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Abstract

:

Ditylenchus destructor and D. dipsaci are important nematodes that have a significant economic impact on agronomic and horticultural plants worldwide. Microscopic observation alone may not distinguish between D. destructor and D. dipsaci. Accurate and rapid identification of these two species is essential for effective pest management. In the present study, a species-specific PCR assay was developed to detect and differentiate D. destructor and D. dipsaci based on the rDNA-ITS sequences. The primers developed in this study can specifically amplify fragments of DNA from D. destructor and D. dipsaci in the target population, without amplifying DNA from other non-target nematodes within the genus Ditylenchus. The sensitivity test revealed that this procedure has the ability to detect single second-stage juveniles (J2) of D. dipsaci at a dilution of 1/128 and D. destructor at a dilution of 1/64. Additionally, it can detect genomic DNA (gDNA) at concentrations of 10 pg/µL for D. dipsaci and 1 ng/µL for D. destructor. These results align with previously reported results obtained through RPA and LAMP methods. Furthermore, the primers developed in this study for D. destructor not only were able to amplify six different haplotypes of nematodes but also successfully detected it in infested plant roots and soil samples, thereby shortening the time and reducing the number of steps required for detection. Thus, this assay, which does not necessitate taxonomic or morphological expertise, significantly enhances the diagnosis of D. destructor and D. dipsaci in infested fields. This advancement aids in the early control of these nematodes.
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1. Introduction


The genus Ditylenchus Filipjev, 1936, comprises over 80 species that are distributed globally [1]. Only a few of these species are regarded as pests of higher plants [2,3]. Among them, Ditylenchus dipsaci and D. destructor are considered the most significant species for agriculture [3,4]. D. dipsaci, commonly known as the stem nematode, is a major pest in both agricultural and quarantine settings [5]. Its significance stems not only from its ability to infest over 500 species of flowering plants but also its unique capacity to survive in a dehydrated state without a host plant [3,6]. Moreover, the presence of D. dipsaci often leads to severe crop damage due to strong synergism with certain fungi [3,7]. Another economically important species within the genus is the potato rot nematode, D. destructor Thorne, 1945. It is responsible for significant losses in potato, sweet potato, and bulb crop production worldwide [3]. It has been recorded to infest over 90 plant species and weeds, and it can also feed on a similar number of fungal species [3]. The pest poses a serious threat to potato tubers in Europe and North America and is considered an important international quarantine pest in China [3,8].



The species within the Ditylenchus genus pose challenges to differentiation due to their high degree of morphological similarity [9]. D. dipsaci and D. destructor, in particular, share such close physical characteristics that distinguishing them through microscopic observation is difficult [1]. Surprisingly, recent molecular analyses using ribosomal DNA (rDNA) sequence data have revealed that these two species are genetically further apart than previously believed [10]. On the otd, investigations into the evolutionary highly variable, non-coding internal transcribed spacers (ITS1 and ITS2) of the nuclear rDNA have highlighted significant relationships between D. dipsaci, the stem nematode, and gall-forming nematodes from the subfamily Anguininae [10,11,12]. As a result, rDNA-ITS genes have become a favored tool for identifying these nematodes, and various assays currently exist for detecting D. dipsaci and D. destructor, including restriction fragment length polymorphism (RFLP)-ITS, multiplex PCR, real-time PCR, recombinase polymerase amplification (RPA), and loop-mediated isothermal amplification (LAMP) [9,10,13,14,15,16,17]. While it has been acknowledged that nematodes within the Ditylenchus genus share morphological similarities, little is known about simultaneous target detection among these nematodes.



Recent studies have shown a high genetic diversity among populations of D. destructor, as indicated by the sequences of ITS [17,18,19]. D. destructor populations from 22 different locations were categorized into two types, namely type A and type B, based on their ITS sequences [17]. Based on the secondary structure of ITS1-H9, we have identified five novel haplotypes, specifically C-G [20]. Seven additional haplotypes (H-N) were observed in samples derived from Chinese herbal medicines [18]. Li et al. recently reported the presence of 14 haplotypes in D. destructor, collected from various hosts in China [19]. In light of the aforementioned research, two sets of primer pairs (DdS1/DdS2 and DdL1/DdL2) were developed for the detection of haplotype A and haplotype B, respectively [17]. Moreover, Marek et al. formulated another primer set (Des2-F/Des1-R) capable of detecting all haplotypes of D. destructor, except for haplotype A [10]. Hence, there is an urgent need to devise a universal primer that can accurately detect different haplotypes of D. destructor, with the aim of achieving simplicity, time efficiency, and reduced labor requirements.



