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ABSTRACT Pathogenic species of Cryptococcus cause hundreds of thousands of
deaths annually. Considerable phenotypic variation is exhibited during infection, in-
cluding increased capsule size, capsule shedding, giant cells (�15 �m), and micro
cells (�1 �m). We examined 70 clinical isolates of Cryptococcus neoformans and
Cryptococcus tetragattii from HIV/AIDS patients in Botswana to determine whether
the capacity to produce morphological variants was associated with clinical parame-
ters. Isolates were cultured under conditions designed to simulate in vivo stresses.
Substantial variation was seen across morphological and clinical data. Giant cells
were more common in C. tetragattii, while micro cells and shed capsule occurred in
C. neoformans only. Phenotypic variables fell into two groups associated with differ-
ing symptoms. The production of “large” phenotypes (greater cell and capsule size
and giant cells) was associated with higher CD4 count and was negatively correlated
with intracranial pressure indicators, suggesting that these are induced in early stage
infection. “Small” phenotypes (micro cells and shed capsule) were associated with
lower CD4 counts, negatively correlated with meningeal inflammation indicators,
and positively correlated with intracranial pressure indicators, suggesting that they
are produced later during infection and may contribute to immune suppression and
promote proliferation and dissemination. These trends persisted at the species level,
indicating that they were not driven by association with particular Cryptococcus spe-
cies. Isolates possessing giant cells, micro cells, and shed capsule were rare, but
strikingly, they were associated with patient death (P � 0.0165). Our data indicate
that pleomorphism is an important driver in Cryptococcus infection.

IMPORTANCE Cryptococcosis results in hundreds of thousands of deaths annually,
predominantly in sub-Saharan Africa. Cryptococcus is an encapsulated yeast, and dur-
ing infection, cells have the capacity for substantial morphological changes, includ-
ing capsule enlargement and shedding and variations in cell shape and size. In this
study, we examined 70 Cryptococcus isolates causing meningitis in HIV/AIDS patients
in Botswana in order to look for associations between phenotypic variation and clin-
ical symptoms. Four variant phenotypes were seen across strains: giant cells of
�15 �m, micro cells of �1 �m, shed extracellular capsule, and irregularly shaped
cells. We found that “large” and “small” phenotypes were associated with differing
disease symptoms, indicating that their production may be important during the
disease process. Overall, our study indicates that Cryptococcus strains that can switch
on cell types under different situations may be more able to sustain infection and
resist the host response.
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Cryptococcosis, caused by pathogenic Cryptococcus species, is currently ranked as
one of the three most common life-threatening opportunistic infections in indi-

viduals with HIV/AIDS worldwide (1, 2). The health burden is particularly high in the
developing world, and it is difficult to resolve despite current best antifungal therapy
(2, 3). Of annual cryptococcus-related deaths, 75% occur in sub-Saharan Africa where
cryptococcal disease presents in 15 to 30% of HIV/AIDS patients and is associated with
�70% mortality at 3 months (4, 5). Cryptococcus neoformans is the major cause of
disease in immunocompromised individuals, while species in the Cryptococcus gattii
complex tend to infect immunocompetent individuals (6). However, C. gattii complex
species are increasingly being identified in HIV/AIDS patients, particularly Cryptococcus
bacillisporus and Cryptococcus tetragattii, with the latter found associated with HIV/AIDS
infections in Africa (7–10).

Cryptococcus yeast cells generally possess a thick capsule that is considered the
major virulence factor, although this can be thin or even absent in clinical samples (11).
The capsule protects the cell from phagocytosis and from reactive oxygen species
damage (12, 13). Shed extracellular capsule is thought to impair the host immune
response, leading to macrophage dysfunction and cell death (14). Capsule size varies
greatly among Cryptococcus strains and dramatically increases in response to environ-
mental stresses, including host infection (15). Cryptococcal cells can also change in size
during infection (16), and various studies have emphasized the plasticity of the cryp-
tococcal genome (17–20). Individual strains can give rise to variant populations, includ-
ing giant cells with cell bodies larger than 15 �m and micro cells with cell bodies
smaller than 1 �m in diameter (21, 22). These phenotypes are frequently observed in
vivo and are likely to be important in human infection (21, 23–25).

Capsule and cell size, and the production of variants, can be experimentally mod-
ulated in vitro by simulating host-specific conditions and differ between species (26).
Here, we examine in vitro capsule and cell size variation in a collection of clinical isolates
taken from HIV patients in Botswana, comprising 53 Cryptococcus neoformans isolates
across four molecular genotypes (VNI, VNII, VNBI, and VNBII), 16 C. tetragattii (VGIV)
isolates, and a single C. gattii (VGI) isolate. We present significant correlations between
species, phenotype, and clinical outcome, explore phenotypic differences between C.
neoformans and C. tetragattii that might reflect their differing pathogenesis, and show
that the capacity for variation may be associated with higher virulence.

RESULTS
Botswanan clinical isolates have high levels of genetic diversity. Multilocus

sequence typing (MLST) analysis divided the 70 Cryptococcus isolates into different
major species and genotypes. The collection comprised 53 C. neoformans isolates,
including genotypes VNI (n � 17; 24.3%), VNII (n � 2; 2.9%), VNBI (n � 25; 35.7%), and
VNBII (n � 9; 12.9%), 17 C. gattii species complex isolates, including C. gattii (n � 1;
1.4%), and C. tetragattii (n � 16; 22.9%). For simplicity, we have excluded the single C.
gattii isolate from statistical analysis. Across the collection there were 16 CAP59 allele
types (ATs), 12 GPD1 ATs, 16 IGS1 ATs, 16 LAC1 ATs, 14 PLB1 ATs, 21 SOD1 ATs, and 15
URA5 ATs (see Table S1 in the supplemental material). In VNII and VNBI, each isolate was
assigned a unique sequence type (ST), while there were 11 STs in VNI (n � 16), 24 STs
in VNBI (n � 25), and 5 STs in VGIV (n � 16) (Table 1).

In order to visualize the amount of genetic variation within each genotype/species,
the concatenated sequences of these seven loci were used to generate minimum
spanning networks in TCS (Fig. 1). Substantial differences in genetic diversity were seen
among genotypes. The C. tetragattii/VGIV population had a largely clonal structure with
12 out of 16 isolates belonging to ST 221 and limited divergence of the remaining
isolates, while all C. neoformans genotypes showed much more diversity, with VNBI
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TABLE 1 Isolates used in this study with cell and capsule size detailsa

Isolate ID MLST STb

Cell diameter
(�m)

Capsule
thickness (�m) Volume ratio

Irreg.
cellsd

Giant
cellsd

Micro
cellsd

Shed
capsuledMean SDc Mean SDc Mean SDc

C. neoformans/VNI
1020 380 7.2 1.7 5.1 0.8 14.7 3.6 - - ✓ ✓
1022 449 6.7 1.1 5.1 0.9 16.7 5.0 - - ✓ ✓
1031A 379 7.7 1.4 7.0 1.2 23.3 4.6 - - ✓ ✓
1032 449 6.8 0.8 4.9 0.7 15.0 3.1 - - ✓ ✓
1034 89 7.2 0.8 3.5 0.9 8.1 2.9 - - ✓ ✓
1039 77 5.6 1.0 3.3 0.5 10.7 2.7 - - ✓ ✓
1040 483 10.2 2.4 8.9 2.6 26.4 20.2 - ✓ ✓ ✓
1043 80 6.9 0.6 3.0 0.6 6.6 1.9 - - - -
5012 450 7.1 0.9 4.3 0.6 11.1 1.7 - - ✓ ✓
5015 449 6.8 1.0 6.2 0.9 23.9 7.2 ✓ - ✓ ✓
5015A 449 5.6 0.8 4.2 0.5 16.9 5.2 ✓ - ✓ ✓
5017 317 7.3 0.8 6.8 0.7 24.2 5.5 ✓ - ✓ ✓
5025 5 9.0 2.4 5.8 1.0 13.2 4.7 - ✓ - ✓
5028 3 6.5 1.4 7.7 1.3 40.1 10.3 - - - ✓
5036 77 5.8 0.9 5.8 1.4 27.7 8.8 ✓ - ✓ ✓
5044 77 6.5 0.9 7.5 0.9 37.2 7.9 - - ✓ ✓
5048 80 6.5 0.9 4.2 0.7 12.6 3.0 - - ✓ ✓
All VNI isolates Mean Var. Mean Var. Mean Var. Total no. isolates (%)

7.0 1.2 5.5 2.7 19.3 88.1 24% 12% 82% 94%
C. neoformans/VNII
1023 40 7.4 0.8 3.9 0.8 8.7 2.1 - - - -
1045 467 6.4 1.1 3.9 1.5 11.7 5.5 - - - ✓
All VNII isolates Mean Var. Mean Var. Mean Var. Total no. isolates (%)

