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ABSTRACT

To investigate the role of the Aspergillus fumigatus MFS transporter gene af-MFS95 in
fungal growth, stress response, and antifungal susceptibility. A knockout mutant (Aaf-
MFS95) and complemented strain (Aaf~-MFS95-recon) were constructed via
homologous recombination. Azole susceptibility was assessed using M38-A3 broth
microdilution and E-test. Strains were cultured under oxidative, osmotic, metal ion, and
cell wall stress; colony diameter variations(%) were recorded. Intracellular reactive
oxygen species (ROS) were quantified by flow cytometry. Transcriptional profiles of
growth- and development-related genes (tefl, mbsA, flbA, fIbD, briA, nsdD) and
antioxidant genes (sodA4, sodB, sodC, sodD) were analyzed by RT-qPCR. Af~-MFS95
deletion did not alter azole susceptibility. However, the mutant exhibited significantly
impaired growth under oxidative stress (H202, menadione) but enhanced growth under
osmotic stress (NaCl, D-sorbitol). No significant differences were observed in response
to metal ions, cell wall-disrupting agents, and intracellular ROS levels. RT-qPCR
revealed significant downregulation of growth- and development-related genes and
antioxidant enzyme genes in Aaf-MFS95. Af-MFS95 is critical for A. fumigatus
oxidative stress resistance and osmotic adaptation but dispensable for azole resistance.
It likely regulates cellular proliferation and antioxidant defense gene expression,
highlighting potential targets for disrupting fungal stress adaptation pathways.
KEYWORDS: Aspergillus fumigatus; af-MFS95; oxidative stress; azole drugs

1 Introduction

A. fumigatus, a ubiquitous opportunistic pathogenic fungus, causes severe infections,
particularly in immunocompromised individuals /361551 such as organ transplant
recipients, AIDS patients, and cancer patients undergoing chemotherapy. It often leads
to invasive aspergillosis with high mortality, posing a significant clinical challenge [*°'.
At present, azole antifungals that inhibit ergosterol biosynthesis serve as the primary

treatment option; however, their widespread use has contributed to the growing

problem of drug resistance [°!. A previous study has demonstrated that drug resistance
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in A. fumigatus is associated with mutations in the Cyp51A protein, overexpression of
target enzymes, dysregulation of ATP-binding cassette (ABC) efflux pumps and major
facilitator superfamily (MFS) transporters, as well as the potential contribution of
biofilm formation 4],

MEFS transporters, containing 12-14 transmembrane domains, use proton motive force
for drug efflux in nearly all cases [21°8) In the 4. fumigatus genome, 275 MFS
transporters were found [*¥, but only a few were identified as drug transporters, also
known as multidrug-resistant (MDR) or pleiotropic drug-resistant (PDR) proteins (371421,
Many studies suggest that fungal MFS transporters are not limited to drug efflux linked
with antifungal resistance, but also involved in essential physiological processes and
significantly contribute to fungal development and virulence 21331,

Fungi utilize intricate molecular signaling networks to detect and adapt to varying
environmental conditions, such as fluctuations in temperature, pH, nutrient availability,
and oxidative or osmotic stress [°!. In yeast models, heightened osmotic stress triggers
the hyperosmotic glycerol (HOG) pathway, which initiates a multi-faceted stress
response that includes transient cell cycle arrest, transcriptional reprogramming, and
modifications in protein synthesis to mitigate the risk of growth inhibition or cell death
(591 Specifically, salt stress causes ion imbalance and the accumulation of ROS in
various fungi, resulting in oxidative damage. In response, fungi regulate ion balance,
restore osmotic homeostasis, modulate phytohormone signaling, and remodel the
cytoskeleton and cell wall by accumulating Ca®>" and activating ROS-mediated

1321 This intricate regulatory network underpins the ability of

signaling cascades |
fungi to synchronize the cell cycle, metabolic adaptation, and structural integrity to
endure environmental stressors.

Given the critical importance of environmental stress tolerance for the survival of
pathogenic fungi, this study developed a series of knockout strains by systematically
targeting MFS transporter genes within the A. fumigatus genome. A multidimensional

assessment of their growth phenotypes and oxidative stress tolerance was conducted.

Screening results revealed that the af~MFS95 knockout strain exhibited significant
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growth restriction and heightened sensitivity to oxidative and osmotic stress. This
observation indicates that af~MFS95 plays an essential and irreplaceable role in
maintaining cellular physiological homeostasis and mediating responses to
environmental stress. Consequently, this study concentrated on the functional analysis
of af~MFS95. We successfully generated an af-MFS95 knockout strain (Aaf~MFS95)
and its corresponding complemented strain (Aaf~-MFS95-recon) to elucidate the role of
this transporter in regulating responses to oxidative damage and osmotic fluctuations.
Additionally, we aimed to investigate the potential mechanism by which af-MFS95
indirectly influences drug tolerance in A. fumigatus through the regulation of gene

networks associated with growth and development.

2 Materials and Methods

2.1 Strains, plasmids, and culture conditions

The A. fumigatus strain AF293, used in the genome project, served as the template for
amplifying target DNA fragments. The host strain A1160 (AKUS80, pyrG™), a
pyrimidine auxotrophic strain obtained from the Fungal Genetics Stock Center
(http://www.fgsc.net/asperg.html), was employed for fungal transformation P11, The
wild strain WT (AKUS0, pyrG') was constructed in our laboratory by randomly
introducing the pyrG into A1160 and was used as the experimental control. The pyrG
was obtained from the plasmid pBARGPE1-PyrG-TagRFP and served as a screening
marker during the construction of the knockout strain. The hygromycin B-resistant gene
(hph) and fluorescent marker gene (egfp) were obtained from plasmid pCT74, which
were used as the screening markers during the construction of the complemented strain.
WT was grown on Sabouraud dextrose agar (SDA; HuiBo Bio, Qingdao, China) at 37°C
for 3 days. The A1160 strain was cultured under the same temperature for 3 days in
Czapek Dox Medium supplemented with uracil (CZA + Uracil; HuiBo Bio). The
plasmid pBARGPE1-PyrG-TagRFP was propagated in LB broth (HuiBo Bio)
containing 100 mg/L ampicillin at 37°C for 16 h. The plasmid pCT74 was propagated
in LB broth containing hygromycin B at 37°C for 16 h B,

4
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2.2 Construction of the af-MFS95 knockout mutant strain

The PCR primers used in the experiment are listed in Table 1. Gene knockout was
performed using the three-fragment PCR fusion system referred from Zhao et al. ',
First, genomic DNA from AF293 was extracted with the MolPure® Fungal DNA Kit
(18812ES, Shanghai Yeasen Biotechnology Co., Ltd., Shanghai, China), and the
upstream and downstream flanking regions of af~-MFS95 were amplified with primers
P1/P2 and P3/P4, respectively. Then, the pyrG fragment was amplified from plasmid
pBARGPE1-PyrG-TagRFP, extracted with the MolPure® Plasmid Mini Kit (19001ES)
by using primers pyrG-n-F and pyrG-n-R. After verification by 1% agarose gel
electrophoresis, all PCR products were purified by using the MolPure® PCR
Purification Kit (19106ES) and fused via PCR with primers P5/P6 to generate the
knockout cassette (~ 1.7 kb) (Figure 1a).

