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Abstract

Most microbes have developed responses that protect them against stresses relevant to
their niches. Some that inhabit reasonably predictable environments have evolved anticipa-
tory responses that protect against impending stresses that are likely to be encountered in
their niches—termed “adaptive prediction”. Unlike yeasts such as Saccharomyces cerevi-
siae, Kluyveromyces lactis and Yarrowia lipolytica and other pathogenic Candida species
we examined, the major fungal pathogen of humans, Candida albicans, activates an oxida-
tive stress response following exposure to physiological glucose levels before an oxidative
stress is even encountered. Why? Using competition assays with isogenic barcoded strains,
we show that “glucose-enhanced oxidative stress resistance” phenotype enhances the fit-
ness of C. albicans during neutrophil attack and during systemic infection in mice. This antic-
ipatory response is dependent on glucose signalling rather than glucose metabolism. Our
analysis of C. albicans signalling mutants reveals that the phenotype is not dependent on
the sugar receptor repressor pathway, but is modulated by the glucose repression pathway
and down-regulated by the cyclic AMP-protein kinase A pathway. Changes in catalase or
glutathione levels do not correlate with the phenotype, but resistance to hydrogen peroxide
is dependent on glucose-enhanced trehalose accumulation. The data suggest that the
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evolution of this anticipatory response has involved the recruitment of conserved signalling
pathways and downstream cellular responses, and that this phenotype protects C. albicans
from innate immune killing, thereby promoting the fithess of C. albicans in host niches.

Author summary

In response to certain host signals, the major fungal pathogen Candida albicans activates
anticipatory responses that protect it against impending attack by innate immune cells.
These responses include immune evasion via the masking or shaving of pathogen-associ-
ated molecular patterns in response to lactate, hypoxia, iron depletion or neutral pH.
These responses also include glucose-induced resistance to acute oxidative stress, which
protects the fungus against killing by innate immune cells. In this study we define key sig-
nalling and cellular mechanisms that underlie “glucose-enhanced oxidative stress resis-
tance”. This phenotype is regulated by the glucose repression and cyclic AMP-protein
kinase A signalling pathways, and is dependent on the accumulation of the known stress-
protectant, trehalose, in response to glucose. Glucose-enhanced oxidative stress resistance
is not observed in environmental yeasts or in other pathogenic Candida species, including
Candida dubliniensis, a close cousin of C. albicans. This reinforces the view that, due to
the additional fitness costs they impose, the anticipatory responses displayed by a microbe
reflect the environmental pressures it has recently faced in the niches in which it has
evolved.

Introduction

Anticipatory protective responses are thought to enhance the fitness of bacteria and fungi that
inhabit niches that expose them to predictable environmental challenges [1]. Over evolution-
ary time, such microbes have “learned” to exploit one type of environmental signal to pre-
emptively activate a protective response against a second environmental challenge that is likely
to follow the first. In this way, an anticipatory protective response is mounted before the
microbe has even encountered the second challenge, thereby enhancing their fitness and abil-
ity to survive this challenge when it arises. For example, in the context of metabolic adaptation,
if the exhaustion of one carbon source is frequently associated with another becoming avail-
able, then a new metabolic programme may be induced before the substrate for its metabolism
becomes available [1]. This phenomenon, which has been termed “adaptive prediction”, is
thought, for example, to account for the linkage of lactose and maltose utilisation patterns in
Escherichia coli and the development of the core environmental response in Saccharomyces cer-
evisiae. This core environmental response represents the transcriptional induction of a core set
of stress genes in response to a wide range of stresses that include heat shock, osmotic and oxi-
dative stresses and the diauxic transition [2,3] which enhances the fitness of S. cerevisiae by
providing cross-protection against many of these environmental stresses [4].

Other evolutionarily divergent yeasts, such as Schizosaccharomyces pombe and Candida
glabrata, display analogous core environmental responses to S. cerevisiae. However, Candida
albicans does not display such an analogous core environmental response [5-7]. Instead, this
major fungal pathogen of humans displays alternative anticipatory protective responses. These
include the secretion of candidalysin and the Pral zincophore during hyphal development
[8,9] which is thought to promote nutrient and micronutrient assimilation as the fungal hypha
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penetrates host tissues within the potentially nutrient-limited environment of the invasion
pocket [10,11]. C. albicans also actively manages the exposure of a major pathogen-associated
molecular pattern at its cell surface, B-1,3-glucan, in response to specific host signals such as
ambient pH, the gut fermentation acid lactate, hypoxia and iron limitation [12-16]. By reduc-
ing B-1,3-glucan exposure at its cell surface in response to these host signals, even before the
fungus encounters macrophages or neutrophils, C. albicans reduces the ability of innate
immune cells to recognise it and therefore to mount antifungal responses [12,14,15]. Further-
more, in contrast to S. cerevisiae, C. albicans responds to physiological concentrations of glu-
cose by enhancing its resistance to subsequent exposure to an acute oxidative stress [17] via
mechanisms that are explored in this study. This phenomenon, termed “glucose-enhanced
oxidative stress resistance”, is predicted to enhance the fitness of C. albicans in vivo by protect-
ing against phagocytic killing using reactive oxygen species [11]. Therefore, C. albicans dis-
plays different forms of anticipatory protective response to S. cerevisiae and S. pombe.

Anticipatory protective responses come with an additional fitness cost associated with the
activation of a physiological response before it is actually required [1]. Consequently, during
their development over evolutionary time, the costs of anticipatory protective responses will
have been weighed against the subsequent fitness benefits they provide. These anticipatory
responses may arise through mutations that create new network connections between different
signalling or transcriptional modules: a missense mutation that introduces a new protein
kinase target site on a signalling component on another pathway could bring this pathway
under the control of this protein kinase [18]. New network connections can evolve relatively
rapidly. For example, when S. cerevisiae is placed under selective pressures involving the repet-
itive, sequential imposition of two different stresses in vitro, this yeast can evolve a correspond-
ing anticipatory protective response relatively quickly, within 50 generations [19]. Equally,
anticipatory responses can be lost relatively quickly if the corresponding selective pressures
become temporally unlinked [1]. Therefore, anticipatory protective responses are likely to
reflect an evolutionary “memory” of relatively recent selective pressures [11]. This presumably
explains the significant differences between S. cerevisiae, S. pombe and C. albicans in terms of
the nature of the anticipatory protective responses they display [18].

In this study we have focused on glucose-enhanced oxidative stress resistance in C. albicans.
We have tested whether this anticipatory response protects this pathogenic fungus against
phagocytic attack and whether it enhances fungal fitness during systemic infection. We have
also explored the mechanistic basis for glucose-enhanced oxidative stress resistance and how
this phenotype is regulated. In doing so we confirm the relevance of anticipatory protective
responses to fungal infection.

Results

Glucose-enhanced oxidative stress resistance promotes the fitness of C.
albicans in vivo

Our first objective was to test the prediction that glucose-enhanced oxidative stress resistance
promotes the fitness of C. albicans in vivo [11,17]. First, we reconfirmed the phenotype by
showing that C. albicans activates oxidative stress resistance in response to a wide range of glu-
cose concentrations in vitro. Cells were grown on rich medium containing lactate as the main
carbon source (YPL), and then exposed to glucose for one hour. The resistance of the C. albi-
cans cells to an acute oxidate stress (50 mM hydrogen peroxide: H,O,) was then assayed. As
we reported previously [17], oxidative stress resistance was significantly enhanced by exposing
cells to glucose at all three concentrations tested and, in particular, to physiologically relevant
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Fig 1. Exposure to glucose or plasma enhances the robustness of C. albicans in vitro, ex vivo and in vivo. (A)
Glucose enhances oxidative stress resistance in vitro. C. albicans RM1000 (S1 Table) was grown on lactate (YPL),
incubated for 1 h with glucose at the specified concentrations, and then exposed to 50 mM H,O, for 1 h, after which
cell viability was then assayed (CFUs). Each data point represents the mean of three technical replicates, statistical
analyses were performed using multiple unpaired t tests, comparing all groups with the control. Means and standard
deviations are shown: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. (B) Pre-exposure to glucose or plasma
increases the resistance of C albicans to PMN Kkilling. Isogenic, wild type, barcoded C. albicans strains (S1 Table) were
exposed to 0% or 1% glucose or 20% plasma for 1 h, pooled and co-incubated with human PMNs for 3 h. After plating
on YPD to select for viable cells, the relative proportion of each barcode (n = 5 per condition) was assayed by barcode
sequencing and normalised against the proportion in the original pool before PMNs exposure. Means and standard
deviations for PNNs from 6 different healthy donors are shown. (C) Pre-exposure to glucose or plasma increases the
fitness of C albicans during systemic infection in mice. Barcoded C. albicans strains (S1 Table) were exposed to 0% or
1% glucose or 20% plasma for 1 h, pooled, and injected into the tail vein of BALB/c mice. The mice were culled one day
later, and fungal cells in the kidneys, liver, spleen and brain harvested for analysis. Barcode sequencing was then
performed to determine the relative proportion of each strain before and after infection. Each data point represents the
mean of the technical replicates (n = 4 barcodes for each condition) from a single mouse (n = 8). Means and standard
deviations for the eight mice are presented. The data in (B) and (C) were analysed using two-way ANOVA with
Tukey’s multiple comparisons test.

https://doi.org/10.1371/journal.ppat.1011505.9001

glucose concentrations (Fig 1A). A concentration of 0.01% approximates to blood glucose lev-
els [20].

Having recapitulated the phenotype, we then tested whether glucose-enhanced oxidative
stress resistance promotes resistance to phagocytic attack. To achieve this, we used barcode
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sequencing to compare the fitness of differentially pre-adapted C. albicans cells during
exposure to polymorphonuclear leukocytes (PMNs). Briefly, a set of isogenic prototrophic
C. albicans strains each with a unique barcode (S1 Table) were grown in parallel on YPL.
Five barcoded C. albicans strains were then exposed to 1% glucose, five strains exposed to
20% human plasma, and five strains exposed to water alone (control). After one hour, the
15 barcoded strains were quickly harvested, washed and pooled, and then co-incubated
for three hours with human PMNs from six healthy volunteers. Viable C. albicans cells
were rescued by plating on YPD, genomic DNA was isolated from the pooled colonies, and
the relative proportion of each barcoded strain was determined by barcode sequencing.
Prior glucose exposure significantly enhanced the fitness of C. albicans during phagocytic
attack (Fig 1B). Interestingly, exposure to plasma afforded an even higher level of
protection.

We then performed an analogous barcoding experiment to test the impact of glucose-
enhanced oxidative stress resistance upon C. albicans fitness during systemic infection in
mice. Once again, five barcoded C. albicans strains were exposed to 1% glucose, 20% human
plasma or water alone (control) and, after one hour, the 15 barcoded strains were harvested,
washed and pooled. This pool of barcoded strains was then used to infect 8 mice and these
mice culled after two days. Fungal cells from the kidney, brain, liver and spleen were plated
onto YPD, and the relative proportions of barcoded strains assayed by sequencing (Fig 1C).
Exposure to glucose significantly increased the fitness of C. albicans cells in the kidney and
brain, and similar trends were observed in the liver and spleen although these changes did not
reach statistical significance. Again, the impact of plasma was greater than for glucose. Given
that the differentially pre-adapted C. albicans cells will have started to re-adapt to their new
surroundings following injection into mice, we reason that the observed fitness advantages
were likely to have been realised early in the infection during host fungus interactions in the
bloodstream. We conclude that, as predicted [11,17], glucose-enhanced oxidative stress resis-
tance increases the ability of C. albicans to resist phagocytic attack and promotes fitness during
systemic infection.

