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Introduction

Monitoring of fungicide resistance is becoming more
important because of increased number of resistance cases
in key agricultural pathogens. Botrytis cinerea, the causal
agent of grey mould in many plant species, is regarded
as a high-risk plant pathogenic fungus. At present, this
pathogen has widely developed resistance to a variety
of fungicides in many countries where disease manage-
ment has relied upon the use of site-specific fungicides
(Guido et al., 2015; Liu etal., 2016). The benzimidazole
fungicides, mainly carbendazim, have been extensively
used to control this disease for many years. Unfortu-
nately, carbendazim-resistant populations of B. cinerea
have evolved in recent years (Liu et al., 2016). In order to
design optimal resistance management strategies of grey
mould, it is necessary to monitor carbendazim resistance

in populations from different hosts.
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Abstract

Sustainable disease management depends on the ability to monitor the develop-
ment of fungicide resistance in pathogen populations. A point mutation result-
ing in an alteration (F200Y) at codon 200 of the target protein f-tubulin leads
to a moderate level of resistance to carbendazim in Botrytis cinerea. Although
traditional methods remain a cornerstone in detection of fungicide resistance,
molecular methods that do not require the isolation of pathogens, can detect
the presence of resistance alleles at low frequencies, and require less time and
labour than traditional methods. In this study, we present an efficient, rapid,
and highly specific method for detecting the moderately carbendazim-resistant
isolates in B. cinerea based on loop-mediated isothermal amplification (LAMP).
By using specific LAMP primers, we detected the resistance-conferring muta-
tion underlying f-tubulin F200Y. The concentrations of LAMP components and
LAMP parameters were optimised, resulting in reaction temperatures and times
of 61-65°C and 45 min, respectively. The feasibility of the LAMP assay was
verified by assaying the diseased samples with artificial inoculation in the differ-
ent hosts. The LAMP assay developed in the current study was specific, stable,
repeatable and sensitive, and was successfully applied for detection of moder-
ately carbendazim-resistant isolates of B. cinerea in plant samples.

Fungicide resistance has often been detected based
on measurement of mycelial growth inhibition under
fungicide exposure (Ma et al., 2009; Schnabel et al., 2015).
However, this method is time consuming and tedious.
With the rapid development of molecular biology,
DNA-based molecular techniques have been introduced
to detect fungicide resistance in plant pathogens. These
methods can only be developed when the mechanism
of fungicide resistance has been elucidated and suitable
DNA markers can be used. According to previous studies
(Leroux et al., 2002; Ma & Michailides, 2005; Liu et al.,
2013; Hawkins & Fraaije, 2016), carbendazim resistance
in B. cinerea is mediated by specific point mutations of the
p-tubulin gene (U27198.1), leading to protein codon alter-
ations E198A, E198G, E198K, E198L, E198V and F200Y
(TTC - TAC). Mutations at codon 198 lead to a high
level of resistance (minimum inhibitory concentration,
MIC values >100ugmL™!, isolates growing in plates
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Figure 1 Schematic diagram of the loop-mediated isothermal amplification (LAMP) primers for detecting the moderately carbendazim-resistant Botrytis cinerea
isolates carrying p-tubulin F200Y alleles. (A) Nucleotide sequence alignment of the g-tubulin target region of a wild-type isolate Bt4-1 (WT) and moderately
carbendazim-resistant mutant B20 (F200Y). The sequences in the red frame indicate the target sequences of restriction enzyme Clal. The red arrow indicates the
cutting site of restriction enzyme Clal. (B) Schematic representation of the LAMP primers.

