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AHA1 (activator of HSP90 ATPase) is a co-chaperone protein that mainly
performs its function by interacting with the HSP90. The biological function
of AHAL has been widely reported in many species. In this study, we knocked
out the VdAHAI gene of V. dahliae by homologous recombination method.
The VdAHAL knockout mutants showed increased drug sensitivity to ergosterol
synthesis pathway, significantly inhibiting ergosterol biosynthesis. The VdAHA1
knockout mutant strain also showed decreased melanin in microsclerotia by
reduced expression of microsclerotia and melanin related genes Vaflm, Vaygl,
and VdSCD. The VdAHAI mutant showed decreased conidial production that
were slightly damaged and showed more sensitivity to abiotic stresses such as
temperature, SDS, CR, Sorbitol (SBT), NaCl, and KCl and decreased ATP contents.
More importantly, the mutant was significantly less virulent to cotton than the
wild type. This study identified the important functions of VdAHAL in the growth,
stress resistance, and virulence.
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Introduction

Verticillium dahliae is a notorious plant pathogenic fungus. The mechanisms of
virulence differentiation in Verticillium dahliae and its interaction with cotton remain
unclear. Previous studies in our laboratory have shown that VdStil, a core chaperone
of heat shock proteins of V. dahliae, positively regulates virulence. At the same time,
we investigated the function of VdAHAIL (activator of HSP90 ATPase), another core
chaperone of HSP90. Heat shock protein 90 (HSP90) is a molecular chaperone that plays
an important role in biological protein homeostasis (Mercier et al., 2023; Mondol et al.,
2023; Siligardi et al., 2004). It is vital for the cell’s response to stress and is a key player in
the maintenance of cellular homeostasis (Jackson, 2013; Mielczarek-Lewandowska et al.,
2020; Peng et al., 2022). The function of HSP90 in client protein processing is regulated
by cochaperone molecules that modulate client protein activation in a specific manner,
thereby influencing HSP90 ATPase activity and client protein recruitment (Biebl and
Buchner, 2023; Rehn and Buchner, 2015). It has been reported that HSP90 influences
pathogenicity. HSP90 is involved in the virulence of the opportunistic pathogen Candida
albicans (Robbins and Cowen, 2023). Hsp90 proteins in Aspergillus fumigatus provide
a mechanism to link temperature to signaling cascades that regulate morphogenesis,

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1535187
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1535187&domain=pdf&date_stamp=2025-05-26
mailto:zhangyalin@caas.cn
mailto:fenghongjie@caas.cn
https://doi.org/10.3389/fmicb.2025.1535187
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1535187/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal.

fungal development, and virulence (O’Meara and Cowen, 2014).
In the opportunistic pathogen Cryptococcus neoformans, inhibition
of HSP90 protein expressions makes it sensitive to temperature
and antifungal azole drugs in turn reduce melanin synthesis and
virulence (Fu et al., 2022). These studies all imply a potential role of
HSP90 protein in fungal pathogenicity.

As a core co-chaperone of HSP90, AHA1 plays a pivotal role
in modulating the chaperone cycle through its potent stimulation
of HSP90’s ATPase activity, which is achieved by regulating the
allosteric dynamics of the HSP90 dimer (Oroz et al, 2019).
AHA1 enhances the ATPase activity of HSP90 by specifically
binding to the HSP90 dimer, thereby promoting ATP hydrolysis
while simultaneously modulating both the catalytic efficiency and
structural stability of the HSP90 complex (Mondol et al., 2023). In
Neurospora crassa deletion of AHA1 resulted in greater sensitivity
to azoles (Gu et al., 2016). Loss of AHAI reduces the infectivity
of Leishmania donovani in ex-vivo mouse macrophages (Bartsch
et al., 2017). In Saccharomyces cerevisiae, AHA1 interacts with the
HSP90 intermediate domain to regulate HSP90 ATPase activity
(Lotz et al., 2003). These studies reveal the rich roles of AHA1 in
various organisms (Xu et al., 2019).

Phytopathogenic fungi pose a major threat to global food
security and cause significant losses to the global agricultural
economy (Li P. et al,, 2023; Wang et al., 2022; Wu et al., 2024). Soil-
borne pathogens such as Verticillium and Rhizoctonia can cause
serious plant diseases and are difficult to control (Ma et al., 2013;
Peeters et al., 2013; Umer et al., 2023). V. dahliae is a notorious
soil-borne pathogen that enters the host through its roots and
multiplies in the ducts, causing Verticillium wilt (Carroll et al,
2018; Song et al., 2020; Zhang D. D. et al., 2022). Verticillium wilt
poses a great challenge in host plants such as cotton and causes a
great threat to the cotton industry with serious economic losses of
hundreds of millions of dollars worldwide every year (Deketelaere
et al., 2017; Zhang et al,, 2023). To infect cotton, pathogens use
multiple virulence mechanisms, such as the release of enzymes
that degrade the cell wall, the activation of pathogenic genes, and
use of protein effectors. In contrast, cotton plants have developed
several defense mechanisms to combat V. dahliae’s effects including
the strengthening of the cell wall by the production of lignin and
deposition of callose, the activation of reactive oxygen species,
and the aggregation of hormones associated with defense (Umer
et al,, 2023). In fact, V. dahliae exhibits remarkable variability, co-
evolution and complex pathogenic mechanisms (Luo et al., 2014).
The specific mechanisms of interaction between plant pathogenic
fungi and their hosts are not fully understood (Billah et al., 2021;
Man et al., 2022; Zhu et al., 2023). Nonetheless, elucidating the
pathogenic molecular mechanism of V. dahliae is expected to lay
the foundation for solving Verticillium wilt threat to cotton.

