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Abstract 

Fungi have a genetically controlled sex determination system, which is governed 

by a small, sex-specific region in the genome called the mating-type locus (MAT).   In the 

basidiomycetous yeast Cryptococcus neoformans, the pathogen that causes cryptococcal 

meningitis and cryptococcosis, sex has been associated with virulence. To further 

understand how sex is genetically regulated in C. neoformans, we focused our studies on 

the evolution of the MAT locus and molecular dissection of the pheromone signaling 

pathway that controls sexual development. Two MAT-linked meiotic recombination 

hotspots that likely drove the assembly and rearrangement of MAT were identified. Fine 

mapping through the integration of genetic markers established that two hotspots, one on 

each side of the MAT locus, are located in an ~10 kb and ~5 kb region. Plotting the G + C 

content along MAT and the flanking regions revealed a strong association between the 

location of these two hotspots and a high G + C content. By deletion and insertion of the 

G + C rich region, we demonstrated that the high G + C rich region is required but not 

sufficient to induce recombination. On the other hand, to provide direct experimental 

evidence to support the previously proposed model for the evolution of MAT, we sought 

to recapitulate the ancestral tetrapolar, and the intermediate tripolar mating systems of C. 

neoformans by manipulating the MAT structure to model a tetrapolar system. In the two 

modified “a” and “α” strains, the sex-determining genes SXI1α or SXI2a residing at the 

MAT locus were disrupted and the wild-type allele of these two genes was then 
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reintroduced at another genomic location (URA5) that is unlinked to MAT. Our results 

show that C. neoformans can complete the sexual cycle with a tetrapolar mating 

configuration and the transitional tripolar state might be under strong selection pressure, 

which could have facilitated the transition from a tripolar state to the final bipolar mating 

system.  

The MAT locus is the major determinant of the sexual identity of a cell, but 

several signaling pathways, including the pheromone signaling pathway, are required to 

regulate mating and sexual development. Many components of the pheromone signaling 

pathway have been identified; however, it is less clear what lies upstream of the MAPK 

cascade. To address this question, we studied the role of two Gα subunits (Gpa2, Gpa3) 

in mating and concluded that they share both redundant and divergent roles in mating. 

gpa2 gpa3 double mutants, but neither gpa2 nor gpa3 single mutants, are sterile in 

bilateral crosses. In their GTP-bound form, they signal in opposition: Gpa2 promotes 

mating whereas Gpa3 inhibits. Furthermore, we also studied the functions of a novel 

upstream component Cpr2, a pheromone receptor-like gene, in pheromone signaling and 

sexual development. All lines of evidence suggest that Cpr2 is a constitutive ligand-

independent receptor that, when expressed, engages the same G-proteins and activates the 

same pheromone signaling pathway as the canonical ligand-activated pheromone 

receptors. Expression of Cpr2 is induced post cell fusion during mating, and likely 

introduces a positive feedback loop to allow a self-perpetuating signaling state to enable 

efficient mating. Cells lacking this receptor are fertile, but produce abnormal filamentous 
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structures. Overexpression of CPR2 in a or α cells strongly enhances fruiting, an 

alternative same-sex mating process in C. neoformans. Therefore, Cpr2 establishes a new 

paradigm for a naturally occurring constitutively active GPCR that governs cell fate in 

fungi.  

Finally, we described a sex-induced silencing (SIS) phenomenon in C. 

neoformans. Using genetic approaches, we showed that SIS is triggered by a tandem 

insertion of a transgene during the sexual cycle. Interestingly, only a proportion of 

progeny carrying the transgene are silenced. Gene deletion, RIP, or DNA methylation do 

not contribute to SIS but the RNAi machinery is required. In conclusion, these studies 

provide further understanding of sex in C. neoformans from different perspectives, which 

invites comparisons to other fungal and even more broadly, eukaryotic pathogens to 

address the role of sex in evolution.  
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Chapter 1. Introduction   

1.1 Cryptococcus neoformans as a Model Human Fungal 
Pathogen  

C. neoformans, the causative agent for cryptococcal meningitis and 

cryptococcosis, is an encapsulated basidiomyceteous yeast found world-wide to be 

associated with bird feces, trees, and soil. Two closely related species divided into four 

serotypes encompass the whole Cryptococcus species complex. They are C. neoformans 

var. neoformans (serotype D), C. neoformans var. grubii (serotype A) and C. gattii 

(serotype B and C). C. neoformans and C. gattii are estimated to diverge from a common 

ancestor ~37 million years ago (mya) and C. neoformans, var. neoformans (serotype D) 

diverged from var. grubii (serotype A) ~18.5 mya (Xu, Vilgalys et al. 2000). Clinically, 

C. neoformans var. grubii (serotype A) strains account for more than 95% of the 

cryptococcal infection in immunocompromised patients whereas C. gattii is known to be 

endemic to tropical regions and causes 70% to 80% of the cases in immunocompetent 

hosts (Casadevall and Perfect 1998). Cryptococcal infection is lethal if untreated, causes 

up to a 30% mortality rate in AIDS patients in some parts of the world such as South and 

East Africa and Southeast Asia. In 2002, C. gattii was also recognized to cause an 

outbreak in Vancouver Island (Hoang, Maguire et al. 2004). More than a hundred human 

cases, mostly immunocompetent individuals, as well as animal cases, have been reported 

by the British Columbia Centre for Disease Control between 1999 to 2004, indicating that 
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this fungal pathogen can cause disease in a wide spectrum of mammalian hosts 

(MacDougall and Fyfe 2006).  

 C. neoformans is distantly related to the model yeast Saccharomyces cerevisiae 

and another major human fungal pathogen Candida albicans. Although these fungi may 

be similar in morphology and all divide vegetatively by budding, they differ drastically in 

certain phenotypic characteristics and their life styles. S. cerevisiae is a saprotrophic 

fungus that rarely causes disease while C. neoformans and C. albicans are common 

human fungal pathogens. Both S. cerevisiae and C. neoformans have a defined sexual 

cycle, but meiosis has not been observed in C. albicans (Kwon-Chung 1976; Bennett and 

Johnson 2005). In nature, S. cerevisiae and C. albicans exist as diploid organisms in most 

of their life cycles while in contrast, C. neoformans mostly exists in the haploid state. C. 

neoformans produces two virulence factors, a polysaccharide capsule and melanin, which 

distinguish it from most other fungal species. These examples all illustrate the fact that 

these species diverged at least 500 mya and thus are greatly diverse in many aspects 

(Taylor, Hass et al. 1999). 

1.2 The C. neoformans Genome 

The genome sequences of several Cryptococcus isolates are completed, including 

two serotype D sibling strains derived from a cross (JEC21 and B-3501), a serotype A, 

var. grubii strain H99, and a C. gattii clinical strain R265 from the recent Vancouver 

Island outbreak. The genome of an environmental serotype B C. gattii strain WM276 is 
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currently being sequenced, which brings the number of available Cryptococcus genomes 

to five. The completion of the genome projects will greatly advanced our understanding 

to this fungus and several genome-wide analysis tools such as the whole genome 

microarray, a high resolution meiotic map for serotype D strains, and a gene deletion set 

in the H99 background have been recently developed, providing valuable resources for 

the entire community (Idnurm, Bahn et al. 2005). These tools, combined with amenable 

genetic tractability and robust animal models have made C. neoformans a favorable 

organism to study fungal pathogenesis and basic biology.  

The genome of C. neoformans is ~20-megabases in size, containing 14 

chromosomes and was annotated to encode 6572 intron rich genes. Alternative splicing 

was observed for 277 genes (~4.2% of the transcriptome) and 53 genes were found to be 

associated with antisense transcripts (Loftus, Fung et al. 2005). C. neoformans is rich in 

transposable elements which comprise almost 5% of the genome. The majority of these 

transposons cluster in 40 to 100 kb blocks on each chromosome and are suggested to be 

the centromeric regions. Each cluster contains at least one copy of Tn5 or Tn6. In 

addition, the repetitive sequences also cluster within the mating-type locus (MAT) and 

adjacent to the rDNA repeats. The long-interspersed nuclear element-like (LINE-like) 

retrotransposon, in contrast, exhibited a significant preference for telomeric regions 

(Loftus, Fung et al. 2005). The fact that the MAT locus contains many repetitive 

sequences and transposon remnants might suggest that these elements have contributed to 
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the structural rearrangements, such as inversions and local transpositions, during the 

evolution of MAT (Lengeler, Fox et al. 2002).  

1.3 Virulence Factors of C. neoformans 

Melanin, capsule, and the ability to grow at 37ºC are three main virulence factors 

of C. neoformans. Melanin is a brown pigment that protects cells from oxidative stress 

and UV radiation in the host and environments (Casadevall, Rosas et al. 2000). Capsule 

may protect cells from dehydration in the environment and interfere with phagocytosis by 

macrophages (Bose, Reese et al. 2003). Loosing any of the three characteristics would 

render a cell avirulent (Idnurm, Bahn et al. 2005). Another intriguing factor that has been 

associated with virulence is the mating-type. The distribution of mating-types in clinical 

and environmental isolates is strongly biased; more than 98% of the population is α 

mating type and it has also been shown that MATα cells are more virulent than congenic 

MATa cells (Kwon-Chung and Bennett 1978; Kwon-Chung, Edman et al. 1992).  

1.4 Sex and the Mating-type Locus (MAT) 

C. neoformans has a defined sexual cycle; when grown under appropriate 

conditions such as V8 mating medium, a and α cells secrete pheromones to induce 

mating and undergo a  yeast to hyphae dimorphic transition (Kwon-Chung 1975; Kwon-

Chung 1976). The discovery of the sexual cycle has had a tremendous impact on the 

research of C. neoformans. It not only enables genetic analysis, but also draws many 

researchers’ attention to study how sex is governed in this fungus.  
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Sex in fungi is determined by the mating-type loci (MAT). Understanding the 

architecture and functions of MAT in various fungal species not only tells us how sexual 

identity is governed at a molecular level, but also sheds insights into a broader question: 

How does sex evolve? Thus, the MAT loci have been identified and characterized in 

several ascomycetes and basidiomycetes. A bipolar mating system, with two mating 

types and a single MAT locus, is typical for ascomycetes; on the other hand, ~65% of the 

basidiomycetes were estimated to be tetrapolar and have two un-linked MAT loci, 

resulting in hundreds and even thousands of mating-types. The MAT locus of S. 

cerevisiae is one of the most thoroughly understood sex-determining regions and serves 

as a paradigm for people to compare and contrast to other fungal MAT loci. In the 

budding yeast, there are two different MAT alleles, a and α, encoding the homeodomain 

or the α domain transcription factors a1, and α1, α2 respectively. Cells may exist as a or 

α haploid cells or as a/α diploids. The a cell type is the default mating-type. a-specific 

genes (asg) are constantly expressed in a cells although no known haploid-specific 

function has been associated with the transcription factor a1. On the other hand, in α 

cells, the α domain transcription factor α1 is responsible for activating the expression 

of α-specific genes (αsg) and the homeodomain transcription α2 functions to repress the 

expression of the a-specific genes (asg). Cells of opposite mating-types are capable of 

mating, forming a/α diploid cells, which may undergo meiosis under appropriate 

conditions. Meiosis and the later sporulation processes are also regulated by the cell-type 

regulators. In diploid cells, because both MAT alleles coexist in the genome, and the 
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homeodomain proteins a1 and α2 are both present, resulting in formation of the a1/α2 

heterodimer complex, which represses the expression of haploid specific genes and 

promotes meiosis and sporulation (Herskowitz 1989).   

As mentioned above, many basidiomycetous fungi have evolved to adopt a more 

complex tetrapolar mating system; the corn smut fungus Ustilago maydis is one such 

example and provides a foundation to study the tetrapolar mating systems in the 

basidiomycetes. U. maydis has two unlinked MAT loci, the a and the b locus. The a locus 

is biallelic (a1 and a2), and encodes pheromones and pheromone receptors. The 

pheromone receptor encoded by the a1 allele can only sense pheromone secreted from a2 

but not a1 cells and vice versa and thus, can only be activated via a paracrine signaling 

loop. The b locus encodes two divergently transcribed homeodomain protein genes bE 

and bW and at least 19 alleles exist in nature (Kahmann and Schirrawski 2007). bE and 

bW of different alleles (for example, bE1 and bW2) form an active heterodimeric 

transcription factor complex, but proteins encoded by the same allele (for example, bE1 

and bW1) do not dimerize. To initiate a mating response, cells must first differ at the a 

locus to enable pheromone signaling, which leads to mate-recognition and cell-cell 

fusion. After cell fusion, an active heterodimeric complex composed of different allelic 

bE and bW is required to regulate the expression of a set of ~350 genes. If cells lack a 

functional bE/bW heterodimer, the dikaryotic hyphae development and meiosis after the 

cell-cell fusion fails to occur. Thus, to be mating-compatible, cells must differ at both the 

a and b loci.   
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C. neoformans on the other hand, has a simpler bipolar mating system with two 

mating types, a and α. One single, non-recombining MAT locus is located on 

chromosome 4 in the sequenced strain JEC21. In contrast to the small sizes of MAT loci 

in most fungi, which range from a few hundred to a few thousand base-pairs, the C. 

neoformans MAT locus is extremely large, spanning over ~120 kb. More than 20 genes 

are encoded in this locus, including the homeodomain sex regulator, pheromones, and the 

pheromone receptor (Lengeler, Fox et al. 2002). The fact that both key sex determinants 

found in tetrapolar MAT loci are now included in one large non-recombining allele 

suggests that the unusually structured MAT locus of C. neoformans likely evolved from 

an ancestral tetrapolar mating system (Fraser, Diezmann et al. 2004). In addition to the 

pheromone/pheromone receptor genes and the homeodomain transcription factor, many 

genes involved in the pheromone signaling cascade have also been recruited into the C. 

neoformans MAT locus. These include Ste20a/α, a signal transducing kinase of the PAK 

(p21-activated kinase) family, Ste11a/α, a mitogen activated protein kinase kinase kinase 

(MAPKKK) and Ste12a/α, a potential downstream transcription factor activated by the 

MAPK signaling cascade. Several genes encoded by MAT may be involved in the later 

mating process while the rest do not have apparent functions related to sexual 

development (Lengeler, Fox et al. 2002; Fraser, Diezmann et al. 2004). The architecture 

of the C. neoformans MAT locus supports the idea that C. neoformans may have an 

ancestral tetrapolar mating system and a model regarding how the present bipolar MAT 

alleles evolved was also proposed. Basically, gene acquisition, chromosomal 
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translocation, and gene inversions and conversion sequentially shaped the MAT alleles, 

resulting in the current extant architecture (Fraser, Diezmann et al. 2004). This model is 

also supported by studies on the U. hordei MAT locus. U. hordei is a smut fungus closely 

related to U. maydis, but with a bipolar mating system. Cloning and sequencing of the U. 

hordei MAT locus revealed that both the pheromone/pheromone receptor locus and the 

homeodomain protein locus have been linked into an ~500 kb, non-recombining region 

(Bakkeren and Kronstad 1994; Lee, Bakkeren et al. 1999). This example nicely illustrates 

how a tetrapolar mating system may be converted into a bipolar one by chromosomal 

translocation and mechanisms by which recombination is suppressed. 

1.5 Life Cycle of C. neoformans 

Nutrient starvation, such as low glucose and low nitrogen, may induce mating of 

C. neoformans in the laboratory. 5% V8 juice agar medium is also routinely used to 

conduct mating assays; serotype D strains prefer to mate on pH 7 medium while serotype 

A strains prefer a more acidic environment (pH 5). Mating of serotype D strains is much 

more robust than that of serotype A strains. Filamentaion can be readily observed after 24 

hour incubation in the dark at 25°C for serotype D strains, while under the same 

conditions, isolated filamentation can be observed after 5 days (Hull and Heitman 2002). 

Recently, Murashige and Skoog (MS) medium commonly used for plant tissue culture 

was found to stimulate C. neoformans mating and sporulation, especially for serotype A 
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strains and myo-inositol was identified as the active compound in this synthetic medium 

that stimulates C. neoformans mating (Xue, Tada et al. 2007).   

The differentiation process of C. neoformans mating is distinct from that of the 

budding yeast. For instance, the final product of mating— meiotic spores produced after 

meiosis, are not packed in a specific structure; instead, they are loosely attached at the tip 

of the mating hyphae, a structure called a basidium. In S. cerevisiae, after cell fusion 

occurs, the two nuclei immediately congress and fuse to form a stable diploid cell. In C. 

neoformans, the fused cell switches to filamentous growth and the two nuclei congress 

but do not fuse. These mating hyphae form dikaryons in which two nuclei, one from each 

parent, co-exist in each compartment and a special structure called a clamp cell (or a 

clamp connection) develops and coordinates nuclear division and migration. Two nuclei 

ultimately fuse in the basidium and immediately undergo meiosis, and post-meiotic 

nuclei undergo mitosis to produce four long chains of basidiospores. Therefore, no stable 

diploid cells are produced during the a/α sexual cycle (Hull and Heitman 2002). 

Although not common, stable diploid cells may be selected from strains with 

complementary markers. Diploid strains are thermally dimorphic; they grow as budding 

yeast at 37°C but switch to filamentous growth at 25°C and are able to undergo meiosis 

and produce basidiospores (Sia, Lengeler et al. 2000). Several signaling pathways, 

including the pheromone signaling cascade, the cAMP signaling cascade and the 

calcineurin pathway have been shown to regulate the mating process (Lengeler, Davidson 
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et al. 2000). In this chapter, the molecular nature of the pheromone signaling cascade will 

be discussed in detail.  

A different phase of C. neoformans morphogenesis that requires cells of one 

mating-type is known as monokaryotic fruiting (or fruiting for short). Yeast cells (usually 

MATα) when grown under extreme nitrogen starvation, or on V8 medium, can switch to 

filamentous growth, producing monokaryotic hyphae and spores. This morphogenic 

process occurs more frequently in MATα cells, although some cases of MATa strains 

being able to fruit have been reported (Wickes, Mayorga et al. 1996; Hull and Heitman 

2002; Tscharke, Lazera et al. 2003). Fruiting is also serotype-specific; so far, strains that 

have been documented to undergo robust and consistent fruiting are all serotype D 

strains. Compared to a-α mating, fruiting is much less efficient. It requires extremely 

unfavorable growth conditions and a much longer incubation period. Sporadic 

filamentaion may be observed at the periphery of colonies after 2 weeks of incubation, 

which is in contrast to a rapid (<24 hr) and uniform filamentation observed in a mating 

assay. Because fruiting occurs in the absence of a mating partner, this process has been 

though to be exclusively mitotic and asexual since its discovery (Wickes, Mayorga et al. 

1996). Recently, a detailed analysis revealed that cells can undergo a ploidy shift during 

the fruiting process, in which the haploid yeast cell diploidizes and switches to 

filamentous growth. Similar to the canonical a-α mating cycle, the diploid nucleus in the 

basidium undergoes meiosis, producing haploid progeny (Lin, Hull et al. 2005). Thus, 

fruiting is a modified form of sexual reproduction that occurs between cells of the same 



 

 

11 

mating-type, which also provides a plausible explanation regarding the question why 

MATα cells are the predominant form in the environment (Lin and Heitman 2006).  

1.6 Pheromone Signaling Cascade — The S. cerevisiae Paradigm  

The genetic control of mating in S. cerevisiae has been studied for more than 

three decades. A set of “sterile” genes, which when mutated result in a sterile phenotype 

were discovered via genetic screens conducted in the 70s to 80s (Mackay and Manney 

1974; Hartwell 1980). Before cloning and sequencing of the STE genes, genes such as 

STE2 were already known to mediate pheromone responses in a cell type-specific manner 

(Hartwell 1980). A few years later, genes such as STE2, STE3, STE4, STE6, STE7, 

STE11, STE12 and STE18 were all subsequently cloned and characterized (Burkholder 

and Hartwell 1985; Chaleff and Tatchell 1985; Hagen, McCaffrey et al. 1986; Kuchler, 

Sterne et al. 1989; Whiteway, Hougan et al. 1989). As a result, components constituting 

the pheromone signaling pathway were gradually revealed piece-by-piece.  

In this pathway, the seven-transmembrane (7TM) pheromone receptor Ste2 or 

Ste3 resides on the membrane to sense a or α factors (mating pheromones) secreted by 

cells of the opposite mating-type. Ste2 and Ste3 are both G-protein-coupled receptors 

(GPCRs) that switch conformation from an inactive R state to an active R* state upon 

ligand binding. Although unrelated in sequence, when triggered by pheromone binding, 

they both activate the same Gα subunit Gpa1 to facilitate GDP to GTP exchange and the 

dissociation of Gα from the Gβγ (Ste4/Ste18) complex. In many systems both the 
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liberated Gα and Gβγ subunits may interact with downstream effectors to turn on or off 

signaling cascades; however, in S. cerevisiae pheromone signaling pathway, it is the Gβγ 

complex that functions as the main driving force to induce the downstream pheromone 

signaling responses; cells lacking either subunit of the Gβγ complex are blocked for all 

mating responses (Whiteway, Hougan et al. 1989). The scaffold protein Ste5, the PAK 

kinase Ste20, and the Cdc24/Far1 complex are three main downstream targets of the Gβγ 

complex. When bound to Ste5, the Ste4/Ste18 complex facilitates its membrane 

recruitment and places the scaffold protein, the whole MAPK module, and Ste20 into 

close proximity to enable signaling circuit activation (Leeuw, Wu et al. 1998; Pryciak 

and Huntress 1998). The MAPK module is a three-tiered phosphorelay system composed 

of Ste11 (MAPKKK), Ste7 (MAPKK) and Fus3 (MAPK). Upon signal activation, the 

phosphoactivated Fus3 may phosphorylate the downstream transcription factors including 

Ste12, which induces the expression of several mating-specific genes (Bardwell, Cook et 

al. 1994). When cells sense pheromone and activate the mating pathway, they change 

their transcriptional profile, undergo cell cycle arrest, and exhibit a chemotaxis response 

toward mating partners. Components of the pheromone signaling pathway, from the 

upstream receptor-G protein complex to the downstream transcription factor, are all 

required for these mating responses (Herskowitz 1995).  

The pheromone signaling pathway also has some built-in negative regulators to 

enable cell desensitization to pheromone activation. One major component of this 

category is Sst2, a member of the RGS (regulator of G-protein signaling) family. Sst2 is a 
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GTPase-activating protein for Gpa1, which stimulates GTP hydrolysis on the Gα subunit 

in the active state (GTP-bound form) through stabilizing three regions of the Gα subunit 

that undergo conformational changes during GTP hydrolysis (Dohlman, Song et al. 1996; 

Tesmer, Berman et al. 1997). After GTP hydrolysis, the Gα subunit returns to its GDP-

bound, inactive state which then sequesters the Gβγ complex into a heterotrimer, leading 

to down regulation of pheromone signaling. Thus, the sst2 null mutant exhibits a 

pheromone super-sensitive phenotype and sst2 mutant cells are unable to recover from 

pheromone-induced growth arrest (Chan and Otte 1982; Dietzel and Kurjan 1987). 

These basic principles of G protein regulation in the pheromone signaling 

pathway have been elucidated over decades ago; however, recently, several unexpected 

new facets in the signaling regulation were revealed (Dohlman and Slessareva 2006). For 

a long time, the sole function of Gα subunit Gpa1 was thought to be sequestration of the 

Gβγ complex as a negative regulator, yet new evidence supports a revised model in 

which pheromone signaling is also positively transmitted via Gpa1 (Guo, Aston et al. 

2003). More specifically, the GTP-bound form of Gpa1 can induce mating-specific 

transcription and morphogenesis in the absence of pheromone. These Gpa1-activated 

pheromone responses are mediated by the phosphatidylinositol 3-kinase Vps34 and its 

regulator Vps15, which form a complex on the endosomal membrane to regulate protein 

sorting (Slessareva, Routt et al. 2006). Activated Gpa1 colocalizes with the Vps34/Vps15 

complex on endosomes, and binds directly to Vps34 to induce phosphoinositol 3-

phosphate production. Furthermore, Vps15 has 7 WD40 repeats and was found to 
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preferentially interact with the GDP-bound Gpa1, mimicking hallmarks of a Gβ subunit. 

Traditionally, heterotrimeric G proteins are thought to transduce signals at the plasma 

membrane. Thus, the ability of Gpa1 to translocate into intracellular compartments to 

activate downstream effectors provides a new paradigm for G protein signaling 

regulation (Koelle 2006). 

Another unexpected finding in the pheromone response pathway is that the RGS 

protein Sst2 binds directly to the pheromone receptors Ste2 and Ste3 at the plasma 

membrane. This interaction is mediated by the DEP domain and is essential for Sst2 

function (Ballon, Flanary et al. 2006).  In addition, binding to the C-terminal tail of the 

receptor places Sst2 in close proximity to its substrate Gpa1, ensuring that the regulation 

is both rapid and specific. This finding not only revealed a new interaction in the 

pheromone response pathway, but also has further implications on the roles of DEP-

domain containing proteins in signal transduction (Ballon, Flanary et al. 2006).  

1.7 Pheromone Signaling in other Fungal Species  

Pheromone signaling pathways are conserved among many fungal species 

(Lengeler, Davidson et al. 2000).  Based on the model established in S. cerevisiae, 

homologs of pheromones and pheromone receptors, G proteins, RGS proteins, and 

components in the conserved MAPK cascade have been discovered in many ascomycetes 

including Schizosaccharomyces pombe, Neurospora crassa, Magnaporthe grisea, 

Aspergillus spp., and C. albicans. (Nielsen and Davey 1995; Lengeler, Davidson et al. 
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2000; Borkovich, Alex et al. 2004; Bennett and Johnson 2005; Paoletti, Seymour et al. 

2007). It is interesting that components in this pathway have even been identified in 

species that lack an apparent sexual cycle (Calcagno, Bignell et al. 2003; Paoletti, 

Rydholm et al. 2005). Furthermore, this pathway has also been linked to morphogenesis 

and virulence in many fungal pathogens such as the rice blast fungus M. grisea, and the 

human pathogens C. albicans and C. glabrata (Xu and Hamer 1996; Lo, Kohler et al. 

1997; Calcagno, Bignell et al. 2005).  

In basidiomycetes, the majority of the components in the pathway are still 

conserved, but the pheromone/ pheromone receptor recognition system is modified. 

Unlike S. cerevisiae, in which the two pheromone receptors unrelated in amino acid 

sequence (Ste2 and Ste3) recognize the peptide pheromone α factor and the lipid-

modified peptide pheromone a factor, the pheromones in basidiomycetes are all lipid-

modified and sensed by Ste3-related pheromone receptors (Kronstad and Staben 1997; 

Casselton 2002). Although sequence similarities between different receptors and 

pheromones are often observed, the receptors are still highly specific and do not 

recognize pheromone of the same-mating-type to avoid self-activation. In addition, as 

mentioned above, the pheromone and the pheromone receptors are encoded by MAT in 

many basidiomycetes. 
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1.8 Pheromone Signaling in C. neoformans  

Three to four copies of pheromone genes (MFa or MFα) are present in the 

sequenced C. neoformans MAT alleles (Fraser, Diezmann et al. 2004). All pheromone 

genes encode a precursor peptide that is subject to N-terminal proteolysis and C-terminal 

cleavage and farnesylation, which requires the conserved CAAX motif at the C-terminus 

(Davidson, Moore et al. 2000; McClelland, Fu et al. 2002). The synthetic, mature form of 

MFα pheromone triggers the formation of conjugation tubes in MATa cells (Davidson, 

Moore et al. 2000). The expression of the pheromone genes is tightly controlled; they are 

suppressed in nutrient-rich environments and induced by nutrient limitation and the 

presence of opposite mating-type cells. Deletion of the pheromone genes dramatically 

reduces mating efficiency to less than 1% of the wild-type level, demonstrating that 

pheromone plays a critical role in mating (Shen, Davidson et al. 2002). Two GPCRs that 

share sequence identity with the S. cerevisiae a-factor receptor Ste3 have been identified 

in the MATα and MATa alleles. Studies have shown that these two receptors (Ste3α and 

Ste3a) are indeed pheromone receptors responsible for pheromone sensing and are 

critical for mating (Chung, Karos et al. 2002; Chang, Miller et al. 2003).  

The pheromone signaling cascade in C. neoformans is conserved with that in S. 

cerevisiae (Lengeler, Davidson et al. 2000; Hull and Heitman 2002). When the 

pheromone receptor is activated by pheromone binding, a three-tired phosphorylation 

cascade, composed of Ste11a/α, Ste7, and Cpk1, is sequentially activated, leading to the 

activation of the pheromone response (Davidson, Nichols et al. 2003). One difference 
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however, is that in C. neoformans, several components in the MAPK pathway (Ste11a/α, 

Ste12a/α, and Ste20a/α) are encoded by MAT. Therefore, cells of different cell type 

express distinct alleles of these two kinases (Ste11a/α and Ste20a/α) and the 

transcription factor (Ste12a/α), with ~31 to 66% nucleotide sequence identity. Based on 

the phylogenetic analysis, these three genes are thought to have been acquired into MAT 

early in the evolutionary history because they exhibit low amino acid sequence identity 

between the a and α alleles and cluster into distinct a and α clades (Fraser, Diezmann et 

al. 2004). Due to the presence of both mating-type specific and nonspecific elements in 

the MAPK cascade, Ste7 and Cpk1 must have the ability to interact with different 

partners in a cell-type specific fashion. Genetic analysis has linked these three genes in a 

linear pathway that controls mating; lacking any of the three kinases results in a severe 

unilateral mating defect and the mutant cells are unable to respond to pheromone in a 

confrontation assay (Davidson, Nichols et al. 2003).  Upstream of the MAPK cascade lies 

two PAK kinases Ste20a/α and Pak1. These two PAK kinases, one being mating-type 

specific and the other not, have both distinct and overlapping roles in mating, 

differentiation, cytokinesis and virulence (Wang, Nichols et al. 2002). Epistasis analysis 

supports the model that Ste20 functions upstream of the MAPK cascade because 

overexpression of the dominant active Ste11α-1 or the Cpk1-1 alleles in a ste20α mutant 

restores mating ability (Wang, Nichols et al. 2002). Further analysis revealed that the two 

PAK kinases function at different stages of mating. Pak1 is required for cell-cell fusion 
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and the induction of pheromone transcripts during mating while Ste20 functions to 

maintain polarity in hyphae (Nichols, Fraser et al. 2004). 

It is surprising that the transcription factor Ste12α, although being the ortholog of 

S. cerevisiae Ste12, is dispensable for pheromone signaling in C. neoformans. The ste12α 

mutants are fertile, and pheromone gene expression remains inducible in a-α cell 

coculture (Yue, Cavallo et al. 1999; Davidson, Nichols et al. 2003).  However, 

overexpressing STE12α  restores the mating and fruiting defects in the ste11α, ste7 and 

cpk1 mutants. This paradox could be explained by a model in which Ste12α is one of the 

downstream targets of the MAPK or, it functions in a separate pathway that is parallel to 

the MAPK signaling (Davidson, Nichols et al. 2003).  

Although mating-type and the pheromone genes may affect virulence, the 

majority of mutants in the pheromone-activated MAPK signaling pathway are fully 

virulent, including ste11α, ste7, and cpk1 (Hull and Heitman 2002; Davidson, Nichols et 

al. 2003). This observation is in contrast to studies in other plant fungal pathogens such 

as M. grisea or U. maydis, in which the same pathway is critical for pathogenesis (Xu and 

Hamer 1996; Muller, Weinzierl et al. 2003). However, the upstream PAK kinases are 

exceptions. Serotype A, but not serotype D ste20α mutants exhibit a high-temperature 

growth defect and therefore, are reduced for virulence. Pak1 on the other hand, is 

required for virulence in both serotype backgrounds (Wang, Nichols et al. 2002).  

What lies upstream of the MAPK module and downstream of the pheromone 

receptor is less clear. The pheromone receptors are 7TM GPCRs; therefore, presumably 
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they should transduce the signals via a heterotrimeric G protein complex. The gene 

encoding the G protein β subunit Gpb1 was identified and found to be required for 

pheromone responsiveness and mating (Wang, Perfect et al. 2000). Thus, the Gβγ subunit 

has a positive role in the pheromone signaling pathway, analogous to the function of the 

Ste4/Ste18 complex in S. cerevisiae.  Although the gene encoding the Gβ subunit has 

been identified and well characterized, the corresponding Gα and Gγ subunits remained 

to be determined. Prior to the discovery of GPB1, GPA1, which encodes a Gα subunit 

was identified. Although Gpa1 is also required for mating, all lines of evidence suggested 

that this components functions in the nutrient-sensing cAMP pathway. Gpa1 is a key 

regulator for pathogenesis; two virulence factors, capsule and melanin, are greatly 

reduced in the gpa1 mutant background and these phenotypes may be suppressed by the 

addition of exogenous cAMP (Alspaugh, Perfect et al. 1997). C. neoformans harbors two 

additional genes (GPA2 and GPA3) encoding Gα subunits in the genome. Thus, Gpa2 

and Gpa3 are candidate Gα subunits that may compose a heterotrimeric G protein 

complex with Gpb1 that couples to the pheromone receptor to mediate signal 

transduction.  

A second component that functions upstream of the MAPK cascades is another 

GTP-binding protein, Ras1. Ras1 is essential for mating; the ras1 mutants are sterile and 

do not respond to pheromone. Overexpressing the Gβ subunit Gpb1, MAPK, or the 

addition of exogenous cAMP may partially suppresses this mating defect, providing 
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evidence that Ras1 signals through both cascades (Alspaugh, Cavallo et al. 2000; Waugh, 

Vallim et al. 2003).  Parallel findings have been described in the fission yeast S. pombe, 

in which Ras1 signals in conjunction with the Gα subunit Gpa1 to activate the 

pheromone signaling pathway (Nielsen, Davey et al. 1992).  

1.9 Overview of This Work 

The theme of this thesis is centered on sex in C. neoformans. More specifically, 

this work is focused on the evolution of the mating-type locus (MAT) and the genetic 

control of sexual development in C. neoformans. In Chapter 2, we report the discovery of 

recombination hotspots flanking the MAT locus and discuss how these hotspots likely 

drove the assembly and rearrangement of MAT with implications for the evolution of 

gene clusters in general. In Chapter 3, the roles of Gα subunits upstream of the 

pheromone signaling pathway were studied and we demonstrate that both Gα subunits 

Gpa2 and Gpa3 are involved in the mating pathway via both common and divergent 

signaling activities that govern cell-fate decisions. The addition of an extra Gα subunit 

into the signaling network allows more complicated regulation of pheromone signaling, 

which may be a consequence of the requirement of cells to choose between different cell 

fates. In Chapter 4, we investigated the functions of a pheromone receptor-like gene 

CPR2. It is well-established that the pheromone receptors Ste3a and Ste3α encoded in 

the MAT locus are responsible for pheromone sensing and signaling in C. neoformans; 

therefore, it was surprising when another non-mating-type specific pheromone receptor-
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like gene was identified. We used genetic methods to dissect the function of Cpr2 and all 

lines of evidence indicate that Cpr2 is a wild-type constitutively active pheromone 

receptor that signals the pheromone response pathway in a ligand-independent manner. 

This study on Cpr2 provides the first example of a wild-type constitutively active GPCR 

governing signaling and cell morphogenesis in the fungal kingdom. In Chapter 5, we 

demonstrated that by artificially moving the genomic location of the SXI1α and SXI2a 

homeodomain protein genes to another chromosome unlinked to the MAT locus, a 

hypothesized ancestral tetrapolar mating system could be recapitulated. These results 

provide compelling experimental evidence to support our model on the evolution of the 

MAT locus. Finally, in Chapter 6, we report a silencing phenomenon discovered 

unexpectedly during the analysis of the mating behavior of the artificially engineered tri- 

and tetra-polar mating systems. Approximately half of the progeny of the strain carrying 

the transgenic SXI2a allele are silenced for this locus. Preliminary data support the idea 

that this silencing process involves sex of C. neoformans and components in the RNAi 

machinery are required to induce the silencing observed. This likely involves a novel pre-

meiotic or meiotic whole genome defense scanning mechanism to repress expression of 

locally duplicated or amplified genomic loci.  
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Chapter 2. Recombination Hotspots Flank the 
Cryptococcus Mating-type Locus: Implications for the 
Evolution of a Fungal Sex Chromosome 

2.1 Introduction 

Enhanced genetic recombination is a hallmark of meiosis and serves two basic 

functions. First, genetic reassortment is enhanced through crossing-over between the 

homologous maternal and paternal chromosomes, mixing the genetic constitution in 

gametes. Second, in most organisms, crossing-over is critical for faithful chromosome 

segregation during meiosis by ensuring the generation of tension between sister 

chromosomes attached to opposite spindles.  

Meiotic recombination events are not random and occur more frequently in some 

regions of the genome (recombination hotspots), where double-stranded DNA breaks 

(DSBs) are often preferentially induced. This is a universal phenomenon in many 

eukaryotes in which meiotic recombination has been studied (Lichten and Goldman 

1995). Hotspots have been well studied in the budding yeast Saccharomyces cerevisiae, 

the fission yeast Schizosaccharomyces pombe, mouse, and human. Many of the molecular 

features associated with hotspots are conserved. For example, in each case DSB 

formation is initiated by the type II topoisomerase-related protein Spo11 without any 

particular sequence preference. Hotspots are usually small (between 1 to 3 kb), and there 

is often an association between chromatin structure and hotspot activity (Kon, Krawchuk 
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et al. 1997; Gerton, DeRisi et al. 2000; Nishant and Rao 2006). In S. cerevisiae, meiotic 

recombination hotspots and coldspots have been globally mapped using a microarray-

based approach, and although there is no single characteristic shared by all hotspots, a 

high G + C base composition is significantly correlated with an increased occurrence of 

DSBs (Gerton, DeRisi et al. 2000). Moreover, studies from S. cerevisiae and S. pombe 

suggest that hotspots and coldspots might in fact reflect the presence of chromosomal 

features, such as chromatin structures that can affect the accessibility of DNA to the 

recombination machinery (Kon, Krawchuk et al. 1997; Petes 2001; Yamada, Mizuno et 

al. 2004).  

In fungi, recombination is often increased or decreased near or within a 

specialized region of the genome: the mating-type locus. Mating-type loci (MAT) are the 

sex-determining regions of fungal genomes (Fraser and Heitman 2004) and serve as 

paradigms to study gene regulation and sexual development (Johnson 1995; Kronstad and 

Staben 1997). In a bipolar mating system, a and α mating types are controlled by a single 

MAT locus with two alternative alleles, MATa and MATα. To serve efficiently as a sex-

determinant, the MAT locus must be inherited as a single unit to prevent the generation of 

sterile or self-fertile offspring. As a consequence, recombination is suppressed within this 

region and mechanisms that contribute include extensive sequence divergence and 

rearrangement between different MAT alleles (Lengeler, Fox et al. 2002). There are 

extreme examples, such as Neurospora tetrasperma, in which recombination is 

suppressed over a larger portion of the chromosome on which MAT resides (60%), but 
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there is an obligatory crossover distal to the recombinationally suppressed region that 

ensures proper chromosomal segregation (Gallegos, Jacobson et al. 2000).  

