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Abstract: Venturia inaequalis, an agent of apple scab, is the most important pathogen of Malus x
domestica. Control measures against this pathogen rely on intensive phytosanitary programs based
on predictive models to identify the meteorological conditions conducive to the primary infection.
The detection of the pathogen in field, both in naturally infected symptomatic and asymptomatic
leaves, is desirable. Loop-mediated isothermal amplification (LAMP) assays are profitable molecular
diagnostic tools for the direct detection of pathogens in field. A LAMP assay for V. inaequalis has been
designed on the elongation factor 1-alpha sequence. The validation of the LAMP assay was carried
out following the international EPPO standard PM 7/98 in terms of specificity, sensitivity, repeatability
and reproducibility. Specificity testing was performed using target and non-target species, such as
phylogenetically related Venturia species and other pathogens commonly found in apple, resulting in
positive amplification only for the target with a time to positive ranging from 20 to 30 min. Sensitivity
testing was performed with serial dilutions of DNA of the target and by artificial inoculation of
young apple leaves. The reliability of the LAMP assay as an early-detection tool and its user-friendly
application make it suitable for the diagnosis of apple scab in the field.
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1. Introduction

Venturia inaequalis Cook (Wint.) is the causal agent of apple scab disease, the most important
disease on apple orchards in temperate countries with cool and wet weather during early spring [1]. It
is a worldwide-distributed species affecting all the apple growing countries and causing important
economic and yield losses [1-5].

Most commercial apple varieties are susceptible to V. inaequalis [6,7], and the use of resistant
apple varieties is highly recommended, though unfortunately, some scab-resistant cultivars are not
appreciated by the consumers [8]. Consequently, management strategies such as chemical, physical
and biological control as well as sanitation practices, leaf shredding and reduction of leaf litter, are
applied to suppress the sexual stage during autumn [1,9-12]. Several treatments with fungicides are
applied during the cropping season to reduce the ascospore infection, leading, throughout the last
decades, to the development of V. inaequalis populations resistant to benzimidazoles, demethylation
inhibitors, quinone outside inhibitors and dodine [13]. Alternative products have been applied to
control resistant populations in orchards [14-16].

Considering the V. inaequalis life cycle, the primary infection is caused by the release of sexual
spores from the asci produced in overwintering pseudothecia at or after bud break [1,17,18]. The
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primary infection period usually lasts 6 to 10 weeks, with an acute phase where the release of ascospores
is elevated [19]. This time interval, which occurs contemporarily with the expansion of cluster leaves,
is significant for fungicide application. Afterwards, secondary infections are caused by the conidia
released during fruit development and by their dissemination through wind and rainfalls [20]. As a
result, during summer, fungicide applications become infrequent or can even stop depending on the
weather conditions.

In addition, due to the positive correlation between primary infections and abundant rainfall
periods during spring, apple scab management programmes rely on predictive models based on
weather alerts that permit the most suitable crop protection strategies to be implemented, which also
depends on the susceptibility of apple variety and on the amount and frequency of rainfall [21-25].

Another key tool for monitoring V. inaequalis is spore trap devices [26-29]. Ascospores are captured
on tapes in the field and then identified and quantified using microscope observation [25]. However,
this method is laborious and time-consuming, and easier and faster methods for identification and
monitoring of the pathogen are needed. Molecular methods overcome microscope observation in
terms of sensitivity and specificity, as well as for speed of the analysis, and they have been widely
used to monitor the presence of ascospores [28-30]. PCR-based methods for some species of Venturia
have been designed on the sequence of internal transcribed spacer (ITS) or on the cytochrome
51A1 (CYP51A1) [31,32], while qPCR assays have been designed on a broader range of molecular
regions including the ITS rDNA, ATP-binding cassette transporter 2 (ABC2), CYP51A1 and EF-1a
genes [28-30,33]. qPCR techniques have been used in combination with spore trap sampling, although
their application requires a centralised laboratory, and the interpretation of the results is laborious.
New molecular techniques for on-site detection can speed up the decision-making process, allowing
the most suitable crop protection practices to be selected.

Loop-mediated isothermal amplification (LAMP) assay is a technique designed by
Notomi et al. [34] and optimized by Nagamine et al. [35]. The LAMP assay consists of the amplification
of a target DNA region in a specific, sensitive and fast way performed in isothermal conditions by
means of six primers which recognize eight different regions on the target DNA and of an enzyme with
high strand-displacement activity. One of the advantages of the LAMP is the resistance to common
inhibitors found in the matrix that allow the use of quick extraction DNA methods based on the
mechanical cell break [36]. This technique has been tested and validated for a wide range of plant
pathogens, including phytoplasma, bacteria, virus and fungi [37—40]. It has been demonstrated as a
suitable tool for in-field detection of pathogens using battery-powered platforms such at Genie III
(Optigene, Horsham, UK) based on fluorescence detection of the LAMP products [38]. However, the
LAMP products can also be visualized by means of turbidimetric or colorimetric techniques and using
gel electrophoresis [41-43].

The aim of this study was to develop and validate, according to the international standard EPPO
(PM7/98), a LAMP assay able to detect V. inaequalis in vitro and on apple leaves that can be used as a
surveillance and monitoring tool to support decisions in crop protection against apple scab.

2. Materials and Methods

2.1. Fungal Isolates and DNA Extraction

The fungal isolates used in this study were obtained from apple scab monitoring studies performed
in Piedmont (Northern Italy) during 2015 and 2016 of apple leaves (Table 1). The isolates, belonging to
the Agroinnova collection (University of Turin, Italy), were previously identified by sequencing of the
internal transcribed spacer (ITS) region using the primers ITS1/ITS4 and elongation factor-1-alpha with
EF1/EF2 [44,45].
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Table 1. Inclusion—exclusion panel to check the specificity of the loop-mediated isothermal amplification
(LAMP) assay using DNA of V. inaequalis, phylogenetically related species and other common pathogens
present in apple orchards.

