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Abstract 1 

The eukaryotic serine/threonine protein phosphatase PP2A is a heterotrimeric enzyme 2 

composed of a scaffold A subunit, a regulatory B subunit, and a catalytic C subunit. Of the four 3 

known B subunits, the B’’’ subunit (known as striatin) interacts with the multi-protein striatin-4 

interacting phosphatase and kinase (STRIPAK) complex. Orthologs of STRIPAK components 5 

were identified in C. neoformans, namely PP2AA/Tpd3, PP2AC/Pph22, PP2AB’’’/Far8, 6 

STRIP/Far11, SLMAP/Far9, and Mob3. Structural modeling, protein domain analysis, and 7 

detected protein-protein interactions suggest C. neoformans STRIPAK is assembled similarly to 8 

the human and fungal orthologs. Here, STRIPAK components Pph22, Far8, and Mob3 were 9 

functionally characterized. Whole-genome sequencing revealed that mutations in STRIPAK 10 

complex subunits lead to increased segmental and chromosomal aneuploidy, suggesting 11 

STRIPAK functions in maintaining genome stability. We demonstrate that PPH22 is a 12 

haploinsufficient gene: heterozygous PPH22/pph22Δ mutant diploid strains exhibit defects in 13 

hyphal growth and sporulation and have a significant fitness disadvantage when grown in 14 

competition against a wild-type diploid. Deletion mutants pph22Δ, far8Δ, and mob3Δ exhibit 15 

defects in mating and sexual differentiation, including impaired hyphae, basidia, and 16 

basidiospore production. Loss of either PPH22 or FAR8 leads to growth defects at 30⁰C, 17 

severely reduced growth at elevated temperature, abnormal cell morphology, and impaired 18 

virulence. The pph22Δ and far8Δ mutants are also unable to grow in the presence of the 19 

calcineurin inhibitors cyclosporine A or FK506, and thus these mutations are synthetically lethal 20 

with loss of calcineurin activity. Conversely, mob3Δ mutants display increased thermotolerance, 21 

capsule production, and melanization, and are hypervirulent in a murine infection model. Taken 22 

together, these findings reveal that the C. neoformans STRIPAK complex plays an important 23 

role in genome stability, vegetative growth, sexual development, and virulence in this prominent 24 

human fungal pathogen. 25 

26 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.06.606879doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606879
http://creativecommons.org/licenses/by-nd/4.0/


3 
 

Introduction 27 

 Eukaryotic organisms utilize dynamic signaling networks to respond and adapt to 28 

changes in their internal and external environments. Sensing of environmental stimuli triggers a 29 

cascade of downstream events, eliciting a coordinated cellular response tightly orchestrated by 30 

interconnected signal transduction pathways. The function and activity of signaling components 31 

within these pathways are modulated through post-translational modifications, including protein 32 

phosphorylation, which is governed by the balanced actions of kinases and phosphatases. 33 

Phosphorylation and dephosphorylation of target proteins by kinases and phosphatases are 34 

coordinated by finely-tuned mechanisms to ensure signaling pathways are turned on and off as 35 

needed, maintaining cellular homeostasis. Among eukaryotic phosphatases, protein 36 

phosphatase 2A (PP2A) plays a pivotal role in governing numerous cellular processes, including 37 

cell cycle progression, proliferation, apoptosis, metabolism, and stress responses [1]. 38 

 PP2A is a heterotrimeric enzyme composed of a scaffold A subunit, a regulatory B 39 

subunit, and a catalytic C subunit. Among the four known B subunits, the B’’’ subunit (known as 40 

striatin) interacts with the striatin-interacting phosphatase and kinase (STRIPAK) complex [2-5]. 41 

First identified in mammals, striatin proteins act as scaffolds to assemble the other STRIPAK 42 

subunits, forming a large, multifunctional signaling complex. In addition to the PP2A 43 

holoenzyme, STRIPAK is comprised of a striatin-interacting protein (STRIP), monopolar spindle-44 

one-binder related protein (Mob3/Phocein), sarcolemmal membrane-associated protein 45 

(SLMAP), small coiled-coil protein (SIKE), cerebral cavernous malformation protein (CCM3), 46 

and a germinal center kinase (GCKIII) [3]. Orthologs of the mammalian STRIPAK complex have 47 

been identified in many fungi, including Sordaria macrospora, Neurospora crassa, 48 

Saccharomyces cerevisiae, Schizosaccharomyces pombe, Aspergillus nidulans, Fusarium 49 

graminearum, and several other ascomycete species [6-22].  50 
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 In mammals and fungi, the STRIPAK complex connects signal transduction pathways to 51 

regulate numerous aspects of cell growth and development, such as TORC2 signaling and actin 52 

cytoskeleton remodeling in S. cerevisiae, and the Hippo pathway and regulation of tissue growth 53 

in humans [14, 23, 24]. In fungi, STRIPAK plays a critical role in morphogenesis and sexual 54 

development, including control of cell fusion, hyphal elongation, fruiting body formation, fertility, 55 

nuclear division, and sporulation [25, 26]. The S. cerevisiae STRIPAK counterpart, the Far 56 

complex, is implicated in pheromone-induced cell cycle arrest during mating, acts as an 57 

antagonist to TORC2 at the endoplasmic reticulum (ER), and inhibits mitophagy at the 58 

mitochondrial membrane [14, 27-30]. In N. crassa, homologs of STRIP and Striatin act on two 59 

MAP kinase pathways, downstream of the cell wall integrity (CWI) and pheromone response 60 

pathways, modulating fungal self-signaling and developmental morphogenesis [8]. The 61 

STRIPAK complex also governs virulence in plant fungal pathogens including Magnaporthe 62 

oryzae and several Fusarium species [12, 13, 31-33].  63 

 Although the STRIPAK complex has been characterized in pathogenic and non-64 

pathogenic ascomycetes, it has not yet been elucidated in a basidiomycete or notable human 65 

fungal pathogen. The basidiomycetous yeast and opportunistic pathogen Cryptococcus 66 

neoformans is a clinically relevant and genetically tractable model for studying the molecular 67 

mechanisms underlying fungal pathogenesis in humans. C. neoformans infections occur 68 

following inhalation of spores or desiccated yeast cells from the environment and are more 69 

prevalent in immunocompromised hosts. Systemic cryptococcosis can lead to lethal 70 

meningoencephalitis, accounting for approximately 20% of HIV/AIDS-related deaths annually, 71 

thus representing a significant burden of global fungal diseases [34-36]. C. neoformans 72 

possesses virulence traits necessary to cause disease, including melanization, extracellular 73 

polysaccharide capsule production, resistance to oxidative stress, and thermotolerance [37-39]. 74 
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Understanding the regulatory pathways underlying C. neoformans virulence is critical for 75 

developing targeted therapies against cryptococcosis.  76 

Due to the key roles of STRIPAK in controlling cell growth, developmental processes, 77 

and pathogenicity in other fungi, this study aimed to functionally characterize the cellular 78 

functions of the C. neoformans STRIPAK complex. We identified protein orthologs for six 79 

STRIPAK complex subunits, three of which, Pph22 (PP2A catalytic subunit), Far8 (regulatory 80 

B subunit), and Mob3, were characterized. Genome sequencing of pph22Δ, far8Δ, and mob3Δ 81 

deletion mutants revealed frequent segmental and whole chromosomal aneuploidy, suggesting 82 

a role in maintaining genome stability. We demonstrate that PPH22 is not an essential gene, 83 

though the loss of one functional copy leads to haploinsufficiency in a heterozygous diploid 84 

strain, and the pph22Δ mutation incurs a significant fitness cost in a haploid. Similar to findings 85 

in other fungi, C. neoformans STRIPAK is important for mating, hyphal formation, and 86 

sporulation. Both Pph22 and Far8 are crucial for high-temperature growth, stress response, and 87 

virulence. Surprisingly, mob3Δ mutants exhibited increased thermotolerance, melanization, and 88 

capsule production, resulting in hypervirulence in a murine model of C. neoformans infection. 89 

Taken together, these studies shed light on the organization and function of the STRIPAK 90 

complex in C. neoformans and provide a foundation for future identification of its cellular targets 91 

to understand the mechanisms mediating its various roles.  92 
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Results 93 

Identification of Cryptococcus neoformans STRIPAK complex components 94 

 To identify the C. neoformans STRIPAK complex, BLAST searches (blastp) were 95 

performed with known Homo sapiens and S. cerevisiae STRIPAK components and the C. 96 

neoformans H99 genome (Figure 1A). Significant alignments were found for the protein 97 

phosphatase 2A catalytic C subunit (CNAG_02177/Pph22), the scaffold A subunit 98 

(CNAG_07914/Tpd3), the regulatory B subunit (CNAG_00073/Far8), the striatin-interacting 99 

protein (CNAG_00008/Far11), the tail-anchor domain protein (CNAG_04838/Far9), and the 100 

striatin-associated protein (CNAG_04629/Mob3). No ortholog of the coiled-coil domain protein 101 

(Far3/7 in S. cerevisiae, SIKE in H. sapiens, Sci1 in S. macrospora, SipB in A. nidulans, and 102 

Csc4 in S. pombe) was identified, possibly due to its small size and low sequence similarity [16]. 103 

BLAST analysis of the STRIPAK-associated kinase with the sequences of the three mammalian 104 

kinases Stk24, Stk25, and Stk26 [3], which are part of the GCKIII family of kinases, produced 105 

three significant alignments in C. neoformans (CNAG_03290, CNAG_00405, and 106 

CNAG_05274). Reciprocal BLAST analyses confirmed an orthologous relationship between the 107 

proteins. With the exception of PPH22 [40], none of the C. neoformans STRIPAK complex 108 

components were annotated on FungiDB (https://fungidb.org) and thus are referred to here 109 

based on S. cerevisiae or H. sapiens nomenclature. 110 

 Multi-sequence alignments revealed the C. neoformans STRIPAK components share 111 

23%-86% identity and 42%-93% similarity with the S. cerevisiae and H. sapiens orthologs, with 112 

greater homology to the human than the yeast proteins (Figure 1B). Mob3 from C. neoformans 113 

only aligned with the human protein, as S. cerevisiae lacks Mob3. The STRIPAK components 114 

also exhibit highly conserved structures and domain architecture [26] (Figure 1B). For example, 115 

CnTpd3 contains 15 tandem HEAT (huntingtin-elongation-A subunit-TOR) repeats, which 116 

mediate interactions with the B and C subunits to form the PP2A holoenzyme [1]. Eukaryotic 117 
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striatin proteins share a coiled-coil domain and a WD40 repeat domain, forming a β-propeller. 118 

