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Abstract: Vine tea (Ampelopsis grossedentata) is a traditional herb widely consumed in southwestern
China that possesses paramount potential for human health. In 2021, the outbreak of typical leaf
blight disease was observed in almost all vine tea plantations in Zhangjiajie of Hunan province,
resulting in significant economic losses of vine tea production. In this study, we identified Neopestalo-
tiopsis clavispora as the causal agent of vine tea leaf blight via its morphological characteristics and
molecular identification. The sensitivity distribution of N. clavispora isolates to picoxystrobin were
determined based on mycelial growth and spore germination inhibition assays. The EC50 values
for mycelial growth ranged from 0.0062 to 0.0658 µg/mL, with a mean of 0.0282 ± 0.0148 µg/mL.
The EC50 values for spore germination ranged from 0.0014 to 0.0099 µg/mL, and the mean value
was 0.0048 ± 0.0022 µg/mL. Picoxystrobin increased fungal cell membrane permeability, but inhib-
ited fungal ATP biosynthesis. Moreover, picoxystrobin exhibited good in planta control efficacy on
vine tea leaves. Three picoxystrobin-resistant mutants were obtained in the current study, but no
mutations were detected in the N. clavispora Cytb gene. Competitive ability assays showed that the
conidium production and pathogenicity of all picoxystrobin-resistant mutants decreased as compared
to their progenitors, indicating that picoxystrobin-resistant mutants suffer fitness penalty. These find-
ings provide important evidence for picoxystrobin in vine tea leaf blight management and increase
understanding of the resistance mechanism of picoxystrobin against N. clavispora.

Keywords: modes of action; Neopestalotiopsis clavispora; picoxystrobin; sensitivity distribution; vine
tea leaf blight

1. Introduction

Tea has been an important Chinese traditional beverage for thousands of years. Based
on its color, tea is divided into green tea, yellow tea, white tea, oolong, black tea and dark
tea. In addition, tea can be classified into fermented, nonfermented or semifermented,
according to the different manufacturing processes [1]. To be noted, several herbs, such
as Ampelopsis grossedentata, also known as vine tea or moyeam, have been used by many
ethnic minorities in China to serve as tea-like beverages, which could inhibit various
diseases and improve human health [2,3]. Recent studies showed that vine tea is abundant
in polyphenols, flavonoids and other natural antioxidants, possessing huge potential
for human health [4–6]. Several vine tea extracts have been used as potential natural
antioxidants for food applications, which include meat products and soybean oil [7,8].
Significantly, the economic revenue of vine tea during a growing season has surpassed
$ 20,000 per ha, further promoting the development of vine tea cultivation in Zhangjiajie.

Before 2010, vine tea was grown naturally in mountainous regions of Zhangjiajie. In
recent years, the planting area of vine tea rapidly increased and exceeded 10 thousand ha
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in Yongding District, Zhangjiajie, with the economic revenue more than $1.25 billion. In the
meantime, a leaf blight of unspecified cause was observed in 90% of vine tea plantations,
and no appropriate control strategies were officially developed for disease control, which
resulted in direct economic losses of $15 million in 2021. Therefore, it is necessary to
characterize the causal agents and screen several chemical fungicides with high efficiency
and low toxicity for vine tea leaf blight management.

Quinone outside inhibitors (QoIs) are a group of broad-spectrum fungicides, includ-
ing pyraclostrobin, azoxystrobin, coumoxystrobin, picoxystrobin, fluoxastrobin, fenamin-
strobin, etc. QoIs target the complex III of the fungal respiration pathway and block electron
transportation at the Qo center of cytochrome bc1, leading to the reduction of ATP biosyn-
thesis and cell death [9]. Picoxystrobin, a novel member of QoIs, developed by Syngenta,
had been extensively used in agriculture owing to its unique distribution properties, includ-
ing translaminar and systemic (acropetal) movement, diffusion in leaf xylem and molecular
redistribution in the air [9,10]. Our preliminary assays showed that picoxystrobin exhibited
excellent antifungal effects against the pathogens isolated from vine tea leaf blight, but
the modes of action and the in planta control efficacy of picoxystrobin remain unknown.
Therefore, the objectives of this study were to (i) isolate and identify the major causal
agent of vine tea leaf blight, (ii) determine the picoxystrobin sensitivity distribution of the
phytopathogen populations from different counties in vine tea growing regions, (iii) de-
termine the physiological and biological characteristics of the phytopathogen as affected
by picoxystrobin, (iv) test the curative and protective effects of picoxystrobin on leaves
of vine tea, and (v) evaluate the resistance risk of the phytopathogen to picoxystrobin by
comparing the fitness between resistant mutants and sensitive strains. This research will
provide important references for the management of vine tea leaf blight in the field.

