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Identification of the ADH gene family 2
in Trichosporon asahii and the role of TaADH_

like in pathogenicity and fluconazole

resistance
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Abstract

Alcohol dehydrogenase has been studied in regulation of fungal growth and development, stress response and
pathogenesis, but its function in T. asahii remains unexplored. In this study, we analyzed the ADH gene family

in T asahii for the first time, identifying six ADH genes and containing conserved ADH_N and ADH_Zinc_N
domains. We constructed an overexpression strain of the most significantly differentially expressed gene TaADH_
like and compared its phenotypes with those of the wild-type strain, focusing on colony morphology, biofilm
biomass, stress response, drug resistance, and pathogenicity. The results showed that TaADH_like overexpression
reduced sensitivity to hypoxic conditions, altered the hyphae-to-yeast transition, and led to slower growth,
decreased colonization ability, reduced tissue damage, and lower lethality. Increased osmotic stress sensitivity
and the involvement of the HOG MAPK pathway in the hyphae-to-yeast conversion contributed to the reduced
colonization capacity of T. asahii. Furthermore, the overexpression of TaADH_like promoted biofilm formation and
led to a slight enhancement in fluconazole resistance in T. asahii. This study is the first to elucidate the function of
the alcohol dehydrogenase gene in T. asahii, providing a foundation for future genetic research on this pathogen.
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Introduction

Trichosporon asahii (1. asahii) belongs to the genus
Trichosporon, which is widely found in nature and can
colonize both animals and humans, invading the host
through medical and surgical infections to cause disease
[1]. It causes disseminated trichosporonosis, a complex
fungal infection that can involve multiple organs, includ-
ing superficial skin and hair infections, osteomyelitis,
keratitis, meningitis, and endocarditis [2-5]. In recent
years, an increasing number of clinical isolates have
shown insensitivity to fluconazole in vitro drug sensi-
tivity tests, leading to treatment failure in patients with
invasive T. asahii infections [6, 7].

Alcohol dehydrogenase (ADH, EC 1.1.1.1), a zinc-
containing enzyme that catalyzes the interconversion of
aldehydes and alcohols, is ubiquitous in fungi, plants, and
mammals. It plays critical roles in growth, morphogen-
esis, and pathogenesis under both aerobic and anaerobic
condition across various fungal genera. In the dimorphic
ascomycete Candida albicans (C. albicans), knockout
of ADHI significantly impairs hypha formation, result-
ing in the production of only conidia or short pseudohy-
phae in liquid media and reduced virulence [8]. Similarly,
ADH]1 deficiency in C. albicans inhibits hyphal develop-
ment and mitochondrial oxidative phosphorylation, and
lower energy production may lead to delayed trophic
development [9]. In Botrytis cinerea, conidia from adhl
knockout mutant strains exhibit altered morphology,
lower germination rates and reduced virulence [10]. T.
asahii is a morphologically and physiologically complex,
adaptable yeast-like fungus similar to C. albicans [11].
The yeast phase promotes rapid fungal growth and dis-
semination in circulation, while the hyphal phase facili-
tates attachment to and penetration of the infected host
[12]. Moreover, T. asahii can adhere to and aggregate on
implanted hypha devices to form biofilms, leading to per-
sistent infections. Biofilm formation often results in ther-
apeutic failure of antifungal drugs and evasion of the host
immune response [13, 14], and it plays a crucial role in
both virulence and drug resistance [15].

The alcohol dehydrogenase gene (Gene ID: evm.model.
Chr08.320, Gene_symbol: TaADH_like) was identified
as significantly down-regulated in previous experiments
comparing wild-type and fluconazole-resistant strains
of T asahii through transcriptomic analyses (BioProject
ID: PRJNA941075). In this study, we analyzed the ADH
gene family and constructed TaADH_like overexpression
strains. By comparing the colony morphology, biofilm
biomass, stress response, drug resistance, and pathoge-
nicity between the overexpression and wild-type strains,
we initially explored the function of TaADH_like in T.
asahii, thereby laying the foundation for further genetic
studies of this fungus.
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Materials and methods

Strains

The strains used in this study are listed in Table S1. The
T. asahii YAN0802 (WT) was isolated from giant pandas
and cultured in Sabouraud Dextrose Agar (SDA) medium
at 28 °C for 3 d.

ADH gene family analysis

ADH gene family members were screened based on
previous studies [16]. SMART (http://smart.embl.de/
(accessed on 18 June 2024)) was used to confirm the con-
served domains. The phylogenetic trees of ADH were
constructed using MEGA-X with maximum likelihood,
the WAG+G amino acid model, and 1000 bootstrap
replications, visualized by EvolView-v2 (https://evolgen
ius.info//evolview-v2/ (accessed on 18 June 2024)) [17,
18]. The MEME program (http://alternate.meme-suite
.org/tools/meme (accessed on 18 June 2024)) was used
to identify conserved motifs in the ADH sequence, with
the number of motifs set to 10 and the minimum and
maximum widths set to 10 and 50, respectively [19].ADH
sequences were compared using MAFFT (https://maftt.c
brc.jp/ (accessed on 18 June 2024)), and TBTools v2.102
was used to visualize the results [20].

