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Botrytis cinerea is a filamentous phytopathogen with a high risk of devel-
oping resistance to fungicides. The phenylpyrrole fungicide fludioxonil has
been reported to have excellent activity against B. cinerea and increasingly
has been applied to control gray mold in China. In this study, molecular and
biochemical characteristics of laboratory and field mutants of B. cinerea
resistant to fludioxonil has been investigated. During 2012 to 2014,
B. cinerea isolates collected from Jiangsu and Shandong Provinces in
China were tested in vitro for sensitivity to fungicides commonly used
to suppress gray mold of cucumber and tomato. Among the 75 isolates
collected from cucumber in 2013, two were highly resistant (HR) to flu-
dioxonil. Of the 308 isolates collected from tomato in 2014, four were
fludioxonil-HR. This was the first time that B. cinerea isolates HR to flu-
dioxonil had been detected in the field. Six fludioxonil-resistant mutants
were obtained in the laboratory by selection on fungicide-amended media.

These mutants exhibited stable resistance to fludioxonil, as indicated by
resistance factor values that ranged from 34.38 to >10,000. In comparison
with fludioxonil-sensitive isolates of B. cinerea, all field and laboratory mu-
tants showed reduced fitness, as defined by mycelial growth, sporulation,
virulence, and sensitivity to osmotic stress. When treated with fludioxonil
at I pg/ml, sensitive isolates showed increased glycerol contents in mycelium
and expression levels of Bchogl, while levels in field and laboratory HR mu-
tants increased only slightly. Sequences of the Bos/ gene of field and labora-
tory fludioxonil-HR mutants showed that mutations in field mutants were
located in the histidine kinase, adenylyl cyclase, methyl-accepting chemotaxis
protein, and phosphatase (HAMP) domains of the N-terminal region, whereas
mutations in the laboratory mutants were distributed in HAMP domains or in
the HATPase_c domain of the C-terminal region. These results will enhance
our understanding of the resistance mechanism of B. cinerea to fludioxonil.

Gray mold, caused by necrotrophic fungus Botrytis cinerea (tele-
omorph Botryotinia fuckeliana), is a serious disease affecting a large
number of economically important crops, including vegetables, fruit,
and ornamental plants (Elad 1997; Williamson et al. 2007). Applica-
tion of fungicides is one of the major approaches for management of
this disease (Leroux 2007). However, Botrytis cinerea is considered
at high risk to develop resistance to fungicides because of its high ge-
netic variability, short life cycle, and prolific reproductive capacity
(Leroux et al. 2002). The spread of B. cinerea populations resistant
to multiple fungicides with different modes of action (e.g., benzimid-
azoles, carbamates, dicarboximides, anilinepyrimidines, and hydrox-
yanilide fungicides) has greatly reduced the usefulness of these
compounds worldwide (Elad et al. 1992; Leroux et al. 2002;
Myresiotis et al. 2007; Williamson et al. 2007).

Fludioxonil, a phenylpyrrole fungicide, is an analog of pyrrolnitrin,
an antifungal antibiotic produced by Pseudomonas spp. (Nishida et al.
1965), and has a broad spectrum of activity (Raaijmakers et al. 2002).
Previous studies have demonstrated that fludioxonil strongly interferes
with mycelial growth and conidial germination of B. cinerea (Leroux
1996; Zhao et al. 2010). Since the mid-1990s, fludioxonil has been reg-
istered for commercial use to control a broad spectrum of fungi that in-
fect seed, foliage, harvested fruit, and vegetables (Gehmann et al.
1990). Although their mode of action is not fully understood, phenyl-
pyrroles are believed to target the osmotic-regulatory signal transduc-
tion pathway (Furukawa et al. 2012).

Two-component regulatory systems serve as a primary stimulus-
response cascade mechanism to allow organisms to sense and re-
spond to changes in environmental conditions (Stock et al. 2000).
They typically contain a membrane-bound histidine kinase (HK) that
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senses a specific environmental stimulus and a corresponding re-
sponse regulator that mediates the cellular response, mostly through
differential expression of target genes (Mascher et al. 2006). Most
fungi possess group III HK which carry a unique N-terminal region,
including HK, adenylyl cyclase, methyl-accepting chemotaxis protein,
and phosphatase (HAMP) domain repeats (Yoshimi et al. 2005). It is
clear that the fungal two-component systems are connected to a high-
osmolarity glycerol (HOG) mitogen-activated protein kinase (MAPK)
pathway and that the group III HK appear to be positive regulators of
the HOG1-type MAPK (Bahn 2008; Hohmann 2002; Meena et al.
2010). A previous study in salt-tolerant yeast Debaryoniyces hansenii
showed that interactions among the HAMP domains act as an “on-off”
osmosensing switch (Ochiai et al. 2002). The group III HK also is a
target for several fungicides such as dicarboximide and phenylpyrrole
(Bahn et al. 2006; Hagiwara et al. 2007; Motoyama et al. 2005; Zhang
et al. 2002). Fludioxonil causes improper activation of the HOG1-type
MAPK which leads to cell death. Furthermore, a mutation in the group
Il HK can cause resistance to fludioxonil (Furukawa et al. 2007;
Kojima et al. 2004). Both deletion and missense mutation of the group
III HK display the same phenotypes; namely, fludioxonil resistance
and hyperosmotic sensitivity (Ochiai et al. 2001; Yoshimi et al. 2004).