2. Materials and Methods
2.1. Fungal Isolation and Identification

In 2021 and 2022, a total of 108 symptomatic vine tea leaves with typical leaf blight
were collected from 8 vine tea plantations in Zhangjiajie. The diseased leaves were cut
into small tissue blocks from the margins of lesions and sterilized in 75% ethanol for 20 s,
followed by 3% NaClO for 2 min, then rinsed with sterilized water 3 times. After drying on
sterilized filter paper, the tissues were placed onto water agar (WA) plates amended with
30 µg/mL streptomycin sulphate. After incubation for 4 days at 28 ◦C, 56 isolates with
similar morphological characteristics were purified by transferring a single mycelial tip to
a new potato dextrose agar (PDA) plate for further study [11–13]. Furthermore, 3 isolates
were arbitrarily selected and inoculated on vine tea leaves, following the procedures of
Koch’s postulates, and photos were taken after 7 days of incubation.

Among the 56 isolates, 5 isolates were arbitrarily chosen for DNA extraction and
PCR amplification. The partial sequences of internal transcribed spacers (ITS), β-tubulin
(TUB) and translation elongation factor 1 (TEF1) were amplified with primers, as described
previously [14], and for DNA sequencing (Sangon, China). The sequences were subjected
to a BLAST search in NCBI GenBank, and the phylogenetic tree was generated with the
neighbor-joining method by MEGA5, as described previously [11].

2.2. DNA Extraction and PCR Assays

The fungal DNA was extracted via a Phire Plant Direct PCR Kit (Thermo Scientific,
Waltham, MA, USA, F130WH). Briefly, 10 µL of dilution buffer was added into a sterilized
1.5 mL tube, then a few mycelia from the edge of a 3-day-old colony were scraped by
sterilized toothpick and mixed with dilution buffer, followed by a 15 s vibration. After a
short centrifugation, the buffer was used for PCR reaction. The PCR was performed with
2 × Taq Plus Master Mix II (Dye Plus) (Vazyme Biotech, Nanjing, China) in a 25 µL reaction
mixture. The PCR was conducted via a MasterCyclerpro thermal cycler (BioRad, Hercules,
CA, USA), as described previously [14]. The cycling conditions were as follows: an initial
denaturation step at 95 ◦C for 3 min; followed by 35 cycles, each consisting of 95 ◦C for 15 s
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denaturing; annealing at 56 ◦C for 20 s; and 72 ◦C for 40 s, with a final extension at 72 ◦C
for 5 min.

2.3. Fungicide and Media

Technical-grade picoxystrobin (98%, Shandong Weifang Rainbow Chemical Co., Ltd.;
Weifang, China) was dissolved in methanol to 10 mg/mL and stored at 4 ◦C as stock
solution. For the sensitivity test, stock solution was diluted to a series of concentrations
and added into alkyl ester agar (AEA) media. Meanwhile, salicylhydroxamic acid (SHAM)
was added to AEA media at 50 µg/mL to suppress the alternative oxidase pathway.

WA media contained 5 g of agar powder in 1 L of deionized water. PDA media
contained 20 g of dextrose, 200 g of sliced, unpeeled potatoes and 20 g of agar powder in
1 L of deionized water. AEA media contained 6 g of NaNO3, 5 g of yeast extract, 1.5 g of
KH2PO4, 0.51 g of MgSO4·7H2O, 0.5 g of KCl, 20 mL of glycerin and 16 g of agar powder
in 1 L of deionized water. Yeast extract peptone dextrose (YEPD) media contained 3 g of
yeast extract, 10 g of peptone and 20 g of dextrose in 1 L of deionized water.

2.4. Sensitivity of Mycelial Growth of Neopestalotiopsis clavispora to Picoxystrobin

The picoxystrobin sensitivity of N. clavispora was performed with 56 strains, using the
mycelial growth inhibition method, as described previously [15–18]. Mycelial plugs (4 mm
diameter) were taken from 5-day-old colonies and transferred onto AEA plates amended
with 0, 0.015625, 0.03125, 0.0625, 0.125, 0.25 and 0.5 µg/mL of picoxystrobin each. After
incubation for 7 days at 28 ◦C, photos were taken, and the colony diameters were measured
in 2 perpendicular directions for the calculation of the median effective concentration (EC50)
according to the mycelial growth inhibition rates. All concentrations had three replicates,
and the experiments were performed twice.

2.5. Sensitivity of Conidium Germination of N. clavispora to Picoxystrobin

The picoxystrobin sensitivity of N. clavispora was performed with 19 strains, using
the conidium germination inhibition method, as described previously [12,18]. All selected
isolates were grown on a PDA plate at 28 ◦C for 21 days in the dark. The conidia produced
on the PDA plate were washed with 3 mL sterilized water, filtered with 3-layer lens papers
and centrifuged for 2 min at 8000 rpm. The conidia were resuspended with sterilized water
and adjusted to 1 × 105 conidia/mL using a hemocytometer. Then, 100 µL of conidia
suspension was spread on WA plates amended with 0, 0.005, 0.01, 0.02 and 0.04 µg/mL of
picoxystrobin each. The germination rate was observed with a microscope after incubation
at 28 ◦C for 12 h in the dark. All concentrations had two replicates, and the experiments
were performed twice.

