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Abstract

Candida albicans is an opportunist pathogen responsible for a broad spectrum of infections, from superficial mycosis
to the systemic disease candidiasis. C. albicans has various morphological forms, including unicellular budding yeasts,
filamentous pseudohyphae and true hyphae, and the ability to switch from yeast to hyphal forms is a key survival
mechanism underlying the adaptation of the pathogen to the microenvironments encountered within the host. Fila-
mentation is regulated by multiple signalling pathways and its induction in different growth media in vitro has often
led to conflicting results. In this study, we performed quantitative proteomic analyses to compare the response of C.
albicans yeast cells grown in YNB minimal medium to those of cells grown in four media widely used in the literature
to induce the yeast-to-hyphae transition: YNB-Serum, YNB-N-acetylglucosamine (YNB-NAG), Lee medium and rich
Spider medium. We show that each growth medium induces a unique pattern of response in C. albicans cells,

and that some conditions trigger an original and specific adaptive metabolic response, showing significant differ-
ences in the intracellular content of the various filamentous forms. Moreover, this comparison of proteomic profiles
indicates that the medium used can modify the thiol-dependent redox status of the cells, particularly in YNB-Serum
and Lee medium and, to a lesser extent, in Spider medium, confirming the role of oxidative stress in the filamentation
process. Overall, our data indicate that some of the media routinely used to induce hyphae cause significant changes

pathogen.

in proteomic signature that should be taken account more carefully when exploring the hyphal transition in this
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Introduction

Candida albicans is a major systemic fungal pathogen
in humans and a commensal organism of the mucosal
surfaces of the oral and vaginal cavities and the diges-
tive tract [1-3]. C. albicans causes a broad range of
infections, extending from superficial mycosis to life-
threatening opportunistic bloodstream infections known
as candidemia, which can develop into disseminated
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candidiasis, particularly in patients with compromised
immunity. C. albicans can grow in various morpho-
logical forms, including unicellular budding yeasts, fila-
mentous pseudohyphae and true hyphae, and some less
common forms, such as chlamydospores and opaque
cells [1, 4-8]. This morphological flexibility and the
ability to utilize a variety of carbon sources is a key sur-
vival mechanism enabling the pathogen to adapt to the
microenvironments encountered within the host [9-14].
Indeed, the hyphal form is invasive and can promote tis-
sue penetration in the early stages of infection. Moreover,
the yeast form can facilitate dissemination in the blood-
stream [13, 15—17] but some studies have also shown that
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yeast-locked strains can efficiently penetrate tissues and
structures [18-21].

The signalling pathways transducing environmen-
tal signals into morphological switching involve cAMP,
MAPKinase, pH response and the Cphl-Efgl transcrip-
tion factors. These signals, which dynamically coordi-
nate the transition from yeast to filamentous growth in
response to diverse stimuli encountered in the host envi-
ronment, are complex and have been extensively studied
[5, 6, 9, 22—-24]. In vitro, morphogenesis can be induced
in various environmental conditions, such as culture at a
temperature of 37 °C, in the presence of serum [25] and
N-acetylglucosamine [26], an alkaline pH [27] or 5% CO,
[28], and the use of different conditions has often led to
conflicting results (for a review see [5]). For example,
we showed, in a precedent study, that the depletion in
intracellular glutathione pools observed in the filamen-
tous forms was associated with glutathione excretion
into the culture medium and activation of glutathione-S-
transferase Gst (fivefold increase) in Spider medium, but
not in YNB-Serum [29]. In the same work, we observed
a lower activation of the citrate synthase (2—threefold
increase) in YNB-Serum than the one observed in the
Spider medium (tenfold increase). Moreover, we also
observed significant differences in the response to iron
when the yeast-to-hyphae transition was induced in Spi-
der or in the presence of serum [30].

YNB medium, which is known to promote the yeast
form of the pathogen at 30 °C, is a minimal medium con-
taining only essential nutrient. It can be supplemented
with specific carbon sources such as glucose (YNB-glu-
cose medium). Filamentation is enhanced by culture at
a temperature of 37 °C in the presence of foetal bovine
serum (FBS), which contains additional growth factors
and signalling molecules [25]. The addition of N-acetyl-
glucosamine, a derivative of glucose, to the minimal YNB
medium, also promotes the yeast-to-hyphae transition
[26]. Hyphal growth is also often induced in synthetic
growth media, such as Lee’s medium or the semi-syn-
thetic Spider medium [31, 32]. Lee’s medium, widely used
in published studies, provides specific nutrients such as
amino-acids, salts and glucose as the carbon source, and
it induces robust filamentation. The rich Spider medium,
with mannitol as the carbon source, is also routinely used
to promote morphogenesis. Hence, each of these media
provides a unique environment and nutrient conditions
triggering filamentation.

We have shown that the adaptive response of the path-
ogen in terms of filamentation in both YNB-serum and
Spider medium is associated with a redistribution of bio-
energetic pathways and a strong decrease in intracellular
glutathione levels [29, 33, 34]. The ability of C. albicans
cells to respond to environmental conditions therefore
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probably depends on the metabolic state of the cells and
the external availability of nutrients. It is, thus, crucial
to understand the adaptive strategies of the pathogen
in response to different growth media, and global prot-
eomic studies of the different filamentation conditions
are therefore required.

Global proteomic investigations of C. albicans, includ-
ing some by our group, have been published [30, 33,
35-41]. However, to our knowledge, there have been no
direct comparisons of the proteomes of C. albicans cul-
tured in the different growth media routinely used. The
study of the proteomes of yeast and filamentous forms,
induced under different conditions, should make it pos-
sible to identify the proteins and specific metabolic path-
ways associated with the morphological transition and
to develop a correlation between the various published
results related to the yeast-to hyphae transition.