containing 100 pgmL~' carbendazim are considered
as high level resistance to carbendazim), whereas the
mutation at codon 200 results in a moderate level
of carbendazim resistance (MIC values between 10
and 100 pugmL™!, isolates growing in plates containing
>10 pgmL™! carbendazim and not growing in plates
>100 pgmL~! carbendazim are considered as moderate
level resistance to carbendazim) (Ma & Michailides,
2005; Liu etal, 2013). In recent years, we monitored
carbendazim-resistant populations of B. cinerea from
the different hosts from geographical regions in China.
Among these carbendazim-resistant isolates, the muta-
tions E198L and E198G were not detected.
Loop-mediated isothermal amplification (LAMP) is
a novel nucleic acid amplification technique, in which
the reaction can be processed under isothermal condi-
tions by a DNA polymerase with strand displacement
activity (Notomi ef al., 2000). This technique involves
the use of 4-6 different primers specifically designed
to recognise 6-8 distinct regions on the target gene
(Fig. 1); the reaction process proceeds at a constant
temperature (60—65°C) and is completed within 60 min
using the strand displacement reaction (Notomi et al.,
2000; Nagamine efal, 2002). Furthermore, all steps
from DNA amplification to detection in a LAMP assay
are performed under isothermal conditions within one
reaction tube. In our previous studies, the LAMP assay
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for detecting carbendazim-resistant populations has
been established in Fusarium asiaticum and Sclerotinia
sclerotiorum, respectively (Duan et al., 2014c, 2015). How-
ever, the LAMP method for detection of moderately
carbendazim-resistant populations in B. cinerea has not
been developed and reported.

In this study, we developed a LAMP assay for detect-
ing the moderately carbendazim-resistant mutants of
B. cinerea carrying f-tubulin F200Y. This new assay can be
used for early warning of the risk of carbendazim resis-
tance in B. cinerea in the field and can provide important
references to rationalise optimal disease management
strategies for grey mould control.

Materials and methods
Fungal isolates and culture conditions

B. cinerea isolates B20, B05.10, SD2, SD4 and Bt4-1
were used in this study, all of which were isolated by
a single-spore method (Choi etal, 1999). The detailed
information of these isolates was listed in Table 1 and
maintained at 4°C on potato dextrose agar (PDA) at
Laboratory of Fungicide Biology, Nanjing Agricultural
University (China).

PDA was used for routine carbendazim sensitivity
assays as described previously (Duan etal, 2014c).

Ann Appl Biol 172 (2018) 355-365
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Table 1 Fungal isolates used for evaluating the specificity of the loop-mediated isothermal amplification (LAMP) assay for detecting moderately

carbendazim-resistant isolates in Botrytis cinerea

Isolate Fungal species Host Origin Genotype description? Phenotype® LAMP
Bt4-1 B. cinerea Strawberry Jiangsu, China Wild-type MBC® -
B05.10 B. cinerea Unknown Germany GAG — GCG, E198A MBCHR -
SD2 B. cinerea Tomato Shandong, China GAG — AAG, E198K MBCHR -
SD4 B. cinerea Tomato Shandong, China GAG - GTG, E198V MBCHR -
B20 B. cinerea Strawberry Jiangsu, China TTC - TAC, F200Y MBCMR +
PIO1 Penicillium italicum Citrus Jiangsu, China - - -
PD98 Penicillium digitatum Citrus Jiangsu, China - - -
AA04 Alternaria alternata Tomato Jiangsu, China - - -
CC15 Corynespora cassiicola Cucumber Henan, China - - -
FV13 Fusicladium virescens Pear Anhui, China - - -
FO11 Fusarium oxysporum Cucumber Jiangsu, China - - -
SS07 Sclerotinia sclerotiorum Lettuce Jiangsu, China - - -
CcC13 Colletotrichum capsici Pepper Jiangsu, China - - -

aGenotype represents the point mutation in the target gene p-tubulin of B. cinerea.
PMBCS, MBCMR and MBCMR represent carbendazim sensitive (MIC value <10 pgmL~"), moderately carbendazim resistant (MIC values between 10 and
100 pg mL=") and highly carbendazim resistant (MIC value >100 ugmL™"), respectively.

