Cell

REVIEWS

Baker's Yeast Clinical Isolates Provide a Model
for How Pathogenic Yeasts Adapt to Stress

Vandana Raghavan,’ Charles F. Aquadro,’ and Eric Alani™*

Global outbreaks of drug-resistant fungi such as Candida auris are thought to be due at least in
part to excessive use of antifungal drugs. Baker's yeast Saccharomyces cerevisiae has gained
importance as an emerging opportunistic fungal pathogen that can cause infections in immuno-
compromised patients. Analyses of over 1000 S. cerevisiae isolates are providing rich resources
to better understand how fungi can grow in human environments. A large percentage of clinical
S. cerevisiae isolates are heterozygous across many nucleotide sites, and a significant proportion
are of mixed ancestry and/or are aneuploid or polyploid. Such features potentially facilitate
adaptation to new environments. These observations provide strong impetus for expanding
genomic and molecular studies on clinical and wild isolates to understand the prevalence of ge-
netic diversity and instability-generating mechanisms, and how they are selected for and main-
tained. Such work can also lead to the identification of new targets for antifungal drugs.

Saccharomyces cerevisiae, a Model for Studying Pathogenic Yeast

S. cerevisiae, or baker's yeast, is the best-studied single-cell model eukaryote. It is found in many natural
environments including trees, fruits, and soll, is extensively used in industry to make bread, beer, and wine
(e.g.,[1,2]), and has been found in the respiratory, gastrointestinal, and urinary tracts of healthy individuals
([3-7], reviewed in [8]). It is not thought to adapt quickly to the changing conditions that occur in the human
body, and its presence does not normally cause infections because it can be cleared by the immune sys-
tem and does not cross epithelial barriers [3-7]. However, recent molecular and genomic analyses of
S. cerevisiae natural isolates (see Glossary) have identified loci and mechanisms that promote genetic vari-
ability and genomic instability, and consequently aid in adaptation to stressful environments [8-11]. This
review provides an overview of the genomic processes that can promote adaptation of baker's yeast to
changing environments, and how such adaptation may lead to virulence in a human host.

S. cerevisiae, an Opportunistic Pathogen

Over the past 25 years a significant effort has been made to collect and characterize S. cerevisiae isolated
from patients ([11-17] for examples). It has been designated as an emerging opportunistic pathogen that
can cause infections inimmunocompromised patients, and is associated with virulence when the epithelial
barrier is breached [5,18]. The association of baker’s yeast with human infection has become better recog-
nized because of improved diagnostic methods. S. cerevisiae causes roughly 1-4% of severe fungal infec-
tions, with Candida albicans (~53-58%) and Candida glabrata (~20-23%) causing the majority [19]. There
are a few extreme cases where S. cerevisiae is the direct cause of mortality, usually by inducing sepsis [19].
Baker's yeast infection is associated with several illnesses including pneumonia, peritonitis, esophagitis,
and liver abscesses (reviewed in [20]). Furthermore, it can cause infections ranging from vaginitis in healthy
patients, cutaneous infections, systemic bloodstream infections, and infections of essential organs in
immunocompromised and critically ill patients [5,20-22]. Based on these reports, S. cerevisiae is consid-
ered to be a low-virulence human pathogen [8,22].

Challenges for Baker’s Yeast in the Human Host and Clinical Environment

The human body is a stressful growth environment for baker’s yeast because it is subjected to heat
stress, antifungal agents, antimicrobials, and competing commensals and/or infectious microbes.
These stresses are analogous to what yeast might experience in a wine fermentation environment,
which is constantly fluctuating, and differs from a typical natural environment such as the bark of a
tree or fruit [23]. Major factors that allow opportunistic infection by S. cerevisiae are an impaired
host immune response, use of invasive and infected catheters in hospitals, antibiotic therapies to
treat some infections, and probiotics that contain S. cerevisiae [20,21]. Thus, it is not a surprise that
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the majority of infections caused by S. cerevisiae are hospital-acquired. Apart from being a
commensal in patients and healthcare workers, it may be acquired from other infected patients
and may appear in the hospital environment through probiotics and other food sources
[5,20,21,22,24].

Can Human Behavior Impact on Adaptation Mechanisms?

Indiscriminate use of antimicrobials is thought to be a leading cause of outbreaks of multidrug-resis-
tant bacterial pathogens [25]. Recent work has suggested a similar situation in fungi [26,27]. Excessive
use of antifungals in farm animals and crops is thought to be a major source of drug-resistant fungi
that cause infections. This is exemplified by global outbreaks of Candida auris within the past 5 years
[26]. This pathogen is resistant to major antifungal medications, and causes infections in patients with
weak immunity such as critically ill patients, infants, and patients on immune-suppressive medica-
tions. The commensal fungal population is important to maintain gut health and promote antifungal
immunity [27]. However, the use of probiotics, especially in immunocompromised patients, is also
thought to provide an advantage for specific fungi to grow in a clinical environment. For example,
Saccharomyces boulardii, a subtype of S. cerevisiae, is used in probiotics for the treatment of diar-
rheal disease such as that caused by Clostridium difficile [5,21]. These live preparations are often
consumed at high doses for long periods of time, and have been associated with invasive
S. cerevisiae infections in immunosuppressed individuals [5,21].

