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ARTICLE INFO ABSTRACT

Keywords: The biofilm formation of Candida albicans, a major human fungal pathogen, represents a crucial virulence factor
Candida albicans during candidiasis. Eicosapentaenoic acid (EPA), a polyunsaturated fatty acid, has emerged as a potential
C?nfiidemia antibiofilm agent against C. albicans. Herein, we aim to investigate the antifungal effect of EPA (1 mM) on the
E;):lm mature biofilm of C. albicans and explore the underlying mechanism. Crystal violet and XTT assays showed that
Transcriptome EPA exerted a strong inhibitory efficacy on preformed biofilms in C. albicans. Biofilm architecture and cell

viability were observed using scanning electron microscopy and confocal laser scanning microscopy, indicating
that EPA could block the yeast-to-hypha transition and damage the structure, thereby exhibiting antibiofilm
activity. RNA sequencing analysis revealed that EPA treatment led to the downregulation of genes associated
with hyphal formation and biofilm development. From the signaling pathway perspective, EPA regulated the
C. albicans biofilms involving two signaling pathways, namely, Rasl-cAMP-PKA and Cek-MAPK pathways.
Additionally, the EPA could effectively reduce the production of key messenger cAMP in the Rasl-cAMP-PKA
pathway. Interestingly, in response to EPA, ergosterol biosynthesis-related genes were down-regulated, indi-
cating EPA as antifungal agent might reduce the risk of developing drug resistance. The findings of this study
highlight the potential of EPA as an alternative or adjunctive antibiofilm agent against C. albicans-related
infections.

1. Introduction

Candidemia, an important nosocomial bloodstream infection asso-
ciated with Candida spp., is most commonly caused by C. albicans [1]. It
poses a significant threat worldwide, in terms of substantial mortality
and high hospital costs [2-4]. The ability of C. albicans to persist as a
biofilm on medical devices is a crucial virulence factor, which has been
linked with poor clinical outcomes [5-7]. Biofilms formed by C. albicans
are complex and structured microbial communities, consisting of yeast,
hyphae, and pseudohyphae surrounded by a protective extracellular
matrix [8]. These biofilms provide a robust defense mechanism, signif-
icantly enhancing tolerance against conventional antifungal agents and
the host immune system [9]. Therefore, there is an urgent need for
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innovative antibiofilm treatment strategies to address this critical
challenge.

Eicosapentaenoic acid (EPA), a member of the omega-3 poly-
unsaturated fatty acid family and one of the essential fatty acids for
human health, has emerged as a promising antimicrobial agent [10].
Recent studies have reported that EPA can inhibit biofilm development
by several microorganisms, including Enterococcus faecium [11], Staph-
ylococcus aureus [12,13], Staphylococcus epidermidis [13], Streptococcus
mutans [14], and some oral pathogenic bacteria [15,16].

Our previous research determined a significant antagonistic effect of
EPA against C. albicans biofilms [17]. Notably, even mature biofilms,
typically recalcitrant to antimicrobial agents, were effectively eradi-
cated by 1 mM EPA. Furthermore, other studies have reported the
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antifungal properties of EPA on C. albicans. For example, Thibane et al.
demonstrated that EPA could cause apoptosis in C. albicans biofilms, as
indicated by a decrease in mitochondrial membrane potential and the
occurrence of nuclear condensation and fragmentation [18]. Mokoena
et al. discovered the EPA impacted C. albicans in Caenorhabditis elegans
due to the inhibition of hyphal formation and stimulation of the host
immune response [19]. However, the transcriptome-based bio-
film-related changes remain to be elucidated.

A previous study suggested that medium-chain fatty acids mimicked
the quorum-sensing molecule farnesol, and thus, caused physiological
changes of fungal dimorphism, biofilm formation, and even cell death of
C. albicans [20]. Farnesol, a by-product in the ergosterol biosynthetic
process of C. albicans, has been shown to inhibit filamentation and
biofilm formation primarily by regulating complex signaling pathways,
one of the more well-studied interactions is the inhibitory role of far-
nesol on the cyclic AMP (cAMP) signaling pathway [21,22]. In addition,
the mitogen-activated protein kinase (MAPK) signaling pathway is also a
major regulatory pathway in controlling biofilm formation in C. albicans
(mediated by the Cek1/2, Mkcl, or Hog 1 MAPK) [23,24]. It remains
unknown whether EPA possesses antibiofilm activity against C. albicans
potentially through analogous mechanisms as farnesol.

Therefore, this study aimed to elucidate the mechanism of EPA-
mediated disruption of C. albicans biofilms using phenotypic and tran-
scriptomic analysis. Delineating the mechanism of EPA-mediated
disruption of C. albicans biofilms has the potential to inform the devel-
opment of targeted therapeutic strategies for Candida-related biofilm
infections.

