’s agar, indicating and confirming that all isolates are C. gattii, 

with representation shown in Figure 4.  There were no differences seen between 

genotypes, further suggesting that CGB and Christensen’s agar are useful for determining 

species identity.   

Laccase and melanin production, as well as growth at mammalian host 

temperatures, are known virulence factors in the Cryptococcus pathogenic species 

complex, and are quantitative traits [11,101].  To examine differences among molecular 

groups, we assayed melanin production at 37°C on niger seed agar medium for 96 hours.  

While all isolates were able to readily grow at the increased temperature, several isolates 

differed in melanin production capacity.  While 100% of the VGIIa isolates produced 

melanin on niger seed agar medium, only 67% (2 of 3) of the VGIIc, and 50% (1 of 2) of 

the VGIIb isolates robustly produced melanin, while 0% (0/3) VGIII isolates robustly 

produced melanin at the restrictive 37°C temperature (data not shown). Although the 

sample size is limited, our results indicate a variance in the level of melanin produced, 
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and the uniformly high level of production by the VGIIa group serves underscore the 

enhanced pathogenicity of this major outbreak molecular genotype.  

Fertility assays for mating ability were conducted on MS medium with inositol, a 

media shown to be highly conducive to mating [87].  All isolates were crossed with the 

mating type a crg1 mutant JF109 isolate, derived from the VGIII isolate B4546 [39].  

Positive mating cultures were classified by filamentation and spore development, 

whereas non-fertility was characterized by their absence, represented in Figure 4. The 

VGII expansion isolates exhibited 60% fertility, with 69% fertility among the VGIIa 

major outbreak molecular type.  While the fertility of the VGIIa molecular type was high, 

the lone VGIIb isolate was infertile under these conditions, and only one of the three 

VGIIc isolates showed fertility (data not shown).  In addition, the lone VGIII isolate also 

did not show fertility.  From this limited sampling of mating it would appear that the 

VGIIa major outbreak molecular type exhibits higher then average mating in the region, 

with further studies necessary to examine this (see Chapter 3). 

Our results are consistent with a recent study finding that total global VGII 

isolates of both mating types exhibit a 69.94% fertility rate with the Vancouver Island 

VGII isolates exhibiting a 84.2% fertility rate when compared with a 29% fertility rate of 

Australian VGII isolates [88], in further support of the conclusion that the outbreak 

expansion isolates are highly fertile. 
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Figure 4. Fertility and phenotypic attributes among the major, minor, and VGIIc 
genotypes. A) Isolates from each of the three molecular types (VGIIa, VGIIb, VGIIc) 
exhibited the dark blue coloration change and growth confirming C. gattii, pink coloration 
change on Christensen’s agar confirming isolates to be within the Cryptococcus pathogenic 
species complex, and selected isolates from VGIIa, VGIIb, and VGIIc producing melanin at 
37°C on Staib’s niger seed medium B) Fertility of isolates crossed with mating type a isolate 
JF109; the VGIIa and VGIIc genotypes showed fertility. A detailed analysis of fertility 
among VGII genotypes is detailed in Chapter 3. 
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2.3.3 Environmental sampling in Oregon  

In November, 2007, and February of 2008, environmental sampling was 

conducted to examine possible ecological niches for C. gattii in Oregon. During this 

period 191 samples were collected from a broad range of areas, including regions where 

human and veterinary cases were likely acquired. Sampling techniques included sterile 

swabs containing transport media, debris collection in 50 ml sterile tubes, and air 

sampling. Materials sampled included tree hollows, decayed trees, pigeon guano, still 

water, highway underpasses, compost piles, auto wheel wells, auto tires, shoes, and soil. 

Major areas sampled in Oregon State included Portland city center, Milwaukie, Salem, 

Junction City, Sherwood, McMinnville, and Lebanon. All samples collected were plated 

on niger seed agar medium supplemented with antibiotics and biphenyl incubated for 96 

hours at 30ºC, and examined for colonies daily for seven days [102]. Yeast-like colonies 

that appeared pigmented (on niger seed agar medium) were colony purified, as were 

several non-pigmented yeast like colonies. All colony purified isolates were subsequently 

sub-cultured onto YPD agar for phenotypic analysis and genomic DNA was isolated. A 

total of 14 isolates were selected for phenotypic and genomic characterization. 

Portions of the D1/D2 region of the 26S ribosomal DNA subunit of selected 

isolates were sequenced. This region has been employed in previous studies to identify 

environmental species and examine diversity [103,104]. To identify the isolates, BLAST 

was employed to search the GenBank database for matching D1/D2 sequences (Table 5). 

Not surprisingly because of the nature of these environmental samples, several suspicious 

isolates were species of Exophilia, the ubiquitous dematiaceous yeast-like ascomycete. 
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However, we also recovered Cryptococcus laurentii and Cryptococcus mangus 

[104,105]. The most notable result of the environmental sampling was the failure to 

recover either C. neoformans or C. gattii.  

 

Table 5. Genotyping and phenotyping of environmental isolates from Oregon  

Isolate Phylum Species (D1/D2) Niger seed YPD 
OR10 Ascomycota Debaryomyces hansenii white white 
OR44 Basidiomycota Cryptococcus laurentii beige beige 
OR53A Ascomycota Exophiala dermatitidis black black 
OR53B Ascomycota Exophiala spp. black black 
OR57 Ascomycota Debaryomyces polymorphous white white 
OR88A Ascomycota Symbiotaphrina buchneri white white 
OR88B Ascomycota Exophiala jeanselmei black black 
OR92A Ascomycota Exophiala jeanselmei black black 
OR92B Ascomycota Exophiala dermatitidis black black 
OR94B Ascomycota Exophiala jeanselmei black black 
OR112B Ascomycota Aureobasidium spp. brown white 
OR114A Ascomycota Exophiala dermatitidis black black 
OR165B Ascomycota Debaryomyces hansenii white white 
OR165C Basidiomycota Cryptococcus mangus beige beige 

 

2.3.4 Bimorphic colony types from a canine infectio n 

C. gattii and C. neoformans colonies can be smooth, mucoid, or wrinkled, with 

increased virulence associated with a mucoid or wrinkled phenotype [106,107,108]. 

Colony phenotype is related to the composition of the polysaccharide capsule, and 

phenotypic switching has been documented in laboratory studies of C. neoformans 

[106,107] and C. gattii [108]. Phenotypic alteration of C. gattii also occurs in vivo, and 

alteration in the polysaccharide capsule is related to the ability to cross the blood-brain 

barrier during infection of the central nervous system [107,108]. This section describes a 

case of primarily central nervous system infection by C. gattii with bimorphic colony 
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types in a dog from western Oregon with no history of travel to Canada. Each of the 

bimorphic isolates was confirmed to be identical at all markers examined (n=8) to the 

Vancouver Island VGIIa/major outbreak genotype. 

Beth Valentine of Oregon State University conducted the veterinary pathology 

presented here. A 1.5-year-old intact female Keeshond dog was presented for necropsy. 

The dog was born in Hillsboro, Oregon, and had been relocated to Salem, Oregon, at the 

age of seven weeks. The dog had traveled to Washington State, including visits to Seattle 

and the Puget Sound area of Washington, but there was no travel history to Vancouver 

Island or Canada. The dog died following an approximately one-week history of cervical 

pain, ataxia, anorexia, vomiting, depression, and collapse. Gait abnormalities were 

characterized by bending and staggering to the left. Additional history indicated 

occasional bouts of lethargy, diarrhea, and vomiting for approximately three months prior 

to the recent severe illness. Vaccinations and deworming were current. 

The dog weighed 11.4 kg and was in poor body condition. The most significant 

finding was an approximately 3 x 2.5 x 1.5 cm yellow, soft, gelatinous mass within the 

left cranial vault, loosely attached to the underside of the left cerebrum at the area of the 

left olfactory bulb. A cavitation within the adjacent brain exuded clear yellow viscous 

fluid when sectioned. The mass was adhered out to the inner surface of the cranium and 

extended to the cribriform plate, but did not involve the nasal cavity. Cytologic 

evaluation revealed heavily encapsulated yeast with narrow-based budding consistent 

with Cryptococcus. A swab of the left caudal nasal cavity and a swab of the mass in the 

cranial vault were obtained and pooled for fungal isolation. The lungs contained patchy 
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red areas and mesenteric lymph nodes were diffusely enlarged (approximately 2-3 times 

normal). There were no other significant postmortem findings. The spinal cord was not 

examined. The brain and attached mass, and tissue samples from lung, kidney, pancreas, 

liver, adrenal gland, spleen, thyroid gland, intestine, and mesenteric lymph node were 

fixed in 10% neutral buffered formalin and prepared for routine histopathologic 

examination. Selected sections of the granulomatous intracranial mass, kidney, and lung 

were also stained with Mayer’s mucicarmine, Grocott’s methenamine silver (GMS), and 

periodic acid-Schiff (PAS) stains. 

Sections of the left cranial mass and cerebrum revealed severe granulomatous 

meningitis and encephalitis with numerous encapsulated spherical fungal organisms 

approximately 4-20 µm diameter exhibiting narrow-based budding (Figure 5A). Collagen 

was prominent within the granulomatous mass external to the brain, indicative of 

chronicity. Small multifocal to locally extensive zones of granulomatous inflammation 

with similar fungal organisms were detected in the renal cortices, with a very small 

number of similar foci within the pancreas and lung. Mesenteric lymph nodes were 

hyperplastic with no evidence of fungal infection, and fungal infection was not detected 

in any other organ section examined. Fungal organisms stained with PAS and GMS 

stains, and the capsule stained intensely with Mayer’s mucicarmine stain (Figure 5B). No 

variation in fungal morphology was detected in tissue sections. 

Tissue swabs were pooled and inoculated onto blood agar and incubated at 35°C, 

and Sabouraud dextrose agar incubated at room temperature. Growth started at two days 

and consisted of two mucoid colony types, gray and white. India ink preparations of the 
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gray colonies indicated growth of spherical yeast up to approximately 20 µm diameter, 

some encapsulated, with little evidence of budding. Similar preparations of the white 

colonies revealed non-encapsulated slightly oval yeast of similar size with more frequent 

budding. Isolates exhibited a similar bimorphic growth pattern at three days when sub-

cultured onto Sabauroud dextrose agar and incubated at room temperature and at 35°C. 

Isolates of both colony types were urease-positive at 24 hours when grown on 

Christensen’s urea agar slants incubated at room temperature. Only spherical yeast cells 

with no pseudohyphae or hyphae were detected in colonies grown on caffeic acid agar at 

30°C. Both isolates exhibited growth and blue coloration on CGB agar after 24 hours of 

incubation. Melanin production following inoculation onto L-dopamine agar media and 

incubated at 37°C was also drastically reduced in the unpigmented colony type (Figure 

5C) [109]. The unpigmented colony type exhibited a severe fertility defect characterized 

by lack of filamentous growth on Murashige and Skoog media with myo-inositol 

incubated at room temperature in the dark for ~7 days in dry conditions (Figure 5C, 5D) 

[87].   

In addition to phenotypic analysis, MLST analysis at eight unlinked loci 

previously shown to characterize C. gattii outbreak strains was applied to the variant 

colony morphologies. Both isolates harbored the SXI1α gene, and were therefore of the α 

mating type. Furthermore, both isolates were identical across all eight loci examined, and 

of the VGIIa/major molecular type (Figure 2, isolates EJB17A+B). 

The clinical signs in this case were primarily neurologic and were consistent with 

the pathologic findings. Central nervous system infection is common in dogs with C.  
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gattii infection, and the presence of clinical signs of central nervous system disease has 

been shown to be a significant predictor of mortality [34,35,66,67,68]. No underlying 

disease process that might decrease immune function was identified in this dog, 

consistent with prior reports of C. gattii infection in immunocompentent hosts [12,24,78]. 

It is suggested that the bimorphic colony types reflect differences in the nature of 

the organism in the intracranial granuloma versus that present in the nasal cavity. One 

isolate likely infected the animal, and an in vivo colony phenotypic switch either resulted 

in dissemination or occurred as a consequence of dissemination. The swabs from both 

areas were pooled for culture, however, and this remains a hypothesis. Whether 

phenotypic switching is genetically or epigenetically controlled is not yet known. This 

case illustrates that phenotypic variants isolated from a single patient can differ in 

melanin production and in mating ability, while maintaining similar genetic profiles. 

The majority of the infection in this case was adjacent to the cribriform plate in 

the cranium and in the left cranioventral cerebrum. Subclinical nasal infection by C. gattii 

in dogs and cats can progress to systemic infection [67], which is the suspected 

pathogenesis in this case. This case illustrates the recent emergence of C. gattii in the 

United States Pacific Northwest. The genetic concordance of this isolate with the 

outbreak VGIIa/major genotype indicates that this case is an expansion of the geographic 

range of this virulent strain from Vancouver Island to the Pacific Northwest of the United 

States. An alternative hypothesis is that the Vancouver Island VGIIa major genotype was 

present in both Vancouver Island and the United States and emerged independently in the 

two locales. However, given that there were no cases of the VGIIa/major  genotype in 
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animals or patients in Washington and Oregon from 1999 until the first index case in 

2006 in the San Juan Islands, during which time hundreds of cases occurred on 

Vancouver Island in animals and humans, we favor the more parsimonious explanation 

that this represents an expansion from Vancouver Island/Canada into the United States. 

Moreover, ample evidence indicates that the organism is spread via a variety of routes, 

including human traffic, and the spate of several dozen recent cases in animals and 

humans in Washington and Oregon during 2007-2008 [20] is in accord with models 

positing a recent expansion of geographic range by introduction from Vancouver 

Island/Canada into the United States. This case also reflects an important need for 

genotypic analysis of veterinary isolates of Cryptococcus spp. infections to determine 

both the species causing infection, and the molecular type of the isolate to establish 

modes and patterns of this emerging pathogenic fungus in the Pacific Northwest.    
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Figure 5: Histopathological and phenotypic analyses of the bimorphic canine isolate, 
with a noted melanin and fertility difference between colonies. A) Granulomatous mass 
from the cranial cavity of a 1.5-year-old dog. There are many encapsulated spherical to oval 
yeast. Hematoxylin and eosin. Bar = 40 µm. B) Yeast exhibiting narrow-based budding with 
intense capsular staining with Mayer’s mucicarmine stain. The organism is surrounded by 
inflammation consisting of macrophages, lymphocytes, and plasma cells. Mayer’s 
mucicarmine stain. Bar = 10 µm. C) Colonies exhibit bimorphic morphogy on L-dopamine 
agar. Both are mucoid, with melanin production in the colony on the right, and lack of 
melanin production in the colony on the left.  D) Mating differences on Mirashige and 
Skoog media with myo-inositol, incubated at room temperature in the dark. There is a lack 
of fertility in the yeast from the colony lacking melanin production, evidenced by lack of 
filamentous growth (D) whereas filamentous growth indicative of mating is evident in the 
yeast from the pigmented colony (E). 
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2.4 Discussion  

Our findings document expansion of the range of the outbreak of C. gattii 

infection from British Columbia to Washington and Oregon. This conclusion is based on 

the results of extensive MLST analysis, which demonstrated the presence of isolates in 

the United States identical to control isolates from the VGIIa/major and VGIIb/minor 

genotypes involved in the Vancouver Island outbreak. These results illustrate an 

increased risk of infection, as well as an expansion of the zone in which this pathogenic 

fungus is endemic. Given the travel history of the people and animals affected, most of 

the infections in Washington and Oregon were not the result of exposure on Vancouver 

Island or in Canada. As a consequence, it appears the impact of C. gattii infection is 

increasing as an emerging infectious disease in the Pacific Northwest. 

In addition to the significant human risks, there is also an expanding risk to 

terrestrial wild, agrarian, and companion animals, as well as marine mammals [23]. 

Furthermore, the occurrence of disease in nonmigratory animals provides additional 

evidence that these isolates were acquired locally in Washington and Oregon. With the 

exception of a few anomalous cases, there have been no reported cases of C. gattii 

infections transmitted from person to person, animal to animal, or between animals and 

humans as part of this outbreak or more generally.  

The expansion of the range of C. gattii is likely abetted by increasing human 

traffic and animal migration. A previous environmental survey of C. gattii in British 

Columbia and the Pacific Northwest region of the United States documented the 

perennial colonization of certain locales as well as evidence of ongoing dispersal 
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associated with human travel; however, no isolates were recovered from Oregon [89]. In 

addition, an increase in the amount of airborne C. gattii has been detected in forestry 

areas, indicating that disruption of trees may foster its spread [89]. It is likely that both 

anthropogenic and natural dispersal are occurring in the region. 

Another open question with respect to the outbreak and the expansion of the area 

affected by it has to do with the contribution, if any, of spores generated by same-sex or 

opposite-sex mating. Spores are smaller than vegetative yeast cells, easily disseminated, 

and infectious [63,98,110,111]. The sexual cycle might also generate recombinant 

progeny with altered virulence. Vancouver Island air samples revealed particles small 

enough to be spores [89]. The recent finding that co-culturing Cryptococcus with plants 

stimulates sexual reproduction suggests how infectious spores might be produced in 

nature [87]. 

It is unclear how frequently mating occurs in natural populations of C. gattii. In 

Australia, both a-α and α-α mating have been observed in natural populations [50], but 

in the Pacific Northwest, where no a isolates have been identified, α-α mating may be 

more common. In one model, VGIIb arrived from Australia and recombined in transit or 

on arrival through same-sex mating to form the VGIIa outbreak-related genotype, which 

then expanded to British Columbia and the Pacific Northwest (Figure 6) [18]. The way in 

which VGIIc emerged is less clear, and it may have come from outside the region or may 

be a recombined isolate (Figure 6). Increased sampling may enable elucidation of the 

origin of this genotype. 
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Although same-sex mating is a plausible hypothesis to account for the 

recombination event that may have spawned the outbreak, an alternative hypothesis is 

that the Vancouver Island outbreak is the result of opposite-sex mating, possibly in South 

America, that gave rise to the outbreak isolate [18,85]. An investigation of C. gattii in 

Colombia recently discovered a population that contained 96.6% serotype B MAT a 

isolates [85]. Considering that the VGIIb outbreak-related genotype is identical at 30 loci 

characterized by MLST to isolates from fertile, recombining Australian populations 

[51,52] and that all of the outbreak-related isolates, including those identified in the 

present study, are mating type α, we favor the α-α mating hypothesis, although studies 

are needed to determine whether a-α recombination is occurring in South America and 

the impact of such recombination. In addition, in depth studies of populations contained 

in areas such as single trees (possibly using high-throughput sequencing) will enable a 

determination of whether same-sex and opposite sex mating occur in natural ecological 

populations in the Pacific NW and on Vancouver Island. Studies of isolates in individual 

trees have recently shown that both a-α and α-α mating occur in natural populations in 

Australia, providing further impetus to conduct similar studies in Canada, the United 

States, and South America [50]. 

While the origin of the VGIIa outbreak-related genotype has not been resolved, 

the expansion of the range of both outbreak-related genotypes into neighboring regions is 

clear. It is likely that one or more isolates reached Vancouver Island directly, and the 

organism's endemic zone is now expanding to mainland British Columbia and the United 

States. The time line for the outbreak and its spread into mainland Canada correlate well 
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with expansion rather then an ascertainment bias from increased surveillance. 

Retrospective case reviews identified no cases of C. gattii infection in the Pacific 

Northwest region of the United States during 1997-2004 whereas current prospective 

studies have revealed 20 cases since the 2006 United States index case [44]. Our studies 

provide insights into the expanded range of this outbreak and indicate a clear need for 

future studies, as well as vigilant public health reporting. In addition, novel molecular 

types, including VGIIc, may have entered the United States directly; alternatively, they 

may never have become established or thus far escaped detection on Vancouver Island. 

Although cases of C. gattii infection in Oregon have occurred in humans and animals, the 

environmental niche of this organism remains elusive. Further ecological studies of C. 

gattii in the Oregon environment are needed to determine likely reservoirs and enable an 

understanding of population structures. This approach should shed further light on the 

dynamics of an emerging pathogen and help clarify influences that affect the origins and 

expanding ranges of microbial pathogens.  
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Figure 6. Origin of an outbreak of C. gattii infection. The left panel shows the arrival 
of minor and novel recombinant genotypes. The right panel shows the dispersal of the 
VGIIa and VGIIb minor genotypes from Vancouver Island to mainland British Columbia 
(1), from mainland British Columbia to the United States (2), from Vancouver Island to the 
United States (3), and from Washington to Oregon (4). 
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3. Molecular and phenotypic characterization of hig hly 
virulent C. gattii genotypes in the United States Pacific 
Northwest through the analysis of a global collecti on of 
non outbreak-associated VGII isolates 1 

3.1 Introduction 

Newly emerging and reemerging diseases have become a major focus of 

infectious disease research in the 21st century. Reemerging diseases are classified as those 

that have been previously documented, but are now rapidly increasing in incidence, 

geographic range, or both [3]. Emerging disease events have been occurring at higher 

than average rates in the United States due to several factors such as wildlife diversity, 

environmental change, international travel, and increases in host susceptibility [2,112]. 

An additional factor contributing to increases in morbidity and mortality for many 

infectious diseases involves genetic recombination events or gene/pathogenicity island 

acquisitions. These events can occur via either horizontal gene transfer or 

conjugation/introgression, leading to novel pathogenic genotypes. This form of virulence 

evolution has been well characterized in bacterial, viral, fungal, and parasitic human 

diseases [18,93,113,114,115,116]. The ability to cause damage to mammalian hosts is a 

common theme among all microbial pathogens, making it a key aspect of host-pathogen 

studies [117].  

In the genomic era, it is now possible to combine conventional epidemiological 

approaches with newly developed molecular typing techniques to gain insight into the 
                                                 

1 Some of the material in this chapter can be found in: 21. Byrnes EJ, 3rd, Li W, Lewit Y, Ma H, Voelz K, et al. (2010) 
Emergence and pathogenicity of highly virulent Cryptococcus gattii genotypes in the northwest United States. PLoS 
Pathog 6: e1000850. 
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emergence and molecular epidemiology of pathogens. These approaches can improve 

understanding of population dynamics during an outbreak, and may lead to novel 

methods for the rapid identification, treatment, and diagnosis of emerging infections 

[118]. In addition, molecular typing serves as an initial approach to classify isolates into 

distinct genotypes for analysis. Further investigations may include the examination of 

virulence and phenotypic traits that may be common or distinct between genotypes 

[18,20,38]. Gaining insights into the molecular epidemiology and virulence of newly 

emerging diseases has considerable potential for the rapid assessment and management of 

newly emerging infections.    

Over the past decade, Cryptococcus gattii has emerged as a primary pathogen in 

northwestern North America, including both Canada and the United States 

[18,20,24,31,44,76,78]. In the past, C. gattii has often been associated with Eucalyptus 

trees in tropical and subtropical climates, causing disease in immunocompetent hosts at 

low incidences [12,13,81]. C. gattii is distinct from its sibling species Cryptococcus 

neoformans [14], which more commonly infects immunosuppressed hosts and infects 

almost one million people annually with over 620,000 attributable mortalities [11,15,80]. 

C. gattii can be classified into four discrete molecular types (VGI-VGIV), which 

represent cryptic species as no nuclear allelic exchange between groups has been 

observed [18]. This molecular classification is significant because VGII is responsible for 

approximately 95% of the Pacific Northwest infections in Canada and the United States 

[24,38]. The appearance of C. gattii in North America is alarming because this is the first 
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major emergence in a temperate climate, indicating a possible expansion in the endemic 

ecology of this pathogen [53,79].   

Several significant questions persist regarding the outbreak and its expansion 

within the United States. As the global collection of C. gattii isolates expands, the 

molecular epidemiology of the species has become increasingly informative, particularly 

through multilocus sequence typing (MLST), which allows data to be readily compared 

between groups within the research community [18,19,24,42,119]. The increase in global 

and regional isolates that have been typed at the molecular level allows detailed analysis 

of C. gattii. The analysis of both conserved coding regions, and diverse noncoding 

regions provides insight into the genotypes responsible for the outbreak. A major finding 

in this study is a level of underlying diversity within the VGIIa/major genotype in the 

region of expansion and other geographic locales.  

Prior studies documented that the C. gattii VGIIa/major genotype isolates from 

Vancouver Island are highly virulent in experimental murine infection assays [18]. Here 

we expanded this analysis to examine clinical VGIIa genotype isolates from Vancouver 

Island, the United States, and Brazil, in addition to an environmental VGIIa isolate from 

California. Our findings are consistent with recent macrophage intracellular proliferation 

studies, demonstrating that United States isolates from the recent Pacific NW outbreak 

exhibit high virulence [92]. The enhanced virulence of isolates from the outbreak region, 

when compared with those from other regions, suggests that the genotypes circulating in 

the Pacific Northwest are inherently increased in their predilection to cause disease in 

mammalian hosts. 
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In addition to the detailed examination of the VGIIa/major genotype clade, we 

report that the novel VGIIc genotype is highly virulent in a murine inhalation model. 

Moreover, the VGIIc genotype was found to have high intracellular proliferation rates in 

macrophages and a significantly increased percentage of mitochondria with tubular 

morphology after macrophage exposure, and thus VGIIc isolates share virulence 

attributes with the VGIIa/major genotype isolates from the Vancouver Island outbreak. 

These results extend the molecular and phenotypic understanding of the recently 

discovered VGIIc/novel genotype and help shed light into its possible geographic and 

molecular origins.  

These studies provide insights into both the evolutionary history and virulence 

characteristics of this unique and increasingly fatal fungal outbreak in the temperate 

climate of the North American Pacific Northwest and highlight the importance of a 

collaborative interdisciplinary approach to the analysis of emerging pathogens. 

Application of these approaches may increase awareness of disease risks in the expansion 

zone, lead to more rapid diagnoses and, as a result, accelerate the implementation of 

appropriate therapy.       

3.2 Materials and methods  

3.2.1 Isolate identification  

Human and veterinary cases of confirmed or suspected C. gattii infections in the 

states of Washington and Oregon were identified by referring physicians and 

veterinarians, and subsequently isolates were purified and examined. Melanin production 

was assayed by growth and dark pigmentation on Staib’s niger seed medium, and urease 
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activity was detected by growth and alkaline pH change on Christensen’s agar. These 

tests established that isolates were Cryptococcus (C. neoformans or C. gattii). Isolates 

were concomitantly examined for resistance to canavanine and utilization of glycine on 

L-canavanine, glycine, 2-bromothymol blue (CGB) agar. Growth on CGB agar indicates 

that isolates are canavanine resistant, and able to use glycine as a sole carbon source, 

triggering a bromothymol blue color reaction indicative of C. gattii, whereas C. 

neoformans is sensitive to canavanine, and cannot use glycine as a sole carbon source, 

resulting in no growth or coloration in this selective indicator medium. All CGB positive 

isolates were then grown under rich culture conditions prior to storage at -80ºC in 25% 

glycerol and genomic DNA extraction. For genomic DNA isolation, a modified protocol 

of the MasterPure Yeast DNA purification kit from Epicentre Biotechnologies was used. 

Briefly, 500 µl of glass beads (425-600 nm) were added into the combination of cells and 

300 µl cell lysis solution. The rest of the method followed the protocol provided by the 

manufacturer. 

3.2.2 Molecular epidemiology  

For multilocus sequence typing analysis (MLST) [43], each isolate was analyzed 

with a minimum of eight and in some cases sixteen loci. For each isolate, genomic 

regions were PCR amplified (Table 6), purified (ExoSAP-IT), and sequenced. All 

primers used for the analysis were designed specifically to amplify open reading frame 

(ORF) gene sequence regions including those with non-coding DNA regions to maximize 

discriminatory power. Sequences from both forward and reverse strands were assembled, 

and manually edited using Sequencher version 4.8 (Gene Codes Corporations). Based on 
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BLAST analysis of the GenBank database (NCBI), each allele was assigned a 

corresponding number. GenBank accession numbers with corresponding allele numbers 

are listed in Table 7. To determine that the nine VGIIc/novel isolates are clonally related, 

given the level of diversity in the loci and the number of isolates that have been 

examined, we applied an equation to measure the probability of a genotype occurring 

more than once in the dataset [120,121]. For the variable number of tandem repeat 

(VNTR) analysis, the Tandem Repeat Finder (TRF) version 4.00 software package was 

employed for marker development, using the genomic sequence of C. gattii isolate R265 

(http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans_b.2/Home.

html) [122]. The identified tandem repeat sequences and 400 bp of the flanking region 

were extracted from the genomic sequence and ranked according to the number of total 

repeats and the size of repeat units using an in-house Perl script (available upon request). 

Markers were examined for stability and those with high variability and stability were 

chosen for the analysis. Sequences were assembled and edited using Sequencher version 

4.8 (Gene Codes Corporations) and aligned using the Clustal W web based software 

package (http://www.ebi.ac.uk/Tools/clustalw2/index.html). 

Table 6. Primers used in Chapter 3. 

Primer name Primer Sequence Marker Amplified  
JOHE10451 TACATCACCGGTCATATCTGC SXI1α 

JOHE10452 CTGGAGAAGCGCCTCACTGGA SXI1α 

JOHE14115 AGGGTACGTTTGAGGCCAGTT SXI1α alternative  

JOHE14116 GAAAGCGTTGGCAAGGAATGA SXI1α alternative 

JOHE10453 TGATCGCACGAGCCAAATCCC SXI2a 

JOHE10454 GGCTTCCTGACAACACTTCTA SXI2a 

YL001 TGTCTTCTGACACCCAGTCG SXI2a alternative 

YL002 TCAGAAAGCCAATTCCATCC SXI2a alternative  
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Table 6 (continued) 
JOHE14408 ATCCTTTGCAGACGACTTGA IGS 

JOHE14409 GTGATCAGTGCATTGCATGA IGS 

JOHE14976 GCACGCTCTTCTCGCCTTCAC TEF1 

JOHE14977 GTAGTCGGCGTAGGTCTCAAC TEF1 

JOHE14968 CCACCGAACCCTTCTAGGATA GPD1 

JOHE14969 CTTCTTGGCACCTCCCTTGAG GPD1 

JOHE14970 AACATGTTCCCTGGGCCTGTG LAC1 

JOHE14971 ATGAGAATTGAATCGCCTTGT LAC1 

JOHE14386 CCGGAACTGACCACTTCATC CAP10 

JOHE14387 GCCCACTCAAGACACAACCT CAP10 

JOHE14974 CTCTCATTGTTCGCCGCTACT PLB1 

JOHE14975 GGAAGCCGAGGTCTGATTTGG PLB1 

JOHE14972 TGCCCTGGATCCTAATGCTCT MPD1 

JOHE14973 ACCCAGACTGCCGCTGTCGTC MPD1 

JOHE15459 AATCTGTGACTTTGGCCTTGC HOG1 

JOHE15460 TTCGCTGTACATCATCACCTT HOG1 

JOHE15431 CTCCATTCACTGCGCCAATAA BWC1 

JOHE15432 ATACGTGCCCTCAAAGATTCT BWC1 

JOHE15445 AGTGCGTCATCGTCGATTAGG CNB1 

JOHE15446 TCTTCGCTCGAAATCTTTCAA CNB1 

JOHE15471 TTCGGTACCATCCTGAGTTAT TOR1 

JOHE15472 TTAGCCAAGGTCTTCCCACTG TOR1 

JOHE15449 TCAGCACCGCTATTCTTCTTA CRG1 

JOHE15450 TACCTAGCACCCGCGTCTCCT CRG1 

JOHE15451 TTATGCGTACGCTTTGAACAT FHB1 

JOHE15452 CCGTCTTCCCGCTTGACAGAA FHB1 

JOHE15453 TCAACTGTACTGACGCTGACC FTR1 

JOHE15454 GATGCTCAACTTACACCACCA FTR1 

JOHE15437 TCCGCTGCACAAGTGATACCC CAP59 

JOHE15438 CTCTACGTCGAGCAAGTCAAG CAP59 

JOHE20264 CAGAGAAGGCAAAAGGATCG VNTR3 

JOHE20265 TCATCTTCCCCATCAGAGGT VNTR3 

JOHE20272 CAGCCTAATCTCACAGCCTTG VNTR7 

JOHE20273 TCTCCCACTTCCTCGTTCAT VNTR7 

JOHE20288 CGGTACTGCCGATGGATAGA VNTR15 

JOHE20289 AAAGATTTCAAGGCCCAAAGA VNTR15 

JOHE20918 GGTCAAAACCAAAAGCCAGA VNTR34 

JOHE20919 TCAAGCGAAAAACGAGGACT VNTR34 
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Table 7. Genbank accession numbers for sequences used in Chapter 3. 

