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Candida auris has emerged as a serious worldwide threat by causing opportunistic infections that are fre-
quently resistant to one or more conventional antifungal medications resulting in high mortality rates.
Against this backdrop, health warnings around the world have focused efforts on understanding C. auris
fungal biology and effective prevention and treatment approaches to combat this fungus. To date, there is
little information about the differentially expressed genes when this fungus is treated with conventional
antifungals, and caspofungin is a standard echinocandin deployed in the therapy against C. auris. In this
work, we treated two distinct strains of C. auris for 24 h with caspofungin, and the cellular responses were
evaluated at the morphological, translational and transcriptional levels. We first observed that the
echinocandin caused morphological alterations, aggregation of yeast cells, and modifications in the cell
wall composition of C. auris. Transcriptomic analysis revealed an upregulation of genes related to the syn-
thesis of the cell wall, ribosome, and cell cycle after exposure to caspofungin. Supporting these findings,
the integrated proteomic analysis showed that caspofungin-treated cells were enriched in ribosome-
related proteins and cell wall, especially mannoproteins. Altogether, these results provide further insights
into the biology of C. auris and expands our understanding regarding the antifungal activity of caspo-
fungin and reveal cellular targets, as the mannose metabolism, that can be further explored for the devel-
opment of novel antifungals.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Invasive fungal infections are responsible for over 1.5 million
deaths per year [1]. Among these diverse fungal diseases, blood-
stream infections caused by Candida species are the most common
cause of invasive disease [2]. Although C. albicans is frequently the
most associated species with invasive candidiasis [3], infections by
non-albicans species have increased. The non-albicans species
commonly display multidrug resistance, representing a major
problem of public health globally, particularly in immunocompro-
mised, hospitalized patients [4,5].

The emerging multidrug resistant fungal pathogen C. auris was
responsible for numerous nosocomial outbreaks in healthcare set-
tings [6,7]. C. auriswas first reported in 2009 as the etiological agent
of an ear infection in Japan [8,9], and it remains understudied. The
difficulty in identifying the fungus by classic phenotyping and our
gaps in understanding its propagation mechanisms in healthcare
settings worldwide has impeded our capacity to control its spread
[10]. Due to these issues and its remarkable drug resistance, C. auris
was the only fungal pathogen classified as a global public health
threat [8]. This fungus can be transmitted rapidly and persist on

http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2021.09.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.csbj.2021.09.007
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:josh.nosanchuk@einsteinmed.org
mailto:lysangela.alves@fiocruz.br
mailto:lysangela.alves@fiocruz.br
https://doi.org/10.1016/j.csbj.2021.09.007
http://www.elsevier.com/locate/csbj


D. Zamith-Miranda, R.F. Amatuzzi, I.F. Munhoz da Rocha et al. Computational and Structural Biotechnology Journal 19 (2021) 5264–5277
hospital surfaces and medical devices [11,12], and has a high mor-
tality, particularly among patients who have undergone multiple
medical interventions [10,13–15].

C. auris has an extremely high frequency of multidrug resistance
to polyenes, echinocandins, and azoles, especially fluconazole [16].
Resistant phenotypes to fluconazole and echinocandin are linked
to polymorphisms in the erg11 and fks1 genes, respectively
[16,17], but other regulators of resistance are poorly known.
Another feature that may contribute to the resistance of C. auris
to a variety of antimicrobial agents is biofilm formation [18–20].
Even though it is not as thick or adherent to medical devices sub-
strates compared to C. albicans biofilms [18,21], C auris biofilms
confer drug resistance to fluconazole [18,22] and caspofungin
[18]. This factor may be associated with an increased activity in
efflux pumps [22]. C. auris biofilm transcriptome analysis has
revealed that genes coding efflux pumps such as ATP-binding cas-
sette (ABC) and major facilitator superfamily (MFS) transporters
are upregulated in the presence of antifungal agents, especially at
24 h post-exposure [22].

The echinocandins are the drugs of choice for the initial treat-

ment of C. auris, as recommended by the CDC (https://www.

cdc.gov/fungal/candida-auris/c-auris-treatment.html). On the
basis of this recommendation, we analyzed the global cellular
response of two isolates of C. auris to caspofungin. Our data
showed that caspofungin not only affected cell morphology, but
also led to a transcriptional response with upregulation of cell wall
associated processes and silencing of pathways that are associated
with cellular responses to stress. Our study contributes with new
information on C. auris that highlights genetic responses to a stan-
dard antifungal.
2. Material and methods

2.1. Fungal growth conditions

C. auris strains MMC1 (isolated in Montefiore Medical Center,
Bronx NY) and B11244 (Venezuela Clade) were maintained at
�80�C. B11244 was obtained from the CDC (also known as CDC
385). After thawing in Sabouraud broth, suspensions were incu-
bated at 30 �C for 24 h. Yeast cell suspensions were then plated
onto Sabouraud agar plates and incubated at 30 �C for 48 h. The
plates were then stored at 4 �C (for no longer than 4 weeks) and
used in experiments. Yeast cell viability prior to experimental
use and during culturing was monitored by propidium iodide (PI)
staining and analysis by flow cytometry.

Based on MICs, growth curves of C. auris in the presence of
caspofungin were performed and subinhibitory concentrations
were determined: 12.5 ng/mL and 10 ng/mL for MMC1 and
B11244, respectively. The assays were performed in technical
and biological triplicates in a 96-well flat bottom translucent plate
to a final volume of 200 lL per well and 5 � 105 cells/mL. The cells
were incubated in a microplate reader (Synergy Biotek) for 72 h at
30�C, with optical density (OD) readings taken every 1 h with a
wavelength of 540 nm, with prior shaking of the plate for 30 s
before each reading. A non-linear model, Gompertz curve, was
used to analyze the growth curves, and the significance was calcu-
lated by ANOVA, comparing control versus treatment. The results
represent the mean ± standard deviation of three independent
experiments. The curves and analyses was performed using the
GraphPad Prism 8.0 program.