Species

Isolate Name

Host

Venturia inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. inaequalis
V. asperata
V. carpophila
V. pirina
V. nashicola
Alternaria alternata
Alternaria alternata
Alternaria alternata
Alternaria mali
Botrytis cinerea
Botrytis cinerea
Botryospheria berengerina
Botryosphaeria laricina
Cladosporium sp.
Colletotrichum acutatum
Colletotrichum acutatum
Colletotrichum kahawae

Colletotrichum truncatum

Colletotrichum sp.
Cylindrocarpon
Epicoccum sp.

Eutypa lata
Fusarium sp.
Fusarium equiseti
Fusarium equiseti
Fusarium oxysporum
Monilinia laxa
Monilinia fructicola
Monilina polystroma
Phoma sp.
Phoma sp.
Phoma sp.
Phoma betae
Phoma trachiephilium
Phoma bellidis
Stemphylium bellidis
Trichoderma sp.
Verticillium dahlie

2.16 B9
2.16 B1
2.16 B6
2.16 B7
2.16 B5
2.16 B10
4.16 A4
4.16 A6
4.16 A7
4.16 A9
4.16 A10
3.16 B1
3.16 B2
3.16 B6
3.16 B7
3.16 B7
3.16 B9
5161
5162
5163
5.16 4
5165
5.16 6
1BG8
1B9
1B1
1B2
1B3
1B5
3A1
3AC
3AF
3AH
IRHS 2345
CBS 497.62
CBS120.825
CBS 793.84
CBS 115152
CBS 116329
ATCC 34509
CBS 106.24
BC1
BC2
1544
1547
405
256
2692
colletoSalv
1540
Coll_IT
452
epic_IT
308
Fussp
FEQ_L8
FEQ 1.14
Mya3040
1402
1326
M. polys_1
t152
t109
Phomal
Pbet1
Ptrachl
Pbellidl
IT50
268
VD1

Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Golden Delicious
Malus x domestica var. Golden Delicious
Malus x domestica var. Golden Delicious
Malus x domestica var. Golden Delicious
Malus x domestica var. Golden Delicious
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Ambrosia
Malus x domestica var. Mondial Gala
Malus x domestica var. Mondial Gala
Malus x domestica var. Mondial Gala
Malus x domestica var. Mondial Gala
Malus x domestica
Prunus mirabelle n
Pyrus communis
Pyrus serotina var Culta
Psychotria serpens
Malus x domestica
Malus x domestica
Malus sylvestris
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Lamp Assay
Tp (min:s) Anneal (°C)
29:28 + 01:40 89.72 £ 0.13
26:67 + 01:30 89.38 +0.03
24:04 + 00:49 89.08 + 0.03
26:37 + 00:52 89.06 + 0.15
23:48 + 00:58 89.36 + 0.39
24:43 + 00:46 89.36 + 0.39
25:18 + 04:14 89.36 £ 0.15
27:18 + 05:56 89.60 + 0.08
24:18 + 00:35 89.49 £ 0.16
29:59 + 09:14 89.12 + 0.41
22:50 + 01:50 89.19 + 0.03
29:53 + 02:51 89.64 +0.33
30:05 + 04:07 89.11 +£0.35
27:43 + 05:28 89.76 + 0.07
27:03 + 01:37 89.65 + 0.43
28:14 + 04:52 89.69 + 0.23
28:30 + 03:23 89.49 +0.33
30:13 + 00:49 89.34 £0.15
28:09 + 00:26 89.65 + 0.01
31:55 + 05:43 89.26 + 0.53
26:46 + 03:52 89.60 + 0.07
23:20 + 01:36 89.07 + 0.02
26:12 + 01:05 89.64 + 0.40
27:37 £ 00:31 89.34 +0.01
26:20 + 02:41 89.75 £ 0.18
23:36 + 00:08 89.75 +0.18
22:06 + 00:45 89.44 + 0.43
27:35 + 04:40 89.73 + 0.56
22:37 + 00:32 89.43 +0.25
20:47 + 00:59 89.64 + 0.25
23:05 + 00:22 89.80 + 0.01
22:47 + 00:37 89.71 +£0.10
23:39 + 01:08 89.81 £ 0.01
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
Negative Negative
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The DNA from single-spore culture of the fungal isolates growing for one month on potato
dextrose agar (PDA) at 22 °C, was extracted and stored in sterile tubes at 4 °C. The mycelium was
obtained by scratching the mycelium from the growing region on a Petri dish. The total genomic
DNA was obtained using an E.Z.N.A Fungal DNA mini kit (OMEGA Bio-Tek, Norcross, GA, USA),
according to the manufacturer’s instructions. The DNA concentration of each isolate was measured
using Nanodrop 2000 (ThermoFisher, Monza, Italy). The final concentration used for LAMP assay
validation was adjusted to 1-50 ng/uL.

Alkaline DNA extraction was used to extract the DNA from plugs of the artificially inoculated
apple leaves (1.5 cm diameter plugs) and from naturally infected symptomatic and asymptomatic
apple leaves (1.5 cm diameter plugs), to perform a crude extraction method, as described by Franco
Ortega et al. [46,47]. The extraction included one 7/16” stainless steel 316 GD ball (Spheric Trafalgar
Ltd., Worthing, UK) and 1 mL of pH 13-13.5 PEG buffer (50 g/L. PEG average Mn 4600; 20 mmol/L
KOH; pH 13.5) in a 5 mL tube homogenized by vigorous manual shaking for one minute. At the
same time, other plugs of the same diameter and from the same artificially inoculated and naturally
infected leaves were extracted using an E.Z.N.A. Fungal DNA kit (OMEGA Bio-Tek), according to
manufacturer’s instructions, with a preceding cell rupture using liquid nitrogen. Both DNAs were
used as targets for the LAMP assay to compare the reliability of the crude extraction method.