The af~MFS95 knockout cassette was integrated into A1160 via protoplast-mediated
transformation *”). As pyrG was used as the selection marker, transformants were
selected on CZA without uracil; correct integration was verified by PCR (primers
DIAO-F, DIAO-R and P4) followed by sequencing (Sangon Biotech, Shanghai, China),
and the resulting strain was designated Aaf~-MFS95.

2.3 Construction and validation of the complemented strain

Based on the method reported by Gong et al.!'?], the af-MFS95 fragment was amplified
from AF293 genomic DNA using primers AIM-re-R and AIM-re-F and verified by 1%
agarose gel electrophoresis. The plasmid gene fragment containing the Aph and egfp
was obtained from pCT74 by enzymatic digestion (restriction endonucleases Kpnl and
Nael) and purification (Figure 1b). The af-MFS95 fragment was genetically
recombined in vitro with the double-enzymatic plasmid gene fragment (Hieff Clone®
Plus One Step Cloning Kit, 10911ES), then transformed using DH5a Chemically
Competent Cells (11802ES). The transformed cells were then evenly plated onto
LB+hygromycin B screening medium. Recombinant plasmid DNA was isolated and

validated by PCR using AIM-yz-R and AIM-yz-F primers , then was introduced into
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protoplasts derived from the knockout strain to complete transformation. The
transformants were selected on SDA supplemented with hygromycin B. Genomic DNA
was extracted from the transformants and verified by PCR (primers HPH-F/HPH-
R) ,then sent to Sangon Biotech (Shanghai) Co., Ltd., for sequencing. The presence of
the hph gene was considered to indicate a successful gen

eration of the Aaf-MFS95-recon strain. Primer sequences are listed in Table 1.



147  Table 1 Primers sequences used in this study.

Name Sequence (5'—3") Function
P1 AGACTTCCGGCATGCACTAAAC
TAGTTCTGTTACCGAGCCGGATCTATTTCTTCTATTTATTCTATC  Amplify the upstream
P2
A
GCTCTGAACGATATGCTCCAACTTTTGTTTTTTTTTTTATTTCC
P3
ATTGC Amplify the downstream
P4 TGAGTGGTATCCGTGTCTTGT
P5 TGACCTTCATTTCTCAGCCGTCG Fusion of upstream,
P6 ACCACAACCGACCCTACCAA downstream, and PyrG
pyrG-n-F CCGGCTCGGTAACAGAACTACCGCAGACAATGCTCTCTATC
Amplify the PyrG
pyrG-n-R GTTGGAGCATATCGTTCAGAGCAATACCGTTACACATTTCCA
DIAO-F CCAACCATCCCAACCCTTTA Verify whether the filter
marker is inserted into the
DIAO-R TCCGACAGATTCACCCCAGT
knockout strain
pyrG-F CTCGGTTGAGTACGCGCGGAAGTA
Verify the PyrG
pyrG-R AGATGAGGAAGTTGTGCTTTGTC
AIM-re-R CTCGAGGGGGGGCCCGAGAGGTGGATAGATAGCCTTTGTAG Amplify sequence of af-
AlM-re-F TCTCGCCACGTTCGCCCCATGCGTGGACGGAGTC MFS95 (for complementation)
HPH-F1 AGCTCGTCCATGCCGTGAG
HPH-R1 CAGTGCTTCAGCCGCTACCC Amplify sequence of Aph(for
HPH-F2 ATCGTTATGTTTATCGGCACTTTG verification)
HPH-R2 TGTTGGCGACCTCGTATTGG
AIM-yz-F TCAAACTTGCTGCTCTTCCAC Amplify sequence of
AIM-yz-R TCATTGTCGCTCTGCTGTCC

af~-MFS95 (for verification)

148

149 2.4 Antifungal sensitivity assay

150  2.4.1 Microdilution method
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The experimental procedure followed the guidelines outlined in the Clinical and
Laboratory Standards Institute (CLSI) protocol M38-A3 for testing the antifungal
susceptibility of filamentous fungi . Candida parapsilosis ATCC 22019 and
Aspergillus flavus ATCC 204304 served as quality control strains. Spore suspensions
of WT, Aaf~MFS§95, and Aaf-MFS95-recon strains were prepared at a concentration of
2 x 10* CFU/mL. The antifungal agents tested included itraconazole (ITR),
voriconazole (VOR), and posaconazole (POS), obtained from Selleck Chemicals
(USA), each prepared in eight serial dilutions, with maximum concentrations of 8
ug/mL for ITR and VOR and 4 ug/mL for POS. After incubation at 35 ‘C for 48 h,
fungal growth on 96-well plates was observed, and minimum inhibitory concentration
(MIC) values were determined. The experiment was performed in triplicate on separate

days to reduce experimental error.

2.4.2 E-Test method

Spore suspensions of the mature WT, Aaf-MFS95, and Aaf-MFS95-recon strains were
prepared at a concentration of 1 x 10° CFU/mL. The assay was performed according to
the previous procedure *°). Antifungal susceptibility test strips for ITR (Liofilchem,
ICZ 92148), VOR (Merck, VCZ 532800), and POS (Liofilchem, PCZ 92152) were
used. The inoculated and sealed plates were incubated at 35 “C for 48 h. The experiment

was performed in triplicate.

2.5 Phenotypic Assays

2.5.1 Oxidative stress assay

The oxidative stress assay was conducted according to the established protocol 3%,
Different oxidants (H20O2, menadione) were added to the SDA medium at varying
concentrations (H202: 0, 1, 5, 10 mmol/L; menadione: 0, 5, 10, 30 mmol/L). Spore
suspensions of the mature WT, Aaf~MFS95, and Aaf-MFS95-recon strains were
prepared at a final concentration of 1 x 10® CFU/mL. The experiment was performed

in triplicate. The colony diameter changes (%) were determined using the formula:
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Colony diameter change (%) = [(D_control — D_treatment) / D_control] % 100.

2.5.2 Osmotic pressure assay

Osmotic stress assay was performed following the previous protocol *!1. Briefly, NaCl
and D-sorbitol were used at final concentrations of 0.5 mmol/L and 0.8 mmol/L,
respectively. Spore suspensions of the mature WT, Aaf~MFS95, and Aaf-MFS95-recon
strains were prepared at a density of 1 x 10® CFU/mL. The experiment was performed

in triplicate.

2.5.3 Metal ion interference assay

The metal ion interference test was performed according to the prescribed procedure
(151 The SDA medium was supplemented with various metal-ion disruptors, including
1.0 mmol/L Fex(SO4)3 and 0.5 mmol/L ZnSO4. Spore suspensions of the mature WT,
Aaf-MFS95, and Aaf-MFS95-recon strains were prepared at a concentration of 1 x 10°

CFU/mL. The experiment was performed in triplicate.

2.5.4 Cell wall disruption assay

The cell wall disruption assay was performed according to the established protocol 3],
The SDA medium was supplemented with the cell-wall disruptor Congo red (CR).
Spore suspensions of the mature WT, Aaf-MFS95, and Aaf-MFS95-recon strains were
prepared at a concentration of 1 x 10° CFU/mL. The experiment was performed in

triplicate.