2.2. Scanning electron microscopy (SEM)

The cells were collected by centrifugation at 5,000 rpm for three
minutes and were washed 3 times with PBS buffer and then was
5265
fixed with 1 mL of 2.5% glutaraldehyde in 0.1 M cacodylate buffer,
pH 7.2 for 1 h at room temperature and subsequently they were
washed 3 times with post-fixation solution (0.1 M cacodylate buf-
fer, 0.2 M sucrose and 2 mM MgCl2). After the fixation step, the
cells were adhered in round coverslips with poly-I-lysine for
30 min. The excess was quickly removed, and the samples were
gradually dehydrated, by adding sequentially adding ethanol 30%,
ethanol 50%, and ethanol 70% for 5 min each and 95% ethanol fol-
lowed by 100% ethanol, twice, for 10 min each. After dehydration,
100% ethanol was replaced with carbon dioxide (CO2) with a 10
times cycle. At the end of the process, the coverslips were metal-
lized with gold and visualized in a scanning electron microscope
(Jeol JSM-6010 Plus-LA) at 5 Kv.

2.3. Cell wall staining

Yeast cells, in Sabouraud broth, were incubated with or without
caspofungin at a concentration of 12.5 ng/mL (MMC1 – MIC =
2 lg/mL) and 10 ng/mL (B11244 – MIC = 0.5 lg/mL) for 24 h at
37 �C. Cells were washed with PBS and fixed with paraformalde-
hyde 4% for 30 min at room temperature (RT). After washing again,
cells were blocked with BSA 1% in PBS for 1 h at RT and then
incubated with concanavalin A conjugated with Alexa 488
(5 lg/mL), wheat-germ agglutinin conjugated with NHS-rhodamine
(WGA – 10 lg/mL) and uvitex 1% for 30 min at RT. After washing
with PBS, samples were analyzed under an Observer Z1 (Zeiss)
microscope. In parallel, cells that were only stained with con-
canavalin A were analyzed in a flow cytometer (FacScalibur) for
quantification of mannoproteins. First, cells were analyzed by size
and intracellular complexity (FSC and SSC) to exclude doublets.
The selected population of single yeast cells were then analyzed
in FL1 channel to measure the intensity of Alexa 488 fluorescence
(relative to the amount of exposed mannoproteins).

2.4. RNA isolation and sequencing

Total RNA was isolated from 1 � 107C. auris cells using the miR-
CURY RNA isolation kit (Exiqon - Qiagen) with minor adaptations.
A 1:1 vol of glass beads was added to the lysis buffer along with the
yeast cells, and the mixture was subjected to 10 rounds of 1 min at
4 �C of vortex agitation in order to disrupt the fungal cell wall. After
centrifugation, total RNA was isolated according to the manufac-
turer’s instructions. The DNA cleanup step was performed with
all samples using the RNAse-free DNAse protocol (Qiagen). For
RNA quantification and integrity analysis we used a Qubit fluorom-
eter (Thermo Fisher) and an Agilent 2100 Bioanalyzer; RNA 6000
pico and RNA small kits (Agilent Technologies).

The sequencing library was constructed with the TruSeq
Stranded mRNA kit (Illumina) prepared according to the manufac-
turer’s instructions and all the samples were prepared in three
independent replicates. RNAseq was performed on a HiSeq 2500
(Illumina, single-end 50-bp SR mid output run) at the Life Sciences
Core Facility (LaCTAD), a part of the University of Campinas
(UNICAMP).

2.5. Transcriptomic data analysis

The sequences in fastq format were analyzed by CLC Genomics
Workbench� v 20.0 (Qiagen), using the corresponding C. auris gen-
ome for strain B8441 (GCA_002759435.2V2). The parameters used
for the alignments were: mismatch cost (2), insertion cost (3),
deletion cost (3), length fraction (0.8), and similarity fraction
(0.8). Only uniquely mapped reads were considered in the analysis.
The statistical test applied was the DGE (Differential Gene Expres-
sion) using the RNA-seq package with CLC Genomics Workbench�
v 20.0 (Qiagen). The parameters for the RNA-seq analysis were:
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strand setting - both, library type setting - bulk, Calculate expres-
sion for genes without transcript - Yes. The library size was nor-
malized using the TMM (trimmed mean of M values) method
[23]. After TMM normalization calculation for each sample,
TMM-adjusted log CPM counts was estimated, similar to the EdgeR
tool [23]. For the mapping settings, the software applied the EM
(expectation–maximization algorithm) estimation algorithm. The
differential expression applied by CLC Genomics Workbench uses
multi-factorial statistics based on a negative binomial Generalized
Linear Model (GLM). This statistic test considers that the read
counts follow a Negative Binomial distribution. The same test is
used by other RNA-seq tools, including edgeR and DESeq [24].
The false discovery rate (FDR) adjusted p-value is a multiple-
testing correction and follows the same approach as the software
DESeq2 [25]. The expression values for the transcripts were regis-
tered in TPM (Transcripts per Million), and TMM (trimmedmean of
M values) was used as a normalization method. The parameters to
select the differentially expressed transcripts were 3-fold change
(>3 FC) and False discovery rate (FDR) below or equal to 0.05. For
the Heat map clustering the parameters were: Distance mea-
sure = Euclidean distance, Linkage criteria = Average linkage, Filter
settings = Filter by statistics, Statistical comparison = Caspofungin
vs. Control, Minimum absolute fold change = 8.0, Correction = FDR
p-value Threshold = 0.001.