AHA1 protein has been widely studied in various species
such as human, animal, plant, and microbial, and exhibits various
biological functions such as client protein folding and maturation,
heat tolerance, adhesion, and virulence (LaPointe et al., 2020;
Prodromou and Bjorklund, 2022). However, the function of AHA1
in V. dahliae has not been characterized. This study will provide
valuable insights into the function of VdAAHAI protein in plant
pathogenic fungi. This study aims to investigate the function,
pathway regulation, and virulence mechanism of VAAHAI, and to
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provide a theoretical basis to get rid of Verticillium wilt disease to
ensure agricultural security.

Materials and methods

Growth conditions for plants and fungi

In this study, we used the Vd080 strain of V. dahliae (Wu et al.,
2024). The fungi were cultured on potato dextrose agar (PDA)
medium at 25°C in the dark. To collect fresh conidial fluid, the
fungi were grown in liquid Czapek-Dox broth and shaken at 180
rpm for 6 days at 25°C. The known susceptible cotton variety,
Jimian 11 (Mei et al., 2022; Miao et al., 2024), was used for the
virulence test. The cotton plants were grown in a greenhouse at
25°C under a 16 h light/8 h dark photoperiod.

Generation of knockout and
complementation mutant strains

A homolog of AHA1 (termed AHA1) was found in the genome
of V. dahliae strain VdLs.17. To obtain the knockout mutant
strains, the 1.5kb upstream and 1.5kb downstream sequences of
the target gene were amplified from the genomic DNA of V.
dahliae. A hygromycin resistance cassette (HPH) was inserted
into the B303 vector (Wen et al., 2023). The constructed vector
was transformed into Agrobacterium tumefacien strain EHA105.
The gene knockout mutant was constructed by infecting V.
dahliae with positive Agrobacterium tumefaciens EHA105. The A.
tumefaciens EHA105 suspension (ODggp = 0.6) was mixed with
the V. dahliae conidial suspension (107 CFU/mL) at a 1:1 (v/v)
ratio for co-transformation (Agrobacterium tumefaciens-mediated
transformation of filamentous fungi method, ATMT; Liu et al,
2023). A total of 300 wL of the mixture was evenly spread on the
IM induction medium with hydrophilic membrane (supplemented
with 400 pmol/L acetosyringone, AS) and incubated in the dark
at 28°C for 48 h. Then the hydrophilic membrane was removed
and transferred to PDA screening medium (Supplemented with
cefalotin sodium 15 mg/L, carbenicillin 200 pg/mL, Hygromycin
35 pg/mL), and incubated at 25°C in the dark for 7 days. The single
colonies were selected for PCR identification.

For complementation analysis, a 1.5kb upstream regulatory
fragment along with the complete coding sequence of the VAAHA
gene were amplified from the genomic DNA of V. dahliae and
subsequently cloned into the pPCAMBIA1302 vector. The resulting
complementation vector was transformed into A. tumefaciens
EHA105, and complementary strains were subsequently generated
by ATMT method. To validate the successful generation of
complementary mutants, RT-qPCR analysis was conducted to
compare gene expression levels among the wild-type strain and the
two complemented strains.

Protein multiple sequence alignment was performed using
the online website ENDscript/ESPript. The specific primers were
designed using the Primer-BLAST tool available on the NCBI
website. The primers used in this experiment are listed in
Supplementary Table S1.
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Determination of ergosterol content

Spore suspensions were inoculated into potato dextrose broth
(PDB) medium and incubated at 25°C in the dark for 3 days.
The PDB broth was filtered through eight layers of sterile gauze
to collect the mycelia, which were subsequently dried using
liquid nitrogen and ground into a fine powder. Five grams of
the powdered mycelium were mixed with 25mL of 10 mol/L
NaOH solution and incubated in a 95°C water bath for 25 min.
After incubation, the mixture was centrifuged at 12,000 rpm for
2min to collect the solid precipitate. One gram of the precipitate
was then resuspended in 10 mL of methanol and homogenized
using a cell disruptor (Fisher Scientific Model 505, Thermo
Fisher, Beijing, China) at 300 W (15s on, 25s off) for 25min
at room temperature. Following disruption, the supernatant was
collected, and ergosterol concentrations were quantified by High
Performance Liquid Chromatography (HPLC; Lv et al, 2023).
Quantitative analysis was conducted using a Waters 2695 high-
performance liquid chromatography (HPLC) system equipped
with a Waters 2996 photodiode array detector. Chromatographic
separation was achieved on a Waters C18 reverse-phase column
(5 pm particle size, 4.6 mm internal diameter x 250 mm length)
maintained at 30°C. The mobile phase consisted of 100% methanol
(HPLC grade) with an isocratic elution at a flow rate of 1.0 mL/min.
Ergosterol detection was performed at 282 nm with an injection
volume of 20 WL (Dushkov et al., 2023; Fernandes et al., 2023). The
experiment was repeated three times.

Conidial yield, germination rate, ATP
content and conidial morphology analysis

To evaluate conidial production across different strains, a
5 L aliquot of conidial suspension (107 CFU/mL) from the
wild-type strain, knockout mutants, and complementation lines
was inoculated onto the center of PDA plates. The inoculated
plates were incubated at 25°C for 7 days. After incubation, an
8 mm diameter fungal plug was collected from the colony edge
using a sterile cork borer. The fungal plug was transferred into
1 mL of sterile distilled water and vortexed thoroughly to release
conidia. The conidial concentration was then determined using a
hemocytometer (Li P. et al., 2023).

