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Systematic Genetic Analysis of Virulence in the Human Fungal 

Pathogen Cryptococcus neoformans 

 

Oliver W. Liu 

 

ABSTRACT 

The opportunistic fungal pathogen Cryptococcus neoformans is a leading cause of 

mortality and morbidity in individuals infected with HIV.  However, as with many fungal 

pathogens, our understanding of the molecular mechanisms that this yeast utilizes to 

cause disease remains limited.  The recent completion of the C. neoformans genome 

sequencing project now enables the creation of powerful genomic tools and the 

implementation of large-scale, systematic genetic approaches in this organism, as has 

been seen in the non-pathogenic model yeast Saccharomyces cerevisiae.  To this end, we 

optimized methods for gene deletion in C. neoformans and utilized the completed 

genome sequence to construct a large library (~1,200 strains) of targeted gene deletion 

mutants.  We screened this resource in vivo for proliferation in mouse lung tissue and in 

vitro for three well-recognized virulence attributes – polysaccharide capsule formation, 

melanization, and growth at human body temperature.  We identified dozens of 

previously uncharacterized genes that affect these known attributes as well as over 40 

infectivity mutants without obvious in vitro defects.  These mutants have provided 

numerous insights into the virulence mechanisms of C. neoformans.  In particular, we 

uncovered a previously unknown, capsule-independent pathway for inhibition of 

phagocytosis that is regulated by a GATA family transcription factor.  We identified two 
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parallel β-helix proteins that are required for accurate capsule polysaccharide synthesis.  

Finally, we demonstrated a link between the homeostatic response to hypoxia and the 

ability to cause disease.  These studies have been enhanced by the creation of whole-

genome microarrays to study transcriptional changes.  This work demonstrates the 

enormous potential for harnessing recent genome sequencing efforts to systematically 

identify and dissect fungal virulence mechanisms and establishes C. neoformans as a 

leading fungal pathogen model system. 
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Hiten D. Madhani, M.D. Ph.D.   
Thesis Advisor  
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Introduction 
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 The incidence of invasive fungal infections has increased dramatically in the past 

three decades due primarily to considerable growth in the population of individuals at 

highest risk for infection (1, 2).  A major factor in this development has been the 

worldwide epidemic of human immunodeficiency virus (HIV) and resulting acquired 

immune deficiency syndrome (AIDS).  In addition, the increased use of 

immunosuppressive drugs for organ transplant, more intensive chemotherapy to treat 

malignancies, longer hospital stays with invasive monitoring, and a larger elderly 

population have all contributed to expand the number of people with impaired immune 

responses to fungal infections.  Despite the growing importance of fungal pathogens in 

causing disease, our understanding of the molecular mechanisms and pathways that these 

organisms utilize to cause disease is rather limited, especially as compared to that of 

bacterial pathogens.  Furthermore, the toxicity and limited availability of current 

antifungal treatments as well as growing resistance to these drugs have emphasized the 

importance for increased study of these organisms (2, 3).             

 Cryptococcus neoformans, a basidiomycetous yeast, is the most common cause of 

systemic fungal infections in individuals infected with HIV and is a leading causing of 

morbidity and mortality in these patients (4).  Human infection is thought to be acquired 

by inhalation of a basidiospore or dessicated yeast cell, leading to an initial pulmonary 

infection (5).  In healthy individuals, this infection is typically asymptomatic and is either 

cleared or contained within granulomas.  However, in individuals with decreased immune 

function, cryptococcal cells can disseminate through the bloodstream to cause systemic 

infection.  In particular, C. neoformans is able to cross the blood-brain barrier and cause 
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meningoencephalitis.  Cryptococcal meningitis is the most common clinical manifestion 

of C. neoformans infection and is uniformly lethal if untreated (4). 

 

Epidemiology 

 Following the introduction of highly active antiretroviral therapy (HAART) for 

AIDS patients in the mid-1990’s, the incidence of cryptococcal meningitis in developed 

countries decreased significantly.  For example, the annual incidence of cryptococcal 

meningitis in AIDS patients in Atlanta fell from 66 per 1000 in 1992 to 7 per 1000 in 

2000 (6).  However, in regions of the world where HAART is not widely available, 

including parts of sub-Saharan Africa and Southeast Asia where over 80% of the world’s 

HIV-infected population lives, cryptococcosis remains a major opportunistic infection.  

C. neoformans is the leading cause of meningitis in central and southern Africa (7-9), and 

in cohort studies of HIV-infected individuals in these areas, cryptococcal meningitis was 

found to cause 10-40% of all AIDS-related deaths (10, 11).  In Thailand, cryptococcosis 

accounts for up to 20% of AIDS-related infections (12). 

 Current antifungal treatment guidelines for cryptococcal meningitis call for initial 

treatment with amphotericin B and flucytosine followed by maintenance with fluconazole 

(3).  Even with optimal treatment, the 10-week mortality rates range from 10-25% in 

developed countries (13).  In resource-poor settings, restricted access to antifungal drugs 

due to high cost and difficult administration often prohibits effective medical treatment.  

Mortality rates for cryptococcal meningitis in parts of sub-Saharan Africa can range from 

40% upwards to 100% (7, 14).  Though fluconazole is now widely available through a 

free access program, treatment of cryptococcal meningitis with fluconazole alone is often 
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ineffective.  In one study in Zambia, median survival of patients given fluconazole 

monotherapy was only 19 days compared to 10 days without any antifungal therapy (15).  

Mortality rates of 100% were reported for both groups.   

 

Ecology and serotypes   

 C. neoformans is found ubiquitously in the environment and distributed 

worldwide (5).  Major ecological niches include soil contaminated with pigeon guano, 

trees, and decaying wood.  In addition, cryptococcal infections have been reported in a 

wide range of wild and domestic animals, including cats, dogs, sheep, horses, birds, and 

mice as well as in insects such as cockroaches and mites (5).  While it remains unclear if 

any of these animals serve as a natural reservoir of C. neoformans in the environment, 

transmission of cryptococcosis among animals or humans has never been reported. 

 C. neoformans strains have historically been classified into four serotypes, A, B, 

C, and D, based on the antigenic properties of the polysaccharide capsule that surrounds 

the cell (16).  Structural studies of the main capsule polysaccharide polymer, 

glucoronoxylomannan (GXM), demonstrate that these different serotype classifications 

correlate with variations in the degree of xylosylation and acetylation of GXM (17).  

More recently, phenotypic differences, molecular studies, and genome sequence 

variations have differentiated C. neoformans strains into two varieties, C. neoformans 

var. grubii (primarily serotype A) and C. neoformans var. neoformans (primarily serotype 

D), while serotypes B and C have been suggested to be a separate species, Cryptococcus 

gattii (18). 
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 C. neoformans var. grubii and var. neoformans are distributed worldwide and 

account for the vast majority of cryptococcal infections in immunocompromised 

individuals.  In particular, serotype A strains account for greater than 90% of all AIDS-

related cryptococcal meningitis, thus accounting for the vast majority of cryptococcal 

infections (19-21).  Serotype D strains are more common in Europe and can account for 

up to 30% of cryptococcal infections in these areas (22, 23).  In contrast, C. gattii 

infections are seen primarily in immunocompetent hosts, accounting for 70-80% of such 

cryptococcal infections (24, 25).  The relative lack of infection by C. gattii of 

immunocompromised individuals remains unexplained, though it may partially be due to 

the more limited ecological distribution of C. gattii strains.  These strains are found 

primarily in tropical and subtropical regions, though a C. gattii is responsible for a recent 

outbreak of cryptococcosis on Vancouver Island in Canada (26). 

 Due to the importance of serotype A strains in causing the great majority of 

cryptococcal infections, we have utilized a serotype A C. neoformans var. grubii clinical 

strain, H99, in the studies described here.  The complete genome of H99 has been 

sequenced to 11x coverage by the Broad Institute and H99 is the strain of choice in the 

field for most molecular studies of virulence (http://www.broad.mit.edu/node/568). 

 

Cryptococcus neoformans virulence 

 There are three well-established mediators of C. neoformans virulence: the 

polysaccharide capsule (27), cell-wall associated melanization (28), and the ability to 

grow at human body temperature (29).  C. neoformans is the only human fungal pathogen 

that is encapsulated, and the presence of this polysaccharide capsule is often used for 
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clinical diagnosis of cryptococcosis.  The capsule is believed to be essential for causing 

disease and this conclusion has been supported by many long-standing genetic studies of 

capsule mutants (30-33).  Numerous roles have been posited for the capsule during 

infection including anti-phagocytosis (34), immunomodulation (35, 36), complement 

depletion (37), and intracellular survival (38).  However, most of these studies have relied 

solely on in vitro cell culture and/or purified polysaccharide.  Thus, while the 

polysaccharide capsule has been shown to be of central importance for causing disease, it 

remains unclear what specific interactions and functions of the capsule are required in the 

host for successful infection.     

 Melanins are negatively charged, hydrophobic pigments of high molecular weight 

(28).  While the chemical structure of these substances are difficult to determine, they are 

believed to be composed of polymerized phenolic and/or indolic compounds.  Melanin 

synthesis is extremely common in the fungal kingdom and many pathogenic fungi, 

including C. neoformans, are able to synthesize a dark, melanin pigment when given the 

appropriate substrates.  In C. neoformans, melanin is localized to the cell wall and mutant 

strains that are deficient for melanization display decreased virulence (39, 40).  

Melanized cryptococcal cells are more resistant to a number of environmental insults 

including reactive oxygen and nitrogen radicals, microbicidal peptides, and heat (28).  

This has led to the hypothesis that melanin contributes to virulence by protecting the cells 

against host immune mechanisms, including those specifically encountered within 

phagocytic cells.  However, in animal models of infection, it has been shown that a C. 

neoformans mutant lacking the laccase enzyme responsible for melanin synthesis (lac1Δ) 

only has defects in dissemination during the later stages of infection (39).  The lac1Δ 



 7 

strain appears to proliferate normally during the initial pulmonary infection when many 

phagocytic cells are encountered, suggesting that melanin is not required for survival at 

this step.      

 The ability of a fungal pathogen to grow at high temperature is clearly important 

for causing infection in a mammalian host.  C. neoformans and C. gattii are the only 

members of the genus Cryptococcus that are able to grow optimally at temperatures 

above 30oC (41).  Thus, while related fungi such as Cryptococcus podzolicus and 

Cryptococcus laurentii are able to synthesize melanin and/or produce a polysaccharide 

capsule, they are not major causes of human disease.      

In addition to capsule, melanin, and thermotolerance, a number of less-studied 

factors have been implicated in C. neoformans virulence based primarily on genetic 

studies.  These include urease (42), alternative oxidase (43), phospholipase (44), 

superoxide dismutase (45), reductive iron uptake (46), glucosylceramide synthesis (47), 

and resistance to nitrogen and oxygen species (48, 49).  For the most part, the analysis of 

these factors have been limited to a few mutants, making it difficult to determine which 

associated phenotypes are most closely linked to virulence.  Additional studies, including 

the large-scale identification of mutants with defects in these attributes, will be needed to 

establish the relative importance of these factors during infection.   

   

An emerging model pathogen system 

 The molecular study of fungal virulence has been hindered by a relative lack of 

genetic and biochemical tools and techniques in many of these pathogen species (50).  

Obstacles to experimentation can include poor transformational efficiency, an inability to 
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induce homologous recombination, few well-defined animal models of infection, poor 

growth under laboratory conditions, and/or a lack of stable extrachromosomal elements.  

In contrast, C. neoformans has developed into perhaps the most experimentally tractable 

fungal pathogen organism and is increasingly amenable to genetic and molecular study 

(51). 

C. neoformans exists primarily as a haploid yeast, including throughout infection, 

simplifying identification and analysis of mutant phenotypes.  Genetic crosses and 

random spore analysis are possible by mating two strains of opposite mating type.  In 

addition, C. neoformans grows well in standard lab media and does not require onerous 

precautions when handling in the laboratory.  To study pathogenesis, several robust 

animal models of cryptococcosis that closely mimic many aspects of human infection 

have been developed in mice, rabbits, and rats (52).  Finally, the development of biolistic 

transformation has allowed for relatively efficient transformation and homologous 

recombination (53).  This enables the generation of targeted gene deletion strains as well 

as other manipulations of the C. neoformans genome such as promoter swaps and protein 

tagging.  Multiple drug resistance markers are available, making it possible to create 

double and triple mutant strains. 

Perhaps the most significant technical advance in fungal pathogenesis research in 

the past decade has been the completion of whole genome sequencing efforts in a number 

of fungal pathogen species, including multiple serotypes of C. neoformans (50).  As has 

been demonstrated in the model yeast Saccharomyces cerevisiae, whole genome 

sequence information enables the development of very powerful tools and resources for 

the comprehensive and systematic study of an organism (54).  Microarray-based 
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technologies, complete gene deletion strain libraries, bioinformatics studies, and 

proteomic approaches are all made possible or enhanced by comprehensive sequence 

information.  The recent release of the complete genome sequences of many fungal 

pathogens provides unprecedented opportunities to apply these large-scale genomic 

approaches to the study of fungal virulence. 

The goal of my research has been to harness the recent C. neoformans genome 

sequencing projects (55) as well as the experimental tractability of this organism to create 

genomic resources and technologies for the study of this important human pathogen.  The 

large-scale systematic approaches described here have proven remarkably successful at 

identifying and dissecting virulence pathways and have revealed numerous insights into 

C. neoformans pathogenesis.  This work also demonstrates the enormous potential for 

applying genomic techniques to the field of fungal pathogenesis in general.                     
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SUMMARY 

The fungus Cryptococcus neoformans is a leading cause of mortality and morbidity 

among HIV-infected individuals.  We utilized the completed genome sequence and 

optimized methods for homologous DNA replacement using high-velocity particle 

bombardment to engineer 1,201 gene knockout mutants.  We screened this resource in 

vivo for proliferation in murine lung tissue and in vitro for three well-recognized 

virulence attributes — polysaccharide capsule formation, melanization, and growth at 

body temperature.  We identified dozens of previously uncharacterized genes that affect 

these known attributes as well as 40 infectivity mutants without obvious defects in these 

traits.  The latter mutants affect predicted regulatory factors, secreted proteins, and 

immune-related factors, and represent powerful tools for elucidating novel virulence 

mechanisms.  In particular, we describe a GATA family transcription factor that inhibits 

phagocytosis by murine macrophages independently of the capsule, indicating a 

previously unknown mechanism of innate immune modulation. 
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INTRODUCTION 

Systematic profiling of gene deletion strain collections has been essential for the 

comprehensive study of biological processes in the nonpathogenic yeast Saccharomyces 

cerevisiae (1).  Likewise, forward genetic screens of large mutant collections of bacterial 

pathogens have been extremely fruitful in identifying virulence pathways in prokaryotic 

organisms (2).  In contrast, the study of fungal pathogenesis has historically been 

hindered by a relative lack of genetic tools and techniques in these eukaryotic species. 

With the release of complete genome sequences for numerous fungal pathogens (3-5), 

there are now unprecedented opportunities to create genome-scale resources and to apply 

systematic methods to the study of fungal virulence. 

Cryptococcus neoformans is the most common cause of systemic fungal 

infections in people infected with HIV (6).  Whereas primary pulmonary infections are 

typically mildly symptomatic and self-resolving in patients with intact immune systems, 

these infections commonly disseminate through the bloodstream to infect the meninges in 

HIV-positive patients.  In sub-Saharan Africa and Southeast Asia, where over 80% of the 

world’s HIV-infected population lives, studies indicate that 10-40% of HIV-related 

deaths are caused by cryptococcal meningitis (7, 8).  The high cost and limited 

availability of antifungal drugs often prohibit effective medical treatment in these areas 

(9) and mortality rates in parts of sub-Saharan African approach 100% (10). 

 There are three well-established mediators of C. neoformans virulence: a 

polysaccharide capsule, cell wall-associated melanin, and the ability to grow at human 

body temperature.  The capsule has been shown to have both anti-phagocytic and 
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immunomodulatory properties (11, 12).  Melanin is believed to protect the fungus from a 

broad range of toxic insults, both in the environment and the host (13).  

Molecular studies of C. neoformans virulence pathways have focused almost 

exclusively on the regulation of capsule and melanization (Table S1).  Attempts to 

identify novel virulence mechanisms using random insertional mutagenesis have been 

hampered by biases in the insertion sites, chromosomal rearrangements, and relatively 

low ORF hit rates (14, 15).  The release of the complete C. neoformans genome sequence 

now makes it possible to use directed gene knockout mutants to screen for novel 

virulence mechanisms.  To this end, we constructed a large library of 1,201 signature-

tagged, targeted gene deletion strains.  Below, we describe insights gained from 

systematic profiling of this library in a murine infection model and in three in vitro assays 

for virulence-associated attributes (Figure 1).  We also describe detailed analysis of a key 

transcriptional regulator that has pointed to the existence of an unsuspected capsule-

independent mechanism for inhibition of phagocytosis. 

 

RESULTS 

Generation of signature-tagged C. neoformans gene deletion collection 

Approximately 1,500 genes in C. neoformans were targeted for deletion by 

homologous recombination.  The majority (~900) were selected because of the absence 

of obvious homologs in the nonpathogenic fungus S. cerevisiae.  The remainder encode 

proteins with sequence motifs implicating them in a broad variety of cellular processes.  

Because these targets were chosen prior to the availability of detailed gene models and 

were based on BLAST-based annotations (16), there was a bias against genes that are C. 
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neoformans-specific.  We utilized fusion PCR to create deletion constructs in a high-

throughput manner and optimized biolistic transformation for efficient recombination.  

For reasons described below, each mutant strain contains one of 48 unique signature tag 

DNA sequences adjacent to the deletion marker.  The resulting set of 1,201 verified 

mutants represents deletions of 1,180 genes (in some cases, different domains of the same 

gene were targeted separately).  For comparison, the genome of C. neoformans is 

predicted to contain ~6,500 genes (4), and ~190 targeted gene deletions in C. neoformans 

have previously been reported in the literature (Table S1).  The deletion collection is 

currently available without restriction through the Fungal Genetic Stock Center 

(www.fgsc.org) or ATCC (www.atcc.org).   

 

Quantitative screen for infectivity mutants in a murine inhalation model of disease  

To identify C. neoformans genes involved in infectivity, we adopted signature-

tagged mutagenesis (STM), a strategy that enables high-throughput, parallel analysis of 

pathogen mutants in experimental infections (2).  In this method, individual mutants are 

marked in their genomes with a unique DNA sequence (termed a signature tag or a 

barcode).  This allows a pool of many mutants to be tested in a single animal infection by 

comparing the relative representation of each mutant in the pool before and after 

selection in the host.  In practice, this is accomplished by isolating DNA from mutant 

pathogen pools before and after infection and quantifying the abundance of each tag in 

the sample.  

We developed a robust, quantitative STM assay utilizing a previously established 

mouse model of pulmonary cryptococcal infection (17).  C. neoformans deletion mutants 
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were grown independently and then pooled into groups of 48 for intranasal infection of 

mice.  Infections were allowed to progress until the mice displayed signs of significant 

morbidity (~5-6 weeks), at which time the mice were sacrificed and C. neoformans cells 

were recovered from the lung tissue.  Quantitative PCR using tag-specific primers 

together with a common primer in the gene deletion cassette was used to measure the 

relative abundance of each mutant in both the input and recovered pools.  The ratio of 

these two values ([recovered] / [input]) was calculated on a log2 scale and termed the 

STM score (see Experimental Procedures).  As shown in Figure 2A, STM scores 

demonstrated remarkable consistency among the three mice infected with each pool of 

signature-tagged mutants.  In total, 1,100 deletion mutants were screened using the STM 

assay. 

We next determined if the STM score for a given mutant was affected by the 

composition of mutants in that pool.  104 mutants were removed from their original pools 

and sorted into new pools containing different mutants.  Infections were repeated and 

STM scores were recalculated for each mutant.  The original STM scores were highly 

correlated with the re-pooled STM scores (R2=0.84), demonstrating that the STM scores 

were largely independent of the identities of the competing mutants and were highly 

reproducible from pool to pool (Figure 2B). 

As an additional control for reproducibility of the assay, we constructed 43 

independent disruptions of the gene SXI1, which is required for mating but dispensable 

for virulence (18); each mutant was marked with a different signature tag.  The 43 sxi1Δ 

mutant strains were tested a total of 293 times throughout the STM screen and, as 

expected, the distribution of STM scores for the sxi1Δ strains was centered near zero 



 24 

(median=0.1) and showed a tight range (SD=0.5) (Figure 2C).  The distribution of STM 

scores for the deletion library as a whole was also centered on zero (median=0.0); 

however, in this case, the distribution of scores was much broader (SD=3.3), suggesting a 

wide range of fitness in the assay. 

 

STM phenotypes correlate with virulence 

 STM screens are designed to measure the relative competitive fitness of mutants 

in a mixed infection.  Thus, the term “infectivity” in this context refers to this ability to 

proliferate/survive within host tissue. “Virulence,” on the other hand, is classically 

defined as the ability of an individual strain not only to proliferate, but to cause disease as 

well.  To assess the ability of our STM screen phenotypes to predict virulence defects, we 

performed two additional tests.   

First, we asked whether previously identified virulence mutants included in our 

deletion collection were detected by the screen.  Among 24 previously-reported virulence 

mutants, 21 displayed STM scores significantly below zero, ranging from –12.8 to –1.9 

(labeled on the x-axis of Figure 2C and Table S2).  Two published virulence mutants, 

lac1Δ and ure1Δ, had normal STM scores.  These mutants, however, are known to 

replicate normally in mouse lungs and have late defects in dissemination (19, 20); such 

mutants would not be anticipated to have defects in our screen.  The final virulence 

mutant, scp1Δ, was retested in our assay using a different pool of mutants, and a 

significantly lower STM score was detected (-3.6 vs. –0.8).  These results demonstrate a 

robust sensitivity of the STM screen for virulence genes known to affect propagation in 

pulmonary tissue (21 mutants identified of 22 mutants with known lung defects).  
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Conversely, the sxi1Δ STM data described above did not yield a single negative outlier 

and all seven mutants in the collection containing deletions of genes known to be 

dispensable for virulence had normal STM scores suggesting a screen specificity for 

infectivity defects approaching 100% (Figure 2C, Table S2).   

In a second test, we conducted classical time-to-endpoint survival analyses for 

seven previously-uncharacterized mutants with a wide range of STM scores.  In these 

experiments, virulence was directly measured by determining the rate at which mice 

infected with a single strain of C. neoformans reach a defined disease endpoint (see 

Supplementary Materials).  Monotypic intranasal infections of 8-10 mice per mutant and 

a wild-type control were performed and the time to significant morbidity was assessed for 

each mouse.  Survival curves were plotted for the mutant strains and compared to that of 

the wild-type control.  Two mutants with STM scores close to zero were 

indistinguishable from wild-type in these survival curves (Figure 2D).  Four mutants with 

STM scores significantly below zero were attenuated for virulence (Figure 2E) with the 

degree of attenuation closely correlated with the magnitude of the STM defect.  

Interestingly, a mutant with an STM score significantly above zero (zap103Δ) was 

hypervirulent (Figure 2E).  Together, these studies suggest that the STM assay is a 

sensitive and specific measure for infectivity and that in this pulmonary infection model 

of cryptococcosis, altered infectivity correlates well with altered virulence. 

Based on these results, we chose STM scores of < –2.5 and > +2.5 as the cutoff 

points for reduced infectivity and increased infectivity, respectively. Application of these 

criteria to our data yielded 164 (15%) mutants in the former category and 33 (3%) in the 

latter. 
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Systematic in vitro phenotyping of the deletion collection identifies mutants defective in 

known virulence attributes 

 To complement the in vivo STM screen, we systematically assayed the deletion 

collection in vitro for three known virulence-associated phenotypes: 1) growth in 

minimal medium at 37°C, 2) melanization, and 3) synthesis of the polysaccharide capsule.   

 A high-throughput, 96-well format assay was developed to measure the growth of 

each mutant in synthetic minimal medium (YNB) at 37°C.  As expected, a large overlap 

existed between mutants that displayed poor growth at 37°C and mutants with STM 

defects (P=8.2E-30) (Figure 2F).  Using hypergeometric distribution analysis, we 

determined that mutants that displayed growth scores greater than –0.5 did not show a 

significant enrichment for mutants with virulence phenotypes (P > 0.01) (Figure S1); 

thus, we used a growth score of –0.5 as a cutoff for determining which mutants were 

categorized as having significant growth defects.  Some mutants displayed severe growth 

defects but not STM defects.  We attributed at least a portion of this inconsistency to the 

fact that minimal medium does not perfectly mimic the nutritional environment found 

within the host.  For example, mutants in peroxisome function (pex1Δ and pex6Δ) have 

been shown previously to have normal virulence despite being unable to grow on YNB 

with glucose as the sole carbon source (21).    

To identify mutants defective in melanin synthesis, we grew the deletion 

collection on agar plates containing L-DOPA (a diphenolic substrate).  Wild-type cells 

turned dark brown over 2-3 days as they synthesized and accumulated melanin.  Thirty-

eight deletion mutants displayed decreased levels of melanization compared to wild-type, 
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including known melanin mutants such as lac1Δ, cac1Δ, and pka1Δ (19, 22, 23).  As 

noted above, the lac1Δ mutant (which lacks the laccase primarily responsible for melanin 

synthesis) has late defects in dissemination from the lungs but grows normally in lung 

tissue (19); as such, it was not identified by the STM screen.  Likewise, a mutant 

containing a deletion of the second C. neoformans laccase gene, LAC2, as well as a 

double knockout mutant, lac1Δ lac2Δ, did not display STM phenotypes (Table S2).  This 

is consistent with melanization playing a role in dissemination, but not lung infectivity.  

Thus, we were surprised to note that overall there was a significant overlap between 

mutants with melanization defects and those with STM defects in the lungs (Figure 2F).  

This association remained significant (P =1.4E-11) even after excluding mutants with 

growth defects from the analysis.  Given that the laccases were dispensable for lung 

infection, additional defects beyond poor pigment production must be proposed in this 

subset of melanin-defective mutants to account for their lung infectivity defects.  These 

deficits may affect co-regulated pathways that function independently of and/or 

redundantly with melanization to promote lung proliferation.  

To identify mutants defective in polysaccharide capsule formation, we screened 

for mutants with a dry colony appearance on rich medium (YPAD) agar plates.  A dry 

colony morphology is characteristic of most known C. neoformans mutants with absent 

or greatly reduced amounts of capsule (24-26).  Using this simple assay, we identified 

eleven potentially capsule-defective mutants including six strains (cap59Δ, cap64Δ, 

cap60Δ, cap10Δ, cas35Δ, and nrg1Δ) that contain deletions in genes previously 

implicated in capsule synthesis (25, 27, 28).  In addition, PBX1 and PBX2 were first 

identified in this screen; deletion of PBX1 or PBX2 affects the fidelity of polysaccharide 
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synthesis and their detailed analysis has been described elsewhere (29). As expected, all 

mutants with dry colony morphologies also had STM defects, consistent with the well-

established importance of the capsule for causing disease (Figure 2F).   

Certain mutants, such as pka1Δ and cac1Δ, are known to produce reduced or 

structurally-altered capsules (22, 23), but do not have dry colony morphologies.  To 

identify this class of mutant, we tested a subset of mutants in the collection for the ability 

to induce capsule formation using an India ink assay.  This stain yields a characteristic 

halo around cells with enlarged capsules (we note this analysis does not rule out subtle 

capsule structure defects that would otherwise only be detectable by NMR analysis).  We 

tested 82 mutants that displayed melanin and/or STM defects but normal colony 

morphology.  Only one mutant, containing a deletion of GAT201 (which encodes a 

GATA-family zinc finger DNA-binding transcriptional regulator, Figure S2), produced 

no visible capsule by India ink staining under capsule-inducing conditions (Figure 4C).  

Further investigation of the role of GAT201 in C. neoformans pathogenesis is described 

below.   