The differentially expressed transcripts sequences from MMC1
and B11244 cells were compared with orthologous genes from C.
albicans genome strain SC5314 (assembly ASM18296v3) by Recip-
rocal Best Hit (RBH). For the Reciprocal best hit analysis we used
BLASTp and performed protein sequence comparisons between C.
albicans strain SC5314 (assembly ASM18296v3) and C. auris strain
B8441 (assembly GCA_002759435.2). The options for NCBI BLAST
different to the defaults were: a maximum E-value threshold of
1e-6, Number of threads of 4, Mask low complexity regions –
yes, word size of 3, match of 2, mismatch of �3, gap cost existence
of 5, and gap cost extension of 2. The default scoring matrix for
blastp used was BLOSUM62 [26]. The genes that presented >40%
of identity were considered for the analysis.

For all the gene ontology enrichment analysis, we used the
Database for Annotation, Visualization and Integrated Discovery
version 6.8 program (DAVID) [27]. In the Functional Annotation
tool, the analysis uses a modified Fisher Exact (EASE), to calculate
the gene-enrichment in annotation terms, that all the tables are
expressed as FDR (false discovery rate). The C. albicans orthologs
Uniprot accession IDs were used to search for the functional anno-
tation with the following parameters: Count �2 and EASE score
0.1. The functional annotation uses a Kappa statistic score to esti-
mate the co-occurrence of any given gene pairs [28]. We applied
the Fisher’s exact test and considered only the terms with
p � 0.05 and we then compared terms for the up- and down-
regulated genes to a background of all terms to obtain an overall
insight into the effect of caspofungin on C. auris compared to the
absence of the antifungal.

The RNA-seq data have been deposited at the Sequence Read
Archive (SRA) database under the accession number (SRA:
SRP295539 BioProject: PRJNA682185). We had biological tripli-
cates for both strains and conditions tested, except for the third
replicate for B11244 with caspofungin, due to sequencing technical
problems we obtained biological duplicates. In our RNA seq analy-
sis, we obtained on average 7.3 million reads per sample that
mapped >95% of the reference genome (GCA_002759435.2), with
a 30x coverage (Table S1).

2.6. Quantitative RT-PCR

For the quantitative real time PCR the experimental design was
performed according to the Minimum Information for Publication
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of Quantitative Real-Time PCR Experiments (MIQE) guidelines
[29]. Total RNA was isolated in duplicate from 1 � 107C. auris cells
using the miRCURY RNA isolation kit (Exiqon - Qiagen) with adap-
tations. A 1:1 vol of glass beads was added to the lysis buffer along
with the yeast cells, and the mixture was subjected to 10 rounds of
1 min at 4�C of vortex agitation in order to disrupt the fungal cell
wall. After centrifugation, total RNA was isolated according to the
manufacturer’s instructions and quantified using QubitTM fluorom-
eter RNA HS kit (Thermo Fisher) and the RNA integrity was
assessed with Bioanalyzer RNA PICO 6000 (Agilent). After isolation,
1 ug (for cellular RNA) was treated with 1 U of DNAse I RNAse-free
(#EN0521 PROMEGA) according to manufacturer instructions.
After that, the cDNA was synthesized from 1 mg of cellular RNA
as template. For the reverse transcriptase reactions 0.3 mM random
primer (Invitrogen) and 1 mL of reverse transcriptase (Superscript
II, Thermo Scientific), according to the manufacturers’ instructions.
PCR was performed with 40 ng of cDNA for the cell and 1.6 ng of
cDNA as the template and GoTaqTM master mix according to man-
ufacturer instructions (Promega). The oligonucleotides were
designed with PRIMER-Blast using the following parameters: PCR
product size maximum of 250 nt. Tm varying from 57 to 63 �C,
RefSeq mRNA as a database and Candida auris as the organism.
The primer sets used for PCR are described below. The qPCR was
performed in four technical replicates for each sample. The follow-
ing program was used in the Lightcycler 480 (Roche) equipment:
initial denaturation at 95 �C for 15 min and 45 cycles of 95 �C for
15 s, 62 or 64 �C for 20 s and 72 �C for 45 s. The reference gene used
was C5 sterol desaturase and the target genes and the primers used
are listed in Table 1.

2.7. Protein extraction and digestion

Proteins were extracted from 109 cells washed with 1x PBS by
suspending the cells in lysis buffer (20 mM HEPES, 50 mM citrate,
10 mM CaCl2, 10% glycerol, 1% Triton, 15 mM MgCl2, 100 mM DTT)
with glass beads, and vortexing for 15 cycles of 1 min followed by
1 min on ice. Lysates were cleaned by centrifuging twice, first at
8,000 xg for 5 min at 4 �C, and then at 10,000 xg for 10 min at
4 �C. Protein concentration was determined using the tryptophan
fluorescence method [30]. After quantification, 50 mg samples were
separated by electrophoresis in SDS-PAGE 10% (v/v) gels and
stained with Comassie R250 0,1%. Each lane was destained and
dehydrated with ethanol, reduced with 10 mM DTT, alkylated with
50 mM iodacetamide and digested overnight with 12.5 ng/mL tryp-
sin solution in 50 mM ammonium bicarbonate at 37 �C. The pep-
tides were extracted twice with 30% acetonitrile (ACN), 3%
trifluoroacetic acid (TFA) and twice with ACN alone, and then dried
in a vacuum centrifuge and desalted with C18 Stage Tips prior to
nanoLC- ESI-MS/MS.

