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Significance

Genetic and phenotypic changes 
that occur during infection may 
alter a strain’s propensity for 
virulence; however, our current 
understanding of how passage 
through a mammalian host alters  
Cryptococcus neoformans remains 
limited. In this study, we leverage 
a clinical strain and the suspected 
avian-source strain to better 
understand the changes that 
manifest during human passage. 
In addition, we characterize the 
genetic and phenotypic changes 
arising from passage of the source 
strain through mice. Notably, we 
find similar genetic changes in the 
human and mouse-passaged 
isolates and identify organ-specific 
differences arising from murine 
passage. This unique strain set 
allows us to explore the genetic 
and phenotypic plasticity of 
Cryptococcus neoformans in 
response to selective pressures 
across host environments.
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A pet cockatoo was the suspected source of Cryptococcus neoformans recovered from an 
immunocompromised patient with cryptococcosis based on molecular analyses available 
in 2000. Here, we report whole genome sequence analysis of the clinical and cockatoo 
strains. Both are closely related MATα strains belonging to the VNII lineage, confirm-
ing that the human infection likely originated from pet bird exposure. The two strains 
differ by 61 single nucleotide polymorphisms, including eight nonsynonymous changes 
involving seven genes. To ascertain whether changes in these genes are selected for during 
mammalian infection, we passaged the cockatoo strain in mice. Remarkably, isolates 
obtained from mouse tissue possess a frameshift mutation in one of the seven genes 
altered in the human sample (LQVO5_000317), a gene predicted to encode an SWI–
SNF chromatin-remodeling complex protein. In addition, both cockatoo and patient 
strains as well as mouse-passaged isolates obtained from brain tissue had a premature 
stop codon in a homologue of ZFC3 (LQVO5_004463), a predicted single-zinc finger 
containing protein, which is associated with larger capsules when deleted and reverted 
to a full-length protein in the mouse-passaged isolates obtained from lung tissue. The 
patient strain and mouse-passaged isolates show variability in virulence factors, with dif-
ferences in capsule size, melanization, rates of nonlytic expulsion from macrophages, and 
amoeba predation resistance. Our results establish that environmental strains undergo 
genomic and phenotypic changes during mammalian passage, suggesting that animal 
virulence can be a mechanism for genetic change and that the genomes of clinical isolates 
may provide a readout of mutations acquired during infection.

Cryptococcus | fungus | genomics

Cryptococcus neoformans is a human pathogenic fungus that is a major cause of life-threat-
ening meningoencephalitis (1). Cryptococcosis is more common in patients with impaired 
immune systems, although occasional disease occurs in individuals with no apparent 
immune deficits. Cryptococcus neoformans infection is first thought to be acquired in 
childhood (2) and is either cleared or can become latent to reactivate if impaired immunity 
occurs later in life (3). However, disease primarily follows exposure to contaminated 
environmental sources in adults, but the ubiquity and high genetic diversity of this fungus 
complicate the identification of point sources. Restriction enzyme polymorphism analysis 
of patient and environmental samples in New York City revealed that some clinical isolates 
shared the same restriction patterns and were thus indistinguishable from local infection 
sources (4); however, such analysis lacked the precision to reveal point sources, particularly 
given that the disease often develops slowly and can be the result of latent, distantly 
acquired infection (3). A recent investigation of a cryptococcosis outbreak in a Scottish 
hospital revealed how difficult it is to make associations between clinical and geographically 
and temporally matched environmental samples (5).

In 2000, we reported on the case of an immunosuppressed patient with cryptococcosis 
who had a pet cockatoo (6). Cryptococcus was also recovered from the cockatoo guano, 
which was not unexpected as bird guano is a common environmental reservoir for 
Cryptococcus neoformans (7, 8). Both the patient and bird guano strains were indistinguish-
able using molecular tools available at the time, resulting in the first example of crypto-
coccal infection traced from a point source (6). In subsequent years, additional cases of 
Cryptococcus neoformans infections potentially linked to pet birds were reported (9, 10). 
Since the original report, genome sequencing has become routine, and there is now a 
wealth of information available on Cryptococcus neoformans genomes from varied source 
isolates (11). In this study, we compared the genome sequences of the patient and cockatoo 
strains and passaged the cockatoo strain in mice to identify genetic and phenotypic changes 
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resulting from mammalian infection. The results validate the ear-
lier conclusion that the clinical and cockatoo strain sequences were 
closely related and that the cockatoo was the likely source of infec-
tion. We also find evidence of similar genome evolution in 
mouse-passaged and patient strains. These results implicate 
genomic loci in virulence, identify functionally similar genomic 
changes arising from mammalian infection, and characterize phe-
notypic differences between mouse-passaged isolates that appear 
to be organ specific.

Results

Genomic Analysis of Patient and Cockatoo Strains. To determine 
the relatedness of the previously reported strains that were isolated 
from patient cerebrospinal fluid (PU, patient unpassaged) and 
guano of the patient’s pet cockatoo (CU, cockatoo unpassaged) 
(6), we aligned Illumina reads for both strains to the Cryptococcus 
neoformans H99 reference genome (12), and variants were called 
to identify single nucleotide polymorphisms (SNPs) and insertion/
deletion events (indels). Based on a phylogenetic analysis of these 
samples and a subset of 238 additional whole genome sequences 
chosen to represent the lineages VNIa, VNIb, VNIc, VNBI, 
VNBII, and VNII, previously described by Desjardins et al. (13), 
we assigned the PU and CU strains to the globally detected but 
least common VNII lineage confirming their close relationship and 
supporting a role of the CU strain in the patient’s cryptococcosis 
(Figs. 1 and 2 and SI Appendix, Fig. S1). With these data, we also 
determined that both strains possess the MATα mating type. 
Utilizing Oxford Nanopore Technologies (ONT) read data, we 
then generated genome assemblies for both the PU and CU strains, 
consisting of complete telomere-to-telomere sequences for each 
chromosome, polished with Illumina reads. To identify variants, 
we compared the two assemblies with nucmer (MUMmer). We 
identified seven genes with nonsynonymous variants between 
the two assemblies, all impacting genes with homologues in the 
Cryptococcus neoformans var. grubii (H99) genome (Table 1). Of 
these genes, 2 (LQVO5_002184 and LQVO5_000317) had 
Cryptococcus neoformans H99 homologues (CNAG_06273 and 
CNAG_00342) that are repressed during titan cell formation 

and murine cryptococcal infection, respectively (14, 15). For 
both strains, we were able to generate full-length chromosomal 
assemblies consisting of 14 chromosomes, with rRNA content 
residing on chromosome 4 and chromosome 15 representing the 
mitochondrion, with equivalent gene sets and high levels of identity 
between the two assemblies (99.99%), indicating high levels of 
relatedness (SI Appendix, Fig. S2A). We did not detect any structural 
differences between the CU and PU assemblies or any chromosomal 
duplications or copy number variations (CNVs) between the two. 
When these assemblies were compared with the Cryptococcus 
neoformans H99 reference assembly, they shared sequence identities 
of 97.7% to the H99 reference (SI Appendix, Fig. S2B).

