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in Botrytis cinerea from tomato plants in
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Abstract

Fungal pathogen Botrytis cinerea, the casual agent of gray mold of vegetables and fruits, has a high risk of
developing resistance to fungicide. Tebuconazole, one kind of demethylation inhibitor (DMI) fungicides, has been
increasingly applied for the control of tomato gray mold in China. However, very limited information is available on
the resistance profile of B. cinerea to tebuconazole. In this study, the baseline sensitivity of B. cinerea to
tebuconazole was determined based on 138 isolates from field sites having no history of DMI usage, with a mean
ECso value of 0.29 ug/mL. Another 159 B. cinerea isolates collected in the greenhouse and field from 2011 to 2016
were demonstrated to have a shifted sensitivity to tebuconazole, with a mean ECs, value of 0.66 ug/mL. ECsq values
of 10 B. cinerea isolates with reduced sensitivity to tebuconazole were greater than 1.56 ug/mlL, and these reduced-
sensitive isolates had a fitness penalty in sporulation and conidial germination, but showed similar mycelial growth
rate and pathogenicity with those of the sensitive isolates. Positive cross-resistance was observed only between
tebuconazole and the other two DMIs difenoconazole and prochloraz, but not between tebuconazole and the non-
DMIs iprodione, procymidone, or fludioxonil. In reduced-sensitive isolates, no amino acid variation was found in the

BcCYP51 protein. When exposed to tebuconazole, the expression level of BcCYP51 increased in these reduced-
sensitive B. cinerea isolates as compared to sensitive ones, thus contributing to the reduced sensitivity of the
pathogen to tebuconazole. Additionally, the nucleotide mutation observed in the 1200 bp upstream region of
BcCYP51 had no correlation with the development of fungicide resistance in B. cinerea isolates. These findings will
be helpful for the understanding of DMI resistance mechnism in B. cinerea.
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Background

Tomato (Solanum lycopersicum L.) is rich in vitamins
and is cultivated throughout the world. Many diseases
can affect tomato plants and result in decreased yield
and quality. Gray mold, caused by Botrytis cinerea, is a
devastating disease of tomato leading to serious eco-
nomic losses worldwide (Williamson et al. 2007; Soylu
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et al. 2010; Huang et al. 2011; Wang et al. 2013). B.
cinerea infects not only tomato but also many other
commercially important crops in the greenhouse and
field, and is very difficult to control for several reasons
(Williamson et al. 2007; Petrasch et al. 2019). This
pathogen can survive as mycelia and/or conidia or scler-
otia in crop debris or after the plant’s growth season
(Williamson et al. 2007). It can penetrate the surfaces of
healthy plants by secreting a large number of cell wall-
degrading enzymes during the infection process (Kapat
et al. 1998; Prins et al. 2000). The rapid gene mutation
in B. cinerea make the pathogen easier to develop fungi-
cide resistance in the field.
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Site-specific fungicides with different modes of action
have been used for gray mold control worldwide. Evi-
dence demonstrates that B. cinerea isolates have devel-
oped resistance to several fungicides, including
dicarboximides, benzimidazole, phenylpyrrole, and
hydroxyanilide (Myresiotis et al. 2007; Hu et al. 2016;
Yin et al. 2018; Adnan et al. 2019). Sterol 1l4a-
demethylase inhibitors (DMIs) are a large class of com-
pounds with demonstrated efficacy for controlling this
and many other fungal diseases. They have been used
for many years in the USA and Europe, and DMI-
resistant fungal pathogens have been reported in popula-
tions of not only B. cinerea (Stehmann and De Waard
1996) but also Colletotrichum cereale (Wong and Mid-
land 2007), Mycosphaerella graminicola (Mavroeidi and
Shaw 2005), Blumeria graminis f. sp. tritici (Godet and
Limpert 1998), Venturia inaequalis (Koller et al. 1997),
and Fusarium graminearum (Yin et al. 2009). However,
the resistance status of DMI fungicide in B. cinerea iso-
lates from tomato in China remains unknown.