Human striatin interacts with the PP2A A and C subunits via the coiled-coil domain [41, 42]. The 119 

tail-anchor domain protein CnFar9 contains a conserved FHA (forkhead-associated) domain 120 

and a small, hydrophobic transmembrane domain at its C-terminus. In fungi and mammals, 121 

mutations in the tail-anchor domain of Far9/SLMAP lead to changes in their subcellular 122 

localization, and the membrane association of Far9 with ER and mitochondria is important for its 123 

functions [14, 29, 43].  124 

 Due to the evolutionarily conserved nature of the C. neoformans STRIPAK complex 125 

protein sequences and domains (Figure 1B), it was predicted that the complex would also have 126 

a similar three-dimensional structure and organization. Recently, the core of the human 127 

STRIPAK complex was resolved at high resolution by cryo-EM [42]. The C. neoformans proteins 128 

were aligned with the model of the human STRIPAK core with the program ChimeraX [44] 129 

(EMD-22650, PDB-7k36) (Figure 1C). The predicted and known protein structures are 130 

remarkably similar. The C. neoformans STRIPAK complex was predicted with AlphaFold2 131 

multimer [45] (Figure 1D). This structure prediction included Far9, which has not been identified 132 

in the cryo-EM model or crystal structures of human STRIPAK [41, 42]. The predicted 133 

CnSTRIPAK complex model showed a linear arrangement of the proteins Mob3-Far11-Pph22-134 

Tpd3, similar to the human complex. The Far8 WD40 domain lies in close proximity to Mob3, 135 

and the coiled-coil domain is at the base of the complex. The middle of the Far9 protein 136 

contains a large coiled-coil domain (approximately 135 amino acids) that interacts closely with 137 

the coiled-coil of Far8, stabilizing the core complex. Taken together, these results suggest that 138 

the key components of the C. neoformans STRIPAK complex are significantly conserved in their 139 

domain architecture, three-dimensional structure, and assembly. Our data also suggest the 140 

CnSTRIPAK complex is more similar to human STRIPAK than to the S. cerevisiae counterpart. 141 

 142 
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Yeast two-hybrid analysis of subunit interactions of the STRIPAK complex 143 

 We next sought to detect physical interactions between STRIPAK components predicted 144 

to be in close proximity. To this end, yeast two-hybrid analysis of each CnSTRIPAK subunit was 145 

performed (Figure 2A). Plasmids encoding fusion proteins of the Gal4 DNA-binding domain and 146 

CnSTRIPAK subunits Pph22, Tpd3, Far8, Far11, Far9, and Mob3 were generated and 147 

transformed into the yeast two-hybrid reporter strain Y2HGold. Similarly, plasmid constructs 148 

encoding the Gal4 transcriptional activation domain fused to individual STRIPAK subunits were 149 

transformed into reporter strain Y187. A 6-by-6 crossing between Y2HGold and Y187 strains 150 

carrying plasmids encoding GBD and GAD fusion proteins was conducted and assayed for 151 

Gal4-dependent expression of the ADE2 and HIS3 reporter genes (Figure S1). For Pph22 and 152 

Tpd3, because the GBD fusions alone were able to activate reporter gene expression, only the 153 

GAD fusions of these two proteins were analyzed to determine their interactions with GBD-154 

fused STRIPAK components. Positive interactions between Mob3 and Far8 were detected in 155 

both configurations, suggesting specific and robust binding between these two proteins (Figure 156 

2A). Positive protein-protein interactions were also detected for Far9-Tpd3, Far11-Pph22, and 157 

Far11-Tpd3 (Figure 2A). This yeast two-hybrid analysis provides further support for the 158 

predicted CnSTRIPAK model (Figures 1D and 2B).  159 

 160 

Mutations in genes encoding the STRIPAK complex components lead to genome 161 

instability 162 

To analyze the function of the C. neoformans STRIPAK complex, deletion mutations 163 

were generated for genes encoding STRIPAK complex subunits. We first selected the genes 164 

encoding the PP2A trimeric enzyme, Pph22, Tpd3, and Far8, for targeted deletion mutagenesis. 165 

While we were able to successfully generate far8Δ deletion strains, we failed to obtain pph22Δ 166 
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and tpd3Δ mutant strains in H99α or KN99a haploid wild-type strains, after multiple attempts of 167 

both biolistic transformation and CRISPR-Cas9 gene deletion approaches, suggesting that 168 

PPH22 and TPD3 might be essential for cell viability. In S. cerevisiae, the deletion of TPD3 169 

causes growth defects [46], and deletions of PPH21 and PPH22 are synthetically lethal [47]. In 170 

C. neoformans, a genome-wide functional analysis of phosphatases suggested that PPH22 is a 171 

putative essential gene [40]. Conversely, FAR8 and other striatin subunit homologs have not 172 

been characterized as essential in other species.  173 

We then took a different approach to test the essentiality of PPH22 and TPD3, as well as 174 

the other STRIPAK component encoding genes FAR9, FAR11, and MOB3. Specifically, we 175 

sought to delete one of the two alleles for each gene in a wild-type diploid strain CnLC6683, 176 

which is a fusion product between the congenic strain pair KN99a and KN99α, and then isolate 177 

haploid deletion mutants by sporulating and dissecting meiotic progeny. Using CRISPR-Cas9 178 

directed mutagenesis, we successfully obtained PPH22/pph22Δ and MOB3/mob3Δ 179 

heterozygous mutants in strain CnLC6683 background. We were unable to isolate heterozygous 180 

TPD3/tpd3Δ, FAR9/far9Δ, or FAR11/far11Δ mutant strains for this study; therefore, we 181 

concentrated our analyses on PPH22/pph22Δ and MOB3/mob3Δ. Four PPH22/pph22Δ strains 182 

were generated from two independent transformations, and three MOB3/mob3Δ strains from 183 

two independent transformations. PCR genotyping and Illumina whole-genome sequencing 184 

confirmed heterozygosity at the PPH22 and MOB3 loci. Analysis of read depth revealed multiple 185 

segmental and chromosomal aneuploidies throughout the genome (Figure 3A), including 186 

increased coverage for entire chromosomes, and both increased and decreased coverage in 187 

segments of chromosomes. Whole chromosome 13 trisomy was observed in PPH22/pph22Δ-3, 188 

4 and MOB3/mob3Δ-1, 2, 3 strains, while partial trisomy of this chromosome was seen in 189 

PPH22/pph22Δ-1. Partial trisomy for additional chromosomes was observed in other cases: 190 

chr.4 in PPH22/pph22Δ-1; chr. 3 in PPH22/pph22Δ-2; chr. 6 in PPH22/pph22Δ-3 and 191 
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MOB3/mob3Δ-1; and chr.9 and chr. 10 in MOB3/mob3Δ-1. Segmental monosomy was also 192 

observed in chr. 2 and chr. 4 in PPH22/pph22Δ-4; and chr. 10 in MOB3/mob3Δ-1, 3. 193 

PPH22/pph22Δ-1 also exhibited increased coverage for chr. 1 and chr. 6, although to a lesser 194 

extent.  195 

We next assessed whether the genetic changes present in the heterozygous mutant 196 

diploid populations would be inherited and maintained in meiotic progeny. PPH22/pph22Δ and 197 

MOB3/mob3Δ cells were incubated on MS medium at room temperature for at least three weeks 198 

to induce self-filamentation. Basidiospores were dissected, and haploid pph22Δ and mob3Δ 199 

deletion mutant progeny were validated through PCR genotyping (Figure S2). Haploid pph22Δ 200 

deletion mutants were obtained from the dissection of spores from PPH22/pph22Δ-2, 3, and 4, 201 

and mob3Δ mutants were similarly obtained from MOB3/mob3Δ-2. Whole-genome sequencing 202 

supported the PCR analysis, showing no reads mapping to the PPH22 or MOB3 genes. 203 

Therefore, PPH22 and MOB3 are not essential in C. neoformans. Single colonies from pph22Δ 204 

and mob3Δ deletion mutants were passaged at least three times prior to whole-genome 205 

sequencing to obtain a pure cell population and reduce the likelihood of sequencing a 206 

population of cells with mixed genotypes. Interestingly, whole-genome sequencing analysis 207 

showed that whole chromosome aneuploidy was present in some but not all haploid mutant 208 

progeny, and that the genomic profile of the progeny often did not mirror the genomic profile of 209 

the parent (Figures 3A and 3B). Haploid pph22Δ progeny from PPH22/pph22Δ-2 exhibited 210 

increased coverage for chr. 3 and chr. 8, while the parental diploid strain was euploid for those 211 

chromosomes. One other haploid strain showed aneuploidy that was not present in its diploid 212 

parent: P3 dissected from MOB3/mob3Δ-2 was disomic for chr. 7 (Figures 3A and 3B). The 213 

most common aneuploidy present in the heterozygous diploid progenitor strains was associated 214 

with chr. 13 (Figure 3A), which was found in P2 from PPH22/pph22Δ-4 and P1-P3 from 215 

MOB3/mob3Δ-2. No ploidy changes were detected in any of the haploid and diploid control 216 
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strains from each experiment. These results suggest that the PPH22 and MOB3 genes play 217 

roles in maintaining genome stability. 218 

Genetic analysis of FAR8 revealed a related role in genome stability. The far8Δ mutants 219 

were successfully isolated via biolistic transformation in the congenic H99α and YL99a haploid 220 

strains. Deletion of FAR8 was confirmed by PCR genotyping and Illumina whole-genome 221 

sequencing (Figure S3). Read-depth analyses indicated that the four independent far8Δ mutants 222 

in H99α had rampant aneuploidy throughout the genome, suggesting that they were diploid 223 

instead of haploid (Figure 3C). Similar results were obtained from whole-genome sequencing of 224 

YL99a far8Δ strains (Figure S4). Among seven independently obtained far8Δ mutant strains, all 225 

were aneuploid for at least six out of 14 chromosomes, and the only chromosome that was 226 

never found to be duplicated was chr. 3. The parental H99α and YL99a isolates were haploid, 227 

confirming the aneuploidy occurred after deletion of FAR8. Complementation of the far8Δ 228 

mutation in the H99α background strain far8Δ-1 yielded a euploid population, suggesting 229 

reintroduction of FAR8 prevents formation of aneuploidy.  230 

Fluorescence-activated cell sorting (FACS) analysis was conducted to determine the 231 

DNA content in the STRIPAK mutants (Figures 3D and S4). A wild-type haploid shows a major 232 