2.6. Effect of Picoxystrobin on Pycnidium Formation of N. clavispora

N. clavispora strains ZJJ5, ZJJ9 and ZJJ12 were randomly chosen for a pycnidium
formation assay. Mycelial plugs (4 mm diameter) were taken from a 5-day-old colony and
transferred onto PDA plates amended with 0, 0.015625, 0.03125, 0.0625, 0.125, 0.25 and
0.5 µg/mL of picoxystrobin each. All plates were incubated at 28 ◦C for 21 days with
4 replicates, then photos were taken and the number of pycnidium (black particles) on
each plate was counted. All treatments had four replicates, and the experiments were
performed twice.

2.7. Cell Membrane Permeability as Affected by Picoxystrobin

N. clavispora strains ZJJ5, ZJJ9 and ZJJ12 were selected to determine the cell membrane
permeability in the presence of picoxystrobin, according to previous studies [17,18], with
minor modification. A total of 15 mycelial plugs were taken from 5-day-old colonies and
transferred into 100 mL liquid AEA media. After incubating for 48 h, the final concentra-
tions of picoxystrobin and SHAM in media were added to be 0.56 µg/mL and 50 µg/mL,
respectively. After another 24 h of incubation, mycelia were harvested with a filter cloth.
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Overall, 0.15 g of mycelia were suspended in 15 mL deionized water, and the conductivity
of the mycelia was measured at different time points with the DDS-307A conductivity
meter (Leici, Shanghai, China). After 180 min, the suspensions were boiled for 10 min, and
the final conductivity was determined. The experiments were performed twice, and all
treatments had three replicates. The relative conductivity was calculated as the follow-
ing equation:

Relative conductivity (%) =
real− time conductivity

final conductivity
× 100 (1)

2.8. ATP Production Assays (1)

Three N. clavispora strains, ZJJ5, ZJJ9 and ZJJ12, were used to determine the ATP
biosynthesis in the presence of picoxystrobin. In total, 15 mycelial plugs were taken from
5-day-old colonies and transferred into 100 mL liquid AEA media. After incubating for
2 days, the final concentrations of picoxystrobin and SHAM in media were added to be
0.2 µg/mL and 50 µg/mL, respectively. After another 24 h of incubation, the mycelia were
harvested with a filter cloth and grinded with liquid nitrogen. The ATP production was
assayed using an ATP Assay Kit (Solarbio, Beijing, China, BC0300). All treatments had
three replicates, and the experiments were performed twice.

2.9. Control Efficacy of Picoxystrobin on Vine Tea

The protective and curative efficacy of picoxystrobin on vine tea against N. clavispora
were performed according to recent studies [18,19], with several modifications. The leaves
of vine tea were disinfected in 0.5% NaClO for 20 s, then washed with sterilized water
twice and air-dried naturally. Picoxystrobin stock solution was diluted to 2 and 4 µg/mL
with 0.1% tween 20. For the protective activity test, picoxystrobin or water was sprayed
onto leaves of vine tea. After incubation at 28 ◦C for 1 day, 10 leaves were stabbed with a
sterilized needle and inoculated with 2.5 µL conidial suspension (5 × 105–1 × 106). After
incubated for another 4 days, photos were taken, and the diameters of the lesions were
measured. For the curative activity test, 10 leaves of vine tea were inoculated with 2.5 µL
conidial suspension, as described above, prior to picoxystrobin or water spraying. After
incubation for 1 day at 28 ◦C, the leaves of vine tea were sprayed with picoxystrobin or water.
Photos were taken, and the diameters of the lesions were measured after inoculation for
another 4 days. The control efficacy was calculated according to the previous method [16,18].
Three N. clavispora strains, ZJJ5, ZJJ9 and ZJJ12 were used for inoculation. The experiments
were performed twice, and each experiment had 10 vine tea leaves.

2.10. In Vitro Induction of Picoxystrobin-Resistant Mutants

In order to obtain picoxystrobin-resistant mutants, mycelial plugs (4 mm in diameter)
taken from 5-day sensitive strains were placed on AEA plates (a total of 200 mycelium plugs
of each isolate, 10 mycelial plugs for each plate) amended with 8 µg/mL picoxystrobin,
and all plates were exposed to UV light for 15 s and then incubated at 28 ◦C for 21 days in
the dark. Putative picoxystrobin-resistant mutants were isolated from colonies and placed
on AEA plates amended with 8 µg/mL picoxystrobin and picoxystrobin-free PDA plates.
The mutants that grew on the AEA plates amended with 8 µg/mL picoxystrobin were
identified as picoxystrobin-resistant mutants.

