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SUMMARY 

 

Cryptococcus neoformans is the most common cause of fungal meningitis and the top-ranked 

W.H.O. priority fungal pathogen. Only distantly related to model fungi, C. neoformans is also a 

powerful experimental system for exploring conserved eukaryotic mechanisms lost from 

specialist model yeast lineages. To decipher its biology globally, we constructed 4328 gene 

deletions and measured—with exceptional precision--the fitness of each mutant under 141 

diverse growth-limiting in vitro conditions and during murine infection.  We defined functional 

modules by clustering genes based on their phenotypic signatures.  In-depth studies leveraged 

these data in two ways.  First, we defined and investigated new components of key signaling 

pathways, which revealed animal-like pathways/components not predicted from studies of 

model yeasts.  Second, we identified environmental adaptation mechanisms repurposed to 

promote mammalian virulence by C. neoformans, which lacks a known animal reservoir.  Our 

work provides an unprecedented resource for deciphering a deadly human pathogen. 
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INTRODUCTION 

 This paper concerns a single environmental yeast species, Cryptococcus neoformans, 

which causes ~20% of deaths in HIV/AIDS1.  Fungal infections cause 2.5 million annual deaths 

that disproportionately impact immunocompromised individuals, particularly those with leukocyte 

defects produced by viral infection, autoantibodies, or the growing number of 

immunosuppressive medical therapies2. Clinically, such infections are among the most difficult 

to diagnose and treat.  Despite the growth of at-risk patient populations and the emergence of 

new fungal pathogens such as Candida auris, antifungal therapy relies on only four drug 

classes, each with limitations due to toxicity, drug resistance, and/or poor efficacy3.  

 C. neoformans is the most common cause of fungal meningitis and sits atop the World 

Health Organization's list of priority human fungal pathogens4, being responsible for 118,000 

deaths each year1.  Many deaths occur in sub-Saharan Africa, where ~20% of young adults are 

HIV-positive in some countries5.  The case fatality rate is ~15% in developed countries and 

much higher in less-resourced settings6.  C. neoformans is found globally in soil, trees, and bird 

guano7, and infection begins by inhalation of spores or desiccated yeast8. The resulting 

pulmonary infection is usually asymptomatic and well-controlled, but in patients with T cell 

defects, C. neoformans disseminates to cause meningitis9.  Virulence attributes include 

resistance to stresses (including high temperature), a polysaccharide capsule, phagocytosis 

suppression, and a secreted factor that enhances type 2 immune responses8,10. 

 A member of the phylum Basidiomycota, C. neoformans diverged from ascomycete fungi 

at least 450 million years ago11. Consequently, nearly half of its genes lack orthologs in model 

yeasts (Saccharomyces cerevisiae and Schizosaccharomyces pombe), with ~20% unique to 

basidiomycetes12,13.  In addition to its role as a human pathogen, C. neoformans is an emerging 

model organism due to its retention of conserved eukaryotic pathways, including gene silencing 

and RNA splicing components14-18, that have been lost or reduced in model yeasts.  
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 Determining genotype-phenotype relationships for genes under many environmental 

and/or genetic conditions can help decipher an organism’s biology, in part by placing genes into 

pathways. Such approaches have been applied at scale to model eukaryotes, such as the 

ascomycete yeasts S. cerevisiae and S. pombe, as well as to the protist Chlamydomonas 

reinhardtii, producing global maps and generating hypotheses19-30. This approach is more 

challenging in non-model organisms, including fungal pathogens, as it benefits from genome-

scale knockout strain collections and highly precise methods to profile phenotypes. 

Nonetheless, work on smaller mutant collections in fungal pathogens, including C. neoformans 

and Candida albicans, has demonstrated the utility of systematic approaches31-37.      

 Here, we describe the construction and profiling of a genome-scale C. neoformans 

deletion library. Using a high-precision method to measure mutant abundances in pools, we 

profiled deletion strains in 141 diverse in vitro conditions and in a murine infection model, 

producing a phenotypic landscape of this pathogen. We identified over a hundred functional 

modules by clustering genes based on their phenotypic signatures.  We then leveraged these 

data to decipher fungal biology of both basic and biomedical importance. First, we identified and 

investigated new machinery underpinning key pH sensing, stress signaling, and DNA repair 

pathways. For the latter two, we identified animal-like mechanisms not anticipated from prior 

studies of model yeasts, demonstrating the utility of global investigations of basidiomycete 

biology. Second, we identified mechanisms of environmental adaptation that enable mammalian 

infection, finding prominent roles for glycan biology and secreted enzymes in host colonization 

and neuroinvasion. Our work illustrates how a high-precision phenotypic landscape can be 

exploited to decipher pathogen biology at an unprecedented scope. 
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RESULTS and DISCUSSION 
 
 
Construction of gene deletion collection 

 We used biolistic transformation38 of deletion constructs harboring 1 kb of homology 

flanking each annotated coding sequencing (CDS) to construct a genome-scale C. neoformans 

knockout library in the haploid KN99α strain background, widely used in the field39 (Fig. 1A).  

We attempted to delete each predicted protein-coding gene at least twice using constructs 

harboring 1 kb of targeting homology (see Methods). We initially generated 4692 strains.  A 

second round of quality control identified 291 false-positive deletion strains in which the target 

CDS remained detectable. We also identified 24 strains that had diploidized40. Accounting for 49 

deletions corresponding to genes no longer present in the current C. neoformans H99 genome 

annotation, this yielded 4328 deletion strains that comprise 62% of the 6975 predicted protein-

coding genes (Fig. 1A; Table S1).  It has been reported that there are 1465 essential genes in 

C. neoformans41, meaning 79% coverage of nonessential genes by our collection.  We suspect 

many putative nonessential genes not deleted correspond to those that produce a significant 

growth defect when mutated and are therefore considerably more challenging to delete 

(unpublished observations). 

 

KO-seq enables massively parallel, high-precision fitness measurements  

 To enable pooled screens of this library, we developed KO-seq, a sequencing-based 

pipeline to quantify mutant abundances in pools (see Methods). Briefly, knockouts were 

constructed such that each target gene’s coding sequence was replaced by a nourseothricin 

acetyltransferase (NAT) drug resistance marker, leaving intact the untranslated regions (UTRs). 

Following DNA extraction, sequencing-based quantitation of each knockout’s unique NAT-UTR 

junctions was used to determine the relative abundance of each mutant in a pool. KO-seq 

measurements of mutant abundances yielded exceptionally precise measurements, with 
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Pearson r values typically greater than 0.99 for biological replicates (Fig. 1B).  KO-seq identified 

auxotrophs depleted after growth in minimal (YNB) compared to rich (YPAD) medium (Fig. 1C).  

 

Fitness profiling of knockout collection  

We systematically linked genotype and phenotype by pooling and culturing the entire 

knockout collection in diverse growth environments and measuring fitness differences with KO-

seq (Fig. 1A). We performed 158 pooled fitness experiments, encompassing in vivo infection 

(see below) plus 141 unique in vitro conditions corresponding to different media, temperatures, 

pHs, carbon sources, chemical stressors, and antifungal drugs (Fig. S1A, Table S2).  To 

maximize phenotypes, for each in vitro experiment we identified the precise condition that 

caused detectable growth limitation (see Methods). We identified 1909 mutants with a 

phenotype—defined as a relative fitness score ≥ 2 standard deviations from the mean—in at 

least one environment, with a maximum of 99 and a median of 7 phenotypes/mutant (Table S3).  

Supporting the quality of the data, mutants in known drug targets induced resistance to the 

corresponding drug, including, for example, flucytosine (fcy1∆, fcy2∆, fur1∆, uxs1∆)42-44, FK506 

(frr1∆), and rapamycin (frr1∆)45, as well as expected genes required for growth in galactose 

(gal7∆, gal1∆, uge2∆)46,47, iron starvation conditions (hapX∆, hap3∆, hap5∆)48, and fluconazole 

(sre1∆, stp1∆, scp1∆)49,50 (Fig. S1B-G, Table S3).  

 

Clustering fitness profiles identifies functional modules 

Figure 1D shows all 1909 mutants with at least one phenotype (mean of replicate 

measurements) as a heatmap after agglomerative hierarchical clustering. Genes that function 

together in biological pathways share phenotypes, and the spectrum of phenotypes can be used 

to identify functional genetic modules. A heatmap of the clustered autocorrelation matrix shows 

correlated mutants clustered along the diagonal (Fig. 1E). We manually annotated clusters in 

this matrix based on the published literature, orthology to genes of known function in model 
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organisms, and bioinformatic prediction of protein functional domains, identifying 127 gene 

modules (Fig. 1E).  Representative clusters are shown in Figure S2; these include the NAD 

biosynthesis (kynurenine) pathway51  (Fig. S2A); the SREBP hypoxia adaptation pathway49,50,52-

54 (Fig. S2B);  the protein kinase A pathway 55-60 (Fig. S2C); and polysaccharide capsule 

genes61-63 (Fig. S2D).  Additional clusters, including potentially novel modules, are shown in Fig. 

S2E-Z, S2AA.  A full set of annotated modules can be found in Table S4.  Below, we describe 

how investigations of these modules can yield biological insights.  

  

Insights into a Hedgehog-like pH-sensing pathway 

 Fungi harbor a conserved pH sensing pathway, the Rim 101 pathway, that senses high 

pH and is required for adaptation to this environment64 (Fig. 2A).  The precise mechanisms of 

pH sensing are unknown. In C. neoformans, pH has been proposed to be sensed by seven-

transmembrane protein Rra165 (Required for Rim101 activation 1); its activation results in the 

high pH-dependent assembly of surface puncta by the downstream signaling component 

Rim2366.  Rim23 is part of a protease complex containing the adaptor Rim20 and the calpain 

proteinase Rim13 that cleaves and activates Rim101, a GLI family transcription factor67-69.  

Cleavage enables nuclear entry of Rim101 and activation of pH-responsive genes, enabling 

survival at high pH67-69.   As seen for the activation of the mammalian Rim13 ortholog calpain-7 

in vitro70-72, ESCRT proteins play a noncanonical role in activating the Rim13 calpain in vivo67,68.  

Because animal GLI family protein transcription factors are also activated for nuclear entry by 

proteolytic cleavage in response to cell surface signals during Hedgehog signaling73, similarities 

between the two pathways have been noted74, although the mechanism of proteolysis appears 

to have been rewired75. 

A module harboring components of the Rim101 pathway contains a previously 

unannotated gene, which we name RRA2, encoding a protein with two predicted 

transmembrane domains (Fig. 2B, C – IGI1 in the cluster is adjacent to RIM13 and was not 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 8

considered further).  We confirmed that rra2∆ cells fail to grow at high pH and that this 

phenotype could be complemented by the expression of the wild-type protein (Fig. S3A, B).  

Cells lacking Rra2 are defective in proteolytically processing Rim101 upon a shift to alkaline pH 

(Fig. 2D), and Rim101 does not accumulate in the nucleus under these conditions, in contrast to 

wild-type strains (Fig. 2E). As with other bona fide pathway components, the expression of a C-

terminally truncated RIM101 allele rescues the alkaline pH sensitivity of strains lacking Rra2 

(Fig. 2F). 

 Like Rra1, Rra2 is necessary for recruitment of Rim23 to membrane puncta following 

shift to alkaline pH (Fig. 2G), suggesting that it acts upstream of the Rim20-Rim23-Rim13 

complex.  Because Rra1 and Rra2 both contain predicted membrane-spanning domains and act 

as upstream components of the pathway, we investigated their relationship.  Rra2 is not 

required for Rra1 accumulation in surface puncta following a pH shift (Fig. S3C), but Rra1 is 

required for Rra2 accumulation in surface puncta; in the absence of Rra1, Rra2 displays a 

localization pattern characteristic of ER proteins76, indicating a trafficking defect (Fig. 2H).  

Rim23 is not required for the localization of Rra2 (Fig 2H).  The simplest interpretation of these 

findings is that Rra1 and Rra2 act together at the membrane to initiate pH signaling. 

 To investigate the pathway further, we applied AlphaFold2-multimer77 to all pairwise 

combinations of Rim pathway components.  As shown in Fig. S3D, we obtained predictions for 

pairwise interactions between multiple components of the pathway.  In the case of Rra2, 

AlphaFold2-multimer predicts interactions with Rra1 and Rim23.  Using a FLAG-tagged allele of 

Rra2, we performed affinity purification-mass spectrometry (AP-MS) at both low and high pH. 

Because Rra2 is a predicted membrane protein, we extracted a membrane pellet with detergent 

(see Methods) prior to purification with anti-FLAG antibodies and mass spectrometry.  Rra1 was 

the most highly enriched protein (as defined by MS1 area signal) relative to control extracts from 

an untagged strain (Fig. 2I, S3E, Table S5), providing biochemical evidence that Rra2 physically 

associates with its functional partner Rra1. 
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We noticed a high-confidence prediction for an Rra1 dimer, which was not mutually 

exclusive with the predicted Rra1-Rra2 complex (Fig. 2J, S3F-H).  Analysis of the Rra1-Rra1 

dimer interface revealed geometry feasible for hydrogen bonding between His46 residues on 

each monomer (Fig. 2J, K).  Because histidine is the only amino acid with a side-chain pKa near 

neutral78,79, and pH-sensitive histidine-histidine hydrogen bonding between two mono-

protonated (as opposed to di-protonated) side-chains is known to occur80, we tested whether 

His46 played a role in pH sensing.  We generated strains harboring Rra1 alleles with mutations 

expected to disrupt (H46A) or stabilize (H46N) interchain chain hydrogen bonding, the latter 

predicted to introduce pH-independent hydrogen bonds between the amide nitrogen and oxygen 

moieties of corresponding Asn46 residues. Strikingly, strains expressing Rra1H46A displayed 

reduced pH-dependent signaling, as measured by Rim101 processing, whereas strains 

expressing Rra1H46N displayed increased signaling (Fig. 2L, Fig. S3I). Both mutations had partial 

effects, consistent with recent saturation mutagenesis of a mammalian proton-sensing GPCR 

showing that pH-sensing activity is distributed among multiple residues, including several 

histidines81. The data are consistent with the hypothesis that high pH promotes His46-

dependent Rra1 dimerization to activate the pathway; however, definitive tests of this model will 

require structural work.  Nonetheless, this finding begins to crack open the biochemical 

mechanism of pH-controlled cleavage of a GLI family transcription factor.  

 

Fungal orthologs of animal UNC79 and UNC80 activate calcineurin signaling. 

 In animals, neuronal excitability is determined by the resting membrane potential (RMS). 

RMS is controlled by channels, particularly the voltage-insensitive NALCN sodium leak channel 

complex, which contains four major subunits:  the membrane protein NALCN α1 subunit and the 

accessory proteins FAM155A, UNC79, and UNC8082.  UNC79 and UNC80 are giant HEAT-

repeat proteins that form a heterodimer associated with the cytoplasmic face of the NALCN 

complex82.  Mutations in NALCN, UNC79, and UNC80 underpin several inherited diseases and 
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have been proposed to be involved in many others82.   Surprisingly, NALCN and FAM155A are 

ancestrally related to the fungal proteins Cch1 and Mid1, respectively, indicating that the 

proteins evolved before animals and neurotransmission83,84.  Cch1 and Mid1 form a calcium 

channel that acts in a stress survival pathway85-89 upstream of the calcium-activated 

phosphatase calcineurin, the target of the clinically used immunosuppressants cyclosporine and 

FK506, which arrest fungal growth90,91 (Fig. 3A).  The fungal transcription factor Crz1, first 

identified in S. cerevisiae but also present in C. neoformans, is analogous to the mammalian 

NFAT protein (critical for T cell activation92-94) and, like NFAT after T cell receptor ligation95, is 

dephosphorylated by calcineurin, enabling its nuclear entry96-102 (Fig. 3A).  This linear model is 

an oversimplification because C. neoformans cch1∆ and mid1∆ knockout strains are viable at 

37°C103 while calcineurin knockouts fail to grow under this stress condition104, suggesting Cch1-

Mid1-independent sources of Ca++.  Furthermore, in S. cerevisiae, there is evidence for 

calcineurin-dependent feedback inhibition of Cch1-Mid185,105, which presumably mitigates the 

deleterious effects of excessive cytosolic Ca++ accumulation (Fig. 3A).  

A cluster containing knockouts corresponding to CCH1 and MID1 harbored knockouts in 

two additional genes, CNAG_01613 and CNAG_06362, which encode large (>2000 amino 

acids) previously unstudied proteins (Fig. 3B; CNAG_07478 in the cluster lies adjacent to MID1 

and is not considered further). The primary phenotype of mutants in this cluster is quantitative 

tolerance to FK506 and cyclosporin A (Fig. 3C).  The phenotype was considerably more 

dramatic at 37°C, a temperature at which calcineurin becomes essential and FK506 and 

cyclosporin A inhibit growth completely (Fig. 3D).  These phenotypes were recapitulated in 

independently constructed knockouts and could be complemented by the wild-type genes (Fig. 

S4A). 

 While CNAG_01613 is unannotated, algorithms suggested it contains HEAT repeats 

(also known as Armadillo repeats) and an UNC80 C-terminal motif hit.  CNAG_06362 is 

predicted to contain a protein kinase C-like diacylglycerol binding domain.  We generated 
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AlphaFold2-multimer models of the two proteins and observed the formation of helical HEAT 

repeat monomers that form an antiparallel heterodimer (Fig. 3E; Fig. S4B). When we searched 

for structural homologs of the AF-multimer prediction using Foldseek106, by far the most 

significant hits were to the UNC79 and UNC80 structures observed in the cryoEM structures of 

the mammalian NALCN channelosome (Fig. 3F).  We renamed the genes accordingly.   

To test for biochemical interactions, we endogenously tagged Mid1, Unc79, and Unc80 

with a 2XFLAG epitope and performed AP-MS from solubilized membrane pellets.  The most 

enriched protein in the Unc79 sample was Unc80 and vice-versa (Fig. 3G, Table S5), consistent 

with the prediction of a heterodimer.  As expected, the top hit for the Mid1 purification was Cch1 

(Fig. 3G, Table S5).  Likewise, Unc79 and Unc80 were enriched in the Mid1 purification, both 

Mid1 and Cch1 were enriched in the Unc80 purification, and Cch1 was enriched in the Unc79 

purification (Fig. 3G, Table S5). 

 Unc79 and Unc80 were previously thought to be animal-specific84. However, our genetic 

data, AlphaFold2 predictions, and biochemical data support the existence of a mammalian-like 

NALCN channelosome complex in C. neoformans, indicating that the entire complex was 

present in the common ancestor of fungi and animals.  We did not detect orthologs of the C. 

neoformans Unc79/Unc80 proteins outside of basidiomycetes, suggesting that either the 

proteins were lost or highly diverged in ascomycetes such as S. cerevisiae.  Thus, C. 

neoformans provides a system for dissecting the precise molecular function of UNC79 and 

UNC80 in channel function, which remains poorly understood.  Finally, our findings of resistance 

to calcineurin-targeting drugs via mutations in Unc79/Unc80 are germane to efforts to develop 

fungal-specific inhibitors of calcineurin107. 

 

A fungal 53BP1/Shieldin-like pathway promotes nonhomologous end-joining 

53BP1, an animal protein identified as a binding partner for the p53 tumor suppressor, 

promotes non-homologous end joining (NHEJ) of double-strand breaks over homology-directed 
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repair (HDR)108,109.  To promote NHEJ, 53BP1, together with RIF1, recruits the Shieldin 

complex, which consists of SHLD1, SHLD2, SHLD3, and REV7110-113. Shieldin, in turn, recruits 

the fill-in DNA polymerase CST-Polα-primase112 to counter single-stranded DNA resection, 

which would inhibit the ligation of double-strand breaks.  Pol ζ has recently been shown to 

function in the Shieldin pathway, presumably to further fill-in synthesis114 (Fig. 3H). 

Fungal orthologs of 53BP1 include Rad9 in S. cerevisiae and Crb2 in S. pombe115-117.  

Both contain Tudor and C-terminal BRCT domains, and the S. pombe ortholog’s Tudor domain, 

like that of 53BP1, recognizes H4-K20me2118.  However, unlike 53BP1, the S. cerevisiae and S. 

pombe 53BP1 orthologs are not known to be part of a RIF1-Shieldin-CST-Polymerase α/ζ 

pathway.  Moreover, aside from Rev7, which is part of multiple complexes, Shieldin subunits are 

not detectable outside of vertebrates (unpublished observations). 

Thus, we were surprised to observe that a knockout of 53BP1/Rad9/Crb2 ortholog in C. 

neoformans, which we named Rad9, and a novel protein encoded by CNAG_00817, cluster with 

knockouts of critical NHEJ factors, the Ku complex proteins (Fig. 3I).  Knockouts in this cluster 

display sensitivity to the double-strand break-inducing compound Zeocin, indicating a crucial 

role for NHEJ in surviving DNA breaks in C. neoformans (Fig. 3J).  Independently generated 

knockouts of RAD9, CNAG_00817, and the two Ku orthologs, YKU70 and YKU80119, 

recapitulate the Zeocin sensitivity of the original mutants (Fig. S5A).  The uncharacterized gene 

CNAG_00568 in this cluster did not validate (Fig. S5A).  

Next, we tested whether C. neoformans RAD9 and CNAG_00817 were required for 

NHEJ.  We recently observed that NHEJ can be assayed by transforming a Cas9-expressing 

strain76  with DNA molecules encoding an sgRNA and a selectable marker lacking genome 

homology. Selected colonies near-invariably carry an insertion of the marker DNA at the break 

site by ligation (M. Huang et al., in preparation).  Mutants lacking the Ku proteins display a near-

complete defect in the transformation frequency of such a construct (M. Huang et al., in 
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preparation).  Strains deleted for C. neoformans RAD9 or CNAG_00817 also display a strong 

defect in this NHEJ-dependent repair assay (Fig. 3K, S5B).  In contrast, donors containing 

homology arms produced transformants, indicating that HDR is intact in these mutants (Fig. 3K).   

We named CNAG_00817 to NJF1 for Nonhomologous end joining factor 1.  

