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Abstract

The aim of this study was to uncover the molecular mechanism through which fungicide
resistance develops in Podosphaera xanthii, a fungi that causes powdery mildew in hull-less
pumpkin. Treatments of inoculated P. xanthii were carried out on leaves of hull-less pumpkin
and subsequently treated with kinds of triazole fungicide for seven generations. Resistant
strains of P. xanthiithus obtained were evaluated for their resistance levels. The resistance
levels of the fungi to four fungicides of were high except that of the propiconazole-resistant
strain, which showed moderate resistance. The F7 generations of five resistant strains thus
obtained were cultured continuously for five generations without fungicide induction, and
their resistance level were found to be relatively stable. The DNA of the sensitive strain and
the five kinds of resistant strains were extracted by the sodium dodecyl sulfate (SDS)
method and its internal transcribed spacer (ITS) region was amplified by using ITS1/ITS4
primer and specific primer F/R and they were sequenced respectively. The DNA sequence
comparison of resistant and sensitive strains showed that the base pairs of tebuconazole-
resistant strains and flusilazole-resistant strains were mutated, with mutation rates of 4.8%
and 1.6%, respectively. The base pairs of the other three resistant strains did not change.

Introduction

Hull-less Cucurbita pepo is an annual herb of the family Cucurbitaceae. As its seeds have seed
kernels and no seed coat, it is also called hull-less pumpkin, which is a rare variant of Cucur-
bita. Hull-less C. pepo has high nutritional and utilization value, as it not only contains nutri-
ents such as vitamins, amino acids and unsaturated fatty acids necessary for the human body,
but it also has therapeutic uses, especially in the prevention and adjuvant treatment of diabetes,
as well as being valued as a raw material for cosmetics, health care products and oils [1]. Previ-
ous studies have shown that hull-less pumpkin seed oil press-cake flour, as a by-product and
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functional ingredient, has also been incorporated into gluten-free cookies with the aim of
improving their nutritional quality [1].

The extract of hull-less pumpkin seed (HLPS) has significant anti-cancer effects [2]. The
total oil, total phenol content, and antioxidant activity values of seed oils were found to be
between 33.04 and 46.97%, 56.94 and 87.15 mg GAE/100 g, 0.19 and 11.75%, respectively
(p < 0.05). Linoleic, oleic, palmitic and stearic acids were the most prominent fatty acids in all
genotypes. The most abundant mineral in the studied seeds, which belong to different geno-
types, was potassium (2704.75-1033.63 ppm) followed by phosphorus (3569.69-9108.84 ppm)
and magnesium (1275.15-3938.16 ppm) (p < 0.05) [3]. In Poland, Styrian hull-less pumpkins
are valued for their use in health-promoting foods such as oils and snacks, and although indig-
enous to Styria, are now cultivated globally [4]. In Japan, a new pumpkin cultivar ’Stripe pepo’
with hull-less seeds and short internodes was bred and the fruit rind is orange with green
stripes; shows a higher seed yield [5]. In recent years, the hull-less pumpkin has shown remark-
able economic benefits [6]. Presently, the hull-less pumpkin is cultivated in eleven provinces of
China, and the output is approximately 117 million tons, accounting for 1/3 of the total output
worldwide [7,8]. It has played an important role in increasing farmers’ income and export
earning foreign exchange to promote local economic development.

However, with the continuous expansion of the cultivation area of the hull-less pumpkin,
the occurrence of powdery mildew (P. xanthii) has become increasingly serious, which has
become the main constraining factor for pumpkin production in China [9,10]. Cucurbit pow-
dery mildew is a serious disease that impacts field and greenhouse cucurbit crops worldwide,
which is caused most frequently by two kinds of obligate parasite of (Golovinomyces (Erysiphe)
orontii s.1., and P. xanthii) [11-13]. The pathogen causing hull-less pumpkin (C. pepo) pow-
dery mildew in the Western District in China was identified as P. xanthii (MT250855) based
on the morphology of cleistothecia and conidia, conidial germination, host range and areas
where disease occurs, etc. [10,13]. Pumpkin powdery mildew can cause slow growth of plants,
premature desiccation of the leaves, and consequent reduction of the quality and marketability
of the fruit [14]. Presently, the pumpkin powdery mildew is mainly controlled by using dis-
ease-resistant varieties and chemical fungicides, but the acquisition of disease-resistant germ-
plasm is limited by time, manpower, and financial resources. Fungicides have the
characteristics of rapid control and quick effect in plant disease control; therefore, chemical
control is still the main control measure of pumpkin powdery mildew.

