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Abstract

The opportunistic fungal pathogen Candida albicans undergoes an unusual parasexual cycle wherein diploid cells mate to form tetraploid
cells that can generate genetically diverse progeny via a nonmeiotic program of chromosome loss. The genetic diversity afforded by
parasex impacts clinically relevant features including drug resistance and virulence, and yet the factors influencing genome instability in
C. albicans are not well defined. To understand how environmental cues impact genome instability, we monitored ploidy change following
tetraploid cell growth in a panel of different carbon sources. We found that growth in one carbon source, D-tagatose, led to high levels of
genomic instability and chromosome loss in tetraploid cells. This sugar is a stereoisomer of L-sorbose which was previously shown to
promote karyotypic changes in C. albicans. However, while expression of the SOUT gene enabled utilization of L-sorbose, overexpression
of this gene did not promote growth in D-tagatose, indicating differences in assimilation of the two sugars. In addition, genome sequenc-
ing of multiple progenies recovered from D-tagatose cultures revealed increased relative copy numbers of chromosome 4, suggestive
of chromosome-level regulation of D-tagatose metabolism. Together, these studies identify a novel environmental cue that induces

genome instability in C. albicans, and further implicate chromosomal changes in supporting metabolic adaptation in this species.
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Introduction

Candida albicans is a human commensal fungus that colonizes ap-
proximately 70% of healthy adults (Noble et al. 2017). In immuno-
compromised hosts, the commensal form can seed debilitating
mucosal or life-threatening systemic infections, and treatment of
these is complicated by an increasing prevalence of drug resis-
tance in clinical isolates (Ksiezopolska and Gabaldon 2018).
While C. albicans primarily exists as a diploid species, it has also
been observed in haploid, tetraploid, and numerous aneuploid
forms that can show altered clinical features including differen-
ces in virulence and drug resistance (Olaiya and Sogin 1979;
Ibrahim et al. 2005; Selmecki et al. 2006, 2008; Hickman et al. 2013;
Ford et al. 2015; Hirakawa et al. 2017). Although C. albicans exists
in diverse ploidy states, the cues that drive ploidy changes in fun-
gal species are not fully understood.

The most studied mechanism for eliciting ploidy change in
C. albicans involves its unusual program of parasexual reproduc-
tion. Entry into the parasexual cycle is governed by a phenotypic
switch wherein diploid cells undergo a transition from the sterile
“white” state to the mating-competent “opaque” state (Slutsky
et al. 1987; Miller and Johnson 2002). Diploid opaque cells mate to
form tetraploid cells that, rather than a conventional meiosis,

can return to a diploid or near-diploid state via reductional divi-
sions in a process known as concerted chromosome loss (CCL)
(Bennett and Johnson 2003; Forche et al. 2008; Hickman et al.
2015). CCL promotes genetic diversity as parasexual progeny
display shuffled combinations of chromosome homologs, high
levels of recombination, and frequent aneuploidy (Forche et al.
2008; Berman and Hadany 2012; Hirakawa et al. 2017; Anderson
et al. 2019). The genotypic diversity ultimately afforded by
parasex potentiates phenotypic diversity and can alter clinically
relevant traits (Hirakawa et al. 2017). Importantly, tetraploid
C. albicans cells can also arise independently of the parasexual
program, as diploid cells can form a transient tetraploid state due
to mitotic collapse in response to treatment with the antifungal
drug fluconazole (Harrison et al. 2014).

The mechanisms impacting ploidy change in C. albicans
continue to be investigated. Extended passaging in replete or
nutrient-depleted media (e.g., low nitrogen or phosphorus) can
enable tetraploid cells to return to a diploid state over time
(Hickman et al. 2015; Zhang et al. 2015; Gerstein et al. 2017).
Moreover, ploidy loss in tetraploid C. albicans cells is facilitated by
growth on Saccharomyces cerevisidge pre-sporulation (PRE-SPO)
medium, as well as by growth on medium containing the sugar
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L-sorbose (Bennett and Johnson 2003; Thomson et al. 2019).
Genome instability on PRE-SPO medium was recently linked to
the high levels of oxidative stress and DNA damage that occur
during the growth of tetraploid cells on this medium (Thomson
et al. 2019). Growth on L-sorbose is generally toxic to both diploid
and tetraploid forms of C. albicans, yet cells can adapt to utilize
this sugar by undergoing large-scale genomic changes (Janbon
et al. 1998, 1999; Bennett and Johnson 2003; Yang et al. 2013;
Hickman et al. 2015). Diploid cells typically lose a copy of chromo-
some (Chr) 5 during adaptation to L-sorbose, as multiple regions
on this chromosome negatively regulate the SOrbose Utilization
gene, SOU1, on Chr 4 (Janbon et al. 1998, 1999; Kabir et al. 2005).
Increased expression of SOU1 promotes the conversion of L-sor-
bose to D-sorbitol, which can then be converted into fructose-6-
phosphate for entry into glycolysis (Greenberg et al. 2005). It has
not been determined how tetraploid cells adapt to assimilate
L-sorbose, although progeny recovered from this medium are of-
ten diploid with extra copies of Chr 4 (Forche et al. 2008), suggest-
ing that increases in the relative copy number of SOUI may also
enable adaptation of tetraploid cells to this sugar.