In total, among 164 mutants with STM defects, 85 also had defects in growth at 

37°C, polysaccharide capsule formation, and/or melanization.  The remaining 79 mutants 

appeared normal in all three in vitro assays (Figure 2F).  To verify that the observed 

phenotypes were linked to the targeted deletions, we reconstructed 107 deletion strains 

and retested for the original phenotype: 5 of 5 reconstructed strains reproduced the 

original capsule phenotype; 33 of 35 reproduced the original melanin phenotype; 53 of 67 

reproduced an STM score significantly below zero; and 8 of 11 reproduced an STM score 

significantly above zero (Figure S3).  The results overall indicate strong linkage between 



 29 

the targeted mutation and the observed phenotypes.  Slightly higher variability in 

reproduction of STM phenotypes may reflect both higher variability of the assay and the 

potential for a larger number of unlinked mutations to affect this phenotype. 

 

Novel melanin and capsule genes 

 Thirty-three novel genes that regulate melanization and five novel genes that 

regulate capsule formation were identified and verified by knockout reconstruction and 

retesting (Figure 3, Table 1).  As described previously (16), gene names were assigned 

based on homology to known S. cerevisiae genes when available.  Four melanin genes 

and one capsule gene could not be named using this approach and, instead, were 

designated MLN1-MLN4 and CPL1 respectively.  The melanin and capsule genes 

identified in these screens implicate a number of novel pathways in the regulation of 

these two virulence attributes.  For example, mutants that lack the transcription factor 

Rim101 and its predicted upstream regulator Rim20 both display melanization defects 

(Figure S3).  Similarly, deletion of components of the Set3 deacetylase complex resulted 

in significantly larger capsules compared to wild-type as well as defects in melanization 

(Figure S3-S4).  

 

Novel infectivity genes 

 A particularly interesting category of mutants identified in these screens had 

defects in lung infectivity but were normal for growth, capsule, and melanin.  Forty of 

these mutants were verified by knockout reconstruction and retesting using the STM 

assay (Figure 3, Table 2).  Again, gene names were assigned based on homology to 
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known S. cerevisiae genes when available.  Fifteen unnamed genes were designated 

LIV1-LIV15 (Lung InfectiVity).  

In addition to capsule, melanin, and growth, a number of other less-studied factors 

have been implicated in C. neoformans virulence based on genetic studies.  These include 

urease, alternative oxidase, phospholipase, reductive iron uptake, glucosylceramide 

synthesis, and resistance to nitrogen and oxygen species (30-36).  In most cases, mutants 

in these pathways display growth defects on certain media.  For example, mutants lacking 

the phospholipase gene (PLB1) are sensitive to SDS (37), mutants lacking the 

flavohemoglobin gene (FHB1) are sensitive to acidified nitrite, and mutants lacking the 

alternative oxidase gene (AOX1) are sensitive to potassium cyanide (KCN).  Thus, in 

order to identify potential roles for these infectivity genes, we systematically tested the 40 

mutants described above for growth on five media conditions as well as for urease 

activity using an enzymatic assay.  This analysis revealed five mutants with sensitivity to 

acidified nitrite, two with sensitivity to SDS, and two with sensitivity to KCN (Table 2, 

Figures S5-S7).  In contrast, none of the mutants displayed decreased growth in pH 4 

media (Figure S5) or in low ferrous iron conditions (Figure S8) and none of the mutants 

displayed a defect in urease activity (Figures S9).  

Two of the mutants that displayed increased sensitivity to acidified nitrite contain 

deletions of DNA repair genes (rad54Δ and rad23Δ), suggesting that unrepaired DNA 

damage, perhaps via free radical attack by phagocytes, can be deleterious to infection 

(Figure S5).  Notably, a mutant containing a deletion of LIV8, which encodes an RGS 

(Regulator of G-protein Signaling) domain, was exquisitely sensitive to acidified nitrite, 

SDS, and KCN (Figures S5-S7).  We note that since these media assays are relatively 
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nonspecific, the sensitivities observed may or may not explain the virulence defects of 

particular mutants.  For example, a mutant containing a deletion of the virulence gene 

SRE1, which has been shown to be involved in ergosterol biosynthesis (38, 39), displayed 

sensitivity to both SDS and KCN (Figures S6-S7).  

Nonetheless, the 33 mutants that did not display phenotypes in any of these in 

vitro assays represent the genes that are the strongest candidates for novel C. neoformans 

virulence factors.  Seven genes in this category encode predicted sequence-specific 

transcription factors.  Another five genes encode factors likely involved in chromatin 

regulation.  Of particular note, three genes encode factors with strong homology to 

proteins previously implicated in pathogenesis or regulation of the human immune 

response (Figure 3, Table 2).  LIV5 encodes a protein homologous to one required for 

pathogenesis by the plant fungal pathogen Magnaporthe grisea (40).  LIV7 encodes a 

putative secreted protein that is homologous to a human protein induced by 

lipopolysaccharide.  Finally, LIV6 encodes a protein highly homologous to the human T-

cell immunomodulatory protein (TIP).  Secreted TIP has been shown to directly regulate 

cytokine production by T-cells (41).  Protein structure prediction indicated that Liv6 

contains FG-GAP repeats, which are commonly found in alpha integrins, as well as a 

signal peptide sequence, suggesting that it may be secreted (Figure S2).  Deletion of LIV5 

and LIV6 were confirmed to result in virulence defects by survival curve analysis (Figure 

2E, Figure S10). 

 We also identified mutants that reproducibly showed significant increases in the 

STM assay.  Eight mutants were confirmed by knockout reconstruction and retesting to 

display enhanced colonization of lung tissue (Table 2).  These include deletions of genes 
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encoding two members of Rho signaling pathways (RGD1 and RHO104), two kinases 

(RCK2 and KSP1), and a transcription factor (ZAP103).  One unnamed gene was 

designated LIV16.  Deletions of ZAP103 and RGD1 were confirmed to result in increased 

virulence by survival curve analysis (Figure 2E, Figure S10). 

 

Gat201: a key regulator of virulence and capsule-independent anti-phagocytic 

mechanisms 

 Among mutants with normal growth at 37oC, the strain containing a deletion of 

GAT201 exhibited the largest decrease in the STM screen (STM score = -18.3).  Indeed, 

the gat201Δ mutant strain was avirulent in monotypic infection of mice using our 

standard inoculum (Figure 4A).  This mutant was chosen for further investigation. 

As described above, capsules of gat201Δ cells could not be visualized by India 

ink staining under capsule-inducing conditions (Figure 4B).  However, a more sensitive 

assay using a monoclonal antibody to stain the main capsular polysaccharide, 

glucoronoxylomannan, detected capsule polysaccharide on the cell surface of gat201Δ 

cells (Figure 5B).  These data suggest GAT201 is not required for production of basal 

levels of capsule polysaccharide but is needed for proper induction of large capsules.  

gat201Δ cells were also hypermelanized when grown on L-DOPA plates (Figure 4C).  

Previously-identified hypermelanized mutants have been associated with both increased 

and decreased virulence and often display additional phenotypes such as altered capsule 

production (42, 43).  Similarly, our studies indicate GAT201 participates directly or 

indirectly in the regulation of both capsule induction and melanization.  
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Consistent with this notion, overexpression of GAT201 in wild-type cells using 

the promoter of a constitutive ribosomal protein gene (pRPL2b) was sufficient to induce 

large capsule formation, even in normally non-inducing growth conditions (Figure 4B, 

Figure S11).  As shown in Figure 4C, the pRPL2b::GAT201 strain also displayed a slight 

melanization defect.  The pRPL2b::GAT201 strain was hypervirulent in mice after 

monotypic intranasal infection (Figure 4A), demonstrating that overexpression of 

GAT201 is sufficient to activate key virulence pathways.  A reconstructed gat201Δ strain 

recapitulated the phenotypes of the original gat201Δ strain in these assays (Figure 4A-

4C). 

Whole-genome, microarray-based expression profiling of the pRPL2b::GAT201 

strain identified 543 genes that were significantly upregulated and 24 genes that were 

significantly downregulated compared to a wild-type strain (Figure 4D).  Consistent with 

the enhanced nutritional and metabolic requirements necessary for ectopic polysaccharide 

capsule formation, the induced set contained a substantial number of genes encoding 

proteins involved in carbohydrate regulation, including sugar transporters (40 genes), 

glycosyl hydrolases (8 genes), and glycosyl transferases (5 genes).   In addition, twenty-

five genes that encode DNA-binding transcription factors were upregulated in the 

pRPL2b::GAT201 strain, suggesting that Gat201 exerts at least a portion of its effects by 

activating the expression of other transcription factors.  Using a previously described 

annotation database (16), we identified C. neoformans genes that do not have homologs 

in nine sequenced ascomycetes and two sequenced basidiomycetes.  Over 29% of 

Gat201-upregulated genes (159 genes) fall into this C. neoformans-specific gene class, 

which represents a significant enrichment over their general representation on the 
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microarray (P =1.2E-35).  Sixteen of these genes are predicted to produce proteins with 

signal sequences but no transmembrane domain; these potential secreted effectors include 

all members of a unique four-gene family (CNF2230, CNF2240, CNF2250, and 

CND5620).  

To further probe the role of Gat201 in virulence, we examined the interaction of 

gat201Δ cells with RAW264.7 mouse macrophages. Phagocytic cells play a central role 

in the host immune response against C. neoformans, and the ability of C. neoformans to 

avoid phagocytosis and killing by these cells is crucial to pathogenesis (11).  In contrast 

to most fungi, such as C. albicans and S. cerevisiae, wild-type C. neoformans undergoes 

negligible phagocytosis by cultured macrophages in the absence of opsonizing antibodies 

or complement (44).  The anti-phagocytic properties of C. neoformans have largely been 

attributed to the polysaccharide capsule (11).  We recapitulated these results with wild-

type C. neoformans, observing both robust induction of capsule and a very low rate of 

phagocytosis after 24 hours of co-culturing with RAW264.7 macrophages (<2% of 

macrophages contained internalized wild-type C. neoformans, Figures 5A-B, Figure 

S12).  Deletion of the capsule-associated genes CAP10, CAP60, or CAP64 resulted in 

approximately a three- to seven-fold increase in the number of macrophages containing 

C. neoformans (4-14%).  As previously reported (26), cap10Δ, cap60Δ, and cap64Δ 

mutants had no detectable capsular material, either by antibody or India ink staining 

(Figure 5C).  Unexpectedly, a dramatic increase in the amount of phagocytosis was seen 

when RAW264.7 macrophages were co-cultured with gat201Δ cells; 66% of 

macrophages contained internalized C. neoformans after 24 hours (Figure 5A-B).  Since 

gat201Δ mutants were phagocytosed more readily than CAP gene mutants, yet displayed 
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a weaker capsule defect, the phagocytosis phenotype of gat201Δ cells could not easily be 

explained by its hypocapsular phenotype.  To examine the role of GAT201 in the absence 

of capsule, we asked whether double mutants lacking both GAT201 and one of the CAP 

genes were phagocytosed to a greater extent than the CAP gene single mutants.  

Strikingly, we found this to be the case: high levels of phagocytosis were seen in 

gat201Δ cap10Δ (47%), gat201Δ cap60Δ (57%), and gat201Δ cap64Δ (52%) double 

mutant strains (Figure 5B).   Unlike gat201Δ single mutants, these double mutant strains 

had no detectable capsules by antibody or India ink staining and displayed clumpy 

phenotypes characteristic of cap10Δ, cap60Δ, and cap64Δ single mutants (Figure 5C), 

indicating that the capsule is not the basis for the difference in phagocytosis between 

gat201Δ and the CAP mutants.   

 

DISCUSSION 

  The incidence of invasive fungal infections in humans has risen dramatically in 

the last two decades (9), yet our understanding of the molecular mechanisms relevant to 

fungal pathogenesis remains limited.  The analysis of the C. neoformans gene deletion 

collection described here demonstrates the potential for harnessing genome sequencing 

efforts to implement systematic approaches for identifying and dissecting fungal 

virulence mechanisms.  Since biolistic gene knockout methods for C. neoformans were 

introduced in 1993, ~190 targeted deletions have been reported in the literature (Table S1 

summarizes the phenotypes of previously-described gene deletions).  We report the 

construction and analysis of 1,201 targeted gene deletion strains, significantly extending 
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the genetic resources for this pathogen.  Systematic profiling of the deletion collection 

yielded a number of insights into C. neoformans virulence: 

 (1) Melanization:  By identifying and analyzing numerous novel factors required 

for melanization, we obtained strong evidence that virulence and melanization are co-

regulated, but that the lung proliferation defects observed in a large subset of melanin 

mutants result from defects beyond poor melanization.   

(2) Polysaccharide capsule: We confirmed the role of the polysaccharide capsule 

in virulence.  Our screen identified four novel hypocapsular mutants, all of which 

displayed defects in infection.  Gat201, following Nrg1 (27), is the second DNA-binding 

transcription factor found to regulate capsule formation.  Gat201 is normally limiting for 

synthesis of this virulence factor since overexpression of GAT201 is sufficient to induce 

capsule synthesis under classically non-inducing conditions.  As Gat201 also controls 

melanization, inhibition of phagocytosis, and virulence, it appears to be a central point of 

regulation for cryptococcal pathogenesis.   

(3) Capsule-independent anti-phagocytic pathways: The anti-phagocytic 

properties of C. neoformans have largely been attributed to its polysaccharide capsule 

(11).  Our analysis of the Gat201 transcriptional regulator has identified a previously 

unsuspected capsule-independent mechanism of anti-phagocytosis since deletion of 

GAT201, both in wild-type and capsule-deficient genetic backgrounds, resulted in a 

dramatic increase in phagocytosis of untreated C. neoformans by macrophages.  Some 

CAP mutants do produce the minor capsule polysaccharide, galactoxylomannan 

(GalXM), which is detectable in culture supernatant (45). Whether GAT201 functions by 

controlling the synthesis of GalXM, protein factors, and/or lipids, and whether the effect 
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seen in gat201Δ mutants is due to the lack of an anti-phagocytic factor or the presence of 

a pro-phagocytic factor remain unclear.  Transcriptional profiling of a GAT201 

overexpression strain detected a significant enrichment (P =1.2E-35) for transcripts of C. 

neoformans genes that are not found in other sequenced fungi including a number of 

predicted secreted proteins—some of these could contribute to C. neoformans-specific 

virulence pathways, including ones involved in inhibiting phagocytosis by macrophages.  

Finally, 25 genes encoding DNA-binding transcription factors were upregulated in the 

overexpression strain, suggesting that Gat201 may control a large, virulence-associated 

transcriptional regulatory circuit. 

(4) Potential novel virulence pathways: Molecular studies of C. neoformans 

virulence have focused primarily on the regulation of the capsule and melanization.  The 

discovery of 48 previously undescribed genes (40 mutants with decreased infectivity, 8 

mutants with increased infectivity), that affect proliferation in lung tissue, but not 

capsule, growth or melanin, strongly suggests the existence of additional unknown 

virulence mechanisms and provides tools for their identification.  In principle, these 

genes could code for 1) regulators of novel virulence pathways or 2) direct effectors of 

virulence.  Potential regulators include seven predicted transcription factors, whose 

targets presumably include pathogenesis factors.  Possible direct effectors of virulence 

include three factors with homology to proteins previously linked to pathogenesis and/or 

immune modulation (Liv5, Liv6 and Liv7).  A substantial number of proteins required for 

infectivity were identified whose function cannot be inferred from sequence 

relationships, indicating that novel molecular functions yet to be assigned to specific 

proteins in any organism are likely to play a role in fungal virulence.  Taken together, the 
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identification and categorization of infectivity mutants in a large deletion library 

highlight the advantages of using a multipronged, systematic genetic analysis to dissect 

pathogenic mechanisms.  

 

EXPERIMENTAL PROCEDURES 

Generation of gene deletion strains 

Cryptococcus neoformans var. grubii serotype A clinical strain H99 (a gift from J. 

Lodge) was used as wild-type.  A previously described strategy for gene deletion (39) 

utilizing overlap fusion PCR and biolistic techniques was used to generate knockout 

strains (see Supplementary Materials).  Details on the deletion collection including the 

targeted regions in each mutant can be found in Table S4.  

 

Signature-tagged mutagenesis 

Groups of 48 C. neoformans deletion strains were individually grown in liquid 

YPAD and combined into a single pool. These pooled inocula were used to intranasally 

infect three mice each.  Three aliquots of each inoculum (~5 x 105 cells) were also plated 

on Sabouraud agar plates containing 40 µg/mL gentamicin and 50 µg/mL carbenicillin. 

Genomic DNA (Input DNA) was purified independently from each plate using 

hexadecyltrimethyl ammonium bromide (CTAB, Sigma).  Infected mice were monitored 

and sacrificed at the disease endpoint.  Lungs were removed and homogenized in 5 mL 

sterile PBS.  Serial dilutions of each organ sample were plated on Sabouraud agar plates 

containing 40 µg/mL gentamicin and 50 µg/mL carbenicillin.  Genomic DNA (Output 

DNA) from each set of lungs was purified using CTAB. 
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The amounts of each signature tag in a genomic DNA prep were measured using 

48 simultaneous quantitative PCR reactions.  Each reaction was identical except for a 

different tag-specific primer (Table S7). The threshold cycle (Ct) was determined for 

each reaction and an STM score was calculated for each mutant using a variation of the 2-

ΔΔCt method for quantitation analysis (46).  STM scores from three mice were averaged to 

determine a final STM score for each mutant.  A detailed description of this STM method 

can be found in the Supplementary Materials. 

 

In vitro phenotyping 

 Polysaccharide capsule formation, melanin synthesis, urease activity, and growth 

on acidified nitrite, SDS, potassium cyanide, pH 4, and low iron medium were assayed 

using standard conditions (see Supplementary Materials).  Growth in minimal medium 

was quantified by measuring the change in optical density at 600 nm (OD600) after 24 

hours growth using an optical plate reader (Molecular Devices).  Growth scores were 

normalized to the median growth in groups of 48 (see Supplementary Materials). 

 

Statistical analysis 

 Significances of overlaps between STM, capsule, and melanin phenotypes were 

measured using a hypergeometric test.  Correlation of STM and growth defects was 

analyzed by measuring enrichment for STM defects in a 25-mutant moving average 

across growth scores using a hypergeometric test. 

 Significances of mutant STM scores were calculated by measuring the divergence 

of a mutant STM score from the distribution of sxiΔ STM scores using a z-score 
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calculation.  For retesting of STM phenotypes in reconstructed knockouts, an STM score 

of –1.5 was used as a threshold for significance (P < .001).   

 Survival curves were analyzed using the Kaplan-Meier method and log rank test. 

 

Macrophage assays 

To test for phagocytosis of untreated C. neoformans, RAW264.7 macrophages 

(4x104 cells/well) were seeded in 96-well tissue culture-treated glass bottom plates 

(Nunc) in DMEM media and allowed to adhere overnight.  C. neoformans cells from 

overnight cultures grown in liquid YPAD were washed three times with PBS and then 

lightly sonicated using a Sonifer 450 equipped with a microtip (Branson, two one-second 

pulses at a power setting of 2) to break up any clumps of cells prior to incubation with 

macrophages.  Sonication did not affect the viability of cells and similar results were 

obtained in phagocytosis assays that utilized wild-type and gat201Δ cells that were not 

sonicated (Figure S13).  The yeast cells were resuspended in PBS to a concentration of 

107 cells/mL, and 10 µL (105 cells) were co-incubated with RAW264.7 cells (in 200 µL 

fresh DMEM/well) for an MOI of ~ 2:1.  Following 24 hours of co-incubation, 

unphagocytosed C. neoformans cells were removed with three washes of PBS, and yeast 

and macrophages were fixed with 1% formaldehyde/PBS.  Remaining extracellular yeast 

were labeled with a mixture of an anti-glucoronxylomannan antibody, mAb 339 (47), and 

an anti-beta-glucan mouse monoclonal antibody (Biosupplies Australia) in PBS, a 

combination which labels both encapsulated and acapsular strains.  Following three 

washes with PBS, the cells were then incubated with FITC-conjugated donkey anti-

mouse secondary antibody (Jackson ImmunoResearch) in PBS.  Phagocytosis of C. 
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neoformans was quantified on an Axiovert 200M (Zeiss) microscope running Axiovision 

software.  Percentage of macrophages with phagocytosed yeast was determined by 

counting the number of macrophages with internalized yeast (as defined by the absence 

of FITC-labeling).  At least 200 macrophages were assayed per well, and each strain was 

tested in triplicate.   

   

Microarrays 

 Four replicate cultures each of H99 and pRPL2b::GAT201 were grown overnight 

to saturation in YNB at 37°C.   Cultures were diluted to an OD600 of 0.1 in YNB (pre-

warmed to 37°C), grown to an OD600 of 1.0, and then harvested by centrifugation and snap 

freezing.  RNA isolation, array hybridizations, and data analysis using SAM analysis 

were performed as previously described (39).  Microarray data can be found at the Gene 

Expression Omnibus (GSE10750) 
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FIGURES AND TABLES 

 

 
 
 
Figure 1 legend 

Schematic overview of systematic phenotypic profiling strategy utilized in this work.   
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Figure 2 legend 

In vivo signature-tagged mutagenesis (STM) analysis of gene deletions.  (A) Mutants 

were pooled in groups of 48 and used to intranasally infect three mice.  Quantitative PCR 

with signature tag-specific primers was used to calculate an STM score for each mutant.  

Red-dotted lines indicate cutoffs used to identify STM phenotypes of interest.  (B) 104 

mutants assayed by STM were sorted into new pools containing different competitors and 

retested.  Original STM scores show a strong correlation with repooled STM scores.  (C) 

The frequencies of STM scores observed in this screen were plotted for both the deletion 

collection and the sxi1Δ control strains.  Red-dotted lines indicate cutoffs used to identify 

STM phenotypes of interest.  Indicated below are the STM scores of gene knockouts in 

the collection previously reported to have (red) or not to have (black) virulence defects.  

(D-E) Survival curve analyses of mice infected with individual strains demonstrate the 

correlation between STM phenotypes and virulence phenotypes.  Both hypovirulent and 

hypervirulent strains were accurately identified by STM.  P-values indicate the 

significance of the virulence phenotype.  (F) Shown is the distribution of in vivo and in 

vitro phenotypes in the deletion collection.  Significant overlaps were seen between 

mutants with defects in the three virulence attributes and mutants with in vivo infectivity 

defects.  
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Figure 3 legend 

Proteins identified in this work that regulate capsule formation, melanization, and/or 

infectivity.  Factors previously reported to affect these phenotypes and factors that affect 

growth in YNB are not included.  Proteins predicted to encode signal peptides are 

outlined in red.  The relationships between melanization, dissemination, and lung 

infectivity are discussed in the text. 
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Figure 4 legend 

Gat201 is a regulator of multiple virulence pathways.  (A) gat201Δ mutant strains (two 

independent knockout strains) were avirulent during monotypic infection and a GAT201 

overexpression strain was hypervirulent.  (B) gat201Δ mutant strains did not induce an 

observable capsule by India ink staining in capsule-inducing conditions, though capsule 
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polysaccharide on the cell surface was detected by antibody staining (Figure 5B).  

GAT201 overexpression resulted in ectopic capsule formation in normally non-inducing 

conditions.  Quantification of capsule size is shown in Figure S11.  (C) gat201Δ mutants 

strains showed increased melanization while a GAT201 overexpression strain showed 

decreased melanization.  (D) Transcriptional profiles of pRPL2b::GAT201 and wild-type 

grown at 37°C in minimal medium were compared using whole-genome microarrays.  

Values represent the average of four microarrays. 
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Figure 5 legend 

Gat201 inhibits phagocytosis independent of capsule.  (A-B) Phagocytosis of untreated 

wild-type (WT) and gat201Δ cells by RAW264.7 macrophages was measured in both 

WT and capsule-deficient backgrounds.  The percentage of macrophages containing 

internalized C. neoformans cells was determined after 24 hours of co-incubation.  Data 

are represented as mean +/- SD from triplicate wells.  (C) GXM can be detected on the 

cell surface of gat201Δ cells, but not in single and double mutants containing deletions of 

CAP genes.  (D) Model of GAT201 regulation of phagocytosis.  “X” represents a novel 

capsule-independent mechanism for inhibiting phagocytosis by macrophages.  
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TABLE 1 Novel capsule and melanin mutants Gene Deletion Phenotype 
 

KO# 
Gene 
Name 

Broad 
Annotation Description 

STM 
Score 

Growth 
Score Capsule Melanin 

 
Capsule 
Transcription 
 D429 GAT201 CNAG_01551 GATA family DNA-binding regulator -18.3↓* -0.18 - ++ 
 D226 SSN801 CNAG_00440 Cyclin subunit of Mediator subcomplex -1.4 0.18 ++ ++ 
Chromatin      
 D110 HOS2 CNAG_05563 Class II HDAC; component of Set3 complex in S. 

cerevisiae 
-16.1↓ -1.24↓ ++ - 

 D1487 SET302 CNAG_06591 SET domain protein; homolog of S. cerevisiae Set3 -10.9↓ -0.86↓ ++ - 
Putative secreted proteins      
 D667 CPL1 CNAG_02797† Potential secreted protein of unknown function -5.3↓* 0.04 - + 
         
      
Melanin      
Transcription      
 D1248 ZAP104 CNAG_05392 Zinc finger DNA-binding regulator -7.1↓* 0.06 + - 
 D1512 MBP102 CNAG_06721 APSES family DNA-binding regulator -3.5↓ 0.08 + - 
 D528 NHP6B02 CNAG_02115 Nonhistone chromosomal protein -0.9 -1.86↓ + +/- 
 D1218 MLN1 CNAG_04837 bHLH family DNA-binding regulator -0.3 -0.04 + - 
 D228 NHP6B01 CNAG_00445 Nonhistone chromosomal protein 1.1 0.00 + - 
 D356 PAN1 CNAG_01173 LAG1 family DNA-binding regulator 1.4 -0.40 + - 
 D1258 RIM101 CNAG_05431 Zn finger DNA-binding regulator regulated by 

proteolysis 
2.8↑ -0.07 + - 

Chromatin      
 D1498 RTF1 CNAG_06648 Component of PAF complex required for histone 

H2B monoubiquitination 
-12.7↓ -1.66↓ + - 

 D78 SET202 CNAG_03188 Histone H3 lysine 36 methyltransferase -8.1↓ -0.14 + - 
 D373 SET101 CNAG_01243 Histone H3 lysine 4 methyltransferase -4.5↓* -0.38 + +/- 
Protein sorting / Protein degradation      
 D282 DOA4 CNAG_00757 Ubiquitin hydrolase -15.6↓ -0.06 + - 
 D1250 VAM6 CNAG_05395 Vacuolar membrane fusion factor -14.3↓ -0.61↓ + - 
 D1222 VPS25 CNAG_04863 ESCRT-II Complex subunit -13.8↓ -0.06 + - 
 D1314 UBP14 CNAG_05708 Ubiquitin carboxyl-terminal hydrolase -12.3↓ 0.27 + +/- 
 D454 CSN1201 CNAG_01697 COP9 signalosome subunit 12; PINT domain -8.9↓ -0.58↓ + +/- 
 D936 CSN7 CNAG_04177 COP9 signalosome subunit 7; PINT domain -1.7 -0.07 + +/- 
 D598 CSN1 CNAG_02513 COP9 signalosome subunit 1; PINT domain -1.1 -0.16 + +/- 
 D737 CSN4 CNAG_03151 COP9 signalosome subunit 4; PINT domain -0.2 0.00 + +/- 
 D1349 HSE102 CNAG_05882 Class E VPS factor involved in endosomal sorting -0.2 0.00 + - 
 D671 RPS3102 CNAG_02827 NEDD8 ubiquitin-like protein that regulates Cullins 4.1↑ -1.68↓ + - 
Signaling      
 D245 YCK2 CNAG_00556 Casein kinase homolog involved in endocytosis -15.4↓ -0.44 + - 
 D1476 SNF102 CNAG_06552 AMP-activated kinase; ortholog of S. cerevisiae 

