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Abstract 

Nakaseomyces glabratus ( Candida glabrata ) is an opportunistic human fungal pathogen of high priority that shares an ancestor with the 
non-pathogenic y east Sacchar om yces cer evisiae . Candida glabrata causes infections of the mucosal surfaces as well as fatal deep-seated 

tissue infections in imm unocompr omised indi viduals. The co-r esistance to two commonly used antifungal drug classes, azoles and 

echinocandins, is incr easingl y being r e ported in clinical isolates of C. glabrata all over the world, which poses a significant threat to the 
successful treatment of C. glabrata infections. Acquisition of drug resistance in hospital settings is a complex multifaceted process that 
is governed by various factors including antimicrobial stewar dship . This re vie w summarizes both the key clinical antifungal resistance 
mechanisms, and the contribution of cellular stress signaling pathways to drug resistance acquisition in C. glabrata . Specifically, we 
discuss the emerging conce pts r egarding the role of mitochondrial functions, epigenetic modifications, and the host niche in the 
development of drug resistance . Lastly, w e outline some potential areas for future resear c h that will enable us to better understand 

the drug ev olutionar y dynamics of this important human fungal pathogen. 

Ke yw ords: antimicr obial r esistance; human pathog enic fung i; azole and echinocandin drugs; calcineurin signaling and Hsp90; mito- 
chondria; genetic and epigenetic modifications 
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Introduction 

Inv asiv e fungal infections are associated with high morbidity 
and mortality in hospitals worldwide, with ∼2.5 million peo- 
ple dying of these infections e v ery year (Bongomin et al. 2017 ,
Denning 2024 ). Candida species are a leading cause of oppor- 
tunistic inv asiv e mycoses, with Candida albicans and C. auris re- 
cently being categorized as fungal pathogens of critical priority 
by the World Health Organization [World Health Organization 

(WHO) 2022 ; Denning 2024 ]. Candida glabrata , r ecentl y r enamed as 
Nakaseomyces glabratus , belongs to the class of high-priority fun- 
gal pathogens [Takashima and Sugita 2022 , World Health Organi- 
zation (WHO) 2022 ], and is a common causative agent of blood- 
str eam, or al cavity, v a ginal and urinary tract, and deep-seated in- 
fections including intra-abdominal abscess, in patients with com- 
pr omised imm une system (Fidel et al. 1999 , Vazquez and Sobel 
2002 , Li et al. 2007 , Achkar and Fries 2010 , Lamoth et al. 2018 ,
Gajdács et al. 2019 , Soriano et al. 2023 ). 

Candida glabrata is the second most fr equentl y isolated Candida 
species in clinical settings in many parts of the world including 
the United States of America and northwestern Europe, and con- 
tributes up to 35% of total Candida bloodstream infections (Ast- 
vad et al. 2018 , Lamoth et al. 2018 , Pfaller et al. 2019 , Soriano et 
al. 2023 ). Candida glabrata infections are associated with some of 
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he worst rates of mortality amongst Candida species, typically be-
ween 25% and35% (Meyahnwi et al. 2022 , Salmanton-García et al.
024 ) and soaring up beyond 50%, as found in some studies (Gupta
t al. 2015 , Won et al. 2021 ). 

Over the last two decades, C. glabrata has been exhibiting an
 v er-incr easing r ate of r esistance to w ar ds azole and echinocandin
rugs under clinical settings (Perlin et al. 2017 , Astvad et al. 2018 ,
amoth et al. 2018 , Pfaller et al. 2019 , Soriano et al. 2023 ). The cur-
ent antifungal arsenal is mainly comprised of three antifungal 
lasses , azoles , echinocandins , and polyenes , and the growing co-
esistance of C. glabrata to azoles and echinocandins is a major

edical concern (Perlin et al. 2017 , Lamoth et al. 2018 , Pfaller et
l. 2019 , Rasheed et al. 2020 ). 

The current review provides an ov ervie w of pr e v alent antifun-
al resistance mechanisms in C. glabrata , with a particular em-
hasis on the contributions of cellular signaling pathways to drug
 esistance acquisition. Additionall y, w e summarize ho w epige-
etic modifications may govern the cellular response to antifun- 
al stress and aid in the de v elopment of drug r esistance. Finall y,
hile highlighting the gaps in our current kno wledge, w e discuss

he importance of tr ac king emer ging drug r esistance tr ends and
mplementation of focussed all-encompassing strategies to better 
ontr ol m ultidrug-r esistant C. glabrata infections. 
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ature and pathogenicity of C. glabrata 

andida glabrata is a haploid yeast, which is a part of the whole-
enome duplication clade Candida species (Galocha et al. 2019 ,
asheed et al. 2020 ). Candida glabrata and the budding yeast Sac-
 harom yces cerevisiae ar e descendants of a common recent ances-
or and display genome synteny (Dujon et al. 2004 , Rasheed et
l. 2020 ). Candida glabrata divides by budding, forms pseudohy-
hae under a very limited set of conditions, and lar gel y lac ks hy-
hae formation and true mating (Galocha et al. 2019 , Rasheed et
l. 2020 ). Of note, a 6-month continuous exposure of C. glabrata
o macr opha ges led to a genetically stable, pseudohyphae-like
r owth mor phology, whic h was attributed to a point mutation
n the CHS2 gene that codes for chitin synthase (Brunke et al.
014 ). The genome of C. glabrata encodes 5272 ORFs (Open Reading
r ames), including m ultigene families of adhesin proteins, drug
r ansporters, hexose tr ansporters, mannosyl tr ansfer ases, and as-
artyl proteases ( http:// www.Candidagenome.org/ cache/ C _ glabrata _
BS138 _ genomeSnapshot.html ). The c har acteristic featur es of C.
labrata , that promote its pathogenicity, ar e man yfold including
 capability to stick to a wide variety of surfaces and host tis-
ues, r eplicate in macr opha ges, impede pha gol ysosome matu-
 ation, suppr ess the host innate imm une r esponse , and displa y
enome plasticity and proclivity to acquire a great degree of re-
istance to w ar ds o xidati v e, thermal and antifungal drug str esses
Seider et al. 2011 , Galocha et al. 2019 , Rasheed et al. 2020 ). 

ntifungal drugs 

zoles , polyenes , and ec hinocandins ar e thr ee major classes of
ntifungal drugs that are used to treat C. glabrata infections . T heir
odes of action are illustrated in Fig. 1 , and briefly discussed be-

ow. 

zoles 

zoles belong to a family of five-membered heterocyclic com-
ounds in which one of the constituent atoms needs to be nitro-
en, along with at least one non-carbon atom viz ., oxygen, sulfur,
r nitrogen, in their ring structures (Robbins et al. 2016 ). The azole
amily of drugs includes two classes of antifungal compounds:
midazoles with two nitrogen atoms in the azole ring, such as
etoconazole , miconazole , etc., and triazoles with three nitrogen
toms in the azole ring such as fluconazole , voriconazole , etc.
P a ppas et al. 2016 , Robbins et al. 2016 ). Fluconazole is a widely
sed antifungal drug lar gel y due to its cost-effectiv eness, or al
oute of administration, efficaciousness, and low toxicity (Pappas
t al. 2016 , Rasheed et al. 2020 ). Azoles interfere with the biosyn-
hesis of the predominant cell membrane sterol, ergosterol, by
inding non-competitiv el y to, and inhibiting cytoc hr ome p450 en-
yme lanosterol 14 α-demethylase, encoded by the CgERG11 gene
n C. glabrata (Robbins et al. 2016 , Perlin et al. 2017 , Rasheed et al.
020 ). Azole drug treatment leads to intracellular as well as cell
embr ane accum ulation of toxic 14 α-methylated ster ols, while

lso causing a deficiency of er goster ol in the cell membrane, and
ampers the growth of C. glabrata cells (Robbins et al. 2016 , Perlin
t al. 2017 , Rasheed et al. 2020 ). 

