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Inaccurate chromosome segregation can lead to the formation of aneuploid
cells that harbor an imbalanced complement of chromosomes. Several fungal
species are not only able to tolerate the detrimental effects of aneuploidy but
can use it to adapt to environmental pressures. The fungal pathobiont Candida
albicans frequently acquires supernumerary chromosomes that enable growth
in the presence of antifungal drugs or in specific host niches, yet the tran-
scriptional changes associated with aneuploidy are not globally defined. Here,
a karyotypically diverse set of C. albicans strains revealed that expression
generally correlated with gene copy number regardless of the strain kar-
yotype. Unexpectedly, aneuploid strains shared a characteristic transcrip-
tional profile that was distinct from a generalized environmental stress
response previously defined in aneuploid yeast cells. This aneuploid tran-
scriptional response led to altered growth and oxidative balances relative to
euploid control strains. The increased expression of reactive oxygen species
(ROS) mitigating enzymes in aneuploid cells reduced the levels of ROS but
caused an acute sensitivity to both internal and external sources of oxidative
stress. Taken together, our work demonstrates common transcriptional and
phenotypic features of aneuploid C. albicans cells with consequences for
infection of different host niches and susceptibility to environmental stimuli.

Defects in cell division can lead to mis-segregation of chromosomes
during mitosis and the formation of aneuploid cells which contain an
uneven complement of chromosomes. Aneuploidy is often tied to
general fitness defects in single-celled eukaryotes and can result in
spontaneous abortion or tumor production in multi-cellular species' .
These detrimental effects are directly linked to genetic dysregulation
via DNA copy number changes. In general, genes in amplified regions
of aneuploid cells exhibit increased expression in accordance with
their dosage*, so that a trisomic chromosome in a diploid species
displays a 50% increase in gene expression. However, mechanisms to

compensate for increased gene dosage can operate in human cancers
due, in part, to transcriptional suppression via DNA methylation®”, and
similar compensatory mechanisms operate on a subset of genes on
supernumerary chromosomes in the model yeast Saccharomyces
cerevisiae®. Genetic imbalance can also produce generalized stress
responses in addition to gene-specific responses such as those
observed in oncogenic transformation®™. Studies in S. cerevisiae have
defined a transcriptional profile common to aneuploid strains that is
similar to the environmental stress response (ESR)'. This profile is also
observed in other eukaryotic species and can result in increased
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proteotoxic stress due to protein misfolding and aggregate formation,
metabolic defects, and altered growth*'*¢,

Yeast species have served as an excellent model for investigating
aneuploidy because of their ability to propagate stably across different
ploidy states and to tolerate the presence of supernumerary
chromosomes”. Aneuploidy in many yeast species can arise either
through errors during meiosis or unequal chromosome segregation
during mitosis'®". In the pathobiont Candida albicans, ~5% of a col-
lection of 182 isolates was found to contain supernumerary
chromosomes®, and this percentage was higher in other clinical col-
lections, possibly due to strains having been exposed to antifungal
drugs®?*. Indeed, exposure to the azole class of antifungal drugs can
decouple nuclear division and cell separation to produce kar-
yotypically diverse cell populations®. Additionally, the parasexual
mating cycle in C. albicans frequently generates aneuploid cells, as
mating products undergo an uncoordinated process of ploidy reduc-
tion termed concerted chromosome loss (CCL) to produce a wide
variety of aneuploid progeny* . In contrast to other yeast species, it
is unclear how copy number and gene expression are associated in C.
albicans. Initial studies suggested chromosome copy number may
influence gene expression®?°, while more recent investigations indi-
cated potential compensation for imbalanced genes but relied on a
relatively small number of strains and focused on single
chromosomes®.,

Carriage of supernumerary chromosomes has been shown to
improve C. albicans fitness under specific conditions. For example,
amplification of chromosome 5 (Chr5) genes enables resistance to
azole drugs by increasing expression of the ERGII drug target®,
while an extra copy of Chr7 provides a fitness advantage for gastro-
intestinal colonization through elevated NRGI expression®**. Indeed,
the relatively few fitness benefits associated with aneuploid strains
have been linked to specific imbalanced chromosomes® %, However,
most aneuploid C. albicans strains exhibit a fitness defect when grown
under a variety of in vitro conditions, consistent with there being a
significant cost associated with aneuploidy®. The fitness defects
associated with aneuploids are thought to contribute to their
instability and the convergence of aneuploid C. albicans strains
towards euploidy during repeated in vitro passaging®. Yet, the fre-
quent isolation of aneuploid C. albicans isolates from the clinic sug-
gests that these cells also display traits that are either beneficial or lack
substantial fitness costs to colonization or propagation in certain
human host environments.

In this study, we characterized the transcriptional profiles and
phenotypes of a diverse set of aneuploid C. albicans strains harboring
different supernumerary chromosomes. These experiments used the
C. albicans parasexual program to generate aneuploid derivatives of
SC5314, the genome reference isolate of the species. We show that
transcript abundance strongly correlates with gene copy number on
imbalanced C. albicans chromosomes. Moreover, we uncover a shared
aneuploid stress response (ASR) in C. albicans that is independent of
strain karyotype. The ASR confers unique phenotypes to aneuploid
cells that distinguishes them from their euploid counterparts and is
not conserved with transcriptional responses to other environmental
stresses. Together, these results demonstrate both shared and unique
transcriptional responses among aneuploid C. albicans strains with
consequences for adaptation to different host niches.

Results

C. albicans gene expression correlates with relative

copy number

Diploid C. albicans SC5314 strains were mated to generate tetraploid
products that were then induced to undergo CCL by incubation on pre-
sporulation medium at 37°C for seven days***°. Viable parasexual
progeny were assessed for ploidy reduction by growth on
2-deoxygalactose (2-DOG) medium, which selects for loss of the two

Chrlencoded GALI copies from the tetraploid mating product. 2-DOG-
resistant progeny were subsequently screened for DNA content by
flow cytometry to identify isolates that had slightly greater than
diploid DNA content. In total, 44 parasexual progeny screened by flow
cytometry were selected for further genomic and transcriptomic
analysis (Fig. 1a).

Selective genotyping by double-digest restriction site associated
DNA sequencing (ddRAD-Seq) was used to define C. albicans strain
karyotypes based on comparative read depth for each of the eight
chromosomes. Sequenced strains carried a range of karyotypes with 19
strains harboring a single trisomic chromosome and others containing
up to four trisomic chromosomes (Supplementary Data 1). Three
strains were karyotypically complex and subsequently removed from
the initial study. For example, one mostly disomic strain contained
four copies of Chr5 and another strain contained a mixture of stably
inherited monosomic and trisomic chromosomes (Figure S1A). An
additional single strain was disomic for all eight chromosomes and
removed from downstream analysis.