Snf1 
-15.0↓* -0.34 + - 

 D731 CHO2 CNAG_03139 Putative protein-S-isoprenylcysteine 
methyltransferase 

-12.3↓ 0.27 + - 

 D221 CDC2801 CNAG_00415 Cyclin-dependent kinase of PITSLRE subfamily -9.9↓ -0.11 + +/- 
 D825 RIM20 CNAG_03582 ESCRT-III-associated regulator of Rim101 -0.3 0.09 + - 
Nuclear pore      
 D891 NUP75 CNAG_03917 Nuclear pore protein homologous to human Nup75 -14.2↓ -1.83↓ + +/- 
Unknown function      
 D1408 MLN2 CNAG_06224 CS domain protein of unknown function -1.4 -1.24↓ + - 
 D1453 MLN3 CNAG_06430 Mus7 domain-containing protein conserved in fungi -1.6 -0.78↓ + +/- 
 D445 MLN4 CNAG_01644 Protein of unknown function; C. neoformans-

specific 
-1.4 -0.18 + - 
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TABLE 2   Infectivity mutants without defects in capsule formation, melanization, or growth in           
YNB 

Gene Deletion Phenotype 

 
KO# 

Gene 
Name 

Broad 
Annotation Description 

STM 
Score 

Growth 
Score 

Additional 
Phenotypes 

 
Decreased Infectivity (STM Score < -2.5) 
Transcription 
 D883 PDR802 CNAG_03894 Binuclear cluster DNA-binding regulator -7.2↓* -0.08 None detected 
 D231 LIV1 CNAG_00460 bHLH family DNA-binding regulator -6.1↓* -0.35 None detected 
 D725 HCM1 CNAG_03116 Forkhead DNA-binding regulator -4.2↓* -0.46 None detected 
 D140 SNT1 CNAG_00051 SANT domain protein related to human NCOR 

corepressor subunit 
-4.0↓* -0.10 None detected 

 D177 LIV2 CNAG_00201 LAG1 family DNA-binding regulator -3.9↓* 0.06 None detected 
 D1338 LIV3 CNAG_05835 WOR1 family DNA-binding regulator -3.7↓* 0.03 None detected 
 D1420 LIV4 CNAG_03116 Myb family DNA-binding regulator -2.5↓* -0.03 None detected 
Chromatin      
 D111 RPD304 CNAG_05690 Class II histone deacetylase -11.5↓* -0.30 None detected 
 D1296 RPH1 CNAG_05622 Histone H3 lysine 36 demethylase -8.0↓* -0.25 None detected 
 D933 HIRA CNAG_04158 Histone chaperone -6.7↓* -0.15 Inc. sensitivity to NO 
 D790 SPP101 CNAG_03406 PHD domain protein of unknown function -6.1↓* -0.09 None detected 
 D1428 SAS3 CNAG_06322 Histone acetyltransferase -4.4↓* -0.18 None detected 
 D62 HST302 CNAG_02085 Homolog of Sir2; Class III histone deacetylase -2.8↓* -0.11 None detected 
Protein sorting / Protein degradation      
 D1266 HRD1 CNAG_05469 Transmembrane ubiquitin ligase required for ER-

associated degradation 
-8.0↓* -0.38 Inc. sensitivity to NO 

 D317 UBA4 CNAG_00986 Urm1 activating protein -6.0↓* -0.20 None detected 
 D399 RMD5 CNAG_01350 Ubiquitin ligase of unknown function -4.3↓* 0.02 None detected 
 D729 CUL3 CNAG_03138 Cullin subunit of SCF-like ubiquitin ligase -3.6↓* -0.11 None detected 
 D1166 UBC8 CNAG_04611 Ubiquitin conjugating enzyme -3.5↓* 0.16 None detected 
 D1278 JJJ1 CNAG_05538 DnaJ-like cochaperone; contains U1 snRNA-type 

Zn finger 
-3.4↓* 0.11 None detected 

DNA Repair      
 D352 RAD54 CNAG_01163 SWI/SNF family ATPase that promotes 

recombinational DNA repair 
-9.3↓* -0.49 Inc. sensitivity to NO 

 D288 RAD23 CNAG_00772 Ubiquitin-binding protein required for nucleotide 
excision repair 

-7.6↓* 0.09 Inc. sensitivity to NO 
 D832 YKU80 CNAG_03637 Double strand break repair factor and silencing 

regulator 
-4.9↓* 0.04 None detected 

 D632 RAD502 CNAG_02630 SWI/SNF family ATPase that promotes 
recombinational DNA repair 

-2.7↓* -0.04 None detected 
 D855 RINT1 CNAG_03760 Rad50-interacting protein implicated in DNA repair -2.5↓* 0.01 Inc. sensitivity to 

KCN 
Pathogenesis / Immunity      
 D576 LIV5 CNAG_02409 TB2/DP1 family member homologous to M. grisea 

pathogenicity protein 
-12.6↓* -0.09 None detected 

 D166 LIV6 CNAG_00170† Related to human T-cell immunomodulatory 
protein; FG-GAP repeats 

-6.2↓* 0.14 None detected 
 D1466 LIV7 CNAG_06464† Protein of unknown function; human homolog is 

LPS-inducible 
-3.2↓* -0.17 None detected 

Signaling      
 D972 HSV2 CNAG_04371 WD40 protein related to 3-phosphorylated 

inositide-binding protein 
-15.9↓* 0.18 None detected 

 D280 HRK1 CNAG_00745 Protein kinase; S. cerevisiae ortholog regulates 
metabolite transport 

-6.8↓* 0.14 Inc. sensitivity to 
SDS 

 D437 LIV8 CNAG_01611 RGS protein homolog - G protein GAP -2.7↓* 0.10 Inc. sensitivity to NO, 
SDS, KCN 

Unknown      
 D70 HOS4 CNAG_02727 Ankyrin repeat protein of unknown function -7.6↓* 0.09 None detected 
 D736 LIV9 CNAG_03149 RING and ubiquitin-binding protein with BRAP2 

domain 
-7.3↓* -0.04 None detected 

 D686 LIV10 CNAG_02930 DUF1765 domain protein of unknown function -7.1↓* -0.19 None detected 
 D171 FYV10 CNAG_00181 LisH, CTLH domain protein of unknown function -6.5↓* -0.06 None detected 
 D1256 LIV11 CNAG_05422 Protein of unknown function -5.0↓* -0.49 None detected 
 D1035 LIV12 CNAG_05105 Protein of unknown function -3.9↓* -0.11 None detected 
 D660 LIV13 CNAG_02753 UPF0121 domain protein of unknown function -3.2↓* -0.34 None detected 
 D1448 LIV14 CNAG_06397 Protein of unknown function -2.9↓* 0.06 None detected 
 D1357 LIV15 CNAG_05934 Translin domain protein of unknown function -2.8↓* 0.09 None detected 
Transporter      
 D1091 ENA2 CNAG_00531 Sodium pump -11.1↓* 0.11 None detected 
         
      
Increased Infectivity (STM Score > 2.5)      
Transcription      
 D88 ZAP103 CNAG_04352 Zinc finger DNA-binding regulator 3.2↑* -0.14   
Signaling      
 D1340 RGD1 CNAG_05838 Rho GAP homolog 5.3↑* 0.07   
 D1490 RHO104 CNAG_06606 Rho family GTPase 4.4↑* -0.33   
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Tables 1 and 2 legend 

Genes identified in this work that regulate capsule formation, melanization, and/or 

infectivity.  Previously characterized genes can be found in Table S2.  Down arrows (↓) 

indicate significant decreases compared to wild-type.  Up arrows (↑) indicate significant 

increases compared to wild-type.  Asterisks (*) indicate that the STM phenotype was 

verified in a reconstructed knockout strain.  Crosses (†) indicate gene models that are 

predicted to encode signal peptides. Table 2 includes only infectivity mutants that did not 

display defects in capsule formation, melanization, or growth in YNB.  These mutants 

were tested for six additional phenotypes: decreased urease activity and sensitivity to 

acidified nitrite (NO), SDS, potassium cyanide (KCN), pH 4, and low-iron. 

 

 D1156 RCK2 CNAG_00130 Ca-CaM kinase homolog 3.7↑* 0.03   
 D488 KSP1 CNAG_01905 Protein kinase 3.4↑* -0.04   
Cell wall      
 D61 BNI4 CNAG_02071 S. cerevisiae ortholog is a scaffold protein involved 

in cell wall assembly 
4.8↑* -0.27   

Actin-related      
 D359 LSB1 CNAG_01183 BAR-SH3 domain; S. cerevisiae homolog binds 

actin nucleator WASP 
3.6↑* 0.11   

Unknown      
 D1179 LIV16 CNAG_07193† Conserved protein of unknown function 3.8↑* 0.05   
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SUPPLEMENTARY FIGURES 
 

 
 
Figure S1 legend 

In vitro growth defects correlate with in vivo infectivity defects.  Enrichment for mutants 

with infectivity defects for a given YNB growth score (growth at 37°C in minimal 

medium) was determined using a 25-mutant moving average across growth scores and a 

hypergeometric test.  The red-dotted line indicates the cutoff used to identify significant 

growth defects. 
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Figure S2 legend 

Predicted structures of proteins encoded by genes discussed in this work.  Predicted 

protein domains were identified using SMART (see Supplementary Experimental 

Procedures).  
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Figure S3 legend 

Identification and verification of genes involved in mutant phenotypes.  Linkage of 

observed phenotypes and the expected gene deletions was confirmed by reconstructing 

107 independent gene knockout strains and retesting for the original phenotypes.  (A) 67 

reconstructed knockout mutants were retested by STM and confirmed to reproduce (blue 

dots) or not to reproduce (red dots) infectivity phenotypes.  The blue line shows the 

correlation of STM scores of original and reconstructed knockouts that reproduced the 

expected phenotype.  (B) Capsule defects in both the original and reconstructed cpl1Δ 

mutant strains were verified by India ink staining under capsule-inducing and non-

inducing growth conditions.  (C) Melanin phenotypes in both the original and 
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reconstructed mutant strains were verified by growth at 30°C on plates containing L-

DOPA.  rco1Δ displayed no melanin defect.  ssn801Δ displayed an increase in 

melanization.  The remaining mutant strains shown in this figure displayed defects in 

melanization (D) Summary of phenotype retesting by knockout reconstruction. 
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Figure S4 legend 

Deletion of SET3 and HOS2 results in enlarged capsules.  (A) The capsules of wild-type 

and set3Δ and hos2Δ mutant strains grown under capsule-inducing conditions were 

directly visualized by India ink staining.  set3Δ and hos2Δ cells are slightly larger than 

wild-type.  (B) The sizes of these capsules were quantified relative to the diameters of the 
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cells.  Capsules from at least 30 cells per strain were measured.  Error bars represent the 

SD. 
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Figure S5 legend 

Growth on acidified nitrite and pH 4 medium.  (A) Serial dilutions of wild-type (WT) and 

mutant strains were grown on pH 4 YPAD agar and pH 4 YPAD agar containing 2 mM 

NaNO2.  A mutant containing a deletion of the flavohemoglobin gene (fhb1Δ) was used 

as a positive control for NO sensitivity.  Red boxes indicate mutants that displayed 

sensitivity to acidified nitrite.  These phenotypes were confirmed in repeated independent 

experiments (data not shown).  Asterisks indicate strains that displayed potential growth 

defects on pH 4 medium in general.  (B) Mutants that displayed potential growth defects 
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on pH 4 medium were retested on pH 4 and pH 7 media using individually-grown 5mL 

starting cultures.  A mutant containing a deletion of the inositol phosphosphingolipid-

phospholipase C1 gene (isc1Δ) was used as a positive control for pH 4 sensitivity.  

Neither of the mutants displayed discernible growth defects on pH 4 medium upon retest. 
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Figure S6 legend 

Sensitivity to SDS.  Serial dilutions of wild-type (WT) and mutant strains were grown on 

YPAD plates and YPAD plates containing 0.03% SDS.  Red boxes indicate mutants that 

displayed sensitivity to SDS. 
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Figure S7 legend 

Mutants containing deletions of SRE1, RINT1, or LIV8 display increased sensitivity to 

potassium cyanide (KCN).  Approximately 1 x 104 cells were grown for 24 hours in 

YPAD containing 1 mM KCN.  Quantitative plating was used to determine colony 

forming units (CFU) before and after KCN treatment.  Data is shown as a percentage of 

starting CFU.  Error bars represent the SD.  A mutant containing a deletion of the 

alternative oxidase gene (aox1Δ) was used as a positive control for KCN sensitivity.   
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Figure S8 legend 

Growth in low-iron conditions.  Serial dilutions of wild-type (WT) and mutant strains 

were grown on low-iron medium (LIM) plates and low-iron medium plates supplemented 

with 100 mM FeCl3 and 1 mM ascorbic acid (LIM + iron).  A mutant containing a 
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deletion of an iron permease gene (cft1Δ) was used as a positive control for decreased 

growth in low ferrous iron conditions.  Asterisks indicate two deletion strains that 

displayed growth defects on LIM.  However, unlike with the cft1Δ mutant, these defects 

were not compensated for by addition of ferrous iron. 
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Figure S9 legend 

Urease assay.  Wild-type (WT) and mutant strains were placed in Christensen’s urea 

medium for 24 hours at 37°C to test for urease activity.  A pink color indicated an 

increase in pH due to degradation of urea by urease.  A yellow color indicated a lack of 
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urease activity.  A C. neoformans mutant containing a deletion of the urease gene (ure1Δ) 

was used as a negative control for urease activity.  The strain in each well is indicated in 

the key below.  All tested mutants displayed normal urease function. 
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Figure S10 legend 

Virulence phenotypes of liv6Δ and rgd1Δ during monotypic infection.  8-10 mice per 

strain were intranasally infected with WT, (A) liv6Δ, or (B) rgd1Δ, and progression to the 

disease endpoint was monitored.  Two independent knockout strains were tested for each 

gene.  P-value < 0.001 for all strains.  
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Figure S11 legend 

Quantification of the sizes of capsules shown in Figure 4B.  Capsule sizes were measured 

relative to the diameters of the cells.  Capsules from at least 30 cells per strain were 

measured.  Error bars represent the SD. 
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Figure S12 legend 

Antibody staining using a mixture of anti-capsule and anti-beta-glucan antibodies was 

used to distinguish internalized C. neoformans cells from those attached to the exterior of 

the macrophage.  Arrows identify internalized C. neoformans cells.  
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Figure S13 legend 

Light sonication prior to incubation with macrophages does not affect viability of C. 

neoformans cells or phagocytosis by macrophages.  (A) Viability of wild-type (WT) and 

gat201Δ cells before and after light sonication (see Experimental Procedures) was 

determined by calculating CFU using quantitative serial dilutions of cultures.  Post-
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sonication CFU was compared to pre-sonication CFU.  We attribute the increase in CFU 

after sonication to the separation of clumps of cells in the cultures.  (B) WT and gat201Δ 

cells were prepared with and without sonication and incubated with RAW264.7 

macrophages as in Figure 5.  Sonication did not have any effect on the degree of 

observed phagocytosis.  Error bars represent the SD. 
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SUPPLEMENTARY TABLES 

Supplementary tables can be found online on the Cell website: 
 
http://www.cell.com/cgi/content/full/135/1/174/DC1/ 
 
 
 
Table S1 legend 

Summary of targeted gene deletions in C. neoformans that have been reported in the 

literature.  Virulence defects may have been determined using various models and routes 

of infection. 

 

Table S2 legend 

Genes in the knockout collection that have previously been characterized for virulence.    

Phenotypes represent those identified in this work.  Down arrows (↓) indicate significant 

decreases compared to wild-type.  Asterisks (*) indicate that this mutant was placed in a 

different pool of mutants and retested by STM.  Results of the second assay are in 

parentheses. 

 

Table S3 legend 

Results of systematic in vivo and in vitro profiling of the deletion collection and 

reconstructed knockout strains.  Melanin and capsule phenotypes were scored 

qualitatively with negative numbers indicating a defect and positive numbers indicating 

an enhancement.   
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Table S4 legend 

Deletion strains in the knockout collection.  

 

Table S5 legend 

Additional strains used in this study including reconstructed deletion strains. 

 

Table S6 legend 

Primers used in this study (not including primers used to create gene deletion strains). 

 

Table S7 legend 

Signature tag sequences found in the deletion strains and tag-specific primers used for 

quantitative PCR. 
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES 

Strains and media 

Cryptococcus neoformans var. grubii serotype A strain H99 (a gift from Dr. J. K. 

Lodge) was used as wild-type.  Strains were routinely grown in rich medium, YPAD (1% 

yeast extract, 2% Bacto-peptone, 2% glucose, 0.015% L-tryptophan, 0.004% adenine) or 

minimal medium, YNB (0.45% Yeast Nitrogen Base w/o amino acids w/o ammonium 

sulfate, 1.5% ammonium sulfate, 2% glucose). 

 

Generation of Gene Deletion Strains 

Targeted regions in the reconstructed knockouts and the double knockout mutants 

can be found in Table S5 and by entering the gene names at 

http://cryptogenome.ucsf.edu.  Gene deletions were generated using nourseothricin 

(NAT) resistance (natR) cassettes containing signature tag sequences.  Constructs were 

targeted using 1kb flanking regions upstream and downstream of the targeted sequence.  

The expected 5’ recombination event was detected by colony PCR using a primer within 

the natR cassette and a primer outside the 1kb flanking region.  Positive transformants 

were streaked onto YPAD agar plates and single colonies were repatched onto YPAD 

agar plates containing 100 µg/mL NAT.  The expected 3’ recombination event was then 

verified by colony PCR using a primer within the NAT cassette and a primer outside the 

1 kb flanking region.  Double mutant strains were generated using a neomycin (NEO) 

resistance cassette (neoR) as a second marker as previously described.  CAP10, CAP60, 

and CAP64 were deleted in the D429 strain background (gat201Δ-1) and LAC2 was 

deleted in the D1127 strain background (lac1Δ). 
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Signature-tagged mutagenesis 

Groups of 48 C. neoformans deletion strains were individually grown in liquid 

YPAD at 30°C in 96-well deep-pocket plates (Greiner) without shaking for 3 days.  

200µL of each culture were combined into a single pool and cells were counted using a 

hemacytometer.  1 x 107 cells were washed twice in PBS and resuspended in 1 mL of 

PBS.  This pooled inoculum was used to infect mice as described below.  Three mice 

were infected per pool.  Three aliquots of each inoculum (~5 x 105 cells) were also plated 

on Sabouraud agar plates containing 40 µg/mL gentamicin and 50 µg/mL carbenicillin.  

The plates were incubated for two days at 30°C.  The resulting cells were resuspended in 

water and lyophilized.  Genomic DNA (Input DNA) was purified independently from 

each plate using hexadecyltrimethyl ammonium bromide (CTAB, Sigma).    

Infected mice were monitored and sacrificed as described below.  Lungs were 

removed and homogenized in 5 ml sterile PBS.  Serial dilutions of each organ sample 

were plated on Sabouraud agar plates containing 40 µg/mL gentamicin and 50 µg/mL 

carbenicillin. The plates were incubated for two days at 30°C and genomic DNA (Output 

DNA) from each set of lungs was purified as above. 

The amounts of each signature tag in a genomic DNA prep were measured using 

48 simultaneous quantitative PCR reactions.  Each reaction was identical except for a 

different tag-specific primer (Table S7).  SYBR Green dye (Molecular Probes) was used 

to detect double-stranded DNA and fluorescent signal was measured on an Opticon DNA 

Engine PCR machine (MJ Research).  Melting curves were collected to confirm that only 
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a single product was produced in the reaction.  The threshold cycle (Ct) was determined 

for each reaction. 

To calculate the STM score, a variation of the 2-ΔΔCt method for quantitation 

analysis was utilized (Livak and Schmittgen, 2001).  Specifically, for each input DNA 

prep, a ΔCt was calculated for each signature tag by comparing to the median Ct value in 

that set of reactions (Ctmedian – Cttag).  The ΔCt values from three independent input DNA 

samples were averaged to determine the ΔCttag-input.  Next, for each output DNA prep, a 

ΔCttag-mouse was calculated for each signature tag by comparing to the median Ct value in 

that set of reactions (Ctmedian – Cttag).  The STM score of each mutant after infection in a 

given mouse was then calculated as the ΔΔCt (ΔCttag-mouse – ΔCttag-input).  STM scores from 

three mice were averaged to determine a final STM score for each mutant. 

 

Animal studies 

Pooled inocula for STM infections were prepared as described above.  For 

monotypic infections, C. neoformans strains were grown in liquid YPAD cultures 

overnight at 30oC.  Cells were counted using a hemacytometer and 1 x 107 cells were 

washed twice in PBS and resuspended in 1 mL of PBS.  5-6 week-old female A/J (NCI) 

mice were anesthetized by intraperitoneal injection of ketamine (75 mg/kg) and 

medetomidine (0.5-1.0 mg/kg).  The mice were then suspended from a silk thread by 

their front incisors and 50µL of the inoculum (5 x 105 cells) were slowly pipetted into the 

nares.  After 10 minutes, the mice were lowered and the anesthesia was reversed by 

intraperitoneal injection of atipamezole (1.0-2.5 mg/kg).  For survival curves, 8-10 mice 

were infected per inoculum.  The concentrations of the inocula were confirmed by plating 
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serial dilutions.  Mice were monitored several times a week until onset of symptoms 

(weight loss, ruffled fur, abnormal gait) and then monitored daily.  Mice that displayed 

signs of severe morbidity (weight loss, abnormal gait, hunched posture, ruffled fur, 

swelling of the cranium) were sacrificed by CO2 inhalation followed by cervical 

dislocation.  The lungs were harvested as described above for STM analysis.  This 

protocol was reviewed and approved by the UCSF Institutional Animal Care and Use 

Committee. 

 
Polysaccharide capsule 

To induce polysaccharide capsule formation, C. neoformans strains were grown in 

Sabouraud medium overnight at 30oC.  The cultures were then diluted 1/100 in either 

Sabouraud medium (non-inducing conditions) or 10% Sabouraud medium buffered to pH 

7.3 with 50 mM MOPS (capsule-inducing conditions) and grown at 30oC for two days.  

5µL of India ink was added to 20µL of culture and the capsule was visualized using 

bright-field microscopy at 160x magnification using an Axiovert 200M (Zeiss) 

microscope running Axiovision software.  To quantify capsule size, the cell diameter and 

capsule diameter of at least 30 cells per strain per condition were measured. 

For antibody staining of the capsule, a previously described mouse monoclonal 

antibody (mAb339) specific for the main capsule polysaccharide, glucoronoxylomannan, 

was used (Belay et al., 1997).  C. neoformans strains were grown in liquid YNB medium 

overnight at 30oC.  1x107 cells from each culture were washed three times with PBS, 

resuspended in 1 mL DMEM, and cultured at 37º with 5% CO2 in 24-well tissue culture 

plates (BD Biosciences).  After 24 hours, the cells were collected and washed twice with 

PBS.  The cells were then incubated with mAb 339 for 1 hour at 37º, then washed twice 
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with PBS prior to incubation with FITC-conjugated donkey anti-mouse secondary 

antibody (Jackson ImmunoResearch) for 1 hour at room temperature in the dark.  The 

cells were then washed twice with PBS, resuspended in PBS and placed on a microscope 

slide.  The cells were visualized using an Axiovert 200M (Zeiss) microscope running 

Axiovision software (exposure times for the FITC channel ranged from 350-400 ms). 

 

Melanin 

Cultures grown to saturation in YPAD medium were spotted onto melanin-

inducing plates containing 100 mg/mL L-DOPA (L-dihydroxyphenylalanine, Sigma) and 

grown at 30°C.  Accumulation of pigment was observed over 2-3 days. 

 

Growth in YNB 

Groups of 48 C. neoformans deletion strains were individually grown in liquid 

YPAD at 30°C in 96-well deep-pocket plates (Greiner) without shaking for 3 days.  

Cultures were then diluted 1/50 in 800µL of YNB prewarmed to 37°C using a Multimek 

automated pipettor (Beckman).  An aliquot of 200µL was removed to measure the 

starting OD600 using an optical plate reader (Molecular Devices).  Plates were grown at 

37°C with shaking at 1000 rpm for 24 hours in a Multitron shaker-incubator (Infors).  An 

aliquot of 200µL was removed to measure the finishing OD600.  The amount of growth 

was measured as (OD24h – OD0h)/OD0h – 1.  A growth score was calculated for each 

mutant by normalizing to the median growth in that group of 48 mutants as follows: 

Growth score = log2(growthmutant / growthmedian). 
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Additional Phenotyping 

 For growth on pH 4 medium and sensitivity to nitric oxide, cultures were grown 

to saturation in YPAD at 30°C in 96-well deep-pocket plates (Greiner) without shaking 

and serial dilutions were plated on pH 4 YPAD agar plates (pH adjusted using 25 mM 

succinic acid) and pH 4 YPAD agar plates containing 2 mM NaNO2.  pH 7 YPAD agar 

plates were made using 25 mM MOPS buffer.  For growth on SDS, cultures were grown 

to saturation in YPAD at 30°C in 96-well deep-pocket plates without shaking and serial 

dilutions were plated on YPAD agar plates and YPAD containing 0.03% SDS.  For 

growth on low ferrous iron media, cultures were first grown in 96-well deep-pocket 

plates without shaking in low iron medium (LIM, Zaragoza and Casadevall, 2004) for 

two days to deplete intracellular stores of iron.   Serial dilutions were then plated on 0.5x 

LIM agar plates and on 0.5x LIM agar plates supplemented with 100 mM FeCl3 and 1 

mM ascorbic acid.  Ascorbic acid reduces ferric iron in the medium to ferrous iron. 

 For growth in potassium cyanide (KCN), an initial screen of mutants was 

performed by growing cultures to saturation in YPAD at 30°C in 96-well deep-pocket 

plates without shaking, transferring approximately 1 x 104 cells to 600 µL of YPAD 

containing 1 mM KCN, and incubating the cultures at 30°C for 24 hours.  Serial dilutions 

of both the starting cultures and the KCN-treated cultures were pinned onto YPAD plates 

and relative colony counts were determined by estimating the number of colonies in a 

given spot.  Mutants that demonstrated potential sensitivity to KCN were retested using 

more precise quantitative plating of serial dilutions.  Mutants identified using this 

approach are shown in Figure S7. 
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To measure urease activity, cultures were grown to saturation in YPAD at 30°C in 

96-well deep-pocket plates without shaking and diluted 1:10 in Christensen’s urea 

medium (5g NaCl, 2g KH2PO4, 1g glucose, 1g peptone, 0.012g phenol red, 20g urea in 

1L water, pH 6.8).  Reactions were kept at 37°C for 24 hours and monitored for a change 

in color from yellow to pink, indicating an increase in pH due to the degradation of urea. 

 

GAT201 overexpression    

 To overexpress GAT201, the promoter of the ribosomal gene RPL2b was inserted 

upstream of the endogenous GAT201 coding sequence.  Insertion of the pRPL2b 

sequence was performed by biolistically transforming H99 with two linear DNA 

constructs simultaneously.  The first targeted the pRPL2b sequence for insertion just 

upstream of the GAT201 start codon but did not contain any selection marker.  The 

second targeted the natR cassette for insertion upstream of the pRPL2b sequence and 

downstream of the pGAT201 sequence.  Thus, the proper targeting of the natR cassette 

requires the insertion of the pRPL2b sequence upstream of the GAT201 sequence.  Both 

constructs were generated using overlap fusion PCR.  Overexpression of the GAT201 

transcript was verified by quantitative RT-QPCR as described previously (Chow et al., 

2007) and microarray analysis (Figure 4).   

 

RAW264.7 cells 

RAW264.7 murine macrophages were maintained in feeding media consisting of 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated 
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fetal bovine serum, 20mM HEPES, and 2mM glutamine (UCSF Cell Culture Facility) 

and cultured at 37°C, 5% CO2.  Macrophages were used between passages 4-15.   

 

Assignment of gene function 

 Description of gene functions in this work were assigned using several 

approaches.  First, the predicted protein domains encoded by genes (using Pfam, 

SMART, and SignalP algorithms) provided by the Broad Institute, by an annotation 

database (http://cryptogenome.ucsf.edu), and by direct submission 

(http://pfam.janelia.org/, http://smart.embl-heidelberg.de/, and 

http://www.cbs.dtu.dk/services/SignalP/) were used to assign putative function.  Second, 

BLASTX data available at http://cryptogenome.ucsf.edu were used to identify proteins in 

the non-redundant database with strong homology to predicted C. neoformans proteins. 