2.6 2,7-dichlorofluorescein diacetate (DCFH-DA) staining

Determination of intracellular ROS levels was performed via 2,7-dichlorofluorescein
diacetate (DCFH-DA) staining “I!% DCFH-DA (Yeasen Biotechnology, Shanghai,
China) was added to SDA broth at a final concentration of 0.1% (v/v). Flow cytometry
data were generated using a BD FACSCanto II flow cytometer and analyzed with
FlowJo v10 software. The excitation wavelength was 488 nm, and the emission

wavelength was 525 nm. The experiment was performed in triplicate.
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2.7 Reverse-transcriptase quantitative fluorescence PCR (RT-qPCR)

WT and Aaf~-MFS95 strains were grown on solid SDA medium for 2 days. Total RNA
was then extracted using TRIzol reagent (TRIeasy™ LS Total RNA Extraction Reagent,
Yeasen) and subsequently reverse-transcribed into ¢cDNA using the Hifair® II 1st
Strand cDNA Synthesis Kit (Yeasen). RT-qPCR was performed with primers (Table 2)
targeting 4. fumigatus growth- and development-related genes (tef1, mbsA, fIbA, flbD,
briA, nsdD) and anti-oxidant enzyme genes (sodA4, sodB, sodC, sodD) to measure
expression levels. Relative gene expression levels (224T) were calculated using tubA
as a control ’#71 To reduce experimental error, the experiment was performed in
triplicate, each including three mutual control groups. Data were analyzed using
multiple t-tests to calculate P values, evaluating differences in relative gene expression

between WT and Aaf~MFS95.
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Table 2 Real-time PCR primers table.

Name Sequence (5'—3")

tubA-q-f CGGTGATCAGTTCACTGGTATGTTCC
tubA-q-r CTCCTCGCCGTACTCCTCCTCAC
RT-tef1-F CCATGTGTGTCGAGTCCTTC
RT-tefl-R GAACGTACAGCAACAGTCTGG
RT-sodA-F AACTTCGAGACCGATGCTG
RT-sodA-R TTCTTGGACTCCTCGTTGC
RT-sodB-F CTTCACCACAAGAACCACCAC
RT-sodB-R GGCGATCTGAGACGCAATG
RT-sodC-F GTCCTCAAAGCAGCCATCG
RT-sodC-R CGGTCACTAACCAACCCCAT
RT-sodD-F CGGTTTTGTATGGCTGGCTAA
RT-sodD-R AAGAGGGGCATCGGGACTGT
RT-mbsA-F GGGCTGGCACCAGGAAAATA
RT-mbsA-R GCCCATCACCTTAGCCTTCA
brlAf1 TCATCTTCAGCATCGTCGGG
bridri CAGCCATTCCGCTGCATTAC
nsdDf1 CCCATCCTCCACATGCTCTC
nsdDrl ATAGATGCGAGGCTTGACCG
SIbAf1 TTGTCGTCTTCCAGCCATCC
flbArl ACGGAATAGCAGTCGCAGAG
fIbDf1 AGAACCTGAAGCCCTCGTTG
f1bDrl GGTTCATGCTGCCATTCCAC
RT-af-MFS95-F ATGGGCGGTCTGTTGTTT
RT-af-MFS95-R TACTTGCCGTTGCTGTACTC

2.8 Data processing software
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Graphs were generated using GraphPad Prism 9, and statistical analyses were
conducted with SPSS 19.0. In each assay, at least three biological replicates were done
to measure each parameter in each condition, avoiding biased results. Error bars
included in all the graphs represent standard deviation. ANOVA or t-test was used

depending on if we did multiple comparisons or compared punctual data, respectively.

3 Results and analyses

3.1 Bioinformatics analysis of af-MFS95

The af~MFS95 gene is situated on chromosome 7, spanning 1,724 base pairs, and
encodes a putative MFS monosaccharide transporter. The gene comprises only two

exons (Figure 2).

3.2 Identification of the transduction candidate

PCR was performed to validate the transduction candidate. Genomic DNA was
extracted, and successful amplification of the pyrG gene was obtained. However, no
band corresponding to the target gene was detected, confirming the absence of af-

MFS95 in the transduction candidate (Figure 3).

3.3 Drug-Susceptibility Analysis

After 48 h of cultivation, the colony patterns of WT, Aaf-MFS95, and Aaf-MFS95-
recon in the 96-well plate were observed. The results showed that there were no
significant changes in the sensitivity of Aaf-MFS95 and WT to VOR, ITR, and POS
(Table 3). Compared with WT, Aaf~-MFS95 showed relative sensitivity to POS. The
MIC value of WT was 0.5 pg/mL, while that of Aaf-MFS95 was 0.25 png/mL. However,
the MIC values for ITR and VOR were the same for both strains. Following 48 h of
incubation, the MIC values were determined by measuring the points where the drug-
susceptibility strips met the inhibition zones (Figure 4). The MIC of POS was 0.094
pg/mL for the WT strain and 0.047 pg/mL for Aaf-MFS95. For ITR, the MIC was 0.5
pg/mL in WT and 0.25 pg/mL in Aaf~MFS95. For VOR, the MIC values were 0.047
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pug/mL for WT and 0.064 pg/mL for Aaf~-MFS95. The results revealed no significant
differences in MICs for ITR, VOR, and POS between WT and Aaf~-MFS95. This
showed that the knockout of the af-MFS95 gene did not change the strain's sensitivity

to triazole drugs.

Table 3 Statistical data of drug sensitivity test.

MIC (pg/mL)

Strain Via broth microdilution Via E-test
POS ITR VOR POS ITR VOR
WT 0.5 2 0.25 0.094 0.5 0.047
Aaf-MFS95 0.25 2 0.25 0.047 0.25 0.064
Aaf-MFS95-recon 0.25 0.125 0.03 0.5 0.5 0.125

MIC: Minimum inhibitory concentration

3.4 Phenotypic assays

3.4.1 Determination of oxidative stress

After 48 hours of incubation, the colony diameter changes (%) were measured (Figure
5b, d). The analysis showed that exposure to 5 mmol/L H>O2 and menadione at
concentrations of 5, 10, and 30 mmol/L caused significant changes in the colony
diameters of the WT and Aaf~-MFS95 strains (Figure 5a, c; P < 0.05). The difference
between the two strains was more significant at menadione levels of 10 and 30 mmol/L
(Figure 5c; P < 0.0001). These observations suggest that deleting af~MFS95 reduces
the ability of A. fumigatus to resist oxidative agents such as H>O» and menadione.
Following the reintroduction of the af~-MFS95 gene into the mutant strain, the strain's
capacity to grow under 5 mmol/L H>O» stress was partially restored, further confirming
that the deletion of af-MFS95 impairs cellular resistance to oxidative stress. However,
under concentration gradients of 5, 10, and 30 mmol/L menadione, the trends in colony

diameter changes for both Aaf-MFS95-recon and Aaf-MFS95 were highly consistent,

1
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and both exhibited significant differences from the WT strain. Quantitative analysis of
af-MFS95 transcription levels indicated that expression of this gene in the
complemented strain was significantly lower than in the WT (Figure 5¢). This under-
expression may result from the random integration of the exogenous gene during the
complemented process; non-specific insertion into the original genomic site, along with
factors such as positional effects, variations in copy number, or partial integration,
likely prevented af~-MFS95 from achieving wild-type expression levels. Consequently,
these factors led to differences in the degree of phenotypic recovery under varying

oxidative stress conditions.

