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Abstract
Background  Topical antiseptics are crucial for preventing infections and reducing transmission of pathogens. 
However, commonly used antiseptic agents have been reported to cause cross-resistance to other antimicrobials 
in bacteria, which has not yet been described in yeasts. This study aims to assess the in vitro efficacy of antiseptics 
against clinical and reference isolates of Candida albicans and Nakaseomyces glabratus, and whether prolonged 
exposure to antiseptics promotes the development of antifungal (cross)resistance.

Methods  A high-throughput approach for in vitro resistance development was established to simultaneously expose 
96 C. albicans and N. glabratus isolates to increasing concentrations of a given antiseptic – chlorhexidine, triclosan 
or octenidine. Susceptibility testing and whole genome sequencing of yeast isolates pre- and post-exposure were 
performed.

Results  Long-term exposure to antiseptics does not result in the development of stable resistance to the antiseptics 
themselves. However, 50 N. glabratus isolates acquired resistance to azole antifungals after long-term exposure to 
triclosan or chlorhexidine, revealing newly acquired mutations in the PDR1 and PMA1 genes.

Conclusions  Chlorhexidine as well as triclosan, but not octenidine, were able to introduce selective pressure 
promoting resistance to azole antifungals. Although we assessed this phenomenon only in vitro, these findings 
warrant critical monitoring in clinical settings.
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Background
The impact of fungal infections has been underestimated 
for a long time, particularly in a growing population of 
immunocompromised or elderly patients who are suscep-
tible to such opportunistic infections [1]. Indeed, invasive 
candidiasis accounts for one of the most frequent hospi-
tal-acquired fungal infections worldwide [2]. Infections 
caused by yeasts such as Candida spp. can range from 
rather harmless superficial infections on the skin to severe 
clinical manifestations, as well as to a life-threatening 
invasive disease in immunocompromised individuals with 
a case fatality rate exceeding even 70% in these highly vul-
nerable patients [3]. To date, there are only four main cat-
egories of antifungals available in clinical practice (azoles, 
echinocandins, polyenes and pyrimidine analogues). This 
itself already represents a certain limitation of therapeutic 
options. However, acquired resistance to these antifungals 
has been reported in different Candida species within the 
last few years [4–6], which emphasizes the importance for 
antifungal susceptibility testing as well as understanding 
the underlying molecular resistance mechanisms. In this 
context, the World Health Organization (WHO) recently 
published the first-ever “Fungal Priority Pathogens List” 
due to the worldwide occurrence of increased acquired 
resistance to antifungal drugs and other critical factors 
favoring fungal infections, such as climate change, the 
COVID-19 pandemic and an increasing number of immu-
nocompromised patients [7]. This global effort highlights 
the emergence of antifungal resistance to become a seri-
ous public health threat similar to bacteria highly resis-
tant to antimicrobials. In that regard, indications for the 
use of antiseptics and disinfectants to prevent nosocomial 

infections are undisputed, especially in controlling the 
spread of multidrug resistant organisms in healthcare 
institutions [8]. Thus, topically applied antiseptics may 
represent a useful tool to reduce the transmission not only 
of emerging multidrug resistant bacteria but also of fungi 
due to their broad spectrum of antimicrobial efficacy. 
Within the clinical setting, three antiseptics hold particu-
lar importance: chlorhexidine (CHX), triclosan (TRC) and 
octenidine (OCT). The primary mechanism of action for 
CHX is based on intracellular leakage and increased per-
meability of the microbial cell membrane subsequently 
leading to membrane disruption [9]. In contrast, TRC 
inhibits the fatty acid synthesis, more precisely inhibiting 
the enoyl-acyl carrier protein reductase FabIp [10]. OCT 
exerts a rapid and unspecific killing mechanism based on 
purely physical interactions, targeting critical and evolu-
tionary highly conserved parts of bacterial membranes 
[11–13]. This effect has been described not only in bacte-
ria but also in Candida albicans, specifically regarding its 
impact on membrane permeability in yeast [14].