Ultimately, the 36 strains included in this study contained triso-
mies for each of seven of the eight C. albicans chromosomes (Fig. 1b).
No strain contained trisomy of Chrl alone or in combination with other
chromosomes, likely due to selection for loss of the GALI gene which is
located on this chromosome®**’, or trisomy for Chr7 alone. Seventeen
of 36 strains carried trisomies for multiple chromosomes (Fig. 1b,
Supplementary Data 1). Recovered aneuploid strains were not biased
towards containing smaller chromosomes or less total imbalanced
DNA in this strain set (R>=0.107, F(1, 14) =2.792, p = 0.117), suggesting
that identification of aneuploid strains did not exclude larger chro-
mosomes or complex karyotypes from being recovered.

To define how copy number changes affect gene expression, DNA
and transcript abundance values were normalized to the diploid par-
ental strain and plotted for all eight chromosomes. A clear association
emerged between increased DNA copy number due to chromosome
trisomy and corresponding increases in average gene expression
(Fig. 1c, S2). Across all 36 strains, trisomies displayed a median 1.46-
fold increase in gene expression compared to disomic chromosomes
in the same strains (Fig. 1d, Wilcoxon; W =43, p <2.2E-16). The dis-
tribution of expression values around the median was not Gaussian but
contained a similar number of genes outside the 95% confidence
interval (135 and 80 on the left and right tails, respectively). Validation
of this association using DNA and gene expression data from three
aneuploid clinical isolates (19F, P78042, and P60002) showed
remarkably similar trends, with gene expression increasing in accor-
dance with amplified chromosomal regions, including segmental
amplifications (Figure S3). Together, this data strongly supports a
linear relationship between C. albicans gene copy number and average
gene expression that is independent of a specific karyotype or genetic
background.

Imbalanced gene expression of protein subunits in hetero-
oligomeric complexes from chromosomes with different copy num-
bers can lead to the formation of protein aggregates and disrupted
protein homeostasis'**'. Expression of 49 genes from nine separate
complexes on trisomic chromosomes remained elevated relative to
their disomic counterparts and mirrored the general expression trends
on amplified chromosomes (Fig. le, S4, Wilcoxon; W=95924,
p=0.2292). Thus, no clear gene dosage compensatory mechanism
exists to attenuate gene expression of individual subunits in stoi-
chiometric complexes.

Aneuploidy produces a unique transcriptional response in C.
albicans

Chromosomal imbalance generates a shared transcriptional stress
response across eukaryotes, including yeast, plants, and
humans****, To determine if an aneuploid-specific transcrip-
tional response also exists in C. albicans, we separated each of the
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eight C. albicans chromosomes and compared the expression
profiles of genes on disomic chromosomes between euploid and
aneuploid strains. Note that only disomic chromosomes were
examined in aneuploid isolates to remove the contribution of
trisomic chromosomes to differences in gene expression, and
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Fig. 1| Expression increases in proportion with copy number. a Schematic
depicting growth of the strains used in this study for transcriptional and DNA
profiling. Progeny cultures were grown in YPD medium in logarithmic phase to 2 x
107 cells/mL were split into two aliquots, one for selective genotyping to define the
karyotype and the other for expression profiling by RNA sequencing (RNA-Seq).
Created in BioRender. Gusa, A. (2025) https://BioRender.com/i95e847.

b Karyotypes of parasexual progeny were determined and depicted as a heat map
where the block intensity indicates the number of strains with each aneuploid
karyotype. ¢ The log, ratio of RNA (red) and DNA (black) counts relative to the
diploid control were fitted with a LOESS method first degree local polynomial
regression for a diploid progeny and nine representative aneuploid strains. Data is

each chromosome was analyzed individually (Fig. 2a). This
approach compared gene expression of five diploid replicates to
expression profiles of aneuploid strains that were disomic for the
selected chromosome (range of 42 replicates for Chr4 to 72
replicates for Chrl).
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plotted based on its chromosomal position and the eight chromosomes are plotted
separately. d The median expression value for each chromosome was normalized
relative to the diploid control. Expression values were then separated by the DNA
copy number as either disomic (open) or trisomic (maroon) and plotted for all 36
aneuploid strains. Significance was determined by Wilcoxon test. *** denotes p < 2E-
16. e The expression of all genes (left) or a subset of 49 genes in stoichiometric
complexes (right) that were found on trisomic chromosomes was normalized to
the average expression on disomic chromosomes in aneuploid strains. Expression
is plotted as a histogram of the log, ratio of relative expression. The dashed line
indicates a 1.5-fold increase in expression.
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Fig. 2 | Aneuploid C. albicans strains express a distinct aneuploid stress
response. a Aneuploid stress responses were determined for each chromosome
individually. Diploid control strains were compared to the expression across all
aneuploid strains except those trisomic for that chromosome. Created in BioR-
ender. Gusa, A. (2025) https://BioRender.com/f13d484. b Differentially expressed
genes (DEGs) between aneuploid strains and the diploid control set were deter-
mined as greater than a 2-fold change and adjusted p value < 0.05 by Fisher’s Exact
Test. These genes (N = 557) are plotted by transcript abundance (x-axis) and change
in expression in aneuploid strains relative to the diploid strains (y-axis) as grey dots.
Heat shock proteins (HSPs) are marked as black dots. ¢ Heatmaps display expres-
sion values for differentially expressed genes on each chromosome. Strains are
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ordered from left to right by the amount of excess DNA in the aneuploid strain.
Gene expression is shown only for strains disomic for that chromosome. d Gene
Ontology processes with statistical enrichment in the aneuploidy stress response
are shown with the number of contributing genes indicated (Fisher’s Exact test).
e Transcriptional profiling of C. albicans in the same SC5314 genetic background
was analyzed identically to the aneuploid stress response from Bruno et al.*. Dif-
ferentially expressed genes (2-fold change and q < 0.05) are displayed as yellow and
magenta for increased and decreased transcript abundance, respectively. Genes
without differential expression in any condition were excluded from the plot.
Clustering was done using Manhattan distances and the number of DEGs for each
condition is shown in parenthesis.