6.9 0.3 3.9 0.0 10.2 2.3 0% 0% 0% 50%
C. neoformans/VNBI
1011 464 9.9 1.7 9.6 1.7 26.6 7.8 - - - ✓
1014 396 8.8 2.4 6.8 1.5 17.7 5.8 - - - -
1038 385 10.3 2.0 7.7 1.4 16.3 4.8 - ✓ ✓ -
1050 417 6.7 0.8 7.1 1.0 30.6 6.4 ✓ - - ✓
5009 392 9.6 1.7 5.0 1.1 8.8 2.5 - - - -
5013 387 7.6 1.3 5.7 0.9 16.3 4.9 - - ✓ ✓
5019 419 6.4 0.8 4.5 0.7 14.3 3.7 - - - ✓
5020 424 8.7 1.2 7.3 1.0 20.2 5.7 - - ✓ ✓
5021 429 7.5 0.9 6.6 0.8 21.5 5.7 ✓ - ✓ ✓
5022 472 7.4 0.8 6.5 0.9 21.5 4.6 - - ✓ ✓
5023 421 7.3 0.6 4.5 0.5 11.6 2.6 - - ✓ ✓
5024 434 6.8 0.8 6.3 1.4 23.5 7.5 - - ✓ ✓
5024A 434 7.0 0.8 6.0 1.3 20.4 5.2 - - ✓ ✓
5026 416 8.6 1.4 10.2 2.4 41.0 15.7 - - - ✓
5027 465 7.9 1.1 4.6 0.7 10.9 3.1 - - - ✓
5029 432 8.2 1.1 8.9 1.6 33.5 9.9 - ✓ ✓ ✓
5030 386 9.7 1.3 5.5 1.0 9.8 2.0 - ✓ ✓ ✓
5032 428 11.9 1.9 10.0 1.5 19.8 4.9 - ✓ - ✓
5035 438 10.1 1.9 13.8 2.3 55.1 14.5 - ✓ ✓ ✓
5037 394 9.2 1.0 10.0 1.2 33.1 7.8 - - - ✓
5039 433 7.7 1.2 8.7 1.5 35.7 5.9 - - ✓ ✓
5040 415 8.3 1.0 7.0 0.9 20.1 4.6 - - - ✓
5041 384 6.3 0.9 6.1 1.0 26.2 5.5 - - ✓ ✓
5042 447 7.8 1.0 8.2 1.2 29.7 5.5 - - - -
5045 436 7.0 1.7 5.3 1.9 16.1 5.5 - - - -
All VNBI isolates Mean Var. Mean Var. Mean Var. Total no. isolates (%)

8.3 1.9 7.3 4.8 23.2 111.0 8% 20% 52% 80%
C. neoformans/VNBII
1024 409 7.5 1.0 5.3 0.9 14.2 3.1 - - - -
1029 478 9.2 2.1 8.7 1.7 26.5 9.4 ✓ ✓ - -
1033 410 6.7 0.6 2.7 0.7 6.1 2.7 - - - -
1035 411 8.4 1.4 11.0 1.4 50.2 17.8 - - - ✓
1047 408 6.4 0.9 4.5 0.9 14.5 4.7 ✓ - ✓ ✓
1049 460 5.9 0.8 3.5 0.5 11.0 2.9 - - ✓ ✓
1052 9 6.7 1.0 4.6 1.0 13.5 4.0 - - ✓ ✓
5014 451 6.3 0.5 4.0 0.4 12.0 2.5 - - ✓ ✓
5031 143 6.6 0.9 3.5 1.4 9.2 5.4 - - - ✓
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having the highest level. Evidence of recombination, shown as loops in the networks,
was seen in the VNBI and VNBII populations.

Induced capsule and cell size differ between species and genotypes. Capsule
thickness and yeast cell diameter were measured after growth in Dulbecco’s modified
Eagle medium (DMEM) broth with 5% CO2 at 37°C for 5 days, and data were compared
across genotypes for mean and variation (Table 1; Fig. 2A to C). On average, C.
tetragattii isolates had significantly greater capsule thickness (P � 0.0025) and yeast cell
diameter (P � 0.0001) than C. neoformans isolates. Within C. neoformans genotypes,
VNBI isolates had significantly greater capsule thickness than VNI isolates
(P � 0.0043) and significantly greater yeast cell diameter than VNI (P � 0.0032) and
VNBII (P � 0.0178) isolates. F test analysis was used to compare the variance of the data
(Table 1). Despite their limited genetic diversity, C. tetragattii isolates had significantly
more variation in capsule thickness than C. neoformans isolates (P � 0.0245). There
were no significant differences in variation in capsule thickness among C. neoformans
genotypes. Yeast cell diameter measurements did not vary significantly different be-
tween any groups.

Giant cells are more frequent in C. tetragattii, while micro cells and extracel-
lular capsule are present only in C. neoformans. Following growth under inducing
conditions, the three variant phenotypes seen at differing frequencies across isolates
were giant cells (yeast cell diameter of �15 �m) (Fig. 3A), micro cells (yeast cell
diameter of �1 �m) (Fig. 3B), and shed capsule (Fig. 3C). Elongated and irregularly
shaped cells were seen in a number of strains across all genotypes (except VNII where
n � 2) (Fig. S1D and Table S1), but these comprised a small subset (�5%) of the total
population of cells. Cells larger than 15 �m have previously been classed as “titan cells”;
however, as in vivo titan cells possess additional defining characteristics that were not
measured in this study, including altered capsular structure, increased DNA content,
and increased vacuolar formation (27), they will be referred to here as giant cells. The

TABLE 1 Isolates used in this study with cell and capsule size detailsa

Isolate ID MLST STb

Cell diameter
(�m)

Capsule
thickness (�m) Volume ratio

Irreg.
cellsd

Giant
cellsd

Micro
cellsd

Shed
capsuledMean SDc Mean SDc Mean SDc

All VNBII isolates Mean Var. Mean Var. Mean Var. Total no. isolates (%)
7.1 1.1 5.3 6.7 17.5 161.9 22% 11% 44% 67%

C. gattii/VGI
5034 490 10.2 1.8 15.7 2.4 72.7 23.2 - ✓ - -
C. tetragattii/VGIV
1012 491 7.1 1.4 4.2 0.9 10.8 2.2 - - - -
1013 221 10.2 1.3 12.0 2.2 39.1 11.8 - - - -
1015 491 9.4 2.0 8.5 1.9 23.5 7.2 ✓ ✓ - -
1016 221 11.8 2.0 13.3 2.2 38.2 16.6 ✓ ✓ - -
1017 221 10.0 1.7 9.8 1.5 26.9 5.9 - - - -
1017A 221 11.7 2.1 14.7 2.7 45.8 14.4 - ✓ - -
1019 221 10.2 2.5 12.7 2.7 46.9 13.5 - ✓ - -
1019A 221 11.3 2.4 13.3 2.3 40.3 11.8 ✓ ✓ - -
1025 221 11.8 1.7 9.8 2.1 19.3 6.5 - ✓ - -
1037 221 9.9 1.4 10.0 1.6 28.5 6.1 - - - -
1041 492 9.1 1.7 7.4 1.4 19.4 7.2 - - - -
1044 221 8.6 1.2 4.3 1.2 8.5 3.5 - - - -
1048 221 10.1 1.8 7.8 1.9 18.5 9.0 ✓ ✓ - -
5006 221 10.1 1.9 7.8 2.1 19.3 13.1 - ✓ - -
5018 493 9.2 1.1 5.8 0.7 12.4 3.4 ✓ - - -
5033 221 8.5 1.3 6.8 1.3 17.8 4.3 - - - -
All VGIV isolates Mean Var. Mean Var. Mean Var. Total no. isolates (%)

9.9 1.6 9.3 10.0 25.9 146.7 31% 50% 0% 0%
aDetails of cell and capsule sizes and total cell/yeast cell volume ratio (mean and standard deviation [SD]), and the presence/absence of irregular cells, giant cells,
micro cells, and shed capsule are shown for individual strains. ID, identifier.

bMLST sequence types assigned based on the allele types of seven loci: CAP59, GPD1, LAC1, PLB1, SOD1, and URA5.
cFor the species/genotype overall (all strains), the variance is shown.
dThe presence/absence of each variant is shown for individual strains. The presence of a variant in an individual strain is indicated by a checkmark. For the species/
genotype overall (all strains), the total percentage of isolates with each variant is shown. Irreg., irregular; Var., variance.
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FIG 1 Genetic diversity and relatedness among clinical isolates belonging to each genotype. Minimum spanning network
analysis of the clinical isolates based on the concatenated sequences of seven MLST loci. Each unique sequence type is
represented by a circle, with the size of the circle proportional to the number of isolates belonging to that sequence type.
Isolate names in black type correspond to patients who were alive at the time of the analysis, while isolate names in white
type on darker backgrounds correspond to patients who died. C. neoformans VNI (n � 17), VNII (n � 2), VNBI (n � 25), VNBII
(n � 9), C. gattii VGI (n � 1), and C. tetragatiii VGIV (n � 16) are shown. MLST alleles for each strain can be found in Table S1
in the supplemental material.
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number of clinical isolates exhibiting these morphological variants for each genotype
is summarized in Table 1. Giant cells were significantly associated with greater capsule
thickness (P � 0.0001) and yeast cell diameter (P � 0.0001), indicating that isolates with
larger cells are more likely to produce giant cells, and Fig. 2B shows that cell size is
generally spread along a continuum. Micro cells and shed capsule, however, were not
significantly associated with capsule thickness or yeast cell diameter in C. neoformans,
indicating that cell size is not related to their production and that micro cells are a
distinct cell type rather than the endpoint of a continuum of increasingly smaller cells.

