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ABSTRACT Cryptococcus neoformans is a major life-threatening fungal pathogen. In response to the stress of the host environ-
ment, C. neoformans produces large polyploid titan cells. Titan cell production enhances the virulence of C. neoformans, yet
whether the polyploid aspect of titan cells is specifically influential remains unknown. We show that titan cells were more likely
to survive and produce offspring under multiple stress conditions than typical cells and that even their normally sized daughters
maintained an advantage over typical cells in continued exposure to stress. Although polyploid titan cells generated haploid
daughter cell progeny upon in vitro replication under nutrient-replete conditions, titan cells treated with the antifungal drug
fluconazole produced fluconazole-resistant diploid and aneuploid daughter cells. Interestingly, a single titan mother cell was
capable of generating multiple types of aneuploid daughter cells. The increased survival and genomic diversity of titan cell prog-
eny promote rapid adaptation to new or high-stress conditions.

IMPORTANCE The ability to adapt to stress is a key element for survival of pathogenic microbes in the host and thus plays an im-

portant role in pathogenesis. Here we investigated the predominantly haploid human fungal pathogen Cryptococcus neofor-
mans, which is capable of ploidy and cell size increases during infection through production of titan cells. The enlarged polyp-
loid titan cells are then able to rapidly undergo ploidy reduction to generate progeny with reduced ploidy and/or aneuploidy.
Under stressful conditions, titan cell progeny have a growth and survival advantage over typical cell progeny. Understanding
how titan cells enhance the rate of cryptococcal adaptation under stress conditions may assist in the development of novel drugs

aimed at blocking ploidy transitions.
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he ability to acclimate and adapt to a changing environment is

key for survival in all organisms. The opportunistic fungal
pathogen Cryptococcus neoformans is ubiquitous in the environ-
ment and enters the host following inhalation of spores or desic-
cated yeast cells into the lungs (1). The change experienced by the
cryptococcal cells during the transition from the external environ-
ment to the host is dramatic, involving multiple stressors such as
higher temperature, lower oxygen levels, lower iron levels, and
high levels of free radicals generated by the host immune response.
This transition stimulates the rapid upregulation of genes in-
volved in stress responses and virulence (2), and only a small pro-
portion of colonizing cells survive (3).

Upon exposure to the host lung, C. neoformans produces large
polyploid titan cells. Typical cryptococcal cells are 5 to 7 um in
diameter and have a haploid (1C) genome; in contrast, titan cells
can be 5 to 10 times larger than normal cells and are predomi-
nantly tetraploid (4C) or octoploid (8C), with higher ploidies also
frequently observed (4, 5). Although large cryptococcal cells have
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long been noted during human infection (6, 7), they have only
recently begun to be characterized in depth through in vitro study,
mouse experiments (4, 5), and clinical histological studies (8). As
the morphology of titan cells is quite different from that of typical
cells, clinical misdiagnosis or underdiagnosis may be common (8)
and the true extent of titan cell prevalence and of the impact on
human disease remains to be determined.

Polyploid titan cells can be detected in mouse lung tissue
within 1 day postinfection; the frequency of titan cells typically
plateaus at ~20% of the cryptococcal cell population in the lungs
within 7 days (4). The morphology of titan cells differs signifi-
cantly from that of typical cells. The titan cell wall is much thicker
than that of typical cells, and the titan cell capsule is both denser
and more cross-linked (9). These differences promote titan cell
survival in the mouse host through reduced phagocytosis and pro-
duction of a detrimental Th2-mediated immune response (10,
11). Importantly, titan cells are critical for survival within the
mouse host and for causing subsequent disease (3-5, 11, 12).
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Whether the survival advantage of titan cells over typical cells in
vivo is due to their morphological differences, their increased size,
or their increased ploidy (or to a combination of these factors)
remains unknown.

Ploidy variation within species and among cell types within an
individual is surprisingly common among fungal microbes.
Polyploid individuals have been sampled in natural isolates of
Saccharomyces cerevisiae (13), among clinical isolates of Candida
albicans (14), and even within nuclei that share a cytoplasm in
Ashbya gossypii (15). Developmentally programmed endoploidy
(duplication of the genome without division during mitosis) also
regularly appears in the Plantae, Animalia, and fungal kingdoms
among a subset of cells as a response to physiological stress, in
resource-limited settings, or as a means to ward off DNA damage
(8,11-13). Furthermore, the signature of paleopolyploidy is prev-
alent among many sequenced eukaryotic genomes (16) and all
sexual species, by definition, undergo ploidy shifts during their life
cycles (17). Changes in ploidy (independently of other genetic
changes) directly affect cell size (18) and gene expression (19-24)
and may act as a mechanism to divert energy away from cell divi-
sion into the production of proteins (19, 25).

Polyploidy can also lead to the rapid accumulation of genetic
diversity within populations, as polyploid genomes are often
highly unstable. Offspring of polyploid cells frequently carry chro-
mosomal rearrangements and translocations and exhibit amplifi-
cation of chromosomal segments or whole-chromosome aneu-
ploidy (26-29). These major structural changes often incur a
fitness cost under normal growth conditions (30) and yet can be
beneficial under certain conditions. Cancer cells exhibiting a high
frequency of aneuploidy are associated with rapid cell growth (31—
35), and some aneuploidies confer resistance to chemotherapeutic
drugs (36, 37). Several recent studies in yeasts show that aneu-
ploidy may also promote adaptation to a diversity of stress condi-
tions (21, 38—43). Unlike polyploidization, which is predicted to
maintain gene expression dosage ratios across the genome, spe-
cific chromosomal aneuploidies can be advantageous through se-

lection for increased gene expression of a subset of genes. In C. al-
bicans, for example, 50% of isolates resistant to the antifungal drug
fluconazole carried at least one aneuploid chromosome and many
had a specific aneuploidy, isochromosome (5L), that contains two
genes (ERGI11 and TACI) that confer fluconazole resistance upon
overexpression (36). Likewise, fluconazole-resistant strains in
C. neoformans frequently contain extra copies of chromosomes 1,
4, 10, and 11 (42, 44), and high levels of Chr12 aneuploidy have
also been reported in clinical isolates (45). Yet the factors that
influence the rate of aneuploidy formation remain largely un-
known.