2.11. Resistance Stability Assays

To evaluate whether the resistance level of picoxystrobin-resistant mutants was stable
or not, three laboratory-induced picoxystrobin-resistant mutants were transferred one time,
ten times and fifteen times on picoxystrobin-free PDA plates. The picoxystrobin-resistant
mutants were allowed to grow for 4 days at 28 ◦C after each transferring. The EC50 values
of all mutants were measured as above described after one, ten and fifteen transfer times.
The three EC50 values of each mutant were compared. The experiments were performed



Agronomy 2023, 13, 1340 5 of 16

twice, and all concentrations had three replicates. The resistance level of each mutant was
presented by the resistance factor (RF), and the formulas are depicted as follows:

Resistance factor =
The EC50 of the picoxystrobin− resistant mutant

The EC50 of the picoxystrobin− sensitive progenitor
(2)

2.12. Sequencing Analysis of N. clavispora Cytb Gene

With the shortage of Cytb gene nucleotide sequences of N. clavispora in NCBI databases,
we used the Cytb gene of Pestalotiopsis longiseta (accession number FJ811964) as the reference
sequence for the primers design. Primers NcCytb-F (5′-TGGATGATTAGTTCGTTAC-3′)
and NcCytb-R (5′-ATATCTTGTCCAATTCATGG-3′) were designed to amplify the partial
Cytb gene fragment (261 bp) from picoxystrobin-sensitive strain ZJJ5 and the picoxystrobin-
resistant mutants ZJJ5-K2, ZJJ5-K3 and ZJJ5-K5. The cycling conditions were as follows: an
initial denaturation step at 95 ◦C for 3 min; followed by 35 cycles, each consisting of 95 ◦C
for 15 s denaturing; annealing at 50 ◦C for 20 s; and 72 ◦C for 40 s, with a final extension at
72 ◦C for 5 min. The PCR products were cleaned with a Gel DNA extraction kit (Vazyme,
Nanjing, China, DC301-01) and sequenced by Sangon Co., Ltd. (Shanghai, China). Further
analyses of sequences were performed with the BioEdit Software (Version 7.0.9.0).

2.13. Cross-Resistance Assays

Three laboratory-induced picoxystrobin-resistant mutants were used to determine the
pattern of cross-resistance, as described previously [20,21]. Mycelial plugs taken from the
margin of 5-day-old colonies were placed on AEA plates amended with various gradients
of concentration of picoxystrobin, pyraclostrobin and azoxystrobin, or placed on PDA
plates amended with various gradients of concentration of difenoconazole, carbendazim
and phenamacril (Supplementary Table S1). After incubation at 28 ◦C for 5 days, the
colony diameters were measured, and the EC50 values were calculated via DPS software,
as described previously [22,23]. The experiments were performed three times, and all
concentrations had three replicates.

2.14. Fitness Tests

Three picoxystrobin-resistant mutants (ZJJ5-K2, ZJJ5-K3 and ZJJ5-K5) and their parental
strain (ZJJ5) were used to evaluate the potential competition between picoxystrobin-
resistant and picoxystrobin-sensitive strains. All strains were incubated at 28 ◦C for
5 days on PDA plates, and the colony diameters were measured. For biomass assays,
10 mycelial plugs of each strain were taken from 5-day-old colonies and transferred into
100 mL liquid YEPD media. After incubation at 28 ◦C, 175 rpm for 3 days, mycelia were har-
vested, air-dried and weighed. The conidial production of all strains was maintained and
conducted, as described above. The differences in pathogenicity between picoxystrobin-
sensitive strains ZJJ5 and the three picoxystrobin-resistant mutants were compared on
vine tea leaves. A total of 10 leaves of vine tea were pierced with a sterilized needle and
inoculated with mycelial plugs (4 mm diameter) taken from 5-day-old colonies on PDA
plates. The leaves were incubated at 28 ◦C for 7 days, and the lesion diameter on each leaf
was measured. The assays were performed twice with 10 leaves.

2.15. Data Analysis

Data on vegetative growth, conidia production, ATP production, protective and cura-
tive activity, relative conductivity and the EC50 value of N. clavispora isolates were subjected
to analysis of variance. Fisher’s LSD test was used to determine the differences (p < 0.05)
among each treatment. All statistical analyses were performed with Data Processing System
(DPS) software (Version 19.05).
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3. Results
3.1. Morphological and Molecular Characteristics of Fungal Isolates

In the current study, 56 isolates with a similar colony morphology were obtained from
symptomatic vine tea leaves with typical leaf blight (Figure 1A). The colony showed a
smooth edge, white with a concentric circle, and dense aerial mycelia (Figure 1B). After a
14-day incubation, pycnidia (black fruiting bodies) formed on the PDA plates and deeply
embedded in the medium (Figure 1B). The isolates produced five-celled conidia, which
were fusiform, with two colorless terminal cells and three-colored median cells, as well
as one hyaline basal appendage and two to three hyaline apical appendages arising from
the apex (Figure 1B). Furthermore, the disease symptoms were obvious after 7 days of
incubation (Figure 1C), and the original pathogen was re-isolated from the diseased vine
tea leaves.
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Figure 1. Isolation of N. clavispora. (A) Typical symptoms of vine tea leaf blight in the field.
(B) Colonies, pycnidia and conidia morphology of N. clavispora. Bar = 50 µm. (C) Disease symptom
of N. clavispora on vine tea leaves in greenhouse.