 oly enes 

he c hief tar get of the pol yene class of fungicidal drugs, which
onsists of cyclic lactone rings of 25–38 pol yunsatur ated carbon
toms, and multiple hydroxyl groups, that impart hydrophilicity, is
he plasma membrane ergosterol (Robbins et al. 2016 ). Two promi-
ent examples of polyene antifungals used in clinical settings are
mphotericin B and n ystatin (P a ppas et al. 2016 , Rasheed et al.
020 ). Er goster ol-binding of polyenes in the cell membrane results
n altered membrane permeability and architecture leading to
or e formation, extr action of ster ols fr om the plasma membr ane,
smotic cell lysis, and cell death (Rasheed et al. 2020 , Brügge-
ann et al. 2022 , Maertens et al. 2022 ). Polyenes are not a pre-

err ed c hoice for antifungal ther a py, as their usa ge is often asso-
iated with ne phroto xicity (Pappas et al. 2016 , Robbins et al. 2016 ,
rüggemann et al. 2022 ). Ho w e v er, liposomal form ulations of am-
hotericin B hav e decr eased toxicity and ar e used as a last-r esort
rug for treatment of fungal infections (Arendrup and Patterson
017 , Brüggemann et al. 2022 , Maertens et al. 2022 ). 

chinocandins 

he main target of the echinocandin class of fungicidal drugs is
he fungal cell wall (Gow et al. 2017 ). Ec hinocandins, whic h ar e
omprised of cyclic non-ribosomal hexapeptides with N-linked
cyl lipid side chains, do not cause cytotoxicity in the host (Rob-
ins et al. 2016 , Gow et al. 2017 ). Caspofung in, micafung in, and
nidulafungin are common clinically used echinocandin antifun-
al drugs (P a ppas et al. 2016 , Rasheed et al. 2020 ). The cell wall
n C. glabrata is a highly ordered dynamic structure consisting of
hitin, β,1–3 glucan, β,1–6 glucan, and mannoproteins (de Groot et
l. 2008 ). Ec hinocandins non-competitiv el y tar get a k e y cell wall
iogenesis , multi-subunit enzyme , β,1–3 glucan synthase (Dou-
las 2001 , Perlin et al. 2017 ). The catalytic subunit of β,1–3 glu-
an synthase is encoded by three genes in C. glabrata , CgFKS1 ,
gFKS2 , and CgFKS3 (Garcia-Effron et al. 2009 , Robbins et al. 2016 ).
c hinocandin tr eatment r esults in impair ed cell wall synthesis,
ue to reduced β,1–3 glucan polymer formation, and a weakened
ell wall (Robbins et al. 2016 , Perlin et al. 2017 , Rasheed et al. 2020 ).
ue to intrinsic low azole susceptibility of C. glabrata , echinocan-
ins are the frontline therapy to manage C. glabrata infections

P a ppas et al. 2016 , Ar endrup and P atterson 2017 , Perlin et al. 2017 ,
asheed et al. 2020 , Droney et al. 2025 ). 

ntifungal drug resistance trends in C. glabrata 

rug resistance is a dynamic tr ait, constantl y e volving to im-
art evolutionary fitness benefits to pathogenic microbes in the
ontext of survival and invasion of their hosts. On an av er a ge,
.0%–11.0% and 2.0%–4.0% clinical isolates of C. glabrata have
een found to exhibit fluconazole and echinocandin resistance,
 espectiv el y, with C. glabrata also being intrinsically less suscepti-
le to fluconazole (Pham et al. 2014 , Astvad et al. 2018 , Lamoth
t al. 2018 , Pfaller et al. 2019 , Castanheira et al. 2022 ). Con-
ernedl y, ec hinocandin co-r esistance has been r eported in ∼9%
f fluconazole-resistant C. glabrata blood isolates (Lamoth et al.
018 , Pfaller et al. 2019 ). Further, 1.5% of C. glabrata isolates dis-
layed acquir ed r esistance to amphotericin B in a study spanning
 12-year surveillance program (Astvad et al. 2018 ), highlighting
he gr owing thr eat of m ultidrug r esistance in C. glabrata . Consis-
ent with this, fluconazole r esistant- C. glabrata bloodstr eam infec-
ions were found to result in a 1.8-fold higher 90-day mortality
ate in a multi-centric study conducted in South Korea over a pe-
iod of 11 years from 2008 to 2018 (Won et al. 2021 ). Further , sur -
ival and persistence of C. glabrata in the presence of antifungal
hemicals is often promoted by the formation of a biofilm, that is
omposed of densel y pac ked yeast cells, and aids in resisting an-
ifungal stress via several mechanisms including poor drug pen-
tr ation, and tr anscriptional and metabolic r epr ogr amming (Ro-
rigues et al. 2017 ). Ho w e v er, mor e studies ar e warr anted to link
iofilm formation with drug resistance acquisition in C. glabrata
nder clinical settings. 

http://www.Candidagenome.org/cache/C_glabrata_CBS138_genomeSnapshot.html
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Figure 1. Pictorial r epr esentation of mec hanisms of action of thr ee common classes of antifungal drugs , azoles , echinocandins , and polyenes . T he 
fungistatic azole antifungals inhibit er goster ol biosynthesis by binding to lanosterol 14- α-demethylase (Erg11) enzyme, which causes ergosterol 
deficiency, membr ane str ess, and methylated toxic sterol production via Erg3 and Erg6 enzyme actions . T he fungicidal echinocandin drugs impair cell 
wall integrity by binding to β-1,3-glucan synthase complex subunits, Fks1 and Fks2, which leads to diminished β-glucan in the cell wall and a 
weakened cell wall. The fungicidal polyene drugs function by binding to er goster ol and scavenging ergosterol from the plasma membrane, which 
results in pore formation and membrane stress. 
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Antifungal drug resistance mechanisms in C. 
glabrata 

The pr e v ailing mec hanisms of antifungal r esistance in C. glabrata 
primaril y involv e efflux of the azole drugs and modifications of the 
echinocandin drug target (Perlin et al. 2017 , Rasheed et al. 2020 ,
Lee et al. 2021 ). At the molecular le v el, ov er expr ession of the ATP 
(adenosine triphosphate)-binding cassette family of multidrug 
transporters, viz ., CgCdr1, CgSnq2, and CgCdr2, has been associ- 
ated with azole drug resistance in clinical isolates of C. glabrata 
(Vermitsky and Edlind 2004 , Sanguinetti et al. 2005 , Ferrari et al.
2009 , Arendrup and Patterson 2017 , Perlin et al. 2017 , Rasheed et 
al. 2020 , Lee et al. 2021 , Castanheira et al. 2022 ). This multidrug ef- 
flux pump ov er expr ession is lar gel y attributed to gain-of-function 

mutations in Cg PDR1 gene whose protein product belongs to the 
zinc-finger family of transcriptional regulators (Ferrari et al. 2009 ,
Rasheed et al. 2020 ). CgPdr1 contains four distinct domains, a DNA 

binding domain; a transcriptional inhibitory domain, a middle 
homology domain and a tr ansactiv ation domain, and m utations 
hav e pr edominantl y been ma pped to the latter thr ee domains,
whic h ele v ate the tr anscriptional activ ation activity of CgPdr1 and 

result in CgPDR1 and drug transporter gene overexpression (Fer- 
rari et al. 2009 , Pais et al. 2022 , Salazar et al. 2022 ). A list of pr e v a-
lent gain-of-function mutations in CgPDR1 , identified in azole- 
resistant clinical isolates of C. glabrata , is presented in Table 1 . 

Notabl y, ov er expr ession of, or m utations in the CgERG11 gene,
are not a common mechanism of azole-resistance in clinical iso- 
lates of C. glabrata (Sanguinetti et al. 2005 , Lee et al. 2021 , Castan- 
heira et al. 2022 ). Ho w ever, a recent genome-wide study has iden- 
tified a missense mutation in UPC2A (codes for a transcription fac- 
or that regulates the expression of ergosterol biosynthesis genes) 
nd a nonsense mutation in CgERG3 (codes for C-5 sterol desat-
rase, an enzyme of the ergosterol biosynthesis pathway) genes 

n azole-resistant clinical isolates (Pais et al. 2022 ), ther eby r aising
he possibility of these mutations contributing to azole resistance 
nder hospital settings. Importantl y, nonsynon ymous m utations 

n CgRAD6 (codes for an E2 ubiquitin-conjugating enzyme) and 

gANB1 (codes for a translation elongation factor eIF-5A) genes 
ere found to be solely present in azole-resistant clinical isolates,
s compared to azole-susceptible isolates (Pais et al. 2022 ), high-
ighting the potential multifaceted clinical azole resistance mech- 
nisms. 