Glucose-enhanced oxidative stress resistance is dependent on glucose
signalling

The glucose-enhanced oxidative stress resistance phenotype was defined using C. albicans cells
pre-grown on lactate [17]. Exposing C. albicans cells to lactate is known to trigger physiological
responses such as altered stress resistance, cell wall remodelling, and B-1,3-glucan masking at
the cell surface [12,21,22]. Therefore, we tested whether glucose-enhanced oxidative stress
resistance is actually dependent upon exposure to lactate rather than glucose. To achieve this,
C. albicans cells were pre-grown on YP containing citrate instead, and then exposed to 1% lac-
tate, 1% glucose or a combination of both. The resistance to oxidative stress was only enhanced
in response to glucose, not lactate (Fig 2A). Therefore, the glucose-enhanced oxidative stress
resistance phenotype is dependent upon glucose pre-exposure, not upon lactate.

Then, using analogues of glucose, we tested whether the activation of glucose-enhanced oxi-
dative stress resistance is dependent upon glucose metabolism or glucose signalling. 2-deoxy-
glucose cannot be metabolised but can be phosphorylated, and hence triggers glucose
signalling [23]. In contrast, 6-deoxyglucose cannot be metabolised or phosphorylated and,
consequently, cannot activate glucose signalling [24]. Significantly, glucose-enhanced oxida-
tive stress resistance was induced by 2-deoxyglucose, but not by 6-deoxyglucose (Fig 2B). This
indicated that the phenotype is dependent upon glucose signalling.
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Fig 2. Glucose signalling is required to activate glucose-enhanced oxidative stress resistance. (A) Lactate does not
trigger glucose-enhanced oxidative stress resistance. C. albicans SC5314 (S1 Table) was grown on citrate (YPC) and
then exposed for 1 h to carrier (H,0), 1% glucose, 1% lactate, or a combination of both. The cells were then exposed to
25 mM H,O; for 1 h and cell viability then assayed (CFUs). (B) Glucose signalling, not metabolism, triggers glucose-
enhanced oxidative stress resistance. C. albicans RM1000 was grown on lactate (YPL), incubated for 1 h with 1%
glucose, 2-deoxyglucose or 6-deoxyglucose, exposed to 50 mM H,O; for 1 h, and cell viability assayed (CFUs). The
data in (A) and (B) were analysed using multiple unpaired t tests, comparing all groups with the control. Means and
standard deviations for triplicate experiments are presented: *, p < 0.05; **, p < 0.01.

https://doi.org/10.1371/journal.ppat.1011505.9002

The Sugar Receptor Repressor pathway is not required for glucose-
enhanced oxidative stress resistance

Three main pathways are thought to mediate glucose signalling in C. albicans: the Sugar
Receptor Repressor (SRR) pathway, the glucose repression pathway, and the cyclic AMP-pro-
tein kinase A (cAMP-PKA) pathway [25]. First, we examined the role of the SRR pathway in
triggering glucose-enhanced oxidative stress resistance.

Hgt4 and Rgtl lie on the SRR pathway in C. albicans, mediating the derepression of sugar
importers in response to glucose [26,27] (Fig 3A). By analogy with S. cerevisiae, in the absence
of glucose, the co-repressors Stdl and Mthl promote transcriptional repression by the Zn
(II),Cysg cluster DNA-binding protein, Rgtl [28]. Upon exposure to glucose, the sugar is
detected by the sensor Hgt4, which activates yeast protein kinase C (YCK) leading to the ubi-
quitination of Std1 and Mth1 by the Skp1-Cdc53-F-box protein (SCF®™™) complex, and their
degradation via the proteasome [28]. Ultimately, this releases sugar importer genes from their
transcriptional repression by Rgtl in response to glucose (Fig 3A).

We tested whether the inactivation of Hgt4 or Rgtl in C. albicans blocks glucose-enhanced
oxidative stress resistance. C. albicans hgt4A and rgt1A null mutants were grown on YPL,
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Fig 3. The sugar receptor repressor pathway is not required for glucose-enhanced oxidative stress resistance. (A)
Diagrammatic representation of the sugar receptor repressor (SRR) pathway highlighting the components analysed: Hgt4,
Rgtl, in bold. In the absence of glucose Std1 and Mth1 mediate transcriptional repression of glucose transporter genes by
Rgt1 (see text). In the presence of glucose, the sugar is detected by the sensor Hgt4. This leads to the activation of YCK,
which promotes the targeting of Std1 and Mth1 by the SCF™™ complex for ubiquitin-mediated degradation, and the
derepression of sugar importer genes (see text). (B) C. albicans cells were cultured on lactate (YPL), incubated for 1 h with
1% glucose, exposed to 50 mM H,0, for 1 h, and cell viability assayed (CFUs): C. albicans BWP17, wild type, WT; hgt4;
rgtl (S1 Table). The data were analysed using two-way ANOVA, comparing each test (plus glucose) to the corresponding
control (minus glucose). Means and standard deviations for triplicate experiments are presented: *, p < 0.05; **, p < 0.01;
5 < 0,001,

https://doi.org/10.1371/journal.ppat.1011505.g003

exposed to 1% glucose for one hour, and then their resistance to oxidative stress assayed. Both
hgt4A and rgt1A cells retained the phenotype (Fig 3B), indicating that the SRR signalling path-
way is not required for glucose-enhanced oxidative stress resistance.

Components of the glucose repression pathway modulate oxidative stress
resistance

The evolutionarily conserved AMP-activated serine/threonine kinase, Snfl, lies at the heart of
the glucose repression pathway [25,28,29] (Fig 4A). Snfl was thought to be essential for viabil-
ity in C. albicans [30], unlike in S. cerevisiae [31,32], but recently the generation of viable, albeit
slow growing C. albicans snfIA null mutants was reported [33]. The upstream kinase, Sakl,
phosphorylates and activates Snfl, thereby permitting growth of C. albicans on alternative car-
bon sources [34]. Following glucose import via hexose transporters such as Hgtl and Hgt12,
the glucose is phosphorylated by hexokinase (Hxk2) which is then catabolised via glycolysis to
increase intracellular ATP levels. By analogy with S. cerevisiae [28], this is thought to inactivate
the Snfl complex by dephosphorylation of the a-subunit, Snfl, via the Glc7/Regl phosphatase.
In C. albicans, the heterotrimeric Snfl complex includes an $-subunit (Kis1 or Kis2) and a y-
subunit (Snf4) [35,36]. Snfl inactivation allows activation of the Migl and Mig2 transcrip-
tional repressors, which then leads to the repression of genes involved in the assimilation of
alternative carbon sources [37]. In this way, glucose exposure triggers the transcriptional
repression of gluconeogenic and glyoxylate cycle genes, for example [17,37].

To examine the role of the glucose repression pathway in activating glucose-enhanced oxi-
dative stress resistance, we first tested the impact of the hexose transporters Hgtl and Hgt12.
The HGT1I gene is expressed at physiologically relevant concentrations of glucose [17] and is
regulated by Migl and Mig2, which lie downstream in the glucose repression pathway [37,38].
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Fig 4. Components of the glucose repression pathway influence glucose-enhanced oxidative stress resistance. (A)
Diagrammatic representation of the glucose repression pathway highlighting the analysed components: Hgt1, Hgt12,
Sakl, Snf4, Kis1, Migl, Mig2, in bold. In the absence of glucose, Sakl activates Snfl, thereby permitting growth of C.
albicans on alternative carbon sources (see text). Following glucose import via hexose transporters (e.g. Hgtl, Hgt12)
the catabolised thereby increasing the energy balance (i.e. reducing the [AMP]/[ATP] ratio). This inactivates the Snfl
complex (containing Snfl, Kis1/2, Snf4) by dephosphorylation of Snfl via the Glc7/Regl phosphatase. This leads to
Migl/2 activation and the repression of genes involved in the utilisation of alternative carbon sources (see text). To
assay the contributions of pathway components to glucose-enhanced oxidative stress resistance, C. albicans strains (S1
Table) were cultured on lactate (YPL), incubated for 1 h with 1% glucose, exposed to 50 mM H,O; for 1 h, and their
cell viability assayed (CFUs). (B) Hgtl is not required for the response: C. albicans SC5314, wild type, WT; hgtl. (C)
Snf4 inactivation derepresses glucose-enhanced oxidative stress resistance: C. albicans DAY286, wild type, WT; hgt12;
kisI; snf4. (D) Sakl is not required for the response: C. albicans SC5314, wild type, WT; sak1. (E) Inactivation of Mig2
derepresses glucose-enhanced oxidative stress resistance: C. albicans CW542, wild type, WT; migl; mig2; migl mig2.
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The data in (B), (C), (D) and (E) were analysed using two-way ANOVA, comparing each test (plus glucose) to the
corresponding control (minus glucose). Means and standard deviations for triplicate experiments are presented: *,
P < 0.05**, p < 0.01; ¥*, p < 0.001; ¥***, p < 0.0001.

https://doi.org/10.1371/journal.ppat.1011505.9004

HGT12is induced in response to physiological glucose concentrations and during phagocyto-
sis [27,39,40]. However, both C. albicans hgt1A and hgt12A mutants displayed glucose-
enhanced oxidative stress resistance (Fig 4B & 4C), indicating that neither of these transporters
is essential for this phenotype. Given likely functional redundancy within the HGT gene fam-
ily, this does not exclude the possibility that they might contribute to the phenotype.

Next, we examined whether Sak1 is required for glucose-enhanced oxidative stress resis-
tance. C. albicans sakl1A cells retained the phenotype (Fig 4D), indicating that Snfl activation
by Sakl is not required. We then turned to subunits of the Snfl complex. The phenotype was
not lost in C. albicans kis1A cells (Fig 4C), which was consistent with the existence of func-
tional redundancy between the B-subunits Kis1 and Kis2 during growth on alternative carbon
sources [35]. Nevertheless, kisIA cells displayed elevated oxidative stress resistance irrespective
of the presence of glucose (Fig 4C). Interestingly, the inactivation of the y-subunit, Snf4,
resulted in derepression of glucose-enhanced oxidative stress resistance (Fig 4C). Finally, we
examined the transcriptional repressors Migl and Mig2, which lie on the glucose repression
pathway [37] (Fig 4A). Like kisIA and snf4A cells (Fig 4C), the C. albicans mig2A and miglA
mig2A mutants, but not the migIA mutant, displayed elevated oxidative stress resistance in the
absence of glucose (Fig 4E), suggesting partial derepression of the glucose-enhanced oxidative
stress resistance phenotype by Mig2 inactivation. Taken together, these data are consistent
with the idea that the glucose repression pathway down-regulates glucose-enhanced oxidative
stress resistance.

cAMP-PKA signalling down-regulates glucose-enhanced oxidative stress
resistance

The third main glucose signalling pathway in C. albicans is the cAMP-PKA pathway, the
induction of which is dependent on the activation of adenylyl cyclase (Cyr1) [25,41] (Fig 5A).
Cyrl can be activated by the Rasl GTPase or by the G-protein coupled receptor Gprl and its
G-protein o-subunit Gpa2 [42-45]. In S. cerevisiae, Gprl responds to glucose to activate
cAMP-PKA signalling [46], whereas in C. albicans Gprl appears to respond to small molecules
such as methionine or lactate [12,43,47]. The activation of Cyr1 leads to the accumulation of
the second messenger cAMP. The phosphodiesterase Pde2 down-regulates cAMP-PKA signal-
ling by converting cAMP to AMP [48,49]. When intracellular concentrations of cAMP
increase, this second messenger interacts with Bcy1 to release its inhibition of the catalytic sub-
units of PKA (Tpkl, Tpk2), thereby allowing this protein kinase to modulate its downstream
targets [50-53]. This leads to decreased trehalose accumulation, reduced resistance to environ-
mental stresses, and increased growth rates [53-55] (Fig 5A).