1C peak and a minor 2C peak, while a wild-type diploid has a major 2C peak and a minor 4C 233 

peak. The pph22Δ mutants displayed either one single merged, widened peak, or additional 234 

widened peaks at 4C or larger, indicating that there is a heterogeneous population of cells with 235 

different DNA content with modest to severe aneuploidy. Another possibility is that pph22Δ 236 

mutants form clusters or have defects in cytokinesis, as described later in Figure 4C. FACS 237 

analysis of far8Δ mutants showed two major peaks at 2C and 4C, suggesting that these strains 238 

are largely diploid. FACS data from the far8Δ::FAR8 complemented strain had a similar peak 239 

profile to the 1N control strain H99α, indicating that it is haploid. The mob3Δ mutants were also 240 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.06.606879doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606879
http://creativecommons.org/licenses/by-nd/4.0/


12 
 

analyzed by FACS and exhibited only two peaks at 1C and 2C, indicating they are haploid 241 

(Figure S4).  242 

Taken together, whole-genome sequencing and FACS analysis showed that pph22Δ, 243 

far8Δ, and mob3Δ mutations cause genome instability, resulting in aneuploidy caused by whole 244 

chromosome and segmental duplication/deletion. Our data also suggest that the deletion of 245 

FAR8 might have led to genome endoreplication, which was followed by rampant chromosomal 246 

losses resulting in aneuploidy, suggesting a role in cell cycle control. These results demonstrate 247 

that the C. neoformans STRIPAK complex is important for maintaining genome stability. 248 

 249 

PPH22 is a haploinsufficient gene in diploid C. neoformans 250 

 During self-filamentation, we observed that PPH22/pph22Δ strains showed delayed 251 

production of hyphae, basidia, and basidiospores compared to the wild-type control. To analyze 252 

this further, equal amounts of WT/WT (CnLC6683) and PPH22/pph22Δ diploid cells were plated 253 

on MS media and incubated at room temperature. After 1 to 2 weeks, the wild-type diploid strain 254 

produced abundant hyphae and basidia, and basidia with spore chains were also visible. 255 

However, no hyphae were seen in the PPH22/pph22Δ strains at that time. After 3 to 4 weeks of 256 

incubation, the patch of PPH22/pph22Δ-1 had robust filamentation (Figure 4A), and hyphae, 257 

basidia, and spore chains were observed at high magnification. However, patches of 258 

PPH22/pph22Δ-2, 3, 4 cells exhibited only minimal hyphae, basidia, and spores. Hyphae, 259 

basidia, and basidiospores of the self-filamenting diploid strains were observed by scanning 260 

electron microscopy (SEM) (Figure 4B). The basidia in PPH22/pph22Δ strains exhibited 261 

abnormal and fewer spore formation, with spores produced in irregular clusters instead of 262 

chains. The morphology of the spores was also atypical, with significant variation in shape and 263 
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size. There were also instances of ectopic hyphal growth, as seen in PPH22/pph22Δ-4, where 264 

basidia appeared to produce a new hyphal filament instead of spores (Figure 4B). 265 

 The defects in sexual development observed in PPH22/pph22Δ strains led us to 266 

hypothesize that PPH22 might be haploinsufficient. When WT/WT and PPH22/pph22Δ strains 267 

were grown to mid-logarithmic phase in YPD liquid media at 30°C and cell morphology was 268 

observed using differential interference contrast (DIC) microscopy, PPH22/pph22Δ cells were 269 

typically larger and formed abnormal clusters compared to wild-type diploid cells (Figure 4C). 270 

Some PPH22/pph22Δ cells were elongated and showed incomplete budding. The 271 

PPH22/pph22Δ-1-4 strains also exhibited severe growth defects compared to the WT/WT strain 272 

in liquid culture (Figure 4D). In competition assays to compare the fitness of the WT/WT and 273 

PPH22/pph22Δ strains, the pph22Δ deletion allele in the heterozygous diploid strain conferred a 274 

significant competitive disadvantage compared to the wild type (Figure 4E). To determine if this 275 

disadvantage was due to reduced viability of PPH22/pph22Δ strains, PPH22/pph22Δ and 276 

WT/WT cells that had been grown in YPD overnight cultures for the competition assays were 277 

serially diluted and plated onto YPD medium at 30°C (Figure S5). There was no observable 278 

difference in growth between the wild-type and heterozygous mutant diploid strains, indicating 279 

cells were similarly viable at the time of competition. The significant reduction in the 280 

PPH22/pph22Δ population at the end of the competition assay likely results from its inherent 281 

growth defects, leading to reduced fitness compared to the wild type. Thus, the loss of one 282 

PPH22 allele in a diploid leads to defects in sexual development, cell morphology, and 283 

competitive growth, indicating PPH22 is a haploinsufficient gene. This may be attributable to 284 

loss of one copy of PPH22, aneuploidy arising due to reduction in PPH22 level, or both. 285 

 286 

 287 
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Haploid pph22Δ mutants exhibit severe growth defects and frequently accumulate 288 

suppressor mutations 289 

 To further characterize the functions of PPH22, haploid pph22Δ mutants were obtained 290 

for phenotypic analysis. Self-filamenting PPH22/pph22Δ-1-4 strains produced sufficient 291 

basidiospores for dissection after 4 to 6 weeks of incubation on MS plates. pph22Δ mutant 292 

colonies were much smaller than wild-type colonies on the dissection plate (Figure 5A). The 293 

severe growth defects of pph22Δ mutants likely explain why PPH22 was initially thought to be 294 

essential. pph22Δ mutants formed tan colonies on YPD plates incubated at 30°C. After 295 

prolonged incubation, faster-growing white colonies appeared, possibly as a result of 296 

suppressor mutations (referred to as pph22Δ suppressor or pph22Δ sup mutants) (Figure 5B). 297 

While pph22Δ strains grew poorly compared to wild type at 24°C and 30°C, produced tan 298 

colonies, and could not grow at 33°C, the pph22Δ sup strains exhibited near wild-type growth at 299 

24°C, 30°C, and 33°C, and produced whiter colonies (Figure 5C). 300 

 Ten pph22Δ suppressor strains were subjected to whole-genome sequencing to identify 301 

the causative suppressor mutation(s). Variant calling failed to identify any significant single-302 

nucleotide polymorphisms (SNPs) or insertion/deletion mutations. However, all 10 pph22Δ 303 

suppressor mutant strains exhibited segmental aneuploidy on chr. 6 in a shared overlapping 304 

region of ~200 kbp (Figure 5D) and were euploid for the remainder of their genomes. Read 305 

depth in this region ranged from 2X to 11X coverage compared to the mean coverage of the 306 

remainder of the chromosome. The PPH22 gene lies in this region, but as expected, no reads 307 

were found mapping to the PPH22 locus. All 10 isolates shared an approximately 15 kbp region 308 

adjacent to the centromere, encompassing 7 genes (Figures 5D and 5E). One notable 309 

candidate for the pph22Δ suppressor gene is PPG1, which encodes a serine/threonine type 2A-310 

like protein phosphatase involved in the cell wall integrity pathway [48] that shares 56% identity 311 

and 73% protein sequence similarity with Pph22. Studies from S. cerevisiae have shown that 312 
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Ppg1, and not Pph22, interacts with Far11 to regulate assembly of the Far complex [49, 50], 313 

which may have pleiotropic roles beyond those of the STRIPAK complex. Our data suggest that 314 

an increased dosage of PPG1 may suppress the mutant phenotypes of pph22Δ. 315 

 316 

STRIPAK is important for mating and sexual development in C. neoformans 317 

 To investigate roles for the C. neoformans STRIPAK complex in sexual development, we 318 

analyzed the effects of mutations in STRIPAK components on mating and the sexual cycle using 319 

PPH22/pph22Δ and MOB3/mob3Δ heterozygous diploid strains compared to WT/WT (Figure 320 

6A). As observed previously, PPH22/pph22Δ exhibited severe self-filamentation defects. 321 

Similarly, MOB3/mob3Δ displayed defects in sexual development, showing a smaller area of 322 

self-filamentation and shortened hyphae compared to the wild type. Although MOB3/mob3Δ was 323 

able to produce basidia and basidiospores, this occurred only near the edge of the cell patch, 324 

indicating that MOB3 is also important for sexual development in a self-filamenting diploid.  325 

 We next examined the role of the STRIPAK complex during bisexual mating. Mutant 326 

cells (pph22Δ, pph22Δ suppressor, mob3Δ, and far8Δ) were mixed with wild-type cells of the 327 

opposite mating type, spotted onto MS media, and incubated at room temperature (Figure 6B). 328 

The H99α x KN99a cross served as a wild-type control. Initial crosses involving pph22Δ and 329 

far8Δ strains did not show any signs of mating, even after 8 weeks. This issue could be due to 330 

the growth defects of these strains on MS media, leading to them being outcompeted by the 331 

wild-type partner. Additional crosses were conducted utilizing two strategies to promote mating: 332 

(1) mixing mutant and wild-type cells in a 10:1 ratio, and (2) growing mutant cells alone for two 333 

to three days on MS media before plating wild-type cells on top. These strategies enabled 334 

mating in pph22Δ x WT and far8Δ x WT crosses. pph22Δ, pph22Δ suppressor, and far8Δ 335 

crosses with WT could form large branches of hyphae extending from the mating patch, similar 336 
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to the wild-type control. The pph22Δ x WT cross could produce hyphae, but mostly bald basidia 337 

heads with almost no spore formation. This phenotype was partially rescued in the pph22Δ 338 

suppressor mutants, which produced basidia with basidiospores after mating, albeit to a lesser 339 

extent than the wild-type control.  340 

Mating of far8Δ x WT strains is an unusual case, as the far8Δ mutant contains a largely 341 

diploid genome. This results in a diploid-by-haploid cross followed by triploid meiosis. Similar to 342 

pph22Δ x WT crosses, we observed mostly bald basidia heads with no spores in far8Δ x WT 343 

crosses, though some basidia with spore chains were found at low frequency. Crossing WT with 344 

the far8Δ::FAR8 complemented strain successfully restored mating and sporulation efficiency to 345 

the wild-type level. The mob3Δ and wild-type cells formed stunted hyphae and a smaller area of 346 

hyphal growth, resembling the self-filamentation of the MOB3/mob3Δ heterozygous diploid 347 

strain, but produced abundant basidia and basidiospore chains. We did not observe mating 348 

during bilateral crosses between STRIPAK component deletion mutants (Figure S6). This 349 

suggests that there are additive interactions between the defects caused by each individual 350 

deletion of either PPH22, FAR8, or MOB3. In summary, the STRIPAK complex plays a critical 351 

role in various aspects of sexual development in C. neoformans.  352 

 353 

Phenotypes of pph22Δ and far8Δ mutants in response to nutrients, temperature, and 354 

stress 355 

 Next, the role of STRIPAK in vegetative growth and stress response was analyzed. 356 

pph22Δ and far8Δ mutant strains, along with pph22Δ suppressors, far8Δ::FAR8, and isogenic 357 

wild-type control strains were serially diluted and spotted onto media under different nutrient, 358 

temperature, and stress conditions (Figures 7A and 7B). pph22Δ mutants exhibited severe 359 

growth defects on YPD, which was exacerbated by supplementation with 1 M sorbitol (Figure 360 
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7A). This finding could explain why we were unable to generate a haploid pph22Δ deletion 361 

mutant via biolistic transformation, during which sorbitol medium was used to provide osmotic 362 

support for cells to recover from puncture by DNA-coated gold particles [51]. 363 