Ec hinocandin r esistance in C. glabrata under clinical settings
tems mostly from amino acid substitutions in two hotspot re-
ions (HS1 and HS2) of two functionall y r edundant enzymes,
gFks1 and CgFks2 (catalytic subunits of the β-1,3,- d glucan syn-

hase complex), that result in decreased drug-enzyme binding,
iminished enzyme activity or v aried expr ession, and associated
ith clinical failure of the echinocandin therapy (Garcia-Effron 

t al. 2009 , Pham et al. 2014 , Arendrup and Patterson 2017 , Per-
in et al. 2017 , Astvad et al. 2018 , Pfaller et al. 2019 , Lee et al.
021 , Castanheira et al. 2022 , Pais et al. 2022 ). Notably, a sub-
tantially higher number of mutations have been reported in the
gFKS2 gene, compared to the CgFKS1 gene (Perlin et al. 2017 , Lee
t al. 2021 ). The pr e v alent m utations in CgFKS1 and CgFKS2 genes,
hic h ar e associated with r educed ec hinocandin susceptibility in

linical isolates, are summarized in Table 2 . 
Pol yene r esistance is v ery infr equent in clinical isolates of C.

labrata , and mutations at threonine-121 residue in CgErg2 and a
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Table 1. A list of pr e v alent CgPDR1 m utations # identified in clinical 
isolates of C. glabrata . 

Mutations Reference 

S76P (Salazar et al. 2022 ) 
V91I (Salazar et al. 2022 ) 
L98S (Salazar et al. 2022 ) 
L139I (Usher and Haynes 2019 ) 
T143P (Carreté et al. 2019 ) 
D243N (Arastehfar et al. 2019 ) 
E259G (Hou et al. 2018 ) 
D261G (Ferrari et al. 2009 ) 
K274Q (Salazar et al. 2018 ) 
I280F (Ferrari et al. 2009 ) 
R293I (Usher and Haynes 2019 ) 
R293G (Hou et al. 2018 ) 
W297S (Tsai et al. 2006 ) 
S316I (Usher and Haynes 2019 ) 
L328F (Ferrari et al. 2009 ) 
Y336H (Hou et al. 2018 ) 
S343F (Carreté et al. 2019 ) 
L344S (Pais et al. 2022 ) 
G346D (Ni et al. 2018 ) 
L347F (Pais et al. 2022 ) 
C350R (Pais et al. 2022 ) 
Y372N (Ferrari et al. 2009 ) 
Y372C (Cav alheir o et al. 2018 ) 
R376W (Vale-Silva et al. 2013 ) 
R376Q (Carreté et al. 2019 ) 
R376G (Usher and Haynes 2019 ) 
I378T (Hou et al. 2018 ) 
G389V (Hou et al. 2018 ) 
I392M (Salazar et al. 2022 ) 
E555K (Salazar et al. 2022 ) 
G558C (Salazar et al. 2022 ) 
F575L (Tsai et al. 2006 ) 
H576Y (Berila et al. 2009 ) 
Y584C (Usher and Haynes 2019 ) 
T588A (Carreté et al. 2019 ) 
R592S (Usher and Haynes 2019 ) 
R592G (Usher and Haynes 2019 ) 
F612V (Pais et al. 2022 ) 
L669F (Hou et al. 2018 ) 
N691D (Usher and Haynes 2019 ) 
L732S (Hou et al. 2018 ) 
N768D (Tantivitayakul et al. 2019 ) 
V785D (Usher and Haynes 2019 ) 
I803T (Salazar et al. 2022 ) 
F817S (Usher and Haynes 2019 ) 
E818G (Hou et al. 2018 ) 
E818K (Tantivitayakul et al. 2019 ) 
P822L (Ferrari et al. 2009 ) 
F853Q (Usher and Haynes 2019 ) 
F859L (Usher and Haynes 2019 ) 
D876Y (Usher and Haynes 2019 ) 
P927L (Vermitsky and Edlind 2004 ) 
P927S (Ni et al. 2018 ) 
S942F (Hou et al. 2018 ) 
G943S (Usher and Haynes 2019 ) 
L946S (Usher and Haynes 2019 ) 
F948I (Usher and Haynes 2019 ) 
D1082G (Ferrari et al. 2009 ) 
E1083Q (Ferrari et al. 2009 ) 
D1089Y (Usher and Haynes 2019 ) 
L1093P (Usher and Haynes 2019 ) 
G1099D (Ni et al. 2018 ) 

# CgPdr1 contains four domains: DNA binding domain (25–69 aa), Inhibitory do- 
main (312–88 aa), middle homology region domain (559–633 aa), and C-terminal 
tr ansactiv ation domain (800–1107 aa) (Pais et al. 2022 ). 
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issense mutation (phenylalanine replacing cysteine) in CgErg6
nzymes of the er goster ol biosynthesis pathway have been re-
orted in amphotericin-B-resistant clinical isolates of C. glabrata

Vandeputte et al. 2007 , 2008 , Hull et al. 2012 , Perlin et al. 2017 ,
ais et al. 2022 ). 

tress response pathways in antifungal drug 

esistance 

he canonical drug resistance acquisition mechanisms in differ-
nt Candida species appear to be lar gel y conserv ed, ther eby r aising
he question of why C. glabrata is so efficient in de v eloping r esis-
ance a gainst mec hanisticall y distinct antifungal drugs in hospi-
als worldwide. In this context, it is worth noting that C. glabrata
s also unique in exhibiting a high le v el of resistance against
ydr ogen-per o xide-induced o xidati v e str ess (Galoc ha et al. 2019 ).
obust cellular stress response signaling pathways are likely to
onfer an adv anta ge during the initial adaptation phase while
ungi encounter various stresses. Specifically, an increase in the
ell wall chitin content upon caspofungin exposure, and activa-
ion of protein kinase C (PKC)-mediated cell wall integrity path-
ay, calcineurin signaling, endoplasmic r eticulum (ER) str ess-
ediated unfolded pr otein r esponse (UPR), upon azole as well as

c hinocandin exposur e , ha v e been r eported under in vitro condi-
ions that may aid C. glabrata resist antifungal drug stress, as de-
ailed below. 

alcineurin signaling pathway in antifungal drug
olerance 

alcineurin is a highly conserved, stress-responsive,
a 2 + /calmodulin-r equiring serine/thr eonine pr otein phos-
hatase, that is a heterodimer of a catalytic and a regulatory
ubunit, encoded by CgCNA1 and CgCNB1 genes, r espectiv el y
Miyazaki et al. 2010b , Yu et al. 2015 ). The role of calcineurin
n antifungal tolerance in C. glabrata was first uncovered when
alcineurin signaling inhibitors, viz ., cyclosporine A and FK-506,
mparted a fungicidal activity to the fungistatic drug flucona-
ole, and FK506 led to a r e v ersal of CgFKS2 mutation-associated
c hinocandin r esistance (On ye wu et al. 2003 , Kaur et al. 2004 ,
atiyar et al. 2012 ). Ca 2 + -bound calmodulin-mediated activation
f calcineurin is known to result in the dephosphorylation of
ts major substrate CgCrz1 (Calcineurin responsive zinc finger
), which in turn translocates to the nucleus and drives the
xpr ession of str ess-r esponsiv e genes (Yu et al. 2015 ). It has
een reported that while CgCRZ1 deletion, had no appreciable
ffect on fluconazole susceptibility, CgCNA1 and CgCNB1 deletion
ed to ele v ated susceptibility to w ar ds fluconazole (Miy azaki et
l. 2010b , Schwarzmüller et al. 2014 ). Howe v er, all thr ee m u-
ants viz ., Cgcrz1 �, Cgcna1 �, and Cgcnb1 �, were found to be