First, we examined the roles of Rasl, Gprl and Gpa2 in glucose-enhanced oxidative stress
resistance. This phenotype was retained by C. albicans ras1A, gprlA and gpa2A single mutants
and a gpr1A gpa2A double mutant (Fig 5B), indicating that none of these upstream compo-
nents in the pathway are required to activate glucose-enhanced oxidative stress resistance.
However, as stated above, Gprl and Gpa2 do not appear to mediate glucose responses in C.
albicans [12,43,47]. Interestingly, the phenotype was lost in C. albicans cyr1A and pde2A
mutants (Fig 5C). CyrIA cells displayed constitutively high levels of oxidative stress resistance,
whereas pde2A cells were extremely sensitive to this stress in the presence or absence of glu-
cose. In addition, treatment with the permeable cAMP analogue dibutyryl cyclic AMP
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Fig 5. cAMP-protein kinase A signalling down-regulates glucose-enhanced oxidative stress resistance. (A) Diagrammatic representation
of the cAMP-protein kinase A (PKA) pathway highlighting those components analysed: Ras1, Gprl, Gpa2, Cyrl, Pde2, cAMP, Tpkl, Tpk2
(Tpk), in bold. Cyr1 can be activated by Ras1 or by Gpr1-Gpa2. Mote that Gprl responds to glucose in S. cerevisiae, but to methionine or
lactate in C. albicans (see text). Cyr1 catalyses the production of cAMP, which is catabolised by Pde2. cAMP accumulation leads to the
dissociation of Beyl from the protein kinase A (PKA) subunits Tpk1 and Tpk2 (Tpk). PKA then regulates its downstream targets to enhance
growth rate, and down-regulate trehalose accumulation and stress resistance (see text). Components of the cAMP-PKA pathway were
examined by culturing C. albicans strains (S1 Table) on lactate (YPL), incubating them for 1 h with 1% glucose, exposing the cells to 50 mM
H,O0; for 1 h, and measuring their viability (CFUs). (B) Neither Gpr1/Gpa2 nor Rasl are required for the response: C. albicans CAI4, wild
type, WT; gprl; gpa2; gprl gpa2; ras1. (C) Inactivation of Pde2 inhibits the response whereas Cyr1 inactivation derepresses glucose-enhanced
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oxidative stress resistance: C. albicans CAI4, wild type, WT; pde2; cyr1. (D) The cAMP analogue, dibutyryl-cyclic AMP (dbcAMP), inhibits
glucose-enhanced oxidative stress resistance. C. albicans RM1000 cells were grown on lactate (YPL) and then incubated for 1 h with 1%
glucose, dbcAMP, or a combination of both. The cells were then exposed to 50 mM H,O, for 1 h, and their viability measured (CFUs). (E)
Inactivation of PKA derepresses glucose-enhanced oxidative stress resistance: C. albicans SN152HLA, wild type, WT; tpkI; tpk2; tpkl, tpk2.
In (B), (C) and (E), the data were analysed using two-way ANOVA, comparing each test (plus glucose) to the corresponding control (minus
glucose). For (D), multiple comparisons were performed using one-way ANOVA. Means and standard deviations for triplicate experiments
are presented: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

https://doi.org/10.1371/journal.ppat.1011505.9005

(dbcAMP) partially repressed the phenotype in wild type C. albicans cells (Fig 5D), indicating
that cAMP levels modulate glucose-enhanced oxidative stress resistance. The glucose-
enhanced oxidative stress resistance phenotype was retained by C. albicans tpk1A and tpk2A
single mutants, but was lost in the tpkIA tpk2A double mutant, which displayed constitutive
oxidative stress resistance (Fig 5E). This indicated that PKA inhibits the response. Taken
together, the data clearly show that cAMP-PKA signalling down-regulates glucose-enhanced
oxidative stress resistance in C. albicans.

Changes in catalase do not mediate glucose-enhanced oxidative stress
resistance

Having examined the role of glucose signalling pathways, we then explored which downstream
effectors might mediate glucose-enhanced oxidative stress resistance.

Catalase catalyses the detoxification of hydrogen peroxide and is essential for resistance to
this oxidative stress in C. albicans [56,57]. Therefore, we tested whether catalase levels become
elevated in response to glucose. The opposite was observed: catalase activity declined in wild
type cells following glucose addition (Fig 6A), which was consistent with the downregulation
of CATI transcript levels in response to glucose [17]. Also, enhanced oxidative stress resistance
was observed in response to glucose in a homozygous C. albicans cat1A/cat1A mutant, despite
these cells being much more sensitive to oxidative stress than wild type CAT1/CAT1I or hetero-
zygous CAT1/cat1A cells (Fig 6B). We conclude that changes in catalase levels do not mediate
glucose-enhanced oxidative stress resistance.

Glucose-enhanced oxidative stress resistance is not mediated by enhanced
glutathione synthesis

As the most abundant non-protein thiol in eukaryotic cells, glutathione plays a key role in
maintaining redox homeostasis and the prevention of oxidative damage [58,59]. Therefore, we
tested whether perturbing glutathione synthesis affects glucose-enhanced oxidative stress resis-
tance. Glutathione synthetase (Gsh2) catalyses the last step in glutathione synthesis [60], and
C. albicans gsh2A cells display sensitivity to oxidative stress [61]. However, gsh2A cells still dis-
played enhanced oxidative stress resistance in response to glucose (Fig 7A), suggesting that
glutathione synthesis is not essential for this phenotype.

We then measured the levels of the reduced (GSH) and oxidised (GSSG) forms of glutathi-
one in wild type cells before and after glucose exposure. We also examined the tpkIA tpk2A
double because cAMP-PKA signalling regulates glucose-enhanced oxidative stress resistance
(Fig 5). GSH levels were similar in both strains, but GSSG levels were dramatically reduced in
the tpkIA tpk2A mutant (Fig 7B). This was consistent with the high levels of oxidative stress
resistance displayed by this mutant (Fig 5E). Interestingly, GSH and GSSG levels did not
change significantly in response to glucose in wild type or tpkIA tpk2A cells, and consequently
their redox potential remained unaffected (Fig 7B). Taken together, the data indicate that glu-
cose-enhanced oxidative stress resistance is not mediated by enhanced glutathione synthesis.
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Fig 6. Catalase promotes oxidative stress resistance but is not required for glucose-enhanced oxidative stress
resistance. (A) Catalase levels decrease in C. albicans in response to glucose. Catalase levels were assayed in C. albicans
cells after growth on lactate (YPL) and then incubation with 0 or 1% glucose for 1 h. (B) Inactivating catalase does not
block glucose-enhanced oxidative stress resistance. C. albicans strains were on lactate (YPL), incubated with 0 or 1%
glucose for 1 h, then exposed for 1 h to H,O, at the specified concentration, and cell viability measured (CFUs). C.
albicans strains: RM1000, wild type, WT; Cal862, CTAI/ctal heterozygote; Cal864, ctal/ctal homozygote (S1 Table).
The data in (A) and (B) were analysed using two-way ANOVA, comparing each test (plus glucose) to the
corresponding control (minus glucose). Means and standard deviations for triplicate experiments are presented: *,

p < 0.05; %%, p < 0.01;***, p < 0.001.

https://doi.org/10.1371/journal.ppat.1011505.9006

Trehalose accumulation promotes glucose-enhanced oxidative stress
resistance

Trehalose is a well-known stress protectant [62,63] that appears to act in part by promoting
autophagy [64]. Trehalose is particularly important for oxidative stress resistance in C. albicans
[65], and trehalose accumulation has been shown to provide protection against phagocytic kill-
ing [66]. Intracellular trehalose levels increase in response to acute peroxide stress in C.
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Fig 7. Glucose-enhanced oxidative stress resistance does not correlate with changes in glutathione concentration.
(A) Deleting Glutathione synthetase does not block glucose-enhanced oxidative stress resistance. C. albicans strains
were grown on lactate (YPL), incubated with 0 or 1% glucose for 1 h, exposed for 1 h to H,0, at the specified
concentrations, and cell viability measured (CFUs). C. albicans strains: Cal647, RM1000+CIp20, wild type, WT;
Ca2015, gsh2 (S1 Table). (B) Glutathione levels in wild type and PKA-defective C. albicans cells. Reduced (GSH) and
oxidised (GSSG) glutathione levels were measured in cells grown on lactate and then exposed to 0 or 1% glucose for 1
h. Panels representing GSH, GSSG, total glutathione (GSH + GSSG) and redox potential are shown. C. albicans strains:
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SN152HLA, wild type, WT; tpkl tpk2 (S1 Table). All data were analysed using two-way ANOVA, comparing each test
(plus glucose) to the corresponding control (minus glucose). Means and standard deviations for triplicate experiments
are presented: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

https://doi.org/10.1371/journal.ppat.1011505.9007

albicans as well as during late exponential growth. Furthermore, the levels of TPS transcripts
encoding trehalose biosynthetic enzymes increase in C. albicans following glucose exposure
[17]. Therefore, trehalose accumulation was a strong candidate for the downstream factor that
mediates glucose-enhanced oxidative stress resistance.

We tested this possibility previously, and apparently excluded it, using a C. albicans tps1A
mutant [17], which lacks trehalose-6-phosphate synthase, the enzyme that catalyses the first
step in trehalose synthesis. However, we discovered that this tpsIA mutant is sensitive to
hypoosmotic stress, and hence to the cell dilutions used in our viability assays (S1 Fig). This
tpsIA mutant and its wild type control were also auxotrophic for uridine (ura3A)-an issue
because UDP-glucose is a substrate for trehalose synthesis. Therefore, we revisited the role of
trehalose in glucose-enhanced oxidative stress resistance using prototrophic tpsIA (Ca2489)
and wild type control strains (Ca372: S1 Table) and an osmotic stabiliser for the cell dilutions
(Materials & Methods). Lower hydrogen peroxide concentrations were used for the C. albicans
tpsIA cells because they are relatively sensitive to acute oxidative stresses [65]. In contrast to
the isogenic wild type control, which displayed the normal glucose-enhanced oxidative stress
resistance phenotype, the resistance of these tpsIA cells to oxidative stress decreased in
response to glucose (Fig 8A). This suggested that trehalose synthesis does promote this
phenotype.

We examined the impact of glucose upon trehalose accumulation. Prior glucose exposure
significantly enhanced trehalose accumulation in mid-exponential wild type C. albicans cells
in response to an acute oxidative stress (Fig 8B). The unstressed control cells did not accumu-
late trehalose at detectable levels, suggesting that prior glucose exposure enhances the ability of
C. albicans cells to rapidly synthesise trehalose in response to oxidative stress. In contrast, glu-
cose exposure did not enhance the ability of stationary phase C. albicans cells to accumulate
trehalose (Fig 8C). Therefore, the glucose enhancement of potential trehalose accumulation
relates to the response to oxidative stress, not growth phase.