The combined dataset of the ITS, TUB and TEF1 sequences was used for phylogenetic
analyses conducted by neighbor-joining. The accession number of all five isolates are
provided in Supplementary Table S2. According to the results, all five isolates (ZZJ5, ZZJ8,
ZZJ10, ZZJ17 and ZZJ-YK) were clustered with N. clavispora isolates LA-01 and PS110
(Figure 2).

3.2. Sensitivity Distribution of N. clavispora to Picoxystrobin Based on Mycelial Growth Inhibition

As the results showed, the inhibitory rate of picoxystrobin increased with the increase
of the dosage (Figure 3A). In addition, all isolates were sensitive to picoxystrobin, the EC50
values of the 56 isolates ranged from 0.0062 to 0.0658 µg/mL, and the mean value was
0.0242 ± 0.0127 µg/mL (Figure 3B). These results indicated that picoxystrobin had a strong
inhibitory activity on the mycelial growth of N. clavispora in vitro.
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Figure 3. Effect of picoxystrobin against N. clavispora in vitro. (A) Inhibitory effect of picoxystrobin
on mycelial growth of N. clavispora strains (ZJJ5, ZJJ9 and ZJJ12) on AEA plates. Photos were
taken after growth for 6 days at 28 ◦C. (B) Sensitivity distribution of 56 N. clavispora isolates to
picoxystrobin based on mycelial growth inhibition. (C) Sensitivity distribution of 19 N. clavispora
isolates to picoxystrobin based on conidium germination inhibition.
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3.3. Sensitivity Distribution of N. clavispora to Picoxystrobin Based on Conidium
Germination Inhibition

As the results showed, the inhibitory rate of picoxystrobin increased with the in-
crease of the dosage. In addition, all isolates were sensitive to picoxystrobin, the EC50
values of picoxystrobin ranged from 0.0014 to 0.0099 µg/mL, and the mean value was
0.0048 ± 0.0022 µg/mL (Figure 3C), indicating that picoxystrobin had excellent inhibitory
activity on the conidium germination of N. clavispora in vitro.

3.4. Effect of Picoxystrobin on Mycelial Morphology of N. clavispora

The hyphae of N. clavispora became sparser and exhibited decreased apical branching
when treated with 0.2 µg/mL picoxystrobin, as compared to the non-picoxystrobin-treated
group, which was normal (Figure 4).
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3.5. Effect of Picoxystrobin on Pycnidium Formation of N. clavispora

The numbers of N. clavispora pycnidia significantly decreased when treated with
0.015625, 0.03125, 0.0625, 0.125 and 0.25 µg/mL picoxystrobin, as compared to the non-
picoxystrobin-treated group (Figure 5). Furthermore, the conidium production significantly
decreased in the presence of picoxystrobin These results suggested that picoxystrobin
disrupted the pycnidium formation of N. clavispora.

3.6. Effect of Picoxystrobin on Cell Membrane Permeability of N. clavispora

The results showed that the relative conductivity significantly increased after treatment
with 0.2 µg/mL picoxystrobin when compared to the non-picoxystrobin group (Supple-
mentary Figure S1), indicating that picoxystrobin disrupted the cell membrane permeability
in N. clavispora.

3.7. Picoxystrobin Inhibited ATP Biosynthesis in N. clavispora

In the presence of 0.2 µg/mL picoxystrobin, the ATP production decreased by a factor
of 29.6%, 33.4% and 26.7% in the 3 N. clavispora strains ZJJ5, ZJJ9 and ZJJ12, respectively, as
compared to the control groups (Figure 6), demonstrating that picoxystrobin inhibited ATP
biosynthesis in N. clavispora.
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3.8. In Planta Control Efficacy of Picoxystrobin against N. clavispora

In the current study, picoxystrobin exhibited outstanding antifungal activity in the
mycelial growth and conidium germination of N. clavispora. Therefore, to confirm the
efficacy of picoxystrobin in controlling vine tea leaf blight, in planta experiments of pi-
coxystrobin were performed on vine tea leaves. As the results showed, picoxystrobin
markedly decreased the lesion diameter of inoculated leaves in both the curative activity
and protective activity assays. For the protective activity assays, picoxystrobin showed
70.1 and 89.9% control efficacies for 2 and 4 µg/mL, respectively. However, the control
efficacies of picoxystrobin for the curative activity assays were 59.6 and 79.7% for 2 and
4 µg/mL, respectively (Figure 7). These results suggested that picoxystrobin exhibited both
good protective and curative activities, and that the protective activity was superior to the
curative activity at the same dose of fungicide.
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3.9. Cross-Resistance between Picoxystrobin and Other Fungicides in N. clavispora