We performed quantitative global proteomic analyses
to investigate the response of C. albicans cells to four
media widely used to induce the yeast to hyphae transi-
tion: YNB-Serum, YNB-NAG, Lee and Spider medium.
We ran a global proteomic analysis focusing on the over-
all differences in protein abundance between the yeast
form and the four filamentous forms. We found that
the different growth conditions triggered changes in the
abundances of specific sets of proteins, indicating a spe-
cific metabolic adaptive response to each medium, with
oxidative stress molecules implicated in these changes in
at least two of the yeast-to-hyphae transition-inducing
media. These data indicate significant differences in the
intracellular content of each filamentous form, and sug-
gest that, under the term filamentation, the details of the
experimental procedures and the medium used to induce
the transition should be more carefully considered in
future explorations of the pathogen.

Results

We compared the proteomic profiles associated with the
various filamentation conditions for C. albicans, by cul-
turing cells in minimal YNB-glucose medium at 30 °C,
conditions known to favour the yeast form, and in four
growth media routinely used to induce the filamentation
process at 37 °C: YNB-Serum (containing 10% bovine
foetal serum), YNB-N-acetylglucosamine 2.5 mM (YNB-
NAG), Lee medium and the rich Spider medium, with
mannitol as the main carbon source. In YNB-glucose,
YNB-Serum and Lee medium the carbon source was
0.1% glucose, and the conditions in these media there-
fore resembled those to be encountered by the patho-
gen within the host, in which glucose levels range from
0.06 to 0.1% (3—5 mM) in the bloodstream during sys-
temic infections, reaching 0.5% in vaginal secretions [42,
43]. We controlled for variation due to differences in pH
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between the media by carefully checking the pH of each
medium before inoculation, and when necessary, adjust-
ing the pH to 7.0. The four culture media tested are rep-
resentative of the conditions routinely used to induce the
yeast-to-hyphae transition.

Phenotypic analysis of the influence of the various
filamentation conditions

Before performing quantitative proteomic experiments,
we used liquid culture assays to assess the ability of C.
albicans cells to grow under the various filamentous con-
ditions. For microscopy, cell cultures were established
by inoculating fresh medium, with an overnight cul-
ture in YNB-glucose medium, to an OD of 0.1. The cells
were cultured for six hours (corresponding to the time
required for yeast cells to enter to exponential growth
phase) and at this time point, microscopy studies were
performed and the cells used for proteomic analyses were
harvested. Microscopic analysis of C. albicans cultures in
the minimal YNB-glucose medium revealed, as expected,
a mixture of unicellular and budding yeast forms (Fig. 1).
The presence of hyphae and/or pseudo-hyphae was
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observed when the cells were grown in the four hypha-
inducing conditions. These findings were consistent with
expectations, but it was important to verify the cell mor-
phology associated with each set of growth conditions
before performing quantitative global proteome analysis.
Various fluorescent dyes were also used to further inves-
tigate the morphological variability induced by the fila-
mentation-inducing media more specifically (Fig. 1).

The cell-permeant green MitoTracker probe diffuses
passively across the plasma membrane and accumu-
late in active mitochondria. In YNB-glucose medium, a
clear continuum of fluorescence was observed, typical
of a mitochondrial tubular network and accumulation
of mitochondria towards the cell wall (Fig. 1). During
filamentation, as the cell elongates the cell organelle mor-
phology gets changed. Moreover, in fungi, growth on
different carbon sources can affect mitochondrial organi-
zation, and we expected mitochondria to be organized
differently depending on the growth medium. Interest-
ingly, in the YNB-NAG and Lee media, the mitochon-
drial network appeared to be partly fragmented and very
different from the continuous network observed in the

Fig. 1 Effect of various hypha-inducing media on the morphology of Candida albicans SC5314 cells. Cells from an overnight culture in YNB-glucose
medium were used to inoculate the desired medium at an ODgy,,, Of 0.1 and were then cultured until an ODg,,,, Of 0.8 was reached. Images were
then taken with a phase-contrast microscope (100X), as described in the experimental procedures. The scale bar represents 5 uM
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yeast forms. In the presence of serum, mitochondrial
fragmentation increased, as indicated by the multiple
green fluorescent dots in Fig. 1. Interestingly, when cells
were cultured in the rich Spider medium, they appeared
to have a lower mitochondrial density of the cells, which
may be the result of the morphologic changes in the cells,
but could also suggest a potentially different energetic
profile. Taken together, the images of Fig. 1 show that
the morphological changes associated to the transition
to hyphae are associated with modifications of the mito-
chondrial network potentially correlated with changes in
proteome profile.

The yeast vacuole marker green MDY-64, which stains
the vacuole membrane and endosomes, and blue CMAC,
which stains the vacuole lumen, were also used in the
explorations shown in Fig. 1. In YNB-glucose medium,
the blue florescence occupied most of the volume of the
vacuole, as classically observed in the yeast Saccharomy-
ces cerevisiae. In YNB-NAG, the vacuoles were smaller
than those observed in yeast forms. Moreover, in the
YNB-Serum and Lee media, vacuole size decreased from
the cell body to the end of the hyphae (blue CMAC stain-
ing). Again, as observed with the green Mitotracker, the
results obtained for Spider medium were different from
those obtained in other conditions. Indeed, endocyto-
sis vesicles were also observed when cells were grown in
Spider medium (Fig. 1, MDY-64 staining), but not when
they were grown in the other yeast-to-hyphae transition-
inducing conditions. These observations suggest that
endocytosis rates may be higher in Spider medium. Alto-
gether, the microscopy analyses of Fig. 1 showed that the
four media allow the production of filamentous forms,
and the use of fluorescent dye suggested changes in the
intracellular content. Overall, the morphology of the cells
subjected to proteomic analyses was as anticipated and
made it possible to explore the global proteome in these
different growth conditions.