2. Material and methods
2.1. Strains and growth conditions

This study used 31 clinical isolates of pre-characterized C. albicans
with strong biofilm-forming ability from candidemia [17] and a refer-
ence strain C. albicans ATCC 90028. All C. albicans strains were routinely
refreshed from the frozen stocks at —20 °C and inoculated at least twice
onto Sabouraud Dextrose Agar (SDA) at 35 °C for 24 h before all
experiments.

2.2. Reagents

EPA (20:5; ®-3) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). EPA was prepared as 2 M stock solutions in dimethyl sulfoxide
(DMSO) and stored at —20 °C. Working solutions were prepared by
diluting the stock with RPMI 1640 medium (Gibco, Thermo Fisher Sci-
entific, Waltham, MA, USA). Our preliminary results show that DMSO at
<0.1 % did not affect the growth or biofilm formation of C. albicans.

2.3. The minimum inhibitory concentration assay of EPA

The minimum inhibitory concentration (MIC) of EPA on planktonic
cells of C. albicans was determined using the microdilution method.
According to Clinical and Laboratory Standards Institute (CLSI) pro-
tocols [25], the initial concentration of the C. albicans suspension was
adjusted to 1 x 10® CFU/mL in the RPMI 1640 medium. EPA was diluted
in RPMI medium and tested at concentrations ranging from 0.125 mM to
1 mM. Following a 24 h incubation period at 35 °C, the MIC was
determined visually as the lowest concentration at which there was a 50
% decrease in the growth of planktonic C. albicans. The assays were
carried out in triplicate via three independent experiments.

2.4. Biofilm formation of C. albicans
The biofilms of C. albicans were prepared as described previously

[17]. In brief, C. albicans cells were collected from overnight cultures
and diluted to 1 x 10° CFU/mL with RPMI 1640 medium (Gibco,
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Thermo Fisher Scientific, Waltham, MA, USA). The C. albicans suspen-
sion was added into sterile 96-well round-bottomed polystyrene plates
(Corning, NY, USA) of 200 pL each well, and the plates were incubated at
35 °C in an atmosphere of 5 % COs for 24 h.

After incubation, the non-adherent cells were removed by washing
gently with phosphate-buffered saline (PBS; pH 7.2) twice. Then, 200 pL
of fresh RPMI 1640 medium with or without 1 mM EPA (Sigma-Aldrich;
St. Louis, MO, USA) was added to the above microtiter plates to detect
whether EPA impacts an established biofilm. RPMI 1640 medium sup-
plemented with 0.1 % DMSO was used as a solvent control. After another
incubation at 35 °C for 4 h or 24 h, the medium was aspirated, and non-
adherent cells were removed by washing the biofilms with 200 pL of PBS
twice.

2.5. Determination of the biomass of C. albicans biofilms

The C. albicans total biofilm mass was determined with the crystal
violet (CV) assay previously described by Gulati et al. [26]. Briefly, the
biofilms were fixed with 200 pL methanol for 15 min, stained with 200
pL crystal violet (0.2 %) for 20 min, and washed with distilled water.
Then, the bound crystal violet was extracted with 200 pL of 33 % acetic
acid. 150 pL of the obtained solutions were transferred to a new flat
bottom 96-well plate, and the ODg3¢ oy, Values were measured using a
Multiskan EX microplate photometer (Thermo Fisher Scientific, Wal-
tham, MA, United States). The CV assays were performed in three in-
dependent biological replicates, each treatment in triplicates.

2.6. Determination of the metabolic activity of C. albicans biofilms

The metabolic activity was assessed with the XTT [2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide]
reduction assay as previously described by Manoharan et al. [27]. An
XTT Cell Proliferation Kit II (Roche, Mannheim, Germany) was used
according to the manufacturer’s instructions. 200 pL of XTT solution was
added to each well and incubated in the dark for 4 h at 35 °C. After
incubation, 150 pL of the solutions were transferred to a new 96-well
plate to measure the ODys¢ ny, values. The XTT assays were performed
in three independent biological replicates, each treatment in triplicates.

2.7. Observations of the biofilm structure of C. albicans

The effect of EPA on the biofilm structure of C. albicans was exam-
ined by scanning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM). Biofilms were formed on cover glass (Solarbio,
Beijing, China) deposited in 6-well plates (Corning, NY, USA) (3 mL of
cell suspension per well). After 24 h of incubation, the cover glass was
washed twice with PBS and put in an empty microplate well. 3 mL of
fresh RPMI 1640 medium with or without 1 mM EPA was added and
incubated for 24 h at the same culture conditions.

For SEM, the biofilms were fixed in 2.5 % glutaraldehyde for 5 h at
4 °C, then were dehydrated in a sequential-graded ethanol (30 %, 50 %,
70 %, 80 %, 90 %, and 100 %), and then two times with 100 % ethanol
for 15 min. Finally, the samples were sputter-coated with gold and
observed with an SU8020 scanning electron microscope (Hitachi,
Japan) [11].