Among many fungicides, triazole fungicides are highly efficient agents used to control
cucurbit powdery mildew in agricultural production in China. However, the rapid develop-
ment of pathogens resistant to fungicide has now become a prominent problem that limits the
effectiveness of fungicides. In recent years, there have been increasingly frequent reports on
the use of molecular methods to study the resistance of pathogens to fungicides. Studies have
shown that the main cause of resistance of pathogens to 14a-demethylation inhibitors (DMIs)
are point mutations in the CYP51 gene [15]. In France, Délye (1997) found that the pathogen
caused wheat powdery mildew is resistant to triazole fungicides because of mutations in the
CYP51 gene alleles [16]. Further studies by Délye revealed that resistance to triadimefon in
barley powdery mildew, and grape powdery mildew, are caused by CYP51 gene mutations
resulting in tyrosine at position 136 to be replaced by phenylalanine [17]. In China, the resis-
tance of isolates to triadimefon was caused not only by the single-site mutation in the gene,
which was found by detecting the resistant site 136 in the CYP51 gene of wheat powdery mil-
dew population with the technology of allele-specific Polymerase Chain Reaction (AS-PCR),
as well as cloning and sequencing. Comparing the sequence of the resistant and the sensitive
isolates, it was found there were another five mutation sites in the 175, 185™, 398", 419" and
430" sites of the amino acids [18]. Presently, molecular methods have not been used to study
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Table 1. Test fungicides.

the resistance of hull-less pumpkin powdery mildew to triazole fungicides. In this experiment,
the resistance of sensitive strain of hull-less pumpkin powdery mildew was induced by using
five kinds of triazole fungicides in laboratory in order to better understand the resistance gen-
eration and determine the resistance stability. The DNA of resistant and sensitive strains were
extracted, amplified and sequenced after seven consecutive generations of fungicide treatment
by the same method and F7 resistant strains after continuous culture for five generations. The
resistance mechanism was clarified by comparing the DNA sequence of resistance strains with
that of sensitive strains.

Materials and methods
The pumpkin varieties and the strains of pumpkin powdery mildew

Seeds of “Tianran”, a variety of hull-less pumpkin sensitive to P. xanthii were provided by
Wuwei Golden Apple Co., Ltd. of Gansu Province and planted in an artificial intelligence cli-
mate box. These pumpkin seedlings were used to propagate sensitive strains of pumpkin pow-
dery mildew (denoted by the abbreviation SY2) [19] and as a host for the later tests. Sensitive
strain of pumpkin powdery mildew (SY2) was preserved in hull-less pumpkin seedlings (two
leaf stage) planted in the nutrient bowl and placed in the laboratory.

Test triazole fungicides are listed in Table 1.

Main reagent and preparation method

Main reagent: SDS; Tris; EDTA; Chloroform; Isopentanol; Ammonium acetate; Sodium ace-
tate; Anhydrous ethanol; Isopropyl alcohol; glacial acetic acid; agarose; PCR master mix; deox-
yribonucleosides Triphosphoric acid; RNase enzyme, etc. The following reagent solutions
were prepared according to the test requirements.

1 mol-L™! Tris-HCI; 0.5 mol-L"* EDTA; DNA extraction buffer (pH 8.0); 7.5 mol-L!
NH,4AC; 3 mol-L ! NaAC (pH 5.2) TE buffer solution; 20 mg~mL’1 RNase enzyme (sub- pack-
aged and stored at temperature of -20°C for standby, avoid repeated freezing and thawing);
Chloroform isoamyl alcohol solution (24:1 ratio by volume of chloroform to isoamyl alcohol);
70% ethanol; 0.5 pg-mL™" ethidium bromide; etc.