The production of giant cells was significantly associated with C. tetragattii (50% of
isolates; P � 0.0070) compared to C. neoformans (15% of isolates), while micro cells and
shed capsule were seen only in C. neoformans (58 and 81% of isolates, respectively) and
were significantly associated with each other (P � 0.0001). Within C. neoformans, giant
cells, micro cells, and shed capsule were observed in all genotypes (except VNII, which
is inconclusive as n � 2). To confirm that micro cells and shed capsule are two distinct
phenotypes, isolates were stained with 4=,6-diamidino-2-phenylindole (DAPI) (Fig. 3D)
and calcofluor white (Fig. 3E) after capsule induction to investigate nuclear and cell wall
morphology, respectively. Micro cells displayed fluorescence comparable to regular
cells, demonstrating that they have nucleic acid material and intact cell walls. Shed
capsule clustered around the cell or released into the medium displayed no fluores-
cence.

Correlations occur among clinical, phenotypic, and genotypic variables. Corre-
lations were assessed between clinical, phenotypic, and genotypic variables across the
isolate collection. Correlation plots were generated showing the direction, strength,
and statistical significance of correlations between clinical variables overall (Fig. 4A),
between phenotypic variables overall (Fig. 4B), and between clinical and phenotypic

FIG 2 Capsule thickness and yeast cell diameter vary among the clinical isolates following growth under capsule-inducing
conditions. (A and B) Capsule thickness (A) and yeast cell diameter (B) of clinical isolates from each genotype grown on
DMEM with 5% CO2 at 37°C for 5 days. Each data point represents the average of 100 cells measured for a single isolate.
Error bars show the means � 95% confidence interval. C. neoformans (Cn) VNI (n � 17), VNII (n � 2), VNBI (n � 25), VNBII
(n � 9), C. gattii VGI (n � 1) (dark purple), and C. tetragattii (Ct) VGIV (n � 16) (light purple) are shown. (C) Indian ink
preparations of representative strains from each genotype showing variation in capsule and cell size. Scale bar � 30 �m.
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variables overall and, for certain clinical variables, for C. neoformans and C. tetragattii
species individually (Fig. 4C). All other analyses and individual P values are recorded in
Table S2. Principal-component analysis (PCA) was used to investigate the variance and
dimensionality of the data set. PCA biplots were generated using the first two com-
ponents for clinical data accounting for 25.4% of variation (Fig. 4D) and for phenotypic
data accounting for 61.9% of variation (Fig. 4E).

FIG 3 Morphological variants produced by clinical isolates following growth under capsule-inducing conditions. (A to C) Indian ink preparations,
capsule and cell size associations, and species associations of morphologically variant phenotypes including giant cells � 15 �m (A), micro cells �
1 �m (B), and shed capsule (C). Scale bars � 20 �m. ns, not significantly different. Error bars show the mean � 95% confidence interval. (D and
E) Indian ink preparations were further stained with DAPI (D) or calcofluor white (E) to examine nuclei and cell walls, respectively. In isolates that
were scored as having shed capsule, this was occasionally present as an irregular cluster around cells (Clus) as well as released into the media
in small clumps (Rel). Scale bars � 15 �m.
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Most of the significant associations found between clinical symptoms were as
expected, with similar variables being positively correlated, including fever and tem-
perature (P � 0.0001), cough and chest pain (P � 0.0013), altered mental status and
behavioral changes (P � 0.0001), and nausea and vomiting (P � 0.0001). Similarly,
cognitive symptoms (such as confusion, behavioral changes, and altered mental status),
respiratory symptoms (such as cough, shortness of breath, chest pain, and respiratory
rate), and intracranial symptoms (such as visual changes, blurred vision, neck pain, and
photophobia) grouped closely together in the PCA biplot of clinical variables (Fig. 4D).

FIG 4 Correlation analysis of clinical and phenotypic variables. (A to C) Correlation plots showing the strength and direction of associations between clinical
variables (A), phenotypic variables (B), and between clinical and phenotypic variables (C) for all isolates in the data set. The size of the circle corresponds to
the strength of the association, and statistically significant associations (P � 0.05) are highlighted in green. The P values for each correlation including species
breakdowns can be found in Table S2 in the supplemental material. (D and E) PCA biplots of the first two significant dimensions obtained using
principal-component analysis of clinical data accounting for 25.4% of variation in the data set (D) and phenotypic data accounting for 61.9% of variation in the
data set (E). Large diamonds represent genotype averages, the length and opacity of arrows represent the degree of contribution of that variable to the model,
and genotype ellipses represent the 80% confidence interval.
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Given the complexity of clinical data that relies on self-reporting by patients that may
be quite ill and subsequent interpretation by clinicians, this serves as a as a useful
internal control for data quality. Patient death was significantly positively correlated
with respiratory rate (P � 0.0101), cerebellar signs (P � 0.0478), and cerebrospinal fluid
(CSF) CFU (P � 0.0048).

The capacity for production of “large” and “small” phenotypes correlates with
certain clinical symptoms indicative of early and late stage infection, while the
capacity for variation is associated with patient death. In the PCA biplot of
phenotypic variables (Fig. 4E), properties based on cell and capsule size grouped closely
together along with giant cells, while micro cells and shed capsule grouped closely with
each other and away from the other properties. These groups were a strong driver of
variation in the biplot, indicating genotype-specific differences, while the production of
irregular cells was not. When correlated with clinical data, the phenotypic variables
within these groups showed similar directions and strengths of association, with “large”
phenotypes, including greater capsule thickness, greater yeast cell diameter, and giant
cells generally grouping and often opposing the “small” phenotypes of micro cells and
shed capsule (Fig. 4C).

CD4 T-cell count is a reliable predictor of host immune status, with counts of �500
indicating immune suppression, and counts of �200 in HIV-infected individuals indi-
cating AIDS. In the current study, CD4 counts ranged from 2 to 389 (Table S1). Overall,
CD4 count was positively correlated with cell size across the entire data set (P � 0.0250)
and negatively correlated with the production of shed capsule (P � 0.0158). Nausea
and vomiting are frequent symptoms of increased intracranial pressure during crypto-
coccosis, and these symptoms were negatively correlated with “large” cell phenotypes:
nausea was negatively correlated with yeast cell diameter (P � 0.0135) and giant
cells (P � 0.0357), and vomiting was negatively correlated with all “large” phenotypes,
including total diameter (P � 0.0007), yeast cell diameter (P � 0.0010), capsule thick-
ness (P � 0.0014), volume ratio (P � 0.0269), and giant cells (P � 0.0041). Vomiting
was also positively correlated with the “small” phenotypes, including micro cells
(P � 0.0077) and shed capsule (P � 0.0153). Shed capsule was also negatively
correlated with visual changes (P � 0.0358) and photophobia (P � 0.0032), symp-
toms typically attributed to meningeal irritation. A similar pattern was seen with
fever and neck stiffness, which are associated with an aggressive inflammatory
response. Patient temperature was positively correlated with total diameter
(P � 0.0412), capsule thickness (P � 0.0104), and volume ratio (P � 0.0016) in the
C. neoformans isolates, while neck stiffness correlated negatively with micro cells
across the entire collection (P � 0.0041).

Finally, patient death was significantly positively correlated with the production of
all three major morphological variants (P � 0.0165); four patients had isolates that
produced giant cells, micro cells, and shed capsule, and all four patients died during the
period when clinical data were scored. The production of all three major morphological
variants was also positively correlated with the patient having tuberculosis (P � 0.0133)
and negatively correlated with systolic blood pressure (P � 0.0474). In contrast, irreg-
ular cells were negatively correlated with death (P � 0.0241). These were also more
likely to be produced by isolates obtained from patients who had undergone antifungal
therapy with either fluconazole or amphotericin B prior to admission (P � 0.0438). All
of the above associations were tested for each species alone as well as across the entire
data set, and the trends remained largely the same, although some statistical power
was lost due to smaller sample sizes, indicating that these results were not being driven
by an association with one of the species.

