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Abstract 

The drug-resistant pathogenic yeast Candidozyma auris (formerly named Candida auris ) is considered a critical health pr ob lem of global 
importance. As the cell wall plays a crucial role in pathobiology, here we performed a detailed bioinformatic analysis of its biosyn- 
thesis in C. auris and related Candidozyma haemuli complex species using Candida albicans and Sacchar om yces cer evisiae as r efer ences. 
Our data indicate that the cell wall ar c hitecture described for these reference yeasts is largely conserved in Candidozyma spp .; ho w- 
ever, expansions or reductions in gene families point to subtle alterations, particularly with respect to β-1,3-glucan synthesis and 

remodeling, phosphomannosylation, β-mannosylation, and glycosylphosphatidylinositol (GPI) proteins. In several aspects, C. auris 
holds a position in between C. albicans and S . cer evisiae , consistent with being classified in a se parate gen us. Strikingl y, among the 
identified putati v e GPI pr oteins in C. auris ar e adhesins typical for both Candida (Als and Hyr/Iff) and Sacchar om yces (Flo11 and Flo5-like 
flocculins). Further, 26 putati v e C. auris GPI pr oteins lack homologs in Candida gen us species. Phenotypic anal ysis of one suc h gene , 
QG37_05701 , showed mild phenotypes implicating a role associated with cell wall β-1,3-glucan. Altogether, our study uncov er ed a 
wealth of information r elev ant for the pathogenicity of C. auris as well as targets for follow-up studies. 

Ke yw ords: Candida auris ; cell wall; candidiasis; adhesins; GPI proteins; glucan; mannosylation 
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Introduction 

Fungal bloodstream infections in humans are primarily caused 

by budding yeasts commonly known as Candida spp. to which hu- 
mans are frequently exposed and that are often present in the 
human body as commensal members of the microbiota. Most fre- 
quent manifestations of candidiasis are cutaneous and mucosal 
infections, ho w e v er, the mor e pr oblematic ar e life-thr eatening 
inv asiv e infections, including candidemia. Eac h year, ther e ar e 
∼400 000 cases of candidemia worldwide, with mortality rates sur- 
passing 40% (Koehler et al. 2019 , World Health Organization 2022 ,
Denning 2024 ). 

The original genus Candida comprises ∼200 different species, 
but only about a dozen are considered significant causal agents 
of human pathologies (Pfaller et al. 2019 , Lass-Florl et al. 2024 ).
The taxonomy of the causal agents of candidiasis is curr entl y un- 
dergoing some major changes, including reassignment of genera 
and species names of some of the major pathogenic species such 

as Candida glabrata (r enamed Nakaseom yces glabratus ), Candida kru- 
sei (r enamed Pic hia kudriavzevii ), and Candida auris (renamed Can- 
Recei v ed 26 November 2024; accepted 3 December 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
idozyma auris ) (Borman and Johnson 2023 , Liu et al. 2024 , Sprui-
tenburg et al. 2024 ) (Fig. 1 A). The group of Candida (and other)
pecies that translate CTG codons predominantly to serine in- 
tead of leucine residues are now classified in the order Serinales .
he new names are in better accordance with phylogenomic data
lthough for N. glabratus and P. kudriavzevii one could argue that
hey do not reflect being important causal agents of candidiasis,
or simplicity hereafter referred to as Candida species. 

Recentl y, the drug-r esistant yeast C. auris has emer ged as a
pecies with a high incidence in clinical settings, making it one
f the most pr e v alent candidiasis-causing species in certain hos-
itals (Lockhart et al. 2023 , De Gaetano et al. 2024 ). C. auris im-
acts at-risk populations, including the elderl y, criticall y ill, and

mm unosuppr essed individuals, causing candidemia and other 
e v er e infections, r esulting in mortality r ates a ppr oac hing 60%
Chakr abarti et al. 2015 , Ar ensman et al. 2020 , Hata et al. 2020 ,

orld Health Organization 2022 ). Its attributes include persis- 
ence in hospital environments and care homes, easy transmis- 
ion, and high drug resistance, in most cases to fluconazole but
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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Figure 1. Genomic analysis of cell wall biosynthesis in C. auris . (A) Taxonomic tree including the species analyzed in this study and the most important 
causal agents of candidiasis according to the WHO (World Health Organization 2022 ). Putative adhesin families present in each of the species are 
indicated on the right. (B) Proposed cell wall arc hitectur al model based on genomic data. Major distinctiv e featur es explained in the text are indicated. 
Colors of N-terminal parts of GPI proteins represent different protein families (including adhesins). 
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n some cases to polyenes and/or echinocandins (Arendrup et al.
017 , Chowdhary et al. 2017 , Lockhart et al. 2017 , Centers for Dis-
ase Control and Prevention 2024 , Lockhart et al. 2023 ). Altogether,
his makes C. auris a serious health threat worldwide, and explains
hy it has been marked as a “Critical Pathogen” on WHO’s Fungal
riority Pathogens list (World Health Organization 2022 ). 

C. auris is a haploid yeast belonging to the order Serinales
Fig. 1 A). It appears to have a highly plastic karyotype as strains
an under go r a pid str ess-induced karyotypic c hanges (Br avo Ruiz
t al. 2019 , Narayanan et al. 2022 ). C. auris isolates have been
lassified into four main genetically distinct geogr a phical clades
South Asian (I), East Asian (II), African (III), and South American
IV)] exhibiting different pathogenic characteristics. New clades
r om Ir an and Bangladesh, and Singa por e hav e subsequentl y been
dentified, taking the total to six (Lockhart et al. 2017 , Casade-
all et al. 2019 , Chow et al. 2019 , Rhodes and Fisher 2019 , Khan
t al. 2024 , Suphavilai et al. 2024 ). While isolates belonging to
lades I, III, and IV show a r elativ el y high fr equency of m ultidrug
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resistance and cause outbreaks that are difficult to control, clade 
II is pr edominantl y associated with ear infections and appears to 
be less resistant to antifungals (Welsh et al. 2019 ). 

Like other Candida spp., C. auris is capable of biofilm formation,
mor phological tr ansition, and phenotypic v ariation, whic h con- 
tributes to its virulence and survival (Borman et al. 2016 , Sherry 
et al. 2017 , Yue et al. 2018 , Singh et al. 2019 , Horton et al. 2023 ). It
endures on human skin and surfaces for weeks, survives desicca- 
tion, and withstands exposure to some disinfectants, promoting 
its hospital outbreak resilience (Welsh et al. 2017 , Eyre et al. 2018 ,
World Health Organization 2022 ). 

By playing a pivotal role in surface contact and primary host- 
pathogen interactions, the Candida cell wall is of k e y importance 
for the various virulence mechanisms mentioned (Klis et al. 2009 ,
Gow et al. 2017 ). In related yeast species like Candida albicans , the 
inner part of the cell wall is pr edominantl y composed of a car- 
bohydrate meshwork containing β-1,3-glucan, β-1,6-glucan, and 

c hitin. In contr ast, the outer part is densely packed with man- 
nosylated proteins, the majority being glycosylphosphatidylinos- 
itol (GPI)-modified proteins that are covalently bound to β-1,6- 
glucan molecules . T hese proteins , mostly members of paralog 
families , ha ve a multitude of different functions such as cell wall 
matur ation and modification, br eakdown and utilization of (host) 
substrates in the surrounding environment, and facilitation of 
surface adhesion and biofilm formation (De Groot et al. 2005 ).
Notabl y, genomic inv estigations hav e r e v ealed an enric hment of 
certain GPI protein families such as Hyr/Iff adhesins in pathogenic 
Candida species compared to their nonpathogenic counterparts, 
suggesting a direct link to pathogenicity (Plaine et al. 2008 , Butler 
et al. 2009 ). Apart fr om cov alentl y bound cell wall proteins (CWPs),
recent studies have also documented the presence of noncova- 
lentl y bound pr oteins, postulated to tr av el to the cell surface as 
cargo of extracellular vesicles (Gil-Bona et al. 2015 ). Most of those 
pr oteins ar e known as abundant cytosolic proteins with known 

functions, and whether they play a role at the cell surface is still 
a matter of debate. 