Proteomic analyses and principal component analysis

We performed a label-free quantitative proteomic analy-
sis, to identify the principal proteins affected in the dif-
ferent filamentation growth media. Cells were cultured
to exponential growth phase in YNB-glucose minimal
medium at 30 °C as a control for yeast production. The
filamentation media used were YNB-Serum, YNB-NAG,
the synthetic Lee medium and the rich Spider medium.
The cell extracts obtained under each set of conditions
were subjected to mass spectrometry.

We performed a Principal Component Analysis (PCA)
on the quantitative proteomic data for the 1454 identified
proteins, to obtain an overview of the proteomic profile
in each set of conditions. A plot of the three main eigen-
vectors is shown in Fig. 2, using a q value of 0.05. The
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data for each set of conditions are aligned along the same
axis, indicating that the data for biological replicates are
robust. Interestingly, the data obtained with the YNB-
serum medium (yellow dots) were slightly less homo-
geneous within replicates, than those obtained with the
other media, as also observed in previous published work
of our laboratory [29, 33, 34]. In addition, the groups cor-
responding to each set of growth conditions are clearly
separated, providing evidence for specific responses
according to the culture medium used (Fig. 2). Moreover,
the different sets of conditions contribute to proteome
variability to different extents. For example, the YNB-
Serum and Spider conditions accounted for 54% and
17%, respectively, of the differences in normalized abun-
dances within the different conditions (Fig. 2, yellow and
red dots). Separate groups were observed when cells were
grown in Lee medium (green), YNB-Serum (yellow) or
Spider medium (red), indicating that each set of growth
conditions triggers specific variations and responses.
The proteins abundance profiles in the presence of YNB-
glucose and YNB-NAG media were quite similar (orange
and light blue dots on Fig. 2), as expected given that the
only difference between these two growth media is the
carbon source. These findings suggest that the proteins
identified in these two conditions are likely to be differ-
ent from those identified in the other conditions. Taken
together, the PCA analysis and the microscopy results
presented in Fig. 1, show that the different media used in
our study trigger different sets of specific responses and
modifications of the global proteome.

Proteomic analyses and clustering

The differentially expressed proteins were then classified
with the Autoclass@IJM Bayesian clustering algorithm
[44], in a specific clustering analysis of the label-free data
for direct comparisons of protein abundance between the
five sets of conditions (Fig. 3). This classification identi-
fied groups of proteins that could not be directly deduced
from a classical visual examination of protein abundance
profiles, and the list of proteins identified in the five clus-
ters of Fig. 3 is presented in Supplementary Table 1. The
results of the clustering analysis reflected a differential
response of C. albicans to the four sets of filamentation
conditions, and confirmed the importance of compar-
ing these growth media. Furthermore, approximately
50% of the proteins identified in the proteomics analy-
sis were specifically more abundant in one particular set
of growth conditions. For example, Cluster 1 contained
proteins that were specifically more abundant in YNB-
glucose medium (yeast forms), whereas Cluster 2 mostly
contained proteins more abundant in the presence of
serum. Similarly, Clusters 3, 4 and 5 identified sets of
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Fig. 2 Principal component analysis (PCA) on the levels of 1454 proteins differentially expressed between media. The significance of the observed
differences was determined with a g-value threshold of 0.01 (values below this threshold indicate that the differences are statistically significant

at a high level of confidence). The PCA revealed five distinct protein groups, each representing a different set of experimental conditions: yeast
nitrogen base (YNB-glucose) in orange, YNB-Serum in yellow, Lee medium in green, YNB-NAG in blue, and Spider medium in red. The percentage
of the variance associated with each principal component is indicated on the axis legend

proteins specifically induced in Spider, YNB-NAG and
Lee medium, respectively.

Hyphal development in C. albicans requires sev-
eral hyphae-specific genes [22, 24, 45]. The most highly
expressed genes encode the cell wall protein hyphal wall
protein 1 (Hwpl), the secreted aspartyl protease (SAP)
family proteins Sap4, Sap5 and Sap6, cell surface adhesin
3 (Als3) and cell elongation protein 1 (Ecel). As expected,
with the exception of the hyphal wall protein Hwp1, most
of the hypha-specific proteins (Ecel, Alsl, Als3, Als4,
Hyrl, Rbtl, Sap 4, Sap5, Sap6...) were abundant and
identified in the various inducing conditions, and the
changes in abundance of the major hypha-specific pro-
teins are shown in the box plots of supplementary Fig. 1.
Hyphally regulated protein (Hyrl), cell surface adhesin 3
(Als3), cell surface adhesin 1 (Alsl), aspartyl proteinase
4 (Sap4) and aspartyl proteinase 6 (Sap6) were particu-
larly abundant in the presence of serum (Fig. 3 Cluster 2).
Moreover, Als3, Hyrl and Sap6 were also induced in Lee
medium and, to a lesser extent, in YNB-NAG medium
(Fig. 3 cluster 2 and Supplementary Fig. 1). Aspartyl pro-
teinase-5 (Sap5) was greatly induced in Lee medium,
and, to a much lesser extent, when the filamentation was

induced in presence of serum or YNB-NAG. In addition,
the extent of elongation protein Ecel was identified in
cluster 5, as being particularly induced when cells were
grown in Lee medium (Fig. 3 Cluster 5 and Supplemen-
tary Fig. 1).