Another MAT-associated recombination feature is mating-type switching, which 

occurs in the hemiascomycetous Saccharomyces sensu stricto group and related species, 

including Candida glabrata and Kluyveromyces lactis (Butler, Kenny et al. 2004). In 

these species, haploid mother cells have the ability to undergo a mating-type switch, 

which generates cells of opposite mating type in close proximity to facilitate mating and 

return to the diploid state (Nasmyth 1983; Herskowitz, Rine et al. 1992). In S. cerevisiae, 

MAT and the silent cassettes HML and HMR are encoded on chromosome III, and the 

silent cassettes are in subtelomeric regions and subject to transcriptional silencing by the 

Sir protein complex. Mating-type switching is the result of a nonreciprocal homologous 

recombination event (gene conversion) from HML or HMR to MAT induced by an Ho 

endonuclease-generated DSB at the active MAT cassette. More distantly related species 

such as Kluyveromyces lactis harbor silent mating-type cassettes but no Ho endonuclease, 

and mating-type switching occurs at lower efficiency via mitotic recombination (Herman 

and Roman 1966). This provides evidence that the silent MAT cassettes were acquired 

prior to the HO gene during evolution (Butler, Kenny et al. 2004).  

Studies in S. cerevisiae revealed that the sequence at the active MAT locus is 

replaced by copying new sequences from templates that reside elsewhere in the genome: 

namely at the silent mating-type cassettes HMLα and HMRa (Rine, Strathern et al. 1979; 

Haber 1998). Two aspects of this process are highly directional. First, HMLα or HMRa 
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serve as the donor of genetic information and MAT as the recipient. Second, ~90% of the 

time cells switch to an opposite mating-type, avoiding non-productive switching from the 

other silent cassette. This is achieved via a 700-bp recombinational enhancer (RE) that 

defines donor site preference (Wu and Haber 1996; Haber 1998). In a cells, RE is 

occupied by the binding of the transcription factors Mcm1 and Fkh1 and activates the left 

arm of chromosome III and HMLα for recombination proficiency. In α cells, RE is 

inactivated by the mating-type regulator α2 encoded by MATα, which directs HMRa to 

become the default donor (Wu, Weiss et al. 1998; Sun, Coic et al. 2002).  

In the more distantly related fission yeast Schizosaccharomyces pombe, a mating-

type switching system operates, but its distinct organization and functional mechanisms 

reveal it evolved independently from the switching system of S. cerevisiae. In this 

example, two silent and one active MAT cassette are closely linked in an ~30 kb region of 

the genome. Mating-type switching involves an unusual replication-coupled 

recombination event triggered by an imprint on the active MAT locus mat1, which may 

involve ribonucleotides that remain from an RNA primer of an Okazaki fragment 

(Dalgaard and Klar 2001; Arcangioli and Thon 2004; Egel 2005; Vengrova and Dalgaard 

2006). In the basidiomycete phylum of fungi, Agrocybe aegerita has been reported to 

switch mating type, although the mechanism is unknown (Labarere and Noel 1992). 

These examples show that mating-type switching evolved independently in several 

different phylogenetic lineages of fungi. 
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Cryptococcus neoformans is a haploid basidiomycete human pathogen that serves 

as a model for both fungal pathogenesis and basic biology (Casadevall and Perfect 1998; 

Hull, Boily et al. 2005; Idnurm, Bahn et al. 2005). The whole genome sequences of two 

divergent varieties, var. grubii (serotype A) and var. neoformans (serotype D), which 

diverged ~20 million years ago and have different virulence properties, are publicly 

available and have significantly advanced our understanding of this pathogen (Loftus, 

Fung et al. 2005). The sexual cycle of this organism is well defined and involves a 

bipolar mating system with a and α cells (Kwon-Chung 1975; Kwon-Chung 1976). 

Because the spores produced during mating may represent the infectious propagule of C. 

neoformans, research on the sexual cycle has been one of the main focuses (Ellis and 

Pfeiffer 1990; Sukroongreung, Kitiniyom et al. 1998). C. neoformans lacks silent mating-

type cassettes and does not switch mating type. Moreover, the MAT locus of C. 

neoformans is unusually large, spanning more than 100 kb and containing more than 20 

genes, including those involved in establishing cell type identity (homeodomain 

proteins), pheromone production and sensing, and others whose functions during mating, 

if any, are unknown (Lengeler, Fox et al. 2002; Fraser, Diezmann et al. 2004). Extensive 

sequence rearrangements between the a and α alleles are hypothesized to inhibit 

recombination within MAT to prevent formation of hybrid alleles or dicentric and acentric 

chromosomes.  

Here we report that recombination hotspots flank the borders of the MAT locus in 

both serotype A and D strains of C. neoformans. These hotspots are associated with 
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regions with a high G + C base composition. We discuss hypotheses concerning their 

possible roles in the origin and evolution of the MAT locus gene cluster in this important 

human fungal pathogen and discuss the relationship of these discoveries to our 

understanding of the mating-type switching paradigms in budding and fission yeast. We 

consider a recently discovered process (David Soll, personal communication) by which 

the MTL locus in Candida albicans undergoes homozygosis via a localized gene 

conversion event, presumably as a prelude to mating, illustrating a second example of 

mating-type associated recombination in another common human fungal pathogen. 

Finally we discuss the implication of our findings for the evolution of other gene clusters 

involved in metabolism or the biosynthesis of nature products.  
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2.2 Materials and Methods  

2.2.1 Strains and Media 

All C. neoformans strains used in this study (listed in Table 1) were generated in 

the reference congenic strains JEC21 (α) / JEC20 (a) (serotype D) and H99 (α) / KN99 

(a) (serotype A) backgrounds (Kwon-Chung, Edman et al. 1992; Heitman, Allen et al. 

1999; Nielsen, Cox et al. 2003). Strains were grown on yeast extract-peptone-dextrose 

(YPD) and synthetic (SD) media and mating assays were conducted on 5% V8 juice agar 

medium in the dark at room temperature on plates without parafilm to limit CO2 

accumulation and with the agar side down and cells facing up to promote desiccation 

(Sherman 1991; Nielsen, Cox et al. 2003). 

2.2.2 Insertion of Dominant Selectable Markers, and the Deletion and 
Insertion of a G + C Rich Region into the MAT Chromosome 

NATR (Nourseothricin acetyl-transferase) or NEOR (Neomycin 

phosphotransferase II) dominant selectable markers were integrated into various locations 

on the MAT chromosome through homologous recombination of overlap PCR-generated 

constructs as described previously (Davidson, Cruz et al. 2000; McDade and Cox 2001; 

Fraser, Subaran et al. 2003). Briefly, the 5’ and 3’ regions of the insertion site were PCR 

amplified with region-specific primers (Table 2) and the NATR or NEOR dominant 

selectable markers were amplified with the universal M13F and M13R primers. Next, 

overlap PCR was performed with the dominant marker, and the 5’ and 3’ flanking DNA 

as templates and amplified with region-specific primers. The overlap PCR products were 
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purified and introduced into the desired strains by biolistic transformation (Toffaletti, 

Rude et al. 1993; Davidson, Cruz et al. 2000). Stable transformants were selected on YPD 

medium containing nourseothricin (100 mg/L) or G418 (200 mg/L). Genomic DNA was 

extracted and initially screened by diagnostic PCR, and positive clones were further 

characterized by Southern blot analysis to confirm the desired insertion.  

A strain (YPH296) comprising a deletion of the G + C rich region was created in 

the YPH3 background using the above described method, except that Takara LA Taq, 

which is designed for high G + C content PCR, was used in the PCR reactions to amplify 

the DNA. To insert the 2.3 kb G + C rich region 75 kb away from the right MAT locus 

border, strain YPH29 was selected on 5-FOA plates to obtain the ura- strain YPH297. 

Next, a four-piece overlap PCR construct including the 5’ flanking DNA, URA5 marker, 

the 2.3 kb G + C rich region and the 3’ flanking DNA were amplified and transformed 

into strain YPH297 to introduce the 2.3 kb G + C rich sequence at the location 75 Kb 

away from the MAT border (strain YPH306). 

2.2.3 Micromanipulation of Meiotic Basidiospores and Segregation 
Analysis 

Mating reactions of the desired strains were established by co-culturing the 

opposite mating-type cells on V8 media (pH 5 or pH 7 for serotype A or serotype D 

strains, respectively). Matings were conducted at room temperature in the dark for 2 to 4 

weeks until robust filamentation and sporulation were observed by microscopy. The 

filaments and the basidiospores on the edges of a mating patch were removed on an agar 
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plug taken with a glass Pasteur pipet and transferred to a YPD plate. The plate was then 

placed on a micromanipulator and the basidiospores were randomly selected with a 25 

µm microneedle (Cora Styles Needles ‘N Blocks, Dissection Needle Kit, Cat. No.1075) 

and arranged in a grid on the surface of the medium. For a more detailed description of 

micromanipulation, see (Sherman 1991). Each basidium fruiting structure harbors a 

single diploid nucleus, which undergoes a single round of meiosis, and then repeated 

rounds of mitosis give rise to chains of >10 basidiospores. As it is extremely technically 

challenging to dissect from individual basidia, random spore analysis was conducted. 

Isolated basidiospores were incubated at 30°C for 2 to 3 days to allow the spores to 

germinate and the resulting yeast colonies were subcultured to fresh YPD medium. The 

mating-type and dominant selectable markers of each segregant were determined by 

crossing the segregants to reference strains JEC20 (a) and JEC21 (α) and by growth 

assays on YPD medium supplemented with nourseothricin or G418.  

2.2.4 Construction of a/a and α /α  Homozygous and a/α  Heterozygous 
Diploid Strains  

Strains YPH38 (MATα NEO50R) and YPH52 (MATα NAT50L), which have 

integrated dominant selectable markers, were generated in the congenic JEC21 and 

JEC20 serotype D strain background by the methods described above. To introduce an 

identical ura5 allele into these strain backgrounds, strains YPH38 and YPH52 were 

crossed to strain YPH50 (MATa ura5) and progeny containing the dominant selectable 

marker and the ura5 allele were isolated. 
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The a/a diploid strain YPH59 was obtained by fusing strains YPH54 (MATa 

NEO50R ura5) and YPH57 (MATa NAT50L ura5); the α/α diploid strain YPH58 was 

isolated by the fusion of strains YPH55 (MATα NEO50R ura5) and YPH56 (MATα 

NAT50L ura5); the a/α diploid strain YPH62 was isolated by the fusion of strains 

YPH55 (MATα NEO50R ura5) and YPH57 (MATa NAT50L ura5). Fusion between cells 

of the same mating type was assisted with an opposite mating-type pheromone donor 

strain which does not harbor any dominant selectable marker (ménage a trois matings). 

All diploid strains were first identified according to their NATR and NEOR double 

resistance and then confirmed by FACS analysis to confirm a 2n/4n content of DNA as 

described (Sia, Lengeler et al. 2000). To facilitate the generation of meiotic progeny via 

monokaryotic fruiting from these MAT-homozygous diploids, the SXI1α and SXI2a 

expression vectors pCH258 and pCH285 (Hull, Boily et al. 2005) were transformed by 

electroporation into strains YPH59 (a/a) and YPH58 (α/α) respectively and Ura+ 

transformants were selected to generate strains YPH69 (a/a + SXI1α) and YPH63 (α/α + 

SXI2a). The diploid strains were incubated on V8 medium and the segregants were 

analyzed by the methods described above.  

2.2.5 Identification of Polymorphisms Between the Parental Strains 
Used for the Generation of Congenic Strain Pair H99 and KN99a  

Polymorphisms between the parental strains used for the generation of congenic 

strain pair H99 and KN99a were identified via three different approaches. First, the 10 kb 

upstream and downstream flanking sequences of the MATa allele from strain 125.91 were 
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retrieved from Genbank (AF542528) and compared to the H99 genome to identify 

polymorphisms. Two other approaches were used to identify polymorphisms that lie 

beyond 10 kb upstream and downstream sequence of the MAT locus. First, shot-gun 

sequencing of a genomic DNA library of strain KNA14 (Nielsen, Cox et al. 2003) was 

performed and the retrieved sequence data were compared to H99 (K. Nielsen, J. Fraser 

and F. Dietrich, personal communication). Second, PCR and sequencing of selected MAT 

flanking regions in strain KNA14 were also conducted to identify polymorphisms. 

2.2.6 Oligonucleotide Primers and PCR Experiments 

Primers used to identify polymorphisms in the backcross strains are listed in 

Table 2 and the region-specific primers used for strain construction are listed in Table 3. 

Takara Ex Taq was used in PCR followed the conditions recommended by the 

manufacturer. 

2.3 Results 

2.3.1 The Recombination Frequency around the MAT Locus is 
Unusually High  

An RFLP-based genetic linkage map of C. neoformans was recently reported for 

two serotype D var. neoformans strains whose entire genomes have been sequenced 

(Marra, Huang et al. 2004; Loftus, Fung et al. 2005). We noticed that the genetic map 

was expanded adjacent to the MAT locus, suggesting the existence of recombinational 

hotspots. To characterize the recombination frequency around the MAT locus, serotype A 
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strains bearing dominant drug resistance markers at defined distances from the MAT 

locus were constructed and crossed to wild-type strains of opposite mating type. 

Basidiospore meiotic progeny were randomly isolated with a micromanipulator, 

germinated, and the resulting yeast colonies were scored for mating type by crossing to 

tester strains and for the dominant markers conferring drug resistance on selective 

medium.  

This segregation analysis revealed an elevated level of recombination adjacent to 

MAT. The recombination frequency between the MAT locus and an inserted NEOR 

marker (E), which lies 44 kb from the telomere proximal (left) end (E44L) or 50 kb from 

the telomere distal (right) end (E50R), was 26% and 16% (Fig. 1 and data not shown). In 

other words, in this region of the genome the relationship between the genetic and 

physical maps is ~2.2 kb/cM (~0.45 cM/kb), which is ~6 times greater recombination 

than the genome average (13.2 kb/cM or ~0.076 cM/kb) (Marra, Huang et al. 2004).  
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Figure 1. The recombination frequency around the MAT locus is unusually high.  (A) 
Left, cells of opposite mating-type were mixed on V8 mating medium, and the white 
filaments around the yeast colony edge are dikaryons produced by mating. Right, chains 
of basidiospores observed by microscopy. (B) The recombination frequency around the 
MAT locus is unusually high. The meiotic recombination frequency between MAT and 
flanking markers is indicated in % and as the number of recombinants in the total 
progeny analyzed. The first letter of the marker indicates the dominant selectable marker 
(E for NEOR and T for NATR); the following number indicates the approximate distance 
between the marker and the MAT boundary, and the last letter indicates the relative 
position of the marker to the MAT locus (L for left and R for right). 
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To elucidate whether the elevated recombination frequency observed is truly MAT 

associated, strains were constructed in which two dominant markers were inserted at 

different distances in the left flanking region of MAT (NATR-NEOR-MAT). This allowed 

us to measure recombination between NATR and NEOR, between NEOR and MAT, and 

between NATR and MAT. A NATR marker (T) was inserted 77 kb from the left boundary 

(T77L) of the strain harboring the E44L marker and the recombination frequency 

between MAT and the NEOR and the NATR markers was then scored. In contrast to the 

high recombination frequency between MAT and the NEOR marker, which is proximal to 

MAT compared to the NATR marker, the crossover rate between the two dominant 

markers that are separated by a similar physical distance between MAT and NEOR was 

significantly lower (2.4%, Fig. 1). In addition, this analysis also suggests that the 

recombination events detected are more likely to be crossover events instead of gene 

conversion at the E44L marker because ~97% of the progeny were either NEOR and 

NATR or NEOs and NATs, indicating a single recombination event between MAT and the 

proximal dominant marker.  

A MATa strain carrying a NATR marker inserted at 100 kb from the right 

boundary (T100R) was generated and crossed to either a MATα wild-type or MATα 

E50R strain to score the recombination frequency. Similar to the observations on the 

MAT left boundary, the recombination frequency between MAT and either NEOR or 

NATR integrated in the right flanking region was high (16% and 17%) in both crosses, 

and was significantly higher than the frequency between the two dominant markers 
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(3.3%). In the 50 kb region between the two dominant markers, the ratio between the 

genetic and physical maps is close to the whole genome average (15.4 kb/cM or 0.065 

cM/kb). 

Thus, based on these segregation analyses in the MAT flanking regions, we 

conclude that the recombination frequency on both sides of MAT is significantly higher 

than the genome average, implying the presence of a mechanism that enhances 

recombination in this region of the genome.  

2.3.2 Crossover Events Occurred Close to the MAT Borders During 
the Isolation of Congenic Strains  

Previous studies have provided evidence that crossing over is suppressed across 

the MAT locus during meiosis (Lengeler, Fox et al. 2002), but the discovery of regions 

with a high level of recombination near MAT suggested that crossover events may readily 

occur in the regions just outside of the MAT locus. To detect these events in a natural 

setting, and without the introduction of foreign DNA that could influence recombination, 

we examined when and where crossovers occurred during the generation of the congenic 

serotype A var. grubii strains H99 and KN99a (Nielsen, Cox et al. 2003). 

More than 20 different polymorphisms between the parental strains H99 and 

KNA14, encompassing the 60 kb regions on both sides of the MAT locus, were identified 

with different approaches (see materials and methods). These regions were then amplified 

by PCR and sequenced in each of the backcross strains. During the generation of these 

congenic strains, one crossover occurred on the telomere-proximal (left) side and two 
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crossovers occurred on the telomere-distal (right) side of MAT (Fig. 2). Double 

crossovers, one on each side of the MAT locus, were observed in backcross 3. One of the 

crossovers lies between 40 kb and 29 kb from the left border of MAT, and the other lies 

between 10 and 16 kb from the right border. We assume that these were crossover 

recombination events, because polymorphic markers beyond the recombining region, 

which span more than 20 kb, all have the same allele. A second crossover event occurred 

within the 2 kb region from the right border of the MAT locus in backcross 6, and as a 

consequence, the remaining polymorphisms 3’ to this junction became homozygous.  

In addition to the H99 and KN99a congenic strain pair, sequence polymorphisms 

in the var. neoformans congenic strain JEC20 and JEC21 were also analyzed. Similar to 

those described above, the polymorphisms were distributed in a ~30 kb interval in the left 

flanking region and in an ~6 kb interval in the right flanking region of MAT. This result 

also suggests crossover events occurred closer to the MAT boundary at the telomere-distal 

end of MAT. We also examined the MAT adjacent region in two more recently isolated 

congenic var. neoformans strain pairs KN3501a / KN3501α and KN433a / 

KN433α (Nielsen, Marra et al. 2005). Interestingly, in contrast to the JEC20 and JEC21 

strain pair, in both cases, crossover events occurred closer to MAT on both flanks based 

on the RFLP markers used in that study (Nielsen, Marra et al. 2005).  

The result of crossover mapping in the backcross strains shows that in the absence 

of introduced exogenous DNA, recombination has occurred at a high frequency in 

regions adjacent to both sides of MAT in both serotype A and D strains. Furthermore, the 
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potential hotspots in H99 might be located between 29 to 40 kb from the left MAT border 

and between either 10 to 16 kb or within 2 kb from the right MAT border.  

 

 

Figure 2. Detection of crossover events that occurred during the isolation of congenic 
strains. The gray boxes represent the MATa locus and sequences specific to strain 
KNA14 and the white boxes represent the MATα locus and sequences specific to strain 
H99. The numbers indicate approximate distances between the polymorphisms and the 
left or right boundaries of the MAT locus. These polymorphisms were monitored in each 
backcross generation and the final congenic strain KN99a. 

 

2.3.3 Deletion of the Potential Activator Sequence at the Right Border 
of the MAT Locus 

To test the hypothesis that a recombinational activator might reside in the 10 to 16 

kb interval on the right border of the MAT locus, this 6 kb interval was deleted and the 
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recombination frequency was assayed. In strains E50R and T100R, the 6 kb region was 

deleted and replaced with the NAT or NEO resistance marker (T10-16ΔR and E10-16ΔR) 

through biolistic transformation and homologous recombination (Fig. 3). The resulting 

strains were crossed to wild-type cells of opposite mating type and the recombination 

frequency was scored by segregation analysis, as described above. If the recombinational 

activator were located in this region, the recombination frequency between the MAT 

locus and the flanking distal dominant markers should decrease significantly. However, 

we still observed close to 20% recombination between MAT and the dominant marker 

that is located ~10 kb away from the right border, indicating that the recombination 

hotspot lies even closer to MAT than initially hypothesized.  

 

Figure 3. Deletion of the potential hotspot at the right border of the MAT locus revealed 
the hotspot lies closer to the MAT boundary. The DNA in the 10 to 16 kb region from the 
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right boundary of MAT was replaced with the NEOR or NATR dominant markers and the 
resulting genetically marked strains were crossed to wild-type. Recombination frequency 
in the progeny analyzed is indicated as a percentage. 

 

2.3.4 Fine Mapping Suggests a Recombinational Activator is Located 
in the 1 to 5 kb Interval from the Right MAT Border 

The mapping results showed that the crossover rate is still high between MAT and 

dominant markers integrated 10 kb away (T10R or E10R). We therefore integrated 

dominant selectable markers even closer to the border of the MAT locus to narrow the 

window of the crossover hotspot. Strains carrying the NAT (T) or NEO (E) resistance 

marker at 1 or 5 kb from the right border of the MAT locus (T5R, T1R, E5R and E1R) 

were generated in strains that already bore a different dominant marker inserted at 50 kb 

or 100 kb from the MAT border (Fig. 4). Following their construction, these strains were 

crossed to wild-type mating partners and independently scored for their meiotic 

recombination frequencies.  

Based on this analysis, the T1R and E1R markers are tightly linked to the MAT 

locus and no recombinant was recovered from 86 or 80 progeny. However, the T5R and 

E5R markers still exhibited 15 to 20% recombination with MAT (Fig.4), similar to the 

level observed when the markers were inserted at the 10 kb and 50 kb positions. This 

result indicates that the physical/genetic map ratio in this 5 kb region adjacent to MAT is 

50 times less than the genome wide average (0.27 kb/cM vs. 13.2 kb/cM or 3.7 cM/kb vs. 

0.076 cM/kb) , implying that recombination occurs at a 50-fold higher rate per bp. This 
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observation supports the conclusion that one of the MAT-associated hotspots is located 

between 1 to 5 kb from the right junction of the MAT locus. This conclusion is also in 

accord with previous mapping results in the backcross strains, in which a second 

crossover event was detected within the 2 kb interval from the right junction of the MAT 

locus.  

 We attempted to delete this 4 kb region to prove that it is required for the 

hotspot activity. However, no deletion mutants were obtained from 102 transformants 

screened. This may be due to the fact that the NOG2 gene, which resides in this region of 

the genome, is an essential nucleolar GTPase in S. cerevisiae and may therefore also be 

essential in C. neoformans. Alternatively, the NOG2 and neighboring gene HOT1 also by 

the 4 kb deletion could together be essential. 
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Figure 4. Fine mapping defines a hotspot located in the 1 to 5 kb interval from the right 
MAT border. Strains harboring two dominant selectable markers at the indicated positions 
were generated and crossed to the wild-type strain KN99a. Recombination frequencies 
between MAT and the proximal markers and between the proximal and distal markers 
were scored and are depicted as percentages. The number of progeny in each genotype 
category is indicted in the table. More recombination events were detected between MAT 
and the distal marker when the proximal marker is located 5 kb from MAT rather than 1 
kb. We think that the marker insertion at 1 kb is likely to interfere with the activity of the 
hotspot. 

2.3.5 Crossover on One Side of MAT is Associated with Crossover 
Events on the Other  

Both genetic and cytological experiments have demonstrated the existence of an 

interference effect on meiotic recombination in many organisms as diverse as flies, 

plants, yeast, and humans (Kwiatkowski, Dib et al. 1993; Roeder 1997; Harushima, Yano 

et al. 1998). The occurrence of one crossover often greatly reduces the probability of a 

second event in close proximity. On the other hand, a negative interference effect, which 
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is less common, describes the situation in which an excess of double crossovers is 

observed in adjacent intervals relative to the crossover rate of each region. Based on our 

analysis of meiotic recombination in C. neoformans, two pieces of evidence suggested 

that hotspots might exist on both sides of the MAT locus. First, segregation analysis 

showed that markers placed just outside either side of MAT have a higher recombination 

frequency compared to the genome average (Figs.1, 3 and 4). Second, we detected 

crossover events that occurred during the construction of the serotype A congenic strain 

pair on both sides of MAT (Fig. 2).  

To investigate whether a crossover event on one side of MAT interferes with the 

probability of crossing over on the other side (an interference effect), strains bearing the 

T77L and E50R markers were crossed (T77L α x a E50R) and germinated basidiospores 

were analyzed for their mating-type and NAT or NEO drug resistance. Of the 81 progeny 

examined, 16 experienced a single crossover (SCO) on the left and 12 on the right side of 

MAT. In addition, 9 progeny underwent a double crossover (DCO) on both sides of MAT. 

As shown in Figure 5, the SCO frequencies between T77L/MAT and MAT/E50R are 

19.8% and 14.8% respectively. Based on this result, if the occurrence of crossover events 

on both sides of MAT were to be independent, the expected frequency of a DCO 

occurring is ~2.9% (0.198 x 0.148). However, if interference affected the occurrence of a 

double crossover event, then the frequency would be expect to be even lower than 2.9%. 

In marked contrast, in the set of 81 progeny we observed that 11.1% underwent a double 

crossover during meiosis; 4 are a T77L and 5 are α E50R. This frequency is almost 4 
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times higher than expected, and therefore indicates that instead of a commonly observed 

interference effect, a negative interference is observed in the MAT flanking regions 

during meiotic recombination. However, because the basidiospores were randomly 

dissected and were not isolated from a single basidium head, we could not rule out the 

possibility that the double crossover events were actually gene conversions; although it is 

less likely that gene conversion spanned such large genomic regions (over 220 kb). 

Most classic studies on interference effects have been conducted in Drosophila, 

and instead of multiplying the SCO frequencies of both intervals, map units including all 

of the recombination events (both SCO and DCO) are multiplied to calculate the 

frequency of expected DCO events. In most of these cases, the impact of DCO events on 

map distance is very small (< 1), because there are relatively few events and thus 

inclusion of DCO events does not have a significant impact on the analysis. However, in 

our study, because the number of events in the DCO category is significantly larger (11), 

if we analyzed our data in this fashion, the expected DCO frequency would be 8% 

((19.8% + 11%) X (14.8% + 11%)), which is closer to the level detected (11%). In other 

words, any negative interference effect would be less prominent if DCO events are 

included in the calculation. 

To summarize, double crossover events frequently occur in the flanking regions 

of the MAT locus during meiosis and serve to exchange the MAT locus onto a different 

genetic background.  
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Figure 5. Crossing over on one side of the MAT is associated with crossover events on the 
other side. Strains bearing markers on opposite sides of MAT were crossed and progeny 
were analyzed. The number of parental-type progeny, single crossover progeny, and 
double crossover progeny is indicated and double crossover events occurred at a higher 
frequency than expected. 

 

2.3.6 MAT Heterozygosity is not Required for Recombination 
Activation 

C. neoformans has an unusually large MAT locus for a fungal species (~120 kb) 

and this specialized genomic region is characterized by nucleotide divergence and 

numerous inversions and transpositions that suppress recombination across the locus 

(Lengeler, Fox et al. 2002; Fraser, Diezmann et al. 2004). Presumably, this region of the 
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genome forms an unpaired DNA segment during meiosis, similar to observations of the 

mating-type like chromosome in N. tetrasperma (Gallegos, Jacobson et al. 2000). 

To take these special features of the MAT locus into account, two alternative 

models were considered to explain the enhanced recombination frequency adjacent to 

MAT. In the first model, cis-activator sequences flank the MAT borders and enhance 

recombination. In the second model, the unusual genomic structure presented by MAT 

heterozygosity promotes crossing over on both sides of MAT. To test the latter 

hypothesis, homozygous diploid a/a, α/α, and a/α strains were constructed that bear a 

T50L marker on one of the MAT-chromosomes and an E50R allele on the other. Based on 

previous studies, meiotic sporulation is relatively less efficient in the a/a or α/α 

homozygous diploids compared to a/α heterozygous diploids, and an ectopically 

expressed homeodomain protein from the opposite mating type promotes sporulation of 

MAT homozygous strains (Hull, Boily et al. 2005). Therefore, we expressed the 

Sxi1α homeodomain protein in the a/a diploid strain and Sxi2a in the α/α diploid strain, 

enabling the formation of the Sxi1α/Sxi2a heterodimer to promote meiosis and 

sporulation in the MAT homozygous diploid backgrounds (Hull, Boily et al. 2005; Lin, 

Hull et al. 2005).  

A high frequency of recombination was observed in both MAT-heterozygous and 

MAT-homozygous diploid strains (Figure 6). In the a/a diploid strain, ~45% of the 

progeny underwent a crossover event between MAT and one of the flanking dominant 

markers. These progeny now carry either both or neither of the drug resistance markers. 
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If we assume that one-half of the crossovers occurred between MAT and T50L and the 

other one-half occurred between MAT and E50R, then the crossover rate is ~23% on each 

border of MAT. This recombination frequency is somewhat higher than that observed in 

an a × α cross and could be attributable to recombination within the two homozygous 

MAT alleles. Similar results were also observed in the α/α diploid strain where a 

recombination frequency of ~21% was observed on both sides of MAT. We noted that in 

both cases, the actual recombination frequency could be higher than that detected because 

our experimental design is unable to distinguish between double crossover events and 

parental-type progeny.  

Based on these observations, we conclude that MAT heterozygosity is not required 

for MAT-associated recombination. In addition, the recombinational activators are 

unlikely to reside exclusively within either the α or the a allele of the MAT locus itself 

because we observed a similar level of recombination in both the a/a and the α/α diploid 

strains. We therefore favor the alternative model in which cis-activator sequences flank 

the MAT locus and enhance recombination. This conclusion also leads to the implication 

that these cis-activator sequences may also function during the same-sex mating process. 
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Figure 6. MAT heterozyosity is not required for recombination activation. MAT 
homozygous and heterozygous diploid strains carrying one dominant marker on each side 
of MAT were generated and induced for meiotic sporulation by introduction of the SXI1α 
or SXI2a genes. Each haploid spore was isolated and the recombination frequency 
between MAT and the dominant markers was analyzed. 

 

2.3.7 Congruence of Hotspots and G + C rich Regions Flanking MAT  

Based on known mechanisms that promote recombination, hotspots can be 

classified into three different non-mutually exclusive categories (Petes 2001). α hotspots 

require transcription factor binding, β hotspots are associated with nucleosome-excluding 
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sequences, and γ hotspots are regions with high G + C content (Nishant and Rao 2006). 

In S. cerevisiae, genome-wide mapping of meiotic hotspots revealed a strong correlation 

between DSBs and peaks of high G + C base composition (Gerton, DeRisi et al. 2000). 

To examine whether a similar correlation is also present in C. neoformans, the G + C 

content of the MATα locus along with the 45 kb upstream and 40 kb downstream 

flanking regions was plotted with a 4 kb sliding window and 100 bp stepping for both 

serotype A and serotype D strains (Fig. 7A and data not shown). Different sizes of sliding 

window (1 kb, 5 kb and 10 kb) were also used to conduct the analysis and the results 

from a 4 kb and a 5 kb sliding window looked very similar. Two major G + C peaks were 

identified in the MAT flanking regions in close proximity to the estimated hotspot 

windows (between 29 to 40 kb from the left border and 1 to 5 kb from the right border in 

H99), suggesting that these may represent MAT-associated γ hotspots.  

 To analyze further the correlation between G + C peaks and hotspot windows, we 

set the threshold of a G + C peak at 54% (6% higher than the average in this region), and 

calculated the overlap between the G + C peaks along with 2.5 kb flanking sequence and 

the potential hotspot regions to be 36.1%. The overlap percentage between two randomly 

drawn non-overlapping intervals was calculated to determine the statistical significance. 

This procedure was repeated 10,000 times and demonstrated that the correlation between 

the G + C peaks and hotspot windows observed is significant and not attributable to 

chance with a p-value of 0.049. This correlation between the G + C peaks and hotspot 



 

 

50 

windows is also in accord with the finding that MAT heterozygosity is not required for 

hotspot activity.  

A minor G + C peak in the MAT locus was observed in the promoter region 

between two divergently transcribed genes, RPO41 and BSP2, and is present in three 

serotypes and both mating types (Fig. 7A and S1). We propose that this may represent a 

gene conversion hotspot that could in part explain why these two genes were found to be 

~99% identical between the two mating-type alleles in previous phylogenetic analyses 

(Fraser, Diezmann et al. 2004). 
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Figure 7. The hotspots are associated with a high G + C content. (A) The sequence of the 
MAT locus along with 45 kb upstream and 40 kb downstream of MAT from strain H99 
was plotted for G + C base composition with a 4 kb moving window. The thick lines 
represent the potential hotspot locations on both sides of MAT and the arrow indicates the 
minor G + C peak in the intergenic region between the divergently transcribed RPO41 
and BSP2 genes. (B) The G + C peak is constituted of the terminal sequence of MAT, a 
predicted gene HOT1 and the N-terminal sequence of NOG2. The left arrow indicates the 
60% of the G + C rich sequence that was deleted and replaced with marker T0R and the 
right arrow indicated the 4 kb region that was intended to be deleted contains a possible 
essential gene NOG2. 
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2.3.8 The G + C rich Region is Required for the Hotspot Activity 

Having established a correlation between the potential hotspots and a high G + C 

content, we next investigated whether the G + C rich sequence is required for activating 

recombination. The G + C peak on the right side of MAT encompasses a ~3.8 kb region, 

which includes the predicted gene HOT1 and the first ~100 amino acids of the essential 

gene NOG2. To test the function of this region, we engineered a strain in the E50R 

background, in which 60% of the 5’ G + C peak sequence (2282 bp) was deleted and 

replaced with a NATR marker (T0R) while the essential gene NOG2 and its promoter 

region was left intact (Fig. 7B). This strain was crossed to a wild-type MATa strain and 

scored for meiotic recombination frequency. Among the 71 progeny analyzed, 5 of them 

were recombinant, indicating the recombination frequency has been reduced to ~7%, 

comparing to the previous mapping result, in which a recombination frequency of 

~17.5% was detected between markers T1R and E50R (Fig. 8A and Fig. 4). If deletion of 

the G + C rich region led to a complete loss of hotspot activity, recombination would be 

expected to occur at a frequency of ~ 3.7%. Thus, deleting 60% of the G + C rich 

sequence, greatly reduced the recombination frequency to near the genome wide average, 

but might not completely abolish hotspot activity and in this context, the residual G + C 

rich sequences could still function to a limited extent.  

To examine whether the deleted G + C rich region is sufficient to increase 

recombination when moved to another region of the genome, we amplified and targeted 

this 2.3 kb G + C rich region to a new location, ~75 kb away from the right border of 
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MAT between the two dominant markers E10-16ΔR and T100R used in previous 

recombination experiments. An ~2.5% recombination frequency was observed between 

the two markers in the original strain background (Fig. 3). If the introduced G + C rich 

region were sufficient to induce recombination, we would expect to observe increased 

recombination between the two markers. However, a recombination frequency of ~1.7% 

was detected, indicating that the activity of MAT-linked hotspot is context dependent and 

higher order chromosomal structure may be involved in the regulation of the hotspot 

activity (Fig. 8B). Alternatively, by being located within the vicinity of another 

functional hotspot may influence their activity, or the G + C rich region moved lacks 

flanking sequences that are also required for activity. 
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Figure 8. The G + C rich region is required but not sufficient for the hotspot activity. 
Strains carrying G + C rich sequence deletion or insertion were generated and crossed to 
the wild-type strain KN99a. Recombination frequencies were scored and are depicted as 
percentages. (A) Deletion of the partial G + C rich region reduces recombination 
frequency to ~7%, near the genome wide average. (B) Insertion of the partial G + C rich 
sequence at 75 kb from MAT does not increase recombination frequency between 
markers that are 10 kb and 100 kb from MAT. 
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2.4 Discussion 

In this paper we describe the discovery of MAT-associated meiotic recombination 

hotspots and potential recombination enhancers in C. neoformans. We are certain that the 

recombination events detected are meiotic because of its life cycle — after the fusion of 

the two haploid parental nuclei in the basidium, meiosis immediately ensues and there are 

no mitotic divisions in between. In the MAT flanking region recombination occurs almost 

50 times more frequently than the genome wide average (0.27 kb/cM vs. 13.2 kb/cM, or 

3.7 cM/kb vs. 0.076 cM/kb). We discuss how these hotspots may have impacted the 

evolution of the unusual MAT locus of C. neoformans and the implications of these 

findings with respect to mating-type switching in other fungal species.  

2.4.1 The Nature of the Hotspots 

A correlation between the estimated hotspot locations and peaks of high G + C 

composition suggests these may represent examples of γ hotspots. Deletion of the 60% of 

the G + C rich region reduces recombination frequency showing that it is required for 

hotspot activity. However, moving the G + C rich element to another location of the 

genome is not sufficient to induce recombination, which indicates that the MAT- linked 

hotspot activity may be context dependent. This result is not surprising because studies 

on hotspot activity in both S. cerevisiae and S. pombe have draw similar conclusions 

(Ponticelli and Smith 1992; Borde, Wu et al. 1999). In both reports, the activity of 

hotspots was context-dependent and might involve higher-order chromosome structure or 
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chromosome dynamics. Different levels of hotspot activity were observed when the 

hotspots were inserted at different genomic locations; furthermore, it was shown that the 

level of recombination activity is likely affected by the GC content of DNA sequences 

flanking the insertion (Petes and Merker 2002).  

In S. cerevisiae, of 177 hotspots identified throughout the genome, 99 are 

associated with high G + C peaks and this implies DSB distribution is affected by 

chromosome sequence and structure (Gerton, DeRisi et al. 2000). A similar association 

has also been described in humans (Fullerton, Bernardo Carvalho et al. 2001). The 

molecular mechanisms by which regions with rich G + C content lead to elevated 

recombination is proposed to involve accessible chromatin structures. DNA replication 

forks often transiently stall in G + C rich regions, which then require modification of 

histones to allow DNA replication to proceed. This local modification of histones may 

render the DNA more accessible to the recombination machinery to initiate DSB 

formation (Petes 2001). In addition to the two G + C peaks located outside of MAT, we 

also identified a moderate G + C peak within the MAT locus itself (Fig. 7A). This peak is 

located in the intergenic region between two divergently transcribed genes, RPO41 and 

BSP2 and is present in all MATa and MATα alleles that have been sequenced in three 

different serotypes of Cryptococcus strains (Fig. 9). Below, we discuss how this region, 

along with the MAT-associated hotspots, might have affected the evolution of the MAT 

locus in Cryptococcus.  



