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ABSTRACT Microbial species capable of co-existing with healthy individuals, such
as the commensal fungus Candida albicans, exploit multifarious strategies to evade
our immune defenses. These strategies include the masking of immunoinflammatory
pathogen-associated molecular patterns (PAMPs) at their cell surface. We reported
previously that C. albicans actively reduces the exposure of the proinflammatory PAMP,
B-1,3-glucan, at its cell surface in response to host-related signals such as lactate and
hypoxia. Here, we show that clinical isolates of C. albicans display phenotypic variabil-
ity with respect to their lactate- and hypoxia-induced {3-1,3-glucan masking. We have
exploited this variability to identify responsive and non-responsive clinical isolates. We
then performed RNA sequencing on these isolates to reveal genes whose expression
patterns suggested potential association with lactate- or hypoxia-induced 3-1,3-glucan
masking. The deletion of two such genes attenuated masking: PHO84 and NCE103. We
examined NCET103-related signaling further because NCE703 has been shown previously
to encode carbonic anhydrase, which promotes adenylyl cyclase-protein kinase A (PKA)
signaling at low CO, levels. We show that while CO, does not trigger B-1,3-glucan
masking in C. albicans, the Sch9-Rcal-Nce103 signaling module strongly influences
B-1,3-glucan exposure in response to hypoxia and lactate. In addition to identifying a
new regulatory module that controls PAMP exposure in C. albicans, our data imply that
this module is important for PKA signaling in response to environmental inputs other
than CO».

IMPORTANCE Our innate immune defenses have evolved to protect us against microbial
infection in part via receptor-mediated detection of “pathogen-associated molecular
patterns” (PAMPs) expressed by invading microbes, which then triggers their immune
clearance. Despite this surveillance, many microbial species are able to colonize healthy,
immune-competent individuals, without causing infection. To do so, these microbes
must evade immunity. The commensal fungus Candida albicans exploits a variety  gditor J Andrew Alspaugh, Duke University Hospital,
of strategies to evade immunity, one of which involves reducing the exposure of a Durham, USA
proinflammatory PAMP (3-1,3-glucan) at its cell surface. Most of the B-1,3-glucan is Al eoitsendies o AlE ) RBEw,
located in the inner layer of the C. albicans cell wall, hidden by an outer layer of ajpbrown@exeterac.uk.
mannan fibrils. Nevertheless, some B-1,3-glucan can become exposed at the fungal cell
surface. However, in response to certain specific host signals, such as lactate or hypoxia,
C. albicans activates an anticipatory protective response that decreases -1,3-glucan
exposure, thereby reducing the susceptibility of the fungus to impending innate immune Received 17 July 2023
attack. Here, we exploited the natural phenotypic variability of C. albicans clinical isolates ~ Accepted 11 December 2023
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genes potentially involved in B-1,3-glucan masking. Mutational analysis of these genes
revealed that a sensing module that was previously associated with CO, sensing also
modulates (3-1,3-glucan exposure in response to hypoxia and lactate in this major fungal
pathogen of humans.

KEYWORDS Candida albicans, pathogen-associated molecular patterns, B-glucan
masking, carbonic anhydrase, NCET03, immune evasion

R elatively few of the millions of fungal species that inhabit our planet enjoy symbiotic
relationships with humans (1, 2). However, those species that can colonize humans
display great phenotypic diversity, having emerged in different phylogenetic branches
of the fungal kingdom and having been exposed to different evolutionary pressures
(3, 4). Nevertheless, those fungi that are able to co-exist with healthy individuals,
via parasiticc commensal, or mutualistic relationships, must have evolved strategies to
evade or overcome the local immune defenses of their host (5-8). In principle, such
strategies could include constitutive bet hedging through the generation of phenotypi-
cally heterogeneous populations that include subsets of cells with a higher probability
of surviving an impending challenge (9, 10). They might also involve the induction of
anticipatory responses, whereby the fungus has evolved to exploit one type of environ-
mental input to activate a response to a second, impending challenge (7, 11-13). This
type of anticipatory response, which involves temporally related environmental inputs, is
thought to have led to the development of core environmental responses in fungi (7, 12,
14) and has been termed “adaptive prediction” (11).

Constitutive bet hedging and inducible anticipatory responses play important roles
in fungal immune evasion. For example, the human commensal fungus Candida albicans
exploits both strategies to avoid the recognition, by innate immune cells, of the essential
but immunoinflammatory pathogen-associated molecular pattern (PAMP) (3-1,3-glucan.
B-1,3-Glucan is an essential component of the C. albicans cell wall, comprising about
75% of cell wall biomass (15, 16). Most of the B-1,3-glucan lies in the inner layer of the
cell wall, buried below the outer layer of mannan fibrils (16), but some (3-1,3-glucan
can become exposed at the C. albicans cell surface at septal junctions, bud scars, and
at punctate foci on the lateral cell wall (17). This exposed (-1,3-glucan becomes visible
to host pattern recognition receptors (PRRs) such as the C-type lectin receptor dectin-1
(CLEC7A), the nucleotide-oligomerization domain-like receptor NLRP3, and complement
receptor 3 (18-22). The recognition of B-1,3-glucan by these PRRs, and by dectin-1
in particular, plays a major role in antifungal immunity (23-29), triggering a range
of responses that promote fungal killing and clearance from the infection site. These
responses include phagocytosis, the formation of neutrophil extracellular traps, and
cytokine release with the ensuing recruitment of innate immune cells and induction of
adaptive immune responses (21, 22, 30, 31). However, C. albicans has evolved a variety
of mechanisms to counter 3-1,3-glucan-mediated immune recognition. First, even under
steady-state conditions, C. albicans cell populations display a high degree of phenotypic
variability with respect to their levels of 3-1,3-glucan exposure, with subsets of cells
revealing minimal 3-1,3-glucan (32-34). Second, daughter cells are less visible to innate
immune cells, displaying relatively low levels of -1,3-glucan exposure compared to
their mothers (17), probably through asymmetric expression of the Eng1 endoglucanase
during cytokinesis (35-37). Third, C. albicans cells actively shave exposed {3-1,3-glucan
from their cell surface (32-34, 38, 39) by secreting the Xog1 exoglucanase in response
to specific host signals that are indicative of impending attack by innate immune cells
(40). These signals include exposure to lactate or hypoxia (32, 33), and this 3-1,3-glucan
shaving attenuates fungal recognition by innate immune cells and subsequent cytokine
responses (17, 32-34, 38, 39). Therefore, C. albicans combines constitutive bet hedg-
ing with anticipatory responses to reduce (3-1,3-glucan exposure and evade antifungal
immunity.
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Some progress has been made in elaborating the molecular mechanisms that drive
this anticipatory -1,3-glucan shaving. For example, lactate-, hypoxia-, iron-limitation-
and pH-induced changes in -1,3-glucan exposure are each activated via evolutionarily
conserved signaling pathways that respond to the input signal in question (17, 32-34,
38, 39). For example, lactate-induced -1,3-glucan masking appears to be dependent on
Gpr1, the closest C. albicans homolog to the mammalian lactate receptor (32), whereas
the generation of mitochondrial reactive oxygen species is required for hypoxia-induced
B-1,3-glucan masking (33). These input-specific upstream signaling pathways converge
on the cyclic AMP (cAMP)-protein kinase A (PKA) pathway (17, 34), which leads to the
induction of Xog1 secretion and $-1,3-glucan shaving (17, 40).

Nevertheless, gaps remain in our understanding of the mechanisms that underlie
B-1,3-glucan masking and its regulation. Therefore, in this study, we exploited the
genetic and phenotypic variability of C. albicans clinical isolates to identify new factors
involved in these processes. We screened 146 sequenced isolates for their ability to
display lactate- and hypoxia-induced -1,3-glucan masking and then performed RNA
sequencing on responsive and non-responsive isolates to identify loci whose (lack of)
regulation correlated with a (lack of) B-1,3-glucan masking. Our downstream analysis
of nine target loci led to the identification of a new regulatory module that controls
B-1,3-glucan masking in C. albicans.

RESULTS
Clinical isolates of C. albicans display variability in their f-glucan masking

To explore the extent to which clinical isolates display lactate- and hypoxia-induced
-1,3-glucan masking, we took advantage of a collection of sequenced clinical isolates
of C. albicans that spans all the major genetic clusters (often referred to as clades)
(41). We selected 146 isolates representing the various clusters, including isolates from
different types of infection (Table S1). We also included the reference strain SC5314
as a control (Table S2) because this strain provided the platform for previous -1,3-
glucan masking studies (32-34). These isolates were arrayed in 96-well format, and
using established approaches (32-34), they were grown in a control glucose-based
minimal medium (GYNB) under normoxic conditions and then exposed to lactate or
hypoxia for 5 hours before quantifying their $-1,3-glucan exposure levels. To achieve this,
cells were harvested during exponential growth under each of these conditions, fixed,
stained with Fc-dectin-1, and subjected to flow cytometry. Three independent measure-
ments were taken for each isolate/condition. The median fluorescence indices (MFIs)
of these cells were compared to those for control cells that were incubated in GYNB
without lactate under normoxic conditions to reveal the degree of lactate- and hypoxia-
induced B-1,3-glucan masking for each isolate. This screen revealed that C. albicans
isolates display a high degree of variability in their 3-1,3-glucan masking capacity under
these experimental conditions (Fig. 1). Some isolates, like SC5314, displayed efficient
lactate- and/or hypoxia-induced 3-1,3-glucan masking, whereas others displayed modest
-1,3-glucan masking, and others even showed elevated (3-1,3-glucan exposure at this
5-hour timepoint. The -1,3-glucan masking phenotype is complex as it is influenced by
new cell wall synthesis, cell division, and the shaving of exposed B-1,3-glucan (17, 40).
The correlation between the growth of these strains and their -1,3-glucan exposure
was modest (Fig. S1), suggesting that the observed variability in masking partially
reflected strain differences in masking dynamics as well as in masking capacity. Hence,
the observed strain variability was probably influenced by changes in the signaling
pathways that drive cell wall remodeling or -1,3-glucan masking (33), via alterations in
cell wall architecture and the outer mannan layer in particular (42-46), and/or through
defects in -1,3-glucan shaving mechanisms themselves (35, 40). Given this complexity,
the lack of an obvious correlation between phylogeny and phenotype for lactate- or
hypoxia-induced masking (Fig. 1A) was not unexpected. Furthermore, no correlation was
observed between a strain’s (-1,3-glucan masking phenotype and the location from
where it was isolated (bloodstream, mucosal surface, or feces) (Fig. 1B and C).
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FIG 1 C. albicans clinical isolates display variability with respect to their B-1,3-glucan masking phenotypes. The 3-1,3-glucan
exposure levels for 146 C. albicans clinical isolates were quantified by Fc-dectin-1 staining and flow cytometry under control
conditions (glucose, GYNB) and following exposure to lactate or hypoxia. Row Z-scores were calculated based on the mean
fluorescence intensities of three biological replicates per condition and visualized in heatmaps: blue, strong -1,3-glucan
masking; white, no significant masking; red, 3-1,3-glucan exposure. The cluster to which each clinical isolate belongs is
indicated by the color code: NC, no cluster assigned. Also, the nature of the infection from which each isolate was obtained is
color coded (see key). The reference C. albicans isolate (SC5314, black arrow), the five responsive isolates (CEC3560, CEC3605,
CEC3609, CEC4108, CEC4259; red arrows), and five non-responsive isolates selected for further analysis (CEC3534, CEC3544,
CEC3621, CEC3636, CEC4035; blue arrows) are highlighted. (A) The clinical isolates are clustered with respect to their sequence
relatedness. All responsive and non-responsive isolates are from cluster 1. (B) The isolates are re-ordered with respect to the
strength of their hypoxia-induced (3-1,3-glucan masking (MFI hypoxia/MFI glucose control = normoxia). (C) The isolates are
re-ordered with respect to the strength of their lactate-induced B-1,3-glucan masking (MFI glucose plus with lactate/MFI
glucose control).

