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A B S T R A C T

Candida auris occupies similar niches in various infections as Pseudomonas aeruginosa; however, the details of 
their interspecies communication remain largely unknown. To gain deeper insights into this relationship, 
phenotypic and transcriptomic analyses were conducted in the presence of the primary P. aeruginosa quorum- 
sensing molecule, N-(3-oxododecanoyl)-L-homoserine lactone (HSL), against C. auris, with the results 
compared to those of C. albicans. Our findings indicate that HSL-induced effects are not specific to C. albicans; 
additionally, several characteristics are present in C. auris but not in C. albicans following HSL exposure. Sig
nificant HSL-induced reduction was observed in growth and adhesion of C. auris cells in time -and concentration- 
dependent way (p < 0.01-0.001). Moreover, HSL reduced intracellular iron and zinc levels (p < 0.05-0.001); 
furthermore, it modulated C. auris metabolism toward beta-oxidation, which may be associated with the 
observed reduction in in vivo virulence at lower HSL concentrations compared with C. albicans. RNA-sequencing 
transcriptome analysis of C. auris revealed 67 and 306 upregulated genes, as well as 111 and 168 downregulated 
genes, in response to 100 and 200-μM HSL, respectively. We identified 45 overlapping upregulated and 25 
overlapping downregulated genes between the two HSL concentrations. Similar to other Candida-derived C12 
compounds (e.g., farnesol), HSL reduces several C. auris survival strategies, which may significantly influence the 
nature of P. aeruginosa–C. auris co-habitation. In conclusion, the obtained findings on C. auris do not provide clear 
evidence that HSL mediated effects have any favourable consequences in terms of P. aeruginosa-C. auris co- 
colonisation and/or co-infections.

1. Introduction

Bacterial–Candidal polymicrobial infections and related microbial 
interactions are commonly observed in clinical practice, particularly in 
intensive care units, where they are associated with high incidence of 
mortality and morbidity due to their increased dissemination and the 
lack of effective therapeutic algorithms. Despite their significance, few 
of these interactions have been thoroughly characterised at the molec
ular or physiological level [1–3]. The outcome of these polymicrobial 
infections are attributes not only by the composition of causative mi
crobial population, but also by the nature of bacterial-fungal commu
nications. These communications are often linked to quorum-sensing 

molecules, which significantly affect microbial growth, morphology, 
and virulence [4,5]. Pseudomonas aeruginosa and various Candida species 
are generally benign members of the human microbiome; however, they 
can be co-isolated from clinical samples, such as wound, soft tissue in
fections and in cystic fibrosis [6].

Previous studies have identified N-(3-oxododecanoyl)-L-homoserine 
lactone (HSL) as a primary quorum-sensing molecule in P. aeruginosa. 
This molecule plays a crucial role in regulating bacterial virulence factor 
production and has been shown to inhibit hyphal development, reduce 
biofilm formation, and induce apoptosis in Candida albicans [6,7]. 
However, these HSL mediated effects on C. albicans cannot necessarily 
be extrapolated to non-albicans Candida species, as indicated by several 
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studies [8–10].
Unlike most other Candida species, C. auris efficiently colonises the 

skin and can contaminate the patient’s environment, contributing to 
healthcare-associated outbreaks [11]. Interestingly, patients without 
C. auris colonisation mainly harbour commensal bacteria dominated by 
Gram-positive species [11]. By contrast, C. auris-positive patients exhibit 
a distinct bacterial skin community, predominantly containing 
Gram-negative bacteria, including P. aeruginosa [12,13]. Despite this 
frequently observed association, there is a significant lack of data on 
whether P. aeruginosa influences C. auris physiological properties or 
P. aeruginosa-derived quorum-sensing molecule HSL interacts with 
C. auris, even though they might share the same ecological niche in 
clinical settings. There is no solid evidence that HSL mediated signalling 
interactions have any effect on P. aeruginosa-C. auris co-colonisation 
and/or co-infections.

Hence, in this study, we performed a detailed physiological and 
molecular characterisation of the effects of HSL on C. auris and 
compared these findings to those obtained for C. albicans as well docu
mented reference species in Candida-Pseudomonas co-culture-based 
investigations.

2. Materials and methods

2.1. Isolates and culture conditions

The reference strains C. albicans SC5314 and C. auris NCPF 8973, 
which are derived from the South Asian/Indian lineage, were used in 
this study. Both strains were maintained on yeast peptone dextrose 
(YPD) agar plates [composed of YPD broth (1 % yeast extract, 2 % 
peptone, 2 % glucose) and 2 % agar, pH 5.8 (VWR, Debrecen, Hungary)] 
at 37 ◦C. HSL was obtained from Merck (Budapest, Hungary) as a 50-mM 
stock solution in dimethyl sulfoxide (DMSO) (VWR, Debrecen, 
Hungary). An equal volume of DMSO was used in all control samples, 
with the final solvent concentration maintained at ≤1 % (v/v). Working 
concentrations of HSL were prepared in YPD. For in vitro experiments, 
HSL concentrations of 100 and 200-μM were tested, while in vivo ex
periments included an additional concentration of 50-μM [14].

2.2. Planktonic growth conditions

Candida auris and C. albicans strains were pre-cultured in YPD broth 
overnight at 37 ◦C and then diluted to an optical density at 640 nm 
(OD640) value of 0.1 in YPD broth (20-mL aliquots in 100-mL Erlen
meyer flasks). Cultures were incubated at 37 ◦C with shaking at 140 rpm 
for 6 h. HSL (at a final concentration of 100 or 200-μM) was added after 
4 h of incubation, during the exponential growth phase. Control flasks 
without HSL contained 1 % DMSO. Candida growth was monitored at 1- 
h intervals by measuring cell density through absorbance readings at 
640 nm and by determining the dry cell mass (DCM) [9,10].

