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Abstract

Fusarium verticillioides is a significant agricultural pathogen and an emerging causative
agent of invasive fusariosis in clinical settings. Fusarium species frequently exhibit resistance
to available antifungal agents, yet the molecular mechanisms underlying azole resistance
remain poorly characterized. In this study, we identified the Zn(II)2Cys6 transcription
factor FvADS-1 as a positive regulator of the azole stress response in F. verticillioides.
The transcription of FvADS-1 was significantly induced by ketoconazole (KTC), and its
deletion increased susceptibility to multiple azole compounds. Mechanistically, FvADS-
1 positively regulates the KTC-induced expression of genes encoding ABC transporters
and ergosterol biosynthesis enzymes, thereby modulating intracellular KTC accumulation
and sterol homeostasis under azole stress. Furthermore, FvADS-1 positively regulates
the transcriptional response of peroxisomal genes and contributes to fungal tolerance to
oxidative stress. Notably, deletion of FvADS-1 attenuates the virulence of F. verticillioides
on maize. The function of ADS-1 is evolutionarily conserved: heterologous expression of
N. crassa ads-1 restored azole resistance in FvADS-1 deletion mutant, and the deletion of
the F. oxysporum homolog FoADS-1 similarly increased azole susceptibility. Collectively,
our study demonstrates that the conserved transcription factor ADS-1 plays a central role
in regulating azole resistance and virulence in the pathogen F. verticillioides, offering new
insights into antifungal resistance mechanisms in pathogenic filamentous fungi.

Keywords: FvADS-1; Fusarium verticillioides; azoles; drug efflux; ergosterol synthesis

1. Introduction
Fusarium verticillioides is a major fungal pathogen in agriculture, primarily responsible

for stalk and ear rot in maize [1]. Fusarium stalk rot typically reduces maize yield by approx-
imately 10%, with losses escalating to 30–50% in severely affected regions [2]. Beyond yield
reduction, infection leads to the accumulation of fumonisins—mycotoxins produced by
F. verticillioides—within kernels, posing serious health risks to humans and livestock [3–6].
Furthermore, F. verticillioides is an emerging human pathogen, causing invasive fusariosis
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with high mortality in immunocompromised patients [7–11]. As one of the most prevalent
and virulent Fusarium species, its global incidence is increasing. Effective management of
Fusarium infections remains challenging, largely due to the limited availability of antifun-
gal agents and the rising prevalence of antifungal resistance. Therefore, elucidating the
molecular mechanisms of antifungal resistance in F. verticillioides is crucial for controlling
these infections.

Azoles, such as ketoconazole and voriconazole in clinical settings and triadimefon in
agriculture, are the most widely used antifungals. They function by inhibiting ergosterol
biosynthesis via targeting lanosterol 14α-demethylase (ERG11/Cyp51A), an essential cy-
tochrome P450 enzyme required for fungal cell membrane integrity [12–14]. Azoles serve as
first-line therapy against Fusarium infections. Their agricultural use spans over twenty-five
years, representing a significant era in crop protection [15]. Clinically, posaconazole has
been successfully employed to treat Fusarium infections [16]. However, Fusarium species
frequently develop resistance to available antifungals [9,17].

Fungal azole resistance can be broadly categorized into two interconnected layers:
(i) basal (intrinsic) resistance, which reflects the constitutive ability to tolerate the drug
prior to exposure, often mediated by pre-existing cellular structures and constitutive ex-
pression of defense proteins; and (ii) azole-induced adaptive responses, which involve
the rapid transcriptional and metabolic reprogramming triggered by drug stress and are
a prerequisite for acquiring full resistance [18–20]. The azole-induced adaptive response
processes are mediated by transcription factors such as Zn(II)2Cys6 regulators [21,22]. Iden-
tifying transcription factors that govern azole-induced responses is therefore valuable for
deciphering resistance mechanisms and formulating rational therapeutic strategies. Never-
theless, only a limited number of transcription factors have been functionally characterized
in Fusarium species [23,24]. Among these, only FgSR, FgAtrR, FgCrz1 and FgCreA in
F. graminearum have been demonstrated to mediate azole resistance [25–28]. Knowledge in
this area remains particularly scarce for the dual-host pathogen F. verticillioides.

In this study, transcriptomic analysis of F. verticillioides wild-type strain under azole
stress revealed that the Zn(II)2Cys6 transcription factor FvADS-1 is highly induced and
functions as a key regulator of fungal azole susceptibility, oxidative stress response, and vir-
ulence. FvADS-1 modulates drug efflux, ergosterol synthesis, and peroxisome function of
the adaptive transcriptional response. The role of ADS-1 is evolutionarily conserved: both
Neurospora crassa ads-1 and F. verticillioides FvADS-1 complemented the azole-hypersensitive
phenotype of the FvADS-1 knockout mutant, while deletion of FoADS-1 in Fusarium oxyspo-
rum similarly resulted in azole hypersensitivity. Taken together, our findings demonstrate
that FvADS-1 plays a central role in the azole stress response by regulating drug efflux and
ergosterol biosynthesis in F. verticillioides.

2. Materials and Methods
2.1. Strains and Growth Conditions

All strains utilized in this study are detailed in Table S1. PDA medium (2% (w/v)
glucose, 20% (w/v) potato infusion, 1.5% (w/v) agar) was used for routine maintenance
and antifungal susceptibility assays. YPD medium (2% (w/v) glucose, 2% (w/v) peptone,
1% (w/v) yeast extract) was used for preparing Fusarium samples for RNA, sterols, and
ketoconazole extraction. Regeneration medium (0.1% (w/v) yeast extract, 0.1% (w/v) casein
enzyme hydrolysate, 0.8 M sucrose, 1.6% agar) was used for protoplast transformation [29].
Antifungal compounds were added as needed. All cultures were incubated at 28 ◦C.
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2.2. Deletion of FvADS-1 in F. verticillioides

F. verticillioides FVEG_06682 (FvADS-1) knockout mutant was generated by gene re-
placement via homologous recombination using the HygB resistance gene as a selective
marker [30]. Primer pairs Fv06682_Pro_F/Fv06682_Pro_R and Fv06682_Ter_F/Fv06682_Ter_R
were used to amplify the upstream and downstream flanking regions of FvADS-1
gene, respectively (Table S2). The fragment of HygB was amplified using primers
Fv06682_Hyg_F/Fv06682_Hyg_R (Table S2). The above three DNA fragments were fused
by fusion PCR, then inserted into pKSII plasmid digested with KpnI and BamHI [31]. The
obtained plasmid was linearized and transformed into F. verticillioides wild-type strain by
protoplast transformation, as reported previously [30]. The transformants were screened
on PDA medium with Hygromycin B and verified by PCR.

