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A B S T R A C T

The cultivation of cucurbits in India faces substantial challenges due to powdery and downy mildew diseases, 
caused by Podosphaera xanthii and Pseudoperonospora cubensis, respectively. Implementation of effective disease 
management strategies relies heavily on the rapid and early detection of the pathogen responsible for these 
diseases. Here, we aim to use loop-mediated isothermal amplification (LAMP) and suction spore trap-based assay 
for effective detection of P. xanthii and P. cubensis. The LAMP primers designed using internal transcribed spacer 
(ITS)1 and ITS2 and 5.8S ribosomal RNA were found suitable for detecting P. xanthii while the sequence of 
cellulose synthase 2 (CesA2) gene was effective for P. cubensis. The specificity of the assay to their respective 
pathogen was further confirmed through the screening of nine different test pathogens: Macrophomina phaseolina, 
Phytophthora capsici, Fusarium oxysporum, Sclerotium rolfsii, Alternaria alternata, Geotrichum candidum, Aspergillus 
niger, A. flavus and Colletotrichum gloeosporiodes. Subsequently, a suction spore trap designed using a polyvinyl 
chloride (PVC) pipe and a cooling fan powered by a solar panel was able to capture the airborne inocula of the 
two mildew pathogens. In the LAMP assay, air samples from the 16 to 26th and 23rd to 29th standard weeks 
exhibited positive signals for P. xanthii and P. cubensis, respectively during the 2023 cropping season. Hence, the 
integration of LAMP assay with suction spore traps is an ideal strategy for the detection of mildew pathogens in 
cucurbits and will assist in implementing robust disease management practices.

1. Introduction

Cucurbits are an economically significant group of vegetables culti-
vated across arid to humid tropical agroclimatic conditions (Jeffrey 

et al., 1990). Globally, cucurbits account for 28 million tonnes of veg-
etables with India sharing around 5.1 million tonnes (FAO, 2021). 
Despite their economic importance, cucurbit cultivation faces severe 
challenges due to powdery and downy mildew diseases (Cohen et al., 
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2015; Lebeda and Cohen, 2011). Powdery mildew is caused predomi-
nantly by Podosphaera xanthii and infection is manifested by the pres-
ence of a superficial white powdery growth of conidia and mycelia on 
leaf surfaces, stunted growth, leaf desiccation, and poor fruit quality 
(Marimon et al., 2020). Downy mildew, caused by Pseudoperonospora 
cubensis, manifests water-soaked spots that progress to light green le-
sions, leaf death and curling. The disease culminates with the develop-
ment of sporangia and sporangiophores between the veins on the lower 
side of the leaves (Goldenhar and Hausbeck, 2019). The rapid prolifer-
ation of these mildews, facilitated by the release of short-lived asexual 
spores like conidia and sporangiaspores, poses a significant threat to 
cucurbit crops, resulting in yield losses ranging from 30 to 80 % 
(Elsharkawy et al., 2014; Lebeda and Cohen, 2011). The disease devel-
opment is favoured by day temperatures ranging between 24 and 30 ◦C 
and relative humidity exceeding 94% (Ghosh et al., 2015a; Gupta et al., 
2001).

Recognition of these pathogens at the early stages of disease devel-
opment remains crucial for effective disease management; hence, spore- 
trapping techniques have become a valuable tool for pathogen surveil-
lance. Various spore traps such as Rotorod, Burkand, Hirst, and Cyclone 
samplers are available for the collection of airborne inocula of plant 
pathogens (Bello et al., 2021; Huang et al., 2016; Marimon et al., 2020). 
Accuracy and efficient use of spore traps for pathogen detection and 
identification rely heavily on the subsequent characterization of the 
collected spores (Jackson and Bayliss, 2011). Polymerase Chain Reac-
tion (PCR)-based techniques have been widely employed for pathogen 
detection and characterization. However, PCR sensitivity can be nega-
tively impacted by low levels of the pathogen at the initial disease 
development stages and is typically carried out in laboratories (Freeman 
et al., 1996). In contrast, loop-mediated isothermal amplification 
(LAMP) is a rapidly emerging pathogen detection technique known for 
its high specificity and sensitivity. The technique involves the use of six 
oligonucleotide primers designed to recognize three distinct regions of a 
target DNA segments and also incorporates two loop primers to expedite 
the amplification process. This technique relies on the strand displace-
ment capability of Bacillus stearothermophilus (Bst) polymerase (Wastling 
et al., 2010) and can operate at a constant temperature between 60 and 
65 ◦C. The amplified LAMP products generate stem-loop DNA structures, 
allowing the primers to bind to the target region bypassing the repeated 
thermal denaturation steps of the traditional PCR amplifications. Hence, 
loop primers significantly reduce the amplification time, making LAMP 
as an efficient detection technique (Nagamine et al., 2002). This assay 
can be monitored in real-time or visually by introducing fluorescent dyes 