DMI fungicides inhibit the cytochrome P450 sterol
14a-demethylase, a critical enzyme encoded by the
CYP51 gene that is essential for the biosynthesis of
ergosterol in the fungal membrane (Senior et al. 1995;
Dupont et al. 2012). The efficacy of DMIs usually de-
creases gradually compared with other site-specific
fungicides that lose the efficacy due to point muta-
tions in target proteins (Brent and Hollomon 2007).
Previous studies have shown that DMI resistance was
attributed to several mechanisms, including (i) target-
site non-synonymous alterations based on point muta-
tions in the CYP5I gene (Wyand and Brown 2005;
Leroux et al. 2007), (ii) increased expression of the
target gene (Hamamoto et al. 2000; Schnabel and
Jones 2001), (iii) enhanced energy-dependent efflux
transport of the toxic compound (Reimann and Deis-
ing 2005), and (iv) increased copy numbers of the tar-
get gene and a transcriptional regulator of drug efflux
pumps (Selmecki et al. 2008).

Tebuconazole, a typical DMI fungicide, has been regis-
tered and used for controlling tomato gray mold in
China. Characterizing its resistance extent would provide
important information for the government and growers
to improve their gray mold chemical control programs.
Moreover, fungicide resistance can be studied by analyz-
ing parameters such as resistance and cross-resistance
levels, or the fitness of fungicide-resistant isolates which
play essential roles in determining the competitiveness
of fungicide-resistant isolates in a pathogen population
(Becher et al. 2010; Li et al. 2020). Thus, this study
aimed to determine the sensitivity of B. cinerea isolates
to tebuconazole, to examine fitness characters of sensi-
tive and reduced-sensitive field isolates, and to investi-
gate the molecular basis of tebuconazole resistance.
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Results

Sensitivity of B. cinerea to tebuconazole in China

A total of 138 B. cinerea field isolates from China with
no history of DMI usage were used to establish the base-
line sensitivity. The mean ECs, value exposed to tebuco-
nazole was 0.29 pg/mL (Fig. 1a). The lowest ECs, value
was 0.06 pug/mL and the highest was 1.01 ug/mL. The
frequency distribution of ECs, values of those isolates
exhibited a unimodal curve with a positive skew, indicat-
ing that the data could be used as the baseline sensitivity
of B. cinerea to tebuconazole (Fig. 1a).

The sensitivity to tebuconazole of 159 isolates col-
lected in the greenhouse or field was further detected,
with a mean ECsq value increased to 0.66 pg/mL (Fig.
1b). A non-normal distribution curve was displayed, with
one major peak and one minor peak, indicating that B.
cinerea populations had phenotypic subdivision in fungi-
cide sensitivity (Fig. 1b). The median of the minor peak
was 1.67 pg/mL, with ECsq ranging from 1.56 to 1.78 pg/
mlL, suggesting that the isolates with ECsq > 1.56 ug/mL
might be resistant to tebuconazole. In total, the fre-
quency of reduced-sensitive isolates was around 6.3%,
and 10 isolates showed reduced sensitivity to tebucona-
zole in all of the isolates tested (Fig. 1b).

Control efficacy of tebuconazole on B. cinerea isolates
with different sensitivities

Two sensitive isolates (SF2—-1 and SQ11) and two
reduced-sensitive isolates (S11 and FH30, with ECsq~
1.56 pg/mL, the smallest value in the minor peak of Fig.
1b) were used to investigate the control efficacy of tebu-
conazole on gray mold of tomato fruit. All isolates were
able to infect and develop lesions on tomato without
fungicide treatment. Compared with the water-treated
group, lesion development was decreased on fruit
sprayed with fungicide, no matter for the sensitive or
reduced-sensitive isolates. The control efficacy of tebu-
conazole for the reduced-sensitive isolates was between
12.7 and 18.3%, while it was around 80% for the sensitive
isolates (Fig. 2). The results demonstrated that the con-
trol efficacy of tebuconazole on sensitive B. cinerea iso-
lates was significantly higher (P<0.05) than that on
reduced-sensitive isolates.