Tricarboxylic acid (TCA) cycle proteins, such as cit-
rate synthase (Lys22), aconitase (Aco2), fumarate reduc-
tase (Osm2), or the glyoxylate cycle enzymes isocitrate
lyase (Icll) and glyoxylate reductase (Gorl) were more
abundant in the yeast forms observed in YNB-glucose
medium (Cluster 1). Both YNB-Serum and Spider media
(Clusters 2 and 3) also stimulated the production of pro-
teins involved in bioenergetics. Cluster 2 contained a set
of proteins induced in YNB-serum, including fumarate
reductase (Osm1l), components of complexes I (NADH
dehydrogenase) and IV (Cox6) of the mitochondrial res-
piratory chain, and ATP synthase subunits. In the pres-
ence of serum, hexokinase (Ilv6), which is involved in the
glycolytic pathway, was also induced (Fig. 3 Cluster 2).
ATP synthase subunits were also identified in Cluster 3
in Spider medium, altogether with malate dehydrogenase
(Mdh1), homocitrate synthase (Lys21) isocitrate dehy-
drogenase (Idp2), acetyl-coA synthetase (Acsl) and PEP
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Fig. 3 Overview of the JavaTreeView output for the AutoClass clustering of proteins with different normalised abundances (ANOVA p value < 0.05).
The data used for this classification were obtained in four independent biological experiments and the Autoclass Bayesian classification was based
on the mean of the means of the normalised abundances of the different proteins obtained in the proteomic analyses. The classified mean

of means values are shown on a red-green colour scale, where red corresponds to higher abundances and green to lower abundances. Differences
in protein levels are indicated on a linear scale. The list of proteins displaying significant changes in abundance is presented in Supplementary

Table 1

carboxykinase (Pckl) reflecting the strong stimulation of
energetic and respiratory pathways in these conditions.
The TCA cycle enzymes malate dehydrogenase (Mael)
and fumarate reductase (Fumll) were also induced in
Lee medium (Fig. 3 cluster 5 and Supplementary Table 1).
Interestingly, the abundance of proteins involved in gly-
colysis or the respiratory pathway was not significantly
higher in Cluster 4, specific to YNB-NAG growth con-
ditions. However, as expected, proteins involved in the
GlcNac catabolic pathway were only identified in Clus-
ter 4, including the GlcNAc-specific transporter (Ngtl),
N-acetylglucosamine-6-phosphate  deacetylase (Dacl)
and the glucosamine-6-phosphate deaminase (Nagl).
These data suggest that there is no significant difference
in the proteomic profiles of C. albicans cells cultured in

YNB-glucose and YNB-NAG conditions, consistent with
the principal component analysis shown in Fig. 2.

The clustering analyses in Fig. 3 shows that sets of pro-
teins involved in defences against oxidative stress were
identified mainly in YNB-Serum and Lee medium (Fig. 3
clusters 2 and 5 and supplementary Table 1). In Cluster 5
(Lee medium), we detected the induction of a major set
of glutathione-dependent proteins, including the main
enzyme responsible for glutathione synthesis glutathione
synthetase (Gsh2), together with glutathione reductase
(GIr1), glutathione peroxidase (Gpx2) glutathione trans-
ferase (Ecm4) and thioredoxin reductase (Trrl), suggest-
ing that thiol-dependent redox status may play a role in
these conditions. Superoxide dismutases Sod3, Sod4 and
Sod5 were also induced in Lee medium, together with the
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metacaspase Mcal. These data indicate that the primary
defences against oxidative stress are activated when C.
albicans cells are cultured in Lee medium. Moreover, sev-
eral proteasome subunits were also identified in Cluster
5 (endopeptidase Pupl, proteasome subunits Rpn13 and
Pre7). In the presence of serum, we also observed, albeit
to a lesser extent, an induction of oxidative stress pro-
teins, such as glutathione transferase (Gst2), thioredoxin
peroxidase (Prx1) and glutathione peroxidase (Hyrl)
(Fig. 3 Cluster 2). Interestingly, no strong induction of
oxidative stress proteins was observed in YNB-glucose,
YNB-NAG or spider medium, with the exception of the
induction of Sod3 in Spider medium (Fig. 3 Clusters 1, 3
and 4).

Interestingly, as mentioned above for some of the
hypha specific proteins, (As3, Hyrl and Sap6), other clus-
ters identified sets of proteins induced in more than one
filamentation conditions, and the data are presented in
the clusters of Supplementary Fig. 1. For example, Clus-
ter 6 includes a set of proteins induced in both YNB-
serum and YNB-NAG conditions, such as the acylcarrier
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proteins Acpl and Acpl2, the cytochrome oxidase sub-
unit Cox19 or proteins of the oxidative stress defences
such as glutaredoxin 3 (grx3) or superoxide dismutase
(Sodl). Moreover, nine subunits of ATP synthase (ATT
14, ATP3, ATP2, ATP4, ATP20, ATP16, ATP7, ATP1,
ATP5) were induced both in YNB-NAG and Lee media
(Supplementary Fig. 1 Cluster 7), suggesting a strong
need for energy in these two hypha-inducing conditions.