For CLSM, the biofilms were stained with a live/dead viability kit
(Invitrogen, CA, United States). The stain was prepared by diluting 3 pL
of SYTO 9 and 3 pL of propidium iodide (PI) in 1.0 mL of filter-sterilized
water. About 500 pL of staining solution was added to each biofilm
sample. Samples were incubated for 30 min at room temperature in the
dark. The biofilm architecture was then analyzed by a confocal laser
scanning microscope (Leica TCS SP5, Germany). The excitation/emis-
sion was 488/498 nm for SYTO 9 and 535/617 nm for PI. Five random
fields of view per experimental condition were imaged [28].
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2.8. Transcriptomic analysis

2.8.1. RNA extraction

The total RNA was extracted from the EPA-treated and untreated
biofilms of C. albicans isolate (ATCC 90028 and X27) using an RNAprep
Pure Plant Kit (TIANGEN, Beijing, China) according to the manufac-
turer’s instructions. The concentration and integrity of extracted RNA
were assessed using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, USA) and Bioanalyzer 2100 system (Agilent Technologies,
CA, USA).

2.8.2. RNA sequencing and analysis

RNA sequencing (RNA-Seq) was performed by Novogene Co., Ltd
(Beijing, China) with the Illumina NovaSeq 6000 platform (Illumina,
USA) and paired-end reads with an average length of 150 bp were ob-
tained. The raw sequence data have been deposited into the SRA data-
base under the accession number PRJNA1137062 (https://www.ncbi.
nlm.nih.gov/sra/PRINA1137062).

For RNA-seq analysis, raw paired-end reads were filtered using the
Fastp program v0.19.7 under default parameters. Clean reads were
mapped to the genome of C. albicans SC5314, retrieved from the Candida
Genome Database (CGD) (www.candidagenome.org) using Hisat2
v2.0.5. Fragments per kilobase of transcript per million fragments
mapped (FPKM) of each gene were calculated by FeatureCounts v1.5.0-
p3. Gene expression analysis was performed using the DESeq2 R pack-
age (v1.20.0). The threshold of significantly differential expression
genes (DEGs) between samples was the value of |Log; (fold change)| > 1
and false discovery rate (FDR) < 0.05.

Gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of DEGs were
performed with the ClusterProfiler (v3.8.1). Data represent three inde-
pendent biological replicates for each condition.

2.9. Determination of intracellular cAMP levels

The intracellular cAMP concentration was measured with a Cyclic
AMP Select ELISA kit (Cayman Chemical, United States) following the
manufacturer’s instructions. Briefly, the biofilms of C. albicans were
washed twice with pre-cooled PBS. Then, biofilm cells were scraped
from the plates and resuspended in 3 mL of 0.1 M HCI. Following son-
ication, the supernatants were collected by centrifugation at 1500g for
10 min and transferred to a fresh tube. Then, half of each sample was
used to determine the total protein concentration with a Bradford 1 x
dye reagent (Solarbio, Beijing, China), and the other half was used to
measure the cAMP level with the ELISA kit. The intracellular cAMP
concentrations were converted to picomoles per milligram of protein
[29].

2.10. Statistical analysis

Statistical analysis was performed using the IBM SPSS Statistics 20.0
software program (IBM, Armonk, NY, USA). Data were expressed as
means + standard deviation (SD) of at least three independent experi-
ments. A statistical comparison between the two groups was performed
using the Student’s t-test. A P-value <0.05 was considered statistically
significant.

3. Results
3.1. Determination of MIC of EPA on planktonic cells of C. albicans
In this study, results showed the MICs of EPA against C. albicans were

>1 mM, determined by the microdilution method to evaluate the anti-
fungal activity of the EPA.
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3.2. EPA affected preformed biofilm of C. albicans

The effect of EPA on the 24 h pre-formed biofilms biomass of 32
strains of C. albicans (a reference strain ATCC 90028 and 31 clinical
isolates from candidemia) was evaluated. These strains have exhibited
strong biofilm-forming abilities in our previous studies. The results
showed EPA (1 mM) had a destructive effect on the 24 h pre-formed
biofilms of 90.63 % (29/32) strains. The ODg3g nm values of
C. albicans biofilms after EPA or RPMI 1640 medium treated 24 h were
detected using the CV assay, as shown in Fig. 1A. The ODg30 nm for the
EPA group (0.923 + 0.273) was lower than that for the control group
(1.096 + 0.272). The difference was statistically significant (P < 0.05).
Among the clinical isolates, EPA had the strongest impact on C. albicans
X27, and the biofilm eradication rate was 46.02 %.