2.3. Initial adhesion and early biofilm forming ability of Candida cells in 
the presence and absence of HSL

To assess the metabolic activity of adhered Candida cells, fungal 
isolates were suspended in YPD broth at a concentration of 1 × 106 cells/ 
mL, and 100-μL aliquots were inoculated into flat-bottom 96-well sterile 
microtiter plates (TPP, Trasadingen, Switzerland). The plates were 
statically incubated at 35 ◦C, with pre-determined wells assigned as 
endpoints at 2, 4, 6, and 8 h. Different concentrations of HSL were added 
to all wells in YPD at time zero, simultaneously with the fungal cells [10,
15]. Following incubation for 2, 4, 6, or 8 h, the corresponding wells 
were washed with sterile physiological saline, and the metabolic activity 
of the adhered cells was measured using the [2,3-bis 
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide] 
(XTT) reduction assay [16].

Baseline metabolic activity was defined as 100 %, corresponding to 

the value measured in untreated cells at each respective time point. 
Three independent experiments were conducted, and the mean OD492 
values obtained were reported with the standard deviation.

These metabolic activity-based experiments were supplemented with 
widefield fluorescence microscopy. The adhesion of C. auris and 
C. albicans was examined on the surface of 8-well Permanox slides under 
static conditions at 37 ◦C for 24 h (Lab-Tek® Chamber Slide™ System; 
VWR, Debrecen, Hungary) [17]. As described in the previous experi
ments, chambers were assigned to endpoints at 2, 4, 6, and 8 h, with 
different HSL concentrations added in YPD at time zero alongside the 
fungal cells. After incubation for the specified durations, the chambers 
were washed with sterile physiological saline, and the adhered cells 
were stained with 20 μL of 3-mg/mL Calcofluor-white (Thermo Fisher 
Scientific, Waltham, MA, USA) [17]. Calcofluor-white binds indiscrim
inately to the chitin content of the fungal cell wall [18]. The fluo
rescently stained cells were further incubated at 37 ◦C for 30 min, after 
which 10 μL of medium was mounted on a slide and examined using a 
Zeiss Axioskop 2 MOT microscope equipped with a Zeiss Axiocam HRc 
camera to assess cell morphology [17]. Image acquisition was performed 
using Zeiss Axiovision 4.8.2 software.

2.4. Effect of HSL on virulence of Candida species

BALB/c immunocompromised female mice (21–23 g) (Charles River 
Laboratories, Wilmington, MA, USA) were used to assess the effect of 
HSL exposure on the virulence of C. auris compared with C. albicans. The 
animals were maintained in accordance with the Guidelines for the Care 
and Use of Laboratory Animals, and all experiments were approved by 
the Animal Care Committee of the University of Debrecen, Debrecen, 
Hungary (permission no. 12/2014 DEMÁB and 8/2024 DEMÁB). Mice 
were immunosuppressed using intraperitoneal cyclophosphamide, 
administered as follows: 4 days prior to infection (150 mg/kg of body 
weight), 1 day prior to infection (100 mg/kg), 2 days postinfection (100 
mg/kg), and 5 days postinfection (100 mg/kg) [8,9].

Mice were inoculated intravenously via the lateral tail vein with an 
infectious dose of 8 × 106 and 2 × 104 CFU/mouse for C. auris and 
C. albicans, respectively [8,9]. Intraperitoneal treatment with 50, 100 
and 200-μM HSL (0.5 mL in physiological saline) was initiated 24 h 
post-inoculation and continued for 5 days (approximately 0.35, 0.70 and 
1.40 mg/kg of body weight, respectively). Control mice received 0.5 mL 
of sterile physiological saline. Although HSL may cause toxic effect and 
induce apoptosis, these harmful consequences are known to be 
concentration-dependent and cell line-specific [19]. Administration of 
15 and 25 mg/kg/day HSL inhibits Lewis lung carcinoma tumor growth 
and induces tumor cell apoptosis in vivo in 8-week-old C57BL/6 mice in a 
dose-dependent manner [20]. In BALB/c mice 20 mg/kg HSL treatment 
led to systemic inflammation by disrupting intestinal barrier function 
[21]. Sensitivity to HSL varies between cell lines; for instance, intestinal 
goblet cells (LS174T) are significantly more sensitive to HSL than are 
HCT116 cells, highlighting its cell-specific effects [22].

On day 6 post-infection, all mice were euthanised by cervical dislo
cation, and their kidneys were removed, weighed, and aseptically 
homogenised. Homogenates were serially diluted 10-fold, and 100-μL 
aliquots of both the undiluted and diluted homogenates were plated 
onto Sabouraud dextrose agar plates, followed by incubation at 37 ◦C for 
48 h [8,9].

Kidneys from both treated and untreated mice were subjected to 
histological analysis. Histopathological examination and histochemical 
staining were performed on routine formalin-fixed, paraffin-embedded 
mouse kidney tissues. Serial 4-μm-thick sections were cut from the 
paraffin blocks, and periodic acid–Schiff staining was performed [8,9,
23].

2.5. Determination of intracellular metal contents of Candida cells

After 4 h of exposure to HSL, the intracellular metal contents (iron, 
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zinc, copper, and manganese) of the dry biomass were measured using 
inductively coupled plasma optical emission spectrometry (Agilent 
Technologies, Santa Clara, CA, USA), as previously described [10,24]. 
Briefly, lyophilised samples were weighed into glass beakers using an 
analytical balance (Precisa ES 225SM-DR) and then digested through 
atmospheric wet digestion with a mixture of 3 mL of 65 % (m/m) HNO3 
(reagent grade; Merck, Budapest, Hungary) and 1 mL of 30 % (m/m) 
H2O2 (reagent grade; Merck, Budapest, Hungary) [10,24].