Some correlations show species specificity. Several species-specific correlations
were found, indicating that aspects of pathogenesis and host response are distinct
between C. neoformans and C. tetragattii isolates. In the PCA biplot of phenotypic
variables, the C. tetragattii isolates grouped mostly separately from C. neoformans
isolates due to their larger cell and capsule sizes, higher incidence of giant cells, and
lack of micro cells and shed capsule (Fig. 4E). C. neoformans isolates were significantly
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associated with lower CD4 count (P � 0.0103), higher LP opening pressure (P � 0.0208),
and vomiting (P � 0.0013) compared to C. tetragattii. Isolates from the C. neoformans
genotype VNBI were significantly associated with lower CD4 count (P � 0.0063) and
lower diastolic blood pressure (P � 0.0235) compared to all other isolates (Table S2). In
the C. neoformans population, shortness of breath was positively correlated with total
diameter (P � 0.0430), capsule thickness (P � 0.0366), and volume ratio (P � 0.0367). In
C. tetragattii isolates, yeast cell diameter was positively correlated with dizziness
(P � 0.0292) and negatively correlated with respiratory rate (P � 0.0335).

DISCUSSION

Our study aimed to correlate phenotypic variation in cryptococcal isolates with
pathogenesis and clinical manifestation of disease using in vitro stresses designed to
simulate those encountered during human infection. The observed phenotypes were a
stable attribute of the isolates, although we cannot be certain that these phenotypes
would occur in infected patients in the same way. Furthermore, the clinical data set
used in this study contains missing values, and certain parameters rely on self-
reporting, which may not be very robust. Despite this, we saw some strong correlations
and trends, and while this does not necessarily imply causation, the strength and
pattern of the associations indicate that phenotypic plasticity and morphological
presentation do play a role in cryptococcal disease.

Phenotypic plasticity is high and not related to genetic diversity. Almost a
quarter of the clinical isolates in this study were identified as C. tetragattii, a species
which is uncommon globally but has been found to cause a relatively high incidence
of disease in HIV/AIDS patients in sub-Saharan Africa, having been identified in Bo-
tswana, Malawi, South Africa, and Zimbabwe (10, 28–30). Relatively little is known
about this species; however, our previous study of the C. gattii complex found that C.
tetragattii is similar to other species in the complex in terms of capsule production and
cell size, but along with C. bacillisporus is more temperature sensitive than virulent
genotypes C. gattii and C. deuterogattii, and commonly produces irregular cells. This
suggests that C. tetragattii is a “weaker” pathogen and may be infecting immunocom-
promised hosts due to high environmental presence in Botswana and other sub-
Saharan African countries. Environmental studies of the area are needed to determine
where its niche lies.

MLST analysis revealed a limited amount of genetic diversity among C. tetragattii
isolates, which contrasted with high genetic diversity and evidence of recombination in
the C. neoformans genotypes (Table 1; Fig. 1), something that has been seen in other
studies of southern African C. neoformans populations (29, 31–33). Significant pheno-
typic differences occurred among, between, and within the C. neoformans genotypes
and within C. tetragattii, and despite their clonal nature, C. tetragattii isolates had
significantly more variation in capsule thickness (P � 0.0245), suggesting that some
phenotypic differences may be a result of epigenetic mechanisms. Rhodes et al. (2017)
found the most rapidly evolving genes between lineages of C. neoformans to be
transcription factors and transferases, suggesting that transcriptional reprogramming
and remodelling may be responsible for generating phenotypic diversity, rather than
genomic changes (34). Phenotypic plasticity allows rapid adaptation inside the host and
is common in many fungal species, such as Candida albicans, which can exhibit various
morphological types, including yeast and filamentous forms, and white and opaque
forms which influence mating, virulence, and interactions with immune cells in vitro
(35). Cryptococcus, like Candida, appears to show a level of pleomorphism with different
phenotypes appearing in response to stress.

Clinical markers of early and late infection suggest that cell phenotypes
change during the course of infection and may play a role in immune response.
A model of the relationship between the various phenotypic variants, cryptococcal
species, and clinical variables based on the significant associations and trends found in
this study is presented in Fig. 5. CD4 count, representing the immunity status of the
patient, was overall positively correlated with “large” phenotypes, suggesting that
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larger cells, more capsule, and giant cells are produced during earlier stages of
infection, and overall negatively correlated with “small” phenotypes, suggesting that
micro cells and shed capsule may be a later response during infection as immune
function declines (Fig. 4C and Fig. 5). Nausea and vomiting are symptoms that are
typically associated with increased intracranial pressure, as this results in stimulation of
the vomiting center of the brain. These were overall negatively correlated with “large”
phenotypes, again suggesting that larger cells may be an earlier response, and overall
positively correlated with “small” phenotypes. The latter could be expected, as shed
capsule in particular has long been implicated in increasing intracranial pressure due to
the accumulation of capsular polysaccharide blocking passage of the CSF across
arachnoid villi (36). In all, this suggests a transition from “large” to “small” cell pheno-
types as infection progresses and intracranial pressure rises.

The “small” phenotypes were also overall negatively correlated with visual changes
(significantly with shed capsule [P � 0.0358]) and photophobia (significantly with shed

FIG 5 A summary model of the phenotypic variants seen in this study and the direction of their associations with the C. tetragattii or C. neoformans species
and clinical variables. “Large” phenotypes include larger yeast cell size, larger capsule size, and giant cells; these are prevalent in C. tetragattii and are generally
correlated with symptoms indicating a less suppressed immune system and low intracranial pressure. “Small” phenotypes include micro cells and shed capsule;
these are prevalent in C. neoformans and are generally correlated with symptoms indicating a more suppressed immune system, high intracranial pressure, and
low inflammation. Overall, a higher capacity for variation may play a role in increased virulence in Cryptococcus.
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capsule [P � 0.0032]), symptoms associated with inflammation of the meninges (43). It
has been observed that cryptococcal meningitis in HIV patients is characterized by a
lack of an active host inflammatory response (36) so it is possible that micro cells and
extracellular capsule accumulating in the CSF and causing raised intracranial pressure
might also be dampening the host inflammatory response. The major cryptococcal
capsular polysaccharide (GXM) has been documented to have numerous immunosup-
pressive properties, including modulation of cytokine secretion, induction of macro-
phage apoptosis, and suppression of leukocyte migration (37–40). Studies in mice have
found GXM to markedly dampen the hyperinflammatory response via inhibition of
proinflammatory cytokine secretion (41), and the administration of purified GXM
reduced the number of immune cells infiltrating the brain (42).

Capsule size in cryptococcal cells was found to differ significantly between geno-
types, species, and individual isolates (Table 1; Fig. 2A to C). Compared to all C.
neoformans genotypes, C. tetragattii isolates had significantly thicker capsules
(P � 0.0025) and larger yeast cells (P � 0.0001). To date, studies investigating the
relationship between capsule size and virulence have found conflicting results. Rob-
ertson et al. (2014) found that highly encapsulated C. neoformans isolates were signif-
icantly associated with lower fungal clearance rates, poor inflammatory responses, and
increased intracranial pressure (43). In contrast, Pool et al. (2013) showed that hyper-
capsular C. neoformans isolates possessed the least neurovirulence in a mouse model,
while isolates producing less capsule were more virulent and resulted in a higher fungal
load in the brain (44). As such, it is unclear whether a large capsular phenotype
enhances the overall virulence of Cryptococcus. Our current study found that capsule
size strongly correlates with yeast cell size, and it is possible that capsule alone has less
importance than the overall size of the cell.

Giant cells are prevalent in C. tetragattii and likely result from a gradual
increase in cell size, while micro cells appear exclusive to C. neoformans and are
a distinct cell population strongly associated with shed capsule. The presence of
giant cells has been recorded in infected tissues during mammalian infection, where
they appear most frequently in the extracellular space (21, 22, 25, 45). Giant cells are
thought to be important in the establishment and persistence of infection due to their
large size preventing phagocytosis and allowing them to remain in the host for long
periods of time (16). Giant cells also appear to increase virulence through conferring
resistant properties to their normal-size progeny, enhancing their capacity for survival
and dissemination and thus increasing the overall virulence of the strain (16, 45). The
vast morphological changes associated with in vivo giant cell production, including
alteration of cell body and organelles, indicate that giant cell production is a develop-
mental transition (27, 46). Recent studies on giant cell production found that the
capacity to produce giant cells in vitro may be a reliable predictor of their formation
in vivo (47) and that regularly sized cells present in the initial inoculum transitioned
progressively toward the giant cell phenotype under inducing conditions (48) with the
transition occurring at low cell densities (49). The current study found giant cells to be
significantly associated with larger average yeast cell diameters (P � 0.0001) and
greater capsule thickness (P � 0.0001) in both C. neoformans and C. tetragattii (Fig. 3A),
which supports the hypothesis of a gradual shift toward a larger phenotype. Although
the majority of literature on giant cells relates to C. neoformans, we found that the
presence of giant cells was significantly associated with the C. tetragattii complex.