GenBank Accession number Submission Details 

AY973643 MLST allele SXI1a_3 

AY973641 MLST allele SXI1a_7 

DQ096304 MLST allele SXI1a_12 

DQ096307 MLST allele SXI1a_16 

AY973651 MLST allele SXI1a_17 

DQ096308 MLST allele SXI1a_18 

AY973646 MLST allele SXI1a_19 

DQ096309 MLST allele SXI1a_22 

AY973647 MLST allele SXI1a_23 

AY973648 MLST allele SXI1a_24 

DQ198306 MLST allele SXI1a_25 

DQ198307 MLST allele SXI1a_26 

DQ198308 MLST allele SXI1a_27 

DQ198309 MLST allele SXI1a_28 

EU937833 MLST allele SXI1a_35 

DQ198316 MLST allele SXI2a_5 

GU446661 MLST allele SXI2a_6 

DQ096313 MLST allele IGS_3 

DQ096314 MLST allele IGS_4 

DQ096316 MLST allele IGS_6 

DQ096318 MLST allele IGS_8 

DQ096319 MLST allele IGS_10 

DQ096324 MLST allele IGS_15 

DQ096325 MLST allele IGS_16 

DQ096327 MLST allele IGS_18 

DQ198328 MLST allele IGS_21 

DQ198329 MLST allele IGS_22 

DQ198332 MLST allele IGS_25 

DQ198333 MLST allele IGS_26 

DQ198334 MLST allele IGS_27 

DQ198335 MLST allele IGS_28 

DQ198336 MLST allele IGS_29 

DQ198337 MLST allele IGS_30 

GU299206 MLST allele IGS_31 

GU299207 MLST allele IGS_34 

DQ096359 MLST allele TEF1_2 
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Table 7 (continued) 
DQ096361 MLST allele TEF1_4 

DQ096362 MLST allele TEF1_5 

DQ096363 MLST allele TEF1_6 

DQ096364 MLST allele TEF1_7 

DQ096367 MLST allele TEF1_10 

DQ198338 MLST allele TEF1_19 

DQ198339 MLST allele TEF1_20 

DQ096377 MLST allele GPD1_1 

DQ096378 MLST allele GPD1_2 

DQ096380 MLST allele GPD1_4 

DQ096381 MLST allele GPD1_5 

DQ096382 MLST allele GPD1_6 

DQ096385 MLST allele GPD1_9 

DQ096392 MLST allele GPD1_16 

DQ096393 MLST allele GPD1_17 

DQ198322 MLST allele GPD1_21 

DQ198323 MLST allele GPD1_22 

DQ198325 MLST allele GPD1_24 

DQ198326 MLST allele GPD1_25 

GU299205 MLST allele GPD1_27 

DQ096397 MLST allele LAC_1 

DQ096398 MLST allele LAC_2 

DQ096400 MLST allele LAC_4 

DQ096401 MLST allele LAC_5 

DQ096403 MLST allele LAC_7 

DQ096407 MLST allele LAC_11 

DQ096412 MLST allele LAC_16 

DQ198352 MLST allele LAC_21 

DQ198355 MLST allele LAC_24 

DQ096416 MLST allele CAP10_1 

DQ096419 MLST allele CAP10_4 

DQ096420 MLST allele CAP10_5 

DQ096421 MLST allele CAP10_6 

DQ096422 MLST allele CAP10_7 

DQ096425 MLST allele CAP10_10 

DQ198318 MLST allele CAP10_14 

DQ096343 MLST allele PLB1_1 

DQ096344 MLST allele PLB1_2 

DQ096345 MLST allele PLB1_3 
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Table 7 (continued) 
DQ096347 MLST allele PLB1_5 

DQ096351 MLST allele PLB1_9 

DQ096356 MLST allele PLB1_14 

DQ198342 MLST allele PLB1_16 

DQ198344 MLST allele PLB1_18 

DQ198345 MLST allele PLB1_19 

DQ198348 MLST allele PLB1_22 

DQ198349 MLST allele PLB1_23 

DQ198350 MLST allele PLB1_24 

DQ096331 MLST allele MPD1_2 

DQ096332 MLST allele MPD1_3 

DQ096334 MLST allele MPD1_5 

DQ096337 MLST allele MPD1_8 

DQ096456 MLST allele HOG1_1 

DQ096457 MLST allele HOG1_2 

EU937830 MLST allele HOG1_3 

EU937831 MLST allele HOG1_4 

EU937832 MLST allele HOG1_5 

GU299199 MLST allele HOG1_7 

GU299200 MLST allele HOG1_8 

GU299201 MLST allele HOG1_9 

GU299202 MLST allele HOG1_10 

GU299203 MLST allele HOG1_11 

GU299204 MLST allele HOG1_12 

DQ096428 MLST allele BWC1_1 

EU937818 MLST allele BWC1_2 

GU299193 MLST allele BWC1_4 

GU299194 MLST allele BWC1_5 

GU299195 MLST allele BWC1_6 

GU299196 MLST allele BWC1_7 

GU299197 MLST allele BWC1_8 

GU299198 MLST allele BWC1_9 

DQ096442 MLST allele CNB1_1 

DQ096443 MLST allele CNB1_2 

EU937820 MLST allele CNB1_3 

GU299208 MLST allele CNB1_4 

GU299209 MLST allele CNB1_5 

GU299210 MLST allele CNB1_6 

DQ096470 MLST allele TOR1_1 
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Table 7 (continued) 
DQ096471 MLST allele TOR1_2 

GU299190 MLST allele TOR1_5 

GU299191 MLST allele TOR1_6 

GU299192 MLST allele TOR1_7 

DQ096444 MLST allele CRG1_1 

DQ096445 MLST allele CRG1_2 

EU937821 MLST allele CRG1_3 

EU937822 MLST allele CRG1_4 

EU937823 MLST allele CRG1_5 

GU299186 MLST allele CRG1_6 

GU299187 MLST allele CRG1_7 

GU299188 MLST allele CRG1_8 

GU299189 MLST allele CRG1_9 

DQ096446 MLST allele FHB1_1 

DQ096447 MLST allele FHB1_2 

EU937824 MLST allele FHB1_3 

EU937825 MLST allele FHB1_4 

EU937826 MLST allele FHB1_5 

DQ096448 MLST allele FTR1_1 

DQ096449 MLST allele FTR1_2 

DQ198356 MLST allele FTR1_3 

EU937827 MLST allele FTR1_4 

EU937828 MLST allele FTR1_5 

EU937829 MLST allele FTR1_6 

GU299184 MLST allele FTR1_7 

GU299185 MLST allele FTR1_8 

DQ096432 MLST allele CAP59_1 

DQ096433 MLST allele CAP59_2 

DQ096434 MLST allele CAP59_3 

EU937819 MLST allele CAP59_4 

GU299179 MLST allele CAP59_5 

GU299180 MLST allele CAP59_6 

GU299181 MLST allele CAP59_7 

GU299182 MLST allele CAP59_8 

GU299183 MLST allele CAP59_9 

GU254178 MRL2651 VNTR3  

GU254179 NIH312 VNTR3 

GU254180 EJB10 VNTR3 

GU254181 EJB21 VNTR3 
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Table 7 (continued) 
GU254182 WM178 VNTR3 

GU254183 CBS1930 VNTR3 

GU254184 EJB74 VNTR3 

GU254185 ICB107 VNTR3 

GU254186 MMRL3013 VNTR3 

GU254187 LA55 VNTR3 

GU254188 ICB184 VNTR7 

GU254189 R272 VNTR7 

GU254190 ICB182 VNTR7 

GU254191 2003/125 VNTR7 

GU254192 Ram2 VNTR7 

GU254193 EJB52 VNTR7 

GU254194 NT-14 VNTR7 

GU254195 WA861 VNTR7 

GU254196 CBS7750 VNTR7 

GU254197 NT-10 VNTR7 

GU254198 99/473 VNTR7 

GU254199 LA55 VNTR7 

GU254200 2001/571  

GU254201 ICB183 VNTR7 

GU254202 93/980 VNTR7 

GU254203 LA584 VNTR7 

GU254204 CBS1930 VNTR7 

GU254205 ICB179 VNTR7 

GU254206 97/170 VNTR7 

GU254207 NT-10 VNTR15 

GU254208 MMRL2651 VNTR15 

GU254209 2000/87 VNTR15 

GU254210 NT-12 VNTR15 

GU254211 NT-14 VNTR15 

GU254212 EJB21 VNTR15 

GU254213 ICB107 VNTR15 

GU254214 ICB97 VNTR15 

GU254215 NIH312 VNTR15 

GU254216 EJB52 VNTR15 

GU254217 97/170 VNTR15 

GU254218 93/980 VNTR15 

GU254219 MMRL2651 VNTR34 

GU254220 NT-10 VNTR34 
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Table 7 (continued) 
GU254221 NMRL1339 VNTR34 

GU254222 PGN31 VNTR34 

GU254223 NIH312 VNTR34 

GU254224 RDH-2 VNTR34 

GU254225 NT-8 VNTR34 

GU254226 RDH-7 VNTR34 

GU254227 NT-3 VNTR34 

GU254228 WM178 VNTR34 

GU254229 EJB10 VNTR34 

GU254230 CBS8684 VNTR34 

GU254231 WA861 VNTR34 

GU254232 ICB97 VNTR34 

GU254233 ICB184 VNTR34 

GU254234 EJB12 VNTR34 

GU254235 ICB107 VNTR34 

GU254236 2003/125 VNTR34 

GU254237 R271 VNTR34 

GU254238 CA1014 VNTR34 

GU254239 2001/935-1 VNTR34 

GU254240 98/1037-2 VNTR34 

GU254241 NT-14 VNTR34 

GU254242 ICB179 VNTR34 

GU254243 98/1037-1 VNTR34 

GU254244 CBS10090 VNTR34 

GU254245 EJB21 VNTR34 

GU254246 99/901-1 VNTR34 

GU254247 93/980 VNTR34 

GU254248 LA55 VNTR34 

GU254249 LA499 VNTR34 

GU254250 ICB183 VNTR34 

 

3.3.3 Mating conditions  

Mating analysis was conducted on V8 media (pH 5). Isolates were incubated at 

room temperature in the dark for 2-4 weeks in dry conditions. All strains were crossed 

with the VGIII mating type a isolate B4546 and the VGIII mating type α isolate NIH312, 
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both of which are fertile and commonly used for mating studies [39]. Fertility was 

assessed by microscopic examination for hyphae, fused clamp cells, basidia, and 

basidiospore formation. 

3.3.4 Clustering and haplotype analyses  

For each VNTR marker, a sequence type was defined as a sequence exhibiting a 

unique mutation. Each sequence type was confirmed to be unique by BLAST analysis of 

the NCBI GenBank database [123]. A concatenated VNTR sequence type (CVST) was 

defined as unique combinations of sequence types from the VNTR markers. A multiple 

alignment of the sequences was carried out using Clustal W software [124]. Analysis of 

the sequences was conducted using the Neighbor-Joining and Maximum Parsimony 

methods within the MEGA 3.1 software [125]. In addition, the use of the maximum 

likelihood method (PhyML 3.0) with SH-like approximate likelihood-ratio test and 

HKY85 substitution model was applied [126,127]. For this purpose, sequences of the 

selected VNTR markers were concatenated. We additionally concatenated all of the 

strain-typing markers including the housekeeping genes used in MLST and VNTR loci 

for clustering analysis. The haplotype mapping analysis was carried out using TCS 

software version 1.21 (http://darwin.uvigo.es/software/tcs.html) [128].  

3.3.5 Intracellular proliferation rate (IPR) determ ination  

A proliferation assay was previously developed to monitor the intracellular 

proliferation rate (IPR) of individual strains for a 64-hour period following phagocytosis 

[92]. These assays were completed in collaboration with Robin May and conducted at the 

University of Birmingham, United Kingdom. For this assay, J774 macrophage cells were 



 

66 

exposed to cryptococcal cells that were opsonized with 18B7 antibody for 2 hr as 

described previously [129]. Each well was washed with phosphate-buffered saline (PBS) 

in quadruplicate to remove as many extracellular yeast cells as possible and 1 ml of fresh 

serum-free DMEM was then added. For time point T=0, the 1 ml of DMEM was 

discarded and 200 µl of sterile dH2O was added into wells to lyse macrophage cells. After 

30 minutes, the intracellular yeast were released and collected. Another 200 µl dH2O was 

added to each well to collect the remaining yeast cells. The intracellular yeast were then 

mixed with Trypan Blue at a 1:1 ratio and the live yeast cells were counted. For the 

subsequent five time points (T=16 hrs, T=24 hrs, T=40 hrs, T=48 hrs and T=64 hrs), 

intracellular cryptococcal cells were collected and independently counted with a 

hemocytometer. For each strain tested, the time course was repeated at least three 

independent times, using different batches of macrophages. The IPR value was calculated 

by dividing the maximum intracellular yeast number by the initial intracellular yeast 

number at T=0. We confirmed that Trypan Blue stains 100% of the cryptococcal cells in 

a heat-killed culture, but only approximately 5% of cells from a standard overnight 

culture. Compared to a conventional colony counting method, this method was shown to 

be more sensitive in detecting the clustered yeast population or yeast cells undergoing 

budding. IPR values were used to assess how consistent the different VGII genotype 

subgroups were. For this statistical analysis the medians of each population were 

compared with the non-parametric Mann-Whitney U-test and values of p< 0.025, after 

controlling for multiplicity, and were accepted as statistically significant 

(http://elegans.swmed.edu/~leon/stats/utest.cgi).  
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3.3.6 Mitochondrial morphology 

The mitochondrial morphology assays were conducted in a similar way to those in 

previous studies, with modifications [92]. C. gattii cells, grown overnight at 37°C in 

DMEM in a 5% CO2 incubator without shaking for 24 hr, or isolated from macrophages 

24 hr after infection, were harvested, washed with PBS twice and re-suspended in PBS 

containing the Mito-Tracker Red CMXRos (Invitrogen) at a final concentration of 20 

nM. Cells were incubated for 15 min at 37°C. After staining, cells were washed in 

triplicate and re-suspended in PBS. For each condition, more than 100 yeast cells per 

replicate for each of the tested strains were chosen randomly and analyzed. For 

quantifying different mitochondrial morphologies, images were collected using a Zeiss 

Axiovert 135 TV microscope with a 100x oil immersion Plan-Neofluar objective. Both 

fluorescence images and phase contrast images were collected simultaneously. Images 

were captured with identical settings on a QIcam Fast 1394 camera using the QCapture 

Pro51 version 5.1.1 software. All images were processed identically in ImageJ and 

mitochondrial morphologies were analyzed and counted blindly. 

Three individual experiments were performed for each condition and the data 

were tested for normality using the Shapiro-Wilk test. For homogeneity of variances we 

used the Levene statistic. For statistically significant differences among the mean data we 

applied a One-Way ANOVA. Multi-comparisons using Tukey Honestly Significant 

Differences tests were performed to identify statistically significant differences between 

pairs. A p-value of p< 0.05, after controlling for multiplicity, was considered to be 

statistically significant. Regression analysis was used to measure the correlation between 
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tubular mitochondrial morphology and IPR values; an F-value of p<0.05 was considered 

to be a significant correlation. 

3.3.7 Murine virulence assays and histopathology  

To examine the virulence potential of global VGII isolates, with a specific 

emphasis on the Pacific NW VGII outbreak genotypes, two independent murine virulence 

experiments were conducted at two facilities (Duke University Medical Center and the 

Wadsworth Center). The assays at the Wadsworth Center were in collaboration with 

Vishnu Chaturvedi. The murine virulence assays at Duke University Medical Center and 

the Wadsworth Center used a similar protocol to previous C. gattii and C. neoformans 

experimental infections [18,63,130].  

At the Duke University Medical Center animal facility, virulence was assessed 

using female A/Jcr mice (NCI, 18–24 g). Strains were cultured in YPD broth for 18–20 h 

at 30ºC, harvested, washed three times with sterile PBS and counted using a 

hemocytometer to determine cell concentrations. Inocula for both murine experiments 

were confirmed by plating on YPD and counting colony-forming units (c.f.u.). Nine to 

ten A/Jcr mice per strain were anesthetized with pentobarbital and infected via intranasal 

instillation with 5 x 104 c.f.u. in 50 µl of sterile PBS. Animals that displayed severe 

morbidity, based on twice-daily examinations, were euthanized. Time to mortality was 

evaluated for statistical significance using Kaplan–Meier survival curves within the Prism 

software package (GraphPad Software), and p-values were obtained from a log-rank test. 

Survival data was plotted for graphical analysis using the Prism software package.  
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At the Wadsworth center animal facility, all assays were conducted using male 

BALB/c mice (approximately 6 weeks old, 15 – 20 g, Charles River Laboratories, Inc.).   

Strains were grown overnight in YPD broth at 30°C with shaking. The cells were 

harvested, washed in PBS, and counted using a hemocytometer. Five mice per strain were 

anesthetized with a mixture of xylazine–ketamine, and inoculated with 1.05 x 105 

cryptococcal cells per mouse, via intranasal instillation. Mice were given food and water 

ad libitum and monitored twice daily. At the first sign of poor health or discomfort, 

infected animals were euthanized. Brain and lung tissues from the dead animals were 

cultured on niger seed agar for C. gattii recovery to confirm infections were due to this 

pathogen. Time to mortality was evaluated for statistical significance as described above.   

Two animals from each strain assayed in the study conducted at Duke University 

were selected for histopathology analysis either at the time of sacrifice or at the 

conclusion of the experiment for the more attenuated isolates. For each animal, lung 

samples were collected and stored in 10% neutral buffered formalin. Samples were 

paraffin embedded and hematoxylin and eosin (H&E) stained at the Duke University 

Research Histology Laboratory. After staining and slide preparation, each sample was 

examined microscopically for analysis of cryptococcal cell burden and immune 

responses. Images were captured using an Olympus Vanox microscope (Duke PhotoPath, 

Duke University Medical Center).      

3.3.8 Ethics statement  

The animal studies conducted at the Wadsworth Center were in full compliance 

with all of the guidelines set forth by the Wadsworth Center Institutional Animal Care 
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and Use Committee (IACUC) and in full compliance with the United States Animal 

Welfare Act (Public Law 98-198). The Wadsworth Center IACUC approved all of the 

vertebrate studies. The studies were conducted in facilities accredited by the Association 

for Assessment and Accreditation of Laboratory Animal Care (AAALAC). 

The animal studies at Duke University Medical Center were in full compliance 

with all of the guidelines of the Duke University Medical Center Institutional Animal 

Care and Use Committee (IACUC) and in full compliance with the United States Animal 

Welfare Act (public law 98-198). The Duke University Medical Center IACUC approved 

all of the vertebrate studies. The studies were conducted in Division of Laboratory 

Animal Resources (DLAR) facilities that are accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care (AAALAC). 

3.4 Results 

3.4.1 Molecular analysis of C. gattii VGII outbreak vs. global isolates  

 To examine the C. gattii outbreak isolates collected from 2005 to 2009 (Figure 7), 

an in-depth stepwise molecular analysis was applied to each isolate, and the genotypes 

were compared with other global genotypes. In total, 20 markers were selected for 

analysis. These markers include both coding and noncoding genomic regions and range 

in size and allelic diversity (Table 8). Additionally, all of the markers are randomly 

distributed among the chromosomes in the most recent assembly of the reference C. gattii 

VGI genome, WM276 (Figure 8). Initially, all isolates were sequenced at a total of eight 

MLST markers, and four variable number of tandem repeats (VNTR) markers (Figure 9, 

Table 9). Next, global isolates were selected for diversity, and several isolates from each 
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of the primary genotypes in the expansion region were chosen for sequence analysis at 

eight additional MLST loci, bringing the total number of genetic markers analyzed for 

these isolates to 20 (Figure 10A). As expected, the MLST markers were less variable and 

more conserved, while the VNTR markers allowed for higher-resolution differentiation 

between isolates that appeared identical by MLST analysis. The generated datasets were 

then concatenated both without and with VNTR data (Figure 10B, Figure 10C).   

The combined analysis of the results presented here, and a 30 marker MLST 

analysis conducted previously [18,44], reveal several findings of interest in relation to 

VGII genotypes in the region. From the analysis of 34 markers (30 MLST/4 VNTR), we 

show that the Vancouver Island VGIIa/major isolates are fully identical at all loci to 

several recent isolates from Washington and Oregon, as well as a historical clinical 

isolate (1970s), NIH444, from Seattle. Additionally, the VGIIb/minor isolates from 

Australia and Vancouver Island are identical at 34 total loci, and also identical to 

VGIIb/minor isolates from Oregon at 20 loci (16 MLST/4 VNTR). Furthermore, all 

VGIIc isolates to date are identical across all 20 loci examined (Figure 10A). However, 

we also are able to discriminate the outbreak VGIIa genotype from an environmental 

VGIIa isolate from California, CBS7750, and clinical VGIIa isolates CA1014 and 

ICB107 from California and Brazil, respectively, at one or more MLST/VNTR loci. It is 

clear from prior studies that the VGIIa/major and VGIIb/minor isolates are clonal 

lineages [18,23,24,38], and here we confirmed that this is the case for the nine 

VGIIc/novel isolates, based on 7-loci MLST analysis of the global VGII population [21] 

(p<0.0001).  
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The largest and most comprehensive dataset arose from the combined analysis of 

seven MLST and four VNTR loci, resulting in a total of 41 sequence types (STs). This 

dataset was generated from clinical, veterinary, and environmental C. gattii isolates 

(Figure 9, Table 10). From the analysis, it is clear that the VGIIa/b/c clusters are all 

related to each other, but also distinct. In addition, the data show that the VGIIa/major 

clade is closely clustered to VGIIc, further validating prior reports that examined a more 

limited number of loci [1,20]. In addition, VGIIc (ST21) shares high sequence identity to 

ST34, represented by a mating type a clinical isolate from Colombia, suggesting that the 

VGIIc genotype may have resulted from a-α mating, even though all isolates related to 

the Pacific Northwest outbreak are exclusively α mating type. Additionally, Vancouver 

Island isolates from our collection that had not been fully typed by MLST were 

sequenced at two loci to determine if any were unrecognized VGIIc isolates (n=56) 

(Figure 12) [21]. Of these, 51 were found to be VGIIa, five were VGIIb, and none were 

VGIIc, consistent with previous data from the region (Figure 12). Furthermore, 

examining more recent veterinary (n=12) and environmental isolates (n=23, isolated 

during the summer of 2010) at the same two markers, we further show that none of these 

isolates are VGIIc (Figure 13). Thus, the VGIIc genotype appears to remain exclusive to 

the United States, specifically Oregon, and has never been reported from Vancouver 

Island, the mainland of Canada, Washington State, or elsewhere globally.  

Within the VGIIa/major cluster, based on the initial MLST analysis of 30 loci, 

only a single isolate (ICB107) could be distinguished from the other VGIIa isolates, and 

this was at only one locus [44]. To further investigate this homogeneous population 
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causing the vast majority of the outbreak-related morbidity and mortality, we expanded 

the molecular analysis to include highly variable regions of the genome (i.e., VNTR 

markers). The application of these VNTR markers, in combination with the MLST 

markers, allowed us to generate five independent STs from within the VGIIa/major 

genotype and related isolates (Figure 9).    

These five sequence types (ST1, ST2, ST3, ST13, ST30) contained a total of 44 

isolates (Figure 9, Table 10). The canonical VGIIa/major outbreak genotype, ST1, 

contained the vast majority of the 44 isolates (n=38). As expected based on previous 

models of the C. gattii outbreak expansion [20], ST1 consisted of isolates exclusively 

from the initial outbreak and expansion zones, including British Columbia, Washington, 

and Oregon (Table 10). These results further validate the hypothesis that the epicenter of 

the outbreak was on Vancouver Island, beginning in the late 1990s, with a direct 

expansion into neighboring mainland British Columbia and subsequently into the United 

States [20]. The only exception in this dataset is isolate NIH444, an older isolate from the 

region that was isolated from a patient sputum sample in Seattle in the early 1970s [44], 

which is also identical at all 34 markers examined. This suggests that the VGIIa/major 

genotype responsible for most of the outbreak cases may have been circulating in the 

region prior to the outbreak. The possible travel history of this patient is unknown, and 

could therefore have involved exposure on Vancouver Island. Overall, this analysis 

provides increased evidence that the outbreak genotype is unique to the region thus far, 

and molecularly distinct from closely related isolates from both California and South 

America.  
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While the homogeneous nature of the VGIIa/major isolates based on robust 

molecular typing validated previous models, an underlying diversity within this group 

was also discovered. First, we further validated that the isolate ICB107 (ST13), from 

Brazil, was indeed distinct from the ST1 VGIIa/major clade. This isolate differs at one 

MLST marker (LAC1), and three VNTR markers (VNTR3, VNTR15, VNTR34). 

Additionally, the high-resolution sequence analysis was able to discriminate other VGIIa 

isolates that were collected from California. These include isolate CBS7750 (ST3), 

collected from the environment in San Francisco in 1990 [131], and isolate CA1014 

(ST2), which was isolated from a patient with HIV infection in southern California. Each 

of these two isolates differs from ST1 due to unique mutations within the VNTR7 and 

VNTR34 loci, respectively. This shows that similar VGIIa genotype isolates have been 

found elsewhere, but that none are identical to those circulating as part of the ongoing 

Vancouver Island outbreak. Whether these isolates are a result of drift from ST1, or if 

ST1 arose from one of these related genotypes is not known.   

In addition to discriminating VGIIa isolates that were not from the outbreak 

region, we also found a novel ST, ST30, which is highly similar to ST1, but divergent at 

a unique region of VNTR34. Interestingly, all three of the ST30 isolates are exclusively 

from Oregon, including two human clinical cases and one marine mammal case (Figure 

7, Figure 9, Table 10). These results are consistent with an expansion followed by genetic 

drift in the highly variable VNTR loci. Isolates of ST30 have not been detected on 

Vancouver Island, indicating that this divergence is recent, and likely occurred after the 

expansion of ST1 into the United States. Alternatively, both ST1 (VGIIa/major) and 
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ST30 may have been present for a long period, with only ST1 having been transferred to 

Vancouver Island.  

To gain insights into the potential origins of the VGIIc genotype, and to assess its 

position within the overall VGII clade, clustering analysis was applied. Analysis of the 

combined dataset including 41 sequence types generated from 115 C. gattii isolates 

shows that the VGIIc genotype is independent, but similar to VGIIa (Figure 9). The 

closest relationship determined from the analysis was to ST34, an isolate from Colombia, 

which is also of the opposite a mating type. Moving beyond the direct branch, it appears 

that the VGIIc genotype shares sequence similarities to global isolates from South 

America, Africa, and also European isolates with likely African origins based on 

collected clinical case histories. Additionally, the VGIIc group also shares the IGS allele 

with isolates from Australia, further obscuring the possible origins and necessitating a 

more thorough analysis (Figure 10A).    

When the clustering analysis was expanded to include additional MLST loci 

(Figure 10A), both with and without the VNTR markers, the relationships of VGIIc to 

other global genotypes was further elucidated, with close relationships observed with 

global isolates from South America, Africa, Europe (Greece), and Australia (Figure 10B, 

Figure 10C, Table 11). These results increase the comprehensiveness of the analysis, and 

allow predictions of the relationship of this genotype to global isolates. Examination of 

alleles illustrates that, when the analysis is expanded, the VGIIc group appears to be more 

diverse from VGIIa and VGIIb. Each allele represented in green was initially denoted as 

an allele that was unique to the VGIIc genotype, with a total of seven such alleles (Figure 
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10A). To further elucidate the possible origins of these alleles, isolates selected based on 

their global diversity were sequenced at these loci (Figure 10A). Identical matches for 

four of the seven VGIIc-unique alleles were identified in isolates from Brazil, Australia, 

Europe, and European isolates with likely African origins, while three alleles (SXI1α, 

HOG1, and CRG1) remain unique to this novel genotype and only seen in Oregon thus 

far (Figure 10A). 

To further characterize the genetic relationships among the global isolates in 

relation to the outbreak isolates, maximum likelihood (ML) analysis was applied. 

Initially, the isolates were characterized at 15 MLST loci, excluding the MAT locus so 

that both α and a isolates could be included. This analysis indicates that VGIIc may be 

more distantly related to the VGIIa/major genotype than initially observed. In addition, 

analysis of the 15 MLST loci shows a possible relation of VGIIc with isolates from South 

America, Africa, Europe, and Australia (Figure 10B). When this analysis was expanded 

to also include the four VNTR loci, similar results for the global comparisons of all 

genotypes and the relation of VGIIc to global isolates were observed (Figure 10C). For 

these reasons, additional sampling and analysis will be necessary to more precisely 

elucidate if this novel virulent genotype originated locally, or originated in an under-

sampled region.  

In addition to clustering analyses, TCS haplotype-mapping software was applied 

to establish the evolutionary histories of the MLST alleles examined during the analysis 

(Figure 11) [21]. From the sequence results, all of the VGIIc isolates were determined to 

be 100% identical, indicating that there was likely a recent emergence in which all of the 
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isolates are clonally derived. To test this hypothesis, the TCS analysis allowed for the 

examination of individual loci to determine which alleles are likely ancestral, 

intermediate, or recently derived. Of the sixteen loci examined, eight were consistent 

with VGIIc possessing the ancestral allele, six of the alleles were distal nodes at the 

terminal end of the respective haplotype networks, and two loci were of intermediate 

allele positions. 

Alleles with ancestral genotypes are less informative because these alleles may 

not have diversified over time in the VGIIc lineage for various reasons, including 

selection pressures and overall lack of diversity at the allele. When only non-ancestral 

alleles were examined, 75% lay at the distal ends of their haplotype maps. Intriguingly, 

the three VGIIc alleles unique to the genotype (SXI1α, HOG1, and CRG1) all have distal 

placements (Figure 11A-C). Additionally, the most recent ancestor to VGIIc in all three 

cases can be shown to derive from isolates that are from South America and Australia, 

indicating that VGIIc may have emerged out of one of these regions (Figure 11). While 

other regions, including Europe and North America, can be seen, no other regions are 

observed for all three of these alleles. These distal placements are consistent with a recent 

divergence of the unique VGIIc lineage. The haplotype analysis, in combination with the 

lack of any underlying diversity within the nine VGIIc isolates analyzed, indicates a 

recent emergence of this novel virulent genotype in Oregon. 

To examine the role that recombination may have played in the population 

structure of the VGII molecular type, we conducted paired allele analysis for 25 

representative global isolates (Figure 14) [21]. The discovery of all four possible allele 
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combinations between two unlinked loci (AB, ab, Ab, aB) serves as evidence for likely 

recombination [132]. From this analysis, we show that isolates collected from South 

America, Africa, and Australia appear to be involved in recombination events. 

Representative VGIIa/major, VGIIb/minor, and VGIIc/novel isolates were found among 

groups of recombinant isolates. A group of ten isolates, all α, from South America and 

Africa appeared most commonly as recombinant partners, although several a mating type 

isolates were also less frequently involved [21]. In further support, when we examined 

the number of genotypes present by region and compared this data to the total number of 

genotypes represented, it is clear that South America and Africa populations are more 

diverse when compared with isolates from North America, which are more clonal. 

Additionally, while the observed diversity in Australia was lower than South America 

and Africa, this may be attributable to sampling bias of clonal regions as prior studies 

have shown that this continent is a region with high levels of recombination due to both 

same-sex and opposite-sex mating events [50]. In addition to the paired allele analysis, 

allele diagrams were constructed to observe possible recombination within individual 

MLST loci [21]. The most parsimonious explanation for allelic diversity in 11 of the 

MLST loci analyzed is that it is a result of consecutive and/or independent mutations 

within the population. Within the four remaining loci, there exists at least one hybrid 

allele that may be the result of a recombination event between two hypothesized parental 

alleles in the global VGII population (Table 12). Phenotypic mating results were 

conducted and illustrate that the VGIIa/major (α), VGIIc/novel (α), VGII mating type a 

genotypes, as well as several of the proposed parental contributors from the allelic and 
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genotypic recombination analysis, show fertility with the production of spores when 

mated with fertile VGIII isolates (Table 13).  Taken together, this suggests that both α-α 

and a-α mating events may be contributing to the formation of recombinant genotypes as 

well as the production of infectious spores. There were no examples of alleles 

introgressed into VGII from VGI, VGIII, or VGIV, in accord with findings that the four 

VG molecular types likely represent cryptic species [18,19]. In summary, these results 

suggest that recombination events may be critical driving forces in the evolution of C. 

gattii VGII diversity, which may in part contribute to the generation of genotypes 

displaying increased virulence.   
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Figure 7. Geographic dispersal of pathogenic C. gattii genotypes in the United States 

(2005-2009). Circles represent human cases and squares represent animal (non-human 
mammalian) cases. All cases shown have been reported from 2005 to 2009. Isolates are color 
coded by genotype, in which yellow and blue correspond to VGIIa/major genotype cases 
(yellow ST1, blue ST30), red corresponds to VGIIb/minor, green corresponds to the novel 
VGIIc genotype, and orange corresponds to two cases determined to be molecular type 
VGIII. In total, there were 39 cases (18 human, 21 animal) that have been confirmed by 
phenotypic and genotypic profiling. 
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Figure 8. Markers used in the study are dispersed in the genome. A map of each 
chromosome is represented, illustrating the locations of each marker based on the genomic 
sequence of the C. gattii isolate WM276. MLST markers (n=16) are indicated on the map by 
hexagons, with pink denoting the standard set used, blue the expanded set of loci, and red 
the MAT linked locus that is specific to αααα isolates. Green triangles represent the four VNTR 
loci that were examined. 
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Figure 9. Clustering analysis of global VGII isolates shows high global diversity.  

This dendrogram, based on seven MLST loci and four VNTR loci, illustrates the global 
divergence seen in this molecular type. Major clusters are highlighted accordingly to 
illustrate the placements of the VGIIa/b/c super clusters as well as a unique NT cluster that 
has been found only in Australia thus far. Sequence types 1, 30, 19, and 20 are enlarged and 
represent the primary genotypes responsible for the Pacific NW outbreak. Boxed isolates 
represent those of the a mating type and all other sequence types represent the genotypes 
observed for mating type αααα isolates. Several genotypes are also combined with geographic 
information to illustrate the diversity surrounding several sequence types. Isolates from the 
VGI, VGIII, and VGIV molecular types serve as out-group sequence types. 
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Figure 10. Expanded molecular analysis reveals increased divergence in VGIIc 
compared to VGIIa and VGIIb.  A) Multilocus sequence typing analysis of 16 loci. Selected 
isolates from the outbreak in addition to global genotypes were selected for the expanded 
MLST analysis, including all nine of the VGIIc isolates available. Each unique allele is 
colored for each marker for visual discrimination, and each number represents a GenBank 
accession number (Table S2). B) A representation (ML) of the sequence data from panel A, 
with the exclusion of MAT locus linked markers (SXI1αααα/SXI2a). C) A combination of the 
sequence data from panel B, with the addition of the four highly variable VNTR markers. 
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Figure 11. Haplotype networks define allele ancestry.  Allele placements are 

indicated numerically, with the VGIIa/major genotype also represented by blue coloration, 
the VGIIb/minor genotype by purple coloration, and the VGIIc/novel genotype by green 
coloration. Large circles represent alleles extant in the population, and the small circles 
represent alleles that have not been recovered, or which may no longer be extant in the 
population. Each connecting line represents one postulated evolutionary event, with the 
squared allele representing the posited ancestral allele (two possible ancestral alleles 
depicted for SXI1αααα). A-C) Haplotype networks of the unique VGIIc alleles, SXI1αααα, HOG1, 
and CRG1, respectively, with geographic origins indicated. 
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Figure 12. The VGIIc genotype is not present among 56 environmental isolates from 

Vancouver Island that were isolated prior to 2006.MLST analysis of Vancouver Island 
isolates at two unlinked loci shows that these do not belong to the VGIIc genotype (VGIIa, 
VGIIb, and VGIIc controls included). 

 

 

Figure 13. The VGIIc genotype is not present among 12 veterinary and 23 
environmental (isolated in 2010) isolates from Vancouver Island, and British Columbia 
respectively. MLST analysis of isolates at two unlinked loci shows that these do not belong 
to the VGIIc genotype (VGIIa, VGIIb, and VGIIc controls included) .  
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Figure 14. Evidence for recombination within the VGII molecular type.  
Informative paired allele graphs from VGII global isolates. An hourglass shape indicates 
the presence of all four possible pairs of alleles and serves as evidence for recombination.  A 
total of 56 graphs with at least one possible recombining allele pair were generated from a 
set of 25 representative genotypes within the VGII molecular type, including isolates of both 
mating type a and αααα (see also Figure S4). 
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Table 8. Markers used in Chapter 3. 

Marker Length (bp) Chromosome (WM276) Alleles 
SXI1α 1,354 9 10 
SXI2a 2,529 N/A* 2 
IGS 740 2 15 
TEF1 700 13 5 
GPD1 547 6 10 
LAC1 554 7 5 
CAP10 568 11 4 
PLB1 600 13 9 
MPD1 677 7 1 
HOG1 564 3 11 
BWC1 587 4 7 
CNB1 571 10 6 
TOR1 574 6 5 
CRG1 575 2 9 
FHB1 535 3 5 
FTR1 545 3 7 
CAP59 557 1 9 
VNTR3 334 1 13 
VNTR7 270 4 21 
VNTR15 364 6 19 

VNTR34 526 2 32 
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Table 9. Isolates collected from cases within the United States, 2005-2009 (n=40). 

Isolate Host Residence Molecular Type* 
T67707 Human Washington VGIIa/major 
W15209 Human Washington VGIIa/major 
EJB4 Human Washington VGIIa/major 
EJB5 Human Washington VGIIa/major 
EJB6 Human Washington VGIIa/major 
EJB7 Human Washington VGIIa/major 
EJB8 Human Washington VGIIa/major 
EJB9 Human Washington VGIIa/major 
EJB13 Human Washington VGIIa/major 
KB11632 Human Oregon VGIIa/major 
EJB3 Human Oregon VGIIa/major 
EJB19 Human Oregon VGIIa/major 
MMC08-1042 Human Oregon VGIIa/major 
EJB16 Alpaca Oregon VGIIa/major 
EJB17 Dog Oregon VGIIa/major 
3700 (1) Porpoise Washington VGIIa/major 
3700 (2) Porpoise Washington VGIIa/major 
3635 Porpoise Washington VGIIa/major 
3059 Porpoise Washington VGIIa/major 
EJB21 Porpoise Oregon VGIIa/major 
EJB22 Dog Oregon VGIIa/major 
EJB51 Alpaca Oregon VGIIa/major 
EJB54 Cat Oregon VGIIa/major 
EJB77 Dog Oregon VGIIa/major 
EJB79 Alpaca Oregon VGIIa/major 
A6MR38 Human Oregon VGIIc/novel 
EJB12 Human Oregon VGIIc/novel 
EJB18 Human Oregon VGIIc/novel 
EJB14 Cat Oregon VGIIc/novel 
EJB15 Alpaca Oregon VGIIc/novel 
EJB52 Cat Oregon VGIIc/novel 
EJB55 Ovine Oregon VGIIc/novel 
EJB74 Cat Oregon VGIIc/novel 
EJB75 Dog Oregon VGIIc/novel 
EJB10 Human Oregon VGIIb/minor 
MMC08-896 Dog Oregon VGIIb/minor 
EJB53 Elk Oregon VGIIb/minor 
EJB76 Cat Oregon VGIIb/minor 
EJB11 Human Washington VGIII 
MMC08-897 Cat Oregon VGIII 
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Table 10. Sequence type information from Figure 9. 

Strain ST  VG group Strain ST  VG group 

VANC.125 1 VGIIa ICB107 13 VGIIa 

VANC.152 1 VGIIa CBS10090 14 VGII 

VANC.AOR432 1 VGIIa C2102 15 VGII 

VANC.F2596 1 VGIIa C2091 16 VGII 

VANC.F2932 1 VGIIa C2108 17 VGII 

VANC.F3016 1 VGIIa C2086 18 VGII 

VANC.F3179 1 VGIIa C193 19 VGIIb 

VANC.R268 1 VGIIa C194 19 VGIIb 

VANC.R269 1 VGIIa C196 19 VGIIb 

VANC.R271 1 VGIIa C204 19 VGIIb 

VANC.R360 1 VGIIa C2074 19 VGIIb 

VANC.R498 1 VGIIa C2081 19 VGIIb 

VANC.R540 1 VGIIa C2088 19 VGIIb 

VANC.RB1 1 VGIIa C2089 19 VGIIb 

VANC.RB2 1 VGIIa C2095 19 VGIIb 

VANC.RB39 1 VGIIa C2100 19 VGIIb 

VANC.RB4 1 VGIIa C2104 19 VGIIb 

VANC.RB45 1 VGIIa C2107 19 VGIIb 

3700(1) 1 VGIIa VANC.R272 19 VGIIb 

EJB8 1 VGIIa VANC.RB31 19 VGIIb 

EJB16 1 VGIIa EJB10 19 VGIIb 

NIH444 1 VGIIa MMC08-896 19 VGIIb 

R265 1 VGIIa EJB53 19 VGIIb 

RB59 1 VGIIa 99/473 20 VGIIb 

T67707 1 VGIIa A6MR38 21 VGIIc 

3059 1 VGIIa EJB12 21 VGIIc 

3635 1 VGIIa EJB14 21 VGIIc 

3700(2) 1 VGIIa EJB15 21 VGIIc 

EJB13 1 VGIIa EJB18 21 VGIIc 

EJB17A 1 VGIIa EJB52 21 VGIIc 

EJB17B 1 VGIIa EJB55 21 VGIIc 

EJB19 1 VGIIa EJB74 21 VGIIc 

EJB3 1 VGIIa EJB75 21 VGIIc 

EJB4 1 VGIIa C10 22 VGII 

EJB5 1 VGIIa ICB184 23 VGII 

EJB6 1 VGIIa C2002 24 VGII 

EJB7 1 VGIIa WM178 24 VGII 
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Table 10 (continued) 
EJB9 1 VGIIa C2093 25 VGI 

CA1014 2 VGIIa JF7 26 VGI 

CBS7750 3 VGIIa JF9 27 VGI 

2001/935/_1 4 VGII JF65 28 VGIII 

2000/87 5 VGII MMRL2651 29 VGIV 

96/1120-1 5 VGII KB11632 30 VGIIa 

96/1120-2 5 VGII EJB21 30 VGIIa 

99/901-1 5 VGII MMC08-1042 30 VGIIa 

99/901-2 5 VGII ICB179 31 VGII 

2006/00194 6 VGII 2001/571 32 VGII 

2004/335 7 VGII LA55 33 VGII 

2004/606 7 VGII LA499 34 VGII 

2004/681 7 VGII LA567 35 VGII 

98/1132 7 VGII LA584 36 VGII 

ICB97 8 VGII 93/980 37 VGII 

CBS8684 9 VGII 97/170 38 VGII 

2003/125 10 VGII CBS1930 39 VGII 

98/1037-2 11 VGII ICB182 40 VGII 

98/1037-1 12 VGII ICB183 41 VGII 
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Table 11. Sequence type information from Figure 10B and 10C. 