The digested samples were then transferred into volume-calibrated 
plastic centrifuge tubes without any loss and diluted to a final volume 
of 12 mL using 0.1 M HNO3 prepared in ultrapure water (Synergy UV; 
Merck, Budapest, Hungary). The solutions were stored at room tem
perature before undergoing further elemental analysis by inductively 
coupled plasma optical emission spectrometry. The intracellular metal 
contents of the samples were calculated in terms of DCM units (mg/kg) 
and were determined in triplicate, with mean ± standard deviation 
values reported [10,24].

2.6. High-throughput RNA sequencing (RNA-seq)

Total transcriptome sequencing was conducted to identify the mo
lecular events in C. auris and C. albicans that are significantly altered in 
the presence of 100 or 200-μM HSL. A comprehensive comparison of 
gene transcription profiles was performed to evaluate the impact of 
these HSL concentrations on each species. Differentially expressed genes 
(DEGs) were analysed for each treatment relative to the solvent control, 
as well as between the two species at the given concentrations, to 
identify significant upregulation or downregulation of genes across the 
various groups.

2.7. RNA extraction

Samples were collected after 2 h of exposure to HSL and then washed 
three times with physiological saline. Total RNA was isolated from 
lyophilised fungal cells according to the method published by Chomc
zynski [25], and DNA was digested using a DNase I kit (Merck, Budapest, 
Hungary) following the manufacturer’s instructions. The final RNA 
concentration and quality were determined using a NanoDrop 2000 
(Thermo Fisher Scientific, Waltham, MA, USA) and an Agilent Bio
Analyzer (Agilent Technologies, Santa Clara, CA, USA), according to the 
manufacturer’s protocol. Three-three biological replicate control sam
ples were used for RNA-seq measurements in each concentration for 
C. albicans and C. auris.

2.8. Quantitative reverse-transcription polymerase chain reaction (RT- 
qPCR)

The Luna Universal One-Step RT-qPCR Kit (New England Biolabs, 
Ipswich, MA, USA) was used for RT-qPCR assays, following the manu
facturer’s protocols. Each reaction contained 500 ng of DNase-treated 
total RNA and oligonucleotide primer pairs listed in Table S1. Gene 
expression was determined using a LightCycler 480 II real-time PCR 
instrument (Roche, Basel, Switzerland). Relative gene expression values 
were calculated using the ΔCP method (difference between the crossing 
point of the reference and target genes within a sample), with the 
C. albicans (C1_13700WA) and C. auris (B9J08_000486) actin genes 
serving as endogenous controls (Table S1).

2.9. RNA sequencing

Construction of the cDNA library, RNA-seq, and data analysis were 
conducted by the Genomic Medicine and Bioinformatic Core Facility, 
Department of Biochemistry and Molecular Biology, Faculty of Medi
cine, University of Debrecen, Hungary, as described in detail by Jakab 
et al. [24]. cDNA libraries were prepared from 0.25 μg of high-quality 
total RNA using the NEBNext RNA Sample Preparation kit (New 

England Biolabs, Ipswich, MA, USA) and validated according to the 
manufacturer’s protocol. Sequencing was performed using the Illumina 
NextSeq 500 platform (Illumina, San Diego, CA, USA) to generate single 
reads of 75 bp in length. For C. albicans and C. auris samples, approxi
mately 22.5–31.4 million and 18.6 to 23.1 million reads per sample were 
generated, respectively.

The quality of the raw sequences was assessed using the FastQC 
package (www.bioinformatics.babraham.ac.uk/projects/). Raw reads 
were aligned to the reference genomes of C. albicans strain SC5314 and 
C. auris strain B8441 with the HISAT2 v2.1 aligner, in combination with 
SAMtools. The reference genome for C. albicans (GCF_000182965.3) was 
accessed from the NCBI database at https://www.ncbi.nlm.nih.gov/dat 
asets/genome/GCF_000182965.3/on November 30, 2023, and the 
reference genome for C. auris (GCA_002759435.2) was accessed at 
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_002759435.2
on the same date. HISAT2 was used with default parameters, which 
settings are available at the following website: http://daehwankimlab.gi 
thub.io/hisat2/. These default settings are appropriate for low quality 
reads and adapter sequences. BAM files were generated, with ≥94 % of 
the raw reads successfully aligned to the C. albicans genome and ≥93 % 
to the C. auris genome.

Further downstream analysis was performed using StrandNGS v4.0 
software. Raw (FASTQ, FASTA) and pre-aligned (BAM, SAM) data were 
imported for analysis. The workflow consists of the following steps: (i) 
quantification; (ii) normalization; (iii) statistical test for determining 
differential expression: t-tests, Mann-Whitney, and analysis of variance 
for identifying differentially expressed genes under various experi
mental conditions. The software-integrated DESeq algorithm was used 
to obtain normalized gene expression values. Afterwards, these values 
were used for determining the differentially expressed genes between 
experimental conditions by moderated t-test with the Benjami
ni–Hochberg false discovery rate for multiple testing correction. We 
compared the averaged normalized gene expression values of control vs. 
100-μM HSL treated, control vs. 200-μM HSL treated and 100-μM HSL 
treated vs. 200-μM HSL treated groups, respectively. R2 values show the 
variance between the compared groups (Fig. S1, Table S3).

Upregulated and downregulated genes were identified as DEGs 
(corrected p-value of <0.05) based on their fold change (>1.5 or <
− 1.5).

2.10. Gene set enrichment analysis

The Candida Genome Database Gene Ontology Term Finder (htt 
p://www.candidagenome.org/cgi-bin/GO/goTermFinder) and Fun
giDB (https://fungidb.org/fungidb/app/) platforms, using default set
tings, were employed to characterise the upregulated and 
downregulated sets of DEGs. Only hits with a corrected p-value <0.05 
were considered during the evaluation process (Table S2).