Resistance level and stability of reduced-sensitive B.
cinerea isolates to tebuconazole

The resistance level and stability to tebuconazole were
measured in six reduced-sensitive B. cinerea isolates.
ECs values were determined between the first and 10th
generations on fungicide-free medium, and the resist-
ance factor (RF; the ratio of the ECs, value of a reduced-
sensitive isolate to the mean value of baseline sensitivity)
was calculated (Table 1). The majority of isolates main-
tained similar levels of RF. This was reflected as the
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Frequency (%)

0.11 0.22 0.32 0.43 0.54 0.64 0.75 0.86 0.96
ECs, (ng/mL)

Fig. 1 Frequency distribution of effective concentrations for 50% growth inhibition (ECs) of tebuconazole on a 138 Botrytis cinerea isolates
without usage of DMIs and b 159 isolates collected in the field and greenhouse from 2011 to 2016

35 r

Frequency (%)

0.14 0.36 0.58 0.80 1.02 1.24 1.46 1.67 1.89 2.11
ECj (ng/mL)

factor of sensitivity change (FSC; the ratio of RF values
at the 10th to the first transfer), which ranged from 0.80
to 1.04.

Colony growth of B. cinerea isolates with different
sensitivities to tebuconazole

For all the B. cinerea isolates, the optimal temperature
for mycelial growth was 20°C. The reduced-sensitive
isolate D20 showed the highest mycelial growth rate
in all the tested isolates whether at low or high tem-
peratures (Table 2). The reduced-sensitive isolates S11
and D25 grew more slowly than others at all tested
temperatures (P <0.05; Table 2). The other three
reduced-sensitive isolates showed similar mycelial
growth rate with that of sensitive isolates at each
temperature. None of the B. cinerea isolates could
grow at 37°C. The results indicated no positive
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Fig. 2 Control efficacy of tebuconazole on gray mold of tomato fruit
caused by two sensitive and two reduced-sensitive isolates. Columns
and bars indicate mean + standard deviation (SD) from replicates;
means with different letters are significantly different (P < 0.05)

correlation between fungicide sensitivity and mycelial
growth rate.

Reduced-sensitive isolates had decreased conidia
production and conidial germination rate

Spore production was significantly decreased for the
reduced-sensitive isolates compared to the sensitive iso-
lates (P < 0.05; Fig. 3a). The conidia number of the sensi-
tive isolates ranged from 6.6~ 82x10°/cm? but
decreased to around 1.2 ~ 4.4 x 10°/cm? in the reduced-
sensitive isolates (Fig. 3a). Compared with the sensitive
isolates, all the reduced-sensitive isolates also had a re-
duced conidial germination rate. For example, the conid-
ial germination rate was 89.3% in the sensitive isolate
SF2-1 and 72.3% in the reduced-sensitive isolate SH330
(Fig. 3b). The lesion area produced on detached tomato
fruit was not impaired in most reduced-sensitive isolates
except D25 (Fig. 3c).

Table 1 Resistance level and stability of Botrytis cinerea isolates
to tebuconazole after the 1°* and 10" subculture on fungicide-
free medium

Isolate® ECso (ug/mL) RF® FSC*
1 10" 1 10"
NJ2 0.032 0.036 - - -
SF2-1 0.079 0.083 - - -
SQm 0.097 0.091 - - -
ST1 156 156 538 538 1.00
FH30 1.66 152 572 524 092
SH558 1.68 1.74 579 6.00 1.04
D20 1.76 1.86 6.07 641 1.06
SH330 1.84 1.70 6.34 5.86 092
D25 2.22 235 7.66 8.10 1.06

2NJ2, SF2-1, and SQ11 represent the sensitive isolates; S11, FH30, SH558, D20,
SH330, and D25 represent the reduced-sensitive isolates

PRF = resistance factor, the ratio of the ECs, of a reduced-sensitive isolate to
the mean value of baseline sensitivity

FSC = factor of sensitivity change, the ratio of RF values for ECs, at the 10" to
the 1°* transfer
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Table 2 The mycelial growth of Botrytis cinerea isolates under different temperature on YG medium without fungicide
Isolate® Colony diameter (mm)®