Aneuploid strains showed altered expression of 566 genes
(q <0.05 and 2-fold change) on disomic chromosomes. Most of these
genes showed increased expression in the aneuploid strains (479 of
566 genes), with the remaining 87 genes decreasing in expression
(Fig. 2b, Supplementary Data 2). Notably, heat shock proteins (HSPs)
displayed some of the largest increases in expression (e.g., HSP21I -
600x increase, Fig. 2b), consistent with prominent roles in aneu-
ploidy responses in other eukaryotes'. Apart from heat shock pro-
teins, the top ten genes with the highest fold change between
aneuploid and euploid strains included two genes involved in cell
wall architecture (RBTS and RBRI) and five members of the telomere-
associated (TLO) gene family, a paralogous family of transcriptional
regulators in the C. albicans subtelomeres that function as inter-
changeable subunits of the Mediator complex**. Surveys of other
expanded gene families identified that seven of ten members of the
secreted serine aspartyl proteases (SAPs) associated with host cell
destruction also increased in expression in aneuploid cells. Among
the ten genes with the largest fold change, two genes were related to
C. albicans mating responses (FARI and CAGI). Increased expression
of mating genes could be linked to homozygosis of the Mating Type-
Like (MTL) locus in the aneuploid parasexual progeny during CCL.
Indeed, six of ten assayed progeny strains had lost heterozygosity at
the MTL locus (Figure S5A), which likely underlies increased mating
gene expression. Diploid control strains consistently expressed
mating-responsive genes at low levels compared to aneuploid iso-
lates that could have 100x greater expression (Figure S5B), even
when heterozygous at the MTL locus (e.g., FARI in strain D1). Nine
genes differentially expressed in aneuploid cells are known reg-
ulatory targets of the al/alpha2 heterodimer at the MTL locus® and
were removed from further analysis to remove the effects of MTL

configuration, leaving 557 genes differentially expressed in aneu-
ploid strains.

To determine how well conserved the aneuploid stress response
was in each aneuploid strain, differential gene expression was per-
formed between the diploid control and each aneuploid strain indivi-
dually. Genes with significantly different expression (> 2-fold change,
g-value < 0.05) on disomic chromosomes were compared to the 557
genes that define the ASR. Differentially expressed genes in each
aneuploid strain overlapped with the ASR by 34.1% to 70.1% (Figure S6).
Furthermore, gene expression changes defining the ASR generally
remained the same for cells with different amounts of imbalanced
DNA (Fig. 2¢),

The set of 557 genes whose expression was linked to aneuploidy in
C. albicans clustered into gene ontology (GO) categories related to
growth (e.g., carbohydrate transport, cell redox homeostasis), adhe-
sion, and oxidative stress (Fig. 2d). These gene products are over-
represented in the cell wall and other external structures
(Supplementary Data 3). Example genes include the aforementioned
SAP genes as well as loci encoding GPl-anchored proteins such as RBTS
and RBRI. Interestingly, genes associated with GO terms describing
sugar transport had reduced expression in the aneuploid strains,
including five members of the high-affinity glucose transporter (HGT)
gene family.

The aneuploid stress response described here was clearly distin-
guishable from other C. albicans stress responses. Transcriptional
profiles of C. albicans yeast cells grown in oxidative stress (0.5 or 5 mM
H,0,), nitrosative stress (1mM DPTA-NONOate), hyphae-inducing
conditions (YPD +10% fetal calf serum), and pH stress (pH 4 or 8 in
M199 medium) from Bruno et al.*® were compared to the ASR. Inter-
estingly, most of these stress conditions elicited broader
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Fig. 3 | Reduced growth rates of aneuploid C. albicans strains. a Growth curvesin
liquid YPD at 30 °C during a 21-hour window are shown for 10 aneuploid strains (in
blue), the diploid control (in dark grey), and tetraploid control (in light grey). ODgoo
measurements are shown in 15-minute intervals with standard deviations. Data are
plotted as the mean with error bars indicating the standard deviation. N=4.b The
average doubling time during exponential growth was calculated for all strains and
plotted as the mean and interquartile ranges (IQR) with whiskers extending to 1.5 x
IQR. Data points extending beyond 1.5 x IQR are plotted individually. Strains are
ordered from left to right by the amount of excess DNA in the aneuploid strain.
N =4. Significance was determined by two-sided Student’s t-test relative to the
diploid strain without multiple comparison adjustments. * denotes p < 0.05. **
denotes p < 0.01. ** denotes p < 0.001.

transcriptional responses inclusive of more genes than that of the
aneuploid-specific response (Fig. 2e, S7A, Supplementary Data 4).
Differential expression of only nine genes was common to all six stress
conditions, and 103 genes were unique to the ASR (Figure S7). Toge-
ther, this data indicates the lack of a shared response in C. albicans to
different stresses and establishes that the aneuploid stress response is
distinct from that of environmental stress responses.

The aneuploid stress response induces redox imbalance and
oxidative sensitivity
The transcriptional profile of C. albicans aneuploid strains suggested
that phenotypic differences may exist relative to euploid strains. Pre-
viously, the only phenotype ascribed broadly to C. albicans aneuploid
cells was a reduced growth rate in rich media conditions®. Ten aneu-
ploid isolates that harbored a range of supernumerary chromosomes
(six strains containing a single trisomic chromosome for each of Chr2,
3, 4,5, 6, and R and four strains containing multiple trisomic chro-
mosomes) were chosen for phenotypic analysis. Consistent with the
study by Yang et al., all ten aneuploid isolates grew more slowly than
the diploid SC5314 parental strain in YPD medium at 30 °C (Fig. 3). This
slower growth rate was due to increased doubling times and not a
defect in entering logarithmic growth (Fig. 3a).

Reduced growth rates and altered metabolic profiles in aneuploid
S. cerevisiae strains have been linked to redox imbalance and increased
levels of internal ROS". Gene expression of the aneuploid C. albicans
strains indicated major shifts in cellular homeostasis through changes

to reduction-oxidation reactions and oxidative stress responses. To
determine if redox imbalance is also a general feature of aneuploid C.
albicans strains, we compared the basal and induced oxidative states
of diploid and aneuploid cells using the molecular indicator 2’,7-
dichlorodihydrofluorescein diacetate (H,DCF-DA). Actively growing
diploid cells contained -4-fold greater levels of ROS than quiescent
cells taken directly from saturated overnight cultures. Surprisingly,
nine of 10 aneuploid strains contained lower levels of ROS compared
to the diploid parent, with most strains mirroring the more metaboli-
cally quiescent saturated cultures (Fig. 4a, b). The increased expression
of the positive regulator CAPI (2.3-fold among aneuploid strains on
average) may contribute to the reduced ROS levels (Supplementary
Data 2). CAPI activates the expression of genes as part of the oxidative
stress response, including superoxide dismutases (e.g., SOD4, SOD6),
thioredoxins (e.g., PRX1, TRX2), peroxidases (e.g., CCP1, DOTS, GPX3),
and oxidoreductases (e.g., CIP1, OYE32, PST2) that can quench ROS.

