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SYP-14288 is a fungicide as an uncoupler of oxidative phosphorylation, which is
effective in controlling fungal pathogens like Rhizoctonia solani. To determine whether
R. solani can develop SYP-14288 resistance and possibly multi-drug resistance (MDR),
an SYP-14288-resistant mutant of R. solani X19-7 was generated from wild-type strain
X19, and the mechanism of resistance was studied through metabolic and genetic
assays. From metabolites of R. solani treated with SYP-14288, three compounds
including M1, M2, and M3 were identified according to UPLC-MS/MS analysis, and M1
accumulated faster than M2 and M3 in X19-7. When X19-7 was treated by glutathione-
S-transferase (GST) inhibitor diethyl maleate (DEM) and SYP-14288 together, or by DEM
plus one of tested fungicides that have different modes of action, a synergistic activity
of resistance occurred, implying that GSTs promoted metabolic resistance against SYP-
14288 and therefore led to MDR. By comparing RNA sequences between X19-7 and
X19, six cytochrome P450s (P450s) and two GST genes were selected as a target,
which showed a higher expression in X19-7 than X19 both before and after the exposure
to SYP-14288. Furthermore, heterologous expression of P450 and GST genes in yeast
was conducted to confirm genes involved in metabolic resistance. In results, the P450
gene AGTIA_05136 and GST gene AG1IA_07383 were related to fungal resistance to
multiple fungicides including SYP-14288, fluazinam, chlorothalonil, and difenoconazole.
It was the first report that metabolic resistance of R. solani to uncouplers was associated
with P450 and GST genes.

Keywords: uncoupler, metabolic resistance, multi-drug resistance, Rhizoctonia solani, cytochrome P450s,
glutathione-S-transferas

INTRODUCTION

Plant diseases are an important constraint in crop production and food security (van Bruggen
et al., 2016; Ristaino et al., 2021). For their management, synthetic fungicides are considered as
an effective method (Ons et al., 2020; Raymaekers et al., 2020; Li et al., 2021). In the fungicide
toolbox, uncouplers of oxidative phosphorylation have been widely used in the field due to their
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high-efficiency and broad-spectrum activities (Liang et al., 2015;
Schepers et al., 2018). For example, fluazinam has shown a strong
fungitoxicity against various phytopathogens by interrupting
cellular energy production with an uncoupling activity on
mitochondrial oxidative phosphorylation (Qu et al., 2018; Hou
et al., 2019). As a potent uncoupler, fluazinam exhibited an
excellent in vitro fungicidal activity on both mycelial growth and
spore germination. It is registered for controlling diseases of root
swelling of Chinese cabbage, late blight and early blight of potato,
and anthracnose of pepper (Arjona-Lopez et al., 2020; Li et al,,
2020).

SYP-14288, or  2,4-dinitro-5-chloro-[1-(2,6-dichloro-4-
nitroaniline)]-toluene (Shenyang Sinochem Agrochemicals R&D
Co., Ltd,, in China) shares a similar chemical structure with
fluazinam and exhibits even a higher level of fungitoxicity than
fluazinam against many plant pathogens (Wang et al., 2018; Cai
et al,, 2019). Similar to fluazinam, SYP-14288 has a mode of
action (MoA) as an uncoupler that affects ATP biosynthesis by
destroying the coupling of oxidative phosphorylation, which has
been demonstrated in Phytophthora capsici (Wang et al., 2020)
and R. solani (Liang et al., 2020).

Rapid adaption and resistance development in plant
pathogens caused by intensive and overzealous applications of
the same fungicides have quickly reduced fungicide efficiency
(Takahashi et al., 2020; Tleuova et al., 2020). Although fungal
resistance to uncouplers develops slowly, the risk of resistance
is still a concern. An example is that fluazinam resistance has
been reported in Botrytis cinerea (Tamura, 2000) and Ustilago
maydis (Vitoratos, 2014). Moreover, a laboratory-generated
mutant of R. solani resistant to SYP-14288 has cross-resistance
with fungicides having not only the same but also different
MoAs, indicating a multi-drug resistance (MDR) occurs
(Cheng et al., 2020).

Modifications and over-expression of target genes and
enhanced fungicide efflux are three known mechanisms of
fungicide resistance in filamentous fungi (Gressel, 2020; Massi
et al.,, 2021). However, it is uncertain if that of uncouplers falls
in this category as there is no specific target protein or binding
site corresponding to fungicides. Attempts have been made
to explore the mechanism of fluazinam resistance. A positive
cross-resistance between fluazinam and either procymidone or
fludioxonil has been observed, and it is speculated that a similar
resistance mechanism exists among these fungicides. However,
no genetic mutations have been found in the nucleotide sequence
of F-ATPase gene (Shao et al., 2015). Mao et al. (2018) have found
that MAP/histidine kinases in osmotic signal transduction are
involved in fluazinam resistance in Sclerotinia sclerotiorum, but
neither mutations in Shkl of fluazinam-resistant mutants were
found nor all of the expression level of three fluazinam-resistant
mutants increased (Mao et al., 2018). Therefore, the specific
resistance mechanism to uncouplers still remains unknown.