Phenotypes Associated with Virulence

Some of the earliest studies analyzing baker’s yeast infections in mammals involved introducing clin-
ical and nonclinical human isolates into immunocompromised mice [12]. Such studies showed that
virulence was likely to be a dominant trait involving multiple loci [12]. Outlined below and in Table
1 are summaries of phenotypes that are important for growth in clinical conditions.

Antifungal Resistance

The most common class of antifungals, azoles, target enzymes in the ergosterol biosynthesis pathway.
Ergosterol is the major sterol in the plasma and mitochondrial membranes of fungi. It is not present in
mammals and is an established target of antifungals [28]. Resistance to antifungals can occur through
the deletion or overexpression of genes that regulate membrane transporters that cause efflux of the
drug, or that modulate the expression of targets in the ergosterol pathway (Table 1) [29-33]. For example,
in experimentally evolved populations (defined as cultures grown in laboratory conditions for a large num-
ber of generations) of S. cerevisiae, resistance to the antifungal fluconazole resulted from mutations in
several targets [29]. At low drug concentrations, diploids acquired resistance more rapidly than haploids.
This advantage was thought to be due to resistance resulting from dominant mutations and because dip-
loids have twice the number of mutational targets. At high drug concentrations, resistance occurred more
quickly in haploids as a result of the acquisition of recessive mutations. In experimentally evolved popu-
lations of C. albicans, resistance to fluconazole resulted from an additional copy of isochromosome 5L,
which became fixed in multiple independent populations [31].

High-Temperature Growth

The ability to grow at high temperature aids the virulence of S. cerevisiae. Four genes have been
linked to high-temperature growth in S. cerevisiae: NCS2, MKT1, END3, and RHOZ2 [34,35]. These
were identified through a targeted backcross mapping strategy and reciprocal hemizygosity analysis
[34,35]. More recently, S. cerevisiae-specific housekeeping alleles were identified by a reciprocal
hemizygosity mapping strategy involving an interspecific hybrid between S. cerevisiae and its ther-
mosensitive relative, Saccharomyces paradoxus [36].

Colony Phenotype Switching

Many clinical isolates display several colony phenotypes that include variation in smoothness, color,
size, and colony border color[13,37]. Clinical isolates were observed that showed different but revers-
ible colony phenotypes that were dependent on growth media [37]. Colony phenotype switching was
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Glossary

Aneuploidy: loss or gain of one or
a few chromosomes that causes a
change in the chromosome num-
ber from a multiple of the haploid
set (euploidy).
Autodiploidization: mating be-
tween mother and daughter cells
after mating type switching.
Epigenetic mechanisms: inheri-
tance of phenotypes resulting
from alterations in cellular mech-
anisms, such as changes in tran-
scription patterns, chromatin or-
ganization, and protein folding,
that occur in the absence of ge-
netic changes.

Heterosis: higher fitness of a
hybrid resulting from mating be-
tween different strains/isolates;
also referred to as hybrid vigor.
Heterothallic: baker’s yeast cells
that cannot undergo mating type
switching and can be maintained
as stable haploids.

Homothallic: baker’s yeast cells
that have the ability to undergo
mating type switching. This allows
mating (autodiploidization) be-
tween mother and daughter cells.
Isolate: an isolate is found in na-
ture, whereas a strain has been
manipulated in the laboratory.
Loss of heterozygosity (LOH):
loss of genetic information
derived from one parent. Such
events can be caused by chro-
mosomal deletions and loss, gene
conversion, and mitotic
recombination.

Mosaic: mixed genotype derived
from two or more genetically
different populations. Anisolate is
classified as mosaic when it has
multiple sources of ancestry and
when <60% ancestry is from any
one population [11]. Mosaic iso-
lates are polymorphic for the ma-
jority of segregating sites and are
derived from outbreeding [9,14].
They frequently manifest as iso-
lated branches on a phylogenetic
tree [9].

Multisite heterozygosity: allelic
variation seen in the same indi-
vidual at multiple genetic loci.
Heterozygous isolates were clas-
sified as having >5% heterozy-
gous sites among the total num-
ber of SNPs compared with the
reference genome S288c [9]. In
1011 isolates, heterozygosity
ranged from 0.63-6.56 SNP sites
per kb in heterozygous isolates
[9]. There were 2000-78 000 total
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Phenotype Description

Antifungal resistance (i) Genes that act in drug efflux pathways.

Overexpression of genes in clinical isolates of C. albicans [32].
CDR1 and CDR2: ABC (ATP-binding cassette) transporters.

MDR1: regulates intracellular protein transport.