Transcriptomic changes associated with lactate- or hypoxia-induced 3-glucan
masking in C. albicans

C. albicans clinical isolates display a high degree of genetic variation. Indeed, the
collection of sequenced isolates from the Institut Pasteur displays, on average, one
heterozygous single-nucleotide polymorphism (SNP) every 204 bp and an insertion
or deletion (indel) every 944 bp (41). This high degree of genetic variation, together
with the complexity of the B-1,3-glucan masking phenotype, precluded the association
of specific SNPs or indels with the loss of this phenotype. Therefore, we used RNA
sequencing to target loci potentially involved in lactate- or hypoxia-induced 3-1,3-glucan
masking.
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To achieve this, we first selected five clinical isolates that displayed masking in
response to lactate and hypoxia (responders: CEC3560, CEC3605, CEC3609, CEC4108, and
CEC4259) and five clinical isolates that were defective in lactate- and hypoxia-induced
masking (non-responders: CEC3534, CEC3544, CEC3621, CEC3636, and CEC4035). These
isolates, like the control strain SC5314, were all selected from cluster 1 to limit inter-
strain variability. We performed RNA sequencing on each of these isolates after 1
hour of exposure to lactate or hypoxia and then compared these transcriptomes with
those from control normoxic cultures lacking lactate, using data from three independ-
ent replicates for each condition (Table S3; https://www.ebi.ac.uk/biostudies/arrayex-
press, accession number E-MTAB-10986; data files at www.ebi.ac.uk/ena/browser/home,
project PRJIEB47705).

The transcriptomic data for each of the five responder isolates were generated, and
then these data were used to identify genes that were upregulated in each of these
strains in response to the different 3-1,3-glucan masking conditions. We identified 268
genes that were significantly upregulated more than twofold in response to hypoxia and
25 genes that were upregulated following lactate exposure (Fig. 2A). The set of hypoxia-
induced genes displayed significant enrichment in gene ontology (GO) terms relating
to ribosome biogenesis, DNA replication, and metabolism, whereas the lactate-induced
genes were enriched in hexose transporters and the negative regulation of immune
responses (Fig. 2B; Tables S3 and S4). Seven genes were upregulated under both
conditions in the five responder isolates (Fig. 2). These genes encode proteins involved
in a variety of processes, including metabolism (HGT17, OSM2), ribosome biogenesis
(RDN5), transcription (PRNT, TRY4), cell wall biogenesis (PGA26), and stress resistance
(ENA2).

We then examined the transcriptomic data for the five non-responder isolates.
Overall, the non-responders displayed similar transcriptomic changes to the responders
(Tables S3 and S4). This was not surprising because, given the genetic diversity of these
isolates (41), each of the non-responders is likely to carry different -1,3-glucan masking

ENA2
HGT17
Oosm2
PGA26

hypoxia

261

PRN1
RDNS
B TRY4
Corrected P-value
GOID  GO_term (biological process) Hypoxia Lactate
42254  ribosome biogenesis Key
1901360 organic cyclic compound metabolic process 0.00025
6725  cellular aromatic compound metabolic process ~ 0.00168
36388 pre-replicative complex assembly 0.00406 <0.0001
50777 negative regulation of immune response 0.00033 <0.001
8645  hexose transmembrane transport 0.00219 <0.01

FIG 2 Impact of lactate and hypoxia on the transcriptomes of responsive and non-responsive C. albicans
clinical isolates. RNA sequencing was performed on five responsive (CEC3560, CEC3605, CEC3609,
CEC4108, and CEC4259) and five non-responsive clinical isolates (CEC3534, CEC3544, CEC3621, CEC3636,
and CEC4035) following exposure to lactate or hypoxia for 1 hour and compared to the control condition
(fresh GYNB for 1 hour). (A) Venn diagram showing the numbers of genes that were upregulated
(>twofold) in the responsive isolates in response to lactate and hypoxia. Seven genes that were
significantly upregulated under both B-1,3-glucan masking conditions are shown. (B) Gene ontology
terms that were significantly enriched in the gene sets that were upregulated in the responsive isolates in
response to lactate and hypoxia. The degree of statistical significance of this enrichment is indicated by
the color coding.
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defects. Therefore, to select loci that might be involved in (3-1,3-glucan masking, we
first rank ordered genes based on the strength of their upregulation in response to
lactate or hypoxia. We focused on genes that were upregulated at least twofold in
all five responder strains. Using this rank-ordered list of upregulated genes, we then
selected genes whose upregulation was lost or dramatically reduced in at least one of
the non-responding strains. XOG1, which encodes the major secreted exoglucanase that
promotes B-1,3-glucan shaving (40, 47), was upregulated in response to hypoxia in all
five responding isolates, and this upregulation was lost in three of the five non-respond-
ing isolates (Fig. 3). Although Xog1 levels appear to be post-transcriptionally modulated
(17), these differences in XOGT regulation between isolates did support the rationale
underpinning our approach.

On this basis, nine C. albicans genes were targeted for analysis (Fig. 3). Three of these
were selected based on their responses to lactate (CYB2, ECM3, OSM2) and the other six
based on their responses to hypoxia (CTN1, HCM1, NCE103, PHO84, TRY4, TRY6) (Fig. 3).
Some of these genes are predicted to encode transporters or metabolic functions (CTN1,
CYB2, ECM3, NCE103, OSM2, PHO84), some are associated with mitochondrial function-
ality (CTN1, CYB2, HCM1, OSM2), which has been associated with hypoxia-induced
-1,3-glucan masking (33), and others encode putative transcriptional regulators (HCM1,
TRY4, TRY6).

Impact of CTN1, CYB2, ECM3, HCM1, NCE103, OSM2, PHO84, TRY4, and TRY6
upon lactate- and hypoxia-induced -glucan masking in C. albicans

To test whether any of the nine selected target genes play a role in (-1,3-glucan
masking, we generated two independent homozygous null mutants for each target gene
in C. albicans strain SC5314 using CRISPR-Cas9 technology, and their genotypes were
confirmed by diagnostic PCR (Fig. S2). First, the sensitivities of these null mutants to cell
wall and environmental stresses were compared to those of the control parental strain.
In all cases, each pair of independent null mutants behaved in a similar manner. The
hcm1 mutants grew slowly compared to the parental wild-type strain SC5314, thereby
recapitulating this reported phenotype for hcm1 cells (48). The hcm1 mutants were
also sensitive to amino acid starvation (10 mM 3-aminotriazole) and thermosensitive at
temperatures above 42°C (Fig. S3). The ctn1 mutants were unable to grow on non-fer-
mentable carbon sources, and the nce103 mutants were auxotrophic for CO,, as reported
previously (49, 50). Therefore, stress sensitivities of the ctn1 mutants were assayed during
growth on glucose, and ncel03 stress phenotypes were examined under high CO,.
None of the mutants displayed sensitivity to antifungal drugs (0.65 pg/mL fluconazole;
0.032 pg/mL caspofungin; 5 pg/mL Ambisome), cell wall stresses (1 mg/mL caffeine;
60 pg/mL calcofluor white; 0.3 mg/mL Congo red), osmotic stress (1 M NaCl; 0.6 M KCl),
oxidative stress (5 mM H»05; 0.3 mM menadione), reductive stress (25 mM dithiothreitol),

RESPONSIVE ISOLATES NON-RESPONSIVE ISOLATES
TRANSCRIPT RN::zev:ata 3560 3605 3609 4108 4259 3534 3544 3621 3636 4035 |[Gene Function
XOG1 C1_02990C_A Hypoxia 1.51 218 2.70 4.07 265 -0.58 27 215 1.00 0.32 |Exo-1,3-beta-glucanase
CTN1 C1_01740W_A Hypoxia 241 220 3.40 3.50 424 -0.73 1.75 0.30 0.91 -0.42 |Carnitine acetyl transferase
CYB2 C1_13630W_A Lactate 3.59 2.80 241 1.78 277 234 2.58 0.49 242 2.34 |Putative cytochrome b2 precursor
ECM3 C2_02400W_A Lactate 1.59 1.40 1.24 1.37 1.87 197 1.7 235 0.39 1.53 |Predicted role in transmembrane transport
Hcm1 C1_09870W A Hypoxia 2.96 249 1.46 3.82 240 057 1.05 212 1.14 2.58 [Protein with forkhead domain
NCE103 (C3_01300C_A Hypoxia 257 3.48 243 3.61 344 017 2.08 0.34 0.22 0.15 [Carbonic anhydrase
osm2 C1_13670W_A Lactate 5.03 3.93 3.05 261 3.90 332 3.49 0.87 3.41 2.86 |Putative mitochondrial fumarate reductase
PHO84 C1_11480W A Hypoxia 6.24 6.73 4.14 438 6.78 219 5.84 1.27 -0.02 0.58 |High-affinity phosphate transporter
TRY4  C3 05050W A  Hypoxia 2.50 368 296 292 517 | -020 020 4129 U580 085 [C2H2 transcription factor; yeast adherence
TRY6 C3_06790W_A Hypoxia 5.62 444 4.97 3.70 445 -0.52 5.52 2.06 -0.21 -1.32 |Helix-loop-helix tr iption factor; yeast
2 o 8

FIG 3 C. albicans genes targeted for further analysis based on RNA sequencing. Nine C. albicans genes were targeted for analysis based on their transcriptional
responses in the responsive and non-responsive clinical isolates to either lactate or hypoxia: lactate, pale gray; hypoxia, pale yellow. The regulation of their
transcripts in response to lactate or hypoxia in each of the responsive and non-responsive isolates is shown, along with their (putative) functions.
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weak acid stress (20 mM acetic acid, pH 3), copper (5 mM CuSQy), iron (100 uM FeCl3), or
amino acid starvation (10 mM 3-aminotriazole) in our hands (Table S5).

We then quantified the ability of each C. albicans mutant to activate 3-1,3-glucan
masking in response to lactate or hypoxia. Cells were fixed, stained with Fc-dectin-1 and
AF488-linked secondary antibody, and their fluorescence quantified by flow cytometry.
The parental SC5314 cells displayed significant population heterogeneity with respect
to their 3-1,3-glucan exposure, and robust (3-1,3-glucan masking following exposure to
lactate or hypoxia (Fig. 4A), as described previously (32, 33). Interestingly both nce103
and pho84 mutants displayed significantly attenuated masking in response to lactate,
partly due to their low levels of -1,3-glucan exposure under the control condition (Fig.
4B; Table S6). The pair of nce103 mutants also displayed a significant defect in response
to hypoxia (Fig. 4B). None of the other mutants displayed aberrant 3-1,3-glucan masking,
suggesting that the correlations in gene regulation that we had observed for these
genes (Fig. 3) did not reflect causative effects on 3-1,3-glucan masking.