GPI-modified adhesins provide yeasts with the capacity to ad- 
here to diverse substrates like host cells or abiotic surfaces such 

as catheters and other medical devices . T his adherence capacity 
is crucial in fungal colonization and establishment of infections 
(Sundstr om 2002 , Tr onc hin et al. 2008 ). Mor eov er, fungal cell-to- 
cell adhesion promotes the creation of biofilms embedded in an 

extracellular matrix that supports resistance to antifungal agents 
(d’Enfert 2006 , Gulati and Nobile 2016 , Costa-Orlandi et al. 2017 ).
Genomic analysis revealed that C. albicans encodes for three GPI 
protein families with demonstrated or presumed adhesive func- 
tions (De Groot et al. 2013 ): Als (Ho y er et al. 2008 ), Hyr/Iff (Richard 

and Plaine 2007 ), and Hwp (Hayek et al. 2010 ), conserved across 
other Debaryomycetaceae (Butler et al. 2009 ). Interestingly, in a sem- 
inal paper by Santana and colleagues, the Scf1 GPI adhesin in 

C. auris , whose N-terminal domain shows structural similarity to 
the Flo11 flocculin of Sacc harom yces cerevisiae , w as sho wn to be re- 
quired for biofilm formation, skin colonization, virulence, and col- 
onization of inserted medical devices (Santana et al. 2023 ). 

Besides adhering to host cells, Candida species secrete hy- 
dr ol ytic enzymes that destabilize or degrade host membranes and 

pr oteins, facilitating tissue penetr ation and enhancing extr acel- 
lular nutrient acquisition efficiency (Wachtler et al. 2012 , Bras et 
al. 2024 ). Three classes of such secreted or cell wall-associated 

hydr olases ar e described in Candida species: aspartic pr oteases 
(Naglik et al. 2003 ), phospholipases (Niewerth and Korting 2001 ),
and lipases (Hube et al. 2000 ). Some of the aspartic proteases and 

phospholipases appear to be retained in the cell wall through GPI 
nc horing (Nie werth and Korting 2001 , Butler et al. 2009 , Schild
t al. 2011 ). The expansion of genes encoding aspartic proteases
n pathogenic species compared to less pathogenic r elativ es sup-
orts a role for these proteins in the infection process (Butler et
l. 2009 , Moran et al. 2012 ). 

Here, aiming to improve our understanding of how cell wall
enomics impacts on pathobiology of C. auris , we performed an
xtensiv e bioinformatic anal ysis of the cell wall biosynthetic ma-
 hinery in differ ent str ains, including the r efer ence genomes fr om
ll six clades. Comparison to S. cerevisiae and C. albicans indi-
ated that the ov er all arc hitectur e of the cell w all w as conserved,
hich is consistent with earlier observations based on fluores- 

ence staining (Shiv ar athri et al. 2020 ). Importantly, C. auris seems
o take an intermediate position regarding some cell wall c har ac-
eristics that are distinct when compared to S. cerevisiae and C. al-
icans . Further, the inclusion of related species of the Candidozyma
aemuli complex in our genomic analysis allo w ed us to pinpoint
e v er al genes that may be r ele v ant for the ele v ated pathogenicity
f this critical pathogen. 

aterials and methods 

enome sequence retrie v al 
enome sequence assemblies of C. auris strains and C. haemuli -
omplex species were obtained from the National Center 
or Biotechnology Information (NCBI) ( https://www.ncbi.nlm.nih. 
ov/ genome/ ). Analyzed C. auris genomes included strains from
ll genetically distinctive clades: clade I strain VPCI479/P/13 and 

11205 (IN) and B13916 (AE); clade II strain B11220 (JP), B11809
KR), and B13463 (CA); clade III strain B11221 (ZA), B17721 and
12631 (US), and B12037 (CA); clade IV strain B11245 and B11243

VE), and B12342 (CO); clade V strain IFRC2087 (IR); and clade VI
train F0083 (SG) (Sharma et al. 2015 , Lockhart et al. 2017 , Muñoz
t al. 2018 , Muñoz et al. 2021 , Suphavilai et al. 2024 ). Analysis of
. haemuli -complex species was focused on genome assemblies of
 efer ence str ains C. haemuli str ain B11899, C. pseudohaemuli str ain
12108, and C. duobushaemuli strain B09383 (Muñoz et al. 2018 ).
or sequenced genomes lacking annotations in NCBI, gene pre- 
ictions and translations were performed using Augustus 3.5.0 
 https:// github.com/ Gaius-Augustus/ Augustus ) follo w ed b y man-
al c hec king and cur ation. Genome synten y between C. auris r ef-
r ence str ains was anal yzed using the NCBI compar ativ e genome
iewer tool. 

n silico analysis 

o identify and annotate protein-encoding genes involved in 

ell wall biosynthesis, homology searches were performed with 

 local BLAST tool downloaded from EMBOSS ( http://emboss. 
our ceforge.net/), using kno wn fungal cell w all-r elated pr otein se-
uences as queries. As detailed in (Alv ar ado et al. 2023 ), homologs

dentified by Blast were judged by pr obability (E) v alues, identity
e v els ov er the whole sequence (in most cases > 30%), and the
resence of known functional domains. Blast hits were validated 

y cross-blast analysis. 
In ad dition, an inde pendent search for putati v e GPI pr o-

eins was performed using a pr e viousl y described bioinformatic
ipeline that selects proteins for the presence or absence of pro-
ein features in the primary sequences of the protein precursors
De Groot and Brandt 2012 ). (i) For the prediction of C-terminal
PI anc horing (“Pr edicted GPI pr oteins”), the fungal-specific al-
orithm Big-PI was employed ( http:// mendel.imp.ac.at/ gpi/ fungi _
erver.html , (Eisenhaber et al. 2004 )). Big-PI has good specificity

https://www.ncbi.nlm.nih.gov/genome/
https://github.com/Gaius-Augustus/Augustus
http://emboss.sourceforge.net/
http://mendel.imp.ac.at/gpi/fungi_server.html
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ut is too strict (Butler et al. 2009 , De Groot and Brandt 2012 ,
lv ar ado et al. 2023 ). Ther efor e, to include pr oteins with am-
iguous GPI-anchoring features (“Ambiguous GPI proteins”), it
as complemented with a more inclusive complementary ap-
r oac h based on pattern and composition scanning, performed
sing ProFASTA (De Groot and Brandt 2012 ). (ii) The presence
f N-terminal signal peptides for secretion was determined with
ignalP ( https:// services.healthtech.dtu.dk/ services/ SignalP-4.1/ ),
nd (iii) absence of internal tr ansmembr ane domains was ana-
 yzed using TMHMM ( https://services.healthtec h.dtu.dk/services/
MHMM-2.0/). Parsing of Big-PI, SignalP, and TMHMM data was
erformed with ProFASTA (De Groot and Brandt 2012 ). Proteins
issed by the pipeline in some of the strains due to possible se-

uence or annotation errors were identified by Blast and subse-
uent manual inspection of the gene locus. Finally, all GPI protein
andidates were subjected to NCBI Blast analysis for annotation
ur poses and r emov al of potential false positiv es with homology
o non-GPI proteins. 

Putative functional domains of GPI proteins sho wing w eak pri-
ary sequence homology to adhesins or flocculins in C. albicans

r S. cerevisiae were subjected to three-dimensional (3D) protein
tructure modeling using the AlphaFold2 algorithm (Mirdita et
l. 2022 ), follo w ed b y homology sear c hing using the Dali serv er
Holm 2020 ) and subsequent pairwise structure comparison at
CSB ( https:// www.rcsb.org/ alignment ). If no Protein Data Bank

PDB) entry was available for the weak homolog, its 3D structure
as also modeled and aligned to verify that the primary sequence
omology translates into tertiary structure relatedness . T he se-
uence logo for the Flo5 42-aa repeat was prepared with WebLogo
.7.12 ( https://weblogo.berk ele y.edu/logo.cgi ) based on alignment
f the repeats present in strains VPCI479/P/13, B11220, B11221,
11245, IFRC2087, and F0083. For the prediction of β-a ggr egation,
e used TANGO ( http://tango.crg.es ) with default settings. 3D pro-

ein structure modeling and analysis were also performed for the
spartic protease Apr10 and Pir proteins. 