The concentration of the prepared conidial suspension was
adjusted to 10> CFU/mL using sterile distilled water. For
germination analysis, 50 pL aliquots of each conidial suspension
were placed onto sterile glass slides and incubated in a humid
chamber at 25°C for 16 h. Germination rates were determined by
microscopic examination, with a conidium considered germinated
when the germ tube length exceeded half the diameter of the
conidium (Wang et al., 2023).

To investigate the ATP content of different strains, all strains
were added to PDA medium and incubated at 25°C upside down
in the dark for 7 days. Zero point one gram of mycelium was
carefully excised from PDA cultures and homogenized in 1 mL
of ice-cold distilled water using a tissue homogenizer maintained
in an ice bath. The homogenate was then heat-treated at 100°C
for 5min, followed by centrifugation at 8,000 x g for 15min
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at 4°C. The resulting supernatant was collected for subsequent
ATP quantification. ATP content was determined through a
creatine kinase-coupled enzymatic assay, where creatine kinase
catalyzes the conversion of ATP and creatine to phosphocreatine
(Leon et al., 1977). The reaction product was quantified using
phosphomolybdic acid colorimetry, with absorbance measured
at 700nm after wavelength scanning to confirm the maximum
absorption peak.

For morphological characterization of conidia, spores collected
from the colony edge of PDA cultures were rapidly frozen
in liquid nitrogen and subsequently coated with a thin gold
layer under vacuum conditions. The prepared samples were then
examined using scanning electron microscopy (SEM) to observe
their ultrastructural features (Mei et al., 2022). The experiment was
repeated three times.

Abiotic stresses

To assess temperature sensitivity, conidia suspension (5 pL,
107 CFU/mL, prepared as previously described) was inoculated into
the center of the PDA plate. The inoculated plates were incubated in
complete darkness at five different temperatures (5°C, 15°C, 25°C,
30°C, and 35°C) for 14 days. Colony growth was monitored daily,
and the radial growth diameter was measured at the end of the
incubation period using a digital caliper. Three replicate plates were
maintained for each temperature condition, and the experiment
was repeated twice to ensure reproducibility.

For other abiotic stresses such as 0.9 mol/L KCl, 0.9 mol/L
NaCl, 0.9 mol/L Sorbitol (SBT), 0.004% Sodium Dodecyl Sulfate
(SDS), 0.02% Congo Red (CR), and 0.02% Calcofluor white (CFW)
were inoculated to PDA medium (Zhang X. et al., 2022). Following
the same experimental protocol as described for the temperature
sensitivity analysis, fungal growth was monitored under identical
conditions. The colony diameter was measured after a 14-day
incubation period using a digital caliper, with three replicate plates
for each condition and the experiment repeated twice to ensure
data reliability.

To evaluate antifungal susceptibility, azole compounds
targeting the ergosterol Dbiosynthesis pathway, including
ketoconazole (KTC, 1 mg/L), itraconazole (ITC, 5 mg/L), and
fluconazole (FLU, 12.5 mg/L), were selected for sensitivity testing.
The wild-type strain, knockout mutants, and complementation
strains (107 CFU/mL, prepared as described previously) were
inoculated onto PDA plates supplemented with various
concentrations of each azole compound. The inoculated plates were
incubated at 25°C in complete darkness for 14 days, after which
the colony diameters were measured using a digital caliper. Three
replicate plates were maintained for each treatment condition, and
the experiment was repeated twice to ensure reproducibility.

Observation of microsclerotia
To investigate microsclerotia formation, 200 wL of freshly

prepared conidial suspension was evenly spread onto basal minimal
medium (BMM) plates containing sterile cellulose membranes.
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The plates were incubated at 25°C in complete darkness for 15
days. Microsclerotia were visualized using a stereomicroscope. The
experiment was repeated three times.

Pathogenicity assay

Fresh conidial suspensions were prepared from different V.
dahliae strains and adjusted to a concentration of 1 x 10° CFU/mL
using a hemocytometer. Twenty-five-day-old cotton seedlings with
intact root systems were carefully uprooted, and their roots were
immersed in the conidial suspension for 10 min (Yu et al., 2019).
The inoculated seedlings were then transplanted into nutrient-
rich potting soil and cultivated in a cotton growth chamber
for 21 days post-inoculation. Disease severity was assessed using
a standardized disease index scale, and phenotypic symptoms
were documented through digital photography. The plants were
maintained under controlled environmental conditions with a 24-h
photoperiod cycle: 16 h of light at 28°C followed by 8 h of darkness
at 23°C, with relative humidity maintained at 60%—70%.

To determine the intensity of disease occurrence, symptoms
in cotyledon and true leaves were graded from 0 to 4. Cotton
stems collected 21 days post-inoculation (dpi) were longitudinally
sectioned at the internode region using a sterile scalpel for vascular
browning assessment. The degree of vascular discoloration was
observed by stereoscopic microscope (Leica M205 FA, Germany)
with digital image analysis.

For molecular analysis, stem samples from the same collection
time point were immediately frozen in liquid nitrogen and
homogenized to a fine powder using a pre-chilled mortar and
pestle. Total genomic DNA was extracted using the Plant Genomic
DNA Kit (DP305, Tiangen Biotech, Beijing, China) according to
the manufacturer’s protocol. RT-qPCR was used to quantify the
colonization of V. dahliae in cotton stems. Primer information is
provided in Supplementary Table S1.