Given that glucose-enhanced oxidative stress resistance is compromised in migIA mig2A
and tpkIA tpk2A mutants (Figs 4E & 5E), we tested whether trehalose accumulation was also
affected in these strains. Compared to the wild type controls, trehalose accumulation was dere-
pressed in tpkIA tpk2A (Fig 8D) and miglA mig2A cells (Fig 8E), especially following glucose
exposure. Therefore, the derepression of glucose-enhanced oxidative stress resistance in these
mutants correlated with the derepression of trehalose accumulation. Taken together, our data
suggest that trehalose accumulation promotes glucose-enhanced oxidative stress resistance.

Glucose-enhanced oxidative stress resistance is not observed in other yeast
species

Isolates from four major epidemiological clades of C. albicans (clades 1-4) have been shown to
display glucose-enhanced oxidative stress resistance [17]. This phenotype was one of the first
reported examples of an anticipatory protective response in a pathogenic yeast. Given that
anticipatory protective responses probably reflect relatively recent evolutionary pressures
[11,67], we tested whether this phenotype is observed in other pathogenic yeast species (Can-
dida glabrata, Candida tropicalis, Candida guilliermondii, Candida dubliniensis and Loddero-
myces elongisporus [68,69]) and other more evolutionarily divergent yeasts (Saccharomyces
cerevisiae, Kluyveromyces lactis, Yarrowia lipolytica). As expected [70-72], these species
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Fig 8. Trehalose accumulation is required for glucose-enhanced oxidative stress resistance. (A) The phenotype is blocked
following inactivation of trehalose synthase. C. albicans strains were grown on lactate (YPL), incubated with 0 or 1% glucose for 1 h,
then exposed for 1 h to H,O, at the specified concentrations, and cell viability measured (CFUs): Ca372, CAI4+ClIp10, wild type,
WT; tpsI (S1 Table). (B) Glucose enhances the induction of trehalose levels in response to oxidative stress. Trehalose levels were
measured in C. albicans SC5314 cells grown in YPL to an ODgg = 1, exposed to glucose for 1h, and then treated with 0 or 25 mM
H,0, for 30 min. (C) Glucose does not enhance trehalose accumulation in stationary phase cells. Trehalose levels were assayed in C.
albicans SC5314 cells grown in YPL to different growth phases (ODgo) and then exposed to glucose for 1h. (D) Trehalose
accumulation is derepressed in the absence of glucose in C. albicans cells lacking PKA. Trehalose levels were measured in C.
albicans cells grown in YPL to ODggg = 3.0-3.5 and then exposed to glucose for 1h: SN152HLA, wild type, WT; tpk1 tpk2. (E) The
inactivation of Migl and Mig2 derepresses trehalose accumulation in the absence of glucose. Trehalose levels were measured in C.
albicans cells grown in YPL to ODgoo = 3.0-3.5 and then exposed to glucose for 1h: C. albicans CW542, wild type, WT; migl mig2.
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The data in (A), (B), (C), (D) and (B) were analysed using two-way ANOVA, comparing each test (plus glucose) to the
corresponding control (minus glucose). Means and standard deviations for triplicate experiments are presented: *, p < 0.05; **,

P <0.01; %%, p < 0.001; ****, p < 0.0001.
https://doi.org/10.1371/journal.ppat.1011505.9008

displayed differing degrees of resistance to oxidative stress (Fig 9). Interestingly, Candida albi-
cans was the only species tested that displayed significant glucose-enhanced oxidative stress
resistance.

Discussion

The fungal pathogen C. albicans responds to physiological levels of glucose by activating an
oxidative stress response that protects the fungus from subsequent exposure to an acute oxida-
tive stress [17]. We have now shown that this response is controlled by glucose signalling
rather than glucose catabolism. We have also shown that the glucose-enhanced oxidative stress
resistance phenotype is down-regulated by the glucose repression pathway and by cAMP-PKA
signalling, and these pathways control the trehalose accumulation that underlies the pheno-
type. We note that potential crosstalk between the cAMP-PKA and glucose repression path-
ways in C. albicans might place Migl/2 under the control of both pathways [73]. For example,
in Aspergillus nidulans, PKA is known to regulate the Migl homologue, CreA [74]. Therefore,
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Fig 9. Glucose-enhanced oxidative stress resistance is not a general trait in yeast species. The phylogenetic
relationships of the analysed yeast species was adapted from the tree of Saccharomycotina species published by Roetzer
and co-authors [108]. Mid-exponential yeast cells grown in YPL were treated with 0 or 1% glucose for 1 h and then
exposed to 50 mM H,O, for 1 h. The yeast species were: C. albicans SC5314; C. dubliniensis IHEM?20468; C. tropicalis SC
§74663; L. elongisporus NRLL YB-4239; C. guilliermondii BB418024; C. glabrata AM2004/0093; S. cerevisiae BB708832; K.
lactis NRRL Y-1140; Y. lipolytica CLIB122 (S1 Table). The data were analysed using two-way ANOVA, comparing each
test (plus glucose) to the corresponding control (minus glucose). Means and standard deviations for triplicate experiments
are presented: *, p < 0.05; **, p < 0.01.

https://doi.org/10.1371/journal.ppat.1011505.9009
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it is conceivable that the Migl/2 mediated regulation of trehalose levels in response to glucose
is regulated by cAMP-PKA signalling as well as via the glucose repression pathway.

Tpsl and trehalose accumulation contribute to the virulence of C. albicans in multiple ways.
In addition to compromising stress protection, the inactivation of Tps1 or trehalose accumula-
tion affects growth, inhibits yeast-hypha morphogenesis under certain conditions, and reduces
resistance to phagocytic killing [65,66,75,76]. Our data indicate that trehalose accumulation also
promotes glucose-enhanced oxidative stress resistance. Given this pleiotropy, it is not surprising
that C. albicans tps1 cells display significantly attenuated virulence [76].

Glucose exposure protects C. albicans against oxidative stress before this stress has been
encountered, and hence this phenotype represents an anticipatory protective response [17].
We have suggested that this fungus has “learned” over evolutionary time that if cells are
exposed to physiological levels of glucose, through exposure to blood, for example, they are
likely to be subject to phagocytic attack shortly thereafter [11,67]. Consequently, the glucose-
enhanced oxidative stress resistance phenotype might represent a form of “fungal memory”
that promotes fitness in vivo by increasing the ability of C. albicans to counter phagocytic kill-
ing [11,67]. In this study we have now confirmed that glucose-enhanced oxidative stress resis-
tance reduces the ability of human neutrophils to kill C. albicans, and that cells that have been
exposed to glucose display increased fitness during the early stages of a systemic infection.
Therefore, this anticipatory protective response has in vivo relevance. Interestingly, C. albicans
cells that have been exposed to plasma show an even greater fitness advantage, suggesting that
additional blood components might enhance this anticipatory response. Peptidoglycan might
seem a potential candidate because it promotes yeast-hypha morphogenesis in C. albicans by
activating cAMP-PKA signalling [77]. However, peptidoglycan is unlikely to promote glucose-
enhanced oxidative stress resistance as cCAMP-PKA signalling down-regulates, rather than
induces, this phenotype. Therefore, other plasma components, which remain to be defined,
would appear to enhance oxidative stress resistance in C. albicans.

Our examination of glucose-enhanced oxidative stress resistance in other yeasts revealed
that C. albicans was the only species of those tested that displays the phenotype. Some of the
species examined are environmental yeasts (S. cerevisiae, K. lactis, Y. lipolytica, for example)
and some are pathogenic Candida species that have environmental reservoirs (C. tropicalis and
Candida guilliermondii, for example [78,79]). Others have genomes that suggest evolution out-
side of the mammalian host (C. glabrata, for example [80]). Therefore, the evolutionary pres-
sures that these fungi have faced are likely to differ significantly from C. albicans, which is a
commensal of humans that is thought, despite isolations from the environment [81,82], to be
obligately associated with warm-blooded animals [83-85]. The cost-benefits of glucose-
enhanced oxidative stress resistance may be low in environmental niches. However, the
absence of this phenotype in C. dubliniensis is striking as this species is closely related to C.
albicans. (These species diverged only about 20 million years ago, whereas S. cerevisiae and C.
albicans diverged about 140 million years ago [86].) C. dubliniensis is thought to be undergoing
reductive evolution from C. albicans [87]. Whilst C. albicans is a common cause of both muco-
sal and systemic infection [88-90], C. dubliniensis is less pathogenic and is most commonly
associated with mucosal infections [87,91-93]. Presumably, the cost-benefits of glucose-
enhanced oxidative stress resistance are low during mucosal infection or, alternatively, this
phenotype has arisen in C. albicans after its divergence from C. dubliniensis. Either way, the
data support the idea that this phenotype has evolved relatively recently in response to tempo-
rally linked selective pressures that C. albicans faces during commensalism and possibly during
transitions towards systemic infection. Also, the data reinforce the view that anticipatory pro-
tective responses can evolve relatively quickly, and hence that they reflect relatively recent evo-
lutionary pressures [1,11,67].
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As stated above, C. albicans displays additional anticipatory protective responses. These
include candidalysin and zincophore production during hyphal development [8,9], and B-glu-
can masking and immune evasion in response to in-host signals [12-16]. Interestingly, these
phenotypes, like glucose-enhanced oxidative stress resistance, are regulated by cAMP-PKA
signalling [8,9,15,53]. Similarly, the core stress response in S. cerevisiae, another anticipatory
protective response [1], is regulated by PKA signalling [94-96]. Therefore, PKA appears to be
a critical regulatory hub that permits the development of anticipatory protective responses in
yeasts.

Materials and methods
Ethics statement

Blood from healthy volunteers was collected with the informed and written consent of these
donors and according to local guidelines and regulations. Our full study protocol was
approved by the College Ethics Review Board of the University of Aberdeen (CERB/2016/8/
1300).

Animal experiments were approved by the Animal Welfare and Ethical Review Boards at
the Universities of Aberdeen and Exeter and performed in compliance with animal research
ethical regulations under UK Home Office project licence number P79B6F297. BALB/c mice
were purchased from Charles River and housed under specific pathogen-free conditions.

Strain construction and growth conditions

C. albicans strains (S1 Table) were grown in 1% yeast extract, 2% bacto-peptone (YP) contain-
ing 2% glucose (YPD), 2% sodium lactate (YPL) or 2% sodium citrate (YPC) [17,97].

An isogenic set of wild type C. albicans strains, each containing a unique barcode (S2
Table), was generated by transforming C. albicans CAI4 (ura3A) with CIp10-PTET-GTW
(URA3) plasmids from the C. albicans ORFeome project [98]. In each case, correct integration
of the plasmid at the RPS1I locus was confirmed by diagnostic PCR [99]. Similarly, the tpsIA
strain Ca2489 was transformed with CIp10 [99], to ensure restoration of wild type virulence
phenotypes [100].

Stress assays

C. albicans strains were grown overnight at 30°C in YPL to mid-log phase (ODgg = 0.5), and
then subcultured into fresh YPL and re-grown to mid-log phase (ODgg = 0.5). Cultures were
then split, and each portion received glucose at the specified concentration, human plasma
from healthy volunteers (20% final concentration) or water (the control) and incubated for 60
min at 30°C. The samples were then exposed for 60 min to H,O, at the specified concentra-
tion, after which cell viability was assayed (CFUs) relative to the corresponding unstressed
control. (For viability assays with the tpsIA strain, the cell dilutions were performed in 1 M
sorbitol rather than phosphate buffered saline cells, because the tpsIA cells were found to be
hypersensitive to hypoosmotic shock (S1 Fig).) Three independent replicates were performed
for each experiment.