In this study, we further examined the environmental condi-
tions that promote genomic instability in C. albicans tetraploid
cells. We tested tetraploid cells when grown on a panel of 190 dif-
ferent carbon sources and identified one carbon source,
D-tagatose, which frequently led to a reduction in ploidy. D-taga-
tose is a stereoisomer of L-sorbose, and yet the mechanism for
D-tagatose utilization appears distinct from that of L-sorbose as
overexpression of SOU1 promoted L-sorbose growth but did not
enhance growth on D-tagatose. Interestingly, genomic analysis of
cells recovered from D-tagatose cultures (and selected for loss of
a genetic marker) revealed that progeny had a reduced ploidy
and contained increased relative copy numbers of Chr 4. This
suggests that elevated expression of genes on Chr 4 may promote
D-tagatose utilization. Overall, our findings identify a novel
nutritional cue that leads to high levels of genome instability in
tetraploid C. albicans cells and implicate karyotypic changes in
adaptation to this nutrient.

Materials and methods
Strains and media

Yeast extract peptone dextrose (YPD) and synthetic complete
dextrose (SCD) media were prepared as described (Guthrie and
Fink 1991). Liquid minimal media + D-tagatose, L-sorbose, or
D-glucose contained 0.7% yeast nitrogen base (without any car-
bon source or amino acids) supplemented with 2% D-tagatose
(NuNaturals), 2% L-sorbose (ACROS Organics), or 2% D-glucose
(Sigma-Aldrich), respectively. 2-deoxygalactose (2-DOG) plates
contained SC medium with 2% glycerol, 2mg/ml 2-DOG, and
2% agar.

To generate strains overexpressing SOU1, we used plasmid
pLC605 which contains a Tet-OFF promoter sequence for gene
overexpression (Veri et al. 2018). A Tet-OFF overexpression (O/E)
cassette for SOU1 was created by PCR amplification of pLC605 us-
ing oligonucleotides 4304 and 4305 (see Supplementary Table S2),
which was then transformed into SC5314 and RBY18 to generate
strains CAY8734 (diploid SOU1 O/E) and CAY8740 (tetraploid
SOU1 O/E).

Phenotype microarray plate assays
Tetraploid strain RBY18 was grown in YPD medium and then

resuspended in water to an ODggo of 0.2. The cell suspension was
diluted 1:48 into inoculating fluid (IFY-0) and 100ul of the cell

suspension was aliquoted into each well of Biolog PM1 and PM?2
plates (Biolog Inc., Hayward, CA, USA). The plates were grown at
37°C for 72 h on a shaking platform at 200 RPM. Following incuba-
tion, 10 ul of the cultures from each well were spotted undiluted
onto SCD and 2-DOG media and incubated at 22°C for 7 days, at
which point plates were imaged and analyzed for growth.
Experiments were performed with biological duplicates.

Quantification of chromosome loss

Tetraploid strain RBY18 was inoculated into liquid minimal me-
dia 4+ 2% D-glucose or 2% D-tagatose and incubated for 7 days at
30 and 37°C. Cells were then collected from each culture and suc-
cessive 1:100 dilutions were made in PBS. 100 ul of the undiluted
and 1:10? dilution cell suspensions were plated onto 2-DOG me-
dium, and 100 pl of the 1:10? dilution and 1:10* dilution cell sus-
pensions were plated onto YPD medium. These plates were
incubated at 30°C for 48h after which the total number of colo-
nies were counted on each plate. The percent of 2-DOG® progeny
was calculated as the (number of colonies on 2-DOG plate x the
dilution factor) x 100/(the number of colonies on the YPD plate x
the dilution factor). Experiments were performed with biological
triplicates.

DNA staining for ploidy analysis

Ploidy analysis was performed on random colonies taken from
three independent experiments following growth in either glu-
cose- or tagatose-containing media (at 30 or 37°C) and subse-
quent selection on YPD or 2-DOG plates. Six-seven independent
colonies as well pooled samples (cells from 10 different colonies)
were used for each test condition. Tagl-12 isolates represent sin-
gle colonies originating from three independent experiments
(4 colonies selected from each experimental replicate) and were
also analyzed for ploidy. Diploid and tetraploid controls were
included in each run for comparison of ploidy states.