Our results showed that three picoxystrobin-resistant mutants were still resistant to
picoxystrobin after their fifteen transfers on picoxystrobin-free PDA plates according to their
RF values (Table 1, Supplementary Table S3). When we compared the EC50 values between
the picoxystrobin-sensitive strain ZJJ5 and the three picoxystrobin-resistant mutants, we
found that the high-picoxystrobin-resistant mutant ZJJ5-K3 was also resistant to QoIs
pyraclostrobin and azoxystrobin via Spearman’s rank correlation coefficients analysis, and
the correlation coefficients were 0.949 and 0.775, respectively, while the picoxystrobin-
resistant mutants ZJJ5-K2 and ZJJ5-K5 were sensitive to pyraclostrobin and azoxystrobin
as compared with ZJJ5. To be noted, the EC50 values for difenoconazole, carbendazim
and phenamacril did not differ among the three picoxystrobin-resistant mutants and the
picoxystrobin-sensitive strain ZJJ-5 (Table 1), demonstrating that no cross-resistance was
observed between picoxystrobin and difenoconazole, carbendazim or phenamacril in
N. clavispora.

3.10. Analysis of Cytb Gene in Picoxystrobin-Resistant Mutants

Sequencing alignment analyses showed that the picoxystrobin-resistant mutants (ZJJ-
K2, ZJJ-K3 and ZJJ-K5) had no mutations at codon 129 (TTC, phenylalanine) or 143 (GGT,
glycine) in the Cytb gene as compared to the picoxystrobin-sensitive strain ZJJ5 (OQ325327)
(Supplementary Figure S2), suggesting that the mechanism responsible for picoxystrobin
resistance in N. clavispora is not associated with typical mutations in the Cytb gene.
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Table 1. Sensitivities of Neopestalotiopsis clavispora isolates to picoxystrobin and other fungicides.

Isolates

Picoxystrobin Azoxystrobin Pyraclostrobin Difenoconazole Phenamacril Carbendazim

EC50
(µg/mL) a RF b EC50

(µg/mL) a RF b EC50
(µg/mL) a RF b EC50

(µg/mL) a RF b EC50
(µg/mL) a RF b EC50

(µg/mL) a RF b

ZJJ5 0.025 ± 0.0042 d 0.014 ± 0.0021 c 0.006 ± 0.0012 b 1.00 ± 0.084 bc 0.97 ± 0.078 b 0.075 ± 0.0063 b
ZJJ5-K2 0.32 ± 0.014 c 12.80 0.014 ± 0.0023 c 1.00 0.006 ± 0.0014 b 1.00 0.97 ± 0.074 c 0.97 1.05 ± 0.085 b 1.08 0.072 ± 0.0052 b 0.96
ZJJ5-K3 3.22 ± 0.31 a 128.80 1.03 ± 0.092 a 73.57 0.93 ± 0.081 a 155.00 3.61 ± 0.30 a 3.61 2.05 ± 0.10 a 2.11 0.13 ± 0.0084 a 1.73
ZJJ5-K5 0.99 ± 0.087 b 39.60 0.036 ± 0.0063 b 2.57 0.006 ± 0.0011 b 1.00 1.16 ± 0.090 b 1.16 0.96 ± 0.081 b 0.99 0.073 ± 0.0063 b 0.97

a Means and standard deviations (SDs) were calculated from three independent assays. Different letters indicate significant differences according to the Fisher’s LSD test at p = 0.05. b RF
(resistance factor) = EC50 value (resistant mutants)/EC50 value (wild-type isolate).
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3.11. Competitive Abilities of Picoxystrobin-Resistant Mutants of N. clavispora

Although the mycelial growth of the picoxystrobin-resistant mutants ZJJ5-K2 and
ZJJ5-K5 showed no difference when compared to their progenitor ZJJ5, the colony diameter
of the picoxystrobin-high-resistant mutant ZJJ5-K3 significantly decreased. In addition, the
mycelial dry weight of the picoxystrobin-resistant mutants ZJJ5-K5 and ZJJ5-K3 significantly
decreased as compared to their parental strain ZJJ5 when cultured in YEPD medium for
3 days. When incubated on PDA plates at 28 ◦C for 21 days, the conidia production of all
mutants significantly decreased as compared to their parental strain ZJJ5. Furthermore, we
evaluated the pathogenicity of the picoxystrobin-resistant mutants on vine tea leaves. As
the results showed, all the mutants produced smaller lesion areas when compared to their
parental strain ZJJ5 (Table 2), demonstrating that the pathogenicity of the picoxystrobin-
resistant mutants significantly decreased as compared to the picoxystrobin-sensitive strains
in N. clavispora.