or e sensitiv e to ec hinocandins, compar ed to their par ental
wild-type) str ains, ther eby highlighting the r ole of calcineurin
ignaling in regulating antifungal tolerance in vitro (Miyazaki
t al. 2010b , Schwarzmüller et al. 2014 , Rosenwald et al. 2016 ).
urther, CgCRZ1 deletion in two ec hinocandin-r esistant clinical
solates, that carried a deletion in the CgFKS2 gene ( F659del ),
 ender ed cells susceptible to echinocandins (Ceballos-Garzon
t al. 2022 ). Ho w e v er, studies with additional clinical isolates
ontaining other pr e v alent ec hinocandin r esistance-conferring
 utations ar e r equir ed to demonstr ate the importance of CgCrz1

n echinocandin resistance acquisition. Intriguingly, increased
 hitin accum ulation was observ ed upon ER str ess caused by
gCNE1 (codes for the ER c ha per one calnexin/calr eticulin) loss,
ith Cgcne1 � mutant also exhibiting increased sensitivity to
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Table 2. A list of pr e v alent CgFKS1 and CgFKS2 mutations identified in clinical isolates of C. glabrata . 

Protein 
Hotspot region carrying 
mutation Mutation 

Reduced susceptibility to 
echinocandins Reference 

CgFks1 HS1 F625S CSP , ANF , and MCF # (Alexander et al. 2013 ), (Dudiuk et al. 
2014 ), and (Pham et al. 2014 ) 

HS1 S629P CSP , ANF , and MCF (Katiyar et al. 2012 ), (Beyda et al. 
2014 ), and (Biswas et al. 2017 ) 

HS1 D632G ANF and CSP (Dudiuk et al. 2014 ) 
HS1 D632E CSP , ANF , and MCF (Dudiuk et al. 2014 ) 
HS1 D632H CSP (Memon et al. 2023 ) 
HS1 D632Y ANF (Garcia-Effron et al. 2009 ) 
HS1 R631G MCF (Zimbeck et al. 2010 ) 
HS1 D632V CSP , ANF , and MCF (Hou et al. 2019 ) 
Outside HS1 I634V MCF (Pham et al. 2014 ) 
HS1 P633T CSP (Katiyar et al. 2012 ) 
HS1 F625C CSP and ANF (Katiyar et al. 2012 ) 
Outside HS1 W508STOP CSP , ANF , and MCF (Hou et al. 2019 ) 
HS1 F625del CSP (Katiyar et al. 2012 ) 

CgFks2 
CgFks2 

HS1 F659V CSP , ANF , and MCF (Thompson et al. 2008 ) 

HS1 R665G MCF (Zimbeck et al. 2010 ) 
HS1 F659Y ANF and CSP (Zimbeck et al. 2010 ) and (Pham et al. 

2014 ) 
HS1 F659S CSP , ANF , and MCF (Castanheira et al. 2014a ) 
HS1 F659del CSP , ANF , and MCF (Costa-de-Oliv eir a et al. 2011 ) and 

(Sasso et al. 2017 ) 
HS1 S663Y ANF and MCF (Bor dallo-Car dona et al. 2019 ) 
HS1 S663P CSP , ANF , and MCF (Castanheira et al. 2010 ), 

(Garcia-Effron et al. 2010 ), (Naicker et 
al. 2016 ), and (Biswas et al. 2017 ) 

HS1 D666G CSP and ANF (Arendrup and Perlin 2014 ) 
HS1 D666V ANF , CSP , and MCF (Sig et al. 2021 ) 
HS1 D666N ANF (Bor dallo-Car dona et al. 2019 ) 
HS1 D666E CSP and MCF (Pfaller et al. 2017 ) 
HS1 P667T CSP and ANF (Alexander et al. 2013 ) 
HS1 S663F CSP and ANF (Zimbeck et al. 2010 ) 
HS1 L664R ANF and CSP (Castanheira et al. 2014b ) 
HS2 W1375L CSP (Garcia-Effron et al. 2009 ) 
HS2 R1377STOP ANF and CSP (Garcia-Effron et al. 2009 ) 
HS2 R1377K ANF and MCF (Naicker et al. 2016 ) 
HS1 F658del ANF , CSP , and MCF (Pham et al. 2014 ) and 

(Bor dallo-Car dona et al. 2019 ) 
HS1 P667H ANF and CSP (Zimbeck et al. 2010 ) 
HS1 L662W ANF and MCF (Szymankiewicz et al. 2021 ) and 

(Riv er o-Menendez et al. 2019 ) 
HS1 D666H ANF (Riv er o-Menendez et al. 2019 ) 
Outside HS1 E655K CSP , ANF , and MCF (Xiao et al. 2018 ) 
Outside HS1 W715L MCF and ANF (Bor dallo-Car dona et al. 2019 ) 
Outside HS1 E655A ANF (Bor dallo-Car dona et al. 2018 ) 

CgFks1 & CgFks2 HS1 of CgFks1 + HS2 of CgFks2 D632Y + R1377STOP CSP , ANF , and MCF (Pham et al. 2014 ) 

# ANF: Anidulafungin, CSP: Caspofungin, and MCF: Micafungin. 
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micafungin and azole drugs (Tanaka et al. 2018 ). Importantly,
this increase in chitin content was negatively regulated by the 
calcineurin pathw ay, thereb y pointing to w ar ds a cross-talk be- 
tween calcineurin signaling and ER stress survival mechanisms 
(Tanaka et al. 2018 ). Of note, unlike other Candida pathogens,
caspofungin treatment in C. glabrata neither increased the cell 
surface exposure of β,1–3 glucan and chitin nor altered its inges- 
tion by murine macrophages (Walker and Munro 2020 ), pointing 
to w ar ds its distinct cell wall str ess r esponse and host interaction 

mechanisms. 
Further, C. glabrata calcineurin signaling m utants hav e been 

reported to uniquely exhibit thermal stress susceptibility (Chen 

et al. 2012 , Yu et al. 2015 ). Notabl y, a r ecent study has identi- 
ed an essential r equir ement for calcineurin in azole resistance
hat was imparted upon expression of the two hyper activ e al-
eles of CgPdr1 (Vu et al. 2023 ). Further, phosphatase activity of
he calcineurin was found to be r equir ed for the transcriptional
ctivation of CgPDR1 and CgCDR1 genes, in response to flucona-
ole exposure (Vu et al. 2023 ). This result underscores the role
f calcineurin as an upstream regulator of the clinically preva-
ent CgPdr1-dependent azole resistance mechanisms. Of note,
hile a hyper activ e calcineurin r esulted in r educed caspofun-

in susceptibility, the sim ultaneous tr eatment with FK506 and
aspofungin led to substantially attenuated cell growth (Vu et 
l. 2023 ). Furthermore, calcineurin signaling was activated upon 

reatment with a new experimental drug, manogepix, that im- 



6 | FEMS Yeast Resear c h , 2025, Vol. 25 

p  

p  

l  

p  

t  

I  

t  

a  

i  

t  

a  

i  

t  

p  

i  

b  

a  

c  

t  

i  

(  

u  

t  

o  

b  

i  

c  

v  

h  

C  

t  

t  

t

E
p
E  

i  

p  

n  

p  

s  

H  

s  

H  

a  

t  

O  

c  

t  

l  

a  

e  

f  

a  

t  

a  

(  

b
 

t  

t  

Figure 2. Gr a phic illustr ation of the link between endoplasmic r eticulum 

(ER) stress and antifungal stress (A), and between dysfunctional 
mitochondria and antifungal drug resistance (B) in C. glabrata . 
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edes the maturation of glycosylphosphatidylinositol-anchored
r oteins by tar geting the Gwt1 enzyme (P av esic et al. 2024 ). Col-