Cryptococcus micro cells are an intriguing and understudied class of cell that has
received little attention thus far. These cells are commonly seen in infection and have
been speculated to assist in the infection process, with their small size allowing them
to cross biological barriers and to disseminate easily to the brain (14, 44). The presence
of micro cells was strongly (P � 0.0001), but not always, associated with shed capsule
(Table 1; see Table S2 in the supplemental material), suggesting that they are induced
by the same or similar processes. Staining with DAPI and calcofluor white confirmed
that micro cells are real cells with nuclear material and cell walls and that they are
distinct from shed capsule (Fig. 3D and E). Furthermore, unlike giant cells, micro cells
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appear to be a distinct cell class, as there was no correlation with cell size, indicating
that there is no continuum of increasingly smaller cells. Their presence appears to be
exclusive to C. neoformans (and seen across genotypes); the current analysis and our
previous study investigating 70 C. gattii complex strains, including C. gattii, C. deutero-
gattii, C. bacillisporus, and C. tetragattii clinical, environmental, and veterinary strains
found no evidence of micro cells in any strain (26).

Pleomorphism may have a role in the virulence of Cryptococcus. The production
of “large” and “small” phenotypes was largely mutually exclusive; most isolates pos-
sessed either giant cells or micro cells/shed capsule but rarely both. It is therefore
intriguing that the four isolates that produced all three major morphological size
variants (giant cells, micro cells, and shed capsule) resulted in patient death
(P � 0.0165) (Fig. 4C). While this must be viewed with the limitation that there were
very few isolates within this category, it may indicate that the capacity for variation
plays a role in virulence. Three out of four of these isolates belonged to VNBI, which
appeared to be the most virulent genotype with the highest percentage of patient
deaths, and also with the largest average capsule sizes within C. neoformans. As “large”
and “small” variants appear associated with quite different disease symptoms, this
could enable greater capacity for infection, immune evasion, and pathogenesis. An
alternative hypothesis is that in the severely weakened immune state of late HIV/AIDS
patients, different cryptococcal cell types can flourish; however, many isolates caused
patient death but did not demonstrate this diversity of cell types. Further work into the
factors that induce each of these unique cell types and their role in virulence and
disease progression is required to substantiate this preliminary finding.

Conversely, the presence of “irregular cells” with irregularly shaped and elongated
cell morphologies was significantly negatively correlated with death (P � 0.0241),
suggesting that these are defective cells. Irregular cells were not associated with any
particular species or genotype and had no significant correlations with any other
phenotypic variable, but they were significantly more likely to occur in isolates ob-
tained from patients who had undergone antifungal therapy prior to admission
(P � 0.0438). This suggests that irregular cells may be produced by isolates with
reduced drug susceptibility but with a cost of lower resistance to host-imposed stress,
making them less able to mount aggressive disease. We have found that in vitro, the
production of these cells may be triggered by the stress of nutrient limitation (26). The
extent of the elongation of these cells varied from isolate to isolate, but in some cases,
they appeared to approach the morphology of pseudohyphal forms. Pseudohyphal
forms have been reported in Cryptococcus but are thought to be rare during crypto-
coccosis and are also associated with reduced virulence (27, 50).

This study demonstrates the complex relationship between phenotypic variation
and adaptation to the host environment in Cryptococcus, with pleomorphic characters
potentially contributing to overall virulence. As different properties may be beneficial
at different stages and sites of infection, isolates that are able to produce diverse cells
in response to changing situations may be more able to sustain infection and resist the
host response.

MATERIALS AND METHODS
Cryptococcus isolates. A collection of 70 Cryptococcus isolates were provided from two major public

hospitals in Botswana: the Princess Marina Hospital in Gaborone and the Nyangbwe Referral Hospital in
Francistown, as part of an ongoing study into cryptococcosis in Africa. Some of this collection has been
reported previously in Chen et al. (2015) (29). Fungal cells were cultured from the cerebrospinal fluid
(CSF) of patients with HIV/AIDS and cryptococcal meningitis enrolled within an 18-month period from
2012 to 2013. Cryptococcal meningitis was confirmed by a positive India ink test or CSF culture. Patients
received induction therapy with amphotericin B; however, all isolates were obtained before treatment
commenced. Any patients where death was not attributable to cryptococcal meningitis were excluded
from the data set. Screening on fluconazole plates found no isolates with high-level resistance. All
isolates used in this study are referred to by their isolate identifier (ID) and are listed in Table 1, with full
details of isolate name and genotypic, phenotypic, and clinical data listed in Table S1 in the supplemental
material. Phenotypic data for type strain H99 is also included in this table as a reference.

Culture conditions. Cryptococcus isolates were cultured from – 80°C glycerol stocks, streaked for
single colonies on Sabouraud dextrose agar (SDA) (10 g peptone, 40 g glucose, 15 g agar, 1 liter distilled
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water [dH2O]) and incubated at 30°C for 48 h. To standardize growth phase, each isolate was grown
overnight from a single colony in 10 ml of Sabouraud dextrose broth (SDB) (10 g peptone, 20 g glucose,
1 liter dH2O) in a 100-ml Schott bottle at 37°C with 180 rpm shaking until the culture reached exponential
growth phase.

Capsule induction. Capsule induction was optimized using various media designed to mimic
stresses encountered during mammalian infection that are frequently used for C. neoformans and
media developed during a previous study of the C. gattii complex (25). These media included
Dulbecco’s modified Eagle medium (DMEM) (Life Technologies), and Sabouraud medium in both
plate (SDA) and broth (SDB) form diluted 10-fold (CIM-10) or 20-fold (CIM-20) in 50 mM morpho-
linepropanesulfonic acid (MOPS) (Sigma-Aldrich) (13, 26). For culture on agar plates, a single loopful
of cells was taken from the overnight culture and streaked for single colonies onto each medium.
For broth cultures, cells were collected by centrifugation, washed once with phosphate-buffered
saline (PBS) (Oxoid), and counted with a hemocytometer before 105 cells were inoculated into 5 ml
of media in a 6-well tissue culture plate (BD Falconer). All cultures were incubated with 5% CO2 at
37°C for 5 days. As a control, isolates were streaked for single colonies on SDA and incubated at 30°C
for 5 days. DMEM broth was the most successful induction medium (Fig. S1) and was used for all
subsequent analyses.

Staining and microscopy. To visualize capsule, single colonies from plates or 1 ml of culture from
broth were suspended or resuspended in 150 �l of PBS and counterstained with 20 �l of India ink. A 15
�l aliquot of this mixture was placed on a glass slide and dried for 10 min under a coverslip. Slides were
then photographed using an IS10000 inverted microscope (Luminoptic) and a 40� objective using
ISCapture Imaging software (Tucsen Photonics). For each isolate, a minimum of 20 random fields of view
were photographed using stage coordinates determined by a random number generator. Additional
stains used to visualize nucleus and cell wall morphology, respectively, were (i) DAPI (Sigma-Aldrich) at
1:5,000 incubated for 30 min at room temperature and (ii) calcofluor white (Sigma-Aldrich) at 1 g/liter
with one drop of 10% potassium hydroxide incubated for 2 min at room temperature.

Measurement of cell and capsule size. Total diameter (including capsule) (dt) and yeast cell
diameter (dy) were measured for 100 cells per isolate using ImageJ software (National Institutes of

Health). From these measurements, capsule thickness (tc) was calculated as
1

2
�dt � dy�. Total volume (vt)

and yeast cell volume (vy) were calculated using the formula for the volume of a sphere (
4

3
�rd

3). Cells with

a dy greater than 15 �m or less than 1 �m were identified as giant cells or micro cells, respectively, and
were noted, along with any morphologically irregular cells. These variants were excluded from all
assessments of mean cell size for isolate populations.

MLST analysis. Genetic variation was studied using the International Society of Human and Animal
Mycology (ISHAM) consensus MLST scheme for the C. neoformans/C. gattii species complex, which uses
seven unlinked genetic loci: the housekeeping genes CAP59, GPD1, LAC1, PLB1, SOD1, and URA5, and the
noncoding intergenic spacer region IGS1 (51). Sequences were obtained from single nucleotide poly-
morphisms (SNPs) identified from whole-genome sequences, where available (52). The remaining loci
were amplified independently using ISHAM-recommended primers and amplification conditions, and
PCR products were commercially purified and sequenced by Macrogen Inc. (Seoul, South Korea).
Sequences were edited using Geneious R6 (Biomatters Ltd.). An allele type (AT) was then assigned for
each of the seven loci per isolate, and the resulting allelic profile was used to assign a sequence type (ST)
according to the ISHAM consensus MLST database (http://mlst.mycologylab.org). A minimum spanning
network of the concatenated sequences was generated using the TCS 1.21 software package (http://
darwin.uvigo.es/software/tcs.html) to visualize the relatedness of isolates (53).

