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Abstract

Background The escalating threat of antifungal
resistance stemming from Trichosporon asahii (T.
asahii) biofilms necessitates the pursuit of innova-
tive therapeutic strategies. Among these approaches,
5-aminolevulinic acid (ALA) photodynamic ther-
apy (PDT), an emerging therapeutic modality, has
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exhibited promising potential in eradicating 7. asahii
biofilms.

Methods The inhibitory activity was evaluated by
confocal laser scanning microscopy. To delve deeper
into the efficacy of ALA-PDT in eliminating 7. asahii
biofilms, we conducted a comprehensive transcrip-
tional analysis utilizing transcriptome sequencing.
Results ALA-PDT demonstrated a profound inhibi-
tory effect on the viability of 7. asahii biofilms. Our
investigation unveiled 2720 differentially expressed
genes following exposure to ALA-PDT. Subse-
quent meticulous scrutiny allowed for the annotation
of genes with a>twofold change in transcription,
focusing on Gene Ontology and Kyoto Encyclope-
dia of Genes and Genomes pathways. Particularly
noteworthy were the upregulated genes associated
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with oxidation-reduction processes, oxidoreduc-
tase activity, and catalytic activity. Conversely, the
downregulated genes were linked to ATP binding,
protein phosphorylation, and protein kinase activ-
ity. Additionally, we observed a surge in the tran-
scription of genes that may be involved in oxidative
stress (e.g., A1Q1_05494) as well as genes that may
be involved in morphogenesis and biofilm formation
(e.g., A1Q1_04029, A1Q1_01345, A1Q1_08069, and
A1Q1_01456) following ALA-PDT treatment.
Conclusions Our findings underscore the substantial
impact of ALA-PDT on the transcriptional regulation
of genes related to oxidative stress, morphogenesis,
and biofilm formation, paving the way for novel ther-
apeutic avenues in combating 7. asahii biofilms.

Keywords Photodynamic therapy (PDT) -
5-aminolevulinic acid (ALA) - Trichosporon asahii
(T. asahii) - Biofilm

Introduction

Trichosporon, an opportunistic genus of pathogenic
fungi, has been identified in various natural envi-
ronments, as well as on human skin and in tracts
[1]. Clinically, there are over 50 recognized species
of Trichosporon, out of which 16 have been impli-
cated in human infections [1, 2]. Among these spe-
cies, Trichosporon asahii (T. asahii) stands out as a
leading cause of invasive infections [3, 4]. Transmis-
sion of the fungus can occur through the skin, tracts,
or invasive medical devices, resulting in trichospo-
rosis, which manifests as superficial fungal disease,
summer-type hypersensitivity pneumonitis, and other
invasive infections [1, 5, 6]. T. asahii infections are
particularly associated with high mortality rates in
immunocompromised patients, including those with
neutropenia or hematological disorders undergoing
chemotherapy, organ transplant recipients, advanced
cancer patients, or individuals with AIDS [7-9].
Moreover, disseminated 7. asahii infections have also
been reported in immunocompetent patients [10, 11].
Notably, the incidence of invasive trichosporosis is
accompanied by an alarmingly high overall mortal-
ity rate of 68.7% [3]. Critically ill COVID-19 patients
with 7. asahii fungemia have reported a staggering
30-day mortality rate as high as 80% [12].
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Previous investigations have provided substantial
evidence regarding the capacity of 7. asahii to form
biofilms that exhibit remarkable resistance to a wide
range of commonly prescribed first-line antifungal
agents [13]. T asahii biofilm drug resistance remains
an imposing problem that necessitates innovative
approaches for resolution [14, 15].

Photodynamic therapy (PDT) has emerged as
a promising antifungal treatment, particularly for
mucocutaneous infections [16]. PDT has been shown
to overcome traditional resistance mechanisms,
leading to a decreased incidence of drug resistance
development [17]. PDT involves the utilization of a
photosensitizer (PS) along with light source irradia-
tion, triggering a cascade of reactions that generate
a substantial amount of harmful radicals, including
reactive oxygen species (ROS) and reactive nitrogen
species (RNS), capable of inflicting irreversible dam-
age to cells [18, 19]. Although the ability of light-
drug combinations to eradicate microorganisms has
been recognized for over a century, in-depth investi-
gations into this phenomenon have gained momen-
tum only recently, driven by the search for alternative
treatments against antibiotic-resistant pathogens [20].
PDT exhibits a remarkable predilection for targeting
fungal cells over human cells, and there have been no
reported instances of fungal resistance or associations
with genotoxic or mutagenic effects, underscoring its
favorable safety profile as a therapeutic modality [20].

In recent years, encouraging outcomes have been
reported in the treatment of superficial skin fungal
infections [5, 21, 22], including the utilization of
5-aminolevulinic acid (ALA) PDT for skin infec-
tions caused by T. asahii [5]. However, the underly-
ing mechanisms of PDT in treating fungal infections
remain largely unexplored. The present study aims
to evaluate the efficacy of PDT on 7. asahii biofilms
in vitro and elucidate its underlying mechanism of
action.