Isolate ST (4B) Isolate ST 4C 
R265 1 R265 2 
3700 (1) 1 3700 (1) 2 
3700 (2) 1 3700 (2) 2 
3635 1 3635 2 
3059 1 3059 2 
ICB107 7 ICB107 7 
R272 3 R272 3 
EJB10 3 EJB10 3 
EJB53 3 EJB53 3 
99/473-1 4 99/473-1 4 
A6MR38 5 A6MR38 5 
EJB18 5 EJB18 5 
EJB12 5 EJB12 5 
EJB14 5 EJB14 5 
EJB15 5 EJB15 5 
EJB52 5 EJB52 5 
EJB55 5 EJB55 5 
EJB74 5 EJB74 5 
EJB75 5 EJB75 5 
CBS1930 9 CBS1930 10 
LA584 9 LA584 9 
LA499 6 LA499 6 
LA567 12 LA567 13 
CBS10090 10 CBS10090 11 
LA55 11 LA55 12 
ICB184 8 ICB184 8 
WA861 13 WA861 14 
ICB183 22 ICB183 24 
93/980 21 93/980 23 
ICB182 15 ICB182 16 
97/170 17 97/170 19 
CBS8684 20 CBS8684 22 
2003/125 16 2003/125 17 
98/1037-2 16 98/1037-2 18 
ICB179 14 ICB179 15 
ICB97 24 ICB97 26 
96/1120-1 23 96/1120-1 25 
2001/571 18 2001/571 20 
WM178 19 WM178 21 
NT-8 2 NT-8 1 
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Table 12. Proposed recombinant alleles and hypothesized parental contributors. 

Hypothesized 
recombinant 
alleles 

Isolate/g
enotype 

Hypothesized 
Parental alleles 

Hypothesized parental 
isolates/genotypes 

IGS1- 4 VGIIa IGS1-15 VGIIc, WA861, ICB184 
  IGS1-16 ICB179, WM178 
IGS1- 30 ICB183 IGS1-22 2004/335 
  IGS1-26 CBS8684, 2003/125, 98/1037-2 
HOG1-2 NT-8 HOG1-1 VGIIa, VGIIb, 99/473-1, La499, La567, 

La584 CBS1930, ICB179, WM178 
  HOG1-3 VGIIc 

  HOG1-7 96/1120-1, 2001/571 
  HOG1-4 ICB184, 2003/125, 98/1037-2 
HOG1-11 ICB97 HOG1-1 VGIIa, VGIIb, 99/473-1, La499, La567, 

La584 CBS1930, ICB179, WM178 
  HOG1-3 VGIIc 
  HOG1-7 96/1120-1, 2001/571 

  HOG1-9 97/170 
CRG1-5 WA861 CRG1-1 VGIIa, VGIIb, 99/473-1, La499, La567, 

La584 CBS1930, 2004/335, ICB183, 
ICB182, CBS8684, 2003/125, 98/1037-
2, 96/1120-1, WM178 

  CRG1-6 93/980 
  CRG1-8 ICB179 

  CRG1-9 2001/571 
CAP59-5 2001/57

1 
CAP59-3 WA861, NT-8 

  CAP59-6 ICB179 
CAP59-9 97/170 CAP59-2 VGIIb, 99/473-1, La55, La499, La567, 

La584, CBS1930, CBS10090, ICB184, 
2003/125, 98/1037-2 

  CAP59-7 CBS8684 
  CAP59-3 WA861, NT-8 
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Table 13. Fertility among isolates reported in Chapter 3. 

Isolate Molecular type Mating Type 
Fertility with VGIII  
(B4546 a/NIH312 α) 

R265 VGIIa α + 

EJB3 VGIIa α + 

W15209 VGIIa α - 

EJB4 VGIIa α + 

EJB5 VGIIa α - 

EJB6 VGIIa α + 

EJB7 VGIIa α + 

EJB8 VGIIa α + 

EJB9 VGIIa α + 

EJB13 VGIIa α - 

EJB16 VGIIa α + 

EJB17 VGIIa α + 

3700 (1) VGIIa α + 

3700 (2) VGIIa α + 

3635 VGIIa α - 

3059 VGIIa α + 

R272 VGIIb α - 

EJB10 VGIIb α - 

EJB53 VGIIb α - 

EJB12 VGIIc α - 

EJB14 VGIIc α - 

EJB15 VGIIc α + 

EJB18 VGIIc α + 

EJB52 VGIIc α + 

EJB74 VGIIc α - 

EJB75 VGIIc α + 

ICB107 VGII α - 

99/473 VGII α + 

ICB97 VGII α - 

ICB179 VGII α - 

ICB182 VGII α - 

ICB183 VGII α - 

ICB184 VGII α - 

2004/335 VGII α + 

WA861 VGII α - 

2001/571 VGII α - 
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Table 13 (continued) 
CBS8684 VGII α + 

NT-8 VGII α + 

WM178 VGII α - 

93/980 VGII α + 

97/170 VGII α - 

2003/125 VGII α - 

98/1037-2 VGII α - 

96/1120-1 VGII α + 

CBS1930 VGII a + 

CBS10090 VGII a + 

LA55 VGII a + 

LA499 VGII a + 

LA567 VGII a - 

LA584 VGII a + 

 

3.4.2 VGIIc/novel and VGIIa/major outbreak isolates  are hypervirulent   

It has recently been shown that intracellular proliferation rate (IPR) values for 

cryptococcal cells within macrophages are positively correlated with virulence in the 

murine model for cryptococcosis [92]. To further elucidate the potential virulence of 

outbreak isolates collected from the United States, proliferation rates of selected isolates 

were tested and compared with other isolates for which proliferation data had been 

previously obtained. In total, IPR values for eight of the nine VGIIc isolates were 

measured (Figure 15A). In addition, the type strains for VGIIa/major (R265) and 

VGIIb/minor (R272) were included as controls, and previously published data for other 

VGIIa and VGIIb isolates were included for comparisons [92]. On the basis of individual 

strains, seven of the eight VGIIc/novel isolates showed high IPR levels, with only a 

single outlier (EJB52) that had a low IPR value (0.97). Taken together, the median IPR 

value for VGIIc is significantly closer to that of VGIIa/major than to VGIIb/minor 
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(Figure 15A). These results indicate that the VGIIc genotype has a similar intracellular 

phenotype, and thus virulence profile to the VGIIa/major genotype. This is noteworthy 

because previous analysis showed that the VGIIa/major genotype isolates from the 

outbreak had unusually high IPR values, and the VGIIc isolates from the same outbreak 

are shown here to have similarly high IPR values.  

Another unique feature of the outbreak VGIIa/major isolates is the ability to form 

highly tubular mitochondria after intracellular parasitism, a characteristic that correlates 

with both IPR and murine virulence [92]. To explore the morphology of VGIIc isolates, 

we examined selected isolates in DMEM media and after exposure to macrophages. This 

analysis included two VGII environmental isolates (CBS8684, CBS7750) and four of the 

VGIIc/novel isolates. As expected, the vast majority of the mitochondria for all six 

isolates were non-tubular after exposure to DMEM media alone (Figure 15B). However, 

after exposure to macrophages, three of the four VGIIc isolates tested showed 

significantly higher percentages of tubular morphology (Figure 15C). The lone VGIIc 

isolate that did not exhibit this morphology (EJB52) was the same isolate that also had a 

low IPR value, and is thus an overall outlier for the VGIIc genotype.  

When the results of IPR versus percentage of cells exhibiting tubular morphology 

were plotted, the graph showed a statistically significant correlation of the two measures 

with an R2 value of 0.85 (Figure 15D). These results further indicate that the VGIIc 

genotype is phenotypically similar to the Vancouver Island VGIIa/major outbreak strains. 

Our results also support evidence for similar mechanisms regulating the increased 

virulence seen in the novel VGIIc genotype. The exact roles that the mitochondrial 
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tubular morphology might play in virulence are not yet known. However, the distinct 

phenotype is clearly unique to the outbreak isolates and is correlated with an increased 

ability to grow and divide within host innate immune cells.   

The VGIIc isolates were found to be highly virulent in the murine inhalation 

model of infection. Two studies were conducted to examine virulence. In the first murine 

experiment (Wadsworth Center) a total of six isolates (n=5 animals/isolate), were 

examined including two VGIIc isolates (Figure 16A). The VGIIa/major isolate R265 

served as a positive control for high virulence, based on prior studies [18], and the VGIIc 

isolates EJB15 and EJB18 showed similar virulence with this well characterized virulent 

isolate. Additionally, two VGIIa isolates that are not hypothesized to be from the current 

Vancouver Island outbreak, including NIH444, which is fully identical across 34 

markers, and isolate CA1014, which differs from R265 at VNTR34, show a significant 

reduction in virulence compared to the high virulence isolates (p<0.05). Finally, in 

accordance with previous studies, the VGIIb/minor type strain R272 from Vancouver 

Island was avirulent in this model.     

The analysis of virulence within the VGII genotype was extended in a second 

experiment, in which 12 isolates (n=9-10 animals/isolate) were examined. This study 

included two VGIIa/major isolates from the outbreak zone, two VGIIb/minor isolates 

from the outbreak zone, five novel VGIIc isolates, two VGIIa-related isolates that are not 

part of the outbreak, and the C. neoformans var. grubii type strain, H99. The H99 isolate 

used (H99S) has been shown to be highly virulent in the murine model of infection 

[63,133].  
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As expected based on in vitro IPR assays, all five of the VGIIc isolates from 

Oregon as well as the VGIIa/major isolates from Vancouver Island and Oregon, and the 

highly virulent H99 isolate exhibited a high level of virulence (median survival = 20.6 

days). The VGIIb/minor isolates tested were significantly decreased in virulence 

compared to the more virulent VGIIa and VGIIc genotypes (p< 0.005). The VGIIb isolate 

R272 was avirulent whereas the VGIIb isolate EJB53 from Oregon exhibited 

significantly less virulence compared to the VGIIa/major and VGIIc isolates (p< 0.005, 

median survival = 46 days). Similar to the first animal study, two VGIIa isolates that 

differ at one or more molecular markers from the major VGIIa outbreak genotypes were 

also tested. The environmental isolate CBS7750 and a clinical isolate from South 

America ICB107 were significantly attenuated (p< 0.005) (Figure 16B). These results 

provide further evidence that these are related to but distinguishable from isolates that are 

specific to the Vancouver Island outbreak, and subsequent United States expansion, and 

are decreased in ability to mount fatal infections in a mouse intranasal instillation model 

of infection.  

The cause of infection was further evaluated by histopathological analysis of lung 

sections recovered from two infected animals per isolate at sacrifice. Harvested organs 

were processed and sectioned for slides with H&E staining. The lungs from the virulent 

isolates showed significant inflammation and numerous cryptococcal cells dispersed 

throughout the alveoli, in accordance with severe pulmonary infection. Our findings 

show that there are no major clinical differences between pulmonary infections with the 

infectious genotypes VGIIa/major (Figure 16C), and the novel VGIIc genotype (Figure 
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16D). These results further support similar disease progression caused by these two 

highly virulent outbreak genotypes.     

 

Figure 15. In vitro analyses of intracellular proliferation and mitochondrial 
morphology provide evidence that the VGIIc genotype is hypervirulent.  A) IPR rates of 
VGIIc isolates are similar to those from the VGIIa/major genotype and higher than those 
seen in the less-virulent VGIIb/minor genotype. Eight VGIIc isolates were tested 
individually, with the overall averages for the three primary outbreak genotypes presented. 
B) Percentage of cells with tubular mitochondrial morphology in DMEM. C) Percentage of 
cells with tubular mitochondrial morphology in macrophages. D) Linear correlation of IPR 
and percentage of tubular mitochondria after macrophage exposure. 
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Figure 16. Isolates from the United States outbreak are hypervirulent.  A) Groups of 
five animals were each infected with an infectious inoculum of 1.0 x 105 cells of VGIIa 
isolates R265, CA1014, or NIH444, VGIIb isolate R272, or VGIIc isolates EJB15 or EJB18. 
B) Groups of nine or ten animals were each infected with an inoculum of 5.0 x 104 cells of 
VGIIa isolates R265, EJB51, CBS7750, or ICB107, VGIIb isolates R272 or EJB53, VGIIc 
isolates A6MR38, EJB12, EJB14, EJB15, or EJB18, or C. neoformans var. grubii isolate 
H99. C-D) Representative H&E stained histopathology slides from lung sections of severely 
moribund sacrificed animals from the VGIIa/major (R265) (C) and VGIIc (EJB18) (D) 
genotypes (sections from animals in panel B of this Figure). 

 

3.5 Discussion  

The findings presented here document that the outbreak of C. gattii in Western 

North America is continuing to expand throughout this temperate region, and that the 

outbreak isolates in the United States of both the VGIIa/major genotype and the novel 

VGIIc genotype are clonally derived and highly virulent in host models of infection. 

These conclusions are based on an extensive molecular analysis of isolates collected from 
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the United States (Table 9) and a comprehensive global collection of VGII isolates of 

diverse geographic origin [21], examining both conserved and divergent regions of the 

genome. The virulence analysis is based on assays in both murine-derived macrophages 

and mice. These findings demonstrate that this emerging and increasingly fatal outbreak 

is continuing to expand, and that the virulence of these isolates is unusually high when 

compared with isolates of closely related but distinguishable genotypes found in other 

non-outbreak geographic regions.    

The continued expansion of C. gattii in the United States is ongoing, and the 

diversity of hosts increasing. Cases have been observed in urban and rural areas, and have 

occurred in a range of mammals [33,78]. On Vancouver Island and the mainland of 

British Columbia, cases have been documented in marine and terrestrial mammals 

including cats, dogs, porpoises, ferrets, and llamas [24,33,34]. This trend has continued in 

the United States, with several cases in agrarian, domestic, and wild terrestrial mammals, 

as well as marine mammals, adding elk, alpacas, and sheep to the aforementioned list 

(Table 9) [20,31,76]. The co-expansion of the outbreak among a range of mammals and 

humans is significant for several reasons. Non-migratory mammals serve as sentinels for 

disease expansion, particularly given that isolation of C. gattii from the environment is 

difficult, and not yet successful in Oregon. Additionally, the threat to agricultural and 

domestic animals is significant and thus the need for cooperation among health officials 

is critical. Finally, the widespread spectrum of disease illustrates that the organism is 

likely to be pervasive in the environment, and that physicians and veterinarians should be 
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well informed of symptoms to facilitate early diagnoses and treatment, as well as 

successful isolate collection and tracking.  

A major question in the study of this outbreak is whether sexual recombination, 

either within or between mating types, is occurring or has occurred in the region. The 

possibility of meiosis is important for two reasons. The first is that sexual recombination 

is postulated to be a driving force for the increased virulence of the VGIIa/major 

genotype, supported by the discovery of a diploid VGIIa/major isolate, an intermediate in 

unisexual mating (all nine VGIIc/novel isolates are haploid) [18,39]. C. gattii has also 

been shown to undergo opposite sex mating in the laboratory, although this has not yet 

been observed to occur between two isolates of the VGII molecular type [39,51,134]. 

Studies in C. neoformans have shown that this related pathogen completes a full a-α 

sexual cycle in association with plants [87]. Additionally, a recent study of 

environmentally sampled Australian VGI isolates demonstrated evidence for 

recombination via both opposite and same-sex mating [50]. Taken together, available 

evidence indicates that both opposite and same-sex mating are naturally occurring in 

populations. This evidence lends support to the hypothesis that meiosis might be a factor 

in the forces that are driving high virulence in the outbreak region.   

The second major event that results from sexual processes in the pathogenic 

Cryptococcus species is the formation of spores. Small spores ranging from 1-2 µm in 

diameter have been observed to be produced in large numbers as the result of opposite 

sex mating in both C. neoformans and C. gattii [135,136]. Studies by Lin and colleagues 

showed that sexual spores can be produced as the result of a meiotic process occurring 
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between cells of the same mating type, a process referred to as unisexual or same-sex 

mating [82]. Several studies have shown spores to be pathogenic in animal models of 

infection. Two previous studies both showed evidence for virulence of Cryptococcus 

spores, and in one case provided evidence for enhanced virulence compared to yeast cells 

[98,110]. More recently, studies have shown that C. neoformans spores are indeed 

virulent in the murine intranasal instillation model of infection [63,111], providing 

evidence that spores should be considered as infectious propagules in models examining 

infections, expansion, and emergence of both C. neoformans and C. gattii. Given that all 

of the Pacific Northwest isolates are α mating type, and particles small enough to be 

spores are present in the air [53,89], the most parsimonious model is that if these are 

spores, they are produced via α-α unisexual reproduction.  

Our findings further indicate that mitochondria may play a significant role in the 

increased virulence seen in the outbreak isolates [92]. Tubular morphology and the 

increased ability to proliferate within immune cells indicate that the ability to proliferate 

and survive within host cells is fundamental to virulence. The possible role of 

mitochondrial involvement is intriguing and also increasingly relevant based on studies 

that have shown mitochondrial inheritance and recombination may impact C. gattii 

evolution, with the inheritance of the mitochondrial genome from the a mating type 

parent in opposite-sex mating [95,96]. Future studies in this area should address the roles 

that mitochondrial genes, or nuclear genes that regulate mitochondria may play in the 

hypervirulence observed in the outbreak isolates. Furthermore, it may be that cell-cell 

fusion events via mating and mitochondrial exchange without meiosis or nuclear genetic 
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exchange have played roles in recombination and virulence acquisition in naturally 

occurring C. gattii populations [95,96].  

A central question in the field lies in the possible origins of the virulent 

genotypes. For the VGIIa and VGIIc lineages, it is clear that those are unique to the 

Pacific Northwest, and either arose there locally, or were transferred from an under-

sampled region (i.e., Australia, South America, Africa). Isolates that are related to, but 

distinct at one or more molecular marker from VGIIa have been identified in San 

Francisco (CBS7750), Southern California (CA1014), and South America (ICB107). 

However, in each of these cases, the isolates are not identical with the VGIIa/major 

isolates from the Pacific Northwest. Whether the outbreak isolates are derived from these 

isolates, or alternatively if these isolates are derived from the outbreak lineage is at 

present unclear. In the VGIIb/minor outbreak lineage, isolates from Australia are 

identical at all 30 MLST loci and four VNTRs analyzed, and the most parsimonious 

model is that the two are directly related. While it is conceivable that both the Australian 

and the Vancouver Island VGIIb/minor genotype isolates were dispersed independently 

from another geographic locale, until isolates are identified conclusively from another 

locale the most parsimonious model is transfer from Australia to the Pacific Northwest. 

We note that a single isolate with a related but distinct genotype (isolate 99/473) from the 

Caribbean has been identified; and other isolates have been reported to share the VGIIb 

genotype but have been analyzed at a limited number of MLST markers (n=7) which is 

insufficient to establish how closely related these isolates are to the outbreak 

VGIIb/minor genotype strains [19]. The origins of VGIIc are unclear, with the genotype 
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possibly arriving in the Pacific Northwest from South America, Africa, Europe, or 

Australia. Alternatively, this novel unique genotype may have arisen locally.  

As for the geographic origins of VGII diversity, this also remains to be 

established and may involve populations in Australia, South America, and Africa. It is 

clear that there is considerable diversity among isolates from South America. As we 

originally proposed as an alternative model [18], and has been independently presented 

by other investigators (W. Meyer, T. Boekhout, JP Xu, pers. comm.), South America may 

represent a source of diversity and ongoing generation of novel isolates. Analysis of 8 

MLST loci in this study indicates that in South America and the Caribbean there are 14 

genotypes seen in 21 isolates, while in North America only 3 genotypes have been 

observed through the analysis of 64 isolates. Additionally, there is accumulating evidence 

that fertile isolates of both a and α mating type are present in South America [19], and 

thus ongoing a-α opposite sex mating may be occurring there. It is also clear that a 

unique set of VGII isolates are circulating in Australia, and there is evidence for ongoing 

recombination in α only and a-α populations, suggesting that mating contributes to the 

generation of diversity in Australia [39,51,52,132,134,137]. Finally, the analysis of 

global VGII isolates reveals genetic diversity in Africa, and given the recent findings that 

C. neoformans likely originated in sub-Saharan Africa (A. Litvintseva and T. Mitchell, 

pers. Comm.), further analysis of African C. gattii isolates is clearly warranted. 

It remains possible that South America, Africa, or both represent the ancestral 

populations of C. gattii, and that more recent dispersal events from other established 

populations (for example, from Australia to the Pacific Northwest) have occurred to 
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contribute to the outbreak. As yet, all of the isolates found in the Pacific Northwest are α 

mating type. Thus, if sexual reproduction is occurring in the Pacific Northwest, it would 

appear to involve same-sex mating occurring under environmental conditions. Recent 

studies have documented that C. neoformans and C. gattii are stimulated to undergo 

opposite-sex mating in laboratory conditions that simulate environmental niches (pigeon 

guano medium, co-culture with plants) and thus similar conditions may be necessary in 

nature [87,138]. Overall, both the VGIIa/major and the VGIIc/novel genotypes contain a 

number of MLST loci that are thus far restricted to these lineages, and their origins 

remain to be identified.  

Independently of the variables leading up to and influencing this outbreak, the 

major concern is and continues to be the inexorable expansion throughout the region. 

From 1999 through 2003, the cases were largely restricted to Vancouver Island. Between 

2003 and 2006, the outbreak expanded into neighboring mainland British Columbia and 

then into Washington and Oregon from 2005 until present. Based on this historical 

trajectory of expansion, the outbreak may continue to expand into the neighboring region 

of Northern California, and possibly further.  

The rising incidence of cryptococcosis cases in humans and animals highlights the 

need for enhanced awareness in the region, and those regions that may potentially 

become involved. While rare, little is currently known about how or why specific humans 

and animals become infected. Increased vigilance may decrease the time from infection 

to diagnosis, and thus lead to more effective treatment and a reduction in mortality rates. 

The potential dangers of travel-associated risks should be noted, as a growing number of 
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cases attributable to travel within the Pacific Northwest region have been documented 

[45,47]. Northern California has similar temperate climates to endemic regions within 

Oregon, leading to the hypothesis that the emergence may expand there, while expansion 

eastward may be limited by winters with average temperatures often below freezing [76]. 

The expansion of the outbreak into California is plausible based on several studies 

documenting the presence of C. gattii throughout the state and in Mexico. C. gattii 

molecular type VGII was environmentally isolated in the San Francisco area in 1990 

(isolate CBS7750) [131], and there have also been two confirmed and one travel-

associated case of C. gattii molecular type VGI in California. Of the VGI cases, one 

occurred in a male Atlantic bottlenose dolphin in San Diego, one was isolated from a 

liver transplant recipient in San Francisco, and the other from an otherwise healthy 

patient in North Carolina with travel history to the San Francisco region [22,37,139]. In 

addition C. gattii has been reported in southern California among a cohort of HIV/AIDS 

patients [40,140]. Recently, studies of clinical isolates from Mexico revealed all four 

molecular types of C. gattii to be present [140]. Taken together, the hypothesis that the 

virulent isolates from the Pacific Northwest will expand into California must be 

considered by both physicians and public health officials.  

During the coming years, monitoring and researching the outbreak expansion as a 

multidisciplinary effort will be critical. The ability to bring diverse groups of 

professionals interested in C. gattii expansion has been greatly facilitated through the 

formation of the Cryptococcus gattii working group of the Pacific Northwest [76]. From 

a research standpoint, further examination of the molecular mechanisms underlying the 
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increased virulence in both VGIIa/major and VGIIc/novel will be useful for the 

development of aggressive treatments that may be needed. Furthermore, increased efforts 

to determine the ecology and population dynamics of C. gattii in the region, and 

elucidating the evolutionary history of the VGIIc genotype will be critical to gain further 

insights into the origins of this unprecedented and frequently fatal fungal outbreak. 
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4. A diverse population of Cryptococcus gattii molecular 
type VGIII in Southern Californian HIV/AIDS patient s 

4.1 Introduction 

The pathogenic Cryptococcus species complex is comprised of two common 

fungal pathogens of humans and animals: C. neoformans and C. gattii [80]. C. 

neoformans is more prevalent, ubiquitous worldwide, and a common cause of meningitis 

in immunocompromised hosts [11,80,141]. C. gattii is generally more geographically 

restricted to tropical and subtropical regions, associated with eucalypts, Douglas fir, and 

other trees, and has a greater predilection for infecting immunocompetent hosts [12,13]. 

However, the geographical distribution of this species has been shown to be expanding, 

with an outbreak occurring in the Pacific Northwest region of North America 

[12,13,20,21,32,38,81,90,142]. C. gattii can be subdivided into two major serotypes (B 

and C), based on unique capsular antigenic determinants [16]. In addition to capsular 

serotype, C. gattii can be divided into four molecular types (VGI, VGII, VGIII, VGIV) 

that appear to represent genetically isolated cryptic species based on multilocus sequence 

typing (MLST) analysis [17,18,19]. Molecular types VGI and VGII have been associated 

with the majority of cases from otherwise healthy hosts, while VGIII and VGIV appear to 

more commonly infect immunocompromised patients including those with HIV/AIDS, 

which is similar to the epidemiological profile that has been observed for C. neoformans 

[1,11,12,15,25].  

In comparison to C. neoformans, less is known about the epidemiology and 

ecology of C. gattii, specifically molecular types VGIII and VGIV. Molecular type VGIV 
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appears to be rare in the global population but has been reported to cause infections in 

Sub-Saharan Africa AIDS patients [25], while molecular type VGIII has been isolated 

from a number of regions worldwide [18,19]. A recent environmental study in Colombia 

describes a niche for molecular type VGIII in Corymbia ficifolia detritus (red flowering 

gum), a species native to Australia that has been exported throughout the world, 

including to North America and South America as an ornamental tree [143]. The limited 

epidemiological data may be due to a lack of laboratory species distinction, particularly 

in Cryptococcus cases among HIV/AIDS patients, although C. gattii infections have been 

sporadically reported to occur in HIV/AIDS patients from many global regions including 

South Africa, Botswana, Rwanda, Zaire, Papua New Guinea, Brazil, Mexico, and the 

United States [25,28,40,144,145,146,147,148,149,150,151,152]. Additionally, a recent 

study in south India documented a 2.8% prevalence of C. gattii among cryptococcal 

meningitis infections (primarily HIV/AIDS patients) in a tertiary neurocare center [153].  

The literature is limited for HIV/AIDS or VGIII/VGIV associated C. gattii in 

North America. However, C. gattii has been reported in Southern California among a 

cohort of HIV/AIDS patients, in a single case from an AIDS patient in Mexico, and C. 

gattii molecular types VGIII/VGIV have been reported in clinical cases from Mexico 

[40,140,145]. Additionally, there have been a limited number (n=3) of VGIII isolates 

from the Pacific Northwest outbreak region [20,21,32]. These reports, in addition to 

studies examining the Pacific Northwest VGII outbreak, suggest that C. gattii may be 

endemic to many areas within the western region of North America, encompassing 

Canada, the United States, and Mexico.  
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In the current study, we analyzed isolates collected from a cohort of HIV/AIDS 

patients in Southern California [40] and compared the isolates to a global collection. 

Based on MLST analyses, >93% (28/30) of the C. gattii isolates from the HIV/AIDS 

cohort are VGIII, and the diversity of genotypes observed is much greater than the levels 

seen in the Pacific Northwest outbreak region for VGII. The genotypes cluster into two 

distinct groups (VGIIIa and VGIIIb), which may indicate sympatric speciation. These 

findings suggest that C. gattii VGIII may have been endemic in Southern California for a 

longer period of time in comparison to the more clonal VGII population found in the 

Pacific Northwest, or that VGIII is more actively recombining and/or mutating. The 

higher levels of diversity, together with results suggesting recombination, support 

evidence for ongoing genetic exchange among VGIII populations in the region and 

elsewhere globally.  

The VGIII lineage has been shown to be highly fertile in comparison to the other 

C. gattii molecular types [39]. Isolates from our cohort encompass both mating types (α 

and a), unlike the Pacific Northwest outbreak that has been so far exclusively comprised 

of α mating type isolates [18,20]. This is noteworthy, as a-α and α-α mating can result in 

both recombination and the formation of infectious spores [50,51,52,63,98,111]. Sexual 

recombination events are a critical component in eukaryotic virulence evolution, with 

examples from both parasites and fungi [93,94,135,136,137]. For these reasons, we 

extended the analysis of the VGIII group to include extensive mating assays to determine 

genotypes associated with high levels of fertility. Additionally, we carried out genomic 

sequencing and characterization of the C. gattii VGIII MAT locus alleles for both the α 
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and a mating types. These findings expand on previous studies of the Cryptococcus MAT 

locus [154,155,156,157,158] yielding new insights into the plasticity in this genomic 

region involving rearrangements, gene truncation and loss, and gene remnants, which 

may underlie the increased fertility observed in this molecular type compared to the VGI 

and VGII molecular types.     

While previous studies have shown C. gattii to be highly virulent in a murine 

model of infection, most studies have focused on genotypes causing disease in otherwise 

healthy humans and animals [18,91,92], with no studies to date comprehensively 

examining the virulence attributable to the VGIII molecular type. In this study, we 

examined murine virulence and macrophage intracellular proliferation for selected VGIII 

isolates from both the VGIIIa and VGIIIb subtypes to address pathogenicity (in 

collaboration with Vishnu Chaturvedi’s and Robin May’s laboratories, respectively). The 

isolates were also selected based on mating type criteria to examine what roles, if any, the 

MAT locus may play in VGIII virulence. This was of interest, as previous studies have 

shown murine virulence differences in C. neoformans congenic isolates that differ at only 

the MAT locus [159,160]. Our results demonstrate that the VGIIIa lineage has increased 

levels of virulence in both the murine and macrophage assays.  

Our studies reveal a complex population structure within the highly fertile VGIII 

molecular type, suggesting recombination in both the United States and globally via 

opposite and/or same-sex mating events. These findings lead us to posit that genetic 

exchange and the formation of infectious spores may be contributing to an underlying 

endemic level of C. gattii among HIV/AIDS patients residing in Southern California. 
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Additionally, we show that these isolates are virulent in both murine and macrophage 

models of infection, and that one of the isolates examined is highly virulent at a similar 

level to the VGIIa and VGIIc outbreak genotypes from the Pacific Northwest [21]. 

Overall, however, the VGIII isolates from HIV/AIDS patients show decreased virulence 

in comparison to the Pacific Northwest outbreak VGII isolates, consistent with their 

isolation from immunocompromised hosts. This study highlights the need for accurate 

isolate typing at a resolution sufficient to distinguish both the species and molecular type 

in Southern California and other endemic regions. This will advance understanding of the 

epidemiology, ecology, and health burden of this emerging pathogen, with potential 

prognostic and therapeutic benefits for the clinical management of HIV/AIDS associated 

cryptococcal infections that may be the result of C. gattii molecular type VGIII. 

4.2 Materials and methods 

4.2.1 Phenotypic identification assays  

All isolates from Southern California and other global isolates were initially 

screened to confirm that they were C. gattii. Melanin production was assayed by growth 

and dark pigmentation on Staib’s niger seed medium, and urease activity was detected by 

growth and alkaline pH change on Christensen’s agar. These tests established that 

isolates were Cryptococcus (C. neoformans or C. gattii). Additionally, isolates were 

assayed for resistance to canavanine and utilization of glycine on L-canavanine, glycine, 

2-bromothymol blue (CGB) agar. Growth on CGB agar indicates that isolates are 

canavanine resistant, and able to use glycine as a sole carbon source, triggering a 

bromothymol blue color reaction indicative of C. gattii. All CGB positive isolates were 
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then grown under rich culture conditions prior to genomic DNA extraction and storage at 

-80ºC in 25% glycerol. For genomic DNA isolation, the MasterPure Yeast DNA 

purification kit from Epicentre Biotechnologies was used. 

4.2.2 Multilocus sequence typing 

Each VGIII isolate examined in the analysis was subjected to multilocus sequence 

typing (MLST) [43] at a total of eight loci (Table 14). This marker set was selected to 

include loci that have been validated in other analyses of C. gattii [18,20,22,31,42]. For 

each isolate, genomic regions were PCR amplified, purified (ExoSAP-IT, Qiagen), and 

sequenced. Sequences from both forward and reverse strands were assembled with 

complete double strand coverage and manually edited using Sequencher version 4.8 

(Gene Codes Corporation). Based on BLAST analysis of the GenBank database (NCBI), 

each allele was assigned a corresponding number, or given a new number if the sequence 

was not already in the database. GenBank accession numbers with corresponding allele 

numbers are listed in the supplementary information (Table 15). 
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Table 14. Primers used in Chapter 4. 

Primer name Primer Sequence Marker Amplified 

JOHE10451 TACATCACCGGTCATATCTGC SXI1α 

JOHE10452 CTGGAGAAGCGCCTCACTGGA SXI1α 

JOHE14115 AGGGTACGTTTGAGGCCAGTT SXI1α alternative 

JOHE14116 GAAAGCGTTGGCAAGGAATGA SXI1α alternative 

JOHE10453 TGATCGCACGAGCCAAATCCC SXI2a 

JOHE10454 GGCTTCCTGACAACACTTCTA SXI2a 

JOHE14408 ATCCTTTGCAGACGACTTGA IGS 

JOHE14409 GTGATCAGTGCATTGCATGA IGS 

JOHE14976 GCACGCTCTTCTCGCCTTCAC TEF1 

JOHE14977 GTAGTCGGCGTAGGTCTCAAC TEF1 

JOHE14968 CCACCGAACCCTTCTAGGATA GPD1 

JOHE14969 CTTCTTGGCACCTCCCTTGAG GPD1 

JOHE14970 AACATGTTCCCTGGGCCTGTG LAC1 

JOHE14971 ATGAGAATTGAATCGCCTTGT LAC1 

JOHE14386 CCGGAACTGACCACTTCATC CAP10 

JOHE14387 GCCCACTCAAGACACAACCT CAP10 

JOHE14974 CTCTCATTGTTCGCCGCTACT PLB1 

JOHE14975 GGAAGCCGAGGTCTGATTTGG PLB1 

JOHE14972 TGCCCTGGATCCTAATGCTCT MPD1 

JOHE14973 ACCCAGACTGCCGCTGTCGTC MPD1 

JOHE26294  CGTCTAATTGCAAAGATGAAGATTT  MATa fingerprint 1 

JOHE26295 ATATCCGAAATAATACGAGATGCAA MATa fingerprint 1 

JOHE24509  AGAAGAAGAGGAGGAGTAACGAGAC MATa fingerprint 2 

JOHE24510 ATGGCATTACGCAAGTCAAAAAACG MATa fingerprint 2 

JOHE26017  CGTTTTTTGACTTGCGTAATGCCAT MATa fingerprint 3 

JOHE26018 GGTTATGATCCTCAAGACTTGGAT  MATa fingerprint 3 

JOHE24653  ATCCAAGTCTTGAGGATCATAACC  MATa fingerprint 4 

JOHE24879 GGGGCTAAAGTTAAGGAAAAGAAG MATa fingerprint 4 

JOHE24655  TCTCAAAAGACTTTCATCGTCAAG   MATa fingerprint 5 

JOHE24881 ATACCTGTGCAATCATTTCTCTGA MATa fingerprint 5 

JOHE24511 GATCGTCTCCTACAGGACTGAGA  MATa fingerprint 6 

JOHE24512 TGAATGAACTTTTCGTCGGTAGA MATa fingerprint 6 

JOHE24513 TGCTGCTACTGCCACTATTTGTA  MATa fingerprint 7 

JOHE24514 GATTGTCAGCTCTACTGGTGCTT MATa fingerprint 7 

JOHE24515  ATCCTTCCCTTCTTGTCAGTTTC MATa fingerprint 8 

JOHE24883 TGCGCGCTACTAGAGTATGTAAAC MATa fingerprint 8 

JOHE24657  CTCTCTTTGTCCCTCTCTTCAGTC  MATa fingerprint 9 
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Table 14 (continued) 
JOHE24658 ATGCTACTGCAGAAGTTGAGTGTC MATa fingerprint 9 

JOHE26021  GACACTCAACTTCTGCAGTAGCAT  MATa fingerprint 10 

JOHE26022 GTGAATTGAGTGATGAGGATTCAG MATa fingerprint 10 

JOHE24659  CTGAATCCTCATCACTCAATTCAC MATa fingerprint 11 

JOHE24660 AGGCGCGAATATTCTGGTAGATAA   MATa fingerprint 11 

JOHE24888  GTGTGTCAAATCAACAAATGGATT  MATa fingerprint 12 

JOHE24662 AATCTGGAGAGTACATCTTTAGGC MATa fingerprint 12 

JOHE24663  AACCTTTTTCGCTTGTATCATCTC  MATa fingerprint 13 

JOHE24664 TATCTCGATGAAGAACCACTCAAAAT MATa fingerprint 13 

JOHE24665  GGAGTAAACGGATTAACCGACAG  MATa fingerprint 14 

JOHE26119 GAAAACCGAGTCATATCAATCCA MATa fingerprint 14 

JOHE25991  GGAGTAAACGGATTAACCGACAG  MATa fingerprint 15 

JOHE25992 GAAAACCGAGTCATATCAATCCA MATa fingerprint 15 

JOHE26374 CTACGTCAAGAGGGAACAGCTT MATα fingerprint 1 

JOHE26375 GCTTGTCTCATCTGGTGTGGTA MATα fingerprint 1 

JOHE24705  TGGATACATGTACCGATACCACA MATα fingerprint 2 

JOHE24706 GTGAACTAACCGGAGGAAATTCT MATα fingerprint 2 

JOHE24707 AGAATTTCCTCCGGTTAGTTCAC  MATα fingerprint 3 

JOHE24708 ATCCAGGTAAACTGGTTCATCG MATα fingerprint 3 

JOHE26376 CATCCGATGAACCAGTTTACCT MATα fingerprint 4 

JOHE26377 TCCTCTTCTTGTCATCCCTGAT MATα fingerprint 4 

JOHE24709  ATCAGGGATGACAAGAAGAGGAT  MATα fingerprint 5 

JOHE24710 AACCCGTTAAGGTAACTCACGAT MATα fingerprint 5 

JOHE26378 GTGAGTTACCTTAACGGGTTCG  MATα fingerprint 6 

JOHE26379 CGGGACCTATGAACGAGATTTA MATα fingerprint 6 

JOHE24711 AATCTTGAGCTAGCAGCCTTTTT MATα fingerprint 7 

JOHE24891 TCCCTCAACAGATTAAACATCTCA MATα fingerprint 7 

JOHE10625 CTCCTCATCGCACTGCTGTTA  MATα fingerprint 8 

JOHE10626 ACTACGGCCAAAGAGTCAGAA MATα fingerprint 8 

JOHE26380 TTTTCCTGTTCCAGCGAATAAG  MATα fingerprint 9 

JOHE26381 CAAATTCCCCAGACACCGTAT MATα fingerprint 9 

JOHE24713 TTTGTGATGATCGGTCTGAGAGT MATα fingerprint 10 

JOHE24714 CCTGTCTGACTCTCTTCAAGCAT MATα fingerprint 10 

JOHE26382 ATCAACGGTCAACAAACTAGCA MATα fingerprint 11 

JOHE26383 GGACATTCACAAATGTGGACAG MATα fingerprint 11 

JOHE25943  TGTCAATACCCATGCTTTTAAGG  MATα fingerprint 12 

JOHE25944 CCCAAATGTAGTAAGGCAGCTA MATα fingerprint 12 

JOHE26384 TTACCCAAAGTGCATTGTCAAC  MATα fingerprint 13 

JOHE26385 ACGTCTACCAAGCAGGAATGAT MATα fingerprint 13 
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Table 14 (continued) 
JOHE10617  TGCCGCTCATCATTCCCACTT  MATα fingerprint 14 

JOHE10618 GTTCCGGGCAACATCTACTGA MATα fingerprint 14 

JOHE26304 ATCCCACCTCGCTAATCTGTAA   MATα fingerprint 15 

JOHE26307 TAAATGCTCGTTACATGGATGC MATα fingerprint 15 

JOHE25947  CAGCAGTCACAGCACTAAGTGA  MATα fingerprint 16 

JOHE25948 TTGAGAGAAACTTTCGGATTCAG MATα fingerprint 16 

JOHE26386 TTTTATATCATCCCGCTTCACA  MATα fingerprint 17 

JOHE26387 ACCCATCTGGTAGGAAGCTACA MATα fingerprint 17 

JOHE26388 ACTACCATATGAAGAATGCGACAA  MATα fingerprint 18 

JOHE26389 TTTGACTGAATCACCACCATTTAG MATα fingerprint 18 

JOHE26390 ATTGAGGAAAAGTGCGTGATCT MATα fingerprint 19 

JOHE26391 ACCTCGACAATTCCTCAGTCTC MATα fingerprint 19 

JOHE10633  CTGAGCTTGGAGCCAACGTCA  MATα fingerprint 20 

JOHE10634 TAAAGACAGTGAAGGCGTCAT MATα fingerprint 20 

JOHE26392 TGCACAGCAGGAGTAGTCTTTT  MATα fingerprint 21 

JOHE26393 GAAAAGCTTGCTTCTCCACATA MATα fingerprint 21 

JOHE25951 CTCCGAAACTGTGTCTCAAAGT  MATα fingerprint 22 

JOHE25952 CATCTTTGGATCCATCAGTGTT MATα fingerprint 22 

JOHE26394 CGGTTATAACAGTTGCGTTCAC  MATα fingerprint 23 

JOHE26395 GGTAGAGAGAGCAGACGAGGAG MATα fingerprint 23 

 

Table 15. GenBank accession numbers for sequences presented in Chapter 4. 