Another mechanism of fungicide resistance is over-expression
of efflux transporters in plasma membranes, with the ATP-
binding cassette (ABC) transporter or major facilitator
superfamilies (MFS) commonly involved. They translocate
invaded fungicides and efflux outside fungal cells using the
energy either from ATP hydrolysis or from the proton-motive

force, respectively (de Waard et al.,, 2006; Perlin et al., 2014).
These transporters exhibit low substrate specificity, and their
over-expression leads to simultaneous resistance to many
structurally and functionally unrelated toxic compounds, which
is a common MDR (Kretschmer et al., 2009; Omrane et al., 2015;
Sang et al, 2015; Samaras et al.,, 2020; Khunweeraphong and
Kuchler, 2021).

Cytochrome  P450  monooxygenases  (P450)  and
carboxylesterases (CarEs) belong to phase I metabolizing
enzymes that catalyze xenobiotics and endobiotics mainly
through hydroxylation/oxidation reactions (Basiliere and
Kerrigan, 2020). P450s are heme-thiolate proteins found in all
organisms and catalyze regio- and stereospecific conversions of
a wide range of lipophilic compounds to more hydrophilic
derivatives (Cre$nar and Petri¢, 2011). Collectively, the
involvement of P450s has been proven in the metabolism
of aliphatic, alicyclic, and aromatic molecules in reactions with
in situ selectivity in hydroxylation, epoxidation, dealkylation,
sulfoxydation, deamination, desulphuration, dehalogenation,
and nitro reduction (Guengerich et al., 2016; Guengerich, 2021).
Glutathione S-transferases (GSTs) and UDP-glucosyltransferases
(UGTs) fall into phase II conjugating enzymes that add polar
molecules onto compounds, producing water-soluble, non-toxic
metabolites (Xu et al., 2005). GST-mediated detoxification can
be derived either via direct metabolism or by the metabolism
of secondary metabolites generated from phase I detoxification
enzymes, as well as indirectly by providing protection against
oxidative stress induced by xenobiotics exposure (Perperopoulou
et al,, 2017; Kumar and Trivedi, 2018). The over-expression of a
P450 is involved in the resistance to neonicotinoid insecticides
in whitefly Bemisia tabaci regulated by a transcription factor
(Yang et al., 2020). A single P450 gene in a cross-pollinated
weed species Lolium rigidum confirms that it could confer
resistance to herbicides of at least five modes of action across
seven herbicide chemistries (Han et al., 2021). However, research
of metabolic resistance to fungicides in filamentous fungi has
been rarely elucidated.

The goal of this study was to determine whether pathogenic
fungi could develop resistance to uncouplers by enhancing the
ability of detoxification and metabolism, which leads to MDR.
Specific objectives were to (i) validate the role of phase I or
IT enzymes involved in SYP-14288 resistance and (ii) confirm
the involvement of key detoxification genes in conferring SYP-
14288 resistance.

MATERIALS AND METHODS

Fungal Isolates and Chemicals

Rhizoctonia solani wild-type strain X19 was collected from rice
plant, and SYP-14288-resistant mutant X19-7 with resistance
factor being 56.7 was obtained through domestication of the
parental strain X19 by exposing the culture to SYP-14288-
amended media. X19-7 was not only resistant to SYP-14288 but
also to fluazinam, fludioxonil, difenoconazole, chlorothalonil,
and carbendazim (Cheng et al., 2020). In addition, sequence
analysis showed that there were no mutations on the common
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target site including B-tubulin, cytb, sdhB, and histidine kinase
gene of X19-7 compared with X19. Both cultures were preserved
in the laboratory of Fungicide Pharmacology and Pathogen
Resistance in China Agricultural University. Fungicides
included SYP-14288 (active ingredient 97.0%), fluazinam
(98.4%), chlorothalonil (98.5%), difenoconazole (98.4%), and
azoxystrobin (98.0%). SYP-14288 was purified by silica gel
column chromatography with elution by ethyl acetate and
petroleum ether to a purity greater than 99% for its metabolic
products analysis.

Metabolism of SYP-14288 in Rhizoctonia

solani

X19 and X19-7 mycelia were collected from cultures grown
on potato dextrose agar (PDA), and approximately 0.1 g
mycelia were cultured in 200-ml potato dextrose broth (PDB)
for 48 h. After incubation, mycelia were harvested through a
multifunction vacuum pump (Zhenjie Experimental Equipment
Co., Ltd., Shanghai, China) at 0, 1, 3, 6, 12, and 24 h after addition
of SYP-14288 at 0.1 pug/ml for X19-7 and 0.005 pg/ml for X19.
The mycelia were freeze-dried in a freezer (Christ, Osterode,
Germany) and stored at -80°C until use.

The treated mycelia were ground to powder in a ball mill
(Restsch, Haan, Germany). Around 0.05 g powder was placed
into a 2-ml centrifuge tube and suspended with 1.5 ml acetonitrile
as extraction solution and 0.01 g primary secondary amine
(PSA) to remove impurities such as organic acids, pigment,
and sugars. The sample was vigorously shaken on an MX-
F vortex mixer (Dragon Laboratory Instruments Ltd., Beijing,
China) for 1 min before dissolution by an ultrasonicate (Kunshan
Ultrasonic Instruments Co., Ltd., Kunshan, China) for 20 min.
After centrifugation at 12,000 x g for 5 min, the supernatant
was passed through a 0.22 pm membrane filter and collected in a
centrifuge tube.