Main instruments and equipment

High speed freezing centrifuge (Jining Yuze Industrial Technology Co. LTD, Xiangyi H1650);
Agarose gel electrophoresis system (Beijing Liuyi Biological Co., LTD., DYY-6D); PCR gene
amplification instrument (BIO RAD, T100); UV Gel imaging analysis system (ESSENTIAL,
V6); Vortex oscillator (scilogex, MX-S); Digital thermostat water bath (Shanghai Yuejin Medi-
cal Device Co., LTD., HSY-12); Ultrapure water preparation instrument (Chengdu Kangshi
Corning Technology Development Co., LTD.); Clean bench (Haier, HCB-1300V); artificial

Fungicide Manufacturer Recommended concentration pg-mL"
2.5% propiconazole EC ShaanxiBailu Agrochemical Co., Ltd. 1066
10% flusilazole EW Qingdao Qinsheng Biotechnology Co., Ltd. 2000
5% hexaconazole ME Qingdao Dongsheng Pharmaceutical Co., Ltd. 1667
12.5% myclobutanil EC Huabei Pharmaceutical Group Ainuo Co., Ltd. 1667
25% tebuconazole EC Shanghai Aix Biopharmaceutical Co., Ltd. 2766

https://doi.org/10.1371/journal.pone.0263068.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0263068 February 1, 2022 3/12


https://doi.org/10.1371/journal.pone.0263068.t001
https://doi.org/10.1371/journal.pone.0263068

PLOS ONE

Induction of resistance of Podosphaera xanthiito triazole fungicides and its resistance mechanism

intelligence climate box (Hangzhou Qisheng Electronic Technology Co., LTD, QRGN—400-
3); Autoclave (Shanghai Shen "an, LDZF-75L-11).

Obtaining triazole fungicide resistant strain of powdery mildew

The conidia of the diseased leaves with SY2 strain inoculation healthy hull-less pumpkin seed-
lings (two leaf stage) were brushed, and the residue was used to prepare conidia suspension,
spore suspension of sensitive strain SY2 of concentration 7-8x10° conidia-mL ™" was prepared
with sterilized water. This conidia suspension was inoculated on healthy pumpkin leaves by
the daubing method, placed in an artificial intelligence climate box at 25 °C, relative humidity
(RH) 60%, 4400 Ix light for 12 h/d and cultured for 3 days.

The recommended concentration of each fungicide in Table 1 was taken as the highest con-
centration and diluted into five serial concentrations by using the half-dilution method.

Five small sprayers were used to uniformly spray the above serial concentrations of triazole
fungicides on the pumpkin seedlings with sensitive strains inoculation after cultured for 3
days. Ten seedlings were sprayed per treatment, with three repetitions each. Additionally,
seedlings sprayed with sterilized water were used as a control. These were dried, and placed in
an artificial intelligence climate box at 25 °C, relative humidity (RH) 60%, 4400 Ix light for 12
h/d and cultured for a further seven days. The diseased leaves were examined according to the
following grading standards (Table 2), the incidence, disease index and control effect were cal-
culated according to formula (1), (2) and (3). Inoculation of leaves with 100% incidence is the
premise to ensure the development of the experiment. SPSS 20.0 software was used to calculate
the linear regression of the concentration logarithm, control effect probability value, simulate
the regression equation, and calculate the ECs, value of each fungicide to the sensitive strain
[10,11].

inoculation diseased leaves

incidence = x 100% 1
inoculation total number of leaves ° (v

>~ (diseased leaves x graded number)

disease index =
survey total number of leaves x total graded number

(2)

control disease index — treatment disease index
control effect = - - x 100% (3)
control disease index

The conidia of the diseased leaves with SY2 strain inoculation were brushed, and the resi-
due was used to prepare conidia suspension, which was then reinoculated on healthy pumpkin
leaves. After seven days of culturing in an artificial intelligence climate box under the same
conditions as mentioned previously, the triazole fungicides water dilution concentration was
prepared according to ECs, value sprayed on the leaves of seedlings that were inoculated. The
powdery mildew conidia obtained from the diseased leaves were used as the first generation of
the triazole fungicide induced screening, and the EC5, and resistance levels of each generation

Table 2. Graded standards for pumpkin powdery mildew.