After it was established that EPA had a destructive effect on the
biofilm of most C. albicans strains, C. albicans ATCC 90028 and X27 were
selected for subsequent studies to clarify the mechanism. The biomass
and metabolic activity of the biofilm were assessed at 4 h and 24 h post-
treatment with either EPA or the control, using the CV and XTT assays,
respectively (Fig. 1B and C). At 4 h, the biomass (0.794 + 0.059 vs.
1.042 £ 0.025) and metabolic activity (2.253 + 0.080 vs. 2.656 +
0.094) of the biofilm decreased in the EPA group of C. albicans X27
compared with the control group, while the ATCC 90028 was not
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Fig. 1. The disruptive effect of EPA on 24 h pre-formed biofilms of C. albicans.
(A) CV assay to assess the antibiofilm activity of EPA against 32 isolates of
C. albicans. (B) Biofilms biomass of C. albicans ATCC 90028 and X27 treated by
EPA after 4 h and 24 h. (C) Biofilms metabolic activity of C. albicans ATCC
90028 and X27 treated by EPA after 4 h and 24 h. Data are presented as means
+ SD. *P < 0.05, **P < 0.01, compared to the control group.
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affected. By 24 h, the biomass and metabolic activity of both C. albicans
ATCC 90028 (1.011 + 0.028 vs. 1.300 =+ 0.086; 2.105 =+ 0.045 vs. 2.551
+ 0.132) and X27 (0.717 £ 0.101 vs. 1.439 + 0.165; 1.455 + 0.113 vs.
2.450 + 0.124) biofilms had significantly decreased. The differences
were statistically significant (P < 0.01).

3.3. EPA affected C. albicans morphology in biofilms

SEM provides a detailed visualization of the structure of C. albicans
biofilms (Fig. 2). C. albicans biofilms treated with RPMI 1640 medium
(control) formed dense and organized structures arranged in cellular
multilayers, the biofilm consisted of mixtures of pseudohyphae/hyphae
and a few yeast cells (Fig. 2A-C). In contrast, EPA-treated biofilms
exhibited uneven distribution, mainly yeast-form cells (Fig. 2B-D).

CLSM was used to observe the cell viability of the biofilm treated
with or without EPA. C. albicans cells with intact cell membranes
emitted green fluorescence upon staining with SYTO 9, whereas cells
with damaged membranes emitted red fluorescence upon staining with
PIL. As shown in Fig. 3, CLSM images displayed obvious changes in cell
membrane integrity of C. albicans exposed to EPA compared with those
of the control group, and the structural destruction in most of the biofilm
was evident following EPA treatment.

3.4. Transcriptional response of C. albicans biofilms to EPA treatment

3.4.1. RNA-seq results quality analysis

The gene expression profile of C. albicans biofilms treated with 1 mM
EPA for 24 h was compared with that treated with RPMI 1640 medium
(control) by high-throughput RNA-seq. A comparative RNA-seq analysis
was performed on two conditions (EPA and control) including two
strains (ATCC 90028 and X27) with three independent biological rep-
licates. A summary of reads obtained from each sample and their map-
ping to the reference genome (C. albicans SC5314) is given in Table 1.
The Illumina sequencing of the 12 libraries generated 41-51 million raw

ontrol
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reads per library. After quality control, 40-49 million clean reads were
retained for each library. Approximately 98.71 % of the Q20 value and
96.32 % of the Q30 value were observed from RNA-seq data. Further-
more, more than 90 % of the clean reads could be uniquely mapped to
the reference genome of C. albicans, indicating that the clean reads ob-
tained were of high quality.

3.4.2. DEGs analysis

Principal-component analysis (PCA) was conducted to provide a
pictorial representation of the transcriptomic similarities among bio-
logical replicates. As shown in Fig. 4A, all samples correlated well with
biological replicates. The volcano plots were created with all the DEGs
(Fig. 4B). The total DEGs in EPA-treated and untreated C. albicans bio-
films were 438, of these, 205 and 233 genes were up- and down-
regulated, respectively. A list of all significantly altered genes is pro-
vided in Table S1. The hierarchical clustering algorithm created a heat
map (Fig. 4C). Three biological replicates in each group had similar gene
expression patterns, and treatment groups differed significantly from the
control.

In the analysis of the DEGs, about 44 % (191/438) of uncharac-
terized genes with unknown functions emerged. The characterized top
10 up- and down-regulated genes are listed in Table 2. Among the genes,
12 DEGs (TNA1, EBP1, FGR41, ACE2, JEN2, SCW11, OYE22, CHT 3,
HSP31, HHT21, ZRT2, and SSU1) having roles in biofilm, 8 DEGs (TNA1,
FGR41, ACE2, SCW11, CFL11, PRA1, SSU1, and FGR2) having roles in
morphogenesis, and 5 DEGs (BTA1, HGT9, GIT1, PGA50, and CWHS8)
involving in other function.