2.2. Loop-Mediated Isothermal Amplification (LAMP) Primer Design and LAMP Reaction

LAMP primers, including two external primers (F3 and B3), two internal primers (FIP and BIP)
and a loop primer (F-loop), were designed on the EF-1a sequence taking into account the procedure
reported by Notomi et al. [39] and Nagamine et al. [40]. Sequences of EF-1o gene were aligned from
phylogenetically closely related Venturia spp. obtained from the NCBI GenBank (Table S1) to check
the specificity of the primers. OligoCalc program [48] and Multiple Primer Analyzer programs
(https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-
biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-
primer-analyzer.html) were used to check any possible secondary structures, hairpins, self-annealing
and primer dimers. The specificity of the sequence of the six LAMP primers as well as the LAMP target
sequence was checked using BLASTn analysis. The primers were synthesized and HPLC purified
using Eurofins (UK).

The LAMP reactions for the detection of V. inaequalis were carried out using 1 uL of DNA
(1-50 ng/uL) of the isolates listed in Table 1 or with 1 uL of the 1:10 diluted DNA from crude extraction.
Cytochrome oxidase gene (COX) LAMP assay was used as internal control of the leaf DNA extraction
with 1 pL of the 1:10 diluted DNA from crude extraction [36]. The LAMP reactions for V. inaequalis
and for COX were prepared on 25 pL reaction including 0.2 pmol/L of the external primers (F3 and
B3), 2 pmol/L of each internal primer (FIP and BIP), 1 pmol/L of each loop primer and 1x Isothermal
Mastermix ISO-004® (OptiGene Ltd.,Horsham, UK). LAMP assay was performed as reported by
Franco Ortega et al. [47] with both a Genie II® instrument and a StepOne instrument (Applied
Biosystem, Loughborough, UK) set to perform an amplification at 65 °C for 45 min and measurement
of annealing temperature.

2.3. Real-Time gPCR

A gPCR using a TagMan assay designed by Prencipe et al. [33] was used to calculate
the inoculum concentration and to validate the LAMP assay on naturally infected leaves as
well as artificially inoculated leaves. qPCR reaction was performed in 20 pL using 1 pL
of each extracted DNA, 0.3 pM of each primer (Forward-5’-CACTTCCCCGCTATTCACGT-3’
and Reverse-5-GCAATCGTTAGCATCGTCATAGTG-3’), 01 uM of the TagMan probe
(5-FAM-CTCAAGGCAGCCCAACTTTCTCCGGT-BHQ1-3") and 1x of Universal TagMan MasterMix
(Applied Biosystems) on a StepOne instrument (Applied Biosystems) conducted with an initial step at
50 °C for 2 min, 95 °C for 10 min, 40 cycles of 15s at 95 °C and 15 s at 60 °C. All samples were amplified
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in triplicate. A 10-fold serial diluted standard curve with the DNA of the 1B3 isolate (20 ng to 20 fg)
and a negative control with water instead of DNA was included in each reaction. In order to estimate
the number of V. inaequalis cells in each sample, the Ct obtained with the qPCR assay was compared
against a standard curve to obtain the ng of DNA present in 1 pL. Later this number was divided by
the V. ingequalis genome weight (0.0000597 ng of the reference strain ICMP13258) [49]. This number
represents the cells detected using the LAMP using commercial DNA extraction. On the other hand,
the elution volume of the commercial DNA extraction (20 uL) was taken into consideration in order
to obtain an approximate number of cells present on the inoculated leaves extracted with the crude
method. Due to the nature of the crude extraction of DNA, the solution was posteriorly 1:10-diluted to
reduce possible chlorophyll fluorescence interference, before performing the LAMP.

2.4. Sensitivity Testing

‘Golden Delicious’ apple leaves were used to evaluate the detection limit in terms of the lowest
number of cells detected using the LAMP assay. Young leaves (3-days old) were previously treated
with sodium hypochlorite (2%) for 30 s, rinsed with distilled water and then air-dried for 30 min before
making 1.5 cm-diameter plugs. Six plugs were obtained from each leaf, two as negative controls, in
which no inoculum was added, and four for the artificial inoculation of V. inaequalis. V. inaequalis
inoculum was prepared from isolate 1B3 of V. inaequalis grown on PDA at 22 °C for 1 month. The
mycelium was scratched from the Petri dishes and resuspended in potato dextrose broth to maintain
the viability of the cells. Four different volumes (10 puL, 20 L, 30 uL and 40 pL) from the inoculum
suspension were placed on the leaf plugs. Thirty min after inoculation, the plugs were used to perform
a crude extraction (two plugs) and a commercial DNA extraction (two plugs). The LAMP assay was
performed using DNA from both extractions and to help understand the sensitivity of the LAMP
assays using a crude extraction; other biological replicates were extracted with a commercial kit, and
the number of cells inoculated were calculated using a qPCR assay with the formula described above.

2.5. Monitoring Over Time of V. inaequalis Infected Leaves

To monitor the reliability of the LAMP assay over time, a 9-day experiment that included
6 sampling time points was performed. Young ‘Golden Delicious” apple leaves were prepared as
explained above. Six 1.5-cm diameter plugs were obtained from each leaf and were inoculated with
30 pL of the V. inaequalis suspension. Three plugs were used for each type of DNA extraction (crude
extraction and commercial kit extraction). Three-sector Petri dishes (VWR, Milan, Italy) were used
to store three plugs placed on a cell chamber at 22 °C with 75% humidity. Each plug was used to
perform three technical replicates of the LAMP assay. The number of cells inoculated was calculated
after DNA extraction, using the qPCR assay with a TagMan probe as described above. The assay was
performed twice.

