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ABSTRACT

The fungus Ustilaginoidea virens, which impacts rice spikes, causes rice false smut (RFS), a
significant prevalent disease in rice cultivation regions globally. Cytochrome P450 genes are
known to be involved in secondary metabolism and pathogenesis in various species, but studies
on CYP450 genes in U. virens are limited. In this research, a P450 family gene, CYP503, was found
up-regulated during invasion stage of U. virens. Observation of fluorescence indicated that
UvCYP503-GFP is situated within cytoplasm of hyphae. Disruption of CYP503 led to decreased
hyphal development, conidiation, and pathogenicity. Additional RNA-seq assay revealed that
UvCYP503 affects the transcript of genes associated with pathogenicity, various stress responses,
and other CYP450 genes. In alignment with RNA-seq results, compared with wild-type, AUvcyp503
mutants showed increased sensitivity to cell wall stresses, but reduced sensitivity to osmotic and
hyperosmotic stressors. Moreover, AUvcyp503 mutants exhibited decreased sensitivity to the
fungicides difenoconazole and tebuconazole. This study represents a phenome-based functional
analysis of a CYP503 gene in U. virens and provides valuable genetic resources for further research
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in filamentous fungi and other plant pathogens.

Introduction

Cytochrome P450 (CYP450) belongs to a superfamily
of haem-containing enzymes that are present in a wide
range of species, including fungi, bacteria, plants, and
animals [1,2]. By adding an oxygen atom obtained from
molecular oxygen, CYP450 enzymes play crucial roles
in accelerating the transformation of lipophilic sub-
stances into more hydrophilic derivatives [3-6]. In
Aspergillus nidulans, for example, the phacB gene
encodes enzyme CYP504B is responsible for hydroxy-
lating aromatic rings of phenylacetic acid [7]. Similarly,
in Phanerochaete chrysosporium, CYP450 enzymes can
catalyse the oxidation of phenanthrene under lignino-
lytic conditions [8]. Members of the CYP52 family,
such as the BbCYP52x1 enzyme in Beauveria bassiana
and MrCYP52 in Metarhizium robertsii, are involved in
modifying insect epicuticles to hydrophilic derivatives
[9,10]. Pathogens like Nectria haematococca can pro-
duce the pisatin demethylase (a CYP450 enzyme),
which demethylates the pea phytoalexin pisatin,
thereby reducing its toxicity to the pathogen [11].
CYP450 enzymes are also crucial for the synthesis of
secondary metabolites. In Fusarium fujikuroi, four

CYP450 genes, namely P450-1, P450-2, P450-3, and
P450-4 mediate ten of the fifteen steps of the gibber-
ellin synthesis pathway [12,13]. In Artemisia annua L,
CYP71AV1 is essential for the production of antima-
larial sesquiterpene lactone artemisinin [14]. Given the
importance of CYP450 proteins in various organisms,
CYP450 enzymes are targets for many antifungal agents
[15]. For instance, ERG11 (CYP51) in many fungi is
involved in ergosterol synthesis, which is a target of
azole drugs [16]. Mutations at the E483K and P486S
positions of the CYP51A locus in As. clavatus can
confer resistance to azole agents [17]. These examples
highlight the diverse roles of CYP450 enzymes in var-
ious biological processes, including detoxification,
metabolism, and adaptation to environmental chal-
lenges. Whether CYP450 enzymes have similar func-
tions in Ustilaginoidea virens remains unknown at
present.

Some CYP450 genes are involved in the virulence of
pathogenic fungi [18-21]. For instance, the expression of
CYP505 in F. oxysporum is induced when infecting lettuce
[22]. Disruption of PICB5LI reduces pathogenicity in
Peronophythora litchi [23]. Similarly, deletion of CYP
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genes in F. graminearum leads to decreased pathogenicity
[24], while knockout of MoMCP1I in Magnaporthe oryzae
affects the expression of many pathogenesis-associated
genes [25]. Disruption of VACYPI reduces pathogenicity
of Verticillium dahliae by affecting secondary metabolism
[26]. However, the function of CYP450 genes in patho-
genic fungi remains largely unknown.