2.3. Complementation of FvADS-1 Knockout Mutant

The complementary strain of FvADS-1 knockout mutant was constructed using the
Geneticin (GenR) resistance gene as a selective marker [30,32]. Firstly, a 4682 bp fragment
containing the FVEG_06682 coding sequence (2271bp), 1284 bp upstream region and
1127 bp downstream region was amplified using primers Fvads-1-pKN-ol-F/Fvads-1-pKN-
ol-R (Table S2). The fragment was then inserted into pKN plasmid via in-fusion cloning
with Clone Express®II One Step Cloning Kit (Vazyme, Nanjing, China), resulting in the
complementary plasmid pKN-Fvads1-com. For complementation, pKN-Fvads1-com was
then transformed into FvADS-1 knockout mutant. The transformants were screened on
PDA medium with Geneticin and verified by PCR.

2.4. Complementation of FvADS-1 Knockout Mutant with N. crassa ads-1

The coding sequence of N. crassa ads-1 (NCU08899) gene was also used to complement
FvADS-1 knockout mutant. Briefly, primer pairs Fvads-1-pro-ol-F/Fvads-1-pro-ol-R and
Fvads-1-ter-ol-F/Fvads-1-ter-ol-R were used to amplify the upstream and downstream
regions of FvADS-1 gene, respectively (Table S2). The fragment of N. crassa ads-1 gene
coding sequence was amplified using primers Ncads-1-com-F/Ncads-1-com-R (Table S2).
The three DNA fragments were then inserted into pKN plasmid digested with EcoRI
and HindIII via in-fusion cloning with Clone ExpressTM MultiS One Step Cloning Kit
(Vazyme, Nanjing, China), resulting in complementary plasmid pKN-Ncads-1-com. The
constructed plasmid was then transformed into FvADS-1 knockout mutant by protoplast
transformation, as reported previously [30]. The transformants were screened on PDA
medium with Geneticin and verified by PCR.

2.5. Deletion of FoADS-1 in F. oxysporum

Knockout mutant FOXG_09079 in F. oxysporum (FoADS-1) was generated by gene
replacement via double homologous recombination using HygB (Hygromycin B resistance
gene) as a selectable marker [30]. Briefly, primer pairs upFOXG-09079-F/upFOXG-09079-
R and downFO09079-F/downFO09079-R were used to amplify the upstream promoter
and downstream terminator fragments of FoADS-1 gene, respectively (Table S2). HygB
fragment was amplified using primer pair FO09079Hyg_F/FO09079Hyg_R (Table S2). The
three DNA fragments were then fused by fusion PCR and the obtained fragment was
transformed into F. oxysporum wild-type strain by protoplast transformation, as reported
previously [30]. The transformants were screened on PDA medium with Hygromycin B
and verified by PCR.
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2.6. Antifungal Sensitivity Test

Antifungal sensitivity test was conducted as reported previously [33]. Based on pub-
lished Fusarium susceptibility data, sub-inhibitory yet relevant azole concentrations were
used throughout this study, including in all RNA-seq and qRT-PCR assays [20,34,35]. After
being grown in PDA plates for 7 days, conidia of Fusarium strains were harvested with
2 mL of sterile 0.05% Tween 20. The concentration of the conidia suspension was then
adjusted and diluted to 107, 106, 105 and 104 conidia per mL. Two microliters of conidial
suspensions were inoculated onto PDA agar plates (diameter, 15 cm) with or without anti-
fungal azoles. All plates were cultured at 28 ◦C. Ketoconazole (Sigma, St. Louis, MO, USA,
KTC) and Voriconazole (Sigma, St. Louis, MO, USA, VRC) were dissolved in dimethylsul-
foxide (DMSO) and their final concentrations for F. verticillioides were respectively 0.8 and
0.8 µg/mL, while those for F. oxysporum were respectively 20 and 2 µg/mL. Triadimefon
(aladdin, Shanghai, China, TRA) was dissolved in isopropanol and its working concentra-
tions for F. verticillioides was 12 µg/mL, while that for F. oxysporum was 30 µg/mL. The
experiment was repeated three times independently.

2.7. RNA Extraction and qRT-PCR Analysis

For F. verticillioides, 107 conidia were inoculated in YPD liquid medium and cultured
at 28 ◦C with shaking (200 rpm) for 20 h. Then, the mycelia were treated with or without
2 µg/mL KTC for 16 h. After harvest, the mycelia were finely grounded into powder in
liquid nitrogen. RNA was extracted according to the standard TRIzol method (Invitrogen,
Carlsbad, CA, USA) and reversely transcribed into cDNA using FastQuant RT Kit (with
gDNase) (TIANGEN, Bejing, China). Quantitative real-time polymerase chain reaction
(qRT-PCR) was performed on a CFX96 multicolor real-time PCR detection system (Bio-Rad,
Hercules, CA, USA) with SYBR green detection (ChamQ Universal SYBR qPCR Master Mix,
Vazyme, Nanjing, China). The expression of a specific gene was calculated as the relative
expression to its transcript level in wild-type (FvWT) without KTC treatment according
to 2−∆∆Ct method [36]. Gene-specific primers are shown in Table S3. The experiment was
repeated three times independently.

2.8. RNA-Seq and Data Analysis

Transcriptomic profiles of the F. verticillioides wild-type and FvADS-1KO strains, ei-
ther treated with or without KTC, were analyzed by high-throughput RNA sequencing
(RNA-seq). Sample preparation and total RNA extraction were performed as described
under “RNA extraction and qRT-PCR analysis” above. Transcriptomic profiling was per-
formed with two independent biological replicates per condition, which represents a
standard and accepted design for detecting robust transcriptional changes in fungal stress
response studies. Total RNA was subjected to the DNBSEQ platform for RNA-seq and
data processing. The reference genome of F. verticillioides was obtained from FungiDB
(https://fungidb.org/fungidb/app/record/dataset/NCBITAXON_334819, accessed on
28 November 2023). Genes with FPKM values <10 across all samples were removed as
low-abundance transcripts to reduce noise. Differentially expressed genes (DEGs) were
defined as those exhibiting a ≥1.5-fold change (up- or down-regulation) between compared
conditions, a commonly used threshold for identifying biologically relevant transcriptional
changes in fungal systems [37]. Heatmap construction was performed with TBtools v2.372.
GO, KEGG, and functional categories enrichment analysis were performed on DAVID.

2.9. Extraction and Analysis of Sterols and Ketoconazole

Samples for sterols and ketoconazole analysis were prepared as those for RNA ex-
traction. After harvest, the mycelia were heat-dried at 80 ◦C and grounded into fine
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powder. Intracellular sterols and ketoconazole were extracted by chloroform and ana-
lyzed by HPLC-MS as previously reported, using ergosterol (J&K Scientific Ltd., Bejing,
China) and ketoconazole (Sigma) as standards [38]. This experiment was performed
twice independently.