Laboratory mutants resistant to fludioxonil have been reported for
B. cinerea and other fungal species (Li and Xiao 2008; Ochiai et al.
2001; Ziogas and Kalamarakis 2001). For the laboratory resistant
mutants, mutations within the HAMP domains in the N-terminal
region of group III HK OS-1 confer a high level of fludioxonil resis-
tance (Duan et al. 2014; Fillinger et al. 2012; Vignutelli et al. 2002).
Recently, B. cinerea strains with low resistance (LR) or moderately
resistant (MR) to fludioxonil were reported in the field; however, mu-
tations in the group III HK OS-1 were not detected in these
fludioxonil-LR or -MR strains (Fernandez-Ortufio et al. 2014a,b;
Leroch etal. 2011; Li et al. 2014). To date, highly resistant (HR) mu-
tants have not been reported from the field isolates.

The objectives of this study were to (i) determine whether
fludioxonil-HR mutants were present in B. cinerea isolates collected
from various hosts in different regions with a history of fludioxonil
application, (ii) compare biological fitness parameters among
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fludioxonil-HR mutants of B. cinerea from field and laboratory, and
(iii) analyze molecular and biochemical characteristics of the
fludioxonil-HR mutants.

Materials and Methods

Fungal strains, fungicides, and culture media. B. cinerea iso-
lates were isolated from symptomatic strawberry, tomato, and cu-
cumber fruit and celery leaves in the field. Disease samples were
collected from different geographical regions which were separated
from each other by more than 10 km in Jiangsu and Shandong Prov-
ince of China during 2012 to 2014. In these commercial fields, the
main fungicides used to control gray mold were several fungicides
in mixtures, including the anilinopyrimidine fungicide pyrimethanil
and cyprodinil, the dicarboximide fungicide iprodione, and the
fludioxonil-containing fungicide Celest, and had been used to control
gray mold since 2012. To obtain B. cinerea isolates, small tissue frag-
ments cut from lesion margins were disinfected in 1% NaClO for
3 min, washed three times with sterile water, and placed on potato
dextrose agar (PDA) plates amended with streptomycin sulfate
(Solarbio Science & Technology Co., Ltd.) at 100 pg/ml. After
3 days at 25°C, colony margins were transferred to fresh PDA plates,
and pure cultures were then grown on PDA and inoculated at 25°C
under a photoperiod of 12 h of light and 12 h of darkness facilitate
sporulation. B. cinerea isolates were then single-spore cultured and
mycelium plugs were maintained on PDA slants at 4°C. In total,
902 single-spore isolates of B. cinerea were obtained from these
commercial fields (Table 1).

PDA was prepared with 200 g of potato, 20 g of dextrose, and 20 g
of agar per liter of distilled water. Potato dextrose broth (PDB) had
the same composition as PDA but without agar.

All fungicides used in sensitivity assays were of pure technical
grade. Fludioxonil (provided by Yangzhou Younuo Chemicals Co.,
Ltd.; 97.9% active ingredient) was dissolved in methanol to obtain
stock solutions of 5 x 10% wg/ml.

Determination of sensitivity of B. cinerea to fludioxonil. To de-
termine sensitivity of B. cinerea isolates to fludioxonil, a 5-mm my-
celial plug was taken from the edge of a 3-day-old colony and placed
on the center of PDA plates amended with fludioxonil. The discrim-
inatory concentrations used for fludioxonil-sensitive (S), -LR,
and -HR phenotypes were 0.1, 1, and 5 pg/ml, respectively (Nishida
etal. 1965). For each discriminatory concentration, complete cessation
of growth was used as the criterion for classification of the categories
of fludioxonil sensitivity. For example, an isolate was considered
to be fludioxonil-S if it was not able to grow at 0.1 pg/ml, and so on.
The frequency of resistance to fludioxonil was calculated using
the following formula: resistance frequency = (number of resistant
isolates/number of total isolates) x 100%. The experiment was
repeated three times, with four replicate plates per concentration
for each isolate.

Induction of fludioxonil-resistant mutants of B. cinerea in vitro.
To obtain laboratory-derived resistant mutants, sensitive strains Nj1-2,
Nj3-2, Nj4-6, Nj5-10, Bt2-4, Bt3-4, Bt6-4, 122 Bt10-3, Yc-2, and
Yc-6 were selected randomly from the isolate collection. Fresh

mycelial plugs (5 mm in diameter) from 3-day-old colony margins
were transferred to PDA plates (six plugs per plate) amended with
fludioxonil at 0.1 pg/ml (minimum inhibitory concentration
[MIC]). After 15 to 20 days at 25°C in the dark, fast-growing my-
celial tips were selected and transferred to new PDA plates
amended with fludioxonil at 5.0 pg/ml. Those that could grew
on these plates were then placed on PDA containing fludioxonil
at 50 wg/ml and, after 1 month at 25°C in the dark, fast-growing
sectors were transferred to new PDA plates amended with the same
fludioxonil concentration. This step was repeated until there was
no significant difference in the linear growth of fast-growing sec-
tors on the PDA plates with or without fludioxonil at 50 wg/ml.
This selection procedure was performed three times.

Characterization of laboratory and field resistant mutants of
B. cinerea. Mycelial plugs from resistant mutants were placed on
the center of PDA plates amended with fludioxonil at 0, 0.3906,
1.5625, 6.25, 25, and 100 pg/ml. Mycelial plugs from sensitive iso-
lates were placed on fludioxonil-amended PDA plates at 0, 0.003125,
0.00625, 0.0125, 0.025, and 0.05 wg/ml. There were four replicate
plates per concentration for each isolate. After incubation for 3 days
in darkness at 25°C, colony diameter (subtracting 5 mm for the my-
celial plug) was measured at two points, with the second measure-
ment perpendicular to the first. Percent inhibition (relative to the
growth on plates without fludioxonil) was calculated and the effec-
tive concentration for 50% inhibition (ECsg) values were estimated
from the regression of the probit (percent inhibition) log (fludioxonil
concentration). A resistance factor (RF) was calculated for each iso-
late, which was defined as the ECs of the resistant isolate divided by
the ECsq of the sensitive parental strain.