This study aimed to develop a species-specific PCR assay capable of efficiently and accurately detecting D. destructor and D. dipsaci from closely related nematodes. Additionally, the primers developed in this study for D. destructor can amplify six different haplotypes and also successfully detected it in infested plant roots and soil samples, thereby reducing the experimental time and streamlining the detection process. The assays designed for both species will significantly improve the diagnosis of Ditylenchus sp. species in infested fields.




2. Materials and Methods


2.1. Nematode Populations Collection and Cultivation


Seven populations of Ditylenchus destructor, seven populations of D. dipsaci, and six other Ditylenchus species were collected from various regions from four countries (Table 1). All samples underwent identification using both morphological and molecular methods, following the procedures described by Qiao et al. [21,22]. D. destructor was cultured on Fusarium oxysporium on 10% potato dextrose agar (PDA) in Petri dishes with a diameter of 90 mm [18]. D. dipsaci and D. africanus were cultured on yellow pea and peanut excised roots, respectively, using B5 medium. After six weeks of inoculation, nematodes were separated using a Baermann funnel [23] and cleared three times with sterile distilled water.




2.2. DNA Extraction


A single nematode from each available population was transferred into a 0.2 mL PCR tube containing 45 µL of PCR buffer (200 mM Tris-HCl(pH 8.4), 500 mM KCl) (Fisher, Waltham, MA, USA) and 5 µL of 600 ng/mL proteinase K (Roche, Munich, Germany). The samples were then incubated at 65 °C for 75 min, followed by a 10-min incubation at 95 °C.



To conduct sensitivity tests, the total genomic DNA was extracted from a mass of D. destructor and D. dipsaci using the phenol and chloroform method [25]. The extracted DNA was quantified using the NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific). Any remaining DNA was stored at −20 °C for future use.




2.3. Molecular Cloning and DNA Sequencing


Amplification reactions were conducted using DNA extracts, with a total volume of 25 μL. The reaction mixture included 2.5 μL of 10× PCR buffer, 1.0 μL of 2.0 mM dNTPs, 2 U of Taq DNA polymerase (Fisher), 1.0 μM of ITS-F primer (5′-TTGATTACGTCCCTGCCCTTT-3′), 1.0 μM of ITS-R primer (5′-ACGAGCCGAGTGATCCACCG-3′) [26], and 1 μL of nematode template DNA. The PCR program consisted of an initial denaturation step at 94 °C for 4 min, followed by 35 cycles of 30 s at 94 °C, 30 s at 60 °C, and 1 min at 72 °C with a final extension at 72 °C for 10 min. The PCR products were separated by electrophoresis on a 1.5% agarose gel, stained with ethidium bromide (EB), and visualized and photographed under UV light. Subsequently, the amplicons were sequenced from both directions using BigDye terminator v3.1 on the ABI PRISM 3130 platform.




2.4. Primer Design and PCR Assays


The specific primers of D. destructor and D. dipsaci were designed using an alignment of Ditylenchus species ITS sequences by Geneious 6.15. The alignment consisted of ITS sequences of the study samples (Table 1) and other Ditylenchus species from GenBank, including D. askenasyi (AF396337), D. angustus (AJ966483), D. gigas (HQ219240), D. adasi (EU669909), D. phyllobius (AF363112), D. myceliophagus (AF396322), D. holictus (EF627047), and D. drepanocercus (JQ429774). The specific primers were compared with the nucleotide (Nt) dataset, using primer-blast to examine the specificity.




2.5. Species-Specific Amplification


All of the samples in this study were selected to test specificity. PCR amplification reactions were performed in 25 μL reaction volumes containing 2.5 μL 10 × PCR buffer, 5 mM dNTPs, 2 U Taq DNA polymerase (Clontech, San Jose, CA, USA), 1 μL template DNA, and 20 pM each of forward and reverse primers (DdF2/ DdR2 and DpF5/DpR5) (Table 2); ddH20 was added to a total volume of 25 μL. The amplification was carried out in an MBI Gradient thermocycler, with the following cycling profile: 4 min at 94 °C; 35 cycles of 30 s at 94 °C, 30 s at 61 °C, and 1 min at 72 °C; and then 72 °C for 10 min. The PCR product’s sequencing was described as above.




2.6. Sensitivity Test of Developed Primers


For the sensitivity test, serial ten-folds of D. destructor and D. dipsaci genome DNA (at initial concentration 100 μg/μL) were prepared in sterile distilled water, and two-fold serial dilutions of a single nematode DNA (1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128) were performed and used to test the sensitivity. Different dilutions of genomic DNA templates were separately detected by PCR assay and were repeated three times.