PHO84 (C1_11,480W_A) encodes a high-affinity phosphate transporter, the inactiva-
tion of which increases the sensitivity to neutrophil killing and attenuates the virulence
of C. albicans, through increased sensitivity to oxidative stress (40 mM H,0,) (51). We
did not pursue PHO84 further as pho84 cells only displayed a defect in lactate-induced

A

nce103

4706|2306 2556| ] + lactate
[ - lactate

nce103

>
>

2627 2361 2627

hypoxia [
normoxia [

cell count

v

B-glucan exposure — AF488
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WT ctn1 cyb2 ecm3 hcem1 nce103 osm2 pho84 try4 try6

FIG 4 Impact of the target loci upon lactate- and hypoxia-induced {3-1,3-glucan masking in C. albicans. Each target locus was deleted in C. albicans SC5134
(WT), and the degree of -1,3-glucan masking quantified each mutant in response to lactate and hypoxia via Fc-dectin-1 staining and flow cytometry.
(A) Representative cytometry plots from three independent experiments showing the B-1,3-glucan exposure for ncel03 cells and their wild type control
(SC5134). The left-hand panels show responses to lactate, and the right-hand panels show the responses to hypoxia: blue, control, no masking stimulus; pink,
plus masking stimulus. The corresponding MFls are shown at the top of each panel. (B) Two independent homozygous null mutants (A, B) were analyzed for each
target gene. Fold changes in 3-1,3-glucan exposure were calculated by dividing the MFI for lactate- or hypoxia-exposed cells by the MFI for the corresponding
normoxic GYNB control (Materials and Methods). Means and standard deviations from three independent replicate experiments are shown, and the data were
analyzed using ANOVA with Tukey’s multiple comparison test: *, P < 0.05; **, P < 0.01.
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masking. Instead, we chose to examine NCET03 because ncel03 cells were defective
in both lactate- and hypoxia-induced masking and because of its links to cAMP-PKA
signaling (below), a pathway that has been implicated in 3-1,3-glucan masking (33, 34).

NCE7103 (C3_01,300C_A) encodes carbonic anhydrase, which accelerates the
conversion of dissolved CO, to bicarbonate (50). NCE103 enhances the growth of C
albicans in air (which contains about 0.04% CO») and is required for the virulence
of this fungus in host niches with limited CO, (50). Nce103 cells grow under high
CO, (5%) through the chemical formation of bicarbonate from CO, (Fig. S3A) (50).
Bicarbonate directly stimulates the activity of adenylyl cyclase, thereby enhancing
cAMP-PKA signaling in C. albicans (50). PKA signaling is required for both lactate- and
hypoxia-induced B-1,3-glucan masking (33), and high CO, levels are often associated
with hypoxic microenvironments in vivo (52). Consequently, our finding that Nce103 is
required for both lactate- and hypoxia-induced changes in 3-1,3-glucan exposure was
intriguing. Therefore, we explored the roles of CO; and Nce103 signaling in 3-1,3-glucan
masking in C. albicans.

Impact of CO, upon f-1,3-glucan masking in C. albicans

To test the impact of CO, upon (3-1,3-glucan masking, C. albicans SC5314 cells were
grown in glucose minimal medium and exposed to 5% CO,, hypoxia, or hypoxia plus
5% CO,. The levels of 3-1,3-glucan exposure were then compared to untreated control
cells by high-resolution fluorescence microscopy of Fc-dectin-1-stained cells (Fig. 5A)
and B-1,3-glucan exposure quantified by flow cytometry (Fig. 5B). Once again, hypoxia
was shown to induce robust 3-1,3-glucan masking in wild-type cells. However, exposure
to 5% CO, did not (Fig. 5). Meanwhile, the combination of hypoxia and 5% CO, led
to B-1,3-glucan masking (Fig. 5), indicating that, in C. albicans, the hypoxic signal is
dominant over the 5% CO,; signal, at least with respect to the B-1,3-glucan masking
phenotype.

A

control hypoxia CO hypoxia + CO

vy)

hypoxia CoO, hypoxia + CO,

3161 7122|7364 12187 2659 7813 | O + input
[ - input

b (
A N -

>
>

cell count

B-glucan exposure — AF488

FIG 5 Effect of CO, upon (3-1,3-glucan exposure in C. albicans. C. albicans SC5134 cells were exposed
for 5 hours to 5% CO,, hypoxia, or a combination of the two, and compared with control cells grown
in normoxic GYNB without CO,. (A) These cell populations were then stained with Fc-dectin-1 and
subjected to flow cytometry to quantify their levels of B-1,3-glucan exposure. The plots shown are
representative of three independent experiments, with the corresponding MFIs presented at the top of
each panel: blue, control, no input; pink, plus input. (B) In parallel, these cell populations were double
stained with Fc-dectin-1 (exposed B-1,3-glucan, AF488, green) and ConA (mannan, AF647, red) and then
examined by high-resolution fluorescence confocal microscopy. The images are representative of three
independent experiments; scale bar =2 um.
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Sch9-Rca1-Nce103 signaling regulates the effects of hypoxia and CO, upon
-1,3-glucan masking in C. albicans

Carbonic anhydrase (Nce103) plays a critical role in CO5 signaling in C. albicans through
homeostatic control of the intracellular levels of bicarbonate, which interacts with
and activates adenylyl cyclase (50). The expression of Ncel03 is regulated by the
bZIP transcription factor Rcal, which binds directly at the NCE703 locus to induce its
transcription at low CO5 levels (53). In addition, Nce103 levels are downregulated at
high CO, levels. This downregulation is mediated by the protein kinase Sch9, which
phosphorylates and inhibits Rcal in response to high CO,, leading to reduced NCE703
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FIG 6 Impact of Nce103, Rcal, and Sch9 upon the changes in B-1,3-glucan exposure mediated by hypoxia and CO,. C.
albicans cells were grown in GYNB at 30°C and exposed to hypoxia, 5% CO,, or a combination of these two inputs. (A) For each
strain, the fold changes in B-1,3-glucan exposure were quantified by Fc-dectin-1 staining and flow cytometry, relative to the
same strain grown in normoxic GYNB without CO,. C. albicans Ca372 (CAl4 + Clp10) is the wild-type control for sch9 (CAS4),
and SN152 is the wild-type control for rcal (rca1AY) (Table S2). Means and standard deviations from three independent
replicate experiments are shown, and the data were analyzed using ANOVA with Tukey’s multiple comparison test: *, P <
0.05; **, P < 0.01; *** P < 0.001; ****, P < 0.0001. (B) Corresponding high-resolution fluorescence confocal images of these
cells, double stained with Fc-dectin-1 (exposed B-1,3-glucan, AF488, green) and ConA (mannan, AF647, red). The images are
representative of three independent experiments; scale bar = 2 pm. (C) Using an analogous approach, the influence of NCE1
on lactate-induced B-1,3-glucan masking was compared in the presence and absence of 5% CO, using wild-type (SC5314) and
nce103 cells (Table S2). Fold changes in 3-1,3-glucan exposure were calculated by dividing the MFI for lactate-exposed cells by
the MFI for the corresponding GYNB control (Materials and Methods). Means and standard deviations from three independent

replicate experiments are shown, and the data were analyzed using ANOVA with Tukey’s multiple comparison test: **, P < 0.01.
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transcription, a mechanism that is conserved in Saccharomyces cerevisiae and Candida
glabrata (54). Therefore, we tested whether this Sch9-Rcal-Nce103 module controls
B-1,3-glucan exposure in C. albicans.

We quantified B-1,3-glucan exposure on C. albicans sch9, rcal, and nce103 cells in
response to 5% CO,, hypoxia, or hypoxia plus 5% CO, in comparison to congenic
wild-type controls. As expected (Fig. 4), the inactivation of NCE103 blocked (3-1,3-glucan
masking in response to hypoxia and hypoxia plus 5% CO, (Fig. 6). Loss of the transcrip-
tional activator Rcal yielded a similar phenotype, consistent with the idea that NCE7103
expression is required for hypoxia-related (3-1,3-glucan masking. Meanwhile, inactivation
of the inhibitory kinase, Sch9, did not affect hypoxia-induced B-1,3-glucan masking,
but intriguingly, sch9 cells displayed a partial attenuation of masking in response to
hypoxia plus 5% CO; (Fig. 6). Also, sch9, rcal, and ncel03 cells displayed significant
B-1,3-glucan masking in response to 5% CO, alone in contrast to their wild-type parents
which showed no masking under these conditions (Fig. 6). The basis of this is not clear
but might relate to the perturbation of Nce103 protein levels or intracellular bicarbon-
ate concentrations in these strains or, alternatively, the possible regulation of NCET03
expression by factors other than Sch9 and Rca1 in response to hypoxia.

We also tested whether high CO; levels influence lactate-induced (-1,3-glucan
masking. Wild-type cells displayed less lactate-induced masking in the presence of
high CO, levels, and the inactivation of NCET03 attenuated masking in the presence
or absence of high CO, levels (Fig. 6C).

Our analyses revealed no sequence variation between the responder and non-res-
ponder isolates at SCH9, RCAT, or NCE103, suggesting that mutations at other loci might
influence NCET03 expression levels. Nevertheless, taken together, our data indicate that
the Sch9-Rca1-Nce103 signaling module modulates (3-1,3-glucan exposure in response
to hypoxia and lactate in C. albicans. To our knowledge, this is the first time that Nce103
has been implicated in cell wall remodeling, although Sch9 and Rcal have previously
been implicated in the regulation of cell wall genes (53, 55).

DISCUSSION

-1,3-Glucan exposure is a complex phenotype that is influenced by cell wall synthesis,
the generation of maternal bud scars during cell division (17), #-1,3-glucan masking by
the mannan outer layer of the cell wall (56), and the shaving of exposed {3-1,3-glucan by
secreted exoglucanases (17, 40). Mutations or drugs that perturb cell wall architecture
(42, 43, 57, 58) and, in particular, mutations that compromise the outer mannan layer
(56) can lead to 3-1,3-glucan exposure at the cell surface. However, 3-1,3-glucan masking
does not correlate directly with changes in cell wall architecture, as masking has been
observed on cell walls with significantly reduced outer mannan layers as well as those
with significantly increased mannan layers (REFS). Furthermore, 3-1,3-glucan exposure
does not correlate with bulk levels of 3-1,3-glucan (33, 34, 42).

Our exploration of -1,3-glucan masking phenotypes across a well-defined set of
C. albicans clinical isolates and the comparison of expression profiles in masking-compe-
tent and masking-defective isolates led to the identification of genes whose induction
correlated with lactate-induced or hypoxia-induced masking. In C. albicans, 3-1,3-glu-
can exposure is known to decrease during stationary phase (59), and therefore, our
screen was performed on exponentially growing cells. The analysis of nine target genes
highlighted by the screen identified two new loci that influence B-1,3-glucan masking in
C. albicans.