Materials and Methods

Preparation of T. asahii Biofilm

The T. asahii isolate 06108 was employed in this
investigation due to its high biofilm production.

The isolate was derived from the nail of a Chinese
patient in Qilu Hospital and kindly offered by Peking
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University First Hospital. Strain identification was
conducted by sequencing the IGS1 region. The tested
strain was passage cultured on Potato Dextrose Agar
(PDA, Hopebio, Qingdao, China) at 35 “C to ensure
their optimal vitality through passage cultivation.
Single colonies were collected and overnight cultures
of T. asahii were prepared in yeast-extract peptone
dextrose medium. After centrifugation and double
washing with Phosphate Buffered Saline (PBS, Lea-
gene, Beijing, China), the cultures were resuspended
in fresh RPMI 1640 medium (Sigma-Aldrich) at a
concentration of (1-2)x 10® CFU/ml for subsequent
biofilm formation. The T. asahii suspensions, at the
mentioned concentration, were pipetted into 24-well
polystyrene plates and adhesion for 6 h at 35 °C. Fol-
lowing gentle washing with PBS to remove nonad-
herent cells, RPMI-1640 medium was replenished in
each well, with subsequent daily replacement to main-
tain optimal biofilm development conditions. After
adhesion, T. asahii cells were incubated at 35 °C for
48 h for biofilm formation. Mature biofilms formed in
the plates were gently washed with PBS to eliminate
planktonic cells prior to subsequent experiments.

Photosensitizer and Light Source

A stock solution of 5-aminolevulinic acid hydrochlo-
ride (ALA, Fudan Zhangjiang Bio-Pharm, Shanghai,
China) at a concentration of 150 mM was prepared
by dissolving it in 0.9% NaCl. The solution was then
filter-sterilized and carefully stored in the dark at 4 °C
to maintain its stability. The photosensitizer solution
was incubated with T. asahii biofilms in the dark for
3 h. The LED-IB photodynamic therapy instrument
(Yage Optic and Electronic Technique Co., Ltd.,
Wuhan, China) emitting light at a wavelength of
635 nm was administered in the experiment. The flu-
ence rate of 80 mW/cm? was set and the light intensi-
ties of 0, 100, 200 J/cm? were used. The concentration
of ALA (150 mM) and light irradiation parameters
were selected based on a previous study”.

This experimental groups were divided as follows.

Group P"L™: the prewashed mature biofilms were
incubated with 0.9% NaCl without photosensitizer
and irradiation of red light.

Group P7L!%: the prewashed mature biofilms
were incubated with 0.9% NaCl and then irradiated at
80 mW/cm? for 21 min (light intensity of 100 J/cm?).

Group P7L?®: the prewashed mature biofilms

were incubated with 0.9% NaCl and then irradiated at
80 mW/cm? for 42 min (light intensity of 200 J/cm?).

Group P'L™: the prewashed mature biofilms were
incubated with ALA at a concentration of 150 mM in
the dark for 3 h without irradiation of red light.

Group PTL!%: the prewashed mature biofilms were
incubated with ALA at a concentration of 150 mM in
the dark for 3 h and then irradiated at 80 mW/cm? for
21 min (light intensity of 100 J/cm?).

Group P*L?%: the prewashed mature biofilms were
incubated with ALA at a concentration of 150 mM in
the dark for 3 h and then irradiated at 80mW/cm? for
42 min (light intensity of 200 J/cm?).

CLSM and Viability

The effect of ALA-PDT on the structure and viabil-
ity of T. asahii was evaluated using CLSM. Biofilms
were stained by LIVE/DEAD BacLight bacterial
viability kit (Thermo Fisher Scientific, USA) at room
temperature in the absence of light following the
manufacturer’s protocol. This kit, containing propid-
ium iodide (PI) and STYOY, was employed to assess
the viability of cells within the biofilm and deter-
mine the number of viable and dead cells. Stained
biofilms were visualized using a TCS-SP8 confocal
laser scanning microscope (Leica, Germany), with
images captured from three randomly chosen loca-
tions per sample. Subsequently, Leica confocal soft-
ware was utilized to analyze the ratio of red and green
fluorescence, enabling quantification of the inhibitory
effect. The inhibition rate was calculated as [Dead/
(Live + Dead)]*100%. The results are reported as the
mean=+SD and processed with SPSS Statistics 24.0
software. The differences among groups were tested
using a One-way Analysis of Variance (ANOVA).The
post hoc Tamhane’s test was used for the comparison
between groups due to unequal group variances. The
level of significance was set at p <0.05.