such as SYBR green, ethidium bromide or metal ion indicators like hy-
droxyl naphthol blue or by assessing turbidity through MgSO4 ion pre-
cipitation (Mori et al., 2001). The LAMP method can also rapidly 
increase the number of DNA copies without the need for additional re-
agents (Tomita et al., 2008).

Here we investigate and validate spore trapping and LAMP assay- 
based pathogen identification and quantification for early detection of 
pathogens to implement timely and cost-effective disease management 
practices.

2. Materials and methods

2.1. Field survey and collection of infected leaf samples

A field survey was conducted across districts of Tamil Nadu state in 
India to collect cucurbits mildew infected leaf samples. Cucumber 
(Cucumis sativus), muskmelon (C. melo), pumpkin (Cucurbita pepo), bitter 
gourd (Momordica charantia), bottle gourd (Lagenaria siceraria) and ridge 
gourd (Luffa acutangula) were collected from Coimbatore, Madurai, 
Salem, Dindugul and Namakkal districts (Table 1). A total of 25 leaves 
were collected randomly from each field (three fields per district) and 
the disease severity was assessed using 0 to 9 scale (0 - No infection, 1 
with 0–10%, 3 with 10–15%, 5 with 15–25%, 7 with 25–50%, 9 with 
more than 50% of the leaf area with infections) described in Jamadar 
and Desai (1997). Percentage disease index (PDI) was calculated using 
the following formula (Wheeler 1969). 

PDI=
Sum of all individual ratings

Total number of leaves observed
×

100
Maximum grade in the score chart 

Conidia and sporangia were collected from the infected samples 
using a hairline brush and then suspended in sterile water and stored at 
− 20 ◦C for further use.

2.2. Genomic DNA extraction

Genomic DNA from the conidia and sporangia suspension of 12 and 
16 samples of downy and powdery mildew, respectively, were isolated 
using the CTAB extraction method described in McDermott et al. (1994). 
Approximately, 300 μg of conidia/sporangia were transferred to a 
microcentrifuge tube with 500 μl of CTAB extraction buffer (1 M 
Tris-base, PH 8.0; 7 M NaCl; 0.5 M EDTA, PH 8.0 and 10% CTAB (w/v) 
and was vortexed for few seconds before incubating at 65 ◦C for 10 

Table 1 
Survey on occurrence of cucurbit powdery and downy mildews in Tamil Nadu.

Host Location Global positioning system coordinates Sample id PM PDI (%)a Sample id DM PDI (%)a