4°C 12°C 20°C 25°C 30°C
NJ2 54+04c 385+ 15de 602 +36¢C 535+ 34c 162 +10b
SF2-1 6.3 + 0.3 bc 545+05a 65.1 + 3.6 bc 676+ 3.1 ab 238+26a
SQM 66+04Db 554+ 04 a 675+23b 711+ 1.7 ab 248 +35a
S11 56+02c 323+21f 345+ 15e 372+30d 81+10d
FH30 55+05c 424 + 24 cd 65.5 + 2.5 bc 644 +42b 129+10c¢
SH558 58+ 03 bc 464 + 2.8 bc 63.1 + 3.0 bc 65.5+ 26 ab 231 +20a
D20 83+03a 554 +36a 751 +38a 721 +46 a 252+20a
SH330 59 + 04 bc 496+ 18Db 64.1 + 3.7 bc 67.5+32ab 237 +t18a
D25 55+05¢ 355+ 33ef 428+27d 284+ 12e 68+07d

?NJ2, SF2-1, and SQ11 represent the sensitive isolates; S11, FH30, SH558, D20, SH330, and D25 represent the reduced-sensitive isolates. None of the isolates could

grow at 37°C

bValues in a column indicate means + standard deviation (SD). Means with different letters are significantly different (P < 0.05)

Cross-resistance of B. cinerea isolates to tebuconazole and
other DMI fungicides

A total of 20 B. cinerea isolates, including 10 sensitive
and 10 reduced-sensitive isolates, were used in the
evaluation of cross-resistance between tebuconazole and
other DMI fungicides. Based on ECs, values, it showed a
strong positive correlation between sensitivity to tebuco-
nazole and to two other DMI fungicides, difenoconazole
(p=0.851, P<0.0001) and prochloraz (p=0.734, P=

0.0001) in B. cinerea (Fig. 4a, b). However, the sensitivity
of those isolates to tebuconazole was not associated with
sensitivity to iprodione, procymidone, or fludioxonil
(P > 0.05; Fig. 4c-e).

Analysis of the expression level of BcCYP51 in sensitive
and reduced-sensitive B. cinerea isolates

No amino acid sequence variation of BcCYP51 protein
was found in any of the tested isolates. To further
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explore the resistance basis, we investigated the expres-
sion levels of the BcCYPSI gene in B. cinerea isolates
upon treatment with and without tebuconazole. For
non-fungicide treated control, the mean expression
levels of BcCYP51 in the sensitive and reduced-sensitive
isolates were 1.42 and 1.46, respectively. The expression
levels of BcCYP51 increased to 3.22 in the sensitive iso-
lates and 24.32 in the reduced-sensitive isolates under
0.1 pg/mL of tebuconazole; and it increased to 5.30 and
45.92 under 2 ug/mL of tebuconazole, respectively. The
induced expression level of BcCYP51 was almost 7.30-
to 8.38-fold significantly upregulated in the reduced-
sensitive isolates compared to that in the sensitive iso-
lates (P<0.05, Fig. 5). In addition, an insertion of a
“GAGCAA” repeat was observed in the upstream region
of the BcCYP51 gene, but it had no correlation with the
fungicide resistance of the pathogens (unpublished data).

Discussion

Chemical fungicides play a crucial role in the manage-
ment of gray mold. DMIs have been registered for use
on some high-quality vegetables and fruits for several
years in China. To determine whether there was a shift
in B. cinerea sensitivity to DMIs with the continuous use
of this kind of fungicides in the field, we first established
the baseline sensitivity of B. cinerea to tebuconazole
using isolates collected in the field without a history of
DMIs usage. This data could be used to monitor sensi-
tivity changes to tebuconazole in B. cinerea populations
in China. Based on the above information, the sensitivity
to tebuconazole of 159 B. cinerea isolates collected in
the greenhouse or field was further determined. The

mean ECsg increased from 0.29 to 0.66 pg/mL, indicating
that the sensitivity shift did occur in B. cinerea. More-
over, we found that the isolates with EC5y ~ 1.56 pg/mL
were also more difficult to control, represented by the
smallest value of the minor peak in a curve graph, in
which the frequency distribution of B. cinerea field
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Fig. 5 Constitutive and fungicide-induced expression of BcCYP5T in
the sensitive and reduced-sensitive isolates of Botrytis cinerea.
Relative expression level of BcCYP51 was calculated by the 224
method with actin gene as a reference. The expression level of
BcCYP51 in each isolate was calculated relative to that of the isolate
NJ2. Columns and bars indicate mean + standard deviation (SD)
from replicates; means with different letters are significantly
different (P<0.05)
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isolates with different sensitivity to tebuconazole was
displayed. This suggests the ECsy value of 1.56 ug/mL
could be used as a criterion to judge tebuconazole resist-
ance in further studies. However, the ECs, did not in-
crease sharply, and tebuconazole might be used in the
control of tomato gray mold with a rotation or mixtures
of fungicides with different modes of action to delay re-
sistance development.