2.11. Statistical analysis

Growth experiments and intracellular metal content determination 
were performed in triplicate, and the mean ± standard deviation was 
calculated. Statistical comparisons between treated and untreated data 
were carried out using a paired Student’s t-test with GraphPad Prism 
10.2.3 software. Differences between treated and control cells were 
considered significant if the p-value was <0.05. Regarding in vivo ex
periments, the kidney tissue burden was analysed using a Kruskal–Wallis 
test with Dunn’s post-test (GraphPad Prism 10.2.3). A p-value of <0.05 
was considered statistically significant.

3. Results

3.1. Planktonic growth was inhibited by HSL treatment

The growth of C. auris and C. albicans was examined following 
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treatment with 100 and 200-μM HSL in YPD broth (Fig. 1). Adding HSL 
to precultured Candida cells resulted in significant growth inhibition 
beginning 2 h post-exposure, as confirmed by absorbance measurements 
(OD640) and DCM determination. For C. auris, the absorbance values at 
OD640 were 1.06 ± 0.03 for the untreated control, 0.97 ± 0.02 for the 
100-μM-treated cells, and 0.82 ± 0.01 for the 200-μM-exposed cells (p <
0.001–0.01) (Fig. 1A). The corresponding DCM values were 0.26 ± 0.02 
g/L for the untreated control, 0.13 ± 0.02 g/L for the 100-μM-treated 
cells, and 0.09 ± 0.02 g/L for the 200-μM-exposed cells (p < 0.001).

For C. albicans, only the 200-μM treatment had a significant effect at 
2 h post-exposure with absorbance measurements of 1.33 ± 0.04 and 
1.24 ± 0.03 for the untreated control and 200-μM-exposed cells, 
respectively (p < 0.01) (Fig. 1B). The DCM values were 0.54 ± 0.03 and 
0.46 ± 0.02 for the untreated control and 200-μM-exposed cells, 
respectively) (p < 0.01).

3.2. Adhesion is negatively influenced by HSL exposure

HSL exposure had a concentration-independent effect on the meta
bolic activity of adhered C. auris cells, while a concentration-dependent 
effect was observed for C. albicans (Fig. 2A and B). After 8 h of exposure, 
the metabolic activity of adhered C. auris cells was 64.8 % ± 2.5 % and 
61.4 % ± 8.4 % for the 100- and 200-μM HSL treatments, respectively, 
compared with the untreated control. By contrast, C. albicans cells 
exhibited 78.5 % ± 4.3 % and 55.4 % ± 6.4 % metabolic activity for the 
100- and 200-μM HSL treatments, respectively, compared with control 
cells (Fig. 2A and B).

Unlike C. auris, the lowest metabolic activity of C. albicans was 
observed at 6 h, with values of 65.4 % ± 6.0 % for the 100-μM treatment 
and 39.3 % ± 2.8 % for the 200-μM treatment. At 8 h, an increase in 
metabolic activity was detected in C. albicans cells, whereas C. auris 
cultures were further suppressed by HSL exposure (Fig. 2A and B). These 
results were consistent with the observed fluorescent images. HSL 
treatment significantly inhibited the proliferation of both Candida spe
cies compared with the control. At 8 h, large aggregates (30–50 cells) 
were observed for C. auris. Interestingly, HSL could not completely 
inhibit germ tube or hyphae/pseudohyphae formation for C. albicans. 
However, the filamentous forms were disorganised, with extensive hy
phae aggregations observed following 8 h of exposure to 100 or 200-μM 
HSL (Fig. 2A and B).

3.3. Effect of HSL on virulence of Candida species in systemic mouse 
model

The results of the in vivo experiments are shown in Fig. 3A and B for 
C. auris and C. albicans, respectively. For C. albicans, all treatment arms 
resulted in statistically comparable kidney fungal burdens compared 
with the untreated control (Fig. 3B). Notably, HSL concentrations of 50 
and 100-μM significantly decreased the number of viable C. auris cells 
compared with the untreated control (Fig. 3A). The histopathology re
sults were consistent with the fungal burden findings. In untreated 
control mice, C. auris produced extensive lesions, with both single and 
numerous budding yeast cells. Daily treatment with 50-μM HSL mark
edly reduced the number and severity of these lesions (Fig. 3A).

By contrast, all treatment arms caused multiple extended fungal le
sions in the kidney tissue of mice infected with C. albicans. These lesions 
were characterised by the presence of single and budding yeast cells, as 
well as pseudohyphae and hyphae, in all groups (Fig. 3B).

3.4. Transcriptome response of C. albicans to HSL

Exposure to 200-μM HSL induced a more extensive transcriptome 
change in C. albicans than the 100-μM HSL treatment (Fig. 4A). The 
number of upregulated and downregulated genes was 189 and 132 for 
100-μM HSL and 354 and 540 genes for 200-μM HSL, respectively, 
compared with the untreated controls (Fig. 4A). Interestingly, there was 
minimal overlap in the DEGs between the two concentrations, with only 
44 upregulated and 76 downregulated genes shared between them 
(Fig. 4B). Approximately half of the genes with increased (310 genes) or 
decreased (464 genes) transcription was observed exclusively in 
response to the 200-μM HSL exposure compared to the 100-μM HSL 
treatment (Fig. 4B). For the eight genes selected for RT-qPCR (Table S1), 
the transcriptional activities determined with RT-qPCR showed a strong 
correlation with the RNA-seq data (Pearson’s correlation coefficient: 
0.91–0.95) (Table S1).

