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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 immunoin�ammatory 
pathogen-associated molecular patterns (PAMPs) at their cell surface. We reported 
previously that C. albicans actively reduces the exposure of the proin�ammatory PAMP, 
β-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 β-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 β-1,3-glucan 
masking. The deletion of two such genes attenuated masking: PHO84 and NCE103. We 
examined NCE103-related signaling further because NCE103 has been shown previously 
to encode carbonic anhydrase, which promotes adenylyl cyclase-protein kinase A (PKA) 
signaling at low CO2 levels. We show that while CO2 does not trigger β-1,3-glucan 
masking in C. albicans, the Sch9-Rca1-Nce103 signaling module strongly in�uences 
β-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 CO2.

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 
of strategies to evade immunity, one of which involves reducing the exposure of a 
proin�ammatory PAMP (β-1,3-glucan) at its cell surface. Most of the β-1,3-glucan is 
located in the inner layer of the C. albicans cell wall, hidden by an outer layer of 
mannan �brils. Nevertheless, some β-1,3-glucan can become exposed at the fungal cell 
surface. However, in response to certain speci�c host signals, such as lactate or hypoxia, 
C. albicans activates an anticipatory protective response that decreases β-1,3-glucan 
exposure, thereby reducing the susceptibility of the fungus to impending innate immune 
attack. Here, we exploited the natural phenotypic variability of C. albicans clinical isolates 
to identify strains that do not display the response to β-1,3-glucan masking signals 
observed for the reference isolate, SC5314. Then, using genome-wide transcriptional 
pro�ling, we compared these non-responsive isolates with responsive controls to identify 
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genes potentially involved in β-1,3-glucan masking. Mutational analysis of these genes 
revealed that a sensing module that was previously associated with CO2 sensing also 
modulates β-1,3-glucan exposure in response to hypoxia and lactate in this major fungal 
pathogen of humans.

KEYWORDS Candida albicans, pathogen-associated molecular patterns, β-glucan 
masking, carbonic anhydrase, NCE103, 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 di�erent phylogenetic branches 
of the fungal kingdom and having been exposed to di�erent evolutionary pressures 
(3, 4). Nevertheless, those fungi that are able to co-exist with healthy individuals, 
via parasitic, 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 immunoin�ammatory pathogen-associated molecular pattern (PAMP) β-1,3-glucan. 
β-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 β-1,3-glucan lies in the inner layer of the 
cell wall, buried below the outer layer of mannan �brils (16), but some β-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 β-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 β-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 β-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 β-1,3-glucan exposure, with subsets of cells 
revealing minimal β-1,3-glucan (32–34). Second, daughter cells are less visible to innate 
immune cells, displaying relatively low levels of β-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 β-1,3-glucan 
from their cell surface (32–34, 38, 39) by secreting the Xog1 exoglucanase in response 
to speci�c 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 β-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 β-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 β-1,3-glucan shaving. For example, lactate-, hypoxia-, iron-limitation- 
and pH-induced changes in β-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 β-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 
β-1,3-glucan masking (33). These input-speci�c 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 β-1,3-glucan shaving (17, 40).

Nevertheless, gaps remain in our understanding of the mechanisms that underlie 
β-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 β-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 ) β-1,3-glucan masking. Our downstream analysis 
of nine target loci led to the identi�cation of a new regulatory module that controls 
β-1,3-glucan masking in C. albicans.

RESULTS

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

To explore the extent to which clinical isolates display lactate- and hypoxia-induced 
β-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 
di�erent 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 β-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 β-1,3-glucan exposure levels. To achieve this, 
cells were harvested during exponential growth under each of these conditions, �xed, 
stained with Fc-dectin-1, and subjected to �ow cytometry. Three independent measure
ments were taken for each isolate/condition. The median �uorescence 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 β-1,3-glucan masking for each isolate. This screen revealed that C. albicans 
isolates display a high degree of variability in their β-1,3-glucan masking capacity under 
these experimental conditions (Fig. 1). Some isolates, like SC5314, displayed e�cient 
lactate- and/or hypoxia-induced β-1,3-glucan masking, whereas others displayed modest 
β-1,3-glucan masking, and others even showed elevated β-1,3-glucan exposure at this 
5-hour timepoint. The β-1,3-glucan masking phenotype is complex as it is in�uenced by 
new cell wall synthesis, cell division, and the shaving of exposed β-1,3-glucan (17, 40). 
The correlation between the growth of these strains and their β-1,3-glucan exposure 
was modest (Fig. S1), suggesting that the observed variability in masking partially 
re�ected strain di�erences in masking dynamics as well as in masking capacity. Hence, 
the observed strain variability was probably in�uenced by changes in the signaling 
pathways that drive cell wall remodeling or β-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 β-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 β-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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Transcriptomic changes associated with lactate- or hypoxia-induced β-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 β-1,3-glucan masking phenotype, precluded the association 
of speci�c SNPs or indels with the loss of this phenotype. Therefore, we used RNA 
sequencing to target loci potentially involved in lactate- or hypoxia-induced β-1,3-glucan 
masking.

FIG 1 C. albicans clinical isolates display variability with respect to their β-1,3-glucan masking phenotypes. The β-1,3-glucan 
exposure levels for 146 C. albicans clinical isolates were quanti�ed by Fc-dectin-1 staining and �ow cytometry under control 
conditions (glucose, GYNB) and following exposure to lactate or hypoxia. Row Z-scores were calculated based on the mean 
�uorescence intensities of three biological replicates per condition and visualized in heatmaps: blue, strong β-1,3-glucan 
masking; white, no signi�cant masking; red, β-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 �ve responsive isolates (CEC3560, CEC3605, 
CEC3609, CEC4108, CEC4259; red arrows), and �ve 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 β-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 β-1,3-glucan masking (MFI glucose plus with lactate/MFI 
glucose control).
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