Here we asked whether titan cells enhance the ability of cryp-
tococcal populations to survive and adapt to stress conditions.
Using population-level experiments, we found that populations of
titan cells have a survival advantage over typical cells in multiple
environments. Furthermore, the normally sized daughter progeny
of titan cells maintained a growth advantage relative to the daugh-
ters of typical cells when grown in fluconazole. Interestingly, titan
cell offspring produced in the presence of stress are both resistant
to stress and genotypically variable, often carrying multiple chro-
mosomal aneuploidies.

RESULTS

Titan cell cultures survive stress conditions better than typical
cells. To study the survival of titan cells relative to the survival of
normally sized (“typical”) cells in the presence of physiologically
relevant stressors, we isolated and cultured purified titan and typ-
ical cell populations with different degrees of oxidative stress
(H,0,) and nitrosative stress (NaNO,) and with treatment with
the antifungal drug fluconazole, which targets ergosterol biosyn-
thesis (46). Titan cell survival exceeded that of typical cells at sev-
eral levels of each stressor, with the precise relationship being de-
pendent upon the environment tested (Fig. 1; see also Table S1 in
the supplemental material). With fluconazole stress, titan cells
had a survival advantage at high levels of fluconazole and yet re-
sponded similarly to lower levels of drug. With oxidative stress, in
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FIG 1 Titan cell cultures show increased resistance to multiple stresses. Typical and titan cells were isolated in vivo and grown in (A) YPD broth supplemented
with antifungal drug (fluconazole) or in RPMI broth supplemented with (B) H,O, (oxidative stress) or (C) NaNO, (nitrosative stress). Aliquots from each
treatment were plated on YPD, and CFUs were counted. Data are normalized to cells grown in YPD or RPMI broth alone and plotted as the mean from biological
triplicates with error bars indicating standard deviation. Asterisks (*) indicate the stress levels that were included in a two-way ANOVA model that showed a
statistically significant difference in survival and growth between titan and typical cell populations. [%t,], percent of time 0.
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FIG 2 Titan cell populations as well as the populations of their normally sized
titan daughter cells have a growth and survival advantage over typical cell
populations in fluconazole. Populations of titan and typical cells were grown in
(A) YPD plus fluconazole or (B) YPD. The resultant titan cell populations were
filtered to remove any remaining titan-sized cells. The normally sized daugh-

ters of titan cells and the typical cell populations were then reinoculated into
YPD plus fluconazole. *, P < 0.05.
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contrast, titan cells had a significant survival advantage at lower
levels of stressor but not at higher levels. With nitrosative stress,
the titan cell advantage was seen across all levels tested. Interest-
ingly, the number of titan cells present within the cultures under
these stress conditions did not increase following incubation;
rather, the populations were dominated by normally sized (5-um
to 7-um diameter) cells after incubation under stress conditions.
These data are consistent with titan cells producing normally sized
daughter cells upon replication (4).

To characterize the molecular mechanisms underlying the
stress resistance of the titan daughter cell populations, we ex-
plored resistance to the antifungal drug fluconazole in more de-
tail. To determine whether the presence of the titan cells was re-
quired, we examined the fluconazole resistance of the normally
sized offspring of titan cells grown in the presence of fluconazole
(Fig. 2). We grew both typical and titan cells in the presence of
128 pg/ml fluconazole and isolated their normally sized daughter
cells via filtration. If the initial increase in fluconazole resistance
was due to features of the titan cells themselves, then their purified
normally sized daughter cells should have behaved the same as the
offspring of typical cells. Importantly, the growth advantage af-
forded to titan cells in fluconazole (Fig. 1A) was maintained even
in comparison of the growth of their normally sized daughters to
that of typical daughter cells after a second round of growth in
fluconazole (Fig. 2A; two-way analysis of variance [ANOVA])
(type, F, 53 = 5.08, P = 0.034; experiment day, F, ,; = 0.47, P =
0.50). This indicates that the survival advantage of titan cells is
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passed along to their normally sized daughters when growth in
fluconazole is maintained. In contrast, when typical and titan cell
populations were first grown in yeast extract-peptone-dextrose
(YPD), there was no difference between the progeny of the typical
cells and the titan cell daughter progeny upon exposure to flu-
conazole (Fig. 2B; two-way ANOVA) (type, F, ,5 = 0.69, P = 0.42;
experiment day, F, ,; = 1.84, P = 0.19). These data suggest that
prior and continued exposure of titan cells to a stress somehow
provides the normally sized titan progeny cells with an enhanced
ability to survive the same stress.

The increased fluconazole resistance of titan daughter cells
could be due to selection for a subset of the original titan cells or
could be a general effect seen for all titan cells. To distinguish
between these possibilities, we examined the ability of individual
titan cells to produce fluconazole-resistant progeny. Single titan
and typical cells were micromanipulated onto YPD plates in both
the presence and absence of 8 ug/ml fluconazole (note that the
drug concentration in plates is not directly comparable to the drug
concentration in liquid). In this assay, only progeny that are able
to both survive and divide generate colonies. In the absence of
fluconazole, there was no difference between titan and typical cells
in colony growth results (77% survival in both cases; Table 1).
However, titan cells were much more likely than typical cells to
produce colonies in the presence of fluconazole (17.5% of titan
cells compared to only 3% of typical cells; P < 0.0001 by Fisher’s
exact test; Table 1). Taken together, these data show that titan cells
were more likely to survive and generate progeny in the presence
of stress and also that their normally sized titan daughter cells
inherit this stress resistance advantage.

Genomic basis of stress resistance. The observed stress resis-
tance of the titan daughter cell populations suggested a heritable
mechanism of resistance. We first examined ploidy of the titan
daughter cells from titan cells cultured under nutrient-replete and
stress conditions. Purified titan cells were isolated by filtration
from bronchoalveolar lavage (BAL) fluid and cultured using
nutrient-replete medium for 24 h (~11 generations). Flow cytom-
etry analysis of the cell populations revealed that while the vast
majority (>80%) of the starting cells were polyploid titan cells
(with a diameter of =15 um and >1C DNA content) (Fig. 3A and
B), the titan progeny were almost exclusively <15 um in diameter,
with flow profiles consistent with haploidy (Fig. 3B). Thus, titan
mother cells rapidly gave rise to populations of haploid progeny in
the absence of stress.