Catalase assays

Catalase assays were performed as described previously [101]. Mid-exponential cells were
washed first with ice-cold water, and then with 50 mM sodium phosphate buffer, pH 7.5. Pro-
tein extracts were prepared, 5 pl of cell extract added to 1 ml of assay mixture (50 mM sodium
phosphate buffer, pH 7.5, 0.05 mM H,0,), and the absorbance 240 nm measured every 10
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seconds thereafter. Catalase activities (rates of A,,, decline, and hence H,0, decomposition)
were normalised against total protein (umol decomposed H,O,/min/mg protein). Assays were
performed in triplicate.

Glutathione assays

Glutathione (GSH) and glutathione disulphide (GSSG) were quantified using published proce-
dures [59,102]. Samples (25 ul) were derivatised by adding 100 ul of 20 mM N-ethylenemalei-
mide, 2 mM ethylenediaminetetraacetic acid, 250 pM y-glu-glu (in water:methanol 85:15) and
25 ul of 2% sulfosalicylic acid (Sigma-Aldrich), and incubating at room temperature for one
hour. After derivatisation, 500 pl of water were added. Samples were then centrifuged at
13,000 rpm for 3 min, and 5 pl of the supernatant was subjected to liquid chromatography—
tandem mass spectrometry using a Thermo Surveyor liquid chromatography system (150 x 2
mm Stability 100 BS-C17 column: Hichrom, Reading, UK) coupled to a TSQ Quantum triple
quadrupole mass spectrometer (Thermo Fisher). Quantification was performed against freshly
made standards using Xcalibur software with the following selected reaction monitoring tran-
sitions: Glu-Glu (internal standard) m/z 277-241 at 12V, GSSG m/z 613-355 at 18V. Data
were normalised against total protein. Redox potential (AE) was calculated using the following
equation: (AE = -178.5MV- 30.1log([GSH]2/[GSSG].mV [59,103,104]).

Trehalose assays

Overnight cultures of C. albicans grown in YPL at 30°C were subcultured into 200 ml fresh
YPL to an ODg of 0.2 and grown for 5 hours or until they reached the indicated ODyg. Cells
were harvested, washed in 20 ml chilled PBS, and centrifuged to remove excess liquid before
determining the wet weight of cell pellets. The cells were then resuspended in 300 ul Milli-Q
water and boiled at 110°C for one hour. Then, 0.4 g of acid-washed 0.1 mm glass beads were
added, the samples vortexed for 5 minutes in a Fastprep-24, and centrifuged at 13,000 rpm for
5 minutes. Supernatants (250 pl) were stored at -20°C before analysis. Trehalose assays were
performed using the Megaenzyme Trehalose Assay Kit (Megaenzyme Inc., Bray, Ireland) on
20 ul extract according to the manufacturer’s instructions [105]. Measurements were based on
three independent samples, all extracts were tested in duplicate, and controls without hexoki-
nase and/or trehalase enzymes were included in each run. Trehalose levels were normalised
against the wet weight of cell pellets.

Neutrophil assays

Isogenic barcoded C. albicans strains (see Strain construction) were grown in YPL at 30°C
overnight, subcultured into fresh YPL to an ODgy, of 0.1, grown for 4 h to and ODgg 0of 0.5,
and then exposed to 1% glucose, 20% human plasma, or water (the control) for one hour. Five
barcoded strains were used as internal technical replicates for each of these three experimental
conditions. The various, differentially adapted, barcoded strains were then harvested, washed
in PBS, and pooled together in approximately equal concentrations in RPMI 1640 without glu-
cose containing 10% foetal calf serum (Gibco). Meanwhile, human PMNs were prepared from
blood donated by healthy volunteers and collected in ethylenediaminetetraacetic acid-coated
vacuum phlebotomy tubes (BD Biosciences). The PMNs were prepared by density gradient
centrifugation using Histopaque 1077 and Histopaque 1119 (Sigma-Aldrich) as described pre-
viously [106]. The pool of 15 barcoded C. albicans strains was then co-incubated for 3 h with
human PMNs at a ratio of 10:1 (500,000 PMNs to 50,000 yeast) at 37°C under 5% CO,. The
PMNss were then lysed for 10 min with 100 pl 0.25% SDS, mixed with 900 pl ice-cold water,
and the samples incubated with 50 U of DNAse I for 15 minutes. The C. albicans cells were
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then harvested by centrifugation, plated onto YPD agar to recover colonies for barcode
sequencing (below). Three independent experiments were performed, each with n = 5 bar-
codes corresponding to technical replicates for each condition.

Animal experiments

Groups of four barcoded C. albicans strains were selected as internal replicates for each of the
three experimental conditions: 0% glucose (control), 1% glucose or 20% plasma. As described
above, C. albicans were grown on lactate (YPL), exposed to the relevant experimental condi-
tion for one hour, harvested and washed in PBS, and then pooled in approximately equal pro-
portions. This pool (100 ul containing 7 x10° C. albicans cells) was then injected into the
lateral tail vein of eight 6-10 week-old female BALB/c mice, and the mice sacrificed after 48
hours. Fungal cells from the liver, spleen, brain and kidneys were plated onto YPD for 24 h,
and pooled for barcode sequencing. Therefore, eight mice were examined, each with n = 4 bar-
codes as technical replicates for each condition.

Barcode sequencing

Barcode sequencing was performed essentially as described previously [57]. Genomic DNA
was prepared from pooled C. albicans populations [107], and the barcodes PCR amplified
using common primers (52 Table). The amplicons were ethanol precipitated and purified
using AMPure XP beads (Beckman Coulter) using the manufacturer’s instructions. The puri-
fied amplicons were indexed with Illumina unique dual indexing primers (Illumina, Inc., San
Diego, CA, USA), the libraries were pooled in equimolar concentrations (1nM) and sequenced
(150 paired-end) on a Novaseq 6000 (Illumina, Inc., San Diego, CA, USA). The barseq FASTQ
data files were then analysed using previously described scripts [57] that determines the total
number of reads and relative abundance for each barcode relative to the total number of bar-
code reads. Each relative barcode abundance was then normalised against its starting concen-
tration in the population. Means for the four or five replicate barcodes for each condition are
presented.

Statistical analyses

Statistical analyses were performed with GraphPad Prism v.8.4.1. Error bars represent stan-
dard deviations from at least three biological replicates. Significance was tested using unpaired
T-test to compare two variables, or one- or two-way ANOVA with Tukey posthoc testing for
multiple data sets, as specified.

Supporting information

S1 Fig. C. albicans tpsl cells are sensitive to hypoosmotic shock. C. albicans cells were grown
in YPL to an ODg of 0.70-0.75 and then diluted into PBS or fresh YPL for 20 minutes before
plating onto YPD agar: C. albicans Ca372, CAI4+ClIp10, wild type, WT; tpsl (S1 Table). Each
data point represents the mean for 3 technical repeats; means and standard deviations are
shown for two independent replicate experiments. Statistical significance in comparison to the
WT control was determined by two-way ANOVA with Dunnett multiple comparison for the
same condition between strains (filled lines), and unpaired t-test to compare YPL and PBS
within the same strain (dotted line): *, p < 0.05; **, p < 0.01.

(PDF)

S1 Table. Strains used in this study.
(PDF)
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S2 Table. Barcodes and Primers used in barcode sequencing. The isogenic set of barcoded
wild type C. albicans strains (S1 Table) was generated in the parental strain C. albicans CAI4
using CIp10-PTET-GTW plasmids containing the barcodes described here. These plasmids,
which are from the C. albicans ORFeome project [98], were generously provided by Professor
Carol Munro.

(PDF)

Acknowledgments

We thank Carol Munro for her generosity in providing the plasmids for barcoding C. albicans,
and Victoria Brown, Gerry Fink, Bill Fonzi, Guanghua Huang, Joachim Morschauser, Suzanne
Noble, Jesus Pla, Patrick Van Dijck, Reinhard Wiirzner and Oscar Zaragoza for providing
strains. We thank our colleagues in the MRC Centre for Medical Mycology and the Aberdeen
Fungal Group for insightful discussions. We are grateful to the following Research Facilities
for their advice and support: the Centre for Genome Enabled Biology at the University of
Aberdeen, and the Sequencing Facility at the University of Exeter for help with the barcode
sequencing.

Author Contributions

Conceptualization: Alistair J. P. Brown.

Formal analysis: Daniel E. Larcombe.

Funding acquisition: Mihai G. Netea, Lars P. Erwig, Neil A. R. Gow, Alistair J. P. Brown.

Investigation: Daniel E. Larcombe, Iryna M. Bohovych, Arnab Pradhan, Qinxi Ma, Emer
Hickey, Ian Leaves, Gary Cameron, Gabriela M. Avelar, Leandro J. de Assis, Delma S.
Childers, Judith M. Bain.

Methodology: Iryna M. Bohovych, Arnab Pradhan, Gary Cameron.

Project administration: Alistair J. P. Brown.

Resources: Katherine Lagree, Aaron P. Mitchell.

Supervision: Neil A. R. Gow, Alistair J. P. Brown.

Writing - original draft: Daniel E. Larcombe, Iryna M. Bohovych, Alistair J. P. Brown.

Writing - review & editing: Gabriela M. Avelar, Leandro J. de Assis, Delma S. Childers, Judith
M. Bain, Mihai G. Netea, Lars P. Erwig, Neil A. R. Gow.

References

1. Mitchell A, Romano GH, Groisman B, Yona A, Dekel E, Kupiec M, et al. Adaptive prediction of environ-
mental changes by microorganisms. Nature. 2009; 460: 220—-224. https://doi.org/10.1038/
nature08112 PMID: 19536156

2. Gasch AP, Spellman PT, Kao CM, Carmel-Harel O, Eisen MB, Storz G, et al. Genomic expression pro-
grams in the response of yeast cells to environmental changes. Mol Biol Cell. 2000; 11: 4241-4257.
https://doi.org/10.1091/mbc.11.12.4241 PMID: 11102521

3. Causton HC, Ren B, Koh SS, Harbison CT, Kanin E, Jennings EG, et al. Remodeling of yeast genome
expression in response to environmental changes. Mol Biol Cell. 2001; 12: 323-337. https://doi.org/
10.1091/mbc.12.2.323 PMID: 11179418

4. Berry DB, Gasch AP. Stress-activated genomic expression changes serve a preparative role for
impending stress in yeast. Mol Biol Cell. 2008; 19: 4580-4587. https://doi.org/10.1091/mbc.e07-07-
0680 PMID: 18753408

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011505  July 10, 2023 21/26


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011505.s003
https://doi.org/10.1038/nature08112
https://doi.org/10.1038/nature08112
http://www.ncbi.nlm.nih.gov/pubmed/19536156
https://doi.org/10.1091/mbc.11.12.4241
http://www.ncbi.nlm.nih.gov/pubmed/11102521
https://doi.org/10.1091/mbc.12.2.323
https://doi.org/10.1091/mbc.12.2.323
http://www.ncbi.nlm.nih.gov/pubmed/11179418
https://doi.org/10.1091/mbc.e07-07-0680
https://doi.org/10.1091/mbc.e07-07-0680
http://www.ncbi.nlm.nih.gov/pubmed/18753408
https://doi.org/10.1371/journal.ppat.1011505

PLOS PATHOGENS

Glucose-enhanced oxidative stress resistance in Candida albicans

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Enjalbert B, Nantel A, Whiteway M. Stress-induced gene expression in Candida albicans: absence of
a general stress response. Mol Biol Cell. 2003; 14: 1460—1467.