The metabolites were identified using a LC 1260/Q-TOF-
MSMS 6520 system (Agilent Technologies, Santa Clara, CA,
United States) with an Agilent electrospray ionization (ESI)
with negative ion mode. Qualitative Analysis B.07.00 (Agilent
Technologies, Santa Clara, CA, United States) was used
to acquire mass spectrometric data. A method based on
quick, easy, cheap, effective, rugged, and safe (QuEChERS)
sample preparation coupled with UPLC-MS/MS was developed
for detecting the content of SYP-14288 and its associated
metabolites. An ACQUITY UPLC system (Waters, Milford,
MA, United States) interfaced with a triple quadrupole mass
spectrometer (TQS) that is equipped with an ESI source was
employed for UPLC-MS/MS analyses (Wang et al., 2021). A flow
rate of 0.3 ml/min at 40°C was maintained for chromatographic
separation by using an ACQUITY UPLC BEH C18 column
(2.1 mm x 100 mm, 1.8 wm; Waters, Wexford, Ireland). The
mobile phase was 5 mM ammonium formate in methanol
(A) and in ultrapure water (B), respectively. The metabolites
were eluted on a linear solvent gradient program (10 min
run time) using the following steps: linear gradient 65-95%
solvent A (0-1 min), 95-95% A (1-7 min), 95-65% A (7.0-
7.1 min), and 65-65% A (7.1-10 min). Detection was back

to initial composition within 30 s and then equilibration
for 2.5 min before the next injection (5 pl). The mass
spectrometer was operated at the following settings: collision-
induced desolvation temperature at 400°C; desolvation gas
flow at 800 l/h; capillary voltage of 3.5 kV; and source
temperature at 150°C. Optimized multiple reaction monitoring
(MRM) transitions, retention times, collision energy (CE), and
declustering potentials (DP) of the analytes were specified
(Table 1). Mass spectrometric data were acquired and analyzed
with corresponding software (Waters).

Transcriptomic Assay

X19 and X19-7 either treated with SYP-14288 or non-treated
were used for RNA-Seq analysis. An agar plug (5 mm in diameter)
of culturen cut from the periphery of a 5-day-old colony was
placed into 100 ml of PDB in a 250-ml flask and incubated at
25°C on a rotary shaker at 120 rpm for 2 days. The cultures of
X19 and X19-7 were treated with SYP-14288 at 0.005 jLg/ml and
at 0.1 pg/ml, respectively, and incubated for additional 3 days.
PDB free of SYP-14288 was used for control.

RNA was extracted using the Eastep Supper Total RNA
Extraction Kit (Promega, Shanghai, China) according to
the manufacturer’s procedure. Total RNA degradation and
contamination were monitored on 1% agarose gels, and the
RNA amount and purity of each sample was quantified
using NanoPhotometer NP80 Touch (IMPLEN, Germany).
RNA integrity was evaluated with a 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, United States). The highest-
quality RNA samples of three biological replicates were selected
for the preparation of cDNA library. The transcriptome library
construction and the Illumina sequencing were performed on
an Illumina Novaseq™ 6000 (LC-Bio Technology Co., Ltd.,
Hangzhou, China) to yield 2 x 150 bp paired-end sequencing
(PE150) following the vendor’s recommended protocol. Raw
reads containing adaptor contamination were removed by
Cutadapt software,' and high-quality clean reads were used to
map to the reference genome of R. solani AG1 IA available

Thttps://cutadapt.readthedocs.io/en/stable/

TABLE 1 | Parameters used for high-performance liquid chromatography
equipment in detecting SYP-14288 and associated metabolites.

Compound Retention Parent ion Daughter ion Collision
time (min) (m/z) (m/z) energy (V)
M1 1.88 388.9562 200.0158
246.0100 22
352.9868
M2 1.91 399.9796 317.0028 20
364.0023 18
M3 1.87 388.9637 292.9904 20
322.9889 18
SYP-14288 1.98 418.9800 322.8300
342.7900 18
382.7800

Dwell time was 20 s and cone voltage was 38 V.
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in RSIADB? (Chen et al, 2016) and NCBI databases. The
mapped reads of each sample were assembled using StringTie’
with default parameters. All transcriptomes of the samples were
merged to reconstruct a comprehensive transcriptome, and after
the final transcriptome was generated, StringTie and ballgown
were used to estimate the expression levels of all transcripts and
perform expression level for mRNAs by calculating fragments
per kilobase million (FPKM). Differentially expressed genes
(DEGs) among different RNA samples were selected based on
fold change > 2 or fold change < 0.5 and p-value < 0.05 by R
package, and the DEGs were analyzed by gene ontology (GO* and
Kyoto Encyclopedia of Genes and Genomes (KEGG)® database
enrichment analysis.

Selection of Candidate Genes for
Metabolic Resistance Through Gene

Expression

To verify the reliability of RNA-seq data, DEGs of candidate
resistance genes were selected for quantitative real-time
polymerase chain reaction (QRT-PCR). Total RNA was extracted
as described above. cDNA was synthesized using the 5X All-In-
One MasterMix Kit (abm, Vancouver, BC, Canada), which was
used as a template for qRT-PCR. The qRT-PCR was performed
with various primers (Supplementary Table 1) on a qTOWER
2.2 system (Analytik Jena AG, Jena, Germany). Reactions were
prepared using the SYBR Premix Dimer Eraser kit (Takara)
according to the manufacturers instructions. Thermal cycler
settings included denaturation at 95°C for 2 min, followed by
40 cycles of 95°C for 10 s and 60°C for 34 s. The samples were
analyzed in a triplicate. The 2722t method was employed
to calculate the relative gene expression levels and data were
analyzed with the Student’s ¢-test (p < 0.05) using SPSS (IBM,
Armonk, NY, United States) (Livak and Schmittgen, 2001).
p-Actin and GAPDH genes were used as reference to normalize
quantification of the target gene expression.