According to the MIC (Ma & Michailides, 2005; Liu et al.,
2013), B. cinerea was assigned to three phenotypes as
follows: sensitive to carbendazim, MIC <10 pgmL™};
moderate carbendazim resistance, MIC values between
10 and 100pgmL™! and high carbendazim resistance,
MIC >100 pgmL-",

DNA extraction

B. cinerea isolates were incubated for 3 days at 25°C on
PDA. Mycelia were harvested to extract genomic DNA
using the cetyltrimethyl ammonium bromide (CTAB)
method with minor modification (Moller etal, 1992;
Duan et al.,, 2014c). Hundred milligram fresh weight of
mycelia and a steel ball (5 mm diameter) were placed
into a 2-mL microtube containing 700 pL CTAB buffer.
The samples were disrupted using mixer mill with speed
set at 28 cycless! for 30s and spun at 10000 xg for
5 min at room temperature; 500 pL of the supernatant
was transferred into a new 1.5-mL tube and mixed with
500 uL of isopropanol (stored at —20°C). The mixture
was spun at 10000 xg for 5 min at room temperature.
The supernatant was discarded. The pellet was washed
with 500 pL of 70% ethanol (stored at —20°C) and spun
at 10000 xg for 1 min. The ethanol was discarded, the
pellet was dried and resuspended with 100 pL of sterile
deionised water. DNA extracts were quantified using a
spectrophotometer and stored at —20°C.

Primer design

LAMP primers were designed using the Primer
Explorer V4 software program (Eiken, Japan) (http://
primerexplorer.jp/e/) according the manufacturer’s
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instructions. The structure of the LAMP primers and
their complementarity to target DNA used in this study
are shown in Fig. 1. A forward inner primer (FIP) con-
sisted of Flc and F2, and a backward inner primer (BIP)
consisted of Blc and B2. The outer primers F3 and B3
were required for initiation of the LAMP reaction. PCR
primers were designed using Primer Premier 5.0 (Pre-
mier, Canada). Information of the primers is provided in
Fig. 1 and Table 2.

Specificity of LAMP primers

A set of LAMP primers was obtained based on the point
mutation linked with g-tubulin F200Y (Fig. 1A). Accord-
ing to a previous study (Duan etal., 2015), we intro-
duced a base mismatch into 5 end of FIP to improve
the specificity of the LAMP assay (Table 2, Fig. 1B). Thus,
seven sets of LAMP primers were designed and used to
specially distinguish the f-tubulin F200Y allele from the
wild-type. Final LAMP assays were conducted as previ-
ously described (Duan et al., 2015). Positive LAMP reac-
tions could be visually determined using a colour change
from violet to sky blue based on addition of hydroxy-
naphthol blue (HNB) (Goto et al., 2009). In addition, pos-
itive LAMP reactions could produce a typical ladder-like
pattern in 3.0% agarose gel electrophoresis stained with
ethidium bromide under a UV transilluminator.

Optimisation of LAMP reaction components

With the optimised LAMP primers, optimisation of LAMP
reaction components was performed using genomic DNA
of B. cinerea isolate B20 as a template in accordance with
Duan efal. (2015). The outcome of LAMP assays was
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Table 2 Sequence and description of the loop-mediated isothermal amplification (LAMP) and PCR primers used to evaluate the specificity and sensitivity of the

LAMP assay

Primer Sequence (5'-3') Description

F3 ATCGCCAAAGGTTTCCGATA Forward outer primer

B3 AGGTGGTAACACCGGACAT Backward outer primer

BIP TGCATGAGAACCTTGAAGCTCAGC-GACGGCGGAAACCAAGTG Backward inner primer

FIP1 TAGGTCTCGTCAGAGTTCTCAACCAGTTGTCGAGCCATATAACGCA Forward inner primers to distinguish the mutation causing the
FIP2 TTGGTCTCGTCAGAGTTCTCAACCAGTTGTCGAGCCATATAACGCA F200Y variant of g-tubulin in B. cinerea for LAMP

FIP3 TACGTCTCGTCAGAGTTCTCAACCAGTTGTCGAGCCATATAACGCA

FIP4 CTAGGTCTCGTCAGAGTTCTCAACCAGTTGTCGAGCCATATAACGCA

FIPS CTACGTCTCGTCAGAGTTCTCAACCAGTTGTCGAGCCATATAACGCA

FIP6 TCTAGGTCTCGTCAGAGTTCTCAACCAGTTGTCGAGCCATATAACGCA

FIP7 TCTACGTCTCGTCAGAGTTCTCAACCAGTTGTCGAGCCATATAACGCA

Bcbetadd42F  GGTAACAACTGGGCTAAGGG To amplify a partial g-tubulin fragment (442 bp) covering codon 200
Bcbetad42R GACCAGGGAAACGGAGACA

aNucleotides in frames represent the mutation site at codon 200 of the g-tubulin gene in B. cinerea. Nucleotides in bold represent the base pair mismatches

manually introduced into the 5" end of FIP.

assessed with HNB-visualised colour change and analysed
with 3% gel electrophoresis.