Fitness plays an important role in the build-up of a
fungicide-resistant population in a fungal pathogen, thus
resistant isolates that have little or no fitness cost are
more likely to persist in the field (Brent and Hollomon
2007; Chen et al. 2013). In this study, the B. cinerea iso-
lates with reduced sensitivity to tebuconazole did have
decreased sporulation and conidial germination, indicat-
ing that these isolates suffered some fitness cost. Other
DMI-resistant mutants have also exhibited impaired fit-
ness, such as C. truncatum mutants resistant to tebuco-
nazole (Zhang et al. 2017), Monilinia fructicola mutants
resistant to SYP-Z048 (Chen et al. 2012), and Aspergillus
nidulans mutants resistant to imazalil (Vantuyl 1977).
However, these reduced-sensitive B. cinerea isolates
showed no significant differences in mycelial growth and
especially pathogenicity compared with sensitive isolates.
Similarly, isolates of B. cinerea resistant to carbendazim
or boscalid have shown equivalent fitness to that of sensi-
tive isolates (Fan et al. 2017). No significant differences in
mycelium growth and virulence have also been found be-
tween procymidone/zoxamide-resistant and sensitive B.
cinerea isolates from strawberry in Hubei, China (Adnan
et al. 2019). A low fitness cost associated with fungicide
resitance development is the reason that B. cinerea is
considered as a high-risk pathogen (Fungicide Resistance
Action Committee; www.frac.info). Furthermore, our re-
sults suggest that resistance to DMIs could spread in field
populations of B. cinerea despite some fitness cost.

Positive cross-resistance was found between different
DMIs in B. cinerea, but not between DMIs and non-
DMIs (Fig. 4), which was as expected because cross-
resistance is usually related to the action mode of fungi-
cides. A concern is that a relationship has been proposed
between the development of resistance to agricultural
and clinical DMIs. Reducing resistance risk management
practices in agriculture could create a different risk sce-
nario with increasing selection pressure resulting from,
for example, higher doses or the accumulation of DMIs
in the soil (Chowdhary et al. 2013). B. cinerea cannot in-
fect humans, but it has a wide range of hosts, and some
other pathogens on the same host could both infect
plants and humans, such as Colletotrichum species. With
increasing selection pressure, DMIs might become less
effective on these diseases in the same region. Though
evidence for a direct relationship between the develop-
ment of drug resistance in agricultural and clinical
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practice has not been presented, it is indicated the treat-
ment of Colletotrichum with agricultural fungicides may
lead to the development of cross-resistance to clinical
drugs (Castro et al. 2001; Serfling et al. 2007). Thus, risk
management efforts for DMIs need to be maintained
and monitored continuously.

There are several different mechanisms leading to
DMI fungicide resistance. Amino acid alterations result-
ing from mutation of the CYP51 gene is a common re-
sistance mechanism of fungi to DMIs (Sanglard and
Odds 2002; Wyand and Brown 2005). According to pre-
vious studies, several points are responsible for DMI re-
sistance, such as Y136F, V136A, 1381V, D134G, and
S524T (Cools et al. 2013). However, no amino acid sub-
stitution was detected in the reduced-sensitive isolates in
this study. Resistance to DMIs might also involve the
over-expression of ATP binding cassette (ABC) or major
facilitator superfamily (MFS) transporter-encoding genes
(Hayashi et al. 2002; Kretschmer et al. 2009), but this
possibility is very limited due to no cross-resistance be-
ing found between DMI and non-DMI fungicides. In
filamentous fungi, particularly those infecting plants,
more studies on the identification of ABC or MFS trans-
porters, and their capacity to export azoles, could be
conducted in the future.