However, the so far unique position of antiseptics 
causing no antimicrobial resistance due to their rather 
unspecific mode of action, has been challenged recently. 
Indeed, the meanwhile described manifestations of bac-
terial resistance to CHX, including even cross-resistance 
to so called antibiotics of the last resort such as colistin 
[15, 16], raises serious concerns among healthcare pro-
fessionals about its use for preventive measures in infec-
tion control. Cross-resistance refers to a phenomenon 
that describes resistance development induced by a given 
selective pressure to several substances sharing a similar 
chemical structure, a similar mechanism of action or the 
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same target [17]. This may potentially result in pathogens 
being resistant to agents, which they have never encoun-
tered before thus posing additional burden for medical 
health care facilities, especially when last resort agents 
are affected as previously mentioned. A worst-case sce-
nario, not only in hospital hygiene but also in human 
medicine in general, is the development of cross-resis-
tance between antiseptic agents on the one hand, which 
are an essential cornerstone for infection prevention – 
and antibiotics or antifungals on the other hand, which 
are indispensable for therapeutic purposes.

The impact of selective pressure exerted by antiseptics, 
especially the widely used antiseptics CHX and TRC, has 
been the subject of increased investigation in recent times 
[15, 18–25]. Several genes were found to be associated 
with reduced susceptibility to antiseptics or even with 
(cross-)resistance to antibiotics. In particular, the action 
of efflux pumps seems to be one of the major mechanisms 
responsible for resistance to antibiotics in Gram-negative 
bacteria [15, 26, 27]. There are considerably fewer studies 
that have also suggested the potential for selective pres-
sure triggered by OCT [28, 29]. However, the observed 
tolerated concentrations of that antiseptic agent in the 
investigated bacteria have been far below those applied 
in clinical settings. Furthermore, Vejzovic et al. demon-
strated that different materials and methods used for MIC 
determination can result in misinterpretations regarding 
reduced bacterial susceptibility towards OCT [13].

To our knowledge, it has not yet been investigated 
whether the long-term exposure to CHX, TRC and 
OCT may induce antiseptic resistance in C. albicans or 
Nakaseomyces glabratus (formerly Candida glabrata) or 
if such a selective pressure even coincidently also pro-
motes cross-resistance to antifungals. Thus, the present 
study analyses the in vitro activity of different antiseptics 
against susceptible clinical isolates of C. albicans and N. 
glabratus as well as the occurrence of resistance to these 
molecules. Furthermore, we aimed to determine whether 
long-term antiseptic exposure potentially promotes 
selective pressure followed by the development of cross-
resistance to antifungals.

Materials and methods
Sampling and susceptibility testing of antifungals and 
antiseptics
Each of 36 C. albicans and N. glabratus isolates suscep-
tible to commonly used antifungals were obtained from 
the culture collection stored at the Medical University of 
Vienna, Department of Laboratory Medicine, Division of 
Clinical Microbiology, Austria. These selected C. albicans 
and N. glabratus isolates were originally recovered from 
different patients’ body sites (blood culture, drainage fluid, 
swabs (mouth, vaginal, wound), central venous catheter, 
bronchoalveolar lavage, feces) and were characterized 

previously for their susceptibility profile. In addition, 60 
replicates of the reference strains C. albicans SC5314 and 
N. glabratus CBS138 were used as susceptible wild-type 
references among clinical isolates, respectively. Antifungal 
susceptibility testing was conducted for all strains, includ-
ing the control strains C. parapsilosis ATCC 22,019 and C. 
krusei ATCC 6258, using the broth microdilution method 
as recommended by the European Committee on Anti-
microbial Susceptibility Testing (EUCAST) E.DEF 7.3.2 
[30]. Since no guideline for antiseptic susceptibility testing 
is available to date, the minimum inhibitory concentra-
tions (MICs) of tested antiseptics were determined based 
on the same EUCAST guideline using broth microdilu-
tion for standardization purposes, as previously described 
[31, 32]. In short, the antiseptic and antifungal serial stock 
solutions were diluted 1:100 with double strength RPMI 
1640 and 100 µL were dispensed into microwell plates, 
with each row containing one of eight substances (either 
antifungals or antiseptics) in increasing concentrations. 
Next, the target inoculum was adjusted to a McFarland 
standard of 0.5, equating to an approximate cell density of 
1–5 × 106 CFU/mL. This suspension was then thoroughly 
mixed and diluted 1:10 with distilled water. To verify the 
cell count, the inoculum of each batch was plated. Subse-
quently, 100 µL of the fungal suspension was dispensed 
into each well of the prepared microwell plate, achiev-
ing a final cell concentration of 0.5–2.5 × 105 CFU/mL in 
200 µL. The inoculated microwell plates were incubated 
at 37 °C for 22 to 26 h. After incubation, the plates were 
evaluated visually and via photometric analysis at the 
absorbance at 530  nm to obtain the MIC values of the 
antifungals and antiseptics.