Graded level Disease spot area Graded level Disease spot area
Level 0 Without disease spot Level 3 1/3<Diseased spots occupy leaf area<1/2
Level 1 Diseased spots occupy leaf area<1/5 Level 4 1/2<Diseased spots occupy leaf area<2/3
Level 2 1/5<Diseased spots occupy leaf area<1/3 Level 5 Diseased spots occupy leaf area>2/3

https://doi.org/10.1371/journal.pone.0263068.t002
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were determined after seven consecutive generations by the same method. The ECs, of F7
resistant strains after continuous culture for five generations (F8, F9, F10, F11, F12) and resis-
tance levels of each generation to each of the five kinds of triazole-fungicide-resistant induced
strains of pumpkin powdery mildew were determined respectively.

The resistance factor of the first, third, fifth, and seventh generations were calculated
according to formula (4), and the resistance level evaluation standards are shown in Table 3.

EC;, of resistance strain
EC;, of sensitive strain

Resistance factor(RF) =

(4)

Molecular mechanism of resistance to triazole fungicides in hull-less
pumpkin powdery mildew

Collection of conidia of sensitive strain and resistant strains of hull-less pumpkin pow-
dery mildew. The conidia of the pumpkin powdery mildew sensitive strain and resistant
strains were made into a suspension (concentration of 7-8x10° conidia-mL™), inoculated by
daub method on the leaves of hull-less pumpkins grown in the laboratory, and placed in an
artificial intelligence climate box of 25 °C, RH 60%, 4,400 Ix light for 12 h/12 h (L/d). After 14
days of cultivation, powdery mildew spores were collected on a clean bench when a large num-
ber of conidia formed on the leaves. Cut-off leaves of the diseased hull-less pumpkin were
placed on cellophane and gently tapped leave twice to thrice with tweezers to shake off a large
number of conidia, the remaining conidia on the leaves were then removed with a fine brush,
finally, all the collected powdery mildew spores were collected into a 2 mL centrifuge tube, not
amounting to more than 50 to 100 mg of powdery mildew spores in each tube. After each col-
lection in the clean bench was finished, the clean bench was wiped with 70% alcohol for sterili-
zation, then the UV lamp and blower were turned on for 10 min in order to prevent cross
contamination between strains. The centrifuge tube containing the spores was placed in a des-
iccator, dried for 3 to 5 days, and then stored in a refrigerator at -20 °C.

Extraction of total DNA of hull-less pumpkin powdery mildew and its quality detec-
tion. The total DNA content of hull-less pumpkin powdery mildew sensitive strain and resis-
tance strains were extracted by the summarized and modified sodium dodecyl sulfate (SDS)
method according to Liang QL’ research group [20,21].

Detection of extracted DNA were carried out through 1.0% agarose gel electrophoresis
using marker (DNA Marker D, Shanghai Sheng gong), 0.5 ug-mL™ ethidium bromide staining
for 30 minutes, observing and photographing in UV Gel imaging analysis system and its con-
centration was by DNA concentration meter.

Primer design and PCR amplification. In this experiment, the universal primers ITS1
(5°-TCC GTA GGT GAA CCT GCG G-3’)and ITS4 (5-TCC TCC GCT TAT TGA TAT
GC-3’) synthesized by Shanghai Bioengineering Co., Ltd were selected to amplify the sensitive
and resistant strains.

Table 3. Evaluation standards of pumpkin powdery mildew resistance level.

Resistance factor (RF)

3.1~5.0

5.1~10.0
https://doi.org/10.1371/journal.pone.0263068.t003

Resistance level Resistance factor (RF) Resistance level
sensitive >10.0 obvious resistance
resistance 10.1~40.0 moderate resistance

mild resistance 40.1~160.0 highly resistance
low resistance >160.0 extremely highly resistance
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Table 4. PCR thermal cycling conditions.
Step

Initial denaturation
Denaturation
Annealing
Automated fluorescent extension

Final extension

https://doi.org/10.1371/journal.pone.0263068.t004

The PCR reaction was carried out using 25 pL Dream Taq Green PCR Master Mix (2x),

1 uLITS1, 1 pLITS4, 1 pL Template DNA sequentially added in a 0.5 mL PCR tube, made up
to a volume of 50 pL with Nuclease-Free Water.