Mouse Passage of Cockatoo (CU) Strain. The identification 
of genomic changes when comparing the CU and PU strains 
suggested that the PU differences may have occurred during 
human infection. Consequently, we wondered whether passage 
of the CU strain in mice would result in similar genomic changes. 
A female A/J mouse was infected intravenously with the CU strain 
and observed for signs of illness, but none were apparent. Hence, 
at day 43, the mouse was euthanized, the brain and lungs were 
harvested and homogenized, and the suspensions plated, which 
yielded 816 and 78 colony-forming unit (CFU)/mg in the brain 
and lungs, respectively. Three individual colonies were isolated 
from the brain (CPB1-3, cockatoo-passaged brain) and lungs 
(CPL1-3, cockatoo-passaged lungs) for sequencing and phenotypic 
analysis (Fig.  1). These isolates were then each submitted to a 
second round of passage, and isolates were again recovered from 
the brain and lungs. We noted increased fungal burdens for the 
CPB1-3 isolates but decreased burdens for the CPL1-3 isolates. 
The average fungal burdens of the twice-passaged isolates were 
6,468, 1,616, 6, and 1 CFU/mg for CP2B_L, CP2B_B, CP2L_L, 
and CP2L_B, respectively (SI Appendix, Table S1). These isolates 
were sequenced and studied for phenotypic characteristics.

Genomic Analysis of Mouse-Passaged Isolates. To identify 
variants arising from passage of the CU strain and the CPB or 
CPL isolates in mice, we aligned Illumina data generated for all 
mouse-evolved isolates (first and second passages), to our CU 

Fig. 1. Passaging scheme and relationship between the Cryptococcus neoformans strains and isolates. The cockatoo and patient strains had been kept frozen 
since the prior study was completed in 2000 (6). These are distinguished in that they were not passaged and are labeled cockatoo strain (CU) and patient strain 
(PU), where the U stands for unpassaged. The mouse-passaged isolates come from a laboratory infection and are labeled CPB and CPL for cockatoo-passaged 
brain and cockatoo-passaged lungs, respectively, to denote the mouse organ from where they were recovered. Cryptococcus neoformans recovered from patient 
and cockatoo are referred to as strains to denote different origins, while those recovered from mouse tissues are referred to as isolates. Three isolates from 
passage 1 were then passaged a second time into six separate mice, and a single second passage isolate was harvested from the brain and lungs of each second 
passage mouse. The mouse reinfected with CPL1 did not survive the anesthesia during infection.
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genome assembly. Samples aligned with an average coverage of 
775× across the CU reference. After the initial round of passage, 
we found that a frameshift variant in one of the seven genes altered 
in the patient strain, LQVO5_000317 (Table 1). The frameshift in 
LQVO5_000317 was present in all mouse-evolved isolates from 
both brain and lung tissues (CPB1-3 and CPL1-3) (Table  2). 
The commonality of this variant across brain and lung isolates 
suggests that the mutation was acquired at a common site prior to 
dissemination. This gene is a homologue of CNAG_00342 in the 

Cryptococcus neoformans H99 (VNI) genome, which is predicted 
via eukaryotic orthologous groupings to function as an SWI–
SNF chromatin-remodeling complex protein (KOG2510). This 
gene is down-regulated in a murine lung infection model (15), 
consistent with loss-of-function mutations appearing tolerated 
during mammalian infection.

A second variant unique to the mouse-passaged lung isolates 
(CPL1-3) resulted in the loss of a premature stop codon in 
LQVO5_004463. This premature stop codon is present in the 
CU, PU, and mouse-passaged brain isolates (CPB1-3) but appears 
to have reverted to wild type in the CPL isolates. When 
LQVO5_004463 is extended through the loss of this premature 
stop codon, the resulting gene encodes a full-length protein com-
parable in sequence and structure with its Cryptococcus neoformans 
H99 homologue, CNAG_05940 (SI Appendix, Fig. S3). 
CNAG_05940 is predicted to function as a zinc finger domain 
protein (ZFC3). Zfc3 has a single predicted zinc finger and a 
striking number of serine and threonine residues, totaling 21.9% 
of all residues present in CNAG_05940. The predicted structure 
of this protein includes long intrinsically disordered regions that 
may transition to structured regions upon binding to a substrate 
(SI Appendix, Fig. S3C). Deletion of CNAG_05940 in Cryptococcus 
neoformans results in significantly increased capsule content (16), 
and this gene is thought to be a target of the virulence-implicated 
transcription factors Gat201 and Liv3 and the capsule and titan 
cell regulating transcription factor Pdr802 (17, 18). The presence 
of variants impacting common genes in both patient and cocka-
too-derived mouse isolates is consistent with the hypothesis that 
the patient’s Cryptococcus neoformans infection was also derived 
from the pet cockatoo.

To assess the frequency of loss-of-function mutations in the SWI–
SNF and ZFC3 homologues among clinical and environmental 
Cryptococcus isolates, we looked for loss-of-function variants in 387 
published isolates from both patient and environmental sources 
(13). We found three of the 286 clinical samples (from the lineages 
VNI, VNII, and VNB) with frameshift variants in CNAG_00342 
(SWI–SNF) and 24 samples with frameshift variants present in 
CNAG_05940 (ZFC3) (Table 2). VNI and VNB isolates from both 
clinical and environmental sources are impacted by frameshift var-
iants in CNAG_05940. We did not find any missense or loss/gain-
of-function variants within the isolates that underwent a second 
round of passage when compared with their CPB and CPL progen-
itor isolates. Therefore, to identify large-scale genomic variation 
across all isolates, we looked for evidence of aneuploidy and CNV 
based on sequence coverage. In the CPL isolates that underwent a 
second round of passage, we identified a single region that was 
uniquely duplicated in isolates recovered from the brain and lungs 

Fig. 2. VNII phylogeny. SNP-based maximum likelihood phylogeny for PU, 
CU, and VNII strains rooted to the Cryptococcus neoformans reference strain 
H99. Illumina reads for the VNII strains shown were aligned to the Cryptococcus 
neoformans H99 reference genome to identify SNPs across the genome, which 
were used to infer a phylogeny with RAxML.

Table 1. Genes with nonsynonymous variants between patient (PU) and cockatoo (CU) strains
CU (VNII) gene H99 (VNI) homologue Variant (CU > PU) Function

LQVO5_000317 CNAG_00342 270C > G KOG: SWI–SNF chromatin- 
remodeling complex protein

LQV05_001277 CNAG_05000 1835T > C EC: exo-alpha-sialidase

LQVO5_004692 CNAG_05713 194C > G RNA polymerase II elongator 
complex protein 1

LQVO5_005253 CNAG_02201 448C > G KOG: serine/threonine  
protein kinase

LQVO5_005443 CNAG_03102 122C > T Hypothetical protein

LQVO5_006755 CNAG_01999 34C > T KOG: alpha-SNAP protein, 
membrane fusion

LQVO5_002184 CNAG_06273 217C > A 223C > T Pfam: ribosome biogenesis 
regulatory protein (RRS1)

http://www.pnas.org/lookup/doi/10.1073/pnas.2217111120#supplementary-materials
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(CP2L_L and CP2L_B). This region encodes two genes, 
LQV05_002052 and LQV05_002053, homologues of 
CNAG_00128 and CNAG_00127. Both are hypothetical proteins, 
and CNAG_00128 is predicted to be an ER–Golgi vesicle-tethering 
protein (KOG0946). Of note, CNAG_00128 is repressed during 
titan cell formation (14). We found no evidence of aneuploidy 
arising in response to human, bird, or murine passage.