2.10. Virulence Assay of F. verticillioides on Maize

Plants of maize cultivar B73 were used for virulence assay. Maize seeds were surface
disinfected in 100% bleach (6.15% sodium hypochlorite) for 10 min, washed twice with
sterile water and soaked in sterile water for about 4 h [39]. The seeds were then internally
sterilized by placing them at 60 ◦C for 5 min [40]. In order to obtain obvious symptoms,
maize seedlings with one set of true leaves and 10–15 cm long tap roots were used for
pathogen inoculation. Conidia of F. verticillioides were collected from 7-day-old PDA plates
by flooding the surface with 2 mL sterile distilled water and adjusted to 104 conidia/mL
with sterile distilled water. For inoculation, surface-sterilized maize roots were immersed
in conidial suspensions of F. verticillioides for 30 min (experimental group), while water
treatment served as the control. Seedlings were then planted in plastic pots (13 cm diameter)
containing twice-autoclaved soil. Each pot contained 8 seedlings, and five replicates were
applied for each treatment [41,42]. The pots were watered as needed during the assay,
and the assay was performed under environmental conditions that cycled between 30 ◦C
(14 h day) and 20 ◦C (10 h night).

The number of surviving seedlings, wet and dry weights, diameter of stalks and height
of seedlings were documented for each treatment after 10 days of planting. The disease
incidence was represented as the mean with standard deviation.

3. Results
3.1. Genome-Wide Transcriptional Response of Fusarium verticillioides to Azole Stress

To investigate the transcriptional adaptation of F. verticillioides to azole stress, genome-
wide RNA-seq analysis was performed. A total of 15,903 transcripts were detected. After
filtering out genes with FPKM values below 10 across all samples, 6750 genes were retained
for further analysis (Supplemental File S1).

Ketoconazole (KTC) treatment induced the upregulation of 1131 genes and down-
regulation of 596 genes (Figure 1A, Supplemental Files S2 and S3). Gene Ontology
(GO) and KEGG pathway enrichment analyses revealed that upregulated genes were
primarily associated with ergosterol biosynthesis, ABC transporters, and peroxisomal
function (Figures 1B and S1A). Downregulated genes were enriched in metabolic path-
ways (e.g., tricarboxylic acid cycle, negative regulation of gluconeogenesis) and protein
homeostasis processes (e.g., misfolded/unfolded protein binding, protein dimerization)
(Figures 1C and S1B). These findings suggest that F. verticillioides adapts to azole-induced
sterol biosynthesis inhibition by upregulating sterol biosynthetic and drug efflux genes
while suppressing metabolic and translational activity. This response aligns with mech-
anisms reported in other fungi, including N. crassa, Aspergillus fumigatus, Saccharomyces
cerevisiae, and Candida albicans [37,43–47], indicating different fungi may cope with azole
stress using a similar strategy.

Given the central role of transcription factors (TFs) in regulating gene expression, we
identified TFs among the KTC-responsive genes. GO enrichment analysis of upregulated
genes revealed ten significantly enriched TFs (Figure 1B, Table 1). All identified TFs
possess homologs in Fusarium species, and several are highly conserved across filamentous
fungi, including N. crassa and A. fumigatus (Table 1). Notably, the protein encoded by
FVEG_06682 and its homologs showed a universally conserved response to azoles across
all mentioned fungal species above. This protein showed high conservation with ADS-1
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(NCU08899) from N. crassa OR74A (36% sequence identity [235/648] and 52% sequence
similarity [341/648]) and was designated FvADS-1. ADS-1 is a transcription factor essential
for fungal responses to azole stress by regulating drug efflux and ergosterol metabolism
in N. crassa and Aspergillus flavus [37]. Consequently, this study focuses on elucidating
the function and underlying molecular mechanisms of FVEG_06682 in mediating azole
stress responses.

Figure 1. Characterization of azole-responsive genes in FvWT and Gene Ontology (GO) enrichment
analysis. (A) Heatmap of differential gene expression. Transcriptional profiles of FvWT strain under
control (FvWT C) and ketoconazole-treated (FvWT K) conditions are shown. Log-transformed and
scaled average FPKM values were used for heatmap construction, visualized with TBtools. (B,C) GO
enrichment analysis of KTC-upregulated genes (B) and KTC-downregulated genes (C). Processes with
a significance of p < 0.05 are shown. Gene counts are represented by bar charts, and the percentage of
genes associated with each term is represented by a line chart.

https://doi.org/10.3390/jof12020157

https://doi.org/10.3390/jof12020157


J. Fungi 2026, 12, 157 7 of 25

Table 1. Differentially expressed transcription factors in FvWT strain under KTC stress, identified by RNA-seq analysis.

Locus a Fun-Anno b FPKM c

FvWT
FPKM c

FvWTK
Fold d

(FvWTK/FvWT)

N. crassa
OR74A
Homolog

Azole
Responsive
[20]

A. fumigatus
Af293
Homolog

Azole
Responsive
[43,48]

A. fumigatus
A1163
Homolog

Azole
Responsive
[49]

F. graminearum
PH-1 Homolog

Azole
Responsive
[28,50]

FVEG_17328 hypothetical protein 5.59 16.92 3.03 NCU03931 NO AFUA_3G00930 Up AFUB_092100 UP FGSG_09464 NO
FVEG_00309 hypothetical protein 12.51 18.96 1.52 NCU03686 NO AFUA_6G14150 NO AFUB_044930 NO FGSG_11736 NO
FVEG_03527 hypothetical protein 3.62 13.63 3.77 NCU10597 Up AFUA_5G09890 NO AFUB_000040 NO FGSG_04873 Up
FVEG_15459 hypothetical protein 7.92 50.33 6.36 NCU08594 Up AFUA_5G09890 NO AFUB_000040 NO FGSG_05332 NO
FVEG_04360 hypothetical protein 12.09 21.08 1.74 N.A. N.A. N.A. FGSG_07834 NO
FVEG_10357 hypothetical protein 2.23 6.52 2.92 NCU09549 NO AFUA_8G07000 NO AFUB_080790 NO FGSG_04170 NO
FVEG_10599 hypothetical protein 1.83 49.20 26.96 NCU12126 Up AFUA_3G03315 NO AFUB_044930 NO FGSG_12584 NO
FVEG_00760 hypothetical protein 7.68 14.22 1.85 NCU03931 NO AFUA_3G00930 Up AFUB_044930 NO FGSG_00313 NO
FVEG_10002 hypothetical protein 3.58 17.00 4.75 NCU12126 Up AFUA_6G14150 NO AFUB_000040 NO FGSG_12584 NO
FVEG_06682 hypothetical protein 132.98 276.74 2.08 NCU08899 Up AFUA_1G03800 odrA/mdu2, Up AFUB_004210 Up FGSG_09014 Up