RT-gPCR analysis

For RNA extraction, all strains were cultured in potato dextrose
broth (PDB) at 25°C with continuous shaking at 180 rpm for 6
days. The mycelia were collected by filtration through eight layers
of sterile gauze and subsequently freeze-dried in liquid nitrogen.
Total RNA was extracted using the FreeZol Reagent kit (Vazyme
Biotech, Nanjing, China), followed by cDNA synthesis using the
HiScript IV Reverse Transcriptase kit (Vazyme Biotech, Nanjing,
China). The V. dahliae-specific f-tubulin gene (Vdpt) and cotton
ubiquitin 7 gene (GhUBQ7) were used as reference genes. The
thermal cycling protocol was conducted as follows: initial pre-
denaturation at 95°C for 10 min, followed by 40 amplification
cycles consisting of denaturation at 95°C for 15 s, primer annealing
at 58°C for 305, and extension at 72°C for 30 s. The amplification
was completed with a final extension step at 72°C for 10 min. To
verify amplification specificity, melt curve analysis was performed
following the amplification cycles. Relative gene expression levels
across different samples were quantitatively analyzed using the
27AACT method, with each sample being analyzed in triplicate to
ensure reproducibility (Livak and Schmittgen, 2001).
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RNA extraction and analysis of related gene
expression

Total RNA of the corresponding strains was obtained using
the method described above, after which ¢cDNA libraries were
constructed. The sequencing analysis was performed using the
Ilumina NovaSeq 6000 platform (Illumina, Shanghai, China), with
a sequencing depth of 6 GB per sample. Differentially expressed
genes (DEGs) were identified based on the following criteria:
Expression change fold [log2FoldChange| > 1, significant P-value
< 0.05. The relative expression levels of microsclerotia-related
genes (Vaflm, Vaygl, and VdSCD); growth and development related
genes (VdNoxB, VdPIsl, VdCrzl); conidial growth and stress
resistance related genes (VAPLP, VdPf, VAERG2); Virulence related
genes (VdKin2, VACf2, hypothetical protein) were quantified by RT-
qPCR. Primer information is provided in Supplementary Table S1.

Yeast two-hybrid screening and validation
of interacting proteins

The CDS sequence of VdAAHA1 was retrieved from the NCBI
database, and specific primers were designed accordingly. Using
the ¢cDNA obtained in the previous step as a template, the
CDS sequence of VdAHA1 was amplified by PCR. The target
fragment was then ligated into the linearized PGBKT?7 plasmid
using a ClonExpress Ultra One Step Cloning Kit-C115 (Vazyme
Biotech, Nanjing, China). The recombinant plasmid was verified
by sequencing (Sangon Biotech, Shanghai, China) to ensure the
correct insertion of the target fragment, resulting in the desired
positive plasmid. Subsequently, the PGBKT7-VdAHA1 plasmid
was used as bait to screen for interacting proteins from the V.
dahliae yeast AD-cDNA library (preserved in our laboratory).
The selected sequences were subjected to sequencing (Sangon
Biotech, Shanghai, China), and the resulting data were analyzed by
comparison with the NCBI database to identify the corresponding
gene accession numbers. Specific primers were designed based
on the obtained sequences. Using cDNA as the template, the
target fragment was amplified and cloned into the linearized
PGADT?7 plasmid (ClonExpress Ultra One Step Cloning Kit-C115
Vazyme Biotech, Nanjing, China) and the recombinant plasmid
was sequenced (Sangon Biotech, Shanghai, China) to ensure the
correctness of the recombinant plasmid.

We performed a pairwise Yeast Two-Hybrid assay. The fusion
plasmids of the two interacting proteins were transferred into yeast
competent cells. The competent yeast cells were evenly spread on
double dropout (DDO SD Leu Trp) medium. Subsequently, the
yeast cultures showing normal growth on DDO plates were diluted
to appropriate concentrations (1071, 1072, 10~%) and transferred to
quadruple dropout (QDO SD His Leu Trp Ade) medium for further
growth. After 1 week, X-a-gal staining was added dropwise and
then observed. Positive control was used pGBKT7-53/pGADT7-
RecT. Negative controls was used pGBKT7-Lam/pGADT7-RecT.

Specific primers were designed based on the corresponding
CDS sequences, and recombinant plasmids VdAHA1-nLUC and
VAdHSP90-1-cLUC were constructed using the same method
described above. The correctness of the plasmids was confirmed
by sequencing (Sangon Biotech, Shanghai, China). Subsequently,
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the recombinant plasmids VdAAHA1-nLUC and VdHSP90-1-cLUC
were transformed into Agrobacterium tumefaciens AGL1 (Weidi
Biological, Shanghai, China). Positive transformants were selected
and inoculated into LB liquid medium, followed by overnight
culture at 28°C with shaking at 180 rpm. When the ODggp of
the bacterial suspension reached 0.6, fresh cultures were collected
and mixed at a 1:1 ratio. The mixed bacterial solution was then
injected into 4-week-old tobacco leaves. After injection, the tobacco
plants were kept in the dark for 24h and then transferred to
normal growth conditions for an additional 24h. Fluorescence
signals in the tobacco leaves were detected using a low-light-cooled
charge-coupled device (CCD) imaging system. Primer information
is provided in Supplementary Table S1.

Related information

related  website is

Supplementary Table S4; the related genes and corresponding

Bioinformatics provided  in

information involved in the full text are shown in

Supplementary Table S5.