To follow the growth trajectories of specific titan mothers and
their progeny, five individual titan cells were macromanipulated

TABLE 1 Increased survival of titan progeny under conditions of fluconazole stress

No. of cells analyzed® No. of resulting colonies®

Cell type FLC® 1 2 3 1 2 3 Growth (% = SD)4 Growth normalized to no-treatment conditions (% = SD)¢
Titan — 40 40 50 29 29 42 76.3 * 6.6

+ 145 138 100 26 22 19 17.6 = 1.6 23.1 = 0.1*
Typical — 40 40 50 27 30 42 75.5 * 8.3

+ 145 150 150 3 4 6 29+ 1.0 3.9 £04*

@ FLC, fluconazole. The concentration of fluconazole was 8 ug/ml.

b Data represent the total numbers of single cells microdissected on YPD with or without fluconazole in three independent experiments.

¢ Data represent the numbers of colonies of titan and normally sized cells from microdissected cells in three independent experiments.

4 Data represent the proportions of microdissected cells that generated colonies. Data are expressed as averages of the percentages from the three experiments * standard deviation.
¢ Data represent the proportions of the microdissected cells that generated colonies on fluconazole normalized to the proportion generated on YPD. *, P < 0.05.
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FIG 3 Titan cells generate haploid progeny under nutrient-replete conditions. (A) Titan cell replication in YPD medium, showing a titan cell and its daughter cell. Bar
= 10 wm. (B) DNA content of purified titan cells at the time of isolation (4C) and following culture in YPD medium (1C) analyzed by flow cytometry using DAPI
staining. The numbers in the upper left corner of each panel represent the percentages of cells >15 wm or =15 um in diameter in the culture. (C) Single titan cells were
microdissected on YPD agar, and the DNA content of the resulting colonies was analyzed by flow cytometry. (D) Whole-genome sequence analysis of colonies generated
from single titan cells grown on YPD (TYPD). Chromosomal (chr) copy numbers were defined based on the depth of sequence coverage across each chromosome in
1,000-bp bins compared to the data from haploid KN99« cells grown in vitro. Different chromosomes are indicated in alternating red and blue. (E) Average ploidy for
each chromosome determined from the mean depth of sequence coverage across all reads mapped to each chromosome.

on YPD agar plates and incubated at 30°C for 48 h to produce
colonies. Consistent with the population experiment, the charac-
teristics of the cells from the resultant colonies were overwhelm-
ingly consistent with haploidy (Fig. 3C). Quantitative PCR
(qPCR) analysis of one gene on each chromosome and multiplex
PCR were first used in preliminary studies to estimate the chro-
mosome copy number for each of the strains generated from sin-
gle titan cells, and no evidence of aneuploidy was found. Higher-
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resolution whole-genome resequencing analysis, normalized to
haploid progenitor KN99« data, confirmed that all of these titan
cell progeny populations had rapidly undergone genome reduc-
tion to haploidy (Fig. 3D; qPCR results not shown). Thus, polyp-
loid titan cells generate euploid haploid progeny under nutrient-
replete, nonstress conditions.

Several studies have shown that specific aneuploid chromo-
somes confer fluconazole drug resistance in pathogenic fungi (42,
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FIG4 Titan cells generate aneuploid progeny in response to fluconazole stress. (A) Representative titan cell budding in YPD medium containing fluconazole. (B) DNA
content and percentage of purified titan cells (>15 wm in diameter) and typical cells (<15 wm) at the time of in vivo isolation and following in vitro culture in YPD
medium plus fluconazole. (C) DNA content of colonies that originated from single titan cells microdissected on YPD agar containing fluconazole. (D) Whole-genome
sequence analysis of genomic DNA isolated from the titan cell colonies. Chromosomal copy numbers were determined based on depth of sequence coverage across each
chromosome in 1,000-bp bins compared to haploid KN99« cells grown in vitro. Different chromosomes are indicated in alternating red and blue. (E) The average copy
number for each chromosome was determined from the mean depth of sequence coverage across all reads mapped to each chromosome.

47). Thus, we hypothesized that titan cell progeny growing in flu-
conazole may be aneuploid. To test this, five individual titan cells
were macromanipulated onto agar plates containing 8 ug/ml flu-
conazole and incubated at 30°C for 48 to 96 h to generate colonies.
Preliminary qPCR suggested that, in contrast to colonies grown
on YPD plates, these colonies contained aneuploidy (see Tables S2
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and S3 and Fig. S1 in the supplemental material). The whole-
genome resequencing analysis data were consistent with the qPCR
experiments and confirmed that each titan cell progeny popula-
tion contained at least one aneuploid chromosome or chromo-
some segment (TFlu-A) (Fig. 4). Southern analysis of intact chro-
mosomes by karyotype contour-clamped homogeneous electric
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FIG 5 Titan cell progeny generated in response to fluconazole have increased resistance. The data represent the growth of TFlu-A to TFlu-E and of KN99«
(control) after exposure to increasing concentrations of fluconazole. Data presented are the means of triplicate biological experiments, normalized to the same
strain grown in YPD, and error bars indicate standard deviations. MIC;, and MIC,, data indicate fluconazole concentrations that resulted in 50% and 90%

growth inhibition, respectively. Chr, chromosome.

field (CHEF) electrophoresis of TFlu-A detected an extra 1.3-Mb
band with a chr1R-specific probe (data not shown), consistent
with the expected size of the extra Chrl right-arm segment and
indicative of an additional small chromosome (isochromosome)
in the cells. Whole Chr1 disomy was observed in two other titan
progeny populations (TFlu-B and TFlu-C), and the remaining
two populations contained multiple duplications of other chro-
mosomes: TFlu-D was disomic for Chr4 and Chr6, and TFlu-E
was disomic for Chr4 and Chr10.