Synergy of Diethyl Maleate and

Fungicides on Fungicide Resistance

To investigate the role of GST in SYP-14288 resistance as well
as MDR mechanism, the GST enzyme inhibitor diethyl maleate
(DEM) was selected for assessment of its interactions with
SYP-14288 and other fungicides with different MoAs. DEM,
SYP-14288, fluazinam, chlorothalonil, difenoconazole, and
azoxystrobin were dissolved in dimethyl sulfoxide (DMSO)
to make stock solutions (1 x 10° pg/ml) and further
diluted in a serialized manner to get several solutions of
variable concentrations. For azoxystrobin, 100 wg/ml of
salicylhydroxamic acid (SHAM) was added to suppress the
alternative oxidase pathway. Effective concentration for
50% inhibition (ECsp) of X19-7 to DEM and fungicides
were first determined based on mycelial growth assay

Zhttp://genedenovoweb.ticp.net:81/rsia/
Shttp://ccb.jhu.edu/software/stringtie/
*http://www.geneontology.org/
>http://www.kegg.jp/

(Rebollar-Alviter et al., 2007). The fungicides and DEM were
incorporated into the nutrient medium with a weight ratio (w:w)
of (2-3000):1 for SYP-14288, (2-2000):1 for fluazinam, (2-200):1
for chlorothalonil, (2-3000):1 for difenoconazole, and (2-4000):1
for azoxystrobin, respectively. A bioassay was performed as
described above and ECsg of mycelial growth were determined.
Interactions between DEM and fungicides were evaluated by
calculating the synergy ratio (SR) values using the following
formula:

ECs50(TH) = (a + b)/[a/ECs5¢(A) + b/ECs5¢(B)], where A and B
represent fungicides with different MoAs and DEM, and a and
b represent the ratio of these two components in the mixture.
The level of SR is calculated as SR = ECso(TH)/EC50(OB), in
which ECs¢(OB) is the observed ECsy value of the specific
mixture (Wadley, 1945; Stergiopoulos and de Waard, 2002).
Synergy was considered significant if iR > 1.5, and antagonism
if iR < 0.5; additive interactions were considered to occur when
0.5 < iR < 1.5 (Gisi et al., 1985).

Heterologous Expression of Cytochrome
P450 and Glutathione-S-Transferase

Genes in Yeast

To express the target genes in yeast, full-length cDNA sequences
of P450 and GST genes were amplified using PCR. Primers
for the amplification were designed with the Takara In-Fusion
Cloning Primer Design Tool,® which introduced EcoRI and
Xbal sites at the 5 and 3’ ends of the amplified product,
respectively. Gene amplification was performed using EasyTaq®
DNA Polymerase (TransGen, Beijing, China) in a 50 \]1 mixture.
Thermal cycler settings included an initial denaturation at 94°C
for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s,
annealing at 58°C for 30 s, and extension at 72°C for 2 min,
which was ended with an extension at 72°C for 5 min. PCR
products were retrieved using the Gel Extraction Kit (CWBIO,
Beijing, China) and the concentrations were measured with
NanoPhotometer NP80 Touch. Meanwhile, plasmid pYES2/CT
(Invitrogen, Carlsbad, CA, United States) was first digested
with EcoRI and Xbal, gel-purified, and ligated with the above
two products using ClonExpress® Ultra One Step Cloning Kit
(Vazyme, Nanjing, China) and then transformed into Escherichia
coli DH5a cells following the manufacturer’s instructions.
The culture was incubated on a Luria-Bertani solid medium
containing 100 pg/ml ampicillin. A single colony in white color
was picked for PCR and sequenced at the Tsingke Biotechnology
Co. (Beijing, China). Heterologous expression in yeast was
conducted based on the Yeastmaker Yeast Transformation
System 2 which provides a high-efficiency polyethylene glycol
(PEG)/LiAc-based method with minor modification (Takara,
CA, United States).

Saccharomyces cerevisiae strain BY4741 (MATa his3A1
leu2 A0 met15A0 ura3A0) was transferred into yeast peptone
dextrose (YPD) (containing 2% glucose, 1% yeast extract, and 2%
Bacto peptone) in a 50 ml tube and incubated at 30°C on a shaker
at 200 rpm for 12 h. An aliquot of 5-pl culture was transferred

Chttps://www.takarabio.com/learning-centers/cloning/primer-design-and- other-
tools
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into 5 ml of YPD in a 50-ml tube and continued incubating
until the ODggg reached 0.6-0.8. The culture was collected after
centrifugation at 3,040 x g for 2 min followed by washing with
10 ml 0.1 mol/l LiAc. The supernatant was discarded, and the
cells were resuspended in 2.5 ml ddH, O, centrifuged at 3,040 x g
for 2 min and collected, and later transferred to 1.5 ml tubes,
resuspended with 50 pul ddH,O and centrifuged at 9,600 x g for
15 s to obtain the cells.