 The pph22Δ mutants were then tested on YPD with rapamycin, which inhibits TORC1 364 

and mimics nutrient starvation (Figure 7A). Interestingly, pph22Δ grew slightly better than the 365 

wild type, while the pph22Δ #1 sup1 and pph22Δ #2 sup2 strains exhibited robust growth on this 366 

medium. This suggests that pph22Δ leads to rapamycin tolerance, and that the suppressor 367 

mutations of pph22Δ, potentially via overexpression of the phosphatase PPG1, can confer 368 

further resistance to rapamycin. On YPD medium at 37°C, neither pph22Δ nor pph22Δ sup 369 

strains grew, indicating PPH22 is required for high-temperature growth, and the suppressor 370 

mutation does not rescue the defect. The pph22Δ and pph22Δ sup cells also failed to grow in 371 

the presence of the immunosuppressive drugs FK506 or cyclosporine A at 30°C, both of which 372 

inhibit the activity of the PP2B phosphatase, calcineurin, illustrating synthetic lethality due to the 373 

loss of two phosphatases.  374 

 A similar role in nutrient and stress response was investigated for FAR8. In serial dilution 375 

assays, far8Δ cells grew more slowly on YPD at 30°C and formed smaller colonies compared to 376 

the wild type (Figure 7B). This growth defect was partially rescued by the supplementation of 377 

sorbitol. Contrary to our observations of pph22Δ cells grown in the presence of rapamycin, far8Δ 378 

strains were severely growth impaired on this medium compared to wild type, suggesting that 379 

these strains have different responses to TORC1 inhibition. far8Δ-1 and -2 strains exhibited 380 

severe growth defects on YPD at 37°C, while far8Δ-3 and -4 strains (constructed in the YL99a 381 

background) exhibited almost no growth. Similar to pph22Δ mutants, far8Δ strains did not grow 382 

in the presence of FK506 or cyclosporine A at 30°C, suggesting a synthetic lethal interaction 383 

between the deletion of FAR8 and the inhibition of calcineurin by FK506 or cyclosporine A.  384 
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 These findings suggest that PP2A is important for cell growth under various stress 385 

conditions and that PPH22 in particular may have a role in response to osmotic stress or in 386 

maintaining cell wall integrity. The mutants were tested for sensitivity to cell wall-disrupting 387 

agents (calcofluor white and caffeine) (Figure 7C). pph22Δ mutants were unable to grow in the 388 

presence of calcofluor white, which was partially rescued in the pph22Δ #1 sup1 and pph22Δ #2 389 

sup2 strains. In the presence of calcofluor white, far8Δ mutants exhibited a subtle growth defect 390 

compared to WT, similar to YPD alone. On media supplemented with caffeine, both wild-type 391 

and pph22Δ cells grew slightly poorer and formed smaller colonies than on YPD, while the 392 

pph22Δ sup strains exhibited strong caffeine sensitivity. far8Δ cells showed even higher caffeine 393 

sensitivity and exhibited almost no growth. Therefore, pph22Δ and far8Δ mutants display 394 

opposite phenotypes in response to calcofluor white and caffeine. DIC microscopy images of 395 

pph22Δ and far8Δ cells grown in nutrient-limiting synthetic complete (SC) medium also revealed 396 

changes in cell morphology (Figure 7D). Specifically, while cells of the wild-type strain were 397 

homogenously round and typical in size, both pph22Δ and far8Δ mutants produced 398 

heterogenous cell populations, which were mixtures of normal-looking cells with elongated cells 399 

(pph22Δ) or considerably enlarged cells (far8Δ), suggesting both PPH22 and FAR8 are 400 

important for faithful mitotic cytokinesis.  401 

 The above growth analyses of the mutant strains indicated severe growth impairment 402 

when exposed to conditions affecting cell wall integrity. We hypothesized that pph22Δ and far8Δ 403 

mutants might exhibit hypersensitivity to the clinically relevant antifungal drug fluconazole, which 404 

targets the ergosterol biosynthesis pathway and weakens the fungal cell membrane. We 405 

investigated this with Etest strips (Figure 7E). As predicted, the far8Δ strain showed a larger 406 

zone of inhibition and increased susceptibility to fluconazole compared to the wild-type control. 407 

Surprisingly, pph22Δ mutants were completely resistant to fluconazole at the full range of 408 

concentrations on the Etest strip, suggesting an MIC (minimum inhibitory concentration) value 409 
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greater than 256 μg/mL. A pph22Δ sup mutant was also highly resistant to fluconazole. Similar 410 

results were obtained for independent pph22Δ, pph22Δ sup, and far8Δ mutant strains (Figure 411 

S7).  412 

 413 

PPH22 and FAR8 are crucial for melaninization, capsule production, and virulence in C. 414 

neoformans 415 

 The role of PP2A-STRIPAK components, PPH22 and FAR8, was next addressed in the 416 

production of two important virulence factors in C. neoformans: melanin and the polysaccharide 417 

capsule. On Niger seed agar, pph22Δ mutants showed severe growth impairment, complicating 418 

the assessment of melaninization (Figure 8A). The pph22Δ sup strains also exhibited growth 419 

defects but produced some melanin pigment. The far8Δ strains failed to produce melanin on this 420 

media and remained white, similar to the lac1Δ mutant control. Copper availability is known to 421 

regulate melaninization [52], prompting us to test whether the melanin defect in far8Δ strains is 422 

copper-dependent. Melanin production of the mutants was assessed on L-DOPA medium, 423 

supplemented with either copper sulfate or the copper chelator, bathocuproine disulfonate 424 

(BCS) (Figure 8B). For controls, we used strains H99α (produces melanin), H99α cbi1Δ ctr4Δ 425 

(produces melanin only when copper is present), and H99α lac1Δ (melanin production 426 

defective). Under the copper-deficient condition (BCS), pph22Δ produced minimal melanin, 427 

which was partially restored in the suppressor mutant, resembling observations on Niger seed 428 

medium. The far8Δ strains did not produce melanin in the presence of BCS. When copper 429 

sulfate was added, the pph22Δ strains did not show increased melaninization, but the pph22Δ 430 

#1 sup1 strain did show a copper-dependent increase in pigment. The far8Δ strains were only 431 

able to produce melanin when copper was added to the media, suggesting that their inability to 432 

make melanin is partially linked to defects in maintaining copper homeostasis. 433 
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 Capsule production was assessed in WT, pph22Δ, pph22Δ sup, far8Δ, and far8Δ::FAR8 434 

strains by growing cells in RPMI medium at 30°C, and then analyzing capsule size with India ink 435 

(Figure 8C). The pph22Δ mutants grew very slowly in this nutrient-poor medium, produced no 436 

visible capsule, and formed elongated cells. The pph22Δ sup strains produced small capsules 437 

with normal cell morphology (Figure 8C, top panel). The far8Δ strains produced capsules 438 

relatively similar in size to the wild type, but the cells were significantly larger, appearing as titan 439 

cells, which are enlarged cells greater than 15 μm in diameter [53, 54]. Cells larger than 10 μm 440 

accounted for ~30% of the total cell population. This experiment was repeated to include a 441 

WT/WT diploid control, ruling out the possibility that the large cell size was due to the diploid 442 

nature of the far8Δ strains. Cells were grown in RPMI media for two days and their cell 443 

diameters were quantified (Figure 8D). Both far8Δ-1 and far8Δ-2 strains produced significantly 444 

larger cells than the WT haploid and diploid control cells, with diameters ranging from around 5 445 

to 23 μm. Subsequent FACS analysis showed that far8Δ cells from RPMI were still primarily 446 

diploid (peaks at 2C and 4C) and did not become polyploid, which is typical of titan cells (Figure 447 

S8). Therefore, we can conclude that deletion of FAR8 leads to an abundant production of 448 

diploid titan cells in nutrient-limiting conditions.  449 

 The virulence of pph22Δ and far8Δ mutants was tested in a murine infection model. As 450 

expected, given their temperature-sensitive growth defects, pph22Δ, pph22Δ sup, and far8Δ 451 

mutants could not cause disease upon intranasal instillation in mice before the experiment was 452 

terminated after 45 days (Figure 8E). Four mice from each cohort were randomly selected and 453 

sacrificed on day 14 for fungal burden analysis in the brain and lungs (Figure 8F). The pph22Δ 454 

and far8Δ mutants could not persist in the lungs or disseminate to the central nervous system. 455 

However, cells from the pph22Δ #1 sup1 strain were able to persist in the lungs and 456 

disseminate to the brain in one out of four infected mice, although at a significantly reduced 457 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.06.606879doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606879
http://creativecommons.org/licenses/by-nd/4.0/


21 
 

level. These results indicate that PPH22 and FAR8 are required for the virulence of C. 458 

neoformans. 459 

 460 

Deletion of STRIPAK complex subunit MOB3 leads to hypervirulence 461 

 Phenotypic analyses demonstrated that the C. neoformans STRIPAK complex is crucial 462 

for sexual development and multiple aspects of vegetative growth. The pph22Δ and far8Δ 463 

mutants exhibited dramatic phenotypes under different stress conditions. It was hypothesized 464 

that mob3Δ mutant strains might present similar phenotypes. However, mob3Δ mutants did not 465 

exhibit any growth defects compared to the wild-type strain on YPD media at 30°C or 37°C, on 466 

YNB, or in the presence of rapamycin, CFW, caffeine, FK506, or CsA (Figures 9A and S9). At a 467 

higher temperature of 39°C, the mob3Δ mutants grew significantly better than the wild type. 468 

Additionally, mob3Δ mutant strains also grew slightly better than the wild type at 37°C in the 469 

presence of 5% CO2. 470 

 Next, we investigated virulence factor production in the mob3Δ mutants. When 471 

examining the capsule, we noted an increase in capsule size in mob3Δ compared to wild type 472 

(Figure 9B). Quantification of capsule thickness from wild-type and mob3Δ cells revealed that 473 

mob3Δ produced significantly larger capsules, with some cells having capsules reaching nearly 474 