We next asked whether the fluconazole-resistant populations
acquired other genetic changes such as chromosome rearrange-
ments or single nucleotide variants (SNVs). CHEF gel karyotype
analysis did not detect gross chromosomal rearrangements in any
of the populations (data not shown). The whole-genome se-
quence data were then analyzed for SNVs and small indels. Six
SNVs were identified across TFlu-A (2 SNVs), TFlu-B (2 SNVs),
TFlu-C (1 SNV), and TFlu-E (1 SNV) compared to KN99« (see
Table S4 in the supplemental material). Only three of these SNVs
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immediately after cell division and incubated at 30°C to generate colonies. (C) Photographs of colony size variation among individual titan daughter cells grown
on YPD (T1ypp and YPD plus FLC) (T2, to T6y,); the order of titan cell division is from left to right. (D) Colony size measured for each daughter cell colony
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FIG 7 Titan cells generate progeny with extensive genomic diversity. Data represent results of whole-genome sequence analysis of fluconazole-resistant single

titan daughter cells from titan cell strains (T2, T3, and T6); average ploidy for
all reads mapped to each chromosome is shown.

were in coding regions, and only two SNVs, both in hypothetical
proteins, caused amino acid substitutions. Thus, primary-
sequence single-base-pair changes were rare.

Finally, to quantitate whether the aneuploid titan cell progeny

each chromosome determined from the mean depth of sequence coverage across

showed an increase in resistance to fluconazole relative to the
progeny of parental strain KN99«a, we measured MICs by mi-
crodilution assay. All five of the aneuploid progeny cultures ex-
hibited a significantly higher drug MIC than the parent strain
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FIG 8 Fluconazole resistance of titan cell progeny with different aneuploidies. Data represent growth of colonies derived from (A) sibling titan cell 2 progeny
(diploid) or (B) sibling titan cell 3 progeny (haploid) after exposure to increasing concentrations of fluconazole. Data are presented as the means of the results
of triplicate biological experiments, normalized to the same strain grown in YPD, and error bars indicate standard deviations. MIC,, and MIC,, data indicate
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FIG 9 Titan progeny resistant to oxidative and nitrosative stress are not aneuploidy. Data represent the results of whole-genome sequence analysis of (A)
oxidative-resistant and (B) nitrosative stress-resistant progeny grown from single titan cells. Average ploidy for each chromosome determined from the mean
depth of sequence coverage across all reads mapped to each chromosome is shown.

(MICs;, values for the progeny were all either 16 ug/ml or 32 ng/
ml; the MIC5, value for the parent strain was 2 ug/ml) (Fig. 5),
indicating the rapid acquisition of increased drug resistance. Titan
cells are thus capable of rapid phenotypic and genotypic change.
Titan cell strains cultured under nutrient-replete conditions pro-
duced euploid haploid offspring, while titan cell strains cultured
under fluconazole stress conditions produced aneuploid haploid
offspring that had acquired drug resistance.

Titan cells generate sibling daughter cells with different ane-
uploidies. In the experiments described above, each titan cell pro-
duced progeny that could grow under fluconazole stress condi-
tions and the resulting populations contained variable suites of
aneuploid chromosomes. We next asked whether this variability
extended to sibling daughter cells produced by the same titan
mother. We utilized sequential microdissection to isolate sibling
daughter cells from six titan mother cells (Fig. 6A and B) and
measured their viability and growth rate under nutrient-replete
(YPD; one set of titan cell-derived offspring) and drug stress (YPD
plus fluconazole; five sets of titan cell-derived offspring) condi-
tions. Under nutrient-replete conditions, sibling daughter cells
produced similarly sized colonies (T1ypp,) (average area of colony,
2.0 mm?; range, 1.17 to 2.97 mm?) (Fig. 6C and D), suggesting that
all titan cell daughter strains were viable and had similar growth
potentials when not exposed to stress. In contrast, when sibling
daughters were grown on 8 ug/ml fluconazole (a level above the
MIC of the KN99« parent strain), some sibling strains did not
produce a colony whereas those siblings that did grow had very
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different colony sizes, from very small to 1.5X the size of the
largest colony seen on YPD (for T2, 0.96 to 5.05 mm?; for T3y,
0.08 to 1.9 mm?; for T4y, 0.29 to 2.06 mm?; for T5g,, 0.16 to
3.38 mm?; for T6y,, 0.10 to 3.12 mm?) (Fig. 6C and D). Sibling
progeny strains thus differed phenotypically, and this result is sug-
gestive of genotypic differences.

To investigate potential genomic differences between the pop-
ulations resulting from sibling titan daughter cells, we analyzed
karyotypic variation with whole-genome sequencing for popula-
tions derived from the five titan cell strains isolated on fluconazole
described above (T2 to T6) and an additional 7 titan cell strains
(T7toT13) foratotal of 43 daughter strains from 12 different titan
cell mother strains. Strikingly, multiple aneuploid karyotypes
were generated by sibling daughter cells (Fig. 7; see also Fig. S2 in
the supplemental material). At the extreme, all three sibling
strains isolated from T6 (Fig. 7) were different: strain T6.1 was
disomic for Chrl, strain T6.6 was disomic for Chr4, and strain
T6.8 was disomic for both Chr4 and Chr10. Interestingly, ~25% of
the titan daughter strains seemed to have a base diploid genome.
Three siblings from T2 had a chromosome with reduced copy (i.e.,
monosomy), which is possible only with a base genome that is
diploid (at least). An additional nine strains had at least one chro-
mosome with a copy number close to 1.5X that of the base ge-
nome (Fig. 7; see also Fig. 52). It is theoretically possible that the
1.5X chromosomal population frequency is achieved through a
50:50 mixed population of haploid euploids and haploid disomes,
but a diploid base genome with chromosomal trisomy is more
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parsimonious. In two cases (T2.7 and T3.10; Fig. 7), there were
two chromosomes at 1.5 if there were mixed populations with a
haploid base genome, both chromosomes would have to have
been lost at equal rates (and in 50% of the population). It may be
that certain titan cells are more likely to produce diploid daughters
than others—all six siblings from T2 were putative diploids. Thus,
titan mother cells have the capacity to generate a diverse repertoire
of daughter cells carrying different base ploidy states in addition to
different types of aneuploidies.

