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Abstract

:

Round leaf spot, caused by Mycocentrospora acerina, is one of the most destructive diseases in Sanqi (Panax notoginseng) plantations in China. Accurate and timely detection of M. acerina is critical for developing effective integrated disease management strategies. Therefore, we developed a loop-mediated isothermal amplification (LAMP) assay for detection of M. acerina with primers targeting the internal transcribed spacer (ITS) region of nuclear ribosomal DNA (nrDNA). The LAMP reaction products were visually assessed using SYBR Green I and agarose gel electrophoresis. The ideal reaction temperature and time of LAMP assay were optimized to 64.5 °C and 45 min, respectively. The specificity of the developed LAMP assay was validated using 78 isolates belonging to 26 species, including M. acerina, Mycocentrospora species, and other plant pathogens. The LAMP assay was highly specific for M. acerina. Positive reactions were obtained only with the genomic DNA of M. acerina, and no cross-reaction was obtained with DNA extracted from other species. The detection limit of the LAMP assay for M. acerina was 10 fg genomic DNA per 25-μL reaction mixture. The LAMP assay successfully detected M. acerina in both symptomatic and latently infected leaf samples. The results indicate that the LAMP assay has the potential to be an efficient, highly specific, and sensitive method for diagnosing P. notoginseng round leaf spot disease caused by M. acerina in both the symptomatic and latent stages in the field and might be useful for disease management.
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1. Introduction


Sanqi (Panax notoginseng) is a perennial herb which has valuable applications in traditional Chinese medicine, such as promoting blood circulation, preventing blood stasis, reducing swelling and inflammation, relieving pain, and delaying aging [1,2]. After a hundred years of domestication and cultivation, P. notoginseng has been widely planted in Yunnan, Guangxi Province, and other regions in China [3]. The planting cycle of P. notoginseng is usually three to five years. It requires an environment that is warm in winter, cool in summer, partially shaded, and damp. This ecological growth environment often leads to the occurrence and prevalence of various diseases in P. notoginseng planting regions [4,5]. Studies have shown that the main diseases of the aboveground parts of P. notoginseng include black leaf spot, anthracnose, round spot, gray mold, and viruses [6,7,8,9]. Among these diseases, round leaf spot caused by Mycocentrospora acerina is one of the most destructive diseases, which can lead to significant production losses. The disease spreads abruptly and rapidly and can damage all parts of the plant [10]. At the initial stage of the disease, small and faded green spots appear on the back of the leaves. As the disease progresses, these spots gradually expand into round and dark green, which then merge into large spots, leading to the decay and shedding of the leaves [11]. Symptoms on the stem and floral axis top include water-soaked lesion, chlorosis, contraction, and flagging, while the infected stalk base appears chestnut-color. When the weather is dry, the spots are small, round, and brown and present obvious annular striations. Under conditions of high humidity, a thin layer of gray-white mold grows on the surface of the infected part of the plant. Round leaf spot disease in P. notoginseng generally causes a loss of 20–50% in production, and 100% loss has been reported with serious outbreaks, making the disease one of the key factors impinging on the sustainable industrialization of P. notoginseng [10,11].



Accurate identification and detection of pathogens is the basis for effective disease prevention and control. The traditional steps for the identification and detection of Mycocentrospora species involve isolation of the pathogen from the diseased tissue, followed by preliminary identification based on morphological characteristics [12,13]. Such a morphology-based identification is not only difficult but also time-consuming and laborious and cannot meet the demand for rapid and accurate identification and diagnosis of diseases. Polymerase chain reaction (PCR) technologies, such as conventional PCR, nested PCR, and real-time fluorescence quantification PCR, have been successfully applied to the accurate identification and rapid detection of plant pathogens [14,15,16]. Although PCR technologies enhance the accuracy of pathogen identification and the rapidity of detection, they are complex and require expensive equipment, such as precise PCR instruments and gel imaging systems, as well as certain molecular biological technologies. The above disadvantages limit the use and promotion of PCR technologies in poorly resourced districts [17]. Therefore, it is necessary to establish a new technology for rapid and economical detection of plant pathogens.