4.5 μm (Figure 9C). For melanin production, mob3Δ strains produced significantly more melanin 475 

than the wild-type strain, which was visible after 24 and 48 hours of incubation on L-DOPA 476 

medium (Figure 9D). Collectively, these results indicate that the deletion of MOB3 leads to 477 

increased heat and CO2 tolerance, and enhanced production of capsule and melanin, 478 

suggesting possible alterations in virulence potential. 479 

 The virulence of mob3Δ mutants was tested in a murine inhalation model of C. 480 

neoformans infection. Four-week-old mice were infected intranasally with mob3Δ #16 strain or 481 
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an isogenic KN99α wild-type strain. Animals infected with the mob3Δ #16 strain exhibited 482 

significantly decreased survival, with several succumbing to death prior to 7 days post-infection 483 

(Figure 9E). The fungal burden of lung and brain tissues was assessed at 14 days post-infection 484 

and the mob3Δ mutation led to increased proliferation in the lungs and dissemination into the 485 

brain (Figure 9F).  486 

To confirm that the changes in virulence were indeed due to the mob3Δ mutation, the 487 

infection experiment was repeated with two other independent mutant strains, mob3Δ #1 and 488 

mob3Δ #8. For this experiment, five- to six-week-old mice were used to rule out any influence of 489 

smaller mouse size on disease progression. Fungal burden assays were performed at day 7 490 

post-infection instead of day 14 to better understand how rapidly mob3Δ cells disseminate from 491 

the lungs of infected animals to the brain. The survival curves indicated that animals infected 492 

with mob3Δ #1 and mob3Δ #8 succumbed to death significantly faster than those infected with 493 

the wild type (Figure 9G). Fungal burden was also measured at higher levels for mob3Δ mutants 494 

in the lungs and brain tissue than the control. Notably, CFUs were obtained from the brains of all 495 

four mice in both mob3Δ #1 and mob3Δ #8 groups, whereas no CFUs were found in the brains 496 

of animals infected with wild-type KN99α at 7 days post-infection. These findings demonstrate 497 

that the mob3Δ mutation significantly enhances the virulence of C. neoformans.  498 
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Discussion  499 

The STRIPAK signaling complex is highly conserved across eukaryotic species and 500 

regulates numerous developmental processes. In this study, we characterized the organization 501 

of the C. neoformans STRIPAK complex and determined its role in genome stability, 502 

development, and virulence. The C. neoformans STRIPAK complex is composed of the PP2A 503 

subunits Tpd3, Far8, and Pph22, along with associated proteins Far9, Far11, and Mob3. 504 

Sequence analysis, structural modeling, and protein interaction analysis revealed that C. 505 

neoformans STRIPAK closely resembles the human ortholog. AlphaFold multimer structure 506 

prediction showed an interaction between the coiled-coil domains of Far8 and Far9. In humans, 507 

SLMAP (Far9) and the SIKE protein are predicted to form a regulatory STRIPAK subcomplex, 508 

which was not detected in the cryo-EM structure of the STRIPAK core [42]. The variable 509 

localization of fungal Far9-STRIPAK to the ER, nuclear envelope, or mitochondria is associated 510 

with its role in connecting signal transduction pathways [55]. Similarly, the organization and 511 

localization of C. neoformans STRIPAK may depend on the membrane association of Far9.  512 

STRIPAK’s role in cell cycle control is conserved among eukaryotes, and in humans, 513 

STRIPAK dysfunction is correlated with genome instability and DNA damage [56]. Here, we 514 

demonstrate a specific role for STRIPAK complex subunits Pph22, Far8, and Mob3 in 515 

maintaining genome stability. In a diploid, deletion of one copy of the PPH22 or MOB3 genes 516 

leads to both segmental and whole chromosome aneuploidy. The aneuploid chromosomes vary 517 

between mutant strains, based upon differences in the read coverage maps of PPH22/pph22Δ, 518 

MOB3/mob3Δ, pph22Δ, and mob3Δ isolates, with chromosome 13 being most frequently 519 

duplicated. The far8Δ mutants were generated in haploid backgrounds but underwent near 520 

whole-genome endoreplication to become primarily diploid, as supported by FACS analysis. Our 521 

data reinforce the conserved role of C. neoformans STRIPAK in maintaining genome stability. 522 

The aneuploidy observed in pph22Δ, far8Δ, and mob3Δ mutants complicates phenotypic 523 
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analysis; however, analysis of multiple independent mutants with differing chromosomal 524 

aneuploidy strengthens the hypothesis that the phenotypes described may be attributable to 525 

direct effects of pph22Δ, far8Δ, and mob3Δ mutations, rather than indirect effects of aneuploidy.  526 

STRIPAK’s involvement in sexual development regulation is well-documented in fungi, 527 

and we uncovered a similar role in C. neoformans. Deletion mutations in PPH22, MOB3, and 528 

FAR8 led to defects in sexual development when mated with the wild type, affecting hyphal 529 

initiation and elongation, basidia formation, and sporulation. Deletion of PPH22 and FAR8 530 

orthologs in the filamentous fungi S. macrospora and N. crassa affects cell fusion, fruiting body 531 

formation, and septation, leading to obstruction of the sexual life cycle [9, 11, 57]. Filamentous 532 

ascomycetes also contain homologs of Mob3, which is absent in the ascomycetous yeasts like 533 

S. cerevisiae or S. pombe, suggesting a more specialized function in the sexual life cycle. In 534 

Cryptococcus, a basidiomycetous yeast, Mob3 appears to play a similar role in sexual 535 

development. Further study of the STRIPAK components in C. neoformans will address the 536 

mechanisms underlying STRIPAK regulation of sexual development. 537 

Mutations in the PP2A catalytic subunit lead to severe growth defects or lethality in other 538 

fungal species [25] and PPH22 has been assumed to be essential in C. neoformans [40]. We 539 

concluded that PPH22 is not essential but pph22Δ does lead to highly reduced fitness during 540 

vegetative growth and under various stress conditions, likely due to severely diminished PP2A 541 

activity. However, interestingly, the growth defects observed in pph22Δ mutants were not only 542 

abolished by the addition of rapamycin, both pph22Δ and pph22Δ sup strains exhibited greater 543 

rapamycin resistance than the wild type. These findings demonstrate that inhibition of TORC1 544 

effectively rescues growth defects due to pph22Δ, suggesting PP2A and TORC1 counteract 545 

each other’s activities. Another notable phenotype of pph22Δ mutants is their inability to grow 546 

on YPD with 1 M sorbitol. It is possible that the presence of sorbitol in YPD medium causes 547 

hyperosmotic stress, and pph22Δ cells are unable to activate an adequate stress response to 548 
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maintain osmotic homeostasis. The High-Osmolarity Glycerol (HOG) pathway, well-549 

characterized in S. cerevisiae and Cryptococcus, is essential for cells to adapt to fluctuating 550 

osmotic conditions [58, 59]. PPH22 may modulate the HOG pathway or coordinate a response 551 

with other stress signaling pathways to maintain cell growth during hyperosmotic stress. Our 552 

data highlight the importance of PP2A in regulating numerous growth processes in C. 553 

neoformans. 554 

Another critical protein phosphatase in C. neoformans is protein phosphatase 2B, 555 

calcineurin, which is required for growth at high temperatures and virulence [60], and is the 556 

target of the immunosuppressive drugs FK506 and cyclosporine A (CsA) [61]. We found that 557 

deletion of PP2A catalytic and regulatory subunits, PPH22 and FAR8, also led to an inability to 558 

grow at elevated temperatures or in the presence of FK506 or CsA at 30°C, suggesting a 559 

synthetic lethal relationship with calcineurin inhibition. In fungal pathogens, calcineurin also 560 

plays key roles in host temperature tolerance, sexual development, morphological transitions, 561 

cell wall integrity, drug tolerance, and ER stress response [62]. It is possible that PP2A and 562 

calcineurin share some overlapping functions by dephosphorylating common targets, with one 563 

phosphatase partially compensating for the other’s loss. However, the fact that calcineurin is 564 

required for growth at high temperatures and that FK506 or CsA only inhibit cell growth at 37°C 565 

suggests that PP2A has distinct functions that are independent of calcineurin.  566 

For mob3Δ mutants, apart from their mating defects, we did not observe any other 567 

significant fitness costs due to the deletion mutation, as seen in pph22Δ and far8Δ strains. 568 

Strikingly, both our in vitro and in vivo analyses demonstrate that mob3Δ mutants are 569 

hypervirulent. Deletion of MOB3 leads to increased thermotolerance, CO2
 tolerance, melanin 570 

production, and capsule production, all of which are important for survival in the host 571 

environment. These combined effects likely caused decreased survival of mice, elevated 572 

proliferation in the lungs, and increased brain dissemination in murine infection models. A role 573 
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for MOB3 in virulence or pathogenicity has not been described in studies on the STRIPAK 574 

complex in pathogenic ascomycetes, suggesting it may uniquely negatively regulate virulence in 575 

Cryptococcus. Despite increased virulence and pathogenicity due to mob3Δ deletion, there are 576 

likely other fitness trade-offs beyond the host environment in nature that could have limited the 577 

occurrence or persistence of mutations in this key gene during Cryptococcus evolution. Further 578 

study is needed to explore host-pathogen interactions involving mob3Δ mutants. 579 

While C. neoformans is primarily a haploid yeast species, relatively stable diploid 580 

isolates have been described and used in genetic studies to elucidate gene functions [63-66]. 581 

One limitation of previous studies analyzing heterozygous diploid gene deletion mutants by 582 

sporulation and dissection is the nature of the parental diploid isolates. In most cases, these 583 

diploids have been selected by fusing complementary auxotrophic parental isolates, resulting in 584 

a prototrophic diploid, but with auxotrophic mutations (such as ade2 and ura5) segregating in 585 

the haploid F1 progeny. Additionally, in some cases, such as the C. neoformans diploid strain 586 

AI187, one of the parental isolates resulted from UV irradiation of strain H99α and contains 587 

numerous nucleotide variants throughout the genome, attributable to UV mutagenesis [67, 68]. 588 