Experimentally evolved S. cerevisiae [29].
PDR1: mutations in this transcription factor cause overexpression of PDR5 and
SNQ2.
PDR3: mutations in this transcriptional activator alter the expression of ABC
transporters.
Overexpression increased drug efflux [30]: ICT1 (phosphatidic acid biosynthesis),
YOR1 (ABC transporter), GRE2 (catabolism of some sugars), PDR16 (lipid
synthesis), YGRO35C and YPLO88W (unknown).

(i) Modulation of expression of ergosterol biosynthesis pathway genes in

experimentally evolved S. cerevisiae [29,33].

Loss-of-function mutation in ERG3 causes overexpression of ERG11 which
causes resistance to fluconazole.

Loss of function of ERG6 causes resistance to fluconazole

(iii) Aneuploidy of isochromosome 5L and trisomy of chromosome 7 in

experimental evolution of C. albicans [31].

High-temperature growth  Linkage to NCS2, MKT1, END3, and RHOZ2 in S. cerevisiae [34,35].
Alleles of S. cerevisiae housekeeping genes were found to be important for high-

temperature growth phenotypes [36].

Colony phenotype Linked to clinical isolates of S. cerevisiae [13,37].

switching

Pseudohyphal growth Linked to clinical isolates of S. cerevisiae [39] and a large gene set [40,41].
Nutrient starvation Determining the fitness effects of genes from the yeast amplification and deletion

library in nutrient-limited conditions resulted in the identification of 73 genes in
phosphate-limited conditions, 210 in glucose-limited, and 223 in sulfate-limited
conditions [94].

Table 1. Phenotypes Observed in Fungi Grown in Clinical Environments or Conditions: A Few Examples

observed more often in clinical than in nonclinical isolates [37]. Such properties likely facilitate colo-
nization of different parts of the human body that provide different stress conditions and nutrient
availability. It is also important to note that meiotic progeny of clinical isolates can display a wide va-
riety of colony phenotypes in a single growth condition (e.g., [10]).

Pseudohyphal Growth

Inthis growth phase, cells bud and become elongated, but the buds do not separate, creating chains of cells
that can invade the growth substrate [38]. This unipolar growth may be important under nutrient-deprived
conditions to identify food sources. Such growth has been linked to >500 genes in S. cerevisiae, and virulent
isolates show significantly higher pseudohyphal growth than avirulent isolates [39-41].

Genetic Mechanisms That Contribute to Baker’s Yeast Virulence

Adaptation to stress can often be accomplished through immediate physiological responses
involving induction or repression of stress-response genes. Rapid adaptation can also occur through
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isolates [9].

Outcrossing: mating between
genetically different strains/
isolates.

Polyploidy: having more than two
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epigenetic mechanisms, in which changes in transcription patterns, chromatin organization through
histone or DNA modifications, and protein folding (e.g., prions) can be maintained across genera-
tions in the absence of changes in DNA sequence [42-44]. Adaptive evolution experiments in
S. cerevisiae indicated that levels of epigenetic gene silencing can impact, through population size
expansion, on the rate of acquisition of novel alleles that further enhance silencing. This observation
suggests a connection between epigenetic mechanisms and accelerated adaptation [45]. The adap-
tive mechanisms described above occur either in parallel to, or are followed by, changes at the ge-
netic level, the focus of this section.

Studies on natural and clinical isolates have identified different genetic factors that aid in the
adaptation of baker's yeast to stressful environments (Figure 1, Key Figure). Many of these factors
(Figure 2A and Table 2) have been associated with exposure to human-associated environments.
They include: (i) multisite heterozygosity and (i) mosaicism, which offer wider explorations of
phenotypes in the progeny of an organism. (i) High mutation rates, which provide a source of
mutations that can accelerate adaptation. (iv) Aneuploidy, a change in the number of one or
more chromosomes, provides a transient adaptive mechanism. (v) Polyploidy, which is also
observed in natural isolates, can generate genome instability and variability associated with rapid
adaptation.

Key Figure

Factors Aiding the Adaptation of Saccharomyces cerevisiae Clinical
Isolates
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Figure 1. Interrelated factors that lead to genetic variation and genomic instability help baker’s yeast to adapt to
growth in clinical environments. Heterozygosity and mosaicism of isolates result in spore clones accessing larger
genotypic and phenotypic spaces, and also give rise to new combinations of genes and alleles, which aid in
adaptation to new environments. The allelic variation and hybrid incompatibility resulting from heterozygosity
and mosaicism can also cause variation in mutation rates. Aneuploidy and high mutation rates provide a
transient advantage to sudden stress conditions, and aneuploidy generates large phenotypic variations, which
may also lead to high mutation rates. Polyploids show genome instability phenotypes that include an increase in
the frequency of chromosome mis-segregation events that lead to aneuploidy, higher mutation rates, and larger
genotypic and phenotypic spaces, all of which facilitate adaptation [82].
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Figure 2. Genetic and Phenotypic Properties of Clinical and Nonclinical Isolates of Yeast.
(A) Proportions of 107 clinical and 904 nonclinical isolates from the 1011 S. cerevisiae genome project [9] with a
given genetic property (Table 2 for details). For the heterozygous and polyploid categories, only natural isolates