Loop-mediated isothermal amplification (LAMP), developed by Eiken Chemical Co., Tokyo, Japan, is a simple, accurate, low-cost, and efficient nucleic acid amplification technology [18]. In a LAMP assay, four to six primers are designed according to six to eight specific areas of the target gene, and amplification cannot be performed if any of the primers do not match the target gene, so LAMP has strong specificity [19]. Additionally, LAMP uses a highly active strand displacement DNA polymerase (Bst DNA polymerase) to efficiently amplify the target DNA fragment at an isothermal temperature of 60–65 °C, hence, only a simple water bath or hot block is needed to meet the reaction requirements, the whole reaction is completed within one hour, and the result can be observed with the naked eye [20]. This technology has the advantages of high specificity, minimal equipment requirements, simple operation, high sensitivity, and short reaction times, and it has been widely used in the detection of various plant pathogens [21,22,23]. However, the LAMP assay has not yet been applied to detect M. acerina.



The objective of this study was to establish a new LAMP assay for detecting M. acerina based on the internal transcribed spacer region of nuclear-encoded ribosomal DNA (rDNA-ITS). Moreover, the specificity, sensitivity, and applicability of the developed LAMP assay were evaluated.




2. Materials and Methods


2.1. Isolates and Extraction of DNA


A total of 78 isolates belonging to 26 species (18 from M. acerina, 17 from five fungal species found on P. notoginseng, and 43 from other plant pathogens) were tested in the study (Table 1). All tested isolates were stored in the Institute of Plant Protection, Fujian Academy of Agricultural Sciences. The isolates were preserved on potato dextrose agar (PDA) medium (200 g of potato, 10 g of dextrose, and 15 g of agar per liter of distilled water) in 9-cm Petri dishes at 25 ± 1 °C. Mycelia of fungal isolates were cultured in 250-mL Erlenmeyer flasks containing 100 mL potato dextrose broth (200 g of potato and 10 g of dextrose per liter of distilled water) at 25 ± 1 °C for 5 days. Phytophthora and Pythium isolates were cultured on V8 agar at 25 °C, and mycelia of them were harvested by culturing the isolate in tomato juice broth (50 mL of tomato juice per liter of distilled water) at 20–28 °C (temperature-dependent isolates) for at least 7 days [24]. The mycelia were collected by filtration and lyophilized at −70 °C for 36 h. Genomic DNA was extracted from mycelia of the tested isolates according to the instructions of the Plant Genomic DNA Extraction Kit (Beijing Tiangen Biotechnology Co., Ltd., Beijing, China). The quality and concentration of the extracted genomic DNA were determined using a spectrophotometer (NanoDrop ND1000, Thermo Fisher Scientific, Waltham, MA, USA), and the appropriate dilutions were adjusted and stored at −20 °C for subsequent studies.




2.2. LAMP Primer Design


The rDNA-ITS region was selected as the target for developing LAMP assay primers for detection of M. acerina. The rDNA-ITS sequences of all tested isolates (Table 1) and some Mycocentrospora species closely related to M. acerina in NCBI databases were aligned and compared by DNA Star (5.01) Megalign program to identify conserved and differential regions of M. acerina, and a group of 4 specific primers based on the conserved region of the rDNA-ITS sequences of M. acerina was designed according to the instructions of the LAMP primer software (https://primerexplorer.jp/e, accessed on 20 September 2012, Tokyo, Japan). The LAMP primers contained 2 outer primers (forward outer F3 and backward outer B3) and 2 inner primers (forward inner FIP and backward inner BIP). Primer FIP consisted of F1c (the complementary sequence) and F2, and primer BIP consisted of B1c and B2. The sites of LAMP primers and their complementarity to the target gene (rDNA-ITS) sequences are shown in Figure 1, and information containing primer names, sequences, and lengths is listed in Table 2. Primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).