 

 

57 

How might these recombinational activators function at a mechanistic level? 

Given the G + C rich nature of the regions of the genome in which they lie, our working 

model, mostly based on studies from S. cerevisiae, is that the chromatin structure is 

locally altered, facilitating access and cleavage by an endonuclease and other associated 

proteins that are required for recombination.  At present, the inability to conduct 

synchronous meiosis in this organism will make it experimentally challenging to define 

the inciting recombinogenic lesions (such as nicks or DSBs) at a molecular level.  Further 

advances will require an understanding of the signals that control the formation of the 

basidium fruiting structure, in which nuclear fusion and meiosis occur in the traditional a-

α sexual cycle, and of the signals that stimulate meiosis. 
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Figure 9. A minor G + C peak is detected between RPO41 and BSP2 in all MAT loci 

sequenced. JEC21 is a serotype D ΜΑΤα strain; WM276 is a serotype B ΜΑΤα strain; 

125.91 is a serotype A ΜΑΤa strain; E566 is a serotype B ΜΑΤa strain. The left arrows 

indicate the position of the minor G + C peaks and the arrows on the right present the 

major G + C peaks on the right side of MAT. In the serotype D lineage, three genes 

(IKS1, BSP3, and NCM1) have been evicted from MAT and become common flanking 

genes in JEC20 and JEC21. Therefore the major G + C peak in these two strains is more 

distant from the MAT boundary when compared to the other two lineages (see 

discussion). 

 

2.4.2 Exchanging MAT onto Another Genetic Background 

Our segregation analysis showed that the occurrence of double crossovers on both 

sides of MAT is ~4 times higher than expected (Fig. 5). This negative interference effect, 

although uncommon, has been described in relation to the am locus in N. crassa and at a 

translocation breakpoint in maize (Bowring and Catcheside 1999; Auger and Sheridan 

2001). In our study, the negative interference effect between the MAT-associated hotspots 

increases the frequency of exchanging the MAT locus onto another genetic background. 

What causes this negative interference effect? One interpretation is that when a crossover 

occurs on one side of MAT that this may help align the heterozygous MAT region and 

thereby, facilitate a second crossover on the other side of MAT. Alternatively, it could be 

a result of the presence of a subset of population which has globally “hotter” 

recombination than the reminder of cells in the population (Sall and Bengtsson 1989).  
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In a population where the a and α cells have divergent backgrounds, nucleotide 

divergence might limit the efficiency of meiotic recombination as mismatch repair acts to 

limit homologous recombination. Recombination enhancers that stimulate exchange of 

MAT could help maintain sexual potential by promoting its transposition onto a divergent 

genetic background. Alternatively, in highly related inbreeding populations, this 

mechanism may work to ensure isolates of both mating types are maintained. For 

example, our previous studies on the Cryptococcus gattii population showed that several 

of the VGI isolates are identical based on multilocus sequence typing analysis except for 

the MAT locus (Fraser, Giles et al. 2005). This could be an example in which the 

recombination activators have served to exchange only MAT to result in a highly inbred 

background to retain the ability to produce spores via a x α mating. 

2.4.3 Hotspot Activity and the Evolution of MAT 

In higher eukaryotes, sexual identity is controlled by sex chromosomes, which are 

large, complex structures that account for a significant portion of the genome. In fungi, 

such as S. cerevisiae, the sex determining region represented by MAT has a simpler 

structure and is less than 1 kb in length. Previous studies on the structure of the MAT 

locus in C. neoformans have provided insight as to how this unusual fungal genomic sex 

determining region evolved and the hypothesized events resemble the evolutionary steps 

thought to have shaped the sex chromosomes in animals and plants (Fraser and Heitman 

2005). Evidence suggests that the C. neoformans MAT locus evolved from an ancient 
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tetrapolar mating system through 4 major steps. First, a series of genes were acquired into 

the two ancestral MAT loci, forming two unlinked gene clusters. Second, these two loci 

then were fused via chromosomal translocation and resulted in a tripolar intermediate 

state. Third, the tripolar system collapsed to a bipolar one via interallelic recombination 

and fourth, ongoing gene conversions and inversions rearranged the MAT loci into the 

current alleles (Lengeler, Fox et al. 2002; Fraser, Diezmann et al. 2004). 

What roles do hotspots serve in terms of the evolution of MAT? We propose that 

one important function is to prevent the MAT locus from expanding and eventually 

capturing the entire chromosome. By increasing recombination in the MAT flanking 

regions, the accumulation of sequence differences is restricted between the a and α 

alleles. Furthermore, if any transposon locally transposed into the MAT-flanking region 

from within MAT, recombination hotspots would essentially sweep the transposon away 

to protect the boundaries of MAT by enabling recombination to occur between MAT and 

the transposed element in meiotic progeny. 

Recombination hotspots likely contributed to several of the hypothesized steps 

(Fraser, Diezmann et al. 2004) in the Cryptococcus MAT locus evolutionary model 

(Figure 10). First, in the earliest steps when sequential gene acquisition occurred in the 

ancestral a and b loci of a tetrapolar system, hotspots would have facilitated capture of 

genes into both mating type alleles by enabling rapid assimilation of the flanking region 

into both alleles before the linked genes were captured by inversions into the MAT locus. 

This also could be the case in C. albicans, in which several additional genes (PIK1, 
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OBP1, and PAP1) have been recruited into both the a and α alleles of the MTL locus 

(Hull and Johnson 1999). Second, we hypothesize that the G + C rich region in the 

intergenic region between the RPO41 and BSP2 genes could be also a hotspot that 

impacted the fusion of the ancestral tetrapolar loci to generate the tripolar intermediate. 

We hypothesize that genes that fall into the recent gene category in the previous 

phylogenetic analysis (Fraser, Diezmann et al. 2004) flanked the ancestral tetrapolar MAT 

loci, which were surrounded by 4 G + C rich domains on both boundaries (Fig. 10). The 

G + C rich activators might have first served to facilitate the fusion of the two tetrapolar 

MAT loci. After formation of a single contiguous MAT locus, the G + C rich region in the 

intergenic region of the RPO41 and BSP2 genes would further serve as a gene conversion 

hotspot contributing to render these genes serotype rather than mating-type specific, as 

observed, via more recent and ongoing local gene conversion events (Fraser, Diezmann et 

al. 2004).  

Examining the junctions of the MAT locus from different lineages showed 

possible traces for the consequences of hotspot activation that also contributed to remodel 

MAT, possibly via aberrant events. For example, the IKS1, BSP3, and NCM1 genes are 

integral components of MAT in var. grubii and gattii, but these linked genes have been 

rendered homozygous and became three adjacent common flanking genes in var. 

neoformans and therefore represent examples of gene eviction events. Furthermore, 

phylogenic analysis revealed that the IKS1, BSP3, and NCM1 alleles in var. neoformans 

descend the ancestral α alleles (Fraser, Diezmann et al. 2004). One can imagine that this 
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could have resulted from a gene conversion triggered by a DSB that occurred near the 

hotspot at the telomere-distal end of MAT (Fig. 11). Although our results suggest that the 

MAT-associated recombination events we detect are more likely to be crossover events, 

studies in S. cerevisiae demonstrate that crossover hotspots are also gene conversion 

hotspots (Borts and Haber 1989). Sequence analysis suggests that a deletion may have 

also occurred at the telomere-proximal border of MAT in a serotype C isolate, and this 

may represent an aberrant event involving repair of an inciting lesion emanating from the 

recombinational activator flanking the telomere-proximal border of MAT (Fraser and 

Heitman, 2006, manuscript in preparation).  

Another example of the potential evolutionary impact of the MAT-associated 

hotspots is an interspecies DNA transfer event between the two varieties. A recent report 

showed that an ~40 kb genomic region which is in the subtelomeric region on the MAT 

chromosome of var. grubii was transferred to a non-homologous chromosome in var. 

neoformans strains (Kavanaugh, Fraser et al. 2006). This region of the genome, the 

Identity Island, shares 98.5% nucleotide identity and is the most closely related region of 

the genome between the otherwise divergent var. grubii and var. neoformans lineages, 

which share an average of 85 ~ 90% nucleotide identity. Thus, this was the last region of 

DNA exchange between the two as they diverged, and this event involved an 

intermediate AD hybrid produced by intervarietal mating. We hypothesize that a DSB 

generated in the telomere-proximal MAT-associated hotspot might have facilitated this 
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inter-species genome transfer, in addition to the presence of Cnl1 repetitive elements 

located at the sites of the chromosomal translocation. 

 

Figure 10. A model of how the MAT-associated hotspots influenced the evolution of MAT 
in C. neoformans. The ancestral tetrapolar MAT loci encode homeodomain protein genes 
(eg. SXI1α) and the pheromones and pheromone receptors (eg. STE3α and MFα). 
Diamonds flanking MAT represent G + C rich recombination hotspots. Hypothesized 
evolutionary steps include gene acquisition, translocation, locus collapse and ongoing 
gene conversion and inversions. 
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Figure 11. A model of how the MAT-associated hotspots contribute to gene eviction 
events to remodel MAT in C. neoformans. A DSB that occurred near the hotspot at the 
telomere-distal end of MAT triggered gene conversion of gene IKS1, BSP3, NCM1 and 
ETF1; gene inversion subsequently occurred at ETF1 allele in the MATα locus. These 
events made IKS1, BSP3, and NCM1 became three adjacent common flanking genes in 
var. neoformans. 

2.4.4 Relevance to MAT Associated Recombination in Model and 
Pathogenic Yeast 

It is relevant to consider our findings with respect to MAT-linked recombination 

in C. neoformans in light of previous and recent studies on MAT switching or 
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recombination in other yeasts. Studies have shown that gene conversion at the MAT locus 

naturally occurs at a low frequency in S. cerevisiae a/α diploid strains. For example, in a 

standard mating assay one can readily detect rare MAT homozygosis events that occur in 

which a/α strains become a/a or α/α by mitotic gene conversion. In now classic studies, 

a marker tightly linked to MAT, cry1, which confers recessive resistance to 

cryptopleurine, was employed to identify MAT homozygous diploids to perform 

complementation tests of sterile mutations that could not be scored in a diploid (Hartwell 

1980). In contrast to mating-type switching, these events involve only the active MAT 

locus, without participation of the Ho endonuclease or the silent mating-type cassettes. 

A second example of recombination at the mating-type locus occurs in Candida 

albicans, a diploid pathogenic yeast. The fungus maintains the MTL locus in an 

a/α configuration with no silent mating-type cassettes, and homozygosis of MTL is 

required to produce a/a and α/α mating-competent isolates and enable the white to 

opaque cell type switch necessary for efficient mating (Johnson 2003; Bennett and 

Johnson 2005). While growth on sorbose selects for complete loss of chromosome 5 

harboring the MTL locus (Wu, Pujol et al. 2005), in naturally occurring a/a and α/α 

isolates, it has recently been discovered that homozygosis of the MTL locus has occurred 

via a local gene conversion event that enables the cell to become mating-competent (Soll, 

personal communication, Fig. 12). This implies that a DSB or other lesion might be 

created close to the border of MTL to initiate gene conversion. Given that C. albicans 

contains only an active MTL locus with a or α alleles, and no silent cassettes, this gene 
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conversion evoked mating-type switch more closely parallels our observation in C. 

neoformans MAT-linked recombination compared to the endonuclease or DNA lesion 

provoked gene conversion from silent to active MAT cassettes in S. cerevisiae and S. 

pombe (Fig. 12). 

 

Figure 12. Mating-type switching and recombination associated with mating-type loci in 
model and pathogenic yeasts. In S. cerevisiae, mating-type switching is triggered by a 
DSB generated at the MAT locus by the HO endonuclease and a gene conversion event 
occurs between MAT and a silent cassette, usually the one which encodes the opposite 
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mating-type. In the diploid human fungal pathogen C. albicans, local gene-conversion at 
the MTL locus leads to the formation of MTL homozygous isolates that can be mating-
competent. In C. neoformans, the MAT-associated recombination hotspots induce single 
or double crossover events in the MAT flanking regions that facilitate exchange of MAT 
onto different backgrounds among the meiotic progeny. 

2.4.5 MAT Associated Recombination and Evolution of Homothallism 
and Heterothallism 

The presence of recombinational activators linked to mating-type loci could also 

have influenced the common evolutionary transitions that occur from homothallism to 

heterothallism and from heterothallism to homothallism in the fungal kingdom, and 

between tetrapolar and bipolar mating type systems. For example, in the model fungi 

Ustilago maydis, Coprinus cinereus, and Schizophyllum commune, which all have 

heterothallic tetrapolar mating systems, one locus encodes pheromones and pheromone 

receptors and the other encodes two divergently transcribed homeodomain proteins, and 

the products of these alleles are not intercompatible with each other and only serve to 

activate the products of an opposite allele of the mating-type locus (Casselton 2002). 

However, in a homothallic ancestor, compatible homeodomain proteins may have been 

expressed from a common locus, or self-compatible pheromones and pheromone 

receptors from the other mating-type locus.  The presence of recombinational activators 

could have served to recombine two self-compatible loci to produce two novel 

recombinant loci that were then no longer self-compatible, but only compatible with each 

other, effecting a switch from homothallism to heterothallism.  Transitions in the opposite 

direction, from heterothallism to homothallism could also readily occur via such a 
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mechanism. Finally, in the two examples in which a tetrapolar system has collapsed to a 

bipolar system which are understood in molecular detail, C. neoformans and U. hordei 

(Lee, Bakkeren et al. 1999), recombinational activators could have subserved a role in 

triggering the chromosomal translocation events that linked the two previously distant 

mating type alleles into one contiguous region. Further studies will be required to address 

whether recombinational activators might flank or lie within the a and the b loci of the 

tetrapolar mating type systems in U. maydis, C. cinereus, and S. commune, although the 

current literature does not imply the existence of recombinational activators in the A 

locus of C. cinereus (Lukens, Yicun et al. 1996). However, high frequency of 

recombination is observed in the B locus of C. cinereus and S. commune and in the a 

locus of U. maydis, which suggests that a higher rate of recombination outside of a MAT 

locus could be a general feature in the basidiomycetes (Koltin, Raper et al. 1967). Finally, 

in the ascomycete phylum of fungi, well documented examples of transitions from 

heterothallism to homothallism have involved either fusion or linkage of opposite mating 

type alleles (Cochliobolus), or the simultaneous presence of both mating type alleles at 

unlinked regions of the genome (A. nidulans) (Lee, Lee et al. 2003; Galagan, Calvo et al. 

2005). While it is not known if recombinational activators are linked to the mating-type 

locus in these fungi, if such a mechanism were to operate, it might have contributed to 

these dramatic transitions in the function and organization of the mating-type 

determinants in these systems. 
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2.4.6 The Implication of MAT-associated Recombination Hotspots on 
the Origins of Metabolic and Biosynthetic Gene Clusters  

While clustering into operons of genes encoding functionally-related proteins is a 

common feature of prokaryotes, increasing evidence now supports the idea that gene 

order is also a non-random feature of eukaryotic genomes and genes encoding related 

functions are often physically clustered (Hurst, Pal et al. 2004). In fungi, several gene 

clusters involved in the production of secondary metabolites and biosynthetic pathways 

have been identified and characterized (Brown, Yu et al. 1996; Gardiner, Cozijnsen et al. 

2004; Wong and Wolfe 2005). How these clusters are assembled during evolution is 

unclear. It has been shown that some gene clusters are meiotic recombination coldspots, 

which is also a characteristic of the MAT locus. Coincidentally, we found that the regions 

flanking the DAL gene cluster for allantoin utilization in S. cerevisiae are increased for 

meiotic recombination based on previous studies (Wong and Wolfe 2005). Our 

hypothesis on the evolution of C. neoformans MAT gene cluster formation may provide 

clues to understand how gene clusters evolve in general as common mechanisms may 

operate during evolution that are fashioned different gene clusters.  

 

In summary, we have identified MAT-associated recombination hotspots in C. 

neoformans and established a link between the location of these hotspots and G + C rich 

regions of the genome. These hotspots are hypothesized to have impacted the evolution 

of MAT in several aspects. It will be of interest to ascertain if similar elements operate in 
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the MAT loci of other basidiomycetes as a general phenomenon by which MAT-

associated recombination hotspots drive evolution or inheritance of the MAT locus. 

Finally, as illustrated in Fig. 10, recombination around the MAT loci in the ascomycetes 

fungi and in C. neoformans is achieved via different mechanisms, providing conclusive 

evidence for independent evolutionary events that nevertheless affect these loci in similar 

ways. In particular, in our finding of MAT-associated recombination in C. neoformans 

and the origin of mating competent MTL homozygous strains of C. albicans via similar 

concerted gene conversion events, we observe a striking parallel in two divergent, 

common, successful human fungal pathogens.  
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Table 1. Strains used in Chapter 2. 
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Table 2. Primers used to identify polymorphisms in the backcross strains. 

Primer Sequence (5' to 3') Position of the polymorphisms 

JOHE10928 GTTTATGATCCATCCGCAGG R 2 kb 

JOHE10929 CCACGAGAAGCCGGTCATCT R 2 kb 

JOHE10940 AACGAGGACGATCTAGTTGG R 10 kb 

JOHE10941 AAGTTCCGGCACGAGCGTTG R 10 kb 

JOHE11171 CCAAGACTTGATGGCTTGAG R 20 kb 

JOHE11172 CACTACTCCTATGGACCCTC R 20 kb 

JOHE11173 CAGAGGCTTCAGTGGCATTC R 30 kb 

JOHE11174 CTGCTGCGAGGACTTATATG R 30 kb 

JOHE11490 GCTCGATCACCATCAAACCC L 2 kb 

JOHE11491 TCTGGCATCCATGGCCGC L 2 kb 

JOHE11492 GCGCCATTGTCATGTTACCG L 40 kb 

JOHE11493 GGAAGGAGAGTGGTGTCTCG L 40 kb 

JOHE11494 CAAGGAACCGGCAAGCTTTC L 60 kb 

JOHE11495 TCACTGAGGACTTTGATGCC L 60 kb 

JOHE11496 GATGCTCCCTGTGCTGCGAG R 16 kb 

JOHE11497 CAACACATCAGCCATCCAGC R 16 kb 

JOHE11498 AGGAATATGCGGCAGCTGTTG R 36 kb 

JOHE11499 GATTTGGTTTCACCGCTCTGG R 36 kb 

JOHE14032 CTCGTTCGTAACTGGTAAGG L 13 kb 

JOHE14033 CCCACTCAAAGTCCACAACA L 13 kb 

JOHE17439 CCGATACGGACTCTGCCCCG L 29 kb 

JOHE17441 TTCTGCATCTACATCTTCCCC L 29 kb 
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Table 3. Primers used for strain construction 

Primer Sequence (5' to 3') Marker  

JOHE8689 CAAAGTTGGGCTTCGGTGGC T77L 
JOHE8719 GCCAAGTCAGTATCTGTGGCTGCGAGGATGTGAGCTG T77L 
JOHE8720 AGCTCACATCCTCGCAGCCACAGATACTGACTTGGC T77L 
JOHE8721 TAGTTTCTACATCTCTTCCGGCAAGTCAATACATTC T77L 
JOHE8722 GAATGTATTGACTTGCCGGAAGAGATGTAGAAACTAG T77L 
JOHE8690 AGCAAGACCAACTGTAAGCGG T77L 
JOHE9284 CTATCTCCCATACATTCCCG E44L 
JOHE9285 CAAAATGAGCACTCCTCCGCTGCGAGGATGTGAGCTG E44L 
JOHE9286 CAGCTCACATCCTCGCAGCGGAGGAGTGCTCATTTTG E44L 
JOHE9287 CTAGTTTCTACATCTCTTCAGACTGGGAAAGAGAGGC E44L 
JOHE9288 GCCTCTCTTTCCCAGTCTGAAGAGATGTAGAAACTAG E44L 
JOHE9289 ATAAGAGTGTACCAACGGTC E44L 
JOHE10895 ACGTCTTCTTTGGTAGATCC T100R 
JOHE11196 CTGGCCGTCGTTTTACAGTGCTGGCTCATTGTTG T100R 
JOHE11197 GTCATAGCTGTTTCCTGGGCCCTCGATGATTGACG T100R 
JOHE10898 TAGTCATCGCCAACAGAGTCTGC T100R 
JOHE10899 TGCGTCCGATGGATCGTC E50R 
JOHE11198 CTGGCCGTCGTTTTACAGACTCGTTGACTGTTGTT E50R 
JOHE11199 GTCATAGCTGTTTCCTGGATGTGAACAAGAAGTTC E50R 
JOHE10902 CATCTCCTACAAGGAGGC E50R 
JOHE11858 CTCGATCGAATACCTCGACTG 10-16D R 
JOHE11859 CTGGCCGTCGTTTTACACCAGTGTGGCCAGCGGTATC 10-16D R 
JOHE11860 GTCATAGCTGTTTCCTGCTGTAGATTGCGCTTTGATG 10-16D R 
JOHE11861 ACGAACCTAGGTATGAGAGC 10-16D R 
JOHE13395 CACGTATGTTTAGATCGGAG E1R 
JOHE13396 CTGGCCGTCGTTTTACAGGTGCACCAGAGACATTCGA E1R 
JOHE13397 GTCATAGCTGTTTCCTGCGTCCGCCCGACTACTTTCT E1R 
JOHE13398 CGTCGCTGTGCCTCCGCTCC E1R 
JOHE13399 GCTCCTCCGTCAGTTCTCTG T5R 
JOHE13400 CTGGCCGTCGTTTTACACATCTTCGTCATCCTCGTCG T5R 
JOHE13401 GTCATAGCTGTTTCCTGTACCCTCAGCGAAGCAACTT T5R 
JOHE13402 CGTGCAGCGCACCCATCTAA T5R 
JOHE15227  CTGTAAGTCTTCAAATCACC T50L 
JOHE15228 CTGGCCGTCGTTTTACAGCCTTACCACTCGTCGTACG T50L 
JOHE15229 GTCATAGCTGTTTCCTGATCGGAGTTCACGAAACTGT T50L 
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JOHE15230 CCGTTGAGGTCAAGGATTTG T50L 
JOHE17587 AACAGCCCCAGCCCATTGTAAC GCDT0R 
JOHE17588 CTGGCCGTCGTTTTACATCAACTTCGCAACGAGCACC GCDT0R 
JOHE17589 GTCATAGCTGTTTCCTGGGCAATCAGCAAGAGGGATAGC GCDT0R 
JOHE17590 TGGGTGGGTGTCAGTATGGAAGTG GCDT0R 
JOHE17552 CGATGAACCCAAGCAGTTTTTC GC75R 
JOHE17553 CTGGCCGTCGTTTTACAGAAGTTGACGAAGATGATGGTGC GC75R 
JOHE17643 GTCATAGCTGTTTCCTGGGTGCTCGTTGCGAAGTTGAT GC75R 
JOHE17644 CTGGCCGTCGTTTTACAGGTTGTCTATTCATGAGATGC GC75R 
JOHE17645 TGTAAAACGACGGCCAGTGGTTCATCTACTGAGTCTCCCCAC GC75R 
JOHE17555 GAGGATTATGGTTGTTGAGGCG GC75R 
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Chapter 3. G Protein Signaling Governing Gell Fate 
Decisions Involves Opposing Gα  Subunits In 
Cryptococcus neoformans 

3.1 Introduction 

The ability to sense environmental stimuli and appropriately respond is vital for 

all organisms. A large proportion of this communication between cells and the 

environment is mediated via G-protein-coupled receptors (GPCRs) and their cognate 

heterotrimeric G proteins, which consist of α, β, and γ subunits. GPCRs comprise the 

largest superfamily of cell surface receptors, responding to a panoply of extracellular 

stimuli as diverse as hormones, neurochemicals, odorants, nutrients, and light (Bockaert 

and Pin 1999). G proteins can bind to and hydrolyze GTP and alternate between the GTP-

bound “on” and the GDP-bound “off” states. They function as molecular switches in 

signal transduction pathways to elicit diverse physiological processes. Ligand activation 

of GPCRs triggers the coupled Gα subunit to release GDP and bind to GTP, transforming 

them into the Gα-GTP active state. This results in a conformational change of the Gα 

subunit, which promotes dissociation from the Gβγ complex. The liberated Gα and 

Gβγ subunits may then interact with downstream effectors to switch on or off signaling 

cascades.  

Two major signal transduction pathways, one responding to pheromone and the 

other to nutrients, are both governed by G proteins in Saccharomyces cerevisiae 

(Lengeler, Davidson et al. 2000; Harashima and Heitman 2004).  These two pathways, 
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the pheromone response pathway and the cAMP pathway, are among the most well 

understood signaling pathways in eukaryotes. Studies of this model have enormously 

contributed to the understanding of the mechanisms of G protein signaling and 

regulation. The G protein α subunit Gpa1 is activated when pheromone binds to the 

pheromone receptors Ste2 or Ste3; the GTP-bound Gpa1 releases the Gβγ complex 

(Ste4/Ste18) to allow activation of their downstream effectors, including Ste20, 

Far1/Cdc24, and Ste5 to initiate mating responses (Dohlman and Thorner 2001). In the 

cAMP-PKA pathway, the sugar receptor Gpr1 senses glucose and activates Gpa2 to 

stimulate adenylyl cyclase and increase intracellular cAMP levels, leading to PKA 

activation (Kubler, Mosch et al. 1997; Lorenz and Heitman 1997; Kraakman, Lemaire et 

al. 1999; Lorenz, Pan et al. 2000).  

The GPCR and G protein repertoire in S. cerevisiae is extremely simple; only 

three GPCRs (Ste2/3 and Gpr1) and two G protein α subunits (Gpa1 and Gpa2) are 

expressed. Many higher eukaryotes have an enormous complexity of GPCRs signaling. 

For example, 57 GPCRs and 14 Gα subunits are encoded in the slime mold Dictyostelium 

discoideum genome, and these numbers are further expanded to hundreds and even 

thousands for GPCRs and more than 20 Gα subunits in the nematode and human, 

respectively (Simon, Strathmann et al. 1991; Jansen, Thijssen et al. 1999; McCudden, 

Hains et al. 2005).  As a consequence, it is a considerable challenge to study GPCR-G 

protein coupling specificity in these higher organisms, even though the number of 

expressed GPCRs and G proteins in each cell type may be more limited.  
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Several fungal genomes that have been annotated thus far reveal that the GPCR-G 

protein signaling networks in the filamentous ascomycetes and basidiomycetes are more 

complex than the S. cerevisiae paradigm, but not yet as extreme as that found in the 

multicellular eukaryotes.  For example, in Neurospora crassa 10 potential GPCRs and 3 

Gα subunits are present in the genome, and in Aspergillus nidulans there are 16 GPCRs 

and 3 Gα subunits (Borkovich, Alex et al. 2004; Yu 2006). In the basidiomycete human 

pathogen Cryptococcus neoformans, ~31 genes are predicted to be potential GPCRs and 

3 Gα subunits were identified (Loftus, Fung et al. 2005; Xue, Bahn et al. 2006). 

Furthermore, the fungal G proteins do not fall into discrete G protein categories; they all 

are most closely related to Gi mammalian proteins based on sequence homology. Thus, 

these fungal species, with more complicated G protein signaling circuits than S. 

cerevisiae, yet still genetically tractable, can serve as models with which to dissect GPCR 

and G protein coupling specificity.   

Among the three G protein α subunits expressed in C. neoformans (Gpa1, Gpa2, 

and Gpa3), only Gpa1 has a defined function. Genetic and biochemical analyses 

established that Gpa1 functions upstream of adenylyl cyclase and PKA and is required 

for pathogenesis and development of C. neoformans (Alspaugh, Perfect et al. 1997; 

D'Souza, Alspaugh et al. 2001; Alspaugh, Pukkila-Worley et al. 2002). In a more recent 

study, the GPCR Gpr4 was shown to interact with Gpa1 and in response to methionine 

binding, Gpa1 initiates cAMP-PKA signaling (Xue, Bahn et al. 2006). Conversely, it has 

been uncertain which Gα protein is coupled to the pheromone receptor, since neither of 
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the other two G protein α subunit null mutants (gpa2 or gpa3) exhibits a sterile 

phenotype. In fact, except in the budding and fission yeast, which only have two 

Gα subunits, no studies have conclusively shown the coupling/interactions between the 

pheromone receptors and the Gα subunits in any other fungus. In contrast, several 

Gα subunits have been identified that signal through the cAMP-PKA pathway in both 

ascomycetes and basidiomycetes (Regenfelder, Spellig et al. 1997; Kruger, Loubradou et 

al. 1998; Kays, Rowley et al. 2000; Shimizu and Keller 2001; Han, Seo et al. 2004; 

Maidan, De Rop et al. 2005).  

Basic principles of G protein signaling and regulation in S. cerevisiae were 

elucidated over a decade ago, yet recently several unexpected facets were revealed. First, 

Gpa1 was for a long time considered to solely negatively regulate pheromone signaling 

by sequestering the Gβγ complex, but Slessareva et al. demonstrated that GTP-bound 

Gpa1 transduces a positive signal leading to mating events via the phosphatidylinositol 3-

kinase Vps34 located on endosomal membranes (Slessareva, Routt et al. 2006). Second, a 

recent study showed that the RGS (regulator of G protein signaling) protein Sst2, which 

functions as a GAP for the Gα subunit Gpa1 to desensitize cells from pheromone 

signaling, binds to the activated pheromone receptor via its DEP domain (Ballon, Flanary 

et al. 2006). This interaction localizes Sst2 in close proximity to its target Gpa1, 

presumably enhancing target specificity (Ballon, Flanary et al. 2006). Similar to the 

expansion of G proteins found in the filamentous fungi, the RGS protein family has also 

expanded. For example, five distinct RGS proteins were identified in the Aspergillus 
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nidulans genome (Yu 2006). In C. neoformans, Crg1 was identified as an Sst2 homolog 

that functions to desensitize pheromone responses, but its target substrates are not yet 

well-understood (Wang, Cutler et al. 2004).  

In this study, we dissected G protein signaling regulation of the pheromone 

response pathway in C. neoformans. Two G protein α subunits, Gpa2 and Gpa3, were 

found to be critical to enable pheromone sensing and mating in haploid yeast cells. gpa2 

gpa3 double mutants exhibit a cell-cell fusion defect and a bilateral sterile phenotype, 

indicating that both G protein α subunits share an overlapping role in mating. However, 

Gpa2 promoted filamentous growth in its activated form whereas dominant active Gpa3 

inhibited mating. In addition to the G α proteins, a Gγ subunit Gpg2 was identified to be 

essential for mating. Furthermore, the novel RGS protein Crg2 was found to negatively 

regulate pheromone response during the early stages of mating and is required to 

complete sexual development in the terminal stage of mating. The pheromone receptor 

Ste3α interacts with both Gα subunits and RGS proteins in vivo.  

Our study demonstrates that C. neoformans, and likely also in other fungal species 

that express more than two Gα subunits, additional G proteins are involved in the mating 

pathway regulatory circuits. We propose that this may be a consequence of the 

requirement for cells to choose their fate between budding yeast growth and asexual or 

sexual filamentous growth. Our studies also have implications for an understanding of the 

redundancy and specialized signaling roles of G protein mediated GPCR signaling 

networks in multicellular eukaryotes.  
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3.2 Materials and Methods 

3.2.1 Strains and Media 

Strains used in this study are listed in Table 4. Yeast extract-peptone-dextrose 

(YPD) and synthetic (SD) media were used for strain growth and maintenance. Mating 

assays were conducted on 5% V8 juice agar medium (pH 5 for serotype A and pH 7 for 

serotype D strains) or Murashige and Skoog (MS) medium minus sucrose (Sigma-

Aldrich). 

3.2.2 Gene Disruption of GPA2, GPA3, CRG2, GPB1, and GPG2 

 All mutations in the serotype A background were generated with dominant 

selectable markers NAT or NEO using an overlap PCR approach as previously described 

(Davidson, Blankenship et al. 2002; Fraser, Subaran et al. 2003). Briefly, the 5’ and 3’ 

flanking regions of the target gene were amplified with gene-specific primers and the 

dominant NAT or NEO selectable markers were amplified with the universal M13F and 

M13R primers. These amplified 5’ and 3’ flanking regions, together with one of the 

dominant markers, were used as the DNA template for the second overlap PCR. The 

products of overlap PCR were purified and directly transformed into the cells by biolistic 

transformation (Davidson, Cruz et al. 2000).  Primers used for amplification of the 5′ and 

3′ flanking regions of each gene disruption cassette are described in Table 5. 
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3.2.3 Complementation of gpb1 and gpg2 Mutations 

The wild-type GPB1 and GPG2 genes, including 1 kb upstream promoter and 0.5 

kb downstream terminator regions were amplified with primer pairs 

JOHE17978/JOHE17979 and JOHE17947/JOHE17948 using wild-type genomic DNA as 

template. A second overlap PCR was conducted using the amplified wild-type GPB1 and 

GPG2 DNA fragment and the M13F/M13R amplified NEO marker as template with 

primers JOHE17978/M13R and JOHE17947/M13R. The overlap PCR products were 

purified and transformed into strains YPH312 and YPH272 to complement the gpb1 and 

gpg2 mutations. Southern analysis was performed to determine the copy number of the 

re-introduced wild-type alleles. Transformants with one copy of the wild-type GPB1 or 

GPG2 gene were analyzed phenotypically. 

3.2.4 Double or Triple Deletion Mutant Generation  

The serotype D MATa and MATα gpa2 gpa3 double mutants (YPH88 and 

YPH97) were isolated from the progeny of the cross MATα gpa2 x MATa gpa3 (WSC26 

x YPH86) and the serotype A MATa gpa2 gpa3 double mutant (YPH106) was also a 

progeny derived from the cross MATα gpa2 x MATa gpa3 (YSB25 x YSB136). 

Basidiospores were micromanipulated according to methods described previously 

(Hsueh, Idnurm et al. 2006) and the genotype of each progeny was determined by PCR 

analyses. Serotype A MATα gpa2 gpa3 double mutant (YPH308) was created by deleting 

the GPA2 gene in the gpa3 mutant (YPH105) background using an overlap PCR and 
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biolistic transformation approach. The crg1 gpa2 double mutants (YPH113 and YPH114) 

were progeny derived from the cross PPW196 (MATa crg1) x YSB25 (MATα gpa2) and 

crg1 gpa3 double mutants (YPH116 and YPH117) were progeny from the cross PPW111 

(MATα crg1) x YSB136 (MATa gpa3). The crg1 gpa2 gpa3 triple mutants (YPH118 and 

YPH380) were progeny derived from the cross YPH114 (MATα crg1 gpa2) x YSB136 

(MATa gpa3). The crg2 gpa2, crg2 gpa3, and crg2 gpa2 gpa3 mutants were isolated 

from the cross CDX50 (MATα crg2) x YPH106 (MATa gpa2 gpa3). Primer pairs 

JOHE6013/JOHE6014, JOHE8994/JOHE14774, JOHE8994/ JOHE10923, and 

JOHE8994/JOHE12228 were used to identify the crg1, crg2, gpa2, and gpa3 mutant 

alleles respectively. Sequences of these primers are listed in Table 5. 

3.2.5 Cell Fusion and Confrontation Assays 

Cell fusion assays for gpa2, gpa3, and gpa2 gpa3 mutants were conducted with 

serotype D auxotrophic strains. To introduce a ura5 allele into the MATα gpa2, MATα 

gpa3, and MATα gpa2 gpa3 mutants, cells were grown on 5-FOA medium for 3 to 5 days 

and spontaneous resistant colonies were selected and tested for their ability to grow on 

the SD-uracil medium. On the other hand, the MATa gpa2 lys1, MATa gpa3 lys1, and 

MATa gpa2 gpa3 lys1 strains were selected progeny from crosses YPH94 (MATa gpa2) x 

JEC31 (MATα lys1), YPH86 (MATa gpa3) x JEC31 (MATα lys1) and YPH88 (MATa 

gpa2 gpa3) x JEC31 (MATα lys1). Spores were isolated by micromanipulation, 

germinated, and analyzed by PCR and growth assays on SD-lysine medium.  
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To perform the cell fusion assays, MATα ura5 wild-type or mutant strains 

(JEC43, YPH130, WSC75 and YPH132) and MATa lys1 wild-type or mutant strains 

(JEC30, YPH95, YPH96 and YPH100) were grown in YPD liquid medium overnight. 

The next day, cells were collected, washed and adjusted to 1 X 107 cells/ml. Equal 

numbers of cells of opposite mating type were mixed on V8 mating medium for 24 hours 

in the dark. Cells were removed from the surface of medium and spread onto SD-uracil-

lysine medium to select dikaryotic fusion products. The number of colonies from each 

cross was counted and fusion efficiency calculated in proportion to wild-type. To 

measure the fusion ability of the gpg2 mutant, equal numbers of strains YPH272 (MATα  

gpg2::ΝΑΤ) and YSB121 (MATa NEO) were mixed and incubated on V8 mating 

medium for 24 hours, and the mating colonies were harvested and spread on YPD 

medium containing nourseothricin and G418. The number of the colonies was determined 

and compared to that from the fusion between wild-type strains YSB119 (MATα ΝΑΤ) 

and YSB121 (MATa NEO).  

For confrontation assays, cells of opposite mating type were streaked in parallel, ~3 to 4 

mm apart, on V8 medium (pH 5) and incubated at 25°C in the dark for 3 to 4 days. 

Images were captured with a Nikon Eclipse E400 microscope equipped with a Nikon 

DXM1200F digital camera. 
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3.2.6 RNA Extraction and Northern Blot Analysis 

 Cells for RNA extraction were grown in YPD liquid culture overnight and the 

next day were harvested, washed, and adjusted to a density of 1 X 107 cells/ml. Drops of 

5 µl of cells were spotted on V8 mating medium alone or with a mating partner for the 

non-mating and mating conditions, respectively. For both conditions, cells were 

incubated at 25°C for 24 hours and harvested. RNA was extracted with TRIZOL Reagent 

(Invitrogen) following the manufacturer’s instructions. 10 µg of total RNA was separated 

by denaturing agarose gel electrophoresis and blotted to Hybond™-N+ nylon membrane 

(Amersham) and probed with [32P]-dCTP-radiolabeled DNA fragments. Primers used for 

probe amplification are listed in Supplemental Table 2. Quantification of the expression 

signals was conducted with a Typhoon 9200 imager and Image Quantifier 5.2 software 

(Molecular Dynamics). 