The first locus, PHO84, encodes a high-affinity phosphate transporter and was
necessary for lactate-induced masking. The basis for this apparent link between
phosphate uptake and lactate-induced -1,3-glucan masking is not yet clear. However,
by analogy with iron limitation-induced 3-1,3-glucan masking, which requires the iron
transceptor, Ftr1 (34), the involvement of the Pho84 transporter might provide a clue that
masking could potentially be induced by phosphate limitation. Alternatively, phosphate
acquisition has been linked with metal bioavailability in C. albicans and with the

February 2024 Volume 15 Issue 2

mBio

10.1128/mbio.01898-2310


https://doi.org/10.1128/mbio.01898-23

Research Article

expression of genes associated with iron assimilation (60). Therefore, PHO84 inactivation
could conceivably affect B-1,3-glucan exposure indirectly by perturbing iron acquisition
and/or, potentially, by influencing cell morphology and growth (17, 61).

The second locus, NCE103, encodes carbonic anhydrase and was required for both
lactate- and hypoxia-induced masking. Subsequent dissection revealed the involvement
of the evolutionarily conserved Sch9-Rca1-Nce103 module (54) in 3-1,3-glucan masking.
On one hand, this made sense because cAMP-PKA signaling has been shown to play
a key role in the regulation of 3-1,3-glucan masking (33, 34). On the other hand, this
was intriguing because the Nce103 has been reported to regulate responses to CO»
(50, 53, 54), and yet CO, did not induce B-1,3-glucan masking in wild-type C. albicans
cells (Fig. 6). Instead, Nce103 was required for 3-1,3-glucan masking in response to both
lactate and hypoxia. Interestingly, Sch9 has been shown to respond to additional inputs,
including hypoxia (53, 55). Hence, the activity of the Sch9-Rca1-Nce103 module is likely
to be modulated by multiple inputs.

If Nce103 is not required at high CO; levels (50), why do not rcal and nce103 cells
display wild-type B-1,3-glucan masking phenotypes in the presence of high CO, levels
(Fig. 6A)? There is a straightforward explanation for this. The requirement for Nce103 at
high CO, levels was based on growth assays, not cell wall phenotypes (50). Therefore,
Nce103 could conceivably be required for normal cell wall maintenance even at high
CO;, levels. For example, aberrant bicarbonate homeostasis in rcal and ncel03 cells
might influence adenylyl cyclase-cAMP-PKA signaling, thereby affecting -1,3-glucan
exposure under these conditions. In mammalian cells, bicarbonate binds directly to
soluble adenylyl cyclase to induce a conformational change that promotes catalysis to
form cAMP (62, 63). Homologs of these bicarbonate-responsive adenylyl cyclases are
present in bacteria and fungi (50, 62), and it has been confirmed that purified adenylyl
cyclase from C. albicans can be stimulated by bicarbonate in vitro (50). Klengel and
colleagues have demonstrated that the reduced growth of nce103 cells at low CO,
concentrations is not due to an insufficiency of substrates to support C1 metabolism
(50). Instead, they suggest that this is due to a decrease in intracellular bicarbonate
levels below the threshold required to activate adenylyl cyclase (50) and, consequently,
those required for cAMP-PKA signaling. The fact that Nce103 is required for lactate- and
hypoxia-induced B-1,3-glucan masking suggests that basal concentrations of intracel-
lular bicarbonate may be required to permit activation of PKA-signaling-dependent
processes in C. albicans such as B-1,3-glucan masking (Fig. 7) (33, 34). Equally, eleva-
ted bicarbonate levels might enhance 3-1,3-glucan masking. Therefore, the Sch9-Rca1-
Nce103 signaling module appears to drive homeostatic maintenance of the intracellular
bicarbonate concentration by reducing carbonic anhydrase levels when ambient CO,
concentrations are high and by increasing them when ambient CO; concentrations are
low, thereby regulating PKA signaling (Fig. 7).

These findings are significant for the pathobiology of C. albicans and relevant to other
fungal pathogens. The Sch9-Rca1-Nce103 CO, sensing module promotes the growth and
development of C. albicans and Cryptococcus neoformans (50, 64) and the virulence of C.
albicans in niches containing low ambient CO, concentrations (50). As an upstream
regulator of PKA signaling, the Sch9-Rcal-Nce103 module influences yeast-hypha
morphogenesis and resistance to cell wall stressors and antifungal drugs (50, 65) as well
as -1,3-glucan masking in C. albicans (Fig. 6). By promoting -1,3-glucan masking, the
Sch9-Rcal-Nce103 module contributes to an anticipatory protective response that,
together with the inherent phenotypic variability in 8-1,3-glucan exposure displayed by
C. albicans (bet hedging), allows this fungus to evade immune recognition and the
resultant antifungal immune responses (32-34, 38, 39, 66).

Is this specific PAMP masking strategy likely to be displayed by other pathogenic
Candida species? The Sch9-Rca1-Nce103 signaling module is conserved in evolutionarily
divergent yeasts (50, 53, 64, 67), and hypoxia-induced -1,3-glucan masking has been
observed in some other Candida pathogens: Candida krusei and Candida tropicalis, but
not in Candida glabrata, Candida parapsilosis, or Candida auris (33). Therefore, even
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FIG 7 Model relating intracellular bicarbonate homeostasis and CO, sensing via Nce103 to hypoxia-
and lactate-induced -1,3-glucan masking in C. albicans. Nce103 is a carbonic anhydrase that plays a
critical role in the maintenance of intracellular bicarbonate homeostasis (HCO3") and CO5 sensing. At low
CO;, concentrations, Nce103 catalyzes the conversion of dissolved CO; into bicarbonate (HCO3") (50). At
high CO, concentrations, bicarbonate can be formed chemically from CO, (dotted and dashed gray line),

and consequently, Nce103 levels are downregulated by Sch9-mediated phosphorylation and inhibition
of Rcal, a transcriptional activator of NCET03 (53, 54). In addition to being used for C1 metabolism,
bicarbonate interacts directly with adenylyl cyclase to stimulate the production of cAMP and thereby

PKA signaling. Hence, normal growth at low CO, levels is dependent upon Nce103, and the data indicate

that the regulation of bicarbonate homeostasis by Nce103 appears to be essential for PKA-mediated
regulation of lactate- or hypoxia-induced 3-1,3-glucan masking in C. albicans.

though anticipatory responses appear to be gained and lost relatively quickly in
evolutionary terms (14, 68), it is conceivable that hypoxia-induced 3-1,3-glucan masking
might be regulated by the Sch9-Rca1-Nce103 module in a subset of Candida pathogens.
This PAMP masking strategy is one of several anticipatory responses that this human
commensal has evolved. For example, C. albicans induces the expression of the pore-
forming toxin candidalysin during hyphal development (69, 70), which is thought to
anticipate nutrient limitation within the invasion pocket during tissue invasion (8, 13,
71). However, excessive candidalysin production induces tissue damage and triggers
antifungal responses (69, 72). Likewise, elevated B-1,3-glucan exposure, particularly
under acidic conditions (38, 39), might contribute to inflammation and tissue pathology
during vaginitis (73) and modulate the levels of C. albicans colonization in the gastroin-
testinal tract (74, 75). Therefore, the complex interplay between these fungal anticipatory
responses and the antifungal defenses of the host appears to permit the commensal
lifestyle of C. albicans while constraining fungal outgrowth and infection (8, 69, 71, 72, 74,
76,77).
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MATERIALS AND METHODS
Strains and growth conditions

The laboratory strains of C. albicans are listed in Table S2 and the clinical isolates in
Table S3. For analyses of 3-1,3-glucan exposure, strains were grown overnight at 30°C
at 200 rpm in minimal medium [GYNB: 2% glucose, 0.65% yeast nitrogen base without
amino acids (78)] prepared with bottled water (Highland Spring, Blackford, UK). These
cultures were then diluted in fresh, prewarmed GYNB to an ODggg of 0.2 and grown
for 5 hours at 30°C at 200 rpm in normoxic GYNB (control), with 1% lactate (32), under
hypoxia (33), under 5% CO,, or under a combination of hypoxia plus 5% CO».

For analyses of stress and drug resistance, strains were plated on YPD [2% glucose,
2% mycological peptone, 1% yeast extract, and 2% agar (78)] containing the specified
concentration of stressor, incubated at 30°C or at an alternative specified temperature,
and imaged after 48 hours (79, 80).

Strain construction

Homozygous null mutants were generated in C. albicans SC5314 using established
CRISPR-Cas9 methodologies (81).

Briefly, the CaCAS9 cassette was amplified from the plasmid pV1093 (82) using
primers CaCas9/for and CaCas9/rev. The sgRNA cassette was constructed by PCR with
the nested primers SNR52/N and sgRNA/N to fuse the DNA fragments comprising
the SNR52 promoter (amplified with primers SNR52/F and SNR52-sg-target-Rv) and
the sgRNA scaffold (amplified with primers target-sg-scaf-Fw and sgRNA/R). Repair
templates, which contained the SAT7 marker and harbored 80-bp homology to the 5" and
3’ ends of the target gene, were amplified from pV1093. PCR reactions were carried out
using CloneAmp high-fidelity DNA polymerase in accordance with the manufacturer’s
instructions (Clontech). Each unpurified PCR product (10 yL of CaCAS9 cassette, sgRNA
cassette, and the relevant repair template) was transformed into C. albicans SC5314 using
the lithium acetate transformation method (83). Transformants were selected on YPD
containing 200 pg/mL nourseothricin (Jena Bioscience).

The disruption of both alleles of the target locus was confirmed by PCR (Fig. S2). The
primers used for the construction and PCR diagnosis of these mutants are described in
Table S7.

Flow cytometry

Flow cytometry was used to quantify levels of B-1,3-glucan exposure on C. albicans
cell populations (32-34). Cells were grown in GYNB at 30°C for 5 hours (above), fixed
overnight with 50 mM thimerosal (Sigma-Aldrich, Dorset, UK), washed, and stained with
Fc-Dectin-1 and anti-human IgG linked to Alexafluor 488 (Invitrogen). A BD Fortessa flow
cytometer was used to record the fluorescence for 10,000 events per sample. A fixed
gating strategy and axis scales were used throughout (Fig. S4). FlowJo v.10 software was
used to quantify median fluorescence indices. Each cytometry plot is representative of
at least three independent biological replicates. Fold changes in 3-1,3-glucan exposure
were calculated by dividing the MFI for the strain in question under the experimental
condition (e.g., hypoxic GYNB) by the corresponding MFI for the control condition (e.g.,
normoxic GYNB). Mutants were always compared to their congenic “wild-type” parent in
at least three independent experiments.

To quantify hypoxia- and lactate-induced -1,3-glucan masking in the C. albicans
clinical isolates, each isolate was grown in GYNB at 30°C overnight, subcultured into
fresh medium (ODggp = 0.2), and grown for 5 hours, as described above: normoxic GYNB
(control), hypoxic GYNB, or GYNB containing 1% lactate. These cells were then fixed with
thimerosal, counted using a Neubauer hemocytometer, and 2.5 x 10° cells added per
well of a 96-well plate. The cells were then washed and stained with Fc-dectin-1 and the
anti-human IgG-AF488 secondary antibody in 96-well format, and their fluorescence was
quantified by flow cytometry using a MACSQuant analyzer (Miltenyi Biotec). MFls and
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fold changes in 3-1,3-glucan exposure were determined for three independent biological
replicates, as described above.