Although the basal levels of intracellular ROS in aneuploid C.
albicans cells is inverted compared to other eukaryotic species™ "%,
we posited that increased expression of ROS mitigating enzymes could
leave aneuploid cells more sensitive to additional oxidative stress from
endogenous and exogenous sources (Fig. 4c). Growth on glucose-rich
S. cerevisiae pre-sporulation (pre-spo) medium generates high levels of
ROS byproducts in tetraploid C. albicans cells that leads to nuclear
fragmentation and cell death*. Growth on pre-spo increased the
fraction of Pl-positive cells for eight of ten aneuploid strains (Fig. 4d).
Increased sensitivity did not correlate with the amount of imbalanced
DNA. Surprisingly, cells containing a Chr2 trisomy alone or in combi-
nation with Chré were hypersusceptible to pre-spo induced death with
nearly all cells staining Pl-positive. It is currently unclear what loci on
Chr2 may contribute to this drastically increased susceptibility to
endogenous ROS.

Aneuploid strains also proved to be more sensitive to exogenous
sources of oxidative stress than euploid strains. Growth of C. albicans
in low doses of H,0, can delay or slow growth without being lethal to
the majority of cells in the population (Fig. 4e)*°. Consequently, the
addition of 2.5 mM H,0, significantly delayed the growth of eight out
of ten aneuploid strains compared to the diploid control when nor-
malized to growth in 0 mM H,0, (Fig. 4f), while one aneuploid strain
(trisomic for Chr5, 7) showed an increased growth rate in H,O,.
Aneuploid and diploid control strains were also exposed to an acute
pulse of 40 or 80 mM H,0, and allowed to grow for 24 hours in the
absence of ROS prior to imaging. In the absence of H,0, exposure, an
equivalent number of colonies formed for aneuploid isolates com-
pared to the diploid control (Fig. 4g). Following exposure to acute
levels of 40 and 80 mM H,0,, less growth was observed for aneuploid
strains than for the euploid control. Thus, aneuploid strains, with the
exception of TriR, had a reduced pixel intensity ratio when comparing
growth at 0 mM and 40 mM H,0, (Fig. 4h), indicating increased sus-
ceptibility of aneuploid strains to short bursts of oxidative stress. No
clear trends in increased sensitivity to endogenous and exogenous
sources of ROS based on particular chromosome trisomies emerged,
suggesting a complex phenotype influenced both by the transcrip-
tional response to aneuploidy and specific loci on imbalanced chro-
mosomes. Together, altered redox balances and oxidative stress
responses appear to be general features of aneuploid C. albicans cells
that decrease intracellular ROS and can significantly increase sensi-
tivity to external sources of oxidative stress.

Aneuploidy increases flocculation and can promote fluconazole
survival

Gene ontology analysis identified increased expression of genes
associated with adhesion in aneuploid cells relative to the diploid
control. Cell-cell adhesion can contribute to differences in C. albicans
flocculation and cell settling that are readily observable among some
aneuploid isolates in saturated liquid cultures left undisturbed
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(Figure S8A). Four of the ten aneuploid strains flocculated more
rapidly in YPD compared to the diploid parental strain (Figure S8B).
Among strains containing a single trisomic chromosome, those with
Chr2, Chr5, and ChrR trisomies settled more rapidly, whereas strains
with Chr3, Chr4, and Chré trisomies did not. Aneuploid cells were
similar in size to the diploid control cells, and thus cell size differences
are unlikely to contribute to differences in the dynamics of settling

(Figure S8C). Cultures of aneuploid strains with strong flocculation
phenotypes contained cells that frequently clumped together, which is
likely responsible for the faster settling. No correlation existed
between gene expression of loci annotated for biological adhesion and
the degree of flocculation observed. However, the two strains that
displayed the strongest cell aggregation and settling phenotypes
contained a Chr2 trisomy (Figure S8B, C).
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Fig. 4 | Aneuploid strains are susceptible to ROS via redox imbalance.

a Logarithmic phase C. albicans cells were stained with 476 pM H,DCF-DA for

30 minutes and imaged by differential interference contrast (DIC) and fluorescence
microscopy. Scale bar = 5 um. b Quantification of H,DCF-DA fluorescence is plotted
as the mean and interquartile ranges (IQR) with whiskers extending to 1.5 x IQR.
Data points extending beyond 1.5 x IQR are plotted individually. N = 3. Significance
was determined by Student’s t-test relative to the diploid control without multiple
comparison correction, and all data are plotted as the mean and interquartile
ranges. ¢ Schematic representing the origin of reactive oxygen species (ROS) from
either exogenous or endogenous sources. d Strains were struck heavily onto high
glucose pre-sporulation medium for 4 days and allowed to grow at 37 °C. Cells were
suspended in a 1:3000 dilution of propidium iodide (PI) and the fraction of PI
positive cells determined by flow cytometry of 50,000 events. Significance was
determined by the Wilcoxon test, and data was plotted as the mean with the error

bars indicating the standard deviation. N=9. e A polynomial curve was fit to the
growth curve over 36 hours. Exogenous ROS sensitivity was determined by com-
paring the time taken to reach 0.4 ODgoo between cultures grown in O mM and
2.5 mM H,0,, and (f) plotted for the indicated strains. Significance was determined
by Wilcoxon test, and data plotted as the mean with error bars indicating the
standard deviation. N =4. g Cells from the diploid and ten aneuploid strains were
incubated for 30 minutes in liquid YPD supplemented with 0, 40, or 80 mM H,0,.
Ten-fold dilutions were spotted as 5 pL onto YPD solid agar medium and imaged
after 24 hours. h Significance was determined by Wilcoxon test of the 40 mM:0 mM
H,0, second spot dilution pixel intensity between aneuploid strains and the diploid
control. N=3 except for diploid where N= 6. Data is plotted with the mean and
error bars that indicate the standard deviation. Aneuploid strains are shown in blue
and the diploid and tetraploid controls in dark and light grey, respectively. *
denotes p < 0.05. * denotes p < 0.01. ** denotes p < 0.001.

Certain forms of aneuploidy are known to alter sensitivity to the
commonly used azole class of antifungal drugs®. Fluconazole resis-
tance increased in strains trisomic for Chr5, which encodes the ERG11
azole drug target, compared to the diploid control (Students t-test;
t(5) =5.37, p=0.021, Figure S9A,B). Trisomy of ChrR has also recently
been shown to increase tolerance to fluconazole™. The set of 10
aneuploid strains evaluated here showed both increased and
decreased fluconazole tolerance. Most notably, a trisomy of ChrR
produced significantly increased tolerance to fluconazole with colo-
nies occupying the full area of the plate up to the fluconazole disk
(Welch'’s t-test; £(5) =-4.22, p = 0.019, Figure S9A,C), consistent with the
report of Yang et al.”",

Spontaneous and complex aneuploid cells share ASR features
Our collection of parasexual progeny did not include cells containing
only a trisomy of Chr7. However, a previous study obtained SC5314
cells that harbored a trisomy for either the A or B homolog of Chr7*.
We therefore evaluated the transcriptional profile of these aneuploid
strains which were obtained by an independent approach from the
parasexual mating cycle used to produce the aneuploid strains in the
current study. Strains trisomic for Chr7 were transcriptionally profiled
under the same conditions as the set of aneuploid parasexual progeny.
As with all other aneuploid strains, relative expression of genes on
trisomic copies of Chr7 mirrored their gene dosage (Figure S10A).
Moreover, gene expression on disomic chromosomes in strains with a
Chr7 trisomy was significantly associated with the ASR expression
profile, x2 (1, N=538) =43.5, p = 4.18E-11 (Figure S6). The overlap with
the aneuploid stress response is lower in Chr7 trisomic strains than in
other aneuploid strains and is due, in part, to the lower number of
differentially expressed genes on disomic chromosomes in these tri-
somic strains (371 and 479 for Chr7 AAB and ABB, respectively).