If not already annotated differently, cell wall-related C. auris
roteins identified in this study wer e tentativ el y named after their
losest homologs in C. albicans , except for Flo5 which lacks a C.
lbicans homolog and was named after its closest S. cerevisiae ho-
olog. C. auris proteins sharing the same closest homolog in C.

lbicans were named, in order of sequence identity, after the C. al-
icans query and then adding nominal numbers to the additional
rotein copies (e.g. Sap9, Sap90, Sap91, and Sap92). 

ene expression analysis by real-time PCR 

ene expression of four predicted GPI protein-encoding genes in
. auris lac king par alogs in the Candida genus was measured by
uantitativ e r eal-time PCR (qPCR). C. auris strain VPCI479/P/13
 as gro wn in YPD at 37 ◦C until the logarithmic phase in the ab-

ence or presence of subinhibitory concentrations (Minimal In-
ibitory Concentrations, MIC 50 ) of micafungin (Mic, 0.031 μg/ml),

savuconazole (Isa, 0.031 μg/ml), amphotericin B (Amb, 1.0 μg/ml),
nd Calcofluor white (CFW, 0.016 μg/ml), to stationary phase, and
orming biofilms for 24 h on pol ystyr ene Petri dishes. Cells were
ollected and broken (Fastprep-24), after which total RN A w as iso-
ated using TRIzol Reagent (Thermo Fisher Scientific) following
tandard pr ocedur es. cDNA was synthesized using 2 μg of RNA
mploying a High-Capacity RNA-to-cDNA kit. 

For all genes, target genes as well as the 5.8S rDNA endoge-
ous control, primer efficiency, and correct amplification were
 alidated by gener ating standard curv es and anal ysis on a gar ose
els. qPCR was performed using 4 μl of 20-fold (tested genes) or
00-fold (5.8S rDNA control) diluted cDNA in a 10 μl volume us-
ng Fast SYBR Green qPCR Master Mix and a 7500 Fast Real-Time
CR System (Applied Biosystems) following the manufacturer“s
nstructions. Ct values were used to calculate normalized expres-
ion le v els a gainst 5.8S rDNA, av er a ging v alues fr om two biolog-
cal samples measured in triplicate. Primers used for qPCR are
isted in Table S8 . 

ener a tion of deletion mutants 

G37_05701 and QG37_01906 , two Candidozyma -specific GPI
rotein-encoding genes that were expressed under the tested con-
itions, were selected for phenotypic analysis. Deletion mutants
er e gener ated in str ain VPCI479/P/13 using the SAT1 -flipping

ystem (Reuss et al. 2004 ), employing RNP-based CRISPR-Cas9
Grahl et al. 2017 ) to ac hie v e efficient integr ation into the corr ect
enomic loci, as pr e viousl y described (Reithofer et al. 2021 ). Dele-
ion cassettes were removed from the genome by flippase-induced
ecombination of FRT sequences, and correctness of the deletion
 utants was v erified by PCR. Primers and CRISPR guides used are

isted in Table S8 . For both genes, two deletion m utants fr om inde-
endent transformation experiments were included as biological
eplicates in all phenotypic assa ys . 

dhesion or biofilm formation onto polystyrene 

dhesion or biofilm formation on pol ystyr ene was measured us-
ng two different assays depending on the time allo w ed to adhere
4 or 24 h). For the 24 h experiment, ov ernight pr e-cultur es in YPD
1% yeast extract, 2% peptone, 2% glucose) or Roswell Park Memo-
ial Institute (RPMI) 1640 medium at 37 ◦C were diluted to a cell
ensity of OD 600 = 0.5 ( ∼1 × 10 7 cells/ml) in the r espectiv e fr esh
edia, and 200 μl of the cell suspension was pipetted into a 96-
ell plate and incubated for 24 h at 37 ◦C in a humid environment.
nattached cells were removed by gentle washing with mQ water,
nd the remaining cells that formed a biofilm were stained with
.1% Crystal violet (CV) solution for 30 min follo w ed b y w ashing
ith mQ w ater. Finally, CV w as solubilized in 33% glacial acetic
cid and quantified by measuring the optical density values at 595
m (OD 595 ) using a microplate reader (Molecular Devices). Data

or eac h str ain ar e the av er a ge of four r eplicate cultur es, eac h with
ix technical replicates. 

For the 4 h adhesion experiment, overnight cultures were di-
uted to OD 600 = 0.05 in phosphate-buffered saline (PBS), 0.5 ml
as pipetted in 12-well plates and incubated for 4 h at 37 ◦C. Un-
ound cells were removed by two washes with PBS, after which
dher ed cells wer e loosened and disa ggr egated by tr eatment with
 2.5% trypsin (from porcine pancreas, Sigma) in PBS solution for
0 min at room temperature (RT). Finally, the loosened cells were
esuspended in a final volume of 0.5 ml PBS, and cell e v ents wer e
ounted using a MACSQuant (Miltenyi Biotec) flow cytometer (Re-
thofer et al. 2021 ) Data are the av er a ge of two biological replicates

easured in triplicate. 

dhesion to HeLa cells 

dhesion to HeLa cells was determined as detailed in (Reithofer
t al. 2021 ). Briefly, cells from overnight cultures (YPD, 37 ◦C) were
o-incubated with preformed confluent layers of HeLa cells for
 h at 37 ◦C with 5% CO 2 . Nonadhered cells were pipetted off and
dhered cells were collected by scraping. Cells in both fractions
ere quantified by CFU counting after growth on YPD medium

ontaining c hlor amphenicol (2 μg/ml) at 37 ◦C. Contr ols without
eLa cells were included to discard fungal adhesion to plastic.

https://services.healthtech.dtu.dk/services/SignalP-4.1/
https://services.healthtech.dtu.dk/services/TMHMM-2.0/
https://www.rcsb.org/alignment
https://weblogo.berkeley.edu/logo.cgi
http://tango.crg.es
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
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Data shown are averages of at least two biological replicates mea- 
sured in triplicate. 

Adhesion to extracellular compounds 

Differences in the binding capacity to cell wall molecules or mam- 
malian extracellular matrix collagen were evaluated by flow cy- 
tometry, as detailed in (Fernandez-Per eir a et al. 2021 ). Briefly, mi- 
cr otiter plates wer e coated with pustulan ( β-1,6-glucan), lami- 
narin ( β-1,3-glucan), chitin, or bovine collagen, washed with PBS,
and incubated with 0.5 × 10 6 ov ernight-gr own cells diluted in 

0.5 ml PBS. After 4 h of incubation at 37 ◦C, adhered cells were loos- 
ened by treatment with trypsin and measured using a MacsQuant 
flo w c ytometer. Data sho wn ar e av er a ges of four biological repli- 
cates measured in triplicate. 

Drug sensitivity assays 

Susceptibility to antifungals and cell wall perturbants was tested 

in 96-well plates following EUCAST guidelines (J Guinea et al.
2023 ). Two-fold serial dilutions of compounds wer e pr epar ed in 

YPD and mixed 1:1 with cells from overnight cultures diluted to 
an OD 600 of 0.01. Plates were incubated for 24 h at 37 ◦C. MIC 

were determined after reading the OD 600 (two biological replicates,
two tec hnical r eplicates eac h) in a micr oplate r eader. Compounds 
tested were Amb, fluconazole (Flu), Isa, caspofungin (Cas), Mic,
CFW, and SDS. 

Congo red (CR) sensitivity was determined using a drop assay.
Ten-fold serial dilutions (two biological replicates) were prepared 

fr om ov ernight cultur es adjusted to OD 600 = 1, and 4 μl of eac h 

dilution were spotted on YPD plates containing 100 μg/ml CR.
Gro wth w as monitored after 24 and 48 h of incubation at 37 ◦C. 

Gro wth r a te and sensitivity to zymol yase 

To e v aluate the gr owth kinetics , o v ernight pr e-cultur es wer e di- 
luted to an OD 600 = 0.1 in fresh YPD medium, and 200 μl of cell 
suspensions were pipetted in a 96-well plate. Cells were incubated 

for 12 h at 37 ◦C with agitation in a Spectra Max 340 plate reader 
(Molecular Devices), measuring the OD 600 every 15 min. For deter- 
mination of zymolyase sensitivity, cells were grown in YPD until 
log phase, collected, and resuspended in 10 mM Tris-HCl, pH 7.4 at 
an OD 600 of 2.0 to which 0.25% of β-mer captoethanol w as added.
After 1 h of incubation at RT, 180 μl of cell suspensions and 20 μl of 
10 U/ml zymolyase were mixed in a 96-well plate and incubated at 
37 ◦C. Decrease in OD 600 was measured every minute after a short 
mixing pulse. Curves represent averages of two biological and five 
tec hnical r eplicates. 