Microscopy

C. albicans cells were cultured in GYNB under the specified conditions (above), fixed
with 50 mM thimerosal, and stained with Fc-dectin-1 and IgG-AF488 (B-1,3-glucan)
and ConA-AF647 (mannan). High-resolution confocal microscopy was performed using
a Zeiss LSM 880 microscope fitted with an alpha Plan-Apochromat 100x/1.46 Qil DIC
objective. Images were taken in Airyscan fast mode to avoid sample bleaching. Post-
image capture processing was performed using Zen Blue 2.3.

RNA sequencing

C. albicans clinical isolates were selected for analysis based on their 3-1,3-glucan masking
phenotypes. The responsive isolates displayed masking in response to lactate and
hypoxia (CEC3560, CEC3605, CEC3609, CEC4108, CEC4259), whereas the non-respon-
sive isolates were defective in both lactate- and hypoxia-induced masking (CEC3534,
CEC3544, CEC3621, CEC3636, CEC4035). Each strain was cultured in GYNB overnight,
subcultured into fresh normoxic GYNB (control), hypoxic GYNB, or GYNB containing
1% lactate, as described above, grown for 1 hour at 30°C, then harvested for analysis,
and frozen at —80°C. RNA was extracted from frozen cell pellets via Qiazol/chloroform
extraction (Qiagen, UK) according to the manufacturer’s instructions, treated with TURBO
DNAse (Ambion, Banchory, UK), and assessed using an Agilent 2100 Bioanalyzer.

RNA was prepared for sequencing using the Illumina TruSeq Stranded mRNA
Kit following the manufacturer’s instructions. Sequencing was performed on three
independent biological replicates for each condition using the High Output 1 X 75 Kit
on the Illumina NextSeq500 platform. Raw fastq files were processed through FastQC (v.
0.11.8) and Trimgalore (v. 0.4.0), removing all reads with a phred score <20. Reads were
aligned to the C. albicans SC5314 reference genome [www.candidagenome.org (84, 85)]
using HISAT2 (v. 2.1.0), and alignments were processed with SAMtools (v.1.9). Aligned
reads were quantified at gene regions using featureCounts (subread v. 5.0.1), utilizing
the parameter to split multi-mapped reads as a fraction across all genes that they align
to. Differential expression analysis was carried out using edgeR (version 3.16.5) on all
genes with a count per million >1 in three or more samples, with a significance cutoff of
adjusted P < 0.05. GO enrichment analysis was performed through the Candida Genome
Database GO Term Finder.

Statistical analyses

GraphPad Prism 9 was used for statistical analyses. Data were generated from at least
three independent biological replicates and then expressed as means + standard
deviation. To test the statistical difference between two sets of data with a non-para-
metric distribution, we used one-way ANOVA (Tukey’s multiple comparison test). The
following P-values were considered: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

ACKNOWLEDGMENTS

We are grateful to Jin Pu and Zeynab Heidari in the Centre for Genome-Enabled Biology
and Medicine, University of Aberdeen for performing the RNA sequencing, to Attila
Bebes and Raif Yuecel in the Cytomics Centre at the University of Exeter, and to Corin
Liddle in the Bioimaging Unit in Biosciences at the University of Exeter for support
with the fluorescence imaging. Computational analysis of RNA sequencing data was
performed with the use of the Maxwell HPC compute cluster at the University of
Aberdeen. We also thank Oliver Kurzai for providing the sch9 and rcal mutants used
in this study, and our colleagues in the MRC Centre for Medical Mycology, Aberdeen
Fungal Group and the FunHoMic Network for insightful advice.

February 2024 Volume 15 Issue 2

mBio

10.1128/mbio.01898-2314


https://doi.org/10.1128/mbio.01898-23

Research Article

This work was funded by a program grant to A.J.PB, N.AR.G. L.PE, and M.G.N.
from the UK Medical Research Council [www.mrc.ac.uk: MR/M026663/1, MR/M026663/2].
The work was also supported by the Medical Research Council Centre for Medical
Mycology [MR/N006364/1, MR/N006364/2], by a grant to C.d.E. from the European
Commission [FunHoMic: H2020-MSCA-ITN-2018-812969], and by the Wellcome Trust
via Investigator, Collaborative, Equipment, Strategic and Biomedical Resource awards
[www.wellcome.ac.uk: 075470, 086827, 093378, 097377, 099197, 101873, 102705,
200208, 217163, 224323]. Work in the d’Enfert laboratory was supported by grants
from the Agence Nationale de Recherche (ANR-10-LABX-62-IBEID) and the Swiss National
Science Foundation (Sinergia CRSII5_173863/1). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript. For
the purpose of open access, the author has applied a CC BY public copyright licence to
any Author Accepted Manuscript version arising from this submission.

AJPB., C.d.E, N.AR.G, L.PE., and M.G.N. conceived the project. G.M.A. performed the
B-glucan masking screen and RNA work, S.S. analyzed the RNAseq data, Q.M. and A.V.R.R.
generated the knockouts, and A.P, I.L,, EH., AKK, and C.L. performed the phenotyping
of the mutants and data analysis. D.S.C,, JM.B.,, D.M., CM,, D.EL,, LJA,, CL., and CAM.
provided essential experimental contributions and support such as the design and
delivery of microscopy and cytometry and help with data interpretation. A.K.K. and
C.M. generated the heatmaps for Figure 1Fig. 1. C.d.E. and M.E.B. provided the clinical
isolates central to this study. C.M. and C.d.E. performed genome analyses. G.D.B. provided
essential materials for the assays of B-glucan exposure (Fc-Dectin-1) as well as key input
to the design of the fungal immunology experiments. A.J.P.B., G.M.A., Q.M., and A.P. wrote
the manuscript, and all other authors contributed to the preparation and editing of the
manuscript.

AUTHOR AFFILIATIONS

'Institute of Medical Sciences, University of Aberdeen, Foresterhill, Aberdeen, United
Kingdom

“Medical Research Council Centre for Medical Mycology, School of Biosciences, University
of Exeter, Exeter, United Kingdom

*Bioimaging Unit, University of Exeter, Exeter, United Kingdom

“Centre for Genome Enabled Biology and Medicine, University of Aberdeen, Aberdeen,
United Kingdom

’Institut Pasteur, Université Paris Cité, INRAe USC2019, Unité Biologie et Pathogénicité
Fongiques, Paris, France

®Institut Pasteur, Université Paris Cité, Bioinformatics and Biostatistics Hub, Paris, France
"Department of Internal Medicine and Radboud Center for Infectious Diseases, Radboud
University Medical Center, Nijmegen, the Netherlands

8Department for Immunology & Metabolism, Life and Medical Sciences Institute (LIMES),
University of Bonn, Bonn, Germany

°Johnson-Johnson Innovation, EMEA Innovation Centre, London, United Kingdom
YYnité de Parasitologie-Mycologie, Service de Microbiologie Clinique, Hopital Necker-
Enfants-Malades, Assistance Publique des Hopitaux de Paris (APHP), Paris, France
"Université Paris Cité, Paris, France

PRESENT ADDRESS

Gabriela M. Avelar, Division of Molecular Microbiology, School of Life Sciences, University
of Dundee, Dundee, United Kingdom

Sophie Shaw, All Wales Medical Genomics Service, University Hospital of Wales,
University Hospital of Wales, Cardiff, United Kingdom

Daniel E. Larcombe, Strathclyde Institute of Pharmacy and Biomedical Sciences,
Strathclyde University, Glasgow, United Kingdom

Leandro J. de Assis, Brain Tumour Centre, University of Plymouth, Plymouth, United
Kingdom

February 2024 Volume 15 Issue 2

mBio

10.1128/mbio.01898-2315


https://doi.org/10.1128/mbio.01898-23

Research Article

AUTHOR ORCIDs

Gordon D. Brown {2 http://orcid.org/0000-0002-0287-5383
Neil A. R. Gow ) http://orcid.org/0000-0002-2776-5850
Christophe d'Enfert (& http://orcid.org/0000-0002-6235-3886
Alistair J. P. Brown { http://orcid.org/0000-0003-1406-4251

FUNDING

Funder Grant(s) Author(s)
UKRI | Medical Research MR/M026663/1 MR/M026663/2 Mihai G. Netea
Council (MRC) Neil A.R. Gow

Alistair J. P. Brown

UKRI | Medical Research MR/N006364/1, MR/N006364/2 Gordon D. Brown
Council (MRC)

European Commission (EC) H2020-MSCA-ITN-2018-812969 Christophe d'Enfert

Wellcome Trust (WT) 075470 086827 093378 097377 Gordon D. Brown
099197 101873 102705 200208 -
217163 224323 Neil A. R. Gow

Alistair J. P. Brown

Agence Nationale de la ANR-10-LABX-62-IBEID Christophe d'Enfert
Recherche (ANR)

Swiss national Science Sinergia CRSII5_173863 /1 Christophe d'Enfert
Foundation

AUTHOR CONTRIBUTIONS

Gabriela M. Avelar, Formal analysis, Investigation, Methodology, Writing - review and
editing | Arnab Pradhan, Formal analysis, Investigation, Methodology, Writing — review
and editing | Qinxi Ma, Formal analysis, Investigation, Methodology, Writing — review
and editing | Emer Hickey, Investigation, Methodology, Writing - review and editing
| lan Leaves, Investigation, Methodology, Writing — review and editing | Corin Liddle,
Methodology, Writing - review and editing | Alejandra V. Rodriguez Rondon, Investi-
gation, Methodology, Writing - review and editing | Ann-Kristin Kaune, Investigation,
Writing - review and editing | Sophie Shaw, Data curation, Formal analysis, Methodology,
Writing — review and editing | Corinne Maufrais, Formal analysis, Writing — review and
editing | Natacha Sertour, Investigation, Writing - review and editing | Judith M. Bain,
Investigation, Writing — review and editing | Daniel E. Larcombe, Investigation, Writing
- review and editing | Leandro J. de Assis, Investigation, Writing — review and editing
| Mihai G. Netea, Funding acquisition, Writing — review and editing | Carol A. Munro,
Supervision, Writing — review and editing | Delma S. Childers, Investigation, Writing
- review and editing | Gordon D. Brown, Resources, Writing — review and editing |
Neil A. R. Gow, Conceptualization, Funding acquisition, Writing — review and editing |
Marie-Elisabeth Bougnoux, Resources, Writing - review and editing | Christophe d'Enfert,
Conceptualization, Methodology, Resources, Writing - review and editing | Alistair J. P.
Brown, Conceptualization, Funding acquisition, Project administration, Writing — original
draft, Writing — review and editing.

DATA AVAILABILITY

The authors declare that the data supporting the findings of this study are avail-
able within the paper (and the accompanying supplementary information files) or
at EBI (www.ebi.ac.uk/arrayexpress: accession number E-MTAB-10986; data files at
www.ebi.ac.uk/ena/browser/home, project PRJEB47705). The source data for Fig. 2 and 3
are available at EBI.

February 2024 Volume 15 Issue 2

mBio

10.1128/mbi0.01898-2316


https://www.ncbi.nlm.nih.gov/search/all/?term=E-MTAB-10986
https://www.ncbi.nlm.nih.gov/search/all/?term=PRJEB47705
https://doi.org/10.1128/mbio.01898-23

Research Article

ADDITIONAL FILES

The following material is available online.