2.8. NanoLC-ESI-MS/MS acquisition

Peptides of each sample were separated by online reversed-
phase nanoscale capillary liquid chromatography and analyzed
by electrospray mass spectrometry in tandem (ESI-MS/MS). The
experiments were performed in the mass spectrometry facility
RPT02H of Carlos Chagas Institute (Fiocruz, Parana) with a
nanoLC-1D plus (Eksigent) coupled to LTQ Orbitrap XL ETD
(Thermo Scientific) mass spectrometer. Chromatographic separa-
tion of the peptide mixtures was carried out on an analytical silica
column of 15 cm, 75-mm ID and with a 3 mM diameter C18 particles
(Dr. Maisch), flow rate of 250 nL/min of mobile phase (ACN, 0.1%
formic acid, 5% DMSO) with a linear gradient from 5 to 40% ACN
in 180 min. Peptides were ionized by nano-electrospray (voltage
2.7 kV) and injected into the MS. Full-scan MS spectra (at 300.0–
1800.0 m/z range) were acquired on an Orbitrap analyzer with a



Table 1
Primers used in this study.

Gene ID Direction Sequence Start Stop Tm GC% Product length

B9J08_002761 Forward GGGCCAAAACTCCTACGGAA 96 115 60.0 55.0 248
Reverse AGCCGTAAGATCCTGAAGCG 343 324 59.9 55.0

B9J08_003359 Forward GCAGAGATCGAGGAAGACGG 154 173 60.0 60.0 150
Reverse ACGAGACTCGGCCTCTAAGT 303 284 60.0 55.0

B9J08_001469 Forward TAGAGCCCATCAGGCTTCCT 239 258 60.0 55.0 166
Reverse GCGTCTAGCTCGTTCTCCTC 404 385 60.0 60.0

B9J08_005424 Forward GTCGAGCGGGGAGTATCAAG 198 217 60.0 60.0 245
Reverse AACACGCCCAGTCGAAGAAA 442 423 60.2 50.0

B9J08_002817 Forward TGGTCTTCTTCCCCATTGGC 45 64 60.0 55.0 171
Reverse GTCAAAAACGTCCAGGTGCC 215 196 60.0 55.0

B9J08_002202 Forward CCCACTCCATCATTGGTGCT 344 363 60.0 55.0 172
Reverse AAGACACCGAACTTGGCGAT 515 496 60.0 50.0

B9J08_004504 Forward GGGCAGCTTGTTCATTGACG 750 769 60.1 55.0 168
Reverse GTTGCCATATCGGTCAACGC 917 898 60.0 55.0

B9J08_003737 Forward ATCTGGCGTGCTACTACTGC 427 446 59.9 55.0 216
Reverse CTTGTACACGGAAGGCCAGT 642 623 60.0 55.0
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resolution of R = 60,000. The 10 most intense peaks were frag-
mented by CID and analyzed in the Ion trap. A dynamic exclusion
list of 90 sec was applied and the ‘‘lock mass” option was enabled
(m/z = 401.922718). The MS data was deposited into the Mendeley
Data repository with the dataset identifier http://dx.https://doi.
org/10.17632/4pbttmb3kx.1.
2.9. Proteomic data analysis

The LC-MS/MS data were matched against the C. auris strain
B8441 database from UniProt Knowledgebase (downloaded on
November 11, 2020, containing 5,409 sequences) using MaxQuant
software version 1.6.17.0 [31]. Among the search parameters were
specified a tolerance of 0.5 Da for MS/MS, and 20 ppm for MS first
search and 4.5 ppm for MS main search. Quantification was done
by the LFQ method. Cysteine carbamidomenthylation were set as
fixed modification, methionine oxidation and N-terminal acetyla-
tion were set as variable modification. The tables generated by
Max Quant were analyzed with Perseus software version 1.6.14.0
[32]. A false discovery rate (FDR) of 1% was applied for both pep-
tide and protein identification. The contaminants and reverse
sequences were removed. The LFQ intensity was converted to
log2(x) scale and ANOVA multiple-sample test was performed to
determine differentially expressed proteins using p-Value � 0.05
and Fold Change > 2 as cut off.
3. Results

3.1. Caspofungin induces drastic alterations in C. auris

We selected for our study two clinical isolates of C. auris with
distinct morphological properties and similar caspofungin suscep-
tibility profiles. In standard conditions, C. auris strain B11244 form
cellular aggregates, and the MMC1 strain grows homogeneously.
We asked if these characteristics would correlate with the morpho-
logical alterations in response to a long exposure (24 h) to caspo-
fungin. The caspofungin concentration used was 10 ng/mL for
B11244 and 12.5 ng/mL for MMC1, and was set to be high enough
to induce a stress response, but also to allow fungal growth
(Fig. 1A, B). In untreated MMC1 cells, well-defined, elliptical-
shaped yeast morphology, as well as budding cells with typical
bud scars, were observed. B11244 cells showed the typical aggre-
gated growth profile (Fig. 1C). In contrast, caspofungin-treated
cells exhibited a severely distorted yeast cell topography, with cells
fused together and enlarged yeasts forming clumps mixed with
cells with normal morphology (Fig. 1C).
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The cell wall of Candida spp. in general consists of an inner layer
of chitin, b-1,6-glucan and b-1,3-glucan. The cell wall proteins are
in the outer layer and are linked to the b-glucan by glycosylphos-
phatidylinositol (GPI) anchors [33]. The cell wall is a plastic struc-
ture that can dynamically alter the composition to respond to
stress conditions, to allow cell survival [34].

As caspofungin is a drug that interferes with cell wall dynamics,
we addressed whether there were alterations of important con-
stituents of the cell wall after the treatment with the antifungal.
Indeed, treatment with caspofungin induced cell wall modifica-
tions of both strains of C. auris. Yeast cells treated with caspofungin
had a thickened mannoprotein layer (Fig. 2). Other cell wall com-
ponents such as chitin and chitin oligomers were addressed by flu-
orescence microscopy, however only the levels of mannoproteins
were promising and were therefore submitted to validation by
flow cytometry. The validation by flow cytometry showed that
caspofungin modified the cell wall properties of C. auris by induc-
ing an increase on the exposure of mannoproteins.