 To gain additional insight, we performed AP-MS experiments on strains harboring 

FLAG-tagged Rad9 or Njf1, which were treated or not with Zeocin.  Strikingly, Njf1 copurified 

with the C. neoformans orthologs of Rev7, Rif1, and Rev3/Pol ζ (Fig. 3L, S5C, Table S5).  No 

clear interactors were identified for Rad9 (Table S5).  Since Rev7 is a bona fide component of 

the Shieldin complex and Rif1 an adaptor that recruits it, Njf1 displays functional properties and 

biochemical associations analogous to those of Shieldin.  Consistent with this model, 

AlphaFold2-multimer produced a high-confidence Njf1-Rev7 complex prediction (Fig. S5D).  

Moreover, the prediction shows a peptide from Njf1 captured by the HORMA domain of Rev7 

and its ‘seatbelt’ in a manner typical of other Rev7 ligands, including SHLD3120,121.  Deepening 

the analogy with Shieldin is the recent discovery that Rev3/ Pol ζ , which we find associated 

with Njf1, is an effector of Shieldin114.  We conclude that 1) the 53BP1-dependent promotion of 

NHEJ is far more ancient than previously supposed but lost in S. cerevisiae and S. pombe and 

2) a novel Shieldin-like pathway requiring Njf1 exists in C. neoformans.  Because Njf1 orthologs 

are only detectable only in basidiomycetes (unpublished observations), tracing the origins and 

ancestry of this pathway outside of this phylum will require biochemical and functional 

experiments. 

 

Insights into pathogen mechanisms that enable fitness in the host 

To identify genes required for infectivity, we generated pools of up to 480 knockouts and 

inoculated each pool into five replicate C57BL/6J mice intranasally (Fig. 4A). Upon reaching 

their endpoint, animals were sacrificed, and relative mutant abundances in the lung were 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 14

quantified by KO-seq (see Methods). Mutant abundances in replicate mice were reproducible, 

with median Pearson r = 0.90 (Fig. S6A and S6B). We calculated fitness scores derived from 

the standardized log2 fold changes in mutant abundance (see Methods). We classified 574 

mutants with an average fitness score of less than -2.0 as having in vivo fitness defects, as well 

as 36 mutants that were modestly enriched in infected mice (Fig. 4B; Table S6). These data 

significantly overlapped with prior data using a smaller mutant library in a different C. 

neoformans strain analyzed in a different mouse strain background32  (Fig. 4C). We re-pooled 

and retested the mutant in mice and observed that >98% re-tested (Fig. 4D). While many genes 

required for infection are orthologous to components of critical cellular pathways in model 

systems, 84 genes (15%) are unique to basidiomycetes (Fig. 4E, S6C-E).  

We next sought to define host-relevant in vitro conditions. To this end, we trained a 

Random Forest Classifier to predict genes required for infectivity based on our in vitro 

phenotype data (Fig. 4F). We then performed a feature importance analysis to determine which 

in vitro conditions drove the predictive power of this classifier. We found that, as a group, genes 

required for infectivity could be predicted with 84% accuracy (Fig. 4G), indicating that the 

phenotype of most mutants with a fitness defect in the host could be explained by a requirement 

for growth under a particular environment.  Feature importance analysis yielded a ranked list, of 

which the top 25 contributed significantly to sensitivity of the model (Fig. 4H, S6F, Table S6).  

Four of the top five most predictive environments correspond to tissue culture conditions 

(DMEM media, 37°C), supporting the relevance of this in vitro condition to infection.  Other 

stress conditions and drug treatments were identified (Fig. 4H), indicating that host colonization 

specifically requires genes that enable tolerance to high salt and neutral/high pH, as well as cell 

wall integrity and ergosterol production. 

Notably, cell wall synthesis and ergosterol production are targets for the two major 

classes of antifungal drugs, echinocandins and azoles122.  The feature importance data leads us 

to propose that the efficacy of these drugs is related not only to their impact on viability, but also 
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to the selective sensitivity of the host environment to inhibition of the pathways they target.  For 

the azoles, this may also be related to hypoxia in the host, which limits oxygen-dependent 

ergosterol production regulated by the fungal SREBP pathway49,50,52,123,124.   

 

Tetraspanin-containing hyaluronic acid synthase complex promotes neurovirulence. 

Unlike those of model yeasts, the C. neoformans genome encodes a hyaluronic acid 

(HA) synthase, Cps1.  Cps1 in the sister species C. deneoformans has been shown to promote 

invasion of the brain via the production of HA125,126.  In C. neoformans, we observed that cps1∆ 

is not required for fitness in the mouse lung (Table S6) but does phenotypically cluster with 

deletions of two other genes, which, like Cps1, encode predicted transmembrane proteins: the 

fungal tetraspanin Tsp2 and a hypothetical protein encoded by CNAG_05036, which we refer to 

below as Cps2 (Fig. 5A, 5B).  While tetraspanins have been described in fungi, they are thought 

to have a more primitive role in membrane deformation, and there is no evidence that they 

complex with other membrane proteins as they do in animal cells127-130.  Nonetheless, we 

tagged Cps1 with an mNG-2XFLAG tag and performed AP-MS experiments on a detergent-

solubilized membrane pellet.  The top three most enriched proteins were Cps1, Tsp2, and Cps2 

(Fig. 5C, Table S5). Consistent with the formation of a membrane complex, AlphaFold2-

multimer predicts a three-protein complex with remarkably high confidence (Fig. 5D, Fig. S7A). 

Spinning-disk confocal microscopy revealed that Cps1-mNG-2XFLAG localizes to the cell 

surface (Fig 5E).  In contrast, in tsp2∆ and cps2∆ strains, Cps1 displays a pattern characteristic 

of ER-localized proteins (Fig. 5E); this role for Tsp2 is reminiscent of the role of the CD81 

tetraspanin, which is required for trafficking of CD19 B-cell coreceptor in mammals131.  We 

tested whether Tsp2 and Cps2 were required for HA production.  HA accumulation is nearly 

abolished in cps1Δ, tsp2Δ, and cps2Δ strains, a phenotype that could be complemented by 

expression of the corresponding wild-type alleles (Fig. 5F).  These data demonstrate that a 

tetraspanin-containing complex is required for the assembly and trafficking of a hyaluronic acid 
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synthase by Cryptococcus neoformans.  This is the first demonstration of a tetraspanin-

containing protein complex described outside animal cells. Whether and how it promotes the 

enzymatic function of Cps1 to utilize (presumably) cytosolic UDP-sugars and synthesize 

lumenal HA chains remains to be determined.   

Because Cps1 had been implicated in brain invasion in C. deneoformans132,133, we 

infected C57BL/6J mice with wild-type and mutant C. neoformans strains lacking CPS1, TSP2, 

or CPS2 via retroorbital intravenous injection, which leads to rapid brain invasion.  Mice infected 

with wild-type C. neoformans succumbed by day eight, but mice infected with knockout strains 

survived significantly longer (Fig. 5G). We measured brain and lung pathogen burden (colony 

forming units or CFUs) two and five days after infection (Fig. 5H, S7B-D). On day two after 

infection, mutant strains displayed significantly reduced brain CFUs relative to wild-type (Fig. 

5H). This phenotype was rescued in the complemented strains (Fig 5H).   We observed no 

difference in lung colonization between any strains tested at this time point (Fig. S7B), indicating 

a brain-specific phenotype. At five days post-infection, we observed no differences between the 

different strains in brain or lung CFUs (Fig. S7C, D), indicating an early kinetic role for HA 

production in brain colonization in C. neoformans, but not a complete block.  This phenotype is 

not as dramatic as reported in C. deneoformans125,126, indicating that additional, partially 

redundant mechanisms promote neuroinvasion in C. neoformans. 

 

Inducible virulence factor required for adaptation to host-like conditions 

Because fitness in tissue culture predicted genes required for infectivity (Fig. 4H), we 

sought genes with specific growth defects in this condition (DMEM, pH 7.4, 37°C, 5% CO2). This 

analysis identified a single gene, CNAG_05159, an unannotated cysteine-rich 16.5 kDa protein 

harboring a predicted N-terminal signal sequence (Fig. 6A, B) required for infectivity (Table S6).  

CNAG_05159 was previously shown to be induced in tissue culture and in yeast isolated from 

the cerebrospinal fluid of an infected patient and is the direct target of several transcription 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 17

factors that control virulence134-137.  We confirmed this induction by quantitative reverse 

transcription PCR (Fig. 6C). We named the gene RGH1 for Required for Growth Under Host-like 

conditions.  Using the knockout and complemented strains, we found that Rgh1 is required for 

virulence (Fig. 6D) and for accumulation of yeast in the lungs and brain of infected mice (Fig. 

6E, F). An independent deletion strain constructed with CRISPR/Cas9 recapitulated these 

phenotypes (Fig. S8A-C). RGH1 is required for growth under tissue culture conditions (Fig. 6A).  

It becomes dispensable, however, when the media, pH, temperature, or CO2 stresses that 

comprise “tissue culture conditions” are independently moderated. For example, at 30°C or pH 

7.0, RGH1 is dispensable for growth (Fig. 6G).  This indicates that RGH1 is required specifically 

under the combination of conditions that enable animal cells to grow in culture.   

To gain insight into the function of Rgh1, we selected suppressors of the rgh1∆ growth 

defect under tissue culture conditions using a whole-genome CRISPR/Cas9-based insertional 

mutagenesis system we have developed (M. Huang et al., in preparation) (Fig. 6H).  sgRNA 

sequencing identified a strong suppressor insertion in a predicted secreted α-amylase (AMY1) 

and weaker suppressors corresponding to insertions in HXK2 (encoding hexokinase) and HXT1 

(encoding a hexose transporter) (Fig. 6I, Table S7).  We confirmed these phenotypes by 

independently constructing double mutants (Fig. S8D). 

Fungal amylases hydrolyze α-1,4-glucan linkages138-141, which are found in the outer 

layer of fungal cell walls as part of α-glucan, a critical outer cell wall component found in most 

fungi, including C. neoformans142-144. In Aspergillus oryzae, a related α-amylase acts on  α-

glucan to reduce its molecular weight, cleaving spacer α-1,4 linked glucan that interrupts α-1,3-

glycan chains145.  Thus, a plausible explanation for the suppression of the growth defect of 

rgh1∆ by amy1∆ is that RGH1 promotes adaptive α-glucan production under stress conditions.  

To begin to test this model, we assessed whether Rgh1 impacts cell wall integrity under stress 

conditions.  Indeed, we found that adding the osmotic stabilizer sorbitol to the media (known to 
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suppress cell wall defects) can suppress the growth defect of rgh1∆ cells in DMEM at 37°C, 

although only weakly when 5% CO2 stress is also present (Fig. 6J).  The enhanced ability of 

sorbitol to suppress the phenotype of rgh1∆ cells in hxk2∆ and hxt1∆ mutants suggests that 

additional mechanisms may be involved in the function of Rgh1 (Fig. 6I).   

To gain insight into how Rgh1 may enhance cell wall integrity, we performed AP-MS 

experiments using extracts from cells grown in DMEM, pH 7.4 at 37°C. The co-purifying protein 

with the greatest signal (MS1 area) was the C. neoformans α-glucan synthase Ags1143 (Fig. 6K, 

Table S5).  Given this biochemical observation and the genetic suppression of the growth defect 

of rgh1∆ by loss of a predicted cell wall α-amylase, we infer that Rgh1 promotes the production 

of α-glucan, potentially by directly activating Ags1. In summary, these data demonstrate the 

identification of a factor, Rgh1, induced under host-like conditions that enhances cell wall 

integrity, likely by regulating α-glucan production, a critical component of fungal cell walls.  

Together with prior work143,144,146, these findings point to α-glucan as a major vulnerability under 

infection conditions. 

 

Pathogen secreted factors promote infectivity  

 Secreted effectors underpin the virulence of most bacterial pathogens.  A similar picture 

is beginning to emerge in fungi, but only a handful have been identified147.  Because previous 

efforts at defining secreted proteins in C. neoformans did not consider lysed cells as a source 

for proteins identified in the culture supernatant148-151, we performed proteomic analysis of 

paired culture supernatants and cell pellets from C. neoformans grown in both laboratory media 

and under tissue culture conditions, optimizing growth conditions and lysis methods (Fig. 7A).  

We scored bona fide secreted proteins by ranking the quotient of protein signal in culture 

supernatants versus the cell pellet and then using a principled cutoff based on the maximum χ2 

value produced by all possible cutoffs (Fig. 7B,C, Table S8).  This analysis identified 66 high-
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confidence secreted proteins, 48 under each condition with an overlap of 30 proteins (Fig. 7D).  

These are highly enriched for proteins with predicted N-terminal signal sequences and/or 

internal hydrophobic segments that could serve as internal secretion signals (Fig. 7E).   

Among these, six displayed a defect in fitness in the mouse.  Of these, three did not 

display an in vitro defect under the 141 conditions tested (Fig. 7F).  Because they display a 

fitness defect in a pooled screen, the encoded proteins are likely to act locally.  One 

corresponds to CNAG_02030, encoding a predicted copper-radical glyoxal oxidase we name 

Glx1.  It is part of a family of three proteins in C. neoformans that also includes CNAG_00407 

(Glx2) and CNAG_5731 (Glx3).  In other fungi, all biochemically characterized members of this 

extracellular enzyme family (CAZy ID:AA5_1) use molecular oxygen to oxidize aldehydes, 

producing the corresponding carboxylic acid and hydrogen peroxide152. The C. neoformans Glx 

protein have the conserved active site residues (Fig. S8E).  In rot fungi, this activity enables 

H2O2-requiring lignin peroxidases to break down lignocellulose, a major plant-derived nutrient 

source for fungi in the environment153.   

Infection of mice revealed that a glx1∆ mutant is indeed attenuated, a phenotype that 

can be complemented by the wild-type allele (Fig. 7G).  Single glx2∆ and glx3∆ mutants display 

no virulence defect (Fig. 7H), but their deletion in the glx1∆ background significantly enhanced 

the glx1∆ virulence defect, particularly for the glx1∆ glx3∆ double mutant, indicating partial 

redundancy (Fig. 7I).  In vitro, the single- and double-mutants did not display defects in growth 

at 37°C in either laboratory or tissue culture media (Fig. S7F).  Because all known members of 

the family to which Glx1-3 belongs are aldehyde-consuming, H2O2-producing proteins, we 

speculate that H2O2 production, aldehyde consumption, or production of an organic acid may 

promote virulence.  These findings suggest that the Glx proteins, which likely have been 

selected for in the environment for saprotrophic purposes, are repurposed in the context of 

mammalian infection. 
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Perspective 
 

This work represents a functional analysis of the genome of a human meningitis fungal 

pathogen that lies at the top category of the W.H.O. priority fungal pathogens list.  While 

constructing an ordered knockout collection represents a major investment of time and effort, it 

provides an impactful resource.  Prepublication sharing of this strain library has provided other 

laboratories with a source of rigorously validated individual strains of interest and enabled 

several genome-wide screens144,154-171.  Before this work, knockout collections that included the 

majority of nonessential genes were publicly available for three fungal species, all non-

pathogenic ascomycetes (S. cerevisiae, S. pombe, and Neurospora crassa). These were 

constructed by either a consortium of academic laboratories or a for-profit entity172-174. To 

demonstrate the utility of the C. neoformans resource, we used pooled approaches and a high-

precision sequencing-based method to connect genotype to phenotype at scale, obtaining over 

a million high-quality measurements.   

We have shown how these data can be exploited as hypothesis-generation tools to drive 

experimental work producing insights into C. neoformans biology.  Although S. cerevisiae has 

long dominated fundamental studies of cell biology, many important pathways continue to be 

deciphered in other unicellular systems, including S. pombe and N. crassa, and recent 

systematic studies of C. reinhardii have shown promise for understanding photosynthesis27,28.  

Our discovery of a UNC79/UNC80 pair in C. neoformans and an NHEJ-promoting activity of its 

53BP1 ortholog revises current views on the evolution of these pathways.  It also points to the 

value of supporting fundamental research beyond a small set of model organisms.   

We have also described how the knockout collection and phenotypic atlas can be used 

to advance our understanding of infection biology.  Our work shows how integrating unbiased 

measurements of in vitro and in vivo phenotypes with biochemical and cell biological analysis 

can lead to insights that would be difficult or impossible to obtain through piecemeal 

investigations.  Analysis of genes required for fitness in specific environments and their 
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relationship to those required in the host illuminate environmental adaptations that enable host 

colonization.  Likewise, analysis of pathogen genes required for fitness in the host, but without a 

detectable in vitro defect, points to unanticipated mechanisms for virulence. 

 

Limitations of this study 

The knockout collection we constructed covers approximately 80% of nonessential 

genes.  Further efforts will be required to construct mutations in the remaining nonessential 

gene set.  Essential genes are not analyzed here, yet hypomorphic mutations are valuable for 

understanding cellular pathways175.  We have recently established the auxin degron system in 

C. neoformans (M. Huang et al., in preparation), which will enable the generation of such 

mutants.  We note that profiling the library under additional environmental conditions might yield 

phenotypes beyond the 1909 genes for which we obtained phenotypes.  In addition, different 

strain backgrounds may yield distinct genotype-phenotype relationships.  Our pooled infection 

strategy may miss factors that act non-locally and whose loss can, therefore, be complemented 

by other mutants in a pool.  Because the gene deletion strains have not been whole-genome-

sequenced, unlinked mutations (which are rare176) could be responsible for a given phenotype, 

necessitating the regeneration and/or complementation of mutants to confirm genotype-

phenotype relationships.  Likewise, many of the gene clusters identified have yet to be validated 

and investigated mechanistically.  Finally, purification of active recombinant enzymes will be 

required to demonstrate that the C. neoformans Glx proteins have H2O2-producing activity.     
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MATERIALS AND METHODS 

Microbial strains and growth conditions 

C. neoformans strains used in this study are listed in Table S9. Yeast were cultured in 

YPAD, YNB, low-iron YNB (LI-YNB), synthetic complete (SC), or DMEM as indicated. YPAD 

contained 1% yeast extract (Gibco 212720), 2% peptone (Gibco 211820), 2% glucose, 0.15 g/L 

L-tryptophan, and 0.04 g/L adenine. YNB contained 1.5 g/L yeast nitrogen base powder without 

ammonium sulfate (MP Biomedicals 4027032), 5 g/L ammonium sulfate, and 2% glucose. LI-

YNB contained 6.9 g/L YNB with ammonium sulfate and without iron (ForMedium CYN1101) 

and 2% glucose. SC contained YNB with 22 mg/L uracil, 21 mg/L adenine, 8.6 mg/L para-

aminobenzoic acid, 174 mg/L L-leucine, 80 mg/L L-tryptophan, and 85 mg/L of each L-alanine, 

L-arginine-HCl, L-asparagine, L-aspartic acid, L-cysteine-HCl, glutamine, L-glutamic acid, 

glycine, myo-inositol, L-isoleucine, L-methionine, L-phenylalanine, L-proline, L-serine, L-

threonine, L-tyrosine, L-valine, L-histidine-HCl, and L-lysine-HCl. For all experiments except 

RGH1 qRT-PCR and supernatant proteomics, DMEM contained 13.48 g/L DMEM powder 

without sodium bicarbonate (Gibco 12800082), 50 U/mL penicillin, 50 μg/mL streptomycin 

(PenStrep; Gibco 15070063), 2 mM additional L-glutamine (Corning 25-005-CI), and 100 mM 

HEPES, adjusted to desired pH with NaOH. For RGH1 qRT-PCR, DMEM with sodium 

bicarbonate (Corning 10-013-CV) was supplemented with 10 mM HEPES (Corning 25-060-CI) 

plus PenStrep and L-glutamine as above. For supernatant proteomics, phenol red-free DMEM 

with sodium bicarbonate (Corning 17-205-CV) was supplemented with 10 mM HEPES, 

PenStrep, and L-glutamine as above. Media buffered with McIlvaine’s buffer contained 77.1 mM 

Na2HPO4 and 61.5 mM citric acid (pH 4.0); 126.3 mM Na2HPO4 and 36.9 mM citric acid (pH 

6.0); 164.7 mM Na2HPO4 and 17.7 mM citric acid (pH 7.0); or 194.5 mM Na2HPO4 and 2.8 mM 

citric acid (pH 8.0). For solid media, 2% agar was added. Routine culture was performed at 

30°C unless otherwise specified. Liquid culture was performed on an orbital shaker (200 rpm) or 
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roller drum. For genetic manipulations, strains were selected on agar plates containing 125 

μg/mL nourseothricin sulfate (RPI N51200 or Jena Biosciences AB0-102XL), 300 μg/mL 

Hygromycin B (Calbiochem 400050), or 200 μg/mL G418 sulfate (Corning 61-234-RG). 

 

Molecular cloning 

 Molecular cloning was performed using HiFi DNA Assembly Master Mix (NEB E2521L). 

Plasmids and their corresponding backbones, inserts, and primers used for construction are 

listed in Table S9. 

 

Knockout library construction 

 Knockout library construction was performed with biolistic transformation as described 

previously177.  Deletion constructs were purchased from Radiant Genomics, Inc. and consisted 

of a NAT resistance cassette flanked by ~1 kb homology arms corresponding to the regions 

immediately upstream and downstream of the target gene’s predicted coding sequence (CDS). 

Genomic boundaries of genes targeted for deletion are listed in Table S1. Constructs were 

transformed by biolistic transformation and were selected on YPAD + NAT plates at room 

temperature for 3 days. From each transformation, at least 12 colonies were assessed for the 

expected knockout junctions and loss of CDS by colony PCR. We attempted deletions of each 

gene at least twice. This yielded 4692 strains. A second round of PCR quality control was 

performed with a set of independent “ORF-check” primers with a smaller amplicon size (~0.5 kb 

vs. ~1 kb) to assess a second time the presence or absence of the target CDS in knockout 

strains, identifying 291 false positives.  Finally, during these studies, we identified strains that 

had diplodized, based on an unexpected shared phenotypic signature of functionally unrelated 

gene deletions followed by confirmation using DNA content measurements. 
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Strain construction with CRISPR/Cas9 

 C. neoformans strains were constructed using CRISPR/Cas9 as previously described76.  

Primers and plasmids are listed in Table S9. Briefly, for each transformation we used 700 ng 

sgRNA, 1 μg CnoCAS9 expression cassette, and 2 μg donor DNA with homology arms. All 

components were generated by PCR, except for donor DNA for Save Haven 1 (SH1) 

transformations, which was produced by linearization of plasmid DNA with AscI or BaeI as 

indicated in Table S9. To construct sgRNAs with unique 20 bp spacers, we first amplified 

separate “U6 promoter-unique spacer” fragments (MJB537 paired with guide-specific sgRNA_R 

primer) and “unique spacer-scaffold-6T terminator” fragments (guide-specific sgRNA_F primer 

paired with MJB538) from pBHM2329. We then mixed equal volumes of these products and 

performed fusion PCR with MJB535 and MJB536. The CnoCAS9 expression cassette was 

amplified from pBHM2403 with MJB537 and MJB538. For gene deletion, NAT, NEO, or HYG 

expression cassettes with homology arms (typically 50 bp) were amplified from pSDMA25, 

pSDMA57, or pSDMA58, respectively. For endogenous C-terminal gene tagging, the desired 

tag-marker combination was PCR amplified from pBHM2404, pBHM2406, or pBHM2502. 