Colonies were inoculated into liquid YPD and grown overnight
at 30°C, at which point cells were collected, fixed with 70% etha-
nol, and stored overnight at 4°C. Cells were washed twice with
50mM Tris—Cl, pH 8.0, 5mM EDTA, resuspended in 2mg/ml
RNase A (Sigma-Aldrich) in 50mM Tris-Cl, pH 8.0, 5mM EDTA,
and incubated for 2h at 37°C. RNase-treated cells were pelleted
and resuspended in 5mg/ml pepsin (Sigma-Aldrich) in 55mM
HCI and incubated for 1h at 37°C. Cells were washed twice with
S0mM Tris-Cl, pH 7.5, 5mM EDTA, and resuspended in 1uM
SYTOX Green Nucleic Acid Stain (Thermo Fisher Scientific) in
50mM Tris-Cl, pH 7.5, 5mM EDTA and stored overnight at 4°C.
For ploidy analysis, 10* cells were run on a FACS Celesta (BD
Biosciences) and data analyzed using FlowJo 10.7.1 (Ashland, OR,
USA). Histograms of SYTOX fluorescence levels were evaluated in
FlowJo and the subpopulation of cells in G1 of the cell cycle was
gated for analysis of each sample. Mean SYTOX fluorescence in-
tensity levels were calculated for cells under the G1 peak and
used to assess ploidy levels. To control for variations between
experiments, SYTOX values were normalized to the diploid
control.

Growth rate assays

SC5314 [wild type (WT) diploid], RBY18 (WT tetraploid), CAY8734
(diploid SOU1 O/E), CAY8740 (tetraploid SOU1 O/E) and Tagl-12
isolates were grown in liquid YPD medium overnight at 30°C. The
next day, 1l of each culture was inoculated into 250 pul minimal
media + 2% L-sorbose or 2% D-tagatose in a 96-well plate. The
plate was incubated at 37°C with continuous shaking using a
Biotek Epoch 2 plate reader. ODgoo readings were recorded every
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24h for 6-8days and growth curves were plotted using GraphPad
Prism 8. Experiments were performed with 2—4 biological repli-
cates.

Cell wall stress assays

For cell wall sensitivity assays, Congo red (Fisher Scientific) was
added to SCD plates at 25, 50, or 100 ug/ml. Strains were grown
overnight in liquid YPD at 30°C and further diluted in YPD and
grown for an additional 4h at 30°C to reach exponential phase.
Exponentially growing cultures were diluted to 10° cells/ml.
Diluted cultures were spotted on SCD or SCD with Congo red and
were incubated at 30°C. After 48 h of growth, plates were imaged
using a digital camera. Assays were performed with biological
duplicates.

Whole-genome sequencing, heterozygosity
levels, and ploidy assays

To extract genomic DNA C. albicans isolates were grown overnight
in YPD at 30°C and DNA isolated from ~10° cells using a Qiagen
Genomic Buffer Set and a Qiagen Genomic-tip 100/G according to
manufacturer’s instructions. Libraries were prepared using the
Nextera XT DNA Library preparation kit protocol (Illlumina) with
an input of 2ng/ul in 10pl. Each isolate was sequenced using
[llumina HiSeq 2000 generating 101 bp paired reads. The nuclear
genome sequences and General Feature Files (GFF) for C. albicans
SC5314 reference genome (version A22) were downloaded from
the Candida Genome Database (http://www.candidagenome.org/
). Reads were aligned to the SC5314 reference genome assembly
22 (haplotype A chromosomes) using Burrows-Wheeler Aligner
(BWA) v0.7.4-r385 mem (Li and Durbin 2009), and converted to
sorted BAM format using Samtools v0.1.9 (r783) (Li et al. 2009).
Reads were trimmed using trimmomatic 0.36 (with default
parameters except for SLIDINGWINDOW : 10:25 and MINLEN :
75) (Bolger et al. 2014). Briefly, the Picard tools (http://picard.sour
ceforge net/) AddOrReplaceReadGroups, MarkDuplicates,
CreateSequenceDictionary, and ReorderSam were used to prepro-
cess the alignments. This resulted in average coverage levels of
138X per sample. To examine ploidy variation across the genome,
the Hllumina read alignment depth was calculated for 1 kbp win-
dows across the genome using BEDTools 2.28 (Quinlan and Hall
2010) and SAMtools 1.3.1 (Li et al. 2009). The read depth was calcu-
lated as the number of bases aligned per window divided by the
length of the window (1 kbp) and normalized to the average depth
per strain and to GC content using pybedtools 0.8.1 (Quinlan and
Hall 2010; Dale et al. 2011). The normalized alignment depth for
each 1 kbp was averaged across 10 kbp windows and plotted using
GraphPad Prism 8. Relative changes in ploidy were identified,
including whole chromosome and segmental aneuploidies larger
than 0.1 Mbp.