3.4.3. GO enrichment analysis

To further understand the function of the DEGs, GO enrichment
analysis was performed with the statistical DEGs. Based on GO enrich-
ment analysis, the DEGs were assigned to 393 GO terms, including 204
biological processes, 65 cellular components, and 123 molecular func-
tions. (Table S2). The top 10 GO enrichment terms in the 3 GO categories

EPA
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Fig. 2. Scanning electron microscopy (SEM) images of C. albicans biofilms treated with RPMI 1640 medium (control) or EPA. (A) Control group, C. albicans ATCC
90028. (B) EPA group, C. albicans ATCC 90028. (C) Control group, C. albicans X27. (D) EPA group, C. albicans X27. Scale bar = 20 pm.
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(A) SYTO 9 staining

(B)

(C)

(D)

PI staining
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Fig. 3. Confocal laser scanning microscopy (CLSM) images of C. albicans biofilms treated with RPMI 1640 medium (control) or EPA. (A) Control group, C. albicans
ATCC 90028. (B) EPA group, C. albicans ATCC 90028. (C) Control group, C. albicans X27. (D) EPA group, C. albicans X27. Green fluorescence denotes labeling with
SYTO 9 for live cells, and red fluorescence denotes labeling with PI for dead cells. Scale bar = 25 pm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

are shown in Fig. 5A. The statistically significant GO terms included 9
cellular components (G0:0032,993, GO:0000786, GO:0000785,
GO0:0044,815, GO0:0016,020, GO0:0016,021, GO0:0031,224,
G0:0044,427, and GO:0044,425), 10 molecular functions
(G0:0048,037, G0:0046,982, G0:0005215, G0:0050,662,
G0:0022,857, GO0:0016,791, GO0:0051,082, GO0:0042,578,
GO0:0016,491, and GO:0019,842), and 2 biological processes

(G0:0055,085 and G0:0055,114). The top-ranked cellular component
was “protein-DNA complex” (7 up and 1 down), the top-ranked molec-
ular function was “cofactor binding” (16 up and 9 down), and the top-
ranked biological process was “transmembrane transport” (10 up and
29 down).
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Table 1
Summary of quality control of RNA-seq results generated in the study.
Group Sample name Raw reads (bp) Clean reads (bp) Q20 (%) Q30 (%) GC (%) Mapped read Mapping ratio (%)
Control C-90028-1 45,097,848 44,323,338 98.99 97.09 37.36 41,827,145 94.37
C-90028-2 41,389,912 40,709,300 98.95 96.99 37.36 38,409,668 94.35
C-90028-3 50,467,472 48,313,668 97.99 94.00 37.11 45,271,080 93.70
C-X27-1 40,857,914 40,122,876 98.97 97.04 37.11 37,042,163 92.32
C-X27-2 46,636,704 45,784,742 98.97 97.08 37.10 42,342,463 92.48
C-X27-3 48,267,404 46,184,228 98.11 94.40 37.48 41,671,692 90.23
EPA E—90028-1 46,980,998 45,757,454 98.71 96.48 37.41 43,440,221 94.94
E—90028-2 47,358,956 46,592,240 98.77 96.60 37.52 44,125,478 94.71
E—90028-3 46,548,132 45,796,242 98.74 96.54 36.96 43,203,889 94.34
E-X27-1 44,805,798 44,212,514 98.77 96.58 37.58 41,204,463 93.20
E-X27-2 43,859,334 43,322,624 98.75 96.52 37.45 40,301,513 93.03
E-X27-3 42,673,636 42,126,644 98.75 96.53 37.24 38,907,463 92.36
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Fig. 4. Overall RNA-seq analysis of C. albicans biofilms in response to treatment with EPA. (A) Principal component analysis (PCA) of normalized RNA-seq read
counts. (B) Volcano plots of DEGs for EPA group vs. control group. Red, green, and blue dots represent the up-regulated, down-regulated, and no-significant regulated
genes. (C) Clustering heat map of expression levels for all identified DEGs. The transition from blue to red bands indicates increased gene expression levels. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.4.4. KEGG pathway enrichment analysis

In addition, the functions of DEGs were analyzed using the KEGG
pathway enrichment analysis. 438 DEGs were enriched in 81 different
pathways (Table S3), and the top 20 pathways are shown in Fig. 5B.
These pathways mainly involve the metabolism (e.g., amino acid, car-
bohydrate, and lipid biosynthesis) and environmental information pro-
cessing pathways. From the top 20 enriched KEGG pathways, the 12
terms of significantly enriched KEGG pathways were “Biosynthesis of
secondary metabolites” (cal01110), “2-Oxocarboxylic acid metabolism”
(cal01210), “Biosynthesis of amino acids” (cal01230), “Valine, leucine,

and isoleucine biosynthesis” (cal00290), “Phenylalanine metabolism”
(cal00360), “Tyrosine metabolism” (cal00350), “Butanoate meta-
bolism” (cal00650), “Phenylalanine, tyrosine, and tryptophan biosyn-
thesis” (cal00400), “Glyoxylate and dicarboxylate metabolism”
(cal00630), and “Starch and sucrose metabolism” (cal00500).