Statistical analysis. Significant differences between species or genotypes for phenotypic or clinical
data were determined using two-tailed unpaired t tests with Welch’s correction. Differences in variance
between species and genotypes were assessed by F test analysis. Associations between continuous
phenotypic and clinical variables used Spearman rank order correlations, those between continuous and
binary variables used Mann-Whitney U tests, and those between binary variables used chi-square tests,
or Fisher’s exact tests if any expected value was �5. Correlations were tested across all isolates, across
C. neoformans isolates only, and across C. tetragattii isolates only, with all P values listed in Table S2. P
values of �0.05 were considered significant. Error bars represent the means � 95% confidence intervals.
Data were analyzed using Excel (Microsoft Corporation), Prism 5 (GraphPad Inc.), and SPSS Statistics (IBM)
software. Correlation plots and principal-component analysis (PCA) biplots were generated in R 3.4.0 (R
Core Team) using the packages corrplot for correlation plots, missMDA to impute missing values (54), and
FactoMineR and factoextra to generate PCA biplots (55).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.02016-18.

FIG S1, TIF file, 11.7 MB.
TABLE S1, XLSX file, 0.1 MB.
TABLE S2, XLSX file, 0.1 MB.

Fernandes et al. ®

September/October 2018 Volume 9 Issue 5 e02016-18 mbio.asm.org 14

http://mlst.mycologylab.org
http://darwin.uvigo.es/software/tcs.html
http://darwin.uvigo.es/software/tcs.html
https://doi.org/10.1128/mBio.02016-18
https://doi.org/10.1128/mBio.02016-18
https://mbio.asm.org


ACKNOWLEDGMENTS
This work was supported in part by Public Health Service grants (AI93257 and

AI73896) to J.R.P. K.E.F. is financially supported by an Australian Postgraduate Award.
C.A.C. is supported by NIAID grant (U19AI110818) to the Broad Institute.

K.E.F., D.A.C., and J.R.P. conceived and designed the experiments. K.E.F. and A.B.
produced the phenotype data, K.E.F. and C.A.C. produced the genotype data, and all
clinical data were collected by M.H. and J.R.P. K.E.F. collated and analyzed the data and
wrote the manuscript with assistance from D.A.C. and J.R.P. F.V.O. assisted with statis-
tical analysis.

REFERENCES
1. Ma H, May RC. 2009. Virulence in Cryptococcus species. Adv Appl Micro-

biol 67:131–190. https://doi.org/10.1016/S0065-2164(08)01005-8.
2. Bicanic T, Harrison TS. 2004. Cryptococcal meningitis. Br Med Bull 72:

99 –118. https://doi.org/10.1093/bmb/ldh043.
3. Perfect JR, Bicanic T. 2015. Cryptococcosis diagnosis and treatment:

what do we know now. Fungal Genet Biol 78:49 –54. https://doi.org/10
.1016/j.fgb.2014.10.003.

4. Global Action Fund for Fungal Infections (GAFFI). 2017. Cryptococcal
meningitis fact sheet. Global Action Fund for Fungal Infections (GAFFI),
Geneva, Switzerland. Accessed 21 May 2018. https://www.gaffi.org/wp
-content/uploads/Cryptococcal-meningitis-Fact-Sheet.pdf.

5. Rajasingham R, Smith RM, Park BJ, Jarvis JN, Govender NP, Chiller TM,
Denning DW, Loyse A, Boulware DR. 2017. Global burden of disease of
HIV-associated cryptococcal meningitis: an updated analysis. Lancet
Infect Dis 17:873– 881. https://doi.org/10.1016/S1473-3099(17)30243-8.

6. Bovers M, Hagen F, Kuramae EE, Boekhout T. 2008. Six monophyletic
lineages identified within Cryptococcus neoformans and Cryptococcus
gattii by multi-locus sequence typing. Fungal Genet Biol 45:400 – 421.
https://doi.org/10.1016/j.fgb.2007.12.004.

7. Sorrell T, Chen S, Ruma P, Meyer W, Pfeiffer T, Ellis D, Brownlee A. 1996.
Concordance of clinical and environmental isolates of Cryptococcus
neoformans var. gattii by random amplification of polymorphic DNA
analysis and PCR fingerprinting. J Clin Microbiol 34:1253–1260.

8. Byrnes EJ, III, Li W, Ren P, Lewit Y, Voelz K, Fraser JA, Dietrich FS, May RC,
Chaturvedi S, Chaturvedi V, Heitman J. 2011. A diverse population of
Cryptococcus gattii molecular type VGIII in southern Californian HIV/AIDS
patients. PLoS Pathog 7:e1002205. https://doi.org/10.1371/annotation/
a23709b0-8d67-4b57-aa05-d5d70d830724.

9. Chen SC, Meyer W, Sorrell TC. 2014. Cryptococcus gattii infections. Clin
Microbiol Rev 27:980 –1024. https://doi.org/10.1128/CMR.00126-13.

10. Hagen F, Khayhan K, Theelen B, Kolecka A, Polacheck I, Sionov E, Falk R,
Parnmen S, Lumbsch HT, Boekhout T. 2015. Recognition of seven species
in the Cryptococcus gattii/Cryptococcus neoformans species complex.
Fungal Genet Biol 78:16 – 48. https://doi.org/10.1016/j.fgb.2015.02.009.

11. Chen M, Zhou J, Li J, Li M, Sun J, Fang WJ, Al-Hatmi AM, Xu J, Boekhout
T, Liao WQ, Pan WH. 2016. Evaluation of five conventional and molecular
approaches for diagnosis of cryptococcal meningitis in non-HIV-infected
patients. Mycoses 59:494 –502. https://doi.org/10.1111/myc.12497.

12. O’Meara TR, Alspaugh JA. 2012. The Cryptococcus neoformans capsule: a
sword and a shield. Clin Microbiol Rev 25:387– 408. https://doi.org/10
.1128/CMR.00001-12.

13. Zaragoza O, Casadevall A. 2004. Experimental modulation of capsule size
in Cryptococcus neoformans. Biol Proced Online 6:10 –15. https://doi.org/
10.1251/bpo68.

14. Tucker SC, Casadevall A. 2002. Replication of Cryptococcus neoformans in
macrophages is accompanied by phagosomal permeabilization and
accumulation of vesicles containing polysaccharide in the cytoplasm.
Proc Natl Acad Sci U S A 99:3165–3170. https://doi.org/10.1073/pnas
.052702799.

15. Rivera J, Feldmesser M, Cammer M, Casadevall A. 1998. Organ-
dependent variation of capsule thickness in Cryptococcus neoformans
during experimental murine infection. Infect Immun 66:5027–5030.

16. Zaragoza O. 2011. Multiple disguises for the same party: the concepts of
morphogenesis and phenotypic variations in Cryptococcus neoformans.
Front Microbiol 2:181. https://doi.org/10.3389/fmicb.2011.00181.

17. Hu G, Wang J, Choi J, Jung WH, Liu I, Litvintseva A, Bicanic T, Aurora R,
Mitchell T, Perfect J, Kronstad JW. 2011. Variation in chromosome copy
number influences the virulence of Cryptococcus neoformans and occurs

in isolates from AIDS patients. BMC Genomics 12:526. https://doi.org/10
.1186/1471-2164-12-526.

18. Janbon G, Ormerod KL, Paulet D, Byrnes EJ, III, Yadav V, Chatterjee G,
Mullapudi N, Hon C-C, Billmyre RB, Brunel F, Bahn Y-S, Chen W, Chen Y,
Chow EWL, Coppée J-Y, Floyd-Averette A, Gaillardin C, Gerik KJ, Gold-
berg J, Gonzalez-Hilarion S, Gujja S, Hamlin JL, Hsueh Y-P, Ianiri G, Jones
S, Kodira CD, Kozubowski L, Lam W, Marra M, Mesner LD, Mieczkowski
PA, Moyrand F, Nielsen K, Proux C, Rossignol T, Schein JE, Sun S,
Wollschlaeger C, Wood IA, Zeng Q, Neuvéglise C, Newlon CS, Perfect JR,
Lodge JK, Idnurm A, Stajich JE, Kronstad JW, Sanyal K, Heitman J, Fraser
JA, Cuomo CA, Dietrich FS. 2014. Analysis of the genome and transcrip-
tome of Cryptococcus neoformans var. grubii reveals complex RNA ex-
pression and microevolution leading to virulence attenuation. PLoS
Genet 10:e1004261. https://doi.org/10.1371/journal.pgen.1004261.

19. Fries BC, Lee SC, Kennan R, Zhao W, Casadevall A, Goldman DL. 2005.
Phenotypic switching of Cryptococcus neoformans can produce variants
that elicit increased intracranial pressure in a rat model of cryptococcal
meningoencephalitis. Infect Immun 73:1779 –1787. https://doi.org/10
.1128/IAI.73.3.1779-1787.2005.

20. Wang L, Zhai B, Lin X. 2012. The link between morphotype transition and
virulence in Cryptococcus neoformans. PLoS Pathog 8:e1002765. https://
doi.org/10.1371/journal.ppat.1002765.

21. Feldmesser M, Kress Y, Casadevall A. 2001. Dynamic changes in the
morphology of Cryptococcus neoformans during murine pulmonary in-
fection. Microbiology 147:2355–2365. https://doi.org/10.1099/00221287
-147-8-2355.