To identify changes in heterozygosity, the number of heterozy-
gous positions was calculated per 1 kbp window using vcftools
(Danecek et al. 2011) and the genotypes assigned by GATK4
(Brouard et al. 2019). Heterozygosity levels were then averaged
across 10 kbp windows and plotted using Prism 8. Large loss of
heterozygosity (LOH) tracts were identified and confirmed by
visual inspection in IGV (Thorvaldsdottir et al. 2013).

GATK4 outputs were used to calculate allele frequencies for
each heterozygous position across all chromosomes. Thus, posi-
tions that were heterozygous in either reference strain (SC5314
version A22) or strains of interest were examined and the percent
of reads mapping to each chromosome homolog at these posi-
tions was determined. Allele frequencies for each chromosome

homolog were plotted using GraphPad Prism 8 and heterozygous
tracks were manually inspected using IGV.

Statistical analysis

Comparisons between different experimental conditions were
performed in GraphPad Prism 8 using two-way ANOVAs and
Student’s T-tests.

Data availability

Strains and plasmids are available upon request. Whole-genome
sequencing data for D-tagatose-cultured isolates (Tagl-12 and
RBY18) is available at NCBI SRA as BioProject PRINA686496. The
whole-genome assembly for SC5314 has been previously pub-
lished under NCBI BioProject PRINA193498 (Hirakawa et al. 2015).
Supplementary material includes Supplementary Figures S1-S4
and Supplementary Tables S1 and S2, and have been uploaded to
figshare: https://doi.org/10.25387/g3.13505709.

Results

Analysis of C. albicans tetraploid cells grown in a
diverse set of carbon sources

To identify environmental cues that promote genome instability
in C. albicans, we examined tetraploid cell behavior when grown
in different carbon sources using Biolog Phenotype Microarray
(PM) plates. We used PM 96-well plates that contained 190 alter-
native carbon sources including a variety of carbohydrates, car-
boxylic acids, and amino acids (Supplementary Table S1). To
monitor for ploidy change, we utilized the tetraploid strain RBY18
which is derived from the standard laboratory isolate SC5314 and
is heterozygous for GAL1 on Chr 1 (GAL1/GAL1/gall/gall). Cells
lacking GAL1 function are capable of growing on a medium con-
taining 2-deoxygalactose (2-DOG), and this can be used to select
for RBY18-derived progeny that have lost both functional copies
of GAL1. 2-DOG-resistant colonies can arise in RBY18 due to LOH
events at GAL1 or by loss of both of the GALI-containing Chr 1
homologs (Figure 1A) (Gorman et al. 1992; Bennett and Johnson
2003).

Strain RBY18 was grown on PM carbon source plates (37°C
for 72h) and cells replica plated onto SCD and 2-DOG media to
monitor for cell viability and loss of GAL1 function, respectively.
Several carbon sources did not produce any colony forming
units (CFUs), with no viable cells recovered from wells containing
B-D-allose (PM2 B3), D-fucose (PM2 B11), capric acid (PM2 E1), or
sec-butylamine (PM2 H6; Figure 1B and Supplementary Figure
S1). These compounds were not further investigated in this work
but may warrant examination for potential roles in inhibiting C.
albicans growth. In addition, only rare colonies were recovered
from wells containing the sugar L-sorbose, consistent with obser-
vations that isolates often require a relatively long incubation
period for adapted clones to arise in this nutrient (Janbon et al.
1999).