To determine if the effects of aneuploidy were observed in strains
with more complex karyotypes, we also evaluated gene expression in a
strain that was tetrasomic for Chr4 and one strain that harbored both
monosomic (Chr2,7) and trisomic (Chr4,6) chromosomes (Figure S1A).
The strain tetrasomic for Chr5 shared 57.5% of differentially expressed
genes with the ASR (on disomic chromosomes), and the highly com-
plex aneuploid strain with monosomic and trisomic chromosomes
showed an overlap with the ASR of 43.1% (Figure S6). Visualization of
differentially expressed genes on disomic chromosomes reflected the
gene expression patterns of parasexual progeny containing trisomic
chromosomes (Figure S1B), suggesting that expression of ASR genes is
generally associated with aneuploidy.

Strains containing a spontaneous Chr7 trisomy or other complex
karyotypes displayed phenotypes consistent with our set of parasexual
aneuploid strains. Thus, growth on pre-spo medium induced sig-
nificantly elevated levels of cell death for both the Chr7 trisomic strains
and strains with complex karyotypes compared to the diploid control
(Figure S1C, S10B). This was particularly true for the strain carrying a

combination of trisomic and monosomic chromosomes, in which
93.8% of cells were Pl-positive after four days of growth on pre-spo
medium at 37 °C. In addition, these aneuploid strains were susceptible
to an external source of reactive oxygen species. Exposure to 40 mM
or 80 mM H,0, for 30 minutes significantly reduced cell viability of the
assayed aneuploids compared to the diploid control strain (Fig-
ure SID,E, S10C,D). Thus, these strains show overlapping transcrip-
tional and phenotypic characteristics with the parasexual trisomic
strains used to define the ASR.

Tetraploid cells do not exhibit the aneuploid stress response
Aneuploid strains used to define the aneuploid stress response have
increased DNA content above diploid. To determine if the aneuploid
stress response is unique to cells with imbalanced karyotypes or a
general consequence of increased ploidy, we compared the tran-
scriptional response of SC5314 diploid and tetraploid cells when grown
under identical culture conditions to the aneuploid strains (logarith-
mic phase growth in YPD at 30°C). Tetraploid cells differentially
expressed 524 genes compared to isogenic diploid cells (q < 0.05,
2-fold change; Supplementary Data 2). Unlike the aneuploid stress
response, roughly equal numbers of genes were increased and
decreased in expression between diploid and tetraploid cells. Differ-
entially expressed genes were enriched for a narrow subset of pro-
cesses that centered on core pathways of transcription and translation
such as tRNA processing and modification, RNA regulation, and ribo-
some biogenesis (Fig. 5a, Supplementary Data 3). These terms are
fundamentally distinct from gene ontologies identified in the aneu-
ploid stress response.

To determine the extent of similarity in the aneuploid stress
response and tetraploid expression profile, we interrogated the
extent of overlap among differentially expressed genes between
aneuploid and tetraploid cells. Significant overlap existed for both
increased and decreased transcript abundance between these strains
when compared to the diploid parental strains, x> (1,
N=6461)=120.13, p<2.2E-16; increased, (1, N=6461)=139.97,
p <2.2E-16; decreased (Fig. 5b). However, performing a rank test of
genes differentially expressed in both aneuploid and tetraploid cells
revealed a lack of similarly ordered gene expression between the
datasets (Wilcoxon; upregulated, W=135, p=121E-4 and down-
regulated, W=2065, p=5.38E-4). Furthermore, genes in the aneu-
ploid stress response with connections to affiliated phenotypes (e.g.,
HSP, SAP, AOX genes) were not differentially expressed between
diploid and tetraploid cells. This strongly supports the identification
of an aneuploid-specific response to imbalanced karyotypes in C.
albicans that differs from that due to increased DNA content alone.

Discussion
Aneuploidy has well-defined roles in promoting cellular heterogeneity
and phenotypic variation that extends from microbial populations to
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Fig. 5 | The aneuploidy stress response results from unbalanced
chromosomal gains. a Gene Ontology processes enriched among the 524 differ-
entially expressed genes (2-fold change and q < 0.05) comparing isogenic diploid
and tetraploid strains is shown with the number of contributing genes indicated.
b Comparison of differentially expressed genes (DEGs) with transcript abundance

either decreased (left, in purple) or increased (right, in yellow) in the aneuploid
strain set or tetraploid mating products relative to the diploid background strains.
Expression of DEGs in common is displayed as a heatmap and ordered by increasing
change in the aneuploid stress response.

cancer. C. albicans and other fungi have served as model organisms for
examining the consequences of aneuploidy due to their ability to tol-
erate highly diverse and complex aneuploid karyotypes. Here, we
generated and analyzed a set of aneuploid C. albicans strains to
determine relationships between aneuploidy, gene expression, and its
affiliated phenotypes. We show that aneuploid strains share several
features, including: a) increased expression of genes on imbalanced
chromosomes or chromosomal regions in line with gene copy number,
b) a lack of transcriptional compensation for proteins in stoichiometric
complexes, c) a shared aneuploid stress response (ASR) independent
of the aneuploid configuration, d) increased expression of genes
associated with specific cellular processes, and e) concomitant phe-
notypic changes arising from these expression changes. We highlight
that the C. albicans ASR has multiple features that distinguish it from
the environmental stress response associated with aneuploidy in other
eukaryotes. Altogether, this work defines common attributes held by
aneuploid strains of C. albicans and provides insight into how aneu-
ploidy may be uniquely tolerated to promote phenotypic hetero-
geneity and survival in host niches.