 For transformation, overnight cultures grown in YPAD were diluted to an OD600 of 0.2 in 

100 mL YPAD and cultured 4-5 hours to an OD600 of 0.8-1.0. Yeast were pelleted at 3000 xg at 

4°C and washed twice with 25 mL of cold water. Pellets were resuspended in 10 mL 

electroporation buffer (10 mM Tris-HCl, pH 7.4, 1 mM MgCl2, 270 mM sucrose) with 1 mM DTT 

and incubated on ice for 1 hr. Samples were then pelleted at 3000 xg at 4°C and resuspended 

in 250 μL electroporation buffer without DTT. For each transformation, 45 μL of resuspended 

cells were mixed with DNA, transferred to a prechilled 0.2 cm electroporation cuvette, and 

electroporated at 500 V, 400 Ω, and 250 μF on a BTX Gemini X2 electroporator. Yeast were 

resuspended in 1 mL YPAD and incubated rotating at 30°C for 2 hr before plating on selective 

media. Successful transformants were validated by diagnostic colony PCR76. 
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Knockout library pooling 

 The C. neoformans deletion library contains 4692 strains arrayed into 49 96-well plates. 

Strains were grown as patches in 96-well arrayed format on YPAD + NAT agar in Nunc 

OmniTrays. Mutants within each plate were pooled by gently scraping yeast from the arrayed 

agar plates, washing the plate with YPAD to collect remaining cells, and resuspending in 15 mL 

final volume YPAD. We measured the OD600 of each of these 49 subpools and mixed equal 

OD600’s of each to generate either a master pool containing mutants from all 49 plates (for in 

vitro library profiling experiments) or 10 nonoverlapping subpools containing mutants from up to 

5 plates (for in vivo experiments). Glycerol was added to each pool to 25% final concentration, 

and aliquots of 10 OD600’s each were stored at -70°C. 

 

In vitro fitness profiling 

To profile mutant fitness in vitro, a frozen aliquot of the pooled deletion library was 

thawed, inoculated into 100 mL YPAD, and recovered overnight shaking at 200 rpm at 30°C. 

Cultures were washed once in either PBS or the base medium for the desired growth condition 

(typically YNB) and inoculated at an OD600 of 0.01 in 100 mL in the condition of interest and a 

corresponding control condition. All cultures were grown in duplicate. For most experiments, 

cultures were grown for 24 hr in YNB at 30°C in the presence of a chemical stressor and were 

compared to an untreated control. Compound concentrations were chosen empirically with the 

goal of stressing cultures sufficiently to identify mutants with differential fitness while minimizing 

population bottlenecks. We typically accomplished this with concentrations that inhibited the 

terminal OD600 of the culture by 20-60% compared to the untreated control. When we could not 

achieve this inhibition due to low efficacy, compound solubility limits, or excessively large 

quantities of required compound, we treated at the highest practical concentration. At the end of 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 26

the growth period, cultures were harvested, washed once with water, and stored at -70°C until 

subsequent gDNA isolation and KO-seq library preparation. 

In some experiments, we varied growth medium (e.g., YNB, LI-YNB, YPAD, or DMEM), 

pH (unbuffered, 4.0, 6.5, 7.0, 7.4, or 8.0) incubator conditions (30°C, 37°C, or 37°C/5% CO2), or 

carbon sources. Some of these conditions required adjustments to the standard parameters 

described above. For example, in a subset of growth conditions, particularly those involving 

DMEM, high temperature, and/or high pH, we found that our standard extraction protocol failed 

to yield sufficient gDNA for KO-seq, presumably due to difficulty in lysing yeast grown in highly 

stressful conditions. To circumvent this challenge, at the end of the growth period we pelleted 

cultures, washed once in YPAD, and inoculated 100 mL YPAD cultures at an initial OD600 of 0.1. 

We then grew these cultures overnight 30°C and harvested them for gDNA isolation and KO-

seq as above. 

  For alternative carbon source experiments, we omitted glucose from YNB and added 2-

3% of the desired carbon source. For a subset of these conditions, as well as for cultures grown 

in at pH 8.0, yeast did not achieve sufficient density for gDNA isolation within the standard 24 hr 

growth timeframe. We therefore measured the OD600’s of these cultures every 24 hrs post 

inoculation and harvested when they reached an OD600 ≥ 3.0 or when it appeared that growth 

had saturated. 

 In another experiment, we depleted iron from cultures and assessed mutant fitness in 

low-iron medium supplemented with different iron sources. To deplete cultures of iron, we grew 

the deletion library for 3 days in LI-YNB supplemented with 100 mM MOPS, pH 7.0 and 100 μM 

of the iron chelator bathophenanthrolinedisulfonic acid (BPDS). We then inoculated these iron-

depleted cultures into that same growth medium supplemented with different iron sources and 

cultured for 2 days. These cultures were then outgrown in YPAD overnight as described above. 
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 Table S2 summarizes the conditions of each growth experiment, including growth 

medium, pH, incubator conditions, chemical stressors, culture time, OD600 at the end of the 

growth period, relevant control condition, percent growth relative to control, and whether a 

YPAD outgrowth was used. 

 

Mouse infections 

All animal experiments were approved by the UCSF Institutional Animal Care and Use 

Committee (IACUC) under protocol numbers AN144517, AN180537, and AN195144. Wild-type 

C57BL/6J mice were purchased from Jackson Laboratories (strain number 0000664) and were 

either used directly for experiments or were bred in-house. Excess dectin-1 heterozygous 

(Clec7a+/-) mice were used for pooled retest experiments and were derived from Clec7a-/- mice 

(Jackson strain number 012337) that were bred in-house with wild-type C57BL/6J mice. 

Clec7a+/-mice behave like wild type with regards to C. neoformans infection. 

To profile the knockout library in a mouse pulmonary infection model, frozen aliquots of 

library subpools (containing up to 480 mutants) were thawed, inoculated into 100 mL YPAD, 

and recovered overnight shaking at 200 rpm at 30°C. Cultures were washed twice in sterile 

saline, counted on a hemocytometer, and adjusted to 2 x 106 yeast/mL. For each subpool, 5 6-

8-week old female mice were anesthetized with 75 mg/kg ketamine and 0.5 mg/kg 

dexmedetomidine and suspended them by their front incisors from a silk thread. Mice were 

infected by pipetting 50 μL yeast suspension (1 x 105 yeast total) into the nares and were kept 

suspended for 10 additional min, after which anesthesia was reversed with 1 mg/kg 

atipamezole. Infection was allowed to progress until mice reached a predefined experimental 

endpoint (15% weight loss relative to preinfection or other signs of severe disease), at which 

they were euthanized by CO2 inhalation followed by cervical dislocation. To isolate yeast for 

gDNA isolation, lung tissue was harvested, resuspended in 5 mL final volume PBS, 
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homogenized, and cultured in 100 mL YPAD shaking at 200 rpm at 30°C overnight. Control 

cultures were generated by similarly culturing the inocula used to infect mice in YPAD overnight. 

Cell pellets were collected by centrifugation, washed in water, and stored at -70°C until later 

processing. In the primary screen, cultures from one mouse in Pool 8 and one mouse in Pool 9 

were lost due to bacterial contamination. Fitness retest experiments performed in Clec7a+/- mice 

were performed similarly except that 1) each group of 5 mice contained 3 females and 2 males; 

2) 14 days post infection was used for the experimental endpoint; and 3) lung homogenates 

were cultured in the presence of 50 μg/mL chloramphenicol to prevent bacterial contamination. 

Monotypic intranasal infections were performed similarly to pooled screens except that 

we used both male and female mice aged 6-12 weeks (age- and sex-matched between 

experimental groups); mice were infected with 5 x 104 yeast; and a weight loss threshold of 20% 

was used to define experimental endpoint. For retroorbital infections, yeast preparation and 

mouse analgesia were performed similarly, except that yeast inocula were prepared at 5 x 105 

CFU/mL and 100 μL were delivered by retroorbital injection to achieve a final inoculum of 5 x 

104 yeast. To enumerate CFUs from harvested lung or brain tissue, serial dilutions of 

homogenate were plated onto YPAD plates and grown for 2 days at 30°C. Statistical differences 

in survival and CFU counts were analyzed in GraphPad Prism (version 10.2.3). 

 

Genomic DNA (gDNA) isolation 

 gDNA for KO-seq was isolated as previously described177 with modifications. Frozen cell 

pellets from 100 mL of culture were lyophilized overnight followed by resuspension in 10-15 mL 

CTAB lysis buffer (100 mM Tris-HCl, pH 7.4, 700 mM NaCl, 10 mM EDTA, 1% CTAB, 1% β-

mercaptoethanol) with 3-5 mL of 0.5 mm zirconia/silica beads (BioSpec 11079105z). Samples 

were vortexed and incubated in a 65°C water bath for 2 hours with intermittent vortexing. An 

equal volume of chloroform was added, and samples were gently mixed followed by 
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centrifugation at 2000 xg for 20 min. The aqueous layer was collected, and DNA was 

precipitated with an equal volume of isopropanol, pelleted at 2000 xg for 10 min, washed with 5 

mL 70% ethanol, and air-dried. DNA was resuspended in 500 μL 10 mM Tris, pH 8.0 overnight 

and was treated with 20 μg/mL RNase A (Thermo EN0531) at 37°C for 30 min followed by 200 

μg/mL proteinase K at 55°C for 1 hour. An equal volume of phenol:chloroform:isoamyl alcohol 

(25:24:1) was added and the sample was vortexed and centrifuged at 21,000 xg for 10 min. The 

aqueous layer was removed and extracted with 500 μL chloroform, vortexed, and centrifuged at 

21,000 xg for 10 min. The aqueous layer was removed, precipitated with 0.3 M sodium acetate 

and 3 volumes of ethanol, and centrifuged at 21,000 xg for 10 min. The pellet was washed with 

70% ethanol, air-dried, and resuspended overnight in 100 μL 10 mM Tris-HCl, pH 8.0. DNA was 

further cleaned with a genomic DNA clean & concentrator-25 kit (Zymo D4065) and was 

quantified with the Qubit dsDNA broad range kit (ThermoFisher Q32853). 

 gDNA isolation for the CRISPR/Cas9 suppressor screen (see below) was performed 

similarly with modifications. Briefly, frozen cultures from initial mutant pools and each assay 

condition were treated with DNAse to remove any extracellular PCR product. 100 OD600’s of 

cells were treated with 60U DNase I (NEB M0303) and were incubated at 37°C for 1.5 hours 

followed by heat inactivation at 75°C for 30 minutes. Cells were washed with water, 

resuspended in 6 mL CTAB lysis buffer, and transferred to Omni 15 ml sample tubes (Omni 

International 19-6615) with approximately 1.5 mL of 0.5 mm zirconia/silica beads. The cells 

were bead-beaten for two rounds of 1.5 minutes at 5 m/s at 4°C in an Omni Bead Ruptor Elite 

(Omni International 19-042E), then incubated for at least 2 hours at 65°C. After incubation, 2 ml 

of 25:24:1 phenol:chloroform:isoamyl alcohol was added, and cells were bead-beaten for 

another round using the same settings. The aqueous phase was then collected by 

centrifugation, and DNA was precipitated by isopropanol precipitation as described above. DNA 

was rehydrated with 100 μL nuclease-free water and digested using 10 μg RNase A with 
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incubation at 37°C for 30 minutes, followed by treatment with 100 μg Proteinase K with 

incubation at 55°C for 1 hour. Samples were purified using 500 μL of 25:24:1 

phenol:chloroform:isoamyl alcohol extraction, then ethanol precipitated and washed in ethanol 

twice. The resulting pellet was then resuspended in 100 μL nuclease-free water and cleaned 

with a Zymo gDNA Clean and Concentrator column as described above. 

 

KO-seq library preparation and sequencing 

 Two separate library preparations, one for upstream KO junctions and one for 

downstream junctions, were performed for each gDNA sample using the NEBNext Ultra II FS kit 

(NEB E7805L) with modifications, including a custom Illumina adaptor and primers. The custom 

adaptor contains 1) an 8N unique molecular identifier (UMI) in place of the i7 index; 2) a 

truncated P5 branch ending with dideoxycytosine; and 3) an extension from the typical P7 

primer binding site that enables nested PCR during library preparation. To create this adaptor, 

primers MJB002 and MJB049 were resuspended to 200 μM in 10 mM NaCl. Equal volumes 

were mixed, and primers were annealed by heating to 95°C for 5 min followed by cooling at a 

rate of 0.1°C/s to 12°C. Adaptors were diluted to 15 μM with water, aliquoted, at stored at -20°C. 

To prepare sequencing libraries, 1 μg input gDNA was adjusted to 26 μL final volume 

with 10 mM Tris-HCl, pH 8.0. To fragment, end-repair, and A-tail gDNA, 7 μL Ultra II FS 

Reaction Buffer and 2 μL Ultra II FS Enzyme Mix were added, and samples were incubated at 

37°C for 20 min followed by 65°C for 30 min. For adaptor ligation, 30 μL Ultra II Ligation Master 

Mix, 1 μL Ligation Enhancer, and 2.5 μL 15 μM preannealed adaptor were added, and samples 

were incubated at 20°C for 15 min. Samples were adjusted to 100 μL with 10 mM Tris-HCl, pH 

8.0 and were dual size-selected with AMPure XP beads (Beckman A63881). To remove large 

DNA fragments, 0.4 volumes (40 μL) of beads were added. Samples were vortexed, incubated 

at room temperature for 10 min, and placed on a magnet stand for 5 min, and the supernatant 
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was collected and transferred to a fresh tube. To remove small fragments, 0.2 volumes (20 μL) 

of beads were added to the supernatant. Samples were vortexed, incubated at room 

temperature for 10 min, and placed on a magnet stand for 5 min. The supernatant was removed 

and discarded, and beads were washed twice with 200 μL 80% ethanol and air-dried. DNA was 

eluted by addition of 16 μL distilled water, and 15 μL was transferred to a fresh tube. 

For the first round of PCR, we used a forward primer that anneals to the NAT resistance 

cassette in each deletion strain (MJB037 for downstream junctions or MJB038 for upstream 

junctions) and a reverse primer that anneals to the extended P7 region of our custom adaptor 

(MJB050). 25 μL of Q5 Master Mix and 5 μL of each 10 μM primer was added to each 15 μL 

DNA sample, and PCR was performed with an initial denaturation of 98°C for 30 s, 12 cycles of 

98°C for 10 s and 65°C for 75 s, and a final extension of 65°C for 5 min. To clean samples, 0.9 

volumes (45 μL) of AMPure XP beads were added, and samples were vortexed, incubated at 

room temperature for 10 min, and placed on a magnet stand for 5 min. The supernatant was 

removed and discarded, and beads were washed twice with 200 μL 80% ethanol and air-dried. 

DNA was eluted by addition of 16 μL distilled water, and 15 μL was transferred to a fresh tube. 

For the second round of PCR, we used forward primers that anneal internal to those 

used in the first PCR and a reverse primer (MJB039) that anneals to the canonical P7 region of 

the Illumina adaptor. Forward primers contained the complete Illumina P5 region and 8 bp 

sample barcodes in the i5 index site and are listed in Table S9. Additionally, forward primers 

contained a stagger that inserts 0-3 random nucleotides between the Illumina Read 1 primer 

binding site and the NAT cassette-annealing region. This stagger randomizes the first bases of 

Illumina Read 1, which would otherwise be identical for each molecule due to the constant NAT 

cassette-annealing region of this primer comprising the first bases of the read. To create this 

stagger, we mixed equimolar amounts of 4 otherwise identical primers containing 0-3 N’s in the 
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desired region. This PCR was performed using the same conditions as the first PCR above and 

was similarly cleaned with AMPure XP beads, except that a 30 μL elution volume was used. 

Library concentrations were measured on an Agilent 2100 Bioanalyzer using the high 

sensitivity DNA kit (Agilent 5067-4626) or TapeStation 4200 using the high sensitivity D1000 

system (Agilent 5067-5584). Samples were pooled at the desired molar ratios and were 

sequenced with paired-end 100 bp reads on a HiSeq 4000 or NovaSeq 6000 at the UCSF 

Center for Advanced Technology (CAT) or with paired-end 75 bp reads on a NextSeq 500 at the 

Gladstone Genomics Core. 

 

KO-seq data analysis 

 Raw sequencing files were demultiplexed at the UCSF CAT using the i5 index (Index 2) 

added in the second round of KO-seq PCR. The i7 index (Index 1) contains an 8 bp UMI to be 

used later for read deduplication. UMI sequences corresponding to each read were appended to 

the sequence identifier lines of Read 1 and Read 2 FASTQ files with a custom Python (version 

3.7.1) script. 

Reads were trimmed and filtered with Cutadapt (version 2.4)178 In addition to standard 

adaptor removal, we used this step to remove reads resulting from mispriming during library 

preparation. Briefly, the first 22 bp of KO-seq Read 1 sequences are constant, consisting of the 

16 bp annealing region of the PCR 2 forward primer followed by the final 6 bp of the NAT 

cassette. These sequences are CGGCCGCATCCCTGCATCCAAC for downstream junctions 

and CGCGCCTAGCAGCGGATCCAAC for upstream junctions. Reads that lack this full 22 bp 

sequence likely resulted from mispriming during PCR and were discarded. We used a quality 

cutoff of 20, a maximum error rate of 20%, and a minimum read length of 20 bp for this step. 

The command-line calls for this step were 

cutadapt -g 

“CGGCCGCATCCCTGCATCCAAC;required;o=22;e=0.2...AGATCGGAAGAGCACACGTCTGA
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ACTCCAGTCAC;optional” -A GTTGGATGCAGGGATGCGGCCG -q 20 -m 20 --pair-filter=first --

discard-untrimmed -o read1_out1 -p read2_out1 read1_fq read2_fq” 

for downstream junctions and  

cutadapt -g 

“CGCGCCTAGCAGCGGATCCAAC;required;o=22;e=0.2...AGATCGGAAGAGCACACGTCTGA

ACTCCAGTCAC;optional” -A GTTGGATCCGCTGCTAGGCGCG -q 20 -m 20 --pair-filter=first --

discard-untrimmed -o read1_out1 -p read2_out1 read1_fq read2_fq 

for upstream junctions. We subsequently discarded any trimmed reads that were less than 20 

bp in length using 

cutadapt -m 20:20 -o read1_out2 -p read2_out2 read1_out1 read2_out1 

 Deletion mutants were constructed such that each gene’s CDS was replaced with the 

NAT cassette while leaving the endogenous UTRs in place. We therefore used Bowtie2 (version 

2.3.5.1)179.  To map trimmed reads to a custom genome index relating each annotated C. 

neoformans gene to the 300 bp immediately preceding or following the region deleted. We did 

this with the command line call 

bowtie2 --end-to-end --fr --norc --no-mixed --no-discordant -X500 --score-min C,-22,0 -p threads 

-x index -1 read1_out2 -2 read2_out2 -S sam_name 

The resulting SAM file was then converted to BAM format, sorted, and indexed using 

SAMtools180 implemented in pysam (version 0.15.3). Reads resulting from PCR duplicates were 

deduplicated based on the combination of their 8 bp UMI and the random mapping coordinate of 

KO-seq Read 2 using UMI-tools (version 1.0.1)181 with the command line call umi_tools dedup --

paired --output-stats=name --log=name.log --stdin=sorted_bam --stdout=deduplicated_bam 

The number of deduplicated reads corresponding to each gene flank were counted using a 

custom Python script, excluding reads that mapped >10 bp from the start of each gene flank. 

Counts corresponding to mutants that failed quality control or had diploidized (Table S1) were 

also discarded. 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 34

 

In vitro mutant fitness calculation 

Mutant fitness calculations were performed using custom scripts in R (version 4.3.2). 

Upstream and downstream junction counts were summed for each mutant in each sample and 

were used as input for DESeq2 (version 1.40.2)182 to calculate mutant log2 fold changes in 

conditions of interest relative to same-day controls. DESeq data sets were constructed using the 

DESeqDataSetfromMatrix function, and the DESeq function was called with the “fitType = 

‘local’” parameter. Samples cultured on the same day (i.e., within the same experiment in Table 

S2) were analyzed as individual batches. Log2 fold changes were shrunk using the lfcShrink 

function implementing the ashr (version 2.2_63)183 shrinkage estimator. To compare log2 fold 

changes across conditions and experiments, we scaled ashr-shrunk log2 fold changes by 

dividing them by the standard deviation of all log2 fold changes within a sample and defined this 

value as a mutant’s “relative fitness score.” 

 

In vivo mutant fitness calculation 

Upstream and downstream junction counts were summed for each mutant in each 

mouse and normalized by converting to reads per million with a pseudocount of 1. Only mutants 

for which we obtained at least 10 raw counts and 10 counts per million in the control YPAD 

culture were analyzed. Raw log2 fold changes for each mutant in each mouse were calculated 

relative to their abundances in the control YPAD culture of the infectious inoculum. Because 

mutants are more likely to display decreased rather than increased fitness in vivo, raw log2 fold 

changes exhibited asymmetrical lognormal distributions that were centered near zero, as 

expected, but displayed a long tail below zero. A small subset of samples were centered below 

zero, presumably due to noise. These features precluded use of the simple scaling approach 

described for in vitro data to correct for mouse-to-mouse variability. Instead, we transformed raw 

log2 fold changes to modified (median-based) Z-scores, Zm, and defined population outliers as 
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mutants with |Zm| > 3.5. We calculated the mean and standard deviation of raw log2 fold 

changes for non-outlier mutants, then used these values to calculate standard Z-scores for all 

mutants, including outliers. We then averaged these values for each mutant across replicate 

mice to produce an in vivo relative fitness score for each mutant. 