MICs were determined for the antifungals; anidulafun-
gin (0.008-16 mg/L), micafungin (0.008-16 mg/L), caspo-
fungin (0.008-16  mg/L), fluconazole (0.125-256  mg/L), 
posaconazole (0.016-32  mg/L), voriconazole (0.008-
16  mg/L) itraconazole (0.008-16  mg/L), isavuconazole 
(0.016-32 mg/L) amphotericin B (0.032-16 mg/L), as well 
as for the antiseptics OCT (0.016-32 mg/L), CHX (0.25–
512  mg/L) and TRC (0.016-32  mg/L), where the MIC 
values in brackets display the MIC concentration ranges 
which have been used for the antifungal and antiseptic 
susceptibility testing. Susceptibility testing was performed 
before and after the long-term exposure to antifungals 
and antiseptics of C. albicans and N. glabratus.

High throughput in vitro resistance development 
approach for long-term exposure to antiseptics
A new high-throughput resistance development model 
has been established, utilizing a 96-well plate format, to 
expose various isolates of C. albicans and N. glabratus 
to progressively increasing concentrations of antisep-
tics (CHX, OCT and TRC) and antifungals (micafungin, 
anidulafungin and voriconazole) over a period of up to 60 
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days. The incorporation of these antifungal agents as con-
trols was essential to confirm the efficacy of our novel in 
vitro approach in inducing resistance. This method allows 
to investigate all C. albicans and N. glabratus of interest 
in a microwell plate in parallel using 2% RPMI medium 
(Sigma-Aldrich, Burlington, MA, USA). Microwell plates 
with each 60 replicates of the control strain CBS138 and 
SC5314 as well as each of 36 clinical C. albicans and 
N. glabratus isolates were used for the in vitro resis-
tance development model. Initially these isolates were 
inoculated in Sabouraud broth medium with 2% dex-
trose (Oxoid Ltd., Basingstoke, UK) in a deep well plate 
under aerobic conditions at 37  °C for 24 h until growth 
of all fungal cultures was obtained. Subsequently, 100 µl 
of fresh overnight culture of all isolates was transferred 
into the first passage containing a single fixed concentra-
tion of a given antiseptic or antifungal in double strength 
RPMI 1640. This starting concentration for our novel 
resistance development model was set one dilution below 
the previously determined MIC of the different anti-
microbials. After five days of incubation under aerobic 
conditions at 37  °C, all strains were transferred into the 
next passage with double the concentration of the given 
antifungals or antiseptics. These steps were repeated to 
slowly increase the concentration and selective pressure 
of a given antimicrobial over time. At each passage, we 
tested eight wells from each plate for possible contamina-
tion, plating an aliquot onto Columbia agar plates using a 
multichannel pipette. Table 1 depicts an overview of used 
antiseptic concentration ranges for the in vitro long-term 
exposure.

Selection of isolates with newly acquired resistance
After in vitro exposure for a duration of up to 60 days, 
isolates from the final passage with the highest concen-
tration showing visible growth were plated on Sabouraud 
Gentamicin Chloramphenicol 2 agar (bioMérieux SA, 
Marcy l’Etoile, France). Subsequently, the MICs of all 
viable strains were re-evaluated. After comparing MIC 
values before and after long-term exposure, a subsample 
of 12 N. glabratus isolates with newly acquired resistance 
against antifungals according to EUCAST breakpoints 
were selected for further investigation with WGS. The 
MIC values of the antiseptics were classified as resistant if 
they exhibited an increase of ≥ 8-fold (equivalent to three 
dilution steps) compared to the MIC of the original unex-
posed isolate. This criteria for resistance classification in 

antiseptics was adapted according to criteria suggested 
by Kampf [33].