ectiv el y, these r esults suggest that calcineurin signaling may be
ivotal to adaptation to, and survival of antifungal drug stress, due
o its role in driving various cellular stress response pathwa ys .
n this context, it is worth noting that a major heat shock pro-
ein CgHsp90 (Heat Shock Protein 90) governs echinocandin toler-
nce in C. glabrata via its client protein, calcineurin, with Hsp90
nhibitors (geldanamycin and radicicol) diminishing the resis-
ance of ec hinocandin-r esistant clinical isolates (Singh-Babak et
l. 2012 ). Mor eov er, fungal Hsp90 has been demonstrated to be an
ntegral part of a tripartite antifungal r esistance-r egulatory sys-
em of Mkc1 [mitogen-activated protein kinase of PKC signaling
athway], calcineurin and Hsp90, with Hsp90 positiv el y r egulat-

ng the stability of Mkc1 (Lafayette et al. 2010 ). Of note, it has also
een reported that PKC inhibitors abate fluconazole resistance in
zole-resistant C. albicans isolates, and act synergistically with flu-
onazole and micafungin (Lafayette et al. 2010 ). Further, abroga-
ion of calcineurin or CgHsp90 functions led to an impairment
n caspofungin-induced activation of CgFKS2 gene expression
Singh-Babak et al. 2012 ), thereby shedding light on the molec-
lar basis of CgHsp90-calcineurin axis-dependent echinocandin
oler ance r egulation in C. glabrata . Of note, structur al anal ysis
f the nucleotide-binding domain of C. albicans Hsp90, follo w ed
y compound synthesis, identified a new fungal-selective Hsp90

nhibitor, which also exhibited less toxicity to w ar ds mammalian
ells (Whitesell et al. 2019 ). This study has paved the path for de-
eloping fungal-specific Hsp90 inhibitors that do not compromise
ost Hsp90 functions. Importantly, a recent study has implicated
gHsp90 and calcineurin in governing both tolerance and resis-

ance to w ar ds fluconazole (Zheng et al. 2024 ), highlighting the role
hat CgHsp90-calcineurin nexus may play in the acquisition of an-
ifungal drug resistance in C. glabrata . 

R stress response and cell wall integrity 

athway in antifungal drug resistance 

R is an important organelle for proteostasis wherein the UPR
s activated in response to accumulation of unfolded/misfolded
roteins (Miyazaki et al. 2013 ). An ER-resident transmembrane ki-
ase/endoribonuclease Ire1 is an important constituent of the ER
r otein quality contr ol system whic h mediates an unconv entional
plicing of the mRNA, encoding a bZIP family transcription factor
ac1, resulting in Hac1 acti vation, n uclear translocation and sub-

equent upregulation of UPR target genes (Miyazaki et al. 2013 ).
o w e v er, C. glabrata lac ks this CgIre1-CgHac1-dependent UPR,
nd abates ER stress, via CgIre1, by degrading ER-located mRNAs
hr ough r egulated Ir e1-dependent decay (Miyazaki et al. 2013 ).
f note, activation of calcineurin signaling and CgSlt2-dependent
ell wall integrity pathway also contribute to UPR gene upregula-
ion and ER stress survival (Miyazaki et al. 2013 ). Notably, CgIre1
oss had no effect on the susceptibility of C. glabrata to w ar ds azole
nd echinocandin drugs, unlike other fungal pathogens (Miyazaki
t al. 2013 ), suggesting a diversification of UPR functions in anti-
ungal tolerance modulation in C. glabrata . Further, although the
zole susceptibility of the Cgcnb1 �ire1 � double mutant points
o w ar d a possible functional redundancy between calcineurin
nd ER stress signaling in regulating antifungal stress survival
Miyazaki et al. 2013 ), the underlying molecular basis remains to
e deciphered. 

CgSlt2 is the terminal mitogen-activated protein kinase of
he PKC-mediated call integrity pathway, and its loss is known
o result in hypersusceptibility to ER stressors, and azole and
chinocandin drugs (Miyazaki et al. 2010a , 2013 , Borah et al. 2011 ).
luconazole tr eatment activ ated CgSlt2 pathway, as reflected in
le v ated le v els of total and phosphorylated CgSlt2 in azole-treated
. glabrata cells (Borah et al. 2011 ). In accordance, the ER-localized,
DP-glucose:gl ycopr otein glucosyltr ansfer ase CgKr e5 was found

o be crucial for maintaining ER homeostasis and cell wall in-
egrity, with CgKRE5 depletion leading to CgSlt2 activation, dimin-
shed cell wall β-1,6-glucan, increased chitin levels, and micafun-
in susceptibility (Tanaka et al. 2016 ). Since increased chitin levels
ave been reported to protect C. glabrata cells from caspofungin-
ediated killing (Cota et al. 2008 ), the increased micafungin sen-

itivity associated with CgKRE5 deficiency (Tanaka et al. 2016 ) is
ntriguing and merits further in vestigation. T he nexus among ER
tress, calcineurin, and CgSlt2 is pictorially represented in Fig. 2 A.

Importantly, an essential requirement for CgSlt2-mediated cell
all integrity pathway in governing antifungal tolerance has
een reinforced by systematic gene knoc k out and mutant screens
hic h r e v ealed that disruption of man y genes, belonging to
gSlt2 pathway, led to an increased susceptibility to azole and
c hinocandin drugs (Bor ah et al. 2011 , Sc hwarzmüller et al. 2014 ,
osenwald et al. 2016 ). Consistent with this, caspofungin treat-
ent led to a better clearance of Cgslt2 � cells in a gastrointestinal

olonization mouse model, as well as reduced the emergence of
c hinocandin-r esistant colonies (Garcia-Rubio et al. 2021a ). Fur-
her, CgSwi4 (DNA binding component of the Swi4–Swi6 cell cy-
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cle box-binding factor) tr anscription factor, whic h is regulated by 
CgSlt2, has been implicated in governing micafungin tolerance 
(Na gayoshi et al. 2014 ). Similarl y, CgSlt2 pathway inhibition has 
been reported to block fluconazole-induced CgPdr1-regulon acti- 
v ation (Bor ah et al. 2011 ). In light of these findings, further studies 
are needed to fully delineate how CgSlt2 pathway activation could 

contribute to azole and echinocandin resistance acquisition in C.
glabrata under hospital settings. 

Role of mitochondria in antifungal drug 

resistance 

Candida glabrata is a petite-positive yeast that ferments and uti- 
lizes only glucose and trehalose as carbon sources (Fidel et 
al. 1999 ). Importantl y, a r ecipr ocal corr elation between mito- 
chondrial function and tolerance to azole antifungals has been 

r eported, with m utants containing dysfunctional mitoc hondria 
and/or lacking mitochondrial DNA exhibiting a high degree of flu- 
conazole r esistance, whic h in part has been attributed to an ele- 
v ated expr ession of CgPDR1 and/or CgCDR1 genes (Sanglard et al.
2001 , Brun et al. 2004 , Kaur et al. 2004 , Paul et al. 2014 , Rodrigues et 
al. 2017 , Gale et al. 2023 , Chow et al. 2024 ). Similarly, deletion of the 
phosphatidylgl ycer olphosphate synthase-encoding CgPGS1 gene 
led to a deficiency of two anionic phospholipids, phosphatidylglyc- 
erol, and cardiolipin, and reduced susceptibility to azole drugs (Ba- 
tova et al. 2008 ). Of note, phosphatidylgl ycer ol and cardiolipin are 
pivotal to mitochondrial biogenesis (Batova et al. 2008 ). Consis- 
tentl y, Cgpgs1 � m utant exhibited diminished r espir atory activity,
reduced amounts of cytochrome a and b, and attenuated growth 

in the medium containing non-fermentable carbon sources (Ba- 
tova et al. 2008 ). Further, azole resistance in the Cgpgs1 � mutant 
was attributed to an increased expression of CgPDR1 , and CgCDR1 ,
CgCDR2 , and CgSNQ2 drug transporter genes, arising likel y fr om a 
perturbed mitochondrial phospholipid homeostasis (Batova et al. 
2008 ). 