Construction of overexpression strains

Total RNA from the WT strain was extracted using the
SteadyPure RNA Extraction Kit (Accurate Biotechnol-
ogy (Hunan) Co., Ltd., Changsha, China) and a cDNA
template was synthesized from the RNA via reverse
transcription usingEvo M-MLV Plus ¢cDNA Kit (Accu-
rate Biotechnology (Hunan) Co., Ltd., Changsha, China).
The DNA of the WT strain was extracted by Rapid Fungi
Genomic DNA Isolation Kit (Sangon Biotech, Shang-
hai, China). The promoter (2000 bp) of the TDH3 gene
with high transcriptome expression in the WT strain was
selected as the promoter of the target gene TuADH_like
(accession number PRJNA941075). The cDNA was used
as the template to amplify the TaADH_like gene, and
DNA was used as the template to amplify TDH3_Pro-
moter. The fragments were ligated using the pclone007
Simple Vector Kit (TSINGKE, Beijing, China) and then
transferred into E. coli Trelief™ 5a strains (TSINGKE,
Beijing, China) for amplification [21].

Enzymes QuickCut™ ASC I (Yugong, Jiangsu, China)
and Xho I (Takara, Beijing, China) sheared the pCAM-
BIA1300ura-GFP-Bar-MCS plasmid, and recombinant
plasmids  (P1300-HYG-TDH3_Promoter-TaADH_like)
were obtained by multifragment recombination with lin-
ear plasmids, TDH3_Promoter, TaADH_like, and HYG
according to ClonExpress Ultra One Step Cloning Kit
(Vazyme, Nanjing, China). Recombinant plasmids were
transferred into WT strains by A. tummefaciens AGL1
(WEIDI, Shanghai, China) mediated transformation
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method [21, 22]. Transformants were screened in SDA
containing HYG (300 pg/mL) and cefotaxime sodium
(200 pg/mL). PCR and fluorescence observation were
used to verify the positive transformants, and RT-qPCR
was used to determine the 7TaADH_like expression
described previously [16], and the correct strain was
named TaADH_like®E. Primers are shown in Table S2.

Determination of the colony growth rate

Individual colonies in the medium were perforated using
a 1 cm perforator and then transferred to fresh SDA
medium, placed at 28 °C for incubation, and repeated 5
times. The colony diameter was measured daily for 25
consecutive days.

Morphological observation

Morphological differences in conidia and hyphae
between the wild-type (WT) and TaADH_like overex-
pression (TaADH_like®F) strains were examined using
the copper ring culture method [23]. Conidia were eluted
from the SDA medium with PBS buffer, and the concen-
tration of conidia was 1x 10° CFU/mL with hemocytom-
eter plates. The 5 pL conidial suspension was inoculated
into copper ring pores, cultured at 28 °C, and stained
with lactophenol cotton blue (Biostime, Qingdao, China)
at4 h,8h,12h,16 h,20h,1d,3d,5dand 7 d, and
observed under a microscope (BX51, Olympus). The
length and width of more than 100 conidia from WT
and TaADH_like®® strains were measured using Image]
software.

Fluconazole sensitivity determination
The minimum inhibitory concentration (MIC) of flu-
conazole for the strains was determined according to
the M27-A3 protocol recommended by the Clinical and
Laboratory Standards Institute (CLSI) [24]. The MIC
was assessed in 96-well plates using a 2-fold serial dilu-
tion of fluconazole, resulting in a final drug concentration
range of 0.125-64 pg/mL. The inoculum concentration
was adjusted to 5x 10° CFU/mL and 100 pL was added to
each well. Plates were incubated for 48 h at 200 rpm/min
at 28 °C. Each experiment was performed in triplicate.
Comparison of spot tests for susceptibility of WT and
TaADH_like®F strains to fluconazole inhibitory concen-
trations. SDA medium containing different concentra-
tions of fluconazole (0, 2, 8, 16, 32, 64, 128, 256 ug/mL)
was prepared. For each fluconazole concentration, 2 pL
of conidial suspensions at 1x10” CFU/mL, 1x10° CFU/
mL, and 1x 10° CFU/mL were spotted onto the respec-
tive SDA medium, incubated at 28°C and observed after
48 h, with a 50% reduction of colonies as the observation
threshold. Each experiment was performed in triplicate.
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Stress experiment

SDA medium containing 0.2 mM CoCl,, SDS (0.004%
W/V), CR (0.4 mg/mL and 1 mg/mL), 1.5 M NaCl, and
2 M sorbitol were prepared, respectively. Inoculate 2
uL of each concentration of conidial suspension 1x 10’
CFU/mL, 1x10° CFU/mL and 1x10° CFU/mL in
medium and incubate at 28 ‘C for 3 d. The phenotypic
differences between the strains were observed daily. The
results were repeated three times.

Acetaldehyde content detection

The acetaldehyde content of the strains was determined
using High Performance Liquid Chromatography (HPLC)
(1260 infinityll, Agilent). Equal masses of WT and
TaADH_like®® strains were ground, and perchloric acid
and sodium acetate were added in a volume twice that of
the sample to adjust the pH to 4.0. The supernatant was
transferred to a pre-cooled centrifuge tube, and an equal
volume of DNPH (Aladdin, Shanghai, China) was added
and shaken for 1 h. Subsequently, acetonitrile was added
in a volume twice that of the sample and mixed by shak-
ing for 30 min. The supernatant was spun dry in a rotary
evaporator, and 2 mL of acetonitrile was dissolved for
detection. The mobile phase was composed of 50% ace-
tonitrile and 50% water, with a flow rate of 1 mL/min. The
C18 solid phase extraction column was used, with a col-
umn temperature set at 30 °C and an injection volume of
20 pL. The results were repeated three times.

Determination of biofilm biomass

The quantification of biofilm biomass using the XTT
reduction method was performed as previously described
[25]. Each 96-well cell culture plate was added with 100
uL conidial suspension (1x10° CFU/mL), incubated at
28°C for 2 h, lightly washed twice with PBS, and then re-
added with 100 pL fresh SDB culture medium at 28°C.
The culture medium was changed every 24 h. At 24, 48,
and 72 h, the 96-well plates were removed, washed three
times with PBS, and 200 pL of XTT-menadione solu-
tion was added to each well, and incubated at 28°C for
4 h in the dark. Using 100 pL of liquid per well in a new
96-well plate, absorbance was measured at 492 nm (Vari-
oskan Fish, Thermo). Each experiment was performed in
triplicate.