NOTE: FvWT: F. verticillioides wild type; “K” denotes treatment with ketoconazole. a: gene ID of transcription factors involved in azoles adaptation. b: Function annotations were
obtained from the Fungi Functional Genomics Database (http://fungidb.org). c: FPKM: Fragments Per Kilobase of transcript per Million fragments mapped; values represent the mean
of two biological replicates. d: Fold change in expression. N.A., Not Available, meaning no homologous protein detected in the target strain.
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3.2. FvADS-1 (FVEG_06682) Is Required for KTC Resistance in F. verticillioides

SMART protein analysis (https://smart.embl.de/, accessed on 28 November 2023)
indicated that FVEG_06682 encodes a 707-amino-acid protein containing a conserved GAL4-
like Zn(II)2Cys6 binuclear cluster DNA-binding domain and a fungal-specific transcription
factor domain (Figure S2A). The transcription factor is widely conserved across multiple
filamentous fungal pathogens, including Aspergillus flavus, A. oryzae, A. fumigatus, F. gramin-
earum, Verticillium dahliae, Pyricularia oryzae (Figure S2B). Transcriptomic data showed a
2.08-fold induction of FvADS-1 upon KTC treatment (Table 1), which was further verified by
qRT-PCR (Figure 2A). To assess its role in azole resistance, a knockout mutant (FvADS-1KO)
was generated via protoplast transformation. qRT-PCR confirmed the complete absence of
FvADS-1 transcription in the mutant (Figure 2A). While colony morphology on PDA with-
out azoles was similar between wild-type (FvWT) and FvADS-1KO, the mutant exhibited
significantly reduced growth on media containing 0.8 µg/mL KTC or 0.8 µg/mL voricona-
zole (VRC), two clinical antifungal azoles (Figure 2B). A similar hypersensitive phenotype
was observed with the agricultural azole triadimefon (TRA; 12 µg/mL) (Figure 2C). These
results indicate that deletion of FvADS-1 confers hypersensitive phenotype to azoles.

To further verify the role of FvADS-1 under antifungal azole stress, we constructed a
FvADS-1 complement strain (FvADS-1COM). As shown in Figure 2B,C, the FvADS-1COM

strain exhibited the similar growth phenotype as FvWT on plates with each of these azoles,
indicating that FvADS-1 is essential for resistance to the antifungal azoles KTC, VRC and
TRA in F. verticillioides.

We also examined the strains’ sensitivity to other stresses. However, deletion of
FvADS-1 did not significantly alter the sensitivity to osmotic stress (2 M NaCl or 2 M KCl)
and extreme temperature (40 ◦C (lethal) or 4 ◦C) (Figure S3A,B). In addition, conidiation
on PDA slants between FvWT and FvADS-1KO were not significantly distinguishable
(p > 0.05, both) (Figure S3C). All above data indicate that FvADS-1 specifically modulates
the responses to azoles.

3.3. N. crassa ads-1 Functionally Complements Azole Susceptibility of FvADS-1KO Strain

Given the sequence homology between FvADS-1 and N. crassa ADS-1 (Figure S2B), we
tested functional conservation by heterologously expressing N. crassa ads-1 in the FvADS-
1KO strain. The resulting strain (FvADS-1KO; Ncads-1COM) exhibited azole resistance
comparable to FvWT (Figure 2B,C), demonstrating that the regulatory function of ADS-1 in
azole stress response is evolutionarily conserved.

3.4. FvADS-1 Modulates the Genome-Wide Transcriptional Responses to KTC

To elucidate the molecular mechanisms by which FvADS-1 mediates the azole stress
response, we compared the transcriptomes of FvWT and FvADS-1KO strains with and
without KTC treatment. In the absence of KTC, the transcriptional profiles of the two
strains were highly correlated (correlation coefficient >0.989; Figure S4), indicating that
the influence of FvADS-1 in genome-wide transcription were very limited in the absence
of KTC stress. Therefore, we focused on differentially expressed genes (DEGs) induced
by KTC.

Among the 1131 KTC-upregulated genes, 96 showed attenuated induction due to
FvADS-1 deletion (Supplemental File S4, Figure 3A). Conversely, among the 596 KTC-
downregulated genes, 191 exhibited reduced repression due to FvADS-1 deletion (Supple-
mental File S5, Figure 3A). These 287 genes were defined as FvADS-1-dependent responders
to azole stress.
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Figure 2. Functional analysis of FvADS-1 in the azole stress response of F. verticillioides. (A) Tran-
scriptional response of FvADS-1 to KTC stress. The expression of FvADS-1 in FvWT and FvADS-1KO

strains was quantified by qRT-PCR after incubation with or without 2 µg/mL KTC for 16 h. Expres-
sion levels were normalized to β-tubulin and calculated using the 2−∆∆Ct method. Data represent the
mean ± SD of three biological replicates. N.A. indicates Not Available. Statistical significance was
determined by t-test (** p < 0.01). Blue bars, FvWT strain; red bars, FvADS-1KO strain. (B,C) Azole sus-
ceptibility assays. Ten-fold serial dilutions of conidial suspensions from the indicated strains—FvWT,
FvADS-1KO, the complemented strain (FvADS-1COM), and the heterologous complemented strain
(FvADS-1KO; Ncads-1COM)—were spotted onto PDA plates containing either no drug (Control),
the clinical azole KTC and voriconazole (VRC) (B), or the agricultural azole triadimefon (TRA) (C).
Plates were incubated at 28 ◦C in the dark. All experiments were performed in three independent
biological replicates.
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Figure 3. Identification of FvADS-1-dependent genes under KTC stress. (A) Venn diagram showing
the overlap of genes regulated by KTC in FvWT and FvADS-1KO strains, based on comparative
RNA-seq analysis for FvWT and FvADS-1KO strains. KEGG pathway enrichment analysis of FvADS-
1-up-regulated genes (B) and FvADS-1-down-regulated genes (C). The 20 most significantly enriched
pathways (smallest Q-value) are shown. Dot size corresponds to the number of enriched genes per
pathway; color intensity represents the significance level (Q-value).

To gain insights into the biological processes regulated by FvADS-1 under azole
stress, KEGG pathway analysis was performed on above identified FvADS-1-dependent
genes. The results showed that FvADS-1-upregulated genes were primarily enriched
in “ABC transporters”, “Steroid biosynthesis” and “Peroxisome” (Figure 3B). These re-
sults indicate that FvADS-1 may mediate resistance to azoles by promoting the activity
of drug efflux pumps, regulating sterol homeostasis and countering drug-induced ox-
idative stress. FvADS-1-downregulated genes were primarily enriched into “Metabolic
processes” and “Protein homeostasis” (e.g., ribosome biogenesis in eukaryotes, ubiqui-
tin mediated proteolysis) (Figure 3C). These results indicated that FvADS-1 potentially
supported survival under drug pressure through reprogramming metabolic processes,
maintaining protein homeostasis.