Despite a strong association between azole resistance and mi- 
tochondrial dysfunction, azole hyper-susceptibility has been re- 
ported in one r espir ation-deficient clinical isolate of C. glabrata 
that contained normal ster ol le v els and exhibited increased Cg- 
PDR1 and CgCDR1 expression (Vandeputte et al. 2009 ), pointing 
to w ar ds the multi-faceted azole stress survival mechanisms. Con- 
sistent with this, Hermes transposon insertions in ∼130 mito- 
c hondrial pr otein-encoding nuclear genes led to fluconazole re- 
sistance, and α-ketoglutarate synthesis in the mitochondria neg- 
ativ el y r egulated the innate fluconazole r esistance of C. glabrata by 
restricting CgPdr1 functions (Gale et al. 2020 , 2023 ). In this regard,
it is worth noting that CgPdr1 has also been shown to be activated 

upon direct binding to ketoconazole (Thakur et al. 2008 ). Further,
CgPDR1 expression has recently been reported to be positiv el y r eg- 
ulated by another Zn(2)Cys(6) cluster-containing transcriptional 
activator, CgUpc2, in an azole-dependent manner, with CgUpc2A 

also being a master transcriptional activator of CgERG (ergosterol 
biosynthesis genes) genes, thereby unveiling a link between ergos- 
terol biosynthesis and CgPdr1-mediated azole resistance (Vu et al.
2019 , 2021 ). 

The role of mitochondria in governing cellular response to 
echinocandin drugs has also been established in C. glabrata .
Ec hinocandin tr eatment has been r eported to incr ease the pr o- 
duction of r eactiv e oxygen species in C. glabrata (Garcia-Rubio 
et al. 2021b ). Further, although the r espir atory-deficient m utants 
with impair ed mitoc hondrial functions did not display reduced 

caspofungin susceptibility, these were found to be unrespon- 
sive to the synergistic effect of caspofungin and inhibitors of 
sp90 or calcineurin (Singh-Babak et al. 2012 ). Inter estingl y, while
hemical inhibition of the mitochondrial respiratory chain com- 
lexes I and IV led to better surviv al under ec hinocandin str ess,
eletion of genes, that code for mitochondrial components, re- 
ulted in diminished echinocandin tolerance at sub-minimal in- 
ibitory concentrations in vitro (Garcia-Rubio et al. 2021b ). Fur-
her, macr opha ge-ingested C. glabrata cells survived better in the
resence of the echinocandin drug, micafungin (Arastehfar et al.
023a ). Of note, a transient impairment of mitochondrial func-
ions has been reported to provide protection against fluconazole,
nd during early stages of macrophage infection, with both flu-
onazole and macr opha ge internal milieu ele v ating the fr equency
f petite formation in C. glabrata (Siscar-Lewin et al. 2021 ). This
tudy also reported the emergence of petite mutants under hos-
ital settings, despite mitochondrial dysfunction-associated fit- 
ess defects (Siscar-Lewin et al. 2021 ). The petite prevalence in
linical isolates of C. glabrata was further strengthened by an
nalysis of 1000 international blood isolates, whic h r e v ealed a
etite pr e v alence r ate of up to 3.5% (Arastehfar et al. 2023b ).
his study also found C. glabrata petite mutants to exhibit higher
c hinocandin toler ance , in voke a pr o-inflammatory r esponse in
acr opha ges , and displa y diminished fitness in mice (Arastehfar

t al. 2023b ). Importantl y, macr opha ges hav e been demonstr ated
o be a reservoir for echinocandin-tolerant C. glabrata cells, which
 v entuall y incr eases the emer gence of ec hinocandin-r esistant C.
labrata cells (Arastehfar et al. 2023a ). Altogether, these reports
ighlight the complex nature of clinical antifungal resistance.
onsistent with this, the genotypic and phenotypic diversity was 
bserved in C. glabrata colonies with indistinguishable morpholo- 
ies , reco vered from the same candidemic patient (Badrane et
l. 2023 ). This study also underscored the importance of mon-
toring Candida growth in a clinical laboratory for smaller, pe-
ite (azole-resistant) colonies, that emerged after 84 h incubation 

nd were associated with relapsing or persistent infections due to
uconazole-resistant C. glabrata strains (Badrane et al. 2023 ). Fig-
r e 2 B sc hematicall y depicts the association between perturbed
itochondrial functions and antifungal resistance. 
Further, disruption of the genes, that regulate ribosome assem- 

l y, led to ele v ated fluconazole toler ance in C. glabrata (Kaur et
l. 2004 , Gale et al. 2023 ), while deletion of the genes, that code
or components of the phosphatidylinositol 3,5-bisphosphate syn- 
hesis complex, resulted in an increased susceptibility to both 

zole and echinocandin drugs and perturbed vacuolar homeosta- 
is (Bhakt et al. 2018 , Choudhary et al. 2019 ). Although these find-
ngs indicate roles of other cellular organelles in governing anti-
ungal resistance in C. glabrata , more detailed studies are required
o uncover the underlying molecular underpinnings. 

Of note, how cellular stress signaling cascades could facilitate 
he clinical drug resistance development is yet to be elucidated,
o w e v er, it is possible that these global str ess-ada ptiv e str ate-
ies in C. glabrata ma y pro vide adequate time and a fr ame work
ecessary to r e wir e its genetic , transcriptomic , or proteomic cir-
uitry, upon antifungal drug tr eatment, whic h subsequentl y r e-
ult in br eakthr ough infections and/or antifungal r esistance de-
elopment. 

enetic alter a tions in antifungal drug resistance 

andida glabrata possesses a dynamic genome, and c hr omosome 
 econfigur ations hav e been r eported in clinical isolates as well as
abor atory r efer ence str ains (Polák ová et al. 2009 , Bader et al. 2012 ,
arreté et al. 2019 , Pais et al. 2022 ). Particularly, DNA damage re-
air mec hanisms, heter or esistance, ne w c hr omosome formation,
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neuploid y, and e pigenetic modifications ha ve been shown to pla y
rucial roles in antifungal resistance in C. glabrata (P oláko vá et al.
009 , Ben-Ami et al. 2016 , Pais et al. 2022 , P atr a et al. 2022 ). No-
ably, C. glabrata has been reported to possess few features that are
nique to its DNA repair mechanisms, and distinct from those of

ts close cousin, S. cerevisiae (Shor et al. 2020 ). For example, the ex-
osure of C. glabrata to the DNA damage-causing agent methyl
ethanesulfonate did not result in hyperphosphorylation of a

onserv ed DNA dama ge r esponse kinase CgRad53, whic h pr oba-
ly contributed to muted DNA damage checkpoint signaling, non-
rrest in S-phase and subsequent aberrant cell division and death
Shor et al. 2020 ). Ho w e v er, ho w these distinct DN A dama ge r e-
ponse mechanisms in C. glabrata promote genetic/epigenetic al-
erations that lead to antifungal resistance development under
ospital settings, remains to be investigated. 

In this regard, it is worth noting that P oláko vá et al. had identi-
ed two extra chromosomes, respectively, of 120 and 200 kb length
arrying duplications of Chromosome E and F, in two clinical iso-
ates of C. glabrata (P oláko vá et al. 2009 ). The presence of the new

ini c hr omosome F, carrying the multidrug transporter CgCDR1
ene, exhibited a good correlation with the azole resistance phe-
otype of the isolate (P oláko vá et al. 2009 ). Similarl y, an incr ease in
he copy number of CYP51 ( CgERG11 ) gene, via c hr omosome du-
lication, has been reported to account for the azole resistance
henotype of a clinical isolate (Marichal et al. 1997 ). 