Whole genome sequencing (WGS)
Fungal DNA extraction was performed according to a 
solution-based protocol with implemented bead beating 
steps [34]. The total amount of extracted DNA was sub-
sequently measured with a Qubit dsDNA High Sensitiv-
ity Assay system (Life Technologies, Carlsbad, CA, USA) 
and its purity was confirmed with a NanoDrop 2000c 
spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA) by determining the ratios of A260/A280 and 
A260/A230. In this study, WGS was carried out to screen 
for putative underlying molecular resistance mechanisms 
of isolates showing newly acquired resistance. DNA 
sequencing libraries were prepared from extracted DNA 
according to the Illumina DNA Prep protocol. DNA was 
then denatured according to the protocol and diluted to a 
final loading concentration of 8 pM combined with a 5% 
PhiX spike-in (PhiX Control v3, Illumina) for sequencing 
on a v3-flowcell 2 × 300 bp on an Illumina MiSeq system 
(Illumina, San Diego, CA, USA).

Bioinformatic analysis
The quality of the WGS run was evaluated with FastQC 
0.11.4 [35]. Low-quality bases were subsequently 
trimmed using a QC threshold of 20, and all reads under 
a minimum length of 90  bp were removed using the 
Trimmomatic 0.35 software [36]. Bowtie2 2.2.7 [37] was 
used to assemble and align the paired-end reads to the 
genomic sequences of Candida reference strains CBS138 
and SC5314 obtained from www.candidagenome.org 
(accessed on 04.05.2022) [38]. The detection of variants 
was carried out with SAMtools 0.1.19 and VarScan 2.3.9 
[39, 40]. Subsequently, SnpEff 4.270 was used to annotate 
variants and predict their effects on amino acid sequence 
[41]. By matching the variants of the original susceptible 
isolates with the exposed resistant isolates the newly 
acquired mutations were identified.

Gene expression analysis of drug efflux pump Cdr1p
For gene expression analysis, selected azole resistant iso-
lates were resuspended in 11 mL of Sabouraud broth to 
reach an optical density of 0.1 at 600 nm (OD600). The 
cultures were then incubated at 37 °C for five hours with 
continuous inversion. After the incubation OD600 was 
measured with expected values of 0.6-1, indicating expo-
nential growth phase, where the gene expression lev-
els are the highest. RNA was extracted post-incubation 
using the hot phenol acid method. Fungal cells were first 
resuspended in TES (Tris-EDTA- 0.5% SDS) buffer, fol-
lowed by the addition of acidic phenol (pH 5) and incu-
bation at 65 °C for 30 min. The aqueous phase was then 
transferred to a new tube for a second phenol extraction 

Table 1  Concentration ranges of antiseptics for in vitro long-
term exposure of C. albicans and N. glabratus
Antimicrobial substance Drug class Concentration range (mg/L)
chlorhexidine (CHX) antiseptic 0.032–64
octenidine (OCT) antiseptic 0.004–8
triclosan (TRC) antiseptic 0.016–32

http://www.candidagenome.org
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phase, followed by the addition of chloroform to remove 
proteins and phenol residues. RNA was precipitated 
using ammonium acetate (10  M) and absolute ethanol, 
followed by washing the extracted RNA twice in 70% eth-
anol and eluting it in Tris buffer.

To avoid inaccuracies in RT-qPCR results, the extracted 
RNA’s quality and quantity were assessed. This involved 
measuring RNA purity using a Nanodrop 2000c (Thermo 
Scientific – Waltham, Massachusetts) spectrophotom-
eter, followed by an evaluation of the ratios of A260/A280 
and A260/A230 to determine the presence of proteins and 
contaminants. The RNA and DNA concentrations were 
measured using the Qubit RNA HS Assay Kit and Qubit 
dsDNA HS Assay Kit (Thermo Scientific – Waltham, 
Massachusetts), distinguishing between RNA and DNA 
through fluorescence detection. RNA integrity was con-
firmed via gel electrophoresis using a 1.6% agarose gel 
with 1x TAE buffer, for evaluation of the intensity of 18 S 
rRNA and 28 S rRNA bands. The RNA integrity was fur-
ther verified using the Qubit RNA IQ Assay Kit (Thermo 
Scientific – Waltham, Massachusetts).