CNAG_00342 and CNAG_05940 Expression in Published Datasets. 
To further probe the role of these genes altered in the patient 
and mouse isolates, we analyzed eight publicly deposited RNA-
seq datasets of Cryptococcus neoformans strains H99 and KN99α 
(Table 3). These databases were selected because they represented 
transcriptional studies done in conditions that resemble the 
expected conditions during infection. We found that both 
CNAG_00342 and CNAG_05940 were significantly differentially 
regulated (P < 0.05) under conditions related to those expected 
during animal passage and infection, namely 37 °C, increased 
CO2, in vitro infection of macrophages, or in vivo infection of 
rabbit cerebrospinal fluid (CSF). Both genes were most frequently 
up-regulated in H99 strains and down-regulated in KN99α under 
stress conditions, with the caveat that many of the H99 strains 
were exposed to ambient CO2 levels, while both KN99α strains 
were exposed to 5% CO2, indicating strain and condition-specific 
changes that highlight variability in expression.

Heat Tolerance. To determine whether resistance to cell death may 
be related to virulence in these strains, we compared the mouse-

passaged isolates with the patient strain in a cell death assay that 
has been previously demonstrated to induce gene-dependent cell 
death in Saccharomyces cerevisiae and more recently in Cryptococcus 
neoformans (19, 20). To assess cell death susceptibility, a transient 
sublethal heat-ramp (not heat shock) was applied to all isolates, 
and survival was determined by CFUs when plated at 30 °C. 
Interestingly, all mouse, cockatoo, and patient strains were death 
resistant when compared with the laboratory strain, KN99α 
(Fig. 3A). Among the isolates tested, the three mouse-passaged 
brain isolates (CPB1-3) were significantly more death resistant 
than the cockatoo (CU) strain (P = 0.0239, ANOVA with 
Dunnett’s multiple comparisons test) (Fig.  3B). However, cell 
death resistance does not appear to reflect a gain of heat tolerance 
at body temperature as all isolates grew indistinguishably when 
untreated samples were plated on SAB agar and incubated at 37 °C 
(Fig. 3C). Although the laboratory strain KN99α may be slightly 
more robust than the CU, PU, CPB, and CPL isolates at both 
30 °C and 37 °C, no differences in CFU number or size among 
the isolates were observed, suggesting that heat-ramp cell death 
resistance is not directly correlated with the ability to grow at 
high temperature.

Growth In  Vitro and Virulence Factor Characterization. We 
analyzed both the CU and PU strains and the CPB and CPL 
isolates for growth in vitro (Fig. 4) and measured four phenotypes 
known to be associated with virulence factors: capsule, melanin, 
urease, and phospholipase (Figs. 5 and 6). All four isolates grew 
well in culture, with the CPB isolate recovered from brain tissue 

Table 2. Variants in patient strain (PU) and mouse-evolved isolates (CPB and CPL)

VNII gene CNAG Variant type CNAG function Desjardins collection (13)

Sample Lineage* Variant type Source

LQVO5_000317 00342 Frameshift 
(270delC)

KOG: SWI–SNF 
chromatin-re-
modeling com-
plex protein

3 VNI (1), VNII (1), 
and VNB (1)

Frameshift Clinical

LQVO5_004463 05940 Premature stop 
codon lost 
(639A > T)

Pfam: ZFC3, zinc 
finger, C2H2 
type

24 VNI (5) and VNB 
(19)

Frameshift Clinical (50%) 
and environ-
mental (50%)

*Strain frequency for each lineage is listed in parentheses.

Table 3. Metadata from RNA-seq datasets, only including log2FC values with P < 0.05

Reference PMID* Strain Conditions Duration CNAG_00342 log2FC CNAG_05940 log2FC

31666517 H99 37 °C, YPD 1 h – –

28376087 H99 37 °C, YPD 2 h 0.91 –

24743168 H99 37 °C, YPD Grown at 37 °C until 
stationary

– –

31860441_CSF H99 Rabbit CSF 24 h 2.76 2.50

31860441 H99 37 °C, 5%, CO2, 
 macrophage

24 h 6.30 4.40

22174677 H99 37 °C, 5% CO2, DMEM 1.5 h – –

27094327 KN99α 37 °C, 5% CO2, DMEM 1.5 h – −1.14

27094327_TM KN99α 37 °C, 5% CO2, DMEM 1.5, 3, 8, and 24 h 0.37 −0.57

33688010 KN99α 37 °C, 5% CO2, DMEM 24 h −4.75 −3.23
*Dataset 31860441_CSF indicates analysis of Cryptococcus neoformans samples from cerebrospinal fluid in vivo infections, opposed to cryptococcal samples incubated in the described 
conditions in vitro. Dataset 27094327_TM indicates analysis of an array of time points as a time course model, opposed to analysis of a single time point closest to the other datasets for 
consistency.
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growing faster than the others (Fig.  4). All isolates exhibited 
activities associated with each of these virulence factors, but there 
were subtle differences observed.

The cockatoo strain (CU) and patient strain (PU) did not vary 
significantly with regard to capsule ratio (capsule radius/cell body 
radius) (P = 0.15); however, the mouse-passaged CPL and CPB 
isolates displayed significantly larger capsule (Tukey’s multiple com-
parisons test, P < 0.0001) (Fig. 5A). Interestingly, when these iso-
lates were passaged for a second time through mice, isolates 
obtained from their primary organ (brain-to-brain and lung-to-
lung) displayed significantly increased capsule size (CP2B1_B vs. 
CPB, P < 0.0001) (CP2L2_L vs. CPL, P < 0.0001), whereas isolates 
obtained from the alternate organ displayed unchanged (CP2B1_L 
vs. CPB, P = ns) or reduced capsule size (CP2L2_B vs CPL, P < 
0.0001). When grown in titan cell–inducing media, brain-derived 
isolates displayed smaller cell body diameters than other strains and 
isolates (SI Appendix, Fig. S4), in line with previous findings which 
demonstrate that Cryptococcus neoformans adopts a smaller cell 
morphology in brain tissue (21, 22). We did not observe any cor-
relation between cell body enlargement and copy number of 
LQV05_002052, homologue of CNAG_00128, despite the repres-
sion of CNAG_00128 during titan cell formation.

Since a prior analysis of sequential isolates recovered from indi-
vidual patients showed changes in polysaccharide structure (23), 
we analyzed their exopolysaccharide (EPS) by NMR, which 
revealed variation in O-acetylation content such that CU (37.46) 
> PU (26.15) > CPL (23.01) > CPB (19.50) (SI Appendix, Fig. S5). 
Further analysis of the structural reporter group (SRG) 1H NMR 
resonances corresponding to backbone mannose anomeric pro-
tons, which provide a spectral signature for the repeating triad of 
glucuronoxylomannan (4.8 to 5.4 ppm) (24), showed the same 
peak set for the CU and PU strains and CPB and CPL isolates 
(4.91, 4.97, 4.99, 5.10, 5.12, 5.15. 5.16, and 5.20) (Fig. 5B), 
implying conservation of EPS structure in these strains and iso-
lates. Together, these data suggest that the size of the capsule and 
acetylation patterns, but not the primary sequence of the polysac-
charides, are altered by these mouse passages.