22. Okagaki LH, Nielsen K. 2012. Titan cells confer protection from phago-
cytosis in Cryptococcus neoformans infections. Eukaryot Cell 11:820 – 826.
https://doi.org/10.1128/EC.00121-12.

23. Cruickshank JG, Cavill R, Jelbert M. 1973. Cryptococcus neoformans of
unusual morphology. Appl Microbiol 25:309 –312.

24. Okagaki LH, Strain AK, Nielsen JN, Charlier C, Baltes NJ, Chretien F, Heitman
J, Dromer F, Nielsen K. 2010. Cryptococcal cell morphology affects host cell
interactions and pathogenicity. PLoS Pathog 6:e1000953. https://doi.org/10
.1371/annotation/1b59fd9e-9ac9-4ea8-a083-14c413c80b03.

25. Zaragoza O, García-Rodas R, Nosanchuk JD, Cuenca-Estrella M, Rodríguez-
Tudela JL, Casadevall A. 2010. Fungal cell gigantism during mammalian
infection. PLoS Pathog 6:e1000945. https://doi.org/10.1371/annotation/
0675044c-d80f-456f-bb63-4f85fb1d0c33.

26. Fernandes KE, Dwyer C, Campbell LT, Carter DA. 2016. Species in the
Cryptococcus gattii complex differ in capsule and cell size following
growth under capsule-inducing conditions. mSphere 1:e00350-16. https://
doi.org/10.1128/mSphere.00350-16.

27. Zaragoza O, Nielsen K. 2013. Titan cells in Cryptococcus neoformans: cells
with a giant impact. Curr Opin Microbiol 16:409 – 413. https://doi.org/10
.1016/j.mib.2013.03.006.

28. Litvintseva AP, Carbone I, Rossouw J, Thakur R, Govender NP, Mitchell
TG. 2011. Evidence that the human pathogenic fungus Cryptococcus
neoformans var. grubii may have evolved in Africa. PLoS One 6:e19688.
https://doi.org/10.1371/journal.pone.0019688.

29. Chen Y, Litvintseva AP, Frazzitta AE, Haverkamp MR, Wang L, Fang C,
Muthoga C, Mitchell TG, Perfect JR. 2015. Comparative analyses of
clinical and environmental populations of Cryptococcus neoformans in
Botswana. Mol Ecol 24:3559 –3571. https://doi.org/10.1111/mec.13260.

30. Nyazika TK, Hagen F, Meis JF, Robertson VJ. 2016. Cryptococcus tetragattii
as a major cause of cryptococcal meningitis among HIV-infected indi-
viduals in Harare, Zimbabwe. J Infect 72:745–752. https://doi.org/10
.1016/j.jinf.2016.02.018.

Phenotypic Variability in Cryptococcus ®

September/October 2018 Volume 9 Issue 5 e02016-18 mbio.asm.org 15

https://doi.org/10.1016/S0065-2164(08)01005-8
https://doi.org/10.1093/bmb/ldh043
https://doi.org/10.1016/j.fgb.2014.10.003
https://doi.org/10.1016/j.fgb.2014.10.003
https://www.gaffi.org/wp-content/uploads/Cryptococcal-meningitis-Fact-Sheet.pdf
https://www.gaffi.org/wp-content/uploads/Cryptococcal-meningitis-Fact-Sheet.pdf
https://doi.org/10.1016/S1473-3099(17)30243-8
https://doi.org/10.1016/j.fgb.2007.12.004
https://doi.org/10.1371/annotation/a23709b0-8d67-4b57-aa05-d5d70d830724
https://doi.org/10.1371/annotation/a23709b0-8d67-4b57-aa05-d5d70d830724
https://doi.org/10.1128/CMR.00126-13
https://doi.org/10.1016/j.fgb.2015.02.009
https://doi.org/10.1111/myc.12497
https://doi.org/10.1128/CMR.00001-12
https://doi.org/10.1128/CMR.00001-12
https://doi.org/10.1251/bpo68
https://doi.org/10.1251/bpo68
https://doi.org/10.1073/pnas.052702799
https://doi.org/10.1073/pnas.052702799
https://doi.org/10.3389/fmicb.2011.00181
https://doi.org/10.1186/1471-2164-12-526
https://doi.org/10.1186/1471-2164-12-526
https://doi.org/10.1371/journal.pgen.1004261
https://doi.org/10.1128/IAI.73.3.1779-1787.2005
https://doi.org/10.1128/IAI.73.3.1779-1787.2005
https://doi.org/10.1371/journal.ppat.1002765
https://doi.org/10.1371/journal.ppat.1002765
https://doi.org/10.1099/00221287-147-8-2355
https://doi.org/10.1099/00221287-147-8-2355
https://doi.org/10.1128/EC.00121-12
https://doi.org/10.1371/annotation/1b59fd9e-9ac9-4ea8-a083-14c413c80b03
https://doi.org/10.1371/annotation/1b59fd9e-9ac9-4ea8-a083-14c413c80b03
https://doi.org/10.1371/annotation/0675044c-d80f-456f-bb63-4f85fb1d0c33
https://doi.org/10.1371/annotation/0675044c-d80f-456f-bb63-4f85fb1d0c33
https://doi.org/10.1128/mSphere.00350-16
https://doi.org/10.1128/mSphere.00350-16
https://doi.org/10.1016/j.mib.2013.03.006
https://doi.org/10.1016/j.mib.2013.03.006
https://doi.org/10.1371/journal.pone.0019688
https://doi.org/10.1111/mec.13260
https://doi.org/10.1016/j.jinf.2016.02.018
https://doi.org/10.1016/j.jinf.2016.02.018
https://mbio.asm.org


31. Litvintseva AP, Thakur R, Vilgalys R, Mitchell TG. 2006. Multilocus se-
quence typing reveals three genetic subpopulations of Cryptococcus
neoformans var. grubii (serotype A), including a unique population in
Botswana. Genetics 172:2223–2238. https://doi.org/10.1534/genetics
.105.046672.

32. Litvintseva AP, Mitchell TG. 2012. Population genetic analyses reveal the
African origin and strain variation of Cryptococcus neoformans var. grubii.
PLoS Pathog 8:e1002495. https://doi.org/10.1371/journal.ppat.1002495.

33. Nyazika TK, Hagen F, Machiridza T, Kutepa M, Masanganise F, Hendrickx
M, Boekhout T, Magombei-Majinjiwa T, Siziba N, Chin’ombe N, Mateveke
K, Meis JF, Robertson VJ. 2016. Cryptococcus neoformans population
diversity and clinical outcomes of HIV-associated cryptococcal meningi-
tis patients in Zimbabwe. J Med Microbiol 65:1281–1288. https://doi.org/
10.1099/jmm.0.000354.

34. Rhodes J, Desjardins CA, Sykes SM, Beale MA, Vanhove M, Sakthikumar S,
Chen Y, Gujja S, Saif S, Chowdhary A, Lawson DJ, Ponzio V, Colombo AL,
Meyer W, Engelthaler DM, Hagen F, Illnait-Zaragozi MT, Alanio A, Vreulink
JM, Heitman J, Perfect JR, Litvintseva AP, Bicanic T, Harrison TS, Fisher MC,
Cuomo CA. 2017. Tracing genetic exchange and biogeography of Crypto-
coccus neoformans var. grubii at the global population level. Genetics 207:
327–346. https://doi.org/10.1534/genetics.117.203836.

35. Mallick EM, Bergeron AC, Jones SK, Jr, Newman ZR, Brothers KM, Creton
R, Wheeler RT, Bennett RJ. 2016. Phenotypic plasticity regulates Candida
albicans interactions and virulence in the vertebrate host. Front Micro-
biol 7:780. https://doi.org/10.3389/fmicb.2016.00780.

36. Graybill JR, Sobel J, Saag M, van der Horst C, Powderly W, Cloud G, Riser
L, Hamill R, Dismukes W. 2000. Diagnosis and management of increased
intracranial pressure in patients with AIDS and cryptococcal meningitis.
Clin Infect Dis 30:47–54. https://doi.org/10.1086/313603.

37. Ellerbroek PM, Ulfman LH, Hoepelman AI, Coenjaerts FE. 2004. Crypto-
coccal glucuronoxylomannan interferes with neutrophil rolling on the
endothelium. Cell Microbiol 6:581–592. https://doi.org/10.1111/j.1462
-5822.2004.00384.x.

38. Vecchiarelli A, Pericolini E, Gabrielli E, Chow SK, Bistoni F, Cenci E,
Casadevall A. 2011. Cryptococcus neoformans galactoxylomannan is a
potent negative immunomodulator, inspiring new approaches in anti-
inflammatory immunotherapy. Immunotherapy 3:997–1005. https://doi
.org/10.2217/imt.11.86.

39. Vecchiarelli A, Retini C, Monari C, Tascini C, Bistoni F, Kozel TR. 1996. Purified
capsular polysaccharide of Cryptococcus neoformans induces interleukin-10
secretion by human monocytes. Infect Immun 64:2846–2849.