Results

Identification of the VdAHAL gene in V.
dahliae

In our previous investigation, we identified VDAG_10067 as
a significantly differentially expressed gene during the infection
process of Vd080 in cotton roots (Wu et al., 2024). The NCBI
database query showed that the gene was annotated as Hsp90 co-
chaperone AHAIL; therefore, we named the gene VdAHAI . The
VAAHAI gene is 1,606 bp in length and encodes a 325-amino acid
protein. Amino acid sequences of VdAAHAI were compared with
other AHA 1 homologs using the online website ENDscript/ESPript
indicating that the AHA1 protein is highly conserved in all species
(Supplementary Figure S1). To study the function of VAAHAI
gene, VAAHAI gene knockout mutant strain and complement
strain of V. dahliae were constructed by ATMT method (de Groot
etal., 1998; Figure 1A). Two knockout mutants (AVdAHAI-1 and
AVdAHAL1-2) and two complementary strains (C-AVdAHAL-1
and C-AVdAHA1-2) were successfully generated. The results were
confirmed by PCR and RT-qPCR (Figures 1B-E).

The VdAHA1 knockout mutant shows
higher azole sensitivity and lower
ergosterol production than the wild type
strain and the complementary strain

It has been shown that AHA1 knockdown affects the sensitivity
of fungi to azoles through the ergosterol synthesis pathway
(Gu et al,, 2016). All strains were tested for azole susceptibility
and ergosterol content. The results showed that the VdAHAI1
knockout mutant was more sensitive to azoles than the wild type
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strain and the complement strain (Figures 2A, B). These results
suggest that the VdAHA1 plays a important role in the response
of V. dahliae to anti-azole drugs. HPLC analysis of ergosterol
extracted from mycelium of all strains showed that all strains had
an ergosterol specific absorption peak with a retention time of
6.630 min. More importantly, the ergosterol content of the two
knockout mutants was significantly lower than that of the wild
type strain and complemented strain (Figures 2C, D). These results
suggest a potentially critical role of VdAHAL1 in the ergosterol
synthesis pathway.

VdAHA1 responds to abiotic stresses

To evaluate the abiotic stress responses of the knockout mutant
strains, we assessed their tolerance to osmotic stress (KCI, NaCl,
SBT) and wall/membrane perturbants (CR, SDS, CFW). VdAHA1
knockout mutants showed compromised growth under osmotic
and cell wall/membrane stressors (Figures 3A, B). To investigate
the role of VdAAHALI in temperature stress, we measured the colony
diameter of VdAAHA 1 knockout mutants at different temperatures.
The results showed that the growth of the knockout mutant was
significantly inhibited at 15°C, 25°C, and 30°C compared to the
wild-type and complementary strains. Meanwhile, all strains were
unable to grow at 5°C and 35°C (Figures 3C, D).

VdAHAL1 is vital for normal conidial function

Studies have shown that AHAL interacts with HSP90 to
participate in a variety of complex physiological and biochemical
functions by affecting the ATPase activity of HSP90 protein. The
spore yield and germination rate of all strains were investigated.
The ATP content of each strain was also determined. At the same
time, the conidial morphology of all strains was observed. The
results showed that the knockout mutants’ conidial yield and ATP
content were significantly decreased (Figures 4A-C). Meanwhile,
the germination rate of conidia also decreased significantly
(Supplementary Figures S2A, B). It is worth mentioning that
the knockout mutants showed a slight impairment in conidial
morphology (Figure 4A).

The VdAHAL is positively involved in the
production of microsclerotia and melanin
in V. dahliae

To investigate the relationship between VdAHA1 and melanin
and micronucleus formation in V. dahliae, we measured melanin
and micronucleus formation on solid basal medium (BMM) with
cellulose film for 15 days (Li H. et al, 2023). Melanin and
micronucleus production were significantly reduced in VdAHAI
knockout mutants (Figures 5A, B). To further understand the
function of VAAHAIl in the microsclerotium and melanin
production of V. dahliae, a panel of related genes was analyzed.
The results showed that the expression of related factors
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FIGURE 1
Knockout and complementary mutants were generated. (A) Mechanism of VdAHAL gene knockout in V. dahliae VdAAHAL. (B—D) Knockout strains and
complementary strains were determined by PCR (M1: VdAHAL, M2: HPH, M3: UP1000 + VdAHA1, M4: DOWN1000 + VdAHAL, M5: UP1000 +
DOWN1000 + VdAHAL, M6: VdAHAL, M7: UP1500 + VdAHAL). (E) Complementary strains were determined by RT-gPCR. The asterisks represent
statistical differences performed by a t-test (ns, p < 0.01, *p < 0.05, **p < 0.01, and ***p < 0.001) in comparison with the wild type strains

was significantly reduced in the knockout mutant strain. All
results indicating that VdAHALI positively regulates melanin and
micronucleus formation, and is involved in the expression of
related genes ( ).