GenBank accession 
number 

Submission details 
GenBank accession 
number 

Submission details 

AY973641 MLST allele SXI1alpha_7 DQ198324 MLST allele GPD1_23 

DQ096304 MLST allele SXI1alpha_12 DQ198327 MLST allele GPD1_26 

DQ096306 MLST allele SXI1alpha_14 DQ096397 MLST allele LAC1_1 

DQ198305 MLST allele SXI1alpha_15 DQ096398 MLST allele LAC1_2 

DQ096307 MLST allele SXI1alpha_16 DQ096399 MLST allele LAC1_3 

AY973651 MLST allele SXI1alpha_17 DQ096400 MLST allele LAC1_4 

DQ096308 MLST allele SXI1alpha_18 DQ096401 MLST allele LAC1_5 

DQ198312 MLST allele SXI1alpha_31 DQ096405 MLST allele LAC1_9 

DQ198313 MLST allele SXI1alpha_32 DQ096406 MLST allele LAC1_10 

DQ198314 MLST allele SXI1alpha_33 DQ096410 MLST allele LAC1_14 

DQ198315 MLST allele SXI1alpha_34 DQ096411 MLST allele LAC1_15 

HQ165757 MLST allele SXI1alpha_38 DQ198351 MLST allele LAC1_20 

DQ096310 MLST allele SXI2a_4 DQ198353 MLST allele LAC1_22 
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Table 15 (continued) 

DQ096311 MLST allele IGS_1 DQ198354 MLST allele LAC1_23 

DQ096313 MLST allele IGS_3 HQ165759 MLST allele LAC1_25 

DQ096314 MLST allele IGS_4 DQ096416 MLST allele CAP10_1 

DQ096315 MLST allele IGS_5 DQ096417 MLST allele CAP10_2 

DQ096318 MLST allele IGS_8 DQ096419 MLST allele CAP10_4 

DQ096320 MLST allele IGS_11 DQ096421 MLST allele CAP10_6 

DQ096323 MLST allele IGS_14 DQ096422 MLST allele CAP10_7 

DQ096327 MLST allele IGS_18 HQ165760 MLST allele CAP10_17 

DQ198330 MLST allele IGS_23 DQ096343 MLST allele PLB1_1 

HQ165758 MLST allele IGS_33 DQ096345 MLST allele PLB1_3 

DQ096358 MLST allele TEF1_1 DQ096346 MLST allele PLB1_4 

DQ096359 MLST allele TEF1_2 DQ096347 MLST allele PLB1_5 

DQ096360 MLST allele TEF1_3 DQ096348 MLST allele PLB1_6 

DQ096361 MLST allele TEF1_4 DQ198343 MLST allele PLB1_17 

DQ096364 MLST allele TEF1_7 DQ198346 MLST allele PLB1_20 

DQ096367 MLST allele TEF1_10 DQ198347 MLST allele PLB1_21 

DQ198340 MLST allele TEF1_21 DQ198349 MLST allele PLB1_23 

DQ198341 MLST allele TEF1_22 DQ096330 MLST allele MPD1_1 

DQ096377 MLST allele GPD1_1 DQ096331 MLST allele MPD1_2 

DQ096379 MLST allele GPD1_3 DQ096332 MLST allele MPD1_3 

DQ096380 MLST allele GPD1_4 DQ096334 MLST allele MPD1_5 

DQ096381 MLST allele GPD1_5 DQ096335 MLST allele MPD1_6 

DQ096383 MLST allele GPD1_7 DQ096337 MLST allele MPD1_8 

DQ096385 MLST allele GPD1_9 DQ096340 MLST allele MPD1_11 

DQ096388 MLST allele GPD1_12 DQ198320 MLST allele MPD1_14 

DQ096390 MLST allele GPD1_14 HQ165761 MLST allele MPD1_17 

DQ096394 MLST allele GPD1_18 HQ165762 MLST allele MPD1_18 

HQ396150 NIH312 MATalpha locus HQ396149 B4546 MATa locus 

 

4.2.3 Clustering and phylogenetic analyses 

For each isolate, a sequence type was defined as a sequence exhibiting a unique 

sequence profile, based on concatenation of the MLST markers. Each sequence type was 

confirmed to be unique by BLAST analysis of the NCBI GenBank database (Table 16) 
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[123]. A multiple alignment of the sequences was carried out using Clustal W software 

[161]. Clustering analysis of the sequences was conducted using PhyML, which applies 

the maximum likelihood model for analysis [162]. The phylogenetic analysis was 

conducted using the Neighbor Joining algorithm. Haplotype network modeling was 

conducted using TCS software (version 1.21) [128]. The statistical recombination 

analysis was completed using MultiLocus software (version 1.2.2) 

 

Table 16. Sequence type information for clustering and phylogenetic analyses 
presented in Chapter 4. 

Isolate Strain origin (if known) ST 

CA1873 CA clinical 1 

EJB11 WA State clinical 1 

MMC08-897 OR State feline 1 

CA1879 CA clinical 1 

CA1499 CA clinical 1 

NIH184 Australia clinical 1 

B4499 Australia clinical 1 

B4544 Clinical 1 

62270/571_159 Australia veterinary 1 

V28/571_169 Australia veterinary 1 

DUMC140.97 Colombia clinical 2 

DUMC139.97 Colombia clinical 2 

94/943-7 Mexico clinical 3 

CA1283 CA clinical 4 

CA1093 CA clinical 5 

B4546 N/A 6 

MEX203 Mexico clinical 7 

NIH112 Clinical 8 

NIH836 Clinical 9 

NIH18 Clinical 9 

NIH257 Clinical 9 

B13C Asia clinical 9 

NIH187 Clinical 9 
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Table 16 (continued) 
CA1232 CA clinical 10 

CA1292 CA clinical 11 
CA1277 CA clinical 12 

CA1227 CA clinical 12 

CA1053 CA clinical 13 

CA1767 CA clinical 13 

NIH179 Clinical 14 

CA1135 CA clinical 15 

CA1909 CA clinical 15 

CA1573 CA clinical 15 

CA1574 CA clinical 15 

CA1308 CA clinical 15 

CA2382 CA clinical 15 

CA1185 CA clinical 15 
WM161 CA environmental 16 

MEX221 Mexico clinical 17 

MEX278 Mexico clinical 17 

CA2350 CA clinical 18 

CA1521 CA clinical 18 

ICB108 Brazil clinical 19 

CA1508 CA clinical 19 

ATCC 32608 CA clinical 19 

CA1280 CA clinical 20 

CA2339 CA clinical 20 

97/428 Mexico clinical 21 

97/433 Mexico clinical 22 

MEX240 Mexico clinical 23 

94/943-6 Mexico clinical 23 

NIH312 Clinical 24 

ICB88 Brazil clinical 25 

CA2318 CA clinical 26 

CA1514 CA clinical 26 

CA1089 CA clinical 26 

CA1222 CA clinical 26 

CA1700 CA clinical 27 

97/426 Mexico clinical 28 

97/427 Mexico clinical 28 
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4.2.4 Mating assays 

Mating assays were conducted on V8 media (pH=5). Isolates were incubated at 

room temperature in the dark for 2-4 weeks in dry conditions. Fertility was assessed by 

light microscopic examination for hyphae, fused clamp cells, basidia, and basidiospore 

formation at the periphery and surface of the co-incubated mating patch. All mating 

assays were conducted in duplicate. If there were no signs of fertility after the four-week 

period, isolate pairs were scored as having no fertility when paired together.  

4.2.5 Scanning electron microscopy (SEM)  

SEM analysis was completed using protocols similar to those previously 

published [63]. Mating cultures (NIH312 x B4546) were excised from V8 medium agar 

plates and fixed at 4°C in 3% glutaraldehyde that was buffered in 0.1 M Na cacodylate 

(pH=6.8). Samples were then washed in triplicate using cold 0.1 M Na cacodylate buffer. 

This was followed by a graded dehydration series of 1 hr changes in cold 30% and 50% 

ethanol and held overnight. Dehydration was completed with 1 hr changes of cold 95% 

and 100% ethanol at 4°C and warming to room temperature in 100% EtOH. Two 

additional 1 hr changes of room temperature 100% EtOH completed the dehydration 

series. The samples were then critical point dried in liquid CO2 (Samdri-795; Tousimis 

Research Corp., Rockville, MD) for 15 min at the critical point. The agar pieces were 

mounted and sealed with silver paint to ensure good conductivity. The samples were 

sputter coated with 50 Å of Au/Pd (Hummer 6.2; Anatech U.S.A., Hayward, CA). 

Samples were held under vacuum conditions until viewed with a Jeol JSM 5900LV 

scanning electron microscope at 15 kV. 
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4.2.6 Sequencing and analysis of the MAT locus alleles 

The strains used for the construction of the bacterial artificial chromosome (BAC) 

and fosmid libraries and analysis of the MAT locus alleles were NIH312 (MATα) and 

B4546 (MATa). Isolates were grown on YPD media at 30°C, and library construction was 

performed according to previous studies [57,158]. Sequencing reactions were performed 

using BigDye 3.1 (Applied Biosystems, Foster City, California, United States) and 

analyzed on an ABI3100 sequencer. Sequence reads were assembled using the 

PHRED/PHRAP/CONSED package [163,164] and Sequencher 4.8 (Gene Codes 

Corporation). Additional analysis of the data was performed using BLASTn [123]. Based 

on the initial assembly of sequences, oligonucleotides were selected to close gaps in the 

sequence coverage by primer walking. Genes on the MAT locus of C. gattii were 

annotated based on homology to the existing annotation in C. gattii VGII (strain R265) 

and VGI (strains WM276 and E566), and C. neoformans (H99 and JEC21). Certain gene 

annotations were modified using the FGENESH program 

(http://linux1.softberry.com/berry.phtml). Comparison of the MAT locus alleles among 

VGI, VGII, and VGIII strains was performed using BLASTn. The BLASTn results were 

parsed using a PERL script and imputed into the ACT program to construct synteny 

diagrams of the MAT locus alleles among C. gattii strains. In order to evaluate size 

polymorphisms within the MAT locus, 14 MATα strains representing all SXI1α alleles 

and 8 MATa strains were amplified using primers complementary to conserved 

sequences. Primers used for fingerprinting are listed in Table 14. The PCR products were 

digested using appropriate enzymes selected on the basis of DNA sequences using 
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NEBcutter version 2.0 (http://tools.neb.com/NEBcutter2/index.php).   Fingerprints 

showing variability were sequenced to determine the nature of any size polymorphisms. 

Sequences from both forward and reverse strands were assembled with complete double 

strand coverage and manually edited using Sequencher version 4.8 (Gene Codes 

Corporation). 

4.2.7 Murine virulence assays and histopathology 

The pathogenic potential of C. gattii strains belonging to the VGIII genotype was 

tested in a murine model of pulmonary cryptococcosis [165]. Briefly, C. gattii strains 

were grown in YPD broth for 16 hours and washed with sterile physiological saline. Cells 

were counted with a hemocytometer and suspended at a concentration of 3.3 x 105 

cells/ml. Five male BALB/c mice (approximately six-weeks old, 15-20 g; Charles River) 

in each group were first anesthetized with a xylazine-ketamine mixture and then 30 µl of 

infectious inocula was gently dripped into their nares. The injected animals were 

observed for any overt signs of illness, and all morbid animals were promptly sacrificed 

by CO2 inhalation to minimize pain and suffering.  

Data from all infected animals were used to determine Kaplan-Meyer survival 

curves using SAS software (SAS Institute, Inc., Cary, N.C.). For this statistical analysis 

with genotype information, the non-parametric Mann-Whitney U-test was applied, with 

further details in the statistical analysis section  

(http://faculty.vassar.edu/lowry/utest.html). Progression of disease was also determined 

by weighing infected animals once every alternate day at the start of the infection and 

then every day until they were moribund. One half portion of the lung and brain tissues 
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from sacrificed animals was cultured on YPD and Staib niger seed agar for the recovery 

of cells to confirm that infections were cryptococcal in origin. At the same time, the other 

half portion of lung and brain tissues was fixed in 10% neutral buffered formalin and 

Bouin’s fixative, processed into paraffin blocks, sectioned, and stained with hematoxylin 

and eosin (H & E) and Mayer’s mucicarmine (MM) for histopathological examination. 

4.2.8 Ethics statement  

The animal studies conducted were in full compliance with all of the guidelines 

set forth by the Wadsworth Center Institutional Animal Care and Use Committee 

(IACUC) and in full compliance with the United States Animal Welfare Act (Public Law 

98-198). The Wadsworth Center IACUC approved all of the vertebrate studies. The 

studies were conducted in facilities accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC). 

4.2.9 Intracellular proliferation rate (IPR) determ ination  

A proliferation assay was previously developed to monitor the intracellular 

proliferation rate (IPR) of individual strains (for a 72-hour period) following 

phagocytosis [92]. For this assay, J774 macrophage cells were exposed to cryptococcal 

cells that were opsonized with 18B7 antibody for 2 hr as described previously [129]. 

Each well was washed with phosphate-buffered saline (PBS) in quadruplicate to remove 

as many extracellular yeast cells as possible and 1 ml of fresh serum-free DMEM was 

then added. For time point T=0, the 1 ml of DMEM was discarded and 200 µl of sterile 

dH2O was added into wells to lyse macrophage cells. After 30 minutes, the intracellular 

yeast were released and collected. Another 200 µl dH2O was added to each well to collect 
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the remaining yeast cells. The intracellular yeast were then mixed with Trypan Blue at a 

1:1 ratio and the live yeast cells were counted. For the subsequent five time points (T=18 

hrs, T=24 hrs, T=48 hrs, T=72 hrs), intracellular cryptococcal cells were collected and 

independently counted with a hemocytometer.  

For each strain tested, the time course was repeated at least three independent 

times, using different batches of macrophages. The IPR value was calculated by dividing 

the maximum intracellular yeast number by the initial intracellular yeast number at T=0. 

We confirmed that Trypan Blue stains 100% of the cryptococcal cells in a heat-killed 

culture, but only approximately 5% of cells from a standard overnight culture. Compared 

to a conventional colony counting method, this method was shown to be more sensitive 

in detecting the clustered yeast population or yeast cells undergoing budding.   

4.2.10 Statistical analysis  

Time to 50% lethality (LT50) and median IPR values were used to assess the 

statistical significance between the VGIII subgroups and these respective values. For this 

statistical analysis, the non-parametric directional Mann-Whitney U-test was applied and 

values of p<0.025 were considered as statistically significant 

(http://faculty.vassar.edu/lowry/utest.html). Regression analysis was used to measure the 

correlation between LT50 and IPR values, and an F-value of p<0.05 was considered to be 

a significant correlation, with R2, p values, and Pearson correlations also calculated and 

represented in the analysis. 
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4.1.11 Strains used 

All strains used in this study are listed in Table S6, including C. gattii, C. 

neoformans, and S. cerevisiae isolates. 

 

 

Table 17. Strains used in Chapter 4. 

Strain  Species Molecular Type  
62270/571_159 C. gattii VGIII 
94/943-6 C. gattii VGIII 
94/943-7 C. gattii VGIII 
97/426 C. gattii VGIII 
97/427 C. gattii VGIII 
97/428 C. gattii VGIII 
97/433 C. gattii VGIII 
ATCC 32608 C. gattii VGIII 
B13C C. gattii VGIII 
B4499 C. gattii VGIII 
B4544 C. gattii VGIII 
B4546 C. gattii VGIII 
CA1053 C. gattii VGIII 
CA1089 C. gattii VGIII 
CA1093 C. gattii VGIII 
CA1135 C. gattii VGIII 
CA1185 C. gattii VGIII 
CA1222 C. gattii VGIII 
CA1227 C. gattii VGIII 
CA1232 C. gattii VGIII 
CA1277 C. gattii VGIII 
CA1280 C. gattii VGIII 
CA1283 C. gattii VGIII 
CA1292 C. gattii VGIII 
CA1308 C. gattii VGIII 
CA1499 C. gattii VGIII 
CA1508 C. gattii VGIII 
CA1514 C. gattii VGIII 
CA1521 C. gattii VGIII 
CA1573 C. gattii VGIII 
CA1574 C. gattii VGIII 
CA1700 C. gattii VGIII 
CA1767 C. gattii VGIII 



 

126 

Table 17 (continued) 
CA1873 C. gattii VGIII 
CA1879 C. gattii VGIII 
CA1909 C. gattii VGIII 
CA2318 C. gattii VGIII 
CA2339 C. gattii VGIII 
CA2350 C. gattii VGIII 
CA2382 C. gattii VGIII 
DUMC139.97 C. gattii VGIII 
DUMC140.97 C. gattii VGIII 
EJB11 C. gattii VGIII 
ICB108 C. gattii VGIII 
ICB88 C. gattii VGIII 
MEX203 C. gattii VGIII 
MEX221 C. gattii VGIII 
MEX240 C. gattii VGIII 
MEX278 C. gattii VGIII 
MMC08-897 C. gattii VGIII 
NIH112 C. gattii VGIII 
NIH179 C. gattii VGIII 
NIH18 C. gattii VGIII 
NIH184 C. gattii VGIII 
NIH187 C. gattii VGIII 
NIH257 C. gattii VGIII 
NIH312 C. gattii VGIII 
NIH836 C. gattii VGIII 
V28/571_169 C. gattii VGIII 
WM161 C. gattii VGIII 
CA1565 C. gattii VGI 
CA1014 C. gattii VGII 
WM276 C. gattii VGI 
MMRL2651 C. gattii VGIV 
E566 C. gattii VGI 
LA55 C. gattii VGII 
CA1388 Hybrid unknown  
CA2355 Hybrid unknown  
H99 C. neoformans  var. grubii 
JEC21 C. neoformans  var. neoformans 
S90 S. cerevisiae  WT 
S109 S. cerevisiae  fcy1 deletion 
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4.3 Results 

4.3.1 C. gattii molecular type VGIII forms two distinct lineages t hat are 
the predominant cause of C. gattii infection in a Southern Californian 
AIDS patient cohort 

To characterize the molecular type of C. gattii isolates collected from the 

Southern California C. gattii cohort [40], we applied multilocus sequence typing (MLST) 

analysis at eight unlinked genomic loci. In total, the patient cohort consisted of 30 

isolates. Of these, a single isolate was molecular type VGI (3.3%), another single isolate 

was molecular type VGII (3.3%), and the remaining 28 isolates were molecular type 

VGIII (93.3%). Examination of the 28 VGIII isolates at the molecular level revealed a 

high level of diversity (13 unique genotypes based on seven non mating-type specific 

MLST markers), isolates of the two mating types (α and a) (Figure 17), and no evidence 

for heterozygosity (consistent with FACS analysis showing they are haploid, data not 

shown). Based on allele designations it is apparent that there are two genetically distinct 

groups within the VGIII molecular type. One group was termed VGIIIa (predominantly 

orange shading in Figures 17 and 18), and the other group was termed VGIIIb 

(predominantly green shading in Figures 17 and 18). Additionally, two diploid isolates 

from the cohort (CA1388 and CA2355) were excluded due to high levels of 

heterozygosity in the majority of sequences, indicating that they are likely hybrids. 

Hybrids between C. neoformans and C. gattii have been previously reported [166], and 

thus these two isolates appear to be hybrids (see discussion, Chapter 4).     

To further examine the isolates from the Californian clinical cohort at a molecular 

level, we compared their MLST profiles to an additional 32 VGIII isolates collected from 
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multiple locations and isolate sources (Figure 18). Based on an examination of 60 VGIII 

isolates, the VGIIIa and VGIIIb clusters form two distinct groups. While many of the 

alleles were VGIIIa or VGIIIb specific, several were shared. Alleles found to be shared 

between the VGIIIa and VGIIIb groups are colored in fuchsia (Figures 17 and 18). In the 

VGIIIa cluster, all isolates originate from North America and Australia, while in the 

VGIIIb cluster, isolates originate from North America, South America, and Asia (Figure 

18). This indicates that while there are possible geographic niches for each individual 

group, some geographic regions (Mexico and the United States) harbor isolates from both 

of the VGIII groups. This finding suggests that in at least North America, the two groups 

might have the ability to occupy similar environmental niches, leading to a potential for 

cross-hybridization.  

To increase the rigor of the molecular analysis, we examined the distribution of 

the sequence types by constructing maximum likelihood (ML) dendrograms (Figure 

19A). This analysis again supports that there are two distinct clusters, which correlate 

with the initial grouping based on MLST allele designations. In total 28, unique sequence 

types are represented in the seven-loci dendrogram, with 12 clustering into the VGIIIa 

subgroup and 16 into the VGIIIb subgroup (Figure 19A). One VGIIIa genotype, ST28, 

represents an intriguing intermediate between the two subgroups, and consists of two 

clinical isolates from Mexico (97/426 and 97/427). This sequence type harbors two 

alleles that are shared between the two groups, two alleles that are common and exclusive 

to the VGIIIa group, and four alleles that are unique to this sequence type. The ancestry 

of this isolate remains unclear; however, both ST28 isolates originate in Mexico, a region 
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that harbors isolates of both VGIIIa and VGIIIb, and thus these isolates may represent a 

hybrid between VGIIIa and VGIIIb.       

Next, we phylogenetically examined the global population by constructing 

Neighbor Joining phylograms (Figure 19B, Figure 20). This analysis also illustrates two 

defined lineages, with the ST28 genotype representing a genotype intermediate between 

VGIIIa and VGIIIb. Bootstrap support for the separation of the VGIIIb lineage from the 

other genotypes is robust (100), consistent with the observed phylogenetic separation 

(Figure 19B). Support for all VGIIIa genotypes other than ST28 is at a level of 86, 

indicating that ST28 may be a distinct lineage, or conversely be a distant genotype within 

the VGIIIa lineage (Figure 19B). To address the ancestry of the VGIII subgroups, we 

examined the isolates in the context of the three other C. gattii molecular types (VGI, 

VGII, VGIV) (Figure 20). From this analysis, there is strong statistical support (bootstrap 

value of 100) that the VGIIIa subgroup is ancestral to the VGIIIb subgroup, with ST28 as 

the closest genotype to the well-supported VGIIIb clade (Figure 20). While the two 

clusters (VGIIIa/VGIIIb) are distinct from one another, when compared with 

representative isolates from the other molecular types (VGI, VGII, VGIV), it is well 

supported statistically that all 60 VGIII isolates are within the VGIII lineage, clearly 

separated from the other three C. gattii molecular types (VGI, VGII, VGIV), with a 

bootstrap support of 100 (Figure 20). 
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Figure 17. Molecular analysis of isolates from the Californian patient cohort reveals 
93% are VGIII molecular type and genetically diverse. Multilocus sequence typing analysis 
of eight loci for the 30 isolates of C. gattii from the Southern California AIDS patient cohort. 
Unique alleles are colored differently for each marker for visual discrimination, and each 
number represents a GenBank accession number (Table S4). Orange coloration represents 
VGIIIa, green VGIIIb, and fuchsia shared alleles. A single isolate is VGI, a single isolate is 
VGII, and 28 isolates are VGIII molecular type. 
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Figure 18. Global analysis of molecular markers illustrates high diversity and two 
distinct VGIII lineages: VGIIIa and VGIIIb. Multilocus sequence typing analysis was 
conducted at eight loci for the global collection of 60 VGIII molecular type isolates. 
Geographic origins of isolates are indicated, with red indicating isolates from the Southern 
California patient cohort. Unique alleles were assigned distinct colors for each marker for 
visual discrimination, and each number represents a GenBank accession number (Table 
S4). Orange coloration represents VGIIIa, green VGIIIb, and fuchsia shared alleles. 
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Figure 19. Clustering and phylogenetic analyses of global VGIII isolates reveals two 
well supported lineages and one intermediate genotype. A) A clustering analysis 
representation (ML) of the concatenated sequence data from global isolates, with the 
exclusion of MAT locus linked markers (SXI1αααα/SXI2a). B) A phylogenetic representation 
(NJ) and supporting bootstrap values of the sequence data from global isolates with the 
exclusion of MAT locus linked markers (SXI1αααα/SXI2a). In total, 28 unique sequence types 
were observed. Details of isolates within each sequence type are presented in Table 16. 
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Figure 20. Molecular type VGIII is distinct from the other three molecular types. A 
phylogenetic representation (NJ) and supporting bootstrap values of the sequence data 
from global VGIII isolates, with the exclusion of MAT locus linked markers (SXI1αααα/SXI2a). 
VGI, VGII, and VGIV out-groups are included. 
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4.3.2 Speciation dynamics and evidence for recombin ation in the 
global VGIII population 

Based on an examination of the 60 total isolates, the VGIIIa and VGIIIb clusters 

may represent early sympatric speciation, as they are closely related but distinct 

subgroups that are endemic in partially overlapping geographic regions. To address 

aspects of the evolutionary history of the groups, haplotype network analysis was applied 

using TCS phylogenetic estimation for allele ancestry and evolution. The primary alleles 

focused on in this analysis were those shared between the VGIIIa and VGIIIb subgroups. 

This type of examination addresses if alleles common among the groups have a probable 

ancestral origin, or conversely if they are likely shared due to a more recent introgression 

event between isolates from the two groups. Of these shared alleles, SXI2a was not 

informative as there is only one allele identified, and thus no analysis could be conducted. 

For the other three alleles (CAP10, TEF1, PLB1), TCS analysis revealed that the CAP10 

locus and TEF1 locus shared alleles appear to be ancestral, while the most parsimonious 

hypothesis is that the PLB1 shared allele is the product of an introgression event between 

VGIIIa and VGIIIb because another allele (PLB1-20) is assigned as the ancestral root 

(Figure 21A-C).    

In addition to markers encompassing shared alleles, haplotype networks were also 

constructed to examine the evolutionary history of the remaining five markers (Figure 

22). For this analysis, four of the five markers (LAC1, MPD1, GPD1, and IGS) showed 

that the VGIIIa and VGIIIb subgroups are separated (Figure 22). This provides additional 

evidence that there is genetic isolation between the two groups. The remaining marker, 



 

135 

SXI1α, shows evidence for separation, but the history is less well resolved, with some 

indications that there could be shared introgressed alleles yet to be discovered in the 

population (Figure 22). This marker is highly variable, and many of the proposed 

intermediates have not been found to date. This could be the result of: 1) under-sampling 

of isolates, 2) missing alleles that are either no longer extant in the population or never 

existed in cases where more than one mutation may have occurred simultaneously, or 3) 

recombination events within the allele have occurred. Regardless, the overall analysis of 

the alleles further suggests a separation, with several hypothesized but likely rare 

introgression events having possibly occurred. Of the six markers not sharing a common 

ancestor, three of the proposed ancestral alleles are unique to the VGIIIa subgroup and 

three are unique to the VGIIIb subgroup. Therefore, based on only this analysis, the 

ancestral subgroup cannot be predicted. However, as discussed above, there is strong 

phylogenetic support from the concatenation of seven MLST markers that VGIIIa is the 

ancestral subgroup (Figure 20).   

To examine the possible role that recombination may have contributed to the 

population structure of the VGIII molecular type, including the formation of two well 

supported clades, we conducted a paired allele analysis among the global genotypes 

(Figure 23). The discovery of all four possible allele combinations between two unlinked 

loci (AB, ab, Ab, aB) in the absence of parallel mutations serves as evidence for posited 

recombination events [132,134]. In total, 18 of 28 different molecular marker pairs 

showed evidence for recombination, with a total of 25 examples in which all four of the 

allele combinations were observed. These examples serve as evidence that recombination 
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may be occurring in the VGIII molecular type. To further classify the analysis of the 

VGIIIa and VGIIIb subgroups, we examined how frequently allele combinations 

indicating recombination were associated with a specific lineage. Our results illustrate 

that 1/25 locus pairs involved only the VGIIIa lineage, whereas 20/25 pairs involved only 

the VGIIIb lineage; the four remaining pairs involved shared alleles. Of the four pairs 

involving shared alleles, two involved shared and VGIIIa alleles and two involved shared 

and VGIIIb alleles. No locus pairs contained both VGIIIa and VGIIIb unique alleles 

(Figure 23). These studies demonstrate that while recombination may be present within 

both subgroups, the VGIIIb subgroup may be more actively undergoing recombination in 

its environmental niche.  

To further characterize the possible roles recombination may play in the 

population structure of the VGIII population, we employed MultiLocus software to 

examine the percentages of compatible loci and indices of association (IA). These 

analyses were completed for the global population, and also individually for the VGIIIa 

and VGIIIb subgroups. Additionally, the dataset was analyzed using all 60 isolates, and 

then was analyzed as a clone corrected set with only unique genotypes represented 

(n=28). Clone correction is commonly used to examine fungal populations that are 

known to often undergo asexual reproduction and clonal blooms, with less frequent 

occurrences of sexual reproduction and meiosis [167]. The analysis of both the 

percentage of compatible loci and IA produce p-values that if significant reject the null 

hypothesis of recombination. If the p-values are not significant, the null hypothesis 

cannot be rejected and recombination can be inferred. The results of the analysis are 
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presented in Table 18. The analysis illustrates that although the null hypothesis is rejected 

in the analysis of all isolates, VGIIIa individual, VGIIIb individual, and the overall clone 

corrected dataset, the null hypothesis cannot be rejected in the analysis of the individual 

VGIIIa and VGIIIb subgroups when the dataset is clone corrected (Table 18). As we 

cannot reject the null hypothesis for recombination in the clone corrected subgroup 

analysis, it suggests recombination may be occurring within each subgroup. These results 

add statistical support to the hypothesis that there is active recombination within the 

VGIII molecular type and that these events more likely occur between isolates within the 

same VGIII subgroup rather than between VGIIIa and VGIIIb isolates. Overall, the 

analysis of both paired-allele diagrams (Figure 23) and statistical analyses of the 

percentage of compatible loci and IA (Table 18) support the hypothesis that 

recombination is ongoing in the VGIII subgroups, similar to studies examining both VGI 

and VGII molecular type populations in Australia, in which the hypothesis of sexual 

recombination was supported in populations exclusive for each respective molecular type 

[50,51].   

In addition to population-based studies, we conducted a comprehensive mating 

analysis among isolates from the VGIII molecular type, showing that VGIII harbors 

highly fertile isolates from both subgroups. In total, 182 mating pairs were examined by 

laboratory mating assays, including all eight mating type a isolates, and representatives 

from each of the α genotypes. When observed via light microscopy, 138 pairs showed no 

signs of fertility, while 44 pairs were able to undergo sexual reproduction, with 

representative high resolution SEM imaging of a VGIII x VGIII cross (NIH312 x B4546) 
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shown in Figure 24 (see also Tables 19, 20). The SEM imaging, similar to previous 

studies [39], illustrated key hallmarks of mating including hyphae, unfused clamp cells, 

basidia, and elongated basidiospores (Figure 24). When the strains that were fertile with 

the greatest number of mating partners were separated into the top four strains from each 

respective mating type, three of four from both the α and a mating type are from the 

VGIIIb subgroup (Table 20). This shows that while both groups are fertile, overall levels 

of fertility based on the number of strains that each respective strain can mate with may 

be higher in the VGIIIb subgroup, consistent with the increased number of unique 

genotypes observed in VGIIIb (n=16 out of 27 isolates or 59%) compared to VGIIIa 

(n=12 out of 33 isolates or 36%). Overall, a higher percentage of a isolates are fertile 

compared to α isolates (Table 19). When both mating types are combined, the VGIIIb 

group shows an increased percentage of fertile isolates compared to the VGIIIa group 

(Table 19). The laboratory based fertility assays support the hypothesis that mating is 

occurring in the VGIII molecular type in its natural environmental niche. 

 



 

139 

 

Figure 21. Haplotype mapping of markers harboring shared alleles between VGIIIa 
and VGIIIb shows evidence for both ancestral origins and introgression of shared alleles. 
Alleles for each respective locus are indicated numerically. Orange coloration represents 
VGIIIa, green VGIIIb, and fuchsia shared alleles. Circles represent alleles extant in the 
population, and the smaller black circles represent alleles that have not been recovered, or 
which may no longer be extant in the population. Each line connected to an object 
represents one postulated evolutionary event, with the squared allele representing the 
posited ancestral allele. A-C) Haplotype networks for CAP10, TEF1, and PLB1, 
respectively. 
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Figure 22. Additional haplotype networks for MLST markers not shared between 
VGIIIa and VGIIIb supports distinctions between the subgroups. Alleles for each respective 
locus are indicated numerically. Orange coloration represents VGIIIa and green VGIIIb. 
Circles represent alleles extant in the population, and the smaller black circles represent 
alleles that have not been recovered, or which may no longer be extant in the population. 
Each line connected to an object represents one postulated evolutionary event with the 
squared allele representing the posited ancestral allele. 
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Figure 23. Evidence for genetic recombination within the VGIII population, 
particularly within alleles unique to the VGIIIb lineage. Informative paired allele graphs 
from VGIII global isolates. An hourglass shape indicates the presence of all four possible 
pairs of alleles and serves as evidence of recombination. A) An example of recombination 
evidence within VGIIIb (top) and VGIIIa (bottom). B) An  example of recombination 
evidence within VGIIIb unique alleles (top) and an example involving a shared allele and 
three VGIIIa unique alleles (bottom). C) An example of recombination evidence involving 
both shared and VGIIIb unique alleles. All of the informative paired allele graphs 
constructed for this analysis can be found in Byrnes et al, PLoS Pathogens, under review. 
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Figure 24. Scanning electron microscopy imaging of two VGIIIb isolates undergoing 
a-αααα mating to produce spores. Mating images are of NIH312αααα x B4546a from a V8 media 
(pH=5) mating assay. A) Imaging of yeast cells, hyphae, and a clamp cell (arrow) (7,500X). 
B) Representation of yeast cells and hyphae, with an emerging bud seen to the left of the 
panel and a blastospore forming off of the hyphae (arrow, 7,000X). C) Yeast, hyphae, 
basidia, and basidiospores. One detached spore is seen in the top left of the panel, and is 
characteristically elongated (6,000X). D) A high magnification image of a single basidium 
with four emerging basidiospores (10,000X). All scale bars are 3 µm. 