As a mechanism of acquired resistance to fungicides,
increased expression of the target gene, CYP5I, is
unique to the DMIs, which is also quite common in
plant pathogens. The increased expression level of a
constitutive gene is frequently caused by sequence alter-
ation in the predicted regulatory region of the gene
(Cools et al. 2013). In our study, we observed that the
induced expression of CYP51 was associated with DMI
resistance, but no alterations were found in its upstream
regions (Fig. 5). The similar results were also reported
previously, such as in C. truncatum (Zhang et al. 2017)
or Alternaria sect. (Zhang et al. 2020). In addition,
whether the increased expression of CYP5I was caused
by its upstream transcription regulators (Hagiwara et al.
2017), an increased number of CYP5I copies (Osherov
et al. 2001), or other mechanisms need to be investigated
in the future. According to previous studies, fungicide
resistance levels caused by the increased expression of
the target gene are generally lower than those caused by
amino acid alteration in fungicide target protein, which
is consistent with the isolates acquired in the current
work. However, a recent study found that M. gramini-
cola isolates resistant to DMIs with a combination of
target-site mutation and induced expression of CYPSI
gene causes high levels of resistance to compounds spe-
cifically affected by mutations (Cools et al. 2012). Re-
search needs to focus on the combination of different
resistance bases, which could cause high-level resistance
to DMI fungicides.
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Conclusions

Tebuconazole has been increasingly applied in the con-
trol of tomato gray mold in China, and a sensitivity shift
was presented in B. cinerea isolates based on the detec-
tion results in the current study. To delay the develop-
ment of fungicide resistance, DMIs could be used in the
control of tomato gray mold with a rotation or mixtures
of fungicides with different modes of action. Increased
expression of the reported target gene of DMIs, CYP51,
was associated with tebuconazole resistance in B.
cinerea. Future research needs to focus on the combin-
ation of induced expression of the CYP51 gene with
point mutations in CYP51 protein that might lead to
high-level DMI resistance.

Methods

Isolates and culture conditions

B. cinerea isolates (n =138) used for the establishment
of baseline sensitivity were selected from a pool of previ-
ously collected isolates from diseased tomato leaves or
fruits in five provinces of China with no history of DMI
usage. The 159 pathogen isolates used for the sensitivity
monitoring were isolated from tomato in six provinces
of China from 2011 to 2016 (Additional file 1: Table S1).
There was a history of tebuconazole and triadimefon us-
ages in the sampled locations from Shandong and
Jiangsu; and other sampled locations in Henan, Beijing,
Tianjin, and Shanghai were ever exposed to difenocona-
zole before. The isolates were cultured on yeast glucose
agar medium (YG; yeast extract powder 5g, dextrose 18
g, agar 15g, distilled water to 1L) at 20 °C under dark.
After purification by single-spore isolation, all the iso-
lates were identified as B. cinerea by polymerase chain
reaction (PCR) using a previously reported primer pair
Bc-f/Be-r (Fan et al. 2015). Mycelia of each isolate were
maintained on YG slants under mineral oil and placed at
14 °C for long-term storage.

Evaluation of sensitivity of B. cinerea isolates to
tebuconazole

The sensitivity to tebuconazole was evaluated by the ef-
fective concentration resulting in mycelial growth inhib-
ition of 50% (ECso) in comparison with the control
(without tebuconazole). A mycelium plug (5mm in
diameter) taken from a three-day-old culture of each iso-
late was placed on the center of 90-mm-diameter YG
plates containing tebuconazole at 0, 0.25, 0.5, 1.25, 2.5,
5, 10, 20, or 50 uL/mL. For each isolate, there were three
replicate plates per concentration. After incubation for 3
days in darkness at 20 °C, each colony diameter (minus
5 mm for the inoculated plug) was measured in two per-
pendicular directions. The ECso values were graphically
determined from the log-transformation of percentages
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of inhibition and regression against the natural loga-
rithm of fungicide concentrations.