For retest experiments, we created 2 subpools containing 368 or 367 non-overlapping 

putatively attenuated mutants based on a preliminary analysis of the initial mouse screen. 

These subpools respectively contained 18 and 6 mutants later discovered to be diploid (Table 

S1), which were omitted from analyses. As controls, to each pool we added the same set of 96 

neutral mutants, which had fitness scores near zero in the preliminary analysis. Our in vivo 

fitness calculations for the initial screen described above relied on the fact that most mutants in 

the initial pools had fitness similar to wild type, thereby allowing us to identify attenuated 

mutants as those that deviated from the population average. We could not apply this method to 

our retest experiment because retest pools primarily consisted of attenuated strains. Instead, for 

the retest experiment we first calculated raw log2 fold changes for each mutant (relative to the 

control culture of the infectious inoculum) as described for the initial screen. We then calculated 

the mean and standard deviation of these log2 fold changes for the 96 control mutants in each 

pool. Finally, we normalized the raw log2 fold change of each attenuated mutant using the mean 

and standard deviation of the control strains. We averaged these values from the 5 replicate 

mice to obtain a relative fitness score for each mutant. Because the 2 attenuated mutant pools 

were designed based on an early analysis of the primary screen data, they contained 53 and 87 

mutants, respectively, that were no longer classified as “attenuated” after performing the more 

rigorous analysis described above. These mutants are excluded from the graph in Fig. 4D for 

clarity but are reported in Table S6. 

 

Hierarchical clustering 
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 In vitro and in vivo mutant fitness scores across 158 growth experiments (157 in vitro 

and 1 in vivo) were compiled into a single data frame. We defined mutants as having a 

phenotype in a particular growth condition if the absolute value of their fitness score was greater 

than or equal to 2.0. We filtered this data frame to include only mutants with a phenotype in at 

least 1 experiment, creating a matrix of 1909 mutants in 158 experiments. This matrix was 

hierarchically clustered using average linkage clustering with the centered Pearson correlation 

as the distance metric in Cluster 3.0 (C Clustering Library version 1.59)184.  To create the mutant 

co-fitness matrix, pairwise Pearson correlations for the chemical-genetic profiles of each of the 

1909 mutants above were calculated and were hierarchically clustered using centroid clustering 

with Euclidean distance as the distance metric. The resulting heatmaps were visualized and 

adjusted in TreeView (version 1.2.0)185. 

 

Random Forest classifier and feature importance analysis 

We designed a machine learning pipeline to infer mutants’ in vivo attenuation based on 

in vitro phenotypes (Fig. 4F). We defined the 157 in vitro relative fitness scores for each mutant 

as features. We framed the in vivo prediction as a binary classification problem, defining two 

classes that we refer to as “Attenuated” and “Not Attenuated.” Specifically, the “Attenuated” 

class corresponds to mutants with an in vivo relative fitness score less than or equal to -2, while 

“Not Attenuated” is defined for in vivo relative fitness scores strictly higher than 0. We excluded 

stressors with in vivo relative fitness scores in the interval (-2,0], as this range may contain false 

negative attenuated mutants that could complicate classification. Thus, our set of training data 

can be represented as ��� , ��
� where �� and ��  are the set of 157 features and the binary target 

label for the mutant �, respectively, with �� � 0 if the target class is “Attenuated,” or �� � 1 if it is 

“Not Attenuated.” 

We employed a Random Forest (RF) as a classification model. For training and 

evaluating the RF model, we performed a leave-one-out approach on the 10 non-overlapping 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 37

subpools of mutants that were profiled independently. Specifically, we trained 10 models, each 

time exploiting 9 subpools as the training set and the remaining subpool as a test set to 

evaluate our classifier’s accuracy based on prediction of mutants in the unseen subpool as 

“Attenuated” or “Not Attenuated” (the target label). To further increase the generality 

assessment, for each leave-one-out experiment we computed our target labels from one 

random mouse, among the five available in each pool. This design choice is motivated by the 

necessity to evaluate the robustness of the classification algorithm with respect to all the 

available different mutants and assessing the generality of the proposed model. 

The choice of an RF classifier was motivated by the possibility to measure feature 

importance. RF is designed as a parallel set of decision trees that are trained on random splits 

of data and features (i.e., a bootstrapped ensemble), and whose predictions are averaged 

together to obtain the final prediction. Mean Decrease in Impurity (MDI) is a measure used to 

provide a feature importance score in the RF classification procedure. Here "Impurity" refers to 

the extent to which the data at a single node in the decision tree tend to belong to the same 

class (High Purity/Low Impurity) or belong to many different training classes (Low Purity/High 

Impurity). This is related to the Gini Purity (or, in some implementations, Information Entropy), 

used to decide onto which features a specific node of the Decision Tree should make the split. 

In a single decision tree, the feature to be selected is the one that reduces impurity the most, 

until it ideally reaches 0 at leaf nodes. MDI is obtained by considering a specific feature �� and 

summing the decrease in Impurity obtained by traversing the decision tree according to that 

feature. This is computed for all features and for all nodes. Then, it is aggregated across all the 

Decision Trees in the Random Forest to obtain the final MDI scores. Feature importances are 

normalized to sum up to one. 

 

Protein conservation and domain analysis 
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 Ortholog groups and predicted domains for the C. neoformans proteome were accessed 

via FungiDB (release 66)186. Ortholog groups were searched in OrthoMCL (release 6.21)12 and 

were classified as being specific to pathogenic Cryptococcus spp. if that group was found only 

in the C. neoformans, C. deneoformans, C. gattii, C. deuterogattii, C. bacillisporus, or C. 

tetragattii genomes present in the database. Proteins found beyond these pathogenic species 

but restricted to tremellomycetes were classified as being tremellomycete-specific, and so on to 

categorize proteins as basidiomycete-specific, fungus-specific, eukaryote-specific, or conserved 

in bacteria and/or archaea. We used information from Interpro, PFam, PirSF, Prosite, Smart ID, 

Superfamily, and TigrFam databases (accessed via FungiDB) to determine whether proteins 

had at least one bioinformatically predicted protein domain. 

 

Yeast spot dilution assays 

 Overnight yeast cultures were harvested, washed once in water, resuspended in water, 

and adjusted to 3 x 106 yeast/mL. Suspensions were 5-fold serially diluted five times to obtain 

six resuspensions ranging in concentration from 960 yeast/mL to 3 x 106 yeast/mL. 3 μL of each 

dilution was spotted onto an agar plate and allowed to dry. Plates were incubated for 2-3 days 

before imaging. 

 

Growth for Rim101 western blots 

 To assess Rim101 processing in wild-type, rra1Δ, or rra2Δ backgrounds, overnight 

cultures grown in YPAD were inoculated into unbuffered YPAD or YPAD buffered to pH 8.0 with 

100 mM HEPES-NaOH and were cultured for 4 hours before harvesting for protein extraction 

and western blotting as described below. To assess Rim101 processing in response to different 

Rra1 alleles, cultures were grown in unbuffered SC to OD600 ~1.0, diluted in SC buffered to the 
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desired pH with McIlvaine’s buffer, and cultured for 4 hours before harvesting for western 

blotting. 

 

Protein extraction 

 Logarithmically growing yeast (2 OD600’s) were pelleted, washed once with water, and 

stored at -70°C until later processing. Pellets were resuspended in 200 μL 10% TCA, incubated 

on ice for 10 min, and pelleted at 21,000 xg at 4°C for 5 min. The supernatant was discarded, 

and pellets were washed with cold acetone and centrifuged at 21,000 xg at 4°C for 5 min. 

Pellets were air dried and resuspended in 200 μL 2X NuPAGE LDS sample buffer (Invitrogen 

NP0007) supplemented with 50 mM Tris-HCl, pH 8.0 and 100 mM DTT. Samples were then 

bead-beat on an Omni Bead Ruptor Elite with 0.5 mm zirconia/silica beads at 6.0 m/s for 2 

cycles of 90 s with a 90 s rest between, followed by boiling for 10 min. 

 

Western blotting 

 Samples were separated on 4-12% Bis-Tris gels (Genscript) in Tris-MOPS-SDS running 

buffer (Genscript M00138) and transferred to 0.45 μm nitrocellulose in Tris-Glycine transfer 

buffer (25 mM Tris, 250 mM glycine) with 20% methanol. Membranes were blocked in 5% milk 

in TBST (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween-20) for 1 hr at room temperature 

or overnight at 4°C followed by incubation in primary antibody (1:3000 mouse-α-FLAG M2, 

Sigma F3165, or 1:1000 rabbit-α-Histone H3, Invitrogen PA5-16183) in blocking buffer for 1 hr 

at room temperature or overnight at 4°C. Membranes were washed three times in TBST and 

incubated in HRP-conjugated secondary antibody (1:8000 goat-α-mouse IgG, Invitrogen 31430, 

or 1:8000 goat-α-rabbit IgG, Invitrogen 65-6120) for 1 hr at room temperature followed by three 

washes in TBST. Membranes were rinsed in PBS and detected with SuperSignal West Pico 
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PLUS (Thermo Scientific 34580) or SuperSignal West Femto Maximum Sensitivity (Thermo 

Scientific 34094) chemiluminescent substrate. 

 

Microscopy 

 For Rim101, Rim23, Rra1, and Rra2 imaging experiments, overnight YPAD cultures 

were diluted to OD600 0.1 in SC buffered to pH 4.0 with McIlvaine’s buffer and were cultured 4-6 

hours to OD600 ~0.4-0.6. Cultures were then pelleted, resuspended in SC buffered to either pH 

4.0 or pH 8.0 with McIlvaine’s buffer, and cultured for 30 minutes. Yeast were spotted onto 2% 

agarose pads (Lonza 50081) made in the same medium as the liquid culture (SC buffered to pH 

4.0 or 8.0, as appropriate), allowed to dry, and covered with #1.5 coverslips prior to live imaging. 

For Cps1 imaging, overnight YPAD cultures were diluted to OD600 0.1 in YNB, grown for 3-4 

hours to OD600 ~0.4-0.5, and spotted onto 2% agarose pads in YNB prior to mounting and live 

imaging. 

Confocal images were captured on an inverted Nikon Ti microscope equipped with a 

CSU-22 spinning disk (Yokogawa) and an Evolve Delta EMCCD camera (Photometrics). 

Imaging was performed with a Plan Apo VC 100X/1.4 NA oil objective using a 488 nm solid-

state laser for excitation and an ET525/50m emission filter for mNeonGreen. Brightness and 

contrast were adjusted in Fiji187. Image acquisition and processing parameters were constant 

within each experiment. 

 

Growth and harvesting for affinity purification-mass spectrometry 

For Rra2, Mid1, Unc79, Unc80, Rad9, Njf1, and Cps1 AP-MS, strains were inoculated 

into 2 L YPAD at a low density (OD600 ~0.001-0.002) and were grown shaking at 200 rpm 

overnight at 30°C. The next day, at OD600 ~1.0, 1% additional glucose was added. For Mid1, 

Unc79, Unc80, and Cps1, cultures were then grown directly to OD600 ~2.0 and harvested. For 

Rra2, the medium was buffered shortly after glucose addition with 100 mM (final concentration) 
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HEPES-HCl, pH 4.0 or 100 mM HEPES-NaOH, pH 8.2. Cultures were then grown for 1 hr in the 

presence of buffer before harvest. For drug-treated Rad9 and Njf1 samples, 500 μ/mL Zeocin 

was added concurrently with glucose addition, and cells were grown for 2 additional hours 

before harvest. For Rgh1 AP-MS, overnight YPAD cultures were washed in DMEM, pH 7.4, 

diluted to an OD600 of 0.2 in DMEM, pH 7.4, and cultured shaking at 200 rpm at 37°C without 

CO2 until harvest at OD600 ~1.0. For all samples, cells were harvested by centrifugation at 5000-

6200 xg at 4°C for 5-10 min in a JLA-8.1000 rotor, washed with 300 mL cold water, and pelleted 

at 9000-10,500 xg for 5-10 min at 4°C. Rgh1 samples were washed with 300 mL of a modified 

immunoprecipitation (IP) wash buffer (25 mM HEPES-KOH, pH 7.9, 300 mM KCl) instead of 

water, as yeast grown in DMEM do not readily pellet after water washes. Samples were 

resuspended in the appropriate IP buffer (see below) and were stored at -70°C as “popcorn” at 

described below. 

 

Membrane pellet affinity purification-mass spectrometry 

For IPs performed from membrane pellets (Rra2, Mid1, Unc79, Unc80, and Cps1), 

pellets were resuspended in 15-20 mL Membrane IP buffer (50 mM HEPES-KOH, pH 7.9, 150 

mM KOAc, 2 mM MgOAc, 1 mM CaCl2, 200 mM sorbitol, 2 mg/mL iodoacetamide, and protease 

inhibitors [Pierce A32965 or Sigma 11836153001]). Resuspended pellets were dripped slowly 

into liquid nitrogen to form “popcorn” and were stored at -70°C until further processing. Cells 

were lysed by cryogrinding in a SPEX Sample Prep 6870 for 9-12 cycles of 3 min grinding at 15 

cps followed by 2 min cooling between cycles. Samples were stored at -70°C until further 

processing. 

Grindates were thawed and treated with 2500 U Benzonase (Sigma E1014) or Benz-

Neburase (GenScript Z03695) for 30-90 min at room temperature. Samples were pelleted at 

16,000 xg at 4°C for 15 min in a JA-17 rotor and the supernatant was discarded. The cell pellet 

was resuspended in 10 mL Membrane Solubilization buffer (50 mM HEPES-KOH, pH 7.9, 250 
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mM KOAc, 2 mM MgOAc, 1 mM CaCl2, 200 mM sorbitol, 15% glycerol, 1% (w/v) GDN, 0.1% 

CHS, 2 mg/mL iodoacetamide and protease inhibitors), incubated for 2 h at 4°C with agitation, 

and centrifuged at 20,000 xg for 45 min at 4°C. The solubilized supernatant was collected for 

anti-FLAG IP. Meanwhile, 400 μL anti-FLAG M2 Magnetic beads (Sigma M8823) were prepared 

by 3 washes (10 min with rocking at 4°C) with Membrane IP Wash buffer (50 mM HEPES-KOH, 

pH 7.9, 250 mM KOAc, 2 mM MgOAc, 1 mM CaCl2, 200 mM sorbitol, 15% glycerol, 0.1% GDN, 

0.01% CHS and protease inhibitors). The solubilized supernatant was added to beads and 

incubated overnight at 4°C with rocking. The flow-through was discarded, and non-specific 

material removed by 3 washes with 15 mL Membrane IP Wash buffer followed by 3 washes with 

Low-detergent Membrane IP Wash buffer (50 mM HEPES-KOH, pH 7.9, 250 mM KOAc, 2 mM 

MgOAc, 1 mM CaCl2, 200 mM sorbitol, 15% glycerol, 0.01% GDN). Samples were eluted by 3-4 

incubations in 200-500 μg/mL 3X FLAG peptide (Sigma F4799) in Low-detergent Membrane IP 

Wash buffer in 600-900 μL final volume. For Cps1 samples, samples were washed and eluted in 

Detergent-free Membrane IP Wash buffer (lacking GDN or CHS) instead of Low-detergent 

Membrane IP Wash buffer. Eluates were pooled, TCA was added to 13% final concentration to 

precipitate proteins, and samples were incubated on ice overnight at 4°C. Proteins were 

pelleted at 21,000 xg for 20 min at 4°C, washed 2-3 times with ice-cold acetone, and stored at -

70°C until further processing. 

TCA pellets were prepared for MS using the PreOmics iST Sample preparation kit 

according to the manufacturer instructions. Briefly, samples were reduced and alkylated by 

incubation in Lysis buffer for 10 min at 95°C with shaking followed by Trypsin/LysC digestion for 

3 hr at 37°C with shaking. The reaction was stopped with Stop buffer, and samples were loaded 

onto a cartridge and spun through (2250 xg for 3 min). Cartridges were washed sequentially 

with Wash X, Wash 1, and Wash 2, followed by elution and vacuum evaporation until dry. 
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Non-membrane pellet affinity purification mass spectrometry 

For non-membrane pellet AP-MS samples (Rad9, Njf1, and Rgh1), harvested cell pellets 

were resuspended in 15-20 mL Standard IP buffer (25 mM HEPES-KOH, pH 7.9, 300 mM KCl, 

0.1 mM EDTA, 0.5 mM EGTA, 2 mM MgCl2, 20% glycerol, 0.1% Tween-20, 1 mM DTT) with 

protease inhibitors. DTT was omitted from all buffers for Rgh1 samples, except for elution 

buffer, to minimize disruption of this protein’s predicted disulfide bonds. “Popcorn”-making, 

cryogrinding, and Benzonase/Benz-Neburase treatment was performed as described above. 

Whole cell lysates were clarified by centrifugation at 40,000 xg at 4°C for 15 min in a JA-17 

rotor, and the supernatant was collected for anti-FLAG IP. Meanwhile, 400 μL anti-FLAG M2 

Magnetic beads were prepared by 3 washes (10 min with rocking at 4°C) with Standard IP 

buffer. The clarified lysate was added to beads and incubated overnight at 4°C with rocking. The 

flow-through was discarded, and non-specific material removed by 3 washes with 15 mL 

Standard IP buffer followed by 3 washes with Detergent-free Standard IP buffer (Standard IP 

buffer without Tween-20). Samples were eluted by 3 x 300 μL incubations in 200-500 μg/mL 3X 

FLAG peptide in Detergent-free Standard IP buffer. Eluates were TCA precipitated and reduced, 

alkylated, and digested as described above, except that Wash X was omitted. 

 

Hyaluronic acid (HA) ELISA 

 HA production was measured using the HA-ELISA kit (Corgenix 029-001). Yeast were 

cultured in YPAD to OD600 ~0.4-0.6, washed with sterile PBS, and adjusted to 5 x 108 CFU/mL 

in PBS. 10 μL (5 x 106 CFU) were diluted in 100 μL Reaction Buffer and incubated in HA-

binding protein (HABP)-coated microwells overnight at room temperature with shaking. The next 

day, wells were washed with Wash Solution to remove yeast, HRP-conjugated HABP Solution 

was added, and wells were incubated for 30 min at room temperature. Wells were washed, and 

One-component Substrate Solution (containing 3,3',5,5'-tetramethylbenzidine and H2O2) was 
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added and incubated for 30 min for color development. The reaction was stopped with Stopping 

Solution (0.36 N sulfuric acid), and intensity was measured at 450 nm with a 650 nm reference. 

Final HA concentrations were calculated by comparing with an HA standard curve and 

reference solutions supplied with the kit. Statistical differences were analyzed in GraphPad 

Prism (version 10.2.3). 

 

RGH1 qRT-PCR 

 Overnight YPAD cultures of wild-type yeast were washed in PBS and inoculated into 

YPAD, YNB, or DMEM (containing sodium bicarbonate). For YPAD and YNB, yeast were 

inoculated at an initial OD600 of 0.1 and were cultured at 30°C on a roller drum until harvest at 

OD600 ~1.0. For DMEM, yeast were inoculated at an initial OD600 of 2.5 in 5 mL and were 

cultured static for 6 hr in 6-well tissue culture plates at 37°C/5% CO2. Samples for RNA isolation 

were harvested by centrifugation, frozen in liquid nitrogen, and stored at -70°C until further 

processing. 

 To isolate RNA, 500 μL TRIzol (Invitrogen 15596018) and 100 μL 0.5 mm zirconia/silica 

beads were added to frozen pellets. Samples were bead-beaten on an Omni Bead Ruptor 12 

(Omni International 19-050) on “high” for 90 s and were incubated on ice for 5 min. 100 μL 

chloroform was added, and the sample was mixed by inversion and incubated at room 

temperature for 10 minutes. Samples were centrifuged for 15 min at 21,000 xg at 4°C, and the 

aqueous phase was collected. An equal volume of ethanol was added, and RNA was isolated 

with an RNA Clean & Concentrator-5 kit (Zymo R1013). Briefly, the sample was passed over a 

Zymo-Spin IC column and was treated on-column with 6 U TURBO DNase (ThermoFisher 

AM2238) at 37°C for 30 min. RNA was washed and eluted in 20 μL nuclease-free water 

according to manufacturer’s instructions. cDNA was synthesized from 1 μg total RNA with 

SuperScript III reverse transcriptase (Invitrogen 18080-044) and random hexamers according to 
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manufacturer’s instructions. cDNA samples were diluted 1:5 with water, and 2.5 μL were used 

as templates for qPCR with PowerUp SYBR Green master mix (Life Technologies A25742) 

using 500 nM each forward and reverse primers and a 10 μL reaction volume. Samples were 

analyzed on a CFX96 Real-Time PCR system (Bio-Rad) with initial denaturation of 50°C for 2 

min and 95°C for 2 min followed by 40 cycles of 95°C for 15 s, 55°C for 15 s, and 72°C for 1 

min. Each biological replicate was analyzed in technical triplicate, and relative expression 

differences were calculated using the ΔΔCt method with actin as a reference. 

 

Secretome profiling 

For YNB culture supernatant and cell pellet proteomics, overnight YPAD cultures were 

inoculated to an OD600 of 0.001 in 200 mL of YNB and were grown for 24 hours shaking at 200 

rpm at 30°C. For DMEM samples, overnight YPAD cultures were inoculated to an initial OD600 of 

0.2 in 5 x 50 mL cultures (250 mL total per biological replicate) in 15 cm tissue culture dishes. 

Cultures were incubated static for 24 hours at 37°C/5% CO2. 

Harvested supernatants were passed through a 0.22 μm filter followed by concentration 

on a 3 kDa molecular weight cutoff Centricon Plus-70 filter (Millipore Sigma UFC700308). 

Samples were then precipitated with TCA (10% final concentration) and were washed twice with 

10% TCA and twice with cold acetone. Pellets were stored at -70°C until further processing with 

the PreOmics iST Sample preparation kit as described above. 