Supplemental Material

mBio

Figure S1 (mBio01898-23-S0001.pdf). 3-1,3-Glucan exposure levels and growth of C.
albicans clinical isolates.

Figure S2 (mBio01898-23-5S0002.pdf). Genotyping of C. albicans mutants.

Figure S3 (mBio01898-23-50003.pdf). Phenotyping of C. albicans mutants.

Figure S4 (mBio01898-23-S0004.pdf). Gating strategy for flow cytometry experiments.
Tables S1 and S2 (mBio01898-23-S0005.pdf). C. albicans clinical isolates and laboratory
strains used in this study.
Tables S4 and S5 (mBio01898-23-S0006.pdf). C. albicans genes induced in response to
hypoxia and lactate.

Table S3 (mBio01898-23-S0007.xIsx). Normalized RNAseq data.
Table S6 (mBio01898-23-S0008.pdf). Stress and drug resistance ofC. albicans mutants.
Table S7 (mBio01898-23-S0009.pdf). -1,3-Glucan exposure by C. albicans deletion
mutants.
Table S8 (mBio01898-23-50010.pdf). Oligonucleotide primers used in this study.

REFERENCES

1.

February 2024 Volume 15

Brown GD, Denning DW, Gow NAR, Levitz SM, Netea MG, White TC. 2012.
Hidden killers: human fungal infections. Sci Transl Med 4:165rv13. https:/
/doi.org/10.1126/scitransimed.3004404

Kohler JR, Casadevall A, Perfect J. 2014. The spectrum of fungi that
Infects humans. Cold Spring Harb Perspect Med 5:a019273. https://doi.
org/10.1101/cshperspect.a019273

Taylor JW. 2014. Evolutionary perspectives on human fungal pathogens.
Cold Spring Harb Perspect Med 5:a019588. https://doi.org/10.1101/
cshperspect.a019588

Taylor JW. 2006. Evolution of human-fungal pathogens: phylogenetics
and species, p 113-133. In Heitman Eds (ed), Molecular principles of
fungal pathogenesis. ASM Press.

Underhill DM. 2007. Escape mechanisms from the immune response, p
429-442.In Immunology of fungal infections. Springer.

Marcos CM, de Oliveira HC, de Melo W de CMA, da Silva J de F, Assato PA,
Scorzoni L, Rossi SA, de Paula e Silva ACA, Mendes-Giannini MJS, Fusco-
Almeida AM. 2016. Anti-immune strategies of pathogenic fungi. Front
Cell Infect Microbiol 6. https://doi.org/10.3389/fcimb.2016.00142

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

Konig A, Miller R, Mogavero S, Hube B. 2021. Fungal factors involved in
host immune evasion, modulation and exploitation during infection.
Cell Microbiol 23:13272. https://doi.org/10.1111/cmi.13272

Levy SF, Ziv N, Siegal ML. 2012. Bet hedging in yeast by heterogeneous,
age-correlated expression of a stress protectant. PLoS Biol 10:e1001325.
https://doi.org/10.1371/journal.pbio.1001325

Thattai M, van Oudenaarden A. 2004. Stochastic gene expression in
fluctuating environments. Genetics 167:523-530. https://doi.org/10.
1534/genetics.167.1.523

Mitchell A, Romano GH, Groisman B, Yona A, Dekel E, Kupiec M, Dahan
O, Pilpel Y. 2009. Adaptive prediction of environmental changes by
microorganisms.  Nature  460:220-224.  https://doi.org/10.1038/
nature08112

Brown AJP, Budge S, Kaloriti D, Tillmann A, Jacobsen MD, Yin Z, Ene IV,
Bohovych |, Sandai D, Kastora S, Potrykus J, Ballou ER, Childers DS,
Shahana S, Leach MD, Davies SA, Dow JAT, Lukowiak K. 2014. Stress
adaptation in a pathogenic fungus. J Exp Biol 217:144-155. https://doi.
org/10.1242/jeb.088930

Brown A.J.P, Gow NAR, Warris A, Brown GD. 2019. Memory in fungal
pathogens promotes immune evasion, colonisation, and infection.
Trends Microbiol 27:219-230. https://doi.org/10.1016/j.tim.2018.11.001

Issue 2

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Pradhan A, Ma Q, de Assis LJ, Leaves |, Larcombe DE, Rodriguez Rondon
AV, Nev OA, Brown AJP. 2021. Anticipatory stress responses and immune
evasion in fungal pathogens. Trends Microbiol 29:416-427. https://doi.
org/10.1016/j.tim.2020.09.010

Hall RA, Bates S, Lenardon MD, Maccallum DM, Wagener J, Lowman DW,
Kruppa MD, Williams DL, Odds FC, Brown AJP, Gow NAR. 2013. The
Mnn2 mannosyltransferase family modulates mannoprotein fibril
length, immune recognition and virulence of Candida albicans. PLoS
Pathog 9:1003276. https://doi.org/10.1371/journal.ppat.1003276
Lenardon MD, Sood P, Dorfmueller HC, Brown AJP, Gow NAR. 2020.
Scalar nanostructure of the Candida albicans cell wall; a molecular,
cellular and ultrastructural analysis and interpretation. Cell Surf
6:100047. https://doi.org/10.1016/j.tcsw.2020.100047

de Assis LJ, Bain JM, Liddle C, Leaves |, Hacker C, Peres da Silva R, Yuecel
R, Bebes A, Stead D, Childers DS, Pradhan A, Mackenzie K, Lagree K,
Larcombe DE, Ma Q, Avelar GM, Netea MG, Erwig LP, Mitchell AP, Brown
GD, Gow NAR, Brown AJP. 2022. Nature of B-1,3-glucan-exposing
features on Candida albicans cell wall and their modulation. mBio
13:€0260522. https://doi.org/10.1128/mbio.02605-22

Brown GD, Gordon S. 2001. Immune recognition. a new receptor for
beta-glucans. Nature 413:36-37. https://doi.org/10.1038/35092620
Kankkunen P, Teirild L, Rintahaka J, Alenius H, Wolff H, Matikainen S.
2010. (1,3)-beta-glucans activate both dectin-1 and NLRP3 inflamma-
some in human macrophages. J Immunol 184:6335-6342. https://doi.
org/10.4049/jimmunol.0903019

Ross GD, Cain JA, Myones BL, Newman SL, Lachmann PJ. 1987.
Specificity of membrane complement receptor type three (CR3) for beta-
glucans. Complement 4:61-74. https://doi.org/10.1159/000463010
Dambuza IM, Levitz SM, Netea MG, Brown GD. 2017. Fungal recognition
and host defense mechanisms. Microbiol Spectr 5. https://doi.org/10.
1128/microbiolspec.FUNK-0050-2016

Erwig LP, Gow NAR. 2016. Interactions of fungal pathogens with
phagocytes. Nat Rev Microbiol 14:163-176. https://doi.org/10.1038/
nrmicro.2015.21

Brown GD, Taylor PR, Reid DM, Willment JA, Williams DL, Martinez-
Pomares L, Wong SYC, Gordon S. 2002. Dectin-1 is a major beta-glucan
receptor on macrophages. J Exp Med 196:407-412. https://doi.org/10.
1084/jem.20020470

Brown GD, Gordon S. 2003. Fungal beta-glucans and mammalian
immunity.  Immunity  19:311-315.  https://doi.org/10.1016/s1074-
7613(03)00233-4

Taylor PR, Tsoni SV, Willment JA, Dennehy KM, Rosas M, Findon H,
Haynes K, Steele C, Botto M, Gordon S, Brown GD. 2007. Dectin-1 is

10.1128/mbio.01898-2317


https://doi.org/10.1128/mbio.01898-23
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1101/cshperspect.a019273
https://doi.org/10.1101/cshperspect.a019588
https://doi.org/10.3389/fcimb.2016.00142
https://doi.org/10.1371/journal.ppat.1004356
https://doi.org/10.1111/cmi.13272
https://doi.org/10.1371/journal.pbio.1001325
https://doi.org/10.1534/genetics.167.1.523
https://doi.org/10.1038/nature08112
https://doi.org/10.1242/jeb.088930
https://doi.org/10.1016/j.tim.2018.11.001
https://doi.org/10.1016/j.tim.2020.09.010
https://doi.org/10.1371/journal.ppat.1003276
https://doi.org/10.1016/j.tcsw.2020.100047
https://doi.org/10.1128/mbio.02605-22
https://doi.org/10.1038/35092620
https://doi.org/10.4049/jimmunol.0903019
https://doi.org/10.1159/000463010
https://doi.org/10.1128/microbiolspec.FUNK-0050-2016
https://doi.org/10.1038/nrmicro.2015.21
https://doi.org/10.1084/jem.20020470
https://doi.org/10.1016/s1074-7613(03)00233-4
https://doi.org/10.1128/mbio.01898-23

Research Article

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

February 2024 Volume 15

required for beta-glucan recognition and control of fungal infection. Nat
Immunol 8:31-38. https://doi.org/10.1038/ni1408

Saijo S, Fujikado N, Furuta T, Chung S, Kotaki H, Seki K, Sudo K, Akira S,
Adachi Y, Ohno N, Kinjo T, Nakamura K, Kawakami K, Iwakura Y. 2007.
Dectin-1 is required for host defense against Pneumocystis carinii but not
against Candida albicans. Nat Immunol 8:39-46. https://doi.org/10.1038/
ni1425

Werner JL, Metz AE, Horn D, Schoeb TR, Hewitt MM, Schwiebert LM,
Faro-Trindade I, Brown GD, Steele C. 2009. Requisite role for the dectin-1
beta-glucan receptor in pulmonary defense against Aspergillus
fumigatus. J Immunol  182:4938-4946. https://doi.org/10.4049/
jimmunol.0804250

Ferwerda B, Ferwerda G, Plantinga TS, Willment JA, van Spriel AB,
Venselaar H, Elbers CC, Johnson MD, Cambi A, Huysamen C, Jacobs L,
Jansen T, Verheijen K, Masthoff L, Morré SA, Vriend G, Williams DL,
Perfect JR, Joosten LAB, Wijmenga C, van der Meer JWM, Adema GJ,
Kullberg BJ, Brown GD, Netea MG. 2009. Human dectin-1 deficiency and
mucocutaneous fungal infections. N Engl J Med 361:1760-1767. https://
doi.org/10.1056/NEJM0a0901053

Marakalala MJ, Vautier S, Potrykus J, Walker LA, Shepardson KM, Hopke
A, Mora-Montes HM, Kerrigan A, Netea MG, Murray Gl, Maccallum DM,
Wheeler R, Munro CA, Gow NAR, Cramer RA, Brown AJP, Brown GD.
2013. Differential adaptation of Candida albicans in vivo modulates
immune recognition by Dectin-1. PLoS Pathog 9:21003315. https://doi.
org/10.1371/journal.ppat.1003315

Urban CF, Reichard U, Brinkmann V, Zychlinsky A. 2006. Neutrophil
extracellular traps capture and kill Candida albicans yeast and hyphal
forms. Cell Microbiol 8:668-676. https://doi.org/10.1111/j.1462-5822.
2005.00659.x

Netea MG, Balkwill F, Chonchol M, Cominelli F, Donath MY, Giamarellos-
Bourboulis EJ, Golenbock D, Gresnigt MS, Heneka MT, Hoffman HM, et al.
2017. A guiding map for inflammation. Nat Immunol 18:826-831. https:/
/doi.org/10.1038/ni.3790