3.5. FvADS-1 Positively Regulates the Transcriptional Expression of ABC Transporters and
Intracellular KTC Accumulation in F. verticillioides

Among the FvADS-1-upregulated genes, seven genes were enriched in the category
of “ABC transporters” (Figure 3B, Table 2). Their KTC-induced expression was signifi-
cantly diminished due to the deletion of FvADS-1 (Figure 4A). The genes FVEG_01835,
FVEG_11089, FVEG_16559, and FVEG_13230 encode proteins that exhibit high sequence
similarity to CDR4, the major Pdr5p-like ABC transporter in N. crassa. [51]. The protein
encoded by FVEG_13167 exhibited the greatest similarity to AtrF of A. fumigatus [52]. These
genes were designated FvCDR4A, FvCDR4B, FvCDR4C, FvCDR4D and FvAtrF in this study,
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respectively. The remaining two genes (FVEG_04890, FVEG_07622) have greatest protein
similarity to the ABC multidrug transporters (XP_748598.1, XP_752405.2) of A. fumigatus, re-
spectively, with unknown functions. Therefore, they were accordingly designated FvABC1
and FvABC2. The responses of all these ABC transporters encoding genes to azoles were
further verified in FvWT, FvADS-1KO and FvADS-1COM strain by qRT-PCR. After KTC
treatment, the transcript levels of FvCDR4A, FvCDR4B, FvCDR4C and FvCDR4D increased
by 2.39-, 4.70-, 3.49-, and 8.68-fold in FvWT, respectively, but in FvADS-1KO strain, the in-
creases were only 51.01%, 44.49%, 0.02% and 60.07% of those observed in FvWT (Figure 4B).
Similar results were obtained for FvAtrF, FvABC1 and FvABC2 (Figure 4B). Gene expres-
sion in FvADS-1COM strain was restored to wild-type levels (Figure 4B). Therefore, ADS-1
positively regulates the expression of ABC transporter genes in response to azole stress.

 

Figure 4. FvADS-1 regulates ABC transporter expression and modulates intracellular ketoconazole
accumulation in F. verticillioides. (A) Heatmap comparing the transcriptional response of seven
FvADS-1-dependent ABC transporter genes to KTC. Log-transformed and scaled average FPKM
values were used for visualization. (B) qRT-PCR validation of ABC transporter gene expression.
Transcript levels in FvWT, FvADS-1KO and FvADS-1COM strains, treated with or without 2 µg/mL
KTC for 16 h, were normalized to β-tubulin. Expression in untreated FvWT was set to 1. Data
represent mean ± SD of three biological replicates. Significance was determined by t-test (* p < 0.05).
(C) Intracellular KTC accumulation. The FvWT, FvADS-1KO and FvADS-1COM strains were treated
with 2 µg/mL KTC for 16 h; untreated samples served as controls. The KTC level in treated FvWT
was set to 1. Values are mean ± SD from two independent experiments, each with two technical
replicates. Significance is indicated (*** p < 0.001).
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Table 2. Differentially expressed genes in FvWT and FvADS-1KO strains under KTC stress, identified by RNA-seq analysis.

Locus a Gene Name Fun-Anno b FPKM c

FvWT
FPKM c

FvWTK
Fold d

(FvWTK/FvWT)
FPKM c

FvADS-1KO
FPKM c

FvADS-1KOK
Fold d

(FvADS-1KOK/FvWTK)

FVEG_01835 FvCDR4A ABC1 transport protein 80.43 124.57 1.55 59.96 76.93 0.62
FVEG_11089 FvCDR4B ATPase 1.62 9.89 6.12 1.34 3.25 0.33
FVEG_16559 FvCDR4C ATPase 22.3 34.44 1.54 10 3.68 0.11
FVEG_13230 FvCDR4D hypothetical protein 2.67 19.94 7.48 2.31 12.58 0.63
FVEG_13167 FvAtrF ATP-binding protein multidrug cassette transport 12.67 231.21 18.26 12.32 93.07 0.40
FVEG_07622 FvABC1 hypothetical protein 3.73 36.04 9.68 5.05 22.87 0.63
FVEG_04890 FvABC2 hypothetical protein 6.48 50.9 7.85 5.82 18.16 0.36
FVEG_09178 FvERG3 C-5 sterol desaturase 254.9 4271.94 16.76 279.94 2065.65 0.48
FVEG_04521 FvERG12 mevalonate kinase 121.86 787.59 6.46 121.19 512.26 0.65
FVEG_06448 FvERG25 methylsterol monooxygenase 579.09 9199.47 15.89 617.42 5221.27 0.57
FVEG_13168 hypothetical protein 4.05 13.07 3.23 3.01 7.61 0.58
FVEG_01123 FvCYP51A cytochrome P450, family 51 (sterol 14-demethylase) 165.69 2074.84 12.52 162.60 1507.37 0.73
FVEG_10277 FvCYP51B cytochrome P450, family 51 (sterol 14-demethylase) 0.17 138.38 838.64 0.1 609.77 4.41
FVEG_12391 FvCYP51C cytochrome P450, family 51 (sterol 14-demethylase) 41.31 54.48 1.32 36.77 55.05 1.01
FVEG_10782 hypothetical protein 10.56 17.14 1.62 11.30 6.61 0.39
FVEG_10722 hypothetical protein 42.68 92.37 2.16 53.45 58.58 0.63

NOTE: FvWT: F. verticillioides wild type; FvADS-1KO: FvADS-1 knockout mutant; “K” denotes treatment with ketoconazole. a: gene ID of FvADS-1-dependent genes involved in azoles
adaptation. b: Function annotations were obtained from the Fungi Functional Genomics Database (http://fungidb.org). c: FPKM: Fragments Per Kilobase of transcript per Million
fragments mapped; values represent the mean of two biological replicates. d: Fold change in expression.
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ABC transporters are able to pump azoles out of cells by hydrolyzing ATP, thus confer-
ring fungal tolerance to azoles. We then examined whether intracellular KTC accumulation
is affected by FvADS-1. Consistent with impaired efflux, intracellular KTC accumulation in
FvADS-1KO strain was 194.6% of that in FvWT under KTC treatment (p < 0.0001, Figure 4C),
whereas accumulation in FvADS-1COM strain was comparable to the wild type. These
results demonstrate that FvADS-1 enhances azole efflux by transcriptional activation of
ABC transporters.