VdAHAL1 positively regulates the
pathogenicity of V. dahliae

To further investigate whether VdAHAL contributes to the
virulence of V. dahliae on cotton, we performed pathogenicity
assays with all strains. The spore solution of all strains was
inoculated into cotton. Pure water was used as a control. After 21
days incubation, marked symptoms of verticillium and necrosis of
leaves were observed in both the wild and complemented strains
( ). In contrast, the disease index of plants infected with
AVdAHAL-1 and AVdAHAI1-2 mutants decreased significantly
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( ). Cotton stems inoculated with the VAAHA1 knockout
). To
further investigate the effect of VAAHALI on the pathogenicity of
V. dahliae, the biomass of all strains was determined by qRT-PCR.
The results showed that the biomass of the two knockout mutants

mutants showed less browning than the wild-type (

was significantly reduced compared with the wild type strain and
the complemented strain, respectively ( ). These results
suggest that VdAAHAI positively regulates the pathogenicity of

V. dahliae.

RNA-seq analysis of VAAHA1 gene
knockout mutants

To better understand the potential function of VAdAHAI
in V. dahliae, we analyzed the differentially expressed genes
(DEGs) in AVdAHAIls using RNA sequencing (RNA-Seq).
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VdAHAL deletion mutants showed different responses to different azole fungicides. Knockdown of VdAAHA1 resulted in decreased ergosterol content
(A) The wild-type strain, the knockout mutant strain, and the complementary strain were incubated with 1 mg/L ketoconazole, 5 mg/L itraconazole,
and 12.5 mg/L fluconazole at 25°C in the dark for 14 days. (B) All strains colony diameter. (C) Ergosterol content of all strains. The asterisks represent
statistical differences performed by a t-test (*p < 0.05, **p < 0.01, and ***p < 0.001) in comparison with the wild type strains. (D) High performance
liquid chromatography (HPLC) was used to determine the ergosterol content of wild-type, AVdAHAL and C- AVdAHAL strains. A commercial

standard for ergosterol was used as a control
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FIGURE 3

VdAHAL responded to cell wall, membrane, osmotic, and
temperature stresses in V. dahliae. (A) The wild-type strain, knockout
mutant strain, and complement strain were cultured in the dark on
PDA plates containing 0.9 mol/L KCL, 0.9 mol/L NaCl, 0.9 mol/L SBT,
0.004% SDS, 0.02% CR, and 0.02% CFW for 14 days. (C) Colony
(Continued)
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FIGURE 3 (Continued)

morphology of all strains cultured on PDA plates at 5°C, 15°C, 25°C,
30°C, 35°C in dark for 14 days. (B, D) Colony diameters of different
strains. Values represent means + standard deviation of three
replicates. The asterisks represent statistical differences performed
by a t-test in comparison with the wild type strains (*p < 0.05, **p <
0.01, and ***p < 0.001)

RNA-seq results identified 891 differentially expressed genes in
the AVdAHALs, including 366 up-regulated genes and 525 down-
regulated genes (Supplementary Figure S3A) elucidated that the
changes in gene expression is caused by VAAHAI knockdown
in V. dahliae. Go terms and KEGG enrichment analyses
were performed to better understand the functions of down-
regulated genes. The top 20 significantly enriched Go term
pathways, including oxidoreductase, carboxypeptidase, catalytic,
exopeptidase activity, extracellular regions, membrane intrinsic
components, carbohydrate metabolic processes, and inter-chain
cross-link repair pathways (Figure 7A) are composed of 99, 8, 268,
12, 178, 177, 12, and 11 differentially expressed genes (DEGs),
respectively. The figure showed the top 15 KEGG pathways were
significantly enriched in pentose and glucuronate interconversion,
aflatoxin biosynthesis, phenylalanine metabolism, and galactose
metabolism, containing 11, 3, 6, and 6 DEGs, respectively
(Figure 7B). We randomly selected 10 downregulated candidate
genes from the enrichment pathways and analyzed the expression
levels of the wild-type and knockout mutants. All 10 candidate
genes were downregulated in the knockout mutants compared to
the wild-type (Supplementary Figure S3B). The results of RT-qPCR
and RNA-Seq were consistent (Supplementary Figure S3C). To
further understand the function of VdAHA1 in cotton interaction,
we screened the previously reported genes in DEGs. The RT-
qPCR results showed that the expression levels of these genes
were significantly decreased, which was consistent with the above
results (Figures 7C-E). These results indicate that deletion of the
VAAHAI gene in V. dahliae significantly alters the expression
levels of multiple functional genes involved in diverse signaling
pathways. Furthermore, these findings provide new insights into
the functional roles of VAAHAI in V. dahliae.

VdAHAL1 interacts with VdHSP90-1

To further elucidate the functional roles of VdAHAL in V.
dahliae, we performed yeast two-hybrid screening to identify its
interacting proteins. The coding sequence (CDS) of VdAHA1 was
cloned into the pGBKT?7 bait vector for yeast two-hybrid screening.
Subsequent screening of a Verticillium dahliae ¢cDNA library
identified VAHSP90-1 as a specific interaction partner of VdAHA1
(Figure 8A, Supplementary Figure S4). To further validate these
findings, we performed luciferase complementation assays (LCI),
which confirmed the interaction between VdAHA1 and VdHSP90-
1 (Figure 8B). In addition, we performed a joint analysis of the
screening library results with the RNA-Seq results. The results
showed that most of the DEGs in the results of screening cDNA
libraries were hypothetical proteins (Supplementary Tables S2, S3).
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Deletion of VAAHAL resulted in impaired conidial growth. (A) Under electron scanning microscopy, the mutant strain showed slight damage to the
conidial morphology. Bar = 20 um. (B, C) Conidial production and ATP content were significantly reduced in the knockout mutants. Values represent
means + standard deviation of three replicates. The asterisks represent statistical differences performed by a t-test (*p < 0.05, **p < 0.01, and ***p <

0.001) in comparison with the wild type strains.

Discussion

Our previous study identified VAAHAL as a differentially
expressed gene during V. dahliae (strain Vd080) infection of cotton
roots. Bioinformatics analysis revealed that VAAHA1 is annotated
in the NCBI database as an Hsp90 co-chaperone AHA1, suggesting
its potential role through chaperone-mediated protein folding.