ROS assay

The final concentration of 1 mg/mL Dihydroethidium
(Beijing Solarbio Science & Technology Co., Ltd., China)
10 pL and 1 mL of conidial suspension (1x 10’ CFU/
mL) were mixed thoroughly, incubated for 30 min at 37
C in the dark, and then 200 pL of suspension was added
into a black 96-well plate, and the fluorescence intensity
(excitation wavelength of 518 nm, emission wavelength
of 610 nm) was measured (Varioskan Fish, Thermo).The
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results were repeated three times. Meanwhile, 10 pL of
suspension were aspirated to observe the fluorescence of
the strain (BX51, Olympus).

Pathogenicity experiment

Animal

Eight-week-old female ICR mice (SPF(BEIJING)BIO-
TECHNOLOGY CO.LTD., China) were immunosup-
pressed with 80 mg/kg cyclophosphamide and 25,000
units of penicillin sodium four days prior to the experi-
ment. The mice were divided into three groups, A, B and
C. Groups A and B were inoculated with 0.1 mL of 1 x 107
CFU/mL conidial suspensions of the WT and TaADH_
like®F strains, respectively, via the tail vein. Group C
served as the control, inoculated with 0.1 mL of saline via
the tail vein. The mice were fed and watered ad libitum,
weighed at 1 d intervals, and recorded the survival rate.

Tissue fungal burden analysis
Mice in groups A and B were euthanized by cervical dis-
location on 1, 3, 5 and 7 d (5 biological replicates), and
heart, liver, spleen, lung, and kidney tissue fungal bur-
den were determined by plate colony counting. Mouse
hearts, livers, spleens, lungs, and kidneys were aseptically
isolated, ground, and rinsed into sterile EP tubes with 2
mL of saline. Tissue solutions were diluted at 107}, 1072,
and 10~% multiplicities, and 100 pL of each concentra-
tion was uniformly spread in SDA medium (3 replicates)
and placed at 28 °C for 2—4 d. Colonies on the plates were
counted, and the amount of fungal burden in the tissues
was calculated. The fungal burden per gram of tissue was
expressed as log (CFU/g), using the formula:

Fungal burden =log[X/(A/2 x 10" "x0.1)] [log(CFU/g)]

[X: number of colonies per plate count (CFU); A: mass
of tissue organs (g); 10 ™ dilution ratio; 2; volume of nor-
mal saline used in elution tissue (mL); 0.1: volume of sus-
pended fluid used in inoculation plate (mL)]

Histopathological

Mice in groups A and B were euthanized by cervical dis-
location on 1, 3, 5 and 7 d (5 biological replicates), and
tissues of heart, liver, spleen, lungs and kidneys were
removed and fixed in 4% paraformaldehyde for 24 h. They
were routinely dehydrated and dipped in wax, embedded
and sectioned, and then stained by Hematoxylin-Eosin
staining (HE) and peroxodioic acid-Schiff staining (PAS),
respectively.

RT-qPCR analysis

The strains were grown in Sabouraud Dextrose Broth
(SDB) medium at 28 °C for 3 d at 200 rpm/min. RT-
qPCR methods were as described previously [16]. WT
and TaADH_like®F strains total RNA was extracted and
reverse transcribed to cDNA and 18sRNA was used as an
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internal reference for RT-qPCR assay. Primers are shown
in Table S3-S5.

Data statistics

GraphPad Prism 9.5 was used to calculate the mean and
standard deviation. Tissue fungal burden statistics were
analyzed using a two-way ANOVA and all other tests
were analyzed by a t-test using the Holm-Siddk method.
###+ P<0.0001, *** P<0.001, ** P<0.01, * P<0.05.

Results

ADH gene family analysis

To understand the genetic evolutionary relationships
of the alcohol dehydrogenase (ADH) gene family in T.
asahii, comparative analysis of the ADH gene families
in C. albicans and S. cerevisiae was conducted. Seven-
teen members of the ADH gene family containing both
ADH_N and ADH_Zinc_N domains were identified,
including six genes from T. asahii, six from S. cerevisiae,
and five from C. albicans, which were labelled according
to the genome annotations. The phylogenetic evolution-
ary tree divides 17 genes into three groups (Fig. 1-I). The
predicted protein lengths encoded by the ADH genes
ranged from 282 to 381 amino acids (aa). The molecular
weights ranged from 30935.4 Da (CaADH3) to 40586.6
Da (CaFADH). The isoelectric point values of these
TaADHs ranged from 5.58 to 8.65 and included 3 basic
and 14 acidic proteins (Table 1).

The Zinc 1 binding motif, Zinc 2 binding motif
and NADPH binding motif are important bind-
ing motifs for ADH. The Zinc 1 binding motif
[GHE(x)2G(X)5G(X)2 V] contains catalytic zinc amino
acid coordination residues. The Zinc 2 binding motif
[GD(X) 9,10 C(X)2 C(X)2 C(X)7 C] contains struc-
tural zinc amino acid coordination residues (Fig. 1-III).
The NADPH binding motif [GXG(X)2G] is highly con-
served among ADH members (Fig. 1-III). The genes with
higher homology have similar protein motif composi-
tions. Motifl and motif7 are unique to group B. Simi-
larly, motif5 is a significant motif in groups A and B but
absent in group C. All members of groups A and B, along
with TaADH_like, contain motif3 and motif4, which may
be the characteristic motifs of alcohol dehydrogenase
(Fig. 1-IVA). The number of CDS regions varies from 1 to
6 across groups A-C. In C. albicans and S. cerevisiae, only
CaFADH has two CDS regions, whereas the others have
one CDS region, but all TuADH possess multiple CDS
regions (Fig. 1-IVB).