RNA Extraction, Library Construction and
Sequencing

Total RNA was extracted from 7. asahii biofilms of
six groups, with three biological replicates performed.
Briefly, T. asahii biofilm cells were harvested, washed
with PBS, and stored at — 80°C until further use. Total
RNA samples were prepared from freeze-dried cells
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using the Ultrapure RNA kit (Cat.CW0581M, Cowin
Bio.) following the manufacturer’s instructions, and
mRNA was enriched using VAHTS mRNA Capture
Beads (Cat.N401). The The concentration and quality
of RNA was measured using Qubit 3 Fluorometer and
gel electrophoresis. For global transcriptome analysis,
high-throughput mRNA sequencing (RNA-Seq) was
conducted. RNA-Seq libraries were generated from
mRNA using the VAHTS Universal V8 RNA-seq
Library Prep Kit and then sequenced on the Illumina
NovaSeq 6000 platform.

Sequencing Data and DEG Analysis

Quality of fastq files was assessed with FastQC.
Adapters and low-quality segments were trimmed
with Trimmomatic. Filtered reads were aligned to the
Trichosporon asahii var. asahii CBS 2479 genome
using Hisat2 [23-25] and the count matrix was gener-
ated using featureCounts. All subsequent gene expres-
sion data analyses were carried out in the R software.
Differential gene expression analysis between differ-
ent groups was performed using DESeq2 package
[26], with FDR < 0.05 and llog, (fold change)|>2. The
identified DEGs were subjected to GO and KEGG
enrichment analyses. The sequence data reported
in this paper have been deposited in the Genome
Sequence Archive [27] in National Genomics Data
Center [28], China National Center for Bioinforma-
tion/Beijing Institute of Genomics, Chinese Academy
of Sciences (with accession number PRICA015533,
accessible at https://ngdc.cncb.ac.cn/). And the RNA-
seq data was also submitted to NCBI Sequence Read
Archive (accession number SRP458245) and BioPro-
ject (accession number PRINA1012498).

gRT-PCR Validation

Selected DEGs were verified by qRT-PCR. First
strand cDNA synthesis was performed using a reverse
transcription kit (Vazyme, R312). The qRT-PCR
analysis was conducted in triplicate with ACTIN
(GenBank number XM_014323626) as a refer-
ence gene. The reaction system contained 10 pL of
2x AceQ Universal SYBR qPCR Master Mix, 0.4 pL
forward and reverse primers, and 2 pL. of cDNA tem-
plate for a total volume of 20 pL. The 2/A~24 expres-
sion level calculations were performed and were
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expressed as the mean +SD derived from three inde-
pendent measurements. Statistical significance of the
values was determined using the Student’s #-test, with
a significance threshold of p <0.05. The target genes,
namely A1Q1_04029, A1Q1_08069, A1Q1_02782,
A1Q1_05711, A1Q1_01345, A1QI1_01456 and
A1Q1_05494, were amplified accordingly, and their
primer sequences were listed in Table S1.

Results
ALA-PDT Suppresses Viability of T. asahii Biofilm

Utilizing confocal laser scanning microscopy
(CLSM), we investigated the impact of ALA-PDT on
the viability of 7. asahii biofilm. Green fluorescence
staining, achieved through the application of SYTO
9, which permeates all yeast membranes, facilitated
the observation of the cells. Conversely, PI selec-
tively penetrated yeasts with compromised mem-
branes, leading to red fluorescence staining. CLSM
images provided valuable insights into the viability of
T. asahii biofilms under different intervention condi-
tions. Notably, mature 7. asahii biofilms treated with
ALA-PDT exhibited a significant increase in red fluo-
rescing cells compared to group P"L™ (Fig. 1a). This
increase was particularly prominent in group P*L!®
(Fig. le) and group P*L*™ (Fig. 1f), indicating con-
siderable fungal cell damage. Group P*L**, exposed
to higher light intensity, demonstrated a stronger red
fluorescence intensity than group PTL!%, highlighting
a dose-dependent relationship with the applied light
intensity. In contrast, group P"L™ (Fig. la), group
P*L~ (Fig. 1d), group P7L!% (Fig. 1b) and group
PL2 (Fig. Ic) exhibited exclusively green fluores-
cent live cells.

To quantify cell viability, we analyzed the red/
green fluorescence ratio (Dead/live ratio) of each
biofilm image using Leica confocal software and
calculated the inhibition rate accordingly (Table 1).
Impressively, group PTL?®, which received a light
dose of 200 J/cm?, achieved a remarkable inhibition
rate of 75.58%. Statistical analysis (Fig. 2) confirmed
the significant differences between the ALA-PDT
treatment groups and the untreated control group.
However, no statistically significant differences were
observed among the untreated control group, group
P*L", group P"L'% and group P~L2%.


https://ngdc.cncb.ac.cn/

Mycopathologia (2025) 190:42

Page S5of 15 42

Fig.1 Confocal laser scanning microscopy (CLSM) was
employed to visualize 7. asahii biofilm specimens under vari-
ous ALA-PDT conditions. Live cells were green and dead cells