Ergosterol is essential for maintaining fungal membrane
properties, requiring sterols without a C-4 methyl group for proper
function. Azole drugs target the cytochrome P-450-dependent 14a-
demethylase, inhibiting ergosterol biosynthesis and leading to the
accumulation of 14a-methylated sterol precursors (Alcazar-Fuoli
and Mellado, 2013; Da Silva Ferreira et al., 2005). Studies have
shown that HSP90, under the regulation of comolecular chaperone
AHAL, can stabilize key enzymes in the ergosterol biosynthesis
pathway, such as CYP51/Ergll, and enhance azole resistance in
fungi by inhibiting the proteasome-mediated degradation pathway
(Cowen and Lindquist, 2005). In Neurospora crassa, knockout
of the AHAI gene resulted in a notable accumulation of toxic
sterols, especially 140-methyl-3,6-diol, as demonstrated by HPLC.
This evidence not only underscores the crucial role of AHAL in
modulating cellular membrane homeostasis, but also elucidates
its pivotal function in conferring antifungal drug resistance. At
the transcriptional level, AHAI positively regulates the response
to ketoconazole stress through the key genes ergll and erg6
in the ergosterol biosynthesis pathway (Yu et al., 2007). In the
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present study, deletion of the VAAHAI gene in V. dahliae resulted
in a significant decrease in ergosterol content and increased
sensitivity to azole antifungal agents. These findings suggest that
AHAL represents a promising target for the development of novel
antifungal agents.

The HSP90-cochaperone system is a master regulator of
essential cellular processes, including proteostasis, cell cycle
control, hormone signaling, and apoptotic regulation (Hoter et al.,
2018). The experimental results that VAAHA1 positively regulates
abiotic stress are compatible with the function of HSP90. In
particular, there are more insights on temperature stress. The
evolutionarily conserved Hsp90 chaperone system functions as
a thermal sensor regulating fungal morphogenesis, development,
and virulence (O’Meara and Cowen, 2014). Recent studies have
revealed that in Candida albicans, a major human fungal pathogen,
Hsp90 regulates both drug resistance and virulence. Candida
albicans exhibits temperature-dependent morphological changes
that modulate its virulence, though the precise molecular regulators
of this process remain to be fully elucidated (Shapiro and
Cowen, 2012). In Ruditapes philippinarum, it has been shown that
temperature stress is a key regulator in the HSP90 and HSP70
biological regulatory network (Jahan et al., 2023). While current
evidence does not establish a direct causal relationship between
the VdAHAI1-VdHSP90-1 interaction and the observed abiotic
stress responses, we consider this regulatory mechanism a plausible
hypothesis worthy of further investigation.
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Deletion of VAAHAL in V. dahliae resulted in decreased microsclerotia. (A) Microsclerotia growth of all strains after 15 days of incubation in the dark
on BMM solid medium containing nitrocellulose membrane. (B) Number of mm? microsclerotia in all strains. (C) RT-qPCR was used to detect the
expression of related genes VaflM, VdSCD, and Vaygl. Values represent means + standard deviation of three replicates. The asterisks represent
statistical differences performed by a t-test in comparison with the wild type strains (*p < 0.05, **p < 0.01, and ***p < 0.001).

AHALI protein is involved in a variety of cellular functions
(Biebl and Buchner, 2023) and showed its positive implications for
agricultural security and the economy. AHA1 acts as a core co-
chaperone of HSP90, which is able to stimulate ATP hydrolysis of
HSP90 (Mondol et al., 2023). The interaction of HSP90 with the
AHA1 co-chaperone (Lepvrier et al., 2015) implies that HSP90 is
required for AHA1 function. In this study, the VdAHAI knockout
mutant exhibited a substantial reduction in intracellular ATP
levels, suggesting a functional association between VdAHAI and
HSP90 in energy metabolism. This interaction was subsequently
validated through direct experimental evidence demonstrating the
interaction between VAAHA1 and VAHSP90-1. We speculate that
VdAHAI contributes to the above results by affecting the function
of VAHSP90-1.

Verticillium wilt of cotton, caused by V. dahliae, is a
devastating vascular disease. The pathogen produces highly
resilient microsclerotia (dormant structures) that can persist in soil
for extended periods, contributing significantly to the challenges
in disease management and control (Li et al, 2024). Many
genes have been shown to regulate microsclerotia production,
including VdKss1, Vdstil, VdHogl, VDHI, VdPbs2, VAdZFP1, and
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VdZFP2. VdKssl has been reported to regulate the production
of microsclerotium and virulence of V. dahliae. On the contrary,
VdStil, which also serves as a core chaperone molecule of heat
shock proteins, negatively regulates the formation of microsclerotia
and melanin (Li et al., 2024; Wu et al., 2024). Deletion of VdHogl,
a mitogen-activated protein kinase (MAPK), led to a significant
reduction in both micronuclei formation and melanin production.
In the AVdHogl strain, the expression levels of genes associated
with melanin biosynthesis and the hydrophobic protein gene
VDHI, which plays a critical role in the early stages of micronucleus
formation, were markedly downregulated. The conserved upstream
component of VdHogl, VdPbs2, serves as a critical regulator
of micronucleus formation in V. dahliae. It plays a pivotal role
in positively regulating the development of microsclerotia and
the biosynthesis of melanin, highlighting its essential function
in these key biological processes. VAZFP1 and VdZFP2 act as
positive regulators of VdCmrl, facilitating melanin deposition
during micronucleus development (Li H. et al., 2023; Tian et al,,
2016; Wang et al,, 2016). In our study, we found that VAAHA1
positively regulated the formation of melanin and microsclerotia.
Phenotypic analyses revealed that VdAHA1 deletion leads to: (i)
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FIGURE 6