3.6. FvADS-1 Positively Regulates the Transcriptional Expression of Ergosterol Biosynthesis Genes
and Maintains Sterol Homeostasis in F. verticillioides

Among the FvADS-1-upregulated genes, four genes involved in sterol biosynthesis
were enriched (Figure 3B, Table 2). Their induction by KTC was attenuated due to the
deletion of FvADS-1 (Figure 5A). Based on homology, the proteins encoded by FVEG_09178,
FVEG_04521 and FVEG_06448 were named as FvERG3, FvERG12 and FvERG25 in this
study, respectively. FVEG_13168 encodes an uncharacterized protein. qRT-PCR validated
that KTC-mediated induction of all four ergosterol biosynthesis genes was markedly
reduced in FvADS-1KO strain and restored to wild-type levels in FvADS-1COM strain
(Figure 5B).

The Fusarium possesses three azole target genes, which encode enzymes that are
crucial for ergosterol biosynthesis [53]. In F. verticillioides, the three CYP51s are encoded
by FvCYP51A (FVEG_01123), FvCYP51B (FVEG_10277), and FvCYP51C (FVEG_12391).
The transcriptome analysis revealed that three azole target genes were induced 12.52-,
838.64-, and 1.32-fold, respectively, upon KTC treatment (Figure 5A, Table 2). qRT-PCR
confirmed strong induction of FvCYP51A and FvCYP51B in FvWT, which was differentially
affected in FvADS-1KO strain: FvCYP51A induction was reduced to 28.6% of wild-type
levels, while FvCYP51B expression was 1.87-fold higher. FvCYP51C expression was similar
with and without drug treatment (Figure 5C). These results collectively demonstrate that
FvADS-1 positively regulates the transcription of azole target gene FvCYP51A, while the
upregulation of FvCYP51B compensated for impairment of FvADS-1-mediated regulation,
and FvCYP51C exhibited the weakest responsiveness to KTC stress.

ERG12 is a key enzyme in early ergosterol pathway, which can channel products into
different biosynthetic pathways. ERG11 represents a rate-limiting step in the late ergosterol
pathway, meanwhile ERG3 and ERG25 are also important enzymes in the late pathway [54].
Therefore, we further examined whether intracellular ergosterol profiles were affected
by FvADS-1 deletion. While basal ergosterol levels were similar between strains, KTC
treatment resulted in a dramatic reduction in intracellular ergosterol in FvADS-1KO strain
but not in the wild-type or complemented strains (p < 0.01, Figure 5D). No significant
differences were observed in the levels of lanosterol, or alternate pathway sterols (eburicol
and toxic sterol) (Figure 5D), indicating that FvADS-1 maintains ergosterol biosynthesis
without shifting flux to the alternative pathway.

3.7. FvADS-1 Positively Regulates the Transcriptional Expression of Peroxisomal Genes and
Confers Resistance to Oxidative Stress in F. verticillioides

Among the FvADS-1-upregulated genes, two peroxisomal genes (FVEG_10782,
FVEG_10722) were significantly enriched (Figure 3B, Table 2), and their induction was
FvADS-1-dependent (Figure 6A). qRT-PCR confirmed that expression of both peroxisomal
genes was significantly attenuated in FvADS-1KO strain and restored to wild-type levels in
FvADS-1COM strain. (Figure 6B). Given the role of peroxisomes in redox homeostasis, we
measured the susceptibility of FvWT, FvADS-1KO and FvADS-1COM strains to oxidative
stress. The FvADS-1KO strain exhibited significantly increased sensitivity to 2 mM H2O2

compared to FvWT, a phenotype rescued by genetic complementation (Figure 6C). This
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indicates that FvADS-1 contributes to oxidative stress tolerance, likely through regulating
peroxisomal function in F. verticillioides.

 

Figure 5. FvADS-1 regulates ergosterol biosynthesis pathway genes and sterol homeostasis in
F. verticillioides. (A) Heatmap comparing the transcriptional responses of ergosterol biosynthesis
pathway genes to KTC. Log-transformed and scaled average FPKM values were used for visualization.
(B,C) qRT-PCR analysis of ergosterol biosynthesis gene expression. Transcript levels in FvWT, FvADS-
1KO and FvADS-1COM strains, treated with or without 2 µg/mL KTC for 16 h, were normalized to
β-tubulin. Expression in untreated FvWT was set to 1. Data represent mean ± SD of three biological
replicates. Significance was determined by t-test (* p < 0.05). (D) Intracellular levels of ergosterol and
key metabolic intermediates. The FvWT, FvADS-1KO and FvADS-1COM strains were treated with
2 µg/mL KTC for 16 h; untreated samples served as controls. Sterol content in treated FvWT was set
to 1. Values are mean ± SD from two independent experiments, each with two technical replicates.
N.A. indicates Not Available. Significance is indicated (** p < 0.01).
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Figure 6. FvADS-1 regulates peroxisomal genes and confers tolerance to oxidative stress in
F. verticillioides. (A) Heatmap comparing the transcriptional responses of two FvADS-1-dependent
peroxisomal genes to KTC. Log-transformed and scaled average FPKM values were used for visualiza-
tion. (B) qRT-PCR analysis of peroxisomal genes expression. Transcript levels in FvWT, FvADS-1KO

and FvADS-1COM strains, treated with or without 2 µg/mL KTC for 16 h, were normalized to β-
tubulin. Expression in untreated FvWT was set to 1. Data represent mean ± SD of three biological
replicates. (C) Oxidative stress susceptibility assay. Ten-fold serial dilutions of conidial suspensions
from the indicated strains—FvWT, FvADS-1KO and FvADS-1COM—were spotted onto PDA plates
containing either no stressor (Control) or 2 mM H2O2. Plates were incubated at 28 ◦C in the dark. All
experiments were performed in three independent biological replicates.

3.8. FvADS-1 Is Essential for F. verticillioides Virulence in Maize

Previous studies have demonstrated a strong correlation of ABC transporter activity, er-
gosterol biosynthesis, tolerance to oxidative stress with F. graminearum virulence [26,55–57].
Given the regulatory role of FvADS-1 in ABC transporters, ergosterol biosynthesis, and per-
oxisomal function, we further evaluated its impact on fungal virulence in maize. Seedlings
inoculated with FvWT and FvADS-1COM developed severe stunting and reduced biomass
compared to water-treated controls 10 days post-inoculation. In contrast, plants inoculated
with the FvADS-1KO strain were phenotypically similar to controls, showing no significant
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differences in seedling weight (fresh/dry), stalk diameter, or plant height (Figure 7A,B). No
visible root symptoms were observed at this stage. These results demonstrate that FvADS-1
is essential for full virulence of F. verticillioides on maize.