District Village

Bottle gourd Coimbatore TNAU 11.006494◦N 76.931477◦E CPM1 51.68cd (45.96) CDM1 14.56b (22.43)
Pumpkin Vellimalaipattinam 10.988446◦N 76.785905◦E CPM2 45.93fg (42.67) CDM2 17.82a (24.97)
Ridge gourd Thillainagar 10.976871◦N 76.821681◦E CPM3 45.74fg (42.55)  0h (3.29)
Ridge gourd Thondamuthur 10.99751◦N 76.829686◦E CPM4 43.99gh (41.54) CDM3 18.25a (25.29)
Cucumber Poosaripalayam 11.00758◦N 76.928766◦E CPM5 60.45a (51.03) CDM4 11.85d (20.13)
Bitter gourd Vellimalaipattinam 10.988372◦N 76.775948◦E CPM6 58.38ab (49.82) CDM5 15.26b (22.99)
Ash gourd Narasipuram 10.994458◦N 76.800727◦E CPM7 39.53ij (38.96)  0h (3.29)
Bitter gourd Gengampalayam 10.597543◦N 76.976979◦E CPM8 47.07efj (43.31)  0h (3.29)
Ridge gourd Madurai Narasingam 9.97035◦N 78.203265◦E CPM9 50.70de (45.40) CDM6 17.46a (24.70)
Ridge gourd Ambathurai 10.254491◦N 77.912284◦E CPM10 54.86bc (47.79) CDM7 13.26c (21.35)
Ridge gourd Kesampatti 10.149164◦N 78.289995◦E CPM11 37.09j (37.52)  0h (3.29)
Bottle gourd Salem Chettipatti 11.731272◦N 78.017735◦E CPM12 50.41de (45.23) CDM8 9.10f (17.52)
Bottle gourd Dindigul Oddachanchatrum 10.149164◦N 78.289995◦E CPM13 41.18hi (39.92) CDM9 9.14f (17.60)
Cucumber Namakkal Tiruchengode 11.376906◦N 77.812587◦E CPM14 53.45cd (46.98) CDM10 10.75e (19.14)
Ridge gourd Aalampalayam 11.367451◦N 77.774352◦E CPM15 37.45ij (37.73) CDM11 8.76f (17.21)
Cucumber Thottimandhaikaadu 11.00758◦N 76.928766◦E CPM16 49.68def (44.80) CDM12 4.51g (12.26)

    CV(%)  1.70  1.60

a PM-powdery mildew, DM-downy mildew, PDI-percent disease index, numerical values are mean of three replications; 0 replace by 1/4n. Data in parenthesis 
indicate arcsine transformation values. In each column, figure followed by same letter do not differ significantly at 5% level by Tukey’s test.
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minutes (min). After incubation the mixture was centrifuged at 10,000 
rpm for 10 min. The supernatant was then collected and extracted by 
adding phenol: chloroform: isoamyl alcohol (25:24:1). The aqueous 
layer was then subjected to extractions using chloroform: isoamyl 
alcohol (24:1) and centrifuge at 10,000 rpm for 10 min. The supernatant 
was collected, and DNA was precipitated by addition of a double volume 
of ice-cold isopropanol and incubation at − 20 ◦C for overnight. The 
genomic DNA was collected by centrifugation at 13,000 rpm at 4 ◦C for 
10 min. The pellet was washed twice with cold 70% ethanol, air-dried 
and resuspended in 30 μl of Tris-EDTA buffer. Extracted genomic DNA 
quality was assessed using 0.8% agarose gel stained with 6X loading dye.

2.3. Optimization of LAMP assay conditions for detection of mildew 
pathogens

The LAMP primers namely, Forward Inner Primer (FIP), Backward 
Inner Primer (BIP), Forward Outer Primer (F3), Backward Outer Primer 
(B3), Loop Forward Primer (LF), and Loop Reverse Primer (LR) were 
designed using Primer Explorer (v5.0) for internal transcribed spacer 
(ITS)I and ITS2 and 5.8 S ribosomal RNA gene of P. xanthii (NCBI id: 
OQ831627) and the cellulose synthase 2 (CesA2) gene for P. cubensis 
(JF799097) (Table 2). Five different MgSO4 ion concentrations (ranging 
from 2-10 mM), amplification temperatures (56–68 ◦C) and incubation 
time were used to standardize the LAMP reaction. The reaction mixtures 
were incubated at 65 ◦C for 60 min, followed by termination at 80 ◦C for 
2 min. Visual observations were made using Hydroxynaphthol Blue 
(HNB) dye, where a sky-blue colour indicates a positive reaction when 
violet colour denotes negative reaction. The results were further 
confirmed by running the amplified DNA product on a 2% agarose gel 
electrophoresis.