Isolates from the brain of the CU-infected mouse, CPB1-3, 
melanized faster when compared with the other isolates, including 
the parental CU strain, the PU strain, and the CPL1-3 isolates 
from the lungs of the mouse (Fig. 6A and SI Appendix, Fig. S6B). 
The first and second passage brain isolates (CPB and CP2B_L/B) 
were more melanized than all other unpassaged strains and 
lung-derived isolates when grown at 30 °C in liquid media. For 

Fig. 3. Survival of the various Cryptococcus neoformans strains and isolates determined by application of heat-ramp cell death stimulus (H–R). The cockatoo 
passage brain isolates (CPB) recovered from mice infected with the cockatoo strain (CU) were more resistant to cell death when compared with the original 
cockatoo strain (CU). (A) Survival after a cell death stimulus [10 min linear 30 °C to 56 °C H-R] was determined by CFUs on SAB agar plates incubated for 2 d at 
30 °C. (B) Quantification of survival for (A) calculated as log CFU/mL of untreated and heat-ramp–treated strains from four independent experiments. Statistical 
significance was determined by ordinary one-way ANOVA with Dunnett’s multiple comparisons test, *P = 0.0239. (C) Growth of the same isolates (no heat-ramp) 
spotted on SAB and incubated for 2 d at 37 °C (C) in two independent experiments; no differences between isolates were detected.

Fig. 4. Comparison of Cryptococcus neoformans cockatoo, human, and mouse-passaged derivatives' growth at 30 °C and 37 °C. (A) Growth curves of Cryptococcus 
neoformans strains (CU, PU, CPB1, and CPL1) cultured in Sabouraud dextrose broth at the indicated temperatures plotted as the mean of three biological 
replicates. (B) Comparison of growth rates at the two temperatures expressed as a ratio of linear phase slopes indicates a significant growth advantage at 37 
°C for the mouse-passaged brain isolate compared with the other strains and isolates. (C) Both the patient strain and mouse-derived isolates show a significant 
decrease in the length of lag time at 37 °C compared with 30 °C. Statistical significance was determined using an ordinary one-way ANOVA (ns = not significant, 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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phospholipase, the size of the precipitation zone varied across 
isolates and increased with the time of incubation. After 72 h of 
incubation at 30 °C, the isolate recovered from the double passage 
through the murine lungs (CP2L2_L) presented significantly 
higher (P = 0.045, t test) phospholipase activity than the original 
CU strain, as well as significant differences between all samples 
(P = 0.028, ANOVA). (SI Appendix, Fig. S7A). In contrast, urease 
activity was comparable between unpassaged strains and first pas-
sage isolates. However, significant decreases in urease activity were 
observed for repassaged brain isolates recovered from the brain 
and lungs (P = 0.0042 (CP2B1_B) and P = 0.0481 (CP2B1_L)) and 
the repassaged lung isolates recovered from the lungs (P = 0.0217) 
(SI Appendix, Fig. S7B).

Virulence in Galleria mellonella. To identify strain differences 
in virulence, we tested the CU, PU, CPB, and CPL isolates in 
the invertebrate model G. mellonella. This model has been used 
previously to compare virulence of Cryptococcus isolates, which 
roughly correlates to virulence in mammalian models (25, 26). We 
found no statistical differences between the virulence of the CU 
and PU strains. There was enhanced virulence of the CPB1 brain 
isolate when compared with its parental CU strain (P = 0.042, 
log-rank Mantel–Cox test) and a slight reduction in virulence of 
the CPL1 lung isolate (Fig. 6B). These results are consistent with 
increased virulence displayed by the brain and inositol-conditioned 

isolates (27). While all strains and isolates tested were virulent, 
these results show subtle changes in virulence for an insect host.

Interactions with Macrophages. The interaction of Cryptococcus 
neoformans with macrophages is unusual in that ingestion results 
in transient intracellular residence, which may be followed by 
nonlytic exocytosis whereby the fungal cell exits the phagocytic 
cell without lysing the latter (28, 29). Given that this process 
involves a complex choreography of cellular events that must occur 
in synchrony, we considered it a sensitive indicator of Cryptococcus 
neoformans–macrophage interaction and examined its frequency 
for the CU, PU, CPL, and CPB isolates. The results show that the 
CPB1 isolate displayed a significantly higher frequency of nonlytic 
exocytosis relative to the other strains and isolates (P = 0.013, test 
of equal proportions with Bonferroni correction) (Fig. 7A).

Interactions with Amoeba. Since amoebas are predators of 
Cryptococcus neoformans and amoeba–fungal interactions have 
been proposed to select for traits that function during mammalian 
virulence, we evaluated whether passage through human and mice 
affected the interaction with Acanthamoeba castellanii (30). Fungal 
resistance to amoeba predation was investigated with a Cryptococcus 
neoformans survival assay. Our analysis revealed differences in the 
growth dynamics between the strains during culture with amoebas 
(SI Appendix, Fig. S8A). No significant differences were observed 

Fig. 5. Capsular characterization of unpassaged cockatoo and patient strains and mouse-passaged isolates. (A) Capsule radius analysis of India ink–stained 
cryptococcal cells performed by automated quantitative capsule analysis (QCA) program of Cryptococcus neoformans cockatoo, patient, and first and second 
passage lung and brain isolates. Difference between groups was assessed by two-way ANOVA with unequal variance, and statistical difference between groups 
was determined by Tukey’s multiple comparisons test. For each sample set, >300 cells were examined. Box-and-whisker plots include the minimum value, first 
quartile, median, third quartile, and maximum value of each dataset with the mean value enumerated. (B) 1D [1H] NMR analysis of EPS isolated from cockatoo, 
patient, and first mouse-passaged lung and brain isolates of Cryptococcus neoformans. The overlaid anomeric region of each proton spectrum, which contains 
the structural reporter groups of the dominant polysaccharide glucuronoxylomannan (GXM), is displayed.
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http://www.pnas.org/lookup/doi/10.1073/pnas.2217111120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2217111120#supplementary-materials


PNAS  2023  Vol. 120  No. 2  e2217111120 https://doi.org/10.1073/pnas.2217111120   7 of 12

between the unpassaged strains and murine-passaged isolates from 
individual organs (SI Appendix, Fig. S8B), but as a whole, isolates 
and strains that underwent passage through human or murine hosts 
(PU and CPB + CPL) displayed increased survival in the presence 
of amoebas (P = 0.039, n.s. (CPB + CPL; 24 and 48 h), P = n.s., 
0.002 (PU; 24 and 48 h), two-way ANOVA) (Fig. 7B). Unlike 
the PU and CPB + CPL strains, CFU counts for the CU strain 
slightly decreased over the course of 48 h. Control experiments in 
A. castellanii (A.c.) buffer did not demonstrate any obvious growth 
differences between strains (Fig. 7C).

Discussion

A comparison of the patient and cockatoo strains revealed that 
they are genetically and phenotypically very similar and likely 
derived from each other. Given that the patient strain came from 
an immunocompromised patient with cryptococcosis and the 
cockatoo strain came from bird excreta in the home of the patient, 
the inference was made that the human infection was a result of 
exposure to the bird as the point source of the infection (6). 
Although psittacine birds can develop cryptococcosis, their asso-
ciation with Cryptococcus neoformans is usually in the form of 
saprophytic growth in their excrement (31). However, the prior 
case report could not rule out the possibility that the patient had 
acquired the infection first and then infected the bird in some 
form, possibly through cough during a pulmonary phase of dis-
ease. Although patient-to-bird transmission was, and is, consid-
ered unlikely, mice with experimental cryptococcosis contaminate 
their cage bedding, indicating that mammalian hosts with systemic 
infection can shed Cryptococcus neoformans (32). However, our 

finding that some of the genes impacted by mutations observed 
when the cockatoo strain was passaged in mice are also altered in 
the patient strain suggests that these were selected in mammalian 
hosts, which in turn supports the original conclusion that the 
transmission was from the bird to the patient.