For evaluating the resistance stability of B. cinerea to fludioxonil,
all the resistant mutants were subject to 10 successive transfers on
fungicide-free PDA. After the 10th transfer, RF was again deter-
mined. The resistance stability was denoted by the factor of sensitiv-
ity change (FSC) value: FSC = RF value of mutant at the 1st
transfer/RF value of mutant at 10th transfer.

Determination of mycelial growth and spore production. My-
celial growth and spore production of sensitive and resistant isolates
were compared on fungicide-free PDA. Cultures from mycelial plugs
(5§ mm in diameter) were grown for 14 days at 25°C with 12 h of light
and 12 h of darkness. Mean colony diameter (subtracting the diame-
ter of mycelial plug) was measured after 3 days. After 14 days, spores
were collected from plates as previously described (Vignutelli et al.
2002). After the spore suspension was centrifuged at 5,000 rpm for
1 min, the spore pellets were resuspended in 1 ml of water and the
concentration of the conidial suspension was determined by micro-
scopic observation (x400) with a hemacytometer. There were six
replicate plates for each strain or mutant, and the experiment was
repeated three times.

Virulence assay. Ability of sensitive and resistant isolates to cause
infection on strawberry and tomato fruit was determined. Strawberry
plants were grown in pots containing autoclaved potting mix and
placed in a greenhouse (20 to 28°C, 75 to 90% relative humidity
[RH], with supplemental light). Near the time of the first flowering

Table 1. Origin and sensitivity to fludioxonil of Botrytis cinerea isolates from different geographical regions in Jiangsu and Shandong Provinces of China during

2012 to 2014

Number of isolates Frequency (%)

Location¥ Year Host Total* Code S LR HR LR HR
Nanjing, JS 2012 Strawberry 62 Nj1-X-Nj6-X 62 0 0 0 0
Baitu, JS 2012 Strawberry 228 Bt1-X-Bt22-X 228 0 0 0 0
Nanjing, JS 2013 Strawberry 213 Nj7-X-Nj29-X 213 0 0 0 0
Yancheng, JS 2013 Celery 16 Yc-1-Yc-16 16 0 0 0 0
Shouguang, SD 2013 Cucumber 75 Sg-1-Sg-75 64 9 2 10.67 2.67
Weifang, SD 2014 Tomato 308 Wit-1-Wf-308 222 53 4 17.21 1.30

* Frequency = frequency of resistant isolates. S = sensitive, LR = with low resistance, and HR = highly resistant, with resistance defined by fludioxonil concen-

tration in micrograms per milliliter.

¥ City and province (JS = Jiangsu Province and SD = Shandong Province) in China where isolates were collected.

2 Total number of isolates.
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stage, mycelial plugs (5 mm in diameter) of each isolate were placed
on the adaxial side of the strawberry leaves that had previously been
wounded (avoiding major veins) with a sterilized needle. Leaf grow-
ing position and leaf size were similar for all treatments. After 5 days
with 85% RH, the lesion diameter on each inoculated leaf was mea-
sured at two points, with the second measurement perpendicular to
the first. Ten leaves for each isolate were used, and the experiment
was performed three times.

On tomato fruit, virulence of sensitive and resistant isolates was
assessed similarly. Mycelial plugs were placed on the surface of
the tomato fruit over an artificial wound that facilitated the penetra-
tion of the fungus into the plant tissue. The inoculated fruit were
placed on moistened filter paper and incubated in a growth chamber
at 25°C with a 12-h photoperiod and 85% RH. After 5 days, the le-
sion diameter was measured. Six replicate fruit were inoculated for
each strain and the experiment was conducted three times.

Osmotic stress assay. For each isolate, mycelial plugs (5 mm in
diameter) were taken from the edge of a 3-day-old colony and trans-
ferred onto PDA containing 0.5 M NaCl, 0.5 M KCl, 0.8 M glucose,
0.5M sorbitol, 0.2 M CaCl,, or 0.3 M MgCl,. PDA without osmoti-
cum represented the control. Four replicate plates of each strain or
mutant were incubated for 3 days at 25°C. The percentage of inhibi-
tion of mycelial radial growth (relative to the growth on untreated
control plates) was calculated. The experiment was repeated three
times.

Determination of intracellular glycerol accumulation. Glycerol
accumulation in the mycelia of each strain or mutant was determined
using a commercial assay kit (Applygen Technologies Inc.), accord-
ing to the manufacturer’s instructions. Briefly, each strain or mutant
was grown in PDB for 3 days at 25°C in a shaker. After treatment
with fludioxonil at 1 pg/ml for 4 h, the mycelia of each strain or mu-
tant were harvested and ground in liquid nitrogen. Then, the mycelial
powders (0.1 g) were transferred to a 2-ml microcentrifuge tube con-
taining 1 ml of glycerol extraction buffer (Applygen Technologies).
After vortexing for 5 min, the tubes were centrifuged at 5,000 x g for
20 min. The resulting supernatant was used to determine the glycerol
content of mycelia (Duan et al. 2013). The experiment was per-
formed three times with four replicates.