Finally, this annotation database previously identified the best BLASTX hit for a given 

C. neoformans gene model in the genomes of nine ascomycetes (Saccharomyces 

cerevisiae, Schizosaccharomyces pombe, Neurospora crassa, Candida albicans, 

Aspergillus fumigatus, Aspergillus nidulans, Coccidiodes immitis, Fusarium 

gaminearum, and Magnaporthe grisea) and two basidiomycetes (Ustilago maydis and 

Phanerochaete chrysosporium) (Chow et al., 2007).  Gene models that did not have 

BLASTX hits with expect values < 0.001 in any of the other genomes were termed C. 

neoformans-specific. 
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CHAPTER 3 

 

Parallel β-helix proteins required for accurate capsule polysaccharide 

synthesis and virulence in the yeast Cryptococcus neoformans 



 92 

ABSTRACT 

The principal capsular polysaccharide of the opportunistic fungal pathogen Cryptococcus 

neoformans consists of an α-1,3-linked mannose backbone decorated with a repeating 

pattern of glucuronyl and xylosyl side groups.  This structure is critical for virulence, yet 

little is known about how the polymer, called glucuronoxylomannan (GXM), is faithfully 

synthesized and assembled.  We have generated deletions in two genes encoding 

predicted parallel β-helix repeat proteins, which we have designated PBX1 and PBX2.    

Deletion of either gene results in a dry colony morphology, clumpy cells, and decreased 

capsule integrity.  Two-dimensional NMR spectroscopy of purified GXM from the 

mutants indicated that both the wildtype GXM structure as well as novel, aberrant 

linkages were present.  Carbohydrate composition and linkage analysis determined that 

these aberrant structures are correlated with the incorporation of terminal glucose 

residues that are not found in wildtype capsule polysaccharide.  We conclude that Pbx1 

and Pbx2 are required for the fidelity of GXM synthesis and may be involved in editing 

incorrectly added glucose residues.  Knockout mutants of PBX1 and PBX2 were severely 

attenuated for virulence in a murine inhalation model of cryptococcosis.  Unlike 

acapsular strains, these mutant strains induced delayed symptoms of cryptococcosis, 

though the infected animals eventually contained the infection and recovered.   
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INTRODUCTION 

Cryptococcus neoformans is the most common systemic fungal infection of 

individuals infected with HIV and is estimated to cause 13-44% of all AIDS-related 

deaths in sub-Saharan Africa (1-3).  This basidiomycetous yeast exists in four serotypes 

(A-D).  Serotype A strains, in particular, account for >90% of all human cases of 

cryptococcosis (4-6).  A distinctive feature of this pathogen is the polysaccharide capsule 

that surrounds the yeast.  C. neoformans is the only fungal pathogen of humans that is 

encapsulated, and this capsule has been shown to be essential for virulence.  Work by 

June Kwon-Chung’s group cloned four capsule-associated genes (CAP10, CAP59, 

CAP60, and CAP64).  Deletion of any of these genes resulted in an acapsular phenotype 

and loss of virulence in animal models of cryptococcosis (7-10).   Other studies primarily 

using cell culture systems have demonstrated anti-phagocytic and immunomodulatory 

properties of the capsule, including inhibition of T-cell activation, modulation of cytokine 

secretion, and sequestration of complement (11-13).  

The capsule is composed of two high-molecular weight polysaccharides, 

glucuronoxylomannan (GXM) and galactoxylomannan (GalXM), as well as 

mannoproteins (14).  GXM accounts for the majority of the capsule mass (~88%), and it 

is differences in the structure of the GXM polymer that serve as the antigenic basis for 

the C. neoformans serotype classification system (15).  GXM consists of a backbone of 

α-1,3 linked mannose residues decorated with xylosyl and glucuronyl side groups.  A 

fraction of the mannose residues are also 6-O-acetylated.  Nuclear magnetic resonance 

(NMR) spectroscopic analysis of GXM from serotypes A-D determined that GXM from 

these strains differ in the sites of xylosylation and acetylation.  For serotype A, the GXM 



 94 

polymer is composed primarily of a repeating mannose triplet (α-1,3 linked) with 

glucuronic acid 1 2 linked to the first mannose of the triplet, and xylose 1  2 linked 

to the second and third mannoses (Fig. 1a) (16).         

Given the capsule’s importance in pathogenesis, the proteins involved in the 

biosynthesis of GXM have been targets of much research.  To synthesize GXM, activated 

nucleotide-sugar precursors (i.e. GDP-mannose, UDP-xylose, and UDP-glucuronic acid) 

are needed to serve as donors for the GXM polymer.  These precursors must then be 

properly assembled and linked into GXM polymers.  Using reverse genetic approaches, 

some of the metabolic enzymes needed to generate these precursors, including the 

phosphomannose isomerase (Man1), the UDP-glucuronate decarboxylase (Uxs1), and the 

UDP-glucose dehydrogenase (Ugd1), have been identified and shown to be required for 

proper GXM synthesis (17-21).  In contrast, the transferases that act directly to catalyze 

the assembly of GXM have remained elusive. 

The assembly of GXM poses an interesting biological problem.  Unlike DNA, 

mRNA, and protein synthesis, polysaccharide synthesis is not templated in the genome.  

Instead, polysaccharide linkages are determined by the specificity of biosynthetic 

enzymes.  At a minimum, the enzymes involved in assembly of GXM polymers must 

accomplish two tasks: first, specific enzymes must create each of the linkages found in 

the polymer; second, these enzymes must generate the linkages in the proper order such 

that the repeating pattern of one glucuronic acid followed by two xyloses linked to three 

consecutive mannose residues in the backbone is maintained.  There is increasing 

evidence that capsular polysaccharides are synthesized intracellulary (22, 23) These 

intracellular compartments may contain active glycosyltransferases and non-cognate 
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nucleotide sugars such as UDP-glucose that are not needed for capsule polymer 

synthesis.  Thus, it might be predicted that a third function of the enzymes involved in 

capsule biosynthesis would be to either preclude incorrect sugars from being added to the 

GXM polymer or cleave them from the polymer as part of a proofreading mechanism. 

As mentioned earlier, the sugar transferases that synthesize GXM have yet to be 

identified.  Thus far, an α-1-3mannosyltransferase, Cmt1, has been purified, but mutants 

lacking this protein display no defect in capsule synthesis (24).  Proteins involved in the 

second task, the targeting of these linkages to the mannose backbone, have been 

identified in genetic screens looking for mutants with altered binding to anti-capsule 

antibodies (20, 25, 26).  Structural analysis of GXM from these mutant strains indicated 

that Cas1 and the Cas3 family of proteins play a role in determining the position and the 

linkage of the xylose and/or the O-acetyl residues on the mannose backbone.  However, 

whether these proteins are themselves sugar transferases is unknown.  Enzymes involved 

in the third task of preventing the incorporation of incorrect sugars have not been 

identified. 

In this study, we isolated two mutant deletion strains that display a dry colony 

morphology, clumpy cells, and defects in capsule integrity.  Interestingly, the affected 

genes, which we have named PBX1 and PBX2, are predicted to encode parallel β-helix 

domains, which have primarily been found in pectin lyases, polygalactouronases, 

endorhamnosidases, and other glycosidases (27).  Using NMR spectroscopy, 

carbohydrate composition, and carbohydrate linkage analyses, we have found that a 

portion of the GXM in these mutants is incorrectly assembled.  In particular, novel 

terminal glucose linkages are present in the mutant capsules, demonstrating a role for 
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Pbx1 and Pbx2 in preventing the incorporation of glucose residues onto the elongating 

GXM chain and ensuring the fidelity of GXM synthesis.  Both mutants were severely 

attenuated for virulence in a murine inhalation model of cryptococcosis 
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MATERIAL AND METHODS 

Strains and Media 

Cryptococcus neoformans serotype A strain H99 (a gift from Dr. J. K. Lodge) was used 

as wildtype. Strains were routinely grown in rich media, YPD (1% yeast extract, 2% 

Bacto-peptone, 2% glucose, 0.015% L-tryptophan, 0.004% adenine) or minimal media, 

YNB (0.45% Yeast Nitrogen Base w/o amino acids w/o ammonium sulfate, 1.5% 

ammonium sulfate, 2% glucose).  A list of strains used in this study is provided in Table 

S1.  Doubling times in YNB were calculated by measuring the change in OD600 during 

exponential growth.  

 

Generation of Knockout Strains 

The wildtype H99 strain was transformed using biolistic techniques as previously 

described (28).  The gene-specific deletion constructs were generated with the primers 

listed in Table S2 using overlap fusion PCR.  Specifically, the nourseothricin (NAT) 

resistance (natR) cassette was amplified from plasmids derived from pHL001 using the 

primers 5’NAT-10 and 3’NAT-10.  This cassette was targeted to delete specific genes by 

fusing the cassette to the genomic sequences flanking the target gene.  These flanking 

sequences were amplified from H99 genomic DNA by PCR using the ***-W1 and ***-

W3 primers to amplify a ~1kb region 5’ to the target gene and the ***-W4 and ***-W6 

primers to amplify a ~1kb region 3’ to the target gene (with the asterisks corresponding 

to the specific gene IDs described below and in Table S2).  The two flanking regions and 

the natR cassette were fused into one product using PCR and biolistically transformed.  

Transformants were selected on YPD agar plates containing 100 µg/ml NAT.  CM104 
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was generated using the CN966 set of primers and deletes a portion of PBX1 including 

the parallel β-helices.  CM106 and CM109 were generated using the CDS_873 set of 

primers and deletes all of PBX1.  CM106 and CM109 were isolated from independent 

biolistic transformation experiments (i.e. two separate cultures transformed at different 

times).  CM105 was generated using the CN4654 set of primers and deletes a portion of 

PBX2 including the parallel � -helices.  CM107 and CM110 were generated using the 

CDS_5151 set of primers and deletes all of PBX2.  CM107 and CM110 were also 

isolated from independent biolistic transformation experiments.  cap59Δ was generated 

using the CN605 set of primers.  The expected recombination events were verified by 

PCR using the ***-V5 and VER-5-3 primers to detect the 5’ integration event and the 

***-V3 and VER3-2 primers to detect the 3’ integration event.  The pbx1Δpbx2Δ double 

mutant was generated by using a hygromycin (HYG) resistance (hygR) cassette which 

was amplified from the plasmid pHYG7-KB1 using the primers 5’HYG-10 and 3’HYG-

10.  The hygR cassette was fused to flanks generated using the CDS_5151 set of primers.  

This knockout construct was then transformed into CM106.  Transformants were selected 

on YPD agar plates containing 300 µg/ml HYG.  The predicted coding sequences for 

PBX1 and PBX2 are shown in Figure S2. 

 

Capsule Induction and India Ink Assay 

C. neoformans strains were grown in liquid YPD cultures overnight at 30oC.  As 

previously described (29), the cultures were then diluted 1/100 in either Sabouraud media 

and grown for 1-2 days at 30oC (non-inducing conditions) or 10% Sabouraud media 

buffered to pH 7.3 with 50 mM MOPS and grown at 37oC for 1-2 days (capsule-inducing 
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conditions).  An equal volume of culture and India ink were mixed and the capsule was 

visualized using bright-field microscopy.  For sonication experiments, 1mL of the 

induced culture was first placed in a microcentrifuge tube.  The cells were then pulsed 10 

times using a Sonifier 450 (Branson) equipped with a microtip using a power setting of 6 

and a duty cycle of 50%.  The capsules were then visualized as above. 

 

Polysaccharide Purification 

Purified exopolysaccharide was obtained using a protocol adapted from previously 

described methods (16, 30).  C. neoformans strains were grown in 100 mL of liquid YNB 

media for five days.  The culture was then autoclaved at 121 oC for 15 minutes and the 

cells were removed by centrifugation at 12,000 x g for 15 min.  The supernatant was 

transferred to a new container and polysaccharide was precipitated by the slow addition 

of three volumes of 95% EtOH (~ 300 mL).  The mixture was stored overnight at 4oC.  

The precipitate was recovered by centrifugation at 15,000 x g for 1 h.  The supernatant 

was decanted and the pellet was resuspended in 0.2M NaCl to a final concentration of 10 

mg/mL (~100 mL).  Once dissolved, the solution was sonicated at 4oC using a Sonifier 

450 (Branson) equipped with a microtip for 15 min. at a power setting of 2 and a duty 

cycle of 40%.  3 mg of hexadecyltrimethylammonium bromide (CTAB) per mg of 

precipitate (~3 g of CTAB) was slowly added with stirring at room temperature.  When 

the CTAB was completely dissolved, 2.5 volumes (~250 mL) of 0.05% CTAB was 

slowly added with stirring.  The precipitate was recovered by centrifugation at 18,000 x g 

for 2 h.  The supernatant was decanted and the pellet was washed with 100 mL of 10% 

EtOH and centrifuged at 18,000 x g for 20 min.  The supernatant was decanted and the 
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pellet was resuspended in 50 mL of 1M NaCl.  The solution was sonicated at 4oC for 2 h 

using a power setting of 2 and a 40% duty cycle.  The solution was then dialyzed (3,500 

dalton cutoff, Fisher) versus distilled water for 5-6 days at 4oC, replacing the water 

multiple times daily.  Any precipitate was removed by centrifugation and the supernatant 

was lyophilized.  

 

NMR Spectroscopy 

Before NMR analysis, polysaccharide samples were exchanged twice in 99.96% D2O 

(Sigma) and lyophilized.  The samples were then dissolved in 0.6 ml of 99.96% D2O and 

transferred to 5 mm NMR tubes.  NMR spectra were acquired at 75oC with a Varian 

Inova spectrometer operating at 600 MHz equipped with a 5mm triple-resonance probe 

with an actively shielded z-gradient coil.  Two-dimensional gradient-enhanced [13C, 1H] 

HSQC spectra (31) were recorded with 256* t1 and 512* t2 complex points and spectral 

widths of 8000 and 3000 Hz, respectively.  The data were acquired with a recycle delay 

of 1 s and 256 scans per FID.  Decoupling of 13C during acquisition was achieved by 

GARP-1.  Data were processed using nmrPipe/nmrDraw software (32).  A Lorentzian-to 

Gaussian function (lb  -0.5, gb = 0.05) was applied in t2 and sine-bell function shifted by 

� /2 to the t1 time domain. 

 

Carbohydrate Composition and Linkage Analysis 

Carbohydrate composition and linkage analysis was performed at the Glycotechnology 

Core Resoure at the University of California, San Diego (http://glycotech.ucsd.edu).  

Composition analysis was done by HPAEC-PAD after acid-hydrolysis using 
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trifluoroacetic acid.  Linkage analysis was done using GLC-EIMS of partially methylated 

alditol acetate derivatives.   

 

Virulence Studies    

C. neoformans strains were individually grown in liquid YPD cultures overnight at 30oC.  

Cells were counted using a hemacytometer, washed twice in PBS, and resuspended in 

PBS to a final concentration of 1 x 107 cells/ml. 5-6 week-old female A/J (NCI) mice 

were anesthetized by intraperitoneal injection of ketamine (75 mg/kg) and medetomidine 

(0.5-1.0 mg/kg).  The mice were then suspended from a silk thread by their front incisors 

and 50� l of the inoculum (5 x 105 cells) were slowly pipetted into the nares.  After 10 

minutes, the mice were lowered and the anesthesia was reversed by intraperitoneal 

injection of atipamezole (1.0-2.5 mg/kg).  8-10 mice were infected per inoculum. The 

concentration of cells in the inoculum was confirmed by plating serial dilutions.  Mice 

were monitored several times a week until onset of symptoms (weight loss, ruffled fur, 

abnormal gait) and then monitored daily.  Mice that displayed signs of severe morbidity 

(weight loss, abnormal gait, hunched posture, swelling of the cranium) were sacrificed by 

CO2 inhalation followed by cervical dislocation.  This protocol was reviewed and 

approved by the UCSF Institutional Animal Care and Use Committee.  
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RESULTS 

Deletion of genes encoding predicted parallel � -helix proteins causes a defect in capsule 

formation 

During the generation of knockout strains as part of an ongoing C. neoformans 

gene deletion project, we identified two mutants, designated CM104 and CM105, that 

displayed a dry colony appearance compared to the parental H99 strain when grown on 

YPAD plates.  H99 is a serotype A human clinical isolate.  CM104 contains a partial 

deletion of CNAG_01172.1 (as assigned by the C. neoformans serotype A genome 

sequencing project at Broad Institute 

http://www.broad.mit.edu/annotation/genome/cryptococcus_neoformans/Home.html), 

which we designate PBX1.  CM105 contains a partial deletion of CNAG_05562.1, which 

we designate PBX2.  By using gene models from an earlier genome annotation effort 

(Chow et al., submitted; Figure S2) and the SMART motif database resource at EMBL 

(http://smart.embl-heidelberg.de/), we found that both genes are predicted to encode a 

transmembrane domain, a coiled-coil segment, and parallel β-helix (PbH1) repeats.  Pbx1 

is also predicted to contain a signal peptide (Figure 1b).  BLAST comparison of Pbx1 

against the non-redundant protein database identified only two predicted proteins in other 

species with significant similarity.  The first (E = 5e-48) is a hypothetical protein in 

Coprinus cinereus (EAU93625) that is predicted by SMART to contain PbH1 repeats and 

a transmembrane domain.  The second (E = 1e-39) is a hypothetical protein in 

Neurospora crassa (XP_958164) that is predicted by SMART to contain PbH1 repeats, a 

B Lectin domain, and a signal peptide.  BLAST comparison of Pbx2 identified the same 

two proteins. 
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To rule out the possibility that a second, unknown mutation in these original 

knockout strains caused the dry colony phenotype, we constructed new strains containing 

complete deletions of either PBX1 (CM106) or PBX2 (CM107).  Both of the new 

knockout strains displayed a dry colony phenotype indicating that mutations of these 

genes were responsible for the dull colony appearance. The growth rates of these 

complete knockout strains (CM106 and CM107) in minimal media were measured at 

both 30oC and 37oC.  At 30oC, the doubling times of the pbx1Δ (2.20 h +/- 0.04 h) and the 

pbx2Δ (2.28 h +/- 0.07 h) mutant strains were approximately equal to that of wildtype 

(2.17 h +/- 0.05 h).  At 37oC, both the pbx1Δ (3.10 h +/- 0.17 h) and pbx2Δ (3.42 h +/- 

0.15 h) mutant strains displayed a growth defect compared to wildtype (2.64 h +/- 0.06 h) 

indicating an increased requirement for these gene products at 37oC. 

Analysis of the C. neoformans serotype A genome indicated that there is a third 

PbH1-containing gene, CNAG_01275.1, which has similarity to Pbx1 (31% amino acid 

identity) and Pbx2 (28% amino acid identity), but does not appear to encode a 

transmembrane domain.  Deletion of CNAG_01275.1 did not cause a dry colony 

phenotype and appeared identical to wildtype in the capsule analyses described below 

(data not shown).   

A dry phenotype is characteristic of most known C. neoformans capsule mutants 

where the polysaccharide capsule is missing or reduced (18, 19, 21, 26).  As a result, we 

tested the mutants for the presence of capsule using India ink staining of strains grown in 

capsule-inducing media (29).  In wildtype strains, the polysaccharide capsule excludes 

India ink particles, creating a characteristic halo around an encapsulated cell which can 

be visualized using brightfield light microscopy.   
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In these experiments, pbx1Δ and pbx2Δ mutants (CM106 and CM107) were 

observed to grow in clumps in liquid in both inducing and non-inducing conditions, a 

characteristic common to many hypocapsular and acapsular mutants (18, 19, 21, 26).  

However, under inducing conditions, sizable halos were still observed around the pbx1Δ 

and pbx2Δ strains, demonstrating that these strains do produce a capsule (Figure 2).  India 

ink staining of the original partial deletion strains (CM104 and CM105) yielded similar 

phenotypes (data not shown).  While the clumping of cells makes measurements of the 

capsule sizes difficult in these strains, the capsules surrounding the pbx1Δ and pbx2Δ 

strains did not appear significantly smaller than wildtype.    Interestingly, however, while 

H99 capsules typically were round and symmetrical, we observed many examples of 

mutant capsules that were extremely asymmetric (Figure 2, white arrows).  These 

capsules may have partially disassembled or become unanchored after synthesis or 

portions of these capsules may be more permeable to India ink particles.  Thus, while the 

pbx1Δ and pbx2Δ mutants are able to synthesize and assemble a capsule, the structural 

integrity and stability of these mutant capsules appear compromised.  In support of this 

idea, we observed that mutant capsules were virtually abolished after a short sonication 

treatment while H99 capsules remained intact (Figure 2).  A single pbx1Δ pbx2Δ double 

mutant (CM084) was analyzed and found to be indistinguishable from the single mutants 

in these experiments (data not shown).   

 

NMR analysis of the polysaccharide structure indicated a heterogeneous capsule 

 Both PBX1 and PBX2 are predicted to encode parallel β-helix repeats.  This 

structure has been found primarily in enzymes that utilize polysaccharide substrates, such 
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as pectin lyases, polygalactouronases, endorhamnosidases, and other glycosidases (27).  

The presence of parallel β-helix repeats as well as transmembrane domains suggest that 

these proteins may be directly involved in the synthesis of capsule polymers.  We 

hypothesized then that without PBX1 or PBX2, the structure of the capsule 

polysaccharide would be altered in these mutants, resulting in the observed phenotypes.  

To investigate this possibility, we utilized two-dimensional nuclear magnetic resonance 

(NMR) spectroscopy to analyze the structure of the polysaccharide.   

 C. neoformans continuously sheds capsular material into the surrounding media.  

This material, called the exopolysaccharide, has been purified and analyzed in previous 

structural studies in order to determine the composition and structure of GXM (24).  We 

purified exopolysaccharide from H99, pbx1Δ� (CM106), pbx2Δ� (CM107), and the 

pbx1Δ � pbx2Δ double mutant (CM084) and performed two-dimensional NMR.  The 2D 

1H, 13C HSQC spectra of H99 were consistent with previous NMR analysis used to 

determine the structure of GXM from a serotype A strain (Figure 3).  By comparison to 

the assignments made in this previous study, we were able to assign each cross-peak 

detected in the H99 spectra to the one glucuronic acid, two xylose, and three mannose 

residues that form the predominant repeating unit of the C. neoformans serotype A GXM 

(as seen in Fig. 1a) (16).   

 When purified exopolysaccharide from pbx1Δ was analyzed by NMR, two 

features of the spectra were readily apparent.  First, without exception, all the cross-peaks 

observed in the H99 spectra were also present in the pbx1Δ spectra.  Second, more than a 

dozen additional peaks appeared in the pbx1Δ spectra (Figure 4a).  These new signals 

primarily had 1H and 13C chemical shifts of between 3.5 and 4.2 ppm and 72 and 79 ppm 
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respectively.  Novel peaks were also observed in the region of 4.6-5 ppm / 98-104 ppm.  

Both these ranges are consistent with the cross-peaks expected from carbohydrates.  

Given the presence of all the cross-peaks observed in the H99 spectra, we concluded that 

at least a portion of the polysaccharide purified from pbx1Δ maintained the wildtype 

structure.  However, the detection of these additional new signals demonstrated that a 

significant portion of the mutant polysaccharide consisted of aberrant structures.   

 The NMR spectra of purified exopolysaccharide from pbx2Δ were examined.  

Again, all the cross-peaks assigned to the wildtype structure were present in the pbx2Δ 

spectra as were cross-peaks not observed in the H99 spectra (Figure 4b).  Strikingly, 

these new shifts were almost identical in the pbx1Δ and pbx2Δ spectra.  The pbx1Δ 

spectra contained one additional signal at 3.6 ppm / 78.5 ppm.  The pbx2Δ spectra 

contained two minor cross-peaks around 3.9-4.0 ppm / 73 ppm which were not observed 

in the pbx1Δ spectra. Aside from these small differences, all the new cross-peaks 

identified in the pbx1Δ spectra were also detected in the pbx2Δ spectra and vice versa.  

Exopolysaccharide from the double mutant was also subjected to NMR analysis.  The 

spectra from the pbx1Δ pbx2Δ double mutant were identical to that of the pbx2Δ mutant 

(Figure 4c).  Similar experiments were performed with the original partial deletion 

strains, CM104 (pbx1Δ) and CM105 (pbx2Δ), and similar patterns of cross-peaks were 

detected (data not shown).  Exopolysaccharide from only one double mutant strain was 

analyzed by NMR. 

 Taken together, these data demonstrate that Pbx1 and Pbx2 are not absolutely 

required to properly synthesize the capsule polymers.  Much of the exopolysaccharide in 

the pbx1Δ and pbx2Δ mutants maintained the correct structure as indicated by the 
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presence of the expected cross-peaks.  However, the detection of aberrant structures 

suggested that the portion of the polysaccharide having the wildtype structure in these 

mutants was reduced.  These results are consistent with a model where Pbx1 and Pbx2 

are not required for the synthesis of the capsule polysaccharide per se, but instead, are 

involved in the fidelity of the process.  

 

Terminal glucose is present in mutant exopolysaccharide 

 The novel cross-peaks observed in the NMR spectra of the mutant GXM could 

result from two possible changes in the capsule structure.  First, the known components 

of GXM, glucuronic acid, xylose, and mannose, may be arranged or linked in unexpected 

structures.  Second, novel residues, such as other sugars, may have been incorrectly 

added to the capsule polymer.  To distinguish between these possibilities, we analyzed 

the composition of the mutant capsule polysaccharide using high-performance anion-

exchange chromatography with pulsed amperometric detection (HPAEC-PAD). 

 We again purified exopolysaccharide from H99, pbx1Δ (CM106), 

pbx2Δ (CM107), and the pbx1Δ pbx2Δ double mutant (CM084).  Carbohydrate 

composition analysis was performed by HPAEC-PAD after acid-hydrolysis using 

trifluoroacetic acid.  As expected, the H99 exopolysaccharide was composed almost 

exclusively of mannose, xylose, and glucuronic acid (Figure 5a).  A trace amount of 

glucose (<1%) was detected in the sample.  Mannose, xylose, and glucuronic acid also 

formed the majority of the pbx1Δ exopolysaccharide, consistent with the NMR data 

which indicated that the wildtype GXM structure is present in the mutant 

exopolysaccharide.  However, mannose, xylose, and glucuronic acid were not the only 
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carbohydrates present in the material from the pbx1Δ mutant.  Three additional sugars 

were detectable.  Most dramatically, glucose made up almost 27% of the carbohydrate 

mass in the pbx1Δ capsule (Figure 5b).  Galactose (~3%) and glucosamine (~1%) were 

also detectable, though in much smaller amounts.  Quantitation of all HPAEC-PAD data 

can be found in Supplementary Table S3.   

Analysis of the pbx2Δ mutant yielded similar results.  In the pbx2Δ 

exopolysaccharide, glucose accounted for 9% of the carbohydrate mass in the capsule 

(Figure 5c).  As in the pbx1Δ material, detectable amounts of galactose (~2%) and 

glucosamine (~1%) were measured.  In the pbx1Δ pbx2Δ exopolysaccharide, glucose 

accounted for 17% of the carbohydrate mass (Figure 5d).  Galactose (~2%) and 

glucosamine (~2%) were detected as well. Exopolysaccharide from only one strain per 

genotype was analyzed by HPAEC-PAD.   

In order to determine how glucose was incorporated into the capsule, we 

performed carbohydrate linkage analysis using gas-liquid chromatography-electron 

ionization mass spectrometry (GLC-EIMS) of methylated derivatives.  Only three types 

of residues were detected in the H99 exopolysaccharide: 2,3 linked-mannose, terminal-

xylose, and terminal-glucuronic acid (Figure 6a).  These linkages are entirely consistent 

with the known structure of the serotype A GXM structure (Figure 1a).  6-O-acetylations 

that were present on the mannose residues were not detectable since they were lost during 

the permethylation step.  We next examined the pbx1Δ exopolysaccharide.  The three 

residue types seen in the H99 exopolysaccharide made up the majority of residues found 

in the pbx1Δ (CM106) exopolysaccharide, again supporting the idea that the majority of 

the mutant capsule retains the normal structure.  However, several novel residues were 
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identified.  Specifically, the majority of the glucose in the mutant exopolysaccharide was 

present as terminal-glucose (Figure 6b).  4-linked and 6-linked glucose as well as 3-

linked mannose were also detected. Exopolysaccharide from only one pbx1Δ strain was 

analyzed by GLC-EIMS.  