3.2.7 Overexpression of Wild-type and Dominant Active Gpa2Q203L and 
Gpa3Q206L Alleles 

 The dominant active GPA2Q203L and GPA3Q206L alleles were obtained by overlap 

PCR. Primers JOHE17654/ JOHE17655 (for GPA2) and JOHE17656/ JOHE17657 (for 

GPA3) were designed to introduce the Q to L substitution at the conserved position. The 

N-terminal half of the GPA2Q203L allele was amplified with primer pair JOHE17646 and 

JOHE17655, using H99 genomic DNA as template. The C-terminal half was amplified 

with primer pair JOHE17647 and JOHE17654. Primers JOHE17646 and JOHE17647 

were then used for the second overlap PCR. By the same method, GPA3Q206L allele was 
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amplified with primer pairs JOHE17648/JOHE17657 and JOHE17649/JOHE17656 

(Supplemental Table 1). These amplified GPA2Q203L and GPA3Q206L alleles were digested 

with the restriction enzymes FseI and PacI and cloned into pXL1 driven by the 

constitutively expressed GPD1 promoter to generate the GPA2Q203L and GPA3Q206L 

overexpression plasmid YPP34 and YPP35. These plasmids were sequenced to confirm 

that the Q to L mutation (and no extraneous mutations) was present and then transformed 

into different backgrounds including wild-type, gpb1, and ste7 mutants. The 

transformants were analyzed with Northern analysis to determine the abundance of the 

GPA2Q203L and GPA3Q206L transcripts. Strains that expressed similar levels of GPA2Q203L 

and GPA3Q206L message were subjected to further β-galactosidase activity assays and 

morphological analyses. Wild-type GPA2 and GPA3 alleles were amplified with primers 

JOHE17646/ JOHE17647 and JOHE17648/ JOHE17649 respectively. The DNA was 

digested with FseI and PacI and cloned into plasmid pXL1 driven by the constitutively 

expressed GPD1 promoter, resulting in the GPA2 and GPA3 overexpression constructs 

YPP44 and YPP47. These two constructs were transformed into strain JEC21 and the 

transformants that expressed a high abundance of GPA2 or GPA3 transcripts as detected 

by Northern analysis were further analyzed for their mating ability. 

3.2.8 Split-Ubiquitin Protein-Protein Interaction Assays 

 The split-ubiquitin system was utilized to investigate the potential interactions 

between pheromone receptor Ste3 and G protein α subunits Gpa1, Gpa2, and Gpa3, as 
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well as interactions between Ste3 and RGS proteins Crg1 and Crg2.  Vectors and yeast 

strains were included in the DUALmembrane Kit 2 (Dualsystem Biotech, Switzerland).  

STE3 full length cDNA was cloned into pCCW (the C-terminal half of the ubiquitin Cub 

protein was fused to the C-terminus of STE3).  CRG1, GPA1, GPA2, and GPA3 full 

length cDNAs were cloned into the pDL2XN vector (the mutated N-terminal half of 

ubiquitin NubG protein was fused to the test proteins C-termini). CRG2 full length cDNA 

was cloned into the pDSL-NX vector (the NubG protein was fused to the N-terminus of 

CRG2). All cDNA sequences were confirmed by DNA sequencing. Cub and NubG 

fusion constructs were co-transformed into host yeast strain NMY32.  Interaction was 

determined by the growth of yeast transformants on medium lacking histidine, and also 

by measuring β-galactosidase activity. Primers used for the generation of the fusion 

alleles are listed in Supplementary Table 1. 

 

3.3 Results 

3.3.1 gpa2 gpa3 Double Mutants are Bilaterally Sterile 

Three G protein α subunits are expressed in C. neoformans. Gpa2 and Gpa3 were 

identified in the genome sequence and share homology with S. cerevisiae Gpa1 (Genbank 

Accession number AAQ62550 and AAQ74379). Gpa2 and Gpa3 are 45% identical to 

each other, and both have the conserved GTPase motif and N-terminal Met-Gly sequence 

and an adjacent Cys residue that are required for myristoylation and palmitoylation. To 
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identify which G protein α subunit governs the pheromone response pathway, gpa2 and 

gpa3 null mutants were generated in both a and α cells in the C. neoformans var. grubii 

(serotype A) and var. neoformans (serotype D) backgrounds. Surprisingly, neither the 

gpa2 or gpa3 single mutants exhibited mating defects, even in bilateral crosses, 

suggesting that cells can sense pheromone without either Gα subunit (Figure 13 A and 

B). We also considered and excluded the hypothesis that Gpa2 and Gpa3 might play cell-

type specific roles in mating (i.e. α gpa2 x a gpa3 and α gpa3 x a gpa2 crosses were 

fertile). These results led us to hypothesize that the two Gα subunit might be functionally 

redundant in pheromone sensing, or that no Gα subunits regulate mating.  

To test the functional redundancy model, double mutants lacking both 

Gα subunits were isolated and examined for their mating properties. In unilateral crosses 

(mutant x wild-type), the gpa2 gpa3 mutants were still fertile in both mating types and 

serotypes. Sexual structures, including dikaryotic filaments, fused clamp cells, basidia 

and basidiospores were all observed, but were less abundant when compared to a wild-

type cross (Figure 13 A and B). Similarly, gpa2 gpa3 double mutants are still fertile 

when crossed to gpa2 or gpa3 single mutants (Figure 14). Nonetheless, in the bilateral 

cross (mutant x mutant), gpa2 gpa3 double mutants exhibited severe mating defects. No 

mating structures were observed in serotype A mutants while in serotype D mutants, due 

to their self-filamentous phenotype (Figure 15A), filaments and basidia were still 

observed but no basidiospores (meiotic progeny) were produced (Figure 13B). DAPI 
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staining showed that filaments produced in the serotype D gpa2 gpa3 double mutant 

bilateral cross were monokaryotic instead of dikaryotic, demonstrating that these hyphae 

are not mating structures (Figure 13B).  

To establish that the bilateral sterile phenotype and the gpa2 gpa3 double deletion 

are linked, a genetic analysis was conducted. The serotype A MATα gpa2Δ::NAT 

gpa3Δ::NEO double mutant was crossed to the wild-type MATa strain KN99a and 42 

basidiospores were isolated. Among these progeny, 12 wild-type, 10 gpa2Δ::NAT single 

mutant, 16 gpa3Δ::NEO single mutant, and 4 gpa2Δ::NAT gpa3Δ::NEO double mutants 

were found. The wild-type progeny of different mating types were crossed to each other 

and all crosses were fertile. Thus, the sterile phenotype displayed by gpa2 gpa3 double 

mutants is not attributable to a background mutation. On the other hand, when the 4 

gpa2Δ::NAT gpa3Δ::NEO double mutants of opposite mating types were crossed to each 

other, or to the parental gpa2 gpa3 mutants, all exhibited a bilateral sterile phenotype. 

Thus, the bilateral sterile phenotype is linked to the gpa2 and gpa3 mutations. 

The bilateral sterile phenotype of the gpa2 gpa3 mutant strongly suggests that 

both Gα subunits play a role in the mating pathway and the double mutants are likely to 

be insensitive to the pheromone secreted by the mating partner. One of the first steps 

during sexual development in Cryptococcus involves the fusion of a and α cells to form a 

heterokaryon, and defects in pheromone sensing compromise this process. To determine 

whether the sterile phenotype of a gpa2 gpa3 mutant is caused by an inability to undergo 
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cell-cell fusion, quantitative cell-cell fusion assays were performed using different 

auxotrophic strains (see materials and methods). In a gpa2 gpa3 double mutant bilateral 

cross, the fusion efficiency is dramatically reduced by at least 105 fold (0.0008 % 

compared to wild-type (100%)). In unilateral mutant crosses, the MATa 

gpa2 gpa3 mutant fused to wild-type α cells at a level of 90% efficiency and the MATα 

gpa2 gpa3 double mutant fused 51% as efficiently as wild-type (Figure 13 B, bottom 

panel). This analysis demonstrates that if both a and α cells are insensitive to pheromone, 

they are unable to fuse with each other; however, if pheromone sensing is only perturbed 

in one of the two mating partners, a substantial proportion of the cells are still capable of 

completing the sexual cycle. This genetic evidence supports the hypothesis that both 

Gpa2 and Gpa3 are involved in pheromone sensing and are at least in part functionally 

redundant. 
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Figure 13. gpa2 gpa3 double mutants exhibit a bilateral mating defect. (A) Serotype A 
strains of the indicated genotypes were crossed on V8 mating medium. The photos of the 
mating colonies (in the upper panels) were taken after 2 weeks incubation in the dark at 
25°C. Chains of basidiospores were photographed at 200x magnification. (B) Serotype D 
strains of the indicated genotypes were crossed on V8 mating medium and photographed 
at 40x (the first row of panels) or 200x (the second row of panels) magnification after 72 
hours. The number of nuclei in the hyphal cells was determined by DAPI staining and 
DIC imaging at 1000x magnification. Fused clamps are indicated with closed 
arrowheads; unfused clamps are indicated with open arrowheads (third and fourth rows of 
panels). The fusion efficiency in isogenic strain backgrounds was determined by 
quantitative cell-cell fusion assays (lowest row of panels). 
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Figure 14. gpa2 gpa3 double mutants are fertile when crossed to gpa2 or gpa3 single 
mutants. Serotype A strains of the indicated genotypes were crossed on MS mating 
medium. The photos of the mating colonies and basidiospore chains were taken at 100x 
magnification after 2 weeks incubation in the dark at 25°C. 
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Figure 15. gpa3 and gpa2 gpa3 double mutants are self-hyperfilamentous and MATα 
cells produce longer hyphae than MATa cells. (A) MATα Serotype D strains of the 
indicated genotypes were grown on V8 mating medium and photographed at 40x 
magnification after 4 days of incubation at 25°C. (B) DAPI staining showed that the 
filaments are monokaryotic. Filaments were removed from V8 mating medium after 4 
days incubation, fixed, stained with DAPI, and photographed at 400x magnification. 
Unfused clamps are indicated with open arrowheads. (C) MATα and MATa gpa3 and 
gpa2 gpa3 double mutants were cultured on V8 mating medium for 48 hours at 25°C and 
photographed at 100x magnification. 

 

3.3.2 gpa3 Deletion Leads to a Constitutively Active Pheromone 
Response 

In S. cerevisiae, one major function of the Gα subunit Gpa1 is to sequester the 

Gβγ complex to prevent pheromone signaling under non-mating conditions (Nomoto, 

Nakayama et al. 1990). As a consequence, the pheromone response pathway is 

constitutively activated in gpa1 mutant cells in which the Gβγ complex is liberated. In C. 

neoformans, an analogous positively acting Gβ subunit, Gpb1, has been characterized 
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previously (Wang, Perfect et al. 2000). Thus, we hypothesized that a constitutively active 

pheromone response would be observed when the Gpb1-interacting Gα subunit was 

removed.  

One prominent phenotype of the gpa3 mutant in the serotype D background (but 

not the serotype A background) was dramatically enhanced self-filamentation. After 48 

hours incubation on V8 medium, prolific filamentation was observed along the 

peripheries of gpa3 mutant colonies while in the wild-type strain, filamentation was only 

observed after 2 weeks. This hyperfilamentation phenotype is dependent on the 

Gβ subunit Gpb1 because gpa3 gpb1 double mutants were non-filamentous and 

reintroduction of the GPB1 gene (gpa3 gpb1 GPB1, Figure 15A, right panel) 

complemented this defect and restored filamentous growth. The hyperfilamentous 

phenotype of gpa3 cells does not require Gpa2 as the gpa2 gpa3 double mutant showed a 

similar phenotype as the gpa3 single mutant (Figure 15A). DAPI staining showed that the 

hyphal cells produced by gpa3 single or gpa2 gpa3 double mutants contained a single 

nucleus, unfused clamp cells, and short basidiospore chains, all of which are hallmarks of 

monokaryotic fruiting (Figure 15B). Fruiting is a same-sex mating process that involves 

cells of only one mating-type and so far has only been routinely observed in serotype D 

strains (Lin, Hull et al. 2005). Several components that function in the pheromone 

signaling have been shown to contribute to this process (Shen, Davidson et al. 2002; 

Davidson, Nichols et al. 2003). Interestingly, the monokaryotic hyphae produced by 

MATα gpa3 and MATα gpa2 gpa3 double mutants were more prolific than MATa gpa3 
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or gpa2 gpa3 strains, indicating that the MAT locus may play a role in filamentous 

growth (Figure 15C). Indeed, it was recently shown that the MATα allele serves as one of 

several quantitative trait loci that promote filamentation (Lin, Huang et al. 2006).   

We suspected that the hyperfilamentation phenotype of the gpa3 mutant was a 

result of a constitutively active pheromone response because it has been shown that 

overexpression of the pheromone genes enhances monokaryotic fruiting (Shen, Davidson 

et al. 2002). Thus, the abundance of pheromone transcripts in the wild-type, gpa2, gpa3, 

or gpa2 gpa3 double mutant cultured alone or with a mating partner on V8 medium was 

determined. As shown in Figure 16, in wild type cells, the pheromone genes were 

expressed at a basal level in monoculture and were induced during mating co-culture 

conditions (Figure 16). In contrast, gpa3 or gpa2 gpa3 double mutant cells exhibited a 

constitutively active pheromone response; in both a and α cell types, cultured alone, the 

expression of the pheromone genes was dramatically induced. Gpb1, the G protein β 

subunit required for MAPK cascade activation of the pheromone response pathway, was 

also induced under mating conditions. Quantification using a phosphorimager 

documented that the GPB1 transcripts were 1.6-fold more abundant during mating, 

whereas the expression of GPB1 in the gpa3 or gpa2 gpa3 double mutant was 1.3 to 1.8-

fold higher than in wild-type cells, even in the absence of a mating partner (Figure 16). 

The expression pattern of the MFα1 and MFa1 pheromone genes and GPB1 

demonstrates that in the gpa3 and gpa2 gpa3 double mutants, the pheromone signaling 

pathway is engaged without the prerequisite of pheromone activation. These results 
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suggest that although Gpa2 and Gpa3 play redundant roles in pheromone sensing, Gpa3 

has a prominent function in repressing pheromone signaling via sequestration of Gpb1 in 

non-mating cells.  

 

Figure 16. Expression of G protein α subunits and RGS proteins is differentially 
regulated in response to pheromone activation. RNA from serotype D strains with the 
indicated genotypes was extracted and analyzed by Northern blot hybridization. RNA 
was extracted from cells cultured alone on V8 medium (MATα, left panels and MATa, 
middle panels) or from MATα and MATa co-cultures (right panels). Probes used are 
indicated to the left; an MFα1 gene probe was used in the MATα strains and a probe for 
MFa1 in the MATa and co-culture cells. 
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3.3.3 GPA2 and GPA3 are Differentially Regulated During Mating  

Several lines of evidence support the hypothesis that the two G protein α subunits 

play overlapping roles in pheromone sensing. However, deletion of GPA3 leads to a 

constitutively active pheromone response while deletion of GPA2 does not, suggesting 

they serve different roles during C. neoformans sexual development. To further 

investigate how these two G protein α subunits are regulated, the same RNA blot that 

was probed for pheromone gene transcripts was used to analyze GPA2 and GPA3 

expression. In wild-type cells, growth alone on V8 mating medium induced GPA3 

expression and no further induction was apparent following exposure to an opposite 

mating type partner. In contrast, the GPA2 transcripts were undetectable in monoculture 

and were strongly induced by the opposite mating partner (Figure 16). The GPA2 

expression pattern is quite similar to that of the MFα/MFa pheromone genes. In addition, 

in the gpa3 mutants, in which the pheromone response pathway is constitutively 

activated, even without pheromone stimulation from opposite mating-type cells, GPA2 

was also induced (Figure 16). This demonstrates that GPA2 expression is specifically 

triggered by pheromone signaling pathway activation. Therefore, the expression of GPA2 

and GPA3 is temporally regulated during mating in response to different cues. Cells 

initially express GPA3 in response to signals present in the mating medium and GPA2 is 

subsequently induced when the mating partner is encountered.    
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3.3.4 Two RGS Proteins, Crg1 and Crg2, Negatively Regulate 
Pheromone Responses  

The RGS protein Crg1 has been previously characterized as a negative regulator 

of the pheromone response pathway in C. neoformans; cells that lack Crg1 are 

hypersensitive to pheromone, resulting in the formation of conjugation tubes observed in 

a confrontation assay (Nielsen, Cox et al. 2003; Wang, Cutler et al. 2004). To determine 

which Gα subunit Crg1 acts on, we generated crg1 gpa2, crg1 gpa3 double mutants, and 

crg1 gpa2 gpa3 triple mutants in both mating type backgrounds to examine whether the 

crg1 phenotype is dependent upon either or both Gα subunits. These strains were isolated 

in the serotype A background in order to circumvent the self-filamentous phenotype of 

the serotype D gpa3 or gpa2 gpa3 double mutants.  

As shown in Figure 17A, in confrontation assays both crg1 gpa2 and crg1 

gpa3 double mutants could still produce conjugation tubes in response to cells of 

opposite mating-type, indicating that both are capable of generating and responding to 

pheromones. In confrontation assays the crg1 gpa2 gpa3 triple mutant still secreted 

pheromones (based on the formation of conjugation tubes by the crg1 partner), but they 

failed to sense pheromone and did not produce conjugation tubes (Figure 17A). These 

findings indicate that the pheromone hypersensitive phenotype of crg1 mutants requires 

Gpa2 or Gpa3 in cells of both mating types.  

A second RGS protein, Crg2, was identified in the genome based on its homology 

to the RGS domain. To investigate the functions of Crg2, and to determine the interacting 
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Gα subunit,  CRG2 was deleted in the wild-type serotype A background and the resulting 

crg2 mutants were phenotypically analyzed. The most prominent phenotype for a crg2 

mutant was enhanced filamentation in mating that was readily observed macroscopically 

(Figure 17B). After co-culturing wild-type a and α cells on V8 mating medium, filaments 

at the edge of the colony were apparent after 5 days, whereas in a crg2 unilateral cross, 

filaments were much more prolific and could be observed as early as 48 hours co-culture. 

This phenotype argues that Crg2, like Crg1, negatively regulates the pheromone response 

pathway by desensitizing the Gα subunits. Although filamentation was accelerated and 

enhanced in the crg2 mutant, sporulation was impaired and most basidia bore only a few 

spores, in contrast to the four long spore chains observed in a wild-type cross. This result 

suggests that Crg2 may play additional positive roles at the later stages of mating. To 

dissect the genetic relationship between Crg2 and Gpa2 and Gpa3, double and triple 

mutants were generated and analyzed for mating. As shown in Figure 17B, the 

hyperfilamentation phenotype of crg2 is dependent on the presence of either one of the 

two Gα subunits and a crg2 gpa2 gpa3 triple mutant exhibiting mating defects, 

resembling the phenotype of a gpa2 gpa3 double mutant.  

The expression of both CRG1 and CRG2 was examined in wild-type, gpa2, gpa3, 

and gpa2 gpa3 double mutant cells in the presence or absence of a mating partner. CRG1 

transcripts were detected in the gpa3 and gpa2 gpa3 double mutant monocultures and 

also in wild-type cells during mating (Figure 16). This pattern indicates that the 

expression of CRG1 is pheromone responsive, similar to the regulation of the pheromone 
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genes and GPA2. CRG2 transcripts on the other hand, were present in cells prior to 

mating, and their abundance did not increase when cells were exposed to a mating partner 

(Figure 16). Therefore, like GPA3, CRG2 was expressed at a constant basal level 

irrespective of pheromone signaling. These analyses revealed that the expression of the 

Gα subunits and RGS proteins are regulated coordinately (CRG2 like GPA3, and CRG1 

like GPA2). Interestingly, genetic analysis revealed that CRG1 is linked to GPA2. In an α 

gpa2 X a crg1 cross, only 2 out of 84 progeny analyzed were wild-type or gpa2 crg1 

mutant. This suggested that the two genes are 2.4 cm apart and analysis of the completed 

serotype A and D genomes revealed that they are separated by a 40 kb interval.  

To provide further evidence to support the idea that both Crg1 and Crg2 are 

involved in the pheromone response pathway, we analyzed pheromone gene expression 

in the wild-type and mutant strains. Similar to findings shown in Figure 3, the expression 

of the pheromone gene was elevated under mating conditions and in the gpa3 mutant 

cultured alone (Figure 17C). The level of induction was lower in the serotype A strains 

(Figure 17C) than that observed in serotype D strains (Figure 16), in accord with the 

more proficient mating of serotype D strains compared to serotype A strains in the 

laboratory. On the other hand, the pheromone transcripts were 4.6- and 7.3-fold, 

respectively, more abundant than wild-type in the crg1 and crg2 mutant crosses (Figure 

17C). This indicates that cells lacking either of the RGS proteins fail to desensitize the 

pheromone response. However, it remains to be determined if the elevated pheromone 

expression in crg2 mutants is an indirect consequence of Gpa1 activation.  
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Figure 17. The RGS proteins Crg1 and Crg2 negatively regulate pheromone signaling via 
Gpa2 and Gpa3. (A) Confrontation assays were performed with serotype A strains of the 
indicated genotypes. Cells were grown on V8 mating medium and photographed at 40x 
magnification after 4 days incubation in the dark at 25°C. (B) MATα crg2 mutants in the 
serotype A background were crossed to wild-type MATa strains on V8 mating medium. 
Colonies were photographed after one week incubation in the dark at 25°C and the 
basidia structures were photographed at 200x magnification. (C) Northern blot analysis of 
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MFα1 expression in the serotype A wild-type, Gα, and RGS protein deletion mutants in 
α strains grown on V8 medium (left) or in a x α co-cultures (right). 

 

3.3.5 Dominant Active GPA2Q203L and GPA3Q206L Alleles Display 
Opposing Signaling Capacities 

Studies in S. cerevisiae showed that overexpression of a dominant active 

(GTPase-deficient) Gpa1 mutant led to a subset of the mating responses induced by Ste4-

Ste18, suggesting that in addition to sequestering the Gβγ  complex, Gpa1 positively 

signals to the pheromone response pathway (Metodiev, Matheos et al. 2002; Guo, Aston 

et al. 2003). Recent studies further demonstrated that the GTP-bound Gpa1 translocates 

onto endosomes, activates phosphatidylinositol 3-kinase, and enhances pheromone 

responsiveness of the cell (Slessareva, Routt et al. 2006).  

To investigate whether C. neoformans Gpa2 and Gpa3 have any intrinsic 

signaling roles, dominant active GPA2Q203L and GPA3Q206L alleles were overexpressed 

under the control of a constitutive GPD1 promoter in a strain that also bears an MFα1 

pheromone promoter driven β-galactosidase reporter gene. Cells that overexpressed 

GPA2Q203L were self-filamentous on V8 mating medium and had 4.2-fold higher β-

galactosidase activity compared to wild-type cells (Figure 18A). The β-galactosidase 

activity in the GPA2Q203L strain in the absence of a mating partner was similar to the level 

of wild-type cells under mating conditions, indicating that a mating response was induced 

in GPA2Q203L cells alone. In the presence of a mating partner, overexpression of 
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GPA2Q203L elicited a higher level of β-galactosidase activity compared to wild-type and 

these cells mated more robustly and prolific filamentation was observed (Figure 18A). In 

contrast, the GPA3Q206L allele exhibited an opposing signaling activity. In the absence of 

a mating partner on V8 medium, overexpression of GPA3Q206L conferred no difference in 

β-galactosidase activity compared to wild-type cells. However, during mating, when 

pheromone expression was highly elevated in wild-type cells, it was inhibited in cells 

expressing the GPA3Q206L allele; as a consequence, mating ability was diminished and 

less filamentation was observed (Figure 18A). 

Based on the findings presented above, we conclude that Gpa2 and Gpa3, 

although redundant for pheromone sensing, display opposing signaling activities in their 

active forms. Thus, upon pheromone activation, although the signaling is dominantly 

transmitted via the βγ complex, fine tuning can be achieved via the Gα subunits.  

Gpa2Q203L positively regulates mating responses while Gpa3Q206L inhibits mating. This 

result prompted us to examine in more detail the pheromone expression pattern in the 

gpa2 mutant, in which the negative signaling role of Gpa3 would be unopposed in more 

detail. As seen in Figure 17C, pheromone expression was moderately decreased in the 

gpa2 x gpa2 bilateral mutant cross when compared to wild-type in the serotype A strains. 

The northern blot analysis was repeated to quantify the pheromone and actin signals. The 

result revealed that pheromone gene expression was 2.34-fold lower in the gpa2 x gpa2 

cross, indicating that pheromone induction during the early stages of mating was 

modestly diminished, although this difference was not observed in the serotype D strains 
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in which mating is more robust (Figure 16). In accord with the decreased level of 

pheromone expression, serotype A gpa2 x gpa2 crosses exhibited less robust 

filamentation when compared to a wild-type cross, which was in contrast to the enhanced 

mating observed in the gpa3 x gpa3 cross (Figure 13A, first panel). 

To further determine whether the self-filamentous phenotype caused by 

GPA2Q203L overexpression required the Gβ subunit or MAPK module, we overexpressed 

the GPA2Q203L allele in the gpb1 and ste7 mutant strains and monitored colony 

morphology on V8 mating medium. As shown in Figure 18B, in contrast to wild-type 

cells, gpb1 and ste7 mutant overexpressing GPA2Q203L were not self-filamentous, 

indicating that Gpb1 and Ste7 are needed to sustain GPA2Q203L signaling, or that Gpa2-

GTP signaling must occur in parallel with the MAPK cascade. Furthermore, it shows that 

both Gpa2-GTP and Gpb1 function coordinately to active MAPK signaling. This 

requirement was also seen for Gpa1 signaling in S. cerevisiae (Guo, Aston et al. 2003) 

and suggests that the regulation of a positive signal evoked by the dominant active Gα 

mutant is evolutionarily conserved. 
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Figure 18. Dominant active Gpa2Q203L activates pheromone expression and mating while 
Gpa3Q206L inhibits. (A) β-galactosidase activity of the pheromone reporter gene in the 
wild-type, dominant active GPA2Q203L, and dominant active GPA3Q206L overexpression 
serotype D strains in the absence (left) or presence (right) of the opposite mating partner 
grown on V8 mating medium. Error bars indicate the standard deviation of the mean for 
triplicate assays. Photos demonstrate the colony morphology of strains of the indicated 
genotype. (B) The hyperfilamentous phenotype caused by GPA2Q203L overexpression is 
dependent on the G protein β subunit Gpb1 and the MAPKK Ste7. Cells were grown on 
V8 mating medium and photographed at 40x magnification after 48 hours incubation in 
the dark at 25°C. 
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3.3.6 Pheromone Receptor Ste3α  Interacts With Both Gpa2 and Gpa3  

Genetic analysis demonstrates that both Gpa2 and Gpa3 participate in the 

Cryptococcus mating pathway and a double mutant loses the ability to sense pheromone 

from the mating partner. We therefore hypothesized that the pheromone receptor Ste3α/a 

is likely coupled to both G protein α subunits, which then transmit signals to the 

downstream MAPK cascade to control genes involved in mating.  

 To corroborate this hypothesis, we employed the split-ubiquitin two hybrid 

system that was developed to assess physical interactions for membrane-associated 

proteins in a physiological setting (Stagljar, Korostensky et al. 1998). The C-terminal 

fragment of ubiquitin carrying the artificial transcription factor LexA-VP16 (Cub) was 

fused to a bait protein and the mutated N-terminal fragment (NubG) was fused to a prey. 

Protein-protein interactions enable reassociation between the two halves of split 

ubiquitin, resulting in cleavage and release of LexA-VP16, which then activates the 

HIS3, ADE2, and lacZ nuclear reporter genes. In our assays, the Cub domain was fused to 

the C-terminus of the pheromone receptor Ste3α and the NubG domain was fused to 

Gpa1, Gpa2, or Gpa3. The Ste3α::Cub plasmid was cotransformed with one of the Gα-

NubG plasmids, and as shown in Figure 19, cells that coexpressed Ste3α::Cub and 

Gpa2::NubG, or Ste3α::Cub and Gpa3::NubG, grew on medium lacking histidine, while 

cells coexpressing Ste3α::Cub and Gpa1::NubG failed to grow. This finding indicates 

that the pheromone receptor Ste3α interacts with both Gpa2 and Gpa3, but not Gpa1 in 
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vivo. The magnitude of the interactions was further quantified by β-galactosidase activity 

assays (Figure 19). Compared to the positive control, the interactions between the 

pheromone receptor and both Gα subunits were more moderate. In accord with this 

result, cells co-expressing Ste3α and Gpa2 or Gpa3 could not grow on medium lacking 

adenine, consistent with a less stable or transient interaction.  

 

 

Figure 19. Gα subunits Gpa2 and Gpa3 and the RGS proteins Crg1 and Crg2 physically 
interact with the pheromone receptor Ste3α in S. cerevisiae.  (A) A schematic 
presentation of the split-ubiquitin assay with the Gα::NubG or RGS::NubG and the 
Ste3α::Cub fusion proteins. (B) Serial dilution assays of cells expressing both a Cub 
fusion and a NubG fusion construct. Plasmids Ste3α::Cub and pAI-Alg5, which 
expresses a fusion of endougenous ER protein Alg5 to the wild-type Nub portion of 
ubiquitin, were used as a positive control to confirm the correct expression and topology 
of Ste3α::Cub. The wild-type Nub has strong affinity to Cub so the ubiquitin can reform 
even Ste3α does not interact with Alg5. pDL2xN (NubG empty vector) were used as a 
negative control. Interactions were quantified by β-galactosidase activity assays. 
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3.3.7 Crg1 and Crg2 Interact with Ste3α  

The RGS protein Sst2 has been shown to bind to the pheromone receptor through 

its DEP domain, which places it in close proximity with its substrate Gpa1 (Ballon, 

Flanary et al. 2006). Crg1, like Sst2, also possesses a DEP domain; Crg2, although it does 

not carry a DEP domain, has three predicted C-terminal transmembrane helices. 

Therefore, we hypothesized that both RGS proteins have the potential to bind to 

pheromone receptors. To examine this hypothesis, the split-ubiquitin assay was used to 

determine if Ste3α and Crg1/Crg2 interact. As shown in Figure 19, Crg1 displayed a 

stronger interaction in the split ubiquitin assay with the pheromone receptor Ste3α 

compared to Crg2. Cells that coexpressed Ste3α::Cub and Crg1::NubG or Crg2::NubG 

both grew on medium lacking histidine. β-galactosidase activity assays, however, 

revealed that Crg1 yielded a stronger signal with the pheromone receptor Ste3α. We 

therefore conclude that similar to what was seen in S. cerevisiae, Crg1 is in a complex 

that also contains Ste3α, likely through the DEP domain and Crg2, which is membrane-

bound, also interacts with the pheromone receptor, possibly with a lower affinity.  

3.3.8 Gγ  Subunit Gpg2 is Essential for Sexual Development  

The G protein β subunit Gpb1 activates the MAPK cascade to trigger mating 

responses in C. neoformans similar to the signaling cascade in S. cerevisiae, but the 

Gpb1-interacting Gγ subunit has been elusive (Wang, Perfect et al. 2000). A putative 

ORF annotated in the genome of the sequenced serotype D strain B3501 (CNBL0880) 
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was found to share similarities with known fungal Gγ subunits such as Ste18 in S. 

cerevisiae, including the hallmark C-terminal CAAX motif (Figure 20). This gene, 

GPG2, was also independently identified by Palmer et al. and it was shown that Gpg2 

physically interacts with Gpb1 in a yeast two-hybrid assay (Palmer, Thompson et al. 

2006).  

To investigate whether this gene indeed encodes a Gγ subunit that activates 

mating responses via pheromone stimulation, the GPG2 gene was deleted in the wild-

type serotype A MATα background and the mutant was crossed to wild-type a cells. The 

gpg2 mutation completely abolished mating, even in a unilateral cross, a phenotype 

highly reminiscent of the gpb1 mutant (Figure 21). Based on a quantitative cell-cell 

fusion assay, it was determined that the α gpg2 mutant was unable to fuse with wild-type 

a cells and hence was sterile (Figure 21). Complementation of the gpg2 mutation with the 

wild-type GPG2 allele restored the mating ability of the gpg2 mutant, demonstrating that 

this mating defect is attributable to the loss of GPG2 gene function (Figure 21). Thus, we 

conclude that Gpg2 is a γ subunit that is essential for pheromone signaling in C. 

neoformans. 
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Figure 20. Protein alignment of fungal Gγ subunits. Amino acid sequences of fungal Gγ 
subunits were retrieved from GenBank and aligned with the ClustalW program. A 
conserved CAAX motif is identified at the C-terminus. The accession numbers of the 
sequences are AAX94563 (Cryptococcus neoformans), EAU88842 (Coprinopsis 
cinerea), Q870G5 (Lentinula edodes), ABG73390 (Aspergillus fumigatus), AAV83542 
(Neurospora crassa), and  NP_012619 (Saccharomyces cerevisiae). 
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Figure 21. The Gγ subunit Gpg2 is essential for mating. Serotype A wild-type, gpg2 
mutant, and gpg2 + GPG2 complemented MATα strains were crossed to the congenic 
wild-type MATa strain KN99a on V8 mating medium. Mating colonies (in the upper 
panels) were photographed after 2 weeks incubation in the dark at 25°C and 
basidiospores (middle panels) were photographed at 200x magnification. The bottom 
panels show the cell-cell fusion products grown on double selection medium (G418 + 
nourseothricin). 
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3.4 Discussion 

The goal of this study was to answer the simple question: which G protein α 

subunit is coupled to the pheromone receptor and governs the pheromone signaling 

cascade in C. neoformans? Surprisingly, all lines of evidences indicate that both Gpa2 

and Gpa3 are recruited into the signaling circuit, with both overlapping and specialized 

signaling activities. 

 These findings allow us to propose a model of the pheromone signaling network 

in C. neoformans (Figure 22). Compared to S. cerevisiae, in which only one G protein α 

subunit (Gpa1) and an RGS protein (Sst2) are involved in pheromone signaling 

regulation, two G protein α subunits Gpa2 and Gpa3, and two RGS proteins Crg1 and 

Crg2 were identified to regulate the mating pathway in C. neoformans. Under nutrient 

limiting conditions, cells in the serotype D lineage express Gpa3 to inhibit basal signaling 

and filamentous growth via sequestration of the Gβγ complex. Meanwhile, the RGS 

protein Crg2 functions to terminate signaling input from spontaneously activated Gpa3 

and therefore, loss of either component leads to an activation of the pheromone response. 

When a mating partner is encountered, pheromone binding to the Ste3a/α receptor on the 

cell membrane triggers Gpa3 to dissociate from the Gpb1/Gpg2 βγ complex, activating 

the MAPK signaling cascade and inducing the expression of pheromone responsive 

genes, including GPA2, MFα/a, and CRG1. After this first wave of pheromone induced-

signaling, Gpa2, now in much higher abundance, may generate a second wave of 

signaling contributing to mating in its GTP-bound state. On the other hand, the RGS 
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protein Crg1, a pheromone-inducible gene and a built-in feedback regulator, facilitates 

signal termination by shortening the lifetime of GTP-bound Gpa2 and desensitizes cells 

to pheromone secreted by the mating partner.  

 

Figure 22. Models on the dualism of G protein signaling in the pheromone response 
pathway in C. neoformans. Under nutrient limiting conditions, Gpa3 mainly serves to 
repress Gβγ signaling and prevent induction of pheromone response. Upon pheromone 
activation, the expression of Gpa2 is induced and in addition to functioning passively 
through releasing the Gβγ subunit, the active form of Gpa2 also plays a positive signaling 
role, contributing to the pheromone response that leads to mating whereas the activated 
form of Gpa3 inhibits mating. The RGS proteins Crg1 (in the pheromone activated state) 
and Crg2 (in the basal and activated states) both function to constrain Gpa2 and Gpa3 
signaling by stimulating GTPase activity. 
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 The bilateral mating defect observed in the gpa2 gpa3 double mutants is in 

contrast with the unilateral sterility observed in mutants that are defective in pheromone 

signaling (ste11, ste7 and cpk1) (Wang, Nichols et al. 2002; Davidson, Nichols et al. 

2003). One major factor that may contribute to this difference is the constitutive 

pheromone signaling in the gpa2 gpa3 mutants due to the release of Gβγ. In the ste11, 

ste7 and cpk1 mutants, pheromone signaling is blocked and cells exhibit a unilateral 

fusion defect; conversely, since the pheromone signaling is constitutively active in the 

gpa2 gpa3 mutants, they do not have fusion defect in a unilateral cross. 

 The molecular mechanisms regarding how Gpa2 positively signals mating 

responses in C. neoformans, although unclear, are of considerable interest. Three models 

are proposed here. In the first model, Gpa2 binds to the Gpb1/Gpg2 βγ complex and 

pheromone activation of Gpa2 triggers its dissociation from βγ and both Gpa2-GTP and 

free βγ activate downstream effectors to induce mating responses; this model is most 

analogous to pheromone signaling in S. cerevisiae. In accord with this hypothesis, we 

found that when GPA2 or GPA3 is overexpressed in the wild-type, mating is reduced 

(Figure 23). This suggests that both Gα subunits may have the capacity to sequester the 

Gβγ complex. On the other hand, the higher expression levels of both of the pheromone 

genes and GPA2 in the gpa3 mutant background suggest alternative models. If Gpa2 

indeed forms a complex with the Gpb1/Gpg2 βγ complex, the highly expressed GPA2 is 

likely to restrain the availability of free βγ in the gpa3 mutant and reduce activation of 
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pheromone signaling. However, the pheromone genes are highly expressed in the gpa3 

mutant. Thus, in the second and third model, we propose that Gpa2 could form a complex 

with other Gβ like proteins, or it could act as a solo Gα. 

 

Figure 23. Overexpression of GPA2 or GPA3 inhibits mating in C. neoformans. Serotype 
D strains of the indicated genotypes were crossed on V8 mating medium. The edges of 
mating colonies were photographed at 100x magnification after 24 hour incubation in the 
dark at 25°C. 
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 A central question is the identity of the downstream effectors of Gpa2. Studies in 

S. cerevisiae revealed that potential Gα effectors include the MAPK Fus3, an RNA 

binding protein Scp160, and phosphatidylinositol 3-kinase Vps34 (Metodiev, Matheos et 

al. 2002; Guo, Aston et al. 2003; Slessareva, Routt et al. 2006). These are candidate 

effectors of C. neoformans Gpa2 and, in addition, our results show that Gpa2 activity 

requires functional Gpb1 and Ste7. A recent report showed that a mammalian Go subunit 

can directly target PKA (Ghil, Choi et al. 2006). Thus, we do not exclude the possibility 

that Gpa2 may act via other signaling cascades, such as the cAMP-PKA pathway that 

also contributes to govern mating. Future investigations will be required to discover the 

downstream effectors of Gpa2.  