Cloning and sequence analysis of BosI. Genomic DNA was
extracted from frozen mycelia by a cetyltrimethylammonium bro-
mide method according to previous studies (Ristaino et al. 1998).
Based on the sequence of the Bos/ gene deposited in the Broad In-
stitute B. cinerea Genome Database (Gene ID: BC1G_00374), the
primer pairs BosI-F (5-TACCGATCGAAAAACCCAAC-3’) and
BosI-R (5-AAGTACTCGCAGTCGGTGGT-3") were designed to
amplify the complete Bos/ gene from the strains or mutants analyzed.
Polymerase chain reaction (PCR) amplifications were performed in a
25-pl volume containing 50 ng of genomic DNA, 1 pl of each primer
(10 mM), 4 pl of ANTP mixture (2.5 mM of each dNTP), 2.5 ul of
10x LA polymerase buffer (Mg?* free), 2.5 pl of MgCl, (25 mM),
and 0.25 pl of TaKaRa high-fidelity LA polymerase (5 U/wl)
(TaKaRa Biotechnology Co., Ltd.). The following PCR parameters
were used: an initial preheating for 5 min at 94°C; followed by 35
cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s,
and extension at 72°C for 4.5 min; and a final extension at 72°C
for 10 min. PCR products amplified by the primer pairs contained
4,616 bp. PCR amplifications were performed three times indepen-
dently for each strain or mutant to avoid sequence mismatch during
PCR amplification and sequencing. All amplified PCR products were
purified with the AxyPrep PCR Cleanup Kit (Axygen, Inc.) and se-
quenced by the Sangon Biotech Co., Ltd. DNAMAN software (ver-
sion 6.0; Lynnon Biosoft Bioinformatic Solutions) was used to
compare the amino acid sequences of the resistant mutants with those
of the sensitive strains.

Determination of the expression of Bchogl. Expression of
Bchogl in the resistant and sensitive isolates was assayed using
methods developed by Wang et al. (2015). Briefly, each strain or mu-
tant was grown in PDB with six replicate flasks. After 3 days at25°Cina
shaker, three of the six flasks of each strain or mutant were treated with
fludioxonil at 1 pg/ml, and the other three flasks were used as controls.
After 4 h, the mycelia of each strain or mutant were harvested. Total
RNA was extracted using TRIzol reagent (Invitrogen). The extract
RNA was treated with DNase (TaKaRa Biotechnology Co., Ltd.)
and used for cDNA synthesis with the PrimeScript RT reagent kit
(TaKaRa Biotechnology Co., Ltd.). Primers used for quantitative
real-time (qQRT)-PCR were actin-QF/QR (5-TGTCACCAACTGG

Table 2. Stability and level of fludioxonil resistance for the laboratory and field isolates of Botrytis cinerea

ECso (ng/ml)¥ RFY
Isolates or mutants Sensitivity* OriginY 1st 10th 1st 10th FSC=
Nj5-10 S Field isolate 0.0056 0.0069
Bt3-4 S Field isolate 0.0086 0.0084
Bt6-4 S Field isolate 0.0073 0.0078
Yc-6 S Field isolate 0.0075 0.0068
Sg-2 S Field isolate 0.038 0.036
Sg-28 S Field isolate 0.016 0.017
Wi£-20 S Field isolate 0.0091 0.011
Wi-142 N Field isolate 0.013 0.013
Bt6-4R2 LR Laboratory mutant 0.42 0.37 57.74 47.33 0.82
Yc-6R2 LR Laboratory mutant 0.29 0.23 38.23 34.38 0.90
Nj5-10R HR Laboratory mutant >100 >100 >10,000 >10,000
Bt3-4R HR Laboratory mutant 4.01 3.34 466.69 402.96 0.86
Bt6-4R1 HR Laboratory mutant >100 >100 >10,000 >10,000
Yc-6R1 HR Laboratory mutant >100 >100 >10,000 >10,000
Sg-17 HR Field mutant >100 >100 >3,000 >3,000
Sg-38 HR Field mutant >100 >100 >3,000 >3,000
Wi-55 HR Field mutant >100 >100 >8,000 >8,000
Wit-161 HR Field mutant >100 >100 >8,000 >8,000
Wi-192 HR Field mutant >100 >100 >8,000 >8,000
Wi£-202 HR Field mutant >100 >100 >8,000 >8,000

v ECs = effective concentration for 50% inhibition of mycelial growth at the 1st transfer and the 10th transfer.

W RF = resistance factor, a ratio of ECs, for a fludioxonil-resistant mutant relative to the ECs for the sensitive isolate.
* Sensitivity to fludioxonil: S = sensitive, LR = with low resistance, and HR = highly resistant, with resistance defined by fludioxonil concentration in micrograms

per milliliter.

¥ Laboratory mutants were obtained by mass selection on fludioxonil-amended medium; field isolates were collected from the field locations.
# FSC = the ratio of RF values at the 1st and 10th transfer.
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GATGATATG-3'/5’-CTGTTGGACTTTGGGTTGATTG-3") for
the reference gene actin (BC1G_08198.1) and hog1-QF/QR (5’-
CGGCACCACCTTTGAGATTA-3"/5-AACCGGTGAGGTTATC
TTTGG-3’) for Bchogl. qRT-PCR was performed in an ABI 7500
Real-Time Detection System (Applied Biosystems) using SYBR
Green I fluorescent dye detection. Amplification was performed in
a 20-pl volume containing 10 wl of iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories), 2 .l of the reverse transcription

product, and 1 pl each of the forward and reverse primers (500 nM
each). The expression of the measured genes in each sample was nor-
malized to actin gene expression, and relative changes in gene expres-
sion levels were analyzed by ABI 7500 SDS software (Applied
Biosystems), which automatically set the baseline. qRT-PCR data
from three biological replicates were used to calculate the mean and
standard deviation for the expression level of each gene. The experi-
ment was performed three times.