A closer analysis of the normalized abundances of
various glutathione-dependent proteins confirmed
the involvement of the thiol-dependent redox status
in the filamentation process (Fig. 4). The glutathione
synthetase Gsh2 was strongly induced in Lee medium
and, to a lesser extent, in YNB-Serum and YNB-NAG,
suggesting that the induction of hyphae is associated
with an increase in the need for glutathione under
these growth conditions. Moreover, this increase in
glutathione synthesis was associated with an increase
in the abundance of glutathione reductase Glrl in
Lee medium, suggesting the potential occurrence of a
glutathione-dependent oxidative stress and the need
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Fig. 4 Comparison of the normalised abundances of various glutathione-dependent proteins. The data used for this representation were obtained
in four independent biological experiments and the box plots were generated with the Chemgrid.org website. The lines in the middle indicate

the medians obtained with the data from four biological replicates; the limits of the box indicate the 25th and 75th percentiles as determined by R
software; the whiskers extend to 1.5 times the interquartile range from the 25th and 75th percentiles, outliers are represented by dots
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to replenish the pools of reduced glutathione GSH. Comparison of the global proteomes of C. albicans
There was also an increase in glutathione peroxidase  cultured as the yeast forms and in various filamentation
Gpx2 abundance in both Lee and YNB-NAG media, conditions
consistent with the potential occurrence of an oxida-  After comparing the global proteomes of C. albicans cul-
tive stress and accumulation of the oxidised form, tured in the five sets of growth conditions (Sects. 2.2 and
GSSG (Fig. 4). These findings reflect the induction of  2.3), we performed pairwise comparisons of the data for
the cytoplasmic glutathione S-transferase Ecm4 in the  the four sets of hypha-inducing conditions with the yeast
Lee medium, which may be involved in the export of form (YNB-glucose): i.e. YNB-NAG versus YNB-glucose,
oxidised glutathione. YNB-serum versus YNB-glucose, Spider versus YNB-
Cluster 2 and 5 also include a set of proteins related  glucose and Lee versus YNB-glucose. The quantitative
to C. albicans virulence and/or responses to antifun-  data obtained were used to construct volcano plots show-
gal agents. In addition to the Sap family proteins men-  ing the significant differences relative to YNB-glucose
tioned above, the virulence factors vacuolar aspartic medium (q values) versus the magnitude of change (fold
proteinase Aprl and phospholipases B (PIb5 and PIb3)  change, e.g.,, YNB-serum/YNB-glucose). The volcano
were induced in Lee medium (Cluster 5). plots facilitate the rapid identification of proteins with
large fold-change differences that are statistically signifi-
cant. In Fig. 5, points above the non-axial horizontal line
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Fig.5 Comparison of the proteomes of the yeast form and the four filamentous forms. The -log10 g value was plotted against the log2 fold-change
difference (filamentation/YNB-glucose) and the volcano plot highlights the proteins for which abundances differ significantly between the two

sets of conditions. Points above the non-axial horizontal line represent proteins with significantly different abundances (q < 0.05). Points to the left

of the left-most non-axial vertical line correspond to fold-changes in protein levels of than —1.5, whereas points to the right of the right-most
non-axial vertical line correspond to fold-changes in protein levels greater than 1.5. The list of proteins displaying significant differences

in abundance between conditions is presented in Supplementary Table 2
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represent proteins with abundances differing significantly
(g<0.01) between each of the filamentation-inducing
media and YNB-glucose. Points to the left of the left-
most non-axial vertical line correspond to fold-changes
in protein levels of less than —1.5, whereas points to
the right of the right-most non-axial vertical line corre-
spond to fold-changes in proteins levels greater than 1.5
(the lists of proteins identified from the volcano plots
are provided in Supplementary Table 2). The most strik-
ing feature of Fig. 5 is that the largest numbers of pro-
teins with significant differences in abundance between
media were obtained in comparisons of YNB-Serum
and Spider media with the YNB-glucose condition. In
these two media, more than 100 proteins were found to
be present at levels significantly different from those in
YNB-glucose. Moreover, the vast majority of these pro-
teins, 232 proteins in YNB-serum and 127 in Spider, were
downregulated compared to the YNB-glucose condi-
tion, whereas only about 20 proteins were upregulated
in these two hypha-inducing conditions (Fig. 5A and B).
The induction of hyphal growth in YNB-Serum and Spi-
der conditions was, therefore, associated with changes
in the abundance of a whole set of proteins relative to
YNB-glucose medium, in response to the filamentation-
inducing conditions. Proteins downregulated in these
two hypha-inducing media included isocitrate lyase (Icl1)
and glyoxylate reductase (Gorl), hexokinase 2 (Hxk2)
and homoaconitase (Lys4) (Supplementary Table 2), con-
sistent with the clustering analysis of Fig. 3. Moreover,

A Upregulated proteins

YNB-NAG versus YNB-glucose

Lee versus YNB-glucose

Spider versus YNB-glucose
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the hypha-specific proteins Hyrl was upregulated in
YNB-serum when compared to YNB-glucose (Fig. 5). In
addition, a number of proteins involved in sulfur metabo-
lism was found to be downregulated in Spider medium.
Comparison of the proteomes of the filamentous forms
produced in Lee medium with the proteome of the yeast
form grown in YNB-glucose medium yielded a very dif-
ferent pattern, with an almost equal numbers of pro-
teins upregulated (44 proteins) and downregulated (42
proteins) (Fig. 5D). Isocitrate lyase (Icll) and glyoxylate
reductase (Gorl) were also differentially expressed, con-
sistent with a lower level of involvement of the glyoxylate
cycle in the filamentation process, as well as fumarate
reductase (Osm2) (Supplementary Table 2). Consistent
with our previous findings, the proteomic profiles of C.
albicans cells cultured in YNB-NAG and YNB-glucose
were largely similar (Fig. 5C), with only 20 and 12 pro-
teins, respectively, showing significant changes in nor-
malized abundances.