Solid synthetic dextrose (SD) minimal medium containing
26.7 g/l minimal SD base (no amino acids), 0.77 g/l drop-out
mix containing amino acids minus uracil, 20 g/l glucose, and
agar 20 g/l was used for the growth of yeast transformants.
A transformation mixture composed of 240 pl of PEG, 36 .l
of LiAc, 50 pl of ssDNA, 1 pg plasmid DNA, and ddH,O were
added into the tube, mixed thoroughly, and placed on ice. The
tubes were incubated in a 42°C bath for 40 min, then centrifuged
at 1,500 x g for 2 min to remove the supernatant and resuspended
in 150 pl 0.9% (w/v) NaCl solution. Transformed cells were
spread onto an SD plate and incubated at 30 C until colonies
appear. The colony was selected for further verification.

Saccharomyces cerevisiae expression vector pYES2/CT
(Invitrogen, Carlsbad, CA, United States) was used for gene
transformation. pYES2/CT carrying P450 genes AGIIA_05136
(Accession: 443921058), AGIIA_07929 (Accession: 443917283),
AGIIA_01023 (Accession: 443926231), AGIIA_06336
(Accession: 443919487), AGIIA_07129 (Accession: 443918339),
and GST gene AGIIA_07383 (Accession: 443917998) were
cultured at 30°C for 3 days in liquid SD modified by replacing
uracil with 2% galactose. Yeast transformants with the empty
vector pYES2/CT were used as a control. Cell suspensions were
diluted to an ODgpp of 0.5 in liquid SD, which was measured
using the NanoPhotometer NP80 Touch, and 5 pl of each
yeast transformant was plated as spots on SD agar medium
lacking wuracil, containing 2% galactose and amended with
different concentrations of fungicides. The sensitivity of yeast
transformants to fungicides was qualitatively assessed after
incubation at 30°C for 3 days. The fungicide concentrations
(vg/ml) used in the study were as follows: SYP-14288 (0, 0.1, 1,
and 10), fluazinam (0, 0.1, 1, and 10), chlorothalonil (0, 0.1, 1,
and 5), and difenoconazole (0, 0.1, 1, and 10). Two biological
replicates and four technical replicates per biological replicate
were assigned for each transformant and treatment.

RESULTS

Metabolism of SYP-14288 in Rhizoctonia

solani

SYP-14288 content in hyphae was significantly reduced in the
SYP-14288-resistant mutant X19-7 compared with its parental
strain X19 (wild-type) under SYP-14288 treatment over time
(Figure 1). The content did not show a significant difference
between the two strains at the beginning of treatment. Both
reached the maximum within 1 h, which implied a similar
absorption rate between mutant and wild-type strains. However,
SYP-14288 was sharply reduced more in X19-7 than in X19 after
3, 6, and 12 h of treatment. SYP-14288 content in X19-7 and X19

80000
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_ s kkk ke X19-7
s | anr
é 60000 I I
b ns
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[>.°]
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= 40000
=9 % %k %k
=
w2
4 = I
S 20000 I [
Y ns
£ |
< ﬂ z
0 - 1 1 1 1 1

o -
—
w
(=)}
p—
N
N
~

Time (h)

FIGURE 1 | Content of SYP-14288 in mycelia of Rhizoctonia solani wild-type
strain X19 and SYP-14288-resistant mutant X19-7, which were treated with
0.005 and 0.1 pg/ml SYP-14288, respectively. SYP-14288 was quantified at
0, 1, 8, 6, 12, and 24 h after treatment in high-performance liquid
chromatography equipment. Values are mean + SD of at least three
independent experiments, and data were analyzed with ANOVA followed by
Fisher’s least significant difference (LSD) test (***p < 0.01; ns, non-significant).

tended to be stable with the extension of treating time, and the
difference between them was less significant after 24 h. Thus, the
reduction of SYP-14288 in X19-7 might be caused by efflux or
detoxification metabolism.

The metabolome of SYP-14288 both in the resistant mutant
X19-7 and parental isolate X19 was analyzed by UPLC-MS/MS,
and three metabolites including M1, M2, and M3 were identified
according to the optimized ion source parameters (Table 1).
The molecule ion m/z of M1 and M3 was 388.9562 [M-HT]
and 388.9637 [M-H™] respectively, which showed a loss of m/z
30.0238 and 30.0163 compared to SYP-14288 (m/z 418.9800 [M-
H*]). This indicated a reduction from -NO, to -NH,. Molecule
ion m/z of M2 was 399.9796 [M-HT], with reduced m/z 19.00
compared with SYP-14288, which implied a probable substitution
of -Cl with -NH,. In addition, these three metabolites were
analyzed quantitatively at different treating time. The content
of the three metabolites M1, M2, and M3 in both X19-7 and
X19 increased at the beginning of treatment but reduced as
the time of treatment extended, except for M1 in X19, which
showed a constant increase (Figure 2). M1 content in X19-7 was
much higher than that in X19 and exhibited the most significant
difference of 3.04 folds (Figure 2A). Content of M2 showed
a similar trend with M1. However, content difference between
X19-7 and X19 was not significant compared to M1 and had
no difference at the end of treatment (Figure 2B). There was
no significant difference in the accumulation of metabolite M3
between X19-7 and X19 at most time points and even lower than
X19 during some treatment time periods (Figure 2C). Results
showed that detoxification metabolism existed both in parental
isolate and resistant mutant which caused reaction reduction of
-NO; and substitution of -Cl in SYP-14288.
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FIGURE 2 | Quantification of SYP-14288 metabolites M1 (A), M2 (B), and M3
(C) in the mycelia of Rhizoctonia solani X19 and SYP-14288-resistant mutant
X19-7. SYP-14288 was quantified at 0, 1, 3, 6, 12, and 24 h after treatment in
ultra-performance liquid chromatography-tandem mass spectrometry. Values
are mean =+ SD.