The upregulated and downregulated gene sets were characterised 
using the Candida Genome Database and FungiDB gene set enrichment 
analyses (Table 1 and S2). According to these data, processes related to 
vegetative growth were downregulated, including the mitotic cell cycle 
(54 genes), DNA replication (32 genes), RNA metabolic processes (139 
genes), ribosome biogenesis (136 genes), translation (125 genes), sterol 

Fig. 1. 3-oxo-C12-homoserine lactone (HSL) exposure inhibits the growth of Candida auris (A) and C. albicans (B). Changes in the growth of Candida cells 
were monitored by measurement of the absorbance (OD640). Following a 4-h incubation time, HSL was added at a final concentration of 100 and 200-μM to the YPD 
cultures. The asterisks indicate a statistically significant difference between control and HSL-treated cultures calculated by paired Student’s t-test (***, p < 0.001; **, 
p < 0.01).
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biosynthesis (32 genes; e.g., HMG1, IDI1, CYB5, ERG1, ERG3, ERG6, 
ERG9, ERG11, ERG12, ERG13), and fatty acid biosynthesis (e.g., FEN12, 
FEN1, FAD3, EHT1, ERG3, SUR2, ERG251, LAB5). By contrast, genes 
involved in drug transport (33 genes; e.g., CDR1, CDR2, SNQ2 encoding 
ABC transporters, and MRR1 multidrug resistance regulator 1 tran
scriptional factor), response to oxidative stress (17 genes; e.g., CIP1, 
SOD1, SOD2, SOD6, PST1), glutathione metabolism (16 genes; e.g., 
TTR1, GST2, GPX1), and fatty acid degradation (13 genes) were upre
gulated by the 200-μM HSL treatment (Table 1 and S2).

Based on transcriptomic data for 100-μM HSL-treated C. albicans, 
genes associated with the mitotic cell cycle (21 genes), sterol biosyn
thesis (8 genes; e.g., ERG1, ERG3), and cell cycle/morphological tran
sition regulation (e.g., CCN1, GIN4, HSL1 encoding protein kinases) 
were also downregulated, while fatty acid degradation (8 genes) was 
upregulated by the 100-μM HSL treatment (Table 1 and S2). Conversely, 
100-μM HSL treatment resulted in the enrichment of upregulated RNA 
metabolic processes (99 genes) and ribosome biogenesis (73 genes) 
(Table 1 and S2).

Fig. 2. Metabolic activity changes over time in case of adhesion in the presence of given 3-oxo-C12-homoserine lactone (HSL) concentrations (100 and 
200-μM) for Candida auris (A) and C. albicans (C), respectively. Relative metabolic activity values (%) are presented where control baseline metabolic activity 
was defined as 100 %, corresponding to the value measured in untreated cells at each respective time point. Each time-point represents mean ± SD (standard 
deviation) of metabolic activity of isolates (three independent experiments per isolate). Calcofluor-white based fluorescence microscopy images of C. auris (B) and 
C. albicans (D) cells at 2, 4, 6 and 8 h (B). Bars, 10-μm.

F. Kovács et al.                                                                                                                                                                                                                                  Bioϧlm 9 (2025) 100259 

5 



3.5. Transcriptome response of C. auris to HSL

In total, 474 genes were differentially expressed by a ≥1.5-fold 
change following 200-μM HSL treatment compared with the untreated 
condition, including 306 upregulated and 168 downregulated genes 
(Fig. 4A). The transcriptional response of C. auris to 100-μM HSL 
treatment was relatively subtle, with only 67 upregulated and 111 
downregulated genes compared with the untreated condition (Fig. 4A). 
We identified 45 overlapping upregulated and 25 overlapping down
regulated genes between the 100- and 200-μM HSL treatments (Fig. 4C) 
and only one overlapping upregulated gene between the HSL-treated 
C. albicans and C. auris (Fig. 4D). The RNA-seq data showed a strong 
correlation with the RT-qPCR data for the selected 10 genes (Pearson’s 
correlation coefficient: 0.92–0.94) (Table S1).

Our transcriptomic results reveal global gene expression changes in 
C. auris during the 200-μM HSL treatment. Upregulated genes were 
associated with processes such as transmembrane transport (34 genes; e. 
g., antifungal drug transporters CDR1 and CDR4 and phosphate trans
porter PHO84), peroxisome (21 genes), mitochondrion (40 genes), iron 
ion homeostasis (FTH1, FRE9, HMX1, four predicted heme-binding 
proteins, RLI1, ABC protein, ALK2, N-alkane inducible cytochrome 
P450, and CDG1, cysteine dioxygenase), and fatty acid degradation (22 
genes) compared with the untreated condition (Table 1, Fig. 5A and B, 
Table S2).

Conversely, downregulated genes included those involved in trans
membrane transport (36 genes; e.g., drug transporters MLT1 and 
B9J08_003832, copper and zinc transporters CTR1, ZRT2, and 
B9J08_003341), iron ion homeostasis (FRP1, FTR1, FTP1, PGA7, and 
B9J08_003002), glutathione metabolism (5 genes; e.g., GCS1, GLR1, 
APE2, and RNR3), DNA replication (9 genes), antifungal resistance 
(MRR1), and long-chain fatty acid biosynthetic processes (FAS1 and 
FAS2, fatty acid synthases) compared with the untreated control 
(Table 1, Fig. 5B–Table S2). Both 100- and 200-μM HSL exposures 
decreased the transcription of B9J08_001458 (SCF1), which encodes a 
C. auris-specific surface colonisation factor, and increased the expression 

of genes related to the modified β-oxidation pathway via 3-hydroxypro
pionate (5 genes: POX1-3, FOX2, CAT2, CRC1, and HPD1) (Fig. 5A and 
B).

Based on transcriptomic data for 100-μM HSL-treated C. auris, genes 
related to zinc ion binding (10 genes; e.g., transcription factors SFU1 and 
CRZ2, predicted Zn(II)2Cys6 transcription factors ZCF4 and SUT1, and 
zinc-finger transcription factor IRF1) were enriched in the upregulated 
gene set. By contrast, genes associated with the pre-replicative complex 
(MCM6 and CDC6), translation (25 genes), ribosome biogenesis (20 
genes), sterol biosynthesis (ERG2, ERG5, and ERG13), and drug trans
port (MDR1 and ROA1) were enriched in the downregulated gene set in 
the presence of 100-μM HSL (Table 1, Fig. 5A–Table S2).