The lists of proteins identified as significantly up- or
downregulated on the volcano plots in Fig. 5 are plot-
ted on the Venn diagrams in Fig. 6 (the lists of proteins is
presented in Supplementary Table 3). This graphic repre-
sentation clearly shows that only a very small number of
proteins are up- or downregulated in more than one set
of filamentation conditions, consistent with the notion
that each filamentation medium induces a unique dif-
ferential response with respect to the yeast form. More
than 80% of the 232 and 127 proteins downregulated in

B Downregulated proteins

YNB-NAG versus YNB-glucose Spider versus YNB-glucose
2 88

22

Lee versus YNB-glucose

Fig. 6 Comparison of the total number of proteins in the yeast and filamentous forms and identification of the proteins specific to different

forms. The total number of proteins and the number of proteins specific and common to different forms are shown in a Venn diagram generated
with https://www.biotools.fr/misc/venny from the list of proteins generated from the volcano plots in Fig. 5A) Upregulated proteins, B)
Downregulated proteins. YNB-Serum is shown in yellow, YNB-NAG in light blue, Spider medium in red and Lee medium in green. The list of proteins

is presented in Supplementary Table 3
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the filamentous forms obtained in YNB-Serum or Spi-
der medium compared to the yeast form (YNB-glucose
medium) were specific to only one set of growth condi-
tions. There were 88 proteins specifically downregulated
in the spider medium, 188 proteins in YNB-Serum and
21 proteins exclusively in Lee medium (Fig. 6B). These
proteins represent the unique proteomic signature of the
different yeast-to-hyphae inducing conditions (Supple-
mentary Table 3). Interestingly, the number of proteins
specifically upregulated (Fig. 6A) was significantly lower
than the number of downregulated for each set of growth
conditions. Moreover, the glyoxylate cycle proteins Icll
and Gorl were downregulated in these hypha-inducing
media, in agreement with the results presented in Fig. 3.
Only a few differentially expressed proteins were com-
mon to the Lee and Spider media. Furthermore, only two
proteins were found to be downregulated exclusively in
YNB-NAG growth conditions and not in YNB-glucose,
consistent with the PCA findings shown in Fig. 2 and
the clustering analyses (Fig. 3), suggesting that the global
proteomes of the yeast forms and the filamentous forms
induced in presence of N-acetylglucosamine are very
similar.

This is the first comparison of quantitative proteomic
data for C. albicans cells grown in four classic hypha-
inducing growth media. The various analyses indicate
that each set of filamentation conditions is associated
with a unique proteomic signature involving modifica-
tions to metabolic pathways. Moreover, our results high-
light the importance of maintaining the thiol-dependent
oxidative stress status of the cells during the filamenta-
tion process, especially in YNB-Serum and Spider media.
These data shed new light on the intracellular status of C.
albicans cells grown in four media widely used to induce
hyphal growth, an aspect that should be considered in
explorations of filamentation processes in this pathogen.

Discussion

Metabolic flexibility is very important in C. albicans, for
proliferation, virulence and adaptation to the environ-
ments encountered within the host. In vitro, the produc-
tion of hyphal forms can be induced by different growth
media containing different nutrients and promoting the
transition to hyphae via different signalling pathways;
this use of different conditions to induce the production
of hyphae has led to published results that are often com-
plex and contradictory. Indeed, the composition of the
medium is known to affect pathogen growth, but there
are currently no robust data on the proteome of C. albi-
cans cultured in the diverse widely used classical growth
media. Proteomic data are progressively emerging for
this pathogen [30, 33, 35-40]. A recent study compared
the proteomic profiles of C. albicans cultured in solid and
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liquid media [46]. Its conclusions suggest that access to
nutrients is restricted in solid media, forcing changes to
metabolism and a search for alternative energy sources
to replace the glucose readily available at earlier stages
of culture in suspension in liquid medium. Moreover, we
recently demonstrated that, in response to alternative
carbon sources, C. albicans displays unique proteomic
profiles, involving thiol-dependent defences against oxi-
dative stress [33]. In addition to understanding the sig-
nalling pathways involved in the filamentation process,
which have been extensively studied, we also need to
decipher the metabolic changes associated with the vari-
ous hypha-inducing media used in published studies.
Here, we investigated the effect of hypha-inducing media,
by exploring the concomitant changes to the proteome
of C. albicans induced by culture as the yeast form and
in four media routinely used to induce the filamentation
process: YNB-Serum, YNB-NAG, Spider and Lee media.

Morphological analyses confirmed the production
of unicellular budding yeasts in YNB-glucose and of
filamentous forms in the four hypha-inducing growth
media. It was important to perform this morphological
control before the proteomic analysis, to establish asso-
ciations between morphological changes and the pro-
teomic profiles observed. In yeast, fragmentation of the
mitochondrial network is an active process and a com-
mon response to stress, and the degree of mitochondrial
fragmentation can provide information about the meta-
bolic status of the cells [47, 48]. A typical dense and con-
tinuous mitochondrial network was observed in yeast
cells, whereas fragmentation of the mitochondrial net-
work was observed in the filamentous forms, consistent
with the morphological changes of the cells.

The principal component analysis shown in Fig. 3 pro-
vides evidence for different responses in each set of con-
ditions, as indicated by the distinct groups observed. The
YNB-Serum and Spider media accounted for 54% and
17%, respectively, of the variability of the proteome. As
both Spider and YNB-Serum growth media are widely
used in the literature to induce the filamentation pro-
cess, these data indicate that the experimental differ-
ences should be more considered when investigating the
pathogen. The proteomes obtained in YNB-glucose and
YNB-NAG conditions were very similar and appeared
to differ from those observed when the cells were grown
in other hypha-inducing media. However, the budding
yeast form was observed in YNB-glucose, whereas hyphal
forms were induced in YNB-NAG medium (Fig. 2). This
suggests that morphological differences are not always
associated with major changes in the global proteome.
Conversely, it raises questions about whether similar
morphologies may be associated with significantly differ-
ent protein abundances.
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Clustering analysis (Fig. 3) provided information
on the principal metabolic pathways affected by the
medium used to induce the filamentation process.
Most of the hypha-specific proteins (Ecel, Alsl, Als3,
Hyrl, Sap4...) were identified in the filamentation con-
ditions (Fig. 3 and Supplementary Fig. 1), confirming
the induction of these proteins in our different hypha-
inducing conditions. Interestingly, some of these pro-
teins, i.e. Hyrl, Als3, Sap 4 or Sap6 were particularly
abundant in YNB-serum and/or Lee medium, with
a lesser increase of abundance in YNB-NAG or Spi-
der medium, whereas the elongation protein Ecel was
highly induced when cells were grown in Lee medium.