Cell surface hydrophobicity and sedimentation 

Cell surface hydrophobicity (CSH) was tested using the microbial 
adhesion to hydrocarbon test. Overnight-grown stationary phase 
and exponential phase cultur es wer e washed twice with PBS and 

adjusted to an OD 600 = 0.7. Cell suspensions were mixed with hex- 
adecane in glass tubes at a 15:1 volume ratio. Upon 1 min of gen- 
tle vortexing, the phases were allowed to settle for 10 min after 
which the OD 600 of the aqueous phase was measured. Each strain 

w as assay ed four times with tw o tec hnical r eplicates eac h. 
For analysis of sedimentation, overnight cultures in YPD at 

37 ◦C wer e tr ansferr ed to 15 cm long glass tubes. For 1 h, sedimen- 
tation was monitored every 10 min by carefully taking 50 μl of 
sample from 2 cm beneath the surface for OD 600 measurements.
Eac h str ain w as assay ed four times with thr ee tec hnical r eplicates 
eac h. Aggr egation of the same cultures was monitored by flow cy- 
tometry. 
irulence 

irulence of deletion mutants was tested using Galleria mellonella 
s in vivo inv ertebr ate model of candidiasis. Galleria mellonella
 orms w ere pur chased from Artroposfera (Toledo, Spain). Worms
ith a minimal size of 2 cm and showing no signs of melaniza-

ion were selected and incubated at 37 ◦C for 24 h to check their
iability. Meanwhile, yeast pr e-cultur es wer e pr epar ed by gr ow-
ng overnight in YPD at 37 ◦C. These cultures were washed and
iluted in PBS to a concentration of 5 × 10 6 cells/ml. Ten μl of
hese suspensions were injected with a Hamilton syringe (Agilent 
echnologies, Madrid, Spain) into the last right pseudopod of the
 orms. Worms w er e incubated at 37 ◦C, and surviv al was moni-

or ed dail y for one week. Worms injected with PBS or S. cerevisiae
BY4741) were used as controls. Results shown are the mean of
wo independent blind experiments each performed with two bi- 
logical replicates and groups of 15 G. mellonella worms per repli-
ate. 

ta tistical anal ysis 

he statistical significance of phenotypic data was analyzed 

y Student’s t -tests or one-way Analysis of Variance (ANOVA)
ollo w ed b y post hoc Delay ed Matching to Sample tests. P -
alues < 0.05 were considered statistically significant. 

esults 

o impr ov e our understanding of the pathobiology of the drug-
esistant y east C. auris , w e performed a detailed genomic-scale
nventory and analysis of the genes involved in cell wall biogene-
is, including genes that encode CWPs. Our analysis encompasses 
arious C. auris isolates from all six distinct genetic clades. To
dentify possible differences between C. auris and phylogenetically 
losel y r elated but clinicall y less r ele v ant Candida species, the
ioinformatic analysis was extended with r efer ence genomes of
hree species of the C. haemuli complex Candidozyma haemuli , Can-
idozyma pseudohaemuli , and Candidozyma duobushaemuli (Fig. 1 A). 

With respect to cell wall biology, among the best-studied fungal
pecies are C. albicans and S. cerevisiae . A similar cell wall architec-
ure can be expected in C. auris and related species as they are
hylogeneticall y r elated. To confirm this, the tr anslated genomes
f C. auris and C. haemuli- complex species were searched with
nown fungal cell wall biosynthetic proteins from C. albicans and
. cerevisiae as queries using a local Blast tool. These searches in-
eed identified orthologs for all these proteins (Table 1 ). To make
he homology search as unbiased and inclusive as possible, pro-
eins from less-related species, associated with the synthesis of 
ther fungal cell wall macromolecules (e.g. α-1,3-glucan, mixed- 
inked β-1,3/1,4-glucans, and cellulose) not described in Saccha- 
om ycotina , wer e included as queries ( Table S1 ). Howe v er, this did
ot yield additional cell wall biosynthetic genes, supporting the 
otion that the cell wall arc hitectur e described for C. albicans and
. cerevisiae is mostly conserved in C. auris and the C. haemuli -
omplex species. 

The cell wall pol ysacc harides β-1,3-glucan and c hitin ar e syn-
hesized by plasma membrane-localized glycosyl transferase en- 
yme complexes . T hese proteins , as well as proteins with acces-
ory or regulatory functions, such as the cell wall integrity path-
ay, and enzymes with pol ysacc haride-pr ocessing functions, ar e

onserved in the analyzed Candidozyma species including C. au- 
is. The number of gene copies of the r espectiv e families is also, in
ener al, conserv ed. (Table 1 , further detailed in Table S1 ) (Butler et
l. 2009 ). Yet, the Candidozyma species analyzed (except C. haemuli )

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data


6 | FEMS Yeast Resear c h , 2024, Vol. 24 

Table 1. Compar ativ e anal ysis of pr otein families involv ed in cell wall biosynthesis of C. auris . 

Protein class a Cau b Ch Cps Cd Cal Sc 

β-1,3-glucan synthesis and processing 
Fks family. β-1,3-glucan synthases (GT48) 2 3 2 2 3 3 
Rho1 famil y. Putativ e Rho-r elated GTP ases 6 6 6 6 6 6 
Putativ e r egulatory component of β-1,3-glucan synthesis 2 2 2 2 2 1 
Gas famil y. β-1,3-glucanosyltr ansgl ycosylases (GH72) involv ed in connecting the emer ging 
β-1,3-glucan chains to the existing β-glucan network 

5 5 5 5 5 5 

Crh famil y. Tr ansgl ycosylases (GH16) involv ed in cr osslinking of β-glucan and c hitin 3 3 3 3 3 3 
Bgl2 famil y. Putativ e β-1,3-tr ansglucosylases (GH17) involv ed in connecting β-1,3-glucan c hains to 
the existing β-glucan network through β-1,6-linkages 

4 4 4 4 5 4 

Eng1-like endoglucanase (GH81) 3 3 3 3 2 2 
Putative exo- β-1,3-glucanase family (GH5) 3 3 3 3 3 3 
Sun famil y. Putativ e β-glucosidase activity, involv ed in septation (GH132) 2 2 2 2 2 4 
Tos1 famil y. Pr edicted β-1,3-glucanase activity (GH16) 2 2 2 2 2 2 
Chitin synthesis and processing 
Chitin synthases (GT2) 4 4 4 4 4 3 
Chitinase (GH18); orthologs are sporulation-specific 2 2 2 2 4 2 
Chitin deacetylase (CE4) 1 1 1 1 1 2 
Other proteins with putative functions in cell wall synthesis 
Kre6-lik e putati ve transglycosylases (GH16) required for β-1,6-glucan biosynthesis 2 2 2 2 4 2 
Dfg5 family. Endo-mannanases (GH76) involved in GPI anchor processing 2 2 2 2 2 2 
Ecm33 famil y. Unr esolv ed function (GH NC), possible r ole in CWP incor por ation 3 3 3 3 3 4 
Pir family. Possible role in β-1,3-glucan crosslinking. Contain multiple Pir repeats 2 2 2 2 1 5 
Protein mannosylation 
Pmt famil y. Pr otein-O-mannosyltr ansfer ases (GT39) 5 5 5 5 5 7 
Oc h1 famil y of α-1,6-mannosyltr ansfer ases (GT32). Initiate N-gl ycan outer c hain br anc h addition 2 2 2 2 2 2 
Anp1-like subunits of a Golgi α-1,6-mannosyltr ansfer ase complex (GT62) 3 3 3 3 3 3 
Mnn10-like subunits of a Golgi α-1,6-mannosyltr ansfer ase complex (GT34) 2 2 2 2 2 2 
Mnn4-like regulators of mannosylphosphorylation of N-linked mannans 6 6 6 6 8 2 
Bmt famil y. β-1,2-mannosyltr ansfer ase (GT91). β-mannosylation of phosphopeptidomannan 2 2 2 2 9 0 
ScKtr/CaMnt family of α-1,2-mannosyltransferases (GT15) 6 6 6 6 5 9 
Mnn2 family of α-1,2-mannosyltransferases (GT71) 5 5 5 5 6 2 
Mnn1 family of α-1,3-mannosyltransferases of Golgi complex (GT71) 6 c 6 6 6 6 4 

a Classification of carbohydr ate-activ e enzymes according to CAZy Database ( http:// www.cazy.org/ ). 
b Cau , C. auris ; Ch , C. haemuli ; Cps , C. pseudohaemuli ; Cd , C. duobushaemuli ; Cal , C. albicans ; and Sc , S. cerevisiae . 
c Five gene copies in clade II strain B11220. 
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ack one of the three Fks family paralogs encoding β-1,3-glucan
ynthases (GT48) (Douglas 2001 ). Furthermore, an expansion from
wo to thr ee par alogs was observed for the Eng1 family (GH81) de-
cribed as endoglucanases involved in the modification or hydrol-
sis of β-1,3-glucan, particularly during processes such as cytoki-
esis (Esteban et al. 2005 ). 