Table 3. Sensitivity of fludioxonil-resistant mutants and fludioxonil-sensitive isolates of Botrytis cinerea to procymidone and iprodione

ECs (png/mh*

Isolates or mutants SensitivityY Origin* Fludioxonil Procymidone Iprodione
Nj5-10 S Field isolate 0.0062 e 0.38 1 0.051 f
Bt3-4 S Field isolate 0.0087e 1.95h 2.59 cde
Bt6-4 S Field isolate 0.0078 e 221 fg 292cd
Yc-6 S Field isolate 0.0072 e 0.19j 023 f
Sg-2 S Field isolate 0.35 de 2.11¢g 1.25 def
Sg-28 S Field isolate >100 a >100 a >100 a
Wit-20 S Field isolate 0.016 e 393 ¢ 1.21 ef
Wi-142 S Field isolate 0.013 e 381d 2.31 cde
Bt6-4R2 LR Laboratory mutant 0.39¢ 3.63e 353¢
Yc-6R2 LR Laboratory mutant 0.26d 15.57b 371c¢
Nj5-10R HR Laboratory mutant >100 a >100 a >100 a
Bt3-4R HR Laboratory mutant 3.74b >100 a >100 a
Bt6-4R1 HR Laboratory mutant >100 a >100 a >100 a
Yc-6R1 HR Laboratory mutant >100 a >100 a >100 a
Sg-17 HR Field mutant >100 a >100 a 52.19b
Sg-38 HR Field mutant >100 a >100 a >100 a
Wit-55 HR Field mutant >100 a >100 a >100 a
Wwit-161 HR Field mutant >100 a >100 a >100 a
Wi-192 HR Field mutant >100 a >100 a >100 a
Wi£-202 HR Field mutant >100 a >100 a >100 a

x ECs = effective concentration for 50% inhibition of mycelial growth; means in a column followed by the same letter are not different according to Fisher’s least

significant difference (P = 0.05).

¥ Sensitivity to fludioxonil: S = sensitive, LR = with low resistance, and HR = highly resistant, with resistance defined by fludioxonil concentration in micrograms

per milliliter.

% Laboratory mutants were obtained by selection on fludioxonil-amended medium; field isolates were collected from the field locations.

Table 4. Comparison in mycelial growth, sporulation, and virulence of Botrytis cinerea resistant or sensitive to fludioxonil¥

Virulence (lesion area, cm?)%

Isolates or mutants Origin* Growth (cm)Y Sporulation? Strawberry leaves Tomato fruit
Nj5-10 Field, S 6.12d 438 f 390 f 6.99 ¢
Bt3-4 Field, S 7.39 ab 100 a 1441 a 14.79 a
Bt6-4 Field, S 6.22d 63.7d 7.30 cd 8.64d
Yc-6 Field, S 7.9 ab 433 f 4.12 ef 10.65 ¢
Sg-2 Field, S 820 a 77.7b 6.61d 12.54 b
Sg-28 Field, S 7.5 ab 67.7c 5.09¢e 11.80 be
Wit-20 Field, S 7.17 be 579e 7.72 be 10.72 ¢
Wi-142 Field, S 7.73 ab 67.4c 8.75b 13.14 b
Bt6-4R2 Laboratory, LR 6.35 cd 60.8 de 4.01f 2.36 gh
Yc-6R2 Laboratory, LR 8.01 ab 0j 01i 0j
Nj5-10R Laboratory, HR 5.53 def 0.1j 0.08 i 0.5
Bt3-4R Laboratory, HR 426¢ 42j 0.221 0.26 ij
Bt6-4R1 Laboratory, HR 5.68 de 79h 0.96 hi 0.21 jj
Yc-6R1 Laboratory, HR 6.38 cd 0.2j 215¢g 3321g
Sg-17 Field, HR 5.53 def 0.5 0.63 hi 1.33hij
Sg-38 Field, HR 453 g 0.4j 2.28] 2.12 gh
Wit-55 Field, HR 4.87 efg 202 ¢g 247 ¢ 394 f
Wi-161 Field, HR 4.67 fg 0.3] 0.56 i 1.55 hi
Wit-192 Field, HR 440 ¢ 04j 1.63 gh 1.73 hi
Wi£-202 Field, HR 4.93 efg 2.9ij 1.64 gh 1.02 hij

¥ Means in a column followed by the same letter are not different according to Fisher’s least significant difference (P = 0.05).

W Lesion areas were determined on strawberry leaves and tomato fruit.

* Field, S =field sensitive isolates; laboratory, HR or LR = highly resistant mutants or mutants with low resistance, respectively, which were obtained by selection
on fludioxonil-amended medium in the laboratory; and field, HR = HR mutants which were collected from the field locations.

¥ Mycelia growth was measured after inoculation at 25°C for 3 days on fungicide-free potato dextrose agar (PDA) plates.

% Spores (x10° spores/petri plate) produced on PDA medium 14 days after inoculation.
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Statistical analysis. Owing to homogeneity of variances between
experiments, data from repeated experiments were combined for
analysis. All data were processed with the SIGMA-STAT Statistical
Software Package (SPSS Science, version 11). The ECsy, was
obtained by a linear regression of the probit of the percent inhibition
relative to the control against the log;o-transformed fungicide con-
centrations. ECs, values, colony diameters, sporulation, and lesion
areas were assessed using a one-way analysis of variance and means
were compared with Fisher’s protected least significant difference
(P =0.05). Cross-resistance between fungicides was analyzed using
Spearman’s rank correlation coefficient for the log-transformed ECs,
values. The biological fitness (e.g., mycelial growth, sporulation, and
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virulence) of the laboratory and field resistant mutants was compared
using the ¢ test.