2.6. Validation of the LAMP Assays

V. inaequalis LAMP assay was validated according to the international standard EPPO PM7/98 in
terms of the specificity, sensitivity, repeatability, and reproducibility. The specificity test was carried
out using a panel of inclusion/exclusion composed by the target DNA of 32 V. inaequalis isolates from
“Ambrosia’, ‘Golden Delicious” and ‘Gala” apple leaves, and by phylogenetically closely related Venturia
species, such as V. pirnia, V. nashicola, V. carpophila and V. asperata as well as by other fungi commonly
found in apple orchards. The sensitivity was evaluated on in vitro and in vivo samples. Ten-fold serial
dilutions of three isolates of V. inaequalis (1B10 and 1B7 from Malus x domestica ‘Ambrosia’, 3AF from
Malus x domestica ‘Golden Delicious”) were used to evaluate the sensitivity of the LAMP assay with
DNA, whilst artificially inoculated apple leaves at different concentrations were used to evaluate the
sensitivity using real samples. All the LAMP reactions were performed three times to evaluate the
repeatability (using DNA, artificially inoculated samples and naturally infected samples), while the
reproducibility was evaluated by running the assays on different machines, on different days and by
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two members of the laboratory. Reliability of the crude extraction results was assessed against the
results of the LAMP assay using a commercial DNA extraction kit.

2.7. Analytical Specificity and Sensitivity Assays

A comparison between the crude extraction results and the commercial kit leaf extraction, using
real samples, was performed in order to evaluate the diagnostic sensitivity (DSe) or true-positive
rate and analytical specificity (DSp) of the true-negative rate. Both ratios were calculated using the
following formula: Specificity = XTP/(XTP + FN); Sensitivity = XTN/(XTN + FP); where TP (true
positive) is the really positive samples in the experiment, TN (true negative) is the really negative
samples, FN (false negative) is the leave samples that gave a LAMP negative result after the crude
extraction and a positive result after the commercial DNA extraction and the FP (false positive)
is the number of samples that produced a positive result after using a crude extraction but were
not artificially inoculated [34]. After these calculations, the likelihood positive ratio (LR+) and the
likelihood negative ratio (LR-) were calculated, respectively, as the ratio between the specificity and the
FP-rate, and the FP-rate and sensitivity, using the calculator tool Diagnostic Test Calculator program
(http://araw.mede.uic.edu/cgi-bin/testcalc.pl).

3. Results

3.1. Validation of the LAMP Assay

The results of the BLASTn of the LAMP primers, (F3: CGA GAA GGT AAG GCA TTT ATT CA;
FIP: TTC GAA ATG AAA TCC GGG TTG GGC TG CTT TGT TAT CAC CCT CAC TGC, loopF: CCA
CAG TGC AAA ATT TGC GTT GCC, BIP: AGT GTC CCG CAC TTC CCC GCT ATT C TTG GGC
TGC CTT GAG TGG C, B3: CGT CAK ART GAA AGA TGG GAC C) showed 100% identity with V.
inaequalis CBS 815.69, CBS 330.65, CBS 595.70 and CBS 121.310 (GenBank accession numbers KJ747043,
KJ747042, K]J747041, K]J747040). No hairpin, secondary structures or self-annealing were shown within
the LAMP primers.

The inclusion-exclusion panel (Table 1) showed that no amplification was obtained with
phylogenetically closed species, such as V. nashicola, V. pirina, V. carpophila and V. asperata, nor
with other pathogens commonly found in apple orchards. Tp (time to positive) ranged from 20 min
47 s to 31 min 55 s, whilst the annealing temperature ranged from 89.07 °C to 89.81 °C. On the other
hand, the sensitivity using the DNA of 3 V. inaequalis strains (1B10, 3AF and 1B7) showed that the limit
of detection was 9.9 to 1 pg of DNA (Table 2).

The sensitivity of the LAMP assay was also evaluated using artificially inoculated ‘Golden
Delicious’ leaves whose DNA was extracted using both types of extraction and compared with the
number of cells calculated with the qPCR assay (Table 3). In the 10 pL mycelia suspension-inoculation,
only one out of twelve samples (approximately 4.7 x 10* cells in 1 mL of PEG buffer) produced a
positive amplification with the DNA from crude extraction. The same samples tested with the DNA
extracted with the commercial kit gave 5 out of 9 positive results in the first leaf tested and 4 out
of 9 positive in the second leaf (from approximate 1.1 x 10% to 1.9 x 10° cells/uL and from 7.5 x 102
to 1.9 x 103 cells/uL, respectively), with Tp ranging from 34 min 00 s to 39 min 22 s and annealing
temperature ranging from 88.70 to 88.92 °C.
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Table 2. Sensitivity test using DNA of three V. inaequalis isolates.

7 of 16

Isolate 1B10 from Malus x domesticus var.

Isolate 3AF from Malus x domesticus var.

Isolate 1B7 from Malus x domesticus var.

DNA Quantity Ambrosia Golden Delicious Ambrosia
TP (min:s) Anneal (°C) b;::;zs;gf TP (min:s) Anneal (°C) b;::;zfegf TP (min:s) Anneal (°C) b;::;?;igf
1-10 ng 35:10 + 00:42 89.52 +0.01 3 31:41 + 00:24 89.42 +0.09 3 29:20 + 02:53 89.47 +0.09 3
999 pg-100 pg 38:52 + 01:53 89.27 +0.09 3 34:47 + 02:48 89.42 + 0.08 3 35:17 + 00:43 89.42 +0.09 3
99 pg-10 pg 42:31 + 00:47 89.27 + 0.08 3 38:58 + 00:54 89.47 + 0.09 3 43:13 £ 03:28 89.45 +0.10 2
9.9 pg-1 pg 41:59 + 00:00 89.22 1 45:50 + 00:00 89.22 +0.00 1 34:03 + 00:00 89.37 £ 0.00 1




Agronomy 2020, 10, 581

8 of 16

Table 3. Sensitivity testing using different inoculum volumes and comparison between the LAMP assay performed with both types of DNA extractions (crude

extraction and commercial extraction). Approximate number of cells in the crude DNA extraction and in the final elution of the commercial DNA extraction was

calculated in other three biological replicates with the qPCR assay. Tp = time to positive, Anneal. = annealing temperature.