Transformant verification

The transformant was observed to green fluorescens
in the dark field (Figure S1-I), and PCR amplification
yielded a 4500 bp HYG-TDH3_Promoter-TaADH_like
target band (Figure S1-II), with the mRNA level of
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Fig. 1 ADH gene family analysis. |, Phylogenetic analysis of the T. asahii, C. albicans and S. cerevisiae ADH gene family members. Il, TaADH_like domain
diagram. Ill, Partial results of amino acid sequence alignment of 17 ADH genes. IV, Phylogenetic tree, gene structure and conserved motifs of ADHs. A,

Phylogenetic tree and motif analysis. B, Gene structure analysis of ADHs

TaADH_like about 59-fold higher than WT (2<0.0001)
(Figure S1-III). In conclusion, the TaADH_like overex-
pression strain was successfully constructed and named
TaADH_like®F strain.

Overexpression of TaAADH_like decreased the germination
and growth rate of T. asahii

TaADH_like®® and WT were cultured on SDA medium
for 25 days. WT exhibited significantly faster growth
than TaADH_like®® (P<0.0001), with growth plateau-
ing after 21 days (Fig. 2-I). Microscopic observations
revealed differences in germination between TaADH_
like®® and WT (Fig. 2-1I). Both TaADH _like®® and WT
conidia began to germinate at 4 h (Fig. 2-II A and a). At
8 h, WT conidia elongated and were significantly longer

than TaADH_like®F (Fig. 2-II B and b). At 12 h, TaADH_
like®® conidia were willow-like, and WT conidia devel-
oped septa and formed short hyphae (Fig. 2-II C and c).
At 16 h, TaADH_like®® willow-like conidia appeared
septa, and a large number of conidia were still germinat-
ing. WT short hyphae with increased septa in the mid-
dle formed rectangular conidia (Fig. 2-II D and d). At
20 h, TaADH_like®F was still germinating, WT conidia
increased, and rectangular conidia gradually became
round (Fig. 2-II E and e). In conclusion, TaADH._like®F
germinated slower than WT, consistent with the growth
curve results. The length and width of over 100 conidia
of both TaADH_like®® and WT were measured, and the
results showed that WT conidia tended to round while
TaADH_like®® conidia tended to oval (Fig. 2-III). The
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Table 1 Detailed information of the ADH family members

identified

Gene_symbol GenelD Length MW(Da) PI
TaADHA evm.model.Chr02.955 308 32819.7 7.39
TaADH1(Chr3)  evm.model.Chr03.1119 369 39170.8 7.19
TaFADH evm.model.Chr04.188 371 39685.2 6.50
TaADH1(Chré)  evm.model.Chr06.247 359 381705 5.74
TaADH_like evm.model.Chr08.320 344 36829.0 6.96
TaADH3 evm.model.Chr08.391 366 387863  6.18
CaADH2 C1_08330C_A-T-p1 348 36807.2 6.26
CaADH3 C2_04470W_A-T-p1 282 309354 6.24
CaADH1 C5_05050W_A-T-p1 350 369093 585
CaADH5 CR_02070C_A-T-p1 336 35702.7 558
CaFADH CR_10250C_A-T-p1 381 405866 596
ScADH5 YBR145W 351 376481 5.94
ScADH7 YCR105W 361 393484 6.91
ScADH3 YMRO83W 375 403695 865
ScADH2 YMR303C 348 367319 6.26
ScADH6 YMR318C 360 39617.5 6.28
ScADH1 YOLO86C 348 36849.1 6.21

genes related to WT and TaADH_like®® conidia were
analyzed by RT-qPCR. The results indicated that genes
associated with conidial development and maturation
(apsA, umvl, vosA, DIT1, and fiml) were significantly
down-regulated (Fig. 2-IV). These changes may have con-
tributed to the altered conidial morphology and slower
growth observed following TaADH_like overexpression.

Overexpression of TaADH_like mediates T. asahii dimorphic
transition

The morphology of TaADH_like®t and WT showed obvi-
ous differences on SDA (Fig. 3-1). TaADH_like®F colonies
appeared small, creamy-white, and lustrous, with irregu-
lar growth and a moist surface characterized by promi-
nent brain-like folds. In contrast, WT colonies are large,
white and translucent, with neat radial outward growth
at the edges, dry surface, and few downy folds.

The morphology differences were observed by micro-
scope (Fig. 3-II). On Day 1, both TaADH_like®® and W'T
strains showed a large number of conidia (Fig. 3-II A and
a). On Day 3, TaADH._like®F conidia had elongated, with
the majority undergoing germination, while WT exhib-
ited long chains of pseudohyphae and arthroconidia
(Fig. 3-11 B and b). On day 5, TAADH_like®F conidia were
mostly fusiform with large vacuoles in the middle, with
many conidia linked together in clusters. WT displayed
hyphae, accompanied by numerous pseudohyphae and
arthroconidia, the conidia were mostly round (Fig. 3-11 C
and c). On Day 7, TaADH_like®F had a large number of
oval conidia and pseudohyphae, while WT showed elon-
gated hyphae (Fig. 3-II D and d). These observations indi-
cate that overexpression of TuADH_like caused T. asahii
to transition from the hyphal phase to the yeast phase.
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The genes related to WT and TaADH_like®F hyphae
were analyzed by RT-qPCR. BRGI, Rasl, Racl, Rhol,
CDC42 and cmkA genes related to hyphae growth, devel-
opment and regulation were significantly down-regu-
lated, and the NRGI and RGFI genes encoding hypha
deterrent proteins were significantly up-regulated (Fig. 3-
III). This coordinated regulation drove the transition of T.
asahii from the hyphal phase to the yeast phase.