Cell pellets (0.25 g for YNB, 1.0 g for DMEM) were processed as previously described188 

with modifications. Briefly, pellets were resuspended in 5 mL 100 mM Tris-HCl, pH 8.5 

containing protease inhibitors and were lysed using a probe sonicator at 30% power. We used 2 

cycles of 30 s on/30 s off for YNB cell pellets and 5 cycles for DMEM cell pellets. Lysates were 

pelleted for 30 min at 4°C at 20,000 xg in a JA-17 rotor, and supernatants were harvested. SDS 

(2% final concentration) and DTT (10 mM final concentration) were added, and samples were 
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incubated at 95°C for 10 min. Samples were cooled to room temperature, iodoacetamide (0.55 

mM final concentration) was added, and samples were incubated in the dark for 10 min. 

Samples were then TCA precipitated and stored at -70°C until further processing for mass 

spectrometry with the PreOmics iST Sample preparation kit as described above. 

 

Mass spectrometry data acquisition and search parameters  

A nanoElute was attached in line to a timsTOF Pro equipped with a CaptiveSpray 

Source (Bruker, Hamburg, Germany). Chromatography was conducted at 40°C through a 25 cm 

reversed-phase C18 column (PepSep, 1893476) at a constant flowrate of 0.5 μL/min. Mobile 

phase A was 98/2/0.1% water/MeCN/formic acid (v/v/v, Thermo Fisher, LS118, LS120) and 

phase B was MeCN with 0.1% formic acid (v/v). During a 108 min method, peptides were 

separated by a 3-step linear gradient (5% to 30% B over 90 min, 30% to 35% B over 10 min, 

35% to 95% B over 4 min) followed by a 4 min isocratic flush at 95% before washing and a 

return to low organic conditions. Experiments were run as data-dependent acquisitions with ion 

mobility activated in PASEF mode. MS and MS/MS spectra were collected with m/z 100 to 1700 

and ions with z = +1 were excluded.  

Raw data files were searched using PEAKS Online Xpro 1.7.2022-08-03_160501 

(Bioinformatics Solutions Inc., Waterloo, Ontario, Canada). The precursor mass error tolerance 

and fragment mass error tolerance were set to 20 ppm and 0.03 respectively. The trypsin+LysC 

digest mode was set to semi-specific and missed cleavages was set to 3. We searched the data 

using the FungiDB database. Carbamidomethylation was selected as a fixed modification. 

Oxidation (M), Deamidation (NQ), and Acetylation (N-term) were selected as variable 

modifications. 

 

Affinity purification-mass spectrometry data analysis 
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 Datasets were filtered to exclude contaminants and proteins for which MS1 area values 

were not obtained for any of the samples within a given comparison. A pseudovalue of 1 was 

added to all protein-level MS1 area values to enable downstream log2 transformation. MS1 

areas were normalized to the sum of total MS1 area within a sample, and values for biological 

replicates were averaged. Protein enrichments reported on graphs are log2-transformed ratios 

(tagged/untagged) average MS1 areas. 

 

Supernatant proteomics data analysis 

Samples from cells grown in DMEM were labeled “DP” for cell pellets and “DS” for cell 

supernatants. Those from cells grown in YNB were labeled “YP” for cell pellets and “YS” for 

supernatants. The MS data were filtered for proteins for which at least 10 spectra were obtained 

across all experiments. Proteins without MS1 area data for any of the supernatants were filtered 

out. For the samples grown in DMEM, replicate 4 (labeled “DS_4”) for the supernatant was 

dropped from analysis due to low signal. The same was done for replicate 4 of the supernatants 

for samples grown in YNB (labeled “YS_4”). For the remaining data, the proteins were sorted 

based on the ratio of the sum of the MS1 area values for the supernatants divided by those of 

the pellets. For the moving χ2 analysis, for each possible cutoff, the sum of the supernatant MS1 

areas above and below the cutoff was computed, and the same was done for the sum of the 

MS1 area values for the pellets. On that 2 x 2 table, the χ2 statistic was calculated using the 

chi2_contingency function in the stats module from SciPy. This was done for all possible cutoffs. 

The cutoff producing the maximum χ2 value was selected to define proteins as secreted. 

 

CRISPR suppressor screen growth 

 To identify loss-of-function suppressors of the rgh1Δ phenotype, we created a genome-

scale insertional mutagenesis library in a Cas9-expressing, rgh1Δ strain. To do this, we utilized 
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a plasmid library containing sgRNAs targeting 4977 C. neoformans genes with 4 guides per 

gene (M.Y.H. and H.D.M., unpublished data). These sgRNAs were cloned adjacent to a NAT 

resistance cassette and a UMI, enabling PCR amplification of fused NAT-sgRNA-UMI 

amplicons. We electroporated these amplicon pools in duplicate into Cas9-expressing, rgh1Δ 

yeast and cultured in YPAD containing 75 μg/mL nourseothricin to select for insertional mutants 

into the target loci. We obtained a library of approximately 2 x 105 transformants representing 

~10X coverage per sgRNA. To identify suppressors, we inoculated 2 x 107 CFUs (~100X library 

coverage) from frozen library glycerol stocks of our duplicate libraries into DMEM, pH 7.4, and 

cultured shaking at 200 rpm at 37°C/5% CO2 for 4 days. Cultures were pelleted, inoculated into 

100 mL YPAD cultures at an initial OD600 of 0.1, and outrgrown in YPAD for harvesting and 

gDNA isolation as described above. 

 

CRISPR suppressor screen sequencing library preparation 

Concentration of gDNA samples was measured using a Qubit dsDNA BR Assay Kit. To 

prepare sequencing libraries, sgRNA and UMI sequences were PCR amplified from gDNA 

samples using custom primers carrying Illumina adapter and index sequences on overhangs. 

Briefly, 15 cycles of PCR were run using NEBNext Ultra II Q5 Master Mix. To preserve library 

diversity, gDNA quantity equivalent to approximately 4 x 107 genomes was used as template for 

each sample. PCR products were cleaned using a Monarch PCR and DNA cleanup kit (NEB 

T1030) following manufacturer’s instructions. Library size was analyzed using TapeStation High 

Sensitivity D1000 Screentape. The library was sequenced on a NextSeq 500 using a 75 cycle 

Nextseq 500/550 High Output v2.5 kit (Illumina 20024906) with a custom sequencing primer 

(P02) spiked in, as well as a 5% PhiX sample spike in. 

 

CRISPR suppressor screen data analysis pipeline 
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Reads were basecalled using bcl2fastq (version 2.17.1.14) with options –minimum-

trimmed-read-length 10 –mask-short-adapter-reads 0 –barcode-mismatches 1 –no-lane-

splitting. Excess cycles and low-quality reads were removed using Cutadapt (version 4.2)178 with 

options -q 25 -m 20:10 –max-n 0 -a CTAGATGCGAGATAT. sgRNA sequences were directly 

aligned to the expected library sequences using custom Python (version 3.10.8) scripts while 

tracking counts associated with each encountered UMI sequence for each sgRNA sequence. 

We reasoned that low counts associated with rare UMIs for each sgRNA were likely to arise 

from PCR contamination. We employed the following strategy to remove these reads. We first 

collapsed neighboring UMI sequences using the UMIClusterer function with cluster_method = 

‘directional’ within UMItools (version 1.1.2)181 the Python API. We then applied a read count 

cutoff determined by the maximum of either 2 or log2(reads + pseudocount) - 2. Any reads 

below the cutoff were discarded. Reads were then analyzed by Mageck (version 0.5.9.5)15 using 

mageck mle with options –norm-method total –no-permutation-by-group. 

 

Data availability 

All raw mass spectrometry data is available for download on MassIVE, a full member of 

the ProteomeExchange, under the identifier: MSV000096014.  Raw sequencing data are 

available from the NCBI Sequence Read Archive under BioProject IDs PRJNA1173758 and 

PRJNA1175672. 
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FIGURE LEGENDS 

Figure 1. Construction and fitness profiling of a genome-scale deletion library. 

(A) Overview of deletion library construction and pooled in vitro screening. 

(B) Correlation of KO-seq mutant abundance measurements in replicate YNB cultures. 

(C) Rank-ordered plot of relative mutant fitness in YNB minimal medium relative to YPAD rich 

medium. Dashed lines indicate relative fitness scores of -2.0 and 2.0 that were used to define 

phenotypes. Auxotrophic mutants are highlighted. 

(D) Phenotypic map. Mutant fitness was measured in 158 growth experiments encompassing 

141 unique in vitro conditions and 1 in vivo condition. Heatmap shows relative fitness scores 

calculated from endpoint mutant abundances in treated versus same-day control cultures. Data 

were filtered to show only the 1909 mutants exhibiting at least one condition with relative fitness 

score ≤ -2.0 or ≥ 2.0 and were clustered based on the centered Pearson correlation (average 

linkage). 

(E) Mutant cofitness matrix. Pearson correlation coefficients of phenotypic profiles were 

calculated and clustered based on the Euclidean distance (centroid linkage). Manually identified 

clusters are indicated. 

 

Figure 2. Insights into a Hedgehog-like pH sensing pathway. 

(A) Diagram of the Rim101 pH sensing pathway in C. neoformans. 

(B) Rim101 pathway cluster. 

(C) Phenotypic profile of Rim101 pathway members. 

(D) Western blot assaying proteolytic processing of endogenously tagged 2xFLAG-mNG-CBP-

Rim101 in unbuffered medium or at pH 8.0. Asterisk indicates nonspecific band. 

(E) Live confocal imaging of endogenously tagged 2xFLAG-CBP-mNG-Rim101 in SC medium 

buffered to pH 4.0 or 8.0 with McIlvaine’s buffer. 
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(F) Spot dilution assay assessing rescue of Rim101 pathway mutants by expression of a 

truncated Rim101 allele. Images were taken after 3 days of growth. 

(G) Live confocal imaging of endogenously tagged Rim23-2xmNG-CBP-2xFLAG in SC medium 

buffered to pH 4.0 or 8.0 with McIlvaine’s buffer. 

(H) Live confocal imaging of endogenously tagged Rra2-2xmNG-CBP-2xFLAG in SC medium 

buffered to pH 4.0 or 8.0 with McIlvaine’s buffer. 

(I) Rra2 AP-MS at pH 8. YPAD cultures of yeast expressing endogenously tagged Rra2-

2xmNG-CBP-2xFLAG were shifted to pH 8 for 1 hour, and anti-FLAG AP-MS was performed on 

membrane extracts. Data represent the protein-level ratio of normalized MS1 area from tagged 

versus untagged strains grown and processed in parallel. Averaged from 2 biological replicates. 

See also Figure S3E. 

(J) AlphaFold2-multimer model of predicted Rra1-Rra2 tetramer. See also Figure S3F-H.  

Confidently predicted protein segments are displayed. 

(K) Inset from (J) showing a predicted Rra1H46-Rra1H46 hydrogen bond. 

(L) Western blot assaying proteolytic processing of endogenously tagged 2xFLAG-mNG-CBP-

Rim101 in response to RRA1 alleles encoding His46 mutants. Asterisk indicates nonspecific 

band. See also Figure S3I. 

 

Figure 3. Mammalian-like signaling pathways in C. neoformans. 

(A) Diagram of calcineurin signaling pathway in C. neoformans. 

(B) Cch1-Mid1 cluster. 

(C) Phenotypic profile of Cch1-Mid1 cluster members. 

(D) Spot dilution assay assessing sensitivity of Cch1-Mid1 cluster mutants to FK506 at 30°C 

and 37°C. Images were taken after 2 days of growth. See also Figure S4A. 
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(E) AlphaFold2-multimer model of predicted CNAG_06362-CNAG_01613 (Unc79-Unc80) dimer. 

See also Figure S4B.  Confidently predicted protein segments are displayed. 

(F) Foldseek results from PDB100 database search with CNAG_01613 and CNAG_06362 

AlphaFold2 models from (E). 

(G) Mid1, Unc79, and Unc80 AP-MS. Anti-FLAG AP-MS was performed on membrane extracts 

from strains expressing endogenous C-terminal mNG-CBP-2xFLAG tags on the indicated 

strains. Data represent the protein-level ratio of normalized MS1 area from tagged versus 

untagged strains grown and processed in parallel. Averaged from 2 biological replicates. 

(H) Diagram of DNA damage checkpoint signaling. 

(I) NHEJ cluster. 

(J) Phenotypic profile of NHEJ cluster members. 

(K) Rescue of Cas9-induced double-stranded breaks by a drug-resistance donor template with 

or without overhangs for HDR. The indicated strains were transformed with PCR products to 

express 1) Cas9; 2) an sgRNA targeting the ADE2 gene; and 3) a hygromycin B selection 

marker (HygR) with or without overhangs for HDR. See Figure S5B for diagram. Transformants 

were selected on YPD plates containing hygromycin B. Strains deficient in NHEJ are expected 

to repair the Cas9-induced double-stranded break when overhangs for HDR are supplied (top 

row) but not when they are omitted (bottom row). Pink/red colony color occurs due to 

accumulation of purine precursors in the absence of a functional ADE2 gene. 

(L) Njf1 AP-MS following Zeocin treatment. YPAD cultures of yeast expressing endogenously 

tagged Njf1-mNG-CBP-2xFLAG were treated with 500 μg/mL Zeocin for 2 hours, and anti-FLAG 

AP-MS was performed on clarified cell lysates. Data represent the protein-level ratio of 

normalized MS1 area from tagged versus untagged strains grown and processed in parallel. 

From 1 biological replicate. See also Figure S5C. 

 

Figure 4. Pathogen functions that promote mammalian infection 
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(A) Schematic of in vivo fitness screens in a murine pulmonary infection model. Created with 

BioRender.com. 

(B) Identification of infectivity genes. Plot shows rank-ordered mutants based on relative in vivo 

fitness scores. Dashed lines indicate relative fitness scores of -2.0 and 2.0 that were used to 

define phenotypes. Depleted or enriched mutants are highlighted. 

(C) Comparison of infectivity genes identified in the KN99α strain in C57BL/6J mice by KO-seq 

(this study) with those identified in the H99C/CM018 strain in A/J mice by signature-tagged 

mutagenesis63. 

(D) Repooling and retesting of infectivity mutants. Infectivity mutants from the primary screen 

were divided into 2 separate pools containing a constant set of 96 neutral mutants and were 

retested for in vivo fitness. Dashed lines indicate relative fitness scores of -2.0 and 2.0 that were 

used to define phenotypes. 

(E) Conservation levels and predicted domains of proteins encoded by 574 infectivity genes 

(left) and the 42 infectivity genes that lacked in vitro phenotypes (right). Outer circle represents 

the most specific conservation level for a protein based on OrthoMCL orthology groups. Inner 

circle indicates the presence or absence of bioinformatically predicted protein domains. 

(F) Overview of machine-learning based prediction of in vitro phenotypes predictive of in vivo 

fitness. 

(G) Normalized confusion matrix displaying average accuracy of model performance. 

(H) Feature importance (mean decrease in impurity; MDI) for the top 25 in vitro conditions 

predictive of in vivo fitness. Error bars represent standard deviation. Red bar represents median 

MDI across all 157 in vitro growth experiments. 

 

Figure 5. Tetraspanin-containing hyaluronic acid synthase complex promotes 

neurovirulence. 

(A) Cps1 cluster. 
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(B) Phenotypic profile of Cps1 cluster members. 

(C) Cps1 AP-MS. Anti-FLAG AP-MS was performed on membrane extracts from a strain 

expressing endogenously tagged Cps1-mNG-CBP-2xFLAG. Data represent the protein-level 

ratio of normalized MS1 area from tagged versus untagged strains grown and processed in 

parallel. Averaged from 2 biological replicates. 

(D) AlphaFold2-multimer model of Cps1 cluster members. See also Figure S7A. 

(E) Live confocal imaging of endogenously tagged Cps1-mNG-CBP-2xFLAG. 

(F) ELISA assaying hyaluronic acid production from Cps1 cluster mutants. Bars represent mean 

values. 

(G) Survival of C57BL/6J mice infected intravenously (retroorbital inoculation) with 5 x 104 CFUs 

of the indicated strains (n = 5-6 mice per group from 1 experiment). 

(H) Total brain CFUs 2 days post infection from mice infected intravenously (retroorbital 

inoculation)  with 5 x 104 CFUs of the indicated strains. Bars represent median values. WT, n = 

17 mice pooled from 4 independent experiments with 3-6 mice per experiment; cps1Δ and 

cps1Δ + CPS1, n = 11 mice per group pooled from 3 independent experiments with 3-6 mice 

per experiment; tsp2Δ and tsp2Δ + TSP2, n = 12 mice per group pooled from 3 independent 

experiments with 3-6 mice per experiment; cps2Δ, cps2Δ + CPS2, and cps1Δ tsp2Δ cps2Δ, n = 

6 mice per group pooled from 2 independent experiments with 3 mice per experiment. See also 

Figure S7B-D. 

Statistical analyses were performed with the Mantel-Cox test with Bonferroni correction for 

multiple hypotheses (G) and Kruskal-Wallis test with Dunn’s multiple comparisons test (H). *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

Figure 6. Inducible virulence factor required for adaptation to host-like conditions. 

(A) Phenotypic profile of the rgh1Δ mutant. 
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(B) Rgh1 protein diagram. 

(C) qRT-PCR of RGH1 transcripts in yeast cultured in standard laboratory conditions (YPAD or 

YNB at 30°C) or tissue culture (DMEM at 37°C/5% CO2). Expression is relative to the YPAD 

condition. Error bars represent standard deviation. 

(D) Survival of C57BL/6J mice infected intranasally with 5 x 104 CFUs of the indicated strains (n 

= 13 mice per group pooled from 3 experiments with 3-4 mice per experiment). 

(E and F) Total endpoint CFUs isolated from the lungs (E) and brains (F) of mice in (D). Bars 

represent median values; dashed line represents limit of detection. Mice with undetectable 

CFUs were plotted at the limit of detection. 

(G) Spot dilution assays assessing growth of the indicated strains in tissue culture conditions 

(DMEM, pH 7.4, 37°C/5% CO2) and when CO2, pH, growth medium, or temperature stresses 

were removed. Images were taken after 2 days of growth. 

(H) Schematic for rgh1Δ suppressor screen using a genome-wide CRISPR/Cas9 insertional 

mutagenesis approach. 

(I) Suppressor screen results. Graph compares gene-level β-scores (fitness) from two 

independent sgRNA library transformations grown as shown in (H). 

(J) Spot dilution assays assessing growth of the indicated strains in tissue culture conditions in 

the absence or presence of 1 M sorbitol. Images were taken after 3 days of growth. 

(K) Rgh1 AP-MS. Anti-FLAG AP-MS was performed on clarified cell lysates from a strain 

expressing endogenously tagged Rgh1-2xFLAG grown in DMEM, pH 7.4 at 37°C. Data 

represent the protein-level ratio of normalized MS1 area from tagged versus untagged strains 

grown and processed in parallel. Averaged from 2 biological replicates. 

Statistical analyses were performed with the Mantel-Cox test with Bonferroni correction for 

multiple hypotheses (C) and Kruskal-Wallis test with Dunn’s multiple comparisons test (D and 

E). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 7. Pathogen secreted proteins required for infectivity. 

(A) Schematic of C. neoformans supernatant proteomics. Created with BioRender.com. 

(B, C) Moving χ2 analysis of proteins rank-ordered by enrichment in culture supernatants versus 

cell pellets in YNB at 30°C (B) or DMEM at 37°C/5% CO2 (C). Vertical dashed lines indicate 

maximum χ2 values used to set cutoffs for classifying proteins as secreted. 

(D) Overlap of secreted proteins identified from cultures grown in standard yeast growth 

conditions (YNB at 30°C) or in tissue culture (DMEM). 

(E) Predicted signal peptides and transmembrane domains in secreted proteins. 

(F) Overlap of secreted proteins identified with infectivity genes lacking in vitro phenotypes. 

(G-I) Survival of C57BL/6J mice infected intranasally with 5 x 104 CFUs of the indicated strains. 

(G) n = 10-11 mice per group pooled from 2 experiments with 5-6 mice per experiment. (H) n = 

10 mice per group pooled from 2 experiments with 5 mice per experiment. (I) n = 10 mice per 

group pooled from 2 experiments with 5 mice per experiment. 

Statistical analyses were performed with the Mantel-Cox test with Bonferroni correction for 

multiple hypotheses (G-I). ns, not significant, ***p < 0.001, ****p < 0.0001. 

 

Figure S1. Pooled fitness profiling identifies determinants of stress sensitivity and 

tolerance, related to Figure 1. 

(A) Overview of growth environments profiled. 

(B-G) Rank-ordered plots of relative mutant fitness in example growth environments. Dashed 

lines indicate relative fitness scores of -2.0 and 2.0 that were used to define phenotypes. 

Mutants expected to display differential fitness in each condition based on prior studies are 

highlighted. 
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Figure S2. Mutant fitness profiling identifies functional genetic modules, related to Figure 

1. 

(A-Y) Examples clusters of known function from Figure 1E. 

(Z, AA) Potentially novel clusters from Figure 1E. 

In cases where genes were not formally named in C. neoformans, gene names are derived from 

S. cerevisiae or S. pombe orthologs. Scale in (A) applies to all panels. 

 

Figure S3. Additional data supporting a role for Rra2 in a pH-sensing complex, related to 

Figure 2. 

(A) Spot dilution assay of Rim101 pathway mutants in YPAD or YPAD, pH 8.0. Images were 

taken after 3 days of growth. 

(B) Spot dilution assays assessing complementation of the rra2Δ mutant by expression of a 

wild-type allele from the SH1 locus. Images were taken after 3 days of growth. 

(C) Live confocal imaging of endogenously tagged Rra1-2xmNG-CBP-2xFLAG in SC medium 

buffered to pH 4.0 or 8.0 with McIlvaine’s buffer. 

(D) Heatmap showing interface predicted template modeling (ipTM) scores for all pairwise 

AlphaFold2-multimer predictions of Rim101 pathway members. 