Altogether, the clustering analysis shows that a very
specific set of proteins was induced, depending on the
medium, indicating a differential response. N-acetylglu-
cosamine (NAQG) is used as a nutrient by many micro-
organisms and plays a crucial role in signalling in both
bacterial and mammalian cells. It regulates several bio-
logical processes, including morphological transitions,
virulence, and responses to oxidative stresses and anti-
fungal agents, in several fungal species, including C.
albicans [26, 49-55]. A comparison of clusters 1 and 4
suggested that, depending on the medium, the yeast-to-
hyphae transition is not always associated with major
changes in the proteome. Indeed, only a few differences
in protein abundance were observed, as already sug-
gested by the PCA shown in Fig. 2 (orange and light
blue clusters). Moreover, the main proteins identified in
Fig. 3 Cluster 4 were those involved in NAG transport
and catabolism: Ngt1, Dacl and Nagl [51, 56].

Specific responses from the YNB-Serum and Spider
media (Fig. 3 clusters 2 and 3) involve proteins of the
bioenergetic pathways such as hexokinase, homocitrate
synthase or malate dehydrogenase, complexes I and IV
of the mitochondrial respiratory chain or ATP synthase
subunits. In addition, the YNB-serum and Spider con-
ditions were the growth conditions identified with the
major significant changes in protein abundances com-
pared to the YNB-glucose medium, as indicated by the
PCA and volcano plots analyses. Volcano plots of Fig. 5
also identified isocitrate lyase and glyoxylate reductase
to be less abundant in YNB-serum and Spider media
than in YNB-glucose, and these two proteins were
some of the few proteins identified in both growth con-
ditions on the Venn diagram of Fig. 6. These data agree
with some of our previous works showing a decrease
of isocitrate lyase activity when the filamentation was
induced in YNB-Serum or Spider medium, due to a glu-
tathionylation process of the protein [29, 34]. Overall,
our findings indicate that filamentation is associated
with a medium-dependent adaptation of the energetic
pathways.
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Interestingly, the proteomic analyses also provided evi-
dence for modifications to proteins involved in defence
against oxidative stress. The levels of glutathione syn-
thase (Gsh2), the key enzyme in glutathione biosynthe-
sis, were significantly higher in both Lee medium and
YNB-Serum than in the other media (Fig. 3 and Fig. 4)
and, in Lee medium, this increase was coupled with an
increase in the abundance of glutathione reductase, an
essential enzyme for the maintenance of glutathione in
its reduced state. Gsh2, Gst2 and Gpx1 were also over-
expressed in the presence of serum. Together with the
observed increases in the levels of glutathione peroxidase
(Gpx2) and glutathione transferase (Ecm4), these data
indicate a disturbance of glutathione-dependent redox
status when filamentation is induced in the presence
of serum or in Lee medium. They also suggest that an
increase in glutathione biosynthesis is required, probably
to compensate for the decrease in glutathione content
and the accumulation of the oxidised form GSSG. These
results are consistent with previous studies by our group
showing a strong decrease in total glutathione levels and
GSSG accumulation when filamentation is induced in
YNB-Serum or Spider medium [29, 34]. The involvement
of primary defences against oxidative stress in hypha
induction in several media was confirmed by the induc-
tion of the superoxide dismutases Sod3, Sod4 and Sod 5
in Lee medium. Overall, our data suggest that filamenta-
tion of C. albicans in YNB-Serum or in Lee’s medium or,
to a lesser extent, in Spider medium, is associated with
intracellular oxidative stress and a disturbance of the
thiol-dependent response of cells. Interestingly, there
was no evidence for an increase in the abundance of pro-
teins involved in oxidative stress in the presence of NAG.
These findings raise questions about the relevance of
comparisons between cells grown in different filamen-
tation media, and confirm that morphologically similar
forms are not always associated with similar intracellular
content, depending on the growth medium, and that this
methodological aspect should be more taken account in
the studies of the pathogen.

Conclusions

In this study, we compared the proteomic profiles of C.
albicans cells cultured in four different media routinely
used to induce the yeast-to-hyphae transition: YNB-
Serum, YNB-NAG, Lee medium and Spider medium.
Overall, our data indicate that the different growth con-
ditions trigger the different changes in the abundances
of specific sets of proteins, indicating a unique pattern of
specific metabolic adaptive response involving proteins
of the energetic pathways in all the media tested and oxi-
dative stress molecules in at least two of the media tested.
These fundamental experimental differences should be
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taken account more carefully when exploring filamenta-
tion processes in this pathogen.

Methods

Yeast strains, media, and growth conditions

The virulent C. albicans wild-type strain SC5314 [57] was
routinely cultured in complete synthetic YNB medium
consisting of minimal YNB (Difco yeast nitrogen base)
supplemented with 2% ammonium sulphate and a com-
plete amino-acid mixture (CSM, Difco), in the presence
of 0.1% glucose (YNB-glucose) and 10% bovine foetal
serum when indicated (YNB-Serum). For the YNB-NAG
medium, 2.5 mM N-acetylglucosamine was added as the
carbon source. The Spider and Lee media were prepared
as previously described [31, 32]. Differences in proteomic
outputs due to differences in pH between the media were
avoided by carefully checking the pH of each medium
before inoculation and adjusting to pH 7.0 if necessary.
All cultures were established from an overnight culture
in liquid YNB containing 2% glucose, which was used
to inoculate prewarmed medium to an OD of 0.1 in the
morning, before vigorous shaking on a rotary shaker
for six hours at 30 °C (yeast form) or 37 °C (filamentous
forms) until exponential growth phase was reached.