Next, the sensitivity of the LAMP assay was determined using various 
concentrations of the genomic DNA 150 ng to 1.5 fg in ten fold in-
crements of P. xanthii and P. cubensis. The specificity of the assay was 
tested using nine different test pathogens: Macrophomina phaseolina, 
Phytophthora capsici, Fusarium oxysporum, Sclerotium rolfsii, Alternaria 
alternata, Geotrichum candidum, Aspergillus niger, A. flavus and Colleto-
trichum gloeosporiodes. Later, the assay was validated using 12 and 16 
leaf samples infected with P. cubensis and P. xanthii, respectively 
collected from various locations within Tamil Nadu state in India.

2.4. Design of traps for collecting airborne spores of cucurbit mildew 
pathogens

Suction spore trap was constructed using a polyvinyl chloride (PVC) 
pipe with in and out-let caps, suction DC cooling fan motor, recharge-
able lithium battery rated at 6 volts (V) and 4.5 ampere-hours (Ah), 
sampling plates, a solar panel module SEPL010P, electronic control 
board with a 2 A switch, and a sturdy steel stand (Basha et al., 2021) 

(Fig. 1). Sampling plates were soaked in hexane for 24 h and subse-
quently rinsed two to three times with water. Plates were autoclaved for 
30 min and air-dried under a laminar airflow chamber in an aseptic 
environment. A fine layer of silicone vacuum grease (Dow Corning) was 
applied using gloved hands and stored carefully in sterilized containers. 
Three greased suction plates were placed in the suction spore trap to 

Table 2 
LAMP primers for Podosphaera xanthii and Pseudoperonospora cubensis.

Primers for P. xanthi Sequence

FIP Px CACCGCCACTGCGTTTAGGGAGAACACCCCTCAAGCCT
BIP Px CTGGTGTGCTCTCCGCGTAGCCAAAGACTGGGGTTCTGG
F3 Px CATGCCTGTTCGAGCGTC
B3 Px CCTACCTGATCCGAGGTCAT
LF Px GAGCCCCAAGACCAAGCT
LB Px TCATGTATCTCGCGACAGAGT

Primers for 
P. cubensis

Sequence

FIP Pc AGTTCGTGCAGCACATGTCGATCCAGGTGAATGGCACCATG
BIP Pc GTGACACGAGGCTTGGCAAGAGACATATCCCCGCGAACAC
F3 Pc GTGCAGAGTGCGGTACAC
B3 Pc CGCACATCGTCTGAGTAGG
LF Pc TTGCTGACACGCAGCTCGC
LB Pc GCGGTGTGTGTCGCAAATGC

Fig. 1. Solar-operated suction spore trap design for the detection of airborne 
inocula of cucurbits mildews. a) Air Inlet; b) Solar panel 300 × 350 × 21 mm, 
module type; SEPL010P Peak power voltage; 18 V, Peak power current; 0.56 A, 
Nominal Operating Cell Temperature; 43 ◦C, Weight approximately: 1.3 kg, 
Application class: A; c) stainless steel sampling plate (65 × 50 × 2 mm) placed 
through slit opening; d) 12 V-2.4 W cooling fan DC motor; e) Air Outlet; f) 170 
× 70 × 110 mm dimension of junction box g) Motor wire socket; h) DPDT On- 
Off switch rocker switch for solar panel i) DPDT On-Off switch rocker switch for 
motor; j) Solar panel power socket k) Voltage regulator circuit board; l) 6-V, 4.5 
Ah rechargeable battery. Blue colour arrow indicates the direction of air flow. A 
dotted line indicates Atekt DC power cable 12 V - 5 A and has 18 AWG 
(American wire gauge); m) Stainless steel stand.
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capture airborne conidia and sporangia. The suction spore trap was 
positioned within the cucumber experimental plot located at Tamil 
Nadu Agricultural University (Latitude: 11.0086◦ N, Longitude: 
76.9284◦ E), Coimbatore district, Tamil Nadu, India. The spore traps 
were positioned at the height of 1 m above ground level and installed at 
the rate of 2–3 traps per hectare. The suction spore traps were operated 
continuously throughout the cropping season in 2023. Sampling plates 
were collected weekly and stored at − 20 ◦C for future studies.