 

 

 

 

 



 

143 

Table 18. Recombination analysis of the global VGIII population. 

Population n 
Percent 
compatible loci 

Percent 
compatible loci 
p value 

Index of 
Association 

Index of 
Association p 
value  

All 60 0.29 <0.01 2.66 <0.01 

VGIIIa 33 0.86 <0.01 0.67 <0.01 

VGIIIb 27 0.38 <0.01 0.45 <0.01 

All clone corrected 28 0.29 <0.01 1.78 <0.01 

VGIIIa clone corrected 12 0.86 0.53 -0.01 0.47 

VGIIIb clone corrected 16 0.38 0.72 0.13 0.28 

 

Table 19. Fertility of VGIIIa and VGIIIb lineages. 

Lineage Mating-type # Fertile/total  % Fertile  
VGIIIa a 1/1 100 
VGIIIa α 10/32 31 
VGIIIb a 7/7 100 
VGIIIb α 10/20 50 
All Isolates a 8/8 100 
All Isolates α 20/52 38 
VGIIIa a + α 11/33 33 
VGIIIb a + α 17/27 63 

 

Table 20. Positive mating pairs and the top four isolates from each respective 
mating type that were the most interfertile. 

a x α + mating Top 4 a isolates  Top 4 α isolates  

ATCC32608 x 97/433 CA1873 (VGIIIa) 97/433 (VGIIIa) 

ATCC32608 x NIH312 B4546 (VGIIIb) B13C (VGIIIb) 

B4546 x 97/426 CA1227 (VGIIIb) CA2360 (VGIIIb) 

B4546 x 97/428 ICB108 (VGIIIb) NIH312 (VGIIIb) 

B4546 x 97/433 - - 

B4546 x B13C - - 

B4546 x CA1053 - - 

B4546 x CA1093 - - 

B4546 x CA1135 - - 

B4546 x CA1283 - - 

B4546 x CA1700 - - 

B4546 x CA2318 - - 
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Table 20 (continued) 
B4546 x CA2350 - - 

B4546 x DUMC140.97 - - 

B4546 x EJB11 - - 

B4546 x MEX203 - - 

B4546 x MEX221 - - 

B4546 x MEX240 - - 

B4546 x NIH112 - - 

B4546 x NIH179 - - 

B4546 x NIH836 - - 

CA1227 x 97/428 - - 

CA1227 x 97/433 - - 

CA1227 x B13C - - 

CA1227 x CA2350 - - 

CA1227 x MEX240 - - 

CA1227 x NIH312 - - 

CA1232 x 97/433 - - 

CA1232 x CA2350 - - 

CA1277 x 97/433 - - 

CA1277 x B13C - - 

CA1277 x CA2350 - - 

CA1508 x 97/433 - - 

CA1508 x CA2350 - - 

CA1508 x NIH312 - - 

CA1873 x 97/433 - - 

CA1873 x B13C - - 

CA1873 x CA2350 - - 

CA1873 x NIH312 - - 

ICB108 x B13C - - 

ICB108 x 97/433 - - 

ICB108 x CA2350 - - 

ICB108 x NIH112 - - 

ICB108 x NIH312 - - 
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4.3.3 Characterization of the VGIII molecular type MAT locus alleles 
illustrates distinct features 

Sequencing of the α and a MAT locus alleles from two representative strains of 

the VGIII lineage shows that overall, the general structure, size, and characteristics are 

similar to previously sequenced C. gattii MAT loci from the VGI and VGII molecular 

types (Figure 25). Both SXI1α or SXI2a and the pheromone receptor and pheromone 

genes reside within the MAT locus, which further supports that C. gattii and C. 

neoformans have bipolar mating systems. However, there are two rearrangements in the 

MATa allele 3’ region compared to the VGI molecular type isolate E566.   

Although there are marked similarities for the MAT locus alleles of VGI/VGII 

with VGIII, there are also distinct characteristics for each VGIII MAT allele. This 

includes a partial deletion of UAP1 and loss of the FCY1 and FAO1 genes from the VGIII 

MATa allele 5’ flanking region that was identified via sequencing of the VGIII a isolate 

B4546 and confirmed to be present in all eight VGIII a isolates examined, although no 

phenotypic consequences were observed (Figures 25, 26, 27). Southern blot analysis of 

FCY1 and PCR analysis of all three full length genes with primers selected based on 

regions conserved between C. neoformans and C. gattii shows that they might not be 

present in the genome at all, or alternatively that they are rapidly evolving and too 

diverged to hybridize with the probes and primers used (Figure 27). Intriguingly, all 

isolates remain sensitive to the antifungal agent 5-fluorocytosine (5-FC) indicating that 

the FCY1 gene is functioning or that another gene or genes are acting in a similar manner 

(Figure 26). Additionally, an ~1.1 kb truncation of the FAO1 gene, a putative iron 
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oxidoreductase, has been found in all VGIII α strains analyzed. Using PCR incorporating 

conserved primers, we could not detect an intact FAO1 gene elsewhere in the genome of 

the VGIII α isolates. Four pheromone gene copies were previously found within the 

VGII and VGI MATα loci, arranged in two pairs of divergently oriented, linked genes. 

However, although VGIII has been shown to be more fertile than VGI/VGII, based on the 

sequence assembly for strain NIH312, we found only two copies of the MFα pheromone 

gene, although we have still not fully closed one gap in this region of the locus. 

Additionally, we discovered a remnant of the a specific gene SXI2a in the VGIIIα mating 

type locus, and sequence comparisons show that it is present in C. gattii molecular types 

VGI, VGII, and VGIII, but not present in C. neoformans var. neoformans (serotype D) or 

C. neoformans var. grubii serotype A (Figure 28).  

Fingerprinting analysis of the VGIII α and a MAT locus alleles revealed no size 

polymorphisms within MAT for VGIII a isolates, but did reveal diversity within the α 

allele (Figure 25, Table 21). Fingerprints 9 and 18 of the α locus, which correlate with 

VGIIIa and VGIIIb molecular types, were detected (Figures 25, Table 21). Additionally, 

a 120 bp polymorphism within the CID1 and LPD1 intergenic sequence (fingerprint 8 of 

the α locus) was found to correlate with VGIIIa and VGIIIb molecular types with the 

exception of one VGIIIb strain harboring the SXIα allele 38, which contained the VGIIIa 

genotype at this region and could reflect recombination within MAT as a result of α-α 

mating (Figure 25, Table 21). Other VGIII isolates with SXI1α allele 38 were also 

confirmed to have this genotype (data not shown), and fingerprints 2 and 7 of the α locus 
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showed multiple genotypes that were not correlative with the VGIIIa and VGIIIb 

subgroups. 
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Figure 25. The VGIII MAT locus of αααα and a strains share relative synteny with other 
molecular types but also show rearrangements in MATa. A) The MATαααα locus and flanking 
regions of molecular type VGIII compared to the loci of molecular types VGI and VGII. 
Fingerprint markers are shown with the order of strains from left to right as follows: 
B4546, CA1227, CA1232, CA1277, CA1508, CA1873, ICB108, and ATCC32608. B) The 
MATa locus and flanking regions of molecular type VGIII compared to the locus of 
molecular type VGI. Fingerprint markers are shown with the order of strains from left to 
right as follows: ICB88, DUMC140.97, CA1280, CA1093, NIH836 NIH312, CA1700, 
MMC08-897, WM161, MEX240, CA1514, 97/426, 97/433, and 97/428. The scale bar is equal 
to 10 kb and applies to both MAT locus alleles. Shading indicates the boundaries of the MAT 
locus alleles. 
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Figure 26. Phenotypic analysis of VGIII MATa isolates related to the loss of the 
FCY1 gene from the MAT locus. Results indicate that FCY1 or another gene is still 
functioning to retain expected WT phenotypes involving sensitivity to the antifungal agent 
5-fluorocytosine (5-FC) and utilization of cytosine as a sole nitrogen source. Control strains 
include S. cerevisiae WT (S90) and an fcy1∆ mutant strain (S109) that is resistant to 5-FC 
and unable to utilize cytosine as a sole nitrogen source, and WT control strains for C. 
neoformans var. grubii (H99) and C. neoformans var. neoformans (JEC21). 
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Figure 27. Molecular analysis of VGIII MATa isolates related to the loss of the FCY1 
and FAO1 genes from the MAT locus and the truncation of the UAP1 gene. A) List of 
strains. B) Southern blot analysis results indicate that the FCY1 gene may no longer 
be present in the genome, or that the gene may have undergone accelerated 
evolution and thus not be detected by hybridization to the probe that is based on the 
VGIII αααα (NIH312) gene sequence. C) GPD1 control for Southern blot. D-F) PCR 
analysis for FCY1, FAO1, and UAP1, respectively, indicating a loss of the genes 
from the VGIII MATa genomes, or that the genes might have undergone accelerated 
evolution and thus not be detected with the oligonucleotide primers used. 
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Figure 28. Remnant of SXI2a in VGIII αααα isolates with two models for its origin 
within C. gattii. A) The grey shading indicates intergenic MAT sequence, while the black line 
indicates sequence outside of the MAT locus allele. The homology of the SXI2a remnant is 
indicated on the figure. B) A model for the evolution of the remnant based on partial gene 
loss in C. gattii and complete gene loss in C. neoformans. C) A model for the evolution of the 
remnant based on gene conversion within C. gattii. 

 

Table 21. Details of fingerprinting regions with digestion information for MAT PCR 
products subjected to restriction enzyme digestion. 

MATα     

Fingerprint Region Enzyme NEB Buffer Conditions 

1 6383 -> UAP1 SacI 1+BSA 4 hours; 37oC 

2 UAP1 -> RPL22 EcoRI 1 4 hours; 37oC 

3 RPL22 -> BSP1 HindIII 2 4 hours; 37oC 

4 BSP1 internal SalI 3+BSA 4 hours; 37oC 

5 BSP1 ->SPO14 HindIII 2 4 hours; 37oC 

6 SPO14 internal PvuI 3+BSA 4 hours; 37oC 

7 SPO14 -> IGS12* EcoRV 3+BSA 4 hours; 37oC 

8 IGS13* PCR only - - 
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Table 21 (continued) 
9 LPD1 ->BSP2 PCR only - - 

10 BSP2 -> STE11 EcoRI 1 4 hours; 37oC 

11 STE11 internal NcoI 3 4 hours; 37oC 

12 STE11 -> MYO2 SphI 2 4 hours; 37oC 

13 MYO2 internal EcoRV 3+BSA 4 hours; 37oC 

14 IGS18* PCR only - - 

15 IGS19* ->ETF1 PCR only - - 

16 ETF1 -> IKS1 HindIII 2 4 hours; 37oC 

17 IKS1 internal PCR only - - 

18 IKS1 -> PRT1 PCR only - - 

19 PRT1 internal NcoI 3 4 hours; 37oC 

20 IGS24* PCR only - - 

21 NCM1 internal PCR only - - 

22 NCM1 -> STE12 NcoI 3 4 hours; 37oC 

23 STE12 -> 2431 BglII 3 4 hours; 37oC 

MATa     

1 6383 -> UAP1 EcoRI 1 4 hours; 37oC 

2 UAP1 -> SPO14 HindIII 2 4 hours; 37oC 

3 SPO14 internal EcoRI 1 4 hours; 37oC 

4 SPO14 -> IGS5* SacI 1+BSA 4 hours; 37oC 

5 RPL39 -> NCM1 NcoI 3 4 hours; 37oC 

6 RPO41 -> BSP2 SacI 1+BSA 4 hours; 37oC 

7 BSP2 -> LPD1 NcoI 3 4 hours; 37oC 

8 LPD1 -> CID1 HindIII 2 4 hours; 37oC 

9 GEF1 -> RUM1 EcoRI 1 4 hours; 37oC 

10 RUM1 internal NcoI 3 4 hours; 37oC 

11 RUM1 -> STE11 EcoRI 1 4 hours; 37oC 

12 PRT1 -> STE3 BamHI 3+BSA 4 hours; 37oC 

13 STE3 -> STE20 NcoI 3 4 hours; 37oC 

14 STE20 -> MYO2 NcoI 3 4 hours; 37oC 

15 MYO2 -> IKS1 HindIII 2 4 hours; 37oC 
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4.3.4 Virulence and histopathology of C. gattii VGIII isolates from the 
California cohort 

To address the virulence characteristics of the VGIII isolates and correlate the 

results with genotype and mating type, we conducted murine intranasal instillation 

challenges. In total, we chose eleven isolates from the HIV/AIDS patient cohort and one 

environmental VGIII control strain isolated in San Diego, California from an Eucalyptus 

camaldulensis tree in 1992 [23]. Of the eleven clinical isolates, six were from the VGIIIa 

subgroup and five from the VGIIIb subgroup, with eight α and three a isolates (Figure 

29A). Of the VGIII isolates examined, CA1499 was more virulent than all other isolates 

tested (Figure 29A). Additionally, when we compared overall virulence between the two 

subgroups, the VGIIIa subgroup showed a significantly higher mortality rate when 

compared to the VGIIIb subgroup (p<0.025). When isolate CA1089 was excluded from 

this analysis, the support increased (p<0.005). These results suggest that the molecular 

differentiation between the two lineages within VGIII is associated with a dichotomy in 

murine mortality post cryptococcal infection. We also show that the lone environmental 

isolate, WM161 (VGIIIa), was less virulent than the five clinical VGIIIa isolates, but 

more virulent than all of the VGIIIb isolates. Isolates with increased levels of mortality 

were also found to be associated with rapid declines in total body weight during the 

course of infection (Figure 29B).   

Histological examination of lung tissues from mice infected with the highly 

virulent C. gattii strain CA1499 revealed widespread dissemination of cryptococci 

throughout the alveoli and airways with little inflammatory response. Only infiltrated 
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PMNs were seen in the airways (Figure 30A; arrow). An expansion of alveoli with 

confluent clusters of budding yeasts and breakdown of alveolar walls was observed. 

Furthermore, staining with Mayer's mucicarmine (MM) revealed rapidly dividing yeasts 

with smaller capsule sizes (Figure 30E). In contrast, lungs of mice infected with the 

moderately virulent strain, WM161, revealed a relatively increased inflammatory 

response. Several foamy macrophages were seen surrounding alveoli and in the airways 

(Figure 30C). A few PMNs were also observed surrounding alveoli (Figure 30C). The 

MM staining revealed yeast cells with predominantly enlarged capsules (Figure 30G), 

indicating that capsule enlargement might enable WM161 to survive and multiply despite 

host resistance mechanisms. The lung tissue response to the CA1292 strain was 

intermediate between the highly virulent strain CA1499 and moderately virulent WM161 

strain and MM staining revealed both yeasts with and without buds with smaller and 

larger capsules, respectively (Figure 30E, F). The lung tissues of mice infected with the 

avirulent CA2339 strain appeared healthy with no evidence of disease (Figure 30D) and 

no yeasts were found in the lung tissues (Figure 30H), thereby independently confirming 

the observations from the survival data where all of the infected mice appeared healthy 

up to 103 days post-infection at which point the experiment was terminated.  

We next examined if C. gattii infections were confined to the lungs or 

disseminated to the brain. One large lesion containing numerous single and budding 

yeasts was seen in the right hemisphere of the brain of an animal infected with the highly 

virulent strain, CA1499 (Figure 30I, J). The rest of the brain tissue was normal with no 

apparent sign of infection. In contrast, occasional single and budding yeasts were seen in 
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the meninges of animals infected with strain WM161 (Figure 30K-N), while no yeasts 

were found in the brains of animals infected with either CA1292 or CA2399 (data not 

shown). These results further confirmed the survival curve data in which CA1499 was the 

highly virulent strain while CA1292 and WM161 were moderately virulent, and CA2399 

was avirulent in the murine inhalation model of cryptococcosis. 

Intracellular proliferation rates (IPRs) were determined for each strain examined 

in the murine model of infection. This assay is correlated positively with murine 

virulence, based on previous studies with C. gattii VGII Pacific Northwest outbreak 

isolates [21,92]. To further examine the virulence characteristics for the VGIII isolates, 

intracellular proliferation of cells within macrophages was directly tested for the seven 

VGIIIa and five VGIIIb isolates that were examined in the mouse model (Figure 31A-B). 

Similar to the murine experiments, the VGIIIa subgroup showed significantly higher IPR 

levels than the VGIIIb subgroup (p<0.005, Figure 31A, C). Additionally, as in the 

previous studies, IPR values and survival time in vivo showed strongly positive 

correlations upon regression analysis (Figure 31B, D). A single VGIIIa isolate, CA1089, 

was an outlier with high IPR but low virulence. Therefore, the regression analysis was 

conducted both with (Figure 31A, B) and without this isolate (Figure 31C, D). While the 

significance levels were better supported when CA1089 was excluded, they were 

statistically significant in all cases (Figure 31B, D). The IPR analysis combined with the 

in vivo model shows that the isolates from the Californian patient cohort show virulence 

differences in which the VGIIIa subgroup was more virulent overall than the VGIIIb 

subgroup. 
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Figure 29. Isolates from the VGIIIa group exhibit increased virulence compared to 
VGIIIb in an in vivo murine model of infection. A) Groups of five animals were each 
infected with an infectious inoculum of 1.0×105 cells, and the survival of animals plotted 
against days post-infection. The legend is arranged from most virulent (top) to least virulent 
(bottom, based on survival). VGIIIa isolates are indicated by orange coloration and VGIIIb 
isolates are indicated by green coloration. B) C. gattii infections cause notable weight loss 
associated with the virulence level of strains. BALB/c mice were infected with 1.0×105 yeast 
cells via the intranasal instillation route. The weight of each animal was monitored every 
other day after infections while asymptomatic. When the animals began to exhibit 
symptoms of infection, weight was measured daily and plotted. 
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Figure 30. Histopathology analysis of C. gattii infected pulmonary and brain tissues 
reveals marked differences between highly virulent, moderately virulent, and avirulent 
isolates. A-D) Pulmonary tissues from infected mice illustrate distinct tissue responses to 
strains of varying virulence levels. BALB/c mice were infected with 1×105 cells via the  
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Figure 30 (continued) 
 

intranasal instillation (IN) route. The infected lungs were harvested at different time points 
based on levels of morbidity (CA1499, 26 days; CA1292, 40 days, WM161, 68 days; and 
CA2339, 103 days) and processed. The hematoxylin and eosin staining (H&E) 
photomicrograph (200× magnification) depicts lung sections from mice infected with 
CA1499 (A), CA1292 (B), WM161 (C), and CA2399 (D). Note the significant destruction of 
alveolar wall surrounding alveoli, a few PMN infiltrations (A, arrow) in the large airways 
were seen. Alveoli and airways were filled with cells suggesting severe pulmonary infection. 
In contrast, several macrophages were observed surrounding alveoli of mice infected with 
the moderately virulent strain WM161. Airways and alveoli were also not as densely 
consolidated as those with CA1499. The tissue response of mice infected with CA1292 was 
intermediate between CA1499 and WM161. No evidence of infection was apparent in mice 
infected with CA2399 suggesting that the animals cleared infection. E-H) The highly 
virulent CA1499 strain exhibits decreased capsule size in pulmonary tissues in comparison 
to other VGIII isolates with moderate virulence. The infected lungs were harvested at 
different time points for each strain based on levels of morbidity (CA1499, 26 days; 
CA1292, 40 days, WM161, 68 days; and CA2339, 103 days) and processed. The Mayer’s 
mucicarmine (MM) photomicrograph (200× magnification) presents lung sections from 
mice infected with C. gattii strains CA1499 (E), CA1292 (F), WM161 (G), and CA2399 (H). 
Note that alveoli were densely consolidated with cells in CA1499 infected mice compared to 
those in the CA1292 or WM161 infected mice. No yeasts were seen in CA2399 infected mice. 
I-N) Pathology of brain tissues from infected mice indicates CNS infection. I-J) H&E and 
MM sections from a CA1499 infected animal reveals a large lesion filled with fluid and 
numerous C. gattii cells (100×). K-L) H&E section from WM161 infection shows a yeast cell 
in the meninges (100×); higher magnification reveals tissue infiltrations surrounding the 
yeast (200×). M-N) MM staining of the same the same WM161-infected animal shows a 
yeast cell with a large capsule in the meninges (M, 100×; N, 200×). 
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Figure 31. In vitro analysis of intracellular proliferation rates (IPR) show increased 
proliferation levels in VGIIIa and IPR values correlate with in vivo virulence. A) IPR values 
for the 12 isolates examined in mice; orange indicates VGIIIa and green indicates VGIIIb. 
B) Regression analysis illustrating a linear correlation of IPR and the time to 50% lethality 
in mice. C) IPR values for the isolates examined in mice, CA1089 excluded; orange indicates 
VGIIIa and green indicated VGIIIb. D) Regression analysis illustrating a linear correlation 
of IPR and the time to 50% lethality in mice with isolate CA1089 excluded. 

 

4.4 Discussion 

Globally, the burden of cryptococcal disease is significant with a recent report 

documenting over one million annual cases with over 620,000 attributable mortalities, 

resulting in approximately one-third of all deaths in AIDS patients [15]. Although >99% 

of AIDS related infections and >95% of overall cases are widely thought to be 

attributable to C. neoformans serotype A [80], C. gattii also has been shown to cause 
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disease among AIDS patients, with studies documenting groups of cases in both Sub-

Saharan Africa and the United States [25,40]. In the study of Litvintseva et al., an AIDS 

patient cohort in Africa was found to be infected with C. gattii serotype C, with all 

isolates belonging to the VGIV molecular type [25]. In the present study, C. gattii 

isolates were examined from a previously reported HIV/AIDS patient cohort in Southern 

California [40], and found to be almost exclusively (93%) from the VGIII molecular 

type. The finding of C. gattii VGIII and VGIV isolates associated with HIV/AIDS 

patients is in stark contrast to numerous cases of C. gattii infection among 

immunocompetent individuals in Australia and elsewhere caused by VGI/VGII isolates, 

and the ongoing and expanding VGII outbreak in the North American Pacific Northwest 

[12,18,20,21,38,45,46,47,48,76].  

The Californian HIV/AIDS patient cohort C. gattii strains were analyzed in the 

context of a global collection of VGIII isolates to further characterize this molecular type. 

Molecular analysis of a total of 60 isolates at eight unlinked genomic loci resolved two 

distinct subgroups within the molecular type, designated VGIIIa and VGIIIb. In contrast 

to the VGII outbreak in the Pacific Northwest that has been shown to be largely clonal 

with one genotype causing the majority of illness [18,21,24,38], based on the 

examination of the seven non sex-linked loci we found a total of 13 unique genotypes in 

the 28 VGIII isolates from the Californian patients. This increased level of genetic 

diversity suggests that this molecular type was introduced into the region prior to the 

VGII lineage to the Pacific Northwest, or alternatively that the VGIII population in 

California is more rapidly diverging. Our studies, in addition to a recent study 
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documenting VGIII isolates in Mexico, lead to the hypothesis that the VGIII molecular 

type may be endemic to a large area of western North America [18,140]. These findings 

are significant, as there may be unrecognized cases of C. gattii VGIII among HIV/AIDS 

patients in this region and also elsewhere globally.    

Phylogenetic analysis of the molecular types revealed that the VGIIIa lineage 

might be basal to VGIIIb. Given that the VGIIIa group is more virulent in both mice and 

murine macrophages, even though isolates from both groups caused infections in 

HIV/AIDS patients, it may be that VGIIIb is diverging into a more specialized group for 

infecting hosts with increased susceptibility to infections. In this type of model, it is 

plausible that the C. gattii VGIII molecular type may be evolving from a primary to an 

opportunistic pathogen. Alternatively, it may be that the cost of being able to infect 

healthy hosts is great, and therefore lineages that are virulent primary pathogens ‘drift’ to 

an opportunistic pathogen over time. Increased surveillance of VGIII cases, aided by 

clinical studies to determine the types of infection each group is causing, should shed 

further light as to whether these two groups have distinct clinical features. In any case, 

multiple lines of evidence in our studies support that VGIIIa and VGIIIb are distinct 

molecular groups that may share minimal genetic information that has not been 

ancestrally inherited. Additionally, there are clear phenotypic variations in virulence 

between these groups. These findings suggest there are a total of five C. gattii molecular 

types: VGI, VGII, VGIIIa, VGIIIb, and VGIV. All of these groups show little or no 

genetic exchange, indicating that they might each become, or are already, distinct 

Cryptococcus species [19].        
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Clustering and phylogenetic analyses of the VGIII global collection of isolates 

revealed 28 unique genotypes among 60 isolates based on seven-loci MLST analysis. 

Subsequent phylogenetic analysis revealed that the two observed groups were indeed 

well supported lineages. Haplotype mapping was then conducted for the individual 

markers, supporting the discrimination into VGIIIa and VGIIIb lineages. Additionally, 

the mapping of markers harboring shared alleles between the subgroups revealed that two 

of the three shared alleles might be ancestral in origin, while one may result from 

introgression between VGIIIa and VGIIIb isolates. This type of introgression event is not 

unprecedented between distinct lineages, cryptic species, or species within the fungal 

kingdom, with reported events having occurred within both plant and animal pathogens, 

including examples from Saccharomyces (S. cerevisiae and S. paradoxus), C. neoformans 

varieties (C. neoformans var. neoformans and C. neoformans var. grubii), Coccidioides 

(C. immitis and C. posadasii), and Microbotryum (M. violaceum cryptic species) 

[168,169,170,171].   

In some cases, the VGIIIa and VGIIIb lineages appear to share similar geographic 

regions such as California and Mexico, indicating that if speciation is in the process of 

occurring it is likely sympatric and not allopatric [132,134]. However, although the 

dataset is limited, there are examples of geographic regions harboring only one of the two 

groups, and it is also a plausible hypothesis that even within the same region, the actual 

niches between the groups are distinct. In addition, even if the two groups are in the same 

niche, they may not mate or exchange DNA or they may simply prefer to mate with their 

own subtype given the choice. This will need to be addressed through both increased 
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global sampling and active ecological studies in VGIII endemic regions. Although we 

cannot exclude either hypothesis for the divergence between the two groups, the most 

parsimonious model is that the two groups share similar ecologies, and thus sympatric 

speciation is leading to an increased divergence with a resulting separation of VGIIIa and 

VGIIIb. Lab-based mating studies show that 23 of the 44 positive mating pairs (52%) are 

within VGIIIa or VGIIIb, while 21 of the 44 (48%) are between VGIIIa and VGIIIb 

isolates. However, previous studies have shown positive fertility in similar lab-based 

assays between C. gattii molecular types and also between C. neoformans and C. gattii 

[21,22,31,39]. These results are based solely on fertility and not the fitness of the F1 

progeny, and future studies should illuminate the dynamics of meiotic events and stability 

of intra- vs. inter-VGIIIa/b mating. Continued studies of ecology, phylogeny, lab-based 

mating, and genomics will likely shed further light onto the evolutionary history of the 

VGIII molecular type and the two subtypes.  

The ability for microbial pathogens to undergo sexual reproduction involving 

meiosis is unique to the eukaryotic lineage, including parasites and fungi. Sex may play a 

significant role in several aspects of pathogenesis, including the generation of genetic 

diversity, the formation of invasive hyphae or spores, and direct links between the mating 

type locus and mating pathways with virulence 

[50,63,88,93,111,160,172,173,174,175,176,177,178,179]. For these reasons, and to 

understand the population dynamics of VGIII, we conducted two types of recombination 

analyses: informative paired allele graphs and statistical analyses of percentages of 

compatible loci and IA. Our analyses support the hypothesis of recombination with 
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increased support that the events are occurring within the distinctive VGIII subgroups. 

This is consistent with hypothesized aspects of speciation dynamics between the groups. 

Our population results, taken together with an increased number of highly fertile VGIIIb 

isolates in comparison to VGIIIa, suggest that the VGIIIb group may be more actively 

recombining. The analysis of additional isolates will allow this hypothesis to be 

rigorously tested. Furthermore, the two excluded hybrid isolates appear to be C. 

neoformans var. neoformans/C. gattii molecular type VGIIIb hybrids (based on the 

GPD1 MLST allele specifically amplifying C. gattii sequence and the IGS allele 

specifically amplifying C. neoformans sequence, while the other MLST loci were highly 

heterozygous). We hypothesize that enhanced fertility in the VGIIIb subgroup may 

contribute to increased hybridization with C. neoformans, although a larger sample set of 

isolates would need to be examined to investigate this hypothesis further.  

The ability to undergo sexual reproduction has implications for the formation of 

spores, which may serve as infectious propagules in nature. Recent studies show that 

spores can initiate disseminated cryptococcal disease in the murine inhalation model of 

infection [63,111]. Laboratory studies have also shown that Cryptococcus can complete a 

full sexual cycle in association with plants, leading to the production of infectious spores 

[87]. It has been previously shown that the VGIII lineage shows high levels of fertility 

[39], and our examination of over 40 sexually compatible pairs of isolates supports that 

mating and thus spore formation may play a significant role in the formation of small 

aerosolized particles that could be readily inhaled. Furthermore, in California, both 
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mating types are present, and several of these pairs are fertile under laboratory 

conditions. 

The MAT alleles of C. gattii molecular types VGI and VGII are very conserved, 

both based on DNA sequence similarity and gene synteny [158]. The sequenced MATα 

locus alleles of VGI WM276, VGII R265, and VGIII NIH312 share full synteny (Figure 

25). A comparison of the three loci reveals only expansions, contractions, and 

translocation of intergenic sequences, which account for the majority of the structural 

variation. Additionally, there is also a truncation of the FAO1 gene in all VGIII α isolates 

examined. The sequenced MATa locus alleles of VGI E566 and VGIII B4546 show a 

higher degree of rearrangement in comparison to MATα (Figure 25). Additionally, a 

partial deletion of the UAP1 gene, along with a complete deletion of the FCY1 and FAO1 

genes from the 5’end of the VGIII MATa locus is fixed in the VGIII a population. UAP1 

is predicted to encode a uric acid transporter whose closest homolog is the A. nidulans 

uapA gene [180,181,182], and Fcy1 is a cytosine deaminase that has been shown to 

confer resistance to 5-FC when deleted in C. albicans, S. cerevisiae and C. neoformans 

[183,184]. Although both PCR and Southern blot analyses could not detect a copy of the 

FCY1 gene in the genome of the VGIII MATa isolates, phenotypic tests showed these 

isolates remain sensitive to 5-FC and they may therefore harbor a more diverged FCY1 

gene elsewhere in the genome. Phenotypic assays on media with uric acid as a sole 

nitrogen source to examine the possible loss of UAP1 also showed no distinct phenotype 

from control isolates, i.e., all isolates were able to efficiently grow (data not shown). 

Based on findings in C. neformans, recombination hotspots may flank the MAT locus 
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alleles and thus have contributed to the flanking region deletions [185]. Overall, analysis 

of the C. gattii MAT locus alleles showed a more dynamic MATa locus within the C. 

gattii complex compared to the α locus. Given the significant rearrangement of the MATa 

locus, and the deletion or exclusion of genes from the locus and flanking region, it 

appears that the VGIII MATa population has experienced increased genetic variation. 

Deletion or exclusion of genes from the MAT locus and flanking regions may be an 

indication of expansion or contraction of the VGIII MATa locus. Furthermore, the finding 

of a SXI2a remnant conserved in C. gattii may signal a previous tetrapolar mating type 

state, consistent with the prevailing models and studies in related Cryptococcus species 

(Figure 28 B) [57,156,157,158,186], or result from a C. gattii lineage specific gene 

conversion of SXI2a into the α allele (Figure 28 C). An alternative hypothesis is that the 

remnant is functional and influences mating, although this will have to be carefully 

addressed in future studies.       

Within VGIII, fingerprinting analysis revealed a monomorphic MATa allele and a 

mostly biallelic MATα locus correlating with the VGIIIa and VGIIIb lineages. Two 

fingerprints revealed size polymorphisms that exactly correlated with VGIIIa and VGIIIb 

isolates, serving as additional evidence for speciation between these two groups. VGIIIb 

strains harboring SXIα allele 38 contained the VGIIIa genotype for the intergenic 

sequence between CID1 and LPD1, suggesting that these strains harbor either the 

ancestral VGIII MATα allele or contain a hybrid MATα locus that may be the result of a 

gene introgression event between the two groups or a recombination event between same-
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sex isolates of opposite VGIII lineages (i.e., VGIIIa/VGIIIb). However, an additional 

polymorphic marker within the MATα locus is needed to confirm the latter hypothesis.   

Following the definition of two well supported lineages including isolates from 

both mating types, we examined virulence characteristics associated with these 

properties. We found significant differences between phylogenetic subgroups. In both 

whole animal murine in vivo intranasal instillation and proliferation assays in murine 

derived macrophages, the VGIIIa subgroup is more virulent than the VGIIIb subgroup. 

These findings are significant, as it serves as a foundation for future studies to determine 

the molecular basis for these observed phenotypes. Additionally, from a public health and 

epidemiological standpoint, it may be useful to determine if isolates are VGIIIa or 

VGIIIb. Clinical studies would have to be conducted in coordination to ascertain if the 

molecular subgroup is associated with any varying clinical manifestations or outcomes. 

Based on the histological examinations, our findings indicate that host tissue responses in 

combination with yeast cell multiplication and capsule induction are associated with the 

outcome of pulmonary cryptococcosis, similar to previous studies documenting that upon 

serial in vivo passage of C. neoformans, strains increase in virulence with an associated 

decrease in capsule size [187].     

While there was a difference among the subgroups, there was no observed 

association between mating type and virulence. However, the role of mating type 

association to virulence would need to be addressed in a more thorough analysis via the 

isolation of congenic strain pairs, similar to previous studies [160,174,188,189]. Overall, 

the correlation of subgroup with both murine infections and intracellular proliferation 
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within immune cells provides important insights into the phenotypic differences that 

might underlie potential clinical and ecological variations between the VGIIIa and 

VGIIIb lineages. These aspects will need to be more thoroughly addressed with 

molecular, clinical, ecological, and epidemiological studies.  

Our examinations provide a comprehensive molecular and phenotypic overview 

of the C. gattii VGIII molecular type, which has historically been less studied than both 

the VGI and VGII molecular types. Our findings support two distinct lineages that might 

each be recombining, with the VGIIIa lineage showing higher levels of virulence in the 

models examined. Of significance, many of the isolates examined were from a cohort of 

HIV/AIDS patients in Southern California. The high prevalence of VGIII in these 

patients is in stark contrast to the Pacific Northwest outbreak of VGII, in which the vast 

majority of cases reported are not associated with HIV/AIDS infected patients 

[18,20,21,24,38]. This suggests that C. gattii may occur in two general patient settings: 

VGI/VGII in otherwise healthy hosts (>50%) or those treated with steroids, vs. 

VGIII/VGIV predominantly in HIV/AIDS patients. Moreover, given that approximately 

one million cases of cryptococcal infections occur in HIV/AIDS patients annually [15], 

C. gattii infections may cause a substantial unrecognized health burden. To address these 

aspects, both retrospective and prospective studies should be conducted to: 1) survey 

global isolate collections from HIV/AIDS patients and 2) assign species and molecular 

types to newly collected isolates from HIV/AIDS patients with cryptococcal infections. 
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5. First reported case of C. gattii in the Southeastern 
United States: implications for travel-associated 
acquisition of an emerging pathogen 1  

5.1 Introduction  

Significant medical advances have been achieved in the fields of antimicrobial 

agents and vaccine development, yet both newly emerging and re-emerging infectious 

diseases in humans, livestock, and plants remain serious global health and economic 

burdens [3,190]. Several factors influence the emergence and re-emergence of infectious 

diseases, and two are globalization and an increasing population of immunocompromised 

hosts [2,112]. These have significantly impacted the increasing occurrence of systemic 

fungal infections over the past two decades, largely due to widespread use of broad-

spectrum antibiotics, advances in healthcare, and the HIV pandemic [11]. 

An essential component for tracking emergence and epidemiology of bacterial, 

parasitic, and fungal infections is molecular strain typing. In the genomic era, whole 

genome sequences have allowed comprehensive typing though sequence-based methods, 

including multilocus sequence and variable number of tandem repeat (VNTR) typing 

approaches [43,191]. Each method has distinct benefits for increasing typing resolution, 

and can be used concomitantly to enhance the overall power of molecular typing. 

Multilocus sequence typing has been widely applied to the fungal kingdom, and in 

particular for the Cryptococcus species complex [18,19,23,41]. Fewer studies have 

                                                 

1 Some of the material in this chapter can be found in: 22. Byrnes EJ, 3rd, Li W, Lewit Y, Perfect JR, Carter DA, et al. 
(2009) First reported case of Cryptococcus gattii in the Southeastern USA: implications for travel-associated 
acquisition of an emerging pathogen. PLoS One 4: e5851. 
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applied VNTR analysis to fungal pathogens, which was developed and is widely used in 

studies of bacterial pathogens [191,192,193,194]. We present here the first application of 

a combined MLST/VNTR approach to establish relationships among a group of emerging 

Cryptococcus gattii clinical and environmental isolates. 