VdAHAL positively regulates the pathogenicity of V. dahliae. (A) Symptoms of cotton inoculated with different strains. Cotton stems are browning.
Photographs were taken 21 days after fungal inoculation. (B) Disease index of cotton inoculated with different strains. (C) Different strains were
infected 21 days. The biomass of the knockout mutant strain decreased significantly in the cotton stem. Vdgt was used as the detection gene, and
GhUBQY of upland cotton was used as the endogenous control gene. Values represent means =+ standard deviation of three replicates. The asterisks
represent statistical differences performed by a t-test in comparison with the wild type strains (p < 0.01, *p < 0.05, **p < 0.01, and ***p < 0.001).

reduced conidial production and germination rate, (ii) decreased
ATP content, and (iii) mild morphological alterations in conidia.
However, whether this process is related to the function of HSP90
protein and whether it is directly related to the virulence of the V.
dahliae are still unclear.

The virulence mechanisms of V. dahliae and its interaction
with cotton plants constitute a highly complex biological system
that remains incompletely understood to date. In one study, 34
candidate effector proteins in the secretory proteome of V. dahliae
were analyzed and identified. The glycoside hydrolase family 11
protein Vd424Y was found to be significantly up-regulated at
the early stage of V. dahliae infection in cotton. This protein is
located in the nucleus and its deletion impairs fungal virulence
(Liu et al, 2021). During cotton infection, VdEG1 and VdEG3
function as PAMPs and virulence factors, respectively (Gui et al.,
2017). VAEPGI is an important virulence factor of V. dahliae (Liu
et al., 2023). However, HSP90 is an essential chaperone protein
that protects the integrity of the proteome, accounts for 2% of
cellular proteins, and is required for exosome release (Lauwers
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et al., 2018). Knockout of HSP70 and HSP90 cochaperone Stil
in V. dahliae resulted in decreased pathogenicity (Wu et al,
2024). According to our results, VdAHA1 positively regulates the
virulence of V. dahliae. Specifically, we selected and validated
several downregulated genes identified in the knockout mutants
through RT-qPCR analysis. These included: (i) developmental
regulators (VdNoxB, VdPIs1, VdCrzl), (ii) stress-responsive genes
(VAPLP, VdPf, VAERG2), and (iii) virulence-associated factors
(VdKin2, VdCf2, and hypothetical proteins). The RT-qPCR results
were consistent with our RNA-seq data.

Through comparative analysis between potential interacting
proteins identified from cDNA library screening and DEGs,
we observed that most candidate interactors were hypothetical
proteins. We analyzed that, on the one hand, the function of
the assumed protein has not been deeply studied, and on the
other hand, the screening library results are highly likely to be
false positive. Future investigations should focus on validating
these protein-protein interactions and elucidating the biological
functions of the identified interacting proteins.
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VdAHAL is involved in a variety of related pathways. (A) Gene ontology enrichment of DEGs from AVdAHAL vs. WT. Gene ratio is the number of DEGs

divided by the total number of genes associated with a specific pathway. (B) Knockdown mutants downregulated KEGG enrichment of DEGs
compared to wild-type strains. (C) The genes related to growth and development of V. dahliae were down-regulated. (D) The genes related to stress
resistance of V. dahliae were down-regulated. (E) Virulence-related genes of V. dahliae were down-regulated. The asterisks represent statistical
differences performed by a t-test in comparison with the wild type strains (p < 0.01, *p < 0.05, **p < 0.01, and ***p < 0.001).
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FIGURE 8
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Conclusion our knowledge of the AHA1 family proteins of fungal

pathogens and open new avenues for the control of
Our study provides valuable insights into the function  Verticillium wilt in cotton. In the future, targeted new
and mechanism of VAAHAI in V. dahliae. FElucidating pesticides can be developed based on the role of VdAHA1
its roles in pathogenesis and growth will provide insight in ergosterol synthesis. Future studies should explore the
into this important fungal pathogen. These results extend underlying molecular mechanism and potential intervention
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targets of VAAHAI based on its function to better control
Verticillium wilt.
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SUPPLEMENTARY FIGURE S1

The amino acid sequence alignment of the AHAL structural domain
(genotype of AHAL in Verticillium dahliae, Colletotrichum chlorophyti,
Fusarium avenaceum, Staphylotrichum tortipilum, and
Schizosaccharomyces pombe). Numbers represent the position of the
amino acid (aa) residues.

SUPPLEMENTARY FIGURE S2

The conidial germination rate of the knockout mutant was significantly
lower than that of the wild type and complementation mutant. (A) Conidia
germinated at 25°C for 8 and 16 h. bar = 100 pm. (B) Germination rate of all
strains. Values represent means =+ standard deviation of three replicates. The
asterisks represent statistical differences performed by a t-test in
comparison with the wild type strains (*p < 0.05, **p < 0.01, and

**p < 0.001).

SUPPLEMENTARY FIGURE S3

RNA-Seq results. (A) In EDGs, 366 genes were up-regulated and 525 genes
were down-regulated. (B) Heatmap of 10 downregulated genes in
AVdAHAL. (C) RT-gPCR was used to detect the expression of related genes.
Values represent means + standard deviation of three replicates.

SUPPLEMENTARY FIGURE S4
Yeast two-hybrid assays showed that VdAHAL interacts with VAHSP90-1.

SUPPLEMENTARY TABLE S1
Primers used in this study.
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