Notably, only growth in D-tagatose-containing medium (PM2
D6) resulted in a high number of 2-DOGR? colonies in the PM
screen (Figure 1B). This is indicative of tetraploid RBY18 cells hav-
ing lost GALI function (via recombination or chromosome loss,
Figure 1A). To further examine the capacity for D-tagatose to
promote GALI loss in tetraploid cells, strain RBY18 was grown in
minimal media containing 2% D-tagatose or 2% D-glucose at
both 30 and 37°C, at which point cells were analyzed by plating
on YPD (nonselective) and 2-DOG (selective) media. Irrespective
of temperature, growth in D-tagatose consistently resulted in
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Figure 1 C. albicans tetraploid cell response to growth in a diverse set of carbon sources. (A) Assay to monitor for GALI loss in tetraploid strain RBY18.
Cells containing a wild-type copy of GAL1 do not grow on 2-DOG medium (2-DOG®). Loss of the two functional copies of GAL1, e.g., by loss of the
appropriate chromosome homologs, causes cells to become 2-DOG resistant (2-DOGY). (B) Tetraploid cells from strain RBY18 were grown in PM carbon
source plates for 3 days at 37°C, at which point cells were transferred onto SCD medium to monitor for viability and onto 2-DOG medium to select for
cells that have lost GAL1. Highlighted wells indicate carbon sources that produced few or none CFUs on SCD, as well as D-tagatose, the only condition
to result in high numbers of 2-DOG-resistant colonies (PMO02 D6; see also Supplementary Figure S1).
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Figure 2 Growth in D-tagatose promotes GAL1 marker loss and ploidy reduction in tetraploid cells. (A) Analysis of GALI loss (2-DOG-resistant colonies)
in tetraploid strain RBY18 after growth in minimal media + 2% D-glucose or 2% D-tagatose for 7 days at 30 and 37°C. Asterisks denote a significant
difference in the percentage of 2-DOG" colonies between the indicated conditions (P < 0.05, Student’s T-test, n=3-5, error bars represent = SEM). (B)
RBY18 was grown in minimal media + 2% D-glucose or 2% D-tagatose at 30 or 37°C and colonies recovered on YPD and 2-DOG media. DNA content of
progeny was analyzed via flow cytometry in comparison with diploid (2n) and tetraploid (4n) controls. Lines indicate mean values = SEM. Data points
reflect SYTOX green mean fluorescence intensity levels for 19-21 individual colonies and two sets of pooled isolates from two independent experiments
for each condition. Pooled isolates were obtained by combining cells from 10 different colonies (black squares). Asterisks denote significant differences
between D-glucose and D-tagatose conditions (two-way ANOVAs, *P < 0.0001, df = 22).

frequencies of 2-DOG® colonies that were more than two orders
of magnitude higher than those in D-glucose (Figure 2A).

The ploidy of cells following growth in D-glucose or D-taga-
tose media and recovered on YPD or 2-DOG media was directly
evaluated by DNA staining and flow cytometry. In total, ~20 in-
dividual colonies and 2 pooled samples (each pool a combina-
tion of 10 individual colonies) were assessed for DNA content
for each condition. The most striking observation from this data
was that the majority of colonies derived from D-tagatose
cultures were closer to diploid than to tetraploid in DNA con-
tent, indicative of having undergone a substantial reduction in

ploidy, and this occurred at both 30 and 37°C (Figure 2B). Similar
results were obtained whether D-tagatose-cultured cells had
been recovered on YPD or 2-DOG media, indicating that ploidy
reduction occurred independent of selection for gall- cells. In
contrast, tetraploid cells grown in D-glucose and recovered on
YPD showed ploidy levels close to that of the tetraploid (4n) con-
trol (Figure 2B). Selection of D-glucose-cultured cells on 2-DOG
medium gave rise to a range of ploidies; experiments performed
at 37°C resulted in ploidies close to diploid, while those
performed at 30°C produced ploidies that were closer to tetra-
ploid (Figure 2B).
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Taken together, these experiments establish that tetraploid
cells cultured in D-tagatose consistently undergo large-scale
reductions in ploidy, most frequently to levels between that of
diploid and triploid, and that this occurs at both 30 and 37°C. In
contrast, culture in D-glucose rarely results in reduced ploidy,
although karyotypic changes still occur and can be enriched by
selection of cells that have lost a genetic marker.

Examination of the role of SOU1 in adaptation to
D-tagatose

D-tagatose is a stereoisomer of L-sorbose (Figure 3A), a sugar
previously shown to promote ploidy reduction in tetraploid
C. albicans cells, as well as chromosomal-level changes in diploid
cells (Bennett and Johnson 2003; Rustchenko 2007). L-sorbose uti-
lization requires expression of the SOU1 gene on Chr 4, which
encodes for a sorbose reductase that converts L-sorbose to D-sor-
bitol (Greenberg et al. 2005). Diploid cells can adapt to L-sorbose
by increasing the relative copy number of the SOUI gene (e.g.,
by becoming trisomic for Chr 4 which encodes SOU1) and/or by
losing a copy of Chr 5, as the latter contains multiple elements
that negatively regulate SOU1 expression (Janbon et al. 1998,
1999; Kabir et al. 2005; Rustchenko 2007).

To examine whether or not D-tagatose utilization involves
SOU1, diploid and tetraploid C. albicans strains were constructed
that overexpress SOU1 using a regulatable Tet-Off system (Veri
et al. 2018). As anticipated, SOUl-overexpressing strains more
readily utilized L-sorbose than wild-type diploid and tetraploid
control strains (Figure 3B). Thus, diploid and tetraploid cells
overexpressing SOU1 showed substantial growth in L-sorbose by
1 and 2days, respectively, whereas control strains did not show
detectable growth until 3-4 days (Figure 3B). In contrast, however,
SOU1 overexpression did not provide any growth advantage in
D-tagatose cultures (Figure 3B). D-tagatose, therefore, appears to
have distinct metabolic requirements from those used to assimi-
late L-sorbose.