Nicholls S, Straffon M, Enjalbert B, Nantel A, Macaskill S, Whiteway M, et al. Msn2- and Msn4-like
transcription factors play no obvious roles in the stress responses of the fungal pathogen Candida albi-
cans. Eukaryot Cell. 2004; 3: 1111-1123.

Enjalbert B, Smith DA, Cornell MJ, Alam |, Nicholls S, Brown AJ, et al. Role of the Hog1 stress-acti-
vated protein kinase in the global transcriptional response to stress in the fungal pathogen Candida
albicans. Mol Biol Cell. 2006; 17: 1018-1032.

Moyes DL, Wilson D, Richardson JP, Mogavero S, Tang SX, Wernecke J, et al. Candidalysin is a fun-
gal peptide toxin critical for mucosal infection. Nature. 2016; 532: 64—68. https://doi.org/10.1038/
nature17625 PMID: 27027296

Citiulo F, Jacobsen ID, Miramon P, Schild L, Brunke S, Zipfel P, et al. Candida albicans scavenges
host zinc via Pra1 during endothelial invasion. PLoS Pathog. 2012; 8: e1002777.

Brunke S, Hube B. Adaptive prediction as a strategy in microbial infections. PLoS Pathog. 2014; 10:
€1004356. https://doi.org/10.1371/journal.ppat.1004356 PMID: 25275642

Brown AJP, Gow NAR, Warris A, Brown GD. Memory in Fungal Pathogens Promotes Immune Eva-
sion, Colonisation, and Infection. Trends Microbiol. 2019; 27: 219-230. https://doi.org/10.1016/j.tim.
2018.11.001 PMID: 30509563

Ballou ER, Avelar GM, Childers DS, Mackie J, Bain JM, Wagener J, et al. Lactate signalling regulates
fungal beta-glucan masking and immune evasion. Nat Microbiol. 2016; 2: 16238.

Sherrington SL, Sorsby E, Mahtey N, Kumwenda P, Lenardon MD, Brown |, et al. Adaptation of Can-
dida albicans to environmental pH induces cell wall remodelling and enhances innate immune recogni-
tion. PLoS Pathog. 2017; 13: €1006403.

Pradhan A, Avelar GM, Bain JM, Childers DS, Larcombe DE, Netea MG, et al. Hypoxia Promotes
Immune Evasion by Triggering beta-Glucan Masking on the Candida albicans Cell Surface via Mito-
chondrial and cAMP-Protein Kinase A Signaling. MBio. 2018;9: https://doi.org/10.1128/mBio.01318-
18 PMID: 30401773

Pradhan A, Avelar GM, Bain JM, Childers D, Pelletier C, Larcombe DE, et al. Non-canonical signalling
mediates changes in fungal cell wall PAMPs that drive immune evasion. Nat Commun. 2019; 10:
5315-019-13298-9. https://doi.org/10.1038/s41467-019-13298-9 PMID: 31757950

Cottier F, Sherrington S, Cockerill S, Del Olmo Toledo V, Kissane S, Tournu H, et al. Remasking of
Candida albicans beta-Glucan in Response to Environmental pH Is Regulated by Quorum Sensing.
mBio. 2019;10: https://doi.org/10.1128/mBi0.02347-19 PMID: 31615961

Rodaki A, Bohovych IM, Enjalbert B, Young T, Odds FC, Gow NA, et al. Glucose promotes stress
resistance in the fungal pathogen Candida albicans. Mol Biol Cell. 2009; 20: 4845-4855.

Brown AJP, Larcombe DE, Pradhan A. Thoughts on the evolution of Core Environmental Responses
in yeasts. In: Fungal Biology; 2020. pp. 475—481. https://doi.org/10.1016/j.funbio.2020.01.003 PMID:
32389310

Dhar R, Sagesser R, Weikert C, Wagner A. Yeast adapts to a changing stressful environment by
evolving cross-protection and anticipatory gene regulation. Mol Biol Evol. 2013; 30: 573-588. https:/
doi.org/10.1093/molbev/mss253 PMID: 23125229

Barelle CJ, Priest CL, Maccallum DM, Gow NA, Odds FC, Brown AJ. Niche-specific regulation of cen-
tral metabolic pathways in a fungal pathogen. Cell Microbiol. 2006; 8: 961-971. https://doi.org/10.
1111/j.1462-5822.2005.00676.x PMID: 16681837

Ene IV, Adya AK, Wehmeier S, Brand AC, MacCallum DM, Gow NA, et al. Host carbon sources modu-
late cell wall architecture, drug resistance and virulence in a fungal pathogen. Cell Microbiol. 2012; 14:
1319-1335. hitps://doi.org/10.1111/j.1462-5822.2012.01813.x PMID: 22587014

Ene IV, Walker LA, Schiavone M, Lee KK, Martin-Yken H, Dague E, et al. Cell Wall Remodeling
Enzymes Modulate Fungal Cell Wall Elasticity and Osmotic Stress Resistance. MBio. 2015; 6:
€00986—-15. https://doi.org/10.1128/mBio.00986-15 PMID: 26220968

Hervé M, Wietzerbin J, Lebourguais O, Tran-Dinh S. Effects of 2-deoxy-D-glucose on the glucose
metabolism in Saccharomyces cerevisiae studied by multinuclear-NMR spectroscopy and biochemi-
cal methods. Biochimie. 1992; 74: 1103—-1115.

Romano AH. Facilitated diffusion of 6-deoxy-D-glucose in bakers’ yeast: evidence against phosphory-
lation-associated transport of glucose. J Bacteriol. 1982; 152: 1295—1297. https://doi.org/10.1128/jb.
152.3.1295-1297.1982 PMID: 6754704

Sabina J, Brown V. Glucose sensing network in Candida albicans: a sweet spot for fungal morphogen-
esis. Eukaryot Cell. 2009; 8: 1314-1320.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011505  July 10, 2023 22/26


https://doi.org/10.1038/nature17625
https://doi.org/10.1038/nature17625
http://www.ncbi.nlm.nih.gov/pubmed/27027296
https://doi.org/10.1371/journal.ppat.1004356
http://www.ncbi.nlm.nih.gov/pubmed/25275642
https://doi.org/10.1016/j.tim.2018.11.001
https://doi.org/10.1016/j.tim.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30509563
https://doi.org/10.1128/mBio.01318-18
https://doi.org/10.1128/mBio.01318-18
http://www.ncbi.nlm.nih.gov/pubmed/30401773
https://doi.org/10.1038/s41467-019-13298-9
http://www.ncbi.nlm.nih.gov/pubmed/31757950
https://doi.org/10.1128/mBio.02347-19
http://www.ncbi.nlm.nih.gov/pubmed/31615961
https://doi.org/10.1016/j.funbio.2020.01.003
http://www.ncbi.nlm.nih.gov/pubmed/32389310
https://doi.org/10.1093/molbev/mss253
https://doi.org/10.1093/molbev/mss253
http://www.ncbi.nlm.nih.gov/pubmed/23125229
https://doi.org/10.1111/j.1462-5822.2005.00676.x
https://doi.org/10.1111/j.1462-5822.2005.00676.x
http://www.ncbi.nlm.nih.gov/pubmed/16681837
https://doi.org/10.1111/j.1462-5822.2012.01813.x
http://www.ncbi.nlm.nih.gov/pubmed/22587014
https://doi.org/10.1128/mBio.00986-15
http://www.ncbi.nlm.nih.gov/pubmed/26220968
https://doi.org/10.1128/jb.152.3.1295-1297.1982
https://doi.org/10.1128/jb.152.3.1295-1297.1982
http://www.ncbi.nlm.nih.gov/pubmed/6754704
https://doi.org/10.1371/journal.ppat.1011505

PLOS PATHOGENS

Glucose-enhanced oxidative stress resistance in Candida albicans

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Brown V, Sabina J, Johnston M. Specialized sugar sensing in diverse fungi. Curr Biol. 2009; 19: 436—
441. https://doi.org/10.1016/j.cub.2009.01.056 PMID: 19249212

Brown V, Sexton JA, Johnston M. A glucose sensor in Candida albicans. Eukaryot Cell. 20086; 5:
1726-1737.

Santangelo GM. Glucose signaling in Saccharomyces cerevisiae. Microbiol Mol Biol Rev. 2006; 70:
253-282.

Jiang R, Carlson M. Glucose regulates protein interactions within the yeast SNF1 protein kinase com-
plex. Genes Dev. 1996; 10: 3105-3115. https://doi.org/10.1101/gad.10.24.3105 PMID: 8985180

Petter R, Chang YC, Kwon-Chung KJ. A gene homologous to Saccharomyces cerevisiae SNF1
appears to be essential for the viability of Candida albicans. Infect Immun. 1997; 65: 4909-4917.

Carlson M, Osmond BC, Botstein D. Mutants of yeast defective in sucrose utilization. Genetics. 1981;
98: 25—40. https://doi.org/10.1093/genetics/98.1.25 PMID: 7040163

Celenza JL, Carlson M. Cloning and genetic mapping of SNF1, a gene required for expression of glu-
cose-repressible genes in Saccharomyces cerevisiae. Mol Cell Biol. 1984; 4: 49-53.

Mottola A, Schwanfelder S, Morschhauser J. Generation of Viable Candida albicans Mutants Lacking
the "Essential" Protein Kinase Snf1 by Inducible Gene Deletion. mSphere. 2020; 5: e00805-20.
https://doi.org/10.1128/mSphere.00805-20 PMID: 32817381

Ramirez-Zavala B, Mottola A, HaubenreiBBer J, Schneider S, Allert S, Brunke S, et al. The Snf1-activat-
ing kinase Sak1 is a key regulator of metabolic adaptation and in vivo fitness of Candida albicans. Mol
Microbiol. 2017; 104: 989-1007.

Corvey C, Koetter P, Beckhaus T, Hack J, Hofmann S, Hampel M, et al. Carbon Source-dependent
assembly of the Snf1p kinase complex in Candida albicans. J Biol Chem. 2005; 280: 25323-25330.

Ramirez-Zavala B, Mottola A, Kriiger I, Morschhéuser J. A Suppressor Mutation in the B-Subunit Kis1
Restores Functionality of the SNF1 Complex in Candida albicans snf4A Mutants. mSphere. 2021; 6:
€0092921-21. Epub 2021 Dec 15.

Lagree K, Woolford CA, Huang MY, May G, McManus CJ, Solis NV, et al. Roles of Candida albicans
Mig1 and Mig2 in glucose repression, pathogenicity traits, and SNF1 essentiality. PLoS Genet. 2020;
16: e1008582.

Kenno S, Speth C, Rambach G, Binder U, Chatterjee S, Caramalho R, et al. Candida albicans Factor
H Binding Molecule Hgt1p - A Low Glucose-Induced Transmembrane Protein Is Trafficked to the Cell
Wall and Impairs Phagocytosis and Killing by Human Neutrophils. Front Microbiol. 2019; 9: 3319.
https://doi.org/10.3389/fmicb.2018.03319 PMID: 30697200

Luongo M, Porta A, Maresca B. Homology, disruption and phenotypic analysis of CaGS Candida albi-
cans gene induced during macrophage infection. FEMS Immunol Med Microbiol. 2005; 45: 471-478.