Slightly reduced fluconazole sensitivity

In the spot test, the concentration at which colony growth
was reduced by 50% was 2 ug/mL for WT and 8 ug/mL
for TaADH_like®F (Fig. 4). In the MIC assay, the MIC val-
ues were approximately 4 pg/mL for WT and 8 pg/mL for
TaADH_like® (Table 2). Due to the morphological char-
acteristics of WT, some white floating colonies appeared
in liquid culture, which caused discrepancies between the
results and those of the spot test. Overall, TaADH_ like
overexpression led to a slight increase in resistance to T.
asahii.

Stress experiment

CoCl, is a chemical hypoxia mimetic in eukaryotic cells
[26]. Compared to TaADH_like®®, WT inoculated with
1x10° and 1 x 10° CFU/mL conidial suspensions on SDA
exhibited significant inhibition (Fig. 5-I). This suggests
that overexpression of TaADH_like reduces the sensitiv-
ity under hypoxic conditions. The integrity of the cell wall
was assessed using cell wall disruptors sodium lauryl sul-
fate (SDS) and Congo red (CR) (Fig. 5-II). There was no
significant difference in the growth of all tested strains,
indicating that overexpression of TaADH_like did not
affect the integrity of T. asahii cell wall. Additionally, it
was found that WT growth was progressively inhibited
with increasing CR concentration, primarily in the form
of reduced radial hyphal growth. In contrast, TaADH_
like©F exhibited a yeast phase, and its growth was unaf-
fected by CR concentration.

TaADH_like®® exhibited significant suppression on
SDA medium containing the osmotic stressors sorbitol
and NaCl (Fig. 5-1II). The expression of genes related to
osmotic pressure regulation was analyzed by RT-qPCR
(Fig. 5-1V). Following TaADH_like overexpression, genes
associated with the osmolarity-related Shol and CuNIKI
(Sin1)-regulated HOG1 pathways were dysregulated. The
Shol gene was most significantly downregulated, while
the CnNIKI gene was significantly upregulated. The
Stell gene showed no differential expression, and the
remaining genes in the regulatory pathway were down-
regulated. Overexpression of TaADH_like inhibited the
Shol pathway, thereby enhancing the osmotic stress sen-
sitivity of T. asahii, while the CnNIK1 pathway compen-
sated for the Shol pathway.



Liu et al. BMC Genomics (2025) 26:352

Page 7 of 16

I I WT TaADH_like%
80 - WT
T -=~ TaADH_like®F
£E 60 ;‘ak v A5
5 4h ®
g \
§ 407 v/
=
I3
§ 204 A a
=]
U h v
O_W'W'm
0 10 20 30 N A
Days Sh ?ﬁ
I A B
b B al|b -
) N b
% E . \ A
T e 12h 3 fonr
g * . & .
;,,’“ﬁ R’ R \ \\
= ] ] 2 i s 8 = )
ia length (um| <%,
WT TaADH_likeoF = c | c \ -
v 4 = WT ; \x
*okkk *kok *kk Kok kK *k %k *kk ) . o ’ r
2lm M m m m r1 ™ TaADH like™ =% J \
T o 16h p P
3 P -y
e : 5 &
2 .4 g -
g ? D d =
g sy
: -8 H N, d
£ 10 {2 :
S 20} m 20 h o
“ r » P
307 ! T 2 N
‘(‘ Y LT3
-40 T T T T T T t s,
apsA  umvl VosA DIT1 fim1 arp2 E 3 ':',f-i e &

Fig. 2 Overexpression of TaADH_like decreased the germination and growth rate of T. asahii. |, Growth curve of TaADH_like®® and WT. Results are ex-
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TaADH_like®* ratio of conidia length to width, Scale, 10 um. IV, RT-qPCR analysis of regulating conidia-related genes. Positive and negative represent up-
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Acetaldehyde content and biofilm metabolic activity
determination

Acetaldehyde, a toxic volatile organic compound with
an irritating odor, was quantified by HPLC after being
derivatized with 2,4-dinitrophenylhydrazine (DNPH) to
form stable hydrazone compounds [27]. The regression
equation of the standard curve was y=26005x + 4.047 (R?
= 0.9993, y = peak area, x = acetaldehyde-DNPH con-
tent). The acetaldehyde-DNPH content of the 20 pL sam-
ple volume of WT and TaADH_like®F was 0.0081 g and
0.0125 pg, respectively (Fig. 6-I). The overexpression of
the TuADH_like increased acetaldehyde accumulation in
T. asahii, potentially implicating its role in the intercon-
version between alcohols and aldehydes.

The biofilm metabolic activity of TaADH_like©F
was significantly higher than that of WT at 24, 48, and
72 h. The biofilm metabolic activity of TaADH_like®®
peaked at 48 h and maintained until 72 h (Fig. 6-II).

Overexpression of TuADH_like enhanced biofilm meta-
bolic activity in T. asahii.

ROS determination

Dihydroethidium (DHE) is a widely used cell-permeable
fluorescent probe for detecting superoxide anion (O,")
radicals [28]. When the level of superoxide anions inside
the cell is high, more Ethidium is generated, resulting in
stronger red fluorescence. At the same exposure time,
the intensity of red fluorescence observed for TaADH_
like®F was significantly weaker than that of WT under
the microscope (Fig. 7-I). Fluorescence intensity mea-
surements revealed that TaADH_like®F produced signifi-
cantly lower fluorescence than WT (P<0.001), consistent
with the microscopic observations (Fig. 7-1I).