Optimisation of LAMP parameters

With the optimal LAMP primers and reaction compo-
nents, LAMP reaction temperature (58°C, 59°C, 60°C,
61°C, 62°C, 63°C, 64°C or 65°C) and time (15, 30, 45, 60,
75 or 90 min) were optimised using genomic DNA of B20
(F200Y) as template. The LAMP results were both visually
assessed using HNB and gel electrophoresis.

Confirmation of the LAMP products

Restriction enzyme digestion was conducted in order to
confirm that the designed LAMP assays amplified the
intended 203-bp p-tubulin fragment target (Fig. 1A).
Briefly, the restriction enzyme Clal (Fig. 1A) was used
to digest LAMP products and the resulting DNA frag-
ments were analysed using gel electrophoresis (Niu
etal., 2012). Meanwhile, PCR was used to amplify the
203-bp fragment with the primer pair F3/B3, and the
PCR products were cloned into the plasmid pEASY-T1
(Transgen, Beijing, China) for sequencing (Ge et al., 2013;
Lietal, 2013).

Specificity of LAMP

The specificity of LAMP was tested with genomic DNA
of B20 (F200Y), SD4 (E198V), B05.10 (E198A), SD2
(E198K), Bt4-1 (wild-type g-tubulin) and eight common
plant-pathogenic fungi (Table 1). The LAMP results were
assessed as described above.

Repeatability of LAMP

The reproducibility and specificity of the LAMP assay
was tested using genomic DNA of eight B. cinerea isolates
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known to carry g-tubulin F200Y (Table 3) and the results
were assessed as described above. DNA from wild-type
isolate NJ84 were included as negative controls in these
tests.

Sensitivity of LAMP

With the primer pair Bcbeta442F/Bcbeta442R, a 442-bp
fragment containing the F200Y mutation was amplified
by polymerase chain reaction (PCR) (Table 2). The PCR
products were cloned to the vector pEASY-T1 to create
plasmid pET442. The recombinant plasmid pET442 was
transferred into Escherichia coli according to the previ-
ous studies (Ge etal., 2013; Li et al., 2013). The plasmid
pET442 was extracted from the selected positive clones
and 10-fold serially diluted to obtain from 6x10? to
6x10° copies (Zhang et al.,, 2011). These dilutions were
used as templates in the LAMP and PCR assays. The
primer pair Bcbeta442F/Bcbeta442R was used for the PCR
assay and the assay sensitivity was compared with the
final LAMP assay. For LAMP, the optimised reaction com-
ponents and conditions were used. The reaction results
were analysed as described previously (Duan et al., 2014c,
2015).

Application of LAMP on monitoring moderately
carbendazim-resistant field isolates of B. cinerea

To verify the potential application of the LAMP assay
for carbendazim-resistant monitoring of B. cinerea in the
field, the fruits of cucumber, strawberry and tomato were
inoculated with spore suspensions (10* spores mL™!) of
selected field isolates according to the previous studies
(Liu etal., 2007; Yang etal., 2012; Duan etal, 2013).
In total, 16 strains were used of which three carried
F200Y, four E198A, three E198K, four E198V and two