Luo L, Tong X, Farley PC. The Candida albicans gene HGT12 (orf19.7094) encodes a hexose trans-
porter. FEMS Immunol Med Microbiol. 2007; 51: 14-17.

Rocha CR, Schroppel K, Harcus D, Marcil A, Dignard D, Taylor BN, et al. Signaling through adenylyl
cyclase is essential for hyphal growth and virulence in the pathogenic fungus Candida albicans. Mol
Biol Cell. 2001; 12: 3631-3643.

Leberer E, Harcus D, Dignard D, Johnson L, Ushinsky S, Thomas DY, et al. Ras links cellular morpho-
genesis to virulence by regulation of the MAP kinase and cAMP signalling pathways in the pathogenic
fungus Candida albicans. Mol Microbiol. 2001; 42: 673—-687.

Maidan MM, Thevelein JM, Van Dijck P. Carbon source induced yeast-to-hypha transition in Candida
albicans is dependent on the presence of amino acids and on the G-protein-coupled receptor Gpr1.
Biochem Soc Trans. 2005; 33: 291-293.

Miwa T, Takagi Y, Shinozaki M, Yun CW, Schell WA, Perfect JR, et al. Gpr1, a putative G-protein-cou-
pled receptor, regulates morphogenesis and hypha formation in the pathogenic fungus Candida albi-
cans. Eukaryot Cell. 2004; 3: 919-931.

Sanchez-Martinez C, Pérez-Martin J. Gpa2, a G-protein alpha subunit required for hyphal develop-
ment in Candida albicans. Eukaryot Cell. 2002; 1: 865-874.

Colombo S, Ma P, Cauwenberg L, Winderickx J, Crauwels M, Teunissen A, et al. Involvement of dis-
tinct G-proteins, Gpa2 and Ras, in glucose- and intracellular acidification-induced cAMP signalling in
the yeast Saccharomyces cerevisiae. EMBO J. 1998; 17: 3326-3341.

Avelar G, Dambuza |, Ricci L, Yuecel R, Mackenzie K, Childers D, et al. Impact of changes at the Can-
dida albicans cell surface upon immunogenicity and colonisation in the gastrointestinal tract.. 2022: In
press.

Bahn YS, Staab J, Sundstrom P. Increased high-affinity phosphodiesterase PDE2 gene expression in
germ tubes counteracts CAP1-dependent synthesis of cyclic AMP, limits hypha production and

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011505  July 10, 2023 23/26


https://doi.org/10.1016/j.cub.2009.01.056
http://www.ncbi.nlm.nih.gov/pubmed/19249212
https://doi.org/10.1101/gad.10.24.3105
http://www.ncbi.nlm.nih.gov/pubmed/8985180
https://doi.org/10.1093/genetics/98.1.25
http://www.ncbi.nlm.nih.gov/pubmed/7040163
https://doi.org/10.1128/mSphere.00805-20
http://www.ncbi.nlm.nih.gov/pubmed/32817381
https://doi.org/10.3389/fmicb.2018.03319
http://www.ncbi.nlm.nih.gov/pubmed/30697200
https://doi.org/10.1371/journal.ppat.1011505

PLOS PATHOGENS

Glucose-enhanced oxidative stress resistance in Candida albicans

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

promotes virulence of Candida albicans. Mol Microbiol. 2003; 50: 391-409. https://doi.org/10.1046/j.
1365-2958.2003.03692.x PMID: 14617167

Wilson D, Tutulan-Cunita A, Jung W, Hauser NC, Hernandez R, Williamson T, et al. Deletion of the
high-affinity CAMP phosphodiesterase encoded by PDE2 affects stress responses and virulence in
Candida albicans. Mol Microbiol. 2007; 65: 841-856.

Bockmuhl DP, Krishnamurthy S, Gerads M, Sonneborn A, Ernst JF. Distinct and redundant roles of
the two protein kinase A isoforms Tpk1p and Tpk2p in morphogenesis and growth of Candida albi-
cans. Mol Microbiol. 2001; 42: 1243-1257.

Cassola A, Parrot M, Silberstein S, Magee BB, Passeron S, Giasson L, et al. Candida albicans lacking
the gene encoding the regulatory subunit of protein kinase A displays a defect in hyphal formation and
an altered localization of the catalytic subunit. Eukaryot Cell. 2004; 3: 190—-199.

Giacometti R, Souto G, Silberstein S, Giasson L, Cantore ML, Passeron S. Expression levels and sub-
cellular localization of Bey1p in Candlida albicans mutant strains devoid of one BCY1 allele resultsina
defective morphogenetic behavior. Biochim Biophys Acta. 2006; 1763: 64—72.

Cao C, Wu M, Bing J, Tao L, Ding X, Liu X, et al. Global regulatory roles of the cAMP/PKA pathway
revealed by phenotypic, transcriptomic and phosphoproteomic analyses in a null mutant of the PKA
catalytic subunitin Candida albicans. Mol Microbiol. 2017; 105: 46—64.

Giacometti R, Kronberg F, Biondi RM, Passeron S. Catalytic isoforms Tpk1 and Tpk2 of Candida albi-
cans PKA have non-redundant roles in stress response and glycogen storage. Yeast. 2009; 26: 273—
285.

Serneels J, Tournu H, Van Dijck P. Tight control of trehalose content is required for efficient heat-
induced cell elongation in Candida albicans. J Biol Chem. 2012; 287: 36873-36882.

Wysong DR, Christin L, Sugar AM, Robbins PW, Diamond RD. Cloning and sequencing of a Candida
albicans catalase gene and effects of disruption of this gene. Infect Immun. 1998; 66: 1953—-1961.

Pradhan A, Herrero-de-Dios C, Belmonte R, Budge S, Lopez Garcia A, Kolmogorova A, et al. Elevated
catalase expression in a fungal pathogen is a double-edged sword of iron. PLoS Pathog. 2017; 13:
€1006405. hitps://doi.org/10.1371/journal.ppat. 1006405 PMID: 28542620

Pompella A, Visvikis A, Paolicchi A, De Tata V, Casini AF. The changing faces of glutathione, a cellular
protagonist. Biochem Pharmacol. 2003; 66: 1499-15083. https://doi.org/10.1016/s0006-2952(03)
00504-5 PMID: 14555227

Tillmann AT, Strijbis K, Cameron G, Radmaneshfar E, Thiel M, Munro CA, et al. Contribution of Fdh3
and Glr1 to Glutathione Redox State, Stress Adaptation and Virulence in Candida albicans. PLoS
One. 2015; 10: e0126940.

Grant CM, Maclver FH, Dawes IW. Glutathione synthetase is dispensable for growth under both nor-
mal and oxidative stress conditions in the yeast Saccharomyces cerevisiae due to an accumulation of
the dipeptide gamma-glutamylcysteine. Mol Biol Cell. 1997; 8: 1699—-1707.

Shahana S, Childers DS, Ballou ER, Bohovych I, Odds FC, Gow NA, et al. New Clox Systems for
rapid and efficient gene disruption in Candida albicans. PLoS One. 2014; 9: e100390.

Wiemken A. Trehalose in yeast, stress protectant rather than reserve carbohydrate. Antonie Van
Leeuwenhoek. 1990; 58: 209-217. https://doi.org/10.1007/BF00548935 PMID: 2256682

Van Dijck P, Colavizza D, Smet P, Thevelein JM. Differential importance of trehalose in stress resis-
tance in fermenting and nonfermenting Saccharomyces cerevisiae cells. Appl Environ Microbiol. 1995;
61:109-115.

Mizunoe Y, Kobayashi M, Sudo Y, Watanabe S, Yasukawa H, Natori D, et al. Trehalose protects
against oxidative stress by regulating the Keap1-Nrf2 and autophagy pathways. Redox Biol. 2018; 15:
115—-124. https://doi.org/10.1016/j.redox.2017.09.007 PMID: 29241092

Alvarez-Peral FJ, Zaragoza O, Pedreno Y, Arglelles JC. Protective role of trehalose during severe oxi-
dative stress caused by hydrogen peroxide and the adaptive oxidative stress response in Candida albi-
cans. Microbiology (Reading). 2002; 148: 2599-2606.

Martinez-Esparza M, Aguinaga A, Gonzalez-Parraga P, Garcia-Pefiarrubia P, Jouault T, Arglelles
JC. Role of trehalose in resistance to macrophage killing: study with a tps1/tps1 trehalose-deficient
mutant of Candida albicans. Clin Microbiol Infect. 2007; 13: 384—-394.

Pradhan A, Ma Q, de Assis LJ, Leaves |, Larcombe DE, Rodriguez Rondon AV, et al. Anticipatory
Stress Responses and Immune Evasion in Fungal Pathogens. Trends Microbiol. 2021; 29: 416—427.
https://doi.org/10.1016/}.tim.2020.09.010 PMID: 33059975

Dégen A, Metin B, Ilkit M, de Hoog GS, Heitman J. MTL genotypes, phenotypic switching, and suscep-
tibility profiles of Candida parapsilosis species group compared to Lodderomyces elongisporus. PLoS
One. 2017; 12: e0182653.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011505  July 10, 2023 24/26


https://doi.org/10.1046/j.1365-2958.2003.03692.x
https://doi.org/10.1046/j.1365-2958.2003.03692.x
http://www.ncbi.nlm.nih.gov/pubmed/14617167
https://doi.org/10.1371/journal.ppat.1006405
http://www.ncbi.nlm.nih.gov/pubmed/28542620
https://doi.org/10.1016/s0006-2952%2803%2900504-5
https://doi.org/10.1016/s0006-2952%2803%2900504-5
http://www.ncbi.nlm.nih.gov/pubmed/14555227
https://doi.org/10.1007/BF00548935
http://www.ncbi.nlm.nih.gov/pubmed/2256682
https://doi.org/10.1016/j.redox.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/29241092
https://doi.org/10.1016/j.tim.2020.09.010
http://www.ncbi.nlm.nih.gov/pubmed/33059975
https://doi.org/10.1371/journal.ppat.1011505

PLOS PATHOGENS

Glucose-enhanced oxidative stress resistance in Candida albicans

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

Al-Obaid K, Ahmad S, Joseph L, Khan Z. Lodderomyces elongisporus: a bloodstream pathogen of
greater clinical significance. New Microbes New Infect. 2018; 26: 20-24.

Jamieson DJ, Stephen DW, Terriere EC. Analysis of the adaptive oxidative stress response of Can-
dida albicans. FEMS Microbiol Lett. 1996; 138: 83—88.

Nikolaou E, Agrafioti I, Stumpf M, Quinn J, Stansfield |, Brown AJ. Phylogenetic diversity of stress sig-
nalling pathways in fungi. BMC Evol Biol. 2009; 9: 44-2148-9-44. https://doi.org/10.1186/1471-2148-9-
44 PMID: 19232129

Usher J, Chaudhari Y, Attah V, Ho HL, Haynes K. Functional Characterization of a Novel Oxidative
Stress Protection Protein in the Pathogenic Yeast Candida glabrata. Front Genet. 2020; 11: 530915.

de Assis LJ, Bain JM, Liddle C, Leaves |, Hacker C, Peres da Silva R, et al. Nature of -1,3-Glucan-
Exposing Features on Candida albicans Cell Wall and Their Modulation. mBio. 2022: e0260522.