Table 1 Inhibition effect of 7. asahii biofilms on Dead/live
ratio

Groups ALA (mM) Light (J/cm?) Inhibition rate
PL- 0 0 0.14%
p-L!% 0 100 0.27%
p-L20 0 200 0.54%
PtL™ 150 0 1.84%
p+L100 150 100 46.20%
p+1.200 150 200 75.58%

Transcriptome Sequencing and Analysis

For comprehensive transcriptomic analysis, we gen-
erated 18 RNA-sequencing (RNA-seq) libraries rep-
resenting six distinct groups of 7. asahii samples.
Rigorous quality control procedures yielded a stag-
gering 105.63 billion high-quality clean nucleo-
tides. These reads were subsequently aligned to the

were red. a group P"L™ (untreated control group); b group
P L!%; ¢ group PL2%; d group P*L™; e group P*L'%; f group
P+L200

P+L200 — |_| ¥
P+L100 — | %
PL
P-LL200 —
P-L100 - ns
P-L —
IIIIIIIIIIIIIIIIIIII
0 50 100

Dead/live ratio (%)

Fig. 2 Dead/live Ratio of T. asahii Biofilms Following ALA-
PDT Exposure. Significant Differences Observed Between
ALA-PDT Groups (group P*L!® and group P*L?®) and
untreated control group (*p <0.05, **p <0.01). No statistically
significant differences between the control group, the ALA
group (group P*L"), and the light group (group P"L!%,_group
P L2%)
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reference genome, resulting in an average mapping
rate of 74.23% for the high-quality clean reads. The
excellent reproducibility of the RNA-seq data was
confirmed by high Pearson correlation coefficients
among the three biological replicates (ranging from
0.963 to 0.999, as shown in Table S2), underscoring
the robustness and reliability of our study.

Differentially Expressed Genes (DEGs)

Pairwise comparisons were conducted to assess
transcriptional disparities between different groups,
focusing on genes exhibiting a fold change>2 and a
false discovery rate (FDR)<0.05. Notably, our anal-
ysis revealed a substantial number of DEGs in these
comparisons. To examine the impact of ALA-PDT
on T. asahii biofilms at the gene level, we compared
DEGs between the untreated control group (group
PL") and the ALA-PDT group (group P*L!% or
group P*L?%). Due to the similarity in gene expres-
sion between group PYL'® and group P*L?%, subse-
quent analysis exclusively focused on the differential
gene comparison between group PL™ and group
P*L!% (Fig. 3, FigS1, FigS2). This comparison iden-
tified a total of 2,720 DEGs, with 1,393 upregulated

Fig. 3 DEGs Analysis in

Various Group Compari- P-L PrL20 919
sons
PL_PL' 860
PL_PL A 993

P-L_PrL20 1405

PL_prLoq 1327

=3
O P20 prp 20 1087
o
P—L100_P—LZUO B
p-L100_pL 100 4 1096
P+L._P*L200 g 1144
P*L-_PrL™0 4 1111

P+L100_P+L200 4

genes and 1327 downregulated genes in the group
P*L!% compared to the untreated control group
(Fig. 3 and Fig. 4a). Hierarchical cluster analysis of
DEGs demonstrated a coherent pattern within each
group and distinct differences between the groups,
confirming the consistency within individual groups
and discernible variations across different groups
(refer to Fig. S1 and Fig. S2 in the supplemental
material).

Enrichment Analysis of DEGs

To gain deeper insights into the biological responses
of T. asahii to ALA-PDT, we conducted a compre-
hensive functional enrichment analysis encompass-
ing Gene Ontology (GO) functional categories and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways. This analysis unveiled the functional impli-
cations of both the upregulated and downregulated
genes, providing a comprehensive understanding of
the molecular events underlying the response of T.
asahii to ALA-PDT exposure.

Among the identified 2720 DEGs between
group P'L™ and group P*L!%, a GOenrichment
analysis revealed the top 10 terms with the highest
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Differential expressed genes of P.L- Vs P*L'®
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Fig.4 a A Volcano Plot: Differential Expression Analysis
Revealed Distinctive Gene Expression Patterns between group
P~L~ and group P*L!% in 7. asahii biofilms. b Top 10 GO

representation among the upregulated DEGs. These
terms included processes such as oxidation—reduc-
tion, oxidoreductase activity, catalytic activity, NAD
binding, and coenzyme binding (Fig. 4b). Similarly,
the top 10 enriched GO terms among the downreg-
ulated DEGs encompassed ATP binding, protein
phosphorylation, intracellular protein transport, and
microtubule-based movement (Fig. 4c).

Furthermore, KEGG pathway enrichment analy-
sis of 2720 DEGs, with 646 (23.675%) genes anno-
tated, identified the top 25 pathways with the highest
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Valine, leucine and isoleucine biosynthesis .