Transcriptomic Assay

RNA was sequenced to define the transcriptome of R. solani
involved in the SYP-14288 resistance phenotype. A total of
191,774,723 raw sequence reads were generated from the
assembled RNA-Seq data of 12 RNA libraries, including untreated
X19 and X19-7, and SYP-14288-treated X19 (X19T) and X19-
7 (X19-7T). For each RNA-seq library, over 40 million reads

were produced and nearly 80% were mapped back in pairs for
both biological replicates of treated and untreated samples of
X19 and X19-7. About 187,884,585 clean reads resulting from
quality control procedures were used for de novo assembly
(Supplementary Table 2). Results demonstrated that the higher
sequencing quality of the mapped reads was correlated with
better assembly integrity and met the demand for subsequent
quantitative expression and annotation analysis. UniGenes were
compared with GO and KEGG analysis to obtain annotation
information, and of the assembled contigs, six up-regulated
genes were significantly enriched in the “drug metabolizing
cytochrome CytP450,” showing high over-expression in both
X19-7 and X19-7T when compared with X19. Two genes
were identified belonging to “drug metabolizing cytochrome
GST” (Table 2).

Selection of Metabolic-Resistance
Genes

To validate candidate genes involved in metabolic resistance to
SYP-14288, expression of genes upregulated in treated strains
X19-7 and X19 with similar functional annotations (i.e., encoding
P450s and GSTs) were selected and quantified by qRT-PCR.
Among the P450s, mRNA levels of AGIIA_05136, AGI1IA_01023,
AGIIA_05092, AGI1IA_07129, AG1IA_07929, and AGIIA_06336
were consistent with the RNA sequence data and a significantly
higher up-regulation with 3.58, 38.27, 3.51, 6.39, and 18.05-fold
in the X19-7 compared to X19, respectively. Like P450s, mRNA
levels of two GST genes AGIIA_07383 and AGIIA_00711 were
7.44 and 12.26-fold in the X19-7, respectively (Figure 3).

Synergy of Diethyl Maleate and

Fungicides on Fungicide Resistance

To determine the role of GSTs in metabolic resistance, DEM and
fungicides were investigated by co-application. Mycelial growth
of X19-7 was less affected by DEM but significantly inhibited
when treated with the combination of DEM and SYP-14288,
fluazinam, chlorothalonil, difenoconazole, or azoxystrobin,
which was much higher than the fungicide applied alone in
most cases (Figure 4). SR values were 1.63, 2.51, 68.16, and
1.56 under different weight ratios of 1:2, 1:20, 1:80, and 1:3000
between SYP-14288 and DEM, respectively, showing a synergistic
activity. When the ratio of SYP-14288 and DEM was 1:80, SR
value reached a maximum of 68.16. Furthermore, inhibition
rate for SYP-14288 against X19-7 was 61.0% in the presence of
DEM, which was much higher than SYP-14288 treatment alone
with inhibition rate of 39.4% (Figure 4A). Similarly, synergistic
activity was observed between DEM and fluazinam, which has
the same MoA with SYP-14288, and the SR value was highest
at 40.50 in a 1:80 weight ratio. Inhibition rate for fluazinam
was lower when combined with DEM than SYP-14288 with
being 56.7% and exhibited a 16.5% enhancement than fluazinam
treatment alone (Figure 4B). In addition, synergistic activity was
also observed between fungicides with different MoAs and DEM.
SR values reached maximum of 47.86 for chlorothalonil, 14.40
for difenoconazole, and 11.23 for azoxystrobin in different weight
ratios of 1:40, 1:20, and 1:20, respectively (Figures 4C-E). All
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TABLE 2 | Transcriptome contigs encoding cytochrome P450 and glutathione S-transferase genes in wild-type strain X19 and SYP-14288-resistant mutant X19-7 of

Rhizoctonia solani.

Gene ID PFAM? accession Function annotation PP Fold change between X19-7 and X19°
gene-AG11A_05136 PFO0067.16 Cytochrome P450 2.87 x 107° 4.49
gene-AG11A_01023 PFO0067.16 Cytochrome P450 7.44 x 1074 3.15
gene-AG1IA_05092 PF00067.16 Cytochrome P450 7.79 x 10712 37.84
gene-AG1IA_07129 PFO0067.16 Cytochrome P450 1.14 x 103 5.23
gene-AG1IA_07929 PF0O0067.16 Cytochrome P450 6.34 x 1076 6.26
gene-AG1IA_06336 PFO0067.16 Cytochrome P450 1.70 x 1078 45.75
gene-AG1IA_07383 PF00043.19 Glutathione S-transferase 2.29 x 107° 10.25
gene-AG1IA_00711 PF02798.14 Glutathione S-transferase 217 x 1077 28.95

48PFAM represents the protein families database.

bp js expressed by the Benjamini-Hochberg procedure for controlling the false discovery rate.
CFold change = 2= ACt, where ACt = Ct (P450 or GST genes) — Ct (reference genes), and AACt = ACt (X19-7) — ACt (X19).

above results indicated that GSTs were involved in SYP-14288
resistance and may play a vital role in MDR.