U. virens is causing a serious disease in China and
worldwide [27]. In China, U. virens caused an annual
yield loss of 2.4 million hectares loss from 2015 to 2017
[28]. India, as the second largest rice producing coun-
try, has suffered yield losses ranging from 0.5% to 75%
due to U. virens damage [29]. Similarly, U. viren caused
80-90% vyield loss in the Chitwan district of Nepal
based on rice variety [30]. This biotrophic fungus
forms false smut balls, which replace normal rice
grains, leading to substantial economic losses for farm-
ers [31]. Furthermore, U. virens is known to produce
mycotoxins, such as cyclopeptide ustiloxins and poly-
ketide ustilaginoidins, some of which pose risks to
human and animal health [32-34]. Consequently,
researchers have increasingly focused on studying RFS
disease. In this paper, we investigated the gene
UvCYP503, which belongs to CYP450 family, and ana-
lysed its function in U. virens. By disrupting UvCYP503,
we found that UvCYP503 is important for growth,
conidiation, and virulence. Furthermore, RNA-seq
and quantitative real-time PCR (RT-qPCR) analysis
demonstrated that UvCYP503-regulated transcription
is tightly correlated with pathogenesis, stress responses,
and transcription of other CYP450 genes. Additionally,
knockout of UvCYP503 resulted in reduced sensitivity
of U. virens to azole fungicides.

Results
Identification of CYP503

Based on previous studies, the UvCYP503 gene in
U. virens was found to be up-regulated during infection
[35]. For further insights into the possible roles of
UvCYP503, RT-qPCR was employed to assess the
expression patterns of UvCYP503 during U. virens
infection. Compared to the mycelial stage, the expres-
sion of UvCYP503 is significant up-regulated at 5 days
post-inoculation (dpi) (Figure la). This implied that
UvCYP503 might play important functions in U. virens
colonization during the initial infection phases.
Further analysis using the NCBI Conserved Domain
Search revealed that UvCYP503 contains a cytochrome
P450 domain (NCBI Conserved Domain Search (nih.
gov)), belonging to cytochrome P450 family 503 that
catalyse a diverse range of oxidative reactions. To

investigate whether CYP503 exhibits conservation
across different species, we performed a phylogenetic
analysis of CYP503 homologues from U. virens,
Neurospora crassa, Chaetomium globosum, As. niger,
As. flavus, Me. brunneum, F. fujikuroi, F. oxysporum,
F. graminearum, Talaromyces stipitatus, Colletotrichum
siamense, and T. marneffei. This analysis revealed that
CYP503 proteins are conserved across various fungi,
with high similarity to those in F. fujikuroi and
F. oxysporum (Figure 1b).

To investigate the subcellular location of UvCYP503,
a UvCYP503-GFP fusion construct was created and
inserted into a UvCYP503 mutant strain in U. virens.
UvCYP503-GFP fusion protein was shown to be loca-
lized in the cytoplasm of hyphae and conidia, as
demonstrated by fluorescence detection (Figure 1f).

UvCYP503 positively regulates the mycelial growth
and spore production of U. virens

We used the homologous recombination technique to
knocked out the UvCYP503 gene in U. virens. A hygro-
mycin resistance gene cassette was inserted in place of the
UvCYP503 gene in the wild-type U. virens strain
(Figure 1c). The successful replacement was confirmed
by southern blot experiment. AUvcyp503-104 and
AUvcyp503-107 were verified to be the appropriate
knockout mutants when the target band measured 6.3
kb in the wild-type strain became 3.8 kb in the knockout
strain (Figure 1d). For complemented strain AUvcyp503-
C, a vector containing a complete copy of the UvCYP503
gene was introduced into the deletion mutant. RT-qPCR
analysis confirmed successful backfilling of UvCYP503
expression in the AUvcyp503-C strain (Figure le). After
incubating on PSA medium for 14 days, culture studies
revealed that AUvcyp503 mutants had significantly smal-
ler colony diameters than the wild-type strain. On the
other hand, AUvcyp503-C strain exhibited morphology
that was akin to the wild-type strain, suggesting that
AUvcyp503-C had successfully restored UvCYP503
(Figure 2ab). Additionally, the AUvcyp503 mutants’
spore production were found to be four-times less than
that observed in both the wild-type and complemented
strains after seven days of growth in PS medium (Figure
2¢,d). These findings suggested that UvCYP503 positively
regulates the growth and spore production of U. virens.