Remarkably, by analyzing the heat map of gene expression related to
the most enriched KEGG pathway “Biosynthesis of secondary metabo-
lites” (Fig. 6), we found that three genes encoding key ergosterol
biosynthesis enzymes, namely ERG10, ERG12, and ERG13 were signif-
icantly down-regulated.
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Table 2
Top 10 up/down-regulated characterized genes in EPA-treated C. albicans bio-
films identified by RNA-seq.
Gene Log (fold
name change) *

Description ”

Up-regulated
TNA1 4.67 Putative nicotinic acid transporter; detected at germ
tube plasma membrane by mass spectrometry; rat
catheter biofilm induced

NADPH oxidoreductase; possible role in estrogen
response; induced by oxidative, weak acid stress, NO,
benomyl, GlcNAc; Cap 1, Mnll induced; Hap43-
repressed; rat catheter biofilm induced

Putative GPI-anchored adhesin-like protein involved
in the regulation of covering cell wall glucan;
transposon mutation affects filamentous growth;
Spider biofilm repressed

Transcription factor; regulates morphogenesis, cell
separation, adherence, and virulence in mice; mutant
is hyperfilamentous; rat catheter and Spider biofilm
induced

Dicarboxylic acid transporter; regulated by glucose
repression; induced by Rgt1; rat catheter and Spider
biofilm induced

Cell wall protein; repressed in ace2 mutant; repressed
in core caspofungin response; induced in high iron;
possibly an essential gene; rat catheter and Spider
biofilm repressed

Putative NADPH dehydrogenase; rat catheter biofilm
induced

Major chitinase; secreted; putative signal peptide;
hyphal-repressed; farnesol upregulated in biofilm;
regulated by Efglp, Cyrlp, Raslp

Putative 30 kDa heat shock protein; repressed during
the mating process; rat catheter biofilm induced
Putative histone H3; amphotericin B repressed;
regulated by Efgl, farnesol; Hap43-induced; rat
catheter and Spider biofilm repressed

EBP1 3.53

FGRA41 3.33

ACE2 3.14

JEN2 3.03

SCW11 2.75

OYE22 2.69

CHT 3 2.63

HSP31 2.63

HHT21 2.59

Down-regulated
CFL11 —4.44 Superoxide-generating NADPH oxidase produces an
extracellular burst of reactive oxygen species at
growing cell tips during hyphal morphogenesis;
regulated by Cdc42p

Cell surface protein that sequesters zinc from host
tissue; enriched at hyphal tips; released
extracellularly; binds to host complement regulators
Betaine lipid synthase

Zinc transporter, essential for zinc uptake and acidic
conditions tolerance; induced in oralpharyngeal
candidiasis; Spider biofilm induced

Putative glucose transporter of the major facilitator
superfamily; the C. albicans glucose transporter family
comprises 20 members; 12 probable membrane-
spanning segments

Glycerophosphoinositol permease; involved in
utilization of glycerophosphoinositol as a phosphate
source; Rim101-repressed; virulence-group-correlated
expression

Putative GPI-anchored protein; adhesin-like protein
Putative dolichyl pyrophosphate phosphatase;
ketoconazole-induced; expression is increased in a
fluconazole-resistant isolate; Hap43p-induced gene
Protein similar to S. cerevisiae Ssul sulfite transport
protein; Tn mutation affects filamentous growth;
regulated by Gen2 and Gen4; Hap43-repressed; Spider
and flow model biofilm induced

Protein similar to phosphate transporters; transposon
mutation affects filamentous growth; expression is
regulated upon white-opaque switching

PRAI —4.39

BTA1 -3.65
ZRT2 -3.35

HGT9 —3.34

GIT1 —-3.22

PGA50 -3.16

CWHS8 -3.02

SSU1 -3.01

FGR2 -2.94

# The Log, (fold change) was derived from RNA-seq results with an FDR of
0.05.
b As reported in the CGD database (http://www.candidagenome.org/).
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3.5. EPA reduced the cAMP levels of C. albicans biofilms

It is known that the cAMP in C. albicans is the critical signaling
molecule for the activation of the Ras1-cAMP-PKA pathway, therefore,
we determined the production of intracellular cAMP levels in C. albicans
biofilms treated with EPA at 24 h (Fig. 7). The results show that EPA can
significantly reduce the production of cAMP (P < 0.05).