Thus, analyzing gene function based on the segregation of F1 haploid progeny from a 589 

heterozygous deletion mutant in the AI187 background has limitations due to the segregation 590 

of ade2, ura5, and additional heterozygous genetic factors. In this study, we capitalized on the 591 

generation of a new diploid strain (CnLC6683), resulting from a spontaneous fusion of two 592 

congenic strains, KN99α and KN99a, which has no auxotrophic mutations or mutations 593 

introduced by mutagenesis. This approach provides a robust platform for analyzing essential 594 

genes, as well as genes that are critical for cell growth and challenging to delete in haploid 595 

genetic backgrounds.  596 

The data in this study demonstrate that C. neoformans STRIPAK is vital for genome 597 

stability, sexual development, and virulence. Functional characterizations also reveal both 598 
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shared and unique roles for STRIPAK components Pph22, Far8, and Mob3 in regulating cell 599 

growth, stress responses, and virulence processes. These results are consistent with its 600 

established function as a signaling hub in other organisms. However, the regulators and 601 

downstream effectors of the STRIPAK complex remain unclear. Investigations into the 602 

mechanisms through which STRIPAK can modulate various cellular processes may broaden our 603 

understanding of its comprehensive functions across diverse eukaryotes. Further studies of C. 604 

neoformans STRIPAK, including transcriptional and phosphoproteomic analyses, as well as 605 

analyses of the subcellular localization of its components, will provide insights into how 606 

STRIPAK regulates key signaling pathways in this important human fungal pathogen, as well as 607 

in other fungal species and beyond.  608 
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Materials and methods 609 

Ethics statement 610 

All animal experiments in this manuscript were approved by the Duke University 611 

Institutional Animal Care and Use Committee (IACUC) (protocol #A098-22-05). Animal care and 612 

experiments were conducted according to IACUC ethical guidelines.  613 

Strains, media, and growth conditions 614 

 C. neoformans strains used in this study are listed in Table S1. Strains were stored as 615 

20% glycerol stocks at -80°C. Fresh cultures were revived and maintained on YPD (1% yeast 616 

extract, 2% Bacto Peptone, 2% dextrose) agar medium at 30°C. Cryptococcus transformants 617 

were selected on YPD medium supplemented with 100 μg/mL nourseothricin (NAT) or 200 618 

μg/mL neomycin (G418). Strains were grown in YPD, synthetic complete (SC) (0.67% yeast 619 

nitrogen base with ammonium sulfate and without amino acids, 0.2% amino acid drop-out mix, 620 

2% dextrose), or RPMI 1640 (Sigma-Aldrich R1383, 2% dextrose) liquid medium at either 30°C 621 

or 37°C, as indicated. For plate growth assays, strains were cultivated on YPD, Murashige and 622 

Skoog (MS) (Sigma-Aldrich M5519), YNB (0.67% yeast nitrogen base with ammonium sulfate 623 

and without amino acids, 2% dextrose), Niger seed (7% Niger seed, 0.1% dextrose), or L-3,4-624 

dihydroxyphenylalanine (L-DOPA) (7.6 mM L-asparagine monohydrate, 5.6 mM glucose, 22 mM 625 

KH2PO4, 1 mM MgSO4.7H2O, 0.5 mM L-DOPA, 0.3 μM thiamine-HCl, 20 nM biotin, pH 5.6). All 626 

plate media were prepared with 2% Bacto agar. To induce copper sufficiency or deficiency, L-627 

DOPA plates were supplemented with 10 μM CuSO4 or 10 μM of the copper chelator 628 

bathocuproine disulfonate (BCS). To analyze cell wall-associated phenotypes, sorbitol (1 M), 629 

caffeine (0.5 mg/mL), and calcofluor white (3 mg/mL) were added to YPD medium. To analyze 630 

cell growth in response to immunosuppressive agents, rapamycin (100 ng/mL), FK506 (1 631 

μg/mL), and cyclosporine A (100 μg/mL) were added to YPD medium. Fluconazole Etest was 632 
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performed using 0.016-256 μg/mL MIC test strips (Liofilchem 921470). For capsule analysis, 633 

strains were incubated for 2 days in RPMI media at 30°C or 37°C, followed by negative staining 634 

with India ink. For serial dilution assays, fresh cells were diluted to a starting OD600 of 0.1, 635 

serially diluted 20-fold, and spotted onto plates for the indicated media and temperature 636 

conditions. Plates were incubated for 2 to 7 days and photographed daily. 637 

Generation of marker-free Cryptococcus neoformans diploid strain CnLC6683 638 

 Wild-type KN99α and KN99a cells were mixed in equal numbers and incubated on V8 639 

medium for 24 hours at room temperature in the dark to allow cells to fuse. The cells were then 640 

harvested and plated on YPD to isolate single colonies, with 100-300 colonies per plate. 641 

Colonies from YPD were replica-plated onto filament agar medium (1X YNB without amino acids 642 

or ammonium sulfate, 0.5% glucose, 4% agar) and incubated at room temperature in the dark. 643 

Self-filamentous colonies were isolated, and single colonies were purified on filament agar. 644 

Clones with a stable self-filamentation phenotype on filament agar were recovered on YPD and 645 

maintained as yeast colonies. Colony PCR was performed to confirm the presence of both a 646 

and α mating types, and flow cytometry and whole genome sequencing were used to confirm 647 

the ploidy of the resulting diploid, marker-free strain CnLC6683 (Figures 3A and 3D). 648 

Construction of mutant strains 649 

Deletion mutant strains were generated in the C. neoformans H99α, YL99a, or 650 

KN99a/KN99α backgrounds. To generate the deletion alleles, the nourseothricin 651 

acetyltransferase gene expression cassette (NAT) or the neomycin resistance gene expression 652 

cassette (NEO) were amplified from plasmids pAI3 and pJAF12, respectively. Approximately 1 653 

kbp homologous 5 and 3 regions of the targeted genes were amplified from H99 genomic 654 

DNA. These homologous arms were assembled with the drug resistance marker with overlap 655 

PCR, as previously described [69, 70]. The PPH22/pph22Δ and MOB3/mob3Δ heterozygous 656 
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mutant diploid strains were generated via CRISPR-Cas9-directed mutagenesis. A codon-657 

optimized version of CAS9 for C. neoformans was PCR-amplified from plasmid pBHM2403 with 658 

universal primers M13F and M13R [71]. The desired target sequences for the sgRNA constructs 659 

were designed using the Eukaryotic Pathogen CRISPR guide RNA/DNA Design Tool 660 

(EuPaGDT) with default parameters [72]. The selected 20-nt guide sequence was added to the 661 

primers. The Cryptococcus U6 promoter, 20-nt guide sequence, scaffold, and 6T terminator 662 

were assembled using single-joint PCR with plasmid pBHM2329 as a template [71]. Gene 663 

deletion, sgRNA, and Cas9 expression constructs were introduced into Cryptococcus cells via 664 

electroporation, as previously described [73]. To generate far8Δ mutants, we employed 665 

homologous recombination in the C. neoformans H99α and YL99a backgrounds, using gene 666 

disruption cassettes containing NAT or NEO markers. Mutants were constructed according to 667 

previously described methods [51, 74]. For the far8Δ::FAR8-NEO complemented strain, full-668 

length FAR8 was amplified from H99α genomic DNA and cloned into a pNEO plasmid via the 669 

Gibson assembly method. After confirming integration of the FAR8 gene into the plasmid 670 

through sequencing analysis, the plasmid was linearized with enzymatic digestion (BglII) and 671 

targeted reintegration of FAR8-NEO at the native locus was performed via biolistic 672 

transformation. Stable transformants from the YPD+NAT or YPD+NEO selection plates were 673 

screened by diagnostic PCR to confirm cassette integration at the endogenous locus. Positive 674 

transformants from diagnostic PCR were further confirmed via Illumina whole genome 675 

sequencing, which demonstrated the absence of reads mapping to the open reading frame in 676 

the deletion mutants, reads mapping to both the open reading frame and the deletion allele in 677 

the heterozygous diploid mutants, and integration of the FAR8-NEO construct at the 678 

endogenous locus in the far8Δ::FAR8-NEO complemented strain. Primers used in this study are 679 

shown in Table S2. 680 

 681 
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Yeast two-hybrid assay 682 

 DNA segments encoding Pph22, Tpd3, Far8, Far9, Far11, and Mob3 were amplified by 683 

PCR from C. neoformans H99 cDNA and cloned into the BamHI and EcoRI restriction sites of 684 

pGADT7, a Gal4 transcriptional activation domain vector, and pGBKT7, a Gal4 DNA-binding 685 

domain vector (Takara Bio). Yeast two-hybrid strains Y187 (Clontech Laboratories) and 686 

Y2HGold (Takara Bio) were transformed with plasmids expressing GAD and GBD constructs, 687 

respectively, via the high-efficiency method [75]. The transformed strains were crossed to 688 

generate diploid cells co-expressing GAD and GBD fusion constructs. For the analysis of ADE2 689 

and HIS3 reporter gene expression under the control of the Gal4-dependent promoter, 690 

transformants were grown on synthetic dextrose (SD) dropout medium (0.67% yeast nitrogen 691 

base, 2% dextrose) minus leucine, tryptophan, or histidine. On media with histidine (to select for 692 

Gal4-dependent expression of reporter gene ADE2) Ade+ strains were scored as white and 693 

Ade- strains as red or pink. Amino acids and uracil were added at standard concentrations to 694 

support auxotrophic growth requirements.  695 

Flow cytometry analysis 696 

 Fluorescence-activated cell sorting (FACS) analysis to determine Cryptococcus ploidy 697 

was performed as previously described [76], with some modifications. Wild-type and mutant 698 

strains were grown on YPD medium at 30°C overnight, harvested, and washed with PBS. The 699 

cells were then fixed in 70% ethanol for 16 hours at 4°C. Fixed cells were pelleted and washed 700 

with 1 mL NS buffer (10 mM Tris-HCl, 0.25 M sucrose, 1 mM EDTA, 1 mM MgCl2, 0.1 mM ZnCl2, 701 

0.4 mM phenylmethylsulfonyl fluoride, and 7 mM β-mercaptoethanol). After centrifugation, the 702 

cells were treated with RNase (0.5 mg/mL) and stained with propidium iodide (10 μg/mL) in a 703 

200 μL suspension of NS buffer for 2 hours in the dark. Then, 50 μL of the stained cells were 704 

diluted into 2 mL of 50 mM Tris-HCl, pH=8.0, and submitted to the Duke Cancer Institute Flow 705 

Cytometry Shared Resource for analysis. Fluorescence was measured using a BD FACSCanto 706 
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flow cytometer and analyzed with BD FACSDiva software. Approximately 15,000 events were 707 

analyzed for each sample.  708 

Scanning electron microscopy (SEM) and microscopic quantification 709 

 For sample preparation for SEM from self-filamenting diploid strains, an agar slice of the 710 

plated cells was fixed in a solution of 4% formaldehyde and 4% glutaraldehyde for 16 hours at 711 

4°C. The fixed cells were then gradually dehydrated in a graded ethanol series (30%, 50%, 712 