40. Villena SN, Pinheiro RO, Pinheiro CS, Nunes MP, Takiya CM, DosReis
GA, Previato JO, Mendonca-Previato L, Freire-de-Lima CG. 2008. Capsular
polysaccharides galactoxylomannan and glucuronoxylomannan from
Cryptococcus neoformans induce macrophage apoptosis mediated by
Fas ligand. Cell Microbiol 10:1274 –1285. https://doi.org/10.1111/j.1462
-5822.2008.01125.x.

41. Piccioni M, Monari C, Kenno S, Pericolini E, Gabrielli E, Pietrella D, Perito
S, Bistoni F, Kozel TR, Vecchiarelli A. 2013. A purified capsular polysac-
charide markedly inhibits inflammatory response during endotoxic
shock. Infect Immun 81:90 –98. https://doi.org/10.1128/IAI.00553-12.

42. Denham ST, Verma S, Reynolds RC, Worne CL, Daugherty JM, Lane TE,
Brown JCS. 2017. Regulated release of cryptococcal polysaccharide
drives virulence and suppresses immune infiltration into the central
nervous system. Infect Immun 86:e00662-17. https://doi.org/10.1128/IAI
.00662-17.

43. Robertson EJ, Najjuka G, Rolfes MA, Akampurira A, Jain N, Anantharanjit
J, von Hohenberg M, Tassieri M, Carlsson A, Meya DB, Harrison TS, Fries
BC, Boulware DR, Bicanic T. 2014. Cryptococcus neoformans ex vivo
capsule size is associated with intracranial pressure and host immune
response in HIV-associated cryptococcal meningitis. J Infect Dis 209:
74 – 82. https://doi.org/10.1093/infdis/jit435.

44. Pool A, Lowder L, Wu Y, Forrester K, Rumbaugh J. 2013. Neurovirulence
of Cryptococcus neoformans determined by time course of capsule ac-
cumulation and total volume of capsule in the brain. J Neurovirol
19:228 –238. https://doi.org/10.1007/s13365-013-0169-7.

45. Crabtree JN, Okagaki LH, Wiesner DL, Strain AK, Nielsen JN, Nielsen K.
2012. Titan cell production enhances the virulence of Cryptococcus
neoformans. Infect Immun 80:3776 –3785. https://doi.org/10.1128/IAI
.00507-12.

46. Garcia-Rodas R, Cordero RJ, Trevijano-Contador N, Janbon G, Moyrand F,
Casadevall A, Zaragoza O. 2014. Capsule growth in Cryptococcus neofor-
mans is coordinated with cell cycle progression. mBio 5:e00945-14.
https://doi.org/10.1128/mBio.00945-14.

47. Dambuza IM, Drake T, Chapuis A, Zhou X, Correia J, Taylor-Smith L,
LeGrave N, Rasmussen T, Fisher MC, Bicanic T, Harrison TS, Jaspars M,
May RC, Brown GD, Yuecel R, MacCallum DM, Ballou ER. 2018. The
Cryptococcus neoformans Titan cell is an inducible and regulated mor-
photype underlying pathogenesis. PLoS Pathog 14:e1006978. https://doi
.org/10.1371/journal.ppat.1006978.

48. Hommel B, Mukaremera L, Cordero RJB, Coelho C, Desjardins CA, Sturny-
Leclere A, Janbon G, Perfect JR, Fraser JA, Casadevall A, Cuomo CA,
Dromer F, Nielsen K, Alanio A. 2018. Titan cells formation in Cryptococcus
neoformans is finely tuned by environmental conditions and modulated
by positive and negative genetic regulators. PLoS Pathog 14:e1006982.
https://doi.org/10.1371/journal.ppat.1006982.

49. Trevijano-Contador N, de Oliveira HC, García-Rodas R, Rossi SA, Llorente I,
Zaballos Á, Janbon G, Ariño J, Zaragoza Ó. 2018. Cryptococcus neoformans
can form titan-like cells in vitro in response to multiple signals. PLoS Pathog
14:e1007007. https://doi.org/10.1371/journal.ppat.1007007.

50. Neilson JB, Fromtling RA, Bulmer GS. 1981. Pseudohyphal forms of
Cryptococcus neoformans: decreased survival in vivo. Mycopathologia
73:301– 486. https://doi.org/10.1007/BF00443015.

51. Meyer W, Aanensen DM, Boekhout T, Cogliati M, Diaz MR, Esposto MC,
Fisher M, Gilgado F, Hagen F, Kaocharoen S, Litvintseva AP, Mitchell TG,
Simwami SP, Trilles L, Viviani MA, Kwon-Chung J. 2009. Consensus
multi-locus sequence typing scheme for Cryptococcus neoformans and
Cryptococcus gattii. Med Mycol 47:561–570. https://doi.org/10.1080/
13693780902953886.

52. Desjardins CA, Giamberardino C, Sykes SM, Yu CH, Tenor JL, Chen Y,
Yang T, Jones AM, Sun S, Haverkamp MR, Heitman J, Litvintseva AP,
Perfect JR, Cuomo CA. 2017. Population genomics and the evolution of
virulence in the fungal pathogen Cryptococcus neoformans. Genome Res
27:1207–1219. https://doi.org/10.1101/gr.218727.116.

53. Clement M, Posada D, Crandall KA. 2000. TCS: a computer program to
estimate gene genealogies. Mol Ecol 9:1657–1659. https://doi.org/10
.1046/j.1365-294x.2000.01020.x.

54. Josse J, Husson F. 2016. missMDA: a package for handling missing values
in multivariate data. J Stat Softw 70:1–31. https://doi.org/10.18637/jss
.v070.i01.

55. Lê S, Josse J, Husson F. 2008. FactoMineR: an R package for multivariate
analysis. J Stat Softw 25:1–18. https://doi.org/10.18637/jss.v025.i01.

Fernandes et al. ®

September/October 2018 Volume 9 Issue 5 e02016-18 mbio.asm.org 16

https://doi.org/10.1534/genetics.105.046672
https://doi.org/10.1534/genetics.105.046672
https://doi.org/10.1371/journal.ppat.1002495
https://doi.org/10.1099/jmm.0.000354
https://doi.org/10.1099/jmm.0.000354
https://doi.org/10.1534/genetics.117.203836
https://doi.org/10.3389/fmicb.2016.00780
https://doi.org/10.1086/313603
https://doi.org/10.1111/j.1462-5822.2004.00384.x
https://doi.org/10.1111/j.1462-5822.2004.00384.x
https://doi.org/10.2217/imt.11.86
https://doi.org/10.2217/imt.11.86
https://doi.org/10.1111/j.1462-5822.2008.01125.x
https://doi.org/10.1111/j.1462-5822.2008.01125.x
https://doi.org/10.1128/IAI.00553-12
https://doi.org/10.1128/IAI.00662-17
https://doi.org/10.1128/IAI.00662-17
https://doi.org/10.1093/infdis/jit435
https://doi.org/10.1007/s13365-013-0169-7
https://doi.org/10.1128/IAI.00507-12
https://doi.org/10.1128/IAI.00507-12
https://doi.org/10.1128/mBio.00945-14
https://doi.org/10.1371/journal.ppat.1006978
https://doi.org/10.1371/journal.ppat.1006978
https://doi.org/10.1371/journal.ppat.1006982
https://doi.org/10.1371/journal.ppat.1007007
https://doi.org/10.1007/BF00443015
https://doi.org/10.1080/13693780902953886
https://doi.org/10.1080/13693780902953886
https://doi.org/10.1101/gr.218727.116
https://doi.org/10.1046/j.1365-294x.2000.01020.x
https://doi.org/10.1046/j.1365-294x.2000.01020.x
https://doi.org/10.18637/jss.v070.i01
https://doi.org/10.18637/jss.v070.i01
https://doi.org/10.18637/jss.v025.i01
https://mbio.asm.org

	RESULTS
	Botswanan clinical isolates have high levels of genetic diversity. 
	Induced capsule and cell size differ between species and genotypes. 
	Giant cells are more frequent in C. tetragattii, while micro cells and extracellular capsule are present only in C. neoformans. 
	Correlations occur among clinical, phenotypic, and genotypic variables. 
	The capacity for production of “large” and “small” phenotypes correlates with certain clinical symptoms indicative of early and late stage infection, while the capacity for variation is associated with patient death. 
	Some correlations show species specificity. 

	DISCUSSION
	Phenotypic plasticity is high and not related to genetic diversity. 
	Clinical markers of early and late infection suggest that cell phenotypes change during the course of infection and may play a role in immune response. 
	Giant cells are prevalent in C. tetragattii and likely result from a gradual increase in cell size, while micro cells appear exclusive to C. neoformans and are a distinct cell population strongly associated with shed capsule. 
	Pleomorphism may have a role in the virulence of Cryptococcus. 

	MATERIALS AND METHODS
	Cryptococcus isolates. 
	Culture conditions. 
	Capsule induction. 
	Staining and microscopy. 
	Measurement of cell and capsule size. 
	MLST analysis. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