PCR amplification were carried out according to the cycling conditions detailed in Table 4,
and the PCR products were subjected to 1.0% agarose gel electrophoresis to detect the PCR
results.

According to the resistance of wheat powdery mildew to triadimefon, the CYP51 gene in
the wheat powdery mildew colony has a mutation site in amino acid 398 positions in the
wheat powdery mildew population, and the specific primers are designed as follows:

F:5-TCA TAC AGA GCA CCA AGA ACA TTA-3
R:5-GTA CAA TAG CAG GTG GAG TT-3

Five kinds of resistant strains DNA were amplified by PCR which using F, R primer.

Sequence determination and comparison

The results of PCR amplification of the five resistant strains and one sensitive strain were sent
to Shanghai Biotech Co., Ltd. for bidirectional sequencing, each strain was repeated thrice.
The sequence alignment of each strain was performed, the base pair of the variation and muta-
tion rates were calculated after compared the sequences of the five resistant strains with the
sequences of the sensitive strain by DNAman software V6.

Results

Obtaining resistant strains of powdery mildew

Five kinds of resistant strains with different levels of resistance were obtained after seven P.
xanthii generations by using five kinds of triazole fungicides. The results showed that the resis-
tance of the powdery mildew strains increases with an increase in the number of inductions.
The resistance factor of P. xanthii induced by 10% fluorosilazole EW, 5% hexaconazole ME,
and 12.5% myclobutanil EC lay between the resistances induced by the propiconazole EC and
tebuconazole EC, at 56.71, 49.04, 47.89, respectively (Table 5). Additionally, the resistance
level of the other four resistant strains reached high resistance levels but the resistance level of
the propiconazole-resistant strain remained at moderate levels.

The virulence of five kinds of F7 resistant strains were assayed after continuous culture for
five generations in non-fungicide pumpkin seedlings (F8, F9, F10, F11, F12) and their resis-
tance factor were calculated. The results indicated that the resistance levels of the five resistant
strains showed a wave-like pattern with little change and there were no significant differences
between the resistance factors of F8, F9, F10, F11, F12 generation and F7 generation except for
flusilazole and tebuconazole (Fig 1B and 1E; p<0.05). It was shown that the resistance of

Temperature ("C) Time Number of cycles
95 3 min 1
95 30s 38
55 30s
72 1 min
72 10 min 1
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Table 5. Determination of resistance of pumpkin powdery mildew induced by five triazole fungicides.

Fungicides F1 F3 F5 F7
RF Resistance level RF Resistance level RF Resistance level RF Resistance level
25% propiconazole EC 4.94 resistance 6.81 low resistance 9.23 low resistance 19.11 moderate resistance
10% flusilazole EW 5.57 low resistance 9.97 low resistance 46.47 highly resistant 56.71 highly resistance
5% hexaconazole ME 4.92 resistance 5.02 low resistance 22.56 moderate resistance 49.04 highly resistance
12.50% myclobutanil EC 3.36 sensitive 5.57 low resistance 15.21 moderate resistance 47.89 highly resistance
25% tebuconazole EC 3.22 sensitive 6.00 low resistance 34.13 moderate resistance 64.62 highly resistance

https://doi.org/10.1371/journal.pone.0263068.t005

resistant strains of propiconazole, hexaconazole and myclobutanil remained stable (Fig 1A, 1C
and 1D; p<0.05).

Molecular mechanism of the hull-less pumpkin powdery mildew of
resistance to triazole fungicides

Extraction of total DNA from five kinds of resistant strains and one sensitive strain.
The purity and concentration of the extracted DNA of five resistant strains and one sensitive
strain meet the reaction requirements of the PCR, which could be judged by the brightness of
the strip, and the concentration of extracted DNA was more than 200 ng/uL by DNA concen-
tration meter determined.

