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Abstract The ascomycete Sclerotinia sclerotiorum is a dev-
astating plant pathogen with a very broad host range. In this
study, we developed a loop-mediated isothermal amplification
(LAMP) assay targeting the Ssos5 sequence for visual detec-
tion of S. sclerotiorum. The LAMP reaction was optimal at
63 °C for 45 min. When hydroxynaphthol blue (HNB) was
added before amplification, samples with S. sclerotiorum
DNA developed a characteristic sky blue colour but those
without DNA or with the DNA of nine other plant-
pathogenic fungi did not. Results obtained with LAMP and
HNB were confirmed when LAMP products were subjected
to gel electrophoresis. The detection limit of this LAMP assay
for S. sclerotiorum was 0.1 fg uL™" of genomic DNA per
reaction, while that of conventional PCR was 100 fg uL ™.
Detection results were identical when 13 samples of rapeseed
tissue infected with S. sclerotiorum were subjected to LAMP,
conventional PCR, and conventional isolation. Because the
LAMP assay reported here is simple, rapid, sensitive, and
specific, it should be valuable for the detection of S.
sclerotiorum in quarantine efforts and field surveys.
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Introduction

Sclerotinia sclerotiorum is a necrotrophic, ascomycetous, phy-
topathogenic fungus with worldwide distribution. This fungus
can infect 450 plant species and subspecies from 278 genera
and 75 families including many agriculturally important and
economically valuable crops; its wide host range enables S.
sclerotiorum to persist and spread (Boland and Hall 1994;
Duan et al. 2013a, b). Stem rot caused by S. sclerotiorum is a
sporadic but serious threat to production of rapeseed. With the
increase in the trade of rapeseed among countries, rapid detec-
tion of S. sclerotiorum in soil and plant tissues is important not
only for maintaining rapeseed yield and quality but also for
controlling the pathogen’s spread. Detection methods that are
rapid, cost-effective, and efficient are required. In particular,
rapid detection methods that can be performed in the field could
provide new reference data for the control of S. sclerotiorum.
The most common method currently used for the rapid
detection of S. sclerotiorum is based on conventional polymer-
ase chain reaction (PCR) (Freeman et al. 2002). Although PCR
has become a standard method in biotechnology, PCR has
several intrinsic disadvantages, including the requirement of
rapid thermal cycling, insufficient specificity, and rather low
amplification efficiency (Freeman et al. 2002). Taking such
disadvantages into account, in this study we developed a new
nucleic acid amplification method that can be used in the field
to detect S. sclerotiorum in the absence of a thermal cycler.
Loop-mediated isothermal amplification (LAMP) is a nov-
el nucleic acid amplification method reported first in 2000 by
Notomi et al. (2000). This method requires a Bst DNA
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polymerase with strand-displacement activity and a set of
four to six specially designed primers based on six or eight
distinct regions of the target DNA. LAMP products can be
visualized with the unaided eye by adding DNA-
intercalating dyes such as ethidium bromide, SYBR Green
I, propidium iodide, or Quant-iT PicoGreen; by adding
metal-ion indicators such as hydroxynaphthol blue (HNB)
(Goto et al. 2009), CuSO4 (Zoheir and Allam 2011), or
calcein (Tomita et al. 2008) or by measuring the increase
in turbidity derived from magnesium pyrophosphate forma-
tion (to infer increases in amplified DNA concentration).
LAMP products can also be detected by real-time detection
methods (Bekele et al. 2011). The simplicity of the LAMP
method, which does not require a thermal cycler, makes it
suitable for field testing. Although this method has been
applied in the field of microbiology for detection and identi-
fication of bacteria (Pan et al. 2011), viruses (Parida et al.
2004), and fungi (Niessen and Vogel 2010), the LAMP meth-
od has not been applied for detection of S. sclerotiorum.

In the current study, we developed a LAMP assay for
detection of S. sclerotiorum based on the Ssos5 gene and
demonstrated that the assay is specific and efficient. The new
LAMP assay will provide important reference data for moni-
toring and controlling stem rot caused by S. sclerotiorum.