Crude DNA Extraction Approximate Commmercial DNA Extraction Number of Cells in 1 uL
Samples Number of Number of Cells Number of of the Commercial DNA
. TP (min:s)  Anneal. °¢C)  in1mL of PEG o TP (min:s) Anneal. (°C) Extraction
Positives Buffer Positives
PLUG 1 1/3 40:37 88.92 4.8 x 10* PLUG 3 2/3 34:00 + 02:34 88.70 + 0.10 1.9 x10°
LEAF 1 PLUG 2 0/3 Negative Negative 2.8 x 10* PLUG 4 3/3 39:22 + 06:53 88.92 +0.15 1.1x10°
10 IEIICE)IG\]["}FES)II}:: 0/3 Negative Negative 0 Igglc\;ggc\)lf 0/3 Negative Negative 0
pL-mycelia
suspension PLUG 1 0/3 Negative Negative 3.9 x 10* PLUG 3 2/3 42:18 £ 10:12 88.55 + 0.10 1.5 x 103
LEAF2 PLUG 2 0/3 Negative Negative 2.0 x 10* PLUG 4 2/3 41:53 + 05:03 88.70 + 0.10 7.9 x 102
NEGATIVE . . NEGATIVE . .
CONTROL 0/3 Negative Negative 0 CONTROL 0/3 Negative Negative 0
PLUG 1 0/3 Negative Negative 43 %x10* PLUG 3 2/3 39:49 + 07:48 88.85 + 0.10 1.7 x 103
LEAF 1 PLUG 2 0/3 Negative Negative 9.7 x 10* PLUG 4 3/3 44:46 + 03:47 88.43 +0.09 3.8x 103
NEGATIVE . . NEGATIVE . .
20 0/3 Negative Negative 0 0/3 Negative Negative 0
. CONTROL CONTROL
uL-mycelia
suspension PLUG 1 0/3 Negative Negative 1.2 x 10* PLUG 3 0/3 Negative Negative 5.0 x 102
LEAF 2 PLUG 2 0/3 Negative Negative 7.4 x10% PLUG 4 1/3 36:33 88.92 2.9 x 102
NEGATIVE . . NEGATIVE . .
CONTROL 0/3 Negative Negative 0 CONTROL 0/3 Negative Negative 0
PLUG1 1/3 30:14 89.37 7.2 x 10* PLUG 3 1/3 35:32 87.73 2.9 x 103
LEAF 1 PLUG 2 0/3 Negative Negative 9.5 x 10* PLUG 4 1/3 34:02 88.02 3.8 %103
NEGATIVE . . NEGATIVE . .
30 0/3 Negative Negative 0 0/3 Negative Negative 0
: CONTROL CONTROL
uL-mycelia
suspension PLUG 1 0/3 Negative Negative 2.5 x 10* PLUG 3 0/3 Negative Negative 1.0 x 10°
LEAF 2 PLUG 2 0/3 Negative Negative 3.0 x 10* PLUG 4 0/3 Negative Negative 1.2 x 10°
NEGATIVE . . NEGATIVE . .
CONTROL 0/3 Negative Negative 0 CONTROL 0/3 Negative Negative 0
PLUG 1 1/3 41:48 88.77 43 x10* PLUG 3 0/3 Negative Negative 1.7 x 10
LEAF 1 PLUG 2 0/3 Negative Negative 9.0 x 10* PLUG 4 1/3 34:41 88.17 3.6 x 10°
40 Igg%?ggf 0/3 Negative Negative 0 I(\;ICE)GN?EXE 0/3 Negative Negative 0
uL-mycelia
suspension PLUG 1 0/3 Negative Negative 47 x10* PLUG 3 0/3 Negative Negative 1.9 x 10°
LEAF 2 PLUG 2 2/3 39:41 + 03:29 88.85 + 0.31 8.4 x 10* PLUG 4 0/3 Negative Negative 3.3 x 103
NEGATIVE . . NEGATIVE . .
CONTROL 0/3 Negative Negative 0 CONTROL 0/3 Negative Negative 0
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The 20 puL mycelia suspension did not produce any positive amplification using DNA extracted
with the crude extraction but gave 5 out of 9 positive amplification in the first leaf and 1 out of 9 in the
second leaf with the commercial DNA extraction (from 1.7 x 10% to 3.8 x 103 cells/uL and 2.9 x 102
cells/uL, respectively), with Tp ranging from 36 min 33 s to 44 min 46s and annealing temperature
ranging from 88.43 °C to 88.92 °C. The 30 uL test produced only one positive amplification with DNA
obtained with the crude extraction with Tp 30 min 14 s (7.2 x 10* cells). The same experiment produced
2 positive amplifications with the DNA from a commercial kit in the first leaf tested with Tp 35 min
32 s and 34 min 02 s corresponding to 2.9 X 10% and 3.8 x 102 cells in each pL. The 40 uL mycelia
suspension gave more positive amplifications with the crude extraction than the other assays (1 out of
9 in the first leaf tested and 2 out of 9 in the second leaf tested, 4.3 x 10* and 9.5 x 104). Only one of
these samples produced positive amplification with the commercial DNA extraction (3.6 x 10 cells/uL)
with Tp 34 min 41 s.

The lowest number of cells/uL detected was 2.9 x 102 cells with the commercial DNA extraction
with positive amplification (in the sample inoculated with 20 puL of mycelium). In general, the LAMP
produced positive amplification with DNA obtained with commercial kit in samples with different
amounts of V. inaequalis cells ranging from 2.9 x 102 to 3.8 x 103 cells/uL, with the exception of 5 samples
with 5.0 x 10?, 1 x 103, 1.2 x 103, 1.7 x 103, 1.9 x 10° cells. The DNA obtained with an alkaline
method gave a lower number of positive results, but 4.3 x 10* cells/mL for crude extraction were
positively detected.