UvCYP503 positively regulates pathogenesis in
U. virens

To assess the effect of UvCYP503 gene on the virulence
of U. virens, spore and mycelia mixtures of the wild-
type, AUvcyp503-104, AUvcyp503-107, and AUvcyp503-
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Figure 1. Identification of CYP503. a, RT-gPCR showed the expression patterns of UvCYP503 during U. virens infection. Compared to
the mycelial stage, notable upregulation of UvCYP503 expression was observed at 5 dpi. b, Phylogenetic analysis of UvCYP503
homologous from various fungi, including Neurospora crassa (XP_963189.1), Chaetomium globosum (XP_001227319.1), Aspergillus
niger (KAI3075406.1), Metarhizium brunneum (QLI74119.1), Fusarium fujikuroi (QGI65211.1), F. oxysporum (EWY92039.1), F. grami-
nearum (WXC64557.1), Talaromyces stipitatus (XP_002486599.1), Colletotrichum siamense (KAF4880297.1), A. flavus (XP_041151326.1),
and T. marneffei (EEA24836.1). ¢, Strategy outline for knockout UvCYP503 and targeted locations for Sall restriction enzyme
application. HYG, Hygromycin resistance gene cassette. d, Southern blot examination was conducted on wild-type and UvCYP503
knockout strains. Genomic DNA from these strains was fragmented using Sall enzyme and then analysed through southern blotting,
employing a probe positioned upstream of the UvCYP503 coding sequence (depicted by the green arrow in figure 2c). AUvcyp503-
104 and AUvcyp503-107 were verified to be the appropriate knockout mutants. e, RT-gPCR analysis confirmed successful comple-
mentation of UvCYP503 expression in the AUvcyp503-C strain. The B-tubulin gene was used as an internal standard, and applying the
2725°T method, relative gene expression levels were determined. The mean + SEM was calculated using three biological replicates.
Statistical significance was determined based on the outcomes of the Student’s t-test. To indicate varying levels of statistical
significance, the symbols *, **, and *** were employed, correspondingly representing p < 0.05, p < 0.01, and p < 0.001. f, UvCYP503-
GFP fusion protein localizes in the cytoplasm of hyphae and conidia, as demonstrated by fluorescence detection. Scale bar = 5 pm.
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Figure 2. UvCYP50 positively regulates the mycelial growth and spore production of U. virens. a, the colony of each strain after
incubating on PSA medium for 14 days. b, AUvcyp503 mutants had significantly smaller colony diameters than the wild-type strain.
Mycelium diameter of the wild-type, AUvcyp503-104, AUvcyp503-107, and complemented strain on the PSA medium was measured
after 14 days at 28°C. Results are depicted as the mean + SEM from three separate replicates. Significant differences, marked with
asterisks, were identified using a Student’s t-test, with p-values less than 0.001 (denoted as ***) and p-values less than 0.01 (denoted
as **). ¢, Spores production of the AUvcyp503 mutants was found to be four-times less than that observed in both the wild-type and
complemented strains after seven days of growth in PS medium. d, Spores of each strain were photographed under microscope.

Scale bar=10 um.

C strains were injected into the panicles of Wanxian98
rice plants. We counted the false smut balls on each
infected panicle after 21 days. Statistics revealed that
spikes injected with the complemented and wild-type
strains had significantly more false smut balls than
spikes inoculated with the mutant strains. The number
of false smut balls on spikes injected with the wild-type
and complemented strains was comparable (Figure 3a,

b). This finding indicates that UvCYP503 positively
regulates U. virens pathogenicity.

UvCYP503 affects the transcription of
pathogenicity-related genes

We performed an RNA-seq analysis to look into the intrin-
sic mechanism by which UvCYP503 influences the
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Figure 3. UvCYP503 positively regulates pathogenesis in U. virens. a, the false smut balls on spikes at 21 days post inoculated with
indicated strain. b, statistics revealed that spikes injected with the complemented and wild-type strains had significantly more false
smut balls than spikes inoculated with the mutant strains. the results are reported as the mean £ SEM from three separate
experiments. Asterisks (*) signify statistically significant differences with a p-value less than 0.05, as assessed by the Student’s t-test.

pathogenicity of U. virens. Data indicated that 381 genes
exhibited increased expression, while 213 genes showed
decreased expression among the 594 genes that showed
differential expression in the UvCYP503 mutant relative to
the wild-type strain (Figure 4a). Functional categorization
of differentially expressed genes (DEGs) was achieved
through Gene Ontology (GO) enrichment analysis
(Figure 4b). Data demonstrated that DEGs were significant
in enrichment in oxidoreductase activity, transmembrane
transport and other categories. Furthermore, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis
highlighted significant enrichment of pathways across
three categories: metabolism, environmental information
processing, and organismal systems (Figure 4c). It was
discovered that the genes ranking in the top 30 of the
KEGG analysis are essential for many biological processes,
such as metabolic pathways, biosynthesis of secondary
metabolites, and others (Figure 4d).