3.2. Caspofungin treatment induces dynamic changes of gene
expression related to the cell wall and other cellular processes

We investigated C. auris gene expression changes in response to
caspofungin treatment using RNA seq. In three independent exper-
iments, C. auris strains B11244 and MMC1 were cultivated for 24 h
in the absence or presence of sub-inhibitory concentrations of
caspofungin. We used principal-component analysis (PCA) and a
heat map for the hierarchical clustering to analyze the similarities
between the replicates and the differences among the treated and
untreated samples. The samples clustered together, indicating a
high level of correlation, whereas the treated and untreated sam-
ples clustered separately, consistent with a specific and global
transcriptome response (Fig. S1).

To assess whether the transcripts were differentially expressed,
we set the statistical significance of false-discovery rate (FDR)
smaller than 5% and a fold change of at least 2x as requirements
for differentially expressed transcripts. We found that 1088 tran-
scripts were differentially expressed in the B11244 strain and
1589 in the MMC1 strain (Table S2). When we compared the tran-
scripts common to both strains, we observed 657 mRNAs, which
corresponds to 60% and 41% of the differentially expressed tran-
scripts in B11244 and MMC1 strains, respectively (Table S2). The
tables 2 and 3 present the most expressed transcripts identified
in both strains and also those exclusive to B11244 and MMC1.

To evaluate the impact of caspofungin treatment in the gene
expression of C. auris, we performed a functional enrichment anal-
ysis of the differentially expressed transcripts regulated in the
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Fig. 1. Caspofungin treatment led to morphological alterations in C. auris. (A) Growth curve of C. auris in the presence or absence of caspofungin. The growth was analyzed,
and the assay was performed in a technical and biological triplicate. The significance was calculated by ANOVA, the red arrow and the red dotted line indicate the time that
the cells were collected for the study. (B) Effect of sub-optimal concentration of caspofungin on viability of C. auris. Cultures of C. auris were cultivated with or without
caspofungin for 24 h and cell viability was addressed by propidium iodide staining and analysis by flow cytometry. Graphs represent average and standard deviation for 4
independent experiments. (C) Scanning electron microscopy images of C. auris at 1400x magnification. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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presence of caspofungin in both MMC1 and B11244 strains. Firstly,
we explored the 356 transcripts upregulated in the presence of the
antifungal. Caspofungin induced changes in many important path-
ways such as cell cycle, glycolysis/gluconeogenesis (fold change
4.56, FDR 0%), cell wall formation (fold change 4.16, FDR 0%) and
various types of N-glycan biosynthesis (fold change 4.71, FDR
3%), which are also linked to the synthesis of the cell wall
(Fig. 3). The most expressed transcripts in response to the antifun-
gal were histones and glycosylphosphatidylinositol (GPI)-anchored
proteins in both MMC1 and B11244 strains (Table 2, Fig. 3 and
Fig. 4). Among the 301 downregulated transcripts, we identified
ribosome biogenesis in eukaryotes (fold change 9.93, FDR 0%) as
the more prevalent pathway (Table 3 Fig. 3 and Fig. 4).

We then analyzed the transcripts exclusively changed in the
MMC1 strain. With these parameters, 483 transcripts were upreg-
ulated in the presence of caspofungin. The enriched pathways
associated with these mRNAs were related to the functionality of
ribosome (fold change 2.91, FDR 5%), mitochondrial (fold change
2.74, FDR 3%) and DNA replication (fold change 4.0, FDR 2%)
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(Fig. 3 and Table S3). The 449 downregulated transcripts upon
caspofungin treatment in the MMC1 strain included numerous
mRNAs coding for transcription factors (fold change 3.36, FDR
5%), nuclear functionality (fold change 1.67, FDR 3%), and autop-
hagy pathways (fold change 6.45, FDR 2%) (Table S3).

A similar analysis with the B11244 strain revealed 176 tran-
scripts that were upregulated during caspofungin treatment. The
enriched terms reflected changes in protein export (fold change
6.71, FDR 1%), endoplasmic reticulum functionality (fold change
5.39, FDR 2%), and spindle body formation (fold change 22.31,
FDR 4%) (Fig. 3 and Table S3). As for downregulated mRNAs
(n = 255), the associated pathways were ribosome biogenesis (fold
change 5.61, FDR 0%), spliceosome functionality (fold change 4.71,
FDR 1%), and rRNA processing (fold change 6.51, FDR 0%) (Fig. 3
and Table S3).

To validate the consistency of our analysis of the response to
caspofungin in C. auris, we performed qPCR (Fig. S2). We selected
transcripts with distinct levels of expression in order to validate
the RNA seq data (Fig. S2). As a reference for the relative expression



Fig. 2. Effect of caspofungin on C. auris yeast cells. Yeast cells were treated with sub-lethal concentrations of caspofungin for 24 h until the evaluation of cell wall components
by microscopy. Bars = 20 mm. CAS – caspofungin.
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analysis, we selected the C5 sterol desaturase because this tran-
script expression level did not vary comparing the control and
treatment conditions. Indeed, the relative quantification of the
transcripts were in accordance with the expression levels detected
by the RNA-seq comparing the experimental conditions (Fig. S2).

3.3. Correlation between transcriptome and cellular metabolism

We asked whether the transcriptomic responses correlated
with cellular alterations. For example, there were modifications
in the cell wall of C. auris upon caspofungin treatment (Fig. 2), in
addition to a high number of upregulated mRNAs related to cell
wall biogenesis and organization, including mannan metabolism.
Mannosylation levels of the cell surface were measured by flow
cytometry and, indeed, mannosyl detection was greater when the
cells were submitted to the caspofungin treatment (Fig. 5).