2.5. Genomic DNA extraction from air samples

The genomic DNA extraction from the sampling plate’s airborne 
inocula was based on Thiessen et al.’s method (2016) with slight mod-
ifications. Using sterilized toothpick, the inocula sticking on silicone 
vacuum grease of the sampling plate was transferred to 14 mL falcon 
snap-cap tubes containing 300 μl of CTAB extraction buffer (comprising 
50 mM Tris-HCl, PH 8.0; 0.7 M NaCl; and 1% CTAB w/v). The tubes 
were vortexed at high speed for 1 min and the contents were transferred 
to microcentrifuge tubes and incubated at 60 ◦C for 20 min. Following 
this incubation, a volume of phenol: chloroform: isoamyl alcohol 
(25:24:1) equivalent to the sample volume was added, and the mixture 
was centrifuged at 10,000 rpm for 10 min. The resulting aqueous phase 
was carefully transferred to 1.5 mL microcentrifuge tubes, and DNA was 
precipitated by adding an equal volume of ice-cold isopropanol, fol-
lowed by incubation at − 20 ◦C overnight. The DNA was then collected 
by centrifugation at 13,000 rpm at 4 ◦C for 10 min. The resulting pellet 
was washed twice with 70% ethanol, air-dried, and finally resuspended 
in 30 μl of nuclease-free water. The DNA was stored at − 20 ◦C for further 
studies.

2.6. LAMP assay for detection of cucurbit mildew from the airborne 
inocula

DNA of the airborne inocula of P. xanthii and P. cubensis were used as 
templates to standardize the LAMP assay for pathogen detection and 
quantification. A reaction volume of 25 μl containing specific concen-
trations of 1.6 μM FIP and BIP, 0.2 μM F3 and B3, 0.4 μM LF and LB for 
both P. xanthii and P. cubensis primers, 8U of Bst DNA polymerase (New 
England Biolabs), 2.5 μl of a 10X Thermopol buffer, 1.6 mM of each 
dNTP, 0.8 M betaine, 4 and 6 mM MgSO4, 120 μM hydroxyl naphthol 
blue and 2.5 μl of template DNA of P. xanthii / P. cubensis. The LAMP 
reaction mixture was then subjected to incubation at 65 ◦C for 60 min, 
followed by termination at 80 ◦C for 2 min. Positive reactions showed 
the development of a sky blue colour, while negative reactions retained 
a violet colour. To validate the results, the LAMP-amplified products 
were reconfirmed through electrophoresis using a 2% agarose gel.

2.7. Assessment of cucurbit mildew disease severity

Powdery and downy mildew severity in the cucumber field were 
assessed using a cluster sampling method (Choudhury et al., 2016). The 
field was divided into two sections and denoted as an ‘X’ pattern to 
separate individual sampling points situated at the arm end of ‘X’. The 
disease severity of cucurbits mildew was rated at each sampling point 
(presence or absence on individual leaves) by estimating the proportion 
of infected leaves. Data was collected weekly, from 14 to 30th standard 
weeks, during 3rd April to 30th July in 2023. The severity of mildew 
diseases was determined using a scoring system ranging from 0 to 9, as 
specified in section 2.1. The results were then converted into PDI using 
the formula of Wheeler (1969).

2.8. Statistical analysis

The PDI data were statistically analysed and the means of all pairs of 
groups in a dataset were compared using Tukey’s Honestly Significant 
Difference (HSD) test (Tukey, 1949).

3. Results

3.1. Disease severity

Disease survey was conducted in the major cucurbits cultivating area 
of Tamil Nadu state of India. Powdery mildew severity ranged from 
37.09 to 60.45 % while downy mildew severity varied between 4.51 and 
18.25 % (Table 1).