(Figure legend continued at the bottom of the next page.)
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Multisite Heterozygosity

Multisite heterozygosity is defined as the presence of allelic variation at multiple loci in the same yeast
strain. In the 1011 S. cerevisiae genome project [9], isolates were identified that contained 2000-78
000 single-nucleotide heterozygous sites. Among the 794 diploid natural isolates, 63% displayed
multisite heterozygosity, as did 46% of the 107 clinical isolates in this project [9] (Table 2 and Fig-
ure 2A). Interestingly, higher levels of heterozygosity were associated with isolates recovered from
human-associated compared with natural environments [9,11,15,46]. A simple explanation for the
above findings is that actions by humans, such as consuming yeast and culturing them for beer
and wine, increase the possibility of outcrossing by increasing stress conditions and providing prox-
imity to other isolates [15,46]. Thus, by inference, outcrossing between different isolates would lead
to multisite heterozygosity.

How is Heterozygosity Generated?

Baker's yeast can reproduce asexually as well as enter meiosis infrequently for sexual reproduction to
generate haploid spores. Once spores are formed, S. cerevisiae haploid cells have the potential to
switch mating type (if homothallic) and autodiploidize to create a homozygous diploid or mate
with other haploid progeny in the vicinity, termed outcrossing. Heterozygosity at multiple loci can
result by recent outcrossing events or from the accumulation of mutations during vegetative growth.
Outcrossing in baker's yeast, which depends on growth environment and proximity to other isolates,
has been estimated to occur at between 1in 100 and 1in 50 000 vegetative divisions [23,47], and high
rates are observed in the gut of social wasps [48]. A closely related yeast, S. paradoxus, is unable to
survive in the gut of social wasps, but conditions in the gut favor their sporulation and germination,
and, most importantly, favor mating with S. cerevisiae to form hybrids that can survive [48]. Mixed
ancestry from two or more populations as a result of outcrossing would result in a larger proportion
of heterozygosity in the genome, and is termed mosaicism. Although it is difficult to distinguish het-
erozygosity created by outcrossing from that created by mutation accumulation, the finding that 63%
of wild isolates are heterozygotes despite a prevalence of asexual reproduction suggests that the het-
erozygous state is advantageous [9].

Advantages of Heterozygosity

High levels of heterozygosity in baker’s yeast, coupled with rare meiotic cycles, are thought to in-
crease genotypic and phenotypic spaces and promote rapid adaptation to novel environments
and stress conditions. High levels of heterozygosity, especially in clinical isolates, also point towards
a heterosis-like advantage that allows adaptation and survival in particular environments [46,49]. This
advantage is demonstrated by the variation seen in the phenotypes of meiotic progeny of the clinical
isolate YJM311 [39,49,50], and in the variation in mutation rate of meiotic progeny of the clinical iso-
lates YJS5845 and YJS5885 [10] (Table 3).

Importantly, loss of heterozygosity (LOH) can act to fix beneficial alleles during adaptation. This has been
observed in natural baker’s yeast populations as well as in experimental evolution studies [2,51]. Studies
have shown that LOH events are common and can occur over shorter evolutionary timescales such as in
a 500 generation adaptive evolution experiment [51]. Furthermore, LOH events have been shown to be
beneficial during adaptation and result from direct selection of one allele over the other [51].

(107 clinical, 687 nonclinical) were analyzed. (B) Mutation rate variation observed in a clinical isolate. Mutation rates
were determined using a plasmid-based frameshift reversion assay of an MLHT-PMS1 compatible laboratory strain
(S288¢) and an isogenic derivative containing an incompatible MLHT1-PMS1 combination. This assay detects
frameshift mutations that restore the reading frame in a homopolymeric run of nucleotides inserted into KanMX.
In wild-type strains, the reversion rate of such events (~1077) [10] is considerably higher than for base
substitutions (~5 x 107'%) [101]. Mutation rates of the heterozygous diploid clinical isolates YJS5845 and
YJS5885 were also determined, as well as the rates for six compatible and five incompatible spore clones of
YJS5845, and eight compatible and four incompatible spore clones of YJS5885. Larger variations in mutation
rate were observed between incompatible and compatible spore clones of YJS5845 (340-fold) and YJS5885
(120-fold) compared with the S288c¢ laboratory strain (11-fold). Adapted from [10].
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Adaptive
mechanism

Multisite
heterozygosity

Mosaicism

High mutation rate

Aneuploidy

Polyploidy

Description

794 natural isolates [9].
46% of 107 clinical origin isolates were heterozygous.

66% of 687 nonclinical origin isolates were heterozygous.

Higher levels of heterozygosity in clinical isolates [15].
37-59% of total SNPs were heterozygous in clinical isolates.