Heterologous Expression of P450 and
Glutathione-S-Transferase Genes in

Saccharomyces cerevisiae

The hypersensitive yeast S. cerevisiae strain BY4741 was
transformed with full-length of P450 genes AGIIA_05136,
AGIIA_07929, AGIIA_01023, AGI1IA_06336, and AGIIA_07129
and GST gene AGIIA_07383. Fungicide sensitivity was different
between the two gene transformants (BY4741:AG1IA_05136
and BY4741:AG1IA_07383) and the control transformant
(BY4741-pYES2/CT) when treated with SYP-14288, fluazinam,
chlorothalonil, or difenoconazole (Figure 5). Both transformants
and empty vector grew under low concentrations of SYP-
14288. However, the growth of empty vector and other
gene transformants was suppressed as the concentration
increased while the transformants BY4741:AG1IA_05136
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FIGURE 3 | Relative expression of cytochrome P450 genes AG1IA_05136,
AG1IA_01023, AG1IA_07129, AG1IA_07929, and AG1IA_06336 and
glutathione transferases gene AG7IA_07383 in SYP-14288-resistant mutant
X19-7 and its parental isolate X19 of Rhizoctonia solani. Values were

mean £ SD of at least three independent experiments, and data were
analyzed with ANOVA followed by Fisher’s least significant difference (LSD)
test (significance level a = 0.01).

and BY4741:AGIIA_07383 were able to grow normally
even at high concentration (Figure 5A). A similar trend
occurred in treatments with fluazinam, chlorothalonil,
and difenoconazole. Transformants BY4741:AG1IA_05136
and BY4741:AG1IA_07383 were able to constantly grow
in the plates amended with different concentrations of
fungicides, while other transformants stopped growing under
high concentration (Figures 5B-D). Although colony of
transformants BY4741:AG1IA_07929, BY4741:AG1IA_07129,
and BY4741:AGIIA_01023 could be observed under
high concentrations of fluazinam, chlorothalonil, and
difenoconazole, growth of these transformants was significantly
inhibited  compared with  BY4741:AGI1IA_05136 and
BY4741:AG1IA_07383. Therefore, the over-expression of P450
gene AGIIA_05136 and GST gene AGIIA_07383 contributed
to resistance in the R. solani by phase I and II detoxification
pathways, but other genes might not be involved in the resistance.

DISCUSSION

We have demonstrated that SYP-14288 treatment resulted in
specific metabolism of R. solani that was promoted by over-
expression of P450 genes, expressing fungicide resistance
including MDR. P450s can catalyze the conversion of
hydrophobic intermediates of primary and secondary metabolic
pathways through hydroxylation, dehalogenation, dealkylation,
and nitro reduction and therefore neutralize the highly reactive
nucleophile sites of the chemical and/or increasing its water-
solubility facilitating its excretion from the cell (Hannemann
et al,, 2007; Lu et al., 2021). Reduction of nitro compounds
by P450s have been verified and previous study demonstrated
that P450 could act as a reductase, catalyzing the reduction
of the aromatic nitro group to the aniline (Guengerich, 2001;
Pochapsky et al., 2018). There were three identified SYP-14288
metabolites, M1, M2, and M3, and based on catalytic properties
of P450s and changes in the molecule ion m/z, a reduction
from -NO; to -NH, of M1 was inferred to be existent in
the SYP-14288 metabolism. Moreover, SYP-14288-resistant
mutant X19-7 significantly enhanced SYP-14288 metabolism
on M1, and M1 accumulation in X19-7 might account for the
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FIGURE 4 | Growth inhibition of Rhizoctonia solani X19-7 by fungicides and their combination with diethyl maleate (DEM). X19-7 was cultured on potato dextrose
agar (PDA). Treatments included SYP-14288 (A), fluazinam (B), chlorothalonil (C), difenoconazole (D), and azoxystrobin (E) amended in PDA. Fungicide-free PDA
was used for control. Data were presented as mean + SD, and the same strain followed by different letters was significantly different according to Fisher’s least

**when p < 0.005, ****when p < 0.001, and ns when there was no significance.

significant difference (LSD) test (significance level a = 0.05). Significant differences from mean values of DEM treatment are indicated by asterisks: **when p < 0.01,

decrease of the sensitivity to SYP-14288, whereas M2 and M3
were less important in the resistance. Over-expression of the
P450 gene AGIIA_05136 significantly decreased the sensitivity
to not only SYP-14288 but also fluazinam, chlorothalonil,
and difenoconazole. Because these fungicides have different
MoAs, the results indicated that MDR occurred. Therefore,
over-expression of the P450 gene AGIIA_05136 was associated
with SYP-14288 metabolic resistance, and led to MDR. Other
P450 genes showing a weak association may be due to different
substrate specificity. Meanwhile, some genes in X19-7 possibly
have mutations which could change catalytic activities of related
enzymes like P450s, therefore leading to SYP-14288 resistance
even though transcriptional levels were the same as in the
wild-type strain.