Although β-1,6-glucan in yeast cell walls is crucial for intercon-
ecting β-1,3-glucan, chitin, and GPI-modified mannoproteins, its
ynthesis is poorly understood. For instance, an enzyme show-
ng in vitro β-1,6-glucan-synthesizing activity remains unidenti-
ed to date though Kre6-like GH16 proteins have been postulated
s candidates (Lesage and Bussey 2006 , Ruiz-Herr er a et al. 2006 ,
ekirian C. et al. 2024 ). C. auris harbors two Kre6 homologs in

ts genome similar to S. cerevisiae , contrasting with the four par-
logs present in the phylogenetically closer C. albicans . The Ecm33
amil y, pr oposed to have an important but still unresolved role in
WP or β-1,6-glucan incor por ation (P ardo et al. 2004 , Chaabane
t al. 2019 ), is r epr esented by thr ee members in C. auris and the
. haemuli -complex species. In C. albicans the Ecm33 family also
as three members while S. cerevisiae possesses four paralogs (two
win pairs). 

Proteins destined to be covalently attached to the polysaccha-
ide network of the cell wall undergo significant glycosylation,
ostly mannosylation, as they are translocated to the cell sur-

ace. Glycosylation takes place through two distinct processes:
 -glycosylation and N -glycosylation, mediated by different fami-
ies of mannosyltr ansfer ases. Blast searc hes with S. cerevisiae and
. albicans protein queries confirmed the presence of all fami-

ies of mannosyltr ansfer ases in C. auris and the other species un-
er study (Table 1 and Table S1 ). Gene copy numbers were simi-

ar for those involved in α-mannosylation. Regarding gene fam-
lies involved in N-glycosylation (Hall and Go w 2013 ), notew or-
hy is the presence of C. auris and C. haemuli -complex species
f two Bmt par alogs r esponsible for β-mannosylation. This fam-
ly is absent in S. cerevisiae but extensively expanded (nine pro-
eins) in C. albicans . Also, the Candidozyma species contain six
nn4 (GT34) proteins involved in phosphomannan addition com-

ared to eight and two paralogs in C. albicans and S. cerevisiae ,
 espectiv el y. 

Pr e vious mass spectr ometry-based pr oteomic studies in S. cere-
isiae and Candida species have identified two types of cov alentl y
ound CWPs: the majority are GPI-modified proteins (described
elow) linked to β-1,6-glucan (De Groot et al. 2005 ). A minor sec-
nd group lacks GPI anchor peptides and is connected to β-1,3-
lucan through alkali-sensitive linkages (ASL) (De Groot et al.
005 ). Identified ASL wall proteins in baker’s yeast and Candida
pp. include Pir, Bgl2, Sun, and Tos1 famil y members (de Gr oot
t al. 2004 , Yin et al. 2005 , De Groot et al. 2008 , Klis et al. 2009 ).
last analysis confirmed that paralogs of the encoding genes are
lso present in the genomes of C. auris and the C. haemuli -complex
pecies (Table 1 and Table S1 ). Linkage of S. cerevisiae Cis3/Pir4 to
-1,3-glucan has been shown to be ac hie v ed thr ough the con-

http://www.cazy.org/
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
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Figure 2. 3D structural analysis of C. auris Pir proteins. (A–B) Pir1 paralogs harboring internal repeats and the conserved 4C domain. (C) Pir32 paralog 
lac king r epeats and harboring a modified 4C domain. (D) RCSB TM-alignment of the thr ee pr oteins showing structur al conserv ation of the 4C domain. 
(E) Details of sequence and tertiary structure similarity between Pir1 and the other two Pir family proteins. 
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serv ed glutamine-ric h Pir-specific r epeat (Ec ker et al. 2006 ). This 
led to the hypothesis that Pir proteins with multiple repeats 
might crosslink β-1,3-glucans to reinforce the wall structure. Blast 
searches with Pir protein queries identified three paralogs in C.
auris and the C. haemuli -complex species. Two are canonical pre- 
pr opr oteins with multiple repeats and a 4C domain like the Pir 
proteins in S. cerevisiae (De Groot et al. 2005 ). The third contains 
a structur all y conserv ed, slightl y modified, 4C domain but lac ks a 
K ex2 cleav a ge site and Pir r epeats and, ther efor e, is mor e likel y
to be secreted than incorporated into the cell wall (Fig. 2 and 

Table S2 ). 
For the identification of putative GPI proteins, we employed an 

earlier described bioinformatic pipeline (detailed in the “Materi- 
als and Methods” section), which in essence selects from trans- 
lated genomes proteins that share three characteristics: (i) pres- 
ence of an N-terminal signal peptide for secr etion, (ii) pr esence of 
a C-terminal GPI-anchoring signal, and (iii) absence of transmem- 
brane domains in the mature protein. As the pipeline depends on 

corr ect open r eading fr ame (ORF) calling and cur ation in genome 
equencing pr ojects, Blast cr oss-c hec king of identified pr oteins
mong the different strains was performed to avoid any omission.
he number of putative GPI proteins identified in the six C. auris
lades were: 84 (clade I), 72 (clade II), 84 (clade III), 82 (clade IV),
0 (clade V), and 81 (clade VI) ( Tables S3 and S4 ). In the C. haemuli
omplex species, we identified 76, 70, and 70 putative GPI proteins
n C. haemuli , C. pseudohaemuli , and C. duobushaemuli , r espectiv el y
 Table S5 ). The number of GPI proteins is similar to pathogenic
TG-clade Candida spp. (De Groot et al. 2003 , Richard and Plaine
007 , Butler et al. 2009 ). Altogether, 88 putativ e GPI pr oteins wer e
dentified in C. auris , and for 61 of these subsequent Blast analy-
es indicated that they were homologs of known GPI proteins in
. albicans (Fig. 3 and Table S3 ), including Gas, Crh, Ecm33, Dfg5,
dhesin (Iff, Als, and Hwp1/Rbt1), aspartyl protease, and phospho- 
ipase B protein family members. In addition, one protein without
omology to C. albicans GPI proteins sho w ed similarity to S. cere-
isiae Flo-type flocculins, detailed below. 

Concordant with other studies (Santana et al. 2023 , Smoak 
t al. 2023 , Pelletier et al. 2024 , Wang et al. 2024 ), among the

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
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Figure 3. Conserv ed putativ e GPI pr oteins in the six C. auris clades and in C. haemuli complex species. GPI pr oteins wer e identified in silico and 
annotated according to their closest homologs in C. albicans or S. cerevisiae Flo5, as detailed in the “Materials and Methods” section. 

Table 2. Identified adhesin-like proteins in C. auris strain VPCI479/P/13. 