2.3. Optimization of LAMP Reaction Conditions


The LAMP assay was performed in 0.2 mL micro-centrifuge tubes and used a total volume of 25 μL reaction mixture containing 12.5 μL reaction mix (Lanpu Bio-tech), 0.2 μM each of primer F3 and primer B3, 1.6 μM each of primer FIP and primer BIP, 8 U of Bst DNA polymerase (Lanpu Bio-tech, Co. Ltd., Beijing, China), and 1.0 μL of genomic DNA. The volume of the reaction mixture was made up to 25 μL by adding sterile distilled water (SDW). Before the tube was closed, 2.0 μL of 1000 × SYBR Green I (Solarbio Life Science, Beijing, China) was added to the lid inside of the tube [25]. DNA from M. acerina and SDW were used as positive and negative controls, respectively. In order to establish a fast and efficient LAMP assay, the temperature and time in reaction conditions were optimized. To determine the ideal temperature, the LAMP amplification reaction was first carried out in water baths at 62.5, 63, 63.5, 64, 64.5, 65, and 65.5 °C for 60 min, and then the reaction was terminated at 80 °C for 10 min. To optimize the reaction time, the LAMP assay was performed at ideal temperature for 25, 30, 35, 40, 45, 50, and 55 min, and the process was terminated at 80 °C for 10 min. Each treatment had at least two replicates three times.




2.4. Detection and Confirmation of LAMP Product


When the LAMP reaction was completed, the SYBR Green I pre-added in the inner lid of the tubes was gently centrifuged into the reaction mixture to initiate the color reaction. The reactions were observed with the naked eye under natural and UV light, reactions that exhibited a color change from orange to yellow-green (under natural light) and bright white turbidity (under UV light) were recorded as positive, while reactions recorded as negative appeared orange (under natural light) or clear (under UV light). In parallel, for confirmation of the LAMP assessment based on color change and bright white turbidity, 5 μL of the LAMP products was analyzed using electrophoresis on 2.0% agarose gel stained with ethidium bromide (EB) and observed under the UV transilluminator. Reactions with typical ladder-like band patterns were recorded as positive, and no band appeared in negative reactions. The intensity of DNA bands on agarose gel was analyzed using Quantity One software (Gel Doc XR+, Bio-Rad, Hercules, CA, USA). Each sample was tested in triplicate. Naked eye visualization and agarose gel electrophoresis were used simultaneously to confirm that the LAMP assay amplified the correct target.




2.5. Specificity and Sensitivity of the LAMP Assay


To evaluate specificity, the LAMP assay was carried out with genomic DNA of 78 isolates, including the Mycocentrospora spp. and other non-Mycocentrospora plant pathogens, as listed in Table 1. To analyze the sensitivity of the LAMP assay, genomic DNA from M. acerina was serially diluted to tenfold dilution (100, 10, and 1 pg, 100, 10, and 1 fg, 100, 10, and 1 ag per μL) with SDW, and the LAMP assay was then performed with each diluted DNA sample to determine the detection limit. DNA from M. acerina and SDW were used as positive and negative controls, respectively. The LAMP reaction was conducted under optimized LAMP conditions, and the LAMP assay products were analyzed using naked eye visualization and agarose gel electrophoresis.




2.6. Detection of M. acerina in Leaves by LAMP Assay


To evaluate the feasibility of the LAMP assay as a tool to diagnosing P. notoginseng round leaf spot disease caused by M. acerina in the field, symptomatic and asymptomatic leaves were collected from different P. notoginseng plantations in Fujian and Yunnan Province in China and assayed by the LAMP assay. Total genomic DNA was extracted from leaf tissues using the NaOH method [26,27], and 1.0 μL of extracted DNA was used as a template for the LAMP assay. The LAMP reactions were carried out under optimal conditions, and SDW and purified genomic DNA of M. acerina were used as negative and positive controls, respectively. To confirm the accuracy of the LAMP assay, the target pathogen (M. acerina) in leaf samples was isolated by the traditional tissue-isolation method and was preliminarily identified based on the morphological characteristics.





3. Results


3.1. Optimization of LAMP Reaction Conditions


The genomic DNA of M. acerina was used as the template for the LAMP assay to determine the optimal reaction temperature and time. The tubes containing the reaction mixtures were incubated at various temperatures for a range of times to determine an ideal condition for LAMP assay, and amplification was detected based on color change, bright white turbidity, and ladder-like DNA band patterns on agarose gel. It was revealed that positive LAMP reactions occurred at temperatures of 64–65 °C, and the intensity of ladder-like bands at 64.5 °C was the highest (Figure 2). The results of LAMP reactions performed at 64.5 °C for 25–55 min showed that positive reactions were obtained with times of 40–55 min, and the intensity of ladder-like bands at 45–55 min was higher than those at 40 min, but there was no apparent difference in the intensity of ladder-like bands among 45, 50, and 55 min (Figure 3). Considering the speed of the reaction, 45 min was selected as the optimal reaction time. Overall, the optimum condition for the developed LAMP assay was found to be 64.5 °C for 45 min. Therefore, subsequent LAMP assays were conducted under these conditions.