Ann Appl Biol 172 (2018) 355-365
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Table 3 Botrytis cinerea isolates used to evaluate the repeatability of the loop-mediated isothermal amplification (LAMP) assay for detecting moderately

carbendazim-resistant isolates in Botrytis cinerea

Isolate Host Origin Genotype description? Phenotype® LAMP
FJO3 Strawberry Jiangsu, China TTC - TAC, F200Y MBCMR +
SG17 Cucumber Shandong, China TTC - TAC, F200Y MBCMR +
DJ22 Tomato Jiangsu, China TTC - TAC, F200Y MBCMR +
HA31 Strawberry Jiangsu, China TTC - TAC, F200Y MBCMR +
HA52 Strawberry Jiangsu, China TTC - TAC, F200Y MBCMR +
Flo4 Strawberry Jiangsu, China TTC - TAC, F200Y MBCMR +
DJ38 Tomato Jiangsu, China TTC — TAC, F200Y MBCMR +
NJ517 Strawberry Jiangsu, China TTC - TAC, F200Y MBCMR +
NJ84 Strawberry Jiangsu, China No mutation MBC® -

aGenotype represents the point mutation in the target gene p-tubulin of B. cinerea.
PMBCS and MBCMR represent carbendazim sensitive (MIC value <10 pg mL~") and moderately carbendazim resistant (MIC values between 10 and 100 pgmL™"),

respectively.

Table 4 Comparison of the loop-mediated isothermal amplification (LAMP) assay and fungicide sensitivity testing (determination of MIC values) for detecting
the moderately carbendazim-resistant isolates of B. cinerea by the experiment of artificial inoculation

Isolate Mutation? Inoculated host Total samples Positive samples by LAMP Positive samples by MIC
NJ78 No mutation Tomato 16 0 0
YC14 No mutation Cucumber

B324 TTC - TAC, F200Y Strawberry 24 24 24
HA21 TTC - TAC, F200Y Cucumber

SH38 TTC = TAC, F200Y Tomato

SD1 GAG - GTG, E198V Strawberry 32 0 0
HY5 GAG - GTG, E198V Cucumber

YCS47 GAG — GTG, E198V Tomato

F71 GAG — GTG, E198V Cucumber

GCY004 GAG — GCG, E198A Strawberry 32 0 0
B29 GAG — GCG, E198A Tomato

A24 GAG — GCG, E198A Strawberry

B11 GAG — GCG, E198A Cucumber

SD5 GAG — AAG, E198K Cucumber 24 0 0
SD6 GAG — AAG, E198K Tomato

SH18 GAG — AAG, E198K Strawberry

aGenotype represents the point mutation in the target gene g-tubulin of B. cinerea.

wild-type f-tubulin alleles. There were eight replicates
for each isolate (Table 4). After culturing for 3 days, a
margin (5 mm X 5 mm) of a diseased region of the fruit
samples was cut and used for extraction of genomic DNA
in accordance with Duan et al. (2015). With genomic DNA
of the tested isolates as templates, LAMP was performed to
detect moderately carbendazim-resistant field isolates of
B. cinerea. Meanwhile, the isolates obtained from diseased
samples were isolated by tissue isolation method and
tested by MIC method to further confirm the accuracy of
the LAMP assay.

Results
Specificity of LAMP primers

A point mutation (F200Y) of the target protein f-tubulin
confers moderate levels of carbendazim-resistance (MIC

Ann Appl Biol 172 (2018) 355-365
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values between 10 and 100 ugmL~!) in B. cinerea iso-
lates. Based on this point mutation, seven sets of LAMP
primers (Table 2) were designed by introducing base
mismatches into the 5" of FIP. Genomic DNA of the
carbendazim-sensitive isolate Bt4-1, carrying wild-type
p-tubulin, and a moderately resistant isolate B20, carry-
ing f-tubulin F200Y, were used to perform the specificity
test of the seven different LAMP primer sets. Based on
HNB-visualised colour change and the ladder-like pat-
tern of DNA amplification products in gel electrophoresis,
LAMP primer set 1 detected both the F200Y mutant and
wild-type f-tubulin alleles. Primer sets 5, 6 and 7 did not
detect the two p-tubulin alleles, but specific detection
of F200Y p-tubulin alleles was achieved with primer
sets 2, 3 and 4 (Fig. 2A). Positive LAMP samples were
indicated by a sky blue from HNB; while the negative
samples remained violet blue (Fig. 2A). The changes in
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Figure 2 Specificity of loop-mediated isothermal amplification (LAMP) assays using different primer sets. (A) Assessment by hydroxynaphthol blue
(HNB)-visualised colour change. (B) Detection of DNA amplification products from LAMP assays using gel electrophoresis. M, DNA marker (TransGen, Beijing,