Results

Sensitivity of B. cinerea to fludioxonil. Among the 503 strains of
B. cinerea from infected strawberry in Nanjing and Baitu City,
Jiangsu Province during 2012 to 2013 and the 16 strains from in-
fected celery leaves in Yancheng City, Jiangsu Province in 2013,
no fludioxonil-resistant mutants were detected (Table 1). Of the 75
strains from infected cucumber in Shouguang City, Shandong Prov-
ince in 2014, 9 strains were LR to fludioxonil and 2 strains were HR
to fludioxonil, with resistance frequencies of 10.67 and 2.67% for the
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Fig. 1. Sensitivity of the laboratory and field fludioxonil-resistant mutants and sensitive isolates of Botrytis cinerea to osmotic stress generated by A, NaCl; B, KCI; C, glucose;
D, D-sorbitol; E, CaCly; or F, MgCl,. Bars denote the standard errors of three repeated experiments.
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LR and HR phenotypes, respectively (Table 1). Of the 308 strains from
infected tomato in Weifang City, Shandong Province in 2014, 53
strains were LR to fludioxonil and 4 strains were HR to fludioxonil,
which represented resistance frequencies of 17.21 and 1.30% for LR
and HR phenotypes, respectively (Table 1). These six field HR strains
from infected cucumber and tomato were used for further study.

Generation of B. cinerea mutants resistant to fludioxonil in vitro.
From the 10 wild-type isolates exposed to fludioxonil at 0.1 pg/ml
(MIC) in an in vitro assay, as a whole, the resistant mutants Nj5-10R,
Bt3-4R, Bt6-4R 1, Bt6-4R2, Yc-6R1, and Yc-6R2 were obtained
from the parental strains Nj5-10, Bt3-4, Bt6-4, and Yc-6. Con-
sidering the ECso values detailed in Table 2, the mutants were
identified as HR (Nj5-10R, Bt3-4R, Bt6-4R1, and Yc-6R1; 4.01 <
ECso > 100 pg/ml) or LR (Bt6-4R2 and Yc-6R2; 0.28651 < ECso >
0.4215 pg/ml). The isolates obtained from fields with an ECsg
>100 pg/ml were identified as HR.

Characterization of laboratory and field mutants of B. cinerea
stability and level of fludioxonil resistance. After 10 transfers on
fungicide-free PDA, all of the laboratory and field resistant mutants
were stable and still could grow on PDA amended with fludioxonil at
50 wg/ml, while the sensitive isolates could grow at 0.1 wg/ml. For
the six HR mutants detected from the field, ECs, values were
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>100 pg/ml, with RF values >1,000. RF values for fludioxonil-
resistant isolates selected in the laboratory ranged from 34.38 to
>10,000 (Table 2).

Cross-resistance. Based on ECs, values, all the laboratory and
field isolates resistant to fludioxonil also were resistant to dicarbox-
imide fungicides (procymidone and iprodione; Table 3). Spearman
rank correlations for cross-resistance between fludioxonil and
procymidone or iprodione were 0.9358 and 0.8992, respectively
(P <0.00001). This showed that there was a strong positive correlation
between the resistance of fludioxonil and dicarboximide fungicides
(e.g., procymidone and iprodione) in B. cinerea.

Mycelial growth and sporulation of laboratory and field mutants.
For the laboratory mutants, mycelial growth was significantly re-
duced on nonfungicide-amended media compared with their parental
strains, except for mutant Yc-6R2 (P = 0.05) (Table 4). Except for
Bt6-4R2, sporulation of resistant isolates from the laboratory de-
creased by approximately 87.6 to 100% when compared with sporu-
lation of the parental strain (Table 4). Significant reductions in
mycelia growth (P = 0.05, approximately 29.6 to 43.0% reduction)
and sporulation (P = 0.05, approximately 68.2 to 99.4% reduction)
also were observed in fludioxonil-resistant isolates from the field
(Table 4). Based on a t test, differenced in mycelia growth and
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Fig. 2. Comparison in intracellular glycerol concentration of fludioxonil-resistant mutants and sensitive isolates of Botrytis cinerea. The mycelia of each isolate or mutant were
treated with fludioxonil at 1 pg/ml after growth in potato dextrose broth for 3 days. Cultures without treatment were used as the controls (CK). Bars denote standard errors

from three repeated experiments.
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Fig. 3. Schematic representation of the domain architecture of Bos1, including histidine kinase, adenylyl cyclase, methyl-accepting chemotaxis protein, and phosphatase (HAMP)
domain repeats; the His kinase A (phospho-acceptor) domain (HisKA); the HK-like ATPase domain (HATPase_c); and the response regulator domain (Rec).
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sporulation among groups of laboratory and field mutants were not
significant (P > 0.05).

Virulence of laboratory and field resistant mutants on straw-
berry and tomato. Except for Yc-6R2, all the fludioxonil-resistant
isolates from the laboratory and field were virulent on strawberry
leaves and tomato fruit. However, the resistant isolates had signifi-
cantly smaller lesions compared with sensitive strains (P = 0.05)
(Table 4). There was no significant difference in lesion size on straw-
berry leaves or tomato fruit among the groups of laboratory and field
isolates (P > 0.05).

Sensitivity to osmotic stress. Mycelial growth of the sensitive
strains was slightly inhibited by 0.5 M NaCl and 0.5 M KCI while
that of the fludioxonil-resistant isolates was strongly inhibited (Fig.
1A and B). Under treatment with 0.8 M glucose, 0.5 M D-sorbitol,
0.2 M CaCl,, or 0.3 M MgCl,, mycelial growth of the sensitive
strains was increased; however, the resistant mutants exhibited sig-
nificantly (P = 0.05) reduced mycelial growth (Fig. 1C, D, E, and
F). These results indicated that both laboratory and field resistant mu-
tants showed increased sensitivity to increased osmotic potential.
The field mutants tested were more sensitive than laboratory mutants
to D-sorbitol (P < 0.05) but there was no significant difference in sen-
sitivity to NaCl, KCI, glucose, CaCl,, or MgCl, between the groups
of laboratory and field mutants (P > 0.05).