3.4. Proteomic analysis in response to caspofungin

Proteomic analyses of C. auris B11244 and MMC1 strains were
performed in biological triplicates and technical duplicates. In
total, 2004 proteins from the control and caspofungin groups were
identified. The data was filtered based only in peptides identified in
at least 2 replicates, and a minimum value of log fold change of 2
was established. Next, the proteins were filtered based on the
value of p � 0.05, in the ANOVA tests with multiple samples, total-
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ing 632 proteins for the B11244 strain and 628 for the MMC1 strain
that presented a fold change of at least 2 when control conditions
and caspofungin treatment was considered (Table 4). The values of
zero were kept in the matrices, without choosing to substitute the
value of the normal distribution or the value of a constant. The con-
trol and treatment groups shared 328 proteins in common, but also
have an expressive number of exclusive proteins for the studied
strains.

Using a fold change cutoff for protein detection equal to or >2,
between the control group and caspofungin-treated cells, 63 pro-
teins were positively regulated and 85 negatively regulated in
strain B11244 after antifungal treatment. In strain MMC1, 40 pro-
teins were positively regulated, while 44 proteins were down reg-
ulated (Table S4).

The biological processes predicted by the ontology confirms the
stress state of the cell. It was also possible to establish a relation-
ship between the observed response and the previously identified
antifungal mechanisms of caspofungin. There were a number of
proteins enriched in caspofungin-treated cells related to cell wall
synthesis/integrity and ribosomes, which were common to both
strains (Fig. 6). Caspofungin treatment also induced a common
enrichment of proteins related to the cell-wall organization (FDR
0.35%), in addition to translation (FDR 4.90%) and enzymes related
to b-glucan metabolism (FDR 1.20%) (Table 4). Among the most dif-
ferentially expressed proteins, we highlight the observation that
Mkc1 and Phr2 have been previously implicated in stress response,



Table 2
The top upregulated transcripts upon caspofungin treatment. Max group mean – the average TPM values.

Table 3
The top upregulated transcripts under control conditions. Max group mean – the average TPM values.
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Fig. 3. Venn diagram of the mRNAs identified in the B11244 (n = 1088) and MMC1 (n = 1588) strains after the statistical filters were applied. The transcripts equally
expressed in both strains are the intersection of the diagram (n = 657). The bar charts represent the enriched functional categorization of the transcripts based on gene
ontology (GO) annotations, in blue the terms associated to the downregulated and in red the upregulated transcripts. The x-axis represents the counts for each term and for
the GO analysis the terms were statistically filtered by FDR � 5%. BP – biological process, CC – cellular component, Kegg – Kyoto encyclopedia of genes and genomes. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cell wall biogenesis, and virulence (Fig. 4) [35]. In strain B11244, a
response associated with protein processing in endoplasmic retic-
ulum (FDR 4%) was exclusively observed. More specifically, mito-
chondrial heat shock protein 60, pleiotropic ABC efflux
transporter of multiple drugs CDR1, hsp70 family ATPase, and
mitochondrial heat shock protein 78 were upregulated (Fig. S3
and Table S4). Hog1, which interacts with Mkc1 and plays a role
in the integrity of the cell wall in addition to presenting different
responses to stress, was also enriched in caspofungin-treated cells.
In the MMC1 strain, the most abundant proteins in caspofungin-
treated cells were ribosomal (FDR 0.21%, 50% of the total proteins
identified as exclusive to MMC1), and cell wall-related (FDR
4.7%) (Fig. S4 and Table S4). As for the proteins identified in the
control condition, the most observed terms were amino acid meta-
bolism and secondary metabolites in both strains (FDR 0.15%)
(Table 4).
4. Comparison between transcriptomic and proteomic
responses in response to caspofungin.

The combined results of RNA and protein analyses indicated an
integrated response of the cells after exposure to caspofungin.
Specifically, cell wall proteins, ribosomes and those involved with
the protein processing in the endoplasmic reticulum were identi-
fied as participants of the response of C. auris to caspofungin
(Fig. 7), as concluded from the increased detection of these classes
after drug exposure in both RNA and protein analyses. Proteins
associated with virulence were upregulated in both mRNA and
protein analyses, including Hog1, Phr2, in addition to those related
to cell wall synthesis (mannose-6-phosphate isomerase, mannose-
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1-phosphate guanylyltransferase, mannan endo-1,6-alpha-
mannosidase DFG5, glucan 1,3-beta-glucosidase BGL2, glucan
1,3-beta-glucosidase, and 1,3-beta-glucanosyltransferase PGA4).
5. Discussion

C. auris is a major threat to public health, as extensively dis-
cussed in this study and many others [6,36–41]. To understand
how C. auris responds to major antifungals is essential for the
design of therapeutic strategies, and for the identification of cellu-
lar targets for novel antifungals. The mechanism of antifungal
activity of caspofungin, the first-line treatment against C. auris, is
already known. However, how the inhibition of cell wall synthesis
is orchestrated with other cellular responses remains unknown.
The caspofungin antifungal drug acts by inhibiting the b-1,3-
glucan synthase. It targets the catalytic glucan synthase FKS sub-
units, therefore suppressing the synthesis of b-1,3-glucan in the
fungal cell wall [42–44].