C. gattii is a basidiomycetous yeast closely related to other members of the 

Cryptococcus pathogenic species complex, including C. neoformans var. grubii and var. 

neoformans [14,80,103]. C. gattii has often been associated with tropical and subtropical 

climates including Australia and South America [80], and has emerged as a fungal 

pathogen of humans and animals in temperate climates including Vancouver Island, 

mainland British Columbia, Canada, and the United States Pacific Northwest, including 

Washington and Oregon [18,20,24,31,38,44,78]. The species C. gattii can be subdivided 

into serotypes B and C based on unique capsular antigenic determinants [16,136]. In 

addition, the species can be divided into four molecular types (VGI, VGII, VGIII, VGIV) 

based on evidence from amplified fragment length polymorphisms (AFLP), random 

amplification of polymorphic DNA (RAPD), and multilocus sequence typing (MLST) 

[17,18,19]. Nuclear genetic exchange between the four VG molecular types has not been 

observed thus far, indicating that these represent cryptic species [18,19]. 

Cryptococcosis is the disease caused by the pathogenic Cryptococcus species 

complex and usually results in pulmonary infection/pneumonia, central nervous system 

(CNS) dissemination, and in some cases cryptococcoma formation [11,12]. C. 

neoformans and C. gattii share some common virulence attributes but are also distinct. C. 

neoformans has a global distribution and predominantly infects immunosuppressed hosts, 
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while C. gattii is more geographically restricted and commonly infects 

immunocompetent individuals [81]. Incidence in immunocompetent individuals is 

particularly high within the VGI and VGII molecular types. Molecular type VGI 

commonly causes infections in Australia, whereas the VGII molecular type is responsible 

for the vast majority of cases related to the Vancouver Island outbreak, and its expansion 

into the North American Pacific NW [12,33,38]. The VGIII and VGIV molecular types 

have been reported to infect immunocompromised patients, including those with 

HIV/AIDS and solid organ transplant recipients [25,40,139]. 

In the United States and Canada, a major focus of C. gattii research has been on 

molecular type VGII due to the high percentage (~95%) of clinical cases caused by this 

molecular type in otherwise healthy individuals, while only ~5% of cases result from 

VGI infection [23,24,38]. While VGI is the most common infectious molecular type 

globally and has been reported in cryptococcosis cases from the Americas including 

Canada, Mexico, and South America, the overall number of isolates from the United 

States has been low [12,18]. In the United States there have been two confirmed cases of 

C. gattii molecular type VGI, both in California. One case occurred in a male Atlantic 

bottlenose dolphin (Tursiops truncatus) in San Diego; the other was in a liver transplant 

recipient in San Francisco [37,139]. The isolates from these cases differed based on 

multilocus sequence type (MLST) analysis, but both are closely related or identical to 

isolates from Australia, indicating that an environmental source in California may have 

originated from the large number of Eucalyptus trees imported from Australia to 
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California, particularly due to the strong environmental association between the VGI 

molecular type and Eucalyptus trees [18,131]. 

C. gattii has never been isolated from environmental sources in the Eastern 

United States [102], and until the present study no cases in the region have been reported 

in humans or animals. In this study, we present the first reported clinical case of C. gattii 

in the Southeastern United States, which occurred in an immunocompetent individual 

residing in central North Carolina. We show that this case, which resulted in large 

cryptococcomal granulomas in the leg and brain, resulted from infection with a C. gattii 

VGI type isolate that is distinct from both the common VGII and rarer VGI isolates 

associated with the Vancouver Island/Pacific NW C. gattii outbreak. The molecular 

genotype of the isolates from both leg and brain biopsies show that the molecular profile 

based on multilocus sequence (MLS) analysis of both coding (MLST) and more variable 

noncoding (VNTR) markers is shared with only two clinical isolates (one from Australia, 

and the other from an organ transplant recipient in San Francisco, California) out of 85 

VGI strains typed [18,139]. While this is the first reported case in the Eastern United 

States, the suspected ecological niche is in the Western United States, and the patient's 

travel history is consistent with acquisition in the San Francisco metropolitan area. Travel 

to endemic areas is known to increase risk for C. gattii exposure and disease, and leads to 

acquisition in one region with presentation in a distant location [45,195]. The Australian 

patient, California transplant patient, and North Carolina patient isolates are closely 

related to, but not identical at all noncoding genomic markers (VNTR) with Australian 

environmental isolates. Therefore, the Australian environment is the most likely source of 
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the original isolates, and additional sampling may be necessary, as subtle genetic changes 

may have occurred during expansion or infection. Our results further support the well 

documented emergence of C. gattii in temperate climates in the Western United States, 

and put forth a model in which an emergence from Australia to California has resulted in 

travel-associated disease presentation in the Southeastern United States. 

5.2 Materials and methods  

5.2.1 Isolate identification  

Melanin production was assayed by growth and the production of dark 

pigmentation on Staib’s niger seed agar medium, and urease activity was detected by 

growth and alkaline pH change on Christensen's Agar. These tests established that 

isolates were either C. neoformans or C. gattii. Isolates were then examined for resistance 

to canavanine and utilization of glycine on L-canavanine, glycine, 2-bromothymol blue, 

(CGB) agar. Growth on CGB agar indicates that isolates are canavanine resistant, and 

able to use glycine as a sole carbon source, triggering a bromothymol blue color reaction 

indicative of C. gattii, whereas C. neoformans is sensitive to canavanine, and cannot use 

glycine as a sole carbon source, resulting in no growth or coloration on this selective 

indicator medium. Capsule identification was conducted though India ink analysis and 

microscopy after growth on Dulbecco's Modified Eagle's Medium (DMEM) for 72 hours 

at 37°C. 

5.2.2 Molecular typing  

For multilocus sequence typing analysis (MLST), each isolate was analyzed with 

a minimum of eight and in some cases eleven unlinked loci [18,41,43]. For each isolate, 
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genomic DNA was extracted using the MasterPure yeast DNA purification kit (Epicentre 

Biotechnologies), PCR amplified, purified and sequenced. All primers used for the 

analysis were designed specifically to amplify open reading frame (ORF) gene sequence 

regions including those with non-coding DNA regions to maximize discriminatory power 

(Table 22). All PCR products were sequenced, and novel sequences were re-amplified 

and sequenced for confirmation. Sequences from both forward and reverse strands were 

assembled, and manually edited using Sequencher version 4.8 (Gene Codes 

Corporations). Based on BLAST analysis of the GenBank database (NCBI), each allele 

was assigned a number. GenBank accession numbers with corresponding allele numbers 

are listed in Table 23. For the microsatellite analysis two software packages were used: 

Magellan, a freely available software package developed by Dee Carter's laboratory at the 

University of Sydney (http://www.medfac.usyd.edu.au/people/aca

demics/profiles/dcarter.php ) [196], and the Tandem Repeat Finder (TRF) software 

package developed at Boston University [122]. Sequences were assembled and edited 

using Sequencher version 4.8 (Gene Codes Corporations) and aligned using the Clustal X 

version 2.0 software package [161]. 

 

 

 

 

 

 



 

175 

Table 22. Primers used in Chapter 5. 

Name Description Oligonucleotide Sequence 
JOHE10451 SXI1α 5’  TACATCACCGGTCATATCTGC 
JOHE10452 SXI1α 3’  CTGGAGAAGCGCCTCACTGGA 
JOHE14115 SXI1α alt 5’  AGGGTACGTTTGAGGCCAGTT 
JOHE14116 SXI1α alt 3’  GAAAGCGTTGGCAAGGAATGA 
JOHE10453 SXI2a 5’  TGATCGCACGAGCCAAATCCC 
JOHE10454 SXI2a 3’  GGCTTCCTGACAACACTTCTA 
JOHE14408 IGS 5’  ATCCTTTGCAGACGACTTGA 
JOHE14409 IGS 3’  GTGATCAGTGCATTGCATGA 
JOHE14976 TEF1 5’  GCACGCTCTTCTCGCCTTCAC 
JOHE14977 TEF1 3’  GTAGTCGGCGTAGGTCTCAAC 
JOHE14968 GPD1 5’  CCACCGAACCCTTCTAGGATA 
JOHE14969 GPD1 3’  CTTCTTGGCACCTCCCTTGAG 
JOHE14970 LAC1 5’  AACATGTTCCCTGGGCCTGTG 
JOHE14971 LAC1 3’  ATGAGAATTGAATCGCCTTGT 
JOHE14386 CAP10 5’  CCGGAACTGACCACTTCATC 
JOHE14387 CAP10 3’  GCCCACTCAAGACACAACCT 
JOHE14974 PLB1 5’  CTCTCATTGTTCGCCGCTACT 
JOHE14975 PLB1 3’  GGAAGCCGAGGTCTGATTTGG 
JOHE14972 MPD1 5’  TGCCCTGGATCCTAATGCTCT 
JOHE14973 MPD1 3’  ACCCAGACTGCCGCTGTCGTC 
JOHE15459 HOG1 5’  AATCTGTGACTTTGGCCTTGC 
JOHE15460 HOG1 3’  TTCGCTGTACATCATCACCTT 
JOHE15431 BWC1 5’  CTCCATTCACTGCGCCAATAA 
JOHE15432 BWC1 3’  ATACGTGCCCTCAAAGATTCT 
JOHE15471 TOR1 5’  TTCGGTACCATCCTGAGTTAT 
JOHE15472 TOR1 3’  TTAGCCAAGGTCTTCCCACTG 
JOHE20288 VNTR15 5’ primer CGGTACTGCCGATGGATAGA 
JOHE20289 VNTR15 3’ primer AAAGATTTCAAGGCCCAAAGA 
JOHE20272 VNTR7 5’ primer CAGCCTAATCTCACAGCCTTG 
JOHE20273 VNTR7 3’ primer TCTCCCACTTCCTCGTTCAT 
JOHE20264 VNTR3 5’ primer CAGAGAAGGCAAAAGGATCG 
JOHE20265 VNTR3 3’ primer TCATCTTCCCCATCAGAGGT 
MS1f AGGAAG42 5’ primer GAGGATGTTGCCAGAGCCGAG 
MS1r AGGAAG42 3’ primer CCTCGGAAGATGAAATGGCAGC 
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Table 23. Allele numbers and designations reported in Chapter 5 with GenBank 
accession numbers  

GenBank accession number Submission Details 
AY973641 MLST allele SXI1α_7 
DQ096300 MLST allele SXI1α_8 
DQ096304 MLST allele SXI1α_12 
DQ096307 MLST allele SXI1α_16 
DQ096308 MLST allele SXI1α_18 
AY973646 MLST allele SXI1α_19 
EU937833 MLST allele SXI1α_35 
FJ750218 MLST allele SXI1α_36 
AY973652 MLST allele SXI2a_1 
DQ096313 MLST allele IGS_3 
DQ096314 MLST allele IGS_4 
DQ096318 MLST allele IGS_8 
DQ096319 MLST allele IGS_10 
DQ096322 MLST allele IGS_13 
DQ096324 MLST allele IGS_15 
DQ096327 MLST allele IGS_18 
DQ096359 MLST allele TEF1_2 
DQ096361 MLST allele TEF1_4 
DQ096362 MLST allele TEF1_5 
DQ096364 MLST allele TEF1_7 
DQ096367 MLST allele TEF1_10 
DQ096377 MLST allele GPD1_1 
DQ096380 MLST allele GPD1_4 
DQ096381 MLST allele GPD1_5 
DQ096382 MLST allele GPD1_6 
DQ096385 MLST allele GPD1_9 
DQ096387 MLST allele GPD1_11 
DQ096390 MLST allele GPD1_14 
DQ096397 MLST allele LAC1_1 
DQ096398 MLST allele LAC1_2 
DQ096400 MLST allele LAC1_4 
DQ096401 MLST allele LAC1_5 
DQ096415 MLST allele LAC1_19 
DQ096416 MLST allele CAP10_1 
DQ096419 MLST allele CAP10_4 
DQ096421 MLST allele CAP10_6 
DQ096422 MLST allele CAP10_7 
DQ096424 MLST allele CAP10_9 
DQ096343 MLST allele PLB1_1 
DQ096344 MLST allele PLB1_2 
DQ096345 MLST allele PLB1_3 
DQ096347 MLST allele PLB1_5 
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Table 23 (continued) 
DQ096355 MLST allele PLB1_13 
DQ096357 MLST allele PLB1_15 
DQ198349 MLST allele PLB1_23 
DQ096331 MLST allele MPD1_2 
DQ096332 MLST allele MPD1_3 
DQ096334 MLST allele MPD1_5 
DQ096337 MLST allele MPD1_8 
DQ096341 MLST allele MPD1_12 
DQ096342 MLST allele MPD1_13 
DQ096456 MLST allele HOG1_1 
FJ746080 MLST allele HOG1_6 
DQ096428 MLST allele BWC1_1 
FJ746081 MLST allele BWC1_3 
DQ096470 MLST allele TOR1_1 
DQ096471 MLST allele TOR1_2 
FJ746082 MLST allele TOR1_3 
FJ746083 MLST allele TOR1_4 
FJ763845 VNTR3-ST1 (WM276) 
GQ181162 VNTR3-ST2 (EJB1-L) 
FJ763846 VNTR7-ST1 (WM276) 
FJ763847 VNTR15-ST1 (WM276) 
FJ763848 VNTR15-ST2 (E307) 
FJ763849 VNTR15-ST3 (EJB1-L) 

 

5.2.3 Fertility analysis  

Mating analysis was conducted on Murashige and Skoog (MS) media, which 

contains myo-inositol that stimulates mating [87]. Isolates were incubated at room 

temperature (24°C) in the dark for 10 to 14 days under dry conditions. Fertility was 

assessed by microscopic examination for hyphae, fused clamp cells, basidia, and 

basidiospore formation. 

5.2.4 Environmental sampling  

During October of 2007, an environmental sampling effort was undertaken in San 

Francisco, California. Samples were processed within 12 hours by plating in duplicate 
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onto niger seed agar medium with chloramphenicol (0.4g/L), ampicillin (0.05g/L) 

gentamicin (0.025g/L), and biphenyl (0.1g/L) and incubated at 30ºC to identify 

Cryptococcus species. Swabs were streaked onto plates in duplicate. Samples were 

processed by macroscopic and microscopic inspection at 24-hour intervals for seven 

days. Candidate colonies were colony purified onto niger seed media with antibiotics and 

biphenyl and then cultured on niger seed media without additives and yeast extract potato 

dextrose agar (YPD) media. 

5.2.5 Virulence assays  

Infection assays in the heterologous host Galleria mellonella (greater wax moth) 

were conducted with a method similar to previous studies [62]. All animals were 

purchased in bulk and a single shipment used for each replicate virulence test (Van der 

Horst Wholesale, St. Marys, Ohio). The infectious inoculum was injected directly into the 

hemolymph via the penultimate or ultimate pseudo-pods using a Hamilton syringe 

(Hamilton USA). All experiments were conducted in duplicate with an infectious dose of 

1.0 × 105 cells, and larvae were maintained in a 37°C controlled environment. For each 

replicate virulence assay, 12–19 larvae were infected for each strain analyzed. Animals 

were monitored at 24-hour intervals, and mortality was defined as the cessation of 

movement upon probing and development of a distinctive dark colorization. 
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5.3 Results   

5.3.1 Clinical presentation of an unusual Cryptococcus infection 

The North Carolina patient is a 46-year-old male with an unremarkable past 

medical history who noticed a hard mass on his medial right thigh. The mass enlarged 

over the course of three weeks, but was not painful, and the patient had no other 

symptoms. His primary care physician evaluated the mass with a magnetic resonance 

imaging (MRI) scan, which showed a 5 × 4 × 4 centimeter mass in the inner mid right 

thigh involving the adductor magnus muscle. The mass had mild heterogeneous 

enhancement on T2 imaging (Figure 32A) and some changes consistent with limited 

surrounding edema. The radiographic appearance was most consistent with a malignancy, 

and he underwent further radiographic investigation with chest, abdominal, and pelvic 

computed tomography (CT) scans. 

The chest CT scan revealed a spiculated 1.6 × 2 centimeter left lower lobe lung 

mass with multiple, bilateral sub-centimeter pulmonary nodules (Figure 32B). The patient 

underwent a percutaneous biopsy of the thigh mass, and pathology demonstrated soft 

tissue necrosis and thick walled, encapsulated organisms that stained with Gomori 

Methenamine Silver (GMS) and mucicarmine. The entire mass was surgically resected, 

and cultures from the mass grew Cryptococcus. Further evaluation demonstrated a serum 

cryptococcal antigen of 1:32, negative HIV serologies, and a normal CD4 lymphocyte 

count. 

No other symptoms were revealed by a detailed medical history, but the patient 

was regularly exposed to birds in the workplace. However, extensive local sampling of 
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the workplace environment and birdcages failed to reveal a local source of infection. The 

patient was placed on 400 mg fluconazole a day, and did well until three months later 

when he presented with a tonic-clonic seizure. An MRI scan showed a large, enhancing 

mass in the left parietal lobe and a similar appearing mass in the right cerebellar 

hemisphere (Figure 32C–D). A biopsy of the parietal mass showed numerous yeast cells, 

and cultures grew Cryptococcus. 

After diagnosis, the patient was initially treated with amphotericin B and 

flucytosine, but due to renal toxicity/nephropathy was changed to oral high-dose 

fluconazole (800 mg daily). The large size of the mass lesions despite antifungal therapy 

prompted consideration that the infection might be due to Cryptococcus gattii, and 

serotyping with commercial monoclonal antibodies (Iatron, Tokyo, Japan) revealed the 

isolate to be serotype B, consistent with C. gattii (T. Mitchell, A. Litvintseva, personal 

communication). The patient had traveled to San Francisco five months prior to his 

original presentation. He had never been to the Pacific Northwest, Australia, South 

America or other C. gattii endemic regions and his only foreign travel had been to 

Western Europe. 

Sixteen months after the seizure he was completely asymptomatic on fluconazole 

400 mg a day, and showed a significant decrease in the cerebral cryptococcomas upon 

reevaluation with magnetic resonance imaging (Figure 32E–F). The patient is currently 

asymptomatic and continuing fluconazole treatment as of February 2009 with a 

cryptococcal antigen titer testing positive at 1:4. The patient continued, was re-scanned in 
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the spring of 2009 with indications of decreasing mass size, and has now recovered. The 

patient’s infectious disease physician is Dr. Gary Cox.   
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Figure 32. Imaging from diagnosis through recovery depicting the clinical course of 
C. gattii infection. A) MRI imaging of the upper thigh cryptococcoma. B) CT imaging of a 
pulmonary nodule. C-D) MRI imaging of brain cryptococcomas after seizure presentation 
at the emergency room. E-F) MRI imaging of brain cryptococcomas after long-term 
fluconazole treatment, with reduced mass. 
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5.3.2 Phenotypic analysis reveals isolates are C. gattii 

Initial identification and confirmation that the leg (EJB1-L) and brain (EJB2-B) 

isolates were C. gattii was completed using several phenotypic and molecular tests. 

Isolates were confirmed to be C. gattii based on melanin production on Staib’s niger seed 

agar, production of urease on Christensen's agar, and resistance to canavanine with 

glycine utilization on CGB agar (Figure 33). Capsule production was assayed through 

India ink exclusion of cells grown at 37°C for 72 hours in DMEM, resulting in high 

levels of polysaccharide capsule indicative of pathogenic Cryptococcus species (Figure 

33). Isolates were determined to be mating type α based on controlled mating assays with 

C. gattii VGIII isolates NIH312α and B4546a. Although both isolates ultimately were 

able to complete the sexual cycle with the a mating tester, and are therefore α mating 

type, there was a severe and reproducible defect in hyphae and basidiospore formation in 

mating assays with isolate EJB2-B when compared with EJB1-L (Figure 34), with similar 

results obtained using a mating type a crg1 tester strain JF109 (data not shown). 

Differences in mating ability were also observed in other similar or identical genotype 

isolates (B4496 and E296 (high fertility) vs. PAT12ISO1 and E310 (low fertility)) 

(Figure 35). There were no other significant differences between the isolates when 

comparing melanin production, growth at 37°C, growth on CGB agar, and urease and 

capsule production (Figure 33). 
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Figure 33. Phenotypic characterization of C. gattii EJB1-L and EJB2-B isolates. In 
each panels A and B control isolates are as follows: top left, C. albicans control (CA, isolate 
SC5314) Isolate; bottom left, C. neoformans control (CN, isolate H99); bottom right, C. 
gattii control (CG, isolate R265). In panel A, the experimental isolate (upper right) is EJB1-
L. In panel B, the experimental isolate is EJB2-B. Each isolate of C. gattii produced melanin 
on Staib niger seed agar (brown pigmentation), produced urease on Christensen’s agar 
(pink coloration), and was resistant to canavanine and utilized glycine on CGB agar 
(growth and blue coloration). C) Isolates EJB1-L (left panel), and EJB2-B (right panel) each 
show similar capsule sizes when exposed to India ink following growth on DMEM media for 
48 hours at 37°C. 
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Figure 34. North Carolina clinical isolates from the leg mass (A) and brain (B) 
exhibit mating differences. All mating cultures were incubated at room temperature in the 
dark, for 10 to 14 days in dry conditions using the mating type a tester isolate B4546 as a 
partner on Mirashige and Skoog Media. The brain biopsy isolate exhibits reduced fertility 
as evidenced by a marked delay and paucity in hyphal growth whereas hyphal growth, 
basidia, and basidiospore formation indicative of sexual reproduction is evident in matings 
with the leg biopsy isolate. All mating experiments were repeated and representative images 
are shown here. 
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Figure 35. Clinical (Australia and the United States) and Australian environmental 
C. gattii VGI isolates exhibit mating differences.All mating cultures were incubated at room 
temperature in the dark for 14 days in dry conditions using the mating type a tester isolate 
B4546 as a partner on Mirashige and Skoog Media. The clinical isolate B4496 (top left) and 
the environmental isolate E296 (top right) are fertile. There is a marked delay and paucity, 
or no hyphal growth in matings with the clinical isolate PAT12ISO1 (bottom left), and the 
environmental isolate E310 (bottom right). 

 

5.3.3 Molecular analysis reveals isolates are VGI m olecular type 

Molecular studies were conducted to determine if this clinical case was in any 

way related to the outbreak of C. gattii on Vancouver Island that has now expanded to 

mainland British Columbia, Washington, and Oregon. Genomic DNA of each isolate was 

analyzed by MLST at a minimum of eight loci (Figure 36). In addition to the mating 

analysis to determine the mating type of each isolate, PCR and sequence analysis were 

used to detect either of the two mating type-specific idiomorphs of the SXI genes. 

Amplification and sequence analysis of the sex specific SXIα mating type gene, as well 
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as the absence of the mating type specific SXI2a gene, confirmed that both isolates had 

the α mating type allele (MATα). MLST analysis also showed that all alleles were 

identical between both the leg biopsy (EJB1-L) and brain biopsy (EJB2-B) isolates, and 

each typed as C. gattii molecular type VGI (Figure 36). 

Detailed analysis of the molecular profile, and comparison with >280 global 

isolates including 85 VGI isolates indicated that while the isolates were highly similar to 

the most common molecular type (VGI), they were identical to only a unique subset in 

the collection. To examine if these isolates were at all related to the ongoing C gattii 

outbreak on Vancouver Island, Canada, and the Pacific NW, we examined all VGI 

isolates from this region in detail. A total of six VGI isolates have been reported from 

Vancouver Island, and none of these matched the North Carolina clinical case based on 

MLST analysis [23]. Three Vancouver Island isolates (F2863, R794, and KB7892) are 

quite diverged from the North Carolina case (EJB1-L and EJB2-B) based on MLST 

analysis (Figure 36). Three others (A2M R314, A2M R299, and A4M R64) share seven 

MLST alleles but differ at the GPD1 allele (Figure 36). Thus, none of the Vancouver 

Island isolates are a direct match to the North Carolina clinical case isolates. Of the six 

reported Vancouver Island VGI isolates, there are four different MLST genotypes (Figure 

36A). Of these genotypes two are clinical (human), one veterinary, and one 

environmental. There are no identical matches between the Vancouver Island VGI 

environmental and clinical isolates. Thus, there are VGI genotypes in the environment 

but infections may have been acquired elsewhere, although wild animal cases are most 

often locally acquired. Currently, no VGI cases have been reported in Washington or 
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Oregon states, and the incidence of VGI on Vancouver Island and surrounding areas in 

the Pacific Northwest region remains low. 

Of the eleven VGI molecular type isolates with an identical MLST genetic profile 

to the North Carolina isolate, nine were from the environment in Renmark, Australia, and 

were isolated from Eucalyptus tree hollows (Figure 36A) [49]. An additional Australian 

environmental isolate (E554) shared all loci with the NC clinical case with the exception 

of the mating type specific SXI idiomorph, because this isolate is mating type a (Figure 

36A). The two MLST matched clinical isolates were both from human infections, one 

from Australia and one from a blood sample from a liver transplant recipient treated in 

San Francisco, California (Figure 36) [139]. To further discriminate isolates, the MLST 

analysis was extended to include three additional loci. This analysis included the North 

Carolina, California, Vancouver Island, and Australian clinical cases as well as 

representative Australian environmental isolates. However, no polymorphisms were 

detected in the three clinical isolates harboring the NC clinical case genotype using the 

additional coding markers (Figure 36). Based on neighbor joining phylogenetic analysis, 

in which seven MLST loci were concatenated into 5.7 kb of contiguous sequence, the 

four discrete VG molecular types were clearly distinct, and the VGI group was separated 

into 20 sequence types (ST) (Figure 36B). All isolates with an identical MLST type to the 

NC clinical case grouped into sequence type 11 (ST-11), and were closely related to the 

more common sequence type 12 (ST-12), which harbors the VGI molecular type genomic 

reference strain WM276. 
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Multilocus sequence typing is a powerful approach to discriminate isolates in a 

sequence-based method, but also relies almost exclusively on the genomic coding 

sequences of conserved genes. For the analysis of highly clonal populations such as the 

VGI molecular type, variable non-coding and intergenic sequences, particularly tandem 

repeats, can enable more detailed characterizations of populations by allowing closely 

related isolates to be distinguished. Using microsatellite markers developed with the 

Magellan Software suite, and Variable Number of Tandem Repeat (VNTR) analysis with 

the Tandem Repeat Finder (TRF) software, strains harboring identical MLST profiles to 

the isolates from the patient in this study were analyzed (Figure 36). Analysis of three 

independent VNTR markers showed that two of the markers were identical in all ST-11 

isolates (Figure 37), while marker VNTR-15 was able to discriminate five of the 

Australian environmental isolates from all clinical isolates (NC-clinical, CA-clinical, 

Australia-Clinical) and the other five environmental isolates from Australia with this 

molecular genotype, due to a 40 base pair deletion within the tandem repeat region 

(Figure 38). In addition, analysis of microsatellite marker MS1 clearly distinguished the 

Renmark environmental isolates, which produced a smaller PCR product (~380 bp) than 

the three clinical isolates and VGI control isolate WM276 (~480 bp) (Figure 39A). A 

high GA content and repetitive nature of this locus impeded sequence analysis, as 

polymerase slippage resulted in low-quality sequence results. However, partial sequence 

affirmed that the products were specific (data not shown). Isolate WM276 was 

distinguished from the three clinical isolates based on a SNP in the GPD1 MLST allele 

locus, a 4 bp deletion in the TOR1 MLST allele, a SNP in VNTR3, and a SNP in 
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VNTR15. In addition, the VNTR3 analysis further differentiated the North Carolina, San 

Francisco, and Australia ST-11 clinical isolates of interest from the Vancouver Island 

VGI ST-12 isolate A4MR64 (Figure 37). Overall, the analysis of variable sequences 

further discriminated the three clinical isolates with this unique MLST type from the 

environmental isolates from Renmark, Australia with the same 8-loci MLST genotype 

(Figure 39B). These data indicate that while MLST is informative, it lacks sufficient 

resolution to discriminate isolates with highly similar albeit distinguishable genotypes. 
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Figure 36. Molecular typing and phylogeny of the North Carolina clinical isolates 
with global isolates. A) MLST reveals the leg and brain isolates are identical with each 
other, and also identical with a distinct genotype predominantly from Australia, and in a 
single clinical case from California, USA. B) Neighbor joining phylogenetic analysis based  
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Figure 36 (continued) 
 
on sequences from seven MLST loci in panel A (SXI idiomorphs not included) illustrates 
discrimination between four molecular types (VGI-VGIV), and displays the relationship of 
the clinical case presented in this study to global genotypes observed, including all VGI 
genotypes thus far reported (including the Vancouver Island VGI genotypes), and the 
Vancouver Island/Pacific NW outbreak genotypes VGIIa/major, VGIIb/minor, and VGIIc. 
Note that not all sequence types and strains in (B) are represented in (A). 

 

 

Figure 37. DNA sequence alignment of VNTR3 and VNTR7 among 18 VGI isolates 
of C. gattii. The VNTR3 marker discriminates two of the ST12 isolates (WM276 and 
A4MR64) from the other 16 VGI isolates. VNTR7 shows 100% sequence identity between 
all 18 isolates examined (red circle indicates SNP). 
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Figure 38. DNA sequence alignment of VNTR15 among 18 VGI isolates of C. 

gattii.The noncoding VNTR15 marker divides the isolates with an identical MLST profile 
into two groups: one group contains two NC clinical isolates which are identical to one 
another, the other clinical isolates, and five of the ten Renmark isolates, and the second 
group includes the remaining five Renmark isolates. A 40 bp deletion was observed in the 
following isolates: E307, E554, E360, E296, and E278. In addition, a single nucleotide 
polymorphism (SNP) (66A → 66G) discriminated the VGI type strain isolate WM276 from 
the other 17 VGI isolates (see red circle). 
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Figure 39. Molecular typing reveals that the Australian environmental isolates are 

distinct from clinical isolates.A) PCR product size differences at locus VNTR-MS1 reveals 
that environmental isolates from Renmark harbor a deletion compared to the clinical 
isolates with the same MLST genotype. Agarose gel electrophoresis of the VNTR-MS1 
marker, illustrating an ~100 bp difference between the larger (EJB1-L, EJB2-B, 
PAT12ISO1, B4496, WM276*), and smaller (E278, E549, E280, E306, E307, E569, E286, 
E296, E310, E554) PCR products. * Denotes that the sequenced type strain WM276 is not 
identical to the other clinical isolates. The bold circles represent four clinical isolates (from 
three cases) that type as identical through all genotypic tests conducted. B) A linear 
representation of the progressive genotypic analysis. As the number of markers increased, 
along with the genetic variability, the number of isolates typing as identical to the North 
Carolina clinical case decreased. At the end of the genotypic studies only two clinical 
isolates, previously identified from Australia and California, typed as identical with the 
present NC clinical case. 

 

5.3.4 Environmental sampling illustrates that C. gattii is rare in the 
San Francisco environment    

During October of 2007, environmental sampling was conducted to examine 

search for C. gattii in Eucalyptus trees. During this sampling period, 70 samples were 

collected from Eucalyptus trees using sterile swabs (Eucalyptus globulus/Eucalyptus 

camaldulensis). Materials sampled included tree hollows, decayed trees, and soil in direct 

proximity to trees. Major areas sampled included Golden Gate Park, Fort Point Park, and 
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Presidio Park. All samples collected were plated on niger seed agar medium 

supplemented with antibiotics and biphenyl incubated for 96 hours at 30ºC, and examined 

for colonies daily for seven days [102]. Yeast-like colonies that appeared pigmented (on 

niger seed agar medium) were colony purified, as were several non-pigmented yeast like 

colonies. All colony purified isolates were subsequently sub-cultured onto YPD agar for 

phenotypic analysis and genomic DNA was isolated. A total of 14 isolates were selected 

for phenotypic and genomic characterization. 

Portions of the D1/D2 region of the 26S ribosomal DNA subunit of selected 

isolates were sequenced. This region has been employed in previous studies to identify 

environmental species and examine diversity [103,104]. To identify the isolates, BLAST 

was employed to search the Genbank database for matching D1/D2 sequences (Table 24). 

Several of the isolated sequenced were pigmented (pink) and were confirmed to be from 

the Rhodotorula genus, while one unpigmented colony was determined to be 

Trichosporon moniliiform. The most notable result of the environmental sampling was 

the failure to recover either C. neoformans or C. gattii.  

 

      Table 24. Basidiomycetes obtained during San Francisco sampling trip 

Isolate Genus/Species Location  Sequence Basis 

GG18 Rhodotorula glutinis Golden Gate Park D1/D2 

GG35 Trichosporon moniliiform Golden Gate Park D1/D2 

GG41 Rhodotorula graminis Golden Gate Park D1/D2 

GG68-1 Rhodotorula mucillaginosa Mt. Lake Park D1/D2 

GG68-2 Rhodotorula mucillaginosa Mt. Lake Park D1/D2 

P13 Rhodotorula graminis Presidio Park D1/D2 
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5.3.5 C. gattii VGI isolates are virulent in a heterologous host 

To determine the relative virulence between environmental and clinical isolates of 

the same MLST type as the North Carolina clinical case, infection assays were conducted 

in the heterologous host, Galleria mellonella  (greater wax moth). The use of non-

mammalian hosts to study fungal virulence and host defense has been increasingly 

applied and is now well established [60,61,62]. Although Lepidoptera are distantly 

related to mammals, results in the wax moth larval model have been highly correlated 

with results using murine infection models [62,197,198]. In the virulence assay, isolates 

were injected at an infectious inoculum of 1 × 105 cells, using 12 to 19 larvae per strain 

per replicate at 37°C. The selected isolates analyzed were all significantly pathogenic 

compared to PBS control infections (p<0.005) (Figure 40). There was no marked 

difference between ST-11 environmental and clinical isolates (p>0.2). In addition, the 

VGI type strain control isolate (WM276) showed no difference in virulence to the tested 

isolates (p>0.2). This uniformity in virulence between environmental and clinical isolates 

is consistent with direct acquisition of infections from an environmental source. 
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Figure 40. North Carolina clinical isolates are pathogenic in a heterologous host. 
Groups of 12 to 19 larvae of Galleria mellonella were each infected with an infectious 
inoculum of 1.0×105 cells of isolates EJB1-L, EJB2-B, WM276, and E296. Survival was 
monitored and plotted daily for 16 days. All isolates were significantly virulent (p<0.005) in 
comparison with the mock control (sterile PBS) infection. The experiment was replicated in 
duplicate with similar results in each replicate, and representative results are shown here. 

 

5.4 Discussion  

Our findings document the first C. gattii case reported in the eastern region of the 

United States. The most parsimonious explanation is that an otherwise healthy patient 

was exposed in California, resulting in disease presentation in North Carolina 

approximately 4-6 months after travel to an endemic region. This case highlights an 

overall increase in C. gattii infections in apparently immunocompetent individuals in 

temperate climates. The patient had no recent travel history to the Pacific Northwest or to 

other C. gattii endemic regions, and based on molecular typing the infectious isolate is 

not related to any of the VGII or VGI isolates causing the ongoing Vancouver Island 

outbreak, and its emergence into mainland British Columbia, Washington, and Oregon 
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[20,24,31,44,76]. These VGI clinical isolates are also distinct from molecular types 

VGIII and VGIV (Figure 36B). C. gattii  molecular type VGI has never been reported 

from the environment in California, but it seems likely to be present there based on 

successful environmental isolation of C. gattii molecular types VGII and VGIII in 

regions of California, including San Francisco and San Diego, and the abundant presence 

of the host Eucalyptus trees throughout the state [131,199]. 

Our current model suggests that this unique MLST VGI genotype is located in the 

environment and clinical setting in Australia, with probable environmental colonization 

in California, resulting in human infections (Figure 41). These conclusions are based on 

broad MLST analysis as well as analysis of four hyper-variable tandem repeats located 

throughout the C. gattii genome. The VNTR analysis showed that environmental isolates 

all differ at one or two rapidly evolving genomic regions, but clinical and environmental 

isolates that are identical at eight MLST loci are quite closely related. All environmental 

isolates from Australia were collected from a single location, and slight diversity in 

geographic regions is expected [51]. In October 2007, 70 samples were collected from 

Eucalyptus trees in San Francisco. No isolates of C. neoformans or C. gattii were 

obtained (Table 24). Therefore, expanded sampling will be necessary to definitively 

elucidate the environmental source of the clinical isolates. We therefore posit that the 

patient in this report traveled to the San Francisco region, and was there exposed to 

infectious spores or desiccated yeasts, resulting in colonization of the lungs, and 

dissemination, disease progression, and presentation with systemic infection of the leg 

and brain (Figure 41). Each of the three clinical cases caused by this VGI genotype 
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occurred independently as there is no evidence of direct human-to-human transmission 

with this pathogen, other then rare iatrogenic transmissions. In addition, if in vivo 

changes during infection were responsible for the clinical and environmental isolate 

molecular differences we would have expected the clinical isolates to differ from each 

other, and this is not the case (Figure 39). Therefore, the most parsimonious explanation 

is independent environmental-to-human exposure, with the exact source yet to be 

identified in Australia and in California. These studies demonstrate that increased typing 

resolution can be achieved by combining coding and noncoding genomic markers, which 

are abundantly available for fungal pathogens with publicly available genome sequences. 

Other clinical cases of C. gattii due to travel in endemic areas have been recently 

reported. In 2007, a 51-year-old HIV negative male from Denmark presented with C. 

gattii disease in Europe after traveling to Vancouver Island, Canada [45]. Molecular 

analysis established that the isolate was identical to the VGIIa/major genotype 

responsible for the Vancouver Island outbreak [45]. Additionally, a study from the British 

Columbia Centre for Disease Control indicated that intra-island travel or tourism on 

Vancouver Island to highly endemic areas increases the likelihood of contracting 

cryptococcosis [195]. These studies demonstrate the importance of human travel to 

endemic areas as it relates to the acquisition and presentation of cryptococcal disease. 