Intracellular glycerol accumulation. In the absence of fludioxo-
nil, glycerol concentrations in the sensitive strains and resistant mu-
tants were relatively low. When treated with fludioxonil at 1 pwg/ml,
glycerol concentrations in the sensitive strains increased significantly
but those in the resistant mutants (except for two laboratory LR
mutants Bt6-4R2 and Yc-6R2) also increased significantly (Fig. 2).
Although the two LR mutants exhibited increased glycerol accumula-
tion, the glycerol concentrations were significantly lower than those in
the sensitive strains treated with fludioxonil (Fig. 2).

Sequence variation in BosI from laboratory and field mutants.
Analysis of the predicted 1,310-amino-acid sequence of Bosl
(BC1G_00374.1) with the InterProScan prediction server detected
all the characteristic domains of Bos/, including six HAMP domain
repeats, the His kinase A (phospho-acceptor) domain, the HK-like
ATPase domain (HATPase_c), and the response regulator domain
(Fig. 3). The complete Bosl gene was cloned and sequenced from

the resistant mutants and sensitive strains. The amino acid changes
observed are listed in Table 5.

The sequences of Bosl were identical for all the sensitive strains
tested. For the laboratory resistant mutants, four HR mutants had
various mutations in Bos/ and the two LR mutants, Bt6-4R2 and
Yc-6R2, had no mutations. The mutants Bt3-4R and Yc-6R1 had
single-point mutations E253D (an amino acid changed from glutamic
to aspartic at position 253) and G415D (an amino acid changed from
glycine to aspartic at position 415), respectively. The mutant Nj5-
10R carried a mutation in the Bos/ at codon 81 (Q846STOP), leading
to precocious stop of translation. In the mutant Bt6-4R1, a duplica-
tion of a 55-bp sequence was found at amino acid position 835, caus-
ing a frameshift and resulting in a premature stop codon at amino acid
position 838. For the field HR mutants, Wf-55, Wf-161, Wf-192, and
Wif-202 had single-point mutations G311R (an amino acid changed
from glycine to arginine at position 311), G265D (an amino acid
changed from glycine to aspartic at position 265), N609T (an amino
acid changed from asparagine to threonine at position 609), and
G545E (an amino acid changed from glycine to glutamic at position
545), respectively. The mutants Sg-17 and Sg-28 had the same
mutations, Q369P (an amino acid changed from glutamine to pro-
line at position 369) and N373S (an amino acid changed from as-
paragine to serine at position 373). In addition, the mutant Sg-17
carried five other point mutations, including R319K (an amino
acid changed from arginine to lysine at position 319), V336M
(an amino acid changed from valine to methionine at position
336), D337 N (an amino acid changed from aspartic to asparagine
at position 337), V3461 (an amino acid changed from valine to
isoleucine at position 346), and A350S (an amino acid changed
from alanine to serine at position 350). The Sg-38 mutant carried
an additional point mutation, G262S (an amino acid changed from
glycine to serine at position 262). Most of these mutations were dis-
tributed in the six HAMP domains of the N-terminal region, except
for the two laboratory resistant mutants (NjS-10R and Bt6-4R1) with
the mutations located in HATPase_c of the C-terminal region
(Table 5).

Expression of Bchogl in the resistant mutants and sensitive strains.
In the absence of fludioxonil, the expression of BcHog1 did not differ
between the sensitive and resistant mutants (P > 0.05). When treated

Table 5. Mutation in Bos! protein sequence in laboratory and field resistant mutants of Botrytis cinerea

Isolates or mutants Origin* Bosl1 protein sequenceY Structural domain*
Nj5-10 Field, S WT
Bt3-4 Field, S WT
Bt6-4 Field, S WT
Yc-6 Field, S WT
Sg-2 Field, S WT
Sg-28 Field, S WT
Wit-20 Field, S WT
Wi-142 Field, S WT
Bt6-4R2 Laboratory, LR No mutation
Yc-6R2 Laboratory, LR No mutation
Nj5-10R Laboratory, HR Q846STOP HATPase_c
Bt3-4R Laboratory, HR E253D Between HAMP2 and HAMP3
Bt6-4R1 Laboratory, HR 55-bp duplication at amino acid position 835 HATPase_c
and resulting in 838STOP
Yc-6R1 Laboratory, HR G415D HAMP3
Sg-17 Field, HR R319K, V336M, D337 N, V346I, A350S, HAMP2, HAMP3, and between them
Q369P, N373S
Sg-38 Field, HR G2628S, Q369P, N373S HAMP1,between HAMP2 and HAMP3
Wit-55 Field, HR G311R HAMP2
Wi-161 Field, HR G265D Between HAMP 1 and HAMP 2
Wit-192 Field, HR N609T HAMPS5
Wi£-202 Field, HR G545E Between HAMP4 and HAMPS

* Field, S = field sensitive isolates; Laboratory, HR or LR = highly resistant mutants or mutants with low resistance, respectively, which were obtained by
selection on fludioxonil-amended medium in the laboratory; and Field, HR = HR mutants which were collected from the field locations.

¥ WT = wild type.

2 HATPase_c = histidine kinase-, DNA gyrase B-, and HSP90-like ATPase. HAMP = histidine kinases, adenylate cyclases, methyl-accepting chemotaxis
proteins, and some phosphatases; in the case of the B. cinerea Bosl, there are six repeats of HAMP domains.
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with fludioxonil at 1 pg/ml, the expression of BcHogl was upregulated
in all the sensitive strains and resistant mutants but the expression
levels of BcHogl in the resistant mutants were significantly lower
than those in the sensitive strains (Fig. 4). A negative correlation be-
tween the levels of resistance to fludioxonil and the expression of
BcHogl was observed under pressure of fludioxonil (Fig. 4). These
results indicated that the resistant mutants had a weaker capacity to ac-
tivate the HOG MAPK pathway when stressed by fludioxonil.