To determine the effect of ploidy and different aneuploid chro-
mosomes on fitness in fluconazole, we measured the MIC of sib-
ling strains with different ploidy and aneuploid karyotypes. All
progeny tested had increased MICs, levels compared to the paren-
tal strain (Fig. 8). Progeny from T3 (haploid base ploidy) had
consistently higher MICs, levels than progeny from T2 (putative
diploid base ploidy, with the exception of T2.6). Interestingly,
although Chr1 disomy or trisomy was by far the most frequently
isolated aneuploidy (26 of 53 strains analyzed), strains carrying
other aneuploidies reached MIC levels similar to those of strains
with extra copies of Chrl, demonstrating that comparable levels of
fluconazole resistance can be achieved by multiple mechanisms.

Titan cells generate haploid daughter cells under nitrosative
and oxidative stress conditions. As all but one of the fluconazole-
resistant titan daughter strains were aneuploid, we hypothesized
that aneuploidy would also explain the survival benefit of titan cell
strains under conditions of oxidative and nitrosative stress. We
analyzed progeny from titan cells cultured in the presence of oxi-
dative stress and nitrosative stress (6 and 50 progeny populations,
respectively) by flow cytometry and performed whole-genome se-
quencing on 6 oxidative-stress-resistant and 5 nitrosative-stress-
resistant titan daughter populations (Fig. 9). Unexpectedly, no
aneuploidy or ploidy variation was evident in the whole-genome
sequence data from these titan progeny cells. Point mutation rates
under nitrosative and oxidative stress conditions were similar to
those seen in the nutrient-replete and fluconazole-resistant prog-
eny (see Table S5 in the supplemental material) (note that many of
the predicted changes are on Chr11 and likely reflect segregating
variation between KN99«;, the progenitor strain, and H99, the
strain used for sequence alignment). These data suggest that an-
euploidy is not positively selective under conditions of nitrosative
and oxidative stresses. Furthermore, since titan progeny popula-
tions are better able to grow following exposure to these stresses
(Fig. 1), this indicates that there must be additional mechanisms,
aside from aneuploidy, that can enhance stress resistance in titan
progeny relative to typical cell progeny.

DISCUSSION

Enlarged cryptococcal cells have been observed in human pulmo-
nary infections since the 1970s (7), but recently these polyploid
titan cells have begun to be analyzed in detail (4, 9). Titan cells,
which are thought to arise via endoreplication (48, 49), play an
important role in establishment of the initial pulmonary infec-
tion, subsequent dissemination to the central nervous system, and
overall virulence (3, 4, 11, 12), and yet little is known about the
underlying molecular and genetic mechanisms by which titan cells
contribute to disease. Here we isolated single titan cells and titan
daughter cells to examine how populations initiated from titan
cell strains were able to adapt to a range of stress conditions. Sep-
arate analyses of titan and typically sized (typical) cells revealed
that the titan cell population had a growth advantage under three
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different stress conditions (oxidative, nitrosative, and flucona-
zole).

Populations derived from individual titan cells were six times
more likely to form colonies in the presence of fluconazole than
typical cryptococcal cells (Table 1). Similar results were observed
in liquid culture, where populations initiated from titan cells
achieved higher growth than populations from typical cells at high
levels of fluconazole (Fig. 1A; ~2% survival advantage relative to
typical cells). Importantly, this survival growth advantage was
maintained when we isolated the normally sized daughters of titan
cells grown in the presence of fluconazole (a 9-fold increase in
population size if we correct for the number of cells that grew in
YPD; a 12-fold increase without correction). Thus, although the
difference between titan and typical cells in the numbers of off-
spring produced may appear minor (see, e.g., Fig. 1A), the signif-
icant advantage seen with the titan cells is more evident at the
single-cell level (Table 1). Furthermore, this advantage is passed
on and magnified in their offspring when growth in fluconazole is
maintained (Fig. 2A). As cryptococcal populations can be quite
large in vivo, even a small numerical advantage has the potential to
increase the efficacy of selection and the likelihood that resistant
mutants would arise within the population.

The genomic changes that facilitated the growth of resistant
populations in fluconazole were identified by whole-genome se-
quencing. We macromanipulated 17 titan cells onto fluconazole
and then microdissected sequential daughter cell strains from 12
of them. We resequenced the whole genomes of cells isolated from
the resultant colonies of the first 5 titan cell populations and of 43
titan cell daughter strains. Whole-chromosomal aneuploidy was
detected in 46 of the 48 different strains, while 1 of the original
titan cell populations contained an isochromosome of ChrlR.
Furthermore, although the majority of strains had a haploid base
genome, 12 (25%) putative diploid strains originating from seven
different titan mother cells were also isolated. Very few point mu-
tations were acquired in either the presence or the absence of
stress, as expected given the low number of cell divisions that had
ensued (~20 cell divisions during colony formation [50] and ~8
generations to grow a colony overnight in liquid medium prior to
sequencing). The low point mutation rate highlights the high rate
at which aneuploidy appeared and the strong selective advantage
that enabled aneuploid isolates to sweep through the titan cell
daughter populations that were maintained in the presence of
fluconazole.