Ribeiro LFC, Chelius C, Boppidi KR, Naik NS, Hossain S, Ramsey JJJ, et al. Comprehensive Analysis
of Aspergillus nidulans PKA Phosphorylome Identifies a Novel Mode of CreA Regulation. mBio. 2019;
10: e02825-18. https://doi.org/10.1128/mBio.02825-18 PMID: 31040248

Gonzélez-Parraga P, Hernandez JA, Arguelles JC. Role of antioxidant enzymatic defences against
oxidative stress H(2)O(2) and the acquisition of oxidative tolerance in Candida albicans. Yeast. 2003;
20:1161-1169.

Zaragoza O, Blazquez MA, Gancedo C. Disruption of the Candida albicans TPS1 gene encoding tre-
halose-6-phosphate synthase impairs formation of hyphae and decreases infectivity. J Bacteriol.
1998; 180: 3809-3815.

Xu XL, Lee RT, Fang HM, Wang YM, Li R, Zou H, et al. Bacterial peptidoglycan triggers Candida albi-
cans hyphal growth by directly activating the adenylyl cyclase Cyr1p. Cell Host Microbe. 2008; 4: 28—
39.

Xu J. Is Natural Population of Candida tropicalis Sexual, Parasexual, and/or Asexual? Front Cell Infect
Microbiol. 2021; 11: 751676.

Corte L, di Cagno R, Groenewald M, Roscini L, Colabella C, Gobbetti M, et al. Phenotypic and molecu-
lar diversity of Meyerozyma guilliermondii strains isolated from food and other environmental niches,
hints for an incipient speciation. Food Microbiol. 2015; 48: 206—215.

Carreté L, Ksiezopolska E, Pegueroles C, Gémez-Molero E, Saus E, Iraola-Guzman S, et al. Patterns
of Genomic Variation in the Opportunistic Pathogen Candida glabrata Suggest the Existence of Mating
and a Secondary Association with Humans. Curr Biol. 2018; 28: 15-27.e7.

Bensasson D, Dicks J, Ludwig JM, Bond CJ, Elliston A, Roberts IN, et al. Diverse Lineages of Candida
albicans Live on Old Oaks. Genetics. 2019; 211: 277-288.

Maciel NO, Johann S, Brandao LR, Kucharikova S, Morais CG, Oliveira AP, et al. Occurrence, antifun-
gal susceptibility, and virulence factors of opportunistic yeasts isolated from Brazilian beaches. Mem
Inst Oswaldo Cruz. 2019; 114: e180566—-02760180566. https://doi.org/10.1590/0074-02760180566
PMID: 30892381

Do Carmo-Sousa L. Distribution of yeasts in nature. In: Rose, Harrison J, editors. In The Yeasts.;
1969. pp. 79-105.

Odds FC. Candida and Candidosis. 2nd ed. London, UK: Bailliere Tindall; 1988.

Nicholls S, Leach MD, Priest CL, Brown AJ. Role of the heat shock transcription factor, Hsf1, in a
major fungal pathogen that is obligately associated with warm-blooded animals. Mol Microbiol. 2009;
74:844-861. https://doi.org/10.1111/j.1365-2958.2009.06883.x PMID: 19818013

Mishra PK, Baum M, Carbon J. Centromere size and position in Candida albicans are evolutionarily
conserved independent of DNA sequence heterogeneity. Mol Genet Genomics. 2007; 278: 455—465.

Moran GP, Coleman DC, Sullivan DJ. Candida albicans versus Candida dubliniensis: Why Is C. albi-
cans More Pathogenic? Int J Microbiol. 2012; 2012: 205921.

Pfaller MA, Andes DR, Diekema DJ, Horn DL, Reboli AC, Rotstein C, et al. Epidemiology and out-
comes of invasive candidiasis due to non-albicans species of Candida in 2,496 patients: data from the
Prospective Antifungal Therapy (PATH) registry 2004—2008. PLoS One. 2014; 9: e101510.

Kullberg BJ, Arendrup MC. Invasive Candidiasis. N Engl J Med. 2015; 373: 1445-1456. https://doi.
org/10.1056/NEJMra1315399 PMID: 26444731

Odds FC. Candidainfections: an overview. Crit Rev Microbiol. 1987; 15: 1-5.

Gilfillan G, Derek JS, Parkinson T, Coleman DC, Gow NAR. Candida dubliniensis: phylogeny and
putative virulence factors. Microbiology (Reading). 1998; 144 (Pt 4): 829-838.

Vilela MM, Kamei K, Sano A, Tanaka R, Uno J, Takahashi |, et al. Pathogenicity and virulence of Can-
dida dubliniensis: comparison with C. albicans. Med Mycol. 2002; 40: 249-257.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011505  July 10, 2023 25/26


https://doi.org/10.1186/1471-2148-9-44
https://doi.org/10.1186/1471-2148-9-44
http://www.ncbi.nlm.nih.gov/pubmed/19232129
https://doi.org/10.1128/mBio.02825-18
http://www.ncbi.nlm.nih.gov/pubmed/31040248
https://doi.org/10.1590/0074-02760180566
http://www.ncbi.nlm.nih.gov/pubmed/30892381
https://doi.org/10.1111/j.1365-2958.2009.06883.x
http://www.ncbi.nlm.nih.gov/pubmed/19818013
https://doi.org/10.1056/NEJMra1315399
https://doi.org/10.1056/NEJMra1315399
http://www.ncbi.nlm.nih.gov/pubmed/26444731
https://doi.org/10.1371/journal.ppat.1011505

PLOS PATHOGENS

Glucose-enhanced oxidative stress resistance in Candida albicans

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Koga-Ito CY, Komiyama EY, Martins CA, Vasconcellos TC, Jorge AO, Carvalho YR, et al. Experimen-
tal systemic virulence of oral Candida dubliniensis isolates in comparison with Candida albicans, Can-
dida tropicalis and Candida krusei. Mycoses. 2011; 54: e278-85.

Gorner W, Durchschlag E, Martinez-Pastor MT, Estruch F, Ammerer G, Hamilton B, et al. Nuclear
localization of the C2H2 zinc finger protein Msn2p is regulated by stress and protein kinase A activity.
Genes Dev. 1998; 12: 586-597. https://doi.org/10.1101/gad.12.4.586 PMID: 9472026

Marchler G, Schuller C, Adam G, Ruis H. A Saccharomyces cerevisiae UAS element controlled by
protein kinase A activates transcription in response to a variety of stress conditions. EMBO J. 1993;
12: 1997-2003.

Thevelein JM, Cauwenberg L, Colombo S, De Winde JH, Donation M, Dumortier F, et al. Nutrient-
induced signal transduction through the protein kinase A pathway and its role in the control of metabo-
lism, stress resistance, and growth in yeast. Enzyme Microb Technol. 2000; 26: 819-825. https://doi.
org/10.1016/s0141-0229(00)00177-0 PMID: 10862891

Sherman F. Getting started with yeast. Methods Enzymol. 1991; 194: 3—-21. https://doi.org/10.1016/
0076-6879(91)94004-v PMID: 2005794

Cabral V, Znaidi S, Walker LA, Martin-Yken H, Dague E, Legrand M, et al. Targeted changes of the
cell wall proteome influence Candida albicans ability to form single- and multi-strain biofilms. PLoS
Pathog. 2014; 10: e1004542.

Murad AM, Lee PR, Broadbent ID, Barelle CJ, Brown AJ. Clp10, an efficient and convenient integrat-
ing vector for Candida albicans. Yeast. 2000; 16: 325-327.

Brand A, MacCallum DM, Brown AJ, Gow NA, Odds FC. Ectopic expression of URA3 can influence
the virulence phenotypes and proteome of Candida albicans but can be overcome by targeted reinte-
gration of URA3at the RPS10locus. Eukaryot Cell. 2004; 3: 900-909.

Segal-Kischinevzky C, Rodarte-Murguia B, Valdés-Lépez V, Mendoza-Hernandez G, Gonzalez A,
Alba-Lois L. The euryhaline yeast Debaryomyces hansenii has two catalase genes encoding enzymes
with differential activity profile. Curr Microbiol. 2011; 62: 933—-943.

Steghens J, Flourié F, Arab K, Collombel C. Fast liquid chromatography-mass spectrometry glutathi-
one measurement in whole blood: micromolar GSSG is a sample preparation artifact. J Chromatogr B
Analyt Technol Biomed Life Sci. 2003; 798: 343-349. https://doi.org/10.1016/j.jchromb.2003.10.007
PMID: 14643515

Schafer FQ, Buettner GR. Redox environment of the cell as viewed through the redox state of the glu-
tathione disulfide/glutathione couple. Free Radic Biol Med. 2001; 30: 1191-1212. https://doi.org/10.
1016/s0891-5849(01)00480-4 PMID: 11368918

Shen D, Dalton TP, Nebert DW, Shertzer HG. Glutathione redox state regulates mitochondrial reactive
oxygen production. J Biol Chem. 2005; 280: 25305-25312. https://doi.org/10.1074/jbc.M500095200
PMID: 15883162

Parrou JL, Francois J. A simplified procedure for a rapid and reliable assay of both glycogen and treha-
lose in whole yeast cells. Anal Biochem. 1997; 248: 186—188. https://doi.org/10.1006/abio.1997.2138
PMID: 9177741

Kuhns DB, Priel DAL, Chu J, Zarember KA. Isolation and Functional Analysis of Human Neutrophils.
Curr Protoc Immunol. 2015; 111: 7.23.1-7.23.16. https://doi.org/10.1002/0471142735.im0723s111
PMID: 26528633

Hoffman CS, Winston F. A ten-minute DNA preparation from yeast efficiently releases autonomous
plasmids for transformation of Escherichia coli. Gene. 1987; 57: 267-272.

Roetzer A, Gabaldon T, Schiller C. From Saccharomyces cerevisiae to Candida glabratain a few easy
steps: important adaptations for an opportunistic pathogen. FEMS Microbiol Lett. 2011; 314: 1-9.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011505  July 10, 2023 26/26


https://doi.org/10.1101/gad.12.4.586
http://www.ncbi.nlm.nih.gov/pubmed/9472026
https://doi.org/10.1016/s0141-0229%2800%2900177-0
https://doi.org/10.1016/s0141-0229%2800%2900177-0
http://www.ncbi.nlm.nih.gov/pubmed/10862891
https://doi.org/10.1016/0076-6879%2891%2994004-v
https://doi.org/10.1016/0076-6879%2891%2994004-v
http://www.ncbi.nlm.nih.gov/pubmed/2005794
https://doi.org/10.1016/j.jchromb.2003.10.007
http://www.ncbi.nlm.nih.gov/pubmed/14643515
https://doi.org/10.1016/s0891-5849%2801%2900480-4
https://doi.org/10.1016/s0891-5849%2801%2900480-4
http://www.ncbi.nlm.nih.gov/pubmed/11368918
https://doi.org/10.1074/jbc.M500095200
http://www.ncbi.nlm.nih.gov/pubmed/15883162
https://doi.org/10.1006/abio.1997.2138
http://www.ncbi.nlm.nih.gov/pubmed/9177741
https://doi.org/10.1002/0471142735.im0723s111
http://www.ncbi.nlm.nih.gov/pubmed/26528633
https://doi.org/10.1371/journal.ppat.1011505