3.6. HSL exposure significantly influences the intracellular iron and zinc 
metal contents of C. auris cells

HSL exposure caused significant transcriptional changes in metal- 
related genes in C. auris; however, these alterations did not immedi
ately manifest phenotypically. The physiological changes were only 
observed after a 4-h treatment. Following 4 h of exposure to 100 and 
200-μM HSL, the iron content of treated yeast cells decreased to 155.0 ±
30.6 and 117.5 ± 12.5 mg/kg, respectively, compared with controls 
(231.6 ± 6.7 mg/kg) (p < 0.05–0.001) (Fig. 6). Similarly, the zinc 
content decreased to 436.6 ± 54.4 and 326.4 ± 27.8 mg/kg for the 100- 
and 200-μM HSL treatments, respectively, compared with controls 
(612.1 ± 19.3 mg/kg) (p < 0.05–0.001). By contrast, the copper (11.7 
± 1.8 and 11.6 ± 2.3 mg/kg) and manganese (33.7 ± 3.5 and 29.6 ±
1.9 mg/kg) contents of 100 and 200-μM HSL-treated C. auris cells did not 
differ significantly from those of the untreated control cultures (9.7 ±
0.5 mg/kg for copper and 29.4 ± 0.9 mg/kg for manganese) (p > 0.05) 
(Fig. 6).

In the case of C. albicans, no significant changes in gene expression 
related to intracellular metal content were detected following exposure 
to 100 or 200-μM HSL at either 2 or 4 h. As a result, metal measurements 
were not performed for C. albicans.

Fig. 3. The kidney burden of Candida auris (A) and C. albicans (B) in a systemically infected mouse model. The bars represent the means ± SD (standard 
deviation) of kidney tissue burdens of BALB/c mice. Significant differences between CFU numbers were determined based on comparison with the untreated controls. 
Levels of significant differences are indicated (***p < 0.001). Histological changes in kidney tissue from mice suffering from systemic candidiasis with or without 3- 
oxo-C12-homoserine lactone (HSL) treatment were examined by Periodic acid-Schiff staining.
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Fig. 4. Number of up and downregulated genes for Candida auris and C. albicans, respectively. Panel A shows the number of up- (red) and downregulated 
(blue) genes. Only the differentially expressed genes (DEGs; corrected p value of <0.05) exhibiting more than 1.5-fold increase or decrease (FC > 1.5, and FC < − 1.5) 
in their transcription are shown. Panels B–D show the Venn-analysis of up- and downregulated genes in HSL treated C. albicans (B) and C. auris (C) strains as well as 
the overlapping up- and downregulated genes during C. albicans and C. auris responses to 100 and 200-μM HSL treatments (D). The number of upregulated/ 
downregulated genes are presented. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

The interaction between P. aeruginosa and C. albicans is frequently 
used to model fungal-bacterial cross-kingdom relationships, often 
characterised as competitive and antagonistic, at least under in vitro 
conditions. Based on extensive studies, P. aeruginosa inhibits C. albicans 
morphological transition from yeast to hyphae using secreted chemicals. 
Several studies suggest that Pseudomonas quorum sensing molecules – 
primarily HSL – are responsible for the signal-mediated communications 
between these two microorganisms [6,7,26–30]. However, observations 
derived from C. albicans cannot be directly extrapolated to Pseudomo
nas-non-albicans co-habitation [8–10]. For example, because of its 
effective skin and mucosal colonisation, C. auris coexists with various 
commensal Gram-negative microorganisms, including P. aeruginosa, yet 
our current knowledge is limited regarding this clinically relevant bac
terial–fungal interaction [11,12].

In this context, we investigated how C. auris responds to the primary 
P. aeruginosa quorum-sensing molecule, HSL. Previous analytical studies 
using gas chromatography-mass spectrometry have shown that mature 
P. aeruginosa biofilms may contain >600-μM of HSL [14]. Furthermore, 
studies have shown that 200-μM of HSL inhibits hyphal growth in 
C. albicans, while concentrations exceeding 500-μM completely prevent 
fungal growth [14]. Therefore, the range of HSL concentrations tested 
on C. auris in this study (50–200-μM) is considered relevant to potential 

clinical scenarios. Our findings provide strong evidence that several 
responses to HSL are C. auris-specific, with only a few overlapping re
sponses in direct comparison to C. albicans. It has been previously re
ported in C. albicans that the response to bacterial quorum-sensing 
molecules is mainly limited to compounds with a 12-carbon backbone, 
similar to its native quorum-sensing molecules, including sesquiterpene 
alcohol farnesol [31]. Thus, it is not surprising that the HSL responses 
observed in C. auris resemble the specific effects of farnesol, at least at a 
physiological level [10].

HSL-based interactions between prokaryotic and eukaryotic cells 
have been extensively studied over the past two decades. Hogan et al. 
[32] demonstrated that HSL not only inhibits C. albicans filamentation 
but also induces the reversion of C. albicans filaments back to yeast-form 
cells. Jarosz et al. [33] found that HSL plays a crucial role in the 
expression of P. aeruginosa adhesion proteins, which is essential for the 
adherence of C. albicans hyphae in a mixed C. albicans–P. aeruginosa 
population. Moreover, HSL has been reported to mediate Ca2+ dysre
gulation, mitochondrial dysfunction, and apoptosis in certain human 
cells, as well as disrupt the intestinal epithelial cell barrier by collapsing 
the extracellular matrix and tight junctions. These effects, however, are 
concentration-dependent and cell-line specific [19].