Pentose and glucuronate interconversions L]

Hippo signaling pathway - multiple species ]
Amino sugar and nucleotide sugar metabolism .
Phenylalanine, tyrosine and tryptophan biosynthesis .

oxidation-reduction process .
oxidoreductase activity .

catalytic activity .
Count

0
NAD binding [} : :o

. 120

p.adjust
NADP binding{ @ 00020
0.0015
0.0010
0.0005

flavin adenine dinucleotide )
binding

coenzyme binding{ @

serine-type peptidase activity1 @

oxidoreductase activity,
acting on the CH-CH group of{ @
donors

hydrolase activity

0.05 0.10 0.15 0.20
GeneRatio

Top 25 of KEGG Enrichment

Metabolic pathways{ @
Biosynthesis of amino acids °
Cell cycle - yeast °
Biosynthesis of secondary metabolites [ J

MAPK signaling pathway - yeast o
Meiosis - yeast °

N GeneNumber
Methane metabolism e ® 100

Glycine, serine and threonine metabolism o @ 200

Fatty acid degradation . @ 300
Peroxisome .

Fatty acid metabolism L] pvalue
Aminoacyl-tRNA biosynthesis . 0.05
. . . 0.04
2-Oxocarboxylic acid metabolism . 0.03
Pyruvate metabolism ° 0.02
Taurine and hypotaurine metabolism . 0.01

Lysine biosynthesis .
Cysteine and methionine metabolism o
Biosynthesis of unsaturated fatty acids .
Monobactam biosynthesis .
Mannose type O-glycan biosynthesis .
0.4 0.6 0.8 1.0
RichFactor

d

terms enriched among the up-regulated DEGs. ¢ Top 10 GO
terms enriched among the down-regulated DEGs. d Top 25
KEGG pathways

representation of DEGs, shedding light on the molec-
ular pathways influenced by ALA-PDT (Fig. 5).

Key DEGs Potentially Involved

In our investigation of key DEGs potentially
involved in fungal physiology, we focused on
genes associated with important functions such as
beta-glucosidase, chitinase, lipase, and ubiquitin.
Notably, we observed a downregulation of genes
related to sterol biosynthesis, suggesting a potential
disruption in the ergosterol biosynthetic pathway.
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Fig. 5 Genes potentially
involved. a beta-glucosidase
genes; b chitinase genes;

c glucan genes; d lipase
genes; e phospholipase
genes; f serine genes; g
sterol genes; h ubiquitin
genes

Additionally, several genes involved in serine
metabolism were downregulated, indicating poten-
tial alterations in fungal cellular activity (Fig. 5).

Validation of RNA-Seq by qRT-PCR
We validated the RNA-Seq results through quan-

titative real-time PCR (qRT-PCR). Our findings
revealed a significant increase in the transcriptional
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levels of the A1Q1_05494 gene, associated with
oxidative stress following ALA-PDT treatment.
However, no significant difference was observed in
the expression of SOD1. Furthermore, ALA-PDT
upregulated the transcription of key genes involved
in morphogenesis and biofilm formation, namely,
A1Q1_04029, A1Q1_01456, A1Q1_01345, and
A1Q1_08069. Additionally, an upregulation in the

Group
P+L200

B

Fek Fk k> <3
v ) )
A° s v
SO NS
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Target gene

Fig. 6 Quantitative real-time PCR (qRT-PCR) was per-
formed to validate the gene expression levels identified in the
RNA-Seq data, specifically for A1Q1_05494, A1Q1_01456,
A1Q1_01345, A1Q1_05711, A1Q1_02782, A1Q1_08069,
and A1Q1_04029 genes in both the control group (group
P"L7) and the ALA-PDT group (group P*L!%). The relative
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expression levels of differentially expressed genes (DEGs)
were represented using a log2 fold change index. The values
are presented as the mean+standard deviation, and statisti-
cal significance was indicated as **, or *** for p<0.01 and
p<0.001, respectively
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transcription of A1Q1_05711 and A1Q1_02782
was also observed (Fig. 6).

Discussion

In the face of mounting resistance to conventional
therapeutic modalities, the utilization of PDT has
emerged as a promising and compelling treatment
strategy, garnering momentum in the battle against
persistent and recalcitrant biofilms. PDT is a non-
invasive treatment modality that employs photosensi-
tizers, specific-wavelength light, and ROS generation
to eliminate undesirable eukaryotic cells or patho-
genic microorganisms [29]. ALA is a precursor of
the actual photosensitizer protoporphyrin IX (PpIX)
in the heme biosynthesis pathway [30]. Unlike con-
ventional photosensitizers, ALA is a commonly used
and effective agent in clinical practice. Although it is
not intrinsically photodynamically active, irradiation
of cells containing ALA generates endogenous PpIX
that produces ROS, which constitutes the basic mech-
anism of PDT-induced cell death [31]. The generated
ROS changes the fungal cell wall and membrane, and
further transports the photosensitizer into the bio-
films, leading to damage to the cell membranes, cyto-
plasmic organelles, including mitochondria and vacu-
oles [32, 33].