Protein Length of LBD 

a 

Identity of LBD with 
closest homolog (%) RMSD ( ̊A ) TM score 

LBD residues with 
equivalent 3D positions 

Iff1 305 38 1 .75 0 .87 281 
Iff4 306 28 2 .34 0 .83 283 
Iff40 307 34 2 .13 0 .85 282 
Iff5 312 31 2 .25 0 .83 298 
Iff6 308 33 1 .81 0 .85 282 
Iff60 309 31 1 .99 0 .86 291 
Iff9 310 33 2 .12 0 .85 284 
Rbr3 305 36 1 .79 0 .86 282 
Hyr3 308 33 2 .03 0 .86 286 
Als1 313 30 1 .55 0 .91 305 
Als3 308 33 1 .60 0 .92 299 
Als7 302 27 1 .91 0 .91 294 
Scf1/Rbt1 248 25 ( Ca Rbt1) 3.12 ( Ca Rbt1); 

3.21 ( Sc Flo11) 
0.64 ( Ca Rbt1); 
0.68 ( Sc Flo11) 

169 ( Ca Rbt1); 
137 ( Sc Flo11) 

Flo5 193 31 2 .86 0 .65 193 

a LBD, ligand-binding domain defined as the N-terminal part of the mature protein until the start of low complexity regions. 

i  

a  

b  

t  

e  

w  

o  

i  

h  

i  
dentified GPI proteins are three ORFs showing similarity to Als
nd nine showing similarity to Hyr/Iff adhesins in C. albicans (Ta-
le 2 and Table S3 ), which possesses eight and twelve members of
hese protein families, respectively. Despite the generally low lev-
ls of sequence identity of their putative ligand-binding domains
ith their closest homologs in C. albicans , AlphaFold2 modeling
f their tertiary (3D) structures and subsequent structure similar-
ty analysis sho w ed lo w root mean squar e de viation (RMSD) and
igh template modeling (TM) scores (Fig. 4 and Table 2 ), confirm-

ng their identification as members of these adhesin families. With

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
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Figure 4. Compar ativ e structur al anal ysis of C. auris adhesins. (A–D) Cartoon pr esentations of modeled thr ee-dimensional structur es (AlphaFold2) of 
putative ligand-binding domains of C. auris adhesins aligned (RCSB TM-alignment) with their closest C. albicans or S. cerevisiae homologs. (A) Als family 
protein Als1; (B) Iff/Hyr family protein Iff4, side and top views; and (C) Scf1/Rbt1. A canonical surface-exposed Kex2 cleavage site (KR/DV) at positions 
216–219 in Scf1 is indicated by a red box. (D) Flo5 (strain B11220). The Flo5 model includes the repeat domain (top part) downstream of the 
ligand-binding domain (boxed), the latter aligned to ScFlo5. N-terminal residues in the structures of the C. auris proteins are indicated. (E) Top and side 
view of the strain B11220 Flo5 42-aa repeat domain (aa 248–722). (F) Sequence logo of the 42-aa repeat based on all Flo5 repeats in six re presentati ve 
strains (one per clade). Arrows indicate β-sheet forming regions, and the black bar marks a small region with high β-aggregation propensities 
according to T ANGO . Ca, C. albicans and Sc, S. cerevisiae . 
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the exception of clade II, the distribution of these adhesin fami- 
lies among the different clades of C. auris was mostl y conserv ed 

albeit that the IFF family in clades III and V a ppear ed to have 1 or 
2 gene copies less than clade I (Fig. 2 ). In clade II, various adhesin 

genes located in subtelomeric regions of other clades a ppear ed to 
be absent due to c hr omosome r earr angements (Muñoz et al. 2021 ) 
( Fig. S1 ), reducing the ALS family to two and the IFF family to three 
gene copies. 
A third family of GPI proteins with adhesive functions in C. al-
icans is the Hwp1/Rbt1 family that includes the adhesins Hwp1,
wp2, Eap1, and Rbt1, and Ywp1, a pr otein with pr oposed anti-
dhesiv e pr operties (Gr anger et al. 2005 , De Gr oot et al. 2013 ).
hese proteins do not show homology in their putative N-terminal

igand-binding domains, but they share the presence of (two 
opies of) a conserved 42-aa motif (De Groot et al. 2013 ). Among
he putative GPI proteins in C. auris are proteins with the closest

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
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omology to Rbt1 and Ywp1. The Rbt1 paralog is better known
s Scf1, an adhesin that was shown to play a k e y role in adher-
nce to pol ystyr ene (Santana et al. 2023 ). Its ligand-binding do-
ain indeed shows structural properties resembling Rbt1 as well

s S. cerevisiae Flo11, although it lacks primary sequence homol-
gy to the latter (Table 2 and Fig. 4 ). The 42-aa motif is also present
n other C. albicans GPI proteins not predicted to be adhesins; Pga6,
ga18, Pga38, Pga59, and Pga62, the latter two being upregulated
uring biofilm formation (Moreno-Ruiz et al. 2009 ). C. auris con-
ains homologs of Pga6, Pga18, Pga38, and Pga62 but only Pga38
resented the 42-aa motif as defined in C. albicans . 

Another identified GPI protein, Flo5, sho w ed (only) w eak se-
uence similarity to S. cerevisiae flocculins Flo1, 5, 9, and 10 (Ta-
le 2 ). Structur al r elationship with these flocculins was supported
y 3D modeling and subsequent alignment of their N-terminal
igand-binding domains (Fig. 4 ). Curiousl y, immediatel y down-
tream of the ligand-binding domain, Flo5 presents a variable
umber of a different type of 42-aa repeats, in the analyzed strains
 anging fr om nine (clade II str ains B11220 and B11809) to 97
opies (clade V strain IFRC2087) ( Table S6 ). In 3D structural mod-
ls (Fig. 4 ), these repeat domains were displayed as channel-like
tructur es of v ariable length, in whic h eac h r epeat forms a he-
ix turn that is pr edominantl y composed of β-sheets, one with
r edicted β-a ggr egation pr opensities . To our knowledge , such a
 hannel-like structur e downstr eam of the ligand-binding domain
as not been observed in any other fungal adhesin to date. 

With respect to putative GPI proteins that are enzymes play-
ng roles in tissue degradation or counteraction of host-defense
esponses, as earlier observed for C. albicans , our search identified
spartyl proteases , phospholipases , and super oxide dism utases in
. auris (Fig. 3 ). For four of the predicted GPI proteins, their clos-
st homolog in C. albicans was the GPI-modified aspartic protease
a p9. Inter estingl y, another pr edicted C. auris GPI pr otein (Apr10)
ad higher identity with C. albicans Apr1, described to be a vacuo-

ar proteinase, and not GPI-modified. The structural resemblance
f Apr10 with Sap9-like proteases was supported by 3D modeling
nd alignment ( Fig. S2 ). Ten other aspartic proteases with homol-
gy to non-GPI modified proteins in C. albicans lacked or had am-
iguous GPI anchoring peptides ( Table S7 ). Concerning phospholi-
ase B proteins, two out of four were predicted to be GPI-modified

n all analyzed strains by analogy to their closest homologs in C. al-
icans ( Table S7 ). Strain B11245 uniquely had a third paralog (Plb4)
ith an ambiguous GPI anchoring prediction ( Table S7 ). Other GPI
roteins implicated in pathogenesis are GPI-anchored superoxide
ism utases (Sc hatzman et al. 2020 ), the Rbt5 family mediating

ron acquisition (Nasser et al. 2016 ), and Pga29/30/31- and Pga26-
 elated pr oteins with demonstr ated r ele v ance for virulence but
nr esolv ed biological functions (de Boer et al. 2010 , Laforet et al.
011 ). All these families ar e pr esent in C. albicans but absent in
. cerevisiae . Our analysis sho w ed that paralogs w er e pr esent in C.
uris as well as the analyzed C. haemuli complex species (Fig. 3 and
able S7 ). 