The rapid genome reduction seen with polyploid titan cells
occurred within a very small number of cell divisions. The cellular
mechanism that mitotically produces genomic variants from
polyploid parental cells in C. neoformans remains unknown. Stud-
ies of S. cerevisiae, C. albicans, and mammalian cells suggest two
possible routes to aneuploidy: (i) chromosome missegregation
due to syntelic attachments where the two sister chromosomes
attach to the same spindle pole due to distortions of the spindle
geometry caused by the polyploidy (51) and (ii) defects in chro-
mosome segregation due to multiple centrosomes/spindle pole
bodies per cell (32). In C. albicans populations grown in flucona-
zole, tetraploids form through a mitotic defect and retain two
mitotic spindles. The presence of multiple spindles in the tetrap-
loids drives unequal chromosome segregations that produce sub-
populations of cells that are aneuploid as well as an appreciable
subpopulation whose members are inviable (52). Whether titan
daughter cell populations also produce intermediate karyotypes
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remains unknown. The observation that all titan daughter cells
generated in the absence of stress are viable haploids suggests that
missegregation is not typical during titan cell division. Since not
all stresses induced aneuploidy as the mechanism of resistance, it
is also possible that missegregation, and production of nonviable
intermediates, is a specific consequence of fluconazole exposure.
We identified several sibling cells that did not grow in fluconazole,
but we were unable to differentiate between drug resistance and
lack of viability in our system. Importantly, a single polyploid titan
mother cell grown in fluconazole produced daughter cell popula-
tions with several different aneuploid karyotypes, indicating that
the mechanism that produces aneuploid daughters from polyp-
loid titan mothers is not entirely deterministic.

A relationship between aneuploidy and stress response has
been observed in previous studies of fungal microbial species un-
der a range of conditions (39, 42, 53). We propose that the key
change producing fluconazole resistance in titan daughter cells is
ploidy variation and aneuploidy in particular. The most frequent
aneuploidies identified in the titan cell progeny were disomy for
all or part of Chrl and/or disomy of Chr4. Extra copies of chro-
mosomes 6, 8,and 10 also appeared in a smaller number of strains,
always in the presence of a second extra chromosome or in a
putative diploid (rather than haploid) genome. Less frequently,
and only in putative diploids derived from the same titan cell, we
observed loss of chromosomes 9 and 13. Taken together, these
data are consistent with the observation that chromosomes 1, 4,
10, and 11 are frequently found in fluconazole-resistant strains of
C. neoformans (42) and suggest that the suite of aneuploidies that
appears and is selected in titan cell daughters are very similar to
those aneuploidies previously identified under fluconazole stress
conditions. Unlike previous studies that were initiated with hap-
loids, however, a large number of the titan daughter cells carried
multiple aneuploidies. Furthermore, we did not detect a correla-
tion between the number of disomic chromosomes and MIC in
the titan progeny. Aneuploidy is unstable in most organisms, in-
cluding C. neoformans. Aneuploid and diploid hybrid strains
formed by crossing C. neoformans var. grubii and C. neoformans
var. neoformans are unstable and frequently undergo loss of indi-
vidual chromosomes (54). Fluconazole-resistant aneuploid
strains frequently return to the haploid state when fluconazole
stress is removed (42), and studies performed with human clinical
isolates show differences in fluconazole resistance based on the
length of exposure to fluconazole within the laboratory (55, 56).

That titan progenies exposed to oxidative and nitrosative stress
conditions do not show evidence of aneuploidy is intriguing, as
titan cell populations showed a significant survival and growth
advantage at multiple levels of these stressors. These data suggest
that aneuploidy is not an available beneficial response to these
stressors. Furthermore, only a single amino acid change was iden-
tified among 11 sequenced titan cell offspring isolated from nitro-
sative and oxidative stress conditions (in an uncharacterized pro-
tein; see Table S5 in the supplemental material). It thus seems
likely either that undetected structural genomic changes have
arisen in these populations or that titan cells provide their off-
spring with an epigenetic or physiological advantage under some
stress conditions. Of course, in addition to aneuploidy, such
mechanisms could also contribute to fluconazole resistance of the
titan progeny. It is also important to note that the fluconazole
treatment could be causing the observed aneuploidy and that this
may not be a normal response to other stresses.
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Titan cell production is primarily observed during interactions
with eukaryotic host organisms such as humans, mammals, and
insects (4, 7, 57). Titan cells are produced within 1 day after the
cryptococcal cells enter the host (4). We envision that the response
to this new environment triggers titan formation and that titan
cells subsequently divide to produce multiple haploid (or diploid)
daughter cells, all with potentially different karyotypes. This could
provide a high degree of genetic variation relatively rapidly and
could do so at a rate significantly higher than that seen with the
long time scales required for beneficial mutations to appear and
become established within the small clonal founding population.
Aneuploidy, such as that seen in clinical isolates (45, 56) and with
fluconazole stress, may permit cryptococcal populations to sur-
vive and adapt to the range of new environmental challenges
found in the host. Importantly, because aneuploidy is much less
stable than genomic mutations, it is easily reversible, and thus
chromosomes can either be gained or lost very quickly, providing
a wide range of diversity upon which selection can act. The tran-
sition from polyploid titan cells to haploidy may also increase the
chromosomal rearrangement rate, and future work should deter-
mine whether such rearrangements are present within the titan
daughter populations resistant to oxidative and nitrosative stress.

Understanding how titan cells generate genetically and karyo-
typically diverse progeny will facilitate the development of new
therapeutic strategies aimed at blocking these ploidy transitions.
For example, a genome-wide screen in S. cerevisiae identified
genes essential for the viability of polyploid cells (51). Develop-
ment of antifungal drugs that target the essential processes neces-
sary for titan cell formation or subsequent division would limit the
ability of C. neoformans to adapt to the host environment, ulti-
mately limiting disease progression.

Titan cell progeny clearly have a range of potential karyotypes,
demonstrating the plasticity of the C. neoformans genome and the
ability of C. neoformans to tolerate chromosomal imbalances and
genomic rearrangements under certain conditions. The dramatic
titan cell phenotype makes C. neoformans an excellent model sys-
tem for the study of genome plasticity, as cells undergoing
genomic changes are readily identifiable and trackable. In addi-
tion, these results highlight the need for novel techniques to study
single cells in real time and to follow how they rapidly adapt to
changing environments—whether that environment is inside a
host for pathogens, in response to global warming for environ-
mental organisms, or due to changes in microbiome or metabo-
lism for mammalian cancer cells.

MATERIALS AND METHODS

Ethics statement. Mice were handled in accordance with guidelines de-
fined by the University of Minnesota Animal Care and Use Committee
(IACUC), under approved protocol numbers 1010A91133 and 1308-
30852. All animal experiments were done in concordance with the Animal
Welfare Act, United States federal law, and NIH guidelines.