70%, and 95%), with a one-hour incubation at 4°C for each concentration. This was followed by 713 

three washes with 100% ethanol, each for 1 hour at room temperature. The samples were 714 

further dehydrated using a Ladd CPD3 Critical Point Dryer and coated with a layer of gold using 715 

a Denton Desk V Sputter Coater (Denton Vacuum, USA). Hyphae, basidia, and basidiospores 716 

were observed with a scanning electron microscope with an EDS detector (Apreo S, 717 

ThermoFisher, USA).  718 

 Brightfield and differential interference contrast (DIC) microscopy images were 719 

visualized with an AxioScop 2 fluorescence microscope and captured with an AxioCam MRm 720 

digital camera (Zeiss, Germany). Consistent exposure times were used for all images analyzed. 721 

Cell body sizes were measured using the measurement tool in ImageJ/Fiji. The thickness of 722 

polysaccharide capsules were calculated using the Quantitative Capture Analysis program, 723 

which uses the exclusion zone generated by India ink to differentiate the capsule from the cell 724 

body of individual cells [77]. Statistical differences in cell body diameter between groups were 725 

determined by one-way ANOVA with Dunnett’s multiple comparisons test, and the statistical 726 

difference in capsule thickness was determined using an unpaired t-test.  727 

Self-filamentation and mating analysis 728 

To monitor self-filamentation efficiency, the wild-type diploid strain CnLC6683 729 

(KN99a/KN99α) and the indicated heterozygous mutant diploid strains were grown overnight in 730 
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YPD liquid media. The cultures were diluted to an OD600 of 1.0, and 4 μL was spotted onto MS 731 

plates. The plates were incubated at room temperature in the dark and monitored for signs of 732 

filamentation and sporulation for at least 4 weeks. For mating analyses, strains were grown 733 

overnight in YPD liquid media. MATa cells were mixed with MATα cells in equal amounts and 734 

spotted onto MS plates. For crosses involving pph22Δ and far8Δ strains, mutant and wild-type 735 

cells were spotted in a 10:1 ratio to compensate for the growth defects of pph22Δ and far8Δ on 736 

MS media. First, pph22Δ and far8Δ mutant cells grown overnight in YPD liquid media were 737 

spotted onto MS plates and allowed to pre-grow for two days without the presence of the wild-738 

type partner. After this pre-incubation, wild-type cells of the opposite mating type were spotted 739 

on top of the mutant cells. A H99α x KN99a cross served as a wild-type control on each mating 740 

plate. Mating efficiencies between groups were compared based on data obtained from at least 741 

4 biological replicates.  742 

Whole-genome sequencing, ploidy, and SNP analysis 743 

Genomic DNA for whole-genome sequencing was extracted from saturated 4 mL YPD 744 

cultures with the MasterPure Yeast DNA Purification Kit (LGC Biosearch Technologies, 745 

MPY80200). The precipitated DNA was dissolved in 35 μL of 1x TE buffer (100 mM Tris-HCl, 10 746 

mM EDTA, pH 8.0), and the concentration was estimated using Qubit. Illumina sequencing was 747 

performed at the Duke Sequencing and Genomic Technologies core facility 748 

(https://genome.duke.edu) with Novaseq 6000, providing 250 bp paired-end reads. The Illumina 749 

sequences were mapped to the H99α genome assembly using Geneious software. The 750 

resulting BAM files were converted to TDF format, and read coverage was visualized in IGV to 751 

estimate ploidy for each chromosome. To assess significant changes in read coverage for each 752 

chromosome within a sample, regions of the genome were colored based upon a Z-score >1.96 753 

or <-1.96 and a P-value <0.05. Z-scores between -1.96 and 1.96 with a P-value >0.05 were 754 

considered statistically insignificant. For SNP calling, the Illumina sequences were mapped to 755 
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the H99α genome assembly using the Geneious default mapper in five iterations. Variant calling 756 

was performed using mapped read files, with parameters set to a 0.9 variant frequency and a 757 

minimum of 100x coverage per variant. Illumina sequences from H99α and KN99a/KN99α 758 

(CnLC6683) served as controls for SNP calling analysis.  759 

Competition assay 760 

KN99a/KN99α and PPH22/pph22Δ diploid strains were cultured overnight at 30°C in 761 

liquid YPD or YPD+NAT, respectively. Cells were adjusted to equal densities using OD600 762 

measurements and mixed in equal numbers in a 4 mL YPD co-culture. The cell density at the 763 

onset of competition was confirmed by plating the mixed cell dilution on YPD+NAT to select for 764 

PPH22/pph22Δ mutants and on YPD to determine the total cell count. This plating process was 765 

repeated at 24 and 48 hours to calculate the cell density of each strain in the co-culture. The 766 

data presented are based on four biological replicates, each with three technical replicates.  767 

Murine infection model 768 

C. neoformans inoculum was prepared by culturing cells in 5 mL YPD on a tissue culture 769 

roller drum at 30°C for approximately 16 hours. Cells were collected by centrifugation, washed 770 

twice with sterile phosphate-buffered saline (PBS), and the cell density was determined with a 771 

hemocytometer. The final cell concentration was adjusted to 4 x 106 /mL in PBS. Four- to five-772 

week-old A/J mice (Jackson Laboratory, USA) were utilized for the murine intranasal infection 773 

model (n=14 for each group, 7 male and 7 female). Mice were anesthetized with isoflurane and 774 

infected by intranasal instillation of 25 μL inoculum (105 cells). Mice survival was monitored daily, 775 

and euthanasia was performed via CO2 exposure upon reaching humane endpoints, including 776 

greater than 20% weight loss, reduced grooming and mobility, or a hunched appearance. For 777 

fungal burden analysis, four mice (2 male, 2 female) from each group were randomly selected 778 

and euthanized via CO2 exposure at 7 or 14 days post-infection. The brain and lungs were 779 
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dissected and homogenized in 1 mL sterile PBS using bead-beating. Organ homogenates were 780 

plated onto YPD agar containing antibiotics (100 μg/mL ampicillin, 30 μg/mL chloramphenicol) to 781 

isolate fungal colonies. Survival data were plotted using Kaplan-Meier curves and statistically 782 

analyzed through log-rank (Mantel-Cox) test. Statistical analyses of fungal burdens were 783 

performed using either Mann-Whitney U test or one-way ANOVA with Dunnett’s multiple 784 

comparisons test. Data plotting and analysis of mouse survival and fungal burden was 785 

performed with GraphPad Prism v 10.2.3.  786 
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Figure legends 1040 

Figure 1. Conservation analysis of the C. neoformans STRIPAK complex. (A) Table listing 1041 

STRIPAK complex subunits used in BLAST analysis to identify protein orthologs in C. 1042 

neoformans. (B) Sequence alignment of STRIPAK protein orthologs in C. neoformans, S. 1043 

cerevisiae, and H. sapiens. Conserved protein domains are labeled in the schematic diagram: 1044 

HEAT (Huntingtin, elongation factor 3, protein phosphatase 2A, TOR1), FHA (forkhead-1045 

associated domain), TM (transmembrane domain), and Mob1 (monopolar spindle-one-binder 1046 

protein). (C) The Cryptococcus STRIPAK complex superimposed on the electron density map 1047 

and ribbon model of the human STRIPAK complex using the program ChimeraX. The human 1048 

complex is shown in grey, and the corresponding C. neoformans proteins are labeled in color. 1049 

(D) ColabFold structure prediction of CnSTRIPAK, with dotted lines representing pseudobonds.  1050 

 1051 

Figure 2. Yeast two-hybrid analysis of STRIPAK complex subunit interactions. (A) S. cerevisiae 1052 

cells carrying plasmids encoding the Gal4 DNA-binding domain (GBD) or the Gal4 1053 

transcriptional activation domain (GAD), fused to individual STRIPAK subunits, were crossed. 1054 

The resulting diploid cells were grown on synthetic dextrose medium with or without histidine. 1055 

Interaction between bait and prey proteins activates Gal4, driving the expression of ADE2 and 1056 

HIS3, making cells less red (+histidine plates) and allowing growth on medium lacking histidine 1057 

(-histidine plates). Results are representative of two independent experiments. (B) Illustration of 1058 

positive protein-protein interactions detected in the yeast two-hybrid assay.  1059 

 1060 

Figure 3. Genome instability in STRIPAK complex mutants. (A) Read depth analyses from 1061 

whole-genome sequencing of the WT/WT (CnLC6683) parental diploid strain and heterozygous 1062 

mutant diploid strains. The WT/WT genome is euploid, while PPH22/pph22Δ and MOB3/mob3Δ 1063 
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strains exhibit multiple instances of segmental and whole chromosome aneuploidy, with dark 1064 

blue and orange highlighting regions/chromosomes with increased and decreased read depth, 1065 

respectively. (B) Chromosome maps of pph22Δ and mob3Δ strains show aneuploidy in some, 1066 

but not all, haploid progeny. Progeny can also acquire segmental or chromosomal aneuploidies 1067 

absent in the parental strain. “P” stands for meiotic progeny from the indicated parent. (C) 1068 

Coverage of far8Δ mutants generated in the H99 background reveals duplication of most 1069 

chromosomes, suggesting a diploid state. Complementation of the deletion allele in the 1070 

far8Δ::FAR8 strain restores euploidy or results in haploidy. Regions of read coverage in the 1071 

genome maps in (A-C) are shaded based on Z >1.96, P <0.05 (dark blue); or Z < -1.96, P <0.05 1072 

(orange). (D) FACS analysis of pph22Δ and far8Δ strains. Cells were stained with propidium 1073 

iodide to measure DNA content via flow cytometry. Peaks represent relative DNA content during 1074 

G1/S and G2/mitotic phases. H99 and WT/WT (CnLC6683) (KN99a/KN99α) served as 1N and 1075 

2N controls, respectively. The number sign (#) after a strain name indicates F1 meiotic progeny 1076 

dissected from a heterozygous mutant diploid parental strain. Graphs are representative of two 1077 

biological replicates.  1078 

 1079 

Figure 4. Deletion of PPH22 in a diploid background leads to haploinsufficiency. (A) Self-1080 

filamentation of WT/WT (CnLC6683) and PPH22/pph22Δ diploid strains on MS medium. Strains 1081 

were grown on MS and incubated at room temperature (24°C) in the dark for 3 to 4 weeks 1082 

before images were taken. Each spot represents an independent experiment. A representative 1083 

image from one out of four independent experiments for each strain is shown. (B) Scanning 1084 

electron microscopy (SEM) analysis of basidia and basidiospores from WT/WT and 1085 