Figure 7. Virulence analysis of FvADS-1 in maize infection. (A) Pathogenicity assay of FvWT, FvADS-
1KO and FvADS-1COM on maize seedlings. Seedlings at the one-true-leaf stage with 10–15 cm taproots
were inoculated by root immersion in a suspension of 104 conidia/mL for 30 min. Water-treated
seedlings served as the control. Seedlings were then transferred to pots containing twice-autoclaved
soil (8 seedlings per pot; 5 replicate pots per treatment). Plants were maintained under a 14 h/10 h
light/dark cycle at 30 ◦C/20 ◦C and watered as needed. (B) Disease-related parameters measured
10 days post-inoculation: seedling survival, fresh and dry shoot weight, stalk diameter, and plant
height. Data are presented as mean ± standard deviation. Significance was determined by t-test
(* p < 0.05, *** p < 0.001).

3.9. Deletion of FoADS-1 Increases Azole Susceptibility in F. oxysporum

We next extended our observations to F. oxysporum, a pathogenic fungus causing
Fusarium Wilt Syndrome. In F. oxysporum, the protein encoded by FOXG_09079 shared the
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greatest similarity with FvADS-1 (98% sequence identical [697/709]; 98% sequence positive
[701/709]) and was named as FoADS-1 in this study.

To investigate FvADS-1 functional conservation, we constructed a FoADS-1 knockout
mutant (FoADS-1KO) by protoplast transformation as previously described. The FoADS-
1KO strain exhibited wild-type growth on drug-free PDA but showed significantly increased
sensitivity to KTC (20 µg/mL), VRC (2 µg/mL), and TRA (30 µg/mL) (Figure 8A,B). The
above data confirm that ADS-1-mediated azole resistance is a conserved function within
the Fusarium genus.

 

Figure 8. Functional analysis of FoADS-1 in the azole stress response of Fusarium oxysporum. Azole
susceptibility assays of F. oxysporum wild-type strain (FoWT) and the FoADS-1 knockout mutant
(FoADS-1KO). Ten-fold serial dilutions of conidial suspensions were spotted onto PDA plates con-
taining (A) the clinical azole KTC or VRC, or (B) the agricultural azole TRA. Untreated PDA plates
served as controls. Plates were incubated at 28 ◦C in the dark. Experiments were performed in three
independent biological replicates.

4. Discussion
Although azole antifungals are widely used in clinic and agriculture [12,13,16],

fungi can adapt to azole stress by altering the transcriptional expression of a variety
of genes [37,49,58–60]. Therefore, understanding the mechanisms by which fungi mediate
the transcriptional responses to azole stress, is valuable for decoding the mechanisms of
azole resistance and developing effective treatment strategies. However, this is largely un-
known in pathogenic Fusarium species, especially the dual pathogen F. verticillioides, which
causes infections in both maize and humans [6,61–63]. In this study, by characterizing the
transcriptional response to azoles in F. verticillioides, we identified the transcription factor
FvADS-1 with a positive role in azole resistance by co-regulating drug efflux and ergosterol
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synthesis. FoADS-1, the F. oxysporum homolog of FvADS-1, is essential for azole resistance.
Its widespread evolutionary conservation across Fusarium genomes indicates an important
conserved function within the Fusarium genus, including in other clinically important
Fusarium species. Interestingly, FvADS-1 is homologous to N. crassa ADS-1, which similarly
responds transcriptionally to azoles and contributes to resistance by regulating drug efflux
pumps and azole target genes. This suggests that divergent fungi, particularly filamen-
tous species, may employ a similar transcriptional regulatory strategy to cope with azole
stress. More importantly, FvADS-1 also positively regulates the virulence of F. verticillioides,
potentially through its influence on ABC transporters, sterol biosynthesis, and oxidative
stress responses. Thus, our study identifies FvADS-1 as a key regulator of the azole stress
response and virulence in F. verticillioides, providing novel insights into azole resistance
and virulence in Fusarium.

Azoles are synthetic antifungal agents not encountered in natural environments [64,65].
Crystallographic studies have shown that the nitrogen atom in the azole ring coordinates
the heme iron of CYP51, occupying the same position as the oxygen atom in the sterol
substrate during catalysis [66,67]. This molecular mimicry underlies their competitive
inhibition [64]. Fungi have likely evolved responsive networks to handle naturally oc-
curring sterol-like inhibitors, such as plant saponins [68], phytosterols [69], and isatin
derivatives [70,71], which compete for CYP51 binding or disrupt membrane integrity.
Moreover, natural physiological stresses—including hypoxia and iron limitation—can also
compromise ergosterol biosynthesis, suggesting that the regulatory circuitry governing
sterol homeostasis is part of an ancient, integrated system for coping with diverse forms of
sterol stress. Upon azole treatment, the expression of genes involved in diverse cellular
processes is altered in F. verticillioides, reflecting the activation of an ancient, pre-adapted
stress-response program. As an essential component of the fungal cell membranes, inhi-
bition of ergosterol biosynthesis leads to widespread cellular impairments including cell
membrane fluidity and integrity, vacuolar acidification, mitochondrial defects, etc. [72–74].
Consequently, it is not surprising that sterol biosynthesis inhibition triggers widespread
transcriptional reprogramming to maintain cellular homeostasis. Among them, genes
encoding drug efflux pumps (ABC transporters) and drug targets (ergosterol biosynthesis
enzymes) are commonly induced and represent the most common mechanisms of azole
resistance in fungi [75]. ABC transporters mediate azole efflux via ATP hydrolysis [76],
while drug targets upregulation buffers the toxicity of azole inhibition [77,78]. Consistent
with this, our study demonstrates activated expression of ABC transporters and ergosterol
biosynthetic genes under azole stress (Figure 1B). Additionally, genes involved in fatty acid,
amino acid, and heme metabolism were induced, while those involved in translation and
mitochondrial function were repressed (Figure 1B,C), mirroring responses observed in other
fungi [18,19,50,79]. These processes have been demonstrated to be functionally associated
with sterol biosynthesis, such as lipid metabolism [80], heme biosynthesis [81,82], transla-
tion [50,79] and mitochondrial function [83]. Thus, our results regarding the responses to
azole stress in F. verticillioides highlight a conserved fungal strategy for coping with sterol
biosynthesis inhibition.