3.4.2 Determination of osmotic pressure

Colony diameter variation (%) was measured after 48 h of culture (Figure 6b). When
exposed to NaCl and D-sorbitol, a significant difference in colony diameter variation
was observed between the WT and Aaf~-MFS95 strains (Figure 6a; P < 0.05). Under
these osmotic conditions, af-MFS95 transcript levels in WT and Aaf~-MFS95-recon
were analyzed by RT-qPCR. The results showed that af~MFS95 expression in the Aaf-
MFS95-recon strain was lower than in the WT strain (Figure 6¢). These findings

suggest that deleting af~-MFS95 increases the strain's ability to tolerate osmotic stress.

3.4.3 Metal ion tolerance test

After 48 h of incubation, the change in colony diameter (%) was recorded (Figure 7b).
After the addition of Fe>(S04)3 and ZnSO4, no significant differences were observed in
colony diameter among Aaf-MFS95, Aaf~-MFS95-recon, and WT strains (Figure 7; P>
0.05). These findings suggest that deletion of the af-MFS95 gene does not alter the

strain's tolerance to metal ions.

3.4.4 Cell wall disruption test

Colony diameter changes (%) were recorded after 48 h of incubation (Figure 8b). After
treatment with the cell wall disruptor Congo red, no significant difference was observed

between Aaf~-MFS95 and WT strains (Figure 8a; P> 0.05). Under Congo red exposure,

1
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af-MFS95 expression in WT and Aaf~-MFS95-recon was analyzed by RT-qPCR, which
revealed significantly lower transcript levels in Aaf-MFS95-recon compared with WT
(Figure 8c; P < 0.0001). These findings indicate that deletion of af~MFS95 does not

alter susceptibility to cell-wall stress.

3.5 Measurement of intracellular ROS levels

Flow cytometry analysis showed no significant difference in intracellular ROS levels
between WT, Aaf~-MFS95, and Aaf-MFS95-recon (Figure 9; P> 0.05). Oxidative stress
phenotypic assays clearly demonstrated that the deletion of af-MFS95 significantly
heightened the strain's sensitivity to H>O; and menadione. This phenotypic dissociation
— characterized by reduced oxidative stress tolerance without an increase in steady-
state ROS levels — indicates the existence of complex compensatory antioxidant
defense mechanisms within the cell. Specifically, potential alterations at the
transcriptional level or the redistribution of enzyme activity may sustain steady-state
ROS levels, yet these mechanisms prove inadequate in managing acute exogenous

oxidative stress.

3.6 RT-qPCR analysis

RT-qPCR analysis showed that, compared to WT, the expression of growth-related
genes brid 81, nsdD PR3] mbsA 53 tef1 191321 1A, f1bD 3], and antioxidant enzyme
genes sodA, sodB, sodC, sodD ** in Aaf-MFS95 were significantly down-regulated
(Figure 10). BriA showed the largest expression change among the growth-related
genes, decreasing by 5.3-fold. SodC showed the most significant change for the

antioxidant enzyme genes, reducing its expression by 14-fold.

4 Discussion

In this study, the Aaf-MFS95 and Aaf~-MFS95-recon strains were generated to
investigate the function of af~-MFS95 in A. fumigatus, with emphasis on its roles in

growth, environmental stress adaptation, and antifungal susceptibility. The results

1
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indicated that deletion of af~MFS95 did not affect sensitivity to triazole drugs, but
impaired growth under oxidative stress (H202 and menadione) and increased tolerance
to osmotic stress (NaCl, D-sorbitol). Furthermore, transcript levels of antioxidant
enzyme genes (sodA, sodB, sodC, sodD) and growth-related genes (tef1, mbsA, flbA,
fIbD, briA, nsdD) were significantly downregulated. These findings suggest that af-
MFS95 contributes to fungal environmental resilience by modulating antioxidant
defense and developmental pathways.

A comprehensive analysis of the experimental results indicated that, while there was
no statistically significant difference in intracellular ROS levels between the Aaf-
MFS95 and WT, the transcriptional levels of its antioxidant enzyme genes (sodA4, sodB,
sodC, sodD) were significantly diminished. Furthermore, Aaf~MFS95 demonstrated
increased sensitivity to oxidants. Superoxide dismutase (SOD), a crucial component of
the fungal antioxidant system, mitigates ROS-induced toxicity by catalyzing the
breakdown of ROS 1441, The antioxidant enzyme genes (sodA, sodB, sodC, sodD) of
A. fumigatus encode four putative SOD subunits: SodA (Cu/Zn-sod), SodB
(mitochondrial Mn-sod), SodC (cytoplasmic Mn-sod), and SodD (a putative sod with a

BI6II7IR22]40] - Previous studies have demonstrated that

C-terminal Mn-sod domain)
sodD is essential for A. fumigatus survival, and the deletion of sodA or sodB increases
oxidative stress sensitivity 1?21, A similar trend was observed in this study, where
deletion of the af-MFS95 gene led to a significant reduction in sodA/B/C/D expression,;
ultimately, this increased sensitivity to oxidative agents. ROS plays a dual role in fungal
biology: at low concentrations, it acts as a key signalling molecule involved in
physiological regulation; at high concentrations, its accumulation leads to DNA
damage, lipid peroxidation and protein oxidation *3* To maintain this balance, 4.
fumigatus has developed a multilayered antioxidant defense system comprising
superoxide dismutases (SODs), catalases (CATs), peroxidases (e.g., Prx1), thioredoxin
reductases (TrxR), and transcriptional regulators such as Yapl and Skn7 N[22,

However, the complex compensatory mechanisms that exist between antioxidant

enzyme systems mean that the regulation of ROS homeostasis is not a simple linear
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relationship. For example, the loss of OxrA heightens sensitivity to H>O» and elevates
intracellular ROS levels; however, this effect can be reversed by overexpression of
CAT family members (such as CatA or Catl) *1 suggesting the existence of a finely
tuned feedback regulatory network. In this study, the transcriptional levels of sod4-D
were significantly downregulated, and oxidative sensitivity increased; however, there
were no notable fluctuations in intracellular ROS levels. This occurrence of
"phenotypic-biochemical dissociation" implies that the oxidative stress defect resulting
from the af~-MFS95 deletion is not solely attributable to ROS accumulation. Instead, the
gene may regulate the expression of antioxidant enzyme genes through a non-ROS-
dependent pathway or mediate the oxidative stress response by influencing non-
oxidative damage repair mechanisms, such as Fe-S cluster maintenance and glutathione
pool homeostasis. Consequently, the role of af~MFS95 in the oxidative stress defense
of A. fumigatus may extend beyond the conventional focus on ROS scavenging,
involving more intricate cellular adaptive regulatory networks.