Discussion

Fludioxonil can strongly inhibit mycelial growth and spore germi-
nation of B. cinerea (Zhao et al. 2010), and was registered in 2012 in
China to control gray mold. However, populations from strawberry
and blackberry with low fludioxonil resistance from the United States
developed in 2014 (Fernandez-Ortuiio et al. 2014a, b; Li et al. 2014).
Although it is at the early stage of introduction for controlling
gray mold in China, we care about whether the fludioxonil-
resistant populations develop in the field. Therefore, fludioxonil-
sensitivity shifts of B. cinerea isolates were detected during 2012
to 2014 in the regions of Jiangsu and Shandong Provinces in China
that had a history of fludioxonil application. Our data showed that
fludioxonil-resistant populations were not detected in Jiangsu Province
but fludioxonil-resistant populations developed in two cities, Shouguang
(LR/HR frequency = 10.67/2.67%) and Weifang (LR/HR frequency
=17.21/1.30%), of Shandong Province. It remains to be determined
whether HR frequency will increase if the fludioxonil-containing
Celest continues to be used in these fields.

Six resistant mutants were generated in the laboratory by fungicide
training and the resistance of these mutants against fludioxonil was
stable through 10 transfers on fungicide-free PDA plates. All of the
HR field and laboratory resistant isolates exhibited reduced mycelial
growth, sporulation, and virulence, which indicated that resistance to
fludioxonil imposes a fitness cost relative to isolates that lack this
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resistance. Similar results were reported for fludioxonil-resistant mu-
tants in Penicillium expansum (Li and Xiao 2008) and Sclerotinia
sclerotiorum (Kuang et al. 2011). Based on our results and previous
studies about resistance risk assessment (Wu et al. 2014), resistance
risk of B. cinerea to fludioxonil should be classified as moderate
and resistance management should be considered. These include
good crop management and sanitation to reduce the risk of gray mold
infection, such as limitation of nitrogen fertilizer, reduction of the hu-
midity, and removal of infected fruit and plant parts. To limit selec-
tion for resistance, rotation between fungicides of different classes
and limitation of treatments with the same class of compounds to
one per season should be mandatory. Additionally, as expected, pos-
itive cross-resistance was observed between fludioxonil and dicar-
boximides (e.g., procymidone and iprodione) in the field and
laboratory isolates tested. Therefore, growers should limit use of fludiox-
onil or apply it in mixture with other fungicides which have different
modes of action.

Two-component systems are composed of a His-Asp phosphore-
lay from the HK to the response regulator (Bahn 2008). The fungicide
fludioxonil affects the fungal osmotic signal transduction cascade
(Bahn et al. 2006). It is used to control phytopathogenic fungi by
causing improper activation of the HOG1-type MAPK (Furukawa
et al. 2012; Kojima et al. 2004). In previous studies, the field and labo-
ratory resistant mutants showed increased sensitivity to osmotic stress.

In our study, the field HR mutants showed hypersensitivity to os-
motic stress, mutation in Bos/, and abnormal expression of Bchogl.
We speculated that fludioxonil resistance resulted from suppressing
the activation of the HOG-MAPK pathway under fludioxonil or os-
motic stresses.

Osmosensing HK of filamentous fungi belong principally to group
III HK (Liu et al. 2008). These HK are involved in adaptation to ad-
verse environmental conditions such as osmotic and fungicide
stresses. Group III also plays essential role in the development and
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Fig. 4. Expression of Bchog1 in the resistant mutants and sensitive isolates of Botrytis cinerea. Mycelia of each isolate or mutant were treated with fludioxonil at 1 .g/ml after growth
in potato dextrose broth for 3 days. Cultures without treatment were used as the controls (CK). Bars denote standard errors from three repeated experiments.
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pathogenesis of fungi. This may explain why strains HR to fludioxonil
are hardly found under field conditions. In this study, when treated
with fludioxonil at 1 pg/ml, glycerol concentrations and expression
levels of Bchogl in the sensitive strains increased significantly,
whereas those in field and laboratory resistant mutants did not. These
results indicated that the resistant mutants had a weaker capacity to
activate the HOG-MAPK pathway under fludioxonil pressure and
suggested a negative correlation between the levels of resistance to
fludioxonil and the increments of glycerol accumulation under pres-
sure of fludioxonil.

Group III HK function as responsible upstream factors to regulate
the HOG1-type MAPK (Catlett et al. 2003) and are involved in glyc-
erol synthesis (Hohmann 2002). Thus, in the present study, Bos/
genes (which encode the group Il HK in B. cinerea) of the field
and laboratory resistant mutants were cloned and analyzed. All mu-
tations in the field HR mutants were located in the HAMP domains of
the N-terminal region of OS1. Mutations in the laboratory HR mu-
tants, however, were classified into two types: mutations located in
HAMP domains (type I) and mutations located in the HATPase_c
domain of the C-terminal region (type II). Under laboratory circum-
stances, a series of gradient concentrations (0.1, 5, and 50 pg/ml) of
fludioxonil were used to generate resistant mutants in the current
study, and the mutations harbored at the domains of HAMP or
HATPase_c of OS1 in the laboratory mutants. However, fludioxonil
at about 50 pg/ml is recommended to control gray mold in the field,
where the fludioxonil selection pattern was totally different from that
under laboratory conditions, mainly due to the influence of environ-
mental factors, and all mutations were confined at the domains of
HAMP. This is the first report of the type Il mutation conferring flu-
dioxonil resistance. Our research contradicts previous opinions that
only mutations located in HAMP domains of group III HK confer
fludioxonil resistance, and the resistance mechanism in both labora-
tory and field mutants is currently under further investigation in our
laboratory.
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