0.9-15% of total SNPs were heterozygous in nonclinical isolates.

1011 natural isolates [9].
47% of 107 clinical isolates belong to mosaic clades.

11% of 904 nonclinical isolates belong to mosaic clades.

144 natural isolates [8].
Approximately 19% of 132 clinical isolates belong to mosaic clades.

None of the 12 nonclinical isolates are mosaics.

100 natural isolate segregants [11].
63% of 43 clinical strains belong to mosaic clades.
33% of 57 nonclinical strains belong to mosaic clades.

Clinical isolates YJS5885 and YJS5845 with genetic incompatibility in the mismatch repair
genes MLH1 and PMS1 generate spore clones with a range of mutation rates [10].

1011 natural isolates [9].
17% of 107 clinical isolates are aneuploid, 50% of which have aneuploidies in more than
one chromosome (two to seven).
19% of 904 nonclinical isolates are aneuploid, 7.2% of which have aneuploidies in more

than one chromosome (two to nine).

144 natural isolates [8].
36% contained aneuploidies, 132 of which are clinical isolates. Eight clinical isolates

contained multiple aneuploidies.

93 natural isolate segregants [11].
5% of 47 clinical strains were aneuploid.
10% of 50 nonclinical strains were aneuploid. Two contained multiple aneuploidies (one
with two, the other with three).

47 natural isolates [76].
30% of 10 clinical isolates are aneuploid. One had aneuploidy in two chromosomes.
24% of 37 nonclinical natural isolates are aneuploid. Two had aneuploidies in multiple
chromosomes. One had aneuploidy in two chromosomes and the other in four

chromosomes.

794 natural isolates [9].
8% of 107 clinical isolates are polyploid.

12% of 687 nonclinical isolates are polyploid.
32% of 144 natural isolates are polyploid, 132 of which are clinical isolates [8].

30% of both clinical and nonclinical isolates are polyploid among a total of 137 isolates
[46].

Table 2. Adaptive Mechanisms Observed in Saccharomyces cerevisiae Clinical Isolate Studies
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Isolate  Phenotype of spore clones

YJM311  Variation in resistance to the antifungal drug fluconazole [49]. Determined by measuring the MICsq
(minimum concentration of fluconazole that inhibits 50% growth) for 288 homozygous diploid spore

clones.

Colony biofilm complexity [49,50]. Colony morphologies of 288 spore clones were categorized
visually ranging from a simple, nonbiofilm phenotype to a highly complex biofilm colony
morphology.

Variation in invasive growth on agar [49]. Assessed by growing yeast on agar containing low

ammonium, washing the surface-growing cells, and quantifying the levels of invasive growth.

Variation in growth at 42°C [39,49]. Determined by measuring growth on agar plates at 42°C for the
288 spore clones.

YJS5885  120-fold variation in mutation rate among 12 spore clones [10]. Determined by a frameshift reversion
assay involving a plasmid containing a frameshift mutation in the gene encoding resistance to
geneticin.

Variation in colony sizes among 12 spore clones as determined by growing on agar plates at 30°C for
2 days [10].

YJS5845  340-fold variation in mutation rate among 11 spore clones [10].

Variation in colony sizes among 11 spore clones [10].

Table 3. Heterozygosity in an Isolate Results in a Phenotypic Range in Its Progeny: A Few Examples

How is Heterozygosity Maintained?

Baker's yeast is primarily homothallic and is capable of self-mating, and it therefore seems surprising
that high levels of heterozygosity are maintained in natural isolates. The frequency of heterothallism
(inability to switch mating type to form diploids) was reported to be higher in clinical isolates than in
nonclinical isolates [46]. For example, based on genotyping of the HO locus, it was previously
observed that four of eight clinical heterozygous isolates were heterothallic, indicating they would
thus support maintenance of heterozygosity [46]. The heterozygote advantage may select for the het-
erothallic phenotype in these isolates. For example, in a recent study, one of two clinical isolates stud-
ied was functionally heterothallic, and its meiotic spore progeny remained haploid [10]. This isolate
did not have any defects in the open reading frame of the HO gene, and thus there are likely to be
mutations in other loci in this isolate that confer a heterothallic phenotype. Interestingly, it was re-
ported in a set of 28 natural isolates that there was a sevenfold higher sporulation efficiency in homo-
zygous than in heterozygous isolates [15]. Thus, lower sporulation efficiency may also play a role in
maintaining heterozygosity. It would be interesting to see if this correlation holds for the 1011
isolates [9].