Materials and methods
Fungi and reagents

S. sclerotiorum isolates were collected from infected rapeseed
plants in Jiangsu Province, China. All tested S. sclerotiorum
isolates were obtained from single sclerotium. Other plant
pathogens used in this study are maintained in a collection in
the Laboratory of Plant Disease Control and Phytopharmacy,
Nanjing Agricultural University, China.

Bst DNA polymerase was purchased from NEB. Betaine
and hydroxynaphthol blue (HNB) were purchased from
Sigma, and MgCl, and dNTPs were purchased from Takara.
Double-distilled water was used in all experiments. All other
reagents were analytical grade.

Culture conditions and DNA extraction

Fungi were maintained on potato sucrose agar medium (PSA)
(200 g of potato, 20 g of sucrose, and 15 g of agar per liter of
distilled water). Mycelia were grown in potato sucrose broth
(PSB) at 25 °C for 2 days and harvested by filtration and frozen
at —20 °C. Genomic DNA was extracted from the frozen
mycelia using the Plant Genomic DNA Kit (TIANGEN)
according to the manufacturer’s protocol. DNA concentrations
were determined spectrophotometrically, and extracted DNA
was stored at —20 °C.
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Primer design

Four specific LAMP primers were designed based on the S.
sclerotiorum Ssos5 gene (SS1G_14143). Briefly, a BLASTN
search indicated that the sequence of Ssos5 of S. sclerotiorum
has 82 % similarity with that of os5 (BC1G 07633) of B.
cinerea. Then, we obtained the os5 sequences in the genome
databases for S. sclerotiorum and B. cinerea (http://www.
broadinstitute.org/). In this way, specific primers based on the
os5 sequence alignment were designed for LAMP detection of
S. sclerotiorum (Fig. 1a) using the Primerexplorer V4 software
program (http://primerexplorer.jp/e/). The structure of the
LAMP primers and their complementarity to target DNA used
in this study are shown in Fig. 1b. A forward inner primer (FIP)
consisted of the complementary sequence of F1 (Flc) and F2,
and a backward inner primer (BIP) consisted of Blc and B2.
The outer primers F3 and B3 are required for initiation of the
LAMP reaction. Primer pair P1 and P2 was used for conven-
tional PCR of the Ssos5 gene. Information regarding the primer
names and sequences is provided in Table 1.

Optimization of LAMP reaction

The visualization indicator HNB (Sigma-Aldrich) was added to
the reaction mixture before amplification. As explained in the
Discussion, HNB produces a distinctive colour if the reaction is
positive; as a consequence, LAMP products can be detected
without gel electrophoresis. The LAMP reaction used a total
volume of 25 pL. For optimization of reagents, a range of
concentrations of Mg”" (2-8 mM), dNTPs (0.2-2 mM), primers
(0.2-2 uM), betaine (0.8—1.6 M) (Sigma-Aldrich), HNB (100—
200 uM), and Bst DNA polymerase large fragments (0.16-0.64
U uL™") (NEB) were evaluated. The reaction was performed in
0.2-mL microcentrifuge tubes that were placed in a water bath
for 45 min at 63 °C, and the reaction was terminated by
treatment at 80 °C for 10 min. A positive control (a sample
known to contain S. sclerotiorum DNA) and a negative control
(a sample to which no template was added) were included in
each run. When the LAMP reaction was completed, the reaction
mixtures in the microcentrifuge tubes were visually assessed
(see Results). For confirmation of the LAMP assessment based
on HNB-visualized colour change, 3 uL of each LAMP mixture
was then subjected to 3.0 % agarose gel electrophoresis, and the
gels were stained with ethidium bromide.

Optimization of LAMP reaction conditions

The LAMP reaction mixtures (with HNB and with or with-
out S. sclerotiorum DNA as template) were incubated for
45 min at 61, 62, 63, 64, or 65 °C to determine the optimal
reaction temperature. Then, the LAMP was performed at the
optimal reaction temperature (63 °C, see Results) for 15, 30,
45, 60, and 90 min to determine the optimal reaction time
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(45 min, see Results). The reactions were terminated by heat
inactivation at 80 °C for 10 min. The assays were assessed
based on HNB-visualized colour change and then on gel
electrophoresis as described in the previous section.