The C. albicans aneuploid stress response has distinct features
Aneuploidy alters some of the same responses in C. albicans but often
in unique ways to that described in other eukaryotes, including altered
metabolism, oxidative stress, and protein turnover*”. A hallmark fea-
ture of aneuploidy in most investigated eukaryotes is increased gene
expression of the protein turnover machinery as part of the unfolded

protein response (UPR)*>**, Our data lacks clear transcriptional

induction of pathways involved in ubiquitin-mediated protein turn-
over, proteosome activity, or organellar degradation in C. albicans
aneuploid cells. This may represent a significant deviation from the
conserved environmental stress response (ESR) observed in aneuploid
cells from other species. Accordingly, the transcriptional response of
C. albicans to a variety of environmental stresses did not resemble the
aneuploid stress response. Alternatively, excess protein produced
from imbalanced chromosomes in C. albicans may be acted upon by
heat shock proteins and not the UPR. Heat shock proteins (HSPs), such
as HSP104, disassemble protein aggregates that form in aneuploid S.
cerevisiae cells®. HSPI04 and multiple other HSPs are also tran-
scriptionally activated in C. albicans aneuploid strains and may serve
similar functions that circumvent the requirement for the UPR.
Previously, most aneuploid C. albicans strains were shown to grow
slower than euploid strains under optimal growth conditions, inde-
pendent of the karyotype®. Decreased expression of glucose trans-
porters (e.g., HGT2, HGTS, HGT20, etc.,) in aneuploid C. albicans cells
(Supplementary Data 2, 3) provides a potential molecular explanation
for the decreased growth rates observed in aneuploid C. albicans cells.
We did not observe any transcriptional evidence of cell cycle defects in
aneuploid C. albicans cells that would result in slower rates of cell
division and growth as was reported in S. cerevisiae and human
cells**”**, The volume of C. albicans aneuploid cells was also not sig-
nificantly greater than diploid cells as was found in aneuploid S. cere-
visiae cells®, suggesting that reduced growth is unlikely due to
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osmolarity or surface:volume ratio changes that increase transport
times throughout the cell or increase the requirement for cellular
building blocks®*’.

Aneuploid cells in S. cerevisiae and other species contain elevated
ROS levels that are likely due to increased metabolic turnover of excess
protein*™*’. Although aneuploid C. albicans cells upregulated tran-
scriptional activators of oxidative stress and their corresponding
downstream effectors (e.g.,, SOD4, SOD6), ROS levels were unexpect-
edly lower in aneuploid cells relative to euploid cells. Decreased ROS
levels in aneuploid C. albicans cells could reflect a combination of
reduced metabolic activity and increased expression of genes that
eliminate ROS. Increased ROS-mitigating enzyme expression may
compromise the ability for aneuploid cells to mitigate oxidative
damage and/or activate repair pathways in response to additional
sources of ROS, either endogenously produced through metabolism
(e.g., during growth on pre-spo medium) or from exogenous sources
(e.g., hydrogen peroxide). The oxidative stress sensitivity observed in
C. albicans aneuploid cells is consistent with aneuploid phenotypes in
other species and likely stems from the inability to repair oxidative
DNA damage following intense ROS bursts*’.

Altered host-microbe processes among aneuploid strains

The first step in either C. albicans colonization or dissemination in the
host is often adhesion to host tissues*®**’. Four of ten aneuploid strains
analyzed in this study displayed increased aggregation and floccula-
tion that could contribute to altered propensities to colonize host
niches or to changes in biofilm structures. Increased expression of
multiple architecturally distinct groups of adhesins (e.g., those enco-
ded by ALS and /FF genes) may facilitate these phenotypes and was
characteristic of the aneuploid stress response.

Detection by the host relies heavily on the recognition of fungal
cell surface molecules that can initiate inflammatory responses leading
to fungal clearance. Unexpectedly, genetic signatures of aneuploid
cells were enriched for cell wall components. GPl-anchored proteins
constituted a significant portion of differentially expressed genes (e.g.,
HYRI, CHT2, and PGA family members) that are associated with cell wall
remodeling during interconversion between the yeast and hyphal
forms®*-¢2, All aneuploid strains grew as yeast cells under the condi-
tions used for transcriptional profiling, suggesting that dysregulation
of state-specific gene expression occurs in aneuploid cells and can lead
to increased expression of hyphae-induced genes. Further support for
a dysregulated cell wall profile is found in the upregulation of seven
members of the serine aspartyl protease (SAP) family that have
increased expression in hyphal cells®*, and may also contribute to the
increased adhesive properties of aneuploid strains.

Clearance of C. albicans by the innate immune response relies
heavily on the production of ROS to eliminate fungal cells, either when
phagocytosed or via extracellular ROS®*. The susceptibility of aneu-
ploid strains to ROS discussed above suggests that these cells would be
more easily cleared by the immune response. Relatively little work has
assessed the virulence properties of aneuploid cells in host systems, so
it remains unclear how the increased dosage of specific chromosomes
may alter the dynamics of infection in environments with elevated ROS
levels.

Investigations of aneuploidy in C. albicans have largely focused on
the trade-off between fitness defects during in vitro growth and fitness
advantages to specific environmental stresses such as drug
exposure®*®, The ASR involved fewer gene expression changes than
that to canonical stress conditions. This may indicate that aneuploidy
has a relatively limited impact on the activation of general stress
pathways that would otherwise impose a significant fitness cost and
favor the propagation of euploid derivatives. The lack of a core stress
response in C. albicans may enable cells to cope with stress by acti-
vating the minimum number of genes to neutralize fitness
detriments®®®’, Thus, a limited impact on overall fitness by aneuploidy

may underlie the karyotypic flexibility ascribed to C. albicans and its
ability to tolerate aneuploidy. In addition, fitness advantages conferred
by increased copies of specific chromosomes in the host (e.g., Chré in
the oral cavity, Chr7 in the gut) could overcome any general fitness
defects associated with aneuploidy****5,

Allele-specific expression is not likely to significantly impact the
transcriptional features of aneuploid cells described here. In SC5314, 139
genes (of 3,285 included in the analysis, 4.2%) were found to display
allele-specific expression and were enriched for mitochondrial
proteins®. This small number of genes is unlikely to skew the expression
signature of imbalanced chromosomes across aneuploid strains. Addi-
tionally, ASR genes are not enriched for mitochondrial functions.
However, increased dosage of alleles containing functionally relevant
variants can produce novel C. albicans phenotypes’®”, and could simi-
larly impact aneuploid phenotypes in karyotypically identical strains.

Taken together, our results show that C. albicans aneuploid cells
express most genes in line with their copy number, and that a shared
transcriptional response (the ASR) arises when supernumerary chro-
mosomes are present. The activation of a limited transcriptional stress
response in C. albicans may allow aneuploidy to function as a bet-
hedging strategy in adapting to new niches or environmental condi-
tions. Further understanding how aneuploidy alters fundamental
aspects of cell physiology, the relative stability of supernumerary
chromosomes, and whether compensation of imbalanced genes
occurs at the protein level, continue to be important topics for
understanding genomic heterogeneity in fungi and higher eukaryotes.