(E) Rra2 AP-MS at pH 4. YPAD cultures of yeast expressing endogenously tagged Rra2-

2xmNG-CBP-2xFLAG were shifted to pH 4 for 1 hour, and anti-FLAG AP-MS was performed on 

membrane extracts. Data represent the protein-level ratio of normalized MS1 area from tagged 

versus untagged strains grown and processed in parallel.  Averaged from 2 biological replicates. 

(F-H) AlphaFold2-multimer models and predicted alignment error plots for an Rra1-Rra2 dimer 

(F), an Rra1 homodimer (G), and an Rra1-Rra2 tetramer (H). 

(I) Independent biological replicate of experiment shown in Figure 2L assaying proteolytic 

processing of endogenously tagged 2xFLAG-mNG-CBP-Rim101 in response to RRA1 alleles 

encoding His46 mutants. 
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Figure S4. Additional data supporting roles for Unc79 and Unc80 in the Cch1-Mid1 

pathway, related to Figure 3. 

(A) Spot dilution assays assessing FK506 sensitivity at 30°C and 37°C for Cch1-Mid1 cluster 

complement and independent CRISPR deletion strains. Images were taken after 2 days of 

growth. 

(B) Predicted alignment error plot for AlphaFold2-multimer Unc79-Unc80 dimer shown in Figure 

3E. 

 

Figure S5. Additional data supporting roles for Rad9 and Njf1 in NHEJ, related to Figure 

3. 

(A) Spot dilution assays assessing Zeocin sensitivity of knockout strains from the NHEJ cluster 

complemented with the wild-type gene and independent CRISPR-generated deletion strains. 

Images were taken after 2 days of growth. 

(B) Diagram of CRISPR/Cas9-induced double-stranded break repair assay shown in Figure 3K. 

(C) Njf1 AP-MS (untreated). Anti-FLAG AP-MS was performed on clarified cell lysates from a 

strain expressing endogenously tagged Njf1-mNG-CBP-2xFLAG. Data represent the protein-

level ratio of normalized MS1 area from tagged versus untagged strains grown and processed 

in parallel. From 1 biological replicate. 

(D) AlphaFold2-multimer model and predicted alignment error for Njf1-Rev7 dimer.  Confidently 

predicted protein segments are displayed in non-faded cartoon form.   

 

Figure S6. Additional data on infectivity-promoting genes, related to Figure 4. 

(A) Pearson correlation coefficients of mutant abundance in pairwise comparisons of replicate 

mice for the 10 library subpools screened. 
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(B) Example comparison of mutant abundances in Subpool 7, Mouse 1, and Subpool 7, Mouse 

4. These mice are the pair with the median Pearson r value across all comparisons in (A). 

(C) Conservation levels and predicted domains in proteins encoded by the full C. neoformans 

genome (left) and genes deleted in the knockout collection (right). Outer circle represents the 

most specific conservation level for a protein based on OrthoMCL orthology groups. Inner circle 

indicates the presence or absence of bioinformatically predicted protein domains. 

(D) Comparison of protein conservation levels between categories of interest from Fig. 4E and 

Fig. S6C. 

(E) Comparison of proteins with predicted domains by conservation group. 

(F) Impact of in vitro feature selection on sensitivity and specificity of in vivo phenotype 

prediction. Features were rank ordered by their importance (MDI), and their influence on 

sensitivity and specificity was plotted. Horizontal dashed line represents the average sensitivity 

of 0.837 achieved across all models. Vertical dashed line indicates the top 25 features that 

achieve this sensitivity. 

 

Figure S7. Additional data supporting a role for a tetraspanin-containing hyaluronic acid 

synthase complex in neurovirulence, related to Figure 5. 

(A) Predicted alignment error plot of the Cps1-Tsp2-Cps2 AlphaFold2-multimer model in Figure 

5D. 

(B) Total lung CFUs 2 days post infection from mice infected intravenously (retroorbital 

inoculation) with 5 x 104 CFUs of the indicated strains. Bars represent median values. WT, n = 

17 mice pooled from 4 independent experiments with 3-6 mice per experiment; cps1Δ and 

cps1Δ + CPS1, n = 11 mice per group pooled from 3 independent experiments with 3-6 mice 

per experiment; tsp2Δ and tsp2Δ + TSP2, n = 12 mice per group pooled from 3 independent 
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experiments with 3-6 mice per experiment; cps2Δ, cps2Δ + CPS2, and cps1Δ tsp2Δ cps2Δ, n = 

6 mice per group pooled from 2 independent experiments with 3 mice per experiment. 

(C, D) Total brain (C) and lung (D) CFUs 5 days post infection from mice infected intravenously 

(retroorbital inoculation) with 5 x 104 CFUs of the indicated strains. Bars represent median 

values, n = 6 mice per group from 1 experiment. 

Statistical analyses in (B-D) were performed with the Kruskal-Wallis test with Dunn’s multiple 

comparisons test. No significant differences were detected. 

 

Figure S8. Additional data supporting roles for Rgh1 and glyoxal oxidases in fungal 

infectivity, related to Figures 6 and 7. 

(A) Survival of C57BL/6J mice infected intranasally with 5 x 104 CFUs of either wild-type yeast 

or an independently constructed rgh1Δ mutant (n = 6 mice per group from 1 experiment). 

(B and C) Total endpoint CFUs isolated from the lungs (B) and brains (C) of mice in (A). Bars 

represent median values; dashed line represents limit of detection. Mice with undetectable 

CFUs were plotted at the limit of detection. 

(D) Spot dilution assays assessing genetic suppression of the rgh1Δ growth phenotype by 

candidates identified in Figure 6H. Images were taken after 2 days of growth. 

(E) Clustal Omega alignment of C. neoformans glyoxal oxidase protein sequences with the 

Phanerochaete chrysosporium glyoxal oxidase. Conserved catalytic residues are denoted in 

yellow with an asterisk. 

(F) Spot dilution assays assessing growth of glyoxal oxidase mutants. Images were taken after 

3 days of growth. 

Statistical analyses were performed with Mantel-Cox (A) and Mann-Whitney (B, C) tests. *p < 

0.05, **p < 0.01.  
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Table S1. C. neoformans deletion library, related to Figure 1. 

 

Table S2. In vitro growth conditions, related to Figure 1.  

 

Table S3. Mutant phenotype data, related to Figure 1. 

 

Table S4. Mutant cofitness matrix clusters, related to Figure 1. 

 

Table S5. Affinity purification-mass spectrometry data, related to Figures 2, 3, 5, and 6. 

 

Table S6. In vivo mutant fitness data, related to Figure 4. 

 

Table S7. CRISPR/Cas9 suppressor screen data, related to Figure 6. 

 

Table S8. C. neoformans secretome data, related to Figure 7. 

 

Table S9. Primers, plasmids, and strains used in this study, related to Figures 1-7. 

 

  

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 63

REFERENCES 

 

1. Rajasingham, R., Govender, N.P., Jordan, A., Loyse, A., Shroufi, A., Denning, D.W., 
Meya, D.B., Chiller, T.M., and Boulware, D.R. (2022). The global burden of HIV-
associated cryptococcal infection in adults in 2020: a modelling analysis. Lancet Infect. 
Dis. 22, 1748-1755. 10.1016/s1473-3099(22)00499-6. 

2. Denning, D.W. (2024). Global incidence and mortality of severe fungal disease. Lancet 
Infect. Dis. 10.1016/s1473-3099(23)00692-8. 

3. Brown, G.D., Denning, D.W., Gow, N.A.R., Levitz, S.M., Netea, M.G., and White, T.C. 
(2012). Hidden Killers: Human Fungal Infections. Science Translational Medicine 4, 
165rv113. 10.1126/scitranslmed.3004404. 

4. Fisher, M.C., and Denning, D.W. (2023). The WHO fungal priority pathogens list as a 
game-changer. Nature Reviews Microbiology 21, 211-212. 10.1038/s41579-023-00861-
x. 

5. WHO/UCN/HHS/SIA/2023.05 (2024). South Africa HIV Country Profile 2023. 
6. Hevey, M.A., Presti, R.M., O'Halloran, J.A., Larson, L., Raval, K., Powderly, W.G., and 

Spec, A. (2019). Mortality After Cryptococcal Infection in the Modern Antiretroviral 
Therapy Era. J Acquir Immune Defic Syndr 82, 81-87. 10.1097/QAI.0000000000002095. 

7. Lin, X., and Heitman, J. (2006). The Biology of the Cryptococcus neoformans Species 
Complex. Annual Review of Microbiology 60, 69-105. 
10.1146/annurev.micro.60.080805.142102. 

8. May, R.C., Stone, N.R., Wiesner, D.L., Bicanic, T., and Nielsen, K. (2016). 
Cryptococcus: from environmental saprophyte to global pathogen. Nature Reviews 
Microbiology 14, 106-117. 10.1038/nrmicro.2015.6. 

9. Williamson, P.R., Jarvis, J.N., Panackal, A.A., Fisher, M.C., Molloy, S.F., Loyse, A., and 
Harrison, T.S. (2017). Cryptococcal meningitis: epidemiology, immunology, diagnosis 
and therapy. Nature reviews. Neurology 13, 13-24. 10.1038/nrneurol.2016.167. 

10. Boucher, M.J., and Madhani, H.D. (2024). Convergent evolution of innate immune-
modulating effectors in invasive fungal pathogens. Trends in microbiology 32, 435-447. 
10.1016/j.tim.2023.10.011. 

11. Berbee, M.L., and Taylor, J.W. (2010). Dating the molecular clock in fungi – how close 
are we? Fungal Biology Reviews 24, 1-16. https://doi.org/10.1016/j.fbr.2010.03.001. 

12. Alvarez-Jarreta, J., Amos, B., Aurrecoechea, C., Bah, S., Barba, M., Barreto, A., 
Basenko, E.Y., Belnap, R., Blevins, A., Bohme, U., et al. (2024). VEuPathDB: the 
eukaryotic pathogen, vector and host bioinformatics resource center in 2023. Nucleic 
Acids Res 52, D808-D816. 10.1093/nar/gkad1003. 

13. Basenko, E.Y., Shanmugasundram, A., Bohme, U., Starns, D., Wilkinson, P.A., Davison, 
H.R., Crouch, K., Maslen, G., Harb, O.S., Amos, B., et al. (2024). What is new in 
FungiDB: a web-based bioinformatics platform for omics-scale data analysis for fungal 
and oomycete species. Genetics 227. 10.1093/genetics/iyae035. 

14. Catania, S., Dumesic, P.A., Pimentel, H., Nasif, A., Stoddard, C.I., Burke, J.E., Diedrich, 
J.K., Cook, S., Shea, T., Geinger, E., et al. (2020). Evolutionary Persistence of DNA 
Methylation for Millions of Years after Ancient Loss of a De Novo Methyltransferase. Cell 
180, 263-277 e220. 10.1016/j.cell.2019.12.012. 

15. Dumesic, P.A., Homer, C.M., Moresco, J.J., Pack, L.R., Shanle, E.K., Coyle, S.M., 
Strahl, B.D., Fujimori, D.G., Yates, J.R., 3rd, and Madhani, H.D. (2015). Product binding 
enforces the genomic specificity of a yeast polycomb repressive complex. Cell 160, 204-
218. 10.1016/j.cell.2014.11.039. 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 64

16. Dumesic, P.A., Natarajan, P., Chen, C., Drinnenberg, I.A., Schiller, B.J., Thompson, J., 
Moresco, J.J., Yates, J.R., 3rd, Bartel, D.P., and Madhani, H.D. (2013). Stalled 
spliceosomes are a signal for RNAi-mediated genome defense. Cell 152, 957-968. 
10.1016/j.cell.2013.01.046. 

17. Lee, S., Abini-Agbomson, S., Perry, D.S., Goodman, A., Rao, B., Huang, M.Y., Diedrich, 
J.K., Moresco, J.J., Yates, J.R., 3rd, Armache, K.J., and Madhani, H.D. (2023). Intrinsic 
mesoscale properties of a Polycomb protein underpin heterochromatin fidelity. Nature 
structural & molecular biology 30, 891-901. 10.1038/s41594-023-01000-z. 

18. Sales-Lee, J., Perry, D.S., Bowser, B.A., Diedrich, J.K., Rao, B., Beusch, I., Yates, J.R., 
3rd, Roy, S.W., and Madhani, H.D. (2021). Coupling of spliceosome complexity to intron 
diversity. Current biology : CB 31, 4898-4910 e4894. 10.1016/j.cub.2021.09.004. 

19. Tong, A.H., Lesage, G., Bader, G.D., Ding, H., Xu, H., Xin, X., Young, J., Berriz, G.F., 
Brost, R.L., Chang, M., et al. (2004). Global mapping of the yeast genetic interaction 
network. Science 303, 808-813. 10.1126/science.1091317 

303/5659/808 [pii]. 
20. Schuldiner, M., Collins, S.R., Thompson, N.J., Denic, V., Bhamidipati, A., Punna, T., 

Ihmels, J., Andrews, B., Boone, C., Greenblatt, J.F., et al. (2005). Exploration of the 
function and organization of the yeast early secretory pathway through an epistatic 
miniarray profile. Cell 123, 507-519. 10.1016/j.cell.2005.08.031. 

21. Collins, S.R., Miller, K.M., Maas, N.L., Roguev, A., Fillingham, J., Chu, C.S., Schuldiner, 
M., Gebbia, M., Recht, J., Shales, M., et al. (2007). Functional dissection of protein 
complexes involved in yeast chromosome biology using a genetic interaction map. 
Nature 446, 806-810. 

22. Roguev, A., Wiren, M., Weissman, J.S., and Krogan, N.J. (2007). High-throughput 
genetic interaction mapping in the fission yeast Schizosaccharomyces pombe. Nat Meth 
4, 861-866. 

23. Dixon, S.J., Andrews, B.J., and Boone, C. (2009). Exploring the conservation of 
synthetic lethal genetic interaction networks. Commun Integr Biol 2, 78-81. 
10.4161/cib.7501. 

24. Costanzo, M., Baryshnikova, A., Bellay, J., Kim, Y., Spear, E.D., Sevier, C.S., Ding, H., 
Koh, J.L.Y., Toufighi, K., Mostafavi, S., et al. (2010). The Genetic Landscape of a Cell. 
Science 327, 425-431. 10.1126/science.1180823. 

25. Frost, A., Elgort, M.G., Brandman, O., Ives, C., Collins, S.R., Miller-Vedam, L., 
Weibezahn, J., Hein, M.Y., Poser, I., Mann, M., et al. (2012). Functional repurposing 
revealed by comparing S. pombe and S. cerevisiae genetic interactions. Cell 149, 1339-
1352. 10.1016/j.cell.2012.04.028. 

26. Li, X., Patena, W., Fauser, F., Jinkerson, R.E., Saroussi, S., Meyer, M.T., Ivanova, N., 
Robertson, J.M., Yue, R., Zhang, R., et al. (2019). A genome-wide algal mutant library 
and functional screen identifies genes required for eukaryotic photosynthesis. Nature 
genetics 51, 627-635. 10.1038/s41588-019-0370-6. 

27. Fauser, F., Vilarrasa-Blasi, J., Onishi, M., Ramundo, S., Patena, W., Millican, M., Osaki, 
J., Philp, C., Nemeth, M., Salome, P.A., et al. (2022). Systematic characterization of 
gene function in the photosynthetic alga Chlamydomonas reinhardtii. Nature genetics 
54, 705-714. 10.1038/s41588-022-01052-9. 

28. Kafri, M., Patena, W., Martin, L., Wang, L., Gomer, G., Ergun, S.L., Sirkejyan, A.K., Goh, 
A., Wilson, A.T., Gavrilenko, S.E., et al. (2023). Systematic identification and 
characterization of genes in the regulation and biogenesis of photosynthetic machinery. 
Cell 186, 5638-5655 e5625. 10.1016/j.cell.2023.11.007. 

29. Wang, L., Patena, W., Van Baalen, K.A., Xie, Y., Singer, E.R., Gavrilenko, S., Warren-
Williams, M., Han, L., Harrigan, H.R., Hartz, L.D., et al. (2023). A chloroplast protein 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 65

atlas reveals punctate structures and spatial organization of biosynthetic pathways. Cell 
186, 3499-3518 e3414. 10.1016/j.cell.2023.06.008. 

30. Vilarrasa-Blasi, J., Vellosillo, T., Jinkerson, R.E., Fauser, F., Xiang, T., Minkoff, B.B., 
Wang, L., Kniazev, K., Guzman, M., Osaki, J., et al. (2024). Multi-omics analysis of 
green lineage osmotic stress pathways unveils crucial roles of different cellular 
compartments. Nat Commun 15, 5988. 10.1038/s41467-024-49844-3. 

31. Noble, S.M., French, S., Kohn, L.A., Chen, V., and Johnson, A.D. (2010). Systematic 
screens of a Candida albicans homozygous deletion library decouple morphogenetic 
switching and pathogenicity. Nature genetics 42, 590-598. 

32. Liu, O.W., Chun, C.D., Chow, E.D., Chen, C., Madhani, H.D., and Noble, S.M. (2008). 
Systematic genetic analysis of virulence in the human fungal pathogen Cryptococcus 
neoformans. Cell 135, 174-188. S0092-8674(08)01012-X [pii] 

10.1016/j.cell.2008.07.046. 
33. Brown, J.C., Nelson, J., VanderSluis, B., Deshpande, R., Butts, A., Kagan, S., 

Polacheck, I., Krysan, D.J., Myers, C.L., and Madhani, H.D. (2014). Unraveling the 
biology of a fungal meningitis pathogen using chemical genetics. Cell 159, 1168-1187. 
10.1016/j.cell.2014.10.044. 

34. Jin, J.H., Lee, K.T., Hong, J., Lee, D., Jang, E.H., Kim, J.Y., Lee, Y., Lee, S.H., So, Y.S., 
Jung, K.W., et al. (2020). Genome-wide functional analysis of phosphatases in the 
pathogenic fungus Cryptococcus neoformans. Nat Commun 11, 4212. 10.1038/s41467-
020-18028-0. 

35. Jung, K.W., Yang, D.H., Maeng, S., Lee, K.T., So, Y.S., Hong, J., Choi, J., Byun, H.J., 
Kim, H., Bang, S., et al. (2015). Systematic functional profiling of transcription factor 
networks in Cryptococcus neoformans. Nat Commun 6, 6757. 10.1038/ncomms7757. 

36. Lee, K.T., Hong, J., Lee, D.G., Lee, M., Cha, S., Lim, Y.G., Jung, K.W., Hwangbo, A., 
Lee, Y., Yu, S.J., et al. (2020). Fungal kinases and transcription factors regulating brain 
infection in Cryptococcus neoformans. Nat Commun 11, 1521. 10.1038/s41467-020-
15329-2. 

37. Lee, K.T., So, Y.S., Yang, D.H., Jung, K.W., Choi, J., Lee, D.G., Kwon, H., Jang, J., 
Wang, L.L., Cha, S., et al. (2016). Systematic functional analysis of kinases in the fungal 
pathogen Cryptococcus neoformans. Nat Commun 7, 12766. 10.1038/ncomms12766. 

38. Lodge, J.K., Jackson-Machelski, E., Toffaletti, D.L., Perfect, J.R., and Gordon, J.I. 
(1994). Targeted gene replacement demonstrates that myristoyl-CoA: protein N-
myristoyltransferase is essential for viability of Cryptococcus neoformans. Proc Natl 
Acad Sci U S A 91, 12008-12012. 10.1073/pnas.91.25.12008. 

39. Nielsen, K., Cox, G.M., Wang, P., Toffaletti, D.L., Perfect, J.R., and Heitman, J. (2003). 
Sexual cycle of Cryptococcus neoformans var. grubii and virulence of congenic a and 
alpha isolates. Infection and immunity 71, 4831-4841. 

40. Lin, X., Patel, S., Litvintseva, A.P., Floyd, A., Mitchell, T.G., and Heitman, J. (2009). 
Diploids in the Cryptococcus neoformans serotype A population homozygous for the 
alpha mating type originate via unisexual mating. PLoS Pathog 5, e1000283. 
10.1371/journal.ppat.1000283. 

41. Billmyre, R.B., Craig, C.J., Lyon, J., Reichardt, C., Eickbush, M.T., and Zanders, S.E. 
(2024). Saturation transposon mutagenesis enables genome-wide identification of genes 
required for growth and fluconazole resistance in the human fungal pathogen 
Cryptococcus neoformans. bioRxiv. 10.1101/2024.07.28.605507. 

42. Dodgson, A.R., Dodgson, K.J., Pujol, C., Pfaller, M.A., and Soll, D.R. (2004). Clade-
specific flucytosine resistance is due to a single nucleotide change in the FUR1 gene of 
Candida albicans. Antimicrob Agents Chemother 48, 2223-2227. 
10.1128/AAC.48.6.2223-2227.2004. 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 66

43. Billmyre, R.B., Applen Clancey, S., Li, L.X., Doering, T.L., and Heitman, J. (2020). 5-
fluorocytosine resistance is associated with hypermutation and alterations in capsule 
biosynthesis in Cryptococcus. Nat Commun 11, 127. 10.1038/s41467-019-13890-z. 

44. Whelan, W.L. (1987). The genetic basis of resistance to 5-fluorocytosine in Candida 
species and Cryptococcus neoformans. Crit Rev Microbiol 15, 45-56. 
10.3109/10408418709104447. 

45. Cruz, C.C., ML.; Gorlach, JM.; Cox, G.; Perfect, JR.; Cardenas, ME.; Heitman, J. (1999). 
Rapamycin Antifungal Action is Mediated via Conserved Complexes with FKBP12 and 
TOR Kinase Homologs in Cryptococcus neoformans. Molecular and Cell Biology 19, 
4101-4112. 

46. Moyrand, F., Lafontaine, I., Fontaine, T., and Janbon, G. (2008). UGE1 and UGE2 
regulate the UDP-glucose/UDP-galactose equilibrium in Cryptococcus neoformans. 
Eukaryot Cell 7, 2069-2077. 10.1128/EC.00189-08. 

47. Ruff, J.A., Lodge, J.K., and Baker, L.G. (2009). Three galactose inducible promoters for 
use in C. neoformans var. grubii. Fungal genetics and biology : FG & B 46, 9-16. 
10.1016/j.fgb.2008.10.003. 