Many clinical laboratories in non-endemic regions do not differentiate C. neoformans 

infections from C. gattii infections; therefore, the incidence of travel associated C. gattii 

infections may be more common than currently appreciated. 
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While many of the studies related to C. gattii infections in the United States and 

Canada have focused on the Vancouver Island outbreak, it has been known for several 

decades that C. gattii is also endemic to the environment in regions of California, causing 

infections in both animals and humans. In 1991, an isolate of C. gattii VGIIa/major 

outbreak genotype was sampled from a Eucalyptus camaldulensis tree at Fort Point Park, 

in San Francisco, indicating a natural occurrence in the same host tree that C. gattii is 

most commonly associated with in Australia [18,131]. Several studies have also 

documented a likely endemic zone in Southern California. A large cohort of HIV/AIDS 

patients with cryptococcal infections from Los Angeles hospitals revealed that several 

infections were attributable to C. gattii infections (now known to be molecular type 

VGIII, Chapter 4) [40]. In addition, C. gattii VGI has been isolated from a marine 

mammal case (bottlenose dolphin) near San Diego, and C. gattii VGIII has been isolated 

from the natural environment in the San Diego, California area [37,59]. These studies 

provide strong evidence that multiple molecular types (VGI, VGII, VGIII) have been 

reported in California indicative of a likely reservoir, possibly in Eucalyptus and other 

tree species. 

Hypotheses regarding the spread of global fungal pathogens from common 

associations with plants have been previously reported. It was recently shown that a 

basidiomycete, the sugarcane fungal pathogen Ustilago scitaminea, was dispersed from 

Asia to America and Africa due to its association with infected plant material [200]. C. 

gattii has been isolated from E. camaldulensis trees in San Francisco, a common host tree 

species, and C. gattii was recently found to complete its natural sexual cycle during co-
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culture with this plant under laboratory conditions [39,87,131]. Population genetics 

studies of individual trees of E. camaldulensis have also shown that both same-sex and 

opposite-sex mating is likely occurring in this environmental niche [50]. These reports 

demonstrate the likelihood that this unique VGI genotype migrated due to plant 

association, and also leaves open the possibility of sexual reproduction occurring in 

natural populations of this genotype in the environment. 

Sexual reproduction among closely related genotypes has the potential to increase 

pathogenicity of fungi and parasites [93,175]. In C. gattii it has been postulated that 

same-sex mating among closely related isolates could have both contributed to the 

formation of the hyper-virulent VGIIa/major genotype responsible for the Vancouver 

Island outbreak and to the ongoing production of infectious propagules [18,132,137]. 

Another well-studied system is the eukaryotic parasite Toxoplasma gondii, where limited 

mating among clonal lineages is hypothesized to have resulted in increased virulence, and 

may also have enabled this pathogenic microbe to be orally transmitted from animals to 

humans [114,201]. The reasons for mating differences among the isolates from the leg 

and brain of the North Carolina C. gattii case may be genetic, or epigenetic, as all other 

analysis indicates that these isolates are from a single rather than mixed infection. 

Although the exact roles of C. gattii sexual reproduction as it relates to virulence remain 

to be elucidated, the ability of virulent isolates to retain mating ability suggest this 

process may play a significant role in virulence and possibly also in the production of 

infectious propagules. 
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As C. gattii continues to emerge in the United States and elsewhere it is clear that 

the standardization of clinical testing to identify species (C. neoformans/C. gattii) and 

cryptic species (VGI/VGII/VGIII/VGIV) is essential. As illustrated by this case, C. gattii 

infections may be particularly complicated to treat due to their predilection to form 

cryptococcomas, especially in the brain, which are difficult to manage and risk to surgical 

resection is considerable. Although clinical laboratory testing at Duke University 

confirmed that the leg and brain biopsy isolates were both fluconazole sensitive, because 

of disease progression and the occurrence of cryptococcomas, in which drug access is 

limited, clinical management was difficult. Although the overall incidence of C. gattii 

disease in the United States remains low, an increasing number of cases in California, 

Oregon, Washington, and now North Carolina among immunocompetent and 

immunocompromised individuals raise the possibility that these represent the onset of an 

emergence in the temperate climate of the western United States. 
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Figure 41. Proposed model for the emergence of C. gattii in the United States.A) The 
original source is postulated to be Australia, where identical clinical and closely related 
environmental isolates have been reported. Given that human-human transmission other 
than introgenic is unknown, the most parsimonious model for geographically dispersed 
clinical isolates is that isolates identical to the clinical cases are present in the environments 
in Australia and California, USA. In this model, the patient from the Southeastern United 
States traveled to the endemic area of CA, was exposed to the pathogen by inhalation, and 
ultimately returned to present with disseminated disease in North Carolina, USA. 
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6. Analysis of Cryptococcus gattii molecular types VGII 
x VGIII crosses reveals that the mitochondrial and 
nuclear genomes contribute to hypervirulence 

 6.1 Introduction 

Fungal pathogens are among the myriad microbial pathogens that have and will 

continue to cause a severe health burden [2,3,4]. Among the fungal pathogens of humans 

and animals, the Cryptococcus pathogenic species complex (C. neoformans and C. gattii) 

is globally distributed and causes severe morbidity and mortality in both 

immunocompetent and otherwise healthy individuals, as well as in a range of mammals. 

C. gattii has an established association with Eucalyptus trees in tropical and subtropical 

climates, and is known to cause disease in immunocompetent hosts at low incidences 

[12,13]. However, in the past decade this formerly geographically restricted pathogen has 

emerged as a primary cause of fatal disease in northwestern North America, including 

both Canada and the United States [20,21,24,38,76]. This unprecedented outbreak has 

highlighted the ability of this pathogen to emerge in novel climates and serves also as a 

model for emerging/reemerging infectious outbreaks. C. gattii represents a serious health 

burden on the global population, and has also become a model organism for the 

examination of fungal pathogenesis, the evolution of sex and sex-determining regions, 

and studies of same- and opposite-sex mating, making it an ideal organism for studying 

infectious diseases [80,82,83,87,101,135,136,156,157,159,202,203,204].  

Studies in this dissertation have documented that the C. gattii molecular type 

VGII outbreak is expanding throughout the Pacific Northwest, while a molecular type 

VGIII outbreak is occurring and likely ongoing in HIV/AIDS patients residing in 
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Southern California. Although no clear examples of hybridization between these two 

molecular types have been documented, other hybrids within the pathogenic 

Cryptococcus species complex, including hybrids between the C. neoformans varieties 

(AD hybrids) and between C. neoformans and C. gattii have been reported, including in 

human clinical cases [17,83,84,166,205,206]. Furthermore, it has been found that AD 

hybrids in particular may be predisposed to evolve drug resistance (Li, Heitman, et al., 

unpublished observations).  

While the examination of hybrids from a virulence evolution standpoint is 

insightful, another major area that this line of analysis can contribute to is the study of 

speciation dynamics. Currently, the pathogenic Cryptococcus species complex is divided 

into only two species, C. neoformans and C. gattii [14,136]. However, recent studies 

suggest that there are at least six monophyletic lineages, each of which is likely an 

independent species [19]. Additionally, there has been no nuclear exchange observed 

between the four molecular types of C. gattii leading to the hypothesis that they are 

independent species within the pathogenic Cryptococcus species complex [18,19,21,42]. 

This lends credence to the hypothesis that several reproductive barriers may exist 

between each monophyletic lineage. If this is the case, then mating between 

monophyletic lineages (i.e., molecular types) such as C. gattii VGII and VGIII should 

result in low levels of progeny germination and high levels of unstable aneuploid or 

diploid isolates, (i.e., hybrids).    

Our studies described in this chapter originate from an interest in understanding 

mating dynamics between C. gattii molecular types and how the VGII mitochondrial 
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genome may contribute to hypervirulence, an interest predicated on previous studies of 

intracellular macrophage proliferation and mitochondrial phenotypes [92]. In this study, 

we generated two sets of VGII x VGIII F1 progeny sets, one from a VGII a x VGIII α 

mating, and the other from a VGII α x VGIII a mating. The first conclusion from the 

progeny sets was that no germination could be detected (less than 1%, 0/100 spores), 

supporting the hypothesis that these molecular types are cryptic species with reproductive 

barriers. To circumvent this, isolation of progeny had to be done without individual spore 

dissections (selecting probable progeny from spore-dense regions); resulting in a need to 

clearly type all progeny using a multilocus sequence typing (MLST) based approach. 

From MLST typing and fluorescent activated cell sorting (FACS) analysis (to 

determine ploidy), we were able to determine that from the VGII a x VGIII α mating, 

approximately one-half of the isolates were haploid (1N) and one-half were diploid (2N). 

However, all but two F1 isolates that were haploid appear to be blastospores (i.e., 

mitochondrial exchange strains) and not meiotic products. In the VGII α x VGIII a 

progeny set all isolates were shown to be diploid (2N) based on FACS analysis. Together, 

this supports that there is a restrictive barrier in meiosis due to speciation between 

molecular types VGII and VGIII, unlike the high germination rate observed between 

VGIII x VGIII F1 progeny isolated [39].   

All isolates in both crosses uniparentally inherited the a mitochondrial genome, 

which is consistent with previous studies that documented uniparental mitochondrial 

inheritance during a-α mating [96,207,208]. To determine the role of the mitochondrial 

genome in virulence, IPR analysis was conducted for each of the progeny sets, showing 
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that overall, a high IPR mitochondrial genome may be necessary but not sufficient for 

full transmission of the high virulence IPR phenotype. This indicates that other nuclear 

genomic regions that may or may not directly have a role in mitochondrial function could 

be serving central roles in virulence. These findings suggest that hypervirulence is a 

phenotype controlled by both the mitochondrial and nuclear genomes, and leaves open 

intriguing questions of the regulation of virulence in C. gattii, and possibly C. 

neoformans.    

Our studies provide further phenotypic and molecular evidence that the VGII and 

VGIII molecular types of C. gattii are distinct species. Furthermore, we show that in high 

IPR isolates of C. gattii (i.e., certain VGII genotypes), that the mitochondrial genome 

may play a central but not complete role in the phenotype. This phenotype is significant, 

as several studies have shown that IPR levels directly correlate with murine virulence 

levels assaying for mortality [21,92]. Taken together, our results shed light onto critical 

dynamics of speciation and virulence characteristics. These studies lay a foundation for 

future analysis of speciation among other molecular types, dynamics of lab-generated 

inter-molecular type hybrids, and the elucidation of underlying regions in both the 

mitochondrial and nuclear genomes that influence hypervirulence of several genotypes, 

particularly those associated with the ongoing Pacific Northwest outbreak, which is 

expanding throughout the northwestern United States. 
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6.2 Materials and methods  

6.2.1 Strains used and the generation of progeny se ts 

The parental strains used were as follows: VGII a CBS10090, VGII α R265, 

VGIII a B4546, and VGIII α NIH312. Mating assays were conducted on V8 media 

(pH=5) to generate spores for progeny analyses. Isolates were incubated at room 

temperature in the dark for 2-4 weeks in dry conditions. Fertility was assessed by light 

microscopic examination, specifically for basidiospore formation at the periphery and 

surface of the co-incubated mating patch. To collect progeny from the crosses, 

basidiospores were isolated with a micromanipulator as described previously with the 

slight modification that due to low germination rate, other suspected resultant colonies in 

areas where groups of basidiospores were placed with the micromanipulator were 

collected [155,185]. To summarize, spore-dense regions were collected using a glass 

Pasteur pipette and spread on a YPD agar plate. This is typically the stage in dissections 

where spores are individually manipulated. In total, the progeny set from the CBS10090 

x NIH312 cross yielded 16 collected “progeny” and the R265 x B4546 cross yielded 18 

collected “progeny”.  

6.2.2 Molecular characterizations  

For each of the parental isolates, sequence data for the MLST alleles were 

previously published, with sequences for R265, CBS10090, NIH312, and B4546 in the 

GenBank database (Table 25) [18,21]. For each F1 progeny isolate, DNA was isolated 

(Epicentre), and genomic regions were PCR amplified (Table 26), purified (ExoSAP-IT, 

Qiagen), and sequenced. Sequences from both forward and reverse strands were 



 

209 

assembled and manually edited using Sequencher version 4.8 (Gene Codes Corporation). 

Based on the sequences of the parental strains, alleles of the progeny were assigned to 

three distinct categories: exclusively from the α parent, exclusively from the a parent, or 

heterozygous. Heterozygosity at each allele was based on alignments with parental alleles 

and clear observations of multiple positive nucleotide traces in regions that differ 

between the two parental sequences, which are indicative of two unique sequences (i.e., 

one from each parent) being analyzed. Additionally, mitochondrial inheritance was 

assayed using ATP6 mitochondrial specific forward 

(ACTTGCGGCTGAATGATAAAATCTAA) and reverse 

(GTGGAGATGTAATAAAGTGTGTCATG) primers, whereby the product (including 

the 5’ UTR and part of the ORF) from the VGIII (a and α) mitochondrial genome is 

larger than the product from the VGII (a and α) mitochondrial genome.   
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Table 25. Genbank accession numbers for sequences presented in Chapter 6. 

GenBank accession number Submission Details 

DQ096307 MLST allele SXI1α_16 

DQ096308 MLST allele SXI1α_18 

DQ096310 MLST allele SXI2a_4 

DQ096314 MLST allele IGS_4 

DQ096327 MLST allele IGS_18 

GU299206 MLST allele IGS_31 

DQ096360 MLST allele TEF_3 

DQ096364 MLST allele TEF_7 

DQ096367 MLST allele TEF_10 

DQ096377 MLST allele GPD_1 

DQ096383 MLST allele GPD_7 

DQ096385 MLST allele GPD_9 

GU299205 MLST allele GPD_27 

DQ096398 MLST allele LAC1_2 

DQ096400 MLST allele LAC1_4 

DQ096405 MLST allele LAC1_9 

DQ096416 MLST allele CAP10_1 

DQ096421 MLST allele CAP10_6 

DQ096343 MLST allele PLB1_1 

DQ096346 MLST allele PLB1_4 

DQ198349 MLST allele PLB1_23 

DQ096334 MLST allele MPD1_5 

DQ096377 MLST allele MPD1_8 
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Table 26. MLST primers used in Chapter 6. 

Primer name Primer Sequence Marker Amplified  
JOHE10451 TACATCACCGGTCATATCTGC SXI1α 

JOHE10452 CTGGAGAAGCGCCTCACTGGA SXI1α 

JOHE14115 AGGGTACGTTTGAGGCCAGTT SXI1α alternative  

JOHE14116 GAAAGCGTTGGCAAGGAATGA SXI1α alternative 

JOHE10453 TGATCGCACGAGCCAAATCCC SXI2a 

JOHE10454 GGCTTCCTGACAACACTTCTA SXI2a 

YL001 TGTCTTCTGACACCCAGTCG SXI2a alternative 

YL002 TCAGAAAGCCAATTCCATCC SXI2a alternative  

JOHE14408 ATCCTTTGCAGACGACTTGA IGS 

JOHE14409 GTGATCAGTGCATTGCATGA IGS 

JOHE14976 GCACGCTCTTCTCGCCTTCAC TEF1 

JOHE14977 GTAGTCGGCGTAGGTCTCAAC TEF1 

JOHE14968 CCACCGAACCCTTCTAGGATA GPD1 

JOHE14969 CTTCTTGGCACCTCCCTTGAG GPD1 

JOHE14970 AACATGTTCCCTGGGCCTGTG LAC1 

JOHE14971 ATGAGAATTGAATCGCCTTGT LAC1 

JOHE14386 CCGGAACTGACCACTTCATC CAP10 

JOHE14387 GCCCACTCAAGACACAACCT CAP10 

JOHE14974 CTCTCATTGTTCGCCGCTACT PLB1 

JOHE14975 GGAAGCCGAGGTCTGATTTGG PLB1 

JOHE14972 TGCCCTGGATCCTAATGCTCT MPD1 

JOHE14973 ACCCAGACTGCCGCTGTCGTC MPD1 

 

6.2.3 Ploidy determination by fluorescence flow cyt ometry 

Cells were processed for flow cytometry as described previously, with slight 

modifications [82,83]. Briefly, cells were harvested from YPD medium, washed once in 

1X PBS buffer, and fixed in 1 ml of 70% ethanol overnight at 4°C. Fixed cells were 

washed once with 1 ml of NS buffer (10 mM Tris-HCl (pH 7.5), 250 mM Sucrose, 1 mM 

EDTA (pH 8.0), 1 mM MgCl2, 0.1 mM CaCl2, 0.1 mM ZnCl2) and then stained with 

propidium iodide (12.5 mg/ml) in 0.2 ml of NS buffer containing RNaseA (1 mg/ml) at 
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4°C for 16 h. Next, 0.5 ml of stained cells were diluted into 0.5 ml of 50 mM Tris-HCl 

(pH 8.0). Flow cytometry was performed on 10,000 cells and analyzed on the FL1 

channel with a Becton-Dickinson FACScan (Duke University Medical Center Flow 

Cytometry Core Facility). 

6.2.4 Self filamentation assays 

Filamentation assays were conducted on V8 media (pH=5) and filamentation agar 

recipe. Isolates were incubated at room temperature in the dark for 2-4 weeks in dry 

conditions. Filamentation was assessed by light microscopic examination for hyphae 

formation at the periphery and surface of the incubated patches. All assays were 

conducted on both media types. If there were no signs of filamentation after a four-week 

period, isolates were scored as having no self-filamentation phenotype. 

6.2.5 Intracellular proliferation rate (IPR) determ ination 

A proliferation assay was previously developed to monitor the intracellular 

proliferation rate (IPR) of individual strains following phagocytosis [92]. For this assay, 

J774 macrophage cells were exposed to cryptococcal cells that were opsonized with 18B7 

antibody for 2 hr as described previously [129]. Each well was washed with phosphate-

buffered saline (PBS) in quadruplicate to remove as many extracellular yeast cells as 

possible and 1 ml of fresh serum-free DMEM was then added. For time point T=0, the 1 

ml of DMEM was discarded and 200 µl of sterile dH2O was added into wells to lyse 

macrophage cells. After 30 minutes, the intracellular yeast were released and collected. 

Another 200 µl dH2O was added to each well to collect the remaining yeast cells. The 

intracellular yeast were then mixed with Trypan Blue at a 1:1 ratio and the live yeast cells 
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were counted. For the subsequent five time points (T=18 hrs, T=24 hrs, T=48 hrs, T=72 

hrs), intracellular cryptococcal cells were collected and counted.  

For each strain tested, the time course was repeated at least three independent 

times, using different batches of macrophages. The IPR value was calculated by dividing 

the maximum intracellular yeast number by the initial intracellular yeast number at T=0. 

We confirmed that Trypan Blue stains 100% of the cryptococcal cells in a heat-killed 

culture, but only approximately 5% of cells from a standard overnight culture. The IPR 

studies were conducted in collaboration with Hansong Ma, Kerstin Voelz, and Robin 

May, and performed at the University of Birmingham, United Kingdom. 

6.3 Results 

6.3.1 Molecular and phenotypic characterizations of the generated 
“progeny” sets 

The mating pairs, CBS10090 x NIH312 and R265 x B4546, were chosen for the 

examinations due to previous assays showing that the pairs were fertile. Each respective 

mating pair was incubated 2-4 weeks in the dark until robust areas of hyphae, basidia, 

and basidiospores were observed. At this point in the analysis, mating patches were 

subject to micromanipulation of spores with the assistance of Ping Hseuh. As individual 

spore dissections were largely unsuccessful, an alternative approach was taken and 

described in the methods section of this chapter.  

Overall, there was a low rate of spore germination in both the VGII a x VGIII α 

and VGII α x VGIII a mating pairs. For each mating, over 50 individual spores were 

dissected, and in both cases none germinated (<2% germination/cross). In an attempt to 
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generate a working progeny set, a region of highly dense spores and hyphae was selected, 

plated, and colonies that arose were isolated and characterized. This type of analysis is 

therefore subject to possible isolation of parental colonies, blastospores, fusion products, 

and true meiotic progeny. For these reasons, and to better understand the dynamics of 

mating between these two distinct molecular types, the resulting “progeny” sets were 

subjected to molecular (MLST/FACS) and phenotypic (self-filamentation) analysis. 

A generalized schematic of the progeny sets and summaries of the results is 

presented in Figure 42. In the mating pair between VGII a (CBS10090) x VGIII α 

(NIH312), we isolated a total of 16 “progeny”. Mitochondrial amplification of the ATP6 

gene (mitochondrial) revealed that 100% exclusively inherited the a mitochondrial 

genome (Figures 43, 44). Based on FACS analysis, we found that ~one-half (7/16) were 

haploid (1N) and ~one-half (9/16) were diploid (2N). FACS analysis cannot distinguish 

aneuploid isolates; therefore, the exact chromosomal copy numbers are not determinable 

(Figure 44). When each of the progeny was analyzed at eight unlinked MLST loci, 

including one sex-specific marker (SXI1/SXI2), the results indicated that 5/16 showed no 

signs of nuclear exchange (all α/haploid), but all five have the a mitochondrial genome 

(Figure 44). This indicates that these five mitochondrial exchange strains are the product 

of blastospores (i.e., monokaryotic yeast budding off of dikaryotic hyphae). We also 

show that two isolates harbor alleles from both nuclear genomes, have uniparental 

mitochondrial inheritance from the a parent, and also are haploid by FACS analysis, 

indicating that these two isolates were produced via meiosis, although one of the two 

shows increased levels of inheritance from the VGIII parent (P2 has 7/8 MLST loci from 
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the VGIII parent while P3 has 4/8 MLST loci from the VGIII parent). The 9/16 

remaining isolates shows signs of diploidy: they all retain markers with sequences from 

both parental nuclear genomes and are all greater than 1N or fully 2N based on FACS 

analysis (Figure 44). These nine isolates also show self fertility, indicating that copies of 

both sex determining regions are likely present (Figure 45). However, P1 and P13 show 

no amplification of the SXI2a allele but are self fertile. In all of the isolates, the CAP10 

locus specifically amplified the VGIII allele. It may be that between these two strains 

there is a stronger bias to amplify only one molecular type, unlike results from the inverse 

cross that used other strains from each representative molecular type. It is also possible 

that the VGII region harboring this gene on chromosome 11 was lost. Our molecular and 

phenotypic findings indicate that the rate of successful meiosis is low during this inter-

molecular type mating, with higher proportions of fusion products and blastospores than 

true meiotic products isolated among the “progeny”.    

In the mating pair between VGII α (R265) x VGIII a (B4546), we isolated a total 

of 18 “progeny” using similar methods to the previous “progeny” set. Again, 

mitochondrial amplification of the ATP6 gene (mitochondrial) revealed that 100% 

inherited that a mitochondrial genome (Figures 46, 47). Based on FACS analysis, we 

then determined that 18/18 isolates showed signs of diploidy (Figure 47). In further 

support that these isolates are diploid, MLST analysis showed signs of heterozygosity at 

7/8 markers (Figure 47). In all of the isolates, the PLB1 locus specifically amplified the 

VGII allele. It may be that between these two strains there is a stronger bias to amplify 

only one molecular type, unlike results from the inverse cross that used other strains from 
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each representative molecular type. It is also possible that the VGIII region harboring this 

gene on chromosome 13 was lost. However, TEF1 also resides on chromosome 13, 

making the explanation that a primer-based artifact is skewing toward VGII-only 

amplification more parsimonious. Another model could be that a regional mitotic gene 

conversion occurred on chromosome 13. While all 18 strains retained copies of both 

SXI1/SXI2, only 17% (3/18) were self-fertile (Figure 48). The reasons for this remain 

unclear, but warrant further examinations in the future as the results may indicate that 

these diploids are highly unstable and therefore unable to complete the process of self-

filamentation.     

The results from the FACS, MLST, and self-fertility studies indicate that in both 

crosses, the likelihood of obtaining true meiotic progeny is low, with much higher levels 

of hybrid diploids being isolated. As spores were observed and individually manipulated, 

showing an absence of germination, this suggests that these progeny, while being 

produced, are inviable, similar to inviable progeny isolated from sexual crosses between 

the related species Saccharomyces cerevisiae and Saccharomyces bayanus (at a 

frequency of about 10-4) [209]. This suggests that these molecular types are distinct 

species, paralleling C. neoformans AD hybrids.  
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Figure 42. Overview for the generated “progeny” sets. Blue coloration indicates 
VGIII DNA, yellow VGII DNA, and green hybridization of the respective molecular types. 
The larger circles represent the nuclear genomes, with the smaller inner circles 
representing the mitochondrial genomes. Summaries of ploidy (FACS), mitochondrial 
inheritance, and virulence (IPR) are also indicated and further detailed in subsequent 
figures in this chapter. 
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Figure 43. ATP6 primers differentiate VGII and VGIII molecular types an d allow 
for the documentation of uniparental mitochondrial inheritance in C. gattii . A) The analysis 
of mtDNA PCR products 12 strains (six VGII and six VGIII). The amplicon from VGII 
isolates produced shorter PCR products in comparison to those of VGIII strains. The order 
of strains is as follows: 1. EJB11 (VGIII alpha), 2. NIH312 (VGIII alpha), 3. B4546 (VGIII 
a), 4. R265 (VGII alpha), 5. R272 (VGII alpha), 6. CBS1930 (VGII a), 7. EJB18 (VGII 
alpha), 8. MMC08-897 (VGII alpha), 9. CA1508 (VGIII a), 10. CA1873 (VGIII a), 11. 
CBS10090 (VGII a), 12. A1M-F2932 (VGII alpha) 13. 1 kb ladder. B) PCR products of 16 
“progeny” generated from the cross between CBS10090 and NIH312. All “progeny” showed 
the same length as their VGII parent (MATa). The DNA ladder used in this experiment is 
the 1 kb ladder from the Invitrogen. This work was conducted in collaboration with 
Hansong Ma during her visit to Duke University Medical Center.  
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Figure 44. Analysis of NIH312 x CBS10090 "progeny". The coloration scheme is the 
same as Figure 40. MLST analysis was conducted at eight unlinked loci, and scored as 
VGIII parental (blue), VGII parental (yellow), or both VG II and VGIII (green). The 
mitochondrial inheritance is also indicated (uniparental). The ploidy determination is listed 
based on FACS analysis. P9 is indicated as 1-2N due to an unclear FACS plot, although the 
molecular and self-fertility assays indicate it is “diploid”. 

 

 

Figure 45. Self-fertility of NIH312 x CBS10090 "progeny". Green coloration 
indicates self-fertility and red coloration indicates no signs of self-fertility after four weeks. 
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Figure 46. Uniparental inheritance of the mt genome in R265 x B4656 “progeny".  
All “progeny” showed the same length as their VGIII parent (MATa). The a parental strain 
is B4546 and the αααα parental strain is R265. “Progeny” 1-18 are shown in order. The DNA 
ladder used in this experiment is the 1 kb ladder from the Invitrogen. 

 

 

Figure 47. Analysis of B4546 x R265 "progeny". The coloration scheme is the same 
as Figure 40. MLST analysis was conducted at eight unlinked loci, and scored as VGIII 
parental (blue) VGII parental (yellow) or both VGII and V GIII (green). The mitochondrial 
inheritance is also indicated (uniparental). The ploidy determination is listed based on 
FACS analysis. 
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Figure 48. Self -fertility of R265 x B4546 "progeny". Green coloration indicates self-
fertility and red coloration indicates no signs of self-fertility after four weeks. 

 

6.3.2 Virulence of the parental isolates and result ing “progeny” 

Previous studies have illustrated that the mitochondria may serve a critical 

function in the hypervirulence of the C. gattii VGIIa/major and VGIIc/novel genotypes 

contributing to the Pacific Northwest molecular type VGII outbreak [21,92]. To explore 

both the roles of nuclear and mitochondrial genomes in hypervirulence, we conducted 

IPR assays of the parental strains and “progeny” sets from both of the crosses to examine 

the abilities of the strains to proliferate within murine-derived macrophages (Tables 27, 

28; Figures 49, 50). The results from the VGII a (CBS10090) x VGIII α (NIH312) 

progeny show a range in virulence, with the VGII a parental strain hypervirulent and the 

VGIII α parental strain low in virulence. The mitochondrial exchange strains, and isolate 
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P2 (haploid recombinant, only 1/8 MLST markers from VGII) show virulence levels 

similar to the VGIII α parental isolate, indicating that the VGII mitochondrial genome, at 

least alone, is not sufficient to confer hypervirulence in this model. However, P3 (haploid 

recombinant, ~½ VGII and ½ VGIII nuclear markers, based on MLST) shows high 

virulence, providing evidence that nuclear gene(s) contribute to hypervirulence. 

Furthermore, the hybrid diploid progeny show a range of virulence levels, providing 

evidence that one or more regions of the nuclear genome may control the inheritance of 

virulence, as the hybrid diploids may be aneuploid (based on the inheritance observed 

during the MLST analysis) at some level that cannot be discriminated by FACS alone. 

Further elucidation of chromosomal dynamics by a more discriminating method, such as 

comparative genome hybridization (CGH) assays, will provide additional insights.    

As mentioned above, we additionally examined the VGII a (CBS10090) x VGIII 

α (NIH312) “progeny” set and parental strains (Table 28, Figure 50). For the parental 

strains, the VGII α parent has a hypervirulence IPR level, while the VGIII a parent has a 

low IPR level. The IPR analysis of the progeny illustrates that all progeny show low 

levels of virulence. These findings for the hybrid diploid isolates is enlightening, as it 

suggests that the mitochondrial genome may provide a critical and essential element in 

conferring hypervirulence. When the IPR data from both sets are interpreted together, it 

puts forth a hypothesis that the mitochondrial genome may be necessary, but not 

sufficient to confer hypervirulence. Key experiments to validate this hypothesis include 

the generation of reciprocal mitochondrial exchange strains in each of the respective 

crosses (see discussion). This leaves open the exploration of the mitochondrial genome, 
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nuclear genome, and associations between the two in future studies to address the critical 

questions surrounding hypervirulence of specific VGII genotypes, particularly those 

causing and exacerbating the North American Pacific Northwest outbreak.   

 

Figure 49. Virulence of VGIII αααα x VGII a parents and “progeny”. The αααα parent 
(NIH312) shows low IPR, while the a parent shows high IPR (CBS10090). Blue and yellow 
coloration indicate the respective parental isolates. For the haploid recombinants, the 
percentage of yellow to blue indicates the contributing amount of nuclear genome regions 
based on the MLST analysis (Figure 41). Green indicates the diploid hybrid F1. The 
progeny are ordered as follows from right to left: P5, P6, P14, P15, P12, P2, P3, P9, P1, P4, 
P7, P8, P10, P11, P13, P16. 
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Figure 50. Virulence of VGII αααα x VGIII a parents and “progeny”. The a parent 
(B4546) shows low IPR, while the αααα parent shows high IPR (R265). Blue and yellow 
coloration indicate the respective parental isolates. Green coloration indicates the diploid 
hybrid F1. The order of the progeny is as follow: P1-P18. 
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Table 27. IPR values for the parents and 16 “progeny” generated from the cross 
between CBS10090 x NIH312. 

Strains Generated from IPR values 

NIH312 - 0.98 

CBS10090 - 1.74 

Progeny 1 CBS10090 x NIH312 1.22 

Progeny 2 CBS10090 x NIH312 0.96 

Progeny 3 CBS10090 x NIH312 1.67 

Progeny 4 CBS10090 x NIH312 0.57 

Progeny 5 CBS10090 x NIH312 0.87 

Progeny 6 CBS10090 x NIH312 0.91 

Progeny 7 CBS10090 x NIH312 1.60 

Progeny 8 CBS10090 x NIH312 0.85 

Progeny 9 CBS10090 x NIH312 1.50 

Progeny 10 CBS10090 x NIH312 1.51 

Progeny 11 CBS10090 x NIH312 1.78 

Progeny 12 CBS10090 x NIH312 0.90 

Progeny 13 CBS10090 x NIH312 1.22 

Progeny 14 CBS10090 x NIH312 1.31 

Progeny 15 CBS10090 x NIH312 1.24 

Progeny 16 CBS10090 x NIH312 1.21 

 

Table 28. IPR values for the parents and 18 “progeny” generated from the cross 
between R265 x B4546. 

Strains Generated from IPR values 

B4546 - 0.87 

R265 - 2.11 

Progeny 1 R265 x B4546 0.62 

Progeny 2 R265 x B4546 0.80 

Progeny 3 R265 x B4546 0.98 

Progeny 4 R265 x B4546 0.75 

Progeny 5 R265 x B4546 0.70 

Progeny 6 R265 x B4546 0.74 

Progeny 7 R265 x B4546 0.72 

Progeny 8 R265 x B4546 0.90 

Progeny 9 R265 x B4546 0.87 

Progeny 10 R265 x B4546 1.00 

Progeny 11 R265 x B4546 0.99 

Progeny 12 R265 x B4546 0.70 

Progeny 13 R265 x B4546 0.82 

Progeny 14 R265 x B4546 0.96 
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Progeny 15 R265 x B4546 0.88 

Progeny 16 R265 x B4546 0.79 

Progeny 17 R265 x B4546 1.03 

Progeny 18 R265 x B4546 0.81 

 

Discussion  

Several independent studies have shown that, based on sequence analysis, there is 

no allelic exchange observed between the four molecular types of C. gattii, leading to a 

strong hypothesis that they are independent species within the pathogenic Cryptococcus 

species complex (i.e., phylogenetic species concept) [18,19,21,42]. Our results presented 

in this chapter demonstrate that in addition to molecular studies of isolate populations, 

there is a clear reproductive barrier between isolates from two of the molecular types 

examined, VGII and VGIII. This reproductive barrier is post-zygotic, and supported with 

examples from both VGII α x VGIII a as well as VGII a x VGIII α crosses (i.e., 

biological species concept). Specifically, our results of “progeny” showed predominantly 

hybrid diploids, followed by mitochondrial exchange strains (i.e., blastospores), and 

finally only 1-2/34 (3-6%) haploid recombinants. This post-zygotic barrier parallels 

studies examining progeny isolated from sexual crosses between the related species 

Saccharomyces cerevisiae and Saccharomyces bayanus, whereby viable spores from 

tetrads were found at a frequency of about 10-4 [209]. Furthermore, similar post-zygotic 

barriers between closely related species from within both the Microbotryum and 

Neurospora genera have also shown low levels of viable progeny [210,211].   

The finding that a majority of “progeny” are diploid hybrids is intriguing, as it 

suggests that environmentally and clinically, there may be a potential for inter-molecular 
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type hybrids, such as VGII x VGIII hybrids. This would parallel several seminal studies 

documenting and examining both C. neoformans var. neoformans/ C. neoformans var. 

grubii (AD) and C. neoformans/ C. gattii (BD) hybrids [17,83,84,102,166,205]. These 

studies show that the hybrids are able to infect hosts, as several are clinical in origin, and 

our virulence assays, at a minimum, suggest that VGIII x VGII diploid hybrids can be 

virulent in IPR assays. Further studies will need to be undertaken both to 1) examine 

isolates for the possibility of inter-molecular type hybrids and 2) study our generated F1 

isolates in additional models of in vivo virulence, such as murine models of disseminated 

infection.  

Our studies support and extend previous reports of uniparental mitochondrial 

inheritance [96,207,208]. One area of interest as it relates to the Pacific Northwest VGII 

outbreak is that all isolates examined thus far are exclusively α mating type 

[1,18,20,21,23,38,78]. Previous studies have shown that while a-α mating leads to 

uniparental inheritance, regulated by the mating type-specific homeodomain genes SXI1α 

and SXI2a, that α-α mating has biparental inheritance, which enables increased 

mitochondrial genome recombination [208]. This supports an interesting hypothesis 

whereby α-α mating in the Pacific Northwest may have contributed to the formation of 

recombinant mitochondrial genomes with higher predispositions for virulence. While this 

area will need to be carefully addressed via laboratory based mating of SXI1/SXI2 

deletion mutants, thus allowing biparental inheritance of the mitochondrial genomes, it is 

an intriguing hypothesis possibly explaining the hypervirulence among specific VGII 

genotypes. The construction of these deletion mutants will also allow for direct 
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examinations of reciprocal mitochondrial exchange strains, allowing for studies to 

directly examine to contributions of the mitochondrial and nuclear genomes to virulence. 

Furthermore, mitochondrial genome sequencing using next generation platforms is 

warranted as the high copy number allows for high coverage, with paired-end sequencing 

facilitating assembly. Comparative analyses of mitochondrial genomes among genotypes, 

molecular types, and species may shed light into virulence variations, particularly the 

hypervirulence observed in the VGIIa and VGIIc genotypes        

Our results imply that in addition to the mitochondrial genome, regions of the 

nuclear genome are likely required to confer hypervirulence. One way to address this 

issue is to examine the nuclear genome regions inherited in diploid hybrid and haploid 

recombinant progeny that show varying levels of virulence. This approach will allow 

mapping of genomic regions associated with virulence. Additionally, there is the 

possibility that the mitochondrial and nuclear regulators of virulence interact, and high-

density expression arrays with strains of varying nuclear and mitochondrial genomes may 

allow for the discovery of differentially expressed genes involved in hypervirulence. 

These studies would follow on the report of Ma et al, which found that based on 

expression analyses, several mitochondrial genes were over expressed in the hyperviulent 

VGIIa/major genotype strains of C. gattii [92].  