Methods

Media and reagents

Yeast peptone dextrose (YPD) was prepared as previously described’.
YPD containing 40 mM and 80 mM hydrogen peroxide was prepared
using Swan 3% hydrogen peroxide (Fisher Scientific, cat# 19-027033).
Medium with 2-deoxygalactose (2-DOG) consisted of synthetic com-
plete (SC) medium supplemented with 2% glycerol, 2 mg/ mL 2-DOG
(Fluka, cat# 31050), and 2% agar as previously described’. Sacchar-
omyces cerevisiae pre-sporulation (pre-spo) medium contained 0.8%
yeast extract, 0.3% peptone, 10% glucose and 2% agar”.

Strains

The Candida albicans strains described in this study are listed in
Supplementary Data 1. To minimize the impact of stochastic aneuploid
chromosome loss as reported in previous studies®, all assays were
performed using cell populations from the center portion of the pri-
mary streak inoculated into liquid cultures prior to the experiment.

Parasexual progeny screening for ploidy and expression

The previously constructed SC5314xSC5314 tetraploid mating product
RBY18 was struck in quadrants on pre-spo agar medium and incubated
at 37 °C for 7 days**°. The resulting parasexual progeny were selected
for loss of GALI from two Chrl homologs on 2-DOG, indicative of
reduced ploidy, and screened by flow cytometry for DNA content
using 1 tM SYTOX Green stain. Putative aneuploid parasexual progeny,
the parental diploid strain, the mated tetraploid, and aneuploid clinical
isolates were grown in 4 mLs of liquid YPD at 30 °C to an ODggq of 1.0
and the culture split into two cryovials, snap frozen in liquid nitrogen,
and stored at -80 °C. One vial was used for determining karyotype by
ddRAD-Seq and the second half of the population was used to build
RNA-Seq libraries.

ddRAD-sequencing library construction and data processing

Genomic DNA for each strain was isolated from 2 x 10® cells using the
Quick-DNA™ Fungal/Bacterial Miniprep Kit (Zymo Research, cat#
D6005) according to the manufacturer’s instructions. Restriction
enzymes, Mbol and Mfel, were used to digest DNA into fragments to be
ligated with a unique i5 adapter to pool samples into groups of 12. Each
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pool was size-selected using the Blue Pippin system (Sage Science,
Beverly, MA) to obtain a pool with fragments sizes between 150 bp to
500 bp. Size-selected pools were PCR amplified for 14 cycles. During
amplification, each pool was uniquely labeled with an i7 adapter to
enable all pools to be combined into a single sequencing library. The
library was sequenced as 50 bp single-end reads on a HiSeq 4000
platform (lllumina, San Diego, CA). Sequencing reads were aligned to
the SC5314 reference genome Assembly 21 (A21-s02-m09-r10) with
bowtie2™ and the pileup used to determine chromosome copy num-
ber relative to the diploid parental strains. Screening criteria, defined
as strains harboring only trisomic chromosomes, were established at
the onset of the experiment.

RNA-sequencing library construction and data processing

RNA was harvested using MasterPure™ Yeast RNA Purification kit
(Biosearch Technologies, cat# MPY03100) according to the manu-
facturer’s instructions and treated with DNase I. RNA concentrations
were measured using a NanoDrop™ OneC (Thermo Fisher Scientific,
Waltham, MA).

The NEBNext® Poly(A) mRNA Magnetic Isolation Module (NEB,
cat# E7490L) was used to isolate polyadenylated RNA and the NEB-
Next® Ultra™ Il Directional RNA Library Prep Kit (NEB, cat# E7760L) for
lllumina® was used for library preparation, following the manu-
facturer’s instructions. Library quality was assessed using a 2100
Bioanalyzer and the Agilent High Sensitivity DNA Kit (Agilent, cat#
5067-4626).109 libraries were split into five pools for sequencing. Each
pool was loaded onto one lane of an Illumin HiSeq 4000 flow cell to
generate single-end 50 bp reads to an average yield of 16.6 million
reads per sample. FastQC (v0.11.7) was used to assess read quality”,
and reads with Q>30 along its length were retained. Reads were
aligned to the SC5314 reference genome Assembly 21 (A21-s02-m09-
r10) using Spliced Transcripts Alignment to a Reference (STAR) (ver-
sion 2.5.0a) with the default parameters except for alignintronMin and
alignintronMax which were set to 30 and 1000 respectively’®. Feature
counts were generated using HTSeq (v0.8.0) against the SC5314
Assembly 21 genome feature file (GFF)””. The HTseq-count parameter
stranded was set to reverse.

Hierarchical clustering of expression

Transcript per million (TPM) values for all genome features in the
SC5314 Assembly 21 GFF were used to test similarity in gene expression
using the pvclust package (v2.2.0)”® in R (v4.1.2). Clustering was per-
formed using Spearman’s correlation and tested with 100 bootstraps.
Screening criteria for inclusion were required biological replicates to
cluster together and were pre-established.

Karyotype and transcriptional profiling plots

A custom script was built in R (v4.1.2) that plots TPM values and counts
per million (CPM) of normalized ddRAD-seq data following normal-
ization to the diploid control and log, transformation. Data is adjusted
such that the average TPM and CPM values on disomic chromosomes
are plotted at 1. The geom_smooth function within ggplot2 is used to fit
a first-degree local polynomial regression using the LOESS method”.

Expression of imbalanced genes in stoichiometric complexes

We selected a non-exhaustive list of protein complexes in C. albicans
that are important for core processes, including chromatin remodel-
ing, mitosis, translation, and transcriptional regulation. In total we
selected 9 complexes (Mediator, DNApolll, RNApolll, RSC, Septin, SWI/
SNF, t-UTP, Daml, SAGA). We only included subunits that are encoded
by a single gene. For the Mediator complex, only genes encoding
components of the head and middle modules were included, excluding
the multiple-member telomere-associated gene family (7LOs) and the
tail module, which can be recruited and function independently within
the cell®°. Genes with average TPM values less than 1 and those found

on Chrl were removed from the analysis. In total, this provided 49
genes encoding stoichiometric subunits and 4,349 genes that served as
the “all genes’ category for this analysis (Supplementary Data 5).

Differential expression analysis and gene ontology

Differentially expressed genes (DEGs) were called using EdgeR
(v3.36.0)%". To prevent genes on trisomic chromosomes from directly
influencing DEG calls, chromosomes were analyzed individually, so
that only gene counts for strains carrying disomic copies of the single
chromosome were included. Genes with an average TPM of less than
five were removed prior to calling DEGs. Fisher’s exact test was used to
call DEGs with thresholds of at least a 2-fold change and a q-value <
0.05. DEGs for all eight chromosomes were combined, resulting in the
transcriptional response to aneuploidy, referred to as the aneuploid
stress response (ASR) (Supplementary Data 2). RNA-Seq datasets from
Bruno et al.*® were processed using the same methods from the raw
FASTQ deposit in the Sequence Read Archive (SRA).

