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SUPPLEMENTAL FIGURE LEGENDS AND FIGURES 
 
Figure S1 

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

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

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

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

growth defects. 

 

Figure S2 

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

protein domains were identified using SMART (see Supplementary Experimental 

Procedures).  



 

Figure S3 

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

observed phenotypes and the expected gene deletions was confirmed by reconstructing 

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

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

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

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

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

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

inducing growth conditions.  (C) Melanin phenotypes in both the original and 

reconstructed mutant strains were verified by growth at 30°C on plates containing L-

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

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

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

 

Figure S4 

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

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

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

wild-type.  (B) The sizes of these capsules were quantified relative to the diameters of the 

cells.  Capsules from at least 30 cells per strain were measured.  Error bars represent the 

SD. 



 

Figure S5 

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

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

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

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

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

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

defects on pH 4 medium in general.  (B) Mutants that displayed potential growth defects 

on pH 4 medium were retested on pH 4 and pH 7 media using individually-grown 5mL 

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

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

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

 

Figure S6 

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

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

displayed sensitivity to SDS. 

 

Figure S7 

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

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

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



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

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

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

 

Figure S8 

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

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

with 100 mM FeCl3 and 1 mM ascorbic acid (LIM + iron).  A mutant containing a 

deletion of an iron permease gene (cft1Δ) was used as a positive control for decreased 

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

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

were not compensated for by addition of ferrous iron. 

 

Figure S9 

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

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

increase in pH due to degradation of urea by urease.  A yellow color indicated a lack of 

urease activity.  A C. neoformans mutant containing a deletion of the urease gene (ure1Δ) 

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

the key below.  All tested mutants displayed normal urease function. 

 



Figure S10 

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

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

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

gene.  P-value < 0.001 for all strains.  

 

Figure S11 

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

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

measured.  Error bars represent the SD. 

 

Figure S12 

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

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

the macrophage.  Arrows identify internalized C. neoformans cells.  

 

Figure S13 

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

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

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

determined by calculating CFU using quantitative serial dilutions of cultures.  Post-

sonication CFU was compared to pre-sonication CFU.  We attribute the increase in CFU 

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



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

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

observed phagocytosis.  Error bars represent the SD.



 

 



 

 

 



 

 



 

 



 



 

 



 



 



 



 



 



 



 



 



SUPPLEMENTAL TABLES AND LEGENDS 
Tables S1 and S3–S7 are provided along with the Supplemental Data as separate Excel 
files. Table S2 is included below. 
 
Table S1 

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

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

of infection. 



 
 
TABLE S2      Phenotypes of previously described virulence mutants determined by systematic phenotyping in this study 
 

 

Table S2 

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

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

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

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

parentheses. 

 

 Gene Deletion Phenotype 
 

KO# 
Gene 
Name 

Broad 
Annotation Reference 

STM 
Score 

Growth 
Score 

Dry 
Colony Melanin 

 
Genes known to affect virulence 
 D497 KIN1 CNAG_01938 Mylonakis et al., 2004 -12.8↓ 0.24 + + 
 D1002 MPK1 CNAG_04514 Kraus et al., 2003 -11.8↓ -1.90↓ + + 
 D629 CAP10 CNAG_02628 Chang and Kwon-Chung, 1999; Moyrand and 

Janbon, 2004 
-11.6↓ -0.75↓ - + 

 D1040 UGT1 CNAG_05139 Moyrand et al., 2007 -9.6↓ -6.77↓ + + 
 D42 CAP60 CNAG_00600 Chang and Kwon-Chung, 1998; Moyrand and 