48. Jung, W.H., Saikia, S., Hu, G., Wang, J., Fung, C.K., D'Souza, C., White, R., and 
Kronstad, J.W. (2010). HapX positively and negatively regulates the transcriptional 
response to iron deprivation in Cryptococcus neoformans. PLoS Pathog 6, e1001209. 
10.1371/journal.ppat.1001209. 

49. Chang, Y.C., Bien, C.M., Lee, H., Espenshade, P.J., and Kwon-Chung, K.J. (2007). 
Sre1p, a regulator of oxygen sensing and sterol homeostasis, is required for virulence in 
Cryptococcus neoformans. Mol Microbiol 64, 614-629. 

50. Chun, C.D., Liu, O.W., and Madhani, H.D. (2007). A link between virulence and 
homeostatic responses to hypoxia during infection by the human fungal pathogen 
Cryptococcus neoformans. PLoS Pathog 3, e22. 

51. Bedalov, A., Hirao, M., Posakony, J., Nelson, M., and Simon, J.A. (2003). NAD+-
dependent deacetylase Hst1p controls biosynthesis and cellular NAD+ levels in 
Saccharomyces cerevisiae. Mol Cell Biol 23, 7044-7054. 10.1128/MCB.23.19.7044-
7054.2003. 

52. Bien, C.M., Chang, Y.C., Nes, W.D., Kwon-Chung, K.J., and Espenshade, P.J. (2009). 
Cryptococcus neoformans Site-2 protease is required for virulence and survival in the 
presence of azole drugs. Mol Microbiol 74, 672-690. 10.1111/j.1365-2958.2009.06895.x. 

53. Chang, Y.C., Ingavale, S.S., Bien, C., Espenshade, P., and Kwon-Chung, K.J. (2009). 
Conservation of the sterol regulatory element-binding protein pathway and its 
pathobiological importance in Cryptococcus neoformans. Eukaryot Cell 8, 1770-1779. 
10.1128/EC.00207-09. 

54. Blatzer, M., Barker, B.M., Willger, S.D., Beckmann, N., Blosser, S.J., Cornish, E.J., 
Mazurie, A., Grahl, N., Haas, H., and Cramer, R.A. (2011). SREBP coordinates iron and 
ergosterol homeostasis to mediate triazole drug and hypoxia responses in the human 
fungal pathogen Aspergillus fumigatus. PLoS genetics 7, e1002374. 
10.1371/journal.pgen.1002374. 

55. Alspaugh, J.A., Perfect, J.R., and Heitman, J. (1997). Cryptococcus neoformans mating 
and virulence are regulated by the G-protein alpha subunit GPA1 and cAMP. Genes & 
development 11, 3206-3217. 

56. D'Souza, C.A., Alspaugh, J.A., Yue, C., Harashima, T., Cox, G.M., Perfect, J.R., and 
Heitman, J. (2001). Cyclic AMP-dependent protein kinase controls virulence of the 
fungal pathogen Cryptococcus neoformans. Mol Cell Biol 21, 3179-3191. 

57. Alspaugh, J.A., Pukkila-Worley, R., Harashima, T., Cavallo, L.M., Funnell, D., Cox, G.M., 
Perfect, J.R., Kronstad, J.W., and Heitman, J. (2002). Adenylyl cyclase functions 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 67

downstream of the Galpha protein Gpa1 and controls mating and pathogenicity of 
Cryptococcus neoformans. Eukaryot Cell 1, 75-84. 

58. Bahn, Y.S., Hicks, J.K., Giles, S.S., Cox, G.M., and Heitman, J. (2004). Adenylyl 
cyclase-associated protein Aca1 regulates virulence and differentiation of Cryptococcus 
neoformans via the cyclic AMP-protein kinase A cascade. Eukaryot Cell 3, 1476-1491. 

59. Palmer, D.A., Thompson, J.K., Li, L., Prat, A., and Wang, P. (2006). Gib2, a novel 
Gbeta-like/RACK1 homolog, functions as a Gbeta subunit in cAMP signaling and is 
essential in Cryptococcus neoformans. J Biol Chem 281, 32596-32605. 
10.1074/jbc.M602768200. 

60. Gong, J., Grodsky, J.D., Zhang, Z., and Wang, P. (2014). A Ric8/synembryn homolog 
promotes Gpa1 and Gpa2 activation to respectively regulate cyclic AMP and pheromone 
signaling in Cryptococcus neoformans. Eukaryot Cell 13, 1290-1299. 
10.1128/EC.00109-14. 

61. Liu, O.W., Kelly, M.J., Chow, E.D., and Madhani, H.D. (2007). Parallel beta-helix 
proteins required for accurate capsule polysaccharide synthesis and virulence in the 
yeast Cryptococcus neoformans. Eukaryot Cell 6, 630-640. 

62. Kumar, P., Heiss, C., Santiago-Tirado, F.H., Black, I., Azadi, P., and Doering, T.L. 
(2014). Pbx proteins in Cryptococcus neoformans cell wall remodeling and capsule 
assembly. Eukaryot Cell 13, 560-571. 10.1128/EC.00290-13. 

63. Liu, O.W., Chun, C.D., Chow, E.D., Chen, C., Madhani, H.D., and Noble, S.M. (2008). 
Systematic Genetic Analysis of Virulence in the Human Fungal Pathogen Cryptococcus 
neoformans. Cell 135, 174-188. 10.1016/j.cell.2008.07.046. 

64. Farhadi Cheshmeh Morvari, S., McCann, B.L., and Bignell, E.M. (2023). Conserved and 
Divergent Features of pH Sensing in Major Fungal Pathogens. Curr Clin Microbiol Rep 
10, 120-130. 10.1007/s40588-023-00195-5. 

65. Ost, K.S., O'Meara, T.R., Huda, N., Esher, S.K., and Alspaugh, J.A. (2015). The 
Cryptococcus neoformans alkaline response pathway: identification of a novel rim 
pathway activator. PLoS genetics 11, e1005159. 10.1371/journal.pgen.1005159. 

66. Ost, K.S., O’Meara, T.R., Huda, N., Esher, S.K., and Alspaugh, J.A. (2015). The 
Cryptococcus neoformans Alkaline Response Pathway: Identification of a Novel Rim 
Pathway Activator. PLoS genetics 11, e1005159. 10.1371/journal.pgen.1005159. 

67. Peñalva, M.A., Tilburn, J., Bignell, E., and Arst, H.N. (2008). Ambient pH gene regulation 
in fungi: making connections. Trends in microbiology 16, 291-300. 
10.1016/j.tim.2008.03.006. 

68. Morvari, S.F.C., McCann, B.L., and Bignell, E.M. (2023). Conserved and Divergent 
Features of pH Sensing in Major Fungal Pathogens. Current Clinical Microbiology 
Reports 10, 120-130. 10.1007/s40588-023-00195-5. 

69. Penalva, M.A., Lucena-Agell, D., and Arst, H.N., Jr. (2014). Liaison alcaline: Pals entice 
non-endosomal ESCRTs to the plasma membrane for pH signaling. Curr Opin Microbiol 
22, 49-59. 10.1016/j.mib.2014.09.005. 

70. Yorikawa, C., Takaya, E., Osako, Y., Tanaka, R., Terasawa, Y., Hamakubo, T., 
Mochizuki, Y., Iwanari, H., Kodama, T., Maeda, T., et al. (2008). Human calpain 7/PalBH 
associates with a subset of ESCRT-III-related proteins in its N-terminal region and partly 
localizes to endocytic membrane compartments. Journal of Biochemistry 143, 731-745. 
10.1093/jb/mvn030. 

71. Osako, Y., Maemoto, Y., Tanaka, R., Suzuki, H., Shibata, H., and Maki, M. (2010). 
Autolytic activity of human calpain 7 is enhanced by ESCRT-III-related protein IST1 
through MIT-MIM interaction. Febs J 277, 4412-4426. 10.1111/j.1742-
4658.2010.07822.x. 

72. Paine, E.L., Skalicky, J.J., Whitby, F.G., Mackay, D.R., Ullman, K.S., Hill, C.P., and 
Sundquist, W.I. (2023). The Calpain-7 protease functions together with the ESCRT-III 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 68

protein IST1 within the midbody to regulate the timing and completion of abscission. 
eLife 12. 10.7554/eLife.84515. 

73. Aza-Blanc, P., Ramirez-Weber, F.A., Laget, M.P., Schwartz, C., and Kornberg, T.B. 
(1997). Proteolysis that is inhibited by hedgehog targets Cubitus interruptus protein to 
the nucleus and converts it to a repressor. Cell 89, 1043-1053. 10.1016/s0092-
8674(00)80292-5. 

74. Arst, H.N., and Penalva, M.A. (2003). pH regulation in Aspergillus and parallels with 
higher eukaryotic regulatory systems. Trends in genetics : TIG 19, 224-231. 
10.1016/s0168-9525(03)00052-0. 

75. Chen, C.H., von Kessler, D.P., Park, W., Wang, B., Ma, Y., and Beachy, P.A. (1999). 
Nuclear trafficking of Cubitus interruptus in the transcriptional regulation of Hedgehog 
target gene expression. Cell 98, 305-316. 10.1016/s0092-8674(00)81960-1. 

76. Huang, M.Y., Joshi, M.B., Boucher, M.J., Lee, S., Loza, L.C., Gaylord, E.A., Doering, 
T.L., and Madhani, H.D. (2022). Short homology-directed repair using optimized Cas9 in 
the pathogen Cryptococcus neoformans enables rapid gene deletion and tagging. 
Genetics 220. 10.1093/genetics/iyab180. 

77. Evans, R., O’Neill, M., Pritzel, A., Antropova, N., Senior, A., Green, T., Žídek, A., Bates, 
R., Blackwell, S., Yim, J., et al. (2022). Protein complex prediction with AlphaFold-
Multimer. bioRxiv, 2021.2010.2004.463034. 10.1101/2021.10.04.463034. 

78. Grimsley, G.R., Scholtz, J.M., and Pace, C.N. (2009). A summary of the measured pK 
values of the ionizable groups in folded proteins. Protein Sci 18, 247-251. 
10.1002/pro.19. 

79. Li, S., and Hong, M. (2011). Protonation, tautomerization, and rotameric structure of 
histidine: a comprehensive study by magic-angle-spinning solid-state NMR. Journal of 
the American Chemical Society 133, 1534-1544. 10.1021/ja108943n. 

80. Movellan, K.T., Wegstroth, M., Overkamp, K., Leonov, A., Becker, S., and Andreas, L.B. 
(2020). Imidazole-Imidazole Hydrogen Bonding in the pH-Sensing Histidine Side Chains 
of Influenza A M2. Journal of the American Chemical Society 142, 2704-2708. 
10.1021/jacs.9b10984. 

81. Howard, M.K., Hoppe, N., Huang, X.P., Macdonald, C.B., Mehrota, E., Grimes, P.R., 
Zahm, A., Trinidad, D.D., English, J., Coyote-Maestas, W., and Manglik, A. (2024). 
Molecular basis of proton-sensing by G protein-coupled receptors. bioRxiv. 
10.1101/2024.04.17.590000. 

82. Monteil, A., Guerineau, N.C., Gil-Nagel, A., Parra-Diaz, P., Lory, P., and Senatore, A. 
(2024). New insights into the physiology and pathophysiology of the atypical sodium leak 
channel NALCN. Physiol Rev 104, 399-472. 10.1152/physrev.00014.2022. 

83. Liebeskind, B.J., Hillis, D.M., and Zakon, H.H. (2012). Phylogeny unites animal sodium 
leak channels with fungal calcium channels in an ancient, voltage-insensitive clade. Mol 
Biol Evol 29, 3613-3616. 10.1093/molbev/mss182. 

84. Ghezzi, A., Liebeskind, B.J., Thompson, A., Atkinson, N.S., and Zakon, H.H. (2014). 
Ancient association between cation leak channels and Mid1 proteins is conserved in 
fungi and animals. Front Mol Neurosci 7, 15. 10.3389/fnmol.2014.00015. 

85. Bonilla, M., Nastase, K.K., and Cunningham, K.W. (2002). Essential role of calcineurin in 
response to endoplasmic reticulum stress. EMBO J 21, 2343-2353. 
10.1093/emboj/21.10.2343. 

86. Matsumoto, T.K., Ellsmore, A.J., Cessna, S.G., Low, P.S., Pardo, J.M., Bressan, R.A., 
and Hasegawa, P.M. (2002). An osmotically induced cytosolic Ca2+ transient activates 
calcineurin signaling to mediate ion homeostasis and salt tolerance of Saccharomyces 
cerevisiae. J Biol Chem 277, 33075-33080. 10.1074/jbc.M205037200. 

87. Serrano, R., Ruiz, A., Bernal, D., Chambers, J.R., and Arino, J. (2002). The 
transcriptional response to alkaline pH in Saccharomyces cerevisiae: evidence for 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 69

calcium-mediated signalling. Mol Microbiol 46, 1319-1333. 10.1046/j.1365-
2958.2002.03246.x. 

88. Peiter, E., Fischer, M., Sidaway, K., Roberts, S.K., and Sanders, D. (2005). The 
Saccharomyces cerevisiae Ca2+ channel Cch1pMid1p is essential for tolerance to cold 
stress and iron toxicity. FEBS Lett 579, 5697-5703. 10.1016/j.febslet.2005.09.058. 

89. Courchesne, W.E., Vlasek, C., Klukovich, R., and Coffee, S. (2011). Ethanol induces 
calcium influx via the Cch1-Mid1 transporter in Saccharomyces cerevisiae. Archives of 
Microbiology 193, 323-334. 10.1007/s00203-010-0673-6. 

90. Kunz, J., and Hall, M.N. (1993). Cyclosporin A, FK506 and rapamycin: more than just 
immunosuppression. Trends in biochemical sciences 18, 334-338. 10.1016/0968-
0004(93)90069-y. 

91. Hemenway, C.S., and Heitman, J. (1999). Calcineurin. Structure, function, and inhibition. 
Cell Biochem Biophys 30, 115-151. 10.1007/BF02737887. 

92. Flanagan, W.M., Corthesy, B., Bram, R.J., and Crabtree, G.R. (1991). Nuclear 
association of a T-cell transcription factor blocked by FK-506 and cyclosporin A. Nature 
352, 803-807. 10.1038/352803a0. 

93. Clipstone, N.A., and Crabtree, G.R. (1992). Identification of calcineurin as a key 
signalling enzyme in T-lymphocyte activation. Nature 357, 695-697. 10.1038/357695a0. 

94. Ho, S., Timmerman, L., Northrop, J., and Crabtree, G.R. (1994). Cloning and 
characterization of NF-ATc and NF-ATp: the cytoplasmic components of NF-AT. Adv 
Exp Med Biol 365, 167-173. 10.1007/978-1-4899-0987-9_17. 

95. Zhu, J., and McKeon, F. (2000). Nucleocytoplasmic shuttling and the control of NF-AT 
signaling. Cellular and molecular life sciences : CMLS 57, 411-420. 
10.1007/PL00000703. 

96. Matheos, D.P., Kingsbury, T.J., Ahsan, U.S., and Cunningham, K.W. (1997). 
Tcn1p/Crz1p, a calcineurin-dependent transcription factor that differentially regulates 
gene expression in Saccharomyces cerevisiae. Genes & development 11, 3445-3458. 
10.1101/gad.11.24.3445. 

97. Stathopoulos, A.M., and Cyert, M.S. (1997). Calcineurin acts through the CRZ1/TCN1-
encoded transcription factor to regulate gene expression in yeast. Genes & development 
11, 3432-3444. 10.1101/gad.11.24.3432. 

98. Lev, S., Desmarini, D., Chayakulkeeree, M., Sorrell, T.C., and Djordjevic, J.T. (2012). 
The Crz1/Sp1 transcription factor of Cryptococcus neoformans is activated by 
calcineurin and regulates cell wall integrity. PloS one 7, e51403. 
10.1371/journal.pone.0051403. 

99. Moranova, Z., Virtudazo, E., Hricova, K., Ohkusu, M., Kawamoto, S., Husickova, V., and 
Raclavsky, V. (2014). The CRZ1/SP1-like gene links survival under limited aeration, cell 
integrity and biofilm formation in the pathogenic yeast Cryptococcus neoformans. 
Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 158, 212-220. 
10.5507/bp.2013.024. 

100. Park, H.S., Chow, E.W., Fu, C., Soderblom, E.J., Moseley, M.A., Heitman, J., and 
Cardenas, M.E. (2016). Calcineurin Targets Involved in Stress Survival and Fungal 
Virulence. PLoS Pathog 12, e1005873. 10.1371/journal.ppat.1005873. 

101. Chow, E.W., Clancey, S.A., Billmyre, R.B., Averette, A.F., Granek, J.A., Mieczkowski, P., 
Cardenas, M.E., and Heitman, J. (2017). Elucidation of the calcineurin-Crz1 stress 
response transcriptional network in the human fungal pathogen Cryptococcus 
neoformans. PLoS genetics 13, e1006667. 10.1371/journal.pgen.1006667. 

102. Chadwick, B.J., Ross, B.E., and Lin, X. (2023). Molecular Dissection of Crz1 and Its 
Dynamic Subcellular Localization in Cryptococcus neoformans. J Fungi (Basel) 9. 
10.3390/jof9020252. 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 70

103. Liu, M., Du, P., Heinrich, G., Cox, G.M., and Gelli, A. (2006). Cch1 mediates calcium 
entry in Cryptococcus neoformans and is essential in low-calcium environments. 
Eukaryot Cell 5, 1788-1796. 10.1128/EC.00158-06. 

104. Odom, A., Muir, S., Lim, E., Toffaletti, D.L., Perfect, J., and Heitman, J. (1997). 
Calcineurin is required for virulence of Cryptococcus neoformans. Embo J 16, 2576-
2589. 

105. Muller, E.M., Locke, E.G., and Cunningham, K.W. (2001). Differential regulation of two 
Ca(2+) influx systems by pheromone signaling in Saccharomyces cerevisiae. Genetics 
159, 1527-1538. 10.1093/genetics/159.4.1527. 

106. van Kempen, M., Kim, S.S., Tumescheit, C., Mirdita, M., Lee, J., Gilchrist, C.L.M., 
Soding, J., and Steinegger, M. (2024). Fast and accurate protein structure search with 
Foldseek. Nat Biotechnol 42, 243-246. 10.1038/s41587-023-01773-0. 

107. Hoy, M.J., Park, E., Lee, H., Lim, W.Y., Cole, D.C., DeBouver, N.D., Bobay, B.G., 
Pierce, P.G., Fox, D., 3rd, Ciofani, M., et al. (2022). Structure-Guided Synthesis of 
FK506 and FK520 Analogs with Increased Selectivity Exhibit In Vivo Therapeutic 
Efficacy against Cryptococcus. mBio 13, e0104922. 10.1128/mbio.01049-22. 

108. Zimmermann, M., Lottersberger, F., Buonomo, S.B., Sfeir, A., and de Lange, T. (2013). 
53BP1 regulates DSB repair using Rif1 to control 5' end resection. Science 339, 700-
704. 10.1126/science.1231573. 

109. Ochs, F., Somyajit, K., Altmeyer, M., Rask, M.B., Lukas, J., and Lukas, C. (2016). 
53BP1 fosters fidelity of homology-directed DNA repair. Nature structural & molecular 
biology 23, 714-721. 10.1038/nsmb.3251. 

110. Dev, H., Chiang, T.W., Lescale, C., de Krijger, I., Martin, A.G., Pilger, D., Coates, J., 
Sczaniecka-Clift, M., Wei, W., Ostermaier, M., et al. (2018). Shieldin complex promotes 
DNA end-joining and counters homologous recombination in BRCA1-null cells. Nature 
cell biology 20, 954-965. 10.1038/s41556-018-0140-1. 

111. Ghezraoui, H., Oliveira, C., Becker, J.R., Bilham, K., Moralli, D., Anzilotti, C., Fischer, R., 
Deobagkar-Lele, M., Sanchiz-Calvo, M., Fueyo-Marcos, E., et al. (2018). 53BP1 
cooperation with the REV7-shieldin complex underpins DNA structure-specific NHEJ. 
Nature 560, 122-127. 10.1038/s41586-018-0362-1. 

112. Mirman, Z., Lottersberger, F., Takai, H., Kibe, T., Gong, Y., Takai, K., Bianchi, A., 
Zimmermann, M., Durocher, D., and de Lange, T. (2018). 53BP1-RIF1-shieldin 
counteracts DSB resection through CST- and Polalpha-dependent fill-in. Nature 560, 
112-116. 10.1038/s41586-018-0324-7. 

113. Noordermeer, S.M., Adam, S., Setiaputra, D., Barazas, M., Pettitt, S.J., Ling, A.K., 
Olivieri, M., Alvarez-Quilon, A., Moatti, N., Zimmermann, M., et al. (2018). The shieldin 
complex mediates 53BP1-dependent DNA repair. Nature 560, 117-121. 
10.1038/s41586-018-0340-7. 

114. King, A., Reichl, P.I., Metson, J.S., Parker, R., Munro, D., Oliveira, C., Sommerova, L., 
Becker, J.R., Biggs, D., Preece, C., et al. (2024). Shieldin and CST co-orchestrate DNA 
polymerase-dependent tailed-end joining reactions independently of 53BP1-governed 
repair pathway choice. Nature structural & molecular biology. 10.1038/s41594-024-
01381-9. 

115. Weinert, T.A., and Hartwell, L.H. (1988). The RAD9 gene controls the cell cycle 
response to DNA damage in Saccharomyces cerevisiae. Science 241, 317-322. 
10.1126/science.3291120. 

116. Schiestl, R.H., Reynolds, P., Prakash, S., and Prakash, L. (1989). Cloning and sequence 
analysis of the Saccharomyces cerevisiae RAD9 gene and further evidence that its 
product is required for cell cycle arrest induced by DNA damage. Mol Cell Biol 9, 1882-
1896. 10.1128/mcb.9.5.1882-1896.1989. 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 71

117. Lieberman, H.B., Hopkins, K.M., Laverty, M., and Chu, H.M. (1992). Molecular cloning 
and analysis of Schizosaccharomyces pombe rad9, a gene involved in DNA repair and 
mutagenesis. Mol Gen Genet 232, 367-376. 10.1007/BF00266239. 