Quantification of transcripts of the multidrug-efflux 
pump gene Cdr1 was performed using quantitative 
Reverse Transcription Real-Time PCR (RT-qPCR), 
employing the Luna® Universal Probe One-Step RT-qPCR 
Kit w/o ROX (New England Biolabs - Ipswich, Massachu-
setts). Separate assays were conducted with two biologi-
cal duplicates and in technical triplicates. The primers 
and probes for the target genes were based on Sanguinetti 
et al. (2005) [42] with some modifications, with probes 
marked with FAM – TAMRA for CDR1 and HEX – 
BHQ1 for the reference gene UBC13. The RT-qPCR was 
performed using the ABI QuantStudio 5 (Applied Biosys-
tems – Waltham, Massachusetts) with a specific cycling 
program. The qPCR was standardized using 5 ng/µL of 
extracted RNA to obtain comparable Ct (Cycle Thresh-
old) values. For quantification of drug efflux pumps the 
mean of the triplet Ct values was calculated for accuracy, 
followed by computing the difference between the Ct 
value of the target and reference genes (ΔCt). The study 
validated the use of UBC13, URA3 and RDN5.8 as refer-
ence genes (data not shown), recognizing UBC13 as the 
most stable option, thereby ensuring accuracy and reli-
ability in the experimental results. The values were com-
pared with the corresponding WT strain to obtain ΔΔCt 
values. Relative Quantification (RQ) was then calculated 

to determine the fold-change in target gene expression 
compared to the corresponding reference strain.

Results
MIC values of chlorhexidine, octenidine and triclosan
The initially determined MIC50 and MIC90 values for 
CHX, OCT and TRC before in vitro long-term exposure 
of the wild-type clinical C. albicans and N. glabratus as 
well as of the control strains are summarized in Table 2. 
With an MIC50 and MIC90 of 0.5 mg/L, OCT showed the 
lowest value among all tested antiseptics. For CHX, the 
MIC50 was 8  mg/L, and therefore 16-fold higher com-
pared to OCT, whereas the MIC90 was further increased 
to 16  mg/L in C. albicans. MIC50 and MIC90 for TRC 
were similar to CHX. The MIC distribution for all three 
investigated antiseptic substances is depicted in Fig. 1 as 
violine plots.

Selection of resistant isolates due to in vitro long-term 
exposure to antiseptics
In our high-throughput in vitro resistance development 
model, using antifungals as a positive control, we were 
able to generate resistant mutants of C. albicans and N. 
glabratus to echinocandins and azoles after extended 
exposure, thereby validating our approach of in vitro 
resistance development (data not shown). After extended 
exposure to antiseptics, C. albicans and N. glabratus 
did not show substantially elevated MIC values against 
all three tested antiseptics, defined as an 8-fold increase 
(equivalent to three dilution steps higher), compared 
to the original wild-type isolate. Therefore, resistance 
to antiseptics did not occur in our in vitro model. Fur-
thermore, long-term exposure to OCT, CHX or TRC 
did not induce antiseptic cross-resistance. Despite long-
term exposure to OCT, all C. albicans and N. glabratus 
isolates also maintained their susceptibility to all tested 
antifungals (anidulafungin, micafungin, caspofungin, 
voriconazole, posaconazole, fluconazole, itraconazole, 
isavuconazole, amphotericin B).

However, after long-term exposure to TRC, 39 out of 
96 N. glabratus isolates (40.6%) developed resistance to 
the tested azoles: fluconazole, posaconazole, voricon-
azole, itraconazole, and isavuconazole. Similarly, 11 out 
of 96 N. glabratus isolates (11.4%) exhibited azole resis-
tance following prolonged exposure to CHX.