Further, mutations in the mismatch repair gene, CgMSH2 , have
een reported to be associated with accelerated multidrug resis-
ance under clinical settings in some studies, but not all (Dellière
t al. 2016 , Healey et al. 2016 , Hou et al. 2018 , Singh et al. 2018 ).
pecificall y, the Cgmsh2 � m utant, upon drug selection, r e v ealed
he emergence of ∼ 18-, 82-, and 9-fold higher number of flucona-
ole, caspofungin and amphotericin B-resistant colonies, respec-
iv el y, with all highl y ec hinocandin-r esistant Cgmsh2 � colonies
arrying mutations in the hot spot regions of CgFks1 or CgFks2
Healey et al. 2016 ), underscoring the clinical r ele v ance of CgMSH2
 utations. Notabl y, non-synon ymous m utations in the CgRAD6

ene have also been found to be exclusiv el y pr esent in azole-
esistant clinical isolates of C. glabrata (Pais et al. 2022 ). Moreover,
he proclivity of C. glabrata to acquire fluconazole resistance, upon
zole exposure, has been attributed to heteroresistance (variable
rug response in a clonal cell population), with heteroresistance
lso contributing to the failure of fluconazole ther a py in eradicat-
ng C. glabrata infection in a mouse model (Ben-Ami et al. 2016 ). 

A recent study involving an analysis of 97 C. glabrata isolates,
arying in their geographical origins, host niches, and antifun-
al r esistance pr ofiles, identified v arious pol ymor phisms and in-
ertions and deletions in se v er al genes (Pais et al. 2022 ). It will
e intriguing to compare these variations with genomes of other
equenced C. glabrata clinical isolates to unveil their association
ith specific drug resistance profiles . Furthermore , a compara-

ive genomic analysis of 151 C. glabrata isolates underscored the
uclear and mitochondrial genome diversity, while also report-

ng micr oe volution in the serial isolates fr om patients, and m uta-
ion accumulation in CgFKS1 and CgFKS2 genes (Helmstetter et
l. 2022 ). Inter estingl y, thr ough an in vitro evolution analysis, it
as r ecentl y been r eported that anidulafungin r esistance is mor e
table than fluconazole resistance in C. glabrata , with point mu-
ations in the antifungal resistance genes expectedly exhibiting

ore stability than aneuploidies (Ksiezopolska et al. 2024 ). No-
ably, a genomic evolution stud y re ported that exposure of azole-
usceptible isolates to azole resulted in the accumulation of azole
 esistance-conferring m utations in the hexose-tr ansporter gene
gHXT4/6/7 , thereby implicating glucose transporters in the up-
ake of azole drugs and azole resistance modulation (Galocha et
l. 2022 ). 

Altogether, more genome-wide, systematic anal yses ar e r e-
uired to uncover and establish the role that the genetic circuitry
f C. glabrata plays in drug resistance acquisition. 

pigenetic modifications driving antifungal 
esistance acquisition 

 centr al r ole of epigenetic c hanges including histone modifica-
ions and nucleosome r econfigur ation in drug toler ance is begin-
ing to be uncov er ed in C. glabrata (P atr a et al. 2022 ). Genes and
ec hanisms involv ed in epigenetic modifications, that impact an-

ifungal r esistance, ar e pr esented in Table 3 and Fig. 3 , r espectiv el y.
Recently, enzymes carrying out lysine methylation of histone

3 have been implicated in governing antifungal tolerance, albeit
onv ersel y, in C. glabrata (Moirangthem et al. 2021 , Baker et al.
022 ). For example, CgSet1 and CgSet2, r espectiv el y, whic h r epr e-
ent H3K4 methyl tr ansfer ase and H3K36 methyl tr ansfer ase en-
ymes , ha v e been r e ported to positi v el y and negativ el y r egulate
uconazole tolerance in C. glabrata , with their disruption abolish-

ng H3K4 mono, di and trimethylation, and H3K36 trimethylation
Moirangthem et al. 2021 , Baker et al. 2022 ). Further, azole sen-
itivity of the Cgset1 � mutant was attributed to a deficient ac-
ivation of CgERG genes including CgERG3 and CgERG11 , in re-
ponse to azole treatment (Baker et al. 2022 ). More importantly,
 hr omatin imm unopr ecipitation anal ysis, using the anti-histone
3K4 trimethylation antibody, r e v ealed a significant enrichment
f H3K4 trimethylation at the 5 ′ ends of the CgERG3 and CgERG11
enes, under r egular-gr owth conditions, whic h was further ele-
ated upon azole exposure (Baker et al. 2022 ), thereby directly
inking H3K4 trimethylation with azole-induced CgERG gene acti-
 ation. Inter estingl y, although the CgPDR1 regulon was found to be
ositiv el y r egulated by a putativ e histone H3 l ysine-36 demethy-

ase CgRph1, with Cgrph1 � mutant exhibiting fluconazole sensi-
ivity and impaired basal expression of CgCDR1 and CgPDR1 genes
Moirangthem et al. 2021 ), the abundance of differentially methy-
ated histone H3 on CgPDR1 gene and/or promoter is yet to be de-
ermined. Nonetheless, since H3K4 and H3K36 methylation are as-
ociated with active transcription (Freitag 2017 ), their enrichment
t the 5’ ends of ERG and other antifungal tolerance-conferring
enes will result in increased gene expr ession, whic h may lead to
etter survival of antifungal stress. 

Further, the loss of two putativ e, functionall y r edundant his-
one c ha per ones, CgFpr3 and CgFpr4, that r egulate histone pr o-
ein homeostasis, imparted azole tolerance (Moirangthem et al.
021 ). The Cgfpr3 �fpr4 � double mutant exhibited increased hi-
tone H3 and H4 le v els and r educed fluconazole susceptibility
Moirangthem et al. 2021 ). This diminished azole susceptibility
as attributed to an increased expression of CgPDR1 and its tar-

et genes (Moirangthem et al. 2021 ). Moreover, a mutant lack-
ng the histone c ha per one CgRtt106 sho w ed increased suscepti-
ility to the azole drugs, with CgRtt106 binding to the CgCDR1 pro-
oter and positiv el y r egulating CgCDR1 gene expr ession (Nik olov

t al. 2022 ). Further, the SWI/SNF c hr omatin r emodeling com-
lex that determines nucleosome positioning, has been reported
o be important for controlling azole-induced CgPDR1 gene regu-
on activation, with disruption of the complex catalytic subunit
gSnf2 resulting in azole sensitivity (Nikolov et al. 2022 ). Alto-
ether, these findings accentuate the importance of CgPdr1 as a
r omising tar get for abating the de v elopment of azole r esistance

n clinical settings. In accordance with this, a small-molecule in-
ibitor iKIX1, that interfered with the interaction between the ac-



Naskar et al. | 9 

Table 3. A list of enzymes involved in antifungal resistance-associated epigenetic modifications in C. glabrata. 

Enzyme Gene name 
Histone 
modification/Function 

Drug susceptibility profiles associated 
with gene disruption Reference 

Azoles Echinocandins 

Histone acetyl 
tr ansfer ases (HATs) 

CgRTT109 H3K56 acetylation ND 

# Susceptibility (Rosenwald et al. 2016 ) 

CgGCN5 H3K9 and H3K14 
acetylation 

Susceptibility Susceptibility (Yu et al. 2022 ) 

CgADA2 H3K9 acetylation Susceptibility Susceptibility (Yu et al. 2018 ) 
Histone deacetylases 
(HDACs) 

CgRPD3 Histone deacetylation ND Susceptibility (Filler et al. 2021 ) 

CgHST1 H3K14 deacetylation Resistance ND (Orta-Zavalza et al. 
2013 ) 

Histone methyl 
tr ansfer ases 

CgSET1 H3K4 methylation Susceptibility Susceptibility (Baker et al. 2022 , 
Bhakt et al. 2022 ) 

CgSET2 H3K36 methylation Resistance Susceptibility (Moirangthem et al. 
2021 , Bhakt et al. 2022 ) 

Histone demethylases CgRPH1 Putative H3K36 and H3K9 
demethylation 

Susceptibility ND (Moirangthem et al. 
2021 ) 

Chr omatin r emodeling 
complex 

CgSNF2 Nucleosome dynamics Susceptibility ND (Nikolov et al. 2022 ) 

Histone c ha per ones CgRTT106 Histone homeostasis Susceptibility ND (Nikolov et al. 2022 ) 
CgFPR3 & CgFPR4 Histone protein 

homeostasis 
Resistance No change (Moirangthem et al. 