Production and isolation of titan cells. C. neoformans var. grubii
strain KN99a (58) was grown at 30°C in yeast extract-peptone-dextrose
(YPD) agar or broth medium (BD, Hercules, CA) overnight. Cells were
collected by centrifugation, washed with phosphate-buffered saline
(PBS), and resuspended in sterile saline solution. Groups of 6- to 8-week-
old female A/J or C57BL/6] mice (Jackson Laboratory, Bar Harbor, MA)
were anesthetized by intraperitoneal pentobarbital injection and infected
intranasally with 5 X 106 cells in a 25-ul volume. At 3 to 5 days postinfec-
tion, mice were sacrificed by CO, inhalation, a needle was placed into the
trachea, and lungs were lavaged with 1.5 ml sterile PBS three times.

September/October 2015 Volume 6 Issue 5 e01340-15


mbio.asm.org

Cells harvested by bronchoalveolar lavage (BAL) were centrifuged at
12,000 X g for 1 min. To lyse host cells, samples were resuspended in
0.05% SDS-sterile water and subjected to vortex mixing. Cells were then
washed twice with sterile water and resuspended in PBS. To separate titan
and normally sized (which we refer to as “typical”) cell populations,
washed BAL fluid samples were filtered using CellMicroSieves (BioDesign
Inc. of New York, Carmel, NY) with a 20-um pore size. The CellMicro-
Sieves were then rinsed with PBS to remove typical cells from the filter. To
recover the titan cell population, the CellMicroSieves were inverted and
the membrane was washed with PBS. The resulting titan cell population
was concentrated by centrifugation at 12,000 X g for 1 min. To recover the
typically sized cell population, the filter flowthrough was concentrated by
centrifugation at 12,000 X g for 1 min.

To purify single titan or typical cells, washed BAL fluid samples were
deposited onto the top quarter of a YPD agar plate. Cells were individually
microdissected using an Axioskop tetrad 40 microscope (Carl Zeiss, Jena,
Germany) (typical cells) or macrodissected with a Wild M5 stereomicro-
scope (Wild Heerbrugg AG, Switzerland) (titan cells) to the lower half of
the plate, followed by incubation at 30°C for 48 h to generate colonies.

To isolate individual titan daughter cells, macrodissected titan cells
were incubated at 30°C for approximately 8 h or until the first cell division.
Single titan daughter cells were isolated from the mother titan cell using
microdissection. Plates were incubated at 30°C for 48 to 96 h until colo-
nies developed. The size of resultant colonies was measured through the
“Analyze particles” macro in Image].

Stress resistance assays. To measure resistance to nitrosative and ox-
idative stress, titan and typical cell populations (10,000 cells) were inocu-
lated in 100 ul of RPMI medium, at pH 5.0, supplemented with 10% fetal
bovine serum (FBS) (ATCC, Manassas, VA), 2% glucose (BD), 1 mM
sodium pyruvate (Invitrogen, Carlsbad, CA), 0.01 M HEPES (MP Bio-
medicals, Solon, OH), 5% penicillin/streptomycin (Invitrogen), and
0.05 mM B-mercaptoethanol (Chemicon), with or without stress (for
nitrosative stress, 1.25, 2.5, 5, 10, and 20 mM sodium nitrite [NaNO,]
[Sigma-Aldrich]; for oxidative stress, 0.75, 1.5, 3, 6, and 12 mM stabilized
hydrogen peroxide [H,0,] [Walgreens Co., Deerfield, IL]). At 16 h post-
treatment, 10-fold dilutions of each culture were plated onto YPD agar for
CFU enumeration. To measure resistance to fluconazole stress, titan and
typical cell populations (1,000 cells) were inoculated into YPD medium
with 0, 2, 4, 8, 16, 32, 64, 128, 256, or 512 ug/ml fluconazole. After 24 h of
incubation at 30°C, each culture was plated onto YPD agar for CFU enu-
meration. Titan and typical cell populations were also inoculated simul-
taneously into supplemented RPMI medium or YPD medium (as appro-
priate). The percentage of survival was calculated as follows: (number of
cells under stress conditions/number of cells without stress) X 100. Data
were analyzed for each stressor through a two-way ANOVA using cell type
(titan or typical) and stress level and their interactions in the model. A full
model with all stress levels was tested first. If the results obtained with this
model were not significant, sequential models were tested that split the
data into low-stress and high-stress groups (see Table S1 in the supple-
mental material). Data presented are representative of results of three
independent experiments from one mouse per experiment.

Single titan and typical cells were purified from BAL fluid samples
using microdissection onto YPD agar (control) or YPD agar supple-
mented with 8 ug/ml fluconazole and incubated at 30°C for 48 to 96 h,
and the number of colonies was enumerated. Data are representative of
results of three independent experiments from one mouse per experi-
ment.

Determinations of survival and growth of populations initiated from
typical cells and normally sized daughters of titan cells in repeated expo-
sure to fluconazole were initiated as described above. Titan and typical cell
populations acquired from BAL fluid were split, and 10,000 cells of each
were inoculated (separately) into 100 ul of YPD or YPD supplemented
with 128 ug/ml fluconazole. After 24 h of incubation at 30°C, cells from
each treatment were diluted and plated onto YPD plates. The remaining
samples from the YPD-plus-fluconazole treatments were transferred into
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fresh medium and filtered to remove any titan cells. The filtered normally
sized cells derived from titan cells and typical cells were centrifuged to
remove the supernatant and added to YPD or YPD plus fluconazole. After
24 h of incubation at 30°C, each sample was again diluted and plated onto
YPD plates. YPD plates were always incubated at 30°C for 48 h prior to
counting CFUs. The total number of cells plated was determined, and the
number of cells that grew after exposure to fluconazole was standardized
using the number of CFU determined after growth in YPD (i.e., no drug
control). Data presented are representative of results of four independent
experiments from one mouse per experiment; statistical assessment was
conducted on the full set of data, with experimental day as a factor in the
model.