Mosaicism

Different isolates can often colonize and cause infection in individual immunodeficient patients. Such
multiple isolate infections can provide an opportunity for isolates to outcross and generate mosaics
[8,11,16,52]. Isolates are classified as mosaics if their genomes contain sequences derived from more
than one genetically diverse ancestor. Importantly, they may also contain high levels of genomic het-
erozygosity if the outcrossing events occurred relatively recently. Human influence is likely to play a
major role in bringing different isolates together and generating stress conditions that promote out-
crossing between such isolates. Thus, itis not a surprise that a majority of the isolates that are mosaics
are isolated from human-related (e.g., clinical and wine isolates) rather than from natural environ-
ments [8,9,11] (Table 2 and Figure 2A). In addition, a high proportion of clinical isolates belong to
mosaic clades: 47% of clinical isolates versus 11% of nonclinical isolates belong to mosaic clades,
although it is important to note that a significant number of clinical isolates are part of the wine clade
[8,9,11] (Table 2 and Figure 2A).
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Outcrossing between different isolates with varying degrees of adaptive potential will likely lead to
the generation of mosaic isolates with higher adaptive potential because they would contain new
and unexplored combinations of genes and alleles that facilitate adaptation to new environments.
Mosaicism may also aid in adaptation by providing a phenotypic range in the progeny, as mentioned
above for heterozygosity.

High Mutation Rates

High mutation rates can accelerate adaptation to stress conditions because they provide elevated muta-
tion supply that can more rapidly yield beneficial mutations. Bacteria that display high mutation rates are
frequently found in nature [53-60]; however, modeling analyses and molecular studies indicate that bac-
teria prevent the long-term fitness cost of accumulating deleterious mutations through horizontal transfer
of genes that restore a low mutation rate [55,59,61]. Horizontal gene-transfer events are rare in fungi
[62,63], and baker's yeast active mutators have not yet been isolated in natural environments. Recently,
active mutators were identified in clinical isolates of the human fungal pathogen Cryptococcus that
contain mutations in the mismatch repair gene MSH2 [64,65], demonstrating that a high mutation rate
can provide beneficial mutations for adaptation in fungi despite the associated fitness costs.

Outcrossing between isolates with high sequence divergence can result in the creation of novel mu-
tator combinations of nonmutator variants in different genes. For example, mating between two lab-
oratory baker's yeast strains can yield progeny that display mutator phenotypes as the result of an
incompatible combination of the MLHT and PMST mismatch repair genes which act in a highly
conserved pathway to remove DNA replication errors [10,66]. The proteins MIh1 and Pms1 function
as a heterodimer, and a specific incompatible combination of single amino acid polymorphisms in
MIh1 and Pms1 results in elevated mutation rates [67], which can provide an adaptive advantage un-
der stress conditions [68]. In the heterozygous clinical isolates YJS5885 and YJS5845, which are not
mutators, MLHT-PMS1 incompatibility acts as a major contributor to the high mutation rates seen
in spore clones derived from either isolate [10]. Interestingly, these spore clones displayed a wide
range of mutation rates, indicating the presence of extragenic suppressors and enhancers of muta-
tion rate [10] (Figure 2B).

MLH1-PMS1 incompatibility allele combinations are rare in nature, most likely due to the detrimental
effects of defects in mismatch repair on fitness [66]. Analysis of the patterns of sequence polymor-
phisms in DNA encompassing the PMST locus provided evidence that recombination to generate
incompatible genotypes had occurred in the past, suggesting that natural isolates of baker’s yeast
do mate and occasionally produce the incompatible genotype [67]. Only one isolate among 1011 nat-
ural isolates was found to be homozygous for the incompatibility genotype, but a spore clone of this
isolate had acquired suppressor mutations and was not a mutator [9,52,66]. However, a diploid strain
containing MLH-PMS1 incompatibility in the heterozygous state may have an advantage because the
incompatibility is recessive and the effect of incompatibility is only observed in spore progeny [10].
The presence of the MLH1-PMS1 incompatibility could thus provide a transient advantage for adap-
tation, where mutator spore clones adapt to a stress condition and escape fitness costs by acquiring
suppressors, mating to nearby spore clones, or outcrossing to become nonmutators [10]. Thus, tran-
sient hypermutators are likely to permit the acquisition of resistance to antifungal agents without
increasing mutational load, and may also provide a supply of mutations that can promote resistance
to other stresses. Consistent with this idea, in a study where diploid baker’s yeast were evolved by
sequential strong selection to three drugs, clones were identified that displayed high genetic insta-
bility, including increased mutation rate, chromosome loss, and mitotic recombination [69].

Aneuploidy

A change in the chromosome number from the euploid set is referred to as aneuploidy; in most cases
such events are deleterious to the cell. The effects of aneuploidy could be mediated by a direct
change in the expression of genes on the aneuploid chromosome as a result of copy-number varia-
tion, or could be an indirect effect produced by a change in the expression of a gene that regulates
targets located throughout the genome [70]. In addition, there could be a general effect of
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aneuploidy that is not specific to a particular chromosome. For example, an extra copy of almost any
yeast chromosome was found to cause a reduction in cellular proliferation, which was attributed to
altered levels of gene products encoded by genes that reside on the extra chromosome [71]. In or-
ganisms such as Drosophila, Caenorhabditis elegans, mice, plants, and humans, most aneuploidies
are lethal [72]. Aneuploidies are observed in almost all cancerous cells, and it is debated whether they
are a consequence of chromosome instability and segregation defects, or whether they are direct
drivers of cellular transformation [72].