The Aaf-MFS95-recon failed to fully restore WT phenotype in experiments assessing
oxidative stress tolerance, osmotic stress response, and cell wall disruption. Moreover,
the transcriptional level of the af~MFS95 gene remained significantly lower in the
complemented strain compared to the WT, indicating inadequate expression of this
gene in the complemented strain. This deficiency may stem from positional effects due
to the random integration of the gene during the complemented process, partial
integration, or insufficient copy numbers. Given that a single gene often cannot
simultaneously regulate all relevant pathways, the degree of recovery observed in Aaf-
MFS95-recon varies across different stress conditions; for instance, it demonstrated
only partial recovery at a concentration of 5 mmol/L H>O> and in the presence of CR.
The oxidative stress induced by H20> and menadione is fundamentally distinct. H2O2
primarily generates peroxide stress, which can be mitigated through pathways such as
catalase and peroxidase ['8). In contrast, menadione predominantly produces superoxide
anions (O:") through the generation of ROS and may also cause ROS-independent

damage, such as protein alkylation **. Consequently, when the transcriptional level of
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the af~-MFS95 gene is low, H2O» levels are more likely to partially recover, while
menadione levels do not. This observation suggests that the af~MFS95 gene may play
a role in regulating catalase or the peroxide clearance pathway. CR-induced cell wall
stress demonstrates multifactorial effects; its growth-inhibitory action is linked not only
to PB-1,3-glucan binding but also to alterations in cell membrane permeability,
transporter-mediated drug influx and efflux, and the regulation of CR entry into cells
by cell surface polysaccharides, such as glycosaminoglycans (GAGs) [28],
Consequently, when the transcriptional level of the af~MFS95 gene is low in Aaf-
MF'S95-recon, partial recovery under CR stress may still occur due to improvements in
cell wall integrity or associated regulatory networks.

The expression of mbsA was significantly down-regulated in Aaf~-MFS95. MbsA
encodes a transcription factor of the APSES family that regulates biological processes
such as growth, morphogenesis, development, and secondary metabolism in A.
fumigatus 53, The deletion of mbsA results in weakened radial mycelial growth and
reduced conidial yield, indicating its crucial role in mycelial expansion and

(21 MbsA integrates growth, development, and stress responses by

proliferation
regulating abaA, rod4, CHS family genes, and the SakA pathway, establishing itself as
a key node for fungal environmental adaptation [?). Moreover, its regulatory role may
also act in concert with the selective translation mechanism of tef/ to help maintain
cellular stability under stress conditions. Furthermore, the expression levels of fIbA4 and
fIbD were significantly reduced. These genes are critical components of the
developmental activation pathway in Aspergillus, where they initiate conidiation by
activating the central regulatory gene br/4 within the Central Developmental Pathway
(CDP) 31, Bri4, which encodes a C2H2-type zinc finger protein, is a core regulatory
gene for asexual development 8], FIbA4, as a regulator of the G protein signaling
pathway (RGS protein), negatively regulates Ga subunits (such as fadA), therefore
influencing the activity of the cAMP-PKA pathway and playing a central role in fungal

development and stress responses “81. FIbD, a bZIP-type transcription factor, directly

regulates genes related to conidiation and functions under H»O» stress 348,
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Simultaneously, a significant reduction in nsdD expression was observed. NsdD
encodes a GATA-type transcription factor that downregulates briA4 as a repressor, thus
regulating the development and biosynthesis of secondary metabolites [423],
Therefore, based on the experimental findings, it is predicted that af~-MFS95 interacts
with specific transcription factors, functioning as a negative regulator of salt stress
tolerance and a positive regulator of oxidative stress tolerance in coordination with
antioxidant enzyme genes (sodA, sodB, sodC, sodD) in A. fumigatus, resulting in
increased tolerance of the Aaf~MFS95 strain to osmotic stress (NaCl, D-sorbitol), while
significantly impairing its growth under oxidative stress conditions (H2O2, menadione).
Although the initial hypothesis proposed that af~MFS95 might indirectly affect drug
resistance, our results showed no significant change in azole susceptibility. This
discrepancy may be due to the absence of specific stress conditions (e.g., combined
oxidative and drug stress) under which af~MFS95 could modulate drug resistance-
related genes, which requires further investigation.

Conclusion

In conclusion, based on these findings, af-MFS95 appears to play a crucial role in the
environmental adaptation and growth regulation of A. fumigatus. Future studies could
use techniques such as EMSA or ChIP-seq to determine whether af~MFS95 directly
influences the transcription of genes associated with oxidative and osmotic stress
responses. Further mechanistic insights may be obtained through transcriptomic,
proteomic, and metabolomic analyses conducted under stress conditions. Moreover, the
function of af-MFS95 within host-like environments could be validated using in vitro
co-culture systems and animal infection models.

Af-MFS95 is critical in maintaining fungal tolerance to oxidative stress and osmotic
fluctuations. However, it does not appear to influence sensitivity to azole antifungal
agents. Instead, it may regulate the expression of growth-associated proteins and

antioxidant enzymes.



433

434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454

455

456
457
458
459
460

Declarations

Ethics approval and consent to participate: Not applicable.

Consent for publication: Not applicable.

Availability of data and materials: The datasets used and/or analysed during the
current study are available from the corresponding author on reasonable request.
Competing interests: The authors declare that they have no competing interests.
Funding: This work was supported by the Jingzhou Science and Technology Plan
Project [grant numbers 2024HD34]; the Open Research Fund Program of the State Key
Laboratory of Virology of China [grant numbers 2023KF006]; the Yangtze University
Science and Technology Aid to Tibet Medical Talent Training Program Project [grant
numbers 2023YZ06]; the Key Research and Development program of Hubei Province
[grant numbers 2024BCB043]; the Natural Science Foundation of Hubei Province
[grant numbers 2024AFC034] and the Yangtze River Delta University Innovation
Training Programme [grant numbers Yz2023325].

Author contributions: All authors contributed to the research in this report. Individual
contributions are as follows: YS designed the study; JQX and ZPF developed and
optimised the model; MS and TYM performed the experiments and wrote the
manuscript; YPC and YZZ interpreted data and carried out statistical analyses.Y'S, HZ,
and JFT made the final critical revision for important intellectual content. All authors
approved the final version of the paper.

Acknowledgments: We thank everyone who contributed to the success of this research,

including colleagues, institutions, and funding bodies.

References:

[1] Binder, J., Shadkchan, Y., Osherov, N., & Krappmann, S. (2020). The Essential Thioredoxin
Reductase of the Human Pathogenic Mold Aspergillus fumigatus Is a Promising Antifungal Target
[Journal Article]. Frontiers in Microbiology, 11, 1383.

[2] Choi, Y., Jun, S., Lee, M., Yu, J., & Shin, K. (2021). Characterization of the mbsA Gene Encoding

a Putative APSES Transcription Factor in Aspergillus fumigatus [Journal Article]. International



461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

[11]

Journal of Molecular Sciences, 22(7)

Crameri, R., Faith, A., Hemmann, S., Jaussi, R., Ismail, C., Menz, G., & Blaser, K. (1996). Humoral
and cell-mediated autoimmunity in allergy to Aspergillus fumigatus [Comparative Study; Journal
Article; Research Support, Non-U.S. Gov't]. Journal of Experimental Medicine, 184(1), 265-270.
Culakova, H., Dzugasova, V., Gbelska, Y., & Subik, J. (2012). CTBT (7-chlorotetrazolo[5,1-
c]benzo[1,2,4]triazine) producing ROS affects growth and viability of filamentous fungi [Journal
Article; Research Support, Non-U.S. Gov't]. Fems Microbiology Letters, 328(2), 138-143.