Table 2  MIC50 (interquartile range, IQR) and MIC90 (mg/L) before resistance development for tested C. albicans and N. glabratus 
isolates. MIC50 and MIC90 are the concentrations at which 50% and 90% of the population were inhibited respectively

OCT CHX TRC
MIC50 MIC90 MIC50 MIC90 MIC50 MIC90

C. albicans 0.5 (0.25–0.5) 0.5 8 (4–8) 16 8 (8–16) 16
N. glabratus 0.5 (0.5–0.5) 0.5 8 (8–8) 8 8 (8–8) 16
OCT: octenidine; CHX: chlorhexidine; TRC: triclosan
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These resistant isolates displayed 4 to 512-fold 
increased MICs against azoles compared to the initially 
susceptible wild-type isolates and showed resistance by 
using EUCAST clinical breakpoints (Table 3). Notewor-
thy, these isolates remained cross-resistant to azole anti-
fungals when removing the selective pressure induced by 
CHX or TRC even after multiple passages of subcultur-
ing on Sabouraud dextrose agar.

To search for the underlying resistance mechanism for 
newly acquired azole resistance, whole genome sequenc-
ing (WGS) was performed on a subset of six TRC and 
six CHX exposed strains that developed azole resistance. 
In comparison to the non-exposed wild-type isolates, 
seven isolates acquired six novel mutations in the PMA1 
gene, associated with maintaining the cell’s pH optimum, 
membrane potential and stress response [43–45]. These 
mutations resulted in single amino acid substitutions at 
positions T215I, L347S, A395V (2x), D407G, V594F, and 
A812V. Additionally, five azole resistant isolates har-
boured six potentially causal gain of function mutations 
in the transcription factor PDR1 (D261Y, C469R, L936S, 
G943A, D1082G, G1088E), which controls the gene 
expression of drug efflux pumps Cdr1p, Cdr2p and Snq2p 
[42, 46, 47]. To evaluate the effects of different mutations 
in PDR1 and to ascertain the presence of overexpression, 
we performed gene expression analysis of the drug efflux 
pumps Cdr1p. The results demonstrated an overexpres-
sion of CDR1 in all PDR1 mutants with a median over-
expression of 21-fold [9.6–50]. Interestingly, all PMA1 
mutations, except for the two isolates harboring the 

A395V mutation (Table 3), also demonstrate a high over-
expression of the Cdr1p drug efflux pump with a median 
overexpression of 33.3-fold [0.6–66], with levels notably 
surpassing those found in the corresponding wild-type 
isolates. In contrast to N. glabratus, none of the 96 C. 
albicans isolate became azole-resistant after exposure to 
the antiseptics TRC and CHX.

Discussion
Antiseptics and disinfectants are key elements in infec-
tion prevention strategies within health-care facilities 
to increase patient safety in order to prevent the trans-
mission of pathogens and especially multidrug resistant 
organisms [8]. In our previous research, it was observed 
that OCT effectively eradicated multidrug resistant iso-
lates of C. albicans and N. glabratus  in vitro, underscor-
ing its high efficacy against clinically relevant fungi [48]. 
However, reduced antimicrobial susceptibility follow-
ing exposure to antiseptics as well as the development 
of antiseptic resistance and cross-resistance to other 
antimicrobials – including even last-resort antibiotics - 
has been recently described in Gram-positive as well as 
Gram-negative bacteria [49, 50]. This underscores the 
necessity of implementing an antiseptic stewardship 
program like antibiotic stewardship in clinical settings. 
Given that these substances appear to induce selec-
tive pressure resulting in resistance to antimicrobials, it 
is crucial to define the appropriate use of antiseptics or 
disinfectants and to perform monitoring for resistance 
development.