The comparison of patient and cockatoo genomes confirmed 
their close relationship and revealed amino acid changes in seven 
proteins. There were two nonsynonymous changes in the pre-
dicted ribosome regulatory protein (LQVO5_002184, homo-
logue of the H99 gene CNAG_06273), and a gene repressed 
during titan cell formation (14). One variant is found in the 
predicted SWI–SNF chromatin-remodeling complex 
(LQVO5_000317, homologue of the H99 gene CNAG_00342), 
a protein that is down-regulated during murine cryptococcal 
infection (15), is involved in cryptococcal morphogenesis (33), 
and is implicated in nitrosative stress response in the plant  
pathogenic fungus Fusarium graminearum (34).

To ascertain whether we could reproduce some of the changes 
observed in the patient strain relative to the cockatoo strain, we 
passaged the latter in mice. In all the initial mouse-passaged iso-
lates, we observed one frameshift variant that impacts the same 
gene (LQVO5_000317, homologue of the H99 gene 
CNAG_00342) observed in the patient strain. A second variant 
impacting only the initial mouse-passaged isolates collected from 
lung tissue results in the reversion of a premature stop codon for 
LQVO5_004463, a homologue of CNAG_05940 (ZFC3). ZFC3 
is a transcription factor that is repressed during titan cell induction 
and is involved in proliferation within the brain in addition to 
being a target of the transcription factors Gat201, Liv3, and 
Pdr802, a regulator of titan cell formation (17, 18, 35). Truncation 

Fig. 6. Changes in virulence factor activity associated with passaging the cockatoo strain in mice. (A) Melanization in liquid media is greatly enhanced in the CPB 
isolates after growth at 30 °C for 5 d. There are no major differences in melanization between the PU strain or CPL isolates, which generally show melanization 
consistent with the parental strain (CU). (B) There is no statistical difference in virulence between the CU and PU strains in the G. mellonella model system. 
However, the CPB1 isolate from the mouse had significantly enhanced virulence when compared with the parental CU strain. The log-rank Mantel–Cox test was 
performed using GraphPad Prism and corrected for multiple comparisons using the Bonferroni method.

http://www.pnas.org/lookup/doi/10.1073/pnas.2217111120#supplementary-materials
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of the protein encoded by LQVO5_000317 is likely to impact 
the function of this gene and reduce expression levels of the target 
genes. During the second round of passage, we observed CNV in 
the lung-derived isolates, specifically duplication of a region 
encoding two hypothetical proteins (LQV05_002052 and 
LQV05_002053). LQV05_002052 is predicted to function as an 
ER–Golgi vesicle-tethering protein, the homologue of which 
(CNAG_00128) has been shown to be repressed during titan cell 
formation in gene expression experiments (14). However, we did 
not see a causal relationship between LQV05_002052 or 
LQVO5_000317 and cell body enlargement, as lung-passaged 
isolates displayed cell body sizes similar to the CU and PU strains, 
after growth in titan cell–inducing media.

The comparison of clinical and environmental isolates for 
genomic differences such as the ones found in this study revealed 
multiple instances of frameshift variants in both CNAG_00342 
and CNAG_05940 in isolates spanning the lineages VNI, VNII, 
and VNB (13). How these genetic changes affect virulence and 
pathogenesis is a question for future studies. In this regard, a 
comparison of the virulence of 10 clinical and 11 environmental 
Cryptococcus neoformans isolates in mice revealed that seven clinical 
isolates and only 1 environmental isolate caused lethal infection 
(36). Considering these results in the light of our findings suggest 
that the clinical strains in that study were perhaps more virulent 
because of genetic changes that were selected for by human 
passage.

The occurrence of shared Cryptococcus neoformans genetic 
changes across experimental and patient isolates suggests that fun-
gal replication in mammalian hosts may select for specific changes. 
Multiple studies have reported genetic changes during infection; 
analysis of serial isolates from patients shows the emergence of chro-
mosome rearrangements, ploidy alterations, SNPs, insertions, and 

deletions (37) and even the reversion of an SNP responsible for 
attenuating virulence in vivo but not in vitro (38). One mecha-
nism of mutagenesis is transposon mobilization during infection 
(39); however, we saw no evidence of transposon mobilization 
upon mammalian passage here. Cryptococcus neoformans replicates 
within macrophages in vivo (40), and internalized fungal cells are 
exposed to oxygen- and nitrogen-derived radicals that can be 
mutagenic (41). A recent study of C. albicans during in vitro and 
in vivo passage suggested a higher mutation rate in vivo (42), and 
this suggests that microbes capable of prolonged residence in the 
human host can acquire genetic changes, such that the capacity 
for virulence could provide a shortcut to greater genetic variation. 
Indeed, both genetic and phenotypic variation of the infecting 
pathogen have been observed for individual hosts infected with 
Cryptococcus (21, 43–46). Due to the initial sampling strategy of 
the CU and PU strains, we have been unable to explore the full 
diversity of cryptococcal genotypes and phenotypes that might 
have been present in the patient and cockatoo. Despite this, we 
have seen notable variability in phenotype following the passage 
of a single strain across mammalian systems.

The comparison of Cryptococcus neoformans characteristics asso-
ciated with virulence among cockatoo, patient, and mouse-pas-
saged isolates in this study revealed subtle phenotypic changes. 
There were differences in average capsule size between isolates 
recovered from the mouse lungs and brain, but NMR analysis of 
the major polysaccharide component revealed no major alterations 
in the primary sequence. The finding of organ-related differences 
in capsule size is consistent with prior reports (21). However, the 
finding that the GXM structure was unchanged contrasted with 
the prior observation that serial clinical isolates from patients with 
persistent infection manifested changes in the polysaccharide 
structure (25), suggesting that for the CU strain studied here, the 

Fig. 7. Interactions with phagocytic cells. (A) Nonlytic escape frequency of each strain during BMDM infection. CPB was the only isolate with a significantly 
increased frequency of nonlytic escape compared with the original CU strain. *P < 0.05 via a test of equal proportions with Bonferroni correction. Normalized 
CFU counts of passaged or unpassaged Cryptococcus neoformans isolates or strains following coculture with (B) A. castellanii in A.c. buffer or (C) culture in A.c. 
buffer alone for 0, 24, and 48 h. Data were normalized to the average CFU count at 0 h for each of the three biological replicates for each strain. Bars represent 
the mean normalized CFU count with 95% CI. n = 9 for PU and CU experiments and n = 18 for CPB + CPL experiments; mouse-passaged strains (CPB and CPL) 
were combined to increase statistical power and compare the overall effect of mouse passage with that of PU and CU. *P < 0.05 and **P = 0.0019.
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polysaccharide structure was more stable. The major difference in 
the polysaccharide structures involved the extent of man-
nose-6-O-acetylation (Man-6-OAc). We observe the greatest Man-
6-OAc in the CU isolate and relatively less in PU and both the 
primary mouse-passaged isolates (CPB and CPL). Man-6-OAc 
has been shown to modulate serological activity and antibody 
binding (47, 48); however, Man-6-OAc levels have not been 
directly correlated with virulence. It is possible that the differences 
in acetylation we see here may be contributing to the differences 
in virulence noted in the G. mellonella model.