3.2. Time Monitoring of V. inaequalis

The LAMP test (Table 4) gave positive LAMP amplification in the samples extracted with the
crude method at 24 h, 48 h, 5 days, 7 days and 9 days, but not at 3 h after the inoculation. The same
results were obtained in both repetitions. The number of positives increased over time from 1/9 or 3/9 to
7/9 with the crude extraction method. The Tp ranged from 30 min 26 s to 43 min 41 s and the annealing
temperature from 88.30 °C to 89.47 °C. On the other hand, the LAMP gave positive amplification at
all the time points when the DNA was extracted with a commercial kit. The Tp ranged from 29 min
22 s to 36 min 28 s and annealing temperature from 89.02 °C to 89.47 °C with a minimum of 5 positive
results out of 9 replicates (3 h post inoculation). The minimum number of cells detected was 3.3 X 102
cells, and this was detected in 9 out of 9 technical replicates using DNA extracted with the commercial
extraction kit and in 7 out of 9 technical replicates that represented 7.6 X 10> cells on the crude extract.
The repetitions of the test were consistent, and no variations were shown between both repetitions.

3.3. Naturally Infected Samples

The results of the naturally infected samples are listed in Table 5. Thirty-two apple leaves were
used to evaluate the sensitivity and reliability of the assay with naturally infected samples. Four
naturally infected asymptomatic samples did not give amplification with the qPCR designed by
Prencipe et al. [33] and therefore were considered true negative samples. Both of them produced
negative results with both types of DNA extraction. The other samples contained between 1 to
2.7 x 10* cells/uL of the DNA obtained with a commercial kit. The limit of detection of the LAMP
with the commercial DNA extraction was 1.6 X 102 cells (2 out of 3 positive results). The commercial
extraction samples with a number of cells higher than 1.6 X 10? gave positive results, with variation in
the number of positives (Table 5).
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Table 4. Sensitivity testing over time of Venturia-free apple leaves, inoculated artificially with 20 puL of V. inaequalis suspension at different time points. The LAMP

assay was carried out with both types of DNA extraction (crude extraction and commercial extraction). Approximate number of cells in the crude DNA extraction and

in the final elution of the commercial DNA extraction was calculated with the qPCR assay. Average of three replicates is reported. Tp = time to positive, Anneal. =

annealing temperature. HPI: hours post inoculation.

Crude DNA Extraction N° Cells/mL Commercial DNA Extraction

Tim Repetition N° Cells/uL

¢ ’ Num.b.er of TP (min:s) Anneal. (°C) PEG Buffer Num.b.er of TP (min:s) Anneal. (°C) i
Positives Positives

3 HPI Repetition 1 0/9 Negative Negative 5.4 x 10* 8-9 34:03 + 02:26 89.20 + 0.22 2.4 %103
24 HPI Repetition 1 1/9 43:41 89.07 5.8 x 10* 8-9 35:45 + 03:31 89.07 £ 0.33 2.5 % 103
48 HPI Repetition 1 3/9 37:05 + 05:24 88.88 + 0.34 4.4 % 10* 9-9 30:40 + 02:01 89.11 + 0.07 2.0 x 103
5 DAYS Repetition 1 7/9 34:50 + 06:00 88.30 + 2:33 3.7 x 10* 9-9 30:57 + 03:36 89.22 +0.13 1.6 x 103
7 DAYS Repetition 1 5/9 32:48 + 05:14 89.18 £ 0.25 6.7 x 10* 9-9 33:01 + 03:38 89.12 £ 0.25 29x%x10°
9 DAYS Repetition 1 7/9 30:26 + 03:41 89.34 £ 0.18 7.6 x 103 9-9 32:33 +£02:10 89.02 £ 0.15 3.3 x 102
3 HPI Repetition 2 0/9 Negative Negative 2.5 x 104 5-9 36:28 + 03:41 89.16 + 0.17 1.1 x 10°
24 HPI Repetition 2 3/9 31:06 + 03:02 89.47 + 0.09 5.7 x 10* 6-9 31:06 + 03:02 89.47 + 0.09 25x%x10°
48 HPI Repetition 2 2/9 34:03 + 06:30 89.37 +0.42 8.7 x 10* 9-9 29:39 + 01:39 89.34 +0.14 3.8x10°
5 DAYS Repetition 2 2/9 35:47 + 03:35 88:99 + 0.10 54 x 10* 9-9 29:22 + (02:55 89.27 +0.10 2.3 %103
7 DAYS Repetition 2 3/9 37:17 £ 0:3:12 89.17 +0.17 4.8 x 10* 9-9 31:08 + 01:47 89.10 £ 0.13 2.1 x 103
9 DAYS Repetition 2 7/9 35:50 + 03:24 89.21 + 0.06 2.0 x 10* 9-9 32:56 + 02:02 89.07 +£0.19 8.7 x 102




Agronomy 2020, 10, 581

11 of 16

Table 5. Comparison between the crude extraction and commercial DNA extraction using asymptomatic apple leaf samples for both types of DNA extraction (crude

extraction and commercial extraction). Approximate number of cells in the crude DNA extraction and in the final elution of the commercial DNA extraction was

calculated in three biological replicates with the qPCR assay. The number of positives with each extraction are also reported Tp = time to positive, Anneal. =

annealing temperature.