Da Silva Ferreira, M. E., Kress, M. R. V. Z., Savoldi, M., Goldman, M. H. S., Hartl, A., Heinekamp,
T., Brakhage, A. A., & Goldman, G. H. (2006). The akuB(KU80) mutant deficient for
nonhomologous end joining is a powerful tool for analyzing pathogenicity in Aspergillus fumigatus
[Journal Article; Research Support, Non-U.S. Gov't]. Eukaryot Cell, 5(1), 207-211.

De Francesco, M. A. (2023). Drug-Resistant Aspergillus spp.: A Literature Review of Its Resistance
Mechanisms and Its Prevalence in Europe [Journal Article; Review]. Pathogens, 12(11)

Dickwella Widanage, M. C., Gautam, 1., Sarkar, D., Mentink-Vigier, F., Vermaas, J. V., Ding, S.,
Lipton, A. S., Fontaine, T., Latge, J., Wang, P., & Wang, T. (2024). Adaptative survival of
Aspergillus fumigatus to echinocandins arises from cell wall remodeling beyond beta-1,3-glucan
synthesis inhibition [Journal Article]. Nature Communications, 15(1), 6382.

Du, W., Zhai, P., Liu, S., Zhang, Y., & Lu, L. (2021). The Copper Chaperone CcsA, Coupled with
Superoxide Dismutase SodA, Mediates the Oxidative Stress Response in Aspergillus fumigatus
[Journal Article; Research Support, Non-U.S. Gov't]. Applied and Environmental Microbiology,
87(17), e101321.

Duran, R., Cary, J. W., & Calvo, A. M. (2010). Role of the osmotic stress regulatory pathway in
morphogenesis and secondary metabolism in filamentous fungi [Journal Article; Research Support,
Non-U.S. Gov't; Review]. Toxins, 2(4), 367-381.

Fan, Z., Yu, H., Guo, Q., He, D., Xue, B., Xie, X., Yokoyama, K., & Wang, L. (2016). Identification
and characterization of an anti-oxidative stress-associated mutant of Aspergillus fumigatus
transformed by Agrobacterium tumefaciens [Journal Article; Research Support, Non-U.S. Gov't].
Molecular Medicine Reports, 13(3), 2367-2376.

Furukawa, T., van Rhijn, N., Fraczek, M., Gsaller, F., Davies, E., Carr, P., Gago, S., Fortune-Grant,



490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

R., Rahman, S., Gilsenan, J. M., Houlder, E., Kowalski, C. H., Raj, S., Paul, S., Cook, P., Parker,
J. E., Kelly, S., Cramer, R. A., Latge, J., Moye-Rowley, S., Bignell, E., Bowyer, P., & Bromley, M.
J. (2020). The negative cofactor 2 complex is a key regulator of drug resistance in Aspergillus
fumigatus [Journal Article; Research Support, N.LH., Extramural; Research Support, Non-U.S.
Gov't]. Nature Communications, 11(1), 427.

Gong, X., Zhang, H., Cheng, W., He, Z., Ma, T., Chen, T., & Sun, Y. (2025). Aspergillus fumigatus
ctfl-a novel zinc finger transcription factor involved in azole resistance [Journal Article].
Mycology-an International Journal On Fungal Biology, 16(1), 266-279.

Guo, C., Luo, X,, Ying, S., & Feng, M. (2022). Differential Roles of Five Fluffy Genes (fIbA-fIbE)
in the Lifecycle In Vitro and In Vivo of the Insect-Pathogenic Fungus Beauveria bassiana [Journal
Article]. Journal of Fungi, 8(4)

Hagiwara, D., Watanabe, A., Kamei, K., & Goldman, G. H. (2016). Epidemiological and Genomic
Landscape of Azole Resistance Mechanisms in Aspergillus Fungi [Journal Article; Review].
Frontiers in Microbiology, 7, 1382.

Halloum, I., Al-Attrache, H., El-Ghoz, K., Hammoud, L., & Abdel-Razzak, Z. (2022). Dose-
dependent interaction of two heavy metals with amiodarone toxicity in Saccharomyces cerevisiae
[Journal Article]. Toxicology and Industrial Health, 38(5), 249-258.

Hamilton, A. J., Holdom, M. D., & Hay, R. J. (1995). Specific recognition of purified Cu,Zn
superoxide dismutase from Aspergillus fumigatus by immune human sera [Journal Article;
Research Support, Non-U.S. Gov't]. Journal of Clinical Microbiology, 33(2), 495-496.

Holdom, M. D., Lechenne, B., Hay, R. J., Hamilton, A. J., & Monod, M. (2000). Production and
characterization of recombinant Aspergillus fumigatus Cu,Zn superoxide dismutase and its
recognition by immune human sera [Journal Article; Research Support, Non-U.S. Gov't]. Journal
of Clinical Microbiology, 38(2), 558-562.

James, M. R., Doss, K. E., & Cramer, R. A. (2024). New developments in Aspergillus fumigatus
and host reactive oxygen species responses [Journal Article; Review]. Current Opinion in
Microbiology, 80, 102521.

Kitamoto, N., Matsui, J., Kawai, Y., Kato, A., Yoshino, S., Ohmiya, K., & Tsukagoshi, N. (1998).

Utilization of the TEFI-alpha gene (TEF1) promoter for expression of polygalacturonase genes,



519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546

(20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

pgad and pgaB, in Aspergillus oryzae [Journal Article]. Applied Microbiology and Biotechnology,
50(1), 85-92.

Koga-Ito, C. Y., Lyon, J. P., & Resende, M. A. D. (2008). Comparison between E-test and CLSI
broth microdilution method for antifungal susceptibility testing of Candida albicans oral isolates
[Comparative Study; Journal Article; Research Support, Non-U.S. Gov't]. Revista Do Instituto De
Medicina Tropical De Sao Paulo, 50(1), 7-10.

K Redhu, A., Shah, A. H., & Prasad, R. (2016). MFS transporters of Candida species and their role
in clinical drug resistance [Journal Article; Review]. Fems Yeast Research, 16(4)

Lambou, K., Lamarre, C., Beau, R., Dufour, N., & Latge, J. (2010). Functional analysis of the
superoxide dismutase family in Aspergillus fumigatus [Journal Article; Research Support, Non-
U.S. Gov't]. Molecular Microbiology, 75(4), 910-923.

Law, C. J., Maloney, P. C., & Wang, D. (2008). Ins and outs of major facilitator superfamily
antiporters [Journal Article; Research Support, N.I.LH., Extramural; Review]. Annual Review of
Microbiology, 62, 289-305.

Lee, M., Kwon, N., Choi, J. M., Lee, 1., Jung, S., & Yu, J. (2014). NsdD is a key repressor of asexual
development in Aspergillus nidulans [Journal Article; Research Support, Non-U.S. Gov't].
Genetics, 197(1), 159-173.

Lee, M., Kwon, N., Lee, L., Jung, S., Kim, S., & Yu, J. (2016). Negative regulation and
developmental competence in Aspergillus [Journal Article; Research Support, Non-U.S. Gov't].
Scientific Reports, 6, 28874.