Metabolic  resistance is characterized by enhanced
detoxification of xenobiotics and mediated by P450s. It is
considered as a common type of metabolism-based resistance
to insecticides and herbicides (Ffrench-Constant, 2013; Richter
et al,, 2016). A few pathogenic fungi have been confirmed to
produce detoxification enzymes responsible for detoxification
or resistance. In Botrytis pseudocinerea, a P450 gene CYP684
is responsible for its resistance to fenhexamid due to the
over-expression caused by a 25-bp deletion in the promoter or
a 10-bp insertion in the 3’UTR of the gene (Azeddine et al.,
2014). Over-expression of phase I cytochrome P450s and phase
III ABCs was associated with the MDR of S. homoeocarpa
via the xenobiotic detoxification pathway regulated by a

gain-of-function mutation of the transcription factor ShXDR1
(Sang et al.,, 2018). P450-mediated metabolic pathway relates
to the resistance of Magnaporthe oryzae to novel pyrimidine
amines (Zhang et al., 2020). Our study confirmed the role of the
P450 gene AGIIA_05136 in SYP-14288 resistance was attributed
to converting SYP-14288 to the corresponding metabolites,
increasing its water solubility, and promoting excretion from
R. solani cells.

Metabolic resistance can also be confirmed indirectly by
using enzyme inhibitors. Certain P450 or GST inhibitors
can effectively reverse metabolic resistance both in weeds
and insects (Feyereisen, 2015; Pavlidi et al, 2018). The
over-expression of the cytochrome P450 gene CYP6CMI
determines imidacloprid resistance of Bemisia tabaci, and
piperonyl butoxide (PBO) is a diagnostic attribute of metabolic
resistance through inhibition of cytochrome P450 enzymes
(Panini et al, 2017). The GST inhibitor pharmacophore 4-
chloro-7-nitro-benzoxadiazole is active toward AmGSTFI and
used to restore herbicide efficacy in multiple-herbicide resistance
in black-grass (Cummins et al, 2013). In this study, the
GST inhibitor DEM exhibited a synergistic activity with SYP-
14288 and other fungicides with different MoAs including
fluazinam, chlorothalonil, difenoconazole, and azoxystrobin
in resistant mutant X19-7. However, such synergism was
not observed in the wild-type strain X19. Thus, GSTs can
be used as a tool to confirm the potential resistance of
R. solani to SYP-14288 and other fungicides and may be
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used as an effective measure to reverse MDR. GSTs are best
known for catalyzing the conjugation of reduced glutathione
(GS™) to substrates containing an electrophilic center, hereby
increasing the substrate’s water solubility and, thus, facilitating
its excretion from the cell (Oakley, 2011). They may participate
in chemical pesticide detoxification either by direct metabolism
by dehydrochlorination of organochlorines, O-dealkylation/O-
dearylation, and glutathione conjugation of pesticides or by
passive binding via sequestration (Gonzalez et al, 2018;
Georgakis et al., 2020; Kouamo et al., 2021). Over-expression of
the GST gene AGIIA_07383 was observed in resistant mutant 19-
7 of R. solani, and heterologous expression of the gene confirmed

its contribution in R. solani resistance to SYP-14288. The role of
AGIIA_07383 in SYP-14288 resistance may involve in catalyzing
the conjugation of GS™ to the metabolites derived from the P450
detoxification enzyme. The conjugates increased water solubility,
reduced phytotoxicity, and made it easier to excrete out of cells.
However, there is no sufficient evidence of GS™ binding to
SYP-14288; therefore, how GSTs increase metabolic resistance in
R. solani needs further investigation.

Several ABC and MFS transporters were also identified as they
were constitutively over-expressed in the SYP-14288-resistant
mutant either before or after the exposure to SYP-14288. This
makes sense because ABC and MFS transporters are commonly
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associated with MDR in various types of pathogens (Borst, 2020;
Drew et al,, 2021). MDR caused by increased efflux activity
has been described in phytopathogenic fungi. Kretschmer et al.
(2009) have demonstrated that MDR phenotypes of B. cinerea
are correlated with increased drug efflux activity and over-
expression of ABC and MFS efflux transporters. Expression of
the MgMFS1 gene was constitutively high in MDR Z. tritici
field isolates, and a 519 bp insertion in the MgMFS1 promoter
was detected in MDR field strains rather than sensitive strains,
suggesting it contributed to the observed MDR phenotype
(Omrane et al, 2015). Over-expression of efflux transporters
genes implied that they were involved in SYP-14288-related
metabolic resistance; however, no synergistic activities were
observed between fungicide and more than 10 commonly efflux
inhibitors. In addition, heterologous expression of these genes in
S. cerevisiae showed no difference in sensitivity to SYP-14288,
fluazinam, chlorothalonil, or difenoconazole between ABC and
MES genes transformants and empty vector, which demonstrated
that efflux genes were not directly involved in fungicide resistance
(data not shown). Nevertheless, the role of ABC and MFS
should be considered in resistance, which may participate in
this progress by enhancing the efficiency and ease in pumping
fungicides out as SYP-14288 is degraded.

Multi-drug resistance induced by a single fungicide SYP-
14288 extended our knowledge of fungicide resistance. It greatly
challenged the management of fungicide resistance in fields as it
can cause deficiency of multiple fungicides simultaneously. This
phenomenon may overwrite our common sense that a fungicide
resistance can be prevented by using fungicides with different
MOAs. To effectively manage MDR, using corresponding
metabolic enzyme inhibitors may be a potential strategy.

CONCLUSION

In conclusion, it was the first report that metabolic resistance of
R. solani to uncouplers was associated with P450 and GST genes.
The over-expression of the P450 gene AGIIA_05136 and GST
gene AGIIA_07383 in R. solani determined the detoxification
of or resistance to SYP-14288. The specific regulation pathway
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