To determine MICs in fluconazole, overnight cultures of KN99« col-
onies, colonies from macrodissected titan cells, and colonies derived from
individual titan daughter cells were washed twice with PBS and diluted to
a final concentration of 2.5 X 10* cells/ml in RPMI 1640 medium (with
L-glutamine and bicarbonate [pH 7.0]) supplemented with 0, 2, 4, 8, 16,
32, 64,128, 256, or 512 ug/ml fluconazole. The optical density at 600 nm
(ODygq,) was measured before (OD,) and after (OD,,; ) incubation at
30°C in 5% CO, for 72 h. Mean OD data were obtained from triplicate
samples. Percent survival was calculated as follows: [AOD ;g
(treated)/AOD ;,,_op,) (untreated)] X 100. MICs,, and MIC,,, values were
defined as the lowest concentration of drug that resulted in 50% and 90%
reductions of growth, respectively. Data are representative of results of
three independent biological experiments.

Ploidy determination by flow cytometry. That ploidy of titan cell
progeny was different from that of titan cells was initially determined by
flow cytometry. Log-phase cultures were harvested by centrifugation at
12,000 X g, fixed in 3.7% formaldehyde at room temperature for 30 min,
and washed with PBS. Fixed cells were resuspended in PBS at a concen-
tration of approximately 1 X 10 cells/ml and sonicated for 10 s three
times. Cells were stained with 300 ng/ml DAPI (4’,6-diamidino-2-
phenylindole) (Invitrogen, Carlsbad, CA) at room temperature for
15 min and then washed with PBS. Flow cytometry was performed on
10,000 cells using an LSR II flow cytometer (Becton, Dickinson, Hercules,
CA). The fluorescence of unstained fixed cells was used to establish the
baseline, and log-phase KN99« cells grown in YPD were used as a control
to identify haploid cell populations (4). Flow cytometric data were ana-
lyzed using Flow]Jo software (Treestar, Ashland, OR).

Analysis of aneuploidy. To examine karyotypes using pulsed-field gel
electrophoresis, fluconazole-resistant strains were grown in yeast nitro-
gen base (YNB) medium supplemented with 1 M NaCl and 8 ug/ml flu-
conazole at 30°C until an optical density at 600 nm of 0.5 was reached.
Strain KN99a grown in YNB medium without fluconazole was used as a
haploid control. Cells were harvested and agarose-embedded intact chro-
mosomal DNA was prepared as described previously (59). Samples were
run in a 1% agarose gel using 0.5X Tris-borate-EDTA (TBE) running
buffer and a CHEF-DR III apparatus (Bio-Rad, Richmond, CA). Gel elec-
trophoresis settings were as follows: 7- to 100-s switch, 4.5 V/cm, and 120°
angle (for 21 h), followed by 80- to 400-s switch, 3.5 V/cm, and 120° angle
(for 21 h). Chromosomes were stained and visualized with ethidium bro-
mide. Southern blot analysis was performed using a 505-bp probe corre-
sponding to the CNAG_00385.2 gene on the right arm of chromosome 1.
The probe was generated using PCR amplification with primers KN0463
(5" CAT AGG GAA GAC TGA TAG CTG 3’) and KN0464 (5 GCT GTG
GTG CTG GGA ACA AG 3') and labeled with digoxigenin-11-dUTP
(DIG-11-dUTP) (Roche, Lewes, United Kingdom).

Cell karyotypes were also analyzed by quantitative PCR. gPCR primers
were designed to amplify 100 bp on one arm of each of the 14 cryptococcal
chromosomes. All primers were searched using BLAST to ensure their
uniqueness and validated by 10-fold serial dilution to determine that the
amplification efficiency was close to 2. Sequences, chromosomal loca-
tions, amplicon sizes, and the amplification efficiency of the primers used
in this study are provided in Table S2 in the supplemental material. qPCR
reactions were performed in an iQ5 real-time PCR detection system (Bio-
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Rad) using 15-ul reaction volumes. All reactions were set up in technical
triplicate. Each reaction mixture contained 2X iQ SYBR green supermix
(Bio-Rad), 300 nM (each) primer, 5-ng genomic DNA from CTAB ex-
traction, and distilled water (dH,O). Cycling conditions were 95°C for
5 min followed by 40 cycles of 95°C for 15 s and 55°C for 1 min. Melt curve
analysis was performed in 0.5°C increments from 55 to 95°C for 5 s for
each step to verify that no primer dimers or product from misannealed
primers had been amplified. Threshold cycle (C;) values were obtained
using iQ5 optical system software version 2.0 (Bio-Rad) where the thresh-
old was adjusted to be within the geometric (exponential) phase of the
amplification curve. Chromosome copy numbers were determined using
a modified version of the classical AAC; method as described by Pavelka
et al. (38). Aneuploidy was also determined using multiplex PCR as de-
scribed by Ni et al. (60). The primers for multiplex PCR are listed in
Table S3.

Whole-genome sequencing. Colonies from purified single titan cells
and titan daughter cells were randomly selected and inoculated in 50 ml
YPD supplemented with 8 ug/ml fluconazole and in RPMI medium sup-
plemented with 3 mM H,0, or 10 mM NaNO, for overnight culture at
30°C. Genomic DNA was prepared using cetyltrimethylammonium bro-
mide (CTAB) phenol-chloroform extraction as described previously (61).
Genomic DNA was further purified using a PowerClean DNA cleanup kit
(Mo Bio). Genomic DNA was then fragmented, and library preparation
was performed by the DNA sequencing core at the Mayo Clinic (Roches-
ter, MN) using standard Illumina protocols and Illumina paired-end
adapters. Paired-end 100-cycle multiplex sequencing was performed on
an [llumina Hiseq 2000 sequencer (Illumina, San Diego, CA).

The paired-end fastq files were aligned against the C. neoformans var.
grubii H99 genome (http://www.broadinstitute.org/annotation/genome/
cryptococcus_neoformans/) using the Ymap analysis pipeline (14). The
read depth for each mapped base pair was determined, and the average
number of reads per mapped base pair was calculated for each chromo-
some. Chromosomal copy numbers were assigned by comparing the av-
erage number of reads per chromosome in the subject strain to the average
number of reads per chromosome in the resequenced KN99«a haploid
progenitor strain used for all experiments.
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