China).
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Figure 3 Loop-mediated isothermal amplification (LAMP) detection of Botrytis cinerea isolates carrying p-tubulin F200Y alleles and restriction enzyme digestion
analysis of the LAMP products. (A) Identification of the positive LAMP assays based on hydroxynaphthol blue (HNB)-visualised colour change. 1, isolate Bt4-1
(WT); 2, isolate B20 (F200Y); (B) Assessment by gel electrophoresis analysis. M, DNA marker (TransGen); 1, isolate Bt4-1 (WT); 2, isolate B20 (F200Y); (C) LAMP
products were digested with Cla I, and two bands of 94 and 109 bp were observed on agarose gel. M, DNA marker (TransGen); 1, without digestion; 2, digestion

by Cla 1.

colour were confirmed by gel electrophoresis, i.e. 3.0%
gel electrophoresis produced a typical ladder-like pattern
for LAMP positive samples but not for negative samples
(Fig. 2B). The results indicated that primer sets 2, 3 and
4 (Fig. 2, Table 2) could be used to detect moderately
carbendazim-resistant isolates carrying F200Y p-tubulin
alleles. Primer set 3 was randomly selected for further
optimisation of the assay.

LAMP reaction assay

With DNA of isolates carrying wild-type (Btl-4) and
F200Y p-tubulin alleles (B20) as templates, the LAMP
assay was performed to optimise concentration of LAMP
components. A positive LAMP reaction was only obtained
with DNA from isolate B20 (Fig. 3A and Fig. 3B). The
most efficient LAMP reaction (10 pL volume) consist

360

of 2.4 U Bst DNA polymerase, 1.0 mM dNTPs, 3.5 mM
MgCl,, 0.64M betaine, 1.0 pL 10x ThermoPol buffer,
200 pM HNB, 1.2 pM FIP, 1.2 pM BIP, 0.2 pM F3, 0.2 pM
B3 and 10 ng template DNA.

Validation of the LAMP products

The positive LAMP products were digested with the
restriction enzyme Clal (Fig. 1A) to verity the specificity
of LAMP for amplifying the target fragments. The results
showed that the two DNA bands (94 and 109 bp) were
observed on agarose gel (Fig. 3C). The results were in
accord with those predicted based on the expected struc-
tures. The sequence of LAMP amplification was the same
as that of the target gene f-tubulin for designing LAMP
primers.

Ann Appl Biol 172 (2018) 355-365
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A

Figure 4 Optimisation of the loop-mediated isothermal amplification
(LAMP) reaction temperature. (A) Assessment by hydroxynaphthol blue
(HNB)-visualised colour change. (B) Assessment by gel electrophoresis anal-
ysis. M, DNA marker (TransGen).

LAMP reaction conditions

Based on the above described LAMP components, the
reaction temperature and time were optimised with the
genomic DNA of isolate B20 carrying g-tubulin F200Y
alleles as template. The LAMP products were evident
at 58-65°C based on the HNB-visualised colour change
(Fig. 4A) and the ladder-like pattern in agarose gel
(Fig. 4B) and the DNA intensity was highest at 63°C
(Fig. 4B). Therefore, 63°C was considered as the appro-
priate temperature. The results of the reaction time
indicated that the positive reaction was not observed at a
reaction time shorter than 45 min (Fig. 5A and Fig. 5B).
Theretfore, the optimised reaction temperature was set at
61-65°C and the optimised reaction time was identified
at 45 min.

Specificity of LAMP

Based on the colour change and the ladder-like pat-
tern in agarose gel, LAMP was only positive for the
isolate (B20) that carried pg-tubulin F200Y alleles
(Fig. 6A and Fig. 6B). The results showed that LAMP
established in this study had a high specificity for detect-
ing the moderately carbendazim-resistant isolates of
B. cinerea.