PPH22/pph22Δ strains. Samples were prepared following incubation on MS media for four 1086 

weeks [shown in (A)]. The black arrowhead in image PPH22/pph22Δ-4 shows a hyphal filament 1087 

being produced from a basidia head. Scale bars represent 5 μm. (C) Differential interference 1088 
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contrast (DIC) microscopy images of WT/WT and PPH22/pph22Δ cells grown to mid-logarithmic 1089 

phase in YPD liquid media at 30°C. PPH22/pph22Δ cells showed elongated cells, increased cell 1090 

size, incomplete budding, and abnormal cell clusters. Cultures were grown in biological 1091 

replicates for analysis. Scale bars represent 10 μm. (D) Growth rates of WT/WT and 1092 

PPH22/pph22Δ strains grown in YPD liquid culture at 30°C. Cell density was quantified as 1093 

cells/mL, and logarithmic growth was modeled using nonlinear regression. (E) Competition 1094 

assay of WT/WT versus PPH22/pph22Δ. The growth of strains in the coculture is expressed as 1095 

a percentage of the total number of cells at the indicated time point. The data correspond to the 1096 

mean of four biological replicates ± standard deviation.  1097 

 1098 

Figure 5. pph22Δ mutants frequently accumulate suppressor mutations. (A) Representative 1099 

image showing the growth of spores dissected from the PPH22/pph22Δ-4 strain on YPD 1100 

medium. Wild-type spores are marked with a square, and pph22Δ deletion mutant spores with a 1101 

triangle. The image was taken after five days of incubation at 30°C. (B) pph22Δ strains exhibit 1102 

very slow growth and form tan-colored colonies. After prolonged incubation, large white colonies 1103 

appear (indicated by black arrowheads), resulting from suppressor mutations. The image shows 1104 

a YPD plate incubated at 30°C for one week. (C) Wild-type (KN99), isogenic pph22Δ, and 1105 

pph22Δ suppressor (pph22Δ sup) strains were serially diluted and spotted onto YPD medium at 1106 

24°C, 30°C, and 33°C. Images were taken after 5 days of incubation. (D) pph22Δ sup strains 1107 

show shared aneuploidy on chromosome 6. The diagram displays read coverage from whole-1108 

genome sequencing, with chromosomal coordinates at the bottom. The region of increased 1109 

coverage shared by all 10 pph22Δ sup strains is indicated by a red box, which spans 7 genes. 1110 

(E) Table listing the 7 genes with a complete ORF included in the ~15 kb boxed region from (D). 1111 

The read depth in this region is at least 3 times higher than the average depth of the rest of 1112 
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chromosome 6. The gene ID numbers, from top to bottom in the table, are CNAG_02240, 1113 

CNAG_02239, CNAG_02238, CNAG_02237, CNAG_02236. CNAG_02235, and CNAG_02234. 1114 

 1115 

Figure 6. Deletion mutations in PPH22, FAR8, and MOB3 lead to defects in sexual 1116 

differentiation. (A) PPH22/pph22Δ and MOB3/mob3Δ strains exhibit defects in self-filamentation 1117 

compared to WT/WT (CnLC6683). Images were taken after four weeks of incubation on MS 1118 

plates at room temperature. Scale bars represent 200 μm. (B) Mating efficiency of STRIPAK 1119 

complex mutants. pph22Δ, pph22Δ sup, far8Δ, mob3Δ, and far8Δ::FAR8 cells were co-cultured 1120 

with isogenic wild-type cells of the opposite mating type (H99α or KN99a) on MS plates. An 1121 

H99α x KN99a cross served as a control. Black arrows indicate basidia that did not produce 1122 

spores in KN99a x α pph22Δ and KN99a x α far8Δ crosses. Scale bars represent 100 μm and 1123 

50 μm in the middle and bottom panels, respectively. 1124 

 1125 

Figure 7. Phenotypic analyses of pph22Δ and far8Δ mutants. (A) WT (KN99a) and isogenic 1126 

pph22Δ and pph22Δ sup strains were serially diluted and plated on YPD, YPD+1 M sorbitol, 1127 

YPD+100 ng/mL rapamycin, YPD+1 μg/mL FK506, and YPD+100 μg/mL cyclosporine A (CsA) 1128 

at 30°C, as well as YPD at 37°C. Images were taken between 2 and 5 days of incubation. This 1129 

set is from the same experiment as Figure 5C. (B) WT (H99α) and isogenic far8Δ-1, far8Δ-2, 1130 

and far8Δ::FAR8, along with WT (YL99a) and isogenic far8Δ-3 and far8Δ-4 strains, were serially 1131 

diluted and plated on the indicated media and temperature conditions. (C) WT, pph22Δ, pph22Δ 1132 

sup, far8Δ, and far8Δ::FAR8 cells were serially diluted and spotted onto YPD supplemented with 1133 

3 mg/mL calcofluor white (CFW) or 0.5 mg/mL caffeine. Plates were incubated at 30°C and 1134 

images were taken after 3 days. (D) DIC microscopy images depicting cell morphology of WT 1135 

(H99), pph22Δ, and far8Δ strains grown to mid-logarithmic phase in synthetic complete (SC) 1136 
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media at 30°C. Scale bars represent 10 μm. (E) Fluconazole Etest to analyze drug susceptibility 1137 

in WT (H99), far8Δ, pph22Δ, and pph22Δ sup strains. Cells were grown in an overnight culture 1138 

in YPD to saturation, and then spread onto YPD plates before adding FLC Etest strips. Plates 1139 

were incubated at 30°C and images were taken after 48 hours. MIC values are shown below the 1140 

plate images. Drug sensitivities are representative of two biological replicates.  1141 

 1142 

Figure 8. Role of PPH22 and FAR8 in production of virulence factors and pathogenicity. (A) WT 1143 

(KN99a, H99α, or YL99a) and isogenic pph22Δ, pph22Δ sup, far8Δ, and far8Δ::FAR8 strains 1144 

were serially diluted and plated onto Niger seed agar medium to induce melanin production. The 1145 

lac1Δ mutant was included as a negative control. Plates were incubated at 30°C for 7 days in 1146 

the top panel and 4 days in the bottom panel. (B) Analysis of copper-dependent melanin 1147 

production in pph22Δ and far8Δ mutants. The indicated strains were grown in a YPD overnight 1148 

culture to saturation and spotted onto L-DOPA plates supplemented with either 10 μM of a 1149 

copper chelator, bathocuproine disulfonate (BCS), or 10 μM copper(II) sulfate (Cu2SO4). The 1150 

cbi1Δ ctr4Δ double mutant, which can only produce melanin in the copper-supplemented 1151 

condition, served as a positive control. Plates were incubated at 30°C for 2 days. (C) Analysis of 1152 

capsule formation by India ink staining of WT (KN99a or H99α), pph22Δ, pph22Δ sup, far8Δ, 1153 

and far8Δ::FAR8 cells. Strains were grown for 3 days at 30°C in RPMI media to induce capsule 1154 

formation. Cells were harvested, resuspended in PBS, and stained with India ink. The scale bar 1155 

for the top panel of DIC images is 10 µm, and the scale bar for the bottom panel of images is 5 1156 

µm. (D) Cell size analysis of WT (H99α), WT/WT (CnLC6683) (KN99a/KN99α), far8Δ, and 1157 

far8Δ::FAR8 complemented strains. Cells analyzed were from the same experiment as (C). 1158 

Images were analyzed with ImageJ/Fiji. Data are presented as a scatter dot plot with the 1159 

indicated mean cell diameter. Statistical significance was calculated using one-way ANOVA with 1160 

Dunnett’s multiple comparisons test (****, P <0.0001; ns, not significant) (WT, n=190; WT/WT, 1161 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 6, 2024. ; https://doi.org/10.1101/2024.08.06.606879doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.06.606879
http://creativecommons.org/licenses/by-nd/4.0/


46 
 

n=104; far8Δ-1, n=151; far8Δ-2, n=162; far8Δ::FAR8, n=140). (E, F) Virulence of WT (KN99α), 1162 

pph22Δ, pph22Δ sup, far8Δ, and far8Δ::FAR8 cells in a murine model of C. neoformans 1163 

infection via the intranasal inhalation route. Equal numbers of male and female A/J mice (n=14 1164 

per group) were inoculated with 105 cells and monitored for 45 days post-infection. (E) Survival 1165 

rates of mice infected with the indicated strains. Ten mice per strain were analyzed. Dashed line 1166 

indicates the time of fungal burden analysis (****, P <0.0001). (F) Brain and lungs were 1167 

harvested from four randomly selected mice per group at 14 days post-infection to quantify CFU 1168 

per gram of organ tissue (One-way ANOVA; ****, P <0.0001; ***, P <0.001; **, P <0.01; ns, not 1169 

significant). 1170 

 1171 

Figure 9. mob3Δ mutants are hypervirulent. (A) Thermotolerance of WT (KN99a) and isogenic 1172 

mob3Δ strains. Cells were serially diluted, spotted onto YPD at 30°C, 37°C, 39°C, and 37°C 1173 

with 5% CO2, and incubated for two days. (B) WT (KN99a) and mob3Δ cells were grown in 1174 

RPMI at 37°C for three days, harvested, washed with PBS, and stained with India ink to analyze 1175 

capsule formation. (C) Capsule thickness measurements were made by subtracting the cell 1176 

body diameter from the capsule diameter and dividing by 2. Data are presented in a scatter dot 1177 

plot with the mean capsule thickness indicated for each strain. Statistical analysis was 1178 

performed using the Mann-Whitney U test (****, P <0.0001) (WT, n=214; mob3Δ, n=222). (D) 1179 

Melanization of WT (KN99a) and mob3Δ strains on L-DOPA medium at 30°C after 24 and 48 1180 

hours of incubation. (E-H) Equal numbers of male and female A/J mice were infected 1181 

intranasally with 105 cells of the indicated WT and isogenic mob3Δ mutant strains and analyzed 1182 

for survival rate (n=10) and fungal burden (n=4). (E) Survival analysis of WT (KN99α) and 1183 

mob3Δ #16 infected mice. Mice were 4 weeks old at the time of infection. The dashed line 1184 

indicates the day at which fungal burden analysis was performed (***, P <0.001). (F) CFUs per 1185 

gram of lung and brain tissue recovered from organs harvested at 14 days post-infection (Mann-1186 
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Whitney U test; *, P=0.014). (G) Survival rates of 5-week-old mice infected with WT (KN99α), 1187 

mob3Δ #1, and mob3Δ #8 strains. The dashed line represents the day post-infection of fungal 1188 

burden analysis (***, P <0.001). (H) CFUs per gram of lung and brain tissue recovered from 1189 

organs harvested at 7 days post-infection (One-way ANOVA; **, P <0.01; *, P <0.05).1190 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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