Twenty-six of the identified putative C. auris GPI proteins lacked
omologs in C. albicans or S. cerevisiae ( Table S4 and Fig. S3 ). Twelve
ere detected in all C. auris clades. Of the pr oteins pr esent in

ome but not in all C. auris strains, the majority were absent in
lade II. Fifteen proteins were conserved in at least one of the C.
aemuli -complex species. From a pathobiology point-of-view, cell
urface proteins that are present in all C. auris clades but absent
n the Candida genus ar e inter esting candidates for further stud-
es . For instance , their potential to serve as species-specific diag-
ostic PCR markers for C. auris infections has been demonstrated

or some of the corresponding genes (Ruiz-Gaitán et al. 2018 , Al-
 ar ado et al. 2021 ). Expr ession of four of such genes (one exclu-
iv el y pr esent in C. auris , one present in C. auris and C. haemuli ,
nd two that are conserved in the C. haemuli -complex species) was
nalyzed by qPCR to explore their gene activity under infection-
 ele v ant conditions (Fig. 5 ). Conditions chosen for this analysis
detailed in the “Materials and Methods” section) were different
rowth phases (log phase, stationary phase, and biofilms), pres-
nce of subinhibitory concentrations of clinically used antifun-
als from different classes (AmB, Mic, and Isa) or the w ell-kno wn
ell wall perturbant CFW. The two genes that are conserved in the
. haemuli complex, QG37_01906 and QG37_05701 , were induced
hen grown in the presence of AmB, Isa, and CFW. The former
as also expressed when grown to the stationary phase . T he other

wo genes ( QG37_01915 and QG37_03410 ) were not expressed un-
er any of the tested conditions (not shown) and were discarded
or further functional analysis. 

Deletion m utants wer e gener ated for the expressed GPI
rotein-encoding genes QG37_01906 and QG37_05701 in clade I
train VPCI479/P/13 to analyze their importance for fitness and
ell surface-r elated pr operties. Deletion of neither of the two
enes affected fitness in YPD cultures . T he qg37_01906 � mutants
lso did not show any phenotype in further assays that could pro-
ide evidence for a cell surface-related function. In the case of
he qg37_05701 � mutants, when testing sensitivity to cell wall
CFW, CR, and zymolyase) and membrane (SDS) perturbants and
ntifungal compounds (AmB, Flu, Isa, Cas, and Mic), only a slight
ecrease in sensitivity to zymolyase and a two-fold increase in
ensitivity to Isa was observed (Fig. 6 and Fig. S4 ). The mutants
id not have alterations in sedimentation, aggregation, or viru-

ence in the Galleria mellonella in vivo model (not shown). The mu-
ants also did not have phenotypes in assays measuring CSH, ad-
esion/biofilm formation onto pol ystyr ene (PS) after 24 h of in-
ubation, or adhesion to HeLa cells after 2 h of co-incubation
 Fig. S4 ). Adhesion to PS and PS coated with different biomolecules
 as assay ed b y flo w c ytometry after 4 h of incubation (Fig. 6 ). In

hese assa ys , the qg37_05701 � mutants sho w ed increased adhe-
ion to PS and laminarin ( β-1,3-glucan)-coated PS but adhesion
o PS coated with pustulan ( β-1,6-glucan), c hitin, or colla gen was
naffected. Together with the decreased sensitivity to zymolyase,
hese data suggested that deletion of QG37_05 701 caused cell wall
lter ations r elated to β-1,3-glucan structur e, amount, or accessi-
ility. 

iscussion 

he cell wall is an organelle that plays a k e y role in pathogen–
ost interactions and the establishment of fungal infections. In
his pa per, we pr esent a detailed compar ativ e genomic anal ysis of
ell wall biosynthesis in C. auris , denoted as a “critical” emerging
athogenic yeast by the WHO (World Health Organization 2022 ).
e ac hie v ed this thr ough a combination of homology search-

ng and the application of an independent bioinformatic pipeline
o exhaustiv el y identify the putativ e CWP-encoding genes. Our
nal ysis included r epr esentativ es of all six genetic C. auris clades
s well as closely related species from the C. haemuli complex.
ll yeast species that are known to cause candidiasis, includ-

ng C. auris , are categorized within the subphylum Sacc harom y-
otina (Fig. 1 A). We compared our data to the w ell-studied y easts
. albicans (clinical pathogen, genus Candida ) and S. cerevisiae

bak er’s yeast, gen us Sacc harom yces ). Importantl y, our genomic
nalysis indicated that the cell wall arc hitectur e in C. auris and
elated species is built with the same macromolecules. Ho w ever,
lter ations in pr otein families point to subtle differences, with
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Figure 5. qPCR gene expression analysis of C. auris GPI protein-encoding genes lacking homologs in the Candida genus. (A) Four GPI protein-encoding 
genes were selected for gene expression analysis. (B) Relative gene expression levels of the two actively transcribed genes QG37_01 906 and 
QG37_05701. Data were normalized to 5.8S rDNA expression and plotted in comparison to QG37_01 906 (left axis) and 5.8S rDNA (right axis) transcript 
le v els at the stationary phase. Shown are av er a ge v alues and standard de viations of two biological samples measur ed in triplicate. 

Figure 6. Deletion of QG37_05 701 but not QG37_01 906 affects glucan-related and adhesion properties of C. auris . (A) Zymolyase sensitivity. (B) 
Adhesion assa ys . P er centa ge of cells adhering to pol ystyr ene (PS) and PS coated with differ ent biomolecules after 4 h of incubation, measur ed b y flo w 

cytometry. Details concerning the number of replicates in each assay and statistical analysis are provided in the “Materials and Methods” section. 
Error bars indicate standard deviations. P -values < .05 ( ∗) were considered statistically significant. 
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v  
Candidozyma species seemingly having a structure that is a hybrid 

of Sacc harom yces and Candida , r eflecting the r elativ el y lar ge phylo- 
genetic distances between the three genera (Fig. 1 A). 

Results from BLAST searching indicated that, similar to C. al- 
bicans and S. cerevisiae , the cell wall in C. auris is composed of 
-1,3-glucan, β-1,6-glucan, c hitin, and mannopr otein, in accor- 
ance with liter atur e that alr eady documented the pr esence of
hese molecules (Bruno et al. 2020 , Shiv ar athri et al. 2020 , Fa-
ooqi et al. 2021 , Wang et al. 2022 ). For all C. albicans and S. cere-
isiae queries homologs were identified in C. auris and the related
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pecies. In a few cases, the different copy numbers of gene ho-
ologs point to differences in the amount, arrangement, or re-
odeling of the r espectiv e cell wall molecules. For instance, the

ks1 family encoding the catalytic subunit of the β-1,3-glucan
ynthase complex (Douglas 2001 ) is restricted to two genes in
andidozyma species (except C. haemuli ) compared to three genes

n C. albicans and S. cerevisiae . On the other hand, the Eng1-like
ndoglucanase family, implicated in β-1,3-glucan remodeling or
egradation during cytokinesis (Esteban et al. 2005 ), is expanded
y one gene in the Candidozyma species. As for protein mannosy-
ation, note worthy differ ences wer e identified for the Mnn4 and
mt families involved in phosphomannosylation. Regarding the
nn4 family regulating mannosylphosphate addition (Hall and
ow 2013 ), C. albicans comprises eight copies, S. cerevisiae has only

wo, and the Candidozyma species present an intermediate situ-
tion with six gene copies. Similarl y, wher e C. albicans performs
-mannosylation with nine BMT gene copies (Hall and Gow 2013 ),
. cerevisiae lacks this gene family, ho w ever, C. auris and the other
nalyzed Candidozyma species possess two BMT genes, suggest-
ng modest β-mannosylation (Fig. 1 B). These examples empha-
ize the phylogenetic distances between the thr ee differ ent gener a
Fig. 1 A). Although we should be very careful to extrapolate in silico
ata to actual amounts of cell wall molecules, the lo w ered num-
er of MNN4 and BMT gene copies in C. auris seems consistent
ith NMR studies indicating lo w er ed le v els of phosphomannan
nd β-mannosylation compared to C. albicans (Wang et al. 2022 ).
n the other hand, our analysis does not provide hints pointing to
 higher le v el of total cell wall mannan in C. auris as measured by
PLC and gas c hr omatogr a phy anal ysis in the same publication. 
An interesting difference between the three genera is also ap-

arent in the Pir family of mild-alkali-sensitive CWPs. Pir proteins
r e incor por ated in the wall thr ough a dir ect ester link between a
lutamine residue in their typical Pir repeats and β-1,3-glucan, as
legantly shown for S. cerevisiae Cis3/Pir4 (Ecker et al. 2006 ). Owing
o the presence of multiple Pir repeats in most of these proteins,
hey are hypothesized to strengthen the cell w all b y β-1,3-glucan
rosslinking. In S. cerevisiae (and C. glabrata ), the Pir family is en-
oded by five gene copies, while a few other—GPI-modified—CWPs
lso contain a single Pir repeat sequence, suggesting possible β-
,3/ β-1,6-glucan crosslinking (De Groot et al. 2008 ). Apart from the
ypical repeats, Pir proteins also share a C-terminal fold supported
 y four c ysteines at conserved positions. C. albicans has two pro-
eins, Pir1 and Pir32, with a similar fold, ho w e v er, Pir1 is the only
rotein that contains Pir repeats and has been identified in cell
all pr epar ations (Heilmann et al. 2011 , Sor go et al. 2011 ). There-

or e, considering their pr oposed r ole in cell wall r einforcement, it
ay seem surprising that neither deletion of PIR1 nor simultane-

us deletion of PIR1 and PIR32 led to cell wall or fitness defects
Kim et al. 2022 ). This suggests that C. albicans may have devel-
ped other mechanisms to achieve sufficient cell wall strength.
n the analyzed Candidozyma species, three proteins with the C-
erminal Pir fold were present (Fig. 2 ), two of which have internal
epeats and are therefore likely to be incorporated into the cell
 all (Fig. 1 B). The thir d has closer homology to Pir32 and is more

ikely to be secreted. Hybrid proteins with GPI anchor peptides and
 Pir repeat are absent in C. auris and related species. 