Table 2. Fitness of picoxystrobin-resistant mutants of Neopestalotiopsis clavispora.

Strains Colony
Diameter (cm) * Dry Weight (g) * Conidia Concentration

(×105/mL) *
Lesion Diameter

(mm) *

ZJJ5 6.79 ± 0.12 a 0.66 ± 0.11 a 9.70 ± 0.53 a 13.5 ± 1.4 a
ZJJ5-K2 6.63 ± 0.09 a 0.48 ± 0.10 ab 8.53 ± 0.21 b 7.0 ± 0.6 b
ZJJ5-K3 3.81 ± 0.1 b 0.07 ± 0.02 c 3.80 ± 0.36 c 4.7 ± 0.5 c
ZJJ5-K5 6.68 ± 0.13 a 0.40 ± 0.06 b 7.93 ± 0.31 b 6.3 ± 0.8 b

* Means and standard deviations (SDs) were calculated from three independent experiments. Values in the table
followed by the same letter along a column are not significantly different at p = 0.05 according to Fisher’s least
significant difference (LSD) test.

4. Discussion

The fast-growing tea market and increasing desire for healthier foods, such as tea
and tea-derived products, have pushed the tea industry to improve its product quality,
safety and variety [24]. As one of the traditional herbs in China, vine tea has been widely
consumed for years because of its potential health benefits [25,26]. In the meantime, a leaf
blight was found in almost all vine tea plantations in Zhangjiajie, causing direct economic
losses of approximately $15 million in 2021. In the current study, we identified N. clavispora
as the causal agent of vine tea leaf blight, according to morphological and molecular
characterization assays. In addition, artificial inoculation assays exhibited similar disease
symptoms on vine tea leaves, further demonstrating that N. clavispora is the causal agent of
vine tea leaf blight. The genus Pestalotiopsis is a heterogeneous group of fungi containing
more than 220 species, which are differentiated basically by their conidial characteristics
(CABI Bioscience database). As a member of the pestalotioid species, N. clavispora was
found on various hosts worldwide, including Kadsura coccinea, strawberry, etc., posing a
threat to agricultural production by causing reduced plant quality, yield loss and disruption
of production schedules [27,28]. However, less information on the chemical control strategy
for N. clavispora is available.

Picoxystrobin is a new QoI with systemic and osmotic activity [9], which has been
applied in various crops’ disease management, including economic crops, cereal grains
(except rice) and fruits [10,29] (http://www.chinapesticide.org.cn/) (accessed on 4 May
2023). In the current study, the picoxystrobin sensitivity of N. clavispora was determined
based on mycelial growth and conidium germination inhibition. The EC50 values of 56 N.
clavispora isolates ranged from 0.0062 to 0.0658 µg/mL, with a mean of 0.0242 µg/mL for
mycelial growth inhibition, and the EC50 values of 19 randomly selected isolates ranged
from 0.0014 to 0.0099 µg/mL, with a mean of 0.0048 µg/mL for conidium germination
inhibition. Our research found that the antifungal activity of picoxystrobin against N.
clavispora was higher than the QoI fungicide azoxystrobin and other widely used fungicides
with different modes of action (triazoles, SDHIs and carbendazim). Taken together, these
data demonstrated that picoxystrobin has an excellent effect on both the mycelial growth

http://www.chinapesticide.org.cn/
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and conidium germination of N. clavispora, which possesses great potential for further
application in the control of vine tea leaf blight in the field.

Mitochondrion is one of the core organelles that regulate cell fate decisions via their
biological functions in cell growth, metabolism and cell death. Among various metabolic
functions, ATP biosynthesis that depends on oxidative phosphorylation and the tricar-
boxylic acid cycle is the most important [30,31]. As a classical QoI, picoxystrobin inhibits
fungal respiration by blocking the electron transportation of cytochrome bc1 complex [9].
In a previous study, Duan and colleagues found that ATP biosynthesis was significantly
inhibited by six QoIs in F. graminearum [32]. In the current study, the inhibitory ratio of coni-
dium germination was approximately 90% in the presence of 0.04 µg/mL picoxystrobin.
Moreover, the intracellular ATP biosynthesis of N. clavispora isolates was significantly
suppressed when treated with 0.2 µg/mL picoxystrobin. These data indicated that picoxys-
trobin could lead to the reduction of ATP production in N. clavispora, and may attribute to
disease control in the field.