Specificity of the LAMP

LAMP specificity was determined by performing the assay with
DNA of S. sclerotiorum and of nine other plant-pathogenic fungi,
including Botrytis cinerea, Fusarium graminearum, Rhizoctonia
cerealis, Rhizoctonia solani, Verticillium dahlia, Alternaria
solani, Colletotrichum gloesporioides, Pyricularia oryzae, and
Fusarium moniliforme. The LAMP assay was done as described
earlier at 63 °C for 45 min. As before, the assays were assessed
based on HNB-visualized colour change and then by gel elec-
trophoresis. Each fungal sample was represented by three repli-
cations, and the experiment was performed three times.

Table 1 Information on the primers used in this study

Primer Sequence (5'-3") Length (bp)

name

F3 GACTTCGCTACCAAAGATAGCC 22

B3 AGATCTAGACCCCGGTATCG 20

FIP GGCACGGAGAGATGGTAGAGAAGG- 45
CCAATCGAATGAAGCTCCCAC

BIP TCGACCATGACAGCATCTTCTACCC- 44
ACCAGGTCTTGGTCGTCTG

LF GGTTTCGAGGAGGAAGGTGAT 21

Pl AGCATCTTCTACCCCTCTTG 20

P2 CCAGGTGTTGAAACTGTAGC 20

1978

F3primer 5[F ]
B3primer 5[B3 |3

g[Fie TF2 |3

LAMP sensitivity

Template DNA from S. sclerotiorum was prepared as de-
scribed earlier and was 10-fold serially diluted (from 10° to
10°° fg uL™"). The samples were then subjected to LAMP
(with HNB) and PCR assays. When the reactions were com-
plete, the LAMP products were visualized as described earlier,
while the PCR products were observed by gel electrophoresis.
There were three replications for each sample, and the exper-
iment was performed three times.

Evaluation of the LAMP assay using rapeseed tissue

Rapeseed stems with symptoms of stem rot were collected
from 13 fields in Jiangsu province. The 13 samples were
subjected to LAMP, conventional PCR, and tissue isolation.
When LAMP reactions were finished, they were assessed
based on colour change and based on gel electrophoresis as
described earlier.

Results
Optimization of LAMP reaction

When the LAMP assay was performed with S. sclerotiorum
DNA as the template, the best results were obtained ina 25 puL
volume containing 1.2 uM each of FIP and BIP, 0.2 uM of F3
and B3, 1.28 M betaine, | mM dNTPs, 4 mM MgCl,, 20 mM
Tris—HCI (pH 8.8), 10 mM KCl, 10 mM (NH,4),SO,, 2 mM
MgSQy, 0.1 % Triton X-100, 8 U of Bst DNA polymerase,
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Fig. 2 LAMP detection of the Ssos5 gene in S. sclerotiorum. (a)
LAMP for detection of S. sclerotiorum using HNB as a visual indicator.
The reaction becomes sky blue if the Ssos5 gene is present but remains
violet if the gene is absent; (b) Agarose gel electrophoresis of LAMP
products. The positive reaction is manifested as a ladder-like pattern on
the 3.0 % agarose gel. M=100-bp ladder. In (a) and (b), the positive
reaction (with target DNA) is labeled “1”, and the negative reaction
(without target DNA) is labeled “2”

150 uM HNB, and 2 uL of target DNA. As noted in the
Methods, the reactions were performed in a 0.2-mL
microcentrifuge in a water bath for temperature control.
When the tubes were examined before gel electrophoresis,
a positive LAMP reaction was indicated by a sky blue
colour; the color remained violet for negative reactions
(Fig. 2a). After the tubes were visually assessed for colour
change, the samples were subjected to agarose gel electro-
phoresis; characteristic bands were evident in the gel if the
product was present but not if the product was absent
(Fig. 2b). The results showed that the primers were ef-
fective, and that the same result was obtained with HNB-
visualization and gel electrophoresis.