3.6. Effect of EPA on the gene expression of the related pathways of
C. albicans

In addition, the expression levels of key genes in the Ras1-cAMP-PKA
pathway were analyzed based on transcriptome data to explore further
the effects of EPA in the cAMP signaling pathway (Fig. 8A). The
expression of RAS1, CYRI1, TPK1, TPK2, BCY1, and TUPI genes did not
change significantly in EPA-treated group. The expression of transcrip-
tion factor EFG1 in this pathway was down-regulated and the expression
of NRG1 and PDE2 were up-regulated. Fig. 8B showed EPA also could
affect the expression levels of genes involved in the Cek-mediated MAPK
pathway. The expression of MSB2, OPY2, and CEK2 were down-
regulated.

4. Discussion

Candida biofilms are complex and structured communities of mi-
croorganisms, that are notoriously difficult to eradicate due to their
inherent resistance to conventional antifungal agents and host immune
responses [30]. Therefore, there is a critical need for novel therapeutic
approaches to effectively target biofilms, especially in disrupting mature
biofilms.

This study demonstrated the potential of EPA, a polyunsaturated
fatty acid, as an effective antagonist against biofilms formed by
C. albicans. According to our previous research results, EPA at a con-
centration of 1 mM has a certain eradication activity on C. albicans
biofilm, while EPA at a concentration of 0.01 or 0.1 mM has no eradi-
cation activity [17]. Therefore, in this study, we studied the effect of 1
mM EPA on the biofilm of C. albicans. Some articles indicated that a
mature biofilm of C. albicans typically formed after 24-48 h [31-33].
Our previous study compared the biomass of C. albicans biofilm for-
mation at different culture times, the results showed that compared with
the biofilm biomass formed by C. albicans after 24 h, even though the
biofilm biomass slightly increased at 48 h, the difference was not sta-
tistically significant (P > 0.05) (unpublished data). Therefore, we
regarded 24 h pre-formed biofilms as mature biofilms in this study.

In this study, the results showed the biomass and metabolic activity
of the biofilm decreased in the EPA-treated group compared with the
control group (Fig. 1). Previous studies have also reported that EPA may
have antibiofilm activities against pathogenic microorganisms [11-19].

We subsequently investigated the influence of EPA on the micro-
structure of C. albicans biofilms. SEM images (Fig. 2) clearly showed that
EPA treatment led to substantial changes in the biofilm architecture.
Specifically, the treated biofilms displayed fragmented and disorganized
cell clusters, unlike the well-structured and compact layers observed in
the control group. Additionally, individual C. albicans cells within the
EPA-treated biofilms exhibited morphological transition. In C. albicans,
the yeast-to-hypha transition is thought to play a crucial role in biofilm
formation [34]. CLSM images (Fig. 3) revealed a marked reduction in
biofilm biomass after 24 h of EPA exposure compared to the control
group. These results indicate that EPA can regulate morphological
transition, exhibiting antibiofilm activity. Similarly, Mokoena et al.
showed that EPA could inhibit the hyphal formation of C. albicans in
Caenorhabditis elegans [19].

Therefore, we further performed transcriptomic analyses to elucidate
the potential molecular mechanisms underlying the antibiofilm action of
EPA. The results of RNA-seq revealed that EPA treatment down-
regulated the expression of adhesion-related genes (DEF1, GWTI,
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Fig. 5. Functional enrichment analysis of RNA-seq analysis in C. albicans biofilms in response to treatment with EPA. (A) Gene Ontology (GO) enrichment of DEGs
between EPA and control group. Red, green, and blue bars represent biological processes, cellular components, and molecular functions, respectively. (B) Kyoto
Encyclopedia of Gene and Genomes (KEGG) pathway enrichment of DEGs between EPA and control group. The size of the bubble means the number of different
expression genes in this pathway. Low padj values are in red and high padj values are in blue, the size of the circle is proportional to the number of enriched genes.
(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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Fig. 7. Effect of EPA on the cAMP levels of C. albicans biofilms. Data are pre-
sented as means + SD. *P < 0.05, compared to the control group.

HSL1, PRA1, RFX2, SIT1,SUN41, TPS1, and TPS2), hyphae-related genes
(CFL11, CSR1, DEF1, DFG5, ERG13, FAB1, FGR2, HSL1, MYO2, RFX2,
SSU1, STE23, SUN41, TEM1, TEN1, TPS1, and VPS41), and biofilm-
related genes (PRA1, CEK2, SWI4, SUN41, GWT1, MACI1, and RFX2)
(Table S1). Compared with the data from Mokoena et al. [19], which
analyzed the influence of this EPA on the expression of C. albicans genes

related to hyphal production in C. elegans, it is interesting that the CSR1
gene was down-regulated in our study while up-regulated in theirs. Csrl
(also called Zap 1), is a zinc-specific transcription factor, that plays a key
role in the hyphal formation of C. albicans [35]. This gene might be
differentially expressed in vitro and in vivo after exposure to EPA. The
specific functions of the gene during the infection of C. albicans in the
presence of EPA requires further investigation.