 

Parallel β-helix genes required for virulence 

The effect of the pbx1Δ and pbx2Δ  mutations on virulence was examined using a 

murine inhalation model for cryptococcosis.  H99, two independently generated pbx1Δ 

full deletion strains generated from different transformation experiments (CM106 and 

CM109), two independently generated pbx2Δ full deletion strains (CM107 and CM110), 

and a mutant strain harboring a deletion of the CAP59 gene (cap59Δ) were inoculated 

intranasally (5 x 105 cells) into 5-week old female A/J mice.  8-10 mice were used per 

strain (Figure 7).  50% of mice infected with H99 died by day 49 post-infection and 

100% by day 58 post-infection.  In contrast, only one mouse infected with either the 

pbx1Δ or pbx2Δ strains died during the course of the experiment (all mice were sacrificed 

80 days post-infection).  The two independently generated pbx1Δ strains and the two 

independently generated pbx2Δ strains displayed the same phenotype, indicating the 

attenuation in virulence was due to the gene deletion.  However, unlike mice infected 

with the cap59Δ mutant, 9 of 16 mice infected with the pbx1Δ mutants and 2 of 16 mice 

infected with the pbx2Δ mutants displayed transient symptoms of illness, including 

weight loss (Figure S1). Other symptoms included ruffled fur, shallow breathing, and 

lethargy.  Onset of symptoms varied from approximately 38-73 days post infection.  

Symptoms lasted approximately 4-8 days.  In all cases, the infected mice recovered and 
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once recovered, were indistinguishable from uninfected mice or mice infected with the 

cap59Δ mutant strain.  Independent experiments examining the virulence of the original, 

partial deletion strains (CM104 and CM105) using the same murine inhalation model for 

cryptococcosis yielded similar results (data not shown).  In these experiments, none of 

the mice infected with CM104 (partial deletion of PBX1) or CM105 (partial deletion of 

PBX2) died during the course of the experiment.  5 of 13 mice infected with CM104 and 

8 of 12 mice infected with CM105 displayed transient symptoms of illness.  

 
 
DISCUSSION 

 As part of an ongoing C. neoformans gene deletion project, we discovered that 

deletion of either CNAG_01172.1, which we have designated PBX1, or CNAG_05562.1, 

which we have designated PBX2 results in a dry colony morphology, clumpy cells, and 

decreased capsule integrity.  NMR spectroscopy demonstrated that while much of the 

GXM polymers were correctly assembled in these mutants, a portion of the 

exopolysaccharide material purified from these deletion strains contained aberrant 

structures not seen in that of wildtype.  Carbohydrate composition analysis determined 

that these aberrant structures were due to the presence of a significant amount of glucose 

in the purified mutant exopolysaccharide, a sugar not found in the wildtype capsule.  

Carbohydrate linkage analysis showed that the majority of this glucose was present as 

terminal glucose, suggesting that these aberrant glucose residues may be linked directly 

to the main mannose backbone of the GXM polymers, taking the place of either 

glucuronic acid or xylose.  Thus, we conclude that Pbx1 and Pbx2 play a role in the 

fidelity of polysaccharide capsule synthesis.  Specifically, these two proteins are needed 
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directly or indirectly to remove glucose, and perhaps other sugars, that appear to be 

incorrectly added to the GXM polymer.  Without either of these two proteins, these 

erroneous residues cannot be removed, resulting in the aberrant structures detected in the 

NMR spectra. 

 Both PBX1 and PBX2 are predicted to encode for proteins that contain parallel β-

helices.  Further analysis using the PHYRE algorithm 

(http://www.sbg.bio.ic.ac.uk/phyre/) predicts specifically single-stranded right-handed β-

helices.  Right-handed parallel β-helices are highly unusual in proteins.  They have been 

found primarily in enzymes that cleave linkages in polysaccharide substrates, such as 

pectate lyases, rhamnogalactouronases, chondroitinases, and pectin methylesterases, 

though examples of proteins that contain right-handed parallel β-helices but lack any 

known enzymatic activity have been found (27).  Given this significant correlation 

between right-handed parallel β-helices and glycosidic activity, we hypothesize that Pbx1 

and Pbx2 may be directly responsible for cleaving these aberrant glucose linkages.  

Biochemical reconstitution will be needed to test this prediction.   

Alternatively, we cannot rule out the possibility that Pbx1 and Pbx2 act indirectly 

to inhibit addition of glucose to the GXM polymers.  For example, they may act as 

negative regulators of glucosyltranferase expression or glucosyltransferase activity.  In 

this model, deletion of PBX1 or PBX2 results in aberrant glucosyltransferase expression 

or activity that results in the addition of glucose to the capsule polysaccharide.  Such 

negative regulators have been identified for other glycosyltransferases (33, 34).  Another 

possibility is that Pbx1 and Pbx2 are glucosyltransferases themselves and can compete 

for UDP-glucose substrates.  Deletion of PBX1 or PBX2 results in an increase in 
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available UDP-glucose and addition of glucose to the GXM polymers.  Further 

experimentation will be needed to rule out these models. 

 The sensitivity of the pbx1Δ and pbx2Δ capsules to sonication treatment indicates 

that these capsules have decreased structural integrity.  It seems likely that the abnormal 

GXM structures detected in the NMR spectra and the decrease in capsule stability are 

related.  Electron microscopy of both whole cells and purified GXM have revealed that 

the capsule is composed of a highly entangled meshwork of GXM polymers that can self-

associate (35, 36).  The presence of aberrant, glucose-containing capsule polysaccharides 

in the mutants may compromise inter-polymer interactions in these capsules and result in 

decreased capsule stability.  Experiments testing the density and antibody-binding 

properties of these capsules as well as the associative properties of the mutant GXM 

polymers may help elucidate the architectural defects in these mutants.  It is also a 

possibility that deletion of PBX1 or PBX2 results in a GXM anchoring defect.  GXM is 

known to be attached to the cell wall in an α-1-3 glucan dependent manner (37) and this 

interaction may be disrupted in a PBX1 or PBX2 mutant.  This model, however, seems 

less likely since the mutant capsule is stably attached to the cell prior to sonication.   

 Our linkage analysis of the mutant exopolysaccharide detected the presence of 4-

linked and 6-linked glucose along with terminal glucose, suggesting that some of the 

glucose in the capsule was involved in more complex linkages and perhaps more 

elaborate side chains off of the mannose backbone.  Alternatively, the 4-linked and 6-

linked glucose may result from some cell wall contamination in the exopolysaccharide 

sample.  This possibility, however, cannot account for most of the glucose seen in the 

exopolysaccharide given that the majority is terminal glucose.  More elaborate side 
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chains may also explain the 3-linked mannose that was detected in the mutant capsule.  

These 3-linked mannose residues could be the result of mannose residues in the backbone 

that are not decorated with any side chain.  The presence of glucose residues and/or larger 

glucose side chains on an adjacent mannose and/or the incorporation of glucose into the 

backbone itself may preclude the correct glucuronic acid or xylose side-chains from 

being added to these mannose chains. 

 The incorporation of glucose in these mutant capsules indicates that GXM may be 

normally assembled in the presence of UDP-glucose and glucosyltransferases.  This 

would be consistent with recent evidence demonstrating that capsule polysaccharide 

synthesis occurs intracellularly (22, 23).  It is unclear, however, whether the addition of 

glucose to the elongating GXM polymer is a normal step in GXM synthesis.  It is 

possible that glucose residues serve as placeholders and/or protecting groups that are used 

to mark the mannose backbone.  In this scenario, these marks would need to be removed 

to allow for the addition of xylose and/or glucuronic acid at the appropriate moieties.  

Only then would glucose residues be removed by the direct or indirect action of Pbx1 and 

Pbx2.  On the other hand, the addition of glucose to the growing polysaccharide could 

reflect an error in synthesis.  Given the potential abundance of UDP-glucose, which is a 

precursor of UDP-xylose and UDP-glucuronic acid, in the membrane-bound 

compartments where GXM may be synthesized, it could be that glucose is added 

erroneously to the GXM polymer at some rate.  These incorrectly added residues would 

need to be removed by the action of Pbx1 and Pbx2 in order for the correct 

polysaccharide structure to be maintained throughout the polymer.  This second model, 

where incorporation of glucose in the capsule reflects errors in the biosynthetic process, 
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is supported by the fact that much of the GXM is assembled correctly in the pbx1Δ and 

pbx2Δ mutant exopolysaccharide.  

Interestingly, the pbx1Δ and pbx2Δ mutant exopolysaccharides have almost 

identical NMR spectra and the pbx1Δ pbx2Δ double mutant does not appear to have a 

stronger defect than the single mutants.  This suggests that Pbx1 and Pbx2 could function 

together in a complex that trims aberrant glucose residues from the mannose backbone.  

Interestingly, both Pbx1 and Pbx2 are predicted to contain coiled-coil domains which 

may mediate protein-protein interactions.  Again, biochemical reconstitution will be 

necessary to test this idea.  It is possible that epigenetic changes affecting the structure of 

the capsule may occur in some portion of the population during in vitro culturing, 

explaining the appearance or disappearance of minor peaks in the NMR spectra. 

pbx1Δ and pbx2Δ are unlike many of the capsule-defective mutants that have 

previously been tested for virulence in that pbx1Δ and pbx2Δ cells build a sizable 

capsule, the majority of which is correctly structured.  Interestingly, while pbx1Δ and 

pbx2Δ are both strongly attenuated for virulence, they induced delayed symptoms of 

cryptococcosis as late as nine weeks post-infection.  Although significant disease 

progression was observed, all the mice, except for one, recovered despite being given a 

dose that is uniformly lethal for the wildtype strain.  In contrast, mice infected with the 

cap59Δ mutant, which is acapsular, never became ill.  We hypothesize that the pbx1Δ and 

pbx2Δ capsules retain a portion of their biological properties.  A portion of this virulence 

defect may be attributable to the modest growth defect observed in these mutant strains at 

37oC.  However, the onset of disease symptoms at 6-9 weeks post-infection suggest that 

the pbx1Δ and pbx2Δ mutant strains can, at the least, survive/evade the initial innate 
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immune response.  Previous studies have concluded that the wildtype C. neoformans 

polysaccharide capsule does not induce a strong antibody response.  It is possible that the 

aberrant structures found in the mutant capsules were more immunogenic than the 

wildtype structure, allowing for a more successful adaptive immune response.  The 

overall stability of the mutant capsules appeared compromised as well, which may also 

contribute to its defect in pathogenesis, perhaps by making yeast cells more susceptible to 

certain types of immune attack.  Further study of these mutants may allow for the 

uncoupling of the various roles the capsule has been hypothesized to play during 

infection. 
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FIGURES 

 

 

 

Figure 1 

(A)  Structure of the glucuronoxylomannan of serotype A C. neoformans.  Not shown are 

the 6-O-acetyl groups that modify a portion of the mannose residues.   

(B) Protein domains as predicted by SMART (http://smart.embl-heidelberg.de) for Pbx1 

and Pbx2. 
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Figure 2.  Mutants in PBX1 and PBX2 produce capsules with decreased integrity  

Cells were grown in non-inducing conditions (Uninduced), capsule inducing conditions 

(Induced), or capsule inducing conditions followed by a sonication treatment (Induced 

Sonicated).  Capsules were visualized using India ink staining and brightfield light 

microscopy.  White arrows point out regions of asymmetry in the mutant capsules.  All 

images were taken at 160x magnification.  Shown in the figure are images of the 

complete gene deletion strains CM106 (pbx1Δ) and CM107 (pbx2Δ).  The original partial 

deletion strains CM104 (pbx1Δ) and CM105 (pbx2Δ) displayed similar phenotypes (data 

not shown).  A single double mutant strain isolate was examined. 
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Figure 3.  2D [1H, 13C] HSQC spectra of wildtype  

The assignments in the spectra are named using the following convention:  First letter and 

subscript indicate the specific residue as identified in Figure 1a.  The second number 

refers to the carbon/hydrogen atoms in the respective sugar rings.  Assignments were 

based on comparison to previous work (24). 

 



 126 

 

 

Figure 4.  pbx1Δ and pbx2Δ exopolysaccharide contain both the wildtype structure and 

aberrant structures 
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Exopolysaccharide from (A) pbx1Δ � (CM106), (B) pbx2Δ � (CM107), and (C) pbx1Δ 

pbx2Δ (CM084)were purified and 2D [1H,13C] HSQC spectra were acquired (left).  Each 

mutant spectra, in red, were overlaid on that of wildtype, in black, for comparison (right).  

Similar experiments using exopolysaccharide purified from the original partial deletion 

strains CM104 (pbx1Δ) and CM105 (pbx2Δ) resulted in similar patterns of cross-peaks 

(data not shown).  Exopolysaccharide from a single double mutant strain was analyzed. 
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Figure 5.  pbx1Δ and pbx2Δ exopolysaccharide contain glucose  

Carbohydrate composition of exopolysaccharide from (A) wildtype, (B) 

pbx1Δ � (CM106), (C) pbx2Δ � (CM107), and (D) pbx1Δ pbx2Δ (CM084) were determined 

by HPAEC-PAD after acid-hydrolysis using trifluoroacetic acid.  Percentages refer to 

percentage of carbohydrate mass in the sample. Exopolyssacharide purified from a single 

strain per genotype was analyzed for carbohydrate composition. 
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Figure 6.  Majority of glucose in pbx1Δ exopolysaccharide exists as terminal glucose  

Residue types found in (A) wildtype and (B) pbx1Δ (CM106) were determined using 

GLC-EIMS carbohydrate linkage analysis. Exopolyssacharide purified from a single 

pbx1Δ strain was analyzed by GLC-EIMS. 
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Figure 7. pbx1Δ and pbx2Δ are hypovirulent. 

8-10 mice (A/J) were infected intranasally with 5 x 105 cells of the indicated strain and 

progression to severe morbidity was monitored.  CM106 (pbx1Δ-1) and CM109 (pbx1Δ-

2) were generated in separate, independent biolistic transformations.  CM107 (pbx2Δ-1) 

and CM110 (pbx2Δ-2) were generated in separate, independent biolistic transformations.  

Infections with the partial deletion strains CM104 (pbx1Δ) and CM105 (pbx2Δ) yielded 

similar results (data not shown).  
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SUPPLEMENTARY FIGURES AND TABLES 
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Figure S2 – Predicted coding sequence for PBX1 and PBX2 
 
PBX1 
ATGCTCTTCCCCCTCAGCCTCCTTCTCCTTCATTTAACATCAACAGTTGC 
TGCAGCAACAACAAAATGCCTCGTATCTGGCGATCAGGATAGTATAAACA 
ATGCCTTGGCCCTCGGAGGCGAGGGCACCACAGTCACATTATGCCCAGGG 
TCTGTGCACAGGCTTAATTCTTCCATTATTTTCACGGCCCCTAGCCAAAC 
TCTCACGACTTTGGGTAATCCCAAAGACCGTAACAGGGCCATGCTCGTGG 
TGGATGGAGAAGATTTGGCATGCGCTATTAGAGCGGATTGCAAGCAATGT 
TCGCATGCAATGATCCGTTCTTTGGTAATAGATGGCAATAGACCACAATT 
ATTGAGAATACCCAAAGGGGATGCTTTGATAGAAGTAGGTAATGCAGAGA 
GCCAAACGGTGAGGGATTGTAAACTTTATGAACCAAGAGGATGGAGTGCA 
CTCCATTTCAGGGAGGGTGATGAGAGGCAATGTAGGTTTGGCCACATTTG 
T--GGATAATGAGATTGGGCCTTGTGGAGAAGAATGGGATGACGAGTATG 
ATAGTATGGACGAGACTAAGCCCTTATGGGGTAACCCTCGTGCAGACGGC 
ATCAGTCTTGCTTGTAAGGATTCCATCGTTGAACGCAACGTCGTATACGA 
CGCGACCGATGGCGCTATCGTCCTATTTGGCTCCGCCGGTTCCACAGTCA 
AAAACAACCACGTATATGCTCGCACCCGTGTCATCCTCGGCGGCATCAAC 
CTTGTGGACTATGAGCCGTGGGATGGAGATTACACTAATGTAAAGGTACA 
CCACAATCATCTCTACGCCCTGGGCAGATACTTTAAAGTCGGTATCGTCA 
TTGGCCCAGCTTCCTGGTCAGATGACACAGAAAGCGTTGTACATTCAGCA 
AGTGTCACTGATAACGAATTCTCGGGTGGTTACTGGGGATATGGGATAGT 
AGTAGCCTCGGCTAAAAACTTTGAGGTGCTGAGAAATAAAGTGATCTGGG 
ATGGAGAACAAGGAGTAGCCAGGTTCAGTGGCGTACCAGGAAGCAGGTGT 
CCCAAGGCTCCAGAGAACGGAAAACCTACCGCATTTCTCATTAACCGTGG 
AAGTGCCAAGGGGATATTCCAAGACGACTTTGTTAATGGTGAAGTTCAGC 
ACATCATCTGTTTGAACCCCGATCAGGATCCACCGTATAAACCATGGAGA 
TTCAGGGATTCTCCAGAGGCCATCGCTGCCAAGCAAGCAGAGAATCCTAC 
CGCGAACTCGGCATTTGACTCTCGCATAGCAGAAGCCCTGGTCAGCTACC 
AAATGTCGTTGCTTAATTCTATGGATGCAATGACTCAGAAAGTCGAGCAC 
CTTACGAATCCGATCGTCGACGATGCGTTACCATTCGTACACGAACATGA 
ACGCGCCGAAGCGGACAAAAAGGCTAGGCAAGAAGCGAGCAGAAAAGAAA 
AGGAGAGTGGGAATAAAGATGTGGATATGTTGAATGTCAAAGTAGAGGAA 
CTTGAAAAGAGCGGTAGAAGGTTGAAAAAAGCTTTAGATGGCTTGAAGAG 
CGATTTTGAAGGTTTATCGGGGAGGCTCAAAAAAAGCGCCGACGAAAACA 
AGCCAATCATTGAAACAATTTTTGTTACTTCCCAGAATTTGCTCCTTGGG 
GCAACTTCTCAACAGAACCTCATCAGTCGGTCATTGGACGGTGCTTATTC 
TGGGCCTTCTTTTGCAAGTGCCCTAGGGGGGATGGTAGGGATCGCAGTCA 
GCATTGTGATCGCAAAGCGATTAAGGAGGTGGTGGGTGATGAGGGAGAAG 
GCTAGGAGCAATAAATGGTCTTGA 
 
 
PBX2 
ATGGCTGTCAGCCCTCTACCGAGCTCTACCGAGCTTGTCTTCTATTCCCA 
AAAACGTAGGCGGCGGCGCATCTGCTCGACCGCAACTGGCAGTCTTTCCA 
CCCCTGACCCTACACGAATGACTTCTGATCCTTACAAGCGCGTCGGGATG 
CGCTTTTCATCAGTCCCTCGCCTCCTAATCACCTTCCTATCTCTCCTGCT 
GCTTGTATCGGCCGCACCGCCATGCGTACGTTTTGCAGACTACGATTCCA 
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TCAACCAGATGTTCATTGATGGCGGACCGGGAACCAAAGTTCTACTTTGT 
CCTAATCGTCTTTACCGACTCTCTGGTCCCATCATTTTTACAGCAGCGGA 
CCAGGAGATTGCAACCTATGGCTATCCCACTGGCTCAGAACGTGCTGTCC 
TCCGCGTGGAGGGCAGAAACACTGCGACAGCGATCCAGGGAGACTGTCGA 
CGATGTGCGAGAGTCTCCGTAAAAAATCTAGTGGTTGACGGAAATAGAAA 
GAAGCTAGGGCGTATGCGAGACTTCCAGCTTGCAACAGGCCTTGTTGTTC 
TCGGTGGAAATGAAGGCCAGAGTATTCAGAATTCTTGGATCAAGAATCCT 
CGGGGCTTCACGGCTATCCATATCCGAGAAGGTGACAAACTTCAGTGTAG 
CGGTGCTAGAGTAGAGAAGAACGAGATTGGCCCTGTAGGAGAAGAGTACG 
ATCCGGAGAAAGATGGGGACGACCCAGAAATGTCTCCGCTCGGTCGGCCT 
CTTGCAGACGGTGTTTCCATCGCATGCCGAGATTCTTTCATTCGCGACAA 
TACCTTTCGCGATAATACTGATGCGGCTATCGTCGTTTACTGCTCGCCAG 
GTACTCTCATCCACGCCAACCATATCTTCGCGCAATCTCTTTCTGCGATG 
GCTGGTATCTTGATGGTGGATTCAACGCCGTTTAACGGTGATTATACTGG 
CACTGTAGTCAGATCCAATATCATTGATGCTGTCTCGCGTACTATTCGCG 
TAGGCATCGGGATCGGGCCTACCGTATGGTCGGATGACACGGAAACAATA 
CTTACAGGAGGCAGTGTCATTGGCAATGGATTAAAGGGGAGATATATGGG 
ATATGGAATTGCGGCAGCTGGACTAAAACAGTGGACGATCAAGGACAACT 
GGGATGAAGCCAAACACGAGGGAAGAAAGAGTGCGAGATGCTTCGATGAG 
CCAGTCAACCCAGACCCAATAGGGCTTCTTTATAACCGACCAACGATGGA 
GGATTGCACTGTTCAGTCAGGGTTTGCGGACCATGACTTCCAATATCTCG 
TCTGTATTGATGGACTTTATGACAAAACAAACCCTCCCAAGCACGACCCC 
GCTCCTCTAGCTCATGATCCATCCCCGACAAATGCGCAGGAGGA---CAA 
TACTGTGCAGCAAGATGGTGGTGACTCTAAATCTAAATCTATCGAGCAAC 
CCAGGGAAGCGAGCGACATCGAGGCTGAGCCATCTGTCGAGAAGATGTTT 
TCAACAGGCTCGGAGATGATGGATGATGTCCTTGAACATTCTCATCAAAG 
GATGCATGAGGTCATTGACCACCTGAGTAGGAGAATTGATATCTTGGGTG 
CTGCGAGCGCGGGTAAAGGAAGTGGGGATTCCAAAATTTCTGAAGTCTTG 
GATCCTGCCATGTCATCACATTTGGAGAAGTTGCAAAGGAAGATAGAGCA 
TCTTGAATTCTCCCTTCGTTCTCAAATTGAGACTGCCATCCAACTTCGTT 
CCGCCATCCAAGGATGGGACCAGGAAATGGCTTTGGTTACAGATTGGGAA 
TATGATATCCTTTTAGATGTCCGTCATAAACTGGAGTTATCATCGTACCC 
TCATGATCAGCCGCTTGATCCCAGACTCATGCGTGGTCAAAGTTATCTAA 
ACAACGAAGCCGTACTTGTCGATGATCATTCGCATCCTTCTCTTGAGGGT 
GAGAATCTACGCGCGATGAGCGATCGGGCACGGCTCAATGCGAATGAAGA 
GGCGGGATCACGTGCAAGTGTTTTGCATGTTGGCTTAATAGGAGGAGGCG 
TGATAGCATTGGCCTGGGTAGGATTGCGCTGGTGGAGAAAGAGGAAAGTC 
CATGGGAAGCTTCTGTGA 
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TABLE S1 – Strains used in this study 

 
 

Strain Name Genotype 

Primer Set Used to 
Generate KO 
Construct 

Parental 
Strain 

CM018 H99   
CM104 pbx1Δ::natR CN966 CM018 
CM105 pbx2Δ::natR CN4654 CM018 
CM106 pbx1Δ::natR (pbx1Δ−1) CDS_873 CM018 
CM107 pbx2Δ::natR  (pbx2Δ−1) CDS_5151 CM018 
CM084 pbx1Δ::natR pbx2Δ::neoR CDS_5151 CM106 
CM108 cap59Δ::natR CN605 CM018 
CM109 pbx1Δ::natR (pbx1Δ−2) CDS_873 CM018 
CM110 pbx2Δ::natR  (pbx2Δ−2) CDS_5151 CM018 
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TABLE S2 – Primers used in this study 

 

Primer 
Name 

Used to 
create: 

Primer Sequence 

5'-NAT-10  CCGCTGCTAGGCGCGCCGTGAGCTGCGAGGATGTGAGCTGG 
3'-NAT-10  GCAGGGATGCGGCCGCTGACAGAGCTCCACCGCGGTGGCGG 
5'-HYG-10  CCGCTGCTAGGCGCGCCGTGACAGGAAACAGCTATGACCATG 
3'-HYG-10  GCAGGGATGCGGCCGCTGACACGTTGTAAAACGACGGCCAGT  
VER-5-3  GAATCCTGCATGCTTATGTG 
VER-3-2  CATGGCTCCTTGTCTCTGAA 
HYG-VER-3  CGAAACAGGTCCATCTTTGTCTGC 
CN966-V5 CM104 AAAATATCCGTCTCATCTTCAGAT 
CN966-W1 CM104 CACTTTGGCACCTTATAACAAGGC 
CN966-W3 CM104 CACGGCGCGCCTAGCAGCGGAGCAATACCATCAAAAAGGGCTTTT 
CN966-W4 CM104 GTCAGCGGCCGCATCCCTGCAAGGCTCCAGAGAACGGAAAACCTA 
CN966-W6 CM104 CATCTAAATTCGAATTATCTGATC 
CN966-V3 CM104 ATCAATCCGGTTTACTTTCCAAGA 
CDS_873-V5  CM106, CM109 GAGATGAGACTACTTTGAGCCATG  
CDS_873-W1  CM106, CM109 TTGATTTGTTGGAATTGGTATATG  
CDS_873-W3  CM106, CM109 CACGGCGCGCCTAGCAGCGGAGGTGGTGAATGGACGCAGAGCCGG 
CDS_873-W4  CM106, CM109 GTCAGCGGCCGCATCCCTGCAAGGATCAGATAATTCGAATTTAGA 
CDS_873-W6  CM106, CM109 GGACCGTGCTGATTGAGATATCAC  
CDS_873-V3  CM106, CM109 TGGTGACAGCTGTGTTTGGTAAGT 
CN4654-V5 CM105 ACGAATGAAACAAATAGCCACTCC 
CN4654-W1 CM105 GTAGTAGACGGCTTGAGATTGAAC 
CN4654-W3 CM105 CACGGCGCGCCTAGCAGCGGAATGGCGGTGCGGCCGATACAAGCA 
CN4654-W4 CM105 GTCAGCGGCCGCATCCCTGCATAAAACAGTGGACGATCAAGGACA 
CN4654-W6 CM105 ACAAGTACGGCTTCGTTGTTTAGA 
CN4654-V3 CM105 CGCGTAGATTCTCACCCTCAAGAG 

CDS_5151-V5  
CM107, 
CM110, CM084 AGCACCGATGCCCGAGCCACCTAG 

CDS_5151-W1  
CM107, 
CM110, CM084 GGACATTTTAAAGGGCGAACTGTA  

CDS_5151-W3  
CM107, 
CM110, CM084 CACGGCGCGCCTAGCAGCGGATTTGTCTTCTGGGGGTATGCGGAG 

CDS_5151-W4  
CM107, 
CM110, CM084 GTCAGCGGCCGCATCCCTGCAGTGATTTTAGACTTCTTATAGTAT  

CDS_5151-W6  
CM107, 
CM110, CM084 TGATGGAACCAACTATCACTATAT  

CDS_5151-V3  
CM107, 
CM110, CM084 AGATGGCATAGATGACGAGTCCTA 

CN605-V5 CM108 CGATCATTGATTATTAATTATAAA 
CN605-W1 CM108 GTTGTGCTTTGGGTCATTGCCATG 
CN605-W3 CM108 CACGGCGCGCCTAGCAGCGGATGATCTGGGAGCGCTGTAGACGGG 
CN605-W4 CM108 GTCAGCGGCCGCATCCCTGCATAGACATTTCGACCCAGTCCCATG 
CN605-W6 CM108 AATTACACCCTCACTCGTCGCTCA 
CN605-V3 CM108 TTTTATTCCGGCCCCCCTTTACAC 
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Table S3 – Quantitation of HPAEC-PAD carbohydrate composition analysis shown 
in Figure 5 
 

H99 
Residue Relative Area 

Glc 1.0% 

Man + Xyl 90.3% 

GlcA 8.7% 
 
 

pbx1Δ  

Residue Relative Area 
GlcNH2 1.0% 
Gal 2.7% 
Glc 27.4% 
Man + Xyl 60.2% 
GlcA 8.8% 
 
 

pbx2Δ  

Residue Relative Area 
GlcNH2 1.3% 
Gal 1.6% 
Glc 9.0% 
Man + Xyl 78.2% 
GlcA 9.9% 
 
 

pbx1Δ  pbx2Δ  

Residue Relative Area 

GlcNH2 1.6% 

Gal 1.6% 

Glc 16.9% 

Man + Xyl 70.1% 

GlcA 9.9% 
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CHAPTER 4 

 

A link between virulence and homeostatic responses to hypoxia during 

infection by the human fungal pathogen Cryptococcus neoformans 
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ABSTRACT 

Fungal pathogens of humans require molecular oxygen for several essential biochemical 

reactions, yet virtually nothing is known about how they adapt to the relatively hypoxic 

environment of infected tissues.  We isolated mutants defective in growth under hypoxic 

conditions, but normal for growth in normoxic conditions, in Cryptococcus neoformans, 

the most common cause of fungal meningitis.  Two regulatory pathways were identified:  

one homologous to the mammalian SREBP cholesterol biosynthesis regulatory pathway 

and a two-component-like pathway involving a fungal-specific hybrid histidine kinase 

family member, Tco1.  We show that cleavage of the SREBP precursor homolog Sre1—

which is predicted to release its DNA binding domain from the membrane—occurs in 

response to hypoxia and that Sre1 is required for hypoxic induction of genes encoding for 

oxygen-dependent enzymes involved in ergosterol synthesis.  Importantly, mutants in 

either the SREBP pathway or the Tco1 pathway display defects in their ability to 

proliferate in host tissues and to cause disease in infected mice, linking for the first time 

hypoxic adaptation and pathogenesis by a eukaryotic aerobe.  SREBP pathway mutants 

were found to be a hundred times more sensitive than wild-type to fluconazole, a widely 

used antifungal agent that inhibits ergosterol synthesis, suggesting that inhibitors of 

SREBP processing could substantially enhance the potency of current therapies.    
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INTRODUCTION 

 Microbial pathogens must overcome numerous blocks to infection to successfully 

colonize a host.  It has been hypothesized that one of these barriers is hypoxia.  Oxygen 

levels in mammalian tissues are found to be considerably below atmospheric levels (1-3).  