Preparation of C. albicans cell extracts

C. albicans cultures were inoculated at an ODg,,, of
0.1 with an overnight culture in YNB-glucose medium.
Cells were cultured for six hours, corresponding to early
exponential growth phase, and were then harvested by
centrifugation. The pellets were whased three times in
the appropriate medium containing 0.1% Triton X100.
The pellets were then resuspended in 50 mM potassium
phosphate buffer pH 7.8 (containing 0.1% Triton X100),
washed three times, resuspended in the presence of pro-
tease inhibitors, and the cells were disrupted with glass
beads and centrifuged at 5,000 X g for 30 min. The super-
natant was used as the crude cell extract.

Microscopy

Cells were imaged at room temperature with a motorized
Olympus BX-61 fluorescence microscope equipped with
an Olympus PlanApo 100 X oil-immersion objective (1.40
NA), a QiClick cooled monochrome camera (QImag-
ing, Surrey, BC, Canada), and MetaVue acquisition soft-
ware (Molecular Devices, Sunnyvale, CA). Cells stained
with MitoTracker and MDY64 were visualized with a
GFP filter set (41,020 from Chroma Technology, Bel-
lows Falls, VT; excitation HQ480/20 %, dichroic Q505LP,
emission HQ535/50 m. The CMAC signal was visual-
ized with a DAPI filter set (31013v2; Chroma Technology
Corp.; excitation D365/10%, dichroic 400dclp, emission
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D460/50 m). Images were then analyzed and processed in
Image] (National Institutes of Health).

Quantitative analysis in label-free experiments

For global proteomic analyses, an overnight culture in
YNB-glucose medium was used to inoculate the appro-
priate medium at an OD of 0.1, and the resulting culture
was incubated until early exponential growth phase was
reached (ODg,,,=0.8). Proteomic data were obtained
from four independent samples. Cell extracts were then
prepared as described above and the protein content of
the samples was determined, to determine the amount of
protein to be precipitated with acetone.

Materials

MS grade acetonitrile (ACN), MS grade H,0 and MS
grade formic acid (FA) were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). Sequencing-
grade trypsin/Lys C mix was obtained from Promega
(Madison, WI, USA). Trifluoroacetic acid (TFA), dithi-
othreitol (DTT), S-methyl methanethiosulphonate
(MMTS) and ammonium bicarbonate (NH,HCO,) were
obtained from Sigma-Aldrich (Saint-Louis, MO, USA).

Sample preparation for LC-MS/MS analysis

Six volumes of cold acetone (—20 °C) were added to a
sample containing 10 pg of proteins. The tubes were
vortexed tubes and incubated overnight at —20 °C, and
were then centrifuged at 11,000 rpm, 4 °C, for 10 min.
The protein pellets were dissolved in a buffer contain-
ing 8 M urea and 25 mM NH,HCO,. Samples were then
reduced by incubation with 10 mM DTT and alkylated
with 20 mM MMTS. After 16-fold dilution in NH,HCO,,
samples were then digested overnight at 37 °C with a
mixture of trypsin/Lys C (1/20 enzyme/substrate ratio).
The digested peptides were loaded onto Evotips supplied
by Evosep One (Odense, Denmark) and desalted accord-
ing to the manufacturer’s procedure.

LC-MS/MS acquisition

Samples were analysed on a timsTOF Pro 2 mass spec-
trometer (Bruker Daltonics, Bremen, Germany) coupled
to an Evosep One system (Evosep, Odense, Denmark)
using the 30SPD method developed by the manufacturer.
Briefly, this method is based on a 44-min gradient and a
total cycle time of 48 min using a C18 analytical column
(0.15x 150 mm, 1.9 pm beads, ref EV-1106) equilibrated
at 40 °C and operated at a flow rate of 500 nL/min. Sol-
vent A was 0.1% FA in H,0O and solvent B was 0.1% FA in
ACN. The timsTOF Pro 2 was operated in PASEF model
with a cycle time of 1.3 s. Mass spectra for MS and MS/
MS scans were recorded between 100 and 1700 m/z.
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Data analysis

MS raw data files were processed using PEAKS Online
X (build 1.8, Bioinformatics Solutions Inc.). Data were
searched against the SwissProt Candida albicans data-
base (strain SC5314/ATCC MYA-2876, downloaded
January 2023, total entries 6035, YEAST). Parent mass
tolerance was set to 20 ppm, and the fragment mass
tolerance to 0.05 Da. Specific tryptic cleavage was
selected and a maximum of two missed cleavages were
allowed. For identification, the following post-transla-
tional modifications were included: acetylation (protein
N-terminal), oxidation (M), deamidation (NQ) as vari-
ables and beta-methylthiolation (C) as fixed modifica-
tions. Identifications were filtered based on a 1% FDR
(false discovery rate) threshold at both the peptide and
protein group levels. Label-free quantification was per-
formed with the PEAKS Online X quantification mod-
ule, allowing a mass tolerance of 10 ppm, a CCS error
tolerance of 0.02 and a 0.5-min retention time shift
tolerance of 0.5 min for matching between runs. Pro-
tein abundances were inferred using the Top N peptide
method and normalized with TIC.

Normalised abundances of proteins from trypsin
digests with similar normalised abundance variations
(ANOVA p <0.05) were classified together by the Auto-
Class Bayesian clustering system [44] and visualised
with Javatreeview (https://jtreeview.sourceforge.net/)
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