Fig. 3 Optimization of LAMP
reaction time (a, b) and reaction
temperature (c, d). Assessment
was based on HNB visualization
of colour change in (a) and (c)
and on gel electrophoresis in (b)
and (d). In (a) and (b), 1 =15 min,
2=30min, 3=45 min, 4=60 min,
and 5=90 min. In (c) and (d),
1=61, 2=62,3=63,4=64, and
5=65 °C. M indicates a 100-bp
ladder
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Optimization of LAMP reaction conditions

With S. sclerotiorum DNA as the template and the reagents
optimized as indicated in the previous section, the optimal
LAMP reaction time and temperature were determined.
When LAMP was conducted at 63 °C, positive results were
obtained with times of 30 to 90 min whether assessment was
based on HNB-visualization (Fig. 3a) or gel electrophoresis
(Fig. 3b) but the ladder-like pattern produced by gel electro-
phoresis was strongest at 45 min. When LAMP was conducted
for 45 min with a range of test temperatures, all temperatures
produced a positive reaction whether assessment was based on
HNB-visualization (Fig. 3c) or gel electrophoresis (Fig. 3d) but
the bands obtained with gel electrophoresis were most intense
at 63 °C (Fig. 3d). In summary, LAMP of the Ssos5 gene was
optimal when conducted at 63 °C for 45 min.

Specificity of the LAMP assay

The LAMP assay was positive only for S. sclerotiorum, i.e.,
no positive DNA products were observed when other plant
pathogenic fungi (B. cinerea, F. graminearum, R. cerealis, R.
solani, V. dahlia, A. solani, C. gloesporioides, P. oryzae, and
F moniliforme) were used as templates. This was true wheth-
er assessment was based on HNB-visualization (Fig. 4a) or
gel electrophoresis (Fig. 4b).

Sensitivity of the LAMP assay

The limit for LAMP detection of genomic DNA of S.
sclerotiorum was 0.1 fg uL™" whether detection involved
HNB (Fig. 5a) or gel electrophoresis (Fig. 5b). In contrast,
the detection limit for conventional PCR was 100 fg pL ™"

b M1

2 3 4 5

2 3 4 5

1500 bp

500 bp

200 bp
100 bp



A rapid detection method of Sclerotinia sclerotiorum

65

a 1. 2 3 4 5 6 7 8 9 10

Fig. 4 Specificity of LAMP detection of S. sclerotiorum. Assessment
based on (a) HNB visualization of colour change or (b) agarose gel
electrophoresis analysis of the LAMP products. M indicates a 100-bp
ladder; 1, S. sclerotiorum; 2, B. cinerea; 3, F. graminearum; 4, R.
cerealis; 5, R. solani; 6, V. dahlia; 7, A. solani; 8, C. gloesporioides;
9, P. oryzae; 10, F. moniliforme

(Fig. 5¢). Similar detection limits for LAMP (with HNB or
gel electrophoresis) and for conventional PCR were obtained
with ten other S. sclerotiorum isolates (data not shown).

Evaluation of the LAMP assay using rapeseed tissues

To evaluate the LAMP assay for detection of S. sclerotiorum
in the field, 13 diseased rapeseed tissues collected from dif-
ferent areas of Jiangsu province in 2012 were tested by the
LAMP assay and conventional PCR as described above.

a
b M1 2 3 458678 9 10
¢ M1 2 3 456 78 9 10

.~

250 bp —-—
700 bp et

Fig. 5 Sensitivity of LAMP vs. conventional PCR for detection of S.
sclerotiorum genomic DNA. Detection by (a) LAMP and HNB visual-
ization, (b) LAMP and gel electrophoresis, and (¢) conventional PCR.
Concentrations of template DNA (fg pL ") per reaction in (a) and (b)
were: 1=10%, 2=107, 3=10, 4=1, 5=10"", 6=10"2, 7=10">, 8=10"*,
9=10"°, and 10=10"°. Concentrations of template DNA (fg uL™") per
reaction in (c) were: 1=10°, 2=10%, 3=10° 4=10%, 5=10, 6=1,
7=10"", 8=1072,9=10", and 10=10"*. In (b) and (c), M indicates a
100-bp ladder

Isolation of S. sclerotiorum from these samples was performed
using standard tissue isolation methods. Surprisingly, the re-
sults tested by LAMP, conventional PCR, and the baiting
method were consistent (data not shown).