Janbon, 2004 
-7.4↓ -2.70↓ - + 

 D45 CAP59 CNAG_00721 Chang and Kwon-Chung, 1994; Moyrand and 
Janbon, 2004 

-7.3↓ -0.66↓ - + 

 D1452 CAS1 CNAG_06429 Janbon et al., 2001 -7.3↓ -1.15↓ + + 
 D355 PBX1 CNAG_01172 Liu et al., 2007 -6.6↓ 0.13 - + 
 D1423 SCH9 CNAG_06301 Wang et al., 2004 -6.2↓ 0.35 + + 
 D792 SKN7 CNAG_03409 Bahn et al., 2006; Wormley et al., 2005 -6.0↓ -0.92↓ + + 
 D281 CAS35 CNAG_00746 Moyrand et al., 2004; Moyrand et al., 2007 -5.7↓ 0.40 - + 
 D755 CAC1 CNAG_03202 Alspaugh et al., 2002 -5.4↓ 0.22 + - 
 D581 BWC2 CNAG_02435 Idnurm and Heitman, 2005 -4.8↓ 0.12 + + 
 D217 PKA1 CNAG_00396 D'Souza et al., 2001 -4.6↓ 0.44 + - 
 D1209 SRE1 CNAG_04804 Chun et al., 2007; Chang et al., 2007 -4.6↓ -0.02 + + 
 D1049 BWC1 CNAG_05181 Idnurm and Heitman, 2005 -3.8↓ -0.12 + + 
 D795 CTS1 CNAG_03422 Fox et al., 2003 -3.6↓ -3.60↓ + + 
 D679 CAP64 CNAG_02855 Chang et al., 1996; Moyrand and Janbon, 2004 -3.5↓ ND - + 
 D476 TCO1 CNAG_01850 Bahn et al., 2006; Chun et al., 2007 -3.0↓ -0.11 + + 
 D1056 NRG1 CNAG_05222 Cramer et al. 2006 -2.6↓ ND - + 
 D291 CBP1 CNAG_00802 Fox and Heitman, 2005; Gorlach et al., 2000 -1.9 0.08 + + 
 D432 SCP1 CNAG_01580 Chun et al., 2007; Chang et al., 2007 -0.8  

(-3.6)* 
0.06 + + 

 D1281 URE1 CNAG_05540 Cox et al., 2000 0.4 0.16 + + 
 D1127 LAC1 CNAG_03464 Noverr et al., 2004 0.5 0.05 + - 
 CM146 LAC1, 

LAC2  This study 0.3 ND + - 

         
      
Genes known to not affect virulence      
 D739 CMT1 CNAG_03158 Sommer et al., 2003 -1.8 -0.30 + + 
 D1199 RAS2 CNAG_04761 Waugh et al., 2002 -1.6 0.06 + + 
 D377 GPB1 CNAG_01262 Wang et al., 2000 -0.3 0.09 + + 
 D170 GPA2 CNAG_00179 Li et al., 2007 0.2 -0.19 + + 
 D934 PKA2 CNAG_05540 Cox et al., 2000 0.3 0.34 + + 
 D522 GPA3 CNAG_02090 Li et al., 2007 0.9 -0.08 + + 
 D1126 LAC2 CNAG_03464 Missall et al., 2005; Pukkla-Worley et al., 2005 1.6 0.04 + + 



Table S3 

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

reconstructed knockout strains.  Melanin and capsule phenotypes were scored 

qualitatively with negative numbers indicating a defect and positive numbers indicating 

an enhancement.   

 

Table S4 

Deletion strains in the knockout collection.  

 

Table S5 

Additional strains used in this study including reconstructed deletion strains. 

 

Table S6 

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

Table S7 

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

quantitative PCR.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Strains and media 

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

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

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

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

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

 

Generation of Gene Deletion Strains 

Targeted regions in the reconstructed knockouts and the double knockout mutants 

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

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

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

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

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

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

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

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

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

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

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

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

deleted in the D1127 strain background (lac1Δ). 



 

Signature-tagged mutagenesis 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Engine PCR machine (MJ Research).  Melting curves were collected to confirm that only 



a single product was produced in the reaction.  The threshold cycle (Ct) was determined 

for each reaction. 

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

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

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

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

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

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

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

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

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

 

Animal studies 

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

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

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

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

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

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

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

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

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

were infected per inoculum.  The concentrations of the inocula were confirmed by plating 



serial dilutions.  Mice were monitored several times a week until onset of symptoms 

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

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

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

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

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

Committee. 

 
Polysaccharide capsule 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

PBS.  The cells were then incubated with mAb 339 for 1 hour at 37º, then washed twice 



with PBS prior to incubation with FITC-conjugated donkey anti-mouse secondary 

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

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

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

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

 

Melanin 

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

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

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

 

Growth in YNB 

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

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

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

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

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

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

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

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

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

Growth score = log2(growthmutant / growthmedian). 