PDT has exhibited notable efficacy against a
diverse array of fungal species, encompassing Can-
dida, Malassezia, Cryptococcus, Dermatophytes, and
so on [33]. However, researches on the use of PDT
on biofilms are more extensive for Candida compared
to other fungi. In a previous in vitro study, ALA-
PDT inhibited 74.5% of cells in C. albicans bio-
films [34]. Afterwards, Greco et al. [35] employed a
novel formulation of thermosetting gel ALA in PDT
and observed a growth inhibition of approximately
80% in C. albicans biofilms. The scientific literature
concerning the effects of PDT on T. asahii is scarce,
with a dearth of previous investigations elucidating
the underlying mechanisms of action associated with
PDT in this particular species. A previous investiga-
tion by Lan et al. [5] exhibited the effectiveness of
ALA-PDT against ten strains of 7. asahii in both the
planktonic and biofilm states. The metabolic activi-
ties of both types of cells were greatly diminished,
with reductions as substantial as 80.8% and 78.9%,
respectively, upon exposure to 150 mM and 100 J/

cm?. For the present study, we chose a T asahii strain
known for producing robust biofilms. Our findings
showcase that ALA-PDT elicits a significant photo-
dynamic response in biofilms of the selected T. asa-
hii strain. When subjected to 150 mM and 200 J/em?,
the metabolic activities of adherent cells was signifi-
cantly lowered by 75.58% (Fig. 1), as substantiated
by CLSM images (Fig. 2). However, when exposed
to 150 mM and 100 J/cm?, the metabolic activities of
adherent cells was only reduced by 40%, which was
lower than the analogous situation in the previous
study and may be attributed to differences in the strain
and experimental conditions. Notably, we observed
that the inhibition of adherent cells increased with
the rise in light density, consistent with the findings
of Lan et al. [5]. Furthermore, we determined that
neither light nor photosensitizer irradiation alone dis-
played a lethal effect on T. asahii, in agreement with
previous literature.

RNA-Seq analysis of the total transcriptome may
represent a valuable tool in elucidating the mecha-
nisms underlying the observed antifungal effect
exerted by ALA-PDT. Figure 3 depicts the results of
the differential gene expression analysis conducted
between groups PYL!? and P*L?® following photo-
dynamic treatment of varying durations. Intriguingly,
our findings revealed no discernible differential gene
expression between these two groups, highlighting
the absence of significant transcriptional alterations
induced by the duration of photodynamic action
between the two groups. However, the greatest num-
ber of differential genes was observed between the
photodynamic treatment group (P*L!%, P*L2%%) and
the untreated control group (P"L7). It is noteworthy
that while the groups exposed to light alone (P~L!%,
P7L2) and the photosensitizer alone group (P*L")
did not exhibit a killing effect on T. asahii biofilms,
they did exert an influence on gene expression. It has
been reported that exposure to red light (635 nm)
influenced the development and physiology of C.
albicans biofilms, including their polysaccharide pro-
duction [36]. A previous report has revealed that the
utilization of LED light at 37.5 and 50 J/cm? potently
induced down-regulation of crucial genes such as
ALS1, CAP1, A1Q1_05494, and SOD1, when com-
pared to the control group [37].

As depicted in Fig. 4, GO analysis of up-regulated
DEGs in "oxidation—reduction process," "oxidoreduc-
tase activity," and "catalytic activity" after ALA-PDT
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(group P"L™ vs. group PTL!%%). The effect of PDT
promotes the generation of ROS, which subsequently
leads to physical damage to the cell membrane [38].
Previous reports found that oxidative stress leads to
changes in calcium and lipid metabolism, generat-
ing cytokines and stress response mediators that
lead to the induction of apoptosis by the mitochon-
drial pathway and specific protein oxidation [39, 40],
which strongly suggest that this intricate mechanism
underlies the T. asahii death observed in our study.
In response to oxidative stress and as a protective
mechanism, the fungus can upregulate genes associ-
ated with antioxidant activity that assist in safeguard-
ing against free radicals and ROS [41-44]. Therefore,
the findings of the present study provide additional
evidence that oxidative damage is responsible for the
death of T. asahii following ALD-PDT treatment.

Down-regulated DEGs were enriched in "ATP
binding", "protein phosphorylation" and "protein
kinase activity" after ALA-PDT (group P"L™ ws.
group PTL!%). The enrichment of ATP-binding cat-
egory in GO analysis suggests that genes associated
with ATP binding, including those involved in ATP-
binding cassette (ABC) transporters, which are a large
family of proteins that play a crucial role in the active
transport of various molecules across cellular mem-
branes. One of the prominent mechanisms underly-
ing azole tolerance in fungal pathogens involves the
upregulation of drug efflux pumps, often belonging
to the ABC transporter family. These specific trans-
porters, known as ABCG class transporters, play a
crucial role in conferring resistance to azole drugs
[45]. In various fungal species, including Saccharo-
myces cerevisiae [46], C. albicans [47-49], Candida
glabrata [50], Aspergillus fumigatus [51], Cryptococ-
cus neoformans [52], and Trichophyton rubrum [53],
there is an observed increase in the expression of
ABC transporter proteins, which coincides with the
development of resistance to azole drugs. This cor-
relation highlights the significance of these transport-
ers in the context of azole resistance across a range
of fungal pathogens. The precise involvement of ABC
transporters in azole resistance in 7. asahii is still not
fully understood, and further research is needed to
clarify their specific role in this context. Our findings
revealed a down-regulation in ATP binding, which
may provide indirect evidence that photodynamic
treatment does not induce increased resistance in 7.
asahii.