Genomic analysis of C. albicans progeny from
D-tagatose cultures

To examine the genotypes formed when tetraploid cells are cul-
tured in D-tagatose, ploidy analysis and genome sequencing were
performed on a subset of the recovered progeny. Tetraploid strain
RBY18 was inoculated into three separate D-tagatose cultures at
37°C and progeny cells recovered on 2-DOG plates. Twelve

A OH O B
HO OH
OH OH
L-sorbose
OH O
HO™ Bl G
OH OH w g

D-tagatose

L-sorbose

isolates (Tagl-12) from the three different cultures (four isolates
per culture) were examined for DNA content using flow cytome-
try. We found that all 12 isolates displayed near diploid ploidy
levels or were between diploid and triploid (Figure 4A), indicative
of having undergone ploidy reduction.

Whole-genome sequencing (~138X coverage) was performed
on Tagl-12 isolates along with the parental tetraploid isolate
RBY18. Relative read depth was compared across all eight
chromosomes and revealed that most tagatose-derived isolates
were aneuploid having a nonequal number of chromosomes
(Figure 4B). Eleven of the 12 isolates were confirmed to be lacking
an intact GALI allele, as expected for cells that had undergone se-
lection on 2-DOG medium. Of these isolates, eight isolates were
disomic for Chr 1 (Tagl-4, Tagé-8, and Tagll) and had lost the
two chromosome homologs carrying the intact GAL1 allele. Three
isolates (Tag9, TaglO, and Tagl2) were trisomic for Chr 1 and
were also gall’, which suggests they lost both GALI-containing
homologs as well as underwent LOH at GAL1. Surprisingly, one
isolate, Tag5, retained three copies of Chr 1, two of which carried
the gall™ allele and one of which carried the GAL1 allele (Figure 4,
B and C). It is not clear if expression of GALI is defective in this
strain and that this allowed growth on 2-DOG medium.

Notably, each of the 12 sequenced isolates showed an increase
in Chr 4 copy number relative to the other chromosomes
(Figure 4, B and C), suggesting that this may provide an adaptive
advantage to growth in D-tagatose. Estimates indicate that Chr 4
was present at trisomic levels in Tag 11, at tetrasomic levels for
Tagl-4, Tag6-9, and Tagl2, and at pentasomic levels in Tag5 and
Tagl0 (Figure 4, B and C and Supplementary Figure S2). In addi-
tion to increased relative copies of Chr 4, we note that only
certain homologs were retained for Chr 2, 3, 5, and 7 in some iso-
lates. This resulted in LOH across the entire chromosome in these
examples, and the same patterns of LOH were often present in
isolates from the same experimental pool (Figure 4, C and D and
Supplementary Figure S2). However, given that different patterns
were observed between isolates from independent experiments,
we propose that these LOH events are not closely associated with
fitness in D-tagatose.

The karyotypes described above were supported by examining
the allele frequencies across all heterozygous positions for each
chromosome. The parental strain used for these experiments,
SC5314, is diploid and heterozygous for the eight disomic chro-
mosomes so median allele frequencies are ~50%, as chromosome

D-tagatose

1.6-

Growth (ODggq)
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Figure 3 Utilization of L-sorbose, but not D-tagatose, is promoted by overexpression of the SOU1 gene. (A) Skeletal formulas of L-sorbose and D-
tagatose. (B) Growth (measured by ODgg) of wild type (WT) and SOU1 overexpression (O/E) in diploid and tetraploid strains in minimal media

supplemented with 2% L-sorbose or 2% D-tagatose at 37°C (n=4).
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with 0 indicating whole chromosome LOH and 1 indicating no LOH.

homologs are present in equal proportions (Supplementary
Figure S3). Exceptions were noted for the right arms of Chr 3 and
Chr R which had undergone LOH and were therefore homozygous
even in the parental SC5314 lineage. The 12 isolates recovered
from D-tagatose had median allele frequencies of ~50% for
most chromosomes (Supplementary Figure S3), consistent with
these chromosomes retaining equal copies of each homolog
(Figure 4C). In contrast, strains that had undergone differential
retention of the two chromosome homologs showed skewed me-
dian allele frequencies. For example, strains carrying two copies
of homolog A and one copy of homolog B (AAB configuration) had
median allele frequencies close to 66 and 33%, respectively
(Supplementary Figure S3A). We note there was a significant bias
for retention of the A homolog over the B homolog for both Chr 4
[P<0.001, two-way ANOVA, F(1,11) = 59.22, df = 11] and Chr 5
[P<0.001, two-way ANOVA, F(1,11) = 32.27, df = 11] in the 12
progeny (Figure 4C and Supplementary Figure S3B).