3.2. Specificity and Sensitivity of LAMP Assay


The specificity of the LAMP assay was evaluated using DNA from isolates listed in Table 1. The results showed that positive reactions were observed only for M. acerina isolates, whereas other plant pathogens including some frequent pathogens on P. notoginseng exhibited negative reactions (Table 1; Figure 4). To determine its detection limit, the LAMP assay was performed with a series of tenfold dilutions of M. acerina DNA as a template under optimal reaction conditions. No positive reaction was observed using less than 10 fg of DNA, indicating that the sensitivity of the LAMP assay was 10 fg in a 25-μL reaction mixture (Figure 5). The results of naked eye observation were consistent with those of agarose gel electrophoresis.




3.3. Evaluation of the LAMP Assay by Detecting M. acerina in P. notoginseng Leaf Samples


Genomic DNA extracted from symptomatic and asymptomatic P. notoginseng leaf samples was used as a template to determine whether the LAMP assay could detect M. acerina in diseased leaves. After LAMP reactions, all symptomatic leaves and two of ten asymptomatic leaves showed positive reactions, the amplifications exhibited a yellow-green color change and bright white turbidity, and ladder-like bands appeared in agarose gel electrophoresis (Figure 6). In addition, M. acerina was successfully isolated from all positive leaf samples.





4. Discussion


Round leaf spot caused by M. acerina is a highly destructive disease that threatens P. notoginseng production in China. The control measures of P. notoginseng round leaf spot disease are different from those of diseases caused by oomycetes, but the early symptoms of round leaf spot are similar to those of leaf blight caused by Phytophthora species. Therefore, the accurate detection of plant pathogens at the early stage of disease plays an important role in taking timely and effective management measures for controlling plant disease. In this study, an effective LAMP assay based on rDNA-ITS sequences for specific and sensitive detection of M. acerina in P. notoginseng was developed and evaluated. In order to determine the ideal reaction conditions for the LAMP assay, the amplifications at different temperatures and times were evaluated, and the optimum reaction temperature and time were found to be 64.5 °C for 45 min. Hence, the LAMP assay can be performed in simple heating equipment (such as a water bath or heating block) at an isothermal temperature, which significantly reduces the demand for expensive, specialized, and sophisticated instruments. Therefore, the developed LAMP assay may be suitable for detecting M. acerina in areas lacking adequate laboratory facilities.



The specific detection of pathogens is of great significance for disease prediction and control. The LAMP assay specifically amplified DNA of M. acerina only, and no positives were observed with other isolates. This indicates that the LAMP assay established in this study is highly specific for detecting M. acerina and can effectively distinguish M. acerina from other plant pathogens. It has been previously reported that LAMP has much higher sensitivity than conventional PCR [28,29,30]. In this study, the sensitivity of the LAMP assay for detection of M. acerina DNA was 10 fg per 25-μL reaction mixture, which strongly agrees with previous reports on LAMP methods used for detecting Fusarium oxysporum f. sp. cucumerinum and Colletotrichum gloeosporioides, and the detection limit was about 1000 times higher than conventional PCR [19,25], indicating that the highly sensitive LAMP assay developed in this study was suitable for detecting M. acernia at early stages of round leaf spot. The fact that the detection sensitivity of LAMP is higher than that of conventional PCR may be largely due to the isothermal features, high strand displacement activity of the Bst DNA polymerase, number of copies of the target gene, and high-level tolerance to some inhibitors [31,32].



The utility of the LAMP assay was tested by detecting M. acerina in leaf samples. It is noteworthy that the LAMP assay not only detected M. acerina in all symptomatic leaves but also in some leaves without visible symptoms (two of ten), which indicated that some asymptomatic leaves may have been infected by M. acerina, but the symptoms did not appear at the early stage of the disease, and the LAMP assay can detect M. acerina sensitively and accurately in infected leaf samples at the asymptomatic stage. These results are consistent with previous studies reporting that LAMP can detect pathogens in infected plant tissues [33,34]. To reduce economic losses caused by disease, it is more important to detect pathogens in latent stages than in symptomatic stages. The results demonstrated that the LAMP assay may be useful for Sanqi round leaf spot disease diagnosis at the latent or symptomatic stage in production fields so that growers can improve the control efficiency by taking preventive control measures. Future research is needed to develop sampling plants for use with the LAMP assay, especially at the early stages of the disease when the disease incidence across the field is low, leading to significant sampling challenges since many plants would need to be tested to find positives, especially if symptoms are latent.