Pr e vious genomic studies have indicated that the number of
PI proteins in fungal species seems to reflect their pathogenicity

Butler et al. 2009 ). Also in this case, compared to C. albicans (106
PI proteins) and S. cerevisiae ( ∼70), C. auris presents an interme-
iate situation with the number of GPI proteins ranging from 84

clades I and III) to 72 (clade II). Inter estingl y, clade II is consid-
red less pathogenic and lacks various adhesin genes in telom-
ric regions (Muñoz et al. 2021 ) ( Fig. S1 ). This resembles the ob-
erv ed enric hment of adhesin families Hyr/Iff and Als in the more
athogenic Candida spp. in the order Serinales compared to less
athogenic species (Butler et al. 2009 ). In line with this, in the other
nalyzed C. haemuli complex species, that are less pathogenic, the
umber of identified GPI proteins ( Ch , 76; Cp , 70; and Cd , 70) is

o w er than in C. auris (except clade II) and is closer to the number
n baker’s yeast. 

Candida auris also presents an intermediate situation when
omparing cell wall adhesins with C. albicans and S. cerevisiae .
. albicans has three adhesin families, Als (8 genes), Iff (12), and
wp1/Rbt1 (10), whereas S. cerevisiae has two sexual agglutinins
nd Flo1, 5, 9, 10, and 11 flocculins. In C. auris , consistent with
arlier reports (Santana et al. 2023 , Smoak et al. 2023 ), our GPI
ipeline identified three Als and nine Hyr/Iff proteins. Of the lat-
er family, Iff4109/Rbr3, has been shown to mediate adhesion and
olonization of inert surfaces and mammalian hosts (Santana et
l. 2023 ). In ad dition, another putati ve GPI adhesin, Scf1/Rbt1,
as structural similarity to both Ca Rbt1 and Sc Flo11, support-

ng the pr e viousl y hypothesized functional link between these
dhesins (Monniot et al. 2013 ). Scf1/Rbt1 was shown to medi-
te colonization of skin and inserted medical devices, biofilm for-
ation, and virulence in systemic infection, r el ying on exposed

ationic residues for surface association (Santana et al. 2023 ).
cf1-mediated adhesion to pol ystyr ene is governed, at least partly,
y a cation-aromatic amino acid cluster in the N-terminal domain
Santana et al. 2023 ). Intriguingl y, downstr eam of the N-terminal
omain, the protein contains at least one surface-exposed canon-

cal substrate site for Kex2 cleavage (Bader et al. 2008 ) (Fig. 4 ),
hich might result in secretion of the N-terminal functional do-
ain as (a) soluble peptide(s) rather than being linked to the cell
 all. This w ould be consistent with the fact that SCF1 deletion
oes not affect CSH and that an Scf1 protein carrying a FLAG-tag

mmediatel y downstr eam of the N-terminal domain localizes to
he cell surface (Santana et al. 2023 ). If true, an important ques-
ion may be how a soluble secr eted pr otein domain mediates in
biotic and cell surface adhesion leading to biofilm formation.
onsistent with the study of Santana and co-workers (Santana
t al. 2023 ), our pipeline also detected a homologous GPI protein
n C. haemuli but not in C. pseudohaemuli or C. duobushaemuli . Fi-
all y, a putativ e adhesin (Flo5) with structur al similarity to the
-terminal domain of S. cerevisiae Flo1,5,9 and 10 was only iden-

ified in C. auris . Inter estingl y, in contr ast to the S. cerevisiae par-
logs, Flo5 contains a channel-like helix structure composed of
a variable number of) 42-aa repeats immediately downstream of
he N-terminal domain. This domain has pr edicted β-a ggr egation
r opensities and ther efor e might pr omote formation of amyloids
nd flocculation (Golan et al. 2022 ). The presence of both adhesins
ypical for C. albicans and for S. cerevisiae is not unique for C. auris
s it has pr e viousl y also been documented for C. krusei (Alv ar ado
t al. 2023 ) and C. glabrata (Reithofer et al. 2021 , Smoak et al. 2023 );
t seems to reflect that all these species belong to different genera
n the same subphylum (Fig. 1 A). 

GPI-modified aspartic proteases and phospholipase B proteins
av e r oles in pathogenesis (Klis et al. 2009 ). Although these pro-
eins ar e conserv ed in the genomes of anal yzed Sacc harom ycotina ,
spartic pr oteases hav e onl y been identified in cell wall pr epar a-
ions of some pathogenic Candida species (Heilmann et al. 2011 ,
or eno-Martinez et al. 2021 , Alv ar ado et al. 2023 ). Other fami-

ies of GPI proteins implicated in pathogenesis include superoxide
ism utases, pr oteins mediating ir on acquisition, and Pga29/30/31-
nd Pga26-r elated pr oteins. Except perha ps Pga26, these pr oteins
r e conserv ed among the more pathogenic species in the Candida

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae039#supplementary-data
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genus but are absent in Sacc harom yces (Butler et al. 2009 ). Con- 
cordant with their pathogenic potential, our pipeline identified all 
these GPI protein families in C. auris as well as in the C. haemuli - 
complex species. 

Although GPI anchoring is a feature that is present in all 
eukaryotes, GPI-modified CWPs are not known to be essential 
and ar e r elativ el y less conserv ed. Pr e vious genomic studies on 

Debaryomycetaceae yeasts indicated that each contains a small 
number of species-specific GPI-modified singletons [varying 
between nine and 26, (Butler et al. 2009 )]. This is also the case for 
C. auris where 11 GPI-modified singleton genes were identified.
Consistent with the poor conservation of GPI pr oteins, onl y four 
of these were detected in all six clades, although we cannot 
exclude that this is partly due to experimental errors. For 15 
others a homolog was discov er ed in at least one of the C. haemuli 
complex species but not in the Debaryomycetaceae family. These 
species-specific proteins are promising candidates for developing 
efficient novel antifungal strategies, including diagnostic mark- 
ers , antifungal compounds , or vaccines against this hazardous 
species in addition to more generic pan- Candida or panfungal 
a ppr oac hes (Gow et al. 2017 , Cortes et al. 2019 ). Furthermore,
genes that are uniquely present in a pathogen like C. auris may 
also be r ele v ant for its pathobiology. Of the two genes that were 
studied here, deletion mutants lacking QG37_05701 sho w ed mild 

phenotypes related to β-1,3-glucan properties consistent with its 
predicted cell surface localization. If this is somehow related to 
its pathogenicity remains to be elucidated. 

In conclusion, our genomic study indicates that cell wall con- 
struction in the emerging pathogen C. auris is based on the same 
principles as described for baker’s yeast and C. albicans . How- 
e v er, expansions and reductions in the implicated protein families 
point to subtle but remarkable differences, hinting to intermedi- 
ate cell wall aspects , for instance , r egarding β-1,3-glucan, pr otein 

mannosylation, number of GPI proteins, and types of adhesins. Al- 
together, our study uncov er ed a wealth of genomic information on 

cell wall synthesis in C. auris . T his ma y serve future studies aimed 

at improving our understanding of the relationship between cell 
wall structure and pathogenicity and at the development of novel 
antifungal a ppr oac hes. 
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