 Mating in C. neoformans is regulated by both pheromones and nutrients, and a 

principle role of Gpa3 is to inhibit filamentous growth in environments in which cells are 

prepared for mating but a mating partner is not present. Thus, Gpa3 is a negative 

regulator for the yeast to hyphal dimorphic transition. We propose that an analogy may 

exist with those human fungal pathogens that are dimorphic and able to switch between 

yeast and hyphal growth. Examples include Penicillium marneffei, Histoplasma 

capsulatum, and Coccidioides spp. One critical signal for this transition is temperature; 

cells grow as mycelia at room temperature and switch to yeast growth when temperature 

is elevated. Similarly, C. neoformans can only grow filamentously below 25°C. The gpa3 

mutant is hyperfilamentous at permissive temperature (18-25°C) but it only grows as a 

yeast at 37°C. These dimorphic fungi all have three G protein α subunits, are thought to 
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have cryptic sexual cycles, and studies from P. marneffei show that one of the Gα 

subunits (GasA) functions as a negative regulator for asexual development (Borneman, 

Hynes et al. 2001; Zuber, Hynes et al. 2002). We hypothesize that in the dimorphic fungi, 

one of the G protein α subunits may function analogously to Gpa3 in C. neoformans. 

 Functional parallels for the Gpa2/Gpa3 signaling paradigm may be found in other 

organisms. In chemotactic cells such as neutrophils and the slime mold Dictyostelium 

discoideum, cell polarity and movement signaling is positively transmitted by Gβγ, and 

the Gα subunits may not be required (Wu, Valkema et al. 1995; Neptune and Bourne 

1997; Neptune, Iiri et al. 1999). However, more recent studies in both systems have 

suggested that Gα subunits are more than just passive components in the signaling 

networks (Brzostowski, Johnson et al. 2002; Xu, Wang et al. 2003). In Dictyostelium, 

two Gα subunits (Gα2 and Gα9) were shown to couple to the cAMP receptor CAR1 and 

mediate cAMP chemotaxis. Gα2 is mainly responsible for the release of Gβγ while Gα9 

negatively regulates multiple downstream pathways activated by 

Gβγ {Brzostowski, 2004 #52}. Another analogy is evident in mammalian β2 adrenergic 

receptor (β2-AR) mediated signaling events. Upon agonist binding, β2-AR activates Gs 

to activate the cAMP-PKA pathway. Activated PKA then phosphorylates β2-AR and 

switches its coupling specificity to another class of Gα (Gi), which in turn activates 

MAPK via the released Gβγ (Daaka, Luttrell et al. 1997). In addition to β2-AR, PKA-

mediated G protein-coupling switching is also observed with the prostacyclin receptor 
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(Lawler, Miggin et al. 2001). Through switches in G protein-coupling specificity, 

receptors can govern distinct signaling pathways and generate temporal cellular signaling 

waves.  

 Functional redundancy between G proteins has been previously described in some 

organisms. In the filamentous ascomycete N. crassa the Gα subunits Gna-1 and Gna-2 

share overlapping functions in hyphal extension, growth under stress conditions, and 

female fertility (Baasiri, Lu et al. 1997; Kim and Borkovich 2004). In Caenorhabditis 

elegans, two Gα subunits (GPA-16 and GOA-1) were shown to co-regulate spindle 

position and orientation in embryos and inactivation of both genes causes embryonic 

lethality (Gotta and Ahringer 2001). Furthermore, like Gpa2 and Gpa3 in C. neoformans, 

in both N. crassa and the nematode, the above mentioned G proteins share the highest 

level of similarity to each other and may have resulted from gene duplication events.  

 It is well understood that the budding yeast only requires one Gα (Gpa1) for 

mating; on the other hand, in C. neoformans, two Gα subunits with both overlapping and 

divergent functions are involved in sexual development. One of the subunits promotes 

mating whereas the other inhibits filamentous growth, yet either one is sufficient to 

enable mating. Analyzing the number of Gα subunits present in most annotated fungal 

genomes suggests that one Gα subunit has been lost in the hemiascomycete lineage. This 

also suggests that the pattern of three Gα subunits is more ancient. We propose that the 

involvement of two Gα subunits in sexual development may be evolutionarily conserved 
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among other fungi that express three different Gα proteins. The cell fate decision in S. 

cerevisiae is a simple binary choice; cells grow either as asexual budding yeasts, or they 

undergo mating when an appropriate partner is present. Conversely, C. neoformans and 

other dimorphic fungi have a ternary choice regarding their cell fate; they can grow as 

budding yeasts, or switch to asexual or sexual filamentous development. The addition of 

an extra Gα subunit enables increased signaling complexity, which allows cells to make 

an appropriate ternary choice during the various stages of the life cycle. Finally, our study 

provides insights into GPCR and G protein coupling specificity relevant to an 

understanding of similar signaling circuits operating in higher multicellular organisms, 

including slime molds, nematodes, flies, and even mammals. 
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Table 4. Strains used in Chapter3. 

Strain Genotype Sources/Referece 
C. neoformans var. neoformans (serotype D) 

JEC20 MATa  
(Kwon-Chung et al., 
1992) 

JEC21 MATα  
(Kwon-Chung et al., 
1992) 

JEC30 MATa lys1 J. Edman 
JEC31 MATα lys1 J. Edman 

JEC34 MATa ura5 
(Moore and Edman, 
1993) 

JEC43 MATα ura5 
(Moore and Edman, 
1993) 

JEC50 MATα ade2 
(Moore and Edman, 
1993) 

RCD10 MATα PMFα1::lacZ (Shen et al., 2002) 

WSC26 MATα gpa2::ADE2 ade2 
Shen et al, in 
preparation 

YPH128 MATa gpa2::ADE2 ade2? This study 

WSC34 MATα gpa3::ADE2 ade2  
Shen et al, in 
preparation 

YPH86 MATa gpa3::ADE2 ade2? This study 
YPH97 MATα gpa2::ADE2 gpa3::ADE2 ade2? This study 
YPH88 MATa gpa2::ADE2 gpa3::ADE2 ade2? This study 
YPH312 MATα gpa3::ADE2 gpb1::NAT  This study 

YPH381 
MATα gpa3::ADE2 gpb1::NAT GPB1-
NEO This study 

YPH130 MATα gpa2::ADE2 ura5 ade2? This study 

WSC75 MATα gpa3::ADE2 ura5 ade2 
Shen et al, in 
preparation 

YPH132 
MATα gpa2::ADE2 gpa3::ADE2 ura5 
ade2? This study 

YPH131 
MATa gpa2::ADE2 gpa3::ADE2 ura5 
ade2? This study 

YPH95 MATa gpa2::ADE2 lys1 ade2? This study 
YPH96 MATa gpa3::ADE2 lys1 ade2? This study 

YPH99 
MATα gpa2::ADE2 gpa3::ADE2 lys1 
ade2? This study 
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YPH100 
MATa gpa2::ADE2 gpa3::ADE2 lys1 
ade2? This study 

YPH328 MATα PGPD1::GPA2Q203L PMFa1::lacZ This study 
YPH329 MATα PGPD1::GPA3Q206L PMFa1::lacZ This study 
WSC129 MATα gpb1::URA5 ura5 (Shen et al., 2002) 

YPH330 
MATα PGPD1:: GPA2Q203L gpb1::URA5 
ura5 This study 

RCD25-1 MATα ste7::ADE2 ade2 (Davidson et al., 2003) 

YPH332 
MATα PGPD1::GPA2 Q203L ste7::ADE2 
ade2 This study 

YPH471 MATα PGPD1::GPA2 This study 
YPH472 MATα PGPD1::GPA3 This study 
C. neoformans var. grubii (serotype A) 
H99 MATα WT (Perfect et al., 1993) 
KN99a MATa WT (Nielsen et al., 2003) 
YSB25 MATα gpa2::NEO  This study 
YSB110 MATa gpa2::NEO This study 
YPH105 MATα gpa3::NEO This study 
YSB136 MATa gpa3::NEO This study 
YPH308 MATα gpa2::NAT gpa3::NEO This study 
YPH106 MATa gpa2::NEO gpa3::NEO This study 
PPW111 MATα crg1::URA5 ura5 (Wang et al., 2004) 
PPW196 MATa crg1::URA5 ura5 (Wang et al., 2004) 
YPH114 MATα crg1::URA5 gpa2::NEO ura5? This study 
YPH113 MATa crg1::URA5 gpa2::NEO ura5? This study 
YPH116 MATα crg1::URA5 gpa3::NEO ura5? This study 
YPH117 MATa crg1::URA5 gpa3::NEO ura5? This study 

YPH380 
MATα crg1::URA5 gpa2::NEO 
gpa3::NEO ura5? This study 

YPH118 
MATa crg1::URA5 gpa2::NEO 
gpa3::NEO ura5? This study 

CDX50 MATα crg2::NAT This study 
CDX51 MATa crg2::NEO This study 
YPH299 MATα crg2::NAT gpa2::NEO This study 
YPH303 MATα crg2::NAT gpa3::NEO This study 
YPH305 MATα crg2::NAT gpa2::NEO gpa3::NEO This study 
YPH272 MATα gpg2::NAT This study 
YPH314 MATα gpg2::NAT GPG2::NEO This study 
S. cerevisiae   
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NMY32 MATa his3Δ200 trp1-901 leu2-3,112 
LYS2::(lexAop)4-HIS3 
URA3::(lexAop)8-lacZ (lexAop)8- 
ADE2 GAL4 

DUALmembrane Kit 
2 (Dualsystem 
Biotech, Zürich, 
Switzerland) 
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Table 5. Primers used in Chapter 3. 
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Chapter 4. Induction of a Constitutively Active GPCR 
Sustains Pheromone Signaling and Governs 
Morphogenic Transitions and High-Efficiency Mating in 
Cryptococcus neoformans 

4.1 Introduction 

Much of a cell’s sense of the environment is dependent on cell surface receptors; 

among these, the seven-transmembrane (7TM) G protein-coupled receptors (GPCRs) are 

the largest superfamily and respond to an array of environmental cues as diverse as light, 

odorants, nutrients, neurotransmitters and hormones (Pierce, Premont et al. 2002). In 

addition, more than half of all clinically relevant drugs act as agonists or antagonists of 

GPCRs and thus these receptors are also of great pharmacological importance (Drews 

1996). Multicellular eukaryotes have an enormous GPCR repertoire; approximately 800 

are encoded in the human genome.  Therefore, it is a daunting challenge to link each 

GPCR to potential ligands and their attendant signaling cascades. Despite considerable 

effort, ~120 of the 367 non-odorant receptors have remained orphans (Civelli 2005). 

Surprisingly, several have been found to be constitutively active, and thus signal in a 

ligand-independent fasion (Rosenkilde, Benned-Jensen et al. 2006; Vischer, Leurs et al. 

2006). 

The hypothesis that some GPCRs can signal in the absence of any external 

chemical ligand was first supported by studies of the opioid and β2-adrenergic receptors 

(Koski, Streaty et al. 1982; Cerione, Codina et al. 1984). The mechanism of constitutive 

activation can be explained by the two-state model (Lefkowitz, Cotecchia et al. 1993; 
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Leff 1995), in which receptors exist in an equilibrium between an inactive R state and an 

active R* state and agonist binding shifts the equilibrium toward the R* state. In contrast, 

constitutively active receptors spontaneously adopt an active R* conformation 

independent of agonist binding (Seifert and Wenzel-Seifert 2002). Many constitutively 

active mutant (CAM) GPCRs have been generated artificially by mutagenesis; on the 

other hand, naturally occurring point mutations that increase constitutive activity have 

also been identified and found to be linked to human diseases (Van Sande, Parma et al. 

1995). Moreover, ~60 wild-type GPCRs from human, mouse or rat have been shown to 

exhibit considerable constitutive activity (Seifert and Wenzel-Seifert 2002). Therefore, 

constitutively active GPCRs may be of great physiological importance in both natural 

physiology and disease states.   

 Many 7TM receptors are able to direct cellular developmental decisions. In 

mammals, these receptors transduce signals through three families of MAPKs leading to 

cell differentiation, proliferation, apoptosis, and development (Chang and Karin 2001). In 

Drosophila, frizzled and smoothened are two upstream 7TM receptors functioning 

respectively in the Wnt and Hedgehog signaling pathways that are critical for embryonic 

development (Chen and Struhl 1996; Wodarz and Nusse 1998). Even in the single celled 

budding yeast Saccharomyces cerevisiae, 7TM receptors sense pheromones from a 

mating partner and control cell fate decisions involving sexual vs. asexual growth 

(Burkholder and Hartwell 1985; Hagen, McCaffrey et al. 1986).  
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 Fungi harbor a simplified GPCR repertoire. S. cerevisiae expresses only three 

GPCRs: two (Ste2 and Ste3) sense the mating pheromones α factor and a factor and the 

other (Gpr1) senses glucose and sucrose (Burkholder and Hartwell 1985; Hagen, 

McCaffrey et al. 1986; Xue, Batlle et al. 1998; Kraakman, Lemaire et al. 1999). Because 

of this relative simplicity, the pheromone receptors and Gpr1 have been extensively 

studied and serve as models for GPCR mediated signaling. The pheromones and 

pheromone receptors are expressed in a cell-type specific manner in S. cerevisiae. The 

genome between a and α cells differs only at the mating-type locus (MAT), which 

encodes cell-type regulators that orchestrate cell-type specific gene expression (including 

those encoding mating pheromones and pheromone receptors) (Sprague, Jensen et al. 

1983; Herskowitz 1989). a cells express the lipopeptide pheromone a-factor and the α-

factor receptor Ste2 whereas α cells express the peptide pheromone α-factor and the a-

factor receptor Ste3. Both Ste2 and Ste3 are essential for mating; loss of function ste2 or 

ste3 mutants are pheromone non-responsive and fail to initiate even the earliest events in 

the mating process, such as courtship and pheromone-induced mating projections. 

A different pheromone/pheromone receptor paradigm is observed in fungi of the 

Basidiomycota phylum. Only a-factor-like lipopeptide pheromones and Ste3-like 

pheromone receptors are known, and neither α-factor-like pheromone genes nor Ste2-like 

orthologs are apparent in any of several sequenced genomes. Moreover, the pheromone 

and pheromone receptor genes have been incorporated into the MAT locus in many 

basidiomycetes including the mushrooms Coprinopsis cinerea and Schizophyllum 
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commune and the corn smut fungus Ustilago maydis, which have tetrapolar mating 

systems with up to thousands of mating types (Kronstad and Staben 1997; Fraser, Hsueh 

et al. 2007).  

The basidiomycetous yeast Cryptococcus neoformans, the causative agent of 

cryptococcal meningitis, has a well-defined sexual cycle and a simpler bipolar mating 

system (a and α) in which a single MAT locus spans an ~120 kb recombinationally 

suppressed region (Hull and Heitman 2002). More than 20 genes are encoded by the 

Cryptococcus MAT locus, including the homeodomain transcription factors, pheromones 

and pheromone receptors, and genes involved in the mating signaling cascade (Lengeler, 

Fox et al. 2002). The functions of the pheromone receptors Ste3a and Ste3α are well 

characterized; both are required for pheromone sensing and mating and may also play 

roles related to virulence (Chung, Karos et al. 2002; Chang, Miller et al. 2003). Thus, it 

was surprising when another pheromone receptor-liked gene, CPR2 (Cryptococcus 

pheromone receptor 2), was discovered to be encoded by a different chromosome, 

unlinked to MAT. 

Here we have addressed the basic functions of Cpr2 and whether it plays a role in 

pheromone sensing. All lines of evidence indicate that wild-type Cpr2 is a constitutively 

active GPCR that, when expressed following cell-cell fusion, continuously engages the 

pheromone response pathway independent of any pheromone ligand. In addition, Cpr2 

couples and signals via the same G proteins, MAPK cascade, and downstream 

transcription factor as the Ste3a/α pheromone receptors. Our findings reveal that cells 
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activate the pheromone response pathway in the absence of a mating partner when CPR2 

is expressed, and activation of the pathway switches growth from yeast-like cells to 

polarized filaments. During filamentous growth Cpr2 further serves to squelch 

pheromone responses to ensure fidelity of nuclear transmission and the dikaryotic state. 

Thus, the mating pathway represents a cascade in which ligand-dependent GPCRs evoke 

expression of a ligand-independent GPCR, enforcing a key developmental bistable 

switch. This study provides the first example of a wild-type constitutively active GPCR 

that regulates cell development in the fungal kingdom. Similar regulatory mechanisms 

are likely to operate in many other fungi and possibly also in multicellular eukaryotes in 

which GPCR mediated signaling is versatile and more complex.  
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4.2 Materials and Methods 

4.2.1 Strains, Plasmid and Media 

Strains and plasmids used in this study are listed in Table 6. Yeast cells were 

grown and maintained on yeast extract-peptone-dextrose (YPD) and synthetic defined 

(SD) media. C. neoformans mating and fruiting assays were conducted on 5% V8 juice 

agar medium (pH 5 for serotype A and pH 7 for serotype D strains), filament agar 

(Wickes, Mayorga et al. 1996), or Murashige and Skoog (MS) medium minus sucrose 

(Sigma-Aldrich).  

 

4.2.2 Gene Disruption and Overexpression  

 An overlap PCR based approach was used to generate all of the gene disruption 

cassettes with a dominant selectable marker as described previously (Davidson, 

Blankenship et al. 2002; Fraser, Subaran et al. 2003). The overlap PCR products were 

purified with a QIAGEN gel extraction kit and directly transformed into C. neoformans 

by biolistic transformation (Davidson, Cruz et al. 2000).   Primers used for gene 

disruption are listed in Table 7. To generate the CPR2 overexpression plasmid pYH1, the 

wild-type CPR2 gene was amplified from strain JEC21 and cloned into plasmid pKK1 

containing the constitutively expressed PGPD1 promoter. The CPR2L222P overexpression 

plasmid pDX124 was constructed via an overlap PCR approach. The CPR2L222P allele 

was first amplified with primer pairs JOHE19122/JOHE15828 and 
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JOHE15827/JOHE19123. Primers 15827 and 15828 contain a T to C substitution that 

changes the target codon from CTT to CCT. The CPR2L222P full-length gene was 

obtained by second overlap PCR performed with primers JOHE19122/JOHE19123. The 

PCR products were purified and cloned into plasmid pXL1 containing the PGPD1 

promoter. Both pYH1 and pDX124 were sequenced to confirm no extraneous mutations 

were introduced during PCR and the wild-type or ste3α mutant strains were transformed. 

Independent transformants were randomly selected for RNA extraction and Northern 

analysis to examine the level of CPR2 expression.  

4.2.3 Expression and Localization of Cpr2-mCherry  

The Cpr2-mCherry C-terminal fusion construct was generated by an overlap PCR 

method. The 5’ upstream promoter region and the CPR2 ORF were amplified with primer 

pair JOHE17102/JOHE16626. The ORF of mCherry was amplified with primer pair 

JOHE16627/JOHE16673. A second PCR was conducted using both fragments as DNA 

template with primer pair JOHE17102/JOHE16673. The overlap PCR products were gel-

purified, digested with NotI and PacI. Plasmid pXL1 was also digested with NotI and 

PacI to release the GPD promoter while maintain the selectable marker NEO. Two DNA 

fragments were ligated to result plasmid pYH33 which was completely sequenced and 

transformed into the serotype A MATα cpr2 mutant to generate strain YPH342. Cpr2-

mCherry expression and localization were observed with a ZEISS Axioskop 2 plus 

fluorescent microscope and the vacuole membrane marker dye MDY-64 (Molecular 



 

 

132 

Probes, Eugene, OR) was used to stain the cells.  

4.2.4 Spore Dissection and FACS Analysis 

 Spores generated by a diploid CPR2 overexpression strain (YPH293) were 

individually isolated by a micromanipulator as previously described (Hsueh, Idnurm et al. 

2006). After germination, the yeast cells were subjected to FACS analyses to determine 

the DNA content (Sia, Lengeler et al. 2000).  

4.2.5 Cell Fusion Assays 

 To perform the cell fusion assays for serotype D strains, MATα lys1 or MATα 

lys1 cpr2 mutant strains (JEC31 or YPH101) and MATa ura5 or MATa ura5 cpr2 mutant 

strains (YPH50 or YPH535) were grown in YPD liquid medium overnight. Cells were 

washed and adjusted to 2 X 107 cells/ml, mixed, and grown on V8 mating medium in the 

dark for 24 hours. The colonies were removed with cell scrapers, resuspended in sterile 

water, and plated onto SD-ura-lys medium to select cell fusion products. Plates were 

incubated at 30°C for 5 days until colonies were observed. The experiment was 

conducted in three replicates and the average number of colonies was calculated. The 

fusion efficiency was determined by comparing the average yield from cpr2 mutants to 

the yield from wild-type cells. The fusion assays for seotype A strains were performed 

with wild-type strains YSB119 (MATα NAT) and YSB121 (MATa NEO), and cpr2 

mutant strains YPH19 (MATα cpr2::NAT) and YPH459 (MATa cpr2::NEO). The same 

procedure was followed, except that after 24 hour incubation on V8 mating medium cells 
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were collected and plated onto YPD medium containing nourseothricin and G418 to 

select for cell-cell fusion products that have both drug-resistance markers. 

4.2.6 RNA Extraction and Northern Blot Analysis 

 Five ml YPD overnight cultures of the desired strains were harvested, washed 

with sterile water and adjusted to a final density of 1 X 107 cells/ ml. For mating 

conditions, equal amounts of a and α cells were first mixed in a test tube. For pheromone 

induction, synthetic α pheromone (Davidson, Moore et al. 2000) was added to the 

cultures to reach a final concentration of 10 µM. Cells were spotted onto V8 mating 

medium and incubated at 25˚C (from 24 hours to a week). After incubation, cells were 

removed from V8 solid medium and lyophilized. RNA was extracted with TRIZOL 

Reagent (Invitrogen) following the manufacturer’s instructions. Total RNA (10 µg) was 

separated by denaturing agarose gel electrophoresis and blotted to Hybond™-N+ nylon 

membrane (Amersham). Membranes were probed with [32P]-dCTP-radiolabeled DNA 

fragments and signals were quantified with a Typhoon 9200 imager and Image Quantifier 

5.2 software (Molecular Dynamics).  

4.2.7 Split-Ubiquitin Protein-Protein Interaction Assays 

 The physical interactions between Cpr2 and Gα subunits, RGS proteins, and 

Ste3a/α were assayed with the split-ubiquitin system (Stagljar, Korostensky et al. 1998). 

Vectors and yeast strains were provided with the DUALmembrane Kit 2 (Dualsystem 

Biotech, Switzerland). CPR2 full length cDNA was amplified with primers 
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JOHE14491/JOHE15357 and cloned into vectors pCCW and pDL2XN, which contain 

the C-terminal half of the ubiquitin (Cub) fused with the artificial transcription factor 

LexA-VP16 and the mutated N-terminal half of ubiquitin protein (NubG), respectively. 

The CPR2L222P allele was generated via an overlap PCR approach as described above in 

gene disruption and overexpression. Primer pairs JOHE14491/JOHE15828 and 

JOHE15827/JOHE15357 were used in the first PCR and a second overlap PCR was 

performed with primers JOHE14491/ JOHE15357 to obtain the CPR2L222P full-length 

cDNA. The PCR products were purified and cloned into vector pCCW. Full-length 

cDNA for the genes encoding Gα subunits Gpa1, Gpa2 Gpa3, the RGS protein Crg1, and 

the pheromone receptors Ste3a/α were all cloned into vector pDL2XN in which NubG is 

C-terminally fused to the target proteins. NubG was N-terminally fused to Crg2 in vector 

pDSL-NX. Primers used for these constructs are listed in Table 7. All plasmids generated 

were confirmed by DNA sequencing to ensure no extraneous mutations were introduced 

by PCR. The yeast host strain NMY32 was transformed with plasmids expressing the 

Cpr2-Cub fusion and the desired NubG fusion proteins. Transformants were analyzed for 

growth on medium lacking histidine or adenine and β-glactosidase activity was 

determined as a quantitative measurement of the physical interactions. 
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4.3 Results 

4.3.1 Identification of CPR2, a Gene Encoding a Putative Pheromone 
Receptor Unlinked to the Mating-Type Locus (MAT) 

The MAT locus of C. neoformans has been extensively studied and among the 

twenty or so genes encoded by this locus, the homeodomain proteins and the 

pheromone/pheromone receptor genes are critical for sexual development (Chung, Karos 

et al. 2002; Hull and Heitman 2002; Chang, Miller et al. 2003; Hull, Boily et al. 2005). 

Therefore, it was intriguing when another presumptive pheromone receptor-like gene was 

found to be located elsewhere in the genome. This gene, named CPR2 (Cryptococcus 

pheromone receptor 2) was first identified by June Kwon-Chung and colleagues but no 

detailed studies have been reported since its discovery (Y. C. Chang and K. J. Kwon-

Chung, Abstr. 101st Gen. Meet. Am. Soc. Microbiol. 2001, abstr. F-55, 2001).  

A search for Ste3-like pheromone receptors in other basidiomyceteous fungi 

revealed that many species also possess additional pheromone receptors that are not part 

of MAT, including Coprinopsis cinerea (Coprinus cinereus), Coprinellus disseminatus, 

Phanerochaete chrysosporium, and Pholiota nameko (Aimi, Yoshida et al. 2005; James, 

Srivilai et al. 2006). Phylogenetic analysis of these basidiomycetous Ste3-like pheromone 

receptors revealed that the receptors encoded by MAT are interspersed in an evolutionary 

tree with receptors encoded by genes outside of MAT (Fig. 24). Moreover, receptors of 

closely related species are in general more closely related, suggesting that either these 

receptors duplicated and diverged post-speciation, or that more recent gene conversion 
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has altered their evolutionary trajectory (Fig. 24). One interesting feature distinguishing 

C. neoformans Ste3a/α from Cpr2 is that the two pheromone receptors Ste3a and 

Ste3α are more closely related to each other than either is to Cpr2. Ste3α shares 33% 

protein sequence identity with Ste3a in comparison to only 25% with Cpr2. This 

indicates that the divergence between Cpr2 and the common ancestor of Ste3a and Ste3α 

either occurred before the two mating types evolved or that Ste3a and Ste3α have 

undergone more recent gene conversion with each other compared to Cpr2 (Fig. 24). 
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Figure 24. Phylogenetic tree of Ste3-like pheromone receptors from basidiomycete fungi.  
The tree is a maximum likelihood phylogeny. Full-length Ste3 homologs from S. 
cerevisiae (S. c.), C. neoformans (C. n.), C. cinereus (C. c.), C. disseminatus (C. d.), P. 
nameko (P. n.), Ustilago maydis (U. m.), and Neurospora crassa (N. c.) were used in this 
analysis. The S. cerevisiae Ste2 receptor serves as an outgroup. Pheromone receptors 
encoded by MAT loci are marked with an * and receptors thought to be originated from 
an ancestral tetrapolar MAT but now no-longer linked to mating-types are are marked 
with **. 
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4.3.2 CPR2 Expression is Induced Following Cell-Cell Fusion During 
Mating 

 The shared sequence identity between the Ste3-like pheromone receptors and 

Cpr2 suggests that Cpr2 could play a role in pheromone sensing and signaling. Based on 

previous studies, several genes encoding pheromone response pathway elements have 

been shown to be induced during mating (Chang, Miller et al. 2003; Davidson, Nichols et 

al. 2003; Hsueh and Shen 2005). A C. neoformans mating time course was performed 

and RNA was extracted to monitor CPR2 expression during the mating process. Northern 

blot analysis showed that CPR2 expression is induced during mating, with the highest 

expression observed after 72 hours, whereas no CPR2 message was detectable in either a 

or α cells cultured alone on V8 mating medium (Fig. 25 A and 25B).  In comparison, the 

STE3α pheromone receptor gene was strongly expressed at early time points during 

mating and returned to a basal level of expression after 48 hours. Thus, the pattern of 

STE3α and CPR2 expression is distinctly temporally regulated during mating.  

 To determine whether CPR2 expression was induced prior to or after cell-cell 

fusion, mating cells (a x α), a cells, a cells treated with MFα pheromone, and a/α diploid 

cells were grown on V8 solid medium, and RNA was extracted and probed for CPR2 

expression. As shown in Figure 25B, abundant CPR2 transcripts were detected in a x α  

mating cells and a/α diploid cells. In contrast, addition of MFα pheromone to a cells only 

modestly increased CPR2 expression, whereas dramatic induction of pheromone gene 

expression was readily apparent (Fig. 25A).  This indicates that, unlike the pheromone 
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genes, whose expression is highly induced by activation of the pheromone response 

pathway alone, most CPR2 induction occurs following cell-cell fusion. Two transcription 

factors known to function as a heterodimer after cell-cell fusion are Sxi1α and Sxi2a. To 

investigate whether activation of CPR2 expression requires the Sxi1α/Sxi2a heterodimer, 

CPR2 expression was analyzed in a sxi1α/sxi2a diploid strain. In this strain background, 

no detectable CPR2 message was observed, in contrast to remarkably elevated expression 

of the pheromone receptor STE3a and MFa1 pheromone genes known to be repressed by 

Sxi1α/Sxi2a (Fig. 25A).  

 To visualize Cpr2 expression and protein localization during mating, a Cpr2-

mCherry fusion protein expressed from the native CPR2 promoter was introduced into a 

MATα cpr2 mutant strain. As shown in Figure 25C, during mating yeast cells exhibited 

no or minimal levels of Cpr2 whereas CPR2 expression was dramatically increased in 

hyphal cells. This result further illustrates that CPR2 expression is indeed induced after 

cell-cell fusion. Cpr2 undergoes robust, constitutive endocytosis, as revealed by 

localization of the Cpr2-mCherry fusion protein within the vacuoles stained with the 

marker dye MDY-64. Similar ligand-independent vacuolar-localization has been 

observed for pheromone receptors in S. cerevisiae and U. maydis, apart from their ligand-

induced endocytosis, which implies that constitutive internalization may be a common 

feature of fungal pheromone receptors and their homologs (Davis, Horecka et al. 1993; 

Hicke, Zanolari et al. 1998; Fuchs, Hause et al. 2006). 
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Figure 25. CPR2 expression is induced following cell-cell fusion during mating. (A) 
CPR2 transcripts were moderately elevated by pheromone and dramatically induced 
during mating. Cells of indicated genotypes were cultured on V8 mating medium for 72 
hours and RNA was extracted and subjected to Northern analyses with probes to the 
genes indicated on the left. (B) CPR2 is expressed during a mating time course. Wild-
type cells were crossed on V8 mating medium for 1, 2, 3 and 7 days at 25°C in the dark. 
The transcript abundance of CPR2, STE3α, and MFα1 was measured by Northern. (C) 
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Cpr2 is expressed after cell-cell fusion during mating and localized to vacuoles in the 
cells. The monomeric RFP mCherry was C-terminally fused to Cpr2 under the 
endogenous CPR2 promoter and expressed in an α cpr2 mutant. The strain was crossed 
to wild-type a cells on V8 mating medium, stained with the vacuolar membrane marker 
dye MDY-64, and observed at 400x magnification. Large vacuoles were observed in the 
hyphae and fused yeast cells (indicated with arrows). The scale bar indicates 10 µm. 

 

4.3.3 Cpr2 Enhances Filamentation and Competes with the Ste3α  
Pheromone Receptor for Signaling 

 Fruiting is a same-sex mating process that occurs sporadically around the 

periphery of a colony. Many of the genes involved in pheromone responses and a-α cell 

mating also affect fruiting (Wickes, Mayorga et al. 1996; Shen, Davidson et al. 2002; 

Davidson, Nichols et al. 2003; Lin, Hull et al. 2005; Lin, Huang et al. 2006). To 

determine whether Cpr2 plays a role in the fruiting process, CPR2 was deleted or 

overexpressed under the control of the constitutive GPD1 promoter in the wild-type 

serotype D α strain JEC21. Although deletion of CPR2 did not diminish fruiting ability, 

overexpressing CPR2 dramatically enhanced fruiting efficiency. After 2 weeks of 

incubation on low-nitrogen filament agar medium, filaments were observed along the 

entire periphery of colonies overexpressing CPR2, in marked contrast to the sporadic 

filamentation at isolated points around the edges of wild-type colonies (Fig. 26A). These 

filaments were monokaryotic (based on nuclear staining with DAPI), linked by unfused 

clamp cells, and decorated by basidia with short chains of basidiospores, all hallmarks of 

fruiting. Overexpression of CPR2 also induced fruiting in a cells (data not shown). To 
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further analyze whether CPR2 overexpression enhances a sexual or asexual sporulation 

cascade, we overexpressed CPR2 in a wild-type α/α diploid strain. Basidiospores 

generated by this diploid CPR2 overexpression strain were then isolated and subjected to 

FACS analysis. Twelve spores that germinated were haploid and had undergone a 

complete genome reduction (Fig. 26B), consistent with a role for CPR2 in activating a 

sexual cycle leading to meiotic spore production. 

 Because CPR2 overexpression enhances filamentation and sporulation, both 

hallmarks of sexual reproduction in C. neoformans, we hypothesized that Cpr2 might 

function as a pheromone receptor. To investigate this hypothesis, CPR2 was 

overexpressed in a ste3α mutant (ste3α PGPD1::CPR2) and multiple independent 

transformants were analyzed for CPR2 expression and mating competency. 

Unexpectedly, the ste3α PGPD1::CPR2 strain was dramatically self hyper-filamentous; 

robust filamentation was observed in as little as 24 hrs of incubation on V8 mating 

medium, even in the complete absence of a mating partner (Fig. 26C). This phenotype is 

reminiscent of a gpa3 mutant, which lacks a Gα subunit of the pheromone response 

pathway and is self hyper-filamentous due to constitutive pheromone signaling (Hsueh, 

Xue et al. 2007). The expression level of the pheromone genes (MFα) was examined in 

the wild-type, PGPD1::CPR2, ste3α, and ste3α PGPD1::CPR2 strains by Northern blot 

analysis. As shown in Fig. 26D, pheromone gene expression was induced in the wild-type 

CPR2 overexpression strain and massively enhanced in the ste3α PGPD1::CPR2 

background while, under the same conditions, the genes were expressed at a very low 
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level in the wild-type or ste3α mutant. Thus, overexpression of CPR2 triggers pheromone 

responses in a pheromone-independent manner. 

 To further dissect whether Cpr2 triggers pheromone signaling through the same 

pathway as Ste3a/α receptors, genes encoding components of this pathway known to be 

essential for pheromone response were disrupted in the ste3α PGPD1::CPR2 strain and 

multiple independent mutants were analyzed. These components include the Gβ subunit 

Gpb1, the MAPKK gene Ste7, and a transcription factor that functions downstream of the 

MAPK cascade, Tfh1 (Lengeler, Davidson et al. 2000; Wang, Perfect et al. 2000; 

Davidson, Nichols et al. 2003). Northern analysis revealed that when genes encoding 

these components were mutated, pheromone signaling was no longer constitutively 

activated by Cpr2 (Fig. 26E). In accord, the self-hyperfilamentous phenotype, which is a 

consequence of a constitutively active pheromone response, was abolished in these 

strains (Fig. 26C).  

 Based on this epistasis analysis, we conclude that Cpr2 triggers the pheromone 

response via the same Gβγ subunit, MAPK module, and downstream transcription factor 

as the canonical pheromone response pathway when it is activated by the pheromone 

receptor Ste3α responding to MFa pheromone. Furthermore, Cpr2 competes with Ste3α 

for signaling since Cpr2 overexpression evoked a dramatically more pronounced self-

filamentous phenotype and higher pheromone gene expression (3.7-fold) when expressed 

in the ste3α mutant compared to wild-type cells. 
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Figure 26. Overexpression of CPR2 enhances filamentation and activates the pheromone 
response pathway. (A) CPR2 was overexpressed from the constitutive promoter PGPD1 in 
the wild-type serotype D strain JEC21. Compared to wild-type, fruiting was much more 
robust in the PGPD1 -CPR2 strain. Images show colonies after 2 weeks of incubation at 
25°C in the dark on FA medium. (B) FACS analyses demonstrated that the basidiospores 
generated from a diploid CPR2 overexpression strain underwent a ploidy reduction from 
diploid α/α to haploid α. (C) Overexpression of CPR2 in ste3α renders cells 
hyperfilamentous, and this is dependent upon components of the pheromone signaling 
pathway. Cells were incubated on V8 medium for 24 hrs and photographed at 100x 
magnification. (D) Northern analysis showed the pheromone signaling pathway is 
activated without the presence of a mating partner in cells overexpressing CPR2. RNA 
was extracted from cells of the indicated genotypes after 24 hr growth on V8 medium. 
(E) Mutation of components of the canonical pheromone signaling pathway blocks the 
constitutively active pheromone response in ste3α PGPD1 -CPR2 cells. Northern analysis 
was performed with RNA extracted from strains of the indicated genotypes after 24 hr 
growth on V8 medium at 25°C in the dark. 
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4.3.4 Cpr2 is Constitutively Active Due to a Substitution of a 
Conserved Proline Residue in the Sixth Transmembrane Domain 

 We next addressed whether Cpr2 senses a ligand to trigger the pheromone 

response pathway. Sequence identity shared between Cpr2 and the Ste3-related 

pheromone receptors led us to hypothesize that pheromones might serve as agonists for 

Cpr2. To test this hypothesis, we utilized S. cerevisiae as a heterologous expression 

system that has been previously established as a powerful approach to identify ligands of 

orphan GPCRs (Mentesana, Dosil et al. 2002). The full-length cDNA clone of CPR2 was 

expressed in a S. cerevisiae reporter strain that lacks the yeast Ste3 pheromone receptor 

and carries a pheromone inducible FUS1-lacZ reporter gene. Deletion of the S. cerevisiae 

STE3 gene facilitated Cpr2 coupling to the heterotrimeric G protein Gpa1/Ste4/Ste18 

which, when activated, engages the pheromone response pathway resulting in induction 

of β-galactosidase activity.  

 When Cpr2 was expressed in S. cerevisiae, surprisingly a constitutively active 

pheromone response was observed even without treating cells with the C. neoformans 

MFa or MFα synthetic pheromones (Fig. 27A). This suggested that Cpr2 was either 

activated by a ubiquitous ligand that was present in the cultures or Cpr2 is a 

constitutively active GPCR that functions in a ligand-independent manner. To address 

these models, we first carefully analyzed the protein sequence of Cpr2, searching for 

potential residues that could contribute to constitutive activity. It is known that alteration 

of amino acid sequences in certain conserved positions in some GPCRs results in 
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constitutively active mutants (CAM). One well-studied example is the substitution of a 

conserved proline in the sixth transmembrane domain (TM-VI), which is present in more 

than 90% of GPCRs (Baldwin 1993). Substitution of this proline with leucine 

substantially increases the ligand-independent activity of many GPCRs, including the 

pheromone receptors of S. cerevisiae and S. pombe (Ste2, Ste3, and Mam2)(Konopka, 

Margarit et al. 1996; Stefan, Overton et al. 1998; Ladds, Davis et al. 2005). Surprisingly, 

this conserved proline is absent in the TM-VI of wild-type Cpr2, and instead, a leucine is 

substituted at this position (L222). This observation prompted us to hypothesize that this 

leucine in TM-VI might be responsible for the constitutive activity of Cpr2. To test this 

model, a Cpr2L222P allele was generated and heterologously expressed in S. cerevisiae. As 

shown in Fig. 27A, in cells expressing Cpr2L222P, ligand-independent induction of β-

galactosidase activity was greatly reduced to a basal level comparable to the empty vector 

control. This result provides evidence that Cpr2 activates the pheromone response 

pathway via an intrinsic constitutive activity instead of responding to a ubiquitous ligand 

present in the culture. Moreover, the constitutive activity of Cpr2 requires Leu222 of TM-

VI, at which position a proline residue is conserved in most GPCRs. 