To explore the potential application of picoxystrobin in controlling vine tea leaf blight,
artificial inoculation assays were carried out in the current study. Our results showed that
picoxystrobin had both curative and protective effects on leaves of vine tea. The control
effect of picoxystrobin increased with the increase of the fungicide concentration, and the
protective effect was better than the curative effect. According to our survey, most of the
vine tea growers are accustomed to applying fungicides after diseases emerge in the field,
which decreases the control efficacy and results in huge economic losses in agricultural
production. Our results and several previous publications suggested that the time point of
fungicide application is critical for disease management, and the protective effect is always
better than the curative effect with the same fungicides doses [18,33,34]. Taken together,
the above results indicated that picoxystrobin had a good potential to control vine tea leaf
blight caused by N. clavispora.

Fungicide resistance is a common phenomenon embodied in the natural process of the
evolution of biological systems. In the meantime, it is a major concern that threatens sus-
tainable disease management in agricultural production [35–39]. Therefore, we evaluated
the potential resistant risk of N. clavispora to picoxystrobin in the current study. The results
showed that all picoxystrobin-resistant mutants were still resistant to picoxystrobin after
their fifteen transfers on picoxystrobin-free PDA plates. DNA sequencing showed that no
mutations were detected at codon 129 or 143 in the Cytb of picoxystrobin-resistant mutants,
indicating that the mechanism responsible for picoxystrobin resistance in N. clavispora is
not associated with typical mutations in the Cytb gene. In addition, we could not generate
Cytb gene point mutation mutants from N. clavispora due to the shortage of nucleotide
sequences in NCBI and other databases. Significantly, additional picoxystrobin-resistant
mutations and mechanisms have been claimed in several phytopathogens [40,41]. It is
possible that mutations existed in alternative respiration and efflux transporters, which
had been reported previously [42,43]. Intriguingly, picoxystrobin-high-resistant mutant
ZJJ5-K3 showed cross-resistance between picoxystrobin and other QoIs (azoxystrobin and
pyraclostrobin), while no cross-resistance was found between picoxystrobin and other
QoIs, as well as fungicides with different modes of action in the picoxystrobin-resistant
mutants ZJJ5-K2 and ZJJ5-K5. These data indicated that the combination of picoxystrobin
and fungicides with different modes of action could minimize its resistance risk in vine tea
leaf blight management.

The fitness of resistant fungal isolates is a vital factor in evaluating the development of
the fungicide-resistant population in the field. Previous studies found that the carbendazim-
resistant population of Fusarium graminearum exhibited no obvious defects in mycelial
growth and stress response, but possessed increased deoxynivalenol (DON) production
and elevated virulence on wheat head [44–46]. Similar results were also found in Botrytis
cinerea, Sclerotinia sclerotiorum and several important plant pathogens [21,36,47,48]. Previous
research showed that resistant individuals with the G143A substitution of Cytb do not
suffer from a significant fitness penalty [49]. Although no significant defect was found
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in colony morphology, mycelial growth and biomass between picoxystrobin-sensitive
strain ZJJ5, picoxystrobin-resistant mutants ZJJ5-K2 and ZJJ5-K5, all picoxystrobin-resistant
mutants exhibited severe defects in conidium production and pathogenicity in the current
studies. Notably, these biological defects were more serious in picoxystrobin-high-resistant
mutant ZJJ5-K3. Taken together, we suggested that the picoxystrobin-resistant populations
could not develop quickly due to their low fitness as compared to picoxystrobin-sensitive
populations in the field, and the resistance risk of N. clavispora to picoxystrobin is medium
to high in the laboratory.

5. Conclusions

In the current study, N. clavispora was identified as the causal agent of vine tea leaf
blight, according to fungal colony morphology and molecular identification assays. Picoxys-
trobin not only exhibited excellent antifungal activity, but good in planta control efficacy
against N. clavispora. Picoxystrobin blocks the electron transportation of cytochrome bc1
complex, leading to the shortage of intracellular ATP production, thereby causing the
defects in energy metabolism, conidium germination and plant infection of N. clavispora.
Although our results found that cross-resistance was observed between picoxystrobin and
other QoIs, no cross-resistance was found between picoxystrobin and fungicides with differ-
ent modes of action. In addition, the fitness of picoxystrobin-resistant strains significantly
decreased as compared to picoxystrobin-sensitive strains, suggesting that the resistance risk
of N. clavispora to picoxystrobin is medium to high. Taken together, our data provide critical
information for the application of chemical fungicides in vine tea leaf blight management.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy13051340/s1. Figure S1: Effect of 0.56 µg/mL picoxystrobin on
cell membrane permeability of three wild-type N. clavispora strains (ZJJ5, ZJJ9, and ZJJ12). Bars
denote the stand error of two experiments; Figure S2: Sequence analysis of Cytb in picoxystrobin-
sensitive strain ZJJ5 and picoxystrobin-resistant strains ZJJ5-K2, ZJJ5-K3, ZJJ5-K5; Table S1: Concen-
trations of differnt fungicides; Table S2: Sequence obtained from GenBank of the Neopestalotiopsis
isolates that used in the phylogenetic study; Table S3: Resistance factor and resistance stability of
picoxystrobin-resistant mutants of N. clavispora.
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