Moreover, inflammation, thrombosis, and necrosis associated with infection are thought 

to lead to increased degrees of hypoxia (4, 5).  While many pathogenic microbes are 

facultative or obligate anaerobes, a number of major bacterial and fungal pathogens are 

classified as obligate aerobes.  Among these are the bacterial species Neisseria 

meningiditis, Pseudomonas aeruginosa, Mycobacterium tuberculosis, and Bordetella 

pertussis.  In N. meningitidis and B. pertussis, mutants in homologs of the E. coli 

hypoxia-responsive regulator FNR are attenuated in experimental animals, consistent 

with a role for hypoxic adaptation in virulence (6, 7).  Microarray analysis indicates that 

in N. meningitidis FNR activates genes encoding proteins involved in sugar 

transport/utilization, cytochromes, and denitrification enzymes that may promote usage 

of nitrate and nitrite instead of oxygen as a terminal electron acceptor during oxidative 

phosphorylation of ADP (6).  In contrast, a M. tuberculosis mutant defective in a nitrate 

reductase required for hypoxic growth in vitro was not attenuated in vivo (8).  

 In the fungal kingdom, some pathogens, such as Candida albicans, are capable of 

anaerobic fermentation in rich medium, but even in these species, molecular oxygen is 

thought to be essential for synthesis of ergosterol, NAD, and heme—molecules likely to 

be scarce in the host mileu and therefore difficult to obtain.  In bacterial pathogens, NAD 

and heme synthesis can be catalyzed by alternative oxygen-independent pathways and 

sterol synthesis is thought to not exist (9, 10).  Therefore, hypoxia should in principle be 
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a far more significant challenge for fungal than bacterial pathogens; yet it is unknown for 

any pathogenic fungi whether adaptation to hypoxia is necessary for virulence and there 

is currently very little information on the nature of corresponding adaptive mechanisms. 

 Research in C. albicans has recently identified a pathway that appears to be 

involved in the response to hypoxia (11).  A subset of hypoxia-regulated genes depend on 

the transcription factor Efg1 for their regulation, including those encoding proteins 

involved in fatty acid synthesis (e.g. OLE1).  However, the significance of these findings 

in relation to hypoxia in the host is unclear; Efg1 has been characterized as a repressor of 

filamentous growth under hypoxic conditions and efg1/efg1 strains appear to be more 

invasive in murine tissue, yet in survival studies efg1/efg1 displays a similar virulence as 

wild-type.  This suggests that hypoxic conditions are present in host tissues, but that there 

may be multiple pathways involved in successful adaptation to low oxygen levels. 

 Recent work in the nonpathogenic ascomycete fission yeast S. pombe has shown 

that a pathway homologous to the mammalian SREBP pathway is important for hypoxic 

adaptation (12, 13).  In the mammalian pathway, sterols negatively regulate the release of 

a transcriptionally active, soluble DNA-binding portion of the SREBP transmembrane 

precursor protein through regulation of two proteolytic steps, one lumenal and one 

intramembrane  (14).  Proteins required for cleavage of the mammalian SREBP precursor 

include SCAP, Insig, Site-1-protease, and Site-2-protease (14).  SCAP interacts with 

SREBP to regulate its cleavage and contains a domain thought to directly bind sterols, 

Insig negatively regulates SCAP, Site-1-protease is a member of the Kex2 family of 

lumenal proteases, and Site-2-protease is a metalloprotease responsible for 

intramembrane cleavage of the precursor (14).  The S. pombe SREBP-like pathway 
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controls the expression of genes involved in ergosterol synthesis, and the available 

evidence suggests that hypoxia signals the SREBP-like pathway by reducing sterol levels, 

which, in turn, promotes the processing of the SREBP homolog, Sre1 (12, 13). 

 One way of assessing whether a particular property of a pathogen is involved in 

virulence is to identify mutants defective in that property and then assess the 

pathogenicity of that mutant in an animal model of infection.  For example, early work in 

C. albicans demonstrated that an engineered nonfilamentous mutant displayed greatly 

reduced virulence, providing initial evidence for a link between filamentous growth and 

virulence (15).   

 We have used the genetically tractable haploid human pathogenic yeast 

Cryptococcus neoformans to probe the role of hypoxic adaptation in fungal virulence.  C. 

neoformans is an obligate aerobe that causes meningitis and other infections in 

immunocompromised individuals (16).  It exists as four distinct serotypes which are 

classified into three groups:  C. neoformans var grubii (serotype A), C. neoformans var 

gatii (serotypes B and C) and C. neoformans var neoformans (serotype D).  Together, 

these groups are estimated to cause between 15 and 40% of the 3.1M annual deaths from 

HIV/AIDS; serotype A isolates are associated with >90% of infections (17, 18).  For the 

studies described below, we used the clinical serotype A isolate, H99. 

 

RESULTS AND DISCUSSION 

 As part of an ongoing gene disruption project, we have generated targeted 

knockouts of ~1200 C. neoformans genes (O.W.L., E. Chow and H.D.M., manuscript in 

preparation).   We screened this collection for mutants that displayed sensitivity to 
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hypoxia, and we report here the characterization of four genes required for hypoxic 

adaptation.  Among these are homologs of proteins that act in the mammalian SREBP 

pathway.  We identified hypoxia-sensitive mutants in Cryptococcal homologs of SREBP, 

Site-2-protease, and SCAP, which we respectively name Sre1, Stp1, and Scp1 (Figs. 1 

and 2A).  Significantly, the basic helix-loop-helix (bHLH) DNA-binding domain of Sre1 

contains a conserved tyrosine residue (Fig. 2B) that is specific to the SREBP family of 

bHLH transcription factors (19).  We generated two independent knockouts of the genes 

encoding Sre1, Stp1, and Scp1, and in each case, independent disruptions produced a 

hypoxia-sensitive phenotype (Fig. 1).     

 As mentioned in the Introduction, it has been shown that in S. pombe, homologs 

of SREBP and SCAP are critical for survival under hypoxic conditions (12, 13).  Our 

identification of a similar role for these components in the basidiomycete C. neoformans 

suggests broad conservation of this adaptive mechanism across the fungal kingdom.  

Interestingly, the closest C. albicans homolog to Sre1 is Cph2, a transcription factor 

previously characterized to regulate hyphal development by binding elements in the DNA 

similar to those bound by SREBP in the mammalian system (20).   Examination of 

available databases yielded no clear homolog of Site-2-protease in the S. pombe genome 

sequence or in the genomes of fungi other than C. neoformans, suggesting that either this 

component of the SREBP pathway does not exist in those species or has diverged to a 

point where it is no longer recognizable.  We were also unable to identify a homolog of 

Insig in C. neoformans, yet a clear homolog exists in S. pombe (13).  Finally, no ortholog 

of Site-1-protease is apparent in either genome; this function may be carried out by 

homologs of Kex2 present in each genome.   
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 In addition to components of the Sre1 pathway, we identified a hypoxia-sensitive 

mutant in Tco1, a member of a highly conserved family of fungal-specific histidine 

kinases (Fig. 1).  Tco1 has been shown previously to be required for virulence, yet the 

basis for this requirement has not been elucidated (21).  Paradoxically, Tco1 negatively 

regulates the expression of a known virulence factor, melanin formation, and, 

redundantly with Tco2, positively regulates the HOG MAPK pathway, which is 

dispensable for virulence (21). We generated a second independent knockout of TCO1 

which confirmed the hypoxia sensitivity of this mutant.  Significantly, a tco1Δ sre1Δ 

double knockout is more sensitive to hypoxia than either single mutant indicating that 

Tco1 functions in a pathway parallel to the SREBP pathway (Figure 1). 

 Homologs of Tco1 with diverse functions have been described in a number of 

ascomycete fungi (Fig. 2C).  One of these, Drk1, has been recently shown in the human 

fungal pathogen Blastomyces dermatiditis to be required for temperature-regulated 

dimorphism and pathogenesis; its potential role in hypoxic adaptation was not reported 

(22).  A close homolog of Drk1 exists in H. capsulatum that is also involved in 

temperature-regulated dimorphism (22).  It was proposed that Drk1 is a transmembrane 

sensor that contains an N-terminal domain containing two transmembrane domains.  

However, analysis of Drk1 using the SMART database (Fig. 2C) indicates that, instead, it 

contains a series of six tandem HAMP domains characteristic of the fungal-specific 

subfamily of histidine kinases, and is therefore more likely to be a soluble signaling 

protein.  HAMP domains are found in a large number of signaling proteins, and, in one of 

these proteins, forms a four-helix bundle that may transduce signals via rotation of the 

helices (23).   In contrast to dimorphic fungi such as B. dermatiditis, C. immitis, and H. 
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capsulatum, C. neoformans grows as a yeast both in the environment and in the host, 

suggesting a distinct role in virulence for Tco1 compared to its ascomycete orthologs.   

 As with mutants in the Sre1 pathway, cells lacking Tco1 grow normally at 37°C 

in minimal (YNB) or rich (YPD) media under normoxic conditions, suggesting their 

defects in virulence are not due to a general growth defect (Fig. 3A).   We examined two 

characteristics believed to be important for virulence in C. neoformans, its polysaccharide 

capsule and its ability to melanize. We observed no defect in the formation of the 

polysaccharide capsule in any of the mutants (Fig. 3B).  Mutants in the SREBP pathway 

display a slight defect in melanization under normoxic conditions and, as previously 

reported, mutants in TCO1 display hypermelanization (Fig. 3C).  A tco1Δ sre1Δ double 

knockout also displays a slight defect in melanization. 

 In fission yeast, processing of Sre1 occurs in response to hypoxia (13).  To test 

whether this was the case in C. neoformans, we used homologous recombination to 

precisely insert three tandem copies of the FLAG epitope tag into the Sre1 coding 

sequence upstream of the predicted DNA-binding domain (Fig. 2A).  We assessed the 

processing of the protein by immunoblotting SDS-PAGE-fractionated extracts that were 

prepared from cells grown under normoxic versus hypoxic conditions (Fig. 4).  In 

response to hypoxia, a lower molecular weight form of Sre1 could be detected.   

In the mammalian system, the cleavage releases SREBP from the ER-Golgi membrane, 

allowing it to then enter the nucleus and induce transcription of genes.  It therefore 

seemed likely that hypoxia-dependent cleavage of Sre1 in C. neoformans would 

correspond to up-regulation of hypoxia-regulated genes.  To test this, we used whole-

genome microarray-based transcriptional profiling.   We found that that the response of 
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wild-type to hypoxic conditions involved induction or repression of 347 genes in 

response to hypoxia.  These included the up-regulation of homologs to genes involved in 

stress and carbohydrate uptake/metabolism, similar to what was seen in S. cerevisiae 

(24), S. pombe (12) and C. albicans (11) (select categories presented in Table 1, full 

dataset available in Supplementary Table S3), While in S. cerevisiae, S. pombe and C. 

albicans genes encoding respiratory proteins were down-regulated in response to 

hypoxia, in C. neoformans these genes were up-regulated, perhaps reflecting its position 

as an obligate aerobe.  Similar to what has been described in other fungi, homologs to 

genes involved in sterol/heme/fatty acid metabolism were also up-regulated in C. 

neoformans in response to low oxygen conditions, including homologs to the genes 

ERG1, ERG3, ERG5, ERG25, HEM3, HEM13, SCS7, SUR2, and OLE1.  Categories of 

genes down-regulated in response to hypoxia included proteins involved in translation, 

vesicle trafficking, cell wall and capsule synthesis (CAP64 and CAP60). 

   Interestingly, a comparison in expression levels between wild-type and sre1Δ-2 

grown under normoxic conditions identified only two genes as having significant 

differences in regulation between the two strains: SRE1 itself and ERG5, a C-22 sterol 

desaturase involved in sterol synthesis.  While ERG5 requires Sre1 for full expression 

under normoxic conditions, it does not require Sre1 for its induction under hypoxic 

treatment (Fig. 5B).  We determined that of the 347 genes that were induced or repressed 

in wild-type by hypoxic treatment, 54 required Sre1 for their induction or repression 

(Supplementary Table S4, summarized in Figure 5A). Of the subset denoting hypoxia-

induced genes with weaker induction in sre1Δ-1 than in wild-type, the greatest difference 

in expression between wild-type and mutant were in the two genes ERG1 and ERG3.  
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Strikingly, these genes encode for homologs to oxygen-dependent ergosterol biosynthetic 

pathway enzymes:  ERG1 encodes squalene expoxidase and ERG3 encodes C-5 sterol 

desaturase.  Both of these enzymes require molecular oxygen for their catalytic activities.  

We confirmed these data using quantitative reverse transcription-PCR (RT-QPCR) 

analysis (Fig. 5B).    

 We also performed similar experiments in strains lacking Tco1.  In contrast to 

mutants in Sre1, the tco1∆ mutant did not show detectable defects in the regulation of 

mRNA levels for any of the 347 hypoxia-responsive genes (data not shown).   Thus, this 

kinase appears to function independently of transcription to mediate hypoxic adaptation, 

and we speculate that it may act post-transcriptionally.  The phenotype of tco1Δ is 

specific in that strains containing disruptions of the other five histidine kinases encoded 

by the C. neoformans genome do not demonstrate sensitivity to hypoxia (C.D.C., 

unpublished observations). 

 Having identified mutants in two apparently distinct regulatory pathways required 

for hypoxic adaptation, we tested their effects on growth and virulence in infected 

experimental mice.  To assess the effects on proliferation and survival in the host, we 

infected mice with 1:1 mixtures of wild-type and mutant cells and examined their relative 

representations in various tissues after a fixed period of time.  Two infection routes were 

tested, intravenous and intranasal. 

In the intravenous competition experiments, animals were sacrificed 10 days post-

infection and the proportion of mutant cells in the lungs, brains, and spleens were 

determined.  As shown in Fig. 6A, knockout mutants in SRE1, SCP1, STP1, and TCO1 

showed a dramatic and reproducible defect in their ability to proliferate in lungs relative 
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to wild-type cells.  While they represented ~50% of the cells in the inoculum, the mutant 

cells made up only ~5% of the cells recovered from the lungs.  A more moderate and 

variable defect was observed in the brains and spleens.  As a control, we co-infected 

wild-type with a knockout mutant in SXI1, a gene involved in cell identity and sexual 

differentiation that is not expressed in non-mating cells and is dispensable for virulence 

(25, 26).  In these control experiments, sxi1Δ represented ~50% of the cells in the 

inoculum and ~50% of the cells recovered from the various tissues. 

 In the intranasal competition experiments, animals were sacrificed 21 days post-

infection and the proportion of mutant cells in the lungs was determined.  Again 

knockout mutants in SRE1, SCP1, STP1, and TCO1 showed a significant and 

reproducible defect in their ability to proliferate in the lungs relative to wild-type cells 

(Fig. 6B).  A control infection using a 1:1 mixture of wild-type and sxi1Δ showed equal 

proliferation between wild-type and mutant.  We also performed a co-infection using a 

mixture of wild-type and a knockout mutant in LAC1, which encodes for the laccase 

primarily responsible for melanin synthesis (Fig. 6B).  As previously reported, the lac1Δ 

mutant, which is completely defective in melanization (Fig. 3C), displayed normal 

proliferation in the lungs (27). 

 A role for Tco1 in virulence was established previously using an intranasal 

inoculation assay (21).  To assess the role of SREBP pathway components in virulence, 

we inoculated 8-10 animals per strain by tail vein injection with two independently 

generated knockout mutants in SRE1, SCP1, and STP1 and monitored the mice for 

progression to severe morbidity.  As shown in Fig. 6C, each of the mutants displayed a 
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similar and significant decrease in virulence.  Thus, like the Tco1 pathway, the SREBP 

pathway plays a demonstrable role in pathogenesis. 

 Azole antifungals are perhaps the most widely used agents for the treatment of 

fungal infections worldwide.  They are thought to act solely as inhibitors of lanosterol-

14α-demethylase, encoded in S. cerevisiae by ERG11, another oxygen-dependent 

enzyme in the ergosterol biosynthetic pathway.  Our microarray analysis suggested a role 

for Sre1 in activating transcription of genes encoding several oxygen-dependent enzymes 

of this pathway, whereas Tco1 was dispensable.  If these effects were relevant to growth, 

mutants in the Sre1 pathway should be sensitive to fluconazole treatment.  Indeed, we 

found that mutation of SRE1, STP1, or SCP1 results in a dramatic increase in sensitivity 

to fluconazole under normoxic conditions:  ~100X lower concentrations of fluconazole 

were required to inhibit their growth compared to wild-type (Fig. 7).  In contrast, a 

knockout mutant of TCO1 displayed a sensitivity that was identical to that of wild-type.  

 Fungal pathogens require molecular oxygen for the biosynthesis of several 

molecules, making hypoxic host tissues an inhospitable environment.  Using the obligate 

aerobic human pathogen C. neoformans as a model, we have identified two pathways that 

are required for hypoxic adaptation and virulence.  We show that an SREBP-like pathway 

in C. neoformans is activated by hypoxia, is required for hypoxic adaptation, and controls 

the expression of oxygen-dependent enzymes in the ergosterol biosynthetic pathway.  

The Sre1 pathway acts in parallel with a pathway controlled by the histidine kinase 

homolog Tco1 in hypoxic adaptation.  Importantly, analysis of mutants clearly 

demonstrates both are required for pathogen growth/survival in experimental animals and 

for virulence, which strongly suggests a link between hypoxic adaptation and 
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pathogenesis.  The simplest interpretation of our data is that the pathogen experiences 

hypoxia in the host to which it must adapt in order to cause disease. 

 Transcription of OLE1, which encodes for a Δ9-fatty acid desaturase in S. 

cerevisiae, is regulated in a manner that shows remarkable parallels to the Sre1 pathway.  

In response to low levels of oxygen or of unsaturated fatty acids, a proteolytic cleavage 

event releases the putative transcription factors Mga2 from the ER membrane, allowing 

up-regulation of OLE1 transcription (28).  Our microarray data has indicated that OLE1 is 

also up-regulated in C. neoformans in response to hypoxia, although in an Sre1-

independent manner, suggesting that there are multiple pathways required in the response 

to low oxygen levels which may also play a role in the organism’s virulence. 

 Although our results show that hypoxia-sensitive mutants in two distinct 

pathways are defective in virulence, it is conceivable that the dual requirement for the 

Sre1 and Tco1 pathways in virulence reflects defects other than hypoxic adaptation in the 

corresponding mutants.  However, our data argue that the requirement for these pathways 

cannot be explained by a trivial requirement for either pathway for growth in minimal 

media at 37°C (Fig. 3A).  Furthermore, the mutants do not display gross defects in 

capsule formation, and they display phenotypes during murine infection distinct from 

those defective in the production of two other virulence factors, melanin and urease (27, 

29).   Specifically, while SREBP pathway mutants display a slight defect in melanin 

formation, their reduced growth in the lungs of mice infected intranasally contrasts to that 

of lac1∆ mutants which are completely defective in melanization yet display normal 

proliferation in the lungs both in published work (27) and in our hands (Fig. 6B).  

Likewise, mutants defective in urease activity have been reported to not display a defect 
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in proliferation in the lungs (29), in contrast to the effects of sre1∆ and tco1∆ mutants 

reported here.  While distinct from mutants defective in melanin and urease production, 

the tissue proliferation/survival profiles of SREBP and Tco1 pathway mutants are similar 

to each other (Fig. 6), consistent with a common mechanism underlying their virulence 

defects.  For each mutant strain tested, we observed an increased severity in proliferation 

in the lungs compared to the brain or spleen.  There are at least two non-mutually 

exclusive explanations for this observation.  First, the hypoxic conditions within the lungs 

may be more severe than in the brain or spleen, perhaps due to the fact that the lungs are 

the predominate site of inflammation.  The influx of immense numbers of alveolar 

macrophages into the lung tissue may consume most of the oxygen locally present, 

generating a severely hypoxic microenvironment that is deleterious to the growth of 

hypoxia-sensitive strains.  Second, the active killing of fungal cells by alveolar 

macrophages may amplify differences in growth rates between wild-type and mutant 

cells.  In the brain and spleen where there is believed to be a less active immune 

response, these differences may be subtler.  Currently, our data are unable to distinguish 

between these possibilities. 

 The remarkable sensitivity of Sre1 pathway mutants to fluconazole is relevant for 

two reasons.  First, it suggests that the effectiveness of antifungals that target ergosterol 

biosynthesis may in part be aided in vivo by the sensitivity of ergosterol synthesis to 

hypoxic conditions.  This model may explain observations in otherwise puzzling reports 

showing that while fluconazole blood levels typically only reach 10-20 µg/ml, successful 

treatment of Candida albicans isolates that display in vitro resistance towards 

fluconazole (MIC>50 µg/ml) can be achieved in a substantial fraction of cases (30).  It 
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may be that hypoxic conditions in vivo lower the effective concentration of the drug 

required to clear the infection.  Second, our data suggests that if inhibitors of the Sre1 

pathway could be developed, they would strongly synergize with ergosterol pathway 

inhibitors such as azoles in the treatment of cryptococcal infections.  Given that 25% of 

North American isolates of C. neoformans are now resistant to fluconazole (31), the 

development of augmentative therapies may be of utility.  
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METHODS 

 

Strains and Media 

Cryptococcus neoformans serotype A strain H99 (a kind gift of Dr. J. K. Lodge) was used 

as wild-type.  Strains were grown in rich media, YPD (1% yeast extract, 2% Bacto-

peptone, 2% glucose, 0.015% L-tryptophan, 0.004% adenine) or minimal media, YNB 

(0.45% Yeast Nitrogen Base w/o amino acids w/o ammonium sulfate, 1.5% ammonium 

sulfate, 2% glucose).  The strains used in this study are listed in Table S1. 

 

Generation of Knockout Strains. 

 The wild-type H99 strain was transformed using biolistic techniques as previously 

described (32).  The gene-specific deletion constructs were generated with the primers 

listed in Table S2 using overlap fusion PCR.  Specifically, the nourseothricin (NAT) 

resistance (natR) cassette was amplified from plasmids derived from pHL001 using the 

primers 5’NAT-10 and 3’NAT-10.  This cassette was targeted to delete specific genes by 

fusing the cassette to the genomic sequences flanking the target gene.  These flanking 

sequences were amplified from H99 genomic DNA by PCR using the ***-W1 and ***-

W3 primers to amplify a ~1kb region 5’ to the target gene and the ***-W4 and ***-W6 

primers to amplify a ~1kb region 3’ to the target gene.  The two flanking regions and the 

natR cassette were fused into one product using PCR and biolistically transformed.  

Transformants were selected on YPD agar plates containing 100 µg/ml NAT.  sre1Δ-1 

was generated using the CN4363 set of primers and deletes a portion of SRE1 including 

the DNA binding domain.  sre1Δ-2 was generated using the CDS_5817 set of primers 
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and deletes all of SRE1.  scp1Δ-1 was generated using the CN1329 set of primers and 

deletes a portion of SCP1 including transmembrane domains.  scp1Δ-2 was generated 

using the CDS_2788 set of primers and deletes all of SCP1.   stp1Δ-1 and stp1Δ-2 were 

both generated using the CDS_3547 set of primers which deletes all of STP1. stp1Δ-1 

and stp1Δ-2 were independently generated in separate biolistic transformations. tco1Δ-1 

was generated using the CN1538 set of primers and deletes all but ~200bp at the 5’ end 

of the ORF.  tco1Δ-2 was generated using the CDS_3015 set of primers and deletes all of 

TCO1. sxi1Δ was generated using the CN5693 set of primers and lac1Δ was generated 

using the CN2897 set of primers.  Both of these deletions result in a complete deletion of 

the gene.  Strains referred to as complete deletions may leave intact small portions of the 

5’ or 3’ ends of the ORF due to ambiguities in the annotation, but are not likely to retain 

any function.  The recombination events were verified by PCR using the ***-V5 and 

VER-5-3 primers to detect the 5’ integration event and the ***-V3 and VER3-2 primers 

to detect the 3’ integration event.  The tco1Δsre1Δ double mutant was generated by using 

a neomycin (NEO) resistance (neoR) cassette which was amplified from the plasmid 

pJAF1 using the primers 5’NAT-10 and 3’NEO-10.  The neoR cassette was fused to 

flanks generated using the CDS_5817 set of primers.  This knockout construct was then 

transformed into the tco1Δ-1 strain.  Transformants were selected on YPD agar plates 

containing 200µg/ml G418.   

 

Generation of the 3xFLAG-tagged SRE1 strain. 

 Three copies of the FLAG epitope plus linker sequence (REQKLEL-3xFLAG-

GSGSGS) were inserted between A313 and A314 of Sre1 just upstream of the predicted 
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DNA binding domain.  Insertion of the 3xFLAG construct was performed by biolistically 

transforming H99 with two linear DNA constructs simultaneously.  The first construct 

targeted the natR cassette for insertion ~300bp upstream of the start of the SRE1 ORF, 

just downstream of the adjacent gene.  The second construct targeted the 3xFLAG 

sequence for insertion into the SRE1 ORF but did not contain any resistance marker.  

Both constructs were generated using overlap fusion PCR.  Specifically, the natR cassette 

was amplified as described above.  The primers C_5817-W1FLg and C_5817-W3 were 

used to amplify the ~1,300 bp region between the site of insertion of the natR cassette 

and the site of insertion for the 3xFLAG sequence.  The primers C_CPR202-W4 and 

C_CPR202-3F were used to amplify the ~1kb region upstream of the natR insertion site.  