Our transcriptome analysis revealed that HSL significantly affected 
several multidrug transporter-related genes in both species tested, 
regardless of the concentration. Bandara et al. [34] reported that HSL 

Table 1 
Summary of gene enrichment analyses.

a Bold numbers represent the up-regulated (red) or downregulated (blue) genes belonging to gene groups in comparisons 
where the enrichment was significant; p values are given in parentheses. Up- and downregulated genes were defined as 
differentially expressed genes (DEGs).
b Selected significant Gene Ontology (GO) terms (p < 0.05) were identified with the aid of Candida Genome Database Gene 
Ontology Term Finder (http://www.candidagenome.org/cgi-bin/GO/goTermFinder). The full list of the significantly 
enriched GO terms is available in Supplementary Table 2.
c The FungiDB platform (https://fungidb.org/fungidb/app/) with default settings was used for the characterisation of the 
up- and downregulated gene sets. The full list of the significantly enriched terms is available in Supplementary Table 2.
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stimulates the multidrug efflux activity of C. albicans by modulating the 
transcription of genes such as CDR1, CDR2, and MDR1 and influences its 
response to fluconazole. In C. albicans, we observed that both CDR1 and 
CDR2 were upregulated by 200-μM HSL, with levels significantly higher 
than those produced by the 100-μM treatment. For C. auris, CDR1 and 
CDR4 were also upregulated by 200-μM HSL, with a significant differ
ence in transcription levels between the 100- and 200-μM treatments. 
Previous studies have also reported the evidence with regard to 

upregulation of efflux pumps belonging to ABC superfamily by C12 
compounds as farnesol or HSL against C. albicans or C. auris without 
upregulation of MDR genes [10,35]. In C. albicans CDR1 is a gene 
encoding for and ABC efflux pump, known for its role in azole resistance. 
A gene homologous to CDR1 was found in C. auris. Rybak et al. showed 
that deletion of this gene could increase susceptibility of resistant strains 
from 64 -to 128-fold [36]. Interestingly, 100-μM HSL caused significant 
downregulation of the ROA1 and MDR1 ABC transporter genes in 
C. auris, as well as MRR1, which plays a major role in resistance against 
azole antifungals [37]. It is also noteworthy, that our physiological data 
support the hypothesis that HSL may be a potential substrate for this 
overexpressed transport proteins to protect the fungal cells against 
harmful effect of HSL [10].

Concerning membrane ergosterol content, HSL had a more pro
nounced negative effect on ergosterol synthesis in C. albicans than in 
C. auris. Bandara et al. [34] suggested that HSL might confer protection 
to neighbouring Candida cells against fluconazole, enhancing their 
survival in hostile polymicrobial infections. In this study, several ERG 
genes were downregulated in C. albicans upon HSL exposure, with a 
more substantial impact observed at 200-μM than at 100-μM. Specif
ically, ERG3, ERG6, and ERG11 were significantly downregulated, 
potentially affecting fluconazole susceptibility [34]. Notably, the con
ditions used by Bandara et al. [34] differed from our study, which could 
explain the variations in our findings. For C. auris, only ERG2, ERG5, and 
ERG13 were downregulated by 100-μM HSL, potentially increasing 
susceptibility to azoles [38]. The downregulation of these three ERG 
genes has pivotal role in amphotericin B susceptibility in C. auris as 
published previously Frías-De-León et al. [39].

Our adhesion-based experiments showed that HSL treatment signif
icantly influenced the morphology and metabolic activity of adhered 
cells. For C. auris, large cell aggregates were observed, resembling 
morphological changes induced by amphotericin B or echinocandin 
[17]. The antifungal-induced aggregation is the result of a cell separa
tion defect as published previously [40]. Pelletier et al. showed that 
antifungal treatment causes a cell separation defect which leads to the 
formation of cell clusters. This phenotype is independent of the ability to 
aggregate in response to the culturing medium, which has been assumed 
to be the typical aggregation phenotype [40]. Other potential explana
tion may be the divalent cation depletion induced aggregation. Holmes 

Fig. 5. Overview of transcriptional changes induced by 100 (A) and 200- 
μM (B) 3-oxo-C12-homoserine lactone (HSL) in Candida auris. Up-regulated 
(red) and down-regulated (blue) genes were defined as differentially expressed 
genes (corrected p value of,0.05), with more than a 1.5-fold increase or 
decrease in their transcription (HSL treated versus untreated). On the sides of 
the volcano plot are representative genes up-regulated or down-regulated by 
HSL treatment. The data set is available in Table S2 in the supplemental ma
terial. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 6. Intracellular iron (Fe), zinc (Zn), manganese (Mn) and copper (Cu) 
content (mg/kg) following 100 and 200-μM compared to untreated con
trol cells in Candida auris. Levels of significant differences are indicated (*p <
0.05, **p < 0.01, ***p < 0.001).
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et al. reported that the addition of divalent cations (Ca2+, Zn2+, Cu2+, 
Fe2+, Mg2+) caused immediate aggregation of Candida cell culture [41]. 
These findings suggest that divalent cation crossbridging between 
opposing anionic sites and protein interactions may act synergistically to 
promote aggregation of Candida cells [41]. In our study, we observed 
significant iron and zinc intracellular ion decrease and simultaneously 
transporter pumps overexpression which may lead to the increased 
concentration of divalent cations in culturing medium.

Additionally, the transcription of the surface colonisation factor 
SCF1 was downregulated following HSL treatment. SCF1 is crucial for 
attachment to abiotic surfaces, skin, and biofilm formation in C. auris, 
and its downregulation may explain the reduced adhesion and biofilm 
formation observed in HSL-treated cells [42].

Although the hypha formation of C. albicans was not significantly 
inhibited by HSL during the observation period, its morphology and 
arrangement were significantly altered compared with untreated control 
cells. Similar effects were observed by Hogan et al., where the HSL- 
induced effect was very pronounced after 6 h of incubation [32]. In 
their experiments, C. albicans growth rate was indistinguishable from 
that of C. albicans in medium alone or containing an equivalent volume 
of solvent in the presence of 500-μM HSL [32]. Previous studies have 
reported that HSL concentrations between 100 and 200-μM completely 
suppressed HWP1 expression, thereby influencing the hyphae-forming 
ability of C. albicans [43]. In another analysis, both the yeast-hyphal 
transition and biofilm-forming ability were impaired by Pseudomonas 
supernatants containing HSL [43]. A comprehensive study examining 
wild-type and 63 mutant strains exposed to supernatant from wild-type 
and HSL-negative strains of P. aeruginosa revealed an HSL-dependent 
negative effect on C. albicans morphology [44].