3.2. Standardization of LAMP reaction condition

Six LAMP primers designed using ITS1, ITS2 and 5.8S ribosomal RNA 
gene sequence of P. xanthii and CesA2 gene of P. cubensis detected the 
respective pathogens specifically. Among the various MgSO4 concen-
trations examined, a strong sky-blue coloration was observed at 6 mM 
for P. xanthii (Fig. 2a) and 4 mM for P. cubensis (Fig. 2b). Lower (2 mM) 
and higher (10 mM) concentrations of MgSO4 failed to facilitate tem-
plate DNA amplification, indicated by the absence of the sky-blue colour 
development. Subsequently, under various incubation temperatures, 
colour development observed at 59, 62 and 65 ◦C for P. xanthii (Fig. 2c) 
and 62, 65 and 68 ◦C for P. cubensis (Fig. 2d). Robust sky-blue colour 
development was explicitly observed at 65 ◦C, while other incubation 
temperatures resulted in less intense colour. Subsequently, the incuba-
tion times, 60 and 75 min for P. xanthii (Fig. 2e) and 45, 60 and 75 min 
for P. cubensis (Fig. 2f) showed positive responses and an intense sky- 
blue coloration was observed at the 60-min. The above three parame-
ters were subsequently validated through agarose gel electrophoresis, 
where a distinct and intense ladder-like pattern was observed with 
MgSO4 concentrations of 6 mM for P. xanthii and 4 mM for P. cubensis 
and 65 ◦C incubation temperature and 60 min incubation time.

3.3. Sensitivity and specificity of the LAMP assay

An intense sky-blue colour was developed in all the tested template 
DNA concentrations except at 1.5 fg for both P. xanthii (Fig. 3a) and 
P. cubensis (Fig. 3b). These findings were further validated using agarose 
gel electrophoresis. In the LAMP assay specificity test, a distinct sky-blue 
colour was observed for P. xanthii (Fig. 3c) and P. cubensis (Fig. 3d), 
while a violet colour was noticed for other pathogen samples, indicating 
the absence of the target DNA molecule. The results were further vali-
dated in the agarose gel electrophoresis.

3.4. Validation of LAMP assay for detection of P. xanthii and P. cubensis

In the validation test, the LAMP assay displayed sky blue coloration 
in all 16 samples of P. xanthii, (Fig. 3e) and 12 samples of P. cubensis 
(Fig. 3f) collected from various locations in Tamil Nadu. As a negative 
control, the tube containing nuclease-free water remained violet colour 
even after a 60-min incubation at 65 ◦C. To confirm these results, 2% 
agarose gel electrophoresis showed a distinct ladder-like pattern in all 
the Lamp-positive samples, while the tube containing nuclease-free 
water failed to exhibit such a pattern.

3.5. Detecting airborne inocula of cucurbit mildew using suction spore 
trap and LAMP assay

The suction spore trap designed using PVC pipe and a cooling fan 
powered by a solar panel was able to capture 1953.86 L of air per 
minute. In the LAMP assay of pathogen inocula collected from traps 
during the 14, 15, 27, 28, 29 and 30th standard weeks, the reaction tube 
remained violet in colour. However, a distinct sky-blue colour devel-
opment was noticed in samples from the 16 to 26th standard weeks for 
P. xanthii (Fig. 4a). In case of P. cubensis, samples from the 14th to 22nd 

standard weeks showed negative results, while a positive reaction was 
detected in samples from 23rd to 29th standard weeks (Fig. 4b). These 
results were further verified through 2% agarose gel electrophoresis, 
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which produced a characteristic ladder-like banding pattern in a posi-
tively reacted sample.

3.6. Assessment of cucurbit mildew severity in the field

Powdery mildew symptoms appeared during the 17th standard week, 
approximately 30 days after sowing, with a disease index of 2.8%. 
However, during the 22nd standard week, there was a slight decline in 
the severity. The highest occurrence of powdery mildew, reaching a 
10.1% index, was recorded during the 24th standard week (Fig. 5). For 
downy mildew, the disease was first observed in the 23rd standard week 
with a disease index of 5.4%. Subsequently, the severity rose to 11.2% 
during the 27th Standard week and then decreased gradually. From 14th 

to 22nd standard weeks, there is no disease occurrence of downy mildew 
(Fig. 5).