 

Additional Phenotyping 

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

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

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

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

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

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

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

growth on low ferrous iron media, cultures were first grown in 96-well deep-pocket 

plates without shaking in low iron medium (LIM, Zaragoza and Casadevall, 2004) for 

two days to deplete intracellular stores of iron.   Serial dilutions were then plated on 0.5x 

LIM agar plates and on 0.5x LIM agar plates supplemented with 100 mM FeCl3 and 1 

mM ascorbic acid.  Ascorbic acid reduces ferric iron in the medium to ferrous iron. 

 For growth in potassium cyanide (KCN), an initial screen of mutants was 

performed by growing cultures to saturation in YPAD at 30°C in 96-well deep-pocket 

plates without shaking, transferring approximately 1 x 104 cells to 600 μL of YPAD 

containing 1 mM KCN, and incubating the cultures at 30°C for 24 hours.  Serial dilutions 

of both the starting cultures and the KCN-treated cultures were pinned onto YPAD plates 

and relative colony counts were determined by estimating the number of colonies in a 

given spot.  Mutants that demonstrated potential sensitivity to KCN were retested using 

more precise quantitative plating of serial dilutions.  Mutants identified using this 

approach are shown in Figure S7. 



To measure urease activity, cultures were grown to saturation in YPAD at 30°C in 

96-well deep-pocket plates without shaking and diluted 1:10 in Christensen’s urea 

medium (5g NaCl, 2g KH2PO4, 1g glucose, 1g peptone, 0.012g phenol red, 20g urea in 

1L water, pH 6.8).  Reactions were kept at 37°C for 24 hours and monitored for a change 

in color from yellow to pink, indicating an increase in pH due to the degradation of urea. 

 

GAT201 overexpression    

 To overexpress GAT201, the promoter of the ribosomal gene RPL2b was inserted 

upstream of the endogenous GAT201 coding sequence.  Insertion of the pRPL2b 

sequence was performed by biolistically transforming H99 with two linear DNA 

constructs simultaneously.  The first targeted the pRPL2b sequence for insertion just 

upstream of the GAT201 start codon but did not contain any selection marker.  The 

second targeted the natR cassette for insertion upstream of the pRPL2b sequence and 

downstream of the pGAT201 sequence.  Thus, the proper targeting of the natR cassette 

requires the insertion of the pRPL2b sequence upstream of the GAT201 sequence.  Both 

constructs were generated using overlap fusion PCR.  Overexpression of the GAT201 

transcript was verified by quantitative RT-QPCR as described previously (Chow et al., 

2007) and microarray analysis (Figure 4).   

 

RAW264.7 cells 

RAW264.7 murine macrophages were maintained in feeding media consisting of 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated 



fetal bovine serum, 20mM HEPES, and 2mM glutamine (UCSF Cell Culture Facility) 

and cultured at 37°C, 5% CO2.  Macrophages were used between passages 4-15.   

 

Assignment of gene function 

 Description of gene functions in this work were assigned using several 

approaches.  First, the predicted protein domains encoded by genes (using Pfam, 

SMART, and SignalP algorithms) provided by the Broad Institute, by an annotation 

database (http://cryptogenome.ucsf.edu), and by direct submission 

(http://pfam.janelia.org/, http://smart.embl-heidelberg.de/, and 

http://www.cbs.dtu.dk/services/SignalP/) were used to assign putative function.  Second, 

BLASTX data available at http://cryptogenome.ucsf.edu were used to identify proteins in 

the non-redundant database with strong homology to predicted C. neoformans proteins. 

Finally, this annotation database previously identified the best BLASTX hit for a given 

C. neoformans gene model in the genomes of nine ascomycetes (Saccharomyces 

cerevisiae, Schizosaccharomyces pombe, Neurospora crassa, Candida albicans, 

Aspergillus fumigatus, Aspergillus nidulans, Coccidiodes immitis, Fusarium 

gaminearum, and Magnaporthe grisea) and two basidiomycetes (Ustilago maydis and 

Phanerochaete chrysosporium) (Chow et al., 2007).  Gene models that did not have 

BLASTX hits with expect values < 0.001 in any of the other genomes were termed C. 

neoformans-specific. 
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