Ballou ER, Avelar GM, Childers DS, Mackie J, Bain JM, Wagener J, Kastora
SL, Panea MD, Hardison SE, Walker LA, Erwig LP, Munro CA, Gow NAR,
Brown GD, MacCallum DM, Brown AJP. 2016. Lactate signalling regulates
fungal beta-glucan masking and immune evasion. Nat Microbiol
2:16238. https://doi.org/10.1038/nmicrobiol.2016.238

Pradhan A, Avelar GM, Bain JM, Childers DS, Larcombe DE, Netea MG,
Shekhova E, Munro CA, Brown GD, Erwig LP, Gow NAR, Brown AJP.2018.
Hypoxia promotes immune evasion by triggering beta-glucan masking
on the Candida albicans cell surface via mitochondrial and cAMP-protein
kinase A signaling. mBio 9:e01318-18. https://doi.org/10.1128/mBio.
01318-18

Pradhan A, Avelar GM, Bain JM, Childers D, Pelletier C, Larcombe DE,
Shekhova E, Netea MG, Brown GD, Erwig L, Gow NAR, Brown AJP. 2019.
Non-canonical signalling mediates changes in fungal cell wall PAMPs
that drive immune evasion. Nat Commun 10:5315. https://doi.org/10.
1038/541467-019-13298-9

Yang M, Solis NV, Marshall M, Garleb R, Zhou T, Wang D, Swidergall M,
Pearlman E, Filler SG, Liu H. 2022. Control of B-lucan exposure by the
endo-1,3-glucanase Eng1 in Candida albicans modulates virulence. PLoS
Pathog 18:€1010192. https://doi.org/10.1371/journal.ppat.1010192
Weiss EL. 2012. Mitotic exit and separation of mother and daughter cells.
Genetics 192:1165-1202. 10.1534/genetics.112.145516.

Wang A, Raniga PP, Lane S, Lu Y, Liu H. 2009. Hyphal chain formation in
Candida albicans: Cdc28-Hgc1 phosphorylation of Efg1 represses cell
separation genes. Mol Cell Biol 29:4406-4416. https://doi.org/10.1128/
MCB.01502-08

Sherrington SL, Sorsby E, Mahtey N, Kumwenda P, Lenardon MD, Brown
I, Ballou ER, MacCallum DM, Hall RA. 2017. Adaptation of Candida
albicans to environmental pH induces cell wall remodelling and
enhances innate immune recognition. PLoS Pathog 13:e1006403. https:/
/doi.org/10.1371/journal.ppat.1006403

Cottier F, Sherrington S, Cockerill S, Del Olmo Toledo V, Kissane S, Tournu
H, Orsini L, Palmer GE, Pérez JC, Hall RA. 2019. Remasking of Candida
albicans beta-glucan in response to environmental pH is regulated by
quorum sensing. mBio 10:02347-19. https://doi.org/10.1128/mBio.
02347-19

Childers DS, Avelar GM, Bain JM, Pradhan A, Larcombe DE, Netea MG,
Erwig LP, Gow NAR, Brown AJP. 2020. Epitope shaving promotes fungal

Issue 2

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

mBio

immune evasion. mBio 11:@00984-20. https://doi.org/10.1128/mBio.
00984-20

Ropars J, Maufrais C, Diogo D, Marcet-Houben M, Perin A, Sertour N,
Mosca K, Permal E, Laval G, Bouchier C, et al. 2018. Gene flow contributes
to diversification of the major fungal pathogen Candida albicans. Nat
Commun 9:2253. https://doi.org/10.1038/s41467-018-04787-4

Wheeler RT, Fink GR. 2006. A drug-sensitive genetic network masks fungi
from the immune system. PLoS Pathog 2:e35. https://doi.org/10.1371/
journal.ppat.0020035

Wheeler RT, Kombe D, Agarwala SD, Fink GR. 2008. Dynamic, morpho-
type-specific Candida albicans beta-glucan exposure during infection
and drug treatment. PLoS Pathog 4:e1000227. https://doi.org/10.1371/
journal.ppat.1000227

Hopke A, Nicke N, Hidu EE, Degani G, Popolo L, Wheeler RT. 2016.
Neutrophil attack triggers extracellular trap-dependent Candida cell wall
remodeling and altered immune recognition. PLoS Pathog 12:e1005644.
https://doi.org/10.1371/journal.ppat.1005644

Graus MS, Wester MJ, Lowman DW, Williams DL, Kruppa MD, Martinez
CM, Young JM, Pappas HC, Lidke KA, Neumann AK. 2018. Mannan
molecular substructures control nanoscale glucan exposure in Candida.
Cell Rep 24:2432-2442. https://doi.org/10.1016/j.celrep.2018.07.088
Hasim S, Allison DP, Retterer ST, Hopke A, Wheeler RT, Doktycz MJ,
Reynolds TB. 2017. 3-(1,3)-glucan unmasking in some Candida albicans
mutants correlates with increases in cell wall surface roughness and
decreases in cell wall elasticity. Infect Immun 85:€00601-16. https://doi.
org/10.1128/IA1.00601-16

Del Mar Gonzélez M, Diez-Orejas R, Molero G, Alvarez AM, Pla J, Pla J,
Nombela C, Sdnchez-PéArez M. 1997. Phenotypic characterization of a
Candida albicans strain deficient in its major exoglucanase. Microbiology
(Reading) 143 ( Pt 9):3023-3032. https://doi.org/10.1099/00221287-143-
9-3023

Homann OR, Dea J, Noble SM, Johnson AD. 2009. A phenotypic profile of
the Candida albicans regulatory network. PLoS Genet 5:e1000783. https:
//doi.org/10.1371/journal.pgen.1000783

Zhou H, Lorenz MC. 2008. Carnitine acetyltransferases are required for
growth on non-fermentable carbon sources but not for pathogenesis in
Candida albicans. Microbiology (Reading) 154:500-509. https://doi.org/
10.1099/mic.0.2007/014555-0

Klengel T, Liang W-J, Chaloupka J, Ruoff C, Schréppel K, Naglik JR, Eckert
SE, Mogensen EG, Haynes K, Tuite MF, Levin LR, Buck J, Miihlschlegel FA.
2005. Fungal adenylyl cyclase integrates CO; sensing with cAMP
signaling and virulence. Current Biology 15:2021-2026. https://doi.org/
10.1016/j.cub.2005.10.040

Liu NN, Uppuluri P, Broggi A, Besold A, Ryman K, Kambara H, Solis N,
Lorenz V, Qi W, Acosta-Zaldivar M, Emami SN, Bao B, An D, Bonilla FA,
Sola-Visner M, Filler SG, Luo HR, Engstrom Y, Ljungdahl PO, Culotta VC,
Zanoni |, Lopez-Ribot JL, Kohler JR. 2018. Intersection of phosphate
transport, oxidative stress and TOR signalling in Candida albicans
virulence. PLoS Pathog 14:€1007076. https://doi.org/10.1371/journal.
ppat.1007076

Pentland DR, Davis J, Mihlschlegel FA, Gourlay CW. 2021. CO(2)
enhances the formation, nutrient scavenging and drug resistance
properties of C. albicans biofilms. NPJ Biofilms Microbiomes 7:67. https://
doi.org/10.1038/s41522-021-00238-z

Cottier F, Raymond M, Kurzai O, Bolstad M, Leewattanapasuk W,
Jiménez-Lopez C, Lorenz MC, Sanglard D, Vachové L, Pavelka N, Palkova
Z, Mihlschlegel FA. 2012. The bZIP transcription factor Rca1P is a central
regulator of a novel CO, sensing pathway in yeast. PLoS Pathog
8:1002485. https://doi.org/10.1371/journal.ppat.1002485

Pohlers S, Martin R, Kriiger T, Hellwig D, Hanel F, Kniemeyer O, Saluz HP,
Van Dijck P, Ernst JF, Brakhage A, Mihlschlegel FA, Kurzai O. 2017. Lipid
signaling via Pkh1/2 regulates fungal CO; sensing through the kinase
Sch9. mBio 8:€02211-16. https://doi.org/10.1128/mBi0.02211-16
Stichternoth C, Fraund A, Setiadi E, Giasson L, Vecchiarelli A, Ernst JF.
2011. Sch9 kinase integrates hypoxia and CO, sensing to suppress
hyphal morphogenesis in Candida albicans. Eukaryot Cell 10:502-511. 10.
1128/EC.00289-10.

Yadav B, Mora-Montes HM, Wagener J, Cunningham |, West L, Haynes K,
Brown AJP, Gow NAR. 2020. Differences in fungal immune recognition
by monocytes and macrophages: N-mannan can be a shield or activator
of immune recognition. Cell Surf 6:100042. 10.1016/j.tcsw.2020.100042.

10.1128/mbio.01898-2318


https://doi.org/10.1038/ni1408
https://doi.org/10.1038/ni1425
https://doi.org/10.4049/jimmunol.0804250
https://doi.org/10.1056/NEJMoa0901053
https://doi.org/10.1371/journal.ppat.1003315
https://doi.org/10.1111/j.1462-5822.2005.00659.x
https://doi.org/10.1038/ni.3790
https://doi.org/10.1038/nmicrobiol.2016.238
https://doi.org/10.1128/mBio.01318-18
https://doi.org/10.1038/s41467-019-13298-9
https://doi.org/10.1371/journal.ppat.1010192
https://doi.org/10.1128/MCB.01502-08
https://doi.org/10.1371/journal.ppat.1006403
https://doi.org/10.1128/mBio.02347-19
https://doi.org/10.1128/mBio.00984-20
https://doi.org/10.1038/s41467-018-04787-4
https://doi.org/10.1371/journal.ppat.0020035
https://doi.org/10.1371/journal.ppat.1000227
https://doi.org/10.1371/journal.ppat.1005644
https://doi.org/10.1016/j.celrep.2018.07.088
https://doi.org/10.1128/IAI.00601-16
https://doi.org/10.1099/00221287-143-9-3023
https://doi.org/10.1371/journal.pgen.1000783
https://doi.org/10.1099/mic.0.2007/014555-0
https://doi.org/10.1016/j.cub.2005.10.040
https://doi.org/10.1371/journal.ppat.1007076
https://doi.org/10.1038/s41522-021-00238-z
https://doi.org/10.1371/journal.ppat.1002485
https://doi.org/10.1128/mBio.02211-16
https://doi.org/10.1128/mbio.01898-23

Research Article

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

February 2024 Volume 15

Galén-Diez M, Arana DM, Serrano-Gémez D, Kremer L, Casasnovas JM,
Ortega M, Cuesta-Dominguez A, Corbi AL, Pla J, Fernandez-Ruiz E. 2010.
Candida albicans beta-glucan exposure is controlled by the fungal CEK1-
mediated mitogen-activated protein kinase pathway that modulates
immune responses triggered through Dectin-1. Infect Immun 78:1426-
1436. https://doi.org/10.1128/IA1.00989-09

Chen T, Jackson JW, Tams RN, Davis SE, Sparer TE, Reynolds TB. 2019.
Exposure of Candida albicans {3 (1,3)-glucan is promoted by activation of
the Cekl pathway. PLoS Genet 15:21007892. https://doi.org/10.1371/
journal.pgen.1007892