PCR amplification. The extracted DNA of five resistant strains and one sensitive strain
were used as a template, and PCR amplification was carried out by using F/R primers and
ITS1/1TS4 primers respectively. The results of agarose gel electrophoresis showed that the frag-
ment sizes of each strain were between 500 and 700 bp (S1 Fig).

Comparison of sequences of resistant strains with sensitive strain. The results of PCR
amplification of the five resistant strains and one sensitive strain were sent to Shanghai Biotech
Co., Ltd. for bidirectional sequencing. Comparison with sensitive strain sequences revealed
that the base sequences of propiconazole, hexaconazole, and myclobutanil resistant strains did
not change while the partial base pairs of the flusilazole and tebuconazole resistant strains were
mutated. The results showed that the base mutation rate of the tebuconazole and the flusilazole
resistant strains was 4.8% and 1.6% respectively (52 and S3 Figs).

Discussion

The hull-less pumpkin powdery mildew is an obligate parasite, meaning that the pathogen
must be stored, cultured and reproduced in the living plant, and it is therefore susceptible to
factors such as host growth conditions during reproduction. In 2018, in the first report of pow-
dery mildew caused by P. xanthii on Lagenaria siceraria in China, disease incidence was 85%
from a sampled population of 100 plants. Disease severity on individual plants ranged between
10 and 30% [22]. In addition, P. xanthii could infect watermelon (Citrullus lanatus) and cha-
yote (Sechium edule) [11,23-28].

Development of resistance in hull-less pumpkin powdery mildew

Presently, the domestic registered fungicides for the control of cucurbit powdery mildew
mainly include triazoles, strobilurins and succinate dehydrogenase inhibitors in sterol biosyn-
thesis inhibitors. Cucurbit powdery mildew has a high prevalence, a high reproduction rate of
P. xanthii, and a large number of reproductive P. xanthii. Therefore, P. xanthii is often resis-
tant, and the resistance of P. xanthii develops rapidly when the fungicide is used continuously
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Fig 1. Resistance stability of five kinds of triazole-fungicides-resistant strains to pumpkin powdery mildew. A: Resistance stability in strains

resistant to propiconazole. B: Resistance stability in strains resistant to flusilazole. C: Resistance stability in strains resistant to hexaconazole. D:
Resistance stability in strains resistant to myclobutanil. E: Resistance stability in strains resistant to tebuconazole. Lowercase letters indicates significant
difference in 0.01 level.

https://doi.org/10.1371/journal.pone.0263068.9001
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[29]. According to the report in 2002 [30], strobilurins, when used alone on a seven-day sched-
ule (usage pattern not mentioned) did not effectively control cucurbit powdery mildew. Strobi-
lurin efficacy declined dramatically after a second application in New York. Efficacy also was
reduced in commercial fields in Kentucky and research fields in Arizona, California, Ken-
tucky, Illinois, Michigan, and Virginia in 2002 where strobilurins were used predominantly or
exclusively [30]. In the growing seasons of 2012 and 2013, significant declines in cyflufenamid
efficacy were observed in two experimental fields in the Apulia (AP) and Emilia-Romagna
(ER) regions of Italy on Cucumis melo and C. pepo, respectively. Additionally, ECs, values of
AP isolates from 2012 and ER isolates from 2013 were greater than those of sensitive isolates,
indicating a shift in sensitivity toward resistance to cyflufenamid (resistance factor >100) [31].
In this experiment, when the sensitive strain of P. xanthii was induced seven generations by
using five kinds of triazole fungicide, the sensitive strain becomes the resistant strains and the
ECs5 value of flusilazole, tebuconazole, myclobutanil, and hexaconazole resistant strains were
56.71, 64.62, 47.89, 49.04 times more than that of sensitive strains, which belonged to a higher
resistance level. The EC5, value of the propiconazole-resistant strain was 19.11 times greater
than that of sensitive strains, which showed a moderate resistance level. In Australia, the use of
azole fungicides has contributed to the 50-fold increase in canola production in the last 25
years. However, its extensive application sets the stage for the selection of fungal populations
with resistance [32]. Leptosphaeria maculans was identified with decreased sensitivity to the
fungicide fluquinconazole when applied on canola fields as a protective seed dressing. Our
study also found that the sensitivity of powdery mildew decreased gradually under the pressure
of triazole fungicides selection with the increase of fungicides used times, while its resistance
tended to be stable when fungicide use was stopped. In Gansu Province, triazole fungicides
such as hexaconazole are widely used for the prevention and control of powdery mildew in
hull-less pumpkin. With increasing usage in the field, the control efficacy gradually declined
when used four times in a growing season, with some differences in susceptibility to hexacona-
zole among 20 powdery mildew strains. The ECs, value was in the range of 17.77-