From the signaling pathway perspective, EPA regulated the
C. albicans biofilms involving two signaling pathways, Ras1-cAMP-PKA
and Cek-MAPK pathways (Fig. 8). The Ras-cAMP-PKA signaling
pathway triggers yeast-to-hypha transition in C. albicans [36]. The re-
sults showed that, in the presence of EPA, PDE2 (phosphodiesterase 2
gene related to negative feedback regulation of hyphal formation) [37]
and NRG1 (key negative regulator gene of the yeast-to-hypha morpho-
genetic transition) [38] were slightly up-regulated. EFGI (master regu-
lator gene of biofilm development) [39] was slightly down-regulated.
Other major genes remained unchanged. Although EPA treatment might
exert a minor influence on the Rasl-cAMP-PKA pathway, it could
significantly reduce the level of cAMP (Fig. 7). The cAMP is crucial for
activating the Rasl-cAMP-PKA signaling pathway. As a secondary
messenger, cCAMP binds to the regulatory subunits of PKA (Bcyl) and
induces a conformational change that leads to dissociation and
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O Slightly up (0.58 < log,(fold change) < 1)
O Up (log,(fold change) = 1)
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(B) cek-mediated MAPK Pathway

|

Hyphal elongation / maintenance

O Slightly down (-1 < log,(fold change) < -0.58)
. Down (log,(fold change) < -1)

Fig. 8. Effect of EPA on (A) Rasl-cAMP-PKA and (B) Cek-mediated MAPK signaling pathways of C. albicans.

activation of the PKA catalytic subunits. This leads to activating the
downstream transcription factor Efgl [40]. Farnesol is a quorum sensing
(QS) molecule synthesized by C. albicans acting as a negative regulator
of morphogenesis mainly through the cAMP signaling pathway.
Recently, various fatty acids were found to have antibiofilm activities
and functionally similar to diffusible signal factors [41]. Therefore, we
speculate that EPA may possess a function similar to that of a QS
molecule. Regarding the Cek-MAPK signaling pathway, the gene
expression level of MSB2 (encoding mucin family adhesin-like protein)
[42], OPY2 (encoding transmembrane protein) [43], and CEK2
(encoding MAPK) [44] were found to be down-regulated after EPA
treatment. Besides, KEGG enrichment also showed that a large number
of genes in the MAPK pathway were altered greatly in response to EPA
(Fig. 5B). Cek2, as a member of the MAPK family, participates in mul-
tiple biological processes, including cell wall synthesis, morphogenesis,
and responses to environmental stress [44]. During the elongation and
maintenance of hyphae, Cek2 activates the expression of related genes
by phosphorylating downstream effector molecules, thereby promoting
the growth of hyphae. When the function of Cek2 is inhibited, hyphae
cannot elongate and maintain normally, indirectly affecting the forma-
tion and stability of biofilms. These results suggested that EPA might
inhibit the Ras1-cAMP-PKA and Cek-MAPK signaling pathways, result-
ing in an alternation mechanism underlying the yeast-to-hypha transi-
tion and biofilm development of C. albicans.

Furthermore, EPA exerted the antibiofilm effect also possible by

10

targeting cell membrane components, such as interfering with the
ergosterol biosynthesis. Ergosterol is an essential constituent of the
fungal membrane for maintaining cell integrity, membrane fluidity, and
cell metabolism [45]. It has been targeted for antifungal drug discovery.
Exposed to EPA, ergosterol biosynthetic genes (ERG10, ERG12, ERG13,
and ERG28) were significantly down-regulated. Since the increased
expression levels of certain ERG genes can reduce the sensitivity to
traditional antifungal drugs, such as fluconazole and amphotericin B,
EPA may reduce the risk of developing drug resistance by inhibiting the
expression of ERG genes [46-48].

While this study provides valuable insights into the antibiofilm
mechanism of EPA against C. albicans, it has several limitations. This
study primarily utilized in vitro biofilm models. The in vitro biofilm
environment may not fully replicate the complex conditions of in vivo
biofilm formation within a host. Moreover, although this study supplies
several potential molecular explanations for the previously observed
antibiofilm effects of EPA, further gene knockout studies in vitro and in
vivo are required to verify that EPA regulates the pathways to disrupt the
C. albicans biofilms.

In conclusion, the present study demonstrates that EPA exhibits
antibiofilm activity against mature biofilms of C. albicans by inhibiting
yeast-to-hypha transition. As far as we know, this is the first study
highlighting the antibiofilm mechanism of EPA, which may be closely
related to the Ras1-cAMP-PKA and Cek-MAPK pathways. Moreover, EPA
significantly repressed the expression of ergosterol biosynthetic genes
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and major metabolic pathways. These findings provide valuable insights
into the potential application of EPA as an alternative or adjunctive
therapeutic agent in managing C. albicans biofilm-related infections.
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