Evaluation of control efficacy of fungicide

Two sensitive isolates and two reduced-sensitive isolates
with ECsg ~ 1.56 pg/mL were chosen as candidates to be
tested for practical resistance to tebuconazole. Store-
bought tomato (cv. BeiBei) fruits of similar size were
washed with distilled water and then dipped in 1% so-
dium hypochlorite for 1.5 min, followed by rinsing twice
with sterile distilled water, and air-dried. The detached
fruits were treated with tebuconazole at the recom-
mended label rate (200 pg/mL). The diluted fungicide
was sprayed until run-off, and the fruit sprayed with dis-
tilled water was used as control. After the fruits were
dried off in the air overnight at 20°C, they were
wounded by inserting a sterile toothpick to a 5 mm x 2
mm (diameter x depth) plug on each fruit. The conidial
suspension was adjusted to 10° conidia/mL and 50 uL of
the suspension was inoculated in each plug. The inocu-
lated fruits were put into plastic boxes, and the boxes
were covered with cling film to maintain high humidity.
After 5 days at 20 °C under a 12 h light/12 h dark cycle,
the lesion area was evaluated for each fruit. There were
five replicate fruits for each isolate, and the experiment
was conducted twice independently. Finally, the follow-
ing equation was used to calculate disease control effi-
cacy: Control efficacy = ([lesion area of control — lesion
area of fungicide treatment] / lesion area of control) x
100%.

Evaluation of the resistance stability to tebuconazole

The stability of resistance to tebuconazole was evaluated
in three sensitive (NJ2, SF2-1, and SQI1) and six
reduced-sensitive isolates (S11, FH30, SH558, D20,
SH330, and D25). These isolates were subjected to 10
successive transfers on fungicide-free YG medium. After
each transfer, mycelial plugs excised from the periphery
of three-day-old colonies were placed on a fresh
fungicide-free medium. For each isolate, three replicate
plates were used. The sensitivity of the first and 10th
generations to tebuconazole was determined using the
described method. The entire experiment was conducted
twice.

Colony growth of B. cinerea isolates under different
temperature

The nine isolates were used to determine the
temperature sensitivity. Responses to a range of temper-
atures were determined by incubating the isolates from
the leading edge of an actively growing colony to YG
plates at 4, 12, 20, 25, 30, and 37 °C in darkness. After 3
days, the colony diameter was measured in triplicate for
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each isolate at each temperature. The experiment was
conducted twice.

Sporulation and conidial germination

Isolates were grown on YG plates, and mycelial plugs ex-
cised from the margin of a three-day-old colony were
placed on carrot agar medium (CA; carrot 200 g, agar
15 g, and distilled water to 1L) for conidia production.
After incubation in darkness for 5 days, these cultures
were treated with black light for 8 days to induce B.
cinerea sporulation. The conidia were harvested by rins-
ing the sporulating colony in each plate with 20 mL of a
0.1% aqueous glucose solution and gently scraping the
surface of the medium using a glass cell spreader. Co-
nidia concentrations in the suspensions were calculated
using a hemocytometer by microscope.

The conidial suspension was adjusted to 10° to 10° co-
nidia/mL to evaluate the rate of germination. Briefly,
50 uL of the suspension was spread onto depression
slides placed on top of wet filter paper in a Petri dish.
After incubation for 9 h at 20 °C in darkness, 100 conidia
were assessed per isolate for germination ability. Each
isolate was represented by three replicate plates, and the
experiment was performed twice.

Pathogenicity test on tomato fruit

Pathogenicity of B. cinerea was determined in the six
isolates with reduced-sensitivity to tebuconazole and
three tebuconazole-sensitive isolates as described above,
but without fungicide treatment. The resulting lesion
area on each fruit was measured at 72 h post-inoculation
at 20°C under a photoperiod of 12h light/12h dark.
The entire experiments were performed twice.

Cross-resistance of tebuconazole with other fungicides
The sensitivity relationship was investigated between
tebuconazole and two additional DMIs difenoconazole
(concentration: 0, 0.25, 0.5, 1.25, 2.5, 5, 10, and 50 pg/
mL) and prochloraz (concentration: 0, 0.02, 0.05, 0.1,
0.5, 1, 5, and 10 pg/mL), and three fungicides of different
action modes (iprodione, procymidone, and fludioxonil).
The concentrations used were 0, 0.05, 0.1, 0.5, 2.5, 5,
and 10 pg/mL for iprodione; 0, 0.1, 0.5, 1, 5, 10, and
50 pg/mL for procymidone; and 0, 0.001, 0.005, 0.01,
0.05, 0.25, 1, and 10 pg/mL for fludioxonil. The sensitiv-
ity assay was conducted using the aforementioned myce-
lial growth inhibition assay method. Each combination
of isolate and fungicide at each concentration was repre-
sented by three replicate plates, and the experiment was
conducted twice.