Sensitivity of LAMP

With the different dilutions of the plasmid pET442 as
templates, the PCR and LAMP assays were tested to
determine LAMP detection limits. The results indicated
that the detection limits for the PCR and LAMP assays
were 6x10* (Fig. 7C) and 6x10? copies (Fig. 7A and
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Figure 5 Optimization of the loop-mediated isothermal amplification (LAMP)
reaction time. (A) Assessment by hydroxynaphthol blue (HNB)-visualised
colour change. (B) Assessment by gel electrophoresis analysis. M, DNA marker
(TransGen).

Fig. 7B). Thus, the sensitivity of the LAMP assay was
100-fold higher than the PCR assay.

Repeatability of LAMP

Carbendazim sensitivity of nine B. cinerea isolates
(Table 3) was confirmed by the MIC method and sequenc-
ing before the repeatability was tested. Among the tested
mutants or isolates, all the known F200Y isolates were
positive based on colour change (Fig. 8A) or agarose gel
analysis (Fig. 8B). This indicated that the LAMP assay
was repeatable and robust.

Application of LAMP for monitoring moderately
carbendazim-resistant mutants of B. cinerea

The results for LAMP and MIC for monitoring 221 sam-
ples were identical, i.e. both LAMP and MIC produced
positive results for samples from the different hosts
inoculated with isolates carrying f-tubulin F200Y alleles
and negative results for samples from the different hosts
inoculated with other isolates carrying different f-tubulin
alleles (Table 4). This showed that LAMP could be used for
detecting the moderately carbendazim-resistant isolates
of B. cinerea.

Discussion

LAMP, a novel DNA amplification technique, is an
auto-cycling and strand displacement DNA synthesis
method involving the use of the large fragment of
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Figure 6 Specificity of loop-mediated isothermal amplification (LAMP) detection of p-tubulin F200Y alleles from moderately carbendazim-resistant Botrytis
cinerea isolates. (A) Assessment by hydroxynaphthol blue (HNB)-visualised colour change. (B) Assessment by gel electrophoresis analysis. M, DNA marker
(TransGen). M, DNA marker (TransGen); 1, isolate B20 (F200Y); 2, isolate Bt4-1 (WT); 3, isolate BO5.10 (E198A); 4, isolate SD2 (E198K); 5, isolate SD4 (E198V); 6,
Penicillium italicum; 7, Penicillium digitatum; 8, Alternaria alternata; 9, Corynespora cassiicola; 10, Fusicladium virescens; 11, Fusarium oxysporum; 12, Sclerotinia

sclerotiorum; 13, Colletotrichum capsici; 14, ddH, 0.

Figure 7 Sensitivity of loop-mediated isothermal amplification (LAMP) and
PCR. (A) Detection by LAMP and hydroxynaphthol blue (HNB)-visualised
colour change. (B) Detection by LAMP and gel electrophoresis. (C) Detection
by PCR and gel electrophoresis. M, DNA marker (TransGen); 1, 6x 10%; 2,
6x108;3,6x107;4,6x10°; 5 6x10% 6, 6x10%; 7, 6x 10%; 8, 6x 10%;
9,6x 10" and 10, 6x 10°.

Bst DNA polymerase and a set of 4—6 specific primers
(Notomi et al,, 2000; Mori et al.,, 2001; Nagamine et al.,
2002; Curtis etal., 2008; Goto etal., 2009). Since this
technique was developed in 2000, LAMP has been
widely used for detection of pathogens of both plants
and animals (Duan et al., 2014a,b; Kogovsek et al., 2015;
Lee et al., 2015; Niu et al., 2015; Okuda et al., 2015; Wang
etal, 2015; Zhuo etal, 2015). However, it has been
rarely used for detection of mutations conferring drug
resistance in pathogenic microorganisms until recently.
In our previous studies, we have reported several LAMP
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Figure 8 Repeatability of loop-mediated isothermal amplification (LAMP)
detection of moderately carbendazim-resistant mutants of Botrytis cinerea.
(A) Assessment by hydroxynaphthol blue (HNB)-visualised colour change. (B)
Assessment by gel electrophoresis analysis. M, DNA marker (TransGen); 1-8,
DNA samples of different isolates carrying g-tubulin F200Y alleles listed in
Table 3; 9, DNA of wild-type isolate Bt1-4.

assays for detecting the carbendazim-resistant mutants
in plant pathogens such as F asiaticum and S. sclerotiorum
(Duan et al., 2014c, 2015).