Findings presented in this chapter document post-zygotic reproductive barriers 

between molecular types VGII and VGIII, and provide evidence for mitochondrial and 

nuclear genome contributions to virulence. While several fundamental results were 

obtained during these studies, just as many if not more questions are raised by these 
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results. Future research of speciation between the molecular types and direct tests for the 

contributions of mitochondrial and nuclear genomes to virulence are necessary. While 

inter-molecular diploid hybrid examinations are inherently difficult, as is the case for the 

examination of C. neoformans var. neoformans/ C. neoformans var.grubii and C. 

neoformans/ C. gattii hybrids, these types of studies are needed to examine speciation 

and virulence [83,84,166]. As is the case for other Cryptococcus hybrids, inter-molecular 

hybrids may also cause infections in humans and other animals [83,84,166]. Additionally, 

hybrids or inter-molecular type fusions may contribute to diversity generated during α-α 

mating by allowing biparental mitochondrial inheritance and increased occurrences of 

mitochondrial genome recombination.  
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7. Conclusions and future directions 

From the onset of the global AIDS pandemic until the late 1990’s, outside of 

Australia and Southeast Asia, research related to Cryptococcus molecular epidemiology 

and virulence was primarily focused on the globally distributed sibling species to C. 

gattii, C. neoformans. Since 1999, the North American Pacific Northwest outbreak has 

increased the amount of research focused on infections caused by the less-common 

species, C. gattii. In addition to research surrounding the outbreak, studies documented in 

this dissertation reveal that C. gattii may be more frequently found in HIV/AIDS patients 

in the United States than previously estimated, and that additionally there may be a 

number of disparate cases in the United States attributable to any of the four C. gattii 

molecular types in both otherwise healthy as well as immunosuppressed hosts, as 

highlighted by our studies of a VGI case in a patient from North Carolina, who is 

hypothesized to have acquired infection during a trip to California [22].  

Through examining the C. gattii outbreak in the United States we have 

significantly advanced our understanding about molecular epidemiology, virulence 

characteristics, and population structures. However, several fundamental questions 

remain unclear. One area that deserves increased focus is rigorous studies for localized 

recombination in the region. Studies of Australian C. gattii populations from individual 

trees yield fundamental insights into hypotheses for same- and opposite-sex mating, and 

similar studies should be explored in the North American outbreak region. While isolates 

of C. gattii from the outbreak region have been shown to undergo a-α mating under 

laboratory conditions [39], no a isolates have been found in this geographic zone, making 
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same-sex mating a more parsimonious explanation for the origins of novel isolates and 

the continuing production of infectious spores. Although no unisexual mating of C. gattii 

has been reported under defined laboratory conditions, studies describing Australian 

populations of C. gattii (environmental-individual trees) and C. neoformans (veterinary 

isolates) provide evidence that this process occurs in natural populations [50,75]. Similar 

population based approaches should be employed in the North American populations 

(i.e., populations isolated from individual trees) to examine the possibility of ongoing 

recombination via same-sex mating. However, as the isolates in North America are 

highly clonal, a combination of VNTR markers, and possibly whole genome sequencing 

may have to be employed to reach the discriminatory power needed to accurately 

examine recombination. An alternative approach could also be to sequence the 

VGIIa/major diploid isolate RB59 to determine if there are genomic variances consistent 

with same-sex mating/meiosis.  

Another recent line of evidence suggests that mitochondrial inheritance and 

recombination could play significant roles in the evolution of C. gattii [95,96]. 

Mitochondrial recombination or exchange requires cell-cell fusion, and it is hypothesized 

that this type of event could also lead to other nuclear or plasmid genetic exchange. 

Detailed examination of mitochondrial genes in the outbreak population may help to 

illustrate levels of fusion and possible genetic recombination among this α-only VGII 

population. Furthermore, our studies documented in Chapter 6 highlight that both nuclear 

and mitochondrial genes likely regulate the hypervirulence observed in the outbreak, 

clearly warranting expanded studies of mitochondrial genomes. Overall, both population 
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genetic and molecular studies focused on the United States C. gattii populations will help 

establish the roles genetic exchange (nuclear and/or mitochondrial) may have played in 

virulence acquisition and adaptive evolution to novel environments. 

Within VGIII in Southern California, our studies suggest that this molecular type 

may be responsible for a significant unrecognized burden of C. gattii disease among 

HIV/AIDS patients and possibly other individuals in both Southern California, 

neighboring states with similar climates, and Mexico. The high level of VGIII in these 

patients is in stark contrast to the Pacific Northwest outbreak of VGII, in which the vast 

majority of cases reported are not associated with HIV/AIDS infected patients. This 

suggests that C. gattii may occur in two general patient settings: VGI/VGII in otherwise 

healthy hosts, those treated with steroids, or solid organ transplant recipients, vs. 

VGIII/VGIV predominantly in HIV/AIDS patients. Moreover, given that approximately 

one million cases of cryptococcal infections occur in HIV/AIDS patients annually [15], 

C. gattii infections may cause a substantial unrecognized health burden globally, 

particularly in regions where morbidity and mortality from Cryptococcus is highest, such 

as Africa. To address these aspects, both retrospective and prospective studies should be 

conducted to: 1) survey global isolate collections from HIV/AIDS patients and 2) assign 

species and molecular types to newly collected isolates from HIV/AIDS patients with 

cryptococcal infections, specifically in cases from Southern California, Texas, and 

Mexico. Furthermore, studies examining potential ecological niche differences between 

VGIIIa and VGIIIb, and the genetic determinants underlying the differences in virulence 

between these two subgroups are warranted.  
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While several advances in our understanding of C. gattii both within the United 

States and globally have been achieved, many critical questions remain to be addressed in 

the future to understand the evolutionary dynamics of the unprecedented C. gattii 

emergence in North America as well as the true burden of this pathogen in the tropical 

regions of the country (i.e., California). Expanded environmental sampling, further 

phenotypic characterizations of associations with host animals and plants, and genome 

next generation sequencing of more representative C. gattii mitochondrial and nuclear 

genomes should be conducted. Additionally, epidemiological, clinical, and veterinary 

studies need to be continued, with an active multidisciplinary collaboration between all of 

those with vested interests in this area of study.  

Why C. gattii emerged in a temperate climate for the first time remains unclear, 

and importantly it is not known how far the outbreak will expand, and if new emergences 

may occur in other temperate regions of the United States and elsewhere. To this end, it is 

critical that clinical laboratories and veterinary diagnostic laboratories begin to assign 

species identity to clinical isolates, thereby distinguishing C. neoformans and C. gattii. In 

addition to advancing the field of C. gattii research, our studies also contribute to the 

ongoing studies surrounding the dynamics of emerging and re-emerging diseases and 

outbreak examinations. In host-microbe interactions one tenant is clear, which is Lewis 

Carroll's Red-Queen adage, stating that, “It takes all the running you can do, to keep in 

the same place.” As advances in treatment continue, microbes gain resistance/virulence 

attributes and new pathogens emerge, tipping the balance between the host and pathogen 

populations. This co-evolution will undoubtedly continue, and further understanding of 
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both the host and pathogens are required so that advances in the prognosis, treatment, 

prevention, and eradication of infectious diseases can be achieved.      
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Appendix-1: A genetic, genomic, and phenotypic 
analysis of passaged C. neoformans var. grubii H99 
isolates to ascertain the basis for phenotypic plas ticity 
influencing virulence factors and pathogenicity   

Among the fungal pathogens, Cryptococcus neoformans is globally distributed 

and causes severe morbidity and mortality in immunocompromised hosts, particularly 

those with HIV/AIDS. C. neoformans var. grubii (serotype A) strains cause the vast 

majority of infections globally, with high incidences in the HIV/AIDS and solid organ 

transplant recipient populations [80,139,212], >99% of Cryptococcus infections in AIDS 

patients and >95% overall [80]. Although studies outlined in this thesis reveal that C. 

gattii may contribute to the global disease burden at a higher level than currently 

appreciated, C. neoformans var. grubii clearly causes a substantial infectious disease 

burden. Additionally, serotype A strains are in general more virulent than most serotype 

D strains (C. neoformans var. neoformans) that have been analyzed thus far [80,175]. The 

burden of disease is global, but especially remarkable in developing nations (i.e., Africa, 

India, Southeast Asia), and a recent report has documented ~one million global annual 

cases with over 620,000 attributable mortalities and approximately one third of all deaths 

in HIV/AIDS patients [15], with a substantial number of the attributable mortalities 

occurring on the African continent, surpassing mortality rates attributable to tuberculosis 

infections. Overall, Cryptococcus poses a serious health problem for the global 

population, and has also become a model organism for the examination of fungal 

pathogenesis and aspects of same- and opposite-sex mating dynamics [80,203,204].  
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To address the genetics and virulence attributes of a pathogen, the establishment 

of reference and type strains within the community is essential. The serotype A reference 

and type strain H99 (molecular type VNI) has served as the platform for virtually all 

genetic, molecular, and virulence studies conducted with C. neoformans var. grubii. The 

genomic sequence for the H99 isolate has been determined by Sanger sequencing (~10X 

coverage), including gap closure and both automated and manual annotation, through the 

efforts of both the Broad Institute and Duke University Medical Center (Fred Dietrich). 

This expands on the whole genome sequencing of two serotype D strains, an effort 

conducted by The Institute for Genomic Research (now the JCVI) and Duke University 

Medical Center, among others [213]. 

The genomic sequence of H99 has served as the platform sequence for the 

construction of a community-available microarray slide from Washington University, St. 

Louis. This newly developed array allows researchers to study complex transcriptional 

profiles and also chromosomal structure via comparative genomic hybridization (CGH). 

Furthermore, NimbleGen has used the H99 genomic sequence to develop high-density 

arrays specifically to examine genomic DNA for copy number variations and whole 

chromosomal aneuploidy [214]. Additionally, a set of congenic strains has been 

developed based on H99, resulting in a pair of strains named KN99α and KN99a, which 

are an invaluable resource for genetic studies [159]. Notably, a set of 1201 precise gene 

deletion mutants has been isolated by Hiten Madhani and colleagues in the H99 

background (H99CMO18) and these isolates are signature tagged, enabling high 

throughput phenotypic assays, including pooled virulence assays in animal models of 
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infection [215]. Thus, H99 and its derived strains serve, and will continue to serve, as a 

critical and central resource for the Cryptococcus research community.  

The focus of this appendix is centered on this serotype A type-strain isolate H99, 

which was first isolated at Duke University Medical Center in 1978 from a 30 year old 

male from central North Carolina with Hodgkin's lymphoma. Since the initial isolation, 

this strain has since become one of the most widely used strains for research studies of 

this medically relevant and model fungal pathogen. The isolate was first published in 

1980, where it was used to establish a rabbit model of cryptococcal meningitis employing 

direct inoculation into the CNS to examine virulence levels among clinical isolates [133]. 

Since the initial publication, the isolate has lost virulence through lab passage 

(possibly multiple independent times) and was passaged through the rabbit model of 

infection to increase virulence, and distributed to many labs. To briefly summarize, all 

variants were derived from the H99 sequenced isolate (H99 #1), and the major strain 

variants of this study have been termed H99W, H99E, and H99S. The Madhani lab 

isolate, H99CM018, is closely related to H99E, an isolate from the Lodge lab at 

Washington University, St. Louis. The origins of this strain series are as follows. During 

laboratory passage by repeated growth on YPD rich medium, the H99W/H99E isolates 

arose from the H99 #1 original stock (frozen in 1994). H99W and H99E are distinguished 

from the parental strain by reduced melanin production, impaired mating, and attenuated 

virulence. This isolate or a closely related derivate of H99#1 was sent to the Lodge lab 

(H99E), and subsequently distributed to the Madhani lab (H99CMO18). Thus, isolates 

H99W (Duke University), H99E (Washington University), and H99CMO18 (UCSF) are 



 

238 

all closely related to one another. Additionally, John Perfect at Duke University Medical 

Center derived the H99S isolate via passage of a mixed H99 frozen stock through the 

well-validated rabbit model of CNS infection. The H99S isolate is restored for melanin 

production (producing levels exceeding H99 #1 at 37°C), mating ability, and virulence in 

all animal models tested (mouse, rabbit, Galleria mellonella). Thus, both attenuation and 

restoration of virulence have occurred during laboratory and animal passage of the 

sequenced H99 #1 isolate, in addition to frozen stocks containing “mixed” H99 variants. 

This has led to an assortment of varying versions of the isolate that show differences in 

melanin production, mating, and virulence.  

These variant isolates, all derived from the H99 reference strain, provide a unique 

opportunity to understand the molecular, genetic, and possibly epigenetic events that 

underlie the observed phenotypic variation. An equally important issue is that for further 

advances in the field, understanding the molecular nature of the differences between 

these multiple versions for the archetypal serotype A strain, H99, will be critical. As 

noted above, versions of this isolate were used to sequence the genome (H99 #1), 

construct a congenic strain pair (KN99a/α, derived from H99#4413) [188], construct 

large-scale mutant libraries (Madhani [215]/Lodge, derived from H99H99CMO18 and 

multiple H99 variants, respectively), and most recently used to construct a genomic tiling 

array [215] (derived from H99CMO18). For strains from the H99CMO18 derived library, 

investigators are finding it necessary to rederive these mutations in the fully virulent 

H99S/KN99 strain backgrounds. Providing additional insights into the nature of the 
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changes that have occurred will considerably advance the field, both theoretically and 

technically.  

To examine the H99 variant isolates in further detail we have conducted mating 

assays to generate an F1 progeny set so that inheritance patterns of phenotypes could be 

assessed. One phenotype that is easily scored and stable among the derivatives is melanin 

production at 37°C, as H99S and its derivatives produce high levels of melanin, H99 #1 

produces an intermediate level of melanin, and H99S, H99E, and H99CMO18 produce 

low levels of melanin (Figure 51, Tables, 30, 31). We have conducted genetic crosses 

between the H99CMO18 attenuated H99 derivative with the highly virulent H99 derived 

congenic strain KN99a. To produce an effective mating, several plates were examined 

and a small mating area from one of the plates allowed for the dissection of spores. From 

27 F1 genetic progeny that were obtained and subjected to phenotypic analysis, co-

segregation of melanin production and mating ability defects was observed in the 

progeny (Figure 52). Six out of six of the “white” progeny were infertile, four out of 12 

of the “tan” progeny were infertile, and none of the nine “brown” progeny were infertile 

(Figure 52). Based on the segregation of melanin production at 37°C and mating ability, 

it appears these phenotypes are linked (Figure 52). The results from the progeny also 

provide support that a minimum of two mutations appear to be responsible for the 

phenotypes observed in the H99CMO18 variant and the F1 progeny set generated during 

the analysis (Figure 52). An observation of note is that the F1 progeny that failed to 

produce melanin were also infertile (Figure 52). Thus, one or both of the presumptive 

mutations appears to influence both processes. There are examples of previous mutations 
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that have been characterized that impact both melanin production and mating [101,216] 

and with further analysis we may find that there are underlying mutations in genes that 

have been previously identified to influence these critical processes. The MAC1 gene, 

which encodes a copper responsive transcription factor, influcences both mating and 

melanin production [101]. Of note, unlike the MAC1 and LAC1 mutations, copper is able 

to restore melanin production at 37°C in all H99 variant isolates (data not shown). Thus 

far, through the classical genetic analysis of the F1 progeny between KN99a and 

H99CMO18, we have identified that more than one gene is likely involved in the melanin 

defect, one of which is also linked to the fertility defect.  

Additional studies to examine if ploidy or chromosomal duplications were 

influencing the H99 phenotypes were conducted. This includes FACS analysis with 

propidium iodide staining (to determine if isolates are haploid or diploid) and high-

resolution comparative hybridization (CGH) genome analysis (NimbleGen array) to 

examine aneuploidy (in collaboration with James Kronstad, UBC Vancouver). 

Combined, these analyses reveal that the H99E, H99W, and H99S isolates are all haploid 

(data not shown) and euploid, excluding models in which aneuploidy for one or more 

chromosome might have caused the observed phenotypes (Figure 53). 

To examine differences in mRNA expression levels, we applied cDNA 

microarray studies in YPD, pooled human cerebral spinal fluid (CSF), and L-DOPA 

medias to examine expression variations (in collaboration with John Perfect). In 

preliminary analysis, RNA samples were prepared from H99S and H99W and grown at 

37°C in the three different media conditions. Samples were Cy3 or Cy5 labeled and 
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hybridized in comparison to a reference pool of RNAs from multiple different growth 

conditions. To account for possible biases between Cy3 and Cy5, the experiment was 

constructed in a loop design, whereby any possibilities of dye biases are statistically 

accounted for during the analyses. Our preliminary analysis was sufficient to provide 

evidence that changes in gene expression can be detected (Figure 54, Table 32). Our 

initial analysis highlights several genes that are significantly altered in expression 

between the two isolates tested, specifically a group of genes uniquely up regulated in 

H99S over H99W when exposed to human CSF (Figure 54, Table 32). These findings 

warrant the extension of this analysis now with further replicates, multiple growth 

conditions, and an analysis of H99E and H99CMO18. These expression studies will serve 

as a complementary analysis to the next generation sequencing studies that are described 

below, providing an overall high-resolution view of the H99 variant isolates on both 

global DNA and RNA levels.   

To examine the virulence properties of the isolates (noticed by the community 

through comparing datasets between laboratories) in a controlled experimental setting, 

we conducted murine (in collaboration with Jennifer Lodge) (Figure 55), rabbit (in 

collaboration with John Perfect) (Figure 56), and heterologous insect host (Galleria 

mellonella) (Figure 57) virulence experiments to confirm the previously appreciated 

virulence differences. A large series of virulence studies have been conducted in the 

mouse model in collaboration with Jennifer Lodge and colleagues documenting 

attenuated virulence for the H99W, H99E, and H99CMO18 isolates (Figure 55), with 

complementary results in the heterologous host model (Figure 57). In the rabbit direct 



 

242 

CNS infection model, we illustrate that H99S is more virulent during CNS infection than 

both H99W and H99E, consistent with results from the other animal models (Figure 56). 

Additionally, isolating hundreds of colonies directly from the CNS and assaying for 

melanin at 37°C, we show that the isolates appear stable after in vivo passage (Table 31). 

This confirms that both the increased and reduced melanin phenotypes are stable during 

both in vitro and in vivo growth conditions (Tables 30, 31).   

Finally, we applied next generation high-throughput whole genome sequencing 

and genomic analysis of several variants with paired-end Illumina sequencing to compare 

H99S, H99W, and H99E to the reference H99#1 genome data (in collaboration with Fred 

Dietrich and Piotr Mieczkowski). The strains were subject to library construction for 

paired-end reads, which yield two paired sequences, at 72 base pairs per read, that are 

paired ~400 bases apart. One lane on the Illumina sequencing instrument per sample 

yielded ~30X genomic coverage for the ~20 Mb genomes, which is sufficient for a 

complete assembly of both the nuclear and mitochondrial genomes. The paired-end read 

technology provides scaffolding information, a major advancement from the single-end 

first generation Illumina sequencing reads. The whole genome sequencing approach has 

identified 11 SNPs and 1 indel, none of which are linked to the segregation parents 

observed in the F1 progeny (validated through independent PCR and sequencing) 

(Figures 58, 59, 60, 61; Tables 33, 34).  

These identified and validated genomic variations have also allowed for us to 

better understand the history of strains, thus suggesting a model for the evolution of the 

variants (Figure 62). Among the findings, we were able to show that there are two 
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versions labeled H99E. One from the Heitman lab (obtained from the Lodge Lab) and 

one more recently retained from the Lodge Lab, which is identical to H99W and 

H99CMO18. Furthermore, we found a region of the congenic strain pair that was still 

divergent from the H99 genome, and the divergent sequence was identical to the original 

a parent used for the generation of the congenic strains at SNP markers 8-10 (isolate 8-1). 

From this, another backcross was conducted, leading to the isolation of another congenic 

strain pair identical to H99 at the regions that were still diverged in the KN99 strain pair. 

These isolates were generated by Yonathan Lewit and named YL99a and YL99α (Figure 

58). While substantial progress has been made, we have not yet been able to find a 

genomic change that strongly correlates with the melanin phenotype in the H99CMO18 x 

KN99a F1 progeny and ongoing analyses to detect other genomic changes are in 

progress. In addition to the ongoing studies at Duke, collaborations with Anindya Dutta 

and Ankit Malhotra (UVA) are ongoing to examine the genomic achcitecture of the H99 

variants in greater detail. This line of analysis is based on findings from their group in S. 

cerevisiae using next-generation sequencing reads [217]. The ongoing studies by their 

group aim to identify sites of chromosomal translocations and junctions created by 

deletions and gene amplifications, and copy number variations among the variants. 

Overall, this project applies innovative techniques and applies functional genomics on an 

in-depth level rarely seen in pathogenic fungal research thus far.  

Although the critical determinants of the variations are not yet fully understood, 

our efforts have comprehensively characterized a series of important H99 variants and 

provide several vast datasets for subsequent investigations. Furthermore, these studies 
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should help shed further light into the genomic architecture of H99 and facilitate in 

comparative genome efforts to examine the pathogenic Cryptococcus species complex, 

especially as an increased number of genomes will become available as advances in 

sequencing technologies continue. 

In summary, this approach aimed to find the molecular events that underlie 

phenotypic variation in a carefully validated strain series. When the changes relating to 

the phenotypes are fully understood, it will then provide insights into mutagenic events 

that occur during growth in vitro and in the host that impact virulence trajectory. 

Alternatively, the hypothesis that the changes are epigenetic is still valid, although 

stability assays both in vitro and in vivo show that the phenotypes are stable both 

mitotically and meiotically following a genetic cross. These results may reveal a set of 

critical virulence genes that could then become potential targets for therapeutics. These 

studies will also provide a set of “molecular barcodes” that investigators in the field can 

then apply to know which version of H99 they are employing in their own studies to 

ensure that mutant and wild type controls are properly matched. This “bar-coding” of 

isolates will increase the rigor of analysis possible in the field. Finally, a broader 

implication of these approaches is the successful demonstration that next generation 

sequencing technology can be successfully applied to examine hypothesis driven 

questions in a model fungal pathogen. 
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Figure 51. The H99 variant strains show phenotypic differences for melanin 
production at 37°°°°C. Strain H99S and its derivatives (H99 #4413, KN99αααα, KN99a) show full 
melanin production at 37°C, while H99 #1 shows an intermediate production, and H99W, 
H99E, and H99CMO10 show virtually no melanin production at this temperature. All 
isolates produce wild-type amounts of melanin at 30°°°°C. 
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Figure 52. F1 progeny isolated from a cross between H99CMO18 and KN99a 
(n=27). A) A cartoon illustration of melanin production in the parental and progeny 
isolates, including the number of progeny harboring each phenotype. A summary of fertility 
in comparison to phenotype is also indicated. B) Colonies were grown on niger seed agar at 
37°C for 72 hrs. Boxed colonies are sterile. 
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Figure 53. H99 variants are euploid based on CGH analysis. Each color represents 

one of the 14 chromosomes. The order is listed from 1-14. H99E, H99S, and H99W all show 
no signs of aneuploidy when compared to the reference haploid (and euploid) H99 DNA 
from the Kronstad lab H99 isolate. 
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Figure 54. Genes that are differentially expressed between H99S and H99W in three 
conditions: human CSF, L-DOPA, and YPD. This Venn-diagram representation illustrates 
condition specific and overall differentially regulated genes between the two H99 
derivatives. 

 

 

Figure 55. H99 variants differ in virulence in the murine model of infection.  Groups 
of 10 animals were each infected with an inoculum of 5.0 x 105 cells via intranasal 
instillation, and the results illustrate virulence variations between these well-defined H99 
lineage isolates. A PBS control, whereby no cells were inoculated is also included. 
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Figure 56. H99 variants differ in virulence in the rabbit CNS model of infection. For 
each of the variants (H99S, H99W, H99E) three rabbits were infected directly into the CNS. 
All rabbits were immunosuppressed with steroid treatment. Spinal taps were taken on days 
2, 4, 7, and 10 by John Perfect and measured by Dena Toffaletti (log scale). All animals 
were euthanized at the conclusion of the experiment. 
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Figure 57. H99 variants differ in virulence in the heterologous host model of 
infection. Groups of 12 Galleria mellonella larvae were each infected with an infectious 
inoculum of 1.0×105 cells. Survival was monitored and plotted daily for 10 days. Isolates 
were significantly virulent (p<0.005) in comparison with the mock control (sterile PBS) 
infection, and isolates H99CMO18 and H99E were significantly less virulent than the H99#1 
reference strain (p<0.05).  
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Figure 58. Eleven validated SNPs discovered via whole genome sequencing of H99 
variants. These 11 SNPs were discovered during whole genome comparisons between H99S, 
H99W, H99E (Heitman), and H99 #1. Each SNP was given a number to designate between 
alleles, with H99 #1 as the “1” allele. SNPs differing from H99 #1 in more virulent variants 
are colored in red, and those differing in attenuates variants are colored in yellow. One 
linked region from SNP8-SNP10 was discovered to be from the a parental isolate 8-1 used in 
the congenic strain construction. Therefore, these sequences are divergent, designated with 
a “D”, and colored in green. The discovered and validated SNPs were the examined in the 
set of non-sequenced variants as well and shown above. For PCR validation and testing 
other variants, primers were designed using flanking sequence of the SNPs (Table 22). All 
alleles were assigned based on independent double strand sequencing from each isolate. 
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Figure 59. Validated indel discovered via whole genome sequencing of H99 variants. 
This variation was discovered during whole genome comparisons between H99S, H99W, 
H99E (Heitman), and H99 #1. The marker was given a number to designate between alleles, 
with H99 #1 as the “1” allele (12 A repeat). SNPs differing from H99 #1 are colored in 
yellow and were designated as harboring the “2” allele (13 A repeat). All alleles were 
assigned based on independent double strand sequencing from each isolate.  
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Figure 60. Segregation of the SNPs among the 27 F1 progeny generated from KN99a 
x H99CMO18. The parental KN99a isolate is colored in yellow and the parental 
H99CMO18 isolate colored in blue. Melanin production and mating type (phenotypic and 
molecular) are included. Molecular mating type was determined by PCR product analysis 
of STE20. Phenotypic mating was scored based on mating assays with each parent, whereby 
a color indication indicated mating with the respective parental isolate, and no mating 
indicates that the isolates showed so signs of mating in the assay. All alleles were assigned 
based on independent double strand sequencing from each isolate.   

 

 

Figure 61. Segregation of the validated indel among the 27 F1 progeny generated 
from KN99a x H99CMO18. The parental KN99a allele is colored in blue and the parental 
H99CMO18 isolate colored in yellow. All alleles were assigned based on independent double 
strand sequencing from each isolate. 

 

 



 

254 

 

Figure 62. A model for the history of the H99 variants. The current sequence and 
phenotypic data suggests that H99#1, H99S, or an intermediate with full melanin 
production at 37°°°°C was used to construct the congenic strain pair. H99 #4413 was an isolate 
that was set aside during the 10 backcrosses, and is the parental H99 isolate used to 
construct the KN99/YL99 strain pairs. An attenuated version of H99 (H99E Heitman) is an 
isolate sent back to the Heitman lab from the Lodge lab. Additionally, H99E (Lodge) is 
identical to H99W and H99CMO18 phenotypically and molecularly. Based on the current 
data, this is the most parsimonious model, but subject to further validation as more 
information from the sequences becomes available. 

 

 

Table 29. Phenotypic profiles of H99 variants. 

Strain Mating type Fertility Ploidy 
Melanin 
30°C 

Melanin 
37°C 

H99 #1 alpha wild type haploid ++ + 
H99W alpha attenuated haploid ++ - 
H99E (Heitman) alpha attenuated haploid ++ - 
H99E (Lodge) alpha attenuated haploid ++ - 
H99CMO18 alpha attenuated haploid ++ - 
H99S alpha wild type haploid ++ ++ 
H99 #4413 alpha wild type haploid ++ ++ 
KN99alpha alpha wild type haploid ++ ++ 
KN99a a wild type haploid ++ ++ 
YL99alpha alpha wild type haploid ++ ++ 
YL99a a wild type haploid ++ ++ 
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Table 30. In vitro stability of the melanin phenotype at 37°°°°C on niger seed agar. 

Replicate Variant Colonies Changed 

1 H99S 534 0 

2 H99S 839 0 

3 H99S 580 0 

1 H99W 569 0 

2 H99W 909 0 

3 H99W 628 0 

Total H99S + H99W 4059 0 

 

Table 31. In vivo stability of the melanin phenotype at 37°°°°C in the rabbit CNS 
infection model, assayed on niger seed agar. 

Isolate 
Number of brown 
colonies 

Number of white 
colonies 

Changed 

H99S 543 0 0 

H99W 0 449 0 

H99E 0 478 0 

 

Table 32. Genes differentially regulated between H99S and H99W. 

Gene ID Name 
CNA01560 hypothetical_protein_(181.m08724) 
CNA02580 sorbitol_dehydrogenase_(181.m08019) 
CNA03850 pyruvate_dehydrogenase_(acetyl-transferring)_(181.m08143) 
CNA04200 ubiquitin-protein_ligase_(181.m08778) 
CNA07130 succinate-semialdehyde_dehydrogenase_(NAD(P)+)_(181.m08456) 

CNAG_00030 
gene_encoding_Cryptococcus_neoformans_grubii_H99_ 
D-3-phosphoglycerate_dehydrogenase_(1229_nt) 

CNAG_00184 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_cleavage/polyadenylation_specificity_factor_(2407_nt) 

CNAG_00247 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_saccharopine_dehydrogenase_(3586_nt) 

CNAG_00269 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_sorbitol_dehydrogenase_(1724_nt) 

CNAG_01456 H99_predicted_protein_(702_nt) 
CNAG_01494 H99_conserved_hypothetical_protein_(900_nt) 
CNAG_01503 N/A 

CNAG_01612 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_CAMK/CAMKL/SNRK_protein_kinase_(2444_nt) 

CNAG_02016 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_DUF1479_domain-containing_protein_(1899_nt) 

CNAG_02053 H99_conserved_hypothetical_protein_(1592_nt) 
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Table 32 (continued) 

CNAG_02966 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_carboxypeptidase_D_(1460_nt) 

CNAG_02969 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_thioesterase_family_protein_(1982_nt) 

CNAG_03268 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_hypothetical_protein_(924_nt) 

CNAG_03464 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_Cu-oxidase_(2690_nt) 

CNAG_04015 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_amino_acid_transporter_(924_nt) 

CNAG_04015 H99_amino_acid_transporter_(924_nt) 

CNAG_04521 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_oxidoreductase_(1738_nt) 

CNAG_04784 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_monosaccharide_transporter_(2191_nt) 

CNAG_04869 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_carboxylesterases_(2941_nt) 

CNAG_05266 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_membrane_protein_(1806_nt) 

CNAG_05356 H99_conserved_hypothetical_protein_(843_nt) 

CNAG_05433 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_hypothetical_protein_(1160_nt) 

CNAG_05771 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_telomere_length_control_protein_(9311_nt) 

CNAG_05812 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_potassium:hydrogen_antiporter_(3228_nt) 

CNAG_06018 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_aldehyde_dehydrogenase_(2421_nt) 

CNAG_06031 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_beta-glucan_synthesis-associated_protein_(1177_nt) 

CNAG_06189 H99_conserved_hypothetical_protein_(585_nt) 

CNAG_06374 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_malate_dehydrogenase_(2315_nt) 

CNAG_06411 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_mutanase_(2188_nt) 

CNAG_06556 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_oxidoreductase_(1532_nt) 

CNAG_06649 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_haloacid_dehalogenase_(1142_nt) 

CNAG_06856 N/A 

CNAG_06935 
gene_encoding_Cryptococcus_neoformans_grubii_ 
H99_isochorismatase_hydrolase_(614_nt) 

CNB02680 glucose_transporter_(186.m03690) 
CNB02860 tRNA_adenylyltransferase_(186.m03714) 
CNB04090 unknown_(186.m03846) 
CNC04080 galactinol_synthase_(179.m00354) 
CND00070 myo-inositol_transporter_(163.m03771) 
CND00440 aflatoxin_efflux_pump_AFLT_(163.m03822) 
CND01720 carboxypeptidase_D_(163.m03872) 
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Table 32 (continued) 

CND02030 
Methylmalonate-semialdehyde_dehydrogenase_ 
(acylating)_(163.m06168) 

CND02060 Aldehyde_dehydrogenase_(ALDDH)_(163.m06112) 
CND05690 MFalpha3_(163.m06343) 
CND05970 cytosine_deaminase_(163.m02400) 
CNE00020 conserved_hypothetical_protein_(1671.seq.004) 
CNF02420 glyoxal_oxidase_precursor_(180.m00368) 
CNF03470 formate_dehydrogenase_(180.m00160) 
CNG00740 cytoplasm_protein_(177.m02926) 
CNG03130 translation_elongation_factor_(177.m03152) 
CNH03220 conserved_hypothetical_protein_(184.m04655) 
CNI00360 oxidoreductase_(162.m02606) 
CNI01310 transporter_(162.m02692) 
CNK01390 histone_acetylation-related_protein_(176.m02278) 
CNK02020 hexose_transport-related_protein_(176.m02340) 

CNK02480 
mitochondrion_organization_and_biogenesis-
related_protein_(176.m02382) 

CNL04690 membrane_fraction_protein_(184.m04794) 
CNL06640 phospho-2-dehydro-3-deoxyheptonate_aldolase_(184.m04975) 
CNM00290 conserved_hypothetical_protein_(164.m02214) 
CNM02230 peptidyl-diphthamide_biosynthesis_(164.m02172) 
CNN00150 alpha-glucoside:hydrogen_symporter_(183.m01597) 
CNN01360 mutanase_(183.m01704) 
MAT FCY1_grubii_MAT 
MAT MFalpha1_grubii 
MAT MFalpha3_grubii 

 

Table 33. Validated SNPs and indel with locations and predicted genetic regions. 

Validated SNP/indel Chromosome Position Type 
SNP 1 1 825530 3' splice site 
SNP 2 2 1569512 non-synonymous 
SNP 3 5 466239 noncoding region 
SNP 4 5 1063877 synonymous 
SNP 5 10 174524 non-synonymous 

SNP 6 10 344002 noncoding region 
SNP 7 11 104373 intron not splice site 
SNP 8 11 223556 synonymous 
SNP 9 11 241936 synonymous 
SNP 10 11 375921 non-synonymous 
SNP 11 13 529317 non-synonymous 
indel 1 1 12729 N/A 
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Table 34. Primers used to validate and characterize H99 variant SNPs and indel. 

Primer name Primer sequence 

SNP1_F AACTCTCATTACGGAGCCTGTATC 

SNP1_R TATAGACTCGACCGTTACGGAAGT 

SNP2_F GGCGAAATCCTCATTACATTATTC 

SNP2_R CCAGCTATCAGCTACCTGACTGTA 

SNP3_F ACAGCTGCTGCTTAAGCTACTACA 

SNP3_R TGGATCAAGATGTACGAGAAGAAA 

SNP4_F AGTGTTTAAAGAGACGGAATCGAC 

SNP4_R ACGGAGAAGTATAACTGCTGCTCT 

SNP5_F GGAGAGTAGGGTTCGACAATTCTA 

SNP5_R GATCAGGACTCTGACGAGGTAAAG 

SNP6_F GTTGTCTTCCATCATCACTGCTAA 

SNP6_R TACATATGACCGCTATCATCGTTT 

SNP7_F TTTGAATAGCAGCATACGAGTCAT 

SNP7_R ATTCGACCAAGATGTGAAAGTACA 

SNP8_F AAAGTTGACGTAATCCCACTGAAT 

SNP8_R GGAAGATAAGCCAGAAAAATACGA 

SNP9_F CTACGTGGTCAATGAGCTATCATC 

SNP9_R ATCTTAAGACTGTCCGTGAGATCC 

SNP10_F TATACTCTCTCTTCCTCAGCAGCA 

SNP10_R TGTCACGAGAGAAGTCAAGAAAAG 

SNP11_F GAAATCGAGCAGATGGTTTATCTT 

SNP11_R GAGGTAGTCGTAGGTGGTAGCATT 

indel1_F GTCTTTCGTCCACGGTTGTT 

indel1_R ACAAGCCTTGGCTGTGACTT 

 

 



 

259 

Appendix-2: An update on oubreak expansion cases in  
the United States  

Subsequent to the results presented in Chapter 3, several additional molecular 

type VGII isolates were obtained and analyzed. This includes eight additional isolates 

whereby the county information has been obtained and seven isolates whereby the state 

information has been obtained. The isolates are listed with MLST results and origin, and 

an updated map is presented (Figures 63, 64).   

 

 

Figure 63. Multilocus sequence typing (MLST) data for isolates from Washington 
Oregon, California, and Idaho as well as control isolates. MLST revealed isolates with the 
VGIIa/major, VGIIb/minor, and VGIIc genotypes. MLST was perf ormed for eight 
unlinked loci. Numbers and color----codingcodingcodingcoding indicate different alleles, designated by genetic 
sequence variation. As indicated, isolate B7390 is divergent from other VGIIc isolates at 
CAP59. The isolate is from Idaho, but the patient had travel history to Oregon.  
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Figure 64. Geographic dispersal of pathogenic C. gattii genotypes in the United 
States (2005-2010). Circles represent human cases and squares represent animal (non-
human mammalian) cases. All cases shown have been reported from 2005 to 2010. Isolates 
are color coded by genotype, in which yellow and blue correspond to VGIIa/major genotype 
cases (yellow ST1, blue ST30), red corresponds to VGIIb/minor, green corresponds to the 
novel VGIIc genotype, and orange corresponds to two cases determined to be molecular 
type VGIII. In total, there were 56 cases that have been confirmed.  
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