2021 ) 

# Not determined. 

Figure 3. Sc hematic illustr ation of c hr omatin-r egulated mec hanisms that gov ern antifungal r esistance in C. glabrata . 
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tivation domain of CgPdr1 and the three-helix bundle KIX (kinase- 
inducible domain interacting) domain of CgGal11A/Med15, led to 
re-sensitization of the azole-resistant clinical isolates (Nishikawa 
et al. 2016 ). 

Compared to histone methylation, the role of histone acety- 
lation in antifungal drug resistance regulation has been exam- 
ined for a long time . T he pharmacological modulation of his- 
tone H3 acetylation at l ysine-56 r esidue has been proposed as 
an effective antifungal therapeutic option (Wurtele et al. 2010 ).
Consistent with this, MGCD290, a Hos2 fungal histone deacety- 
lase inhibitor, exhibited a synergistic effect with azole drugs in 

C. glabrata isolates (Pfaller et al. 2009 ). Intriguingly, deletion of 
the histone deacetylase CgRPD3 r ender ed C. glabrata cells sus- 
ceptible to caspofungin (Filler et al. 2021 ). Further, CgHst1, a 
NAD 

+ -dependent histone deacetylase, has been identified as a 
 epr essor of CgPDR1 and CgCDR1 expression, with CgHST1 dele-
ion conferring azole resistance to C. glabrata (Orta-Zavalza et al.
013 ). Contr aril y, CgGcn5, a catalytic subunit of the Spt-Ada-Gcn5-
cetyltr ansfer ase (SAGA) complex, positiv el y r egulated azole and
c hinocandin toler ance, with CgGCN5 deletion leading to r educed
cetylation of histone H3 at lysine-9 and 14 residues (Yu et
l. 2022 ). Mor eov er, CgGCN5 loss also led to a decrease in the
c hinocandin r esistance of C. glabrata str ains carrying clinicall y
 ele v ant CgFKS m utations (Yu et al. 2022 ), suggesting that CgGcn5
mpacts the echinocandin minimum inhibitory concentration (Yu 

t al. 2022 ). Similarl y, CgADA2 , whic h codes for a SAGA com-
lex tr anscription ada ptor and mediates histone H3 acetylation at
 ysine-9 r esidue, has also been shown to be a positive regulator of
rug tolerance in C. glabrata (Yu et al. 2018 ). While underlining the
omplex interplay between histone acetylation/deacetylation and 
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ethylation, these findings, collectiv el y, r aise the possibility that
istone le v els and histone posttr anslational modifications may
 ender the c hr omatin mor e accessible for the r ecruitment of tr an-
criptional factors that may aid in activation of the genes required
o counteract antifungal stress . T his notwithstanding, the molec-
lar underpinnings of chromatin/nucleosome dynamics-driven
r anscriptional contr ol of antifungal r esistance genes in C. glabrata
re yet to be fully deciphered. 

ost niches contributing to C. glabrata 

ersistence and drug resistance 

he field of host factors and niches, that promote drug resis-
ance emergence in C. glabrata , is still in its infancy. Further, al-
hough clinical reservoirs driving azole r esistance r emain unde-
ned, recent studies have implicated the host gastrointestinal
ract as a potential source of C. glabrata persistence and drug
esistance (Healey et al. 2017 ). In a gastrointestinal colonization

odel, upon caspofungin ther a p y, C. glabrata w as found to dis-
lay a drug resistance rate of up to 10%, which in part could be
ue to poor caspofungin penetration in the gastrointestinal tract

umen of C. glabrata -infected and drug-treated mice. Alarmingly,
aspofungin-resistant C. glabrata cells were able to widely spread
n the body under select conditions, upon imm unosuppr ession
Healey et al. 2017 ), indicating a possible mode of echinocandin
esistance acquisition by the endogenous/exogenous gut-resident
. glabrata cells . T he contribution of C. glabrata mouse gut colo-
izers to caspofungin resistance was further highlighted by a re-
ent study which sho w ed the emergence of mutations in CgFKS2
codes for the caspofungin target enzyme) and CgFEN1 (codes for
 fatty acid elongase, that is involved in sphingolipid biosynthe-
is) genes during caspofungin treatment (Hassoun et al. 2024 ). No-
ably, the loss-of-function mutations in the CgFEN1 gene in clinical
solates of C. glabrata , which were associated with reduced caspo-
ungin susceptibility (Hassoun et al. 2024 ), suggest that the host
ut is likely to be a clinical echinocandin resistance reservoir for
. glabrata . 

Further, C. glabrata has also been reported to exhibit prolonged
ersistence in mouse models of systemic and intra-abdominal
andidiasis (Rasheed et al. 2020 ). C. glabrata infections in the intra-
bdominal candidiasis model pr ogr essed fr om peritonitis to for-
ation of abscesses and were found to be associated with di-
inished neutrophil infiltration and higher fungal burden in ab-

cesses, as compared to C. albicans (Cheng et al. 2014 ). Ho w e v er,
 link, if any, between this long-term persistence of C. glabrata ,
ithout provoking a strong host immune response (Rasheed et al.
020 ), and the de v elopment of antifungal r esistance under clinical
ettings, is yet to be systematically investigated. 

Recently, a link between macrophage ingestion, petite forma-
ion, and antifungal resistance acquisition has been reported in
. glabrata (Siscar-Lewin et al. 2021 , Arastehfar et al. 2023a ) rais-

ng a possibility of macr opha ges serving as an intracellular reser-
oir for m ultidrug-toler ant C. glabrata persister cells . Of note ,
zole-resistant C. glabrata isolates were found to fare poorly in
acr opha ges, in mouse kidneys during systemic infections, and

uring colonization of the murine gut (Arastehfar et al. 2024 ).
his study suggested that the spleen could be a permissive organ
or the emergence of drug resistance in C. glabrata (Arastehfar et
l. 2024 ). Ov er all, studies focussing on the evolution of azole and
chinocandin drug resistance in different murine models of can-
idiasis will yield the m uc h-needed molecular insights into the
trategies that C. glabrata relies upon to adapt, survive, or develop
 esistance a gainst antifungals in hospital settings. 
uture perspecti v es 

n view of the rising multidrug resistance in C. glabrata , it is vi-
ally important to identify both primary drivers of antifungal
esistance and secondary players that boost the emergence of
rug resistance by thwarting the growth-inhibitory and growth-
illing action of antifungal drugs via global str ess r esponse path-
a y activation. T hese molecular anal yses need to be bolster ed
y the concerted global surveillance studies to closely monitor
ntifungal r esistance tr ends in C. glabrata , along with the de v el-
pment of economical diagnostic tools to rapidly identify drug-
esistant C. glabrata isolates and timely implement the optimal
ingular/combinatorial ther a py. In par allel, how the commen-
al form of C. glabrata responds to antifungal stress and con-
ributes to the fitness and/or selection of drug-resistant isolates
ia r e wiring of the genetic/epigenetic circuitry may be examined.
urther, identification of the determinants, that drive the inter-
lay between C. glabrata and the mammalian host, during anti-
ungal drug pr essur e, and pr omote the success or failure of an-
ifungal ther a p y, should be prioritized b y undertaking inter disci-
linary a ppr oac hes including mathematical modeling, evolution-
ry, ther a peutic drug monitoring, and imm unological anal yses.
astl y, whether the v astl y differ ent incidence r ates of C. glabrata
nfections and variability in drug resistance patterns, depend-
ng upon the geogr a phical r egion, ar e due to v ariations in the
trains/clades, and host genetic/metabolic makeup, warrants a
loser systematic inspection. Similarly, how these incidence rates
nd resistance patterns are impacted by the type of antifungals
r escribed, pr actices of healthcar e workers , and hospital en viron-
ents should be investigated to meet the ultimate goal of provid-

ng affordable antifungal ther a py acr oss the world. 
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