Pathogenicity
Mice inoculated with WT appeared to die on 1 d and
experienced a significant mortality spike on 3 d, dropping
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Table 2 The minimum inhibitory concentration (MIC) was and TaADH_like®* showed a significant decrease in body
determined weight compared to control mice (Fig. 8-II). Due to the
Strain MIC Value high mortality of WT-inoculated mice within 3 days, the
WT 4 ug/mL remaining number of mice was insufficient to continue
TaADH_like®* 8 pg/mL the body weight change test, and thus only the body

weight changes within the first 3 days were recorded.
the survival rate to less than 30%. In contrast, mice inoc- Overall, overexpression of TaADH_like reduced the
ulated with TaADH_like®® exhibited a slower rate of lethality of T. asahii in mice.
death and maintained a survival rate above 50% within The results of tissue fungal broaden analysis are shown
7 days (Fig. 8-I). Additionally, mice inoculated with WT in Fig. 8-IIL. The tissue fungal burden in mice inoculated
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Fig. 9 HE and PAS staining of heart tissue from mice infected with WT and TaADH_like®. I, HE staining of heart tissue. Il, PAS staining of heart tissue.
Representative HE and PAS stained sections of heart tissues 1-7 d and 1-3 d after infection of mice by control (A-D), TaADH_like®E (E-H) and WT (I and J),

respectively. Scale bar, 20 um. Black arrows point to conidia or hyphae

with WT and TaADH_like®F peaked at 3 d, which was
significantly higher than that at 1 d (P<0.0001). Subse-
quently, a decreasing trend was observed in the fungal
burden of mice inoculated with TaADH_like®E. On Day
1, the fungal burden in the heart, spleen, and kidney tis-
sues of WT-inoculated mice was significantly higher
(P<0.0001) than that in TaADH._like®E-inoculated
mice. On Day 3, the fungal burden in the lung tissues of
TaADH_like®E-inoculated mice was significantly higher
than that in WT-inoculated mice (P<0.0001), while the
remaining tissues exhibited lower burdens compared
to WT-inoculated mice. Overall, WT colonised tissues
stronger than the TaAADH_likeF strain.

Histopathological

Pathological histology showed that WT-inoculated mice
developed pathological damage earlier and exhibited
more severe damage compared to TaADH_like®E-inoc-
ulated mice. The TaADH_ like®E-inoculated mice showed
infiltration of inflammatory cells between myocardial
fibres on 3 d, and myocardial fibre lysis and rupture on
5 and 7 d, with an increase in inflammatory cells, which
were similar to the results of the WT-inoculated mice on
3 d (Fig. 9-I). There were no obvious abnormalities in the
liver tissues of TaADH._ like®E-inoculated mice on 1 d,
and the cytoplasmal structure of some hepatocytes was
damaged on 3 d, which was similar to WT-inoculated
mice on 1 d. In both WT- and TaADH._like®E-inoculated
mice, the central vein and sinusoid space were enlarged
and the lumen was filled with red blood cells on 3 and 5

d, respectively (Figure S2-I). The spleen tissues from WT-
inoculated mice showed splenic pulp congestion at 1-3 d,
with obvious connective tissue hyperplasia and thickened
splenic trabeculae, leading to fibrosis (Figure S3-I). The
kidney tissues from both WT- and TaADH_like®E-inoc-
ulated mice exhibited adhesion of the renal capsule to the
vascular balloon and occlusion of the balloon lumen on 1
and 3 d, respectively (Figure S4-I). However, the WT- and
TaADH_like®®-inoculated mice showed similar levels of
damage in lung tissues (Figure S5-I).

All tissues exhibited the highest levels of conidial or
hyphal infections on 3 d, which is consistent with the tis-
sue fungal burden results (Fig. 9-1I, S2-1I, S3-II, S4-11, and
S5-1I). In the WT-inoculated mice, kidneys showed an
elongated hyphal state on 3 d (Figure S4-II). No conidia
were detected in the liver and spleen of the TaADH_
like®E-inoculated mice on 1 d (Figure S2-II and Figure
S$3-II). The higher tissue fungal burden in lung tissues of
the TaADH_like®E-inoculated mice on 3 d compared to
the WT-inoculated mice. This may be due to the overex-
pression of TuADH_like, which caused the transition of
T. asahii from the hyphal phase to the yeast phase. This
shift may have altered the strain’s preference for tissue
colonization, leading to a similar degree of pathological
damage in lung tissues of WT- and TaADH_like®*-inoc-
ulated mice after 3 d.
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Discussion

Trichosporon asahii is an important pathogenic fungus
for humans and animals, and the study of gene function
is a crucial research tool for exploring its drug resistance
and pathogenicity. In this study, we conducted a prelimi-
nary investigation into the function of the TaADH_like
gene in T asahii, which lays the foundation for in-depth
research on the mechanism of drug resistance and patho-
genicity of T. asahii.