UvPrla, UvPall, and UvSTE50 genes, which posi-
tively regulate the pathogenicity of U. virens [36-38],
were significantly down-regulated in the AUvcyp503
mutant according to RT-qPCR data (Figure 5a). To
comprehensively understand the transcription of
CYP450 genes in the AUvcyp503 mutant, a heat map
was constructed using transcriptome data, showing
that many CYP450 genes were down-regulated in the
AUvcyp503 mutant (Figure 5b). These findings indicate
that UvCYP503 regulates the expression of genes linked
to pathogenesis and CYP450, aligning with the observed
decrease in virulence of the AUvcyp503 mutant strain.

UvCYP503 regulates the transcription of genes
related to various stress responses

Based on the RNA-seq analysis and RT-qPCR assay data,
deletion of UvCYP503 significantly impacted the expres-
sion of genes associated to stress response. The reported
genes UvHOGI, UvPDEH, and UvSUNI, which posi-
tively regulate U. virens response to cell wall stress,
showed decrease expression in the AUvcyp503 mutant
(Figure 6a) [39-41]. UvComl, UvCCHC3, and
UvCCHC4 genes, which negatively regulate responses
to oxidative stress, showed decreased expression in the
AUvcyp503 mutant (Figure 6b) [42,43]. Similarly,
UvPmkl, UvCDC2, and UvCCHC6, which negatively
regulate responses to hyperosmotic stress, were
decreased in the AUvcyp503 mutant (Figure 6c)
[43,44]. Therefore, we examined the responses of each
strain to cell wall, oxidative, and hyperosmotic stresses
by measuring the inhibition rates of growth on PSA
media supplemented with 0.03% SDS, 0.05% H,0,, and
0.9 M sorbitol (Figure 6d). When grown in SDS-contain-
ing medium, the AUvcyp503 mutants displayed notably
higher inhibition rates compared to both the wild-type
and complemented strains. Conversely, in H,O, and
sorbitol-supplemented medium, the AUvcyp503
mutants exhibited significantly lower inhibition rates
compared to the wild-type and complemented counter-
parts (Figure 6e). These findings suggested that an
association between UvCYP503 and cell wall integrity,
oxidative tolerance, and osmoregulation.
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Figure 4. Comparative transcriptomic analysis of the WT and A Uvcyp503 strain. a, Differentially expressed genes (DEGs) (AUvcyp503
vs. wild-type) are presented by volcano plot. Compared to the wild-type strain, 594 genes exhibited differential expression in the
AUvcyp503 strain, with 381 genes up-regulated and 213 down-regulated (adjusted p-value <0.05, log,FoldChange >1). b, All DEGs
showed significant enrichment in oxidoreductase activity, oxidation-reduction process, transmembrane transport terms, among
others. ¢, KEGG analysis suggested that the enriched pathways fell into three categories: metabolism, environmental information
processing, and organismal systems. d, the genes ranking in the top 30 of the KEGG analysis are essential for many biological
processes, such as metabolic pathways, biosynthesis of secondary metabolites, and others.

UvCYP503 is essential for sensitivity to azole
fungicides

The UvCYP51 protein has been reported to have high
affinity with tebuconazole, leading to sensitivity to this
compound [45,46]. The heat map showed decreased tran-
scription of UvCYP51 (Uv8b_02646) in the AUvcyp503
mutant (Figure 5b). For further investigate the role of the

UvCYP503 gene in the response to azole fungicides, we
have cultured each strain on PSA and PSA medium
treated with 1 mg/L difenoconazole or 0.05 mg/L tebuco-
nazole (Figure 7a,c). Under these two azole fungicides
treated, the AUvcyp503 mutants exhibited significantly
lower inhibition rates compared to the wild-type and
complemented strains (Figure 7b,d), indicating that
UvCYP503 is crucial for azole fungicides sensitivity.
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Discussion

Rice false smut is one of the most serious diseases
threatening rice production and food safety in the
world by causing smut balls and mycotoxin production
[47]. CYP450 genes are involved in many aspects of an
organism’s life activities. We investigated the biological
role of the CYP450 family gene CYP503 in U. virens in
this study and discovered that it positively influences
pathogenicity, spore formation, and growth.
Furthermore, RNA-seq data revealed that CYP503 reg-
ulates the transcription of genes associated with patho-
genicity and also influences the expression of other
CYP450 genes, thereby affecting pathogenicity and sen-
sitivity to azole fungicides.