4. Discussion

4.1. Conserved DNA segments for LAMP primer design

The effectiveness of the LAMP assay depends on the specificity of the 
selected DNA segments to the targeted plant pathogen. In this present 
study, ITS1, ITS2 and 5.8S ribosomal RNA sequence for P. xanthii and 
CesA2 gene for P. cubensis were found ideal for designing pathogen- 
specific LAMP primers. Similarly, Thiessen et al. (2016) designed 
LAMP primers targeting the sequences of the ITS1, ITS2, and 5S ribo-
somal RNA encoding regions of Erysiphe necator when ITS2 region was 
used to develop LAMP primers for the detection of Phytophthora infes-
tans, causing late blight in potato (Ristaino et al., 2020). Alternatively, 
β-tubulin gene were also targeted for designing LAMP primers as 
demonstrated for Spanish cucurbit powdery mildew, P. xanthii 
(Vielba-Fernández et al., 2019). Gene TEF-1α is the other targeted region 

Fig. 2. Optimization of LAMP assay for Podosphaera xanthii and Pseudoperonospora cubensis. M: 100 bp ladder as a molecular marker. For MgSO4 concentration, a) P. 
xanthii, b) P. cubensis, L1: 2 mM, L2: 4 mM, L3: 6 mM, L4: 8 mM and L5: 10 mM. Incubation temperature c) P. xanthii d) P. cubensis, Lane L 1: 56 ◦C, L2: 59 ◦C, L3: 
62 ◦C, L4: 65 ◦C and L5: 68 ◦C. Incubation time, e) P. xanthii, f) P. cubensis, L1: 30 min, L2: 45 min, L3: 60 min, L4: 75 min and L5: 90 min.
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that is used for the detection of F. acuminatum and F. solani pathogens 
(Wang et al., 2022).

4.2. Standardization of the LAMP assay protocol

Optimization of MgSO4 concentration, incubation time, and tem-
perature in LAMP reaction plays a crucial role for DNA polymerization 
and to generate pyrophosphate ions whose interaction with magnesium 
results in observable turbidity in positive samples (Mori et al., 2001). In 
our study MgSO4 concentration of 4 mM, resulted in a strong sky blue 
colour for P. cubensis, as similarly noticed for the LAMP-based detection 
of Plasmopara viticola, responsible for downy mildew disease in grapes 
(Marimuthu et al., 2020). For P. xanthii a 6 mM concentration was ideal 
as observed for Bipolaris oryzae detection in rice (Lakshmi et al., 2022).

The LAMP technique utilizes Bst polymerase, a thermophilic enzyme 
to enhance DNA strand displacement under isothermal conditions, 
typically operate within the temperature range of 60–65 ◦C (Chander 
et al., 2014). In our present study, optimal conditions of 62 ◦C temper-
ature and 60 min of incubation time produced an intense sky-blue colour 
for P. cubensis similar to Fusarium fujikuroi detection in rice (Sunani 
et al., 2019). In the optimization of LAMP assay for F. oxysporum f. sp. 
ciceris, causing wilt in chickpea, an incubation condition of 63 ◦C for 60 
min resulted in an intense sky blue colour as noticed also for the 
recognition of Ustilago tritici, causing loose smut of wheat (Ghosh et al., 
2015b; Yan et al., 2019).

As noticed earlier for Phytophthora sojae in soybean (Zhao et al., 
2015), an incubation condition of 65 ◦C and 60 min was ideal for 
P. xanthii detection. However, Yang et al. (2022) found a similar tem-
perature condition but with a reduced incubation period of 35 min as 
ideal for screening Plasmodiophora brassicae, which causes club-root 
disease in Brassica species.

4.3. Sensitivity of LAMP assay to detect pathogen at low concentrations

In our study, the LAMP assays were able to detect these pathogens at 
a very low genomic DNA concentration of 15 fg as compared to 33 fg 
required for P. viticola (Kong et al., 2016). Whereas a slightly higher 
DNA concentration of 100 fg was required for Puccinia triticina and 
F. graminearum, causing leaf rust and head blight disease, respectively in 
wheat (Gupta et al., 2020; Manjunatha et al., 2018). Recently, for the 
detection of F. oxysporum f. sp. ciceris, causing Fusarium wilt in chickpea, 
a DNA concentration of at least 0. 9 pg/μl was found essential (Achari 
et al., 2023). DNA concentrations of 5 and 100 pg remained vital for 
M. oryzae and Colletotrichum falcatum detections (Chandra et al., 2015). 
Interestingly, a higher dose of 1 ng/μl was required for the detection of 
Spanish cucurbit powdery mildew pathogen P. xanthii 
(Vielba-Fernández et al., 2019).