 To investigate whether the requirement of Leu222 for the constitutive activity of 

Cpr2 also applies to Cpr2 expressed in C. neoformans, the CPR2L222P allele was 

overexpressed in the ste3α mutant and compared to the self-filamentous phenotype of 

ste3α cells overexpressing wild-type CPR2. As shown in Fig. 27B, CPR2L222P 

overexpression did not render cells self-filamentous, indicating that Leu222 is critical for 
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CPR2 constitutive activity in C. neoformans. Similar findings were observed in multiple 

independent transformants. Northern blot analysis confirmed that the CPR2L222P 

transgene was expressed at or even above the level of the active wild-type CPR2 

transgene, demonstrating the difference was not an artifact due to a lower expression 

level (Fig. 28). 

 

Figure 27. Cpr2 is a constitutively active receptor which requires the Leu222 residue of 
TM6 for activity. (A) Cpr2 was heterologously expressed in a S. cerevisiae ste3 mutant 
carrying the pheromone inducible FUS1-lacZ reporter. Cells expressing S. c. STE3 
treated with a cell supernatant served as a positive control and cells expressing the empty 
vector served as a negative control. (B) Leu222 is critical for Cpr2 activity in C. 
neoformans. Serotype D ste3α cells overexpressing wild-type CPR2 or CPR2L222P were 
grown on V8 medium for 24 hrs and photographed at 100x magnification. 
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Figure 28. Northern analysis of the CPR2 allele in CPR2 and CPR2L222P overexpression 
strains. 

 

4.3.5 Cpr2 and Ste3α  Interact with the Same G Proteins and RGS 
Proteins  

 Epistasis and gene expression analyses support a model in which Cpr2 activates 

the pheromone response pathway via a conserved Gβ subunit, MAPK module, and 

downstream transcription factor. To further investigate which Gα protein is coupled to 

Cpr2 and activates signaling, the split-ubiquitin assay was employed to dissect these 

molecular interactions. This assay was developed to detect physical protein-protein 

interactions between membrane proteins in vivo (Stagljar, Korostensky et al. 1998). In 

this system, one protein is fused to the C-terminal half of ubiquitin (Cub) coupled to an 

artificial transcriptional activator (LexA-VP16), and the second protein is fused to a 

mutated N-terminal half of ubiquitin (NubG). Physical interactions enable re-association 
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of the two halves of split ubiquitin, resulting in cleavage and release of the LexA-VP16 

transcription factor and induction of lacZ, HIS3, and ADE2 reporter genes. 

Wild-type Cpr2 was fused to Cub (Cpr2-Cub) and the reporter strain was co-

transformed with plasmids expressing either the Gpa1-NubG, Gpa2-NubG, or Gpa3-

NubG fusion proteins (Fig. 29A). Transformants were assayed for growth on synthetic 

medium lacking histidine or adenine and for β-galactosidase activity. As shown in Fig. 

29B, no physical interaction could be detected between Cpr2 and any of the three 

Gα subunits. We hypothesized that any interaction between Cpr2 and the coupled Gα 

subunit might be transient due to the constitutive activity of Cpr2, which may therefore 

continually dissociate from the interacting Gα subunits. To test this hypothesis, the 

potential interactions between the three Gα subunits and Cpr2L222P, which lacks ligand-

independent activity, were assayed. Remarkably, when Leu222 was substituted with Pro, 

we observed that Cpr2 L222P now interacted with both Gpa2 and Gpa3 but not with Gpa1 

(Fig. 29B). Gpa2 and Gpa3 are the G proteins that were recently shown to interact with 

the pheromone receptor Ste3α to mediate pheromone responses (Hsueh, Xue et al. 2007; 

Li, Shen et al. 2007). This result also provides an explanation why CPR2 overexpression 

results in greater signaling in ste3α mutant cells compared to wild-type cells: because 

Cpr2 and Ste3α interact with the same Gα subunits, the ligand-dependent and ligand-

independent receptors compete for access to the signaling cascade.  

 The interactions between Cpr2 and the regulator of G protein signaling (RGS) 

proteins Crg1 and Crg2 were also examined. The RGS proteins negatively regulate the 
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pheromone signaling pathway by stimulating GTP hydrolysis by the Gα subunits. We 

previously reported that the pheromone receptor Ste3α interacts directly with two RGS 

proteins: Crg1, a DEP domain containing RGS protein and Crg2, which has three C-

terminal transmembrane helices (Hsueh, Xue et al. 2007). Wild-type Cpr2 was fused with 

Cub, Crg1 and Crg2 were fused with NubG, and cells expressing both fusion proteins 

were analyzed to test possible interactions. Based on growth assays and β-galactosidase 

expression, wild-type Cpr2 interacts with both Crg1 and Crg2 (Fig. 29C). Interestingly, 

expression of both CRG1 and CPR2 is induced during mating while CRG2 is not (Hsueh, 

Xue et al. 2007), suggesting that the Cpr2-Crg1 interaction may be physiologically 

regulated. To test for genetic interactions between Cpr2 and Crg1, CPR2 was 

overexpressed in the crg1 mutant. crg1 mutants are supersensitive to pheromones and 

produce abundant conjugation tubes in a confrontation assay when cells of the opposite 

mating-type are grown in close proximity (~ 3 mm) on solid medium. However, when the 

distance between the cells was increased to 8 mm, no conjugation tubes were produced 

by cells of either mating type. In contrast, the α PGPD1::CPR2 crg1 mutant produced 

conjugation tubes at this increased distance when confronted with an a wild-type or crg1 

mutant (Fig. 29D). These results indicate that CPR2 overexpression enhances the ability 

of the crg1 mutant to respond to pheromone. We interpret this finding to indicate that 

expression of a ligand-independent receptor (Cpr2) can enhance the responsiveness of 

cells to a ligand (pheromone) sensed by a ligand-dependent GPCR (Ste3α). 
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Figure 29. Cpr2 physically interacts with Gpa2, Gpa3, Crg1, Crg2 and forms dimers with 
Cpr2, Ste3a and Ste3α. (A) A schematic representation of the split-ubiquitin assay with 
the Cpr2::Cub, Gα::NubG, RGS::NubG and Ste3a/α::Cub fusion proteins. (B) Cpr2 L222P 

-Cub interacts with Gpa2 and Gpa3. Plasmid pAI-Alg5 expresses a fusion of the 
endogenous ER protein Alg5 to wild-type Nub, which has strong affinity to Cub and 
served as a positive control to confirm the correct expression and topology of Cpr2::Cub. 
Plasmid pDL2-Alg5 expresses Alg5 fused with NubG and served as a negative control. 
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Interactions were measured by both growth assays and adenine and β-galactosidase 
activity assays. (C) Cpr2-Cub interacts with Crg1, Crg2, Cpr2, Ste3a, and Ste3α. The 
same control plasmids were used as in (B). Interactions were measured by both growth 
assays and β-galactosidase activity assays. (D) Confrontation assays were conducted with 
serotype A strains of indicated genotypes. Cells of opposite mating-type were grown in 
parallel at distances of 3 mm or 8 mm from each other on V8 medium and photographed 
at 40x magnification after 3 days of incubation at 25°C. 

 

4.3.5 Cpr2 Forms Homodimers or Heterodimers with Itself and 
Ste3a/α   

 Many GPCRs can exist as dimers or oligomers and these physical interactions 

have been shown to regulate trafficking, signaling, ligand-binding properties, and cell-

cell fusion (Prinster, Hague et al. 2005; Levoye, Dam et al. 2006; Shi, Kaminskyj et al. 

2007). The split-ubiquitin system was used to address the possibility that Cpr2 and 

Ste3a/α dimerize. Our results demonstrated that Cpr2 interacts with itself, Ste3a, and 

Ste3α, although the magnitude of these interactions was moderate (60~70 β-

galactosidase units vs. ~20 units in the negative control) (Fig. 29C). This also implies that 

both homo- and hetero-dimerization of the pheromone receptors and Cpr2 could serve as 

a mechanism by which their activity may be regulated. 

4.3.6 Cpr2 Triggers a Pheromone Response Positive Feedback Loop  

 Positive feedback loops are commonly incorporated into signaling pathways to 

achieve self-perpetuating states. The facts that mating induces CPR2 expression and Cpr2 

constitutively activates the pheromone response pathway in a pheromone-independent 
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fashion prompted us to hypothesize that a positive feedback loop in the pheromone 

response pathway might be generated via Cpr2. It was recently reported that artificially 

introducing a positive feedback loop into the S. cerevisiae pheromone response pathway 

can switch the responsiveness of cells to pheromone from a graded one to a bistable (off-

on) system (Ingolia and Murray 2007).  

 To test whether Cpr2 is able to generate a positive feedback loop and thereby 

evoke a bistable state, pheromone gene expression was monitored in wild-type, cpr2 

mutant, and CPR2 overexpression strains. The CPR2 overexpression strain was used to 

mimic the a/α dikaryon state formed after cell-cell fusion, in which CPR2 expression is 

dramatically induced. Cells were treated with synthetic MFα pheromone for 24 hours on 

V8 solid medium, harvested, washed to remove MFα pheromone, and incubated for an 

additional 3 to 8 hours in the absence of pheromone. In wild-type and the cpr2 mutant, in 

which CPR2 transcripts were at undetectable levels, MFa1 expression was induced after 

the exposure to synthetic MFα pheromone and gradually decreased back to the basal 

level after MFα pheromone was removed. In contrast, MFa1 pheromone gene expression 

remained at a constant, elevated level and even increased over time in cells 

overexpressing CPR2. Hence, CPR2 expression transforms cells from a ligand-dependent 

graded pheromone response to a self-perpetuating ligand-independent constitutively 

active state (Fig. 30).  
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Figure 30. Cpr2 sustains pheromone signaling. (A) Northern analysis of pheromone 
transcripts in wild-type, cpr2 mutant and PGPD1-CPR2 strains. RNA from cells of the 
indicated genotypes and treatments was extracted and analyzed for pheromone transcript 
abundance. Signals were quantified with a phosphorimager. (B) Signals of pheromone 
transcripts from three independent RNA extractions and Northern analyses were 
normalized to ACT1. Error bars indicate the standard deviation of the mean. 
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4.3.7 cpr2 Mutant Produces Fewer Cell-Cell Fusion Products and 
Generates Unusual Mating Filaments  

 All lines of evidence suggest that Cpr2 has an impact on the pheromone response 

pathway and thus is likely to serve a role in sexual development. cpr2 null mutants in 

both serotypes (A and D) and mating types (a and α) were generated with dominant drug 

resistant markers and analyzed for their mating abilities. In C. neoformans, mating begins 

with proper fusion between the a and α cells; thus, measuring the abundance of fusion 

products generated in a cross may serve as a quantitative measurement for fertility. To 

quantify the fusion efficiency of cpr2 mutants, equal numbers of serotype A cpr2::NAT 

α and cpr2::NEO a cells were mixed on V8 solid medium for 24 hours and the double 

drug resistant fusion products were selected on YPD medium containing both 

nourseothricin and G418. cpr2 mutants exhibited only ~12% fusion efficiency when 

compared to that of wild-type (Fig. 31A). The colonies of the cpr2 x cpr2 fusion products 

were heterogeneous in size, with more colonies that were smaller, in contrast to the 

homogeneous large colonies produced by wild-type cells (Fig. 31A). This result suggests 

that the presence of Cpr2 either assists cells to fuse more efficiently at the early stages of 

mating or promotes survival and growth of the dikaryotic or diploid cell-cell fusion 

products.  

 Phenotypic analysis of cpr2 a x cpr2 α bilateral crosses showed that similar to the 

wild-type crosses, abundant dikaryotic mating filaments decorated with fused clamp 

connections, basidia, and long chains of basidiospores were observed (Fig. 31B). This 
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indicated that in contrast to STE3a and STE3α, which are critical for mating, CPR2 is not 

required to initiate the sexual cycle. This is also supported by the fact that in fusion 

assays, substantial amount of cpr2 a and cpr2 α cells were still capable of fusing each 

other. However, staining of the mating hyphae of wild-type and cpr2 crosses revealed 

that an unusual filamentous structure is produced during the cpr2 x cpr2 mutant crosses. 

In wild-type crosses, most hyphae observed were dikaryotic with fused clamp 

connections and displayed a largely uniform morphology (Fig. 31C). In cpr2 x cpr2 

mutant crosses, unusual filamentous structures were also observed in addition to the 

standard dikaryotic mycelia. These unusual filaments were thinner than the dikaryotic 

filaments, and exhibited a meandering pattern of growth, in contrast to dikaryotic 

filaments that are more uniform, larger, and exhibit more directed linear growth (Fig. 

31C). These unusual hyphae in the cpr2 mutant crosses emerged from unfused clamp 

cells and therefore often lacked nuclei and fused or unfused clamp connections. These 

characteristics are hallmark features of the “haustorial hyphae” described in the classic 

literature, although their functions are unknown. This phenotype is attributable to the loss 

of CPR2 because unusual hyphal structures were only observed in cpr2 x cpr2 bilateral 

mutant crosses and not in either a WT x α cpr2 or a cpr2 x α WT unilateral mutant 

crosses and re-introducing wild-type CPR2 into the cpr2 mutants complemented the 

phenotype.  
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Figure 31. cpr2 mutants are fertile, but yield fewer viable dikaryotic fusion products and 
produce haustorial hyphae during mating. (A) Fusion products from serotype A wild-type 
or cpr2 x cpr2 mutant crosses were selected on YPD medium containing nourseothricin 
and G418. Plates were observed under 40x magnification to distinguish the size 
differences of colonies derived from wild-type or cpr2 mutant crosses (insets).  (B) 
Serotype A wild-type or cpr2 mutants were crossed on MS medium at 25°C in the dark 
for 2 weeks and photographed at 40x magnification. The small insets present images of 
the basidiospore chains. (C) DAPI staining of mating hyphae produced by wild-type, 
cpr2 and the cpr2 +CPR2 complemented strains. The black arrows indicate the typical 
dikaryotic hyphae and the white arrows indicate the thinner haustorial hyphae. These 
hyphae were photographed at 400x magnification and the scale bar indicates 10 µm. 



 

 

158 

4.4 Discussion 

 The pheromone response pathway is a paradigmatic model for GPCR-mediated 

signaling pathways that has been studied for decades (Dohlman and Thorner 2001; 

Dohlman and Slessareva 2006). In this study, we investigated the functions of a novel 

non-mating-type specific pheromone receptor-like gene, CPR2, identified in the human 

fungal pathogen C. neoformans and conclude that Cpr2 is a wild-type constitutively 

active GPCR with ligand-independent activity that governs developmental events during 

the filamentous sexual cycle. 

4.4.1 Cpr2 and the Sexual Development of C. neoformans 

Cpr2 plays a role in a-α sexual development (mating) and also promotes 

unisexual fruiting in C. neoformans (Fig. 32A). In wild-type cells, fruiting occurs as a 

stochastic and inefficient process. CPR2 expression is undetectable under laboratory 

conditions that support fruiting and cpr2 mutants of the standard laboratory background 

(JEC21, serotype D) are fruiting proficient. However, when CPR2 is overexpressed from 

a constitutive promoter, cells switched from yeast phase to filamentous growth and 

fruiting becomes much more robust. Furthermore, we showed that spores isolated from a 

diploid CPR2 overexpression strain all underwent a whole genome ploidy reduction, 

returning to haploid, demonstrating that Cpr2 activates the unisexual cycle leading to 

meiotic spore production. Studying environmental conditions that contribute to induce 
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CPR2 expression may provide insights as to when and where unisexual mating occurs in 

nature.  

 In the a-α sexual cycle, unlike the pheromone receptors Ste3a and Ste3α that are 

critical for mating, cpr2 mutants are still fertile. However, CPR2 contributes to regulate 

two different morphogenetic processes during mating. First, cpr2 mutants have a defect 

in cell-cell fusion efficiency, and therefore CPR2 influences either the efficiency of cell-

cell fusion or the growth and survival of the cell-cell fusion products. We think the later 

is more likely to be the case based on the small, heterogeneous colonies generated after 

fusion of cpr2 mutants. Other gene products have been observed to play a similar role. 

For example, the protein phosphatase calcineurin and Clp1 (a target of the Sxi1α/Sxi2a 

homeodomain complex) are both required for survival and filamentous growth of the 

dikaryotic cell-cell fusion products and diploids (Cruz, Fox et al. 2001; Ekena, Stanton et 

al. 2007). The second role in mating is that loss of CPR2 causes abnormal filamentous 

structures to be formed during mating. One major difference between the sexual 

development of C. neoformans and that of S. cerevisiae is that in S. cerevisiae, the two 

nuclei immediately fuse with each other following cell-cell fusion whereas in C. 

neoformans, the two nuclei congress but do not fuse after a-α cell fusion and instead 

form a stable dikaryotic hyphae. In these hyphae, two nuclei, one from each parent, co-

exist in each hyphal compartment and the growth of the dikaryotic hyphae requires 

coordinate nuclear division and migration. Clamp cells are critical to coordinate correct 

nuclear migration, ensuring that two nuclei, one from each parent, are faithfully 
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segregated into each hyphal compartment (Fig. 33). The clamp cell forms as a short 

branch at the proximal end of the terminal cell of a hypha and one nucleus migrates into 

this structure, which then fuses with the adjacent penultimate hyphal cell. The nature of 

the signals that mediate clamp cell-hyphae fusion is an intriguing question.  

 In mushroom fungi, hyphal cells of different mating types fuse readily without a 

requirement for pheromone/ pheromone receptor recognition; however, pheromone 

signaling is thought to regulate the fusion step between clamp cells and the hyphae in 

dikaryons (Casselton and Olesnicky 1998). In C. neoformans cpr2 mutant crosses, a 

significant proportion of the clamp cells are abnormal. After forming hyphal branches as 

the precursor to clamp cells, instead of fusing with the adjacent cell on the same 

dikaryon, the branches continue to grow and elongate, resulting in thinner, irregular 

hyphae that may eventually fuse with other hyphae or neighboring yeast cells. One 

plausible role for Cpr2 in dikaryotic hyphae development is to shield the clamp cells from 

pheromone generated by other cells and hyphae to promote clamp cell fusion and ensure 

mating fidelity. In the absence of Cpr2, aberrant hyphal fusion events may enable 

introgression of foreign nuclei and compromise the fidelity of mating. These unusual 

filamentous structures are called haustorial hyphae and are often observed in other 

mycoparasitic basidiomycetes, which produce haustorial hyphae to invade and parasitize 

another fungal species (Bauer and Oberwinkler 2004). Because these hyphae are rare in 

wild-type crosses, the cpr2 mutants may provide a new approach to study this elusive 

element in the sexual cycle. In contrast to the role for Cpr2 in the later stages of sexual 
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development in C. neoformans, CPR2 homologs in mushroom fungi might play a role in 

triggering the early pheromone-independent hyphal cell fusion during mating. 

 

 

Figure 32. Cpr2 evokes a positive feedback loop in the pheromone signaling pathway and 
controls morphogenesis of C. neoformans. (A) Cpr2 governs yeast to hyphae 
development in the fruiting process and affects cell-cell fusion efficiency and suppresses 
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the formation of abnormal haustorial hyphae during mating. (B) A model depicting the 
positive feedback loop generated by Cpr2. Cells activate pheromone signaling responses 
when exposed to pheromones from opposite mating-type cells and, as a consequence 
CPR2 expression is induced. Cpr2 is constitutively active and thus maintains pheromone 
signaling in a constant “on” state, which in turn generates more Cpr2 transcripts and 
elicits a positive feedback loop. 

 

 

Figure 33. Schematic representation of clamp cell formation and nuclear migration in 
dikaryons. Three arrows indicate the initiation, elongation and fusion of the clamp cell. 
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4.4.2 Leu222 Renders Cpr2 Constitutively Active 

 Cpr2 is constitutively active when overexpressed in both S. cerevisiae and C. 

neoformans; it activates the same pheromone signaling pathway as the canonical ligand-

dependent pheromone receptors Ste3a/α. An unconventional Leu in the TM6 domain is 

absolutely required for the ligand-independent signaling activity of Cpr2. It is an 

emerging concept that a small fraction of the total receptor pool may exist in the active 

form in the absence of agonist; thus, overexpressing some GPCRs may significantly 

increase basal signaling activity which liberates a constitutively active response (Milano, 

Allen et al. 1994).  However, we do not think overexpression is the major cause in the 

case of Cpr2-induced pheromone signaling because overexpressing either the canonical 

pheromone receptor Ste3 or the Cpr2L222P allele did not activate the FUS1-lacZ reporter 

gene in S. cerevisiae and overexpression of the Cpr2L222P allele in the C. neoformans 

ste3α mutant did not cause a hyperfilamentation phenotype  (Fig. 27 and data not 

shown). 

 Both naturally occurring and laboratory generated substitutions of the conserved 

proline residue in transmembrane 6 (TM6) can render GPCRs constitutively active, and 

our studies revealed Cpr2 is a naturally occurring example, besides the laboratory 

generated fungal pheromone receptors mutants previously reported (Konopka, Margarit 

et al. 1996; Stefan, Overton et al. 1998; Ladds, Davis et al. 2005). TM6 of the 

mammalian thyroid-stimulating hormone receptor (TSHR) is a hotspot for naturally 

occurring constitutively active mutants (CAMs): several residues in this transmembrane 
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domain, including the conserved Pro, have been identified to cause constitutive activity 

that results in nonautoimmune hyperthyroidism and thyroid adenoma. It is hypothesized 

that Pro causes a kink in the transmembrane helix and is important for receptor 

conformational changes between the ligand free R and ligand bound R* states (von 

Heijne 1991). Biophysical measurements of the activation of β2AR demonstrate that the 

kink significantly diminishes upon receptor activation (Sansom and Weinstein 2000). 

However, not all GPCRs become constitutively active when this Pro residue is missing or 

mutated (Wess, Nanavati et al. 1993; Kolakowski, Lu et al. 1995). The Ste3a receptor in 

C. neoformans is one such example as it lacks a conserved Pro in TM6 but does not 

display any constitutive activity (data not shown). 

4.4.3 Positive Feedback Loop and Cell Fate Regulation 

 Positive feedback loops are often incorporated into gene regulatory networks to 

enable self-perpetuating signaling networks. Examples can be found in organisms 

ranging from bacteria to multicellular eukaryotes.  The pheromone signaling cascade in S. 

cerevisiae triggers a graded mating response. However, it was recently demonstrated that 

introducing a positive feedback loop in the pheromone signaling pathway by expressing 

the dominant active MAP kinase kinase kinase allele (STE11ΔΝ) under the control of a 

pheromone-inducible promoter (PFUS1) switches the pheromone responses into a bistable 

off-on state (Ingolia and Murray 2007). This study also showed that the system switched 
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among inducible, bistable, and constitutive responses when the basal and inducible 

expression levels of the feedback promoter were modulated (Ingolia and Murray 2007).  

 Mating ability is also regulated by a feedback loop in another major fungal 

pathogen Candida albicans (Huang, Wang et al. 2006; Srikantha, Borneman et al. 2006; 

Zordan, Galgoczy et al. 2006). C. albicans stochastically switches between two cell 

types, white and opaque, and only opaque cells are mating-competent (Miller and 

Johnson 2002). A transcription factor, Wor1, has been identified as the master regulator 

for the white-opaque switching and is required for both establishment and maintenance of 

the opaque state. WOR1 is expressed in an all or none fashion; it binds its own promoter 

region, promotes its own transcription, and creates a transcriptional feedback loop 

(Huang, Wang et al. 2006; Zordan, Galgoczy et al. 2006). By overexpressing CPR2 and 

measuring the pheromone response in wild-type cells, we were able to mimic the post 

cell-fusion stage during mating and to conclude that once a significant pool of Cpr2 is 

attained, pheromone signaling is maintained at a constantly high level. We propose that 

CPR2 has the capacity to introduce a positive feedback loop into the pheromone 

signaling pathway since Cpr2 can activate pheromone signaling, which in turn generates 

more CPR2 transcripts. This may be evident by the increased pheromone signaling 

response observed over time in the CPR2 overexpression strain (Fig. 30 and 32B). It is 

interesting that two divergent yet common human fungal pathogens C. albicans and C. 

neoformans, have both incorporated positive feedback loops, one through a 

transcriptional feedback network and the other through a constitutively active GPCR, into 
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their regulatory circuits in sexual development. These examples again illustrate that 

positive feedback loops are commonly employed in regulatory networks in development, 

which allows self-sustaining signaling even after the initial stimuli dissipate, are 

removed, or cells adapt and become less ligand-responsive.   

4.4.4 Inverse Agonist of Cpr2 

 Most GPCRs are inactive until bound by a ligand that serves as an agonist. Thus, 

we considered the hypothesis that although being constitutively active, Cpr2 might still 

be ligand-regulated, but in this case, an inverse agonist squelches signaling. Different 

types of chemicals have been identified as inverse agonists for wild-type constitutively 

active GPCRs in humans; nonetheless, potential inverse agonists for many constitutively 

active GPCRs remain unknown (Seifert and Wenzel-Seifert 2002). Candidates for inverse 

agonists of Cpr2 could include the MFa and MFα mating pheromones themselves. We 

explored this hypothesis in the S. cerevisiae heterologous expression system and found 

that Cpr2 activity was not diminished in the presence of MFa, MFα, or both pheromones 

(data not shown). Furthermore, because the pheromones are farnesylated and other lipid 

derivatives have been shown to serve as signaling molecules (Hornby, Jensen et al. 2001; 

Chen, Fujita et al. 2004), the potential activity of a series of farnesol derivatives was 

examined. However, none of these compounds affected the signaling activity of Cpr2 

(data not shown). Therefore, inverse agonists for Cpr2, if these exist physiologically, 

remain to be identified and are intriguing hypothesis for future investigation. As one 
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possible example, Cpr2 might respond to pheromones of other fungal species as inverse 

agonists, resulting in reduced Cpr2 level and increased production of haustorial hyphae to 

function in mycoparasitism. 

4.4.5 Cpr2 Cannot Replace the Function of the Pheromone Receptor 

 Duplicated genes often undergo accelerated evolution with one retaining an 

ancestral function and the other adopting a novel function. Based on the phylogenetic 

analysis, Cpr2, Ste3a and Ste3α diverged from a common ancestor and our results 

support the model in which Cpr2 does not function as a pheromone receptor. 

Overexpression of Cpr2 in the Ste3α mutant constitutively activates the pheromone 

signaling pathway; however these cells failed to fuse with a cells. Similar phenomena 

have been observed in S. cerevisiae. The P258L substitution in Ste2 dramatically 

increases the FUS1-lacZ reporter expression but it does not efficiently trigger projection 

formation (Konopka, Margarit et al. 1996). In the GTPase-deficient Gpa1 dominant 

active mutant, the FUS1-lacZ reporter was substantially elevated in the absence of 

pheromone while the growth of cells was not affected (no cell-cycle arrest)(Guo, Aston et 

al. 2003). The fact that Cpr2 cannot suppress a ste3α mutation suggests that Ste3α plays 

additional roles during mating, possibly involving courtship and directional 

morphogenesis oriented in response to a pheromone producing mating partner. Recent 

studies also demonstrated that in S. cerevisiae, a Ste2/Ste3 complex and an intact 

receptor-heterotrimeric G protein module are critical for successful cell-cell fusion (Shi, 
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Kaminskyj et al. 2007; Strickfaden and Pryciak 2007).  

4.4.6 Impact of Oligomerization on Cpr2 Activity 

 Increasing evidence supports the idea that many GPCRs exist as homo- and 

heterodimers, which impacts receptor signaling, regulation, and ligand specificities 

(Milligan 2004). Furthermore, these interactions may be related to receptor folding, 

maturation, and trafficking (Bulenger, Marullo et al. 2005). Cpr2 interacts with itself in 

the split-ubiquitin system, implying Cpr2 can exist as a homodimer. Both the pheromone 

receptor Ste2 in S. cerevisiae and its homolog (Mam2) in S. pombe have been shown to 

function as oligomers in vivo (Overton and Blumer 2000; Overton, Chinault et al. 2005). 

Furthermore, the constitutively active mutant, Mam2P261L, retains its ability to form a 

dimer with both itself and wild-type Mam2 (Ladds, Davis et al. 2005). In many cases, 

when a CAM is co-expressed with the wild-type pheromone receptor, the CAM is only 

partially dominant or even recessive, exhibiting decreased constitutive activity (Boone, 

Davis et al. 1993; Stefan, Overton et al. 1998; Ladds, Davis et al. 2005). Cpr2 is also able 

to interact with Ste3a/Ste3α in the split-ubiquitin system; however the physiological 

importance of these heterodimers, if any, is not well understood at this point. Further 

investigations of the signaling properties of these complexes and whether pheromones 

play a role in these interactions is required to provide insight on how receptors dimerize 

and what role these complexes could play in sexual development. 
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4.4.7 Constitutively Active Pheromone Receptors and the Evolution 
of the MAT Locus 

 In mushroom fungi, ~65% of species have a tetrapolar mating system and one of 

the two unlinked MAT loci encodes pheromones and pheromone receptors. Nonetheless, 

~25% of the mushroom fungi are bipolar, with a single MAT locus (Raper 1966). Studies 

from two bipolar mushrooms species (P. nameko and C. disseminatus) indicate that 

mating-type co-segregates with the homeodomain MAT locus in genetic crosses and the 

pheromone and pheromone receptors genes are no longer linked to mating-type (Aimi, 

Yoshida et al. 2005; James, Srivilai et al. 2006). Why these species abandoned the 

pheromone/pheromone receptor locus as one of the mating-type determinants during 

evolution is an interesting question.  

 One possible mechanism enabling the switch from tetrapolar to bipolar, as 

originally proposed by Raper, is that these species became self-compatible at one of the 

two MAT loci (Raper 1966). To be self-compatible at the pheromone/pheromone receptor 

locus, the receptors either recognize the pheromones secreted by the same cell-type, or 

the receptor is constitutively active, locking the pheromone signaling pathway in the “on” 

state. In the laboratory, examples of mutations which alter pheromone receptor to 

recognize pheromone produced by the same locus have been reported, as well as 

mutations that lead to constitutive receptor activity (Gola, Hegner et al. 2000; Fowler, 

Mitton et al. 2001). For example, in C. cinerea, a R96H mutation in the TM3 of a 

receptor encoded by the B6 locus enabled receptor activation in response to a normally 
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inappropriately pheromone encoded by the same locus and a Q229P mutation in TM6 of 

another receptor caused constitutive activity (Olesnicky, Brown et al. 1999; Olesnicky, 

Brown et al. 2000). Our studies on Cpr2 reveal a paradigmatic example in which 

constitutively active pheromone receptors are encoded in the genome. 

 In summary, Cpr2 is a wild-type constitutively active GPCR that governs 

morphogenesis of fungal cells. Genes unlinked to MAT encoding pheromone receptors 

are common in basidiomycetes, and our findings on the function of Cpr2 are likely 

generalizable to these species as well. In the same way that C. neoformans and other 

filamentous fungi need to involve more than one Gα subunit for their more complex cell 

fate decisions, Cpr2 has been inserted into a fungus that involves yeast to hyphae 

transitions during mating in addition to pheromone activated Ste3a/Ste3α receptors, in 

contrast to the budding and fission yeast which only have canonical pheromone receptors. 

The discovery and elucidation of biological roles for Cpr2 provides a novel mechanism 

of signaling regulation in fungi, which may have implications for GPCR-mediated 

signaling cascades throughout the fungal kingdom and even in multicellular organisms. 
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Table 6. Strains used in Chapter 4. 

Strain Genotype Sources/Referece 
C. neoformans var. neoformans (serotype D) 

JEC20 MATa  
(Kwon-Chung, Edman 
et al. 1992) 

JEC21 MATα  
(Kwon-Chung, Edman 
et al. 1992) 

JEC31 MATα lys1 J. Edman 
YPH50 MATa ura5 This study 
YPH19 MATα cpr2::NAT This study 
YPH20 MATa cpr2::NAT This study 
YPH101 MATα cpr2::NAT lys1 This study 
YPH535 MATa cpr2::NAT ura5 This study 
YPH21 MATα PGPD1::CPR2 NEO This study 
YPH125 MATa PGPD1::CPR2 NEO This study 
WSC43 MATα ste3α::ADE2 This study 
YPH40 MATα ste3α::ADE2 PGPD1::CPR2 NEO This study 

YPH125 
MATα ste3α::ADE2 PGPD1::CPR2 NEO 
gpb1::NAT 

This study 

YPH523 MATα ste3α::ADE2 PGPD1::CPR2 NEO 
ste7::NAT 

This study 

YPH525 MATα ste3α::ADE2 PGPD1::CPR2 NEO 
tfh1::NAT 

This study 

YPH127 MATa ste3a::NAT PGPD1::CPR2 NEO This study 
YPH293 MATα /MATα PGPD1::CPR2 NEO (diploid) This study 
YPH655 MATα ste3α::ADE2 PGPD1::CPR2L222P NEO This study 
YPH552 MATα ste3α::ADE2 PGPD1::CPR2-mCherry This study 
C. neoformans var. grubii (serotype A) 

H99 MATα WT 
(Perfect, Ketabchi et al. 
1993) 

KN99a MATa WT 
(Nielsen, Cox et al. 
2003) 

YSB119 MATα aca1::NAT ura5 ACA1-URA5 
(Bahn, Hicks et al. 
2004) 

YSB121 MATa aca1::NEO ura5 ACA1-URA5 
(Bahn, Hicks et al. 
2004) 

CDX12 MATa cpr2::NAT This study 
YPH16 MATα cpr2::NAT This study 
YPH545 MATa cpr2::NEO This study 
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YPH23 MATα PGPD1:: CPR2 NEO This study 
YPH342 MATα cpr2::NAT CPR2-mCherry This study 
YPH276 MATα crg1::NAT This study 
YPH570 MATa crg1::NAT This study 
YPH450 MATα crg1::NAT PGPD1:: CPR2 NEO This study 
S. 
cerevisiae   
NMY32 MATa his3Δ200 trp1-901 leu2-3,112 

LYS2::(lexAop)4-HIS3 URA3::(lexAop)8-lacZ 
(lexAop)8-ADE2 GAL4 

DUALmembrane Kit 2 
(Dualsystem Biotech, 
Zürich, Switzerland) 

W303-1A MATa ade2-1 his3-11,15 leu2-3,112 trp-1 
ura3-1 can1-100 

(Fowler, DeSimone et 
al. 1999) 

W303-1B MATα ade2-1 his3-11,15 leu2-3,112 trp-1 
ura3-1 can1-100 

(Fowler, DeSimone et 
al. 1999) 

SDK45 MATα ade2-1 his3-11,15 leu2-3,112 trp-1 
ura3-1 can1-100 ste3::ADE2 

(Fowler, DeSimone et 
al. 1999) 

Plasmids used in C. neoformans 
pYH1 PGPD1:: CPR2 NEO This study 
pYH22 PGPD1::CPR2-Cherry NEO This study 
pYH33 PCPR2::CPR2-Cherry NEO This study 
pDX124 PGPD1:: CPR2L222P NEO This study 
Plasmids used in S. cerevisiae ste3 mutant strain SDK45 for heterologous expression 
analysis 
pTCFL1 FUS1::lacZ TRP1 This study 
pYH58 pPGK::CPR2 cDNA URA3 This study 
pYH59 pPGK::CPR2 L222PcDNA URA3 This study 
Plasmids used in the split-ubiquitin system in the reporter strain NMY32 
pYH51 CPR2-Cub LEU2 This study 
pDX74 CPR2L222P-Cub LEU2 This study 
pDX40 GPA1-NubG TRP1 (Xue, Bahn et al. 2006) 
pDX41 GPA2-NubG TRP1  (Xue, Bahn et al. 2006) 
pDX42 GPA3-NubG TRP1 (Xue, Bahn et al. 2006) 
pYH61 CPR2-NubG TRP1 This study 
pYH62 STE3α-NubG TRP1 This study 
pYH63 STE3a-NubG TRP1 This study 
pDX91 

CRG1-NubG TRP1 
(Hsueh, Xue et al. 
2007) 

pDX94 
CRG2-NubG TRP1 

(Hsueh, Xue et al. 
2007) 
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Table 7. Primers used in Chapter 4. 
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Chapter 5. Recapitulation of an Ancestral Tri- and Tetra-
Polar Mating System in Cryptococcus neoformans 

5.1 Introduction  

 Despite the fact that sex is universal among organisms, the process and 

mechanisms of sex determination are highly diverse. In vertebrates, sex determination 

can be either genetic or environmental. For example, sex in mammals and birds is 

governed by the XX/XY or ZZ/ZW sex chromosome system respectively while it is 

temperature-determined in certain species of fish and turtles (Capel 1998; Smith and 

Sinclair 2004). Surprisingly, recent studies showed that in some species, the distinction 

between the two modes is not clear-cut. For instance, the lizards Pogona vitticeps and 

Bassiana duperreyi and the common frog Rana temporaria were shown to possess both 

systems for their sex determination (Quinn, Georges et al. 2007; Radder, Quinn et al. 

2007; Matsuba, Miura et al. 2008). A different dosage-dependent mechanism is adopted 

in non-vertebrates such as flies and worms, in which the sex is determined by the ratio of 

X chromosomes to autosomes (Parkhurst and Meneely 1994; Marin, Siegal et al. 2000). 