@ Springer

Significantly, the investigation uncovered three
noteworthy KEGG pathways: “metabolic pathways,”
“biosynthesis of secondary metabolites,” and “cell
cycle-yeast,” effectively emphasizing the critical role
of metabolism, biosynthesis, and cell cycle regulation
in the context of photodynamic action. In addition to
this, the MAPK pathway was also enriched by KEGG.
MAPK pathways represent indispensable sensory
mechanisms that translate environmental stimuli into
intricate biochemical cascades, ultimately orchestrat-
ing adaptive responses to environmental stress [54].
Previously, there are no reports of a MAPK path-
way associated with 7. asahii. Four distinct MAPK
pathways have been delineated in C. albicans, each
encompassing unique functionalities [55, 56]. The
cell integrity (PKC) pathway exerts dominion over
cell wall biogenesis, morphogenesis, biofilm forma-
tion, and virulence. Additionally, the Cekl-mediated
pathway orchestrates cell wall construction while
governing both mating and the expansive realm of
vegetative and invasive growth. Lastly, Cek2, akin to
ScFus3, assumes a pivotal role in facilitating optimal
mating prowess. Collectively, the present findings
underscore the multitude of pathways involved in the
realm of photodynamic action against 7. asahii.

We conducted a further investigation into the key
DEGs that may play a role in response to ALA-PDT
treatment. The primary sterol in fungi, ergosterol, is a
vital constituent of fungal cell membranes, influenc-
ing membrane fluidity, permeability, and the func-
tion of membrane-associated proteins [57]. Notably,
our analysis revealed a down-regulation of genes
involved in ergosterol biosynthesis, including lanos-
terol 14-alpha-demethylase, C-8 sterol isomerase,
C-4 methyl sterol oxidase, among others, follow-
ing ALA-PDT treatment. It is worth mentioning that
azole antifungal agents are recognized for their abil-
ity to inhibit the synthesis of ergosterol by targeting
cytochrome P45014DM, an enzyme that catalyzes the
14a-demethylation of sterols in ergosterol biosynthe-
sis [58]. By disrupting ergosterol production, azoles
impair the integrity and functionality of fungal cell
membranes, thereby increasing their susceptibility
to damage. A previous study by Lan et al. [5] dem-
onstrated that the combination therapy of ALA-PDT
with itraconazole resulted in a heightened elimina-
tion of both planktonic cells and biofilms, surpassing
the effects of the single therapy. Previously, Claudia
Carolina Jorddo et al. reported that the expression of
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genes related to ergosterol production was signifi-
cantly reduced by Photodithazine®-PDT [59]. Build-
ing upon these findings, we postulate that in addition
to ALA-PDT-induced oxidative stress damage, ALA-
PDT treatment weakens the biofilm structure, ren-
dering fungal cells more vulnerable to the effects of
azole antifungal agents. Our observations provide fur-
ther insights into the multifaceted mechanisms under-
lying the synergistic action of ALA-PDT and azole
therapy. By targeting ergosterol biosynthesis and
biofilm structure, this combination approach exhibits
promising potential in enhancing the efficacy of anti-
fungal treatment.

Simultaneously, our investigation revealed a down-
regulation of DEGs involved in serine metabolism
within 7. asahii biofilms upon ALA-PDT treatment,
including serine-tRNA ligase, homoserine kinase,
phosphatidylserine decarboxylase 1 (Psdl) precur-
sor, proliferation-associated serine/threonine protein
kinase, and serine/threonine-protein phosphatase
PP1, when compared to the blank control. The
decrease in the expression of these genes may impair
protein synthesis and potentially impact crucial cellu-
lar functions and growth. Notably, previous research
has highlighted the significance of mitochondrial
Psdl in maintaining mitochondrial lipid homeostasis
and synthesizing a majority of cellular phosphatidyle-
thanolamine in Saccharomyces cerevisiae, emphasiz-
ing its functional role [60]. Additionally, serine/threo-
nine protein kinases, known as pivotal components of
diverse signaling pathways in eukaryotes, play critical
roles in proliferation and cellular signaling processes
[61]. As serine holds prominence as an essential
amino acid involved in protein synthesis, phospho-
lipid biosynthesis, and S-adenosylmethionine (SAM)
production—a universal methyl donor engaged in
epigenetic modifications and gene expression regu-
lation—our inference suggests that genes associated
with serine metabolism might serve as important tar-
gets for ALA-PDT.