Taken together, these results indicate that the most striking
commonalities between the 2-DOGF isolates obtained from
D-tagatose cultures are that they carry extra copies of Chr 4 rela-
tive to the rest of the genome and show a biased retention of
homolog A over homolog B for both Chr 4 and 5.

Phenotypic analysis of C. albicans progeny from
D-tagatose cultures

To determine whether isolates recovered from D-tagatose
cultures show improved growth in this sugar relative to the

tetraploid parent, we performed growth curves of Tagl-12 iso-
lates and RBY18 in minimal media supplemented with D-glucose
or D-tagatose. Growth in D-glucose did not reveal any differences
between the parental RBY18 strain and D-tagatose-derived
isolates, with all isolates reaching maximum biomass within
the first day of growth (Supplementary Figure S4A). However,
Tagl-12 showed improved growth in D-tagatose relative to
RBY18 (Supplementary Figure S4A), as these isolates displayed
shorter lag times and reached maximum biomass approximately
2 days earlier than the parental strain. These results indicate
that the 12 isolates are better adapted for growth in D-tagatose
compared to the parental strain.

Growth on L-sorbose represses the synthesis of cell wall
enzymes in Neurospora crassa (Mishra and Tatum 1972) and L-sor-
bose-adapted C. albicans cells (that are Chr 5 monosomic) exhibit
reduced levels of 1,3-p-glucan in the cell wall (Yang et al. 2013). It
therefore seemed possible that D-tagatose-adapted isolates
might also show altered cell wall properties, particularly in those
with reduced copy numbers of Chr 5. To test this, we assessed
the susceptibility of D-tagatose-adapted isolates to Congo red
which targets cell wall B-glucan (Kopecka and Gabriel 1992). The
Tagl-12 isolates, along with diploid and tetraploid controls, were
spotted in 10-fold serial dilutions on SCD plates with or without
Congo red. The tetraploid isolate showed a slight increase in
Congo red sensitivity compared to the diploid control. Strikingly,
all D-tagatose isolates except for Tag5 showed increased sensitiv-
ity to this cell wall agent (Supplementary Figure S4B). This
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analysis reveals that adaptation to growth on D-tagatose is asso-
ciated with increased sensitivity to B-glucan-targeting agents,
potentially indicative of changes to the cell wall.

Discussion

Several studies have examined the environmental conditions
and genetic factors that influence ploidy change in fungal species
(for recent reviews see Wertheimer et al. 2016; Todd et al. 2017,
Gerstein and Sharp 2021). In Cryptococcus neoformans for example,
polyploid Titan cells have been identified that show altered inter-
actions with the mammalian host (Okagaki et al. 2010; Zaragoza
et al. 2010; Okagaki and Nielsen 2012), and polyploid cells can
subsequently give rise to haploid or aneuploid progeny in a pro-
cess that is not well understood but is dependent on meiotic
genes (Gerstein et al. 2015; Zhao et al. 2020). Studies in S. cerevisiae
have also revealed that there are mitotic mechanisms by which
triploid or tetraploid cells can shift toward the diploid state dur-
ing passaging (Gerstein et al. 2006, 2008; Selmecki et al. 2015).
Overall, it is evident that polyploid states frequently arise in na-
ture, both in fungi and in higher eukaryotes, that these states ex-
hibit elevated genomic instability, and that this instability can be
further accentuated by environmental cues (Bennett et al. 2014;
Storchova 2014; Todd et al. 2017).

Here, we focus on ploidy change in C. albicans, a diploid yeast
that undergoes a parasexual cycle wherein mating generates tet-
raploid cells that can then reduce their ploidy by a nonmeiotic
mechanism back to a diploid or aneuploid state (Bennett and
Johnson 2003; Forche et al. 2008; Berman and Hadany 2012;
Hickman et al. 2015). This parasexual cycle enables C. albicans to
generate genotypic diversity that impacts multiple phenotypes
including drug resistance and virulence (Forche et al. 2008;
Hickman et al. 2015; Hirakawa et al. 2017). While a limited set of
in vitro conditions are known to promote chromosome instability
in tetraploid cells, key questions remain as to where and how
parasex (mating and ploidy reduction) occur in nature. Here, we
examined how C. albicans tetraploid cells respond to growth in a
diverse set of carbon sources and identified one sugar, D-taga-
tose, that promotes genomic instability, and showed that its
assimilation has distinct requirements from that of the related
sugar, L-sorbose.