While no major differences were observed in urease activity 
between the CU and PU strains and the primary mouse-passaged 
isolates, we saw moderate decreases in urease activity across isolates 
following the second round of passage. We also noted modest 
changes in phospholipase activity for lung isolates following a 
second round of passage. These subtle changes may reflect the 
co-opting of these virulence factors for pathogenesis rather than 
for their usual environmental function.

Mouse-passaged isolates and patient strains grew better at 
higher temperatures than the cockatoo strain, possibly reflecting 
a period of adaptation to thermal mammalian conditions. Since 
the mouse-passaged isolates recovered from lung tissue (CPL) did 
not show this phenotype, we cannot attribute this to simple ther-
mal adaptation to mammalian temperatures. Furthermore, the 
comparison of genetic variants between CPB and CPL isolates 
did not reveal genetic changes known to confer increased thermal 
stability. Consequently, the most likely explanation for increased 
thermal tolerance is epigenetic change, possibly associated with 
organ-specific alteration of metabolic states, which may allow for 
greater survival during rapid heating (49–52). Although a mech-
anistic investigation of this phenomenon is beyond the scope of 
this paper, we note that if this phenomenon occurs in nature, it 
could provide environmental fungi capable of mammalian infec-
tion with a mechanism for rapid thermal adaptation that could 
increase their fitness during climate change.

In addition, the mouse-passaged isolates recovered from brain 
tissue exhibited faster melanization and increased rates of nonlytic 
macrophage escape and killed moth larvae faster, consistent with 
a relative gain of virulence during animal passage. We also noted 
higher fungal burdens for the CP2B isolates compared with the 
CPB isolates. This is also consistent with a gain of virulence during 
passage; however, we caution against comparing fungal burdens 
across different time points as these differences may reflect the 
alternate stages of cryptococcal clearance for different time points. 
Consistent with our findings, studies that focused on the virulence 
of isolates conditioned in inositol, brain, and lung environments 
have shown that inositol-rich environments enhance virulence in 
a murine model (27). When pooled amoeba interaction data from 
all murine-passaged isolates are compared with those of unpassaged 
strains, increased resistance to amoeba predation is observed, in 
agreement with previous findings that the passage of environmental 
isolates in amoebas results in the emergence of pleiotropic pheno-
types (53). However, the effect is small and disappears when com-
paring isolates from individual organs with the unpassaged CU 
strain, possibly due to loss of statistical power. Since Entamoeba 
spp. and slime molds can occur in bird feces (54, 55), the CU strain 
may already be close to maximally resistant to amoeba predation. 
These interstrain and interisolate phenotypic differences highlight 
the tremendous variation apparent in closely related Cryptococcus 
neoformans strains, a phenomenon that contributes to virulence 
(56, 57) and is also apparent in pleiotropic variants generated by 
amoeba predation (53) and phenotypic switching (58). Overall, 
these results indicate that the cryptococcal genome is highly mal-
leable such that genetic changes can accumulate rapidly.

In summary, genomic analysis of cockatoo, human, and 
mouse-passaged isolates strongly supports our earlier inference that 
human infection resulted from exposure to a pet cockatoo. In this 
study, the comparison of cryptococcal genomes of the incident 
bird and patient strains with mouse-passaged isolates revealed the 
occurrence of common genetic changes during mammalian pas-
sage. Previously, we showed that passage of Cryptococcus neoformans 
in mice promotes the appearance of electrophoretic karyotypes 
(59). Similarly, in the ascomycete C. albicans, infection was asso-
ciated with larger changes in heterozygosity during murine passage 
(42) and human infection (60) that occur in vitro. The capacity 
for virulence in pathogenic microbial species is not without cost 
as evident by genome reduction and host specialization (61). 
Findings that mammalian infection can promote genomic changes 
in both Cryptococcus neoformans and C. albicans suggest that the 
capacity for virulence can provide a mechanism for more rapid 
evolutionary change through selection and adaptation in the mam-
malian host.

Materials and Methods

Resource Availability. Requests for strains used in this study should be directed 
to Arturo Casadevall.