In lower eukaryotes such as fungi, sex is also genetically controlled. However, 

unlike the seemingly more complex sex-determining process controlled by sex 

chromosomes in mammals, sex in fungi is much simplified, governed by a small, sex-

specific region in the genome called the mating-type locus (MAT). Studies on the 

function and structure of MAT in different fungal lineages have provided insightful 

information regarding how sex evolves (Fraser, Hsueh et al. 2007; Idnurm, Walton et al. 
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2008). Fungal MAT loci encode sex-determining transcription factors that invariably 

exhibit one of the following conserved motifs: homeodomain, α-box, or high mobility 

group (HMG)-domain. As introduced in Chapter 1, the MAT locus in C. neoformans is of 

special interest because mating-type is correlated with virulence. In addition, in contrast 

to most fungal MAT loci that are limited in size, ranging from a couple hundred to a few 

thousands base-pairs, the MAT locus in C. neoformans is over 120 kb in length, encoding 

more than 20 genes (Lengeler, Fox et al. 2002). Thus, how this MAT gene cluster evolved 

from simpler ancestral alleles is an intriguing question. Studies on the MAT structure in 

C. neoformans and the sibling species C. gattii have demonstrated that MAT is highly 

rearranged between mating-types and species; furthermore, genes encoded in MAT 

exhibit different phylogenetic histories, suggesting that they were acquired into the locus 

at different time points during evolution, and also subject to more recent gene conversion 

(Fraser, Diezmann et al. 2004).  These lines of evidence have led to a hypothesized model 

in which this unusual MAT locus evolved from a simpler, ancestral tetrapolar mating 

system with two physically unlinked MAT loci (Fraser, Diezmann et al. 2004).  

 Parallel studies in the MAT loci of smut fungi have also revealed a similar 

scenario. The majority of species in the smut fungal lineage are tetrapolar, with U. 

maydis as the most well known example. However, although U. hordei is a closely 

related species, it is a bipolar fungus. Cloning and sequencing of the single U. hordei 

MAT locus revealed that both the homeodomain protein and the pheromone/ pheromone 

receptor alleles have been fused into an ~500 kb, non-recombining region in the genome, 
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possibly via chromosomal translocation (Bakkeren and Kronstad 1994; Lee, Bakkeren et 

al. 1999; Bakkeren, Jiang et al. 2006).  

 Here, we seek to recapitulate the ancestral tetrapolar, and the intermediate tripolar 

mating of C. neoformans using genetically engineered strains. The sex-determining, 

homeodomain protein gene SXI1α or SXI2a reside in the MAT locus were disrupted with 

dominant selectable markers and the wild-type allele of these two genes was then 

reintroduced at another genomic location (URA5) that is unlinked to MAT. By 

manipulating the MAT structure to mimic a tetrapolar system, we are able to provide 

direct experimental evidence to support models on the evolution of C. neoformans MAT 

locus, with implications for transitions commonly observed in basidiomyceteous lineages 

between tetrapolar and bipolar mating systems. 
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5.2 Materials and Methods 

5.2.1 Strain Construction 

 The sxi1α and sxi2a mutants were generated with the dominant selectable markers 

NEO or NAT, respectively, using an overlap PCR approach as previously described 

(Fraser, Subaran et al. 2003). The 5’ flanking region of SXI1α was amplified with 

primers JOHE9212 (GGCCCTAGGTAAGTCTACTCT) and JOHE9213 

(AGCTCACATCCTCGCAGCTATTTGATCAGCTGCTTATTGTTT) and the 3’ 

flanking region was amplified with primers JOHE9214 

(CCGTGTTAATACAGATAAACCGCAAACGCACTCATGATGGTCGAG) and 

JOHE9215 (TTCGAAACCGGAAGACCTCAG). Similarly, the 5’ and 3’ flanking 

regions of SXI2a were amplified with primer pairs JOHE10020 

(ATGTGCGGATCCGAGGAATGA) /JOHE10021 (AGCTCACATCCTCGCA 

GCGGTGACGATAGAACTGTTGATAGA) and JOHE10022 (CCGTGTTAATAC 

AGATAAACCGACCAAACCTTCTTTGCCCTCCAG) /JOHE10022 (GCCTTGCTC 

GCACTTTAAGTC) respectively. The SXI1α::NEO and the SXI2a::NAT deletion 

cassettes were introduced into serotype A MATα ura5 strain F99 and the MATa ura5 

strain JF99a by biolistic transformation. PCR and Southern analyses were used to verify 

the proper deletion of the target genes. The integrate sxi1α and sxi2a mutants were 

designated as JF135 and JF271 respectively.  To reconstitute the wild-type SXI1α at the 

ura5 locus, a 6,041 bp XbaI/SphI fragment containing the wild-type SXI1α gene was first 
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cloned into the vector pUC19, and further subcloned into the XbaI/EcoICRI sites of 

plasmid pJAF7, which has the wild-type URA5 gene. The resulting plasmid, pJAF34, was 

transformed into strain JF135 as a circular plasmid to generate strain JF306 that has the 

wild-type SXI1α gene at the ura5 locus. Transformants were screened by PCR and 

Southern analysis to confirm the integration of the SXI1α-URA5 allele at ura5. The wild-

type SXI2a gene was reintroduced into the ura5 locus using a similar approach. A 7,126 

bp SXI2a KpnI/SacII fragment was cloned into the vector pBluescript SK-, and further 

subcloned into the SacII/SmaI sites of plasmid pJAF7. This resulting plasmid, pJAF35, 

was transformed into strain JF271 in its circular form to generate strain JF289, in which 

the wild-type SXI2a gene has been integrated into the ura5 locus.  

5.2.2 Micromanipulation of Meiotic Basidiospores 

 Mating reactions of the desired strains were established by co-culturing the 

opposite mating-type cells on Murashige and Skoog (MS) medium minus sucrose 

(Sigma-Aldrich) or 5% V8 juice agar medium (pH 5). Spores generated on the edges of 

mating colonies were randomly isolated with a micromanipulator as previously described 

(Hsueh, Idnurm et al. 2006). The isolated basidiospores were incubated at 30°C for 2 to 3 

days to allow the spores to germinate. DNA was extracted from the germinated yeast 

cells and PCR was performed to determine the genotype of each isolate. 
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5.3 Results 

5.3.1 Ectopically Expressed SXI1α  and SXI2a Homeodomain Protein 
Genes are Functional 

 To physically unlink the homeodomain protein genes from the MAT locus, the 

SXI1α and SXI2a genes encoded by MAT were disrupted with a NEO or a NAT dominant 

selectable marker respectively in serotype A, MATα ura5 or MATa ura5 strain 

backgrounds. As expected, the sxi1α and sxi2a mutants failed to mate when co-cultured 

with cells of opposite mating-type. This mating defect, as previously reported, is due to 

the lack of a functional Sxi1α/Sxi2a heterodimer that initiates downstream sexual 

developmental cascades (Hull, Davidson et al. 2002; Hull, Boily et al. 2005). Next, the 

wild-type SXI1α and SXI2a alleles were reintroduced into the sxi1α and sxi2a mutants 

respectively at the ura5 locus with the wild-type URA5 gene as a selectable marker, 

resulting in strains JF306 and JF289. Importantly, URA5 is located on a different 

chromosome (Chromosome 7) compared to the MAT locus (Chromosome 4).  

 To analyze whether the re-introduced SXI1α and SXI2a gene at the ura5 locus 

complement the original mating defects, strain JF306 and JF289 were crossed to wild-

type MATa (KN99a) and MATα (H99) strains respectively. As shown in Fig. 34, the re-

introduced SXI1α and SXI2a gene restored the mating ability of the sxi1α and sxi2a 

mutants; mating hyphae with basidia and long chains of basidiospores were observed at 

the edge of mating colonies. Therefore, the SXI1α and SXI2a genes remain functional at a 

different chromosomal location that is physically unlinked to the MAT locus. To simplify 
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the nomenclature, for the rest of the text, we refer to strains JF306 and JF289 as the “α” 

and “a” strain respectively to indicate the fact that the homeodomain protein gene is 

moved to the ura5 locus in these two genetically modified strains.  

 

 

Figure 34. The “a” and “α” strains are able to complete the sexual cycle when crossed to 
the wild-type α (H99) and a (KN99a) strains. Serotype A strains of the indicated 
genotypes were crossed on MS mating medium in the dark at 25°C. After 1 week 
incubation, the photos of the mating colonies were taken at 100x magnification. 
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5.3.2 Crossing an “α” Strain to a Wild-Type a Strain — a Tripolar 
Cross 

To analyze the mating properties of the “α” strain in which the two components 

of MAT are genetically unlinked, JF306 was crossed to the MATa wild-type strain KN99a 

in what we term a tripolar cross. Basidiospores produced on the edges of the mating 

colony were randomly isolated with a micromanipulator and allowed to germinate on 

YPD medium. The genotypes of the germinated yeast colonies were then determined by 

PCR and growth assays on YPD medium containing the drug G418. Four different 

genotypes were detected among the 48 progeny isolated as expected based on Mendelian 

segregation: 12 were “α” strains, 10 were a strains, 9 were sxi1α  strains and the 

remaining 17 were a strains carrying the SXI1α gene at the ura5 locus (Table 8). The “α” 

and the a strains are parental type and exhibited the same mating properties as their 

parents when crossed to the wild-type a and α  reference strains. The “α” cells are only 

compatible with a cells and not α  cells, while the “a” cells only mate with α  cells.  

On the other hand, the progeny that are recombinant showed a sterile phenotype. 

As expected, the strains that carry the sxi1α  deletion were sterile when crossed to wild-

type a or α  cells. However, it was surprising to see that the progeny with both the wild-

type MATa allele and the SXI1α gene at the ura5 locus exhibited a strong mating defect 

when co-cultured with wild-type α cells and were sterile when co-cultured with wild-type 

a cells. Compared to wild-type a cells, cells with an additional SXI1α gene unlinked to 

MAT produced much fewer hyphae when crossed to a wild-type α strain (Fig. 35A). This 
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result suggested that the presence of a functional Sxi1α/Sxi2a heterodimer in an a cell 

inhibited the mating response. During a normal mating process, the Sxi1α/Sxi2a 

heterodimer forms after cell-cell fusion and orchestrates gene expression to maintain the 

dikaryotic state. Although no systemic studies have been conducted to identify the 

downstream targets of the Sxi1α/Sxi2a heterodimer, the pheromone genes MFa and MFα 

are known to be repressed by Sxi1α and Sxi2a. Lacking either Sxi1α or Sxi2a would 

result in elevated expression of pheromone genes during mating (Hull, Davidson et al. 

2002; Hull, Boily et al. 2005). Therefore, we hypothesized that the reduced fertility seen 

in the strains that express both of the homeodomain proteins was likely due to a 

decreased expression level of the pheromone genes.  

 To test this hypothesis, RNA was extracted from cells cultured under mating 

conditions and a Northern analysis was conducted to detect the expression of pheromone 

genes. As shown in Fig. 35B, in the wild-type a x α cross, the expression of the MFa 

genes was significantly induced; in contrast, no such induction was detected if the a 

partner carried an additional SXI1α gene. The decreased expression of pheromone genes 

correlated well with the reduced mating observed, demonstrating that this is at least 

partly, if not the sole reason why a cells carrying an additional SXI1α gene exhibit 

reduced fertility. In the case of crossing a cells to a cells with SXI1α, no mating response 

was observed. This was expected because no pheromone communication between these 
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two cell types could be established even though Sxi1α is present in one of the partners 

(Fig. 35A). 

 

Table 8. Segregation analysis of progeny derived from a JF306 (“α”) x KN99a (a) 
tripolar cross 
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Figure 35. Strains that express both Sxi1α and Sxi2a have a mating defect. (A) The wild-
type a and (a + SXI1α) strains were crossed to the serotype D a and α tester strains 
JEC20 and JEC21 on MS mating medium, incubated for 2 days in the dark at 25°C, and 
photographed at 100x magnification. (B) Northern analysis demonstrated the expression 
of the pheromone gene is repressed during mating in the (a + SXI1α) strain. The wild-
type a and (a + SXI1α) strains were crossed to serotype A wild-type a and α strains H99 
and KN99a. RNA was then extracted from the mating mixture and probed with a PCR 
fragment of the MFa gene. (C) The wild-type α and (α + SXI2a) strains were crossed to 
serotype D a and α tester strains JEC20 and JEC21 on MS mating medium, incubated for 
2 days in the dark at 25°C, and photographed at 100x magnification. 
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5.3.3 Crossing an “a” Strain to a Wild-Type α  Strain— the Reciprocal 
Tripolar Cross 

 To determine whether mating-type influences the outcome of a tripolar mating, 

we also conducted a reciprocal “a” x α cross.  Progeny were isolated and analyzed, and 

independent segregation of the MAT locus and the transgenic SXI2a gene at the ura5 

locus were again observed. Among the 37 progeny isolated, 7 were α strains, 6 were “a” 

strains, 10 were sxi2a  strains, and the remaining 14 were α strains carrying the SXI2a 

gene at the ura5 locus (Table 9). Similar to the findings seen in the “α” x a cross, three 

out of the four types of the progeny were fertile (α and “a”) or sterile (sxi2a) as 

predicted. The last type of isolates, which are the α cells bearing the transgenic SXI2a 

gene, also exhibited mating defects compared to wild-type α cells, indicating that the 

presence of a functional Sxi1α/Sxi2a heterodimer in α cells decreases the efficiency of 

mating (Fig. 35C). We also attribute this mating defect to decreased expression of 

pheromone genes in this cell-type. Based on these observations, we conclude that having 

both homeodomain proteins in one cell, whether a or α, inhibits mating.  
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Table 9. Segregation analysis of progeny derived from a H99 (α) x JF289 (“a”) tripolar 
cross 

 

 

5.3.4 Cells with an Active Sxi1α /Sxi2a Heterodimer are Self-
Filamentous 

 Serotype A cells with an active Sxi1α/Sxi2a heterodimer are self-filamentous 

only after prolonged incubation on mating medium (Fig. 36A). DAPI staining showed 

that these self-filamentous hyphae were mononucleate in each compartment, which is in 

contrast to the dikaryons observed in a wild-type a-α cross (Fig. 36B). Furthermore, very 

few basidiospores were observed. These phenotypes are in contrast to previous studies, 

which demonstrated that expressing Sxi1α in a cells or expressing Sxi2a in α cells 

resulted in robust filamentation and spore formation in serotype D strains (Hull, 
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Davidson et al. 2002; Hull, Boily et al. 2005; Idnurm and Heitman 2005). Two factors 

might contribute to this difference in observation. First, there are intrinsic differences in 

the ability to undergo filamentous growth between the two serotypes; serotype D strains 

are known to exhibit more robust hyphal growth, as evident by faster progression in 

sexual morphogenesis and their ability to undergo fruiting in the absence of a mating 

partner. Differences in morphology between the serotypes has also been observed in 

other mutants. For instance, the serotype D gpa3 mutants are hyper self-filamentous, but 

the serotype A gpa3 mutants are not (Hsueh, Xue et al. 2007). Second, the promoter used 

to drive the expression of the homeodomain transcription factors might also affect this 

phenotype. In this study, SXI1α or SXI2a are driven by their endogenous promoters while 

in the previous studies they were expressed under the constitutive GPD1 gene promoter 

(Hull, Davidson et al. 2002; Hull, Boily et al. 2005).  

 Based on our observations, we conclude that expressing both Sxi1α and Sxi2a in 

serotype a or α cells can render cells self-filamentous in serotype A strains. Nonetheless, 

the presence of both homeodomain proteins appears not to be sufficient to complete the 

sexual cycle as these haploid isolates failed to initiate the terminal processes of sexual 

development including meiosis and sporulation.  
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Figure 36. Cells with an active Sxi1α/Sxi2a heterodimer are self-filamentous. (A) The 
left panel show the self-filamention phenotype of the α + SXI2a strain on V8 pH 5 
medium after 3 weeks incubation. The right panel shows mating filaments produced in a 
wild-type a x α cross after 3 weeks. Photos were taken at 100x magnification. (B) DAPI 
staining shows that the filaments produced by the α + SXI2a strain are monokaryons 
(left), in contrast to the dikaryons (right) observed in a wild-type a x α cross. 

 

5.3.5 Crossing an “a” Strain to an “α” Strain— a Tetrapolar Cross 

 After characterizing the basic properties of the two reciprocal tripolar crosses, we 

next examined the mating behavior of a tetrapolar cross. “a” and “α” strains were co-

cultured on mating-inducing medium (V8, MS agar) and  basidiospores generated at the 
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edges of mating colonies were randomly isolated. Among the 48 progeny analyzed, 11 

“a” and 14 “α” strains were found to exhibit the parental genotypes. In addition, 22 

recombinants equally divided into two classes (sxi1α  + SXI2a or sxi2a + SXI1α) were 

isolated (Table 10). One progeny was identified to be an “a”/“α” diploid strain that 

contains genetic information from both of the parents.  

 Mating assays were then conducted to determine the sex-identity of each type of 

the progeny. The “a”/“α” diploid strain is self-filamentous, which provides additional 

evidence that the ectopically expressed homeodomain proteins may still exert their 

functions. The “a” and “α” progeny unequivocally behaved themselves as a and α cells 

in mating assays as predicted.  

 The sex-identity of the recombinant progeny is less predictable because these 

strains lack the endogenous homeodomain protein and instead  express the homeodomain 

protein gene of the opposite sex. Although a key sex-determining gene has been 

exchanged, the remaining information at the MAT locus, including the pheromone and 

pheromone receptors, remained of the original mating type. To address this question, the 

sxi1α  + SXI2a and sxi2a + SXI1α strains were crossed to wild-type a and α cells to 

determine their sex-identity.  

 The results of mating assays indicated that both the (sxi1α  + SXI2a) and the 

(sxi2a + SXI1α) strains are sterile when crossed to either serotype D wild-type a or α 

tester strains (Fig. 37A). In the (sxi1α  + SXI2a) x α cross, no mating structures, 
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including hyphae, basidia, or spores were observed. When the same strain was crossed to 

wild-type a cells, scarce hyphae were randomly distributed on the edges of the mating 

colonies. Furthermore, the morphology of these hyphae was abnormal, and readily 

distinguishable from hyphae produced by wild-type mating. No basidiospores were 

observed, indicating that cells were unable to complete sexual development. These results 

indicate that expressing SXI2a in the sxi1α  mutant does not alter the sex-identity of the 

cells; in addition, it suggests that compatible pheromone and pheromone receptor are still 

required for mating even when the two partners have compatible homeodomain proteins. 

Similar findings were observed in the (sxi2a + SXI1α) x α or the (sxi2a + SXI1α) x a 

crosses (Fig. 37A). However, surprisingly, we found that when a (sxi1α  + SXI2a) strain 

was crossed to the serotype A wild-type a or “a” cells, a few basidiospores were observed 

at the edges of mating colonies, although the amount was much less abundant when 

compared to that generated from a wild-type cross (Fig. 38). The result is unexpected 

because in this cross, a functional heterodimer is absent in the cells. We think this 

unusual mating behavior is caused by the multi-copy insertion of the SXI2a transgene 

(see Chapter 6), suggesting that overexpression of SXI2a in the absence of SXI1α might 

be sufficient to drive sexual development.  On the contrary, such an effect was not 

observed when a (sxi2a + SXI1α) strain was crossed to a serotype A wild-type α or “α” 

cells (Fig. 38).  

 Although the (sxi1α  + SXI2a) and the (sxi2a + SXI1α) strains are sterile when 

crossed to both a and α cells, we hypothesized that these two strains should be inter-
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fertile when crossed to each other. In this setting, the two mating partners have a 

compatible pheromone and pheromone receptor system, which triggers pheromone 

signaling that leads to mating responses, including cell-cell fusion. After the two cells 

fuse, Sxi1α and Sxi2a, although now encoded by the a and α nucleus respectively, still 

have access to each other to form a functional heterodimer to govern the expression of 

downstream targets.  To test this hypothesis, the (sxi1α  + SXI2a) and the (sxi2a + 

SXI1α) strains were co-cultured on MS medium and incubated at 25°C in the dark for 

two weeks. As shown in Fig. 37B, hyphae, basidia, and chains of basidiospores were 

observed on the edges of the mating colonies, indicating that the two parental strains 

were mating-compatible. Furthermore, progeny (basidiospores) were isolated from this 

cross, The genotypes and the number of the progeny isolated are listed in Table 11. 

Among the 19 progeny isolated, 9 were parental type and the other 10 were recombinant, 

demonstrating that the basidiosopores generated from the (sxi1α  + SXI2a) x (sxi2a + 

SXI1α) cross were viable and fertile, and independent chromosomal assortment indeed 

occurred during meiosis.  
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Table 10. Segregation analysis of progeny derived from a JF306 (“α”) x JF289 (“a”) 
tetrapolar cross 
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Figure 37. The (sxi1α  + SXI2a) and the (sxi2a + SXI1α) strains are sterile when crossed 
to both a and α cells but are interfertile. (A) Strains of the indicated genotype were 
crossed to the serotype D a and α tester strains JEC20 and JEC21 on MS mating medium, 
incubated for 5 days in the dark at 25°C, and photographed at 100x magnification. 
Aberrant filaments but no basidiospores were observed when crossed to the wild-type 
cells of the opposite mating type.  (B) Two strains of the indicated genotypes were co-
cultured on MS mating medium, incubated for 5 days in the dark at 25°C, and 
photographed at 100x magnification. Abundant hyphae and basidiospore chains were 
seen at the edge of the mating colony. 
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Figure 38. Serotype A (sxi1α  + SXI2a) x “a” or (sxi1α  + SXI2a) x a crosses may 
produce basidiospore chains. Serotype A strains of the indicated genotypes were crossed 
on MS mating medium in the dark at 25°C. After 1 week incubation, the photos of the 
mating colonies were taken at 100x magnification. The arrows indicate the spore chains 
produced at the edge of the mating colony. 
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Table 11. Segregation analysis of progeny derived from a (sxi1α  + SXI2a) x (sxi2a + 
SXI1α) tetrapolar cross 
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5.4 Discussion 

Within the homobasidiomycetes (mushroom fungi) lineage, it has been estimated 

that 10% are homothallic (non-outcrossing), 25-35% have a bipolar mating system, and 

55-65% have a tetrapolar mating system (Raper 1966).  The tetrapolar mating system is 

unique in basidiomycetes and has never been seen in the other major fungal lineages such 

as the Ascomycetes or Zygomycetes. It is common to see mating system transitions in 

closely related basidiomycete species; several genera including Coprinopsis and 

Ustilago, have been found to encompass species with both bipolar and tetrapolar mating 

systems. 

In this study, experimental evidence is provided to support the previously 

proposed model that C. neoformans descends from an ancestral tetrapolar fungus (Fraser, 

Diezmann et al. 2004; Fraser, Hsueh et al. 2007). In this model, the two ancestral 

unlinked MAT loci, one encoding the homeodomain proteins and the other encoding the 

pheromone and the pheromone receptors, first expanded to form two larger gene clusters 

via the acquisition of sex-related genes. Next, the two loci were fused via a chromosomal 

translocation event in one mating-type while the two loci remained unfused in the other 

mating-type. During this transitional stage a tripolar mating system operated among the 

population. Finally, the tripolar system collapsed to a bipolar one via recombination (Fig. 

39). Through building genetically engineered strains in which the locus encoding 

homeodomain protein is physically unlinked to MAT, we demonstrated that a tetrapolar 

mating system is doable for C. neoformans. The engineered strains with two unlinked 
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MAT loci are able to complete the sexual cycle and produce viable and fertile progeny 

(basidiospores). Thus, it is plausible and not just pure speculation that the ancestor of C. 

neoformans might have harbored a tetrapolar mating system.  

 

 

Figure 39. A simplified model on the evolution of MAT in C. neoformans. The ancestral 
tetrapolar MAT loci encode homeodomain protein genes (eg. SXI1α) and the pheromones 
and pheromone receptors (eg. STE3α and MFα). Major evolutionary steps included gene 
acquisition, translocation, and the collapse of the tripolar system to a bipolar one. 
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5.4.1 Inbreeding vs. Outcrossing Lifestyle 

From the viewpoint of population genetics, one major difference between a 

tetrapolar and a bipolar mating system is the degree of inbreeding allowed. In a bipolar 

cross, only two mating-types are present among the progeny generated; therefore, there is 

a 50% chance that any two siblings are sexually compatible. In contrast, progeny with 

four different mating-types are generated from a tetrapolar cross and each mating-type is 

only compatible with one of the other three kinds, restricting the chances of inbreeding to 

only 25% (Table 12). Thus, a tetrapolar mating system may drive a more outcrossing 

lifestyle, presumably increasing genetic diversity of the species, while a bipolar mating 

system increases the chance of inbreeding, which could also be beneficial to a species 

under certain conditions.  

Examining the issue about inbreeding vs. outcrossing lifestyle in our experiments 

revealed some interesting findings. In a tripolar cross, in which one parent has two 

unlinked MAT loci while the other has one contiguous functional MAT locus, only 1/8 

(12.5%) of the progeny would be inter-fertile (Table 13). The tripolar state is 

hypothesized to be an intermediate state during the transition from a tetrapolar to bipolar 

because the fusion of the two ancestral MAT locis via chromosomal translocation is likely 

to first occur with one mating-type. Therefore, this transitional stage is featured by a 

population with two different MAT configurations; some have the fused, single MAT 

locus and the others have two unfused MAT loci. The fact that only 12.5% of the progeny 

produced by a tripolar cross are mating-compatible suggests that in this transition state, 
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the organism shifted to a even more outcrossing lifestyle instead of switching to being 

more inbreeding, as what is observed in a bipolar system. However, in a tripolar cross, 

50% of the progeny are not only unable to mate with their siblings, but also are sterile, 

and unable to mate with cells of any other mating-type as experimentally demonstrated. 

These progeny either lack a homeodomain protein or express an additional homeodomain 

protein of the opposite mating-type, leading to the formation of a functional heterodimer 

prior to cell fusion (Table 13).  In both cases, these cells have significantly reduced 

fertility and fail to engage in sexual reproduction. In contrast, all progeny generated from 

a bipolar or a tetrapolar cross are genetically fertile, and are able to identify the potential 

mating partner with the compatible MAT configuration.  

We propose that the transitional tripolar state might be under strong selection 

pressure, as only 12.5% of the progeny are inter-fertile while 50% of the progeny are 

sterile. This would be a considerable disadvantage and therefore might have directly or 

indirectly facilitated the transition from the tripolar system to a bipolar one. It is know 

that a significant portion of isolates of some closely related species of C. neoformans are 

sterile; thus, it is not inconceivable that some of these species are currently in the 

transitional tripolar state. Further investigation on structures of MAT in theses species is 

required to test this hypothesis. On the other hand, it is also possible that converting the 

mating-type system from tetrapolar to tripolar might be beneficial. As chromosomal 

translocation could possibly contribute to a better fitness, or linking the homeodomain 
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and the pheromone/ receptor loci may coordinate the expression of some genes and also 

lead to a better fitness, which could be related or not related to mating.   
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Table 12. ¼ of the progeny derived from a tetrapolar mating are inter-fertile. 
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Table 13. 1/8 of the progeny derived from a tripolar mating are inter-fertile. 
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5.4.2 Conversions Between Tetrapolar and Bipolar Mating Systems 

As described above, the phylum of Basidiomycota contains species with both 

tetrapolar and bipolar mating systems in all three major lineages including the smuts, 

rusts, and mushrooms. It is thought that the tetrapolar system has a more ancient origin in 

the basidiomycete phylum from an evolutionary perspective. From the tetrapolar mating 

system, the bipolar system repeatedly and independently evolved, leading to a wide 

distribution of bipolar species among different clades. As first proposed by Raper, simple 

genetic changes may lead to such transitions (Raper 1966). In the first model, 

chromosomal translocation that causes fusion of the pheromone/receptor and 

homeodomain loci into a non-recombining region could create bipolarity. This idea is 

supported by the structure of the MAT locus in U. hordei and C. neoformans. In the 

second model, mutations that lead to self-compatibility in either one of the loci may also 

enable cells to abandon the self-activating locus for self and non-self discrimination. 

Such mutants have been isolated independently in nature and as well as in laboratories as 

described in the discussion of Chapter 3 (Olesnicky, Brown et al. 1999; Gola, Hegner et 

al. 2000; Olesnicky, Brown et al. 2000; Fowler, Mitton et al. 2001). Finally in the third 

model, Raper proposed that the regulatory function of one locus could be gradually 

assumed by the other. However, no evidence has been found thus far to support this 

hypothesis.  
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5.4.3 Evolution of the Tetrapolar Mating System 

 The tetrapolar mating system has only been observed in the basidiomycete lineage 

and studies showed that in other major lineages, sex is governed by a single bipolar MAT 

locus. How did the tetrapolar mating system first evolve? We propose that in an ancestral 

bipolar basidiomycete, MAT encoded the homeodomain proteins and the pheromone and 

pheromone receptor genes were unlinked to the homeodomain locus. The pheromone and 

pheromone receptor genes evolved to be linked to each other and self-activating. 

Diversification of alleles led to at least two pairs of self-activated receptor-pheromone 

gene pairs. Finally, recombination occurred within the pheromone and pheromone 

receptor allele and led to the separation of the compatible pheromone and receptor pair. 

This separation event then forced successful recognition only being possible between two 

non-self individuals and thus, the pheromone/ receptor was incorporated to function as 

one of the sex determinants (Fig. 40).  
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Figure 40. Evolution of the tetrapolar mating system. A proposed model depicting how a 
tetrapolar system may have evolved from an ancestral bipolar mating system.  Arrows 
between or within the alleles indicate compatible recognition. 
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 In summary, this study provides experimental evidence to support and extend our 

previously proposed model on the evolution of the MAT locus in C. neoformans. We 

showed that by unlinking the two major self/non-self sex determinants, C. neoformans 

can complete the sexual cycle with a tetrapolar mating system. Furthermore, the tripolar 

transitional state was also experimentally mimicked and demonstrated to possibly be 

detrimental to the population from an evolutionary perspective. The disadvantage of 

being tripolar might have accelerated the transition from a tripolar mating system to a 

bipolar one. Finally our studies also demonstrate how a bipolar mating system can give 

rise to a tetrapolar mating system, which may mirror the events by which the ancestral 

tetrapolar mating system first arose in the basidiomycete phylum.  
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Chapter 6.  Silencing of Duplicated Genes During the 
Sexual Cycle of C. neoformans   

6.1 Introduction 

 During the course of investigating the mating properties of progeny derived from 

a tetrapolar “a” x “α” cross described in the previous chapter, an unexpected silencing 

phenomenon was revealed.  Some progeny carrying the wild-type SXI2a gene at the ura5 

locus were unable to grow on V8 mating medium, and were found to be ura- strains, 

which is puzzling because the wild-type SXI2a allele was introduced with a linked URA5 

marker. We thought this phenomenon could be potentially interesting and decided to 

further investigate the underlying mechanisms that control gene silencing during the 

sexual cycle of C. neoformans.  

Silencing can occur through either transcriptional repression (transcriptional gene 

silencing) or mRNA degradation (post-transcriptional gene silencing, PTGS). The latter 

RNA-directed silencing (PTGS) has been found to be a highly conserved pathway present 

in a large variety of eukaryotes and functions to regulate gene-expression, chromosomal 

structure, genome stability, and serves as a machinery for genome defense. In fungi, the 

mechanism of silencing has been most intensively studied in Neurospora crassa and the 

fission yeast Schizosaccharomyces pombe. In particular, N. crassa is known to have three 

different silencing pathways: quelling, repeat induced point mutation (RIP), and meiotic 

silencing of unpaired DNA (MSUD), which function at distinct stages of the life cycle 

(Selker 1997; Cogoni and Macino 1999; Borkovich, Alex et al. 2004; Galagan and Selker 
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2004). Among these three different pathways, quelling and MSUD share a similar 

molecular mechanism. Both are induced by short interfering RNAs (siRNAs) and the 

core components of the RNAi machinery, including the RNA-dependent RNA 

polymerase (RdRP), Argonaute-like and Dicer-like proteins are all required for quelling 

and MSUD (Cogoni and Macino 1999; Lee, Pratt et al. 2003; Catalanotto, Pallotta et al. 

2004; Fulci and Macino 2007).  

 Quelling is induced by transgenes. In 1992, this phenomenon was 

discovered when Romano and Macino attempted to overexpress the albino-1 gene, which 

confers the typical orange pigmentation of N. crassa. Unexpectedly, in ~30% of the 

transformants, instead of an enhanced pigmentation, they displayed a null mutant 

phenotype (white), suggesting that both the endogenous and the introduced genes were 

silenced (Romano and Macino 1992). Further analysis demonstrated that a minimum 

homologous sequence of 132 bp was required to induce quelling and no evidence of 

DNA methylation was observed (Cogoni, Irelan et al. 1996; Freitag, Lee et al. 2004). On 

the other hand, MSUD is a mechanism that silences unpaired sequences in the diploid 

zygote during the sexual cycle (Aramayo and Metzenberg 1996). Differences between 

chromosomes are sensed during homologous chromosome pairing early in meiosis and 

the silencing ceases when spores germinate such that previously silenced genes are 

reexpressed in the vegetative phase (Shiu, Raju et al. 2001; Kelly and Aramayo 2007).  

Similar to quelling, the RNAi machinery is also required for MSUD; for instance, the 
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first suppressor of MSUD isolated was Sad-1, which encodes an RNA-dependent RNA 

polymerase (Shiu, Raju et al. 2001; Shiu and Metzenberg 2002).  

 In the fission yeast S. pombe, a role for the RNAi silencing pathway in 

heterochomatin formation is well-established (Zofall and Grewal 2006). Mutants lacking 

RdRP, Argonaute and Dicer are unable to maintain histone H3 lysine-9 methylation at 

heterochromatic regions, and thus are impaired in centromere function and exhibit 

abnormal chromosomal segregation during cell devision (Volpe, Kidner et al. 2002; 

Volpe, Schramke et al. 2003). This pathway is also required to initiate heterochromatin 

formation at the silent mating type cassettes and to maintain silencing at telomeres (Hall, 

Shankaranarayana et al. 2002).  

 Although silencing is less understood in basidiomycetes, a silencing phenomenon 

has been documented in the ink mushroom Coprinopsis cinerea (MIP). It was observed 

that duplicated sequences are also not stable during the sexual cycle (Pukkila and 

Skrzynia 1993). Further analyses of this process revealed that premeiotic de novo DNA 

methylation occurs at the repeated sequences in a haploid genome; approximately 27% of 

progeny derived from a cross exhibit gene inactivation directed by DNA methylation 

(Zolan and Pukkila 1986; Freedman and Pukkila 1993). A more efficient MIP silencing 

response was also observed in another ascomycete, Ascobolus sp, in which duplicated 

sequences are detected, methylated and silenced during the sexual cycle (Rhounim, 

Rossignol et al. 1992; Faugeron 2000; Barra, Holmes et al. 2005).  

 Orthologs of the core components in the RNAi pathway are found in most 
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sequenced fungal genomes, implying a wide range of fungi possess the machinery for 

RNA-mediated gene silencing (Nakayashiki 2005; Nakayashiki, Kadotani et al. 2006). 

Indeed, it has been demonstrated that the expression of genes may be inhibited by 

introducing dsRNA in C. neoformans, C. cinerea, Schizophyllum commune, Aspergillus 

nidulans, Magnaporthe oryzae, and Aspergillus fumigatus (Liu, Cottrell et al. 2002; 

Kadotani, Nakayashiki et al. 2003; Mouyna, Henry et al. 2004; Hammond and Keller 

2005; de Jong, Deelstra et al. 2006; Walti, Villalba et al. 2006). In many of these species, 

conventional gene disruption approaches by homologous recombination are inefficient 

due to a low homologous recombination frequency. Therefore, RNA-mediated gene 

silencing can serve as a useful tool for gene targeting (Cottrell and Doering 2003).   

 No naturally-occurred gene silencing phenomena has been reported in C. 

neoformans. However, a dsRNA interference approach has been successfully used to 

reduce the expression of several genes in the serotype D strain background, including 

CAP59, CAP64, and α-1,3-glucan synthase (AGS1), which provides direct evidence to 

support the hypothesis that an RNAi pathway functions in C. neoformans (Liu, Cottrell et 

al. 2002; Reese and Doering 2003; Sommer, Liu et al. 2003).  

 In this Chapter, we are interested in defining the features and the underlying 

molecular mechanisms of the silencing process that was found to occur during the sexual 

cycle of C. neoformans.  
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6.2 Results 

6.2.1 Two Uracil Prototrophic Parents Produce Uracil Auxotrophic 
Progeny  

 Strains JF289 (sxi2a + SXI2a-URA5) and JF306 (sxi1α + SXI1α-URA5), both 

carrying a wild-type URA5 marker, were crossed to model a “tetrapolar” mating as 

described in Chapter 5. Surprisingly, 11 out of 48 progeny isolated exhibited poor growth 

on V8 medium and were found to be meiotic progeny auxotrophic for uracil (Fig. 41A). 

This phenotype is tightly linked to the SXI2a-URA5 allele from the parental strain JF289; 

all 11 ura- progeny carried this allele based on PCR analysis, suggesting that SXI2a-

URA5 was silenced in half of the population. To demonstrate whether the URA5 gene is 

indeed silenced, a Northern blot anaysis was performed to detect URA5 transcripts in 

three ura- and three Ura+ strains. A significant level of URA5 transcript was detected in 

the Ura+ strains; in contrast, this signal was nearly undetectable in the ura- strains, 

indicating that either the transcription of the URA5 gene was repressed or the URA5 

transcripts were unstable and degraded (Fig. 41B).  

 To further examine whether those progeny that escape URA5 silencing stably 

express the SXI2a-URA5 allele, one Ura+ isolate was crossed to a strain of opposite 

mating-type in a second round sexual cycle and progeny derived from this cross were 

again isolated and analyzed. Similar to the initial observation, 8 out of 11 progeny 

(72.7%) isolated with the SXI2a-URA5 allele became auxotrophic for uracil. This result 

indicates that silencing again occurred during the sexual cycle, providing additional 
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evidence that this phenomenon faithfully occurs when the SXI2a-URA5 ectopic transgene 

is transmitted through a sexual cross.  

 

 

Figure 41. URA5 is silenced in some progeny derived from the tetrapolar “a” x “α” cross. 
(A) A schematic presentation indicates the genotype of the parents and the progeny. The 
number of different types of progeny obtained is indicated below. (B) Northern analysis 
on the expression of the URA5 gene. RNA from both uracil prototrophic and auxotropic 
strains was extracted and probed with URA5 and ACT1. 
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6.2.2 Silencing Can Act in trans 

 Knowing that silencing only occurred in a proportion of the progeny carrying the 

SXI2a-URA5 allele, we next asked if silencing could be activated in unsilenced strains in 

trans. To test this hypothesis, one MATα silenced strain (SXI2a-URA5 off) with the NAT 

dominant selectable marker was fused to an unsilenced MATa strain (SXI2a-URA5 on) 

with the NEO dominant selectable marker on V8 mating medium. After 24 hr, the fusion 

products were selected on YPD/NAT + NEO medium and doubly resistant strains were 

subject to FACS analysis to confirm their ploidy (Fig. 42). 18 diploid strains were 

isolated from the fusion selection and their growth on SD medium lacking uracil was 

further tested. 13 of the 18 diploid isolates exhibited an obvious growth defect, indicating 

that silencing was induced in trans in these diploids. That a high percentage of the diploid 

isolates were silenced (over 72%) indicates that trans-acting silencing is efficient.   
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Figure 42. Silencing can act in trans. The flowchart illustrates the process of diploid 
selection. 13 out of 18 diploids analyzed are ura-, indicating silencing can function in 
trans. 