We identified multiple pathways that were significantly modi-
fied by the treatment of C. auris with caspofungin. Molecules
involved in N-glycan biosynthesis were enriched in C. auris treated
with caspofungin, which is consistent with cell wall rearrange-
ment. In C. neoformans, N-linked glycosylation is an important
modulator of host cell death, and therefore has a critical role in
pathogenicity [45]. Cryptococcal mutants harboring truncated N-
glycans were not pathogenic in mice, despite being able to attach
to lung epithelial cells and enter them through phagocytosis. Also,
C. neoformans capacity for cell wall remodeling was maintained,
but they induced less cell death in macrophages, a mechanism
used for pulmonary escape and dissemination in vivo [45]. These



Fig. 4. Heat map of the top most differentially expressed transcripts common to both B11244 and MMC1 strains (n = 11). The color scheme refers to log2 of the Fold change.
Each column refers to one of the experimental replicates. The genes names were colored: In blue represent the transcripts related to cell wall and in green with nucleosome.
The parameters for this analysis were: FDR < 0.01 and absolute fold change > 8. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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results indicate that, if a similar process occurs in C. auris, caspo-
fungin treatment could impact fungal virulence.

Cell wall related transcripts, such as GPI-anchored associated
genes, were the most expressed genes in the presence of caspo-
fungin for both strains in our study. Interestingly, cell wall genes
were previously shown to be upregulated during the initial hours
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of biofilm formation in C. auris [22]. This high expression levels
of cell wall related transcripts could be a compensatory mecha-
nism to circumvent the absence of glucans with other components,
such as chitin and mannans, which may reduce C. auris susceptibil-
ity to antifungal drugs. In fact, our results support such compen-
satory mechanisms, as evidenced by altered levels of the



Fig. 5. Cell wall alterations and correlation with the transcriptomic data. The transcripts associated to cell wall and mannoproteins measurement by flow cytometry. *
indicates p < 0.05 by one-way Anova followed by Bonferroni’s multicomparisons test for four independent experiments. MMC1: Control vs caspo p-value = 0.0459. B11244:
Control vs caspo p-value = 0.0253.

Table 4
Enriched pathways or gene ontology terms associated to the proteomic data in response to caspofungin treatment and the control conditions.

Category Term P-Value Fold Enrichment Fisher Exact

B11244 MMC1 Caspofungin GOTERM_BP Fungal-type cell wall organization 1.10E�03 16.7 6.30E�05
GOTERM_MF 1,3-beta-glucanosyltransferase activity 1.30E�02 138.3 8.30E�05
GOTERM_BP Translation 3.10E�02 9.6 3.10E�03
GOTERM_CC Yeast-form cell wall 8.70E�02 19.9 4.30E�03
KEGG_PATHWAY Ribosome 5.00E�02 7.2 6.80E�03

Control KEGG_PATHWAY Biosynthesis of secondary metabolites 8.40E�05 4.9 1.70E�05
KEGG_PATHWAY Biosynthesis of amino acids 1.20E�04 9 1.30E�05
KEGG_PATHWAY Histidine metabolism 1.60E�03 43.2 3.40E�05

B11244 Caspofungin GOTERM_CC Yeast-form cell wall 3.50E�04 14.2 2.30E�05
KEGG_PATHWAY Protein processing in endoplasmic reticulum 7.60E�03 4.6 1.60E�03
GOTERM_BP GDP-mannose biosynthetic process 2.50E�02 75.7 2.70E�04
GOTERM_BP thiamine biosynthetic process 3.50E�02 54.1 5.60E�04

Control KEGG_PATHWAY Biosynthesis of secondary metabolites 6.20E�09 3.3 1.80E�09
KEGG_PATHWAY Biosynthesis of amino acids 1.90E�08 5.3 3.30E�09
KEGG_PATHWAY Biosynthesis of antibiotics 7.00E�05 2.9 2.30E�05
KEGG_PATHWAY 2-Oxocarboxylic acid metabolism 2.50E�04 7.5 2.90E�05
KEGG_PATHWAY Histidine metabolism 2.50E�04 15 1.40E�05
KEGG_PATHWAY Valine, leucine and isoleucine biosynthesis 2.90E�03 13.3 1.80E�04

MMC1 Caspofungin GOTERM_MF structural constituent of ribosome 2.00E�03 13.6 1.40E�04
KEGG_PATHWAY Ribosome 3.00E�03 10.7 2.70E�04
GOTERM_BP Translation 4.10E�03 10.9 3.60E�04

Control KEGG_PATHWAY Biosynthesis of amino acids 7.20E�07 6.9 9.90E�08
KEGG_PATHWAY Histidine metabolism 4.70E�04 24 1.70E�05
KEGG_PATHWAY Biosynthesis of secondary metabolites 2.00E�03 2.8 6.90E�04
KEGG_PATHWAY 2-Oxocarboxylic acid metabolism 9.50E�03 8.5 1.00E�03
KEGG_PATHWAY Lysine biosynthesis 1.40E�02 15.8 8.00E�04
KEGG_PATHWAY Biosynthesis of antibiotics 1.60E�02 2.7 5.60E�03
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transcripts, as well as the altered detection of mannans and chitin
at the cell wall. This outcome has been described for several Can-
dida species that rapidly responded to caspofungin by increasing
the cell wall chitin content [46,47]. In addition, a similar result
was observed in Aspergillus fumigatus where caspofungin treat-
ment led to an increased chitin content, which reduced susceptibil-
ity to the antifungal, and altered cell morphology [48]. As for the
mannan synthesis, the mRNA coding the GPI-anchored protein
ECM33 was one of the most upregulated transcripts in both C. auris
strains under caspofungin treatment. ECM33 helps the assembling
of the mannoprotein outer layer of the cell wall [49]. Supporting
our mRNA data, C. auris yeast cells from both strains presented a
dramatic increase in their mannoprotein layer under caspofungin
treatment.

Our results demonstrated a high expression of mRNAs coding
for histones. In C. albicans, the availability of specific chromatin
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modifiers can affect drug resistance [50]. The transcription factor
Cas5 has been implicated in stress responses, drug resistance and
cell cycle regulation in C. albicans (52).