As is illustrated before, production of ROS related
to oxidation-reduction process is an important and
fundamental mechanism for ALA-PDT and we found
up-regulated DEGs in "oxidation-reduction process,"
"oxidoreductase activity," after ALA-PDT (group
P"L™ vs. group P*L!%). As a defense mechanism
against oxidative stress, the fungus can express genes
associated with antioxidant activity, such as per-
oxisomal catalase (CAT), and superoxide dismutase

(SOD), which play a crucial role in activating path-
ways that counteract the damaging effects of free
radicals and ROS [62, 63]. We further used RNA-Seq
to further investigate the mechanisms involved. In the
present study, we observed a surge in the transcrip-
tion of A1Q1_05494 (which may be related to CAT1)
(Fig. 6). Jordao et al. [37] found that PDT using Pho-
todithazine® or Curcumin with LED light reduced
CAT1 and SOD1 gene expression in C. albicans bio-
films. In another study by Jordao et al. [59], follow-
ing Photodithazine® -PDT, CAT1 gene expression
was significantly increased in a fluconazole-resistant
strain of C. albicans. The intricate interplay of pho-
todynamic parameters, encompassing photosensitizer
concentration and light intensity [37], alongside dis-
tinct temporal stages subsequent to photodynamic
treatment [64], may impart a discernible impact on
gene transcription. Thus, we posit that our findings
diverge from the extant literature not solely owing to
interspecies dissimilarities in fungal organisms but
rather to a confluence of multifaceted factors.

In our present study, a notable upregulation in
the transcriptional activity of key genes associated
with morphogenesis and biofilm formation, namely
A1Q1_04029 (which may be related to UMESG),
A1Q1_01456 (which may be related to CPHI),
A1Q1_01345 (which may related to EFGI1), and
A1Q1_08069 (which may related to TEC1), was
observed following ALA-PDT treatment in 7. asahii.
In the study conducted by Jing Ma et al. [65], a down-
regulation in the expression of UME6, EFG1, TECI,
and CPH1 was documented subsequent to curcumin-
PDT, suggesting the inhibitory impact of curcumin-
PDT on hyphal growth and biofilm formation within
C. albicans biofilm. In the investigation conducted by
Hang Shi et al. [33], it was discovered that ALA-PDT
exhibited potent inhibitory effects on C. albicans bio-
films, accompanied by a consequential downregula-
tion of UMEG6 gene. In a publication by Freire et al.
[66], it was documented that photodynamic inacti-
vation employing either methylene blue or erythros-
ine as photosensitizers resulted in a reduction in the
expression levels of TEC1, CPH1, and EFG1 genes
within C. albicans biofilms. Previous studies con-
sistently demonstrate the downregulation of UMES6,
EFG1, TECI1, and CPH1 in response to diverse pho-
todynamic treatments such as curcumin-PDT, ALA-
PDT, and PDT utilizing methylene blue or eryth-
rosine as photosensitizers in C. albicans biofilms.
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These genes bear significant roles in the intricate
processes of hyphae formation, morphogenesis, and
biofilm development. The marked downregulation of
these genes signifies a discernible inhibitory effect
on the growth of hyphae and the formation of bio-
films. Notably, our current study reveals a noteworthy
upregulation in the transcriptional activity of pivotal
genes associated with morphogenesis and biofilm
formation, specifically A1Q1_04029, A1Q1_01456,
A1Q1_01345, and A1Q1_08069, subsequent to ALA-
PDT treatment in 7. asahii. This unexpected response
may be attributed to 7. asahii’s active formation of
biofilms as a defensive measure against the damaging
effects of ALA-PDT. The specific mechanisms under-
lying this difference would require further investi-
gation, as different fungal species may have distinct
regulatory pathways and gene expression patterns.
Besides, specific genes or biological pathways associ-
ated with 7. asahii biofilms have not been extensively
verified or characterized in the literature, and research
on T. asahii biofilms was still relatively limited com-
pared to other fungal species. Since then, we selected
the genes in 7. asahii that showed the highest simi-
larity to those in C. albicans. As a result, due to the
genomic differences, the functions of these selected
genes may not be entirely consistent with those in C.
albicans. Thus, it is possible that some of these genes
may be downregulated in C. albicans but upregulated
in T asahii due to these differences. Those were the
limitations in our research.

In conclusion, our study demonstrates the effec-
tive inhibition of 7. asahii biofilm by ALA-PDT
treatment. Moreover, the comprehensive RNA-Seq
analysis conducted in this study reveals, for the first
time, the transcriptome profile changes in 7. asahii
upon exposure to ALA-PDT. This provides valuable
insights into the molecular mechanisms underlying
the action of ALA-PDT at the molecular level.
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