Despite conferring negative fitness effects, aneuploidy has been commonly observed in natural baker's
yeast and may provide an important route to natural genetic variation. Aneuploidy has been suggested
to help in adaptation to environments with human association such as in brewing, baking, and wine strains
of yeast [73]. In the 1011 genomes project [9] the highest levels of aneuploidy (40-60%) were observed in
isolates of sake, beer, or bakery origin. Levels were lower in isolates of other origins including, but not
limited to trees, wine, human clinical, fruit, dairy, and industrial sources (11 to 40%). The lowest levels of
aneuploidy were observed for soil isolates (5%). One possible explanation for the high level of aneuploidy
in the sake, beer, and bakery isolates is that they encounter a high frequency of fluctuating stress that fa-
vors aneuploidy as an adaptation mechanism (Figure 2A; Table 2 provides further examples). Further-
more, aneuploid isolates may be more likely to generate aneuploid progeny, as seen in the clinical isolate,
YJS5845 [10]. This isolate is a mix of aneuploid and euploid cells, probably generated by mitotic chromo-
some segregation defects. When sporulated in the laboratory, two of 16 spore clones displayed aneu-
ploidies in different chromosomes [10].

In some circumstances, the beneficial effects of aneuploidy could offset the negative effects on cell
survival [74,75]. Aneuploidy appears to be one of the first lines of defense against stress that increases
the likelihood of survival under strong and abrupt selective pressures [75]. In baker’s yeast, sudden
stress conditions induced in the laboratory selected for aneuploidy, with return to euploidy occurring
when the stressor was removed [75]. When the stress condition was maintained, a return to euploidy
occurred in about 2000 generations, with a stable solution obtained through mutations that modified
the expression of stress-resistance genes, as seen for heat stress [75,76]. Thus, aneuploidy may be a
valuable mechanism for adaptation in clinical isolates, which live in an environment with variable and
sudden stressors.

How is Aneuploidy Tolerated?

In many situations, an extra chromosomal copy provides tolerance to a particular stress condition
[74]. For example, extra chromosomes confer resistance to heat (chromosome Ill), high pH (chromo-
some V), and the UV light mimetic mutagen 4-nitroquinoline 1-oxide (chromosome Xlll) [74,75].
Aneuploid isolates appear to better tolerate chromosome gains or losses through dosage compen-
sation mechanisms [76,77]. In support, a previous study analyzed 12 isolates containing an extra
chromosome [76]. They found that, for 40% of genes located on such a chromosome, gene expres-
sion levels were lower than expected based on their dosage [76]. Furthermore, in contrast to arti-
ficially created aneuploids in the laboratory, natural aneuploids had growth rates similar to closely
related euploids [76].

Polyploidy

Baker's yeast is most commonly diploid in nature, but polyploidy has been associated with human
interference in natural isolates of yeast [8,9]. In the 1011 S. cerevisiae isolate study [?] 87% of 794 nat-
ural isolates were found to be diploid and 11.4% were polyploid. These polyploid isolates were en-
riched in human-associated environments including beer, mixed-origin, and African palm wine
clades, although there was no significant enrichment in clinical isolates [9] (Table 2 and Figure 2A).
Previously, a diverse natural population was analyzed [46] and it was estimated that 70-80% of their
isolates were diploid, and the remaining 20-30% isolates were triploid or tetraploid. Another group
[78] found that 95% of more than 200 wine strains were diploid. Polyploidy has also been observed in
clinical isolates [8,46]. In a study of 144 isolates, the majority of which were clinical (132), 34% were
polyploid [8].
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In baker's yeast, polyploid genomes are less stable than haploid and diploid genomes, and have
been hypothesized to act as drivers of adaptation [46]. There is also variation in adaptation rates of
haploids compared with diploids; haploids have been observed to adapt faster and more commonly
by recessive mutations whereas diploids accumulate mostly dominant mutations [79]. Polyploid
baker's yeast display genetic instability phenotypes that are thought to arise as a result of their ten-
dency to mis-segregate chromosomes [80-83]. Consistent with this idea, polyploid baker’s yeast ge-
nomes are associated with a more than a twofold increase in aneuploidy [8] and display higher mu-
tation rates [82,84]. Laboratory evolution experiments support these ideas, but such support
depends on the stress condition used [82,85]. For example, a group compared the adaptation of
tetraploid, diploid, and haploid S. cerevisiae with a low carbon environment and found that tetra-
ploids adapted significantly faster. This more rapid adaptation was due to a higher rate of beneficial
mutations as well as to higher fitness conferred by the mutations [82]. By contrast, another group
showed in C. albicans that both higher and lower ploidy states can be advantageous under different
stress conditions [85]. Because polyploidy can be beneficial in adaptation by multiple mechanisms, it
may be used by clinical isolates to adapt to the unpredictable environment of the human host.