The CYP450 genes are involved in fungal pathogeni-
city [26,48,49]. The deletion of CYP450 genes
(DFg03700, DFg02111, DFg00012, DFgl0451, and
DFg12737) in F. graminearum resulted in weakened
growth and sporulation abilities, as well as decreased
pathogenicity [24]. In our study, we observed that the
AUvcyp503 mutants had weakened growth and sporu-
lation abilities. A  cytochrome P450 gene in
Moniliophthora perniciosa showed significantly higher
expression at 48 and 72 hours post inoculation [50].
When MoMCPI is knocked out in M. oryzae, other
genes relevant to pathogenicity are affected differently

[25]. Similarly, we discovered that UvCYP503 expres-
sion was elevated at 5 dpi. Our virulence inoculation
experiment also demonstrated that knocking out
UvCYP503 reduced the pathogenicity of U. virens, and
UvCYP503 knockout significantly decreased the expres-
sion of pathogenesis-related genes, including UvPrla,
UvPall, and UvSTE50. These results indicate that the
UvCYP503 gene plays a significant role in promoting
U. virens infection in rice.

Previous studies have shown that the alteration of
stress-related genes in U. virens is linked to its viru-
lence. For example, the cAMP pathway gene UvPDEH
knockout results in increased sensitivity to cell wall
stress, decreased development, and virulence [40].
Uvsunl knockout leads to decreased cell wall integrity,
also decrease the hyphal growth, conidiation, and viru-
lence [41]. In this study, these genes showed signifi-
cantly decreased expression in the AUvcyp503 strain
compared with wild-type strain. Phenotypic experiment
on petri dishes confirmed that UvCYP503 participates
in the regulation of cell wall stress. This suggests that
the reduced pathogenicity of the AUvcyp503 mutants
may be caused by increased sensitivity to cell wall
stress.

Because the CYP450 protein CYP51 mediates a crucial
step in the ergosterol synthesis pathway, it makes CYP51 a
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inoculating mycelial plugs on PSA plates and PSA supplemented with 0.03% SDS, 0.05% H,0,, or 0.9 M Sorbitol at 28°C for 14
days. CK, control. e, Quantitative date of indicated strains in response to various stress responses. On the sds-containing medium, the
AUvcyp503 mutants displayed notably higher inhibition rates compared to both the wild-type and complemented strains. In
contrast, on H,0, and sorbitol-supplemented medium, the AUvcyp503 mutants exhibited significantly lower inhibition rates than
their wild-type and complemented counterparts. The presented data represent the average with standard error of the mean (SEM)
from three separate experiments. Statistically significant differences are marked with asterisks, corresponding to p-values of less than
0.001 (***), 0.01 (**), or 0.05 (*) as determined by the Student’s t-test.

target for azole antifungal drugs. Currently, many azole
fungicides are used in agriculture [46]. In our study, the
AUvcyp503 strain showed decreased expression of CYP51
in contrast to the wild-type strain. In the previous study,
mutations in the Y137H site of VvCYP51 reduced
Villosiclava viren’s sensitivity to tebuconazole [45]. A
point mutation at G54 of the Cyp51A protein of As.

fumigatusis is related to itraconazole resistance [51]. Our
phenotypic experiment on petri dishes showed that the
AUvcyp503 mutants are more resistant to azole fungi-
cides. This suggests that knockout of the CYP503 gene
leads to fungal resistance to azoles, raising the possibility
that CYP503 could be a target for azole antifungal drug
development in U. virens.
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Figure 7. UvCYP503 is involved in the sensitivity to azole fungicides. Mycelial growth of each strain on PSA medium or with 1 mg/mL
difenoconazole (a) and 0.05 mg/mL tebuconazole. (c). The inhibition rates of wild-type, AUvcyp503 mutants, and complemented
strains treated with 1 mg/L difenoconazole (b) and 0.05 mg/mL tebuconazole (d). The AUvcyp503 mutants exhibited significantly
lower inhibition rates to difenoconazole and tebuconazole compared to the wild-type and complemented strains. The outcomes are
presented as the average with standard error of the mean (SEM) based on three replicates. Asterisks (***) signify statistically
significant differences at a p-value of less than 0.001, as determined by a Student’s t-test.