In addition to these morphological changes, we also examined the 
metabolic activity of adhered cells. Regarding the transcription profiles 
of metabolism-related genes, marked differences were detected between 
C. albicans and C. auris following HSL exposure, particularly in the fatty 
acid oxidation pathway. In C. auris, a similar transcription profile was 
observed compared to farnesol-exposed C. auris cells, as previously re
ported [10]. More than 60 % of fatty acid oxidation-related genes were 
significantly upregulated following HSL exposure; moreover, additional 
genes (e.g., FAA21, POT1, POX1-3) showed significant differences in 
their transcription levels between 100 and 200-μM treatments. By 
contrast, only 20 % of these genes were upregulated in C. albicans, and 
this effect was exclusively observed following the 100-μM exposure. 
Jakab et al. observed similar metabolic pattern in C. auris following 
farnesol exposure [10]. The increased usage of fatty acids and total or 
partly elimination of membrane lipid provides a higher metabolic flux, 
needed for the maintenance of membrane fluidity [45]. This process 
may be necessary due to the downregulation of ergosterol genes. Our 
transcriptome analysis revealed that HSL treatment significantly im
pacts the modified β-oxidation pathway in C. auris via 3-hydroxypropi
onate [46]. The modified β-oxidation pathway could serve as a novel 
target for antifungal compounds, as detoxification of propionyl-CoA is 
crucial to maintaining normal cellular functions. Propionyl-CoA is a 
metabolic intermediate derived from the degradation of propionate, 
odd-chain fatty acids, and some amino acids. A third pathway for the 
degradation of propionyl-CoA has been described, involving a modified 
β-oxidation process characterised by the formation of β-hydrox
ypropionate [46].

To further investigate the virulence-related effects of HSL, an 
immunocompromised systemic mouse model was used. Interestingly, 
HSL treatments had no effect on C. albicans virulence properties in vivo, 
as confirmed by fungal burden results and histological examinations. By 
contrast, a surprising susceptibility profile was observed for C. auris in 
vivo. Lower HSL treatment concentrations (50–100-μM) significantly 
decreased the number of viable fungal cells in the kidneys. Additionally, 
the size of fungal lesions was smaller and less extensive compared to 
both untreated control cells and cells treated with a higher HSL con
centration (200-μM). Similar results were obtained in case of farnesol 

treatment against C. auris and C. albicans. Seventy-five-μM farnesol 
treatment arm reduced the fungal kidney burden. In case of C. albicans, 
farnesol treatment produced statistically comparable kidney fungal 
burdens compared to untreated control [8]. Huang et al. reported that 
200-μM HSL treatment significantly decreased bacterial burden and 
increased the survival rate in Kunming mice against Trueperella pyogenes 
challenge [47]. Additionally, HSL had a remarkable immunomodulator 
effect because it promoted the secretion of IL-1β, IL-6, IL-8 and TNF-α; 
furthermore, it significantly reduced the transcription level of virulence 
genes of T. pyogenes [47].

Among the species and HSL concentrations studied, fatty acid 
oxidation was the only pathway that showed a significant difference in 
gene transcription levels between species and between HSL concentra
tions within each Candida species. Fatty acid oxidation is closely linked 
to Candida virulence due to its roles in metabolic adaptation, energy 
production, immune evasion, and morphogenesis. Previous studies have 
suggested that the ability of C. albicans to convert fatty acids into glucose 
might contribute to its virulence in vivo [48–50]. However, other studies 
have indicated that fatty acid metabolism via β-oxidation appears to be 
dispensable for virulence in C. albicans [51].

Beyond the observed differences in fungal metabolism, HSL treat
ment significantly decreased intracellular iron and zinc content in 
C. auris, contributing to the previously discussed beta-oxidation-based 
anti-virulence effect at 50 and 100-μM treatments [52,53]. Both iron 
and zinc are major modulators of virulence in various human fungal 
pathogens, including Candida species. An imbalance in these metal ions, 
whether in excess or deficiency, has been associated with reduced in vivo 
virulence [52,53]. Interestingly, a similar altered metabolic state and 
negatively affected ion milieu were observed with farnesol treatment in 
C. auris, which was also linked to impaired virulence in vivo [10]. These 
findings further support the hypothesis that 12-carbon backbone-based 
quorum-sensing molecules may universally affect certain aspects of 
fungal physiology, such as fatty acid oxidation, virulence properties, and 
intracellular metal content, at least in C. auris.

5. Conclusion

In summary, our data highlight that HSL not only inhibits specific 
C. albicans processes but also negatively influences several physiological 
properties in C. auris. Similar to the C12 compound farnesol, HSL re
duces several fungal survival strategies. We demonstrated its adhesion- 
reducing effect on C. auris cells, its role in decreasing iron and zinc 
contents, and its modulation of C. auris metabolism toward beta- 
oxidation, which may be associated with reduced in vivo virulence at 
lower HSL concentrations. Further detailed investigations into HSL- 
induced plasma membrane composition, biofilm-forming properties, 
and fungal metabolism are necessary. The obtained findings on C. auris 
do not provide clear evidence that HSL mediated effects have any 
favourable consequences in terms of P. aeruginosa-C. auris co- 
colonisation and/or co-infections. Primarily, the HSL induced nega
tive, inhibitory effects are predominant similar to other quorum-sensing 
compounds with a 12-carbon backbone. Therefore, future studies should 
focus on direct Candida–Pseudomonas interactions in polymicrobial in
fections, as these interactions may have distinct effects compared to 
those mediated solely by HSL.
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tigation. Dávid Balázsi: Methodology, Investigation. Lajos Forgács: 
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