ADH gene family analysis

S. cerevisiae and C. albicans serve as model fungi, with C.
albicans being a common pathogenic fungus in humans
and animals [29, 30]. These two model fungi were
selected to investigate the genetic evolutionary relation-
ships of ADH in T.asahii. S-(hydroxymethyl) glutathione
dehydrogenase (FADH), considered the progenitor of
the ADH gene family, together with alcohol dehydroge-
nase, constitutes the ADH gene family [31]. In this study,
TaADH_like clusters with FADH in the phylogenetic
tree. This may be because TaADH_like lacks motif5 of
groups A and B, and is also deficient in group B - spe-
cific motifl and motif7. Motif3 and motif 4 are present in
both groups A and B, as well as in TaADH_like, and may
be characteristic of alcohol dehydrogenase. However,
sequence alignment results indicate significant differ-
ences between TaADH_like and other alcohol dehydro-
genases. This may explain why TaADH_like is annotated
as zinc-type alcohol dehydrogenase-like rather than alco-
hol dehydrogenase, and is not clustered with groups A
and B. TaADH_like may be intermediate between FADH
and alcohol dehydrogenase, but its correlation remains
unclear. Most ADHs in C. albicans and S. cerevisiae pos-
sess a single CDS region, whereas T. asahii typically con-
tains multiple CDS regions. The simpler gene structure
of the saccharomycota (S. cerevisiae and C. albicans) has
also been found in the Cyclophilin family [32]. C. albi-
cans and S. cerevisiae exhibit higher homology than T.
asahii. Although the basidiomycota (7. asahii) and the
saccharomycota (S. cerevisiae and C. albicans) are geneti-
cally distinct in gene structure, the types and distribution
of motifs are similar in the same group.

The overexpression of TaADH_like mediates the dimorphic
transition in T. asahii

Dimorphic transitions are crucial for fungal growth. T.
asahii, a morphologically and physiologically complex
dimorphic fungus, can grow as yeast or exhibit filamen-
tous growth, forming pseudohyphae and hyphae with
abundant articulated conidia, similar to C. albicans [11].
In this study, overexpression of TaADH_like resulted in
reduced hyphae formation, slowed conidia germination,
and an arthroconidia formation of pseudohyphae, similar
to the results after ADH1 gene knockdown in C. albicans
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[8], where TuADH_like exerted an opposing regulatory
effect to the ADHI. In Aspergillus nidulans, vosA regu-
lates conidial growth and development, promoting their
maturation and germination [33]. Similarly, umvl ful-
fills a comparable regulatory role in Ustilago maydis
[34]. In Schizosaccharomyces pombe, fiml is involved
in sexual reproduction with conidia [35], whereas apsA
is involved in asexual development in Aspergillus nidu-
lans [36]. DIT1 encodes a spore wall maturation protein
in yeast [37], and Arp2 is essential for the hydrophobin
protein on the conidial surface in Aspergillus fumigatus
[38]. Together, these genes regulate conidia growth and
development, and TaADH_like overexpression reduced
the expression of these genes, resulting in slower conidia
germination in TaADH_like®E.

Additionally, genes associated with hyphal growth,
development, and regulation—BRGI, Rasl, Racl, Rhol,
CDC42, and cmkA—were significantly down-regulated
in TaADH_like®E, while the hyphal deterrent proteins
NRGI and RGFI were significantly up-regulated. BRGI
encodes a DNA-binding protein that serves as a key
regulator of fungal morphology. In C. albicans, mutants
lacking BRG1 grew as yeast under all tested conditions,
whereas overexpression of BRGI promoted hyphal
growth [39]. NRGI encodes a hyphae deterrent protein
that represses hyphae formation and hyphae-associated
gene expression [40]. Nrglp and Rfglp are transcrip-
tion factors that negatively regulate hyphal formation.
Reducing Nrgl transcript levels enhances hyphal growth
and hyphae-specific gene expression, and overexpres-
sion of RGF1I drives pseudohyphae formation under yeast
growth conditions [41, 42]. The Rho-related GTPase fam-
ily is also plays a crucial role in fungal developmental and
morphogenetic processes, including Rho, Cdc42, and Rac
[43]. Under different culture conditions of T. asahii, the
expression of CdC42 was found to significantly increased
after the transition from the yeast phase to the hyphal
phase, while the relative mRNA expression levels of RasI,
Racl, and Rhol were all significantly higher in the hyphal
phase than in the yeast phase [44, 45]. The coordinated
regulation of these genes induced the transition of T. asa-
hii from the hyphal phase to the yeast phase.

The overexpression of TaADH_like slightly enhances
fluconazole resistance in T. asahii

In C. albicans, a fluconazole MIC<8 pg/mL indicates
susceptibility to fluconazole [46], but no such criteria
have been established for T. asahii. In this study, fluco-
nazole resistance in 7. asahii increased from 2 to 4 pg/
mL to 8 ug/mL following overexpression of TaADH_like.
Biofilm activity was significantly higher in TaADH_like®F
than WT. Arthroconidia of T. asahii promote biofilm for-
mation by enhancing cell adhesion [21, 47, 48]. TaADH_
like®® was transitioned from the hyphae phase to the
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yeast phase, and the increase in arthroconidia enhanced
biofilm formation. Biofilm formation can hinder the
entry of drugs into fungal cells [15]. In MIC experiment,
the adhesion and growth of 7. asahii on 96-well cell cul-
ture plates may contribute to the slight increase in fluco-
nazole resistance observed in TaADH_like®F. Although
the overexpression of the TaADH_like only induces a
slight increase in drug resistance, it does contribute to
enhancing the drug resistance of T. asahii. Therefore, we
speculate that TuADH_like is a potential gene associated
with drug resistance in T. asahii.