Liu, H., Lin, J., Phan, Q. T., Bruno, V. M., & Filler, S. G. (2024). Epidermal Growth Factor
Receptor Signaling Governs the Host Inflammatory Response to Invasive Aspergillosis [Journal
Article; Preprint]. Biorxiv

Liu LY, Liao WZ, Zhang H, Gao LJ, Li LY, Sun Y. 2022. Potential contribution of FADB to drug
resistance in  Aspergillus  fumigatus. Mycosystema. 41(4):561-569. doi: 10.13346/.
mycosystema.210326 . Chinese.

Liu, Z., Raj, S., van Rhijn, N., Fraczek, M., Michel, J., Sismeiro, O., Legendre, R., Varet, H.,

Fontaine, T., Bromley, M., & Latge, J. (2021). Functional Genomic and Biochemical Analysis



547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Reveals Pleiotropic Effect of Congo Red on Aspergillus fumigatus [Journal Article; Research
Support, Non-U.S. Gov't]. Mbio, 12(3).

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time
quantitative PCR and the 2(-Delta Delta C(T)) Method [Journal Article]. Methods, 25(4), 402-408.
Ma DM, Ji YJ, Yang F, Liu W, Wan Z, Li RY. 2012. The effect of extra copies of shol or pbs2
gene on the adaptive ability of Aspergillus fumigatus to several stresses. Chinese J Mycol. 7:193—
198. in Chinese.

Ma, Y., Qiao, J., Liu, W., & Li, R. (2009). [Effect of shol gene of Aspergillus fumigatus on
adaptation to osmotic pressure and on sensitivity of antifungal drugs] [Journal Article; Research
Support, N.ILH., Extramural]. Beijing Da Xue Xue Bao Yi Xue Ban, 41(2), 162-167.

Matheny, P. B., Wang, Z., Binder, M., Curtis, J. M., Lim, Y. W., Nilsson, R. H., Hughes, K. W.,
Hofstetter, V., Ammirati, J. F., Schoch, C. L., Langer, E., Langer, G., McLaughlin, D. J., Wilson,
A. W., Froslev, T., Ge, Z., Kerrigan, R. W, Slot, J. C., Yang, Z., Baroni, T. J., Fischer, M., Hosaka,
K., Matsuura, K., Seidl, M. T., Vauras, J., & Hibbett, D. S. (2007). Contributions of #pb2 and tef]
to the phylogeny of mushrooms and allies (Basidiomycota, Fungi) [Journal Article; Research
Support, U.S. Gov't, Non-P.H.S.]. Molecular Phylogenetics and Evolution, 43(2), 430-451.
Mendoza-Martinez, A. E., Cano-Dominguez, N., & Aguirre, J. (2020). Yap! homologs mediate
more than the redox regulation of the antioxidant response in filamentous fungi [Journal Article;
Research Support, Non-U.S. Gov't]. Fungal Biology, 124(5), 253-262.

Meneau, 1., Coste, A. T., & Sanglard, D. (2016). Identification of Aspergillus fumigatus multidrug
transporter genes and their potential involvement in antifungal resistance [Journal Article]. Medical
Mycology, 54(6), 616-627.

Pao, S. S., Paulsen, 1. T., & Saier, M. H. J. (1998). Major facilitator superfamily [Journal Article;
Research Support, Non-U.S. Gov't; Research Support, U.S. Gov't, P.H.S.; Review]. Microbiology
and Molecular Biology Reviews, 62(1), 1-34.

Pasula, S., & Chandrasekar, P. H. (2021). Azole resistance in Aspergillus species: promising
therapeutic options [Journal Article]. Expert Opinion On Pharmacotherapy, 22(15), 2071-2078.
Perez-Cantero, A., Lopez-Fernandez, L., Guarro, J., & Capilla, J. (2020). Azole resistance

mechanisms in Aspergillus: update and recent advances [Journal Article; Review]. International



576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Journal of Antimicrobial Agents, 55(1), 105807.

Perlin, D. S., Shor, E., & Zhao, Y. (2015). Update on Antifungal Drug Resistance [Journal Article].
Current Clinical Microbiology Reports, 2(2), 84-95.

Rocha, M. C., de Godoy, K. F., Bannitz-Fernandes, R., Fabri, J. H. T. M., Barbosa, M. M. F., de
Castro, P. A., Almeida, F., Goldman, G. H., Da Cunha, A. F., Netto, L. E. S., de Oliveira, M. A., &
Malavazi, I. (2018). Analyses of the three 1-Cys Peroxiredoxins from Aspergillus fumigatus reveal
that cytosolic Prx/ is central to H»O, metabolism and virulence [Journal Article; Research Support,
Non-U.S. Gov't]. Scientific Reports, 8(1), 12314.

Schwienbacher, M., Israel, L., Heesemann, J., & Ebel, F. (2005). Asp f6, an Aspergillus allergen
specifically recognized by IgE from patients with allergic bronchopulmonary aspergillosis, is
differentially expressed during germination [Journal Article; Research Support, Non-U.S. Gov't].
Allergy, 60(11), 1430-1435.

Shields, H. J., Traa, A., & Van Raamsdonk, J. M. (2021). Beneficial and Detrimental Effects of
Reactive Oxygen Species on Lifespan: A Comprehensive Review of Comparative and
Experimental Studies [Journal Article; Review]. Frontiers in Cell and Developmental Biology, 9,
628157.

Sipos, G., & Kuchler, K. (2006). Fungal ATP-binding cassette (ABC) transporters in drug
resistance & detoxification [Journal Article; Research Support, Non-U.S. Gov't; Review]. Current
Drug Targets, 7(4), 471-481.

So, Y., Jang, J., Park, G., Xu, J., Olszewski, M. A., & Bahn, Y. (2018). Shol and Msb2 Play
Complementary but Distinct Roles in Stress Responses, Sexual Differentiation, and Pathogenicity
of Cryptococcus neoformans [Journal Article]. Frontiers in Microbiology, 9, 2958.

Staerck, C., Gastebois, A., Vandeputte, P., Calenda, A., Larcher, G., Gillmann, L., Papon, N.,
Bouchara, J., & Fleury, M. J. J. (2017). Microbial antioxidant defense enzymes [Journal Article;
Review]. Microbial Pathogenesis, 110, 56-65.

Tan, C., Jiang, S., Zhai, H., Hu, Q., Liu, C., Sun, Y., & Gao, L. (2025). Exploring the role and
mechanisms of the PMA gene in Aspergillus fumigatus [Journal Article]. Mycology-an
International Journal On Fungal Biology, 16(1), 280-292.

Tan, J., Zhang, H., Sun, Y., & Gao, L. (2023). Afu-Emil Contributes to Stress Adaptation and



605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Voriconazole Susceptibility in Aspergillus fumigatus [Journal Article; Research Support, Non-U.S.
Gov't]. Microbiology Spectrum, 11(3), €95623.

Wang, W., Chen, H., Chen, S., & Lan, C. (2024). Transcriptional profiling reveals the role of
Candida albicans Rap1 in oxidative stress response [Journal Article]. Bioscience Reports, 44(12)
Wieser, J., & Adams, T. H. (1995). fIbD encodes a Myb-like DNA-binding protein that coordinates
initiation of Aspergillus nidulans conidiophore development [Journal Article; Research Support,
U.S. Gov't, Non-P.H.S.; Research Support, U.S. Gov't, P.H.S.]. Genes & Development, 9(4), 491-
502.