Experimental Model and Subject Details.
Cryptococcus neoformans strains. The original patient and cockatoo strains 
were described by Nosanchuk et  al. (6). For both strains, a single colony was 
isolated and stored frozen at −80 °C; they have been maintained this way since 
last studied. This study involved the analysis of the original clinical and cockatoo 
strains and mouse-passaged cockatoo isolates.
Mouse passage studies. An inoculum of 2 × 105 freshly grown Cryptococcus 
neoformans (CU) cells from the cryopreserved samples obtained from cockatoo 
guano was administered by retro-orbital intravenous injection to a female A/J 
mouse. Infections were administered to the mouse under xylazine and ketamine 
anesthesia, 10 mg/kg and 100 mg/kg, respectively. The mouse was observed 
daily for signs of cryptococcosis symptoms and eventually euthanized 43 d post-
infection. The brain and lungs were aseptically removed and homogenized in 
a total volume of 2 mL sterile PBS, and dilutions of 10−4, 10−3, 10−2, 10−1, and 
100 were plated onto Yeast Extract-Peptone-Dextrose (YPD) agar plates supple-
mented with 1% Pen/Strep (Gibco 15140122) to determine CFUs in each organ. 
The brain and lung homogenates contained 8.16 × 102 and 7.88 × 101 CFU/mg, 
respectively. Cryptococcus neoformans isolates each from the brain and lungs 
in the first mouse passage (CPB/CPL) were again cultured in YPD liquid media 
and used to reinfect five new female A/J mice. Isolates from the brain and lungs 
of each mouse (CP2B1-3_B/L and CP2L2-3_B/L) were collected 15 d after the 
second infection by the same protocol as above. Fungal burden in each organ 
after passage is tabulated in SI Appendix, Table S1.
Animal studies. An A/J female mouse 5 to 8 wk of age was obtained from The 
Jackson Laboratory (Bar Harbor, ME). Animal experiments were conducted 
in accordance with the policies and with the approval of the Johns Hopkins 
University Institutional Animal Care and Use Committee (protocol MO21H124). 
Mice were euthanized using CO2 asphyxiation.
Macrophage nonlytic event quantification. Bone marrow–derived murine 
macrophages (BMDMs) were harvested from the hind leg bones of a 6-wk-old 
C57BL/6 female mouse from The Jackson Laboratory and were differentiated by 
seeding in 10-cm tissue culture–treated dishes in Dulbecco's Modified Eagle 
Medium (DMEM) with 10% fetal bovine serum (FBS), 1% nonessential amino 
acids, 1% penicillin–streptomycin, 2 mM Glutamax, 1% HEPES buffer, 20% L-929 
cell-conditioned supernatant, and 0.1% beta-mercaptoethanol for 6 d at 37 °C 
and 9.5% CO2. BMDMs were used for experiments within 5 d of differentiation. 
BMDMs were activated with LPS (0.5 μg/mL) and IFN-γ (10 ng/mL) for 16 h prior 
to experiments. The medium was then refreshed, and the BMDMs were infected 
with opsonized Cryptococcus neoformans at an MOI of one and then imaged every 
2 min for 24 h on a Zeiss Axiovert 200M inverted scope at 37 °C with 9.5% CO2. 
Nonlytic events were quantified by determining the outcome of each infected 
macrophage throughout the 24-h period, and 95% confidence intervals were 
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estimated with a test of proportions. Statistical significance was determined with 
a test of equal proportions and Bonferroni correction.
Amoeba fungal killing assays. A modified version of the fungal killing assay 
described previously (62) was performed to determine the ability of different fun-
gal strains to resist killing by amoebas. Acanthamoeba castellanii (ATCC 30234) 
were washed twice with Dulbecco’s phosphate-buffered solution (DPBS), counted, 
and diluted in A.c. buffer [0.8 mM CaCl2, 4 mM MgSO4, 2.5 mM NaHPO4, 2.5 mM 
KH2PO4, 0.1% sodium citrate, and 0.05 mM Fe(NH4)2(SO4)2]. Amoebas were seeded 
in 96-well plates at 104 cells/well and incubated at 25 °C for 2 h. The same volume 
of A.c. buffer alone was added to wells as a control. Cryptococcus neoformans strains 
were inoculated the day prior in liquid Sabouraud media (SAB) and grown at 30 
°C with rotation. Cryptococcus neoformans strains were washed twice with DPBS 
and similarly counted and diluted in A.c. buffer. Wells containing amoebas and 
control wells were inoculated with Cryptococcus neoformans at an MOI of one and 
incubated at 25 °C for 0, 24, or 48 h. At each time interval, amoebas were lysed by 
pulling the suspension seven times through a 27-gauge needle, and lysates were 
serially diluted. Three 10 μL samples of diluted lysates were plated on SAB agar 
with 1% penicillin/streptomycin and incubated at 30 °C for 48 h, and colonies were 
enumerated to CFUs. CFU counts were normalized to the average CFU count of each 
biological replicate at 0 h, and a two-way ANOVA with Tukey’s multiple comparisons 
test were performed using GraphPad Prism to determine significance.
Virulence in G. mellonella. G. mellonella were infected with CU, PU, CPB, and CBL 
isolates as previously described (63). Briefly, final instar larvae ranging between 
approximately 175 and 225 mg were injected with 10 µL of Cryptococcus neofor-
mans culture grown to the stationary phase in YPD media, washed twice in PBS, 
and diluted to a concentration of 107 cells/mL. Survival of larvae and pupae 
was monitored daily for 14 d, with death being defined by lack of movement in 
response to the stimulus of a pipette tip. Statistical significance was determined 
with the log-rank Mantel–Cox test, corrected for multiple comparisons using the 
Bonferroni method, via GraphPad Prism.
Titan cell induction. Cryptococcus neoformans cultures were inoculated from 
frozen stocks in 5 mL Sabouraud dextrose broth (BD Difco) at 30 °C and grown 
for 24 h. The cultures were then washed three times with 50 mM MOPS buffer, 
and cell densities were counted. Each culture was then seeded into 200 µL of 
titan cell medium (TCM; 90% 50 mM MOPS buffer, 5% Sabouraud broth, 5% FBS, 
and 0.1% 15 mM sodium azide) in sterile 96 plates and incubated for 16 h at 
37 °C and 5% CO2. The cells were collected from each well, washed three times 
in MOPS buffer, and mixed with India ink for cell morphology measurements.
India ink staining and capsule analysis. For capsule size measurements, 
Cryptococcus neoformans cells were grown in capsule-inducing minimal media 
(29.4 mM KH2PO4, 10 mM MgSO4*7H2O, 13 mM glycine, 15 mM glucose, and 
3 µM thiamine, pH 5.5), washed and mixed with India ink, and imaged on an 
Olympus AX70 microscope using QImaging Retiga 1300 digital camera and 
QCapture Suite V2.46 software (QImaging). Capsule measurements were calcu-
lated using the exclusion zone produced with India ink and Quantitative Capture 
Analysis program as previously described (64). A minimum of 100 yeast cells were 
measured for each strain and condition. Statistical differences between groups 
were assessed by two-way ANOVA with unequal variance, and statistical difference 
between groups was determined by Tukey’s multiple comparisons test.
Growth curves. Cryptococcus neoformans strains were recovered from cryopre-
served stocks by growth in YPD for 48 h at 30 °C and then subcultured in triplicate 
into Sabouraud dextrose broth (BD Difco) at a density of 1 × 105 cells/mL in wells 
of a 96-well plate. The plate was incubated at 30 or 37 °C with orbital shaking in a 
SpectraMax iD5 plate reader (Molecular Devices), and absorbance at 600 nm was 
read at 15-min intervals. Absorbance was plotted against time using GraphPad 
Prism software, and the linear region of each curve was analyzed by simple linear 
regression to derive the slope and lag time (x-intercept).
EPS preparation. Cryptococcus neoformans CU, PU, CPB, and CPL isolates were 
grown in YPD for 48 h and subcultured to modified minimal media (MMM) for 
NMR analysis, which also induces capsule growth. Cells were grown in MMM for 
3 d, and the EPS was harvested by centrifuging cells (10 min at 3494 × g) and 
sterile filtration of the culture supernatant (0.45-nm filtration). Any remaining 
media components were removed, and EPS was concentrated by passage through 
a 3-kDa molecular weight cutoff (MWCO) Centricon filtration unit. The >3-kDa 
fraction of EPS was then characterized by NMR.
NMR analysis. 1D 1H NMR data were collected on a Bruker Avance II (600 MHz) 
equipped with a triple resonance, TCI cryogenic probe, and z-axis pulsed field 