Fig. 1  Violin plots depicting the MIC (mg/L) distribution and MIC50 for antiseptics in C. albicans and N. glabratus. OCT: octenidine; CHX: chlorhexidine; TRC: 
triclosan. The median (MIC50) is indicated in the violin plot with a dot
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In the present work we determined susceptibility pro-
files for the antiseptic agents CHX, OCT and TRC in 
clinical isolates of C. albicans and N. glabratus, as a first 
step. Regarding antimicrobial effect, OCT was the most 
potent agent showing low MIC50 and MIC90 values of 
0.5  mg/L, without species-specific differences for C. 
albicans or N. glabratus, indicating a broad-spectrum 
of antiseptic activity. This is in concordance with other 
observations on various Candida spp. where similar 
results for OCT have been observed regarding antiseptic 
efficacy [48, 51–53]. Of note, the MIC50 of OCT is 16-fold 
lower compared to that of CHX and TRC, respectively, 
which coincides with data presented by Koburger et al. 
[51]. Also Morrissey et al. proposed an epidemiological 
cut-off value representing the upper end of the wild-type 
MIC distribution of 16 mg/L for both TRC and CHX as 
well as an MIC50 value for CHX of 8 mg/L for 200 tested 
C. albicans isolates [54], which is in concordance with 
our results. For CHX we determined an MIC50 of 8 mg/L 
for C. albicans and N. glabratus.

In a second step, we explored if selective pressure 
induced by antiseptics might influence the antifungal 
susceptibility profiles in various C. albicans and N. gla-
bratus isolates. By using an antifungal positive control 
(micafungin, anidulafungin, voriconazole), we were able 
to induce already described resistance mutations in long-
term echinocandin- and azole-exposed isolates validating 
our resistance development model [55]. Thus, the herein 
used in vitro experimental setup is suitable to prove the 
effect of a given selective pressure in C. albicans and N. 
glabratus. Noteworthy, no relevant MIC changes have 
been observed for any of the three tested antiseptic 
agents. In comparison to antifungals, it was not possible 
to induce antiseptic resistance (MIC increase to antisep-
tics by ≥ 8-fold or equivalent to three dilution steps) in 
any of the tested Candida or Nakaseomyces isolates after 
exposure to OCT, CHX or TRC.

In our setup, prolonged exposure to CHX or TRC 
induced selective pressure favoring cross-resistance to 
azole antifungals in N. glabratus. In contrast, OCT did 
not demonstrate this effect towards any tested antifun-
gal agents. Recent observations of various Gram-negative 
bacteria, showed that selective pressure led to the emer-
gence of mutants with reduced susceptibility to CHX and 
the last-resort antibiotic colistin, which was not observed 
for OCT [16]. However, to the best of our knowledge 
the appearance of cross-resistance to azoles induced by 
selective pressure of antiseptics has not been determined 
in yeast so far.

In detail, 50 N. glabratus isolates have become cross-
resistant to all tested azoles (fluconazole, posacon-
azole, voriconazole, itraconazole and isavuconazole) 
displaying elevated MICs after long-term exposure 
to TRC or CHX, respectively. To investigate potential 

underlying molecular resistance mechanisms, whole 
genome sequencing (WGS) was conducted on six ran-
domly selected isolates exposed to TRC and six exposed 
to CHX, all of which had developed azole resistance. 
The analysis of the sequences before and after exposure 
revealed that six of these 12 isolates had potential gain-
of-function mutations in the transcription factor PDR1, 
with mutations identified at positions D261Y, C469R, 
L936S, G943A, D1082G, and G1088E. PDR1 is a key 
regulator of gene expression for drug efflux pumps 
Cdr1/2p and Snq2p and is widely recognized for its role 
in azole resistance, which is often a consequence of the 
overexpression of these drug efflux pump. Two of the 
mentioned mutations are located close to the inhibitory 
domain whereas the other four were identified in the 
putative activation domain of the transcription factor 
PDR1 [56]. We further investigated the effects of various 
PDR1 mutations by conducting gene expression analysis 
of the Cdr1p drug efflux pumps, which revealed a sub-
stantial overexpression of CDR1 across all PDR1 mutants 
(a median 21-fold overexpression). Consequently, the 
novel mutations identified in PDR1 are likely to consti-
tute the fundamental putative mechanism of resistance, 
characterized predominantly by the enhanced expression 
of drug efflux pumps. Moreover, it is crucial to empha-
size that this mechanism of resistance has already been 
observed and well described in clinical N. glabratus iso-
lates, underscoring its significance in clinical setting [46, 
57].