Discussion

To the best of our knowledge, this is the first report on the
application of the LAMP assay for detection of S. sclerotiorum.
Relative to conventional PCR, the LAMP assay reported here
is easier to perform and more rapid, and the results are easier to
evaluate. LAMP operates under isothermal conditions; the
optimal temperature for detection of S. sclerotiorum was deter-
mined to be 63 °C in this study. LAMP is also rapid; for
detection of S. sclerotiorum, 45 min was determined to be
optimum. Because LAMP is conducted at one temperature,
no time is lost as a result of changes in temperature, as is the
case with thermal cycling with PCR. Moreover, LAMP re-
quires only a regular laboratory bath or heat block that can
provide a constant temperature of 63 °C. Another very impor-
tant advantage of LAMP is that the amplified products can be
visually detected by adding the dye HNB, i.e., electrophoresis
is not required. Because the LAMP assay is simple, it should be
useful even for those laboratories and research institutes that are
unfamiliar with PCR or other methods of molecular analysis.

The LAMP assay developed here for detection of S.
sclerotiorum uses four primers: F3, B3, FIP, and BIP. To
confirm the efficiency and specificity of the four primers, we
used DNA extracted from S. sclerotiorum and from nine
other important plant-pathogenic fungi as templates for
LAMP assay. The LAMP assay correctly distinguished be-
tween S. sclerotiorum and the other pathogens, i.e., the
LAMP assay and the primers designed here are specific for
S. sclerotiorum.

As the LAMP reaction progresses, pyrophosphate ions are
produced; these bind to Mg>" ions and form a white precipitate
of magnesium pyrophosphate. Therefore, the results of the
LAMP can be judged by the unaided eye. This characteristic
feature of the LAMP reaction means that the reaction end point
can be detected simply by gauging the presence of a precipitate.

The addition of HNB before the LAMP reaction facilitates
the determination of a positive result. HNB is a colorimetric
indicator of calcium and alkaline earth metal ions. In a
LAMP reaction mixture, dNTPs can influence the colour of
HNB by the chelating with the Mg”* ions. In the presence of
HNB, the colour gradually changes from violet to sky blue as
the dNTPs decrease during amplification (Goto et al. 2009).
In this study, 150 uM HNB successfully distinguished be-
tween positive and negative samples. Compared to other
methods used to visually detect endpoints, such as those
based on the visualization of turbidity (Nowotny et al.
1994), the addition of DNA intercalating dyes (Curtis et al.
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2008; Hill et al. 2008; Parida et al. 2005), or the use of
calcein (Tomita et al. 2008), the use of HNB is simpler
(Goto et al. 2009; Wastling et al. 2010). HNB can be added
before incubation so that amplification is completed in a
closed tube system, and detection of the colour change re-
quires no equipment. The positive and negative reactions
obtained with LAMP and HNB were confirmed when the
LAMP products were subjected to gel electrophoresis anal-
ysis in the current study.

The limit for detection of S. sclerotiorum DNA using the
LAMP method was 0.1 fg uL™". This detection limit is lower
(i.e., the sensitivity is greater) than that previously reported
for LAMP methods used to detect Phytophthora sojae and
Phytophthora spp. (Dai et al. 2012; Tomlinson et al. 2007,
Tomlinson et al. 2010).

Researchers have reported that the LAMP reaction might
be facilitated by the addition of loop-forward and loop-
backward primers (Nagamine et al. 2002). In the present
study, we could not identify a suitable loop-backward primer,
and so we used only the loop-forward primer to accelerate the
reaction (Table 1). This improved the reaction time and effi-
ciency (data not shown).

The utility of the LAMP method for detection of S.
sclerotiorum was confirmed by the collecting and processing
of 13 field samples of diseased rapeseed tissues. All samples
were subjected to LAMP, conventional PCR, and isolation.
Compared with the other methods, the newly developed
LAMP assay significantly improved the detection efficiency.
Therefore, the LAMP assay may be used for detection of S.
sclerotiorum in plants.

In conclusion, we have demonstrated that a LAMP assay
combined with HNB is simple, rapid, sensitive, and specific.
Because this LAMP assay does not require specialized equip-
ment, it can be used in the field for the rapid detection of S.
sclerotiorum. 1t follows that the new LAMP assay will be useful
for monitoring and controlling the spread of S. sclerotiorum.
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