Differential expression analysis was done in the same manner for
comparison of the diploid and tetraploid strains, except that genes
across all chromosomes were analyzed together. The data was pro-
cessed as described above with the exception that reads were trimmed
using  Trimmomatic  (v0.39 LEADING:3 TRAILING:3  SLI-
DINGWINDOW:4:15 MINLEN:36)%.

Gene Ontology (GO) analysis was done using the Candida Genome
Database GO Term Finder (http://www.candidagenome.org/)®.

Growth rate

Overnight cultures were grown in 300 microliters (uLs) of liquid YPD at
30 °C, shaking at 125 revolutions per minute (rpm). Cultures were
diluted 1:2000 in 200 pLs fresh liquid YPD or YPD + 2.5 mM H,0,. The
ODgoo was read every 15 minutes for 36 hours at 30 °C shaking at
250 rpm using a Synergy Hl microplate reader (Biotek, Shoreline, WA).
Doubling time was calculated using custom scripts that identify the six
time points where a linear regression fitted to the data has the steepest
slope. All strains had four biological replicates, each with two technical
replicates.

Flocculation assay

Overnight cultures grown in liquid YPD at 30 °C were vortexed and
diluted to an ODggg of 1.5 in fresh liquid YPD with a final volume of 500
plLs. Each culture was vortexed and added to a channeled cuvette.
Cuvettes were allowed to sit undisturbed with OD¢oo readings taken
every 20 minutes during a 140-minute time-course with a Thermo-
Fisher NanoDrop One (Fisher Scientific, Hampton, NH). All strains had
three biological replicates.

Intracellular ROS assay and fluorescence imaging

Overnight cultures were grown in liquid YPD at 30 °C and diluted back
1:20 into 2 mLs fresh liquid YPD to begin logarithmic phase growth.
Cultures were grown at 30°C for 2.5hours and counted with a
hemocytometer. 4 x107 cells were transferred into microcentrifuge
tubes and spun at 3000 relative centrifugal force (rcf) for 3 minutes to
pellet cells. The supernatant was discarded except for 200 pLs that was
used to resuspend the cell pellet. In addition, 4 or 10 pLs of 10 mM
H,DCF-DA was added (for quantification by fluorescence or micro-
scopy, respectively) and the cell suspension vortexed to mix. A linear
relationship between the amount of H,DCF-DA incubated with C.
albicans cells and fluorescence exist across a dynamic range spanning
99-566 uM. These were incubated for 30 minutes at 30 °C with shaking
at 225 rpm covered in foil. Following incubation, cells were spun at
3000 rcf for 3 minutes and washed with phosphate-buffered saline
(PBS) in two successive rounds. After the second wash, cells were
resuspended in 500 pLs PBS and 200 plLs was transferred into an
opaque black 96-well plate to read fluorescence (Ex 504 nm Em
529 nm) using a Synergy H1 microplate reader (Biotek, Shoreline, WA).
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All aneuploid strains had three biological replicates, the diploid was
included with each reading to minimize run-to-run variation and had
two or three biological replicates per run. For visualization, 10 pLs was
transferred to a microscope slide and H,DCF-DA fluorescence was
visualized under the FITC channel. Images were captured using an Axio
Imager.D2 microscope (Zeiss, Thornwood, NY).

Pre-spo sensitivity assay

Strains were grown from freezer stocks on YPD agar at 30°C overnight
and restruck on pre-sporulation (pre-spo) media the following day.
Pre-spo plates were then incubated for four days at 37 °C. Colonies
from each aneuploid strain were resuspended in PBS and diluted 1:100
into a 1:3000 dilution of propidium iodide (final concentration of
333 pg/mL). The heat-killed control was prepared by boiling cell
resuspension at 95°C for 5 minutes. Dyed resuspensions were then
analyzed on a Millipore Guava EasyCyte flow cytometer (Millipore,
Burlington, MA) or ThermoFisher Attune NXT vé6 (ThermoFisher,
Waltham, MA) for 50,000 events. Three biological replicates were
performed.

Spot assay

Overnight cultures were grown in liquid YPD at 30 °C and diluted back
1:20 into 2 mLs of fresh liquid YPD to begin logarithmic phase growth.
Cultures were grown at 30°C for 2.5hours and counted with a
hemocytometer. 1x107 cells were taken and spun at 3,000 rcf for
3 minutes. The supernatant was removed, and the pellet was resus-
pended in 500 pLs of either YPD, YPD + 40 mM H202, or YPD + 80 mM
H202. These were incubated for 30 minutes at 30°C shaking at
225 rpm covered in foil. Following the incubation, 10-fold dilutions
were made to 1 x 10° cells in PBS and 5 pLs of each dilution was spotted
onto solid YPD agar medium. Plates were incubated for 24 hours at
30 °C before imaging using a ChemiDoc XRS+ molecular imager (Bio-
Rad, Hercules, CA). This was done with a minimum of three biological
replicates per strain and condition. Spot images were then analyzed for
average pixel brightness using ImageJ®*.

Fluconazole disc assay

Overnight cultures were grown in liquid YPD at 30 °C, vortexed, and
diluted to an OD¢gp 0f 0.04 in fresh liquid YPD in a final volume of 1 mL.
From this, 70 pLs was plated onto YPD solid agar medium and spread
using glass beads. Plates were allowed to dry at room temperature for
1hour and a 25 mM fluconazole disc was then placed in the center of
the plate. Plates were incubated for 48 hours at 30 °C before imaging
using a ChemiDoc XRS+ molecular imager (Bio-Rad, Hercules, CA).
Plate images were analyzed using DiskimageR®, and the fraction of
growth (FoG20) and resistance (RAD20) scores used to determine
tolerance and resistance, respectively.

Statistics and Reproducibility

Expression profiling was performed with two biological replicates per
aneuploid strain and five replicates per control because of the aggre-
gated approach taken here to defining altered expression on each
chromosome. All phenotypic experiments were performed with a
minimum of three biological replicates. No statistical method was used
to predetermine sample sizes. No data were excluded from analyses.
The investigators were blinded for flocculation assays but were not
blinded for any other experiments using automated quantification and
outcome assessment. The diploid control and Tri 4,5,6,7 strains were
used as replication controls in assessing strains harboring complex
aneuploidies in Figure S1 and the Chr7 trisomic strains in Figure S10. All
phenotypes were able to be replicated with these strains.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited in
the Sequence Read Archive (SRA) database under accession code
PRJNA855681. The experimental data generated in this study are pro-
vided in the Supplementary Information/Source Data File. Source data
are provided with this paper.

Code availability

Code used to generate growth curve statistics is available at https://
github.com/andersonlabgroup/Growth_curve_Mackey/blob/main/

AM _Growth_Curve Script_Corrected.Rmd.
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