4.4. Specificity of LAMP assay for the detection of P. xanthii and 
P. cubensis

LAMP assay is one of the highly effective tools for detecting specific 
pathogens. Here we demonstrate the specificity of the assay for cucurbit 

(caption on next column)

Fig. 3. Sensitivity, specificity, and validation of LAMP assay for the detection 
of Podosphaera xanthii and Pseudoperonospora cubensis. M for 100 bp ladder as a 
molecular marker and control is nuclease-free water (NFW). Sensitivity of 
LAMP assay; a) P. xanthii and b) P. cubensis. Specificity of LAMP assay; c) P. 
xanthii and d) P. cubensis. For P. xanthii (c) L1: P. xanthii and L2: P. cubensis 
while for P. cubensis (d) L1: P. cubensis and L2: P. xanthii. For both c and d L3: 
Macrophomina phaseolina, L4: Phytophthora capsici, L5: Fusarium oxysporum, L6: 
Sclerotium rolfsii, L7: Alternaria alternata, L8: Geotrichum candidum, L9: Asper-
gillus niger, L10: A. flavus, L11: Colletotrichum gloeosporiodes. Validation of LAMP 
assay; e) P. xanthii, L1: Positive control, L2 to L16: CPM 1 – CPM 16 powdery 
mildew infected samples, f) P. cubensis L1: Positive control, L2 to L13: CDM 1 – 
CDM 12 downy mildew infected samples.
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mildew pathogens by testing with 9 diverse plant pathogens namely M. 
phaseolina, P. capsici, F. oxysporum, S. rolfsii, A. alternata, G. candidum, A. 
niger, A. flavus and C. gloeosporiodes. Earlier studies have demonstrated 
the specificity of LAMP assay with collections more extensive than the 
current study as the assay developed for P. viticola was tested with 38 
plant pathogens. Further, the LAMP assay can also distinguish pathogens 
at the species level, as evident from the studies on C. falcatum (Kong 
et al., 2016; Chandra et al., 2015).

4.5. Validation of LAMP assay for the detection of P. xanthii and 
P. cubensis

Using the LAMP assay, we effectively confirmed the identification of 
P. xanthii and P. cubensis in the infected samples collected from various 
cucurbit-growing areas in Tamil Nadu. Similar to cucurbit mildew, 
LAMP assays were validated for Plasmopara viticola, causing downy 
mildew disease in grapes (Marimuthu et al., 2020) and for Venturia 
inaequalis, causing apple scab in apples (Xu et al., 2021).

4.6. Design of suction spore trap

In addition to the LAMP assay, here we also designed a suction spore 
trap to detect mildew pathogen from airborne inocula. Further, the 
provincially made device is operated through solar panels, thereby 
readily applicable to Indian farming settings where access to uninter-
rupted electricity is rare. The trap was designed based on the kit used for 
capturing grapevine mildew inocula (Basha et al., 2021). A 

battery-operated trap can also be an alternative in the absence of solar 
and electric power supplies (Rahman et al., 2021; Saha et al., 2020).

4.7. Detection of airborne inocula of cucurbit mildew using LAMP assay

LAMP assays are highly recommended for the detection and quan-
tification of airborne inocula of crop pathogens. Here, a LAMP assay 
successfully detected the presence of P. xanthii and P. cubensis in the 
inoculum collected via suction spore traps during the primary crop 
season. Similarly, a LAMP assay enabled the detection of grapevine 
powdery mildew pathogen Erysiphe necator from the air samples (Basha 
et al., 2021).

5. Conclusion

Using ITS1 and ITS2 and 5.8S ribosomal RNA and CesA2 sequences, 
we successfully developed a LAMP and suction spore trap-based assay 
for the detection of P. xanthii and P. cubensis, causing mildew disease in 
cucurbits. While the LAMP technique can only detect individual path-
ogens, the next step is to develop reverse transcription LAMP (RT-LAMP) 
and multiplex-based assays (Venbrux et al., 2023) for real-time and 
simultaneous detection of multiple pathogens that will eventually 
reduce the time and cost in addition to early and accurate detection of 
diseases to minimise crop yield losses.
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