Screening of C. albicans tetraploid cells on 190 different carbon
sources revealed several that failed to support growth, including
known fungistatic or fungicidal agents such as sec-butylamine
and capric acid (Yoshikawa and Oda 1976; Tzatzarakis et al. 2000;
Bergsson et al. 2001). We also note that few colonies were recov-
ered following growth in L-sorbose which could indicate that the
adaptive changes necessary for L-sorbose utilization (Janbon et al.
1999) did not arise during the 3-day growth period used in this
study. We are not aware of any documented antifungal activity
of the other compounds that failed to support growth, and these
may warrant further investigation for potential inhibitory effects
on C. albicans.

Our screen identified only one carbon source, D-tagatose, that
led to high frequencies of 2-DOG" progeny from tetraploid strain
RBY18, an indication that cells had lost GAL1 function and had
potentially undergone chromosome loss or recombination.
Growth in D-tagatose resulted in a 2-3 orders of magnitude in-
crease in the frequency of 2-DOG® colonies compared to growth
in D-glucose, and assays established that the majority of recov-
ered progeny existed in a state between that of diploid and trip-
loid. Interestingly, D-tagatose is a stereoisomer of L-sorbose
which was previously shown to promote ploidy reduction in

tetraploid cells (Bennett and Johnson 2003; Hickman et al. 2015).
Sorbose utilization in C. albicans is dependent on SOU1 expression
which resides on Chr 4 and is repressed by multiple factors
encoded on Chr 5, and thus a monosomic Chr 5, either with or
without a Chr 4 trisomy, enables sorbose assimilation by diploid
cells (Rustchenko et al. 1994; Janbon et al. 1998, 1999; Kabir et al.
2005; Kravets et al. 2014).

Given that SOU1 expression enables utilization of L-sorbose,
we were surprised that SOU1 overexpression did not promote
growth in D-tagatose, indicating differences in how C. albicans uti-
lizes these sugars. Despite this difference, an examination of 12
isolates recovered from D-tagatose cultures revealed the consis-
tent presence of supernumerary copies of Chr 4. This suggests
that increased expression of genes on Chr 4 may promote taga-
tose utilization, potentially due to the genes on a supernumerary
chromosome being expressed in line with their copy number
(Tucker et al. 2018). We also observed a bias in the homologs
retained for Chr 4 and 5 following tagatose culture, with the A ho-
molog retained more frequently than the B homolog for both
chromosomes. Thus, changes in both chromosome copy number
and allelic balance may promote adaptation to tagatose, al-
though analysis of a larger set of independently cultured samples
will be necessary to establish whether these differences are en-
abling adaptation. In addition, we note that most D-tagatose-
adapted isolates exhibited increased sensitivity to Congo red
which targets B-glucan in the cell wall. This is in line with
cell wall remodeling changes that occur following adaption to
L-sorbose and that aneuploid cells can exhibit altered stress
profiles (Yang et al. 2013; Tsai et al. 2019).

While this study identifies D-tagatose as a carbon source that
promotes tetraploid cell instability, it is currently unclear how C.
albicans assimilates this sugar. Chr 4 could harbor a tagatose utili-
zation gene that modifies D-tagatose into an intermediate that
can be utilized for glycolysis, such as a “tagatose reductase” anal-
ogous to the sorbose reductase encoded by SOU1 (Greenberg et al.
2005). It is also possible that D-tagatose becomes phosphorylated
and is then utilized by catabolic pathways similar to those in bac-
teria (Brinkkotter et al. 2002; Shakeri-Garakani et al. 2004; Van der
Heiden et al. 2013). Additional studies are therefore required to
identify C. albicans pathways that support the metabolism of
this sugar.

Finally, it is worth noting that D-tagatose is a naturally occur-
ring sugar that has been isolated from milk and mycobacteria
(Adachi 1958; Szumilo and Russa 1982; Kim 2004). D-tagatose has
gained popularity as a sugar substitute due to advancements in
its production (Bober and Nair 2019) and because it has 38% of
the calories of sucrose, as well as other benefits including prebi-
otic and digestive properties (Bertelsen et al. 1999; Levin 2002;
Liang et al. 2019; Torrico et al. 2019). Dietary consumption of
D-tagatose is also capable of increasing the diversity of the
microbiome in mice (Liang et al. 2019), although effects on the
mycobiome or C. albicans colonization of the gastrointestinal tract
have yet to be examined. This therefore represents an interesting
avenue for future research.

In summary, this study establishes that tetraploid C. albicans
cells undergo ploidy reduction when grown on D-tagatose.
Utilization of this sugar is not facilitated by SOU1 overexpression,
unlike L-sorbose assimilation, although growth in both sugars
generates progeny with increased relative copy numbers of Chr 4.
Future studies will characterize how C. albicans assimilates
D-tagatose and whether or not it involves processes similar to
those characterized in bacteria. As D-tagatose is increasingly
popular as a dietary sugar, studies examining the effects of
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D-tagatose consumption on the gut mycobiome and on C. albicans
colonization are also warranted.
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