gradients. Spectra were collected at 60 °C, with 128 scans and a free induction 
decay size of 84,336 points. Standard Bruker pulse sequences were used to collect 
the 1D data (p3919gp and zggpw5). Data were processed in TopSpin (Bruker ver-
sion 4.1.3) by truncating the FID to 8,192 points, apodizing with a squared cosine 
bell window function and zero filling to 65,536 points. Relative peak integration 
and 1H frequency referencing were performed in TopSpin using d6-DSS internal 
standard (10 µL/510 µL sample).
DNA Preparation and genomic sequencing. ONT sequencing libraries were 
prepared with genomic DNA from the CU and PU strains using the Ligation 
Sequencing Kit (SQK-LSK109) with the Native Barcoding Kit (EXP-NBD103) 
according to the manufacturer instructions (ONT, Oxford, UK). Illumina sequenc-
ing libraries were prepared using the Nextera Flex DNA Library Prep Kit (Illumina), 
and sequencing was performed with a MiSeq using v2 2 × 150 chemistry. For 
genomic sequencing of CPL and CPB isolates, three individual colonies were 
selected from brain and lung CFU plates and used to seed 100 mL YPD cultures, 
which were allowed to grow for 48 h at 30 °C with rotation. Genomic DNA was 
isolated from each culture following the protocol described by Velegraki et al. 
(65). Briefly, after a 48-h growth period, Cryptococcus neoformans cells were 
collected by centrifugation, frozen at −80 °C overnight, and then subsequently 
lyophilized overnight. Glass beads (0.5 mm diameter, BioSpec Products, catalog 
no. 11079105z) were added to the dry cell pellets and vortexed into a powder. 
DNA was then extracted with a CTAB buffer (100 mM Tris, pH 7.5, 700 mM NaCl, 
10 mM EDTA, 1% CTAB, and 1% beta-mercaptoethanol) at 65 °C for 30 min. The 
solutions were cooled and then extracted with chloroform, then isopropanol, and 
then 70% ethanol. The DNA pellet was then resuspended in 1 mL sterile water 
and treated with 20 μg RNase for 30 min at 37 °C. Finally, the genomic DNA was 
further purified using the DNeasy PowerClean CleanUp Kit (Qiagen 12877-50) 
for genomic sequencing. 100 microliter aliquots of 19 to 30 ng/μL DNA were 
used in the sequencing reactions. DNA was sheared to 250 bp using a Covaris 
LE instrument and adapted for Illumina sequencing as described by Fisher et al. 
(66). Libraries were sequenced on a HiSeq X10 generating 150-bp paired reads.
Assembly and genomic analysis. Whole genome assemblies were generated for 
the CU and PU strains with ONT long reads via Canu v2.1.1 (genome size 20 Mb) 
(67), followed by short-read polishing via medaka v0.8.1 (1X) (https://github.com/
nanoporetech/medaka) and pilon v1.23 (3X) (68). SNPs, insertions, and deletions 
between the CU and PU assemblies were then identified using nucmer v3.1 (69), 
with variants in centromeric and telomeric regions removed prior to downstream 
analysis. To identify variants in the mouse-passaged isolates, Illumina reads for 
CPL and CPB samples were aligned to the CU assembly with BWA-MEM v0.7.17 
(70), and variants were called with our publicly available GATK v4 pipeline (https://
github.com/broadinstitute/fungal-wdl/tree/master/gatk4). After calling, variants 
were filtered on the following parameters: QD < 2.0, QUAL < 30.0, SOR > 3.0, 
FS > 60.0 (indels > 200), MQ < 40.0, GQ < 50, alternate allele percentage = 
0.8, and DP < 10. All variants were annotated with SNPeff, v4.3t (71). To identify 
strain lineage, reads for the CU and PU samples were aligned to the Cryptococcus 
neoformans var. grubii H99 reference genome (GCA_000149245.3) with BWA-
MEM v0.7.17 (70), and variants were called and filtered as described above. 
A maximum likelihood phylogeny was estimated using segregating SNP sites 
present in one or more isolates, allowing ambiguity in a maximum of 10% of sam-
ples, with RAxML v8.2.12 (72) rapid bootstrapping (GTRCAT substitution model), 
and visualized with ggtree (R 3.6.0) (73). Aneuploidies were visualized using 
funpipe (coverage analysis) v0.1.0 (https://github.com/broadinstitute/funpipe); 
transposon mobilization was assessed through whole genome alignment of the 
CU and PU assemblies with nucmer v3.1 to identify alignment gaps, and CNV 
was assessed using CNVnator v0.3 (74).
Urease activity assay. Cryptococcus neoformans strains and isolates were first 
grown in YPD for 48 h at 30 °C. Urea broth comprising 10 mM KH2PO4, 0.1% 
Bacto Peptone (Difco), 0.1% D-glucose, 0.5% NaCl, 2% urea, and 0.03 mM phenol 
red, as described by Roberts et al. (75), was inoculated with PBS-washed cells 
at a density of 1 × 106 cells/mL for each strain in triplicate. After incubation for 
16 h at 30 °C, increased pH of culture media that is indicative of ammonium 
production due to urease activity was detected by measuring absorbance at 560 
nm over a 6-h time course. Absorbance readings that had been corrected by 
subtraction of media-only background absorbance were plotted against time. 
Urease activity rates were derived by a simple linear regression model, and data 
were analyzed for statistical significance using an ordinary one-way ANOVA with 
GraphPad Prism 9 software.
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Cryptococcus neoformans melanization assay. Cryptococcus neoformans strains 
and isolates were first grown in YPD liquid media at 30 °C until the cultures were 
in the stationary phase. Cells were washed twice in PBS, and 40 µL of washed cul-
ture was added to 2 mL minimal media with 1 mM L-3,4-dihydroxyphenylalanine 
(L-DOPA) and grown for 5 d at 30 °C in a polystyrene 12-well plate. Cultures were 
imaged directly using a Cannon9000F scanner. Alternatively, 1 × 106 PBS-washed 
cells were spotted onto L-DOPA agar in triplicate. Plates were incubated at 30 
°C or 37 °C and then photographed after the indicated number of days using a 
12-megapixel camera. Color images were converted to gray scale using Adobe 
Photoshop; pigmentation intensities were quantified using Image Studio Lite 
software and graphed using GraphPad Prism software. Statistical significance was 
determined with the ordinary one-way ANOVA test via GraphPad Prism.
Phospholipase activity. Extracellular phospholipase activity in Cryptococcus 
neoformans strains and isolates was tested by the modified method reported by 
Chen et al. (76). Egg yolk agar medium was created based on Difco Sabouraud 
dextrose agar media with 8% egg yolk, 1 M sodium chloride, and 0.05 M cal-
cium chloride. After overnight growth in YPD media, 3 μL of each strain, with a 
total of 10,000 cells, was spotted onto egg yolk agar medium. Each strain and 
isolate were tested on five separate plates and incubated at 30 °C. After 72 h, 
colonies were photographed and measured with ImageJ software. Activity of 
phospholipase was analyzed by the ratio of colony diameter to total precipitation 
diameter, where a ratio equal to 1.0 indicates a lack of phospholipase activity. 
Statistical significance was determined by an unpaired t test via GraphPad Prism.
Heat-ramp and thermal stability analysis.  Strains and isolates were main-
tained at −80 °C in glycerol, streaked onto Sabouraud dextrose (SAB) (BD 
Difco) agar, and incubated at 30 °C for 48 h prior to heat-ramp cell death 
assays. SAB broth was inoculated from growth on plates to equal densities 
(OD 0.1) and incubated at 30 °C for 18 h in stationary 96-well plates. Isolates 
were resuspended and diluted 1:5 in fresh SAB broth, and 100 μL was treated 
with a linear 30 to 56 °C heat-ramp stress over 10 min in a water bath with 
agitation (Lauda). Untreated and heat-ramp–treated strains were immediately 
spotted (5 μL in SAB) in fivefold serial dilutions on SAB agar and incubated at 
30 °C for 48 h to assess viability. CFUs before and after heat-ramp assays were 

enumerated to calculate relative survival. To determine growth differences at 
high temperature, untreated strains were spotted on SAB agar and incubated 
at 37 °C for 48 h. Statistical significance was determined with the ANOVA test 
via GraphPad Prism.
RNA-seq analysis. RNA-seq datasets were downloaded from the GEO (Gene 
Expression Omnibus) database from the following deposited datasets: 
GSE162851, GSE136879, GSE93005, PRJEB4169, GSE32049, GSE32228, 
GSE121183, GSE60398, and GSE66510. Where necessary, raw data were rea-
nalyzed by bowtie2 (2.3.5) (77) alignment to the most recent Cryptococcus neofor-
mans H99 or KN99α genome (fungibd.org), count matrices generated with HTSeq 
(1.99.2) (78) and RNA-seq analysis with Bioconductor DESeq2 (1.22.2) (79).
Protein structure prediction and glycosylation analysis. Protein structure pre-
dictions were generated with AlphaFold2 v2.1.0 (reduced BFD database) (80). 
Intrinsically disordered regions were identified with IUPred (81), and glycosyla-
tion predictions were made with GPP (82).

Data, Materials, and Software Availability. Genome data can be accessed 
via accession PRJNA783275 (83).
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