The other six sequenced azole resistant N. glabratus 
isolates without PDR1 mutations showed mutations in 
PMA1. PMA1 mutants were already described in 1989 
by Perlin et al. in S. cerevisiae [58]. It has been shown 
that observed missense mutations at position S368F and 
P640L can confer resistance to hygromycin B in S. cerevi-
siae, an antimicrobial agent used as a screening tool for 
plasma membrane ATPase mutants. Under normal con-
ditions, the plasma membrane H+-ATPase Pma1p acts as 
a major regulator of intracellular pH in fungi and plants 
[43]. We identified Pma1p amino acid substitutions in 
azole cross-resistant N. glabratus isolates, located at the 
positions T215I, L347S, A395V (2x), D407G V594F and 
A812V. Thus, they are in the vicinity of already described 
ones which conferred resistance in S. cerevisiae against 
hygromycin B. Furthermore, it has been described in 
more detail that alterations of PMA1 in C. albicans can 
decrease intracellular cytosolic pH [59]. Thus, potential 
loss of function mutations in PMA1 may lead to intracel-
lular acidification. Previous research has indicated that 
reduced pH levels can compromise the effectiveness of 
azoles as the MIC increases drastically for azoles in N. 
glabratus under conditions of reduced pH in vitro [60]. 
Therefore, the subsequent potential dysfunction of pro-
ton pumps due to mutations and resulting intracellular 
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acidification could serve as a potential cause for azole 
resistance.

Interestingly, isolates harboring PMA1 mutations also 
exhibited a marked overexpression of CDR1 similar to 
the PDR1 mutants, indicating that the primary mecha-
nism might also involve an increased activity of drug 
efflux pumps. All PMA1 mutants, barring those with the 
mutation A395V, exhibited a notable increase in CDR1 
expression, with a median overexpression of 33-fold, 
substantially higher than their wild-type counterparts. 
The PMA1 and PDR1 genes reside on chromosome A, 
positioned approximately 5 kbp apart. This proxim-
ity, coupled with first insights from a limited number of 
studies, suggests a linkage between PMA1 and PDR1 as 
well as its association in the regulation of the drug efflux 
pumps [61–63]. It is plausible that a regulatory response 
could be influencing gene expression, thereby modifying 
the dynamics of gene interaction and expression of drug 
efflux pumps. However, the underlying molecular mecha-
nism of why mutations in PMA1 contribute to the upreg-
ulation of these drug efflux pumps, remains unclear.

Further studies investigating especially the detailed 
PMA1 function in N. glabratus isolates are needed to 
confirm the proposed mechanism of action for azole 
cross-resistance. Knockout experiments to generate 
fungal PMA1 mutants may be a possible tool to inves-
tigate individual gene function in the context of this 
acquired azole resistance. Furthermore, it must be clari-
fied whether these isolates harboring PMA1 mutations 
exhibit the same in vivo pathogenicity as the wild-type 
isolates.

Our study provides initial insights into the susceptibil-
ity profiles of Candida and Nakaseomyces towards anti-
septics and investigates whether exposure to antiseptics 
leads to selective pressure that promotes the develop-
ment of antifungal (cross-)resistance. Our findings indi-
cate that clinical isolates of C. albicans and N. glabratus 
may not develop resistance to antiseptics over time in 
vitro. However, we have successfully described, for the 
first time, a development of acquired cross-resistance to 
azole antifungals resulting from selective pressure caused 
by prolonged exposure to the antiseptics CHX or TRC. 
In contrast long term exposure to OCT did not result in 
the development of cross-resistance to any of the inves-
tigated antifungals. Through WGS, we identified newly 
acquired PDR1 and PMA1 mutations in N. glabratus iso-
lates, which are linked to increased expression of drug 
efflux pumps and potentially reduced drug efficacy due 
to intracellular acidification. Hence, this study is the 
first to report that low-level exposure to CHX and TRC 
has the potential to induce selective pressure promoting 
antifungal resistance. Although, the observation of this 
phenomenon was observed in vitro, its potential clini-
cal implications necessitate stringent surveillance within 

clinical environments, underscoring its importance of 
patient safety.
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