Yang, Y., & Guo, Y. (2018). Unraveling salt stress signaling in plants [Journal Article; Review].
Journal of Integrative Plant Biology, 60(9), 796-804.

Zhai, P., Shi, L., Zhong, G., Jiang, J., Zhou, J., Chen, X., Dong, G., Zhang, L., Li, R., & Song, J.
(2021). The OxrA Protein of Aspergillus fumigatus Is Required for the Oxidative Stress Response
and Fungal Pathogenesis [Journal Article; Research Support, Non-U.S. Gov't]. Applied and
Environmental Microbiology, 87(22), e112021.

Zhao, C., Fraczek, M. G., Dineen, L., Lebedinec, R., Macheleidt, J., Heinekamp, T., Delneri, D.,
Bowyer, P., Brakhage, A. A., & Bromley, M. (2019). High-Throughput Gene Replacement in
Aspergillus fumigatus [Journal Article; Research Support, Non-U.S. Gov't]. Curr Protoc Microbiol,
54(1), e88.

Zhao, S., Zhang, Q., Liu, M., Zhou, H., Ma, C., & Wang, P. (2021). Regulation of Plant Responses
to Salt Stress [Journal Article; Review]. International Journal of Molecular Sciences, 22(9)

Zhao, Y., Su, H., Zhou, J., Feng, H., Zhang, K., & Yang, J. (2015). The APSES family proteins in
fungi: Characterizations, evolution and functions [Journal Article; Research Support, Non-U.S.
Gov't; Review]. Fungal Genetics and Biology, 81, 271-280.

Zhou, Y., Lv, H., Li, H,, Li, J,, Yan, Y., Liu, F., Hao, W., Zhou, Z., Wang, P., & Zhou, S. (2021).
Nitroreductase Increases Menadione-Mediated Oxidative Stress in Aspergillus nidulans [Journal
Article; Research Support, Non-U.S. Gov't]. Applied and Environmental Microbiology, 87(24),
el175821.

Zhu, G., Fu, M., Zhang, Y., & Lu, L. (2024). A ubiquitin-mediated post-translational degradation

of Cyp51A contributes to a novel azole resistance mode in Aspergillus fumigatus [Journal Article].



634
635

636

637

638
639

640
641
642

643
644

Microbiological Research, 289, 127891.
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Figure 1. The location of the primer used to confirm the transformants.
a: Construction of the af~-MFS95 knockout mutant strain. b: Construction of the af~-MFS95

complemented strain.
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Figure 2. Schematic structure of A. fumigatus's af-MFS95 gene
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Figure 3. Gel electrophoresis for validation of 4. fumigatus's transduction candidate.

Note: White boxes highlight lanes relevant to the main analysis. Lanes outside the white boxes

contain data not pertinent to the current study. Lane M represents the DNA marker. Lanes 1 and 2

show amplification of the gene knockout verification band (~1700 bp) using primers P1+DIAO-R

and P4+DIAO-F on DNA from Aaf~MFS95. Lane 3 shows amplification of the pyrG fragment

(~700 bp) with primers pyrG-F and pyrG-R. Lane 4 shows amplification with AIM-yz-R and AIM-

yz-F, shows no detectable band (0 bp) from Aaf-MFS95, confirming deletion of the af~MFS95 gene.

Lanes 5 and 7 indicate amplification of the #ph complemented verification fragment (~600 bp) using

primers HPH-FI/HPH-R1 and HPH-F2/HPH-R2 on DNA from Aaf-MFS95-recon. Lane 8,

amplified with AIM-yz-R and AIM-yz-F from Aaf~-MFS95-recon, produces a band (~1000 bp),

confirming restoration of the af~MFS95 gene. Representative gel images are shown.
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Figure 4. The results of the E-test.

Note: POS: Posaconazole; ITR: Itraconazole; VOR Voriconazole.
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Figure 5. Results of the oxidative stress test.
Note: a: Histogram of the percentage differences in colony diameters for WT, Aaf~MFS95, and Aaf-
MFS95-recon in the presence of different concentrations of H,O». Statistical analysis was performed
using two-way ANOVA with Tukey’s test for multiple comparisons. b: Comparison of colony
diameters between WT, Aaf~-MFS95, and Aaf~-MFS95-recon in different H,O» concentrations. c:

Histogram of the percentage differences in colony diameters for WT, Aaf~MFS95, and Aaf~-MFS95-

2
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recon in the presence of different concentrations of menadione. Statistical analysis was performed
using two-way ANOVA with Tukey's test for multiple comparisons. d: Comparison of colony
diameters between WT, Aaf~-MFS95, and Aaf~-MFS95-recon in the presence of different
concentrations of menadione. e: Histogram showing af~MFS95 expression levels in WT and Aaf-
MFS95-recon under different concentrations of menadione. Statistical analysis was performed using
a one-tailed, paired t test compared to the control condition. **** P < 0.0001; **P < 0.01; *P <

0.05; ns, P> 0.05.
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Figure 6. Results of the osmotic pressure test.

Note: a: Histogram of the percentage difference in the colony diameters of WT, Aaf~-MFS95, and
Aaf-MFS95-recon in the presence of NaCl and D-sorbitol. Statistical analysis was performed using
two-way ANOVA with Tukey's test for multiple comparisons. b: Comparison of colony diameters
for WT, Aaf-MFS95, and Aaf-MFS95-recon in the presence of NaCl and D-sorbitol. c: Histogram
showing af-MFS95 expression levels in WT and Aaf~-MFS95-recon under NaCl and D-sorbitol
treatment. Statistical analysis was performed using a one-tailed, paired t test compared to the control

condition. **** P<(.0001; *P <0.05; ns, P> 0.05.
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Figure 7. Result of metal ion interference test.

Note: a: Histogram of the percentage difference in the colony diameters of WT, Aaf~-MFS95, and
Aaf-MFS95-recon in the presence of Fex(SO4)3 and ZnSOs. Statistical analysis was performed using
two-way ANOVA with Tukey's test for multiple comparisons. b: Comparison of colony diameters

for WT, Aaf~-MFS95 and Aaf-MFS95-recon in the presence of Fex(SO4)3 and ZnSOs. ns, P > 0.05.
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Figure 8. Result of Cell wall disruptor test.
Note: a: Histogram showing the percentage difference in the colony diameters of WT, Aaf~-MFS95,
and Aaf-MFS95-recon following exposure to Congo red.Statistical analysis was performed using

two-way ANOVA with Tukey's test for multiple comparisons. b: Comparison of colony diameters



697  for WT, Aaf-MFS95, and Aaf~MFS95-recon in the presence of Congo red. c: Histogram of af-
698  MFS95 gene expression levels in WT and Aaf-MFS95-recon in the presence of Congo red.

699  Statistical analysis was performed using a one-tailed, paired t test compared to the control condition.

700  **¥* p<(0.0001, ** P<0.01;ns, P> 0.05.
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703 Figure 9. Results of intracellular ROS levels.

704  Note: Statistical analysis was performed using two-way ANOVA with Tukey's test for multiple

705  comparisons. ns, P> 0.05.
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708 Figure 10. Histogram of gene expression levels related to growth and development in WT and

709  Aaf-MFS95.
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