Crude DNA Extraction Approximate Commercial DNA Extraction Number of Cells in
Samples Number of Cells in 1 uL of Commercial
lﬁ,tlgiziregf TP (min:s) Anneal. (°C) 1 mL of PEG Buffer lﬁ,tlgizirezf TP (min:s) Anneal. (°C) DNA Extraction
Leaf 1 0/3 Negative Negative 0 0/3 Negative Negative 0
Leaf 2 0/3 Negative Negative 0 0/3 Negative Negative 0
Leaf 3 0/3 Negative Negative 0 0/3 Negative Negative 0
Leaf 4 0/3 Negative Negative 0 0/3 Negative Negative 0
Leaf 5 0/3 Negative Negative 30 0/3 Negative Negative 1
Leaf 6 0/3 Negative Negative 37 0/3 Negative Negative 2
Leaf 7 0/3 Negative Negative 80 0/3 Negative Negative 3
Leaf 8 0/3 Negative Negative 95 0/3 Negative Negative 4
Leaf 9 0/3 Negative Negative 1.6 x 102 0/3 Negative Negative 7
Leaf 10 0/3 Negative Negative 2.1 x 10? 0/3 Negative Negative 9
Leaf 11 0/3 Negative Negative 2.7 x 102 0/3 Negative Negative 12
Leaf 12 0/3 Negative Negative 6.2 x 2107 0/3 Negative Negative 27
Leaf 13 0/3 Negative Negative 2.3 x10° 0/3 Negative Negative 92
Leaf 14 1/3 29:14 89.35 3.4 x10° 0/3 Negative Negative 1.5 x 102
Leaf 15 1/3 29:47 89.36 3.6 x 10° 2/3 35:16 + 00:09 88.92 + 0.01 1.6 x 102
Leaf 16 1/3 28:32 89.52 44 x10° 2/3 36:10 + 02:30 88.99 +0.10 1.9 x 102
Leaf 17 0/3 Negative Negative 49 x10° 2/3 35:26 + 06:41 88.76 + 021 2.1 x 102
Leaf 18 0/3 Negative Negative 6.7 x 10° 2/3 31:51 £ 09:19 89.14 + 0.32 3.0 x 102
Leaf 19 0/3 Negative Negative 1.0 x 10° 3/3 33:41 + 01:50 89.01 + 0.09 3.3 x 102
Leaf 20 0/3 Negative Negative 8.2 x10° 1/3 40:25 88.92 3.6 x 102
Leaf 21 3/3 32:29 + 08:08 89.29 £ 0.31 1.0 x 10* 1/3 38:02 88.62 4.4 x 10
Leaf 22 2/3 32:57 + 03:27 89.66 + 0.21 1.0 x 10% 3/3 42:02 + 00:45 88.33 £ 0.25 4.6 x 102
Leaf 23 1/3 42:40 88.92 1.1 x 10* 1/3 27:31 89.37 49 x 102
Leaf 24 2/3 36:11 + 06:00 89.14 £ 0.31 1.5 x 10* 3/3 37:02 £ 03:12 89.07 £ 0.21 6.6 x 107
Leaf 25 0/3 Negative Negative 2.5x 10* 2/3 36:19 + 02:05 89.12 £ 0.31 1.1x10°
Leaf 26 0/3 Negative Negative 3.1 x 10* 2/3 37:49 + 03:21 89.07 £ 0.20 1.4 % 10°
Leaf 27 1/3 40:40 89.51 7.8 x 10* 3/3 36:46 + 05:33 89.22 + 017 3.4 x 108
Leaf 28 2/3 34:13 + 00:01 89.29 +0.10 1.0 x 10° 3/3 29:49 + 00:53 89.06 + 0.15 4.5 x 108
Leaf 29 1/3 36:00 89.51 1.4 x10° 2/3 36:30 + 02:59 89.37 £ 0.11 6.0 x 10°
Leaf 30 1/3 36.21603 89.37 1.4 x10° 3/3 32:19 + 02:09 89.29 £ 0.09 6.1 x 10°
Leaf 31 1/3 30:10 89.67 15x%10° 3/3 28:13 + 01:25 89.36 = 0.01 6.7 x 10°
Leaf 32 1/3 30:58 89.66 6.2 x 10° 3/3 32:08 + 01:04 89.38 £ 0.09 2.7 x 10%




Agronony 2020, 10, 581 12 of 16

The limit of detection of the LAMP performed with the crude extracts was 3.4 X 103 cells. However,
some of the highest concentrated samples did not give a positive result with this type of extraction.

To compare the reliability of both types of extraction, the diagnostic characteristics were compared
taking into account the true positives, false positives, true negatives and false negatives of the naturally
infected samples (Table 5). The specificity of the LAMP using the commercial DNA extracts surpassed
the same analysis with crude-DNA extracts (0.43 in contrast to 0.19 of the crude extracts), while the
specificity was 1.00 for both extractions. The +LR was higher than 1 in both cases and reported
that 1 out of 1 positives test was really a V. inaequalis infected leaf. The —-LR was 0.81 for the LAMP
combined with crude extraction, meaning that approximately 1 in 5.9 negative amplification results
were V. inaequalis-free apple leaves, and 0.57 for the LAMP using the commercial DNA extracts, for
which the rate was 1 in 4.4, meaning than 1 out of 4.4 negative LAMP results were V. inaequalis-free
apple leaves.

4. Discussion

Management of apple scab is currently based on prevention practice to reduce the inoculum spread,
monitoring of orchards and nurseries and phytosanitary treatments to contrast the lifecycle stages of
V. inaequalis [12]. Fungicide programmes against apple scab are characterized by a high number of
applications during spring and summer [14]. Decision support systems were based previously on the
Mills tables, but new sophisticated and more accurate predictive models such as RIMpro and A-scab
are currently used to monitor V. inaequalis spore maturation, dissemination and infections [21,24].
Therefore, despite the great improvements in disease management to increase the yield of apple
production, the current priority is focused in boosting prevention strategies [50] to reduce agrochemical
use and to develop new diagnostic tools to real-time monitor V. inaequalis inoculum.