Concluding Remarks

Adaptation to novel stress environments often requires organisms to incur genetic changes. Such
changes can be accelerated by high mutation rates, acquiring specific stress-resistance genes
through horizontal gene transfer, or genomic instabilities that lead to chromosome gains and losses.
Clinical yeast isolates have been subjected to novel and repeated stresses aimed at suppressing their
growth and survival. Thus, they must be able to rapidly and repeatedly adapt to stress conditions to
survive. As summarized in this review, multisite heterozygosity, mosaicism, transient high mutation
rates, aneuploidy, and polyploidy appear to be major sources of genetic raw material for adaptation
in baker’s yeast.

Analyzing more extensive collections of S. cerevisiae isolates from hospitals will be crucial to deter-
mine more precisely the prevalence of phenotypes and genetic mechanisms that lead to these phe-
notypes. To aid this, a plasmid-based antibiotic reversion assay was developed that can rapidly
analyze mutator phenotypes in natural/clinical isolates and their spore clones (Figure 2B) [10,66].
This approach can also be used to identify loci in natural isolates that impact on mutation rate [86-88].

Itis crucial to identify new targets that can be exploited by antifungal compounds, recognizing that
such drugs need to selectively act on eukaryotic pathogens without disrupting essential cellular pro-
cesses conserved in humans. Promising areas of research include identifying targets in ergosterol
biosynthesis [33], calcium homeostasis [89], and the cyclic AMP/protein kinase A (cAMP/PKA)
nutrient-sensing pathway [90-92]. The cAMP/PKA pathway has received considerable attention
because disrupting it in Cryptococcus neoformans resulted in reduced virulence of the pathogen
in a mouse model [90], and alterations in cAMP signaling affect pseudohyphal growth in
S. cerevisiae, a response important for cell adhesion and invasion, phenotypes linked to virulence
[92]. Phage therapies have also been proposed for targeting fungal infections; recent studies identi-
fied bacteriophages present in isolates of the Gram-negative bacterium Pseudomonas aeruginosa
that sequester resources such as iron that are important for the growth of fungal pathogens (reviewed
in [93]). Finally, methods to rapidly detect probiotic fungi have been developed [24] which will help to
identify sources of infection in humans, and provide information on whether probiotic yeast found in
infections should still be available for consumption.

New gene targets can be identified by evolving fungi under conditions that mimic a human environ-
ment; these include high temperature, nutrient limitation, and the presence of antifungal agents. Us-
ing systematic and experimental evolution approaches, researchers have identified mutations in
diploid and haploid yeast that confer adaptation to such conditions ( [69,79,94] for examples). Inter-
estingly, systematic screens, which involved deleting or overexpressing genes, provided predictive
power for mutations identified by experimental evolution [94]. In addition, computational ap-
proaches have been developed to identify interactions between potential driver mutations based
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on the prediction that genes that display genetic or physical interactions are more likely to be impli-
cated in evolved genotypes [95]. Such experiments can generate candidate target genes and deter-
mine if they are mutated at a higher frequency in clinical versus nonclinical isolates, with the goal of
focusing on adaptive loci enriched in clinical isolates. Furthermore, molecular evolution studies per-
formed with baker’s yeast grown under different stress conditions have identified beneficial muta-
tions that drive adaptation and propagate the population [96,97]. These studies were performed
by barcoding individual cells and tracking their lineages through whole-genome sequencing to iden-
tify adaptive mutations. Such methods will be helpful to identify adaptive mutations in clinical yeast
isolates grown in a mouse model. Lastly, CRISPR technologies have been developed to rapidly test
candidate target genes by reconstructing genotypes in naive strains [98,99].

It is clear that excessive use of antifungals plays an important role in the generation of fungal infec-
tions. Their use can result in the development of multidrug-resistant fungi [26,27], and also affect the
protective commensal fungal population that aids immunity [27]. The use of live cultures of
S. cerevisiae and S. boulardii in probiotics has also resulted in infections in immunocompromised pa-
tients [5,21,100]. It is unlikely that restricting doses of antifungals will be effective in controlling the
spread of fungal pathogens that have already become resistant to these compounds (e.g., C. auris
[26]). Thus, it will also be important to control antifungal resistance by developing measures that
reduce human influence in the promotion of outcrossing [49]. Recently outcrossed isolates, identified
as mosaics, appear to have a major advantage in the clinical environment [8,9,11]. It seems reasonable
to take precautions to restrict activities that cause intensive outcrossing; these could include strict
regulations for the transport of live isolates by the public, research institutes, breweries, and bakeries.
We also need to rethink the inclusion of S. cerevisiae in probiotic preparations. In addition, learning
more about adaptation mechanisms and genetic signatures of clinical isolates will help in the gener-
ation of antifungal drugs to fight these infections (see Outstanding Questions).
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