These two flanking regions were fused to the natR cassette using overlap PCR to create 

one of the two transformation constructs.  The 3xFLAG sequence was amplified by PCR 

from the p3FLAG-KanMX (33) plasmid using the primers C_5817-FLAGFg and 

C_5817-FLAGRg.  C_5817-W1Flg and C_5817-W3 were again used to amplify the 

upstream flanking region between the 3xFLAG insertion site and the natR insertion site 

and the primers C_5817-5FgFl and C_5817-5Re were used to amplify the ~1kb region 

downstream of the 3xFLAG insertion site.  These two flanks were fused to the 3xFLAG 

cassette using overlap PCR to create the second transformation construct.  After biolistic 

transformation with both constructs simultaneously and selection for NAT resistance, 

transformants were screened for insertion of the 3x FLAG sequence by PCR using the 

primers C_5817V5Fle and C_5817-FLAGFg.  

 

Hypoxic cultivation. 



 155 

 Strains were grown in YPD at 37°C.  Normoxic conditions were considered 

general atmospheric levels within the lab (~21% O2).  For hypoxic conditions, two 

systems were employed.  One system consisted of a controlled atmosphere chamber 

(855-AC, Plas-Labs) maintained at 37°C and kept at below 0.2% oxygen levels utilizing 

a gas mixture containing 5% CO2, 10% H2, 85% N2 in combination with palladium 

catalyst.   While the hydrogen-palladium mixture eliminated most oxygen within the 

chamber, the architecture of the chamber did allow a small amount of oxygen to slowly 

enter the chamber, allowing for C. neoformans cultivation (as it is an obligate aerobe).  

Oxygen levels within the controlled atmosphere chamber were monitored using a QRAE 

Plus oxygen detector (RAE systems).  Low oxygen (and not high CO2) was the most 

likely source of the phenotypes presented in this paper, as all strains grew normally in 

atmospheric conditions that were supplemented with 5% CO2 (Fig. S1).  The second 

system utilized a gas mixture containing 0.2% O2, 0.25% CO2, 99.55% N2 that was 

bubbled through sterile pipettes into media contained in silicon-stoppered flasks arranged 

in parallel.  The gas mixture was humidified prior to being bubbled into the media by first 

bubbling through sterile water to minimize media-loss.  

 For growth plate phenotypes, cultures grown in YPD at 37°C were diluted to 

OD600 nm=0.6 in water, then diluted 10-fold in series prior to being spotted onto YPD agar 

plates.  Plates were then cultured in the dark in normoxic or in the controlled atmosphere 

chamber in hypoxic conditions.   

 For the growth curve, cultures were grown overnight in liquid YNB media and 

diluted to OD600 nm=0.085 in YNB.  These were then cultured at 37°C in a roller drum.  At 

the indicated time intervals, cell density was assessed via OD600 readings.  Data shown 



 156 

are an average of three independent experiments and error bars represent standard 

deviations.   

Capsule assay 

 C. neoformans strains were grown in liquid YPD cultures overnight at 30oC.  The 

cultures were then diluted 1/100 in either Sabouraud media (non-inducing conditions) or 

10% Sabouraud medium buffered to pH 7.3 with 50 mM MOPS (capsule-inducing 

conditions) and grown at 30oC for three days.  An equal volume of culture and India ink 

were mixed and the capsule was visualized using bright-field microscopy.   

 

Melanization assays. 

Cultures grown overnight in YPD media were spotted onto melanin-inducing plates 

containing L-DOPA (L-dihydroxyphenylalanine, Sigma, 100 mg l-1) and grown for 5 

days in the dark at 37°C. 

 

Isolation of total RNA 

Log-phase cultures were grown aerobically in YPD at 37°C, with shaking, to an OD600 

nm=0.6, at which point the cultures were split into two. For hypoxic growth, cells were 

collected by centrifugation and then resuspended while in the controlled atmosphere 

chamber with 50 ml of YPD media that had been previously deoxygenated by >2 hr 

incubation with agitation in chamber.  For normoxic growth, cultures were maintained in 

atmospheric conditions. Following two hours of hypoxic treatment, both normoxic and 

hypoxic cultures were collected by centrifugation at 4°C.  Cell pellets were flash frozen 

in liquid nitrogen and lyophilized prior to total RNA extraction using TRIzol Reagent 
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(Invitrogen) following manufacturer’s instructions.  RNA samples were treated with 

DNase I (Roche) for 30 min at 37°C, followed by two extractions with chloroform, 

precipitation in isopropanol, and resuspension in DEPC-treated water.   

 

Microarray-based genome-wide transcriptional profiling 

 Total RNA was reverse transcribed by priming with oligo dT and utilizing 

aminoallyl-dUTP.  The resultant cDNA was then coupled to Cy3- and Cy5-labelled 

probes (Amersham Biosciences), and hybridized to microarrays printed on site, 

containing 6,846 70-mer oligonucleotides corresponding to C. neoformans ORFs from 

the serotype A genome as annotated by our laboratory (http://cryptogenome.ucsf.edu).  

Labelled cDNA from wild-type grown in normoxic conditions was hybridized against 

cDNA from wild-type grown in hypoxic conditions; cDNA from sre1Δ-1 grown in 

normoxia was hybridized against sre1Δ-1 grown in hypoxia; cDNA from tco1Δ-1 grown 

in normoxia was hybridized against tco1Δ-1 grown in hypoxia; and cDNA from sre1Δ-2 

grown in normoxia was hybridized against wild-type grown in normoxia.  Data for each 

strain represents four independent experiments and includes two dye-swaps.  Arrays were 

scanned on an Axon 400B scanner with GenePix software (Axon Instruments) and the 

images generated were analyzed using SpotReader software (Niles Scientific) for spot 

identification and flagging.   Array signals were bulk-normalized and filtered for flagged 

spots using NOMAD (available at http://ucsf-nomad.sourceforge.net).  Data was log-

transformed (base 2), filtered for genes that contained data for at least 3 out of 4 arrays 

from each strain, and missing values were calculated through K-nearest neighbor 

algorithm using SAM (Significance Analysis of Microarrays) software (Stanford 
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University) prior to statistical analysis by SAM.  The class of genes up- and down-

regulated in wild-type was determined in a one-class response test based on the arrays 

hybridized with cDNA from wild-type. Genes were defined as being significantly 

regulated in wild-type if they were scored by SAM as significant with a median false 

discovery rate (FDR) of less than 8% and if their expression changed by at least two-fold 

or greater.  For comparison of the differences in transcriptional response to hypoxia in 

wild-type and mutant, a two-class response test was employed, comparing the arrays 

hybridized with wild-type cDNA to either the sre1Δ-1 arrays or the tco1Δ-1 arrays.  All 

SAM analysis employed an FDR of less than 8%.  The comparison between wild-type 

and tco1Δ-1 arrays at this FDR did not return any genes with statistically significant 

differences between the two strains.  The data from the set of genes returned from the 

comparison between wild-type and sre1Δ-1 were averaged across the four arrays per 

strain, and the average fold-change in expression in sre1Δ-1 was divided by the average 

fold-change in expression in wild-type for each gene.  For the set of genes up-regulated 

by WT in response to hypoxia, if this value was greater than 1, the gene was defined as 

having stronger induction in sre1Δ-1 than in WT, while if the value was less than 1, the 

gene was defined as having weaker induction in sre1Δ-1 than in WT.  For the set of genes 

down-regulated by WT in response to hypoxia, if this value was greater than 1, the gene 

was defined as having weaker repression in sre1Δ-1 than in WT, and if the value was less 

than 1, the gene was defined as having stronger repression in sre1Δ-1 than in WT.   

Statistically significant genes identified by SAM with two-fold or greater changes in 

expression are listed in Tables S3 and S4 in Supplementary Material. 
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RT-QPCR 

 Microarray results were confirmed utilizing reverse transcription quantitative 

PCR (RT-QPCR).  cDNA was synthesized from the same DNase I-treated total RNA that 

was used for microarray analysis using Superscript III Reverse Transcriptase (Invitrogen) 

and oligo dT primers.  Approximately 0.2 ng of cDNA was used as template in a QPCR 

reaction containing SYBR Green dye (Molecular Probes). Fluorescent signal was 

measured on an Opticon DNA Engine PCR machine (MJ Research).  For each primer set, 

standard curves were generated using five-fold sequential dilutions of cDNA to account 

for differences in priming efficiencies.  For each sample, values obtained were 

normalized to the levels of actin (ACT1).  Data shown are averages of the four 

independent samples, and are normalized to the levels of transcript present on average in 

wild-type under normoxic conditions.  The following primers were used: for ERG1, 

C_ERG1-3-5 and C_ERG1_5-5; for ERG3, C_ERG3-3-5 and C_ERG3-5-5; for ACT1, 

C_ACT1-1 and C_ACT1-2.   

 

Immunoblotting 

 Strains containing FLAG-SRE1 as the sole allele were grown to OD600 nm=0.4 in 

100 ml YPD at 37°C.  For the normoxic growth sample, half the culture was then 

harvested.  For hypoxic growth, the remaining culture was spun down and the cell pellet 

was then resuspended in 50 ml YPD media that had been previously de-oxgenated for >2 

hr by the bubbling of gas (~40 psi) (a mixture containing 0.2% O2, 0.25% CO2, 99.55% 

N2) through sterile pipettes into the media contained in silicon stopper-sealed flasks.  The 

cultures were then cultivated in the presence of bubbling gas mixture for an additional 2 
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hours before harvesting.  Both normoxic and hypoxic cultures were pelleted by 

centrifugation, and following a wash with cold water, were flash frozen in liquid nitrogen 

and lyophilized.  The lyophilized cells were lysed in 24 mM NaOH and 1% (v/v) β-

mercaptoethanol on ice for 30 min, and proteins were precipitated with 6.4% 

trichloracetic acid while on ice.  After centrifugation, the protein pellet was washed once 

with acetone, dried, and then resuspended in HU buffer (200 mM phosphate buffer pH 

6.8, 8M urea, 5% SDS, 1 mM EDTA, 100 mM DTT, bromophenol blue) and loaded onto 

a bis-Tris gel.  Following SDS-PAGE, the fractionated proteins were transferred to 

nitrocellulose membrane (MSI Nitrobind membrane, Fisher).  Immunoblotting was 

performed using mouse anti-FLAG IgG (Sigma) and rabbit anti-PSTAIRE IgG (Santa 

Cruz Biotech), which were respectively recognized by horseradish peroxidase-conjugated 

goat anti-mouse IgG and goat anti-rabbit IgG secondary antibodies (Bio-Rad).  

Visualization was performed utilizing SuperSignal West Pico Chemiluminescent 

Substrate (Pierce).  

 

Intravenous co-infection experiments. 

   C. neoformans strains were individually grown in liquid YPD cultures overnight 

at 30oC.  Cells were counted using a hemacytometer and an equal number of H99 cells 

and cells of the co-infecting strain were combined.  The cells were washed twice in PBS 

and resuspended in PBS to a final concentration of 2 x 107 cells/ml.  5-6 week-old female 

A/J (NCI) mice were anesthetized with inhaled isoflurane and 100 µl of the inoculum (2 

x 106 total cells) was injected via tail vein.  Four mice were infected per inoculum.  A 

dilution of each inoculum was also plated on Sabouraud agar plates containing 40 µg/ml 



 161 

gentamicin and 50 µg/ml carbenicillin.  The plates were incubated for two days at 30°C, 

colonies were counted to verify the concentration of cells in the inoculum, and the 

proportion of mutant cells in the inoculum was determined by assaying 100-200 colonies 

for NAT resistance on YPD agar plates containing 100 µg/ml NAT.  Mice were 

sacrificed by CO2 inhalation followed by cervical dislocation 10 days post-infection and 

the lung, brain, and spleen were removed and homogenized in 5 ml sterile PBS.  Serial 

dilutions of each organ sample were plated on Sabouraud agar plates containing 40 µg/ml 

gentamicin and 50 µg/ml carbenicillin. The plates were incubated for two days at 30°C, 

colonies were isolated, and the proportion of mutant cells within each organ was 

determined by assaying 100-200 colonies for NAT resistance on YPD agar plates 

containing 100 µg/ml NAT. 

 

Intranasal co-infection experiments. 

 Inocula were prepared as in the intranvenous co-infection experiments except 

cells were resuspended in PBS to a final concentration of 1 x 107 cells/ml.  4-5 week-old 

female A/J (NCI) mice were anesthetized by intraperitoneal injection of ketamine (75 

mg/kg) and medetomidine (0.5-1.0 mg/kg).  The mice were then suspended from a silk 

thread by their front incisors and 50 µl of the inoculum (5 x 105 cells) were slowly 

pipetted into the nares.  After 10 minutes, the mice were lowered and the anesthesia was 

reversed by intraperitoneal injection of atiplamezole (1.0-2.5 mg/kg).  Four mice were 

infected per inoculum.  The concentrations of the inocula and the proportions of mutant 

cells in the inocula were determined as in the intravenous co-infection experiments.  

After 21 days post-infection, the animals were sacrificed by CO2 inhalation followed by 
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cervical dislocation and the lungs were analyzed as in the intravenous co-infection 

experiments.  

 

Mouse virulence studies. 

   Inocula were prepared as in the intravenous-co-infection experiments except cells 

were resuspended in PBS to a final concentration of 2 x 106 cells/ml.  5-6 week-old 

female A/J(NCI) mice were anesthetized with inhaled isoflurane and 100 µl of the 

inoculum (2 x 105 cells) were injected via the tail vein.  The concentration of cells in the 

inoculum was confirmed by plating serial dilutions.  Mice were monitored several times a 

week until onset of symptoms (weight loss, ruffled fur, abnormal gait) and then 

monitored daily.  Mice that displayed signs of severe morbidity (weight loss, abnormal 

gait, hunched posture, swelling of the cranium) were sacrificed by CO2 inhalation 

followed by cervical dislocation. 

 

Fluconazole sensitivity assay 

 Strains were cultured overnight in YNB media at 30°C, spun down, washed once 

in PBS, and then resuspended in YNB to a concentration of 104 cells/ml.  This 

resuspension was aliquoted into 96-deep well plates at a volume of 500 µl/well.  To this, 

100 µl of fluconazole (Sigma, stock solution of 1mg/ml prepared in DMSO [dimethyl 

sulfoxide, Sigma] and subsequently diluted in YNB) was added to give final fluconazole 

concentrations of ranging from 0.0046 to 30 µg/ml. The plates were cultured for 48 hours 

at 30°C with shaking, at which point measurements were taken on a spectrophotometer. 

For each culture, 100 µl of YNB was added to one well instead of fluconazole.  The 
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OD600 reading for this well was set to a value of one and growth in all other wells for that 

culture were normalized to that reading.  For each strain, appropriate dilutions of DMSO 

without fluconazole were added to a series of cultures as a negative control.  Growth with 

DMSO for all strains at all concentrations tested was similar to growth without DMSO 

(data not shown). 
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SUPPORTING INFORMATION 

Accession numbers.  Microarray data described in this paper has been submitted to the 

NCBI’s GEO database (http://www.ncbi.nlm.nih.gov/geo/); accession number GSE6226. 
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FIGURES 

 

 

Figure 1 legend.  Mutants in SREBP pathway and Tco1 are sensitive to hypoxia 

Growth in normoxic and hypoxic conditions.  Cultures diluted to OD600nm=0.6 were 

diluted serially in 10-fold increments prior to being spotted onto YPD plates.  Plates were 

incubated in normoxic or hypoxic (controlled atmosphere chamber; less than 0.2% 

oxygen) conditions in the dark at 37°C.  Top and bottom panels are from the same plates, 

middle panels are from plates grown under the same conditions. 
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Figure 2 legend.  Predicted protein domains for SREBP pathway component orthologs 

and Tco1 histidine kinase family members 

(A) Protein domains as predicted by SMART (http://smart.embl-heidelberg.de) for C. 

neoformans Sre1 (Broad locus CNAG_04804.1), Scp1 (Broad locus CNAG_01580.1), 

and Stp1 (Broad locus CNAG_05742.1).  Transmembrane segments for Sre1 were 

predicted using MEMSAT3 (http://bioinf.cs.ucl.ac.uk/).  Arrowhead indicates site of 3X-

FLAG insertion into Sre1.  bHLH = basic helix-loop-helix DNA-binding domain; 

Peptidase = peptidase M50 family domain. 

 

(B) ClustalW sequence alignment between C. neoformans Sre1 and its orthologs in 

Candida albicans (Accession no. AAK69672), Ustilago maydis (Accession no. 

XP_761868), S. pombe (Accession no. CAB52036), and human (SREBP-1A, Accession 
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no. NP_001005291), depicting a portion of the predicted DNA-binding domain.  All five 

contain a conserved tyrosine residue (indicated by asterisk) specific to the SREBP family 

of basic helix-loop-helix transcription factors.   

 

(C) Domains as predicted by SMART for Tco1 homologs. Tco1 (Broad locus 

CNAG_01850.1), and orthologs to Tco1 from B. dermatiditis (Accession no. 

ABF13477), H. capsulatum (Broad locus HCAG_04501.1), C. albicans (Accession no. 

BAA24952), and Neurospora crassa (Accession no. AAB03698). HisKa = histidine 

kinase A domain; HATPase = histidine kinase ATPase domain; REC = cheY-like 

homologous receiver domain. 
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Figure 3 legend.  Phenotypic characterization of mutants in the SREBP pathway and in 

TCO1 

(A) Growth in YNB media at 37 °C.  Growth was monitored via OD600 measuments.  

Data shown are an average of three independent cultures for each strain, and error bars 

represent standard deviations. 
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(B) Capsule assays.  Capsule synthesis was induced in wild-type, sre1Δ-1 and tco1-1 

strains, and subsequently visualized using India ink staining. 

 

(C) Melanin assays. The indicated strains were grown to saturation and spotted onto L-

DOPA containing media.  The plates were then cultured at 37°C in the dark. 
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Figure 4 legend.  FLAG-Sre1 is processed in low oxygen conditions 

Proteins extracts from wild-type and two independent cultures of FLAG-SRE1 grown in 

normoxic and hypoxic (bubbling mixed gas into flasks; 0.2% oxygen) conditions were 

fractionated by SDS-PAGE and immunoblotted with antibodies against the FLAG 

epitope.  Immunoblotting with antibodies against the cyclin-dependent protein kinase 

PSTAIRE was used to control for variation in loading.  
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Figure 5.  Microarray hybridization and RT-QPCR studies demonstrate that a subset of 

genes involved in the hypoxia response require Sre1 for their regulation 

(A) Summary of profiling transcriptional response to hypoxia in sre1Δ and wild-type 

cells. cDNA from wild-type cells cultivated in normoxic conditions was hybridized 

against cDNA from wild-type cells exposed to hypoxic conditions on arrays containing 

6846 features from the genome of C. neoformans.  Similarly, cDNA from sre1Δ-1 grown 

in normoxia was hybridized against cDNA from sre1Δ-1 grown in hypoxia.  Statistical 

analysis of the resulting arrays was conducted using the software SAM (Significance 
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Analysis of Microarrays).  The transcriptional response to hypoxia in wild-type was 

identified as the set of genes with statistically significant changes in gene expression as 

determined by SAM.  A cutoff of two-fold or greater changes in gene expression was 

imposed upon this gene set to determine the number of genes up- and down-regulated in 

wild-type in response to hypoxia.  The arrays hybridized with cDNA from sre1Δ-1 were 

compared to those hybridized with wild-type cDNA to determine which hypoxia-induced 

transcriptional changes were significantly different between sre1Δ-1 and wild-type.  The 

resulting gene set is summarized above, where relative degree of induction/repression in 

sre1Δ-1 and wild-type were compared by dividing fold-change in expression in sre1Δ-1 

with fold-change in expression in WT. 

 

(B) Reverse-transcription quantitative PCR (RT-QPCR).  cDNA from sre1Δ-1 and WT 

cells grown in normoxia and hypoxia were amplified using primers against ERG1, ERG3, 

and ACT1.  Values obtained for ERG1 and ERG3 were normalized against ACT1 for each 

sample to give relative expression, and then expression for both genes were normalized to 

their expression in wild-type in normoxic conditions.   Error bars represent standard 

deviation across four samples.  
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Figure 6 legend.  Hypoxia-sensitive mutants display proliferation and virulence defects   

(A) Tail vein inoculation competition experiments.  Approximately 1:1 mixtures of H99 

and the indicated mutant (marked with a nourseothricin [NAT] resistance gene) were 

injected into mice (A/J) intravenously via the tail vein (2 x 106  total cells/mouse).  The 

actual proportion of mutant cells in each inoculum were determined by plating a dilution 

of the inoculum on non-selective medium and then assaying 100-200 individual colonies 

for NAT resistance.  At 10 days post-infection, animals were sacrificed and the lungs, 

brains, and spleen from each animal were homogenized and serial dilutions were plated.  

100-200 colonies per organ were assayed for NAT resistance to determine the percentage 

of mutant cells.  Error bars represent the standard deviation from four mice per inoculum. 

 

(B) Intranasal inoculation competition experiments.  Approximately 1:1 mixtures of H99 

and the indicated mutant were inoculated intranasally into mice (A/J) (5 x 105 total 

cells/mouse).  The actual proportions of mutant cells were determined as in (A).  At 21 

days post-infection, animals were sacrificed and the lungs from each animal were treated 

as in (A).  Error bars represent the standard deviation from four mice per inoculum.   

 

(C) Virulence assays.  8-10 mice (A/J) were injected intravenously via the tail vein with 2 

x 105 cells of the indicated strain and progression to severe morbidity was monitored.   



 180 

 

 

Figure 7 legend.  Mutants in the SREBP pathway, but not the tco1Δ mutant, display 

hypersensitivity to fluconazole 

Cells (104 cells/ml) of wild-type and each mutant strain were cultured in YNB in 96-well 

format in the presence of 0.0045-30 µg/ml fluconazole.  Data shown are an average of at 

least three independent cultures for each strain.  Error bars represent standard deviations. 
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SUPPLEMENTAL FIGURES 

 

Figure S1 legend. Complementation of hypoxia-sensitivity and melanization phenotypes 

sre1Δ and tco1Δ strains by homologous targeting of the corresponding wild-type genes 

(A) SRE1 was re-introduced into its endogenous locus in sre1Δ-2 and TCO1 was re-

introduced into its endogenous locus in tco1Δ-1. Cultures diluted to OD600nm = 0.6 

were diluted serially in 10-fold increments prior to being spotted onto YPD plates. Plates 

were incubated in normoxic or hypoxic (controlled atmosphere chamber; less than 0.2% 

oxygen) conditions in the dark at 37 °C. 

 

(B) Melanin assays. The indicated strains were grown to saturation and spotted onto L-

DOPA–containing medium. The plates were then cultured at 37 °C in the dark. 
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Figure S2 legend.  Knockout mutants in SREBP pathway components and in TCO1 are 

not sensitive to high levels of carbon dioxide 

Cultures diluted to OD600nm = 0.6 were diluted serially in 10-fold increments prior to 

being spotted onto YPD plates. Plates were incubated in the dark at 37 °C in normal 

atmospheric conditions or in air supplemented with 5% CO2 (NuAire IR Autoflow CO2 

Water-Jacketed Incubator, http://www.nuaire.com). 
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SUPPLEMENTARY TABLES 

Supplementary tables can be found online on the PLoS Pathogens website: 

http://www.plospathogens.org/article/info:doi/10.1371/journal.ppat.0030022 

 

Table S1. Strains Used in This Study 

 

Table S2. Primers Used in This Study 

 

Table S3. Microarray Dataset 

 

Table S4. Sre1-Regulated Genes in Hypoxia 

 

Table S5. Sre1-Regulated Genes in Normoxia 
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CHAPTER 5 

 

Exploration of whole-genome responses of the human AIDS-associated 

yeast pathogen Cryptococcus neoformans var grubii:  nitric oxide stress 

and body temperature 
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ABSTRACT 

Cryptococcus neoformans var grubii is an opportunistic basidiomycete yeast pathogen 

that is a significant cause of HIV/AIDS-related deaths worldwide.  We describe a whole-

genome oligonucleotide microarray for this pathogen.  These arrays have been used to 

elucidate the transcriptional responses of the genome to heat shock as well as to two 

conditions relevant to human infections: body temperature and nitric oxide (NO) stress 

produced by the NO donor DPTA-NONOate.  This analysis revealed an NO-inducible C. 

neoformans-specific four-gene family that showed a highly similar transcriptional profile 

to that of FHB1, a previously described NO dioxygenase/flavohemoglobin required for 

virulence. NO treatment also induced genes involved in the synthesis of the antioxidant 

mannitol, a polyol that accumulates in the cerebrospinal fluid of infected patients.  

Exposure to NO also caused increased expression of the sole C. neoformans var grubii 

protein with HHE/hemerythrin cation binding motifs.  Notably, a similar gene in E. coli, 

ytfE, has been shown to be NO-inducible and protects bacterial cells from killing by NO.  

Genes induced by NO were highly enriched for those repressed at 37°C, indicating an 

unexpected interplay between temperature and NO regulation in this basidiomycete.  

Resources described here should facilitate future investigations of this lethal human yeast 

pathogen.
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INTRODUCTION 

Cryptococcosis, the commonest systemic fungal infection in people infected with 

HIV, is caused by the opportunistic fungal pathogen Cryptococcus neoformans.  In sub-

Saharan Africa and Southeast Asia, where over 90% of AIDS-related deaths occur 

worldwide, up to 40% of AIDS patients present with C. neoformans infections (1, 2).  

The most lethal manifestation of cryptococcosis is meningoencephalitis.  The life 

expectancy of individuals with untreated cryptococcal meningitis is less than one month 

(3). 

As with other fungal pathogens, antifungal treatment options are limited to a 

handful of drugs.  The current recommended therapeutic regimen for cryptococcal 

meningitis is initial induction therapy with a combination of amphotericin B and 

flucytosine followed by a maintenance phase with fluconazole (3).  Both amphotericin B 

and flucytosine have significant toxicities and treatment failure is not uncommon.  Even 

when recommended treatment is administered, three-month mortality rates for 

cryptococcosis range between 10-20% (4, 5).  Moreover, the high costs of these drugs 

(amphotericin B must be administered intravenously) and limited availability in 

developing countries where HIV infection is common often make treatment impossible.  

Mortality rates in sub-Saharan Africa often reach close to 100% (6, 7).  Therefore, the 

identification of additional drug targets as well as vaccine candidates is desirable. 

 C. neoformans is a basidiomycetous yeast, which places it evolutionarily distal to 

the model fungal organisms Saccharomyces cerevisiae and Schizosaccharomyces pombe, 

both of which are ascomycetous yeasts.  As an experimental system, it has haploid 

genetics, facile gene knockout technology, and the existence of faithful animal models of 
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infection (8, 9).  It therefore has the potential to become a powerful model for studies of 

basidiomycete biology and fungal pathogenesis mechanisms.  Consequently, 

implementation of genome-based tools developed in the model yeast S. cerevisiae could 

add significant leverage to C. neoformans as an experimental system. 

C. neoformans exists as three varieties which have diverged from each other by as 

much as 50 million years of evolution.  C. neoformans var. grubii (primarily serotype A) 

is responsible for almost all infections of HIV positive patients (7, 10, 11).  C. 

neoformans var. neoformans (primarily serotype D) is more commonly found in Europe 

and is less likely to cause severe disease (4).  The third variety, Cryptococcus gattii 

(primarily serotypes B and C), is now considered a separate species and is predominantly 

a primary pathogen, infecting the immunocompetent.   The genome sequencing of five 

strains has been completed to at least 5x coverage.  Two C. neoformans var. neoformans 

serotype D inbred laboratory strains, JEC21 and its parent strain B-3501, were sequenced 

by the TIGR and Stanford Centers, respectively (12).  In addition, using a combination of 

cDNA sequencing and bioinformatics, gene models for B-3501 and JEC21 were 

developed (12).  Two C. gattii strains, WM276 and R265, have been sequenced by the 

University of British Columbia and the Broad Institute respectively.  The sequence of the 

C. neoformans var. grubii serotype A human clinical isolate called H99 was deposited 

into GenBank by the Broad Institute in June of 2003.  Since most infections of humans 

and almost all infections of HIV positive patients are caused by serotype A strains, H99 is 

often the strain of choice for studies of pathogenesis. 