Cloning and sequencing of BcCYP51
Based on the genome of B. cinerea, the primer pair
BcCYP51-F (5'-TGCGATGGGGATTCTTGAAG-3") and
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BcCYP51-R  (5'-TTATCGTCGCTCCCAAGCTAC-3")
were designed for the amplification of BcCYP51 from the
sensitive and reduced-sensitive isolates. PCR reactions
were performed in 25-uL volumes using Tag DNA Poly-
merase E (TransGen Biotech Co., Beijing, China) follow-
ing the manufacturer’s recommendations. The amplified
PCR products were verified by electrophoresis and puri-
fied using a gel extraction kit (TransGen Biotech),
followed by cloning into the pEASY-T1 simple plasmid
transformed in Escherichia coli (TransGen, Beijing,
China). BcCYP51 inserted into the pEASY-T1 vector was
sequenced at Beijing Tsingke Biotech Co., Ltd. using vec-
tor primers MI3F (5'-ACTGGCCGTCGTTTTAC-3")
and MI3R (5'-GTCCTTTGTCGATACTG-3"). DNAM
AN software (version 6.0; Lynnon Biosoft Bioinformatic
Solutions) was used to compare the sequences of the
reduced-sensitive isolates with those of sensitive ones.

Determination of the expression level of BcCYP51
Reverse transcription-quantitative PCR (RT-qPCR) was
performed to investigate whether BcCYP51 was highly in-
duced in isolates with reduced sensitivity to tebucona-
zole, using the methods developed by Zhang et al. (2017).
Briefly, each isolate was incubated in a 150-mL Erlen-
meyer flask containing 80mL of YG liquid medium.
After 3 days of incubation at 20 °C on a rotary shaker at
150 rpm, tebuconazole at each concentration was added
to three of the six flasks for each isolate. Two concentra-
tions of 0.1 and 2 pg/mL were used for all isolates. After
24 h, mycelia were harvested by vacuum filtration for
RNA extraction. Total RNA was extracted by the SV
Total RNA Isolation Kit (Promega, Beijing, China). The
RNA was treated with DNase (TaKaRa, Beijing, China)
and used for cDNA synthesis with the PrimeScrip RT Re-
agent Kit with gDNA Eraser (TaKaRa, Beijing, China).
The ABI7500 sequence detection system (Applied Bio-
systems, USA) was used to conduct RT-qPCR in a 20 uL
reaction volume with the SYBR Premix Dimer Eraser Kit
(TaKaRa, Beijing, China). The following program were
used for the RT-qPCR analysis by three biological replica-
tions: 95 °C for 30s; followed by 40 cycles of 95 °C for 5,
60°C for 30s; and 72°C for 34s. Primers used for RT-
qPCR  were BcCYP51-QF/QR  (5'-ATTTGGTGCT
GGCAGACATAGA-3"; 5'-GTGAATAAACTTGCGTA
ATCGGTA-3’) for the BcCYP51 gene and Actin-QF/QR
(5'-CTGGTC GTGATTTGACTGATTA-3"; 5'-
GATTGACTGGCGGTTTGG-3") for the reference gene
actin. The relative quantities (RQs) of products were cal-
culated using the 2**“" method (Livak and Schmittgen
2001). Three independent experiments were conducted.

Analysis of upstream sequence of BcCYP51
To explore the molecular basis of the increased expres-
sion of BcCYP5I in reduced-sensitive isolates, its
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upstream sequence was amplified to determine whether
there was any insert or other variations. The primer pair
BcCYP51-UF (5'-GGGACTTATGGAAGGACG-3") and
BcCYP51-UR (5'-AGTTGACCGCTGCGAAAT-3') was
used for the described PCR amplification.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/542483-020-00064-9.

Additional file 1: Table S1. Background data regarding the Botrytis
cinerea isolates in China.
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