We also observed a higher expression of mRNAs coding for ribo-
somal proteins in C. auris treated with caspofungin, which was
more evident in the MMC1 strainThese results are in agreement
with a previous study characterizing the C. auris transcriptome
during amphotericin B and voriconazole treatment [39]. Upon
amphotericin B treatment, the upregulated genes were related to
translation and ribosomal proteins [39]. Compared to our data,
we found 78 common transcripts also upregulated in the presence
of caspofungin. Most of the mRNAs responding to amphotericin B
treatment (46) were also identified in our study (Table S5). We also
found 30 transcripts upregulated during both caspofungin (this
study) and voriconazole treatments [39]. In these common tran-
scripts, the majority of the mRNAs code for ribosomal proteins



Fig. 6. Comparison between differentially expressed proteins (FC > 2) in caspofungin treated and control cells common in B11244 and MMC1 strains (n = 12). The B11244 or
MMC1 strains (columns) and protein groups (lines) were hierarchically clustered. The protein intensity was represented by color scale (blue, lower intensity; red, higher
intensity). Highlighted in grey are the proteins more abundant in the caspofungin treatment. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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(Table S5). In addition, during the biofilm formation in C. auris, the
most consistent mRNAs upregulated were those coding ribosomal
proteins [22] (Table S5). In a study that combined proteomics and
microarray analyses of A. fumigatus treated for 24 h with caspo-
fungin, 81% of the overexpressed proteins and 86.4% of the mRNAs
were ribosomal [52]. This change was suggested to be associated
with a ribosomal reshuffling response, which reflects a require-
ment for more protein synthesis to overcome the inhibition caused
by the antifungal drug [53]. In a recent work, a C. auris strain was
adapted to high concentrations of caspofungin and subjected to
RNA-seq. Similar to our observations, most of the differentially
expressed transcripts enriched in response to caspofungin coded
for cell wall proteins [51]. We then compared our data with the
results obtained of C. auris after 3 h in the presence of high caspo-
fungin concentration and it was possible to observe a partial over-
lap in the transcripts differentially expressed. The common
enriched pathways were fungal cell wall, amino sugar metabolic
process, chitin synthase and mannan endo-1,6-alpha-
mannosidase activity (Table S5). These similarities confirm our
data and reinforces the important role not only of chitin, but also
other cell wall proteins as a compensatory mechanism to allow cell
survival.

Our proteomic analysis supported the transcriptomic data. The
cell wall biogenesis and degradation were enriched in our pro-
teomic and transcriptomic analyses after exposure to caspofungin.
The enrichment of transcripts and proteins related to biofilm for-
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mation, translation, GPI-anchored proteins, and mannose related
proteins during caspofungin treatment was also consistently veri-
fied in both analyses. It is already known that the establishment of
biofilms contributes to the success of the infection [54], just as they
confer a greater resistance of the organism to antifungals [55]. C.
auris expresses proteins related to biofilm formation and mainte-
nance in higher levels compared to C. albicans [56]. It is worth
mentioning the presence of two important proteins that play roles
in various metabolic pathways Mkc1 and Hog1. Mkc1 is an impor-
tant kinase in pathogenic fungi, is part of a MAPK pathways, asso-
ciated to many metabolic pathways in the cell. Mkc1 is involved in
cell cycle and also in maintaining cell wall integrity [57]. It is also
involved in the tolerance of C. albicans to caspofungin [35,58]. Hog1
is also part of the MAPK response and was identified more
expressed in the B11244 strain. The HOG pathway plays an essen-
tial role in C. albicans, including infection, virulence, and stress
response [59]. In C. auris, Hog1 is also associated to virulence and
stress response [60]. The deletion of hog1 in C. auris lead to a
reduced resistance to caspofungin, amphotericin B and cell wall
composition [61]. This result is in accordance with our observation
that in the presence of caspofungin HOG1 was more expressed, and
this could allow adaptation in the presence of the antifungal and
cell wall remodeling.

We showed that an extensive cell wall remodeling, transcrip-
tional and translational alterations occur in C. auris upon caspo-
fungin treatment. In distinct Candida species, it has been



Fig. 7. Comparison of the gene ontology terms enriched in the transcriptome and proteome upon caspofungin treatment. The bar charts represent the enriched functional
categorization of the transcripts based on gene ontology (GO) annotations. In blue the terms associated to mRNAs and in green the terms associated to the proteomic data
from both strains. The x-axis represents the fold enrichment for each term and the numbers on the right express the statisctic values - Fisher exact test. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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described that in response to caspofungin, the cells increased the
chitin content and b-1,3-glucan become more exposed on the cell
surface [46,47,62]. We did not observe a clear enrichment in chitin;
however, we observed an increased detection of mannans. In
accordance with our current observations in C. auris, in Candida
glabrata caspofungin treatment led to higher amounts of mannans
on the cell wall [63]. Therefore, our results consolidate the notion
that not only chitin but also mannan synthesis, is an important of
C. auris to a long exposure to caspofungin. Interestingly, C. auris
mannoproteins are unique compared to other pathogenic Candida
species [64]. In fact, the presence of these unique mannans in C.
auris affects the recognition by and modulation of the host immune
cells. When cell wall components derived from C. albicans and C.
auris were used to stimulate PBMCs, it was observed that after
4 h, the PBMC transcriptomic alteration was due to the b-glucan
in both species. However, in a late response (24 h), C. auris man-
nans were the main component eliciting the response in PBMC
gene expression, and this was not observed in C. albicans, maybe
due to the specific mannan composition in C. auris cell wall [65].
Our study demonstrates, by transcriptomics, proteomics and cellu-
lar measurement, an important role for mannan in the adaptation
of C. auris during growth with caspofungin, in addition to chitin,
which has been extensively explored. This biosynthesis pathway
can be a drug target and should be better explored, as already
described for host-pathogen interaction.
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