5. Conclusions


In this study, we designed LAMP primers targeting the rDNA-ITS sequences, optimized the reaction conditions under various temperatures and times, and evaluated the specificity, sensitivity, and application of the developed LAMP assay. This is the first report on developing a reliable, rapid, efficient, specific, sensitive, and easy-operating LAMP assay for detecting M. acerina. The LAMP assay can be used as a tool for the diagnosis of Sanqi round leaf spot disease caused by M. acerina in the field with a simple heating block or water bath and will provide accurate information in support of precautionary and integrated disease management.
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Figure 1. Design of LAMP primers for detection of M. cerina. The letters (F2, F3, B1c, F1c, B2 and B3) are primer names, the location and sequence of primers are shown in green color, and the direction of amplification is indicated by red arrows. 
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Figure 2. Optimization of LAMP reaction temperature for detection of M. acerina. (a) LAMP products were visualized by naked eye under natural light (color change, yellow-green indicate positive reaction). (b) LAMP products were visualized by naked eye under UV light (bright white turbidity indicates positive reaction). (c) LAMP products were analyzed using electrophoresis on 2% agarose gel (ladder-like pattern bands indicate positive reaction). Lane 1: negative control (SDW); Lane 2: 62.5 °C; Lane 3: 63 °C; Lane 4: 63.5 °C; Lane 5: 64 °C; Lane 6: 64.5 °C; Lane 7: 65 °C; Lane 8: 65.5 °C; Lane M: DL 2000 DNA marker. The color of tubes 5–7 is yellow-green. 
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Figure 3. Optimization of LAMP reaction time for detection of M. acerina. (a) LAMP products were visualized by naked eye under natural light (color change, yellow-green indicate positive reaction). (b) LAMP products were visualized by naked eye under UV light (bright white turbidity indicates positive reaction). (c) LAMP products were analyzed using electrophoresis on 2% agarose gel (ladder-like pattern bands indicate positive reaction). Lane 1: negative control (SDW); Lane 2: 25 min; Lane 3: 30 min; Lane 4: 35 min; Lane 5: 40 min; Lane 6: 45 min; Lane 7: 50 min; Lane 8: 55 min; Lane M: DL 2000 DNA marker. The color of tubes 5–8 is yellow-green. 
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Figure 4. Specificity of LAMP. (a) LAMP products were visualized by naked eye under natural light (color change, yellow-green indicate positive reaction). (b) LAMP products were visualized by naked eye under UV light (bright white turbidity indicates positive reaction). (c) LAMP products were analyzed using electrophoresis on 2% agarose gel (ladder-like pattern bands indicate positive reaction). Lane 1–3: Mycocentrospora acerina; Lane 4: Cylindrocarpon destructans; Lane 5: Alternaria panax; Lane 6: Colletotrichum truncatum; Lane 7: Botrytis cinerea; Lane 8: Negative control (SDW); Lane M: DL 2000 DNA marker. The color of tubes 1–3 is yellow-green. 
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Figure 5. Sensitivity of the LAMP assay for detection of M. acerina. (a) LAMP products were visualized by naked eye under natural light (color change, yellow-green indicate positive reaction). (b) LAMP products were visualized by naked eye under UV light (bright white turbidity indicates positive reaction). (c) LAMP products were analyzed using electrophoresis on 2% agarose gel (ladder-like pattern bands indicate positive reaction). Lane M: DNA marker DL2000; Lane 1–7, amplified products with a series of tenfold dilutions of M. acerina DNA (100 pg, 10 pg, 1 pg, 100 fg, 10 fg, 1 fg, and 100 ag) in 25 μL LAMP mixtures; Lane 8: Negative control (SDW). The color of tubes 1–5 is yellow-green. 
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Figure 6. Ability of the LAMP assay to detect M. acerina in Sanqi leaves. (a) LAMP products were visualized by naked eye under natural light (color change, yellow-green indicate positive reaction). (b) LAMP products were visualized by naked eye under UV light (bright white turbidity indicates positive reaction). (c) LAMP products were analyzed using electrophoresis on 2% agarose gel (ladder-like pattern bands indicate positive reaction). Lane M: DL 2000 marker; Lane 1: Positive control (M. acerina genomic DNA); Lane 2–4, 6: Asymptomatic leaves; Lane 5, 7: Leaves with symptoms of round spot disease; Lane 8: Negative control (sterile distilled water). The color of tubes 1, 2, 5, and 7 is yellow-green. 
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Table 1. Isolates of different plant pathogens used to test the specificity of the LAMP assay.
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Species