118. Botuyan, M.V., Lee, J., Ward, I.M., Kim, J.E., Thompson, J.R., Chen, J., and Mer, G. 
(2006). Structural basis for the methylation state-specific recognition of histone H4-K20 
by 53BP1 and Crb2 in DNA repair. Cell 127, 1361-1373. 10.1016/j.cell.2006.10.043. 

119. Goins, C.L., Gerik, K.J., and Lodge, J.K. (2006). Improvements to gene deletion in the 
fungal pathogen Cryptococcus neoformans: absence of Ku proteins increases 
homologous recombination, and co-transformation of independent DNA molecules 
allows rapid complementation of deletion phenotypes. Fungal genetics and biology : FG 
& B 43, 531-544. 

120. Liang, L., Feng, J., Zuo, P., Yang, J., Lu, Y., and Yin, Y. (2020). Molecular basis for 
assembly of the shieldin complex and its implications for NHEJ. Nat Commun 11, 1972. 
10.1038/s41467-020-15879-5. 

121. de Krijger, I., Boersma, V., and Jacobs, J.J.L. (2021). REV7: Jack of many trades. 
Trends in cell biology 31, 686-701. 10.1016/j.tcb.2021.04.002. 

122. Robbins, N., and Cowen, L.E. (2022). Antifungal discovery. Curr Opin Microbiol 69, 
102198. 10.1016/j.mib.2022.102198. 

123. Hughes, A.L., Todd, B.L., and Espenshade, P.J. (2005). SREBP pathway responds to 
sterols and functions as an oxygen sensor in fission yeast. Cell 120, 831-842. 

124. Willger, S.D., Puttikamonkul, S., Kim, K.H., Burritt, J.B., Grahl, N., Metzler, L.J., 
Barbuch, R., Bard, M., Lawrence, C.B., and Cramer, R.A., Jr. (2008). A sterol-regulatory 
element binding protein is required for cell polarity, hypoxia adaptation, azole drug 
resistance, and virulence in Aspergillus fumigatus. PLoS Pathog 4, e1000200. 
10.1371/journal.ppat.1000200. 

125. Chang, Y.C., Jong, A., Huang, S., Zerfas, P., and Kwon-Chung, K.J. (2006). CPS1, a 
homolog of the Streptococcus pneumoniae type 3 polysaccharide synthase gene, is 
important for the pathobiology of Cryptococcus neoformans. Infection and immunity 74, 
3930-3938. 

126. Jong, A., Wu, C.H., Chen, H.M., Luo, F., Kwon-Chung, K.J., Chang, Y.C., Lamunyon, 
C.W., Plaas, A., and Huang, S.H. (2007). Identification and characterization of CPS1 as 
a hyaluronic acid synthase contributing to the pathogenesis of Cryptococcus neoformans 
infection. Eukaryot Cell 6, 1486-1496. 10.1128/EC.00120-07. 

127. Lambou, K., Tharreau, D., Kohler, A., Sirven, C., Marguerettaz, M., Barbisan, C., 
Sexton, A.C., Kellner, E.M., Martin, F., Howlett, B.J., et al. (2008). Fungi have three 
tetraspanin families with distinct functions. BMC genomics 9, 63. 10.1186/1471-2164-9-
63. 

128. Zhang, D., and Oliferenko, S. (2014). Tts1, the fission yeast homologue of the TMEM33 
family, functions in NE remodeling during mitosis. Molecular biology of the cell 25, 2970-
2983. 10.1091/mbc.E13-12-0729. 

129. Susa, K.J., Kruse, A.C., and Blacklow, S.C. (2024). Tetraspanins: structure, dynamics, 
and principles of partner-protein recognition. Trends in cell biology 34, 509-522. 
10.1016/j.tcb.2023.09.003. 

130. Lang, T., and Hochheimer, N. (2020). Tetraspanins. Curr. Biol. 30, R204-R206. 
10.1016/j.cub.2020.01.007. 

131. Susa, K.J., Seegar, T.C., Blacklow, S.C., and Kruse, A.C. (2020). A dynamic interaction 
between CD19 and the tetraspanin CD81 controls B cell co-receptor trafficking. eLife 9. 
10.7554/eLife.52337. 

132. Chang, Y.C., Jong, A., Huang, S., Zerfas, P., and Kwon-Chung, K.J. (2006). CPS1 , a 
Homolog of the Streptococcus pneumoniae Type 3 Polysaccharide Synthase Gene, Is 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 72

Important for the Pathobiology of Cryptococcus neoformans. Infection and immunity 74, 
3930-3938. 10.1128/iai.00089-06. 

133. Jong, A., Wu, C.-H., Chen, H.-M., Luo, F., Kwon-Chung, K.J., Chang, Y.C., LaMunyon, 
C.W., Plaas, A., and Huang, S.-H. (2007). Identification and Characterization of CPS1 as 
a Hyaluronic Acid Synthase Contributing to the Pathogenesis of Cryptococcus 
neoformans Infection. Eukaryotic Cell 6, 1486-1496. 10.1128/ec.00120-07. 

134. Chen, Y., Toffaletti, D.L., Tenor, J.L., Litvintseva, A.P., Fang, C., Mitchell, T.G., 
McDonald, T.R., Nielsen, K., Boulware, D.R., Bicanic, T., and Perfect, J.R. (2014). The 
Cryptococcus neoformans Transcriptome at the Site of Human Meningitis. mBio 5, 
e01087-01013. 10.1128/mbio.01087-13. 

135. Yu, C.-H., Sephton-Clark, P., Tenor, J.L., Toffaletti, D.L., Giamberardino, C., 
Haverkamp, M., Cuomo, C.A., and Perfect, J.R. (2021). Gene Expression of Diverse 
Cryptococcus Isolates during Infection of the Human Central Nervous System. mBio 12, 
e02313-02321. 10.1128/mbio.02313-21. 

136. Chun, C.D., Brown, J.C.S., and Madhani, H.D. (2011). A Major Role for Capsule-
Independent Phagocytosis-Inhibitory Mechanisms in Mammalian Infection by 
Cryptococcus neoformans. Cell host & microbe 9, 243-251. 
10.1016/j.chom.2011.02.003. 

137. Homer, Christina M., Summers, Diana K., Goranov, Alexi I., Clarke, Starlynn C., 
Wiesner, Darin L., Diedrich, Jolene K., Moresco, James J., Toffaletti, D., Upadhya, R., 
Caradonna, I., et al. (2016). Intracellular Action of a Secreted Peptide Required for 
Fungal Virulence. Cell host & microbe 19, 849-864. 10.1016/j.chom.2016.05.001. 

138. He, X., Li, S., and Kaminskyj, S.G. (2014). Characterization of Aspergillus nidulans 
alpha-glucan synthesis: roles for two synthases and two amylases. Mol Microbiol 91, 
579-595. 10.1111/mmi.12480. 

139. He, X., Li, S., and Kaminskyj, S. (2017). An Amylase-Like Protein, AmyD, Is the Major 
Negative Regulator for alpha-Glucan Synthesis in Aspergillus nidulans during the 
Asexual Life Cycle. International journal of molecular sciences 18. 
10.3390/ijms18040695. 

140. Kazim, A.R.S., Jiang, Y., Li, S., and He, X. (2021). Aspergillus nidulans AmyG Functions 
as an Intracellular alpha-Amylase to Promote alpha-Glucan Synthesis. Microbiol Spectr 
9, e0064421. 10.1128/Spectrum.00644-21. 

141. Miyazawa, K., Yamashita, T., Takeuchi, A., Kamachi, Y., Yoshimi, A., Tashiro, Y., 
Koizumi, A., Ogata, M., Yano, S., Kasahara, S., et al. (2021). A 
Glycosylphosphatidylinositol-Anchored alpha-Amylase Encoded by amyD Contributes to 
a Decrease in the Molecular Mass of Cell Wall alpha-1,3-Glucan in Aspergillus nidulans. 
Front Fungal Biol 2, 821946. 10.3389/ffunb.2021.821946. 

142. Reese, A.J., and Doering, T.L. (2003). Cell wall alpha-1,3-glucan is required to anchor 
the Cryptococcus neoformans capsule. Mol Microbiol 50, 1401-1409. 

143. Reese, A.J., Yoneda, A., Breger, J.A., Beauvais, A., Liu, H., Griffith, C.L., Bose, I., Kim, 
M.J., Skau, C., Yang, S., et al. (2007). Loss of cell wall alpha(1-3) glucan affects 
Cryptococcus neoformans from ultrastructure to virulence. Mol Microbiol 63, 1385-1398. 

144. Loza, L., and Doering, T.L. (2024). A fungal protein organizes both glycogen and cell 
wall glucans. Proc Natl Acad Sci U S A 121, e2319707121. 10.1073/pnas.2319707121. 

145. Koizumi, A., Miyazawa, K., Ogata, M., Takahashi, Y., Yano, S., Yoshimi, A., Sano, M., 
Hidaka, M., Nihira, T., Nakai, H., et al. (2022). Cleavage of alpha-1,4-glycosidic linkages 
by the glycosylphosphatidylinositol-anchored alpha-amylase AgtA decreases the 
molecular weight of cell wall alpha-1,3-glucan in Aspergillus oryzae. Front Fungal Biol 3, 
1061841. 10.3389/ffunb.2022.1061841. 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 73

146. Reese, A.J., and Doering, T.L. (2003). Cell wall α-1,3-glucan is required to anchor the 
Cryptococcus neoformans capsule. Mol Microbiol 50, 1401-1409. 10.1046/j.1365-
2958.2003.03780.x. 

147. Boucher, M.J., and Madhani, H.D. (2023). Convergent evolution of innate immune-
modulating effectors in invasive fungal pathogens. Trends in microbiology. 
10.1016/j.tim.2023.10.011. 

148. Eigenheer, R.A., Jin Lee, Y., Blumwald, E., Phinney, B.S., and Gelli, A. (2007). 
Extracellular glycosylphosphatidylinositol-anchored mannoproteins and proteases of 
Cryptococcus neoformans. FEMS yeast research 7, 499-510. 10.1111/j.1567-
1364.2006.00198.x. 

149. Lev, S., Crossett, B., Cha, S.Y., Desmarini, D., Li, C., Chayakulkeeree, M., Wilson, C.F., 
Williamson, P.R., Sorrell, T.C., and Djordjevic, J.T. (2014). Identification of Aph1, a 
phosphate-regulated, secreted, and vacuolar acid phosphatase in Cryptococcus 
neoformans. mBio 5, e01649-01614. 10.1128/mBio.01649-14. 

150. Geddes, J.M., Croll, D., Caza, M., Stoynov, N., Foster, L.J., and Kronstad, J.W. (2015). 
Secretome profiling of Cryptococcus neoformans reveals regulation of a subset of 
virulence-associated proteins and potential biomarkers by protein kinase A. BMC 
microbiology 15, 206. 10.1186/s12866-015-0532-3. 

151. Clarke, S.C., Dumesic, P.A., Homer, C.M., O'Donoghue, A.J., La Greca, F., Pallova, L., 
Majer, P., Madhani, H.D., and Craik, C.S. (2016). Integrated Activity and Genetic 
Profiling of Secreted Peptidases in Cryptococcus neoformans Reveals an Aspartyl 
Peptidase Required for Low pH Survival and Virulence. PLoS Pathog 12, e1006051. 
10.1371/journal.ppat.1006051. 

152. Fong, J.K., and Brumer, H. (2023). Copper radical oxidases: galactose oxidase, glyoxal 
oxidase, and beyond! Essays Biochem 67, 597-613. 10.1042/EBC20220124. 

153. Kersten, P., and Cullen, D. (2014). Copper radical oxidases and related extracellular 
oxidoreductases of wood-decay Agaricomycetes. Fungal genetics and biology : FG & B 
72, 124-130. 10.1016/j.fgb.2014.05.011. 

154. Mayer, F.L., and Kronstad, J.W. (2017). Disarming Fungal Pathogens: Bacillus safensis 
Inhibits Virulence Factor Production and Biofilm Formation by Cryptococcus neoformans 
and Candida albicans. mBio 8. 10.1128/mBio.01537-17. 

155. Brandao, F., Esher, S.K., Ost, K.S., Pianalto, K., Nichols, C.B., Fernandes, L., Bocca, 
A.L., Pocas-Fonseca, M.J., and Alspaugh, J.A. (2018). HDAC genes play distinct and 
redundant roles in Cryptococcus neoformans virulence. Scientific reports 8, 5209. 
10.1038/s41598-018-21965-y. 

156. Zhao, Y., Upadhyay, S., and Lin, X. (2018). PAS Domain Protein Pas3 Interacts with the 
Chromatin Modifier Bre1 in Regulating Cryptococcal Morphogenesis. mBio 9. 
10.1128/mBio.02135-18. 

157. Maryam, M., Fu, M.S., Alanio, A., Camacho, E., Goncalves, D.S., Faneuff, E.E., 
Grossman, N.T., Casadevall, A., and Coelho, C. (2019). The enigmatic role of fungal 
annexins: the case of Cryptococcus neoformans. Microbiology (Reading) 165, 852-862. 
10.1099/mic.0.000815. 

158. Pianalto, K.M., Billmyre, R.B., Telzrow, C.L., and Alspaugh, J.A. (2019). Roles for Stress 
Response and Cell Wall Biosynthesis Pathways in Caspofungin Tolerance in 
Cryptococcus neoformans. Genetics 213, 213-227. 10.1534/genetics.119.302290. 

159. Telzrow, C.L., Nichols, C.B., Castro-Lopez, N., Wormley, F.L., Jr., and Alspaugh, J.A. 
(2019). A Fungal Arrestin Protein Contributes to Cell Cycle Progression and 
Pathogenesis. mBio 10. 10.1128/mBio.02682-19. 

160. Brown, H.E., Telzrow, C.L., Saelens, J.W., Fernandes, L., and Alspaugh, J.A. (2020). 
Sterol-Response Pathways Mediate Alkaline Survival in Diverse Fungi. mBio 11. 
10.1128/mBio.00719-20. 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 74

161. Desmarini, D., Lev, S., Furkert, D., Crossett, B., Saiardi, A., Kaufman-Francis, K., Li, C., 
Sorrell, T.C., Wilkinson-White, L., Matthews, J., et al. (2020). IP(7)-SPX Domain 
Interaction Controls Fungal Virulence by Stabilizing Phosphate Signaling Machinery. 
mBio 11. 10.1128/mBio.01920-20. 

162. Squizani, E.D., Reuwsaat, J.C.V., Lev, S., Motta, H., Sperotto, J., Kaufman-Francis, K., 
Desmarini, D., Vainstein, M.H., Staats, C.C., Djordjevic, J.T., and Kmetzsch, L. (2020). 
Calcium Binding Protein Ncs1 Is Calcineurin Regulated in Cryptococcus neoformans 
and Essential for Cell Division and Virulence. mSphere 5. 10.1128/mSphere.00761-20. 

163. Ballou, E.R., Cook, A.G., and Wallace, E.W.J. (2021). Repeated Evolution of Inactive 
Pseudonucleases in a Fungal Branch of the Dis3/RNase II Family of Nucleases. Mol Biol 
Evol 38, 1837-1846. 10.1093/molbev/msaa324. 

164. Priest, S.J., Coelho, M.A., Mixao, V., Clancey, S.A., Xu, Y., Sun, S., Gabaldon, T., and 
Heitman, J. (2021). Factors enforcing the species boundary between the human 
pathogens Cryptococcus neoformans and Cryptococcus deneoformans. PLoS genetics 
17, e1008871. 10.1371/journal.pgen.1008871. 

165. Stovall, A.K., Knowles, C.M., Kalem, M.C., and Panepinto, J.C. (2021). A Conserved 
Gcn2-Gcn4 Axis Links Methionine Utilization and the Oxidative Stress Response in 
Cryptococcus neoformans. Front Fungal Biol 2. 10.3389/ffunb.2021.640678. 

166. Denham, S.T., Brammer, B., Chung, K.Y., Wambaugh, M.A., Bednarek, J.M., Guo, L., 
Moreau, C.T., and Brown, J.C.S. (2022). A dissemination-prone morphotype enhances 
extrapulmonary organ entry by Cryptococcus neoformans. Cell host & microbe 30, 1382-
1400 e1388. 10.1016/j.chom.2022.08.017. 

167. Moreira-Walsh, B., Ragsdale, A., Lam, W., Upadhya, R., Xu, E., Lodge, J.K., and Donlin, 
M.J. (2022). Membrane Integrity Contributes to Resistance of Cryptococcus neoformans 
to the Cell Wall Inhibitor Caspofungin. mSphere 7, e0013422. 10.1128/msphere.00134-
22. 

168. Caza, M., Santos, D.A., Burden, E., Brisland, A., Hu, G., and Kronstad, J.W. (2023). 
Proteasome inhibition as a therapeutic target for the fungal pathogen Cryptococcus 
neoformans. Microbiol Spectr 11, e0190423. 10.1128/spectrum.01904-23. 

169. Knowles, C.M., Goich, D., Bloom, A.L.M., Kalem, M.C., and Panepinto, J.C. (2023). 
Contributions of Ccr4 and Gcn2 to the Translational Response of C. neoformans to 
Host-Relevant Stressors and Integrated Stress Response Induction. mBio 14, 
e0019623. 10.1128/mbio.00196-23. 

170. Liu, R., Chen, X., Zhao, F., Jiang, Y., Lu, Z., Ji, H., Feng, Y., Li, J., Zhang, H., Zheng, J., 
et al. (2023). The COMPASS Complex Regulates Fungal Development and Virulence 
through Histone Crosstalk in the Fungal Pathogen Cryptococcus neoformans. J Fungi 
(Basel) 9. 10.3390/jof9060672. 

171. Francis, V.I., Liddle, C., Camacho, E., Kulkarni, M., Junior, S.R.S., Harvey, J.A., Ballou, 
E.R., Thomson, D.D., Brown, G.D., Hardwick, J.M., et al. (2024). Cryptococcus 
neoformans rapidly invades the murine brain by sequential breaching of airway and 
endothelial tissues barriers, followed by engulfment by microglia. mBio 15, e0307823. 
10.1128/mbio.03078-23. 

172. Giaever, G., Chu, A.M., Ni, L., Connelly, C., Riles, L., Veronneau, S., Dow, S., Lucau-
Danila, A., Anderson, K., Andre, B., et al. (2002). Functional profiling of the 
Saccharomyces cerevisiae genome. Nature 418, 387-391. 10.1038/nature00935. 

173. Kim, D.U., Hayles, J., Kim, D., Wood, V., Park, H.O., Won, M., Yoo, H.S., Duhig, T., 
Nam, M., Palmer, G., et al. (2010). Analysis of a genome-wide set of gene deletions in 
the fission yeast Schizosaccharomyces pombe. Nat Biotechnol 28, 617-623. 
10.1038/nbt.1628. 

174. Park, G., Colot, H.V., Collopy, P.D., Krystofova, S., Crew, C., Ringelberg, C., Litvinkova, 
L., Altamirano, L., Li, L., Curilla, S., et al. (2011). High-throughput production of gene 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


 75

replacement mutants in Neurospora crassa. Methods Mol Biol 722, 179-189. 
10.1007/978-1-61779-040-9_13. 

175. Li, Z., Vizeacoumar, F.J., Bahr, S., Li, J., Warringer, J., Vizeacoumar, F.S., Min, R., 
Vandersluis, B., Bellay, J., Devit, M., et al. (2011). Systematic exploration of essential 
yeast gene function with temperature-sensitive mutants. Nat Biotechnol 29, 361-367. 
10.1038/nbt.1832. 

176. Friedman, R.Z., Gish, S.R., Brown, H., Brier, L., Howard, N., Doering, T.L., and Brent, 
M.R. (2018). Unintended Side Effects of Transformation Are Very Rare in Cryptococcus 
neoformans. G3 8, 815-822. 10.1534/g3.117.300357. 

177. Chun, C.D., and Madhani, H.D. (2010). Applying genetics and molecular biology to the 
study of the human pathogen Cryptococcus neoformans. Methods in enzymology 470, 
797-831. 10.1016/S0076-6879(10)70033-1. 

178. Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet.journal 17, 1. https://doi.org/10.14806/ej.17.1.200. 

179. Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with Bowtie 2. 
Nat Methods 9, 357-359. 10.1038/nmeth.1923. 

180. Li, W., Koster, J., Xu, H., Chen, C.H., Xiao, T., Liu, J.S., Brown, M., and Liu, X.S. (2015). 
Quality control, modeling, and visualization of CRISPR screens with MAGeCK-VISPR. 
Genome Biol 16, 281. 10.1186/s13059-015-0843-6. 

181. Smith, T., Heger, A., and Sudbery, I. (2017). UMI-tools: modeling sequencing errors in 
Unique Molecular Identifiers to improve quantification accuracy. Genome research 27, 
491-499. 10.1101/gr.209601.116. 

182. Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol 15, 550. 10.1186/s13059-014-
0550-8. 

183. Stephens, M. (2017). False discovery rates: a new deal. Biostatistics 18, 275-294. 
10.1093/biostatistics/kxw041. 

184. de Hoon, M.J., Imoto, S., Nolan, J., and Miyano, S. (2004). Open source clustering 
software. Bioinformatics 20, 1453-1454. 10.1093/bioinformatics/bth078. 

185. Saldanha, A.J. (2004). Java Treeview--extensible visualization of microarray data. 
Bioinformatics 20, 3246-3248. 10.1093/bioinformatics/bth349. 

186. Basenko, E.Y., Pulman, J.A., Shanmugasundram, A., Harb, O.S., Crouch, K., Starns, D., 
Warrenfeltz, S., Aurrecoechea, C., Stoeckert, C.J., Jr., Kissinger, J.C., et al. (2018). 
FungiDB: An Integrated Bioinformatic Resource for Fungi and Oomycetes. J Fungi 
(Basel) 4. 10.3390/jof4010039. 

187. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source 
platform for biological-image analysis. Nat Methods 9, 676-682. 10.1038/nmeth.2019. 

188. Ball, B., and Geddes-McAlister, J. (2019). Quantitative Proteomic Profiling of 
Cryptococcus neoformans. Curr Protoc Microbiol 55, e94. 10.1002/cpmc.94. 

 

.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/


.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 October 29, 2024. ; https://doi.org/10.1101/2024.10.22.619677doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619677
http://creativecommons.org/licenses/by-nd/4.0/