The overexpression of TaADH_like maintains T. asahii
growth under anaerobic conditions

In organisms, alcohol dehydrogenase (ADH) catalyzes
the NAD*-mediated interconversion between etha-
nol and acetaldehyde [49]. This catalytic process is also
accompanied by the production of the energy molecule
ATP, which plays a crucial role in the resistance of organ-
isms to adverse stress [50]. Moreover, ADH is regulated
by oxygen. In Pichia pastoris, the transcription of ADH1
is regulated by oxygen, with higher expression under oxy-
gen-limited conditions than under aerobic conditions. Its
expression is inversely correlated with oxygen concentra-
tion, increasing as oxygen levels decrease [51]. Similarly,
Adhl is up-regulated under hypoxic conditions in Fusar-
ium spinosum and Metarhizium [52, 53]. In this study, we
found that overexpression of TaADH_like increased the
tolerance of strains under hypoxic conditions, consistent
with the results of previous studies.

HOG-MAPK pathway May reduce pathogenicity by
influencing its colonisation

In S. cerevisiae, the HOGI pathway is activated by two
distinct upstream branches, Sln1 and Shol [54]. The Sinl
branch consists of the transmembrane histidine kinase
receptor Sinl, the phosphotransporter protein Ypd1, the
response regulator SskI, and the MAPKKK Ssk2/Ssk22,
and the Shol branch consists of the transmembrane
osmolality receptor Shol, the small G protein Cdc42, the
PAK kinase Ste20, and the MAPKKK Stell [55]. PBS2 is
a scaffolding protein that can be activated by Ssk2/Ssk22
and Stell to further activate HOG1 in response to hyper-
osmotic stress [56]. In C. albicans, Ssk2 and Ssk22 merge
into a single gene, Ssk2, and Stell is not involved in the
regulation of the Hogl signaling pathway [57]. In C. albi-
cans, Hogl is regulated only by Ssk2 and is not affected
by Stel1 [58]. This is a marked difference from the HOG1
signaling pathway in S. cerevisiae. In this study, SSK2 was
not annotated in 7. asahii, and only SSK22 was present.
The Sinl pathway consists of CuNIKI1 (Sinl), CnHHK2
(Ypdl), SSK1, and SSK22.The Shol branch consists of
Shol, Cdc42, Ste20, and Stell. However, Stell was not
differentially expressed under high osmotic conditions,
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and it is presumed that Stel! is also not involved in the
regulation of the HOGI1 signaling pathway in T. asahii.
Except for Stell, Shol of HOGI pathway was signifi-
cantly down-regulated and CuNIKI gene appeared sig-
nificantly up-regulated in T. asahii, presumably the Shol
pathway was suppressed by overexpression of TuADH_
like, and CnNIKI acted as the main pathway in response
to osmotic stress. There are no unannotated PBS2-asso-
ciated genes in T asahii, which may be similar to C. albi-
cans, where HOG1 is directly regulated by genes such as
SSK22.

In C. albicans, the Hog MAPK pathway regulates the
formation of hypha, which affects the virulence of the
strain, and Hogl inhibits the yeast-to-hyphae transition
through downstream components [59]. Hogl can act
as a repressor of the yeast-to-hypha transition and an
inducer of chlamydospore formation in C. albicans [60].
Additionally, Hogl has been found to be involved in the
colonization of the mouse intestine by C. albicans [61].
The virulence of hogl defective mutant of T. asahii to
silkworm was weakened [62]. In this study, HOGI was
significantly down-regulated, and it is speculated that the
Hog MAPK pathway was involved in the hyphae-to-yeast
transition of 7. asahii and reduced the colonisation abil-
ity of TAADH_like®E.

The overexpression of TaADH_like reduces the
pathogenicity of T. asahii
The ability to switch between yeast and hyphal is neces-
sary for virulence [63, 64]. Both forms play crucial roles
during infection. The yeast form may disseminate via the
bloodstream, spreading the organism to various host eco-
logical niches, while the hyphal form is invasive, enabling
the organism to evade phagocytosis [65]. In dimorphic
ascomyces C. albicans, the reduction of hyphal forma-
tion ability reduced the virulence of C. albicans in mice,
Caenorhabditis Elegans and Galleria mellonella [8]. The
transformation of 7. asahii clinical isolates from the
hyphal phase to the yeast phase reduced the lethality of
infection in mice, with the organism predominantly in
the pseudohyphal form within host tissues [66]. In this
study, overexpression of TauADH_like led to a shift of T.
asahii from the hyphal phase to the yeast phase, result-
ing in reduced lethality in mice. WT exhibited stron-
ger colonization of organs compared to TaADH_like®F.
Pathological histology revealed that the WT-inoculated
mice developed pathological damage earlier and exhib-
ited more severe damage than the TaADH._like®®-inocu-
lated mice. In conclusion, overexpression of TuADH_like
caused T. asahii to shift from the hypha phase to the
yeast phase, thereby reducing its pathogenicity.

Alcohol dehydrogenase is widely present in organisms,
but the genome-wide information of many fungi has not
been precisely annotated. The genome-wide information
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of T. asahii was annotated to the chromosome level for
the first time in this laboratory. Although the article was
explored by model strains C. albicans and S. cerevisiae,
there is a lack of fungi from the same family and genus
to jointly explore the evolutionary level of T. asahii. It is
hoped that this will be addressed in future studies.

Conclusion

Alcohol dehydrogenase is involved in pathogenicity
regulation of T. asahii. The T. asahii ADH gene family
contains six members. Overexpression of TaADH_like
reduced sensitivity to hypoxic environments, conversion
of T asahii from hyphae to yeast phase, slower growth,
diminishes colonisation ability, reduced damage to organ
tissues and lowers lethality. Increased osmotic stress sen-
sitivity and the involvement of the HOG MAPK pathway
in the hyphae-to-yeast transition reduce the coloniza-
tion ability of T. asahii. Furthermore, the overexpression
of TuADH_like promoted biofilm formation and led to a
slight enhancement in fluconazole resistance in T. asahii.
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