The LAMP assay presented in this study was validated according to the published international
standard EPPO (PM7/98) and as a pest diagnosis tool through a validation including artificially
infected apple leaves and naturally infected apple leaves. Inter-species phylogenetic inference has been
evaluated using the ITS rDNA region by several authors, demonstrating the presence of subspecies
within the monophyletic clade [50,51]; however, additional analysis using protein-coding genes such
as elongation factor 1 alpha (EF-1«) or glyceraldehyde-3-phosphate dehydrogenase (G3DP) resolved
the differences between the species of Venturia [50,52]. EF-la region was previously chosen by
Prencipe et al. [53] to design the qPCR primers used in this study to validate the LAMP assay and
consequently this gene. Due to its ability to resolve the phylogenetic relationships of closed related
species, it was also selected for the design of the LAMP primers [52].

To avoid any possible non-specific amplification, other Venturia spp. were included in the analysis,
such as V. pirina, V. nashicola, V. carpophila and V. cerasi, which infect different fruit tree such as European
pear (Pyrus communis), Asian pear (Pyrus pyrifolia var. culta and Pyrus ussuriensis), peach (Prunus
domestica) and cherry (Prunus dulcis), respectively.

It has been suggested the existence of formae speciales, or at least great population diversity
within Venturia spp., based on internal transcribed spacer (ITS) polymorphisms and simple sequence
repeat (SSR) markers [50,52]. Xu et al. [18] and Mansoor et al. [54] confirmed the great intra-specific
variability among the pathogen population within the same orchard. Therefore, to avoid possible
amplification caused by intra-species variation, the DNA of V. inaequalis from different apple varieties
was used to develop the LAMP assay. Positive amplification was obtained only for the targets with
Tp ranging from 20 to 32 min. Testing the sensitivity of the assay is also a critical and essential
point for forecasting tools. Thus, the LAMP assay was used not only with DNA samples, but also
with young ‘Golden Delicious” apple leaves to test the reliability of the assay. ‘Golden Delicious’
cultivar is one of the most commercially successful cultivars being one of the most popular choices
of newly planted apple trees (https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:
New_plantations_of_apple_trees_between_2012_and_2017,_by_NUTS1_regions.png) and has been
reported as moderately susceptible to apple scab. These characteristics make it a suitable variety to
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test the sensitivity of the LAMP assay [8]. Fruit and young leaves are the most susceptible apple
parts to V. inaequalis, during the growing season. It has been widely confirmed the differences of
susceptibility to apple scab are a function of the age of the leaf, the mature tissues being more resistant
against V. inaequalis [5,20]. Therefore, young leaves were selected to perform the ‘in vivo’ testing.
The tests performed showed a level of sensitivity of some pg of DNA comparable with other LAMP
assays previously developed [36,38,40,45,47,55,56]. On the other hand, the limit of detection using
infected leaf samples varied in the function of the DNA extraction. One replicate of a leaf plug with
29 x 102 cells was detected with the commercial DNA extraction (limit of detection); however, crude
extraction is the most suitable DNA extraction approach to use for LAMP assay directly in orchard.
Despite the PCR-based method usually being susceptible to natural inhibitors present in the samples,
affecting the detection level of the technique and even causing false negatives results [57,58], the results
of the time course showed no LAMP inhibition even after the development of V. inaequalis on the
inoculated leaves causing necrosis of the tissues. The high concentration of inhibitors and fluorescent
compounds, such as chlorophylls, in the crude extraction makes necessary a 1:10 dilution before its use,
facilitating amplification, however reducing its sensitivity [57,58]. Therefore, this type of extraction
showed a higher detection limit (approximate 4.3 X 10* cells/mL) than the commercial DNA extraction
in the artificially inoculated leaves. It is necessary to highlight that this type of experiment resembles
the application of the test after rainfall that can move V. inaequalis ascospores. Taking into account that
4.3 x 10° ascospores/h per cubic metric air can be discharged during daytime hours [1] and that the
ascospores can reach up to 45 m from the inoculum source [17], the LAMP assay was reliable in terms
of sensitivity even with crude extraction. In addition, a lower number of cells was detected using
crude extraction (approximate 7.6 x 10° cells/mL) at 9 days post inoculation.

Regarding the naturally infected apple leaves, it was considered that intensive rainfall occurred
during the end of April and May 2018 (average temperature of 14.9 °C and 17.4 °C, 67.7% and 77.3%
of relative humidity and 10 and 17 raining day in April and May, respectively; https://www.ilmeteo.
it/portale/archivio-meteo/Cuneo/2018/Aprile, https://www.ilmeteo.it/portale/archivio-meteo/Cuneo/
2018/Maggio). Previous apple scab monitoring studies were performed in Piedmont, confirming
the occurrence of the first symptoms of apple scab at the beginning of June; however, the climatic
conditions were favorable during this year for early V. inaequalis development, causing positive results
in most asymptomatic samples. In terms of detected cells, even samples with at least an approximate
3.4 x 10° cells/mL produced positive results with crude extraction. Considering that a low incidence of
V. inaequalis is shown with an appropriate fungicide program even if the meteorological conditions
are favourable for apple scab development [1] and that Wilcox et al. [59] suggested that a qualitative
assessment of the primary inoculum could be sufficient to delay the first fungicide application, the
sensitivity of this LAMP assay could be reliable and beneficial for in-field detection of the pathogen.

In conclusion, the development of new techniques that allow a quick diagnosis of apple scab in
the field are needed to prevent disease outbreaks. The highly repetitive positive results obtained with
the commercial DNA extraction make this LAMP a specific assay for laboratory-based diagnosis of
apple scab. The technique presented in this study open the door to a new type of molecular diagnosis
that allows the identification of V. inaequalis in less than an hour. Furthermore, the major advantage
of the LAMP assay is its use in field in conjunction with weather monitoring systems based on new
predictive models. The LAMP may be a useful tool for early diagnosis that can help after intensive
rainfall to detect V. inaequalis in real time to develop a well-defined schedule of fungicide application
without the requirement of centralized laboratories.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/4/581/s1,
Table S1: Venturia spp. sequences of the EF-1c used in the multiple sequence alignment to design the LAMP primers.
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