Opverall, our work sheds important light on the func-
tional characterization of UvCYP503 and its involve-
ment in fungal growth, sporulation, pathogenicity,
stress response, and sensitivity to azole fungicides.
This study contributes to a better understanding of
the mechanisms underlying the U. virens pathogenic
process and may trigger more research on azole fungi-
cides for improved management of plant diseases
caused by U. virens. Further studies are necessary to
determine the CYP450-mediated signalling molecules
and clarify the molecular processes underlying the fun-
gal infection process.

Material and methods

Culture conditions for strains cultivation and spore
production

In conducting the mycelial growth experiment, we cul-
tivated each strain in PSA medium at 28°C for a dura-
tion of 14 days. The PSA medium was formulated using
200 grams per litre of potato, 20 grams per litre of
sucrose, and 20 grams per litre of agar, subsequently
sterilized at 121°C for 20 minutes. Spore production
experiments were conducted on PS medium. The PS
medium was prepared by combining 200 grams per
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litre of potato and 20 grams per litre of sucrose, fol-
lowed by sterilization at 121°C for 20 minutes. Six
mycelial agar plugs (diameter 5mm) obtained from
14-days colonies of each strain, were shaken in 50 milli-
litres of PS medium at a rate of 160 revolutions per
minute for seven days at 28°C in the dark. Each strain’s
spore suspensions were dropped onto a haemocyt-
ometer plate for counting and then photographed
under a microscope. Three separate biological experi-
ments were conducted, with three duplicates for each.

UvCYP503 gene analysis and construction of
AUvcyp503 and complemented strains

The NCBI website (https://www.ncbi.nlm.nih.gov/)
provided the sequences of gene and protein.
Phylogenetic studies were performed using MEGA 6.0
and the neighbour-joining algorithm technique [52].
The UvCYP503 (Uv8b_06095) sequence was acquired
from the NCBI database. We amplified the upstream
(878 bp) and downstream (849 bp) flanking sequences
of the UvCYP503 gene from the genomic DNA of
U. virens wild-type strain JS60-2 (Kindly provide by
Chaoxi Luo of Huazhong Agricultural University,
Wuhan, China) in order to create the Uvcyp503 dele-
tion mutant AUvcyp503. These fragments were cloned
into the vector pFGL821 (Addgene 58,223) and then
introduced into the spores of JS60-2 using the ATMT
technique as described by Yu’s protocol [53]. The pro-
moter region (1909 bp), along with coding sequence,
and 3'-untranslated region (599 bp) sections of
UvCYP503 were amplified from the genomic DNA of
the JS60-2 strain then inserted into vector pFGL823 for
the complementation experiment [33]. Through the
ATMT method, the plasmid was inserted into the
AUvcyp503 mutant. Southern blot tests, RT-qPCR ana-
lysis, and PCR were used to verify the transformants.
Supplementary Table S1 has a list of the amplification
primers.

Southern experimental test

We extracted genomic DNA from the wild-type strain
and AUvcyp503 mutants using phenol/chloroform to
remove residual protein. This DNA wAS digested
with Sall for 12 hours, and then bands of different
sizes were separated using 0.8% agarose gel electro-
phoresis. We blotted the gel by capillary transfer with
10 x SSC onto a positively charged nylon membrane.
UV crosslinking was a method we used to fix DNA
on the membrane. An upstream fragment of
UvCYP503 was extracted to be used as a probe,
labelled with digoxigenin-dUTP for 20 hours at 37°

C. Hybridization was carried out following the Meng’s
protocol [33].

RNA isolation and RT-qPCR analysis

Mycelia from each strain were collected and powdered
using liquid nitrogen. Trizol reagent (Cat. No. B511311,
Sangon Biotech, China) was used to extract RNA.
Utilizing the S-tubulin gene as an internal standard,
RT-qPCR was carried out. Applying the 27" techni-
que, relative gene expression levels were computed. The
mean = SEM was calculated from three biological repli-
cates. P-values were generated using the results of the
student’s t-test. The symbols *, **¥, and *** are utilized
to signify statistical significance at p <0.05, p <0.01,
and p <0.001 levels, respectively. The primer pairs of
genes UvCYP503, UvPrla, UvPall, UvSTE50, UvHOG],
UvPDEH, UvSUNI, UvComl, UvCCHC3, UvCCHCH4,
UvPmkl1, UvCDC2, and UvCCHC6 are in Table S1.