Despite similar overall responses to azole stress, the underlying transcriptional reg-
ulatory mechanisms differ among fungi. For instance, sterol biosynthesis is regulated by
SREBP in S. pombe, Upc2p in S. cerevisiae, and multiple transcription factors in N. crassa
in response to ergosterol depletion [37,84–88]. Regulation of efflux pumps is even more
complex, involving Pdr5p in S. cerevisiae, Tac1p in Candida species, AtrR in A. fumigatus, and
ADS-1, CCG-8, and CSP-1 in N. crassa. This diversity likely stems from the lower conserva-
tion and functional rewiring of transcription factors across fungi [37,88–92]. Interestingly,
our study reveals that FvADS-1, a conserved transcription factor among filamentous fungi,
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regulates both sterol biosynthesis genes and drug efflux pumps under azole stress, similar
to its homologs in N. crassa and Aspergillus flavus. Thus, ADS-1 represents a conserved
regulator of the azole stress response in filamentous fungi. Azoles transcriptionally activate
ADS-1, thereby modulating the fungal stress response. However, the function of ADS-1
may also diverge; while N. crassa ads-1 deletion does not affect oxidative stress resistance,
the F. verticillioides FvADS-1 deletion mutant exhibits increased H2O2 sensitivity, potentially
via peroxisomal regulation. This suggests functional adaptation of transcription factors
among fungi, warranting further investigation.

The mechanisms by which FvADS-1 regulates the azole stress response involve mul-
tiple pathways (summarized in Figure 9). First, FvADS-1 positively regulates the tran-
scriptional expression of ABC transporters in F. verticillioides. Drug efflux pumps play
a crucial role in azole resistance [51]. ABC transporters are one of the main azole efflux
pumps in fungi. In this study, we found that FvADS-1 positively regulates the transcrip-
tional expression of 7 ABC transporter genes to KTC stress (Table 2). Consistent with this,
deletion of FvADS-1 resulted in increased intracellular KTC accumulation (Figure 4C).
Thus, FvADS-1 enhances azole efflux by activating ABC transporter expression, contribut-
ing to resistance. Second, FvADS-1 positively regulates the transcriptional expression of
ergosterol biosynthesis genes under KTC stress. Upregulation of these genes enhances
azole resistance in many fungi, including Candida albicans, Saccharomyces cerevisiae, and
N. crassa [18,38,93,94]. We found that FvADS-1 positively regulates the transcription
of FvERG3, FvERG12, FvERG25, and the azole target gene FvCYP51A in F. verticillioides
(Table 2). Accordingly, deletion of FvADS-1 significantly reduced intracellular ergosterol
content under azole stress (Figure 5D). Therefore, FvADS-1 plays a key role in main-
taining ergosterol biosynthesis under KTC stress. Third, FvADS-1 positively regulates
fungal response to oxidative stress. Antifungals such as ketoconazole can induce oxidative
stress [48,73,95,96]. We found that deletion of FvADS-1 alters peroxisomal gene expression
and increases sensitivity to H2O2 (Figure 6). Therefore, FvADS-1 potentiates the ability of
F. verticillioides to cope with oxidative stress, providing a coordinated defense in which cells
increase drug efflux and promote steroid biosynthesis together, thereby enabling survival
under azole pressure. Taken together, these findings demonstrate that FvADS-1 regulates
azole resistance through multiple, integrated mechanisms. Based on our transcriptomic
and genetic evidence, we propose that FvADS-1 likely functions as a direct transcriptional
activator of azole-responsive genes, an inference supported by its conserved Zn(II)2Cys6

DNA-binding domain and the rapid, coordinated induction of target genes. However,
direct evidence of promoter binding, such as through ChIP-seq, ChIP-qPCR, or EMSA, is
not included in the present study. Definitive validation of its DNA-binding activity and
genome-wide target mapping therefore remains a key objective for future research.

In addition to modulating azole sensitivity, FvADS-1 is also critical for the virulence
of F. verticillioides to maize (Figure 7). Previous studies have shown that alterations in ergos-
terol biosynthesis affect the virulence of F. graminearum. For example, silencing lanosterol
C14α-demethylase-encoding genes (CYP51) attenuated infection symptoms on Arabidopsis
leaves [97]. Deletion of FgERG3 and FgERG4 also dramatically impaired virulence on
wheat [56,57]. ABC transporters have also been implicated in the virulence of C. albicans.
Cdr1p and Cdr2p (ABC transporters) export phospholipids to maintain membrane stability,
evading host immune recognition [98,99]. ABC transporters contribute to biofilm forma-
tion and pathogenicity [100,101]. Moreover, reactive oxygen species (ROS) play a crucial
role in pathogen-host interactions. Plants employ oxidative bursts as an early defense
mechanism against pathogens [56,57]. Fumonisins are virulence-associated metabolites
whose biosynthetic genes (WDR1, PNG1, ORF21) are upregulated under azole stress in
the FvADS-1 deletion mutant (Table S4), indicating that FvADS-1 participates in the drug-
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responsive regulation of the fumonisin pathway. However, whether this transcriptional
change leads to altered fumonisin production remains an important open question. Taken
together, FvADS-1 has roles in regulating the above virulence-associated processes, thus
indicating that FvADS-1 affects F. verticillioides infections on maize by integrating multiple
physiological responses critical for both azole survival and host pathogenicity. However,
the exact mechanism involved remains to be further explored.

 

Figure 9. Model of the regulatory mechanism of FvADS-1 in response to azole stress. Under azole
stress, FvADS-1 transcription is activated. The FvADS-1 protein subsequently promotes the expression
of downstream target genes, including those encoding ABC transporters, ergosterol biosynthesis
pathway enzymes, and peroxisomal components, thereby coordinating adaptive responses to azole
exposure. Question marks (?) indicate that the transcription of FvADS-1 is activated by an unknown
factor under azole stress. Dashed arrows denote an unidentified type of regulation, while solid blue
arrows represent the affected biological processes.

In summary, we identified a transcription factor FvADS-1 in F. verticillioides, as well as
its homolog FoADS-1 in F. oxysporum. Under azole stress, the transcription level of FvADS-
1 was significantly increased and FvADS-1 positively regulated KTC efflux, ergosterol
biosynthesis and the oxidative stress response, thereby promoting azole resistance. Our
study, along with our previous studies, indicates that the transcription factor ADS-1 is
a conserved regulator of ABC transporters and sterol biosynthesis in fungi belonging
to Pezizomycotina, and exhibits a conserved regulatory role similar to that of AtrR in
Aspergillus [58,91], while also likely operating within a broader interactive network. More
importantly, we revealed a role of FvADS-1 in the virulence of F. verticillioides, highlighting
the important role of ADS-1 in pathogenic fungi. Collectively, our study identified a
conserved transcription factor governing both azole stress response and the virulence of
F. verticillioides, providing new insights in azole stress response and virulence in pathogenic
fungi and giving comprehensive theoretical guidance for the formulation of therapeutic
regimens for pathogenic filamentous fungi clinically and agriculturally.
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and temperature stress responses and conidial production; Figure S4: Correlation analysis of transcrip-
tomic profiles across samples; Table S1: Strains used in this study; Table S2: Primers used for strain
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