 

6.2.3 Southern Analysis and Quantitative Real-Time PCR Showed that 
Three Copies of the SXI2a-URA5 Allele were Integrated in Tandem at 
the ura5 Locus  

 PCR analysis indicated that the SXI2a-URA5 transgene was still present in strains 

in which URA5 was silenced. To further investigate whether recombination had occurred 

to cause unexpected genome rearrangements, Southern analysis was conducted to allow a 

direct comparison of genomic structures of the ura- and Ura+ strains at the SXI2a-URA5 

locus. As shown in Fig. 43A, both the ura- and Ura+ strains exhibited an identical pattern 

when probed with the URA5 gene, suggesting that the genomic structure is identical in 
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both types of strains and no rearrangement has occurred at this locus. However, 

compared to the signal derived from the endogenous ura5 locus, the signal derived from 

the introduced SXI2a-URA5 allele was much more intense (Fig. 43A). This indicated that 

more than one copy of the transgene has been inserted at the same location, resulting in a 

tandem repeat configuration. Quantitative real-time PCR was conducted with primers 

specific to the actin gene ACT1 and URA5 to determine the copy number of the SXI2a-

URA5 transgene. The relative quantity of the URA5 gene was determined by the ΔΔCt 

method according to the following equations: 

(Ct value means the threshold cycle) 

ΔCt = Ct (target) - Ct (normalize) 

ΔΔCt = ΔCt (experimental) - ΔCt (control) 

Comparative expression level= 2 –ΔΔCt 

 The result showed that the URA5 gene was 4 times more abundant in the “a” 

strains when compared to wild-type cells, suggesting that 4 copies (1 original copy + 3 

copies of the transgene) of the URA5 genes are present in the genome of the “a” strain 

JF289  (Fig. 43B). The Southern analysis, combined with the result from real-time PCR, 

indicates that three copies of the SXI2a-URA5 transgene formed a tandem repeat at the 

ura5 locus (Fig. 43C).  
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Figure 43. Three tandem copies of the SXI2a-URA5 allele are present at the ura5 locus. 
(A) Southern analysis of DNA digested with HindIII and probed with the URA5 gene. 
The lower band indicates the signal derived from the original ura5 allele and the upper 
band indicates the signal derived from the SXI2a-URA5 allele. (B) The URA5 gene is four 
times more abundant in JF289. The relative abundance of the gene was determined by the 
ΔΔCt method described in the text. ACT1 was used as an internal control. 

 

6.2.4 The SXI2a-URA5 Allele is Mitotically Stable 

 Although we demonstrated that silencing occurred in half of the meiotic 

segregants inheriting the SXI2a-URA5 allele, we could not exclude the possibility that 
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this allele is also mitotically unstable. To test this hypothesis, the parental strain JF289 

was grown on YPD rich medium and ~2100 single colonies were then transferred to SD 

medium lacking uracil for growth assays. Only three colonies showed poor growth on 

SD-Ura medium (1 out of 700), which suggests that strain JF289 is 99.86% mitotically 

stable with respect to expression of the SXI2a-URA5 allele.  

 To determine whether a silenced SXI2a-URA5 allele would remain silenced 

during mitotic divisions, the same assays were performed with a silenced strain 

(YPH231). After growth on YPD rich medium, 4 colonies out of ~1800 selected (1 out of 

450) were able to grow on SD medium lacking uracil, indicating that the SXI2a-URA5 

allele was stably silenced among 99.78% of the population. However, Ura+ 

microcolonies were observed when the colonies were subjected to prolonged incubated (3 

to 5 days). These results further support the hypothesis that this silencing phenomenon 

specifically occurs during the sexual cycle and that its effects perdure during mitosis.   

6.2.5 The Silenced SXI2a-URA5 Allele is not DNA Methylated 

 One common mechanism that causes gene silencing is DNA methylation. To 

investigate whether the silenced SXI2a-URA5 allele is methylated, genomic DNA was 

isolated from both silenced and wild-type strains and subjected to restriction enzyme 

digestion and Southern analysis. Two pairs of isoschizomers (HpaII/MspI and 

DpnI/DpnII) that are resistant or sensitive to DNA methylation, respectively, were chosen 

for DNA digestion. HpaII is sensitive to CpG methylation while MspI is resistant. DpnI 



 

 

219 

only digests adenine methylated DNA while DpnII only digests unmethylated recognition 

sites. Thus, if the silenced SXI2a-URA5 allele is methylated, digestion might occur with 

MspI or DpnI, but not with DpnII or HpaII. As shown in Fig. 44, both silenced and 

unsilenced strains exhibited identical Southern patterns. DNA isolated from both types of 

strains was successfully digested by two enzymes that are sensitive to DNA methylation 

(HpaII and DpnII) but not by DpnI which recognizes methylated DNA. Therefore, we 

conclude that DNA methylation is unlikely to be the mechanism that causes silencing of 

the SXI2a-URA5 allele during the sexual cycle, although rare or different methylation 

patterns might escape detection by these approaches. 
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Figure 44. The SXI2a-URA5 locus is not methylated in the silenced strains. Southern 
analyses were performed with the DNA methylation sensitive isoschizomers DpnI/ DpnII 
and HpaII/ MspI. URA5 was used as the probe. The hybridization patterns are identical 
between the silenced and unsilenced progeny. 
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6.2.6 Repeat Induced Point Mutation (RIP) Does not Occur at the 
Silenced SXI2a-URA5 Allele  

 In N. crassa, duplicated sequences in a haploid genome are mutated by the 

genome defense mechanism RIP during the sexual cycle (Selker, Cambareri et al. 1987). 

Cells are able to detect duplicated sequences at the dikaryotic stage after fertilization and 

duplicated copies are subject to a series of transition mutations that convert GC to AT. To 

analyze whether such a process exists and causes silencing of the duplicated genes in C. 

neoformans, the SXI2a-URA5 allele was amplified from silenced strains and subjected to 

sequence analysis. No evidence of GC to AT mutation was observed to occur at the 

SXI2a-URA5 allele, indicating that RIP does not occur in the silenced strains. 

6.2.7 RNA-dependent RNA Polymerase RDP1 is Required for 
Silencing of the SXI2a-URA5 Allele 

 Another common mechanism that governs gene silencing is the RNA interference 

(RNAi) pathway. RNAi is a highly conserved pathway in eukaryotes. Homologs of 

several core components such as Dicer, Argonaute, and RNA-dependent RNA 

polymerase have been identified in many fungal species, including N. crassa and S. 

pombe in which it was shown that these components are essential for small RNA-induced 

gene silencing for the organism. To determine whether the RNAi pathway is involved in 

the silencing effect observed, a homolog of the RNA-dependent RNA polymerase 

(RDP1) was identified in the C. neoformans genome and deleted in the original 

unsilenced “a” strain JF289. This “a” rdp1 mutant was then crossed to the wild-type α 



 

 

222 

strain H99 and 24 progeny were randomly isolated and analyzed. In contrast to our 

previous finding, only 1 out of 12 progeny bearing the SXI2a-URA5 allele exhibited a 

silenced phenotype, resulting in a decrease in silencing frequency from ~50% to 8.3%. 

This result prompted us to test whether deleting RDP1 in both mating partners would 

completely abolish silencing. Thus, the “a” rdp1 strain (YPH348) was crossed to the α 

rdp1 strain (YPH351) and basidiospores were then isolated from this rdp1 x rdp1 

bilateral mutant cross. As shown in Table 14, among 59 progeny analyzed, 24 isolates 

bear the SXI2a-URA5 allele and none were auxotrophic for uracil (0 out of 24 or 0% 

silencing). Therefore, we conclude that RDP1 is required for silencing the SXI2a-URA5 

allele, which also suggests that the RNAi machinery is the underlying mechanism for the 

silencing effect occurring during the sexual cycle.  

Table 14. Genotypes and phenotypes of progeny derived from a MATα rdp1 x “a” rdp1 
cross 
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6.2.8 RDP1, AGO1 and DCR1 are Expressed in Both Vegetative and 
Sexual States in C. neoformans 

 Why is the silencing effect only observed after mating? Knowing that the RNAi 

pathway is required for this silencing effect, we hypothesized that some of the 

components in the silencing machinery might be preferentially expressed during mating. 

Therefore, the expression patterns of these three genes were analyzed by Northern blot 

analysis. The expression level was similar between samples prepared from cells cultured 

alone on YPD, V8, or mating mixtures on V8 medium (Fig. 45). This suggests that the 

expression of the core components in the RNAi pathway is not induced during mating 

and therefore, unlikely to be the reason why silencing is only observed during the sexual 

cycle.  
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Figure 45. RDP1, AGO1 and DCR1 are not induced during mating. RNA was extracted 
from wild-type cells under the condition indicated. The expression of the RDP1, AGO1 
and DCR1 genes was determined by Northern blot analysis with PCR gene fragments as 
probes. 
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6.3 Discussion  

 In this study, we report a silencing phenomenon occurring during the sexual cycle 

of C. neoformans and term this process sex-induced silencing (SIS). SIS was triggered by 

a tandem insertion of multiple copies of the SXI2a-URA5 genes. We demonstrated that 

this process is independent of DNA methylation and RIP, but requires a central 

component (RNA-dependent RNA polymerase) of the RNAi pathway for silencing.  This 

discovery suggests that SIS is likely to function as a genome defense mechanism in C. 

neoformans to prevent propagation of transposable elements that comprise ~5% of the 

genome (mainly in the hypothesized centromeric regions) during the sexual cycle.  

6.3.1 Different RdRP, Dicer-Like and Argonaute-Like Proteins Are 
Involved in Different Silencing Pathways  

 In N. crassa, both vegetative and meiotic silencing (quelling and MSUD) share 

similar components of the RNAi pathway, including RdRPs and Argonaute-like and 

Dicer-like proteins. However, concomitant with the evolution of the two silencing 

pathways, these components have also diverged to acquire specific functions. For 

example, among the three paralogs of the RdRPs, qde-1 only participates in the quelling 

pathway while sad-1 functions in MSUD. In addition, two argonaute-like genes were also 

found to be specifically involved in one of the pathways (Table 15). Although it was 

predicted that the two Dicer-like genes would also each participate in one silencing 

pathway, recent studies demonstrated that the two gene are redundant for quelling while 

dcl-1, but not dcl-2, is required for MSUD (Catalanotto, Pallotta et al. 2004; Alexander, 
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Raju et al. 2007). Using a candidate gene approach, homologs of the RdRP, Argonaute-

like and Dicer-like genes have been identified in other fungi (Borkovich, Alex et al. 

2004). It is surprising to see that even in species such as Aspergillus fumigatus that lacks 

a known sexual cycle, components belong to both the quelling and the MSUD pathways 

are present in the genome (Galagan, Calvo et al. 2005). This result implies both silencing 

pathways may exist and a cryptic sexual cycle remains to be discovered or the ability to 

engage in sexual reproduction has only very recently been lost. On the other hand, S. 

pombe only expresses one RdRP, one Argonaute-like and one Dicer-like protein that 

consistently cluster with the known N. crassa homologs functioning in the MSUD 

pathway, suggesting that only one silencing pathway is present in S. pombe. Nonetheless, 

it is interesting that these components in S. pombe are required for heterochromation 

formation and normal centromere and telomere functions where no sex is involved.  

 A search for these key components in the C. neoformans genome revealed a more 

complex scenario. The genome of C. neoformans does not harbor all homologs involved 

in both silencing pathways (Table 15). For example, only one RdRP homolog (Rdp1) that 

is more closely related to Sad-1 in N. crassa was identified in both the serotype A (H99) 

and D (JEC21) genomes. Two Argonaute homologs (Ago1, Ago2) that share similarity to 

Qde-2 and Sms-2, respectively, were found in JEC21; however, Ago2 is missing in the 

genome of H99. Two Dicer-like proteins (Dcr1 and Dcr2) were found in JEC21 and both 

are more closely related to Dcl-2 functioning in the quelling pathway of N. crassa. The 

two genes are 48% identical in protein sequence and located next to each other in the 
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genome, suggesting that an ancient gene duplication event may have resulted in this 

configuration. Surprisingly, DCR2 has become a pseudogene in the serotype A genome; 

several in-frame stop codons are present in the ORF, and the DCR2 transcript is unlikely 

to be translated. As a result, one Argonaute and one Dicer homolog have been both lost in 

the serotype A lineage during evolution, leaving only one gene of each key component in 

the silencing machinery present in the genome. No apparent homologs for Dcl-1 were 

identified; the most closely related protein in the genome (Dcr3) shares high similarity 

with Dcl-1 in the N-terminal helicase domain. However, since Dcr3 lacks the signature 

ribonuclease III C-terminal domain of the Dicer-like gene, it is unlikely that this gene 

truly functions as a Dicer-like protein, unless the structure of the gene was not correctly 

predicted. In conclusion, we could not simply link SIS in C. neoformans to either 

quelling or MSUD in N. crassa based on the classification of the core components in the 

RNAi pathway present expressed in the genome.  

 We have only experimentally demonstrated that Rdp1 is required for SIS in the 

serotype A strain background; however, given the fact that there are only one Argonaute-

like and one Dicer-like gene present in the H99 genome, it is highly likely that both genes 

will also be critical for SIS. It will be interesting to test if a similar SIS system operates in 

serotype D strains and further investigate whether AGO1 and AGO2, or DCR1 and 

DCR2, play a specific or redundant role in SIS.  
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Table 15. C. neoformans harbors the core components in the RNAi machinery in the 
genome. 

Predicted 
protein 

N. 
crassa 

Pathway S. 
pombe 

C. 
neoformans 
(serotype A) 

C. 
neoformans 
(serotype D) 

Qde-1 Quelling    
Sad-1 MSUD Rdp1 Rdp1 Rdp1 

RNA-
dependent 
RNA 
polymerase 

Rrp-3 ?    

Qde-2 Quelling  Ago1 Ago1 Argonaute-
like Sms-2 MSUD Ago1  Ago2 

Dcl-2 Quelling  Dcr1 Dcr1, Dcr2 Dicer-like 
Dcl-1 MSUD, 

Quelling 
Dcr1 Dcr3? Dcr3? 

 

6.3.2 Comparison and Contrast Between SIS, Quelling, and MSUD 

 Comparing SIS to quelling and MSUD revealed that SIS shares common 

characteristics with both processes. First, quelling occurs strictly during the vegetative 

stage in the life cycle, while both SIS and MSUD are induced during the sexual cycle. 

However, genes silenced during MSUD are reexpressed after ascospore germination 

while genes silenced during SIS remain silenced after basidiospore germination. In other 

words, SIS is induced during the sexual cycle and the silencing effect persists into the 

vegetative stage. Second, the silencing efficiency of quelling is relatively low (~30%) 

compared to that of MSUD (~99%) (Romano and Macino 1992; Aramayo and 

Metzenberg 1996). In our analyses, SIS occurs at a percentage ranging from 37.5% ~ 

72.7% in each cross, suggesting that it is not as efficient as MSUD but, on average, 
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occurs at a higher frequency than quelling. Lastly, as mentioned above, all three silencing 

processes depend on components of the RNAi pathway.  

6.3.3 Is SIS Also Induced by Unpaired DNA Sequences?   

 In the crosses analyzed, the tandem SXI2a-URA5 allele was only present in one of 

the parents, creating an unpaired genomic region between the two homologous 

chromosomes. Therefore, one obvious question to ask is whether SIS is also triggered by 

an unpaired chromosome structure, like MSUD. We attempted to answer this question by 

crossing the “a” strain to a wild-type α strain that also bears the same tandem SXI2a-

URA5 allele at the identical location; unfortunately, strains carrying both SXI1α and 

SXI2a exhibit a sterile phenotype (see Chapter 5) and progeny could not be isolated. 

Nonetheless, evidence based on previous studies suggests that SIS is unlikely to be 

induced simply by an unpaired DNA structure. For example, it is routine to create gene 

deletion strains with drug resistant markers in C. neoformans; however, it has never been 

noticed that crossing a mutant to a wild-type strain, which results in an unpaired genomic 

region, would generate mutant progeny that have lost the drug resistant phenotype.  On 

the other hand, since the size of a gene deletion with a drug resistant marker is relatively 

small (~2 kb) compared to the tandem SXI2a-URA5 allele (~35 kb), we can not rule out 

the possibility that SIS is induced by an unpaired DNA structure, but the unpaired region 

needs to exceed a minimum size to be recognized and silenced. Further investigations 
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utilizing tandem selectable markers with different copy numbers will be useful to address 

this question. 

6.3.4 Is SIS triggered Prior to or Post Nuclear Fusion?  

 Based on studies in N. crassa, it is known that two silencing mechanisms occur 

during the sexual cycle that take place before (RIP) or after (MSUD) nuclear fusion 

(Selker 1990; Cogoni 2001; Kelly and Aramayo 2007). Although we have shown that SIS 

involves sex, it is still unclear whether SIS is induced prior to or during meiosis. 

However, one result provides a clue. When examining the requirement of the RNAi 

machinery in SIS, the RDP1 gene was first deleted in the “a” strain background and 

crossed to a wild-type α strain. In this cross, the efficiency of SIS was reduced to 8.3%, 

suggesting that being RNAi deficient in the “a” nucleus has a significant impact on the 

efficiency of silencing. If SIS occurs after nuclear fusion, we expected that the wild-type 

copy of the RDP1 from one of the mating partners would be sufficient to complement 

and thus, no effects on SIS would be observed, unless Rdp1 is haplo-insufficient. A 

reciprocal cross in which the “a” strain with the silencing target repeat is crossed to an α 

rdp1 mutant will be informative to help address this question. If a low frequency of SIS is 

still observed in the progeny derived from this cross, it is more likely that SIS occurs 

after karyogamy and the dosage of Rdp1 is critical. On the other hand, if a high frequency 

of SIS is seen, it suggests that the unusual genomic structure that induces SIS is more 

likely to be sensed before nuclear fusion and meiosis. However, if SIS is absolutely 
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dependent on an unpaired DNA structure, it is more likely that SIS is triggered during the 

process of homologous chromosome pairing which has to occur post nuclear fusion.  

 Another related question is whether cell-cell fusion without completing meiosis is 

sufficient to induce silencing. Silencing triggered by SIS is detected in the progeny, the 

final products of meiosis. However, is cell-cell fusion enough to induce SIS?  One way to 

address this question is by fusing the unsilenced “a” strain to an α ura5 strain. If the 

fusion products were all Ura+, it would suggest that cell-cell fusion is not sufficient; on 

the contrary, if a subset of the population were ura-, it would demonstrate that SIS could 

be induced by cell-cell fusion alone. 

6.3.5 Factors Contribute to the Heterogeneous Silencing Efficiency 
Observed in SIS  

 The frequency of SIS varies between individual cross, with an average of 59% 

efficiency in 61 progeny bearing the tandem SXI2a-URA5 allele. We propose that the 

differences detected among different crosses might reflect variation introduced by the 

random spore isolation method; however, it could also be a consequence of an intrinsic 

heterogeneity of the SIS process. Two hypotheses, depending on at what stage during the 

sexual cycle SIS is triggered, are proposed to explain the difference in frequency 

observed. First, if the foreign DNA structure is sensed during pairing of the two 

homologous chromosomes, it is possible that through an unknown mechanism, only one 

of the two duplicated chromosomes is targeted for silencing. As a consequence, only 

approximately half of the progeny that carry the unusual allele would exhibit a silenced 
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phenotype. Alternatively, we propose that the efficiency of silencing might be dependent 

on the amount of dsRNA present in the cell. The more dsRNA present in the cells, the 

higher the frequency of SIS is observed. This hypothesis may be tested by comparing the 

average SIS frequency of the wild-type cells to that of an RDP1 overexpression strain. If 

the efficiency of silencing were indeed dependent on the abundance of the dsRNA, we 

would expect that overexpressing RDP1, whose function is to amplify the dsRNA 

signals, would increase the efficiency of silencing.  

 As mentioned above, one Argonaute-like and one Dicer-like gene are missing in 

the H99 genome. Therefore, it is possible that lacking these two components decreases 

the efficiency of silencing. It will be interesting to investigate whether SIS would occur at 

a higher frequency in serotype D strains and whether introducing the other two 

components into the “a” strain would increase the efficiency of SIS.  

6.3.6 Does the Silenced Region Become Heterochromatic? 

 In S. pombe, silencing and the formation of heterochromatin are two related 

pathways (Zofall and Grewal 2006). Thus, it is worth investigating whether chromatin 

structure has been altered at the silenced allele after SIS. In many organisms, a hallmark 

of heterochromatin is the methylation of histone H3 at lysine-9 (K9) (Rea, Eisenhaber et 

al. 2000). To examine whether the silenced tandem SXI2a-URA5 allele displays features 

that resemble heterochromatin, we sought to detect histone H3 K9 methylation via a 

chromatin immunoprecipitation (ChIP) assay. Our preliminary results showed no 
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enrichment of H3-K9 methylation in the sample prepared from the silenced strains, 

although additional control experiments are required to unequivocally support this 

conclusion (data not shown).  

 

 In summary, we report a silencing effect observed during the sexual cycle of C. 

neoformans that may serve to protect the genome from invasion by foreign DNA. Future 

endeavors will be focused on delineating the timing when SIS occurs during the sexual 

cycle, dissecting the underlying molecular mechanism that triggers SIS, and finally, to 

determine the physiological importance of this silencing mechanism in genome defense.  

 

 

 

 

 

 

 

 

 

 



 

 

234 

Chapter 7. Conclusions and Future Directions 

 From an evolutionary perspective, the potential benefits of sex are to generate 

genetic diversity and to purge deleterious mutations in the genome. However, sex also 

disrupts the combination of favorable genes in the genome. Experimentally testing these 

hypotheses remains challenging; nonetheless, a recent study using S. cerevisiae as a 

model provided experimental evidence to indicate that sex increases the rate of adaptation 

to a harsh environment (Goddard, Godfray et al. 2005). Microbes, especially pathogens, 

have evolved to adapt to specific host and environmental niches and it is generally 

accepted that these organisms retain the ability to undergo sexual reproduction while, at 

the same time, they also limit sex to allow the generation of a clonal population as they 

have adapted to their niches (Heitman 2006).  

 This work is focused on the sex of Cryptococcus. We investigated mechanisms 

that contribute to the evolution of the mating-type locus (MAT), dissected the pheromone 

signaling pathway that is essential for mating, and discovered a silencing effect which 

occurs during the sexual cycle triggered by a multiple copy insertion.  

 

7.1 MAT-Linked Recombination Hotspots  

 In Chapter 2, we reported the discovery that two meiotic recombination hotspots 

that are adjacent to MAT increase recombination ~10 to ~50 fold compared to the 

genome-wide average. Fine mapping through introduced genetic markers at defined 
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genomic location narrowed down the window of these two hotspots, one on each side of 

the MAT locus, to an ~10 kb and ~5 kb region. Furthermore, crossing over on one side of 

MAT is often associated with crossover events on the other. This negative interference 

effect suggests that during meiosis, the MAT locus is likely to be exchanged onto a 

different genetic background. We also concluded that MAT-heterozygosity is not required 

for recombination enhancement and cis-acting sequence flanking the mating-type locus 

are responsible for elevated recombination. Plotting the G + C content along MAT and the 

flanking regions revealed a strong association between the location of two hotspots and a 

high G + C content, which has been described as γ hotspots in S. cerevisiae. We further 

demonstrated that the high G + C rich region is required but not sufficient to induce 

recombination. Deletion of the G + C rich region results in a decreased level of 

recombination, but insertion of this region elsewhere in the genome did not enhance 

recombination. Our discoveries have implications on the evolution of the MAT locus in 

C. neoformans, and more broadly, on the assembly of gene clusters in eukaryotes in 

general (Hsueh, Idnurm et al. 2006). 

 To further understand how the recombination hotspots function at a molecular 

level, we propose that the following additional experiments could be conducted. First, we 

showed that moving the majority of the high G + C region into a different location on the 

same chromosome was not sufficient to induce recombination; however, it will be 

interesting to see if moving a larger region to another different location in the genome 

would cause increased recombination. Finer mapping of the potential hotspot, especially 
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on the left side of MAT, may also provide additional information to determine the 

minimum sequence requirement for hotspot activity. A minor G + C peak within MAT 

was observed in all sequenced alleles and we propose that this high G + C region may 

drive gene conversion events between the a and α alleles. Therefore, experiments may 

also be designed with the aim of detecting these events following a genetic cross or 

among the population. Finally, this study may be also extended to a genome-wide scale, 

comparing the whole genetic map to the actual genome sequence to identify more 

potential hotspots in the genome. 

   

7.2 Gpa2 and Gpa3 are Involved in Pheromone Signaling  

 Unlike Saccharomyces cerevisiae, which expresses two Gα subunits, most 

filamentous ascomycetes and basidiomycetes have three Gα subunits. Previous studies 

have defined the Gα subunit acting upstream of the cAMP-PKA pathway, but it has been 

unclear which Gα subunit is coupled to the pheromone receptor and response pathway. In 

Chapter 3, we report that in C. neoformans, two Gα subunits (Gpa2, Gpa3) sense 

pheromone and govern mating.  gpa2 gpa3 double mutants, but neither gpa2 nor gpa3 

single mutants, are sterile in bilateral crosses. By contrast, deletion of GPA3 (but not 

GPA2) constitutively activates pheromone response and filamentation. Expression of 

GPA2 and GPA3 is differentially regulated: GPA3 expression is induced by nutrient-

limitation whereas GPA2 is induced during mating. Based on the phenotype of dominant 
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active alleles, Gpa2 and Gpa3 signal in opposition: Gpa2 promotes mating while Gpa3 

inhibits. Furthermore, two additional components that also play a role in the pheromone 

signaling pathway were identified. One is a second RGS protein Crg2, and the other is a 

Gγ subunit Gpg2. Crg2, like Crg1, is also a negative regulator for pheromone signaling. 

In the crg2 mutant, pheromone signaling pathway is activated even in the absence of 

pheromone induction. gpg2 mutants are unilaterally sterile, an expected phenotype if 

Gpg2 indeed forms a functional βγ dimer complex with Gpb1. The incorporation of an 

additional Gα into the regulatory circuit enabled increased signaling complexity and 

facilitated cell fate decisions involving choice between yeast growth and filamentous 

asexual/sexual development (Hsueh, Xue et al. 2007). 

 One central question worth further investigation is to dissect the mechanisms by 

which Gpa2 may positively trigger mating. As discussed in Chapter 3, in addition to 

mechanisms analogous to Gpa1 signaling in S. cerevisiae, it is possible that Gpa2 might 

form a complex with other Gβ like proteins, or act as a solo Gα. Furthermore, identifying 

the downstream targets of Gpa2 is also critical to reveal the underlying mechanism by 

which Gpa2 positively signals toward mating responses. Based on previous studies, 

candidates such as the MAPK Fus3, an RNA binding protein Scp160, and the 

phosphatidylinositol 3-kinase Vps34 are of great interest, but components in other 

signaling pathways might also serve as the downstream targets for Gpa2. Therefore, a 

genome wide Agrobacterium-mediated insertional mutagenesis in strains that 
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overexpresses GPA2Q203L may be conducted to identify downstream targets, as well as 

two-hybrid screens for candidate direct targets.  

 

7.3 Cpr2 is a Constitutively Active GPCR That Sustains Pheromone 
Signaling and is Required for Efficient Mating  

 Pheromone receptors encoded by the mating-type locus (MAT) mediate reciprocal 

pheromone sensing during opposite-sex mating and contribute to but are not essential for 

unisexual mating.  In Chapter 4, we investigated the functions of a pheromone receptor-

like gene, CPR2, which is not encoded by MAT.  CPR2 is induced during mating 

following a-α cell fusion, and CPR2 over-expression elicits unisexual reproduction in 

both mating-types.  cpr2 mutants are fertile but produce precocious conjugation tubes 

emanating from the filamentous dikaryon; hence, Cpr2 represses inappropriate 

pheromone-induced morphogenesis during a-α mating to evoke a developmental switch 

and enforce mating fidelity.  When heterogously expressed in Saccharomyces cerevisiae, 

Cpr2 activates pheromone responses in the apparent absence of any ligand.  Constitutive 

ligand-independent receptor activity results from an unconventional residue, Leu222, in 

place of a conserved proline in transmembrane domain six.  Cpr2 engages the same G-

protein activated signaling cascade as the pheromone receptors, and thereby competes for 

pathway activation, rendering it pheromone-independent.  Expression of the 

constitutively active Cpr2 receptor introduces a positive feedback loop into the 

pheromone response cascade, enabling cells to achieve a self-perpetuating signaling state. 
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These studies establish a naturally occurring constitutively active GPCR governs cell fate 

in fungi with implications for GPCR signaling throughout the fungal kingdom and in 

multicellular eukaryotes (Hsueh, Xue et al. 2008).  

 Expression of CPR2 can activate the pheromone signaling pathway even in the 

absence of a mating-partner, which could be adoptive in nature where the distribution of 

a and α cells is strongly biased. As demonstrated in the chapter, expressing CPR2 in a or 

α cells facilitates the alternative fruiting cycle, which is usually inefficient in wild-type 

cells. In the future, we would like to further explore additional conditions that will induce 

the expression of CPR2. We may use the strain that we constructed to study the 

localization of Cpr2 for this purpose to screen different environmental conditions that 

may activate expression of CPR2. The abnormal hausteriod hyphae may also be further 

characterized; it would be interesting to test if these hyphae indeed have a mycoparasitic 

function when co-cultured with other fungal species. From Chapters 3 and 4, we learned 

that the gpa3, gpa2 gpa3 and ste3 pGPD1::CPR2 mutants are all constitutively active for 

the pheromone signaling pathway. However, their ability to undergo cell-cell fusion 

varies. gpa3 has a normal fusion efficiency, gpa2 gpa3 has a bilateral fusion defect, while 

the ste3 pGPD1::CPR2 mutant cannot fuse with wild-type cells. Therefore, additional 

downstream effectors that govern cell polarity must be differentially regulated in these 

three strain backgrounds. Further investigation will be required to elucidate the 

underlying mechanism that governs this process. In addition, what genes are controlled 

by the expression of CPR2? We demonstrated that CPR2 is induced post-cell fusion, 
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sustaining pheromone signaling but the downstream targets regulated by CPR2 are not 

yet well defined. We propose that we could compare the gene expression pattern between 

wild-type and cpr2 mutant crosses by microarray analyses to identify genes that are 

differentially regulated. Does Cpr2 have an inverse agonist? A large scale screening of 

chemical libraries could be designed to address this question.  Finally, it could be of 

interest to study whether Cpr2 truly interacts with the canonical pheromone receptors (or 

other GPCRs) under physiological conditions and how such interactions might excert 

additional regulatory input for pheromone signaling. 

 

7.4 Recapitulation of an Ancestral Tri- and Tetra-Polar Mating 
System 

 In Chapter 5, we used genetically engineered strains to provide direct 

experimental evidence to support the previously proposed model for the evolution of 

MAT in C. neoformans. The sex-determining, homeodomain protein genes SXI1α or 

SXI2a residing at the MAT locus were disrupted with dominant selectable markers and 

the wild-type allele of these two genes was then reintroduced at another genomic location 

(URA5) that is unlinked to MAT. These two modified “a” and “α” strains were generated 

to mimic an ancestral tri- or tetrapolar mating system.  The results showed that C. 

neoformans could complete the sexual cycle with a tetrapolar mating system, which led 

to a more outcrossing life style. We also demonstrated that in the transitional state, when 

the MAT locus has evolved to be physically and genetically linked in a subset of the 
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population, mating could occur but 50% of the progeny were sterile and only 12.5% of 

the progeny were inter-fertile. Therefore, we propose that the transitional tripolar state 

might be under strong selection pressure, which could pose a significant disadvantage for 

the organism.  

 One unexpected feature of the (sxi1α  + SXI2a) strain was revealed when it was 

crossed to wild-type a cells. Basidiospores were still generated in this cross and we 

speculate that it was caused by the multi-copy insertion and hence, overexpression, of the 

SXI2a gene. It will be interesting to test if overexpressing the SXI2a gene in the sxi1α 

mutant may enable cells to complete the sexual cycle. A slightly modified experiment in 

which the pheromone receptor (but not the pheromone genes) is unlinked from the MAT 

locus may provide additional information in terms of how bi- and tetra-polar systems 

with a self-activating allele would arise in the progeny.    

 

7.6 Silencing of Duplicated Genes During the Sexual Cycle of C. 
neoformans 

 In Chapter 6, we described a sex-induced silencing (SIS) phenomenon in C. 

neoformans and investigated the underlying mechanisms that regulate this process. We 

draw the following conclusions based on our observations and experimental evidence. 

First, SIS is triggered by multiple integration of the SXI2a-URA5 transgene into the same 

locus during the sexual cycle. Second, silencing occurs during the sexual cycle and the 

expression of SXI2a-URA5 is mitotically stable. Third, silencing is not 100% efficient; 
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only an average of  ~59% of the progeny carrying the transgene are silenced. Fourth, SIS 

does not involve gene deletion, RIP, or DNA methylation; instead, it relies on the RNAi 

pathway to induce PTGS. Nonetheless, several questions remain to be answered to 

understand how SIS works at a molecular level. Therefore, we propose to do the 

following experiments to elucidate when, how, and why SIS occurs during the sexual 

cycle.   

 SIS was discovered with the “a” strain in which the endogenous SXI2a gene was 

disrupted and four copies of the SXI2a-URA5 were introduced into the same location in 

the genome, resulting a transgene tandem array. This strain is not ideal because the 

transgene itself is a sex-determing gene. During analysis of the mating properties of 

strains that bear the SXI2a-URA5 allele, we found that α cells become sterile if this allele 

is also present in the genome (Chapter 5). Thus, no progeny could be obtained from 

crosses in which both parents carry the transgenes. Furthermore, we could not rule out the 

possibility that Sxi2a might affect SIS via a mechanism that is independent of the unusual 

genome configuration of this allele. Thus, dominant selectable markers that are truly 

foreign and do not share sequence homology with the C. neoformans genome would be 

more ideal to use for this purpose. We propose that strains with 1 to 5 copies of the 

dominant selectable inserted into the URA5 locus could be built to analyze the minimum 

copy number required to trigger SIS and whether silencing would still occur if both 

parents have the same transgene (Fig. 47). Moreover, the same transgenes might be also 
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introduced into serotype D strains to test whether SIS also occurs at a similar frequency 

as in divergent serotype A strains.  

 

Figure 46. Strain construction for SIS study. As described in text, dominant selectable 
markers NAT or NEO are more ideal to be used to analyze SIS. One to five copies of the 
dominant selectable markers will be introduced into the URA5 locus in the genome, and 
crossed to cells of the opposite mating-type that either bear no or the same copy number 
of the transgene. Progeny will be isolated and analyzed to determine what is the 
minimum number to induce SIS and whether an unpaired sequence is required for SIS 
during meiosis 

 Why does SIS not occur in all progeny that carry the transgene?  We propose that 

the efficiency of SIS might be dependent on the amount of dsRNA present in the cells. If 
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the amount of dsRNA were increased, the efficiency of SIS could be elevated. 

Alternatively, it is also possible that during meiosis, only one copy of the transgene is 

subject to silencing (Fig. 47). To test the first hypothesis, we propose to overexpress the 

RNA-dependent RNA polymerase RDP1 in the original “a” strain and determine the SIS 

efficiency. If an increased efficiency were observed, it would suggest that the synthesis of 

dsRNA is the limiting factor to trigger SIS, as shown in the quelling in N. crassa (Forrest, 

Cogoni et al. 2004). In addition, since serotype A strains have lost one Dicer and one 

Argonaute-like gene, we are also interested in testing whether re-introducing these genes 

will facilitate the silencing process.  

 Another critical question is whether SIS is triggered prior to or post-nuclear 

fusion (Fig. 48). As mentioned in Chapter 6, we propose that analyzing progeny derived 

from an “a” x α rdp1 cross may provide informative insights into this question. If a low 

frequency of SIS is observed in the progeny derived from this cross, it is more likely that 

SIS occurs after karyogamy. If an unpaired DNA structure is a prerequisite for SIS, it 

would also strongly argue that SIS is induced post nuclear fusion, when homologous 

chromosomes are aligned with each other. If SIS is truly induced prior to nuclear fusion, 

it may serve as a mechanism by which cells can ensure that foreign DNA such as 

transposons are inactivated prior to fusion with another nucleus. Moreover, this would 

also suggest that SIS could be detected in dikaryons produced after mating. We propose 

that by examining a population of yeast cells that bud off from the mating filaments 

(blastospores), we will be able to know whether SIS is active in the dikaryotic stage. If 
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SIS is active, a proportion of the blastospores isolated would be ura-; in contrast if SIS is 

active only after karyogomy, the only cells that become ura- would be spores and all 

blastospores should remain Ura+. One related question is whether SIS has to be triggered 

post cell fusion. Although it is less likely that SIS can be triggered before cell fusion 

since it occurs during the sexual cycle, we plan to test whether pheromone alone may 

induce SIS in the absence of fusion with a mating partner.  

 

Figure 47. A model explaining how SIS is only triggered in ~50% of the progeny that 
bear the transgene. If SIS is induced after DNA replication and only targets one 
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chromosome, only 50% of the progeny bearing the transgene would be silenced. The 
open triangles indicate the active transgenes and the filled triangles indicated the silenced 
ones. 

 Genetic evidence demonstrates that the RNAi pathway is required for SIS. This 

hypothesis would be strengthened by detecting siRNA in cells. Theoretically, an 

increased amount of the SXI2a-URA5 siRNA would be observed during the sexual cycle 

compared to cells in vegetative growth. Furthermore, we might also able to correlate the 

amount of siRNA to the silenced or unsilenced phenotype among the progeny isolated. 

The fact that SIS could be induced in trans also suggests a role for siRNA; it suggests 

that the siRNA produced by one nucleus may silence the same gene in the other nucleus 

once they share a common cytoplasm.  
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Figure 48. Possible timing when SIS is induced. SIS could be induced prior to cell-cell 
fusion during mating, post-cell fusion but pre-meiotic, or post-nuclear fusion during the 
sexual cycle. Experiments proposed to distinguish these three models are described in the 
text. 

  In conclusion, the work presented in this thesis has provided a further 

understanding of sex in C. neoformans in different aspects, which includes the evolution 

of the mating-type locus, the regulation and complexity of pheromone signaling network 

and an epigenetic genome defense mechanism that occurs during the sexual cycle of this 

human fungal pathogen. These studies may provoke parallel comparisons between what 
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we learned from C. neoformans and what is known in other model systems, especially 

fungi, and further help to understand the role of sex in the evolution of virulence and 

pathogenesis in eukaryotic pathogens.  
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