To facilitate whole-genome analysis for a pathogenic serotype A strain, we 

designed and manufactured whole-genome DNA microarrays for C. neoformans var 
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grubii.  We report the transcriptional responses of this pathogen to two conditions 

relevant to virulence:  body temperature and nitric oxide stress.  These studies provide a 

glimpse into the whole-genome transcriptional responses of this important AIDS 

pathogen.     
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MATERIALS AND METHODS 

DNA Sequences 

H99 sequence scaffolds were obtained from the C. neoformans Sequencing 

Project website of the Broad Institute of MIT and Harvard (http://www.broad.mit.edu).   

 

Development of gene models for C. neoformans var grubii strain H99 

 The starting point for annotation was the sequence scaffolds released in June of 

2003 by the Broad Institute for the H99 strain.  Two routes were chosen to develop gene 

models.  The first approach was based on BLASTX (13) and defined genes based on 

homology to entries in the nonredundant protein database.  The second approach took 

advantage of gene models based on the genome sequences of the serotype D laboratory 

strains JEC21 and B-3501 that were developed by TIGR and Stanford centers through 

large-scale cDNA sequence analysis and the use of gene prediction software including 

TWINSCAN (14).  Thus, in our second approach, rather than performing de novo 

predictions for the H99 sequence, we attempted to utilize the JEC21/B-3501 gene models 

(12). 

 To identify genes using BLASTX, we concatenated contig sequences into 

scaffolds and computationally broke up each scaffold into 1 kb segments which 

overlapped each other by 0.5 kb.  These were locally compared to the nonredundant 

protein database using BLASTX.  Hits with an E value of less than 10-3 were considered 

significant.  Then in an iterative process, we grouped together adjacent windows that 

shared one or more BLAST hits.  This process identified 6,044 homology blocks or 

candidate genes. 
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We next used the mRNA alignment program SPIDEY (15) to attempt to align the 

H99 genomic scaffolds with predicted cDNAs from the serotype D strains.  Using 

SPIDEY, we were able to align 6,478 of 6,574 predicted cDNAs (including predicted 

splice variants) from JEC21/B-3501 with the H99 genomic sequence.  However, we 

noticed that many of the predicted mRNAs from H99 did not have ORFs as large as the 

predicted JEC21 ORFs.  To remedy this, we generated custom scripts to adjust ad hoc the 

alignments determined by SPIDEY.  These scripts produced modified predictions that 

corrected for consensus splice sites and in-frame mRNAs.  This resulted in improved 

alignments by several criteria.  First, we determined that the homologies of predicted 

proteins between the serotype D and A sequences were increased.  Second, in order to 

verify some of these adjusted predictions, we amplified cDNAs from H99 for 12 genes 

with such altered predictions and directly sequenced the PCR products.  For all 12 genes, 

our modified predictions exactly matched the sequences obtained (data not shown).  

Third, we compared our 36,024 splice site predictions to the available EST data available 

for H99 (http://www.genome.ou.edu/cneo.html).  Of the predicted regions identified in 

the EST data (2,204), perfect matches were seen in 91% (2,037) of the cases.  This is 

likely to be an underestimate of accuracy since splice variants not present in the EST 

database would be scored as discrepancies.  In cases where we adjusted the predictions 

made by SPIDEY ad hoc, the EST matched the adjusted prediction in 84% of cases and 

the original in only 6.4% of cases (785 splice junctions identified).  Taken together, these 

data provide objective experimental support for the computational mRNA predictions as 

well as an estimate of their accuracy.  In total, we identified 6,528 genes and, taking into 

account potential splicing variants, 6,980 gene models.  
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Web-based database implementation of gene models 

 The gene models described above were stored in a relational database.  Generic 

and gene-specific names were generated for each gene model as well as additional 

information computed from the predicted protein sequences.  The database is accessible 

though a set of linked public web pages (http://cryptogenome.ucsf.edu). 

 

Gene naming conventions 

In this paper, we refer to the generic names described by the Stanford B-3501 

serotype D genome annotation (GenBank accession: AAEY00000000).  These are in the 

form CNXY, where X indicates the chromosome (A for chromosome I, B for 

chromosome II, etc) and Y indicate the gene position.   In addition, if a gene has a 

homolog in S. cerevisiae with a BLASTP expect value of less than 10-4, we refer to it by 

the name of the best S. cerevisiae homolog.  In some cases, the same gene in S. cerevisiae 

was the closest homolog to multiple genes in C. neoformans, possibly due to expansion 

of gene families in C. neoformans.  To generate unique specific names for these sets of 

genes, we added two digits to the S. cerevisiae gene name and numbered the C. 

neoformans homologs sequentially. For example, the gene STL1 is the closest S. 

cerevisiae homolog to 12 C. neoformans genes.  We have therefore assigned these 12 

genes the specific names STL101-STL112. 

 

Genes without specific intron-exon models 
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For two classes of genes, we were unable to compute gene models.  One class 

were those for which serotype D gene models exist, but no alignment was obtained using 

SPIDEY.  These are likely to include genes that have diverged more rapidly since the 

divergence of the serotype A and D lineages from the common ancestor.  A second class 

were those where no serotype D gene model exists but whose existence was supported by 

the sliding-window BLASTX analysis described above. Of the 6,528 genes, we were 

unable to compute models for 497 genes.  Of these, 152 lacked a serotype D BLASTX hit 

with an expect value of 10-4 or lower.  These 152 are currently listed in the database 

without specific names pending nomenclature assignment.  cDNA sequencing efforts 

should yield gene models for many of the 497 genes that currently lack gene models (14). 

During the course of this work, an annotation for the H99 sequence was posted by 

the Broad Institute on the web on February 17, 2006. 

(http://www.broad.mit.edu/annotation/fungi/cryptococcus_neoformans).  The annotation 

used GENEWISE, TWINSCAN and GLEAN software and reports an accuracy of 90.9% 

in intron prediction using the available EST data.  While our annotations were generated 

using different methods, the almost identical level of success in intron prediction 

indicates that these two annotations offer gene models of apparently similar accuracies.   

 

Culture Growth for Heat Shock Experiments 

 The H99 strain was grown overnight to saturation in YPAD (1%yeast extract, 2% 

Bacto peptone, 2% glucose, 0.015% L-tryptophan, 0.004% adenine), diluted to an optical 

density at 600nm (OD600) of  0.1, grown to OD600 1.0, and shifted to YPAD media that 
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was pre-warmed to 42°C.  Cultures were harvested at 0, 10, 20, and 30 min. after the shift 

to 42°C. 

 

Culture Growth for Temperature Experiments 

 The H99 strain was grown to mid-log phase in YPAD.  Cells were then collected 

by centrifugation and resuspended in YPAD pre-warmed to either 30°C or 37°C.  

Cultures were grown to an OD600 of 1.0 and harvested by centrifugation.  Four replicate 

cultures were grown at each temperature. 

Culture Growth for NO Experiments 

 The H99 strain was grown overnight to saturation in YPAD at 37°C to mimic 

body temperature.  Cultures were diluted to an OD600 of 0.1 in YPAD (pre-warmed to 

37°C) that was buffered to a pH of 7.5 with 50mM MOPS.  Cells were grown at 37°C to 

an OD600 of 1.0 and then treated with 0, 0.2, 0.5, 1, 2, and 5 mM of the NO donor DPTA-

NONOate for an additional 2 hrs prior to harvesting. A single sample was collected per 

dosage. The concentrations of DPTA-NONOate, initial pH, and timepoint for sample 

collection were identified empirically as maximizing the response to the NO donor used.  

In pilot studies, a concentration of 0.5mM DPTA-NONOate was shown to have no effect 

on the growth of wildtype H99, but inhibited the growth of the fhb1Δ mutant.  Higher 

concentrations were found to inhibit the growth of both H99 and the fhb1Δ mutant.  

 

RNA Isolation  



 194 

Cultures were harvested by centrifugation and snap freezing.  Total RNA was 

isolated using the TRIzol reagent (Invitrogen) and the manufacturer’s instructions.  For 

the heat-shock experiments, polyA+ RNA was selected using an Oligotex kit (Qiagen).  

 

Microarray Hybridization and Data Analysis 

Oligonucleotide microarrays were printed on polylysine-coated glass microscope 

slides using a custom robot and silicon tips.  Our microarray design is available for 

download as Table S1. Note that genes for which no name could be assigned are 

described in the Figures by their “CNO” unique ID numbers which can be found in Table 

S1.   Probes were synthesized using dT20 primers and 10 µg of total RNA, except in the 

case of the heat shock experiments, which used 2 µg of polyA+RNA.  Standard 

procedures were used for probe labeling, hybridzation and washes (16).  Detailed 

protocols can be found at http://www.microarrays.org.  Hybridization signals were 

visualized using an Axon 4000B scanner and GenePix software (Axon Instruments).  

Array signals were bulk-normalized, filtered for flagged and low-intensity spots using 

NOMAD software (available at http://ucsf-nomad.sourceforge.net/).  Data was analyzed 

using either SAM (available at http://www-stat.stanford.edu/~tibs/SAM/) or Cluster 

(available at http://rana.lbl.gov/EisenSoftware.htm) and Java TreeView (available at 

http://jtreeview.sourceforge.net/).  Data were filtered for minimum fold-changes prior to 

hierarchical clustering as described in the figure legends.  Significance analysis of 

microarrays (SAM) was performed as described (Tusher et al., 2001), using the One-class 

Response, K-nearest neighbors settings (10 neighbors) and the default Random Number 

Seed (1234567).  Delta values were selected to calculate false discovery rates (FDRs) and 
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those yielded a FDR of <1% were chosen (17).  For time-course or dose-response 

experiments, samples were labeled with Cy3 dye and hybridized to a pooled reference 

sample consisting of equal amounts of cDNA from each sample labeled with Cy5 dye.  

The data were then normalized by dividing by the zero timepoint or dose.  For the steady-

state temperature experiment, four replicates (for two of the samples, dye-flips were 

performed to avoid dye-specific artifacts) were analyzed using SAM as described above.  

Data described in this paper are available for download as Table S2.  In addition, 

additional annotation for each gene can be found by entering the corresponding gene 

name into the search window at http://cryptogenome.ucsf.edu. 

 

Quantitative RT-PCR 

Microarray results were confirmed utilizing quantitative RT-PCR.  The same total 

RNA used for microarray analysis was treated with DNase I (Roche) according to the 

manufacturer’s instructions.  cDNA was then synthesized from the DNase I-treated total 

RNA using Superscript III Reverse Transcriptase (Invitrogen) and oligo dT primers.  

Approximately 0.2 ng of cDNA was used as template in a QPCR reaction containing 

SYBR Green dye (Molecular Probes). Fluorescent signal was measured on an Opticon 

DNA Engine PCR machine (MJ Research).  For each primer set, standard curves were 

generated using five-fold sequential dilutions of cDNA to account for differences in 

priming efficiencies.  For each sample, values obtained were normalized to the levels of 

actin (ACT1) in that sample.  The primers used in these experiments can be found in 

Table S3. 
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Annotation Translation Table 

Table S4 cross-references our oligonucleotide names (CNO#) and gene names 

with the Broad Institute annotations of the H99 serotype A genome sequence (CNAG#) 

as well as with the gene names assigned by Stanford to the B3501 serotype D genome 

sequence.
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RESULTS 

C. neoformans var grubii whole-genome oligonucleotide microarray design 

To design whole genome DNA microarrays for the H99 strain, we generated gene 

models (see Materials and Methods) and then used these as inputs to ArrayOligoSelector 

software (18).  A single oligonucleotide (70-mer) was chosen for each gene model.  

Oligonucleotides were designed to minimize potential cross hybridization.  For genes 

identified by BLASTX for which we have no gene model, an oligonucleotide was chosen 

from a region of genomic DNA with the best BLAST hit with the NR database.  

Oligonucleotides were custom-synthesized and then printed on polylysine-coated glass 

sides as described (16).  

 

Elucidation of the heat-shock response of C. neoformans var grubii 

 We first examined a highly conserved and well-characterized stress response, the 

heat shock response.  We shifted exponential cultures of H99 from 30ºC to 42°C for 0, 

10, 20, or 30 min., and prepared total RNA from these cultures.  Transcript profiling of 

labeled probe derived from these samples was performed by hybridization to the whole-

genome microarrays described above (see Materials and Methods).  Hierarchical 

clustering and annotation of the data is shown in Figure 1.   

Inspection of the identities of the induced genes revealed that C. neoformans 

homologs of numerous heat shock genes (e.g. KAR2, HSC8202, HSP104, HSP78, SSA4, 

STI101, SSE2, LHS1) were induced as well as genes encoding components of the 

thioredoxin system (TRR1, TRX3).  A gene encoding a subunit of RNA polymerase II, 

RPB7, which is heat shock inducible in S. cerevisiae (19), was also induced.  Notable 
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among the repressed genes were those involved in ergosterol biosynthesis (ERG3, ERG4, 

ERG502, ERG25, OSH6), a finding that would be consistent with the increased 

membrane fluidity at 42°C.  Notably, ERG11 encodes lanosterol demethylase, the target 

of fluconazole, the major drug used to prevent relapses of cryptococcal meningitis (20).  

As described previously, a C. neoformans gene encoding a flavohemoglobin nitric oxide 

dioxygenase, FHB1, is repressed upon a shift of cultures to higher temperatures (21).  

Overall, the C. neoformans heat shock response appears to generally resemble those of 

other organisms, consistent with the highly conserved nature of the heat shock response 

and the need to induce conserved protein chaperones.   

 

Genomic response to temperature 

 The ability to grow at body temperature would seem to be an essential 

characteristic of most human pathogens, and it has been widely proposed that this trait 

constitutes a necessary virulence factor for fungal pathogens since many nonpathogenic 

fungi do not proliferate at body temperature.  Therefore, we examined the mRNA profiles 

of C. neoformans grown continuously at 30°C versus 37°C to identify genes that are 

differentially regulated between the two temperatures.  Samples were grown in YPD and 

harvested at optical densities of 1.0.  Four  replicate cultures were grown at each 

temperature (see Materials and Methods for additional details).  We used the SAM 

statistical tool (17) to identify genes that were differentially expressed at the two 

temperatures (see Materials and Methods).  This analysis, which involves data 

permutation and a series of t-tests, identified 60 genes (Figure 2).  Of these, only 7 

showed increased expression at 37°C.  A much larger number, 53, displayed decreased 
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expression at 37°C.  The relationship of these genes to those induced by heat shock and 

nitrosative stress will be described below. 

 

Genomic response to nitric oxide stress 

 A key cell type in the innate immune system is the macrophage.  Macrophages 

ingest and kill microbial pathogens and serve to present their antigens to lymphocytes.  

An important mechanism by which macrophages kill microbes is the synthesis of nitric 

oxide (NO) by the iNOS protein.  Pathogens have mechanisms to respond to attack by 

NO.  For instance, many microbes express flavohemoglobins that inactivate NO via their 

potent nitrogen oxide dioxygenase activity.  A role for NO resistance for pathogenesis by 

C. neoformans is supported by the observation that strains lacking the FHB1 

flavohemoglobin gene display a reduced virulence (22).  

 To determine what genes are induced by NO in C. neoformans, we chose to use a 

specific donor of NO, Dipropylenetriamine-NO (also known at DPTA-NONOate).  

Although acidified nitrite has been used to assess the resistance of C. neoformans to NO 

in previous studies (23), recent work has shown that nitrite has NO-independent effects 

on human cells (24).  Moreover, the pathway by which nitrite produces NO at low pH 

involves the production of nitrous acid, a toxic compound which could also have NO-

independent effects (25).   We therefore performed dose-response experiments using 

DPTA-NONOate (26).  The transcript profile of cultures after two hours of treatment in 

buffered media was obtained by microarray hybridization (see Materials and methods).  

Hierarchical clustering analysis revealed a cluster of 24 genes induced in a dose-

dependent manner by DPTA-NONOate (Figure 3). As expected from previous studies, 
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we observed a strong induction of the FHB1 mRNA.  Other notable induced genes 

include CAT3, encoding a catalase homolog and AOX1/CNA1450 which encodes an 

alternative oxidase.  Several potential oxidoreductases are also induced including 

YMR226C02 and CNC3900. CNA2870, another gene strongly induced by DPTA-

NONOate treatment, is a homolog of ytfE, a gene in E. coli that is transcriptionally 

induced by NO and required for resistance to NO killing in vitro (27).  Finally, 

MPD1/ADH302, which encodes an ortholog of the C. neoformans var neoformans 

mannitol-1-phosphate dehydrogenase that synthesizes the polyol mannitol (28), was also 

induced by treatment with DPTA-NONOate.  

 A novel four-gene family is strongly induced by NO treatment. These proteins are 

of low molecular weight (10-13 kD) and highly related to each other (protein sequences 

are aligned in Figure 4).  These are CNM1930, CNN0310, CNN0320 (two splice isoforms 

are shown in Figure 4, CNN0320-A and CNN0320-B), and CNN1140. Members of this 

family show a highly similar transcriptional profile to that of FHB1 across all conditions 

tested except for CNN1140 and the CNN0320-B predicted splice isoform.  Unlike the 

other genes, these two are not strongly repressed upon heat shock treatment, but are 

repressed at 37°C relative to 30°C.  Quantitative RT-PCR was used to confirm the 

changes in RNA transcript level during NO treatment for several of the genes detected by 

these microarrays (Figure 5).   

 

Heirarchical clustering reveals a relationship between the temperature and NO regulation 

 To determine relationships between the genes controlled by heat shock, steady-

state temperature, and DPTA-NONOate, we examined the entire dataset using 
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hierarchical clustering.  As shown in Figure 6, there are substantial overlaps between the 

three datasets.  Most apparent is that genes that display a dose-dependent induction by 

NO treatment (indicated by blue annotations in Figure 6) are generally repressed by high 

temperature and heat-shock.   
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DISCUSSION 

 Studies of Cryptococcus neoformans are motivated by its importance as an 

opportunistic human fungal pathogen and its experimental tractability.  The development 

of facile gene disruption methods and faithful animal models of infection make it 

possible to test the role of individual genes in virulence.  The release of genome 

sequences for C. neoformans serotypes advances it as an experimental system; however, 

the utility of these sequences depends on their translation into genomic resources.  To this 

end, we generated whole-genome DNA microarrays for C. neoformans var grubii.  We 

examined the transcriptional responses of the genome to two conditions relevant to 

infection: body temperature and nitric oxide stress.  

 

A glimpse into the whole-genome transcriptional responses of the C. neoformans var 

grubii genome 

  

Heat shock and temperature.  We first characterized the C. neoformans heat shock 

response, which revealed that, as in other organisms, this response involves the induction 

of proteins such as chaperones that deal with unfolded and otherwise damaged proteins 

produced by a temperature shift.  In addition, we observed reduced mRNA accumulation 

for genes involved in ergosterol biosynthesis, likely due to a reduced need for sterols in 

membrane fluidity at high temperatures.  Notably, in a study of temperature stress in A. 

fumigatus, genes involved in ergosterol biosynthesis were also repressed relative to 30ºC 

(Nierman et al., 2005).  Ergosterol biosynthesis is the target for most antifungal drugs 

(including amphotericin B and azoles).  The apparently reduced activity of this pathway 
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after a temperature shift may limit the effectiveness of such drugs in febrile patients 

(although it should be noted that temperatures exceeding 40°C are unlikely to occur in 

human patients). 

 We next examined steady-state transcripts in exponential cells cultured at 30°C 

versus 37°C, since it has been widely proposed that growth at high temperature may 

constitute a specific specialization of human fungal pathogens.  Statistical analysis 

revealed differences that were reproducible albeit quantitatively more subtle than those 

seen upon heat shock.  No obvious broad patterns of gene functions were apparent in the 

high temperature-regulated gene sets.  Whether any of these genes are related to the 

ability of C. neoformans to survive high-temperature remains to be determined.  Most of 

these genes have homologs in nonpathogenic yeast such as S. cerevisiae.  A handful of C. 

neoformans-specific genes are temperature-regulated; these are therefore candidates for 

specialized genes involved in high-temperature growth.  

A previous study examined temperature-dependent gene expression in the H99 

strain using a partial-genome shotgun DNA microarray containing random genomic 

fragments (21).  We found little overlap between the genes identified in this study as 

being induced by heat shock or being differentially expressed at steady state at 37°C 

versus 30°C and those identified by Kraus et al. as being regulated by temperature.  This 

could be due to differences in the type of microarray used and the experimental design.  

Kraus et al. utilized shotgun microarrays which, in some cases, can make it difficult to 

determine whether a spot corresponds uniquely with a single gene.  Furthermore, many of 

the genes described as temperature regulated by Kraus et al. were identified as such if 

their expression changed at any point during a 12 hr. time course after a shift from 25°C 
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to 37°C.  These include genes, such as RDS1 (possible stress response gene), ILV2 and 

ILV5 (amino acid biosynthesis), and URA2 (pyrimidine biosynthesis), which display 

changes in expression very late in the time course (9-12 hours after the shift to 37oC).  

However, data for control cultures grown to the same densities at 25°C were not shown.  

It seems possible that some of the observed profiles, such as the repression of genes 

involved in amino acid and pyrimidine biosynthesis, may therefore be due to changes 

unrelated to temperature that occurred during the time course, such as nutrient depletion. 

Our temperature shift experiments were done over a short 30 min. period that should 

have mitigated such effects and the steady-state temperature data presented here compare 

exponential cultures grown to the same optical density.  

 

Nitrosative stress.  We have described the genomic response to nitrosative stress, a major 

mechanism by which pathogens are killed by macrophages during infection.  Recent 

microarray studies of NO responses in the nonpathogenic fungus S. cerevisiae and in the 

ascomycete human pathogenic fungi H. capsulatum and C. albicans revealed their 

genomic responses to nitrosative stress (29-31).  All three fungi displayed induction of 

their respective flavohemoglobin/nitric oxide dioxygenase gene.  Correspondingly, we 

observed induction of the corresponding C. neoformans gene, FHB1.  In H. capsulatum 

and C. albicans, an alternative oxidase gene, AOX1 is induced by NO, which we also 

observed in C. neoformans.  Consistent with the idea that the genes induced by NO play a 

role in infection, previous studies of knockouts of FHB1 and AOX1 demonstrates that 

both genes are necessary for full virulence (22, 32).  Aside from the induction of FHB1 

and AOX1 in response to NO treatment of cultures, the response in C. neoformans 
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appears divergent.  Three notable features that distinguish the NO response of C. 

neoformans from those reported in other fungi are 1) the induction of a previously 

undescribed gene, CNA2870, related to the E. coli NO resistance gene ytfE, 2) the 

induction of a mannitol dehydrogenase, MPD1/ADH302 thought to be involved in the 

biosynthesis of the polyol mannitol (28), a potent antioxidant, and 3) the induction of a C. 

neoformans-specific family of four genes that were previously undescribed. 

 Both ytfE and CNA2870 contains two HHE or hemerythrin cation binding motifs 

(33).  By analogy to the heme-binding flavohemoglobins, these may be Fe(II)-binding 

proteins involved in the detoxification of NO.  The induction of both ytfE and CNA2870 

by NO and the role of ytfE in NO resistance in E. coli is consistent with this possibility 

(27).  Our preliminary studies of a knockout mutant of CNA2870 have not uncovered a 

role for this protein in NO resistance (C. Chen and H.D.M., unpublished observations).  

Moreover, this mutant did not display a defect in virulence in an ongoing signature-

tagged mutagenesis screen (O. Liu and H.D.M., unpublished observations).  Thus either 

CNA2870 does not play a role in NO detoxification or virulence, or, more likely, it is 

redundant with other factors induced by NO such as FHB1. 

 Mannitol synthesis has long been known to be a characteristic of C. neoformans, 

and an enzyme capable of synthesizing mannitol, Mpd1/Adh302, has been purified and 

cloned (28).  Mannitol is produced during infection, and cerebrospinal fluid of infected 

patients contain concentrations in the range of milligrams per ml (34).  Although 

mannitol synthesis has been proposed to be important for pathogenesis, no genetic studies 

have been reported that support this hypothesis.  Our annotation shows that two genes, 

CNJ0590 and ADH301, display strong homology to MPD1/ADH302, raising the 
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possibility that these genes function redundantly to produce mannitol.  Thus, the 

generation of double or triple knockout strains may be necessary to test the role of 

mannitol in NO resistance and C. neoformans virulence. 

 As described in the Results, we identified a four gene family whose mRNAs are 

induced in response to NO treatment of cultures.  Intriguingly, these genes are specific to 

C. neoformans, and are even missing from the sequenced genomes of two basidiomycete 

relatives of C. neoformans: Ustilago maydis and Phanerochaete chrysosporium.   As 

such, they could represent a pathogen-specific specialization involved in virulence.  

Genetic and biochemical investigation of this family be will be required to test their 

potential role in virulence and to determine the precise molecular function of these 

proteins. 

 After this work was completed, the whole-genome transcriptional response of the 

serotype A strain H99 to a single dose of acidified nitrite was recently reported (35).  

Prominent changes were seen in the expression of amino acid biosynthetic genes as well 

as genes involved in respiration, cell wall synthesis, transport, and stress responses.  

Overall, 205 genes were reported to be reduced in expression while 216 increased in 

expression.  In contrast, our study identified only 25 genes that displayed a dose-

dependent induction by DPTA-NONOate, and we found no genes that displayed a dose-

dependent reduction in expression (data not shown). The simpler transcriptional profile 

for the C. neoformans var grubii response to NO obtained in this study could be due to 

two factors.  First, our experiments were performed in rich media while the previous 

study utilized minimal media.  This may explain the lack of induction in our studies of 

many metabolic genes such as the amino acid biosynthetic genes.  Second, we utilized 
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multiple doses of a more specific NO donor (DPTA-NONOate) in this study versus the 

choice of a single concentration of acidified nitrite in the other study. (Missall et al., 

2006). 

 We found that NO-induced genes display reduced expression at higher 

temperatures.  Although the reason for this correlation is not obvious, it is consistent with 

the possibility that the genes identified here respond in distinct ways to a wide range of 

environmental inputs and thus may play roles in multiple biological responses.  Future 

genetic analysis of their regulation and functions should shed light on this issue. 

 Finally, it is important to note that the relevance of the work presented here to the 

responses of C. neoformans in vivo will ultimately require accurate profiling of pathogen 

responese in a mammalian host.  The microarray and annotation resources described 

represent a first step towards understanding the genomic responses of the host-pathogen 

relationship. 
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FIGURES 

 

Figure 1.  C. neoformans var grubii heat shock response.  Shown in a time course of gene 

expression changes of cultures shifted from 30°C to 42°C for 0, 10, 20 or 30 minutes.  A 

minimum two-fold change in mRNA levels for at least one timepoint was chosen to filter 

the data prior to hierarchical clustering. 
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Figure 2.  Temperature-regulated gene expression.  Shown are gene expression 

comparisons of four pairs of replicate cultures in which one culture was grown 

continuously at 30°C while the other was grown continuously at 37°C.  Shown are genes 

that were significantly different as determined by SAM analysis (see Materials and 

Methods). 
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Figure 3.  NO-induced genes.  Shown is a cluster of genes that display dose-dependent 

increases in expression in response to treatment of cultures with the NO donor DPTA-

NONOate.  A minimum two-fold increase for at least one dose was chosen to filter the 

data prior to hierarchical clustering. 
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Figure 4.  C. neoformans-specific four-gene family induced by NO.  Shown is a 

CLUSTALW alignment of the four-gene family described in the text. 
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Figure 5.  Quantitiave RT-PCR confirms expression changes induced by NO in genes 

detected by microarray.  Quantitiave RT-PCR was performed on total RNA collected 

from cells treated with the indicated doses of DPTA-NONOate.  Expression values were 

normalized to the value of actin (ACT1) in the sample and the fold expression relative to 

no DPTA-NONOate treatment was calculated.  FHB1, CNM1930, CNN0310, CNN1140, 

CNBN320-A, ADH302-A, and ADH302-B were identified in our microarray experiments 

as being induced by NO treatment.  Expression of SSA4, SSE2, and ERG3-B was 

unchanged by NO treatment in our microarrays.  
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Figure 6.  Heirarchical cluster diagram of gene expression studies described in this paper.  

Cluster of genes induced by NO in a dose-dependent manner are indicated with blue 

annotations. 

 

 



 222 

SUPPLEMENTAL TABLES 

Supplementary tables can be found online on the Current Genetics website: 

http://www.springerlink.com/content/v1443684847r843p/294_2007_Article_147_ESM.h

tml 

 

 