Molecular mechanisms of resistance to carbendazim
in B. cinerea has been demonstrated to be involved
with the point mutation of the target gene p-tubulin
(BC1G_00122), resulting in protein codon alterations at
positions 198 (E198A, E198G, E198K, E198L and E198V)
and 200 (F200Y) of the protein (Ma & Michailides,
2005; Liu etal., 2013; Hawkins & Fraaije, 2016). Muta-
tions resulting in g-tubulin alterations at codon 198
cause high level of resistance (MIC>100pgmL™),
while isolates carrying p-tubulin F200Y alleles are
moderately resistant (MIC values between 10 and
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100pgmL~'). Up to now, B. cinerea isolates with sin-
gle point mutation were widely documented, but the
isolates with more than one mutation have not been
reported. In our recent studies, the LAMP assays for
detecting the highly carbendazim-resistant B. cinerea
isolates (f-tubulin E198A/K/V) have been developed.
However, a LAMP detection method for moderately
carbendazim-resistant B. cinerea isolates has not been
developed. Thus, we developed the LAMP assay for
detecting moderately carbendazim-resistant B. cinerea
isolates carrying f-tubulin F200Y alleles.

One of the advantages of the LAMP assay is that the
positive reaction products of LAMP can be visualised by
adding DNA-intercalating dyes such as PicoGreen, SYBR
Green and ethidium bromide, or metal-ion indicators
such as CuSO,, calcein and HNB (Parida ef al., 2005; Curtis
et al., 2008; Tomita et al., 2008; Goto etal.,, 2009; Zoheir
& Allam, 2011). DNA intercalating dyes are added to
reaction tubes after the reaction is completed. Exposed
operation will increase the rates of contamination. To
avoid such contamination, a visualisation indicator HNB
is added to reaction tubes prior to amplification. The
positive reaction is indicated by a colour change from
violet to sky blue, and the negative reaction retains violet
(Goto et al., 2009). Meanwhile, the positive reaction was
further verified with gel electrophoresis. In this study,
we developed a LAMP assay with HNB for detection
of the moderately carbendazim-resistant mutants of B.
cinerea. The developed LAMP has a higher sensitivity and
simplicity than conventional PCR and is very suitable for
detection of fungicide resistance.

The parameters of LAMP primers can affect the concen-
tration of reaction components and reaction conditions.
With the primer set 3, the concentration of reaction
components was optimised and the appropriate result
was obtained. With selecting primer set 3 and reaction
components, the LAMP reaction conditions were deter-
mined and the results showed that the optimal reaction
temperature was 61-65°C and the optimal reaction time
was 45 min.

In specificity tests, the wild-type isolate, B. cinerea
isolates carrying E198A/K/V pg-tubulin alleles and other
commonly encountered plant-pathogenic fungi asso-
ciated with fruits and vegetables were regarded as the
negative control for LAMP. LAMP could specifically detect
B. cinerea isolates carrying f-tubulin F200Y alleles. The
repeatability tests showed that all F200Y isolates tested
were positive. The sensitivity of the LAMP assay was
also compared with conventional PCR and the detection
limit of the LAMP assay was 100-fold more sensitive
than PCR (Fig. 7). All these results showed the LAMP
developed in this study had good specificity, sensitivity
and repeatability.
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To assess the applicability of LAMP for detecting
the moderately carbendazim-resistant mutants in B.
cinerea, fruits of tomato, cucumber and strawberry
were artificially inoculated with wild-type isolates and
carbendazim-resistant isolates and diseased samples were
assessed by LAMP and carbendazim sensitivity testing
(determination of MIC values). The results were similar
for both LAMP and MIC but LAMP was easier to perform
than MIC. Using a mobile device, the LAMP assay will
be highly suitable for in-field detection of moderately
carbendazim-resistant isolates of B. cinerea.
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