285.54 ug-mL™, and the resistance factor was 8.94, which was a low resistance [19]. Powdery
mildew strain collected from the field were found to display tebuconazole resistance, in order
to more effectively control powdery mildew in hull-less pumpkin, it is suggested to rotate or
alternate the use of triazole fungicides with a different mechanism.

Molecular mechanism of resistance to triazole fungicides in hull-less
pumpkin powdery mildew

The specific primers F/R were used to amplify the DNA of the resistant strains after continu-
ous induced domestication of five kinds of triazole fungicides in the laboratory for the seventh
generation. The DNA sequencing results were compared with the sensitive strain of P. xanthii,
and it was found that some bases points of the resistant strains to tebuconazole and flusilazole
had mutated, with mutation rates of 4.80% and 1.60%, respectively. Mutations were not found
in the bases of the other three resistant strains. Although the resistance levels of the five resis-
tant strains are relatively stable, the base mutation rate of the resistant strains is closely related
to the level of resistance. The resistance factor of tebuconazole is 7.91 times higher than that of
flusilazole, and the base mutation rate is increased by 66.67%, it can be seen that the higher the
resistance level, the more likely the base is to mutation. According to another report, the mech-
anisms that drive azole resistance in agriculture were point mutations in the CYP51 amino
acid sequence, overexpression of the CYP51 enzyme and overexpression of genes encoding
efflux pump proteins [33]. Wang li studied the resistance mutation sites of wheat powdery mil-
dew against triazolone and found that the cumulative frequency of resistance mutations at the
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136™ and 398™ sites of the amino acids accounted for 78.78% [18]. These two mutation sites
are considered the main sites governing resistance in powdery mildew populations [18]. We
have studied only the mutation of the base of the resistant strain in this experiment, and it
could not show that the resistance mechanism of resistant strains of P. xanthii was the same as
that of resistant strains of wheat powdery mildew, which was a mutation of a certain site or
multiple sites of the CYP51 gene [17,18].

With the widespread use of triazole fungicides in the prevention and control of Cucurbita
powdery mildew, the problem of resistance to powdery mildew has become increasingly
prominent, which has become the key limiting factor in the effective control of the disease [9].
The fungicide resistance mechanism is of great significance for guiding the effective use of tria-
zole fungicides to control pumpkin powdery mildew. Simultaneously, it lays a theoretical foun-
dation for the development of multi-target sites with different mechanisms of fungicides to
control P. xanthii. However, this experiment only studied the mechanism of resistance to tria-
zoles in ITS region DNA sequences of hull-less pumpkin powdery mildew under laboratory
conditions. The resistance mechanism related to the resistance gene CYP51 and the use of tria-
zole fungicides in the field requires further study.

Conclusions

The sequence of the resistant strains of P. xanthii was compared with the sequence of the sensi-
tive strain, and it was found that the base of the resistant strains to tebuconazole and the flusi-
lazole had mutated, and the mutation rates were 4.8% and 1.6% respectively after undergoing
triazole fungicide treatment and induction for seven generations. The research results are of
great significance for guiding the use of these five triazole fungicides to effectively control
pumpkin powdery mildew and delay the development of P. xanthii resistance.
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sensitive stain; B: Resistance stain of propiconazole; C: Resistance stain of flusilazole; D: Resis-
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