The same method as above was used to ascertain the
relative expression of UvCYP503 during infection, RNA
was isolated from rice spikelets infected with the wild-
type strain. The rice spikelets had been collected at 0, 1,
5, 15, and 21 dpi. The RT-qPCR analysis primers are
listed in table S1.

Subcellular localization of UvCYP503-GFP and
image processing

The GFP tag of the pFGL823-GFP-TrpC vector was
fused to the C-terminus of UvCYP503, which allowed
us to observe the subcellular localization of UvCYP503.
The AUvcyp503 strain was transformed with this plas-
mid using ATMT. Photographs and observations of
UvCYP503-GFP localization were taken with a
Confocal Laser Scanning Microscope 980 (ZEISS
LSM980). Images were processed using Image]
software.

Pathogenicity assay

Artificial inoculation was performed in a greenhouse
setting. Mycelium from each strain was shaken in PS
medium for 7 days to produce liquid cultures of myce-
lia and spores, which were then homogenized in a
blender. Using PS medium, the spore density was
adjusted to 1 x 10° conidia per millilitre. The inoculum
was applied to rice cultivar Wanxian98 (Oryza sativa L.
indica) panicles (5-7 days before heading) by injecting
liquid cultures from the side until overflowing using
syringes. The temperature was first maintained at 22°C
for the first 2 days with water sprayed every 3 hours and
shading applied. Subsequently, the temperature was
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increased to 28°C with humidity above 70% and a
12 hours photoperiod. We numbered and took pictures
of each panicle’s false smut balls at 21 dpi. This experi-
ment was repeated three times.

Abiotic stress response analysis

The wild-type, AUvcyp503-104, AUvcyp503-107, and
AUvcyp503-C strains were grown on PSA media sup-
plemented with 0.03% SDS, 0.05% H,O,, 0.9 M Sorbitol
at 28°C. Colony diameters were measured after 14 days.
The formula used to compute the inhibition rates was
according to Meng’s article [33]. Every experiment was
run three times, each with three replicates.

Evaluating the responsiveness of U. virens
strains to azole fungicides

The fungicides were dissolved in DMSO and diluted in
PSA. Each strain was inoculated at the middle of PSA
plates and PSA containing 1 mg/mL Difenoconazole
(Cat. No. HY-B0850, MCE, USA), or 0.05 mg/! tebuco-
nazole (Cat. No. HY-B0852, MCE, USA). Three repli-
cates were carried out for each treatment. Results were
recorded as photographs and inhibition rates were cal-
culated using the formula for abiotic stress response
analysis after incubation at 28°C for 14 days [46].
Experiments were repeated three times.

RNA-seq experiment

For RNA-seq analysis, mycelia of the JS60-2 strain and
the AUvcyp503 strain were collected after culture in PS
medium for 6 days. Total RNA was extracted, and RNA
quality was assessed using the Agilent 5400 bioanalyzer.
Library construction followed the methods described by
Parkhomchuk [54], subsequently undergoing sequencing
RNA-seq data commenced with clean data, derived
through rigorous quality control of raw data. Three inde-
pendent biological replicates were performed. Reference
genome and gene annotation files were procured from the
NCBI website. Genes classified as differentially expressed
were those screened by DESeq2 with an adjusted [log,
(FoldChange)| >1 and Padj <0.05 (Table S2) [33]. GO
enrichment analysis was conducted on these differentially
expressed genes using the cluster Profiler R package [55],
the GO terms with a corrected padj <0.05 were considered
significantly enriched, providing valuable insights into
functional categorization. KEGG pathways analysis was
performed on the GENE DENOVO website (https://
www.omicshare.com/tools/Home/Soft/pathwaygsease
nior). The p-value was corrected by FDR to get g-value,
following a criterion of g-value <0.05, and pathways

VIRULENCE 1

meeting this requirement were identified as significantly
enriched with differentially expressed genes.
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