Vendele I, Willment JA, Silva LM, Palma AS, Chai W, Liu Y, Feizi T, Spyrou
M, Stappers MHT, Brown GD, Gow NAR. 2020. Mannan detecting C-type
lectin receptor probes recognise immune epitopes with diverse
chemical, spatial and phylogenetic heterogeneity in fungal cell walls.
PLoS Pathog 16:1007927. https://doi.org/10.1371/journal.ppat.1007927
lkeh MAC, Kastora SL, Day AM, Herrero-de-Dios CM, Tarrant E, Waldron
KJ, Banks AP, Bain JM, Lydall D, Veal EA, MacCallum DM, Erwig LP, Brown
AJP, Quinn J. 2016. Pho4 mediates phosphate acquisition in Candida
albicans and is vital for stress resistance and metal homeostasis. Mol Biol
Cell 27:2784-2801. https://doi.org/10.1091/mbc.E16-05-0266

Liu N-N, Flanagan PR, Zeng J, Jani NM, Cardenas ME, Moran GP, Kohler
JR. 2017. Phosphate is the third nutrient monitored by TOR in Candida
albicans and provides a target for fungal-specific indirect TOR inhibition.
Proc Natl Acad Sci U S A 114:6346-6351. https://doi.org/10.1073/pnas.
1617799114

Chen Y, Cann MJ, Litvin TN, lourgenko V, Sinclair ML, Levin LR, Buck J.
2000. Soluble adenylyl cyclase as an evolutionarily conserved
bicarbonate sensor. Science 289:625-628. https://doi.org/10.1126/
science.289.5479.625

Steegborn C, Litvin TN, Levin LR, Buck J, Wu H. 2005. Bicarbonate
activation of adenylyl cyclase via promotion of catalytic active site
closure and metal recruitment. Nat Struct Mol Biol 12:32-37. https://doi.
0rg/10.1038/nsmb880

Bahn Y-S, Cox GM, Perfect JR, Heitman J. 2005. Carbonic anhydrase and
Co2 sensing during Cryptococcus neoformans growth, differentiation,
and virulence. Current Biology 15:2013-2020. https://doi.org/10.1016/j.
cub.2005.09.047

Vandeputte P, Pradervand S, Ischer F, Coste AT, Ferrari S, Harshman K,
Sanglard D. 2012. Identification and functional characterization of Rca1,
a transcription factor involved in both antifungal susceptibility and host
response in Candida albicans. Eukaryot Cell 11:916-931. https://doi.org/
10.1128/EC.00134-12

Lopes JP, Stylianou M, Backman E, Holmberg S, Jass J, Claesson R, Urban
CF. 2018. Evasion of immune surveillance in low oxygen environments
enhances Candida albicans virulence. mBio 9:e02120-18. https://doi.org/
10.1128/mBi0.02120-18

Cottier F, Leewattanapasuk W, Kemp LR, Murphy M, Supuran CT, Kurzai
O, Mihlschlegel FA. 2013. Carbonic anhydrase regulation and CO(2)
sensing in the fungal pathogen Candida glabrata involves a novel Rca1P
ortholog. Bioorg Med Chem 21:1549-1554. https://doi.org/10.1016/j.
bmc.2012.05.053

Larcombe DE, Bohovych IM, Pradhan A, Ma Q, Hickey E, Leaves |,
Cameron G, Avelar GM, de Assis LJ, Childers DS, Bain JM, Lagree K,
Mitchell AP, Netea MG, Erwig LP, Gow NAR, Brown AJP. 2023. Glucose-
enhanced oxidative stress resistance-A protective anticipatory response
that enhances the fitness of Candida albicans during systemic infection.
PLoS Pathog 19:21011505. https://doi.org/10.1371/journal.ppat.1011505
Moyes DL, Wilson D, Richardson JP, Mogavero S, Tang SX, Wernecke J,
Hofs S, Gratacap RL, Robbins J, Runglall M, et al. 2016. Candidalysin is a
fungal peptide toxin critical for mucosal infection. Nature 532:64-68.
https://doi.org/10.1038/nature17625

Allert S, Forster TM, Svensson CM, Richardson JP, Pawlik T, Hebecker B,
Rudolphi S, Juraschitz M, Schaller M, Blagojevic M, Morschhauser J, Figge
MT, Jacobsen ID, Naglik JR, Kasper L, Mogavero S, Hube B. 2018. Candida
albicans-induced epithelial damage mediates translocation through
intestinal barriers. mBio 9:¢00915-18. https://doi.org/10.1128/mBio.
00915-18

Issue 2

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

mBio

d’Enfert C, Kaune A-K, Alaban L-R, Chakraborty S, Cole N, Delavy M,
Kosmala D, Marsaux B, Frdis-Martins R, Morelli M, et al. 2021. The impact
of the fungus-host-microbiota interplay upon Candida albicans
infections: current knowledge and new perspectives . FEMS Microbiol
Rev 45. https://doi.org/10.1093/femsre/fuaa060

Moyes DL, Runglall M, Murciano C, Shen C, Nayar D, Thavaraj S, Kohli A,
Islam A, Mora-Montes H, Challacombe SJ, Naglik JR. 2010. A Biphasic
innate immune MAPK response discriminates between the yeast and
hyphal forms of Candida albicans in epithelial cells. Cell Host Microbe
8:225-235. https://doi.org/10.1016/j.chom.2010.08.002

Bojang E, Ghuman H, Kumwenda P, Hall RA. 2021. Immune sensing of
Candida albicans. JoF 7:119. https://doi.org/10.3390/jof7020119

Sem X, Le GTT, Tan ASM, Tso G, Yurieva M, Liao WWP, Lum J, Srinivasan
KG, Poidinger M, Zolezzi F, Pavelka N. 2016. Beta-glucan exposure on the
fungal cell wall tightly correlates with competitive fitness of Candida
species in the mouse gastrointestinal tract. Front Cell Infect Microbiol
6:186. https://doi.org/10.3389/fcimb.2016.00186

Avelar GM, Dambuza IM, Ricci L, Yuecel R, Mackenzie K, Childers DS, Bain
JM, Pradhan A, Larcombe DE, Netea MG, Erwig LP, Brown GD, Duncan
SH, Gow NAR, Walker AW, Brown AJP. 2022. Impact of changes at the
Candida albicans cell surface upon immunogenicity and colonisation in
the gastrointestinal tract. Cell Surf 8:100084. https://doi.org/10.1016/j.
tcsw.2022.100084

Doron |, Mesko M, Li XV, Kusakabe T, Leonardi |, Shaw DG, Fiers WD, Lin
W-Y, Bialt-DeCelie M, Roman E, Longman RS, Pla J, Wilson PC, lliev ID.
2021. Mycobiota-induced IgA antibodies regulate fungal commensalism
in the gut and are dysregulated in Crohn’s disease. Nat Microbiol 6:1493—
1504. https://doi.org/10.1038/s41564-021-00983-z

Witchley JN, Penumetcha P, Abon NV, Woolford CA, Mitchell AP, Noble
SM. 2019. Candida albicans morphogenesis programs control the
balance between gut commensalism and invasive infection. Cell Host
Microbe 25:432-443. https://doi.org/10.1016/j.chom.2019.02.008
Sherman F. 1991. Getting started with yeast. Methods Enzymol 194:3-
21. https://doi.org/10.1016/0076-6879(91)94004-v

Pradhan A, Herrero-de-Dios C, Belmonte R, Budge S, Lopez Garcia A,
Kolmogorova A, Lee KK, Martin BD, Ribeiro A, Bebes A, Yuecel R, Gow
NAR, Munro CA, MacCallum DM, Quinn J, Brown AJP. 2017. Elevated
catalase expression in a fungal pathogen is a double-edged sword of
iron. PLoS Pathog 13:e1006405. https://doi.org/10.1371/journal.ppat.
1006405

Leach MD, Budge S, Walker L, Munro C, Cowen LE, Brown AJP. 2012.
Hsp90 orchestrates transcriptional regulation by Hsf1 and cell wall
remodelling by MAPK signalling during thermal adaptation in a
pathogenic yeast. PLoS Pathog 8:21003069. https://doi.org/10.1371/
journal.ppat.1003069

Min K, Ichikawa Y, Woolford CA, Mitchell AP, Imperiale MJ. 2016. Candida
albicans gene deletion with a transient CRISPR-Cas9 system. mSphere 1.
https://doi.org/10.1128/mSphere.00130-16

Vyas VK, Barrasa MI, Fink GR. 2015. A Candida albicans CRISPR system
permits genetic engineering of essential genes and gene families. Sci
Adv 1:1500248. https://doi.org/10.1126/sciadv.1500248

Walther A, Wendland J. 2003. An improved transformation protocol for
the human fungal pathogen Candida albicans. Curr Genet 42:339-343.
https://doi.org/10.1007/500294-002-0349-0

Herrero-de-Dios C, Day AM, Tillmann AT, Kastora SL, Stead D, Salgado PS,
Quinn J, Brown AJP. 2018. Redox regulation, rather than stress-induced
phosphorylation, of a Hog1 mitogen-activated protein kinase modulates
its nitrosative-stress-specific outputs. mBio 9:02229-17. https://doi.org/
10.1128/mBi0.02229-17

Inglis DO, Arnaud MB, Binkley J, Shah P, Skrzypek MS, Wymore F, Binkley
G, Miyasato SR, Simison M, Sherlock G. 2012. The Candida genome
database incorporates multiple Candida species: multispecies search
and analysis tools with curated gene and protein information for
Candida albicans and Candida glabrata. Nucleic Acids Research 40:D667-
D674. https://doi.org/10.1093/nar/gkr945

10.1128/mbio.01898-2319


https://doi.org/10.1128/IAI.00989-09
https://doi.org/10.1371/journal.pgen.1007892
https://doi.org/10.1371/journal.ppat.1007927
https://doi.org/10.1091/mbc.E16-05-0266
https://doi.org/10.1073/pnas.1617799114
https://doi.org/10.1126/science.289.5479.625
https://doi.org/10.1038/nsmb880
https://doi.org/10.1016/j.cub.2005.09.047
https://doi.org/10.1128/EC.00134-12
https://doi.org/10.1128/mBio.02120-18
https://doi.org/10.1016/j.bmc.2012.05.053
https://doi.org/10.1371/journal.ppat.1011505
https://doi.org/10.1038/nature17625
https://doi.org/10.1128/mBio.00915-18
https://doi.org/10.1093/femsre/fuaa060
https://doi.org/10.1016/j.chom.2010.08.002
https://doi.org/10.3390/jof7020119
https://doi.org/10.3389/fcimb.2016.00186
https://doi.org/10.1016/j.tcsw.2022.100084
https://doi.org/10.1038/s41564-021-00983-z
https://doi.org/10.1016/j.chom.2019.02.008
https://doi.org/10.1016/0076-6879(91)94004-v
https://doi.org/10.1371/journal.ppat.1006405
https://doi.org/10.1371/journal.ppat.1003069
https://doi.org/10.1128/mSphere.00130-16
https://doi.org/10.1126/sciadv.1500248
https://doi.org/10.1007/s00294-002-0349-0
https://doi.org/10.1128/mBio.02229-17
https://doi.org/10.1093/nar/gkr945
https://doi.org/10.1128/mbio.01898-23