	
Host

	
Location

	
No of Isolates

	
LAMP Detection *




	
Agarose Gel

	
SYBR Green I






	
Mycocentrospora acerina

	
Panax notoginseng

	
Fujian

	
8

	
+

	
+




	
M. acerina

	
P. notoginseng

	
Yunnan

	
10

	
+

	
+




	
Cylindrocarpon destructans

	
P. notoginseng

	
Fujian

	
3

	
−

	
−




	
Alternaria panax

	
P. notoginseng

	
Yunnan

	
5

	
−

	
−




	
A. panax

	
P. notoginseng

	
Fujian

	
3

	
−

	
−




	
A. solani

	
Solanum lycopersicum

	
Fujian

	
3

	
−

	
−




	
Colletotrichum truncatum

	
Glycine max

	
Fujian

	
2

	
−

	
−




	
C. orbiculare

	
Cucumis sativus

	
Fujian

	
3

	
−

	
−




	
C. gloeosporioides

	
Citrus reticulata

	
Fujian

	
1

	
−

	
−




	
C. musae

	
Musa nana

	
Fujian

	
1

	
−

	
−




	
C. panacicola

	
P.notoginseng

	
Fujian

	
3

	
−

	
−




	
Botrytis cinerea

	
S. lycopersicum

	
Fujian

	
2

	
−

	
−




	
Phytophthora infestans

	
S. lycopersicum

	
Fujian

	
2

	
−

	
−




	
P. colocasiae

	
Colocasia esculenta

	
Fujian

	
5

	
−

	
−




	
P. cactorum

	
P. notoginseng

	
Fujian

	
3

	
−

	
−




	
P. capsici

	
Capsicum annuum

	
Fujian

	
3

	
−

	
−




	
P. melonis

	
C.sativus

	
Fujian

	
3

	
−

	
−




	
P. sojae

	
G. max

	
Fujian

	
3

	
−

	
−




	
P. cryptogea

	
Gerbera jamesonii

	
Fujian

	
1

	
−

	
−




	
p. vignae

	
Vigna unguiculata

	
Fujian

	
2

	
−

	
−




	
Peronophythora litchi

	
Litchi chinensis

	
Fujian

	
1

	
−

	
−




	
Pythium aphanidermatum

	
C. sativus

	
Fujian

	
1

	
−

	
−




	
Fusarium solani

	
S. lycopersicum

	
Fujian

	
3

	
−

	
−




	
F. oxysporum f. sp. cucumebrium

	
C. sativus

	
Fujian

	
2

	
−

	
−




	
F. oxysporum f. sp. cubense

	
M. nana

	
Fujian

	
2

	
−

	
−




	
Rhizoctonia solani

	
S. lycopersicum

	
Fujian

	
1

	
−

	
−




	
Bipolaria maydis

	
Zea mays

	
Fujian

	
1

	
−

	
−




	
Pestalatiopsis spp.

	
Psidium guajava

	
Fujian

	
1

	
−

	
−








* Presence (+) or absence (−) is based on the presence of a LAMP product of the expected size.
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Table 2. LAMP assay primers for detection of M. acerina in this study.
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	Primer Name
	Sequence (5′-3′)
	Length





	F3
	5′-GCCTGTTCGAGCGTCATT-3′
	18



	B3
	5′-TCAGCGGGTATCCCTACC-3′
	18



	FIP
	5′-ACGCCGGCTGCCAATTGTTTTA-CCTCAAGCTCTGCTTGGTG-3′
	41



	BIP
	5′-CTTCGGAGCGCAGCACATTTTG-TCCGAGGTCAAGAGCGTTAA-3′
	42
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