2.7. General Detection of Specific Primers for D. destructor


To understand whether the D. destructor-specific primers can amplify all haplotypes, three major haplotypes (A, B, C) populations and three new identified haplotypes (D, F, L) of D. destructor were collected from China [19] and were used for evaluation using the methods described above.




2.8. Direct Detection of Ditylenchus destructor in Plant and Soil Samples


To assess the practicality of using the PCR assay for direct detection of D. destructor in plant and soil samples, known quantities of nematodes were manually spiked into sterile soil or non-infected potato roots. Specifically, 1 g of autoclaved sand soil was inoculated with 1, 5, 10, 25, and 50 D. destructor respectively, and total DNA was extracted using the Fast DNA Spin Kit for Soil (MP Bio). Similarly, 0.1 g of potato roots was individually mixed with the same quantities of D. destructor and subjected to DNA isolation using the phenol chloroform method [25]. The genomic DNA obtained from the artificially inoculated soil and potato root samples served as templates for testing the D. destructor PCR primers. Negative controls were established using healthy root and autoclaved soil samples. Each experiment was conducted in quadruplicate.



To evaluate the accuracy of our newly devised technique for directly identifying D. destructor in soil samples, we gathered 16 soil samples from regions where potatoes are cultivated in five provinces: Yunnan, Hebei, Shanxi, Inner Mongolia, and Heilongjiang (Table 3). Ten grams of soil were chosen at random from each thoroughly mixed sample, and the DNA of the soil was isolated using the previously described method. Meanwhile, nematodes were extracted from 100 g of soil in each sample using the flotation method, and subsequently examined and quantified under a microscope (Olympus CZ61) to verify the findings.





3. Results


3.1. Primer Design and Screening


According to the results of the comparison, eight primer sets were designed in the specific region of D. dipsaci and D. destructor (Figure 1) and further screened using the DNA of D. destructor and D. dipsaci as a template, separately. The electrophoresis results showed that the amplification products, specifically primer Set 2 (DdF2/DdR2) of D. destructor and primers Set 5 (DpF5/DpR5) of D. dipsaci were singular, devoid of any additional bands, and bright (Figure 2). Consequently, these selected sets of primers are to be utilized for the subsequent detection step.




3.2. Specific Test


Seven D. destructor populations and the same number of D. dipsaci populations were amplified by specific primers (DdF2/DdR2 and DpF5/DpR5), each with stable bands of 495 bp and 327 bp, respectively (Figure 3A,B). With the exception of the target nematodes, the amplified bands were absent in seven other nematodes from Ditylenchus sp. and the negative control. Bright bands were amplified from all populations using universal primers (D2A/D3B), indicating that the DNA quality of all samples was good (3C). The above results indicated that the primers of D. dipsaci and D. destructor (DdF2/DdR2 and DpF5/DpR5) had high specificity.




3.3. Detection Sensitivity of the Species-Specific PCR Assays


The sensitivity results showed that the species-specific PCR assays could detect D. dipsaci and D. destructor as low as 1/128 (D. dipsaci) and 1/64 (D. destructor) single J2, respectively (Figure 4A,B). Serial diluted genomic DNA templates with concentrations ranging from 100 µg/µL to 10−6 µg/µL were also detected and the results showed that visible bands could be amplified at a DNA concentration of even as low as 10 pg/µL (D. dipsaci) and 1 ng/µL (D. destructor), respectively (Figure 4C,D).




3.4. Universality Test of the Primer for D. destructor


Six different haplotypes of D. destructor (A, B, C, D, F, L) were chosen for universality testing. The findings demonstrated that the primers designed for D. destructor in this investigation successfully amplified all six selected haplotypes (Figure 5). This evidence indicates that primer sets have the capacity to amplify all haplotypes, emphasizing their potential for further exploration.




3.5. Direct Detection of Ditylenchus destructor in Plant and Soil Samples


D. destructor was deliberately introduced into sterile soil and healthy potato roots, and their DNA was extracted for use as a PCR template. PCR testing showed positive bands in the DNA of all samples inoculated with nematodes, with a detection limit of 1 nematode/g of soil and 1 nematode/0.1 g of plant tissue (Figure 6A,B). Based on this criterion, we collected 16 soil samples from five major potato-growing provinces, with seven of them testing positive through the developed method (Figure 6C). Microscopic observation and rDNA-ITS sequencing verified the accuracy of our findings (Table 3).





4. Discussion


Ditylenchus destructor is a widely distributed and economically important pest primarily parasitic on various crops [8]. Similarly, D. dipsaci is a destructive parasitic nematode that affects stem tissue, as well as the tubers, bulbs, and rhizomes of nearly 500 host species [3]. The morphology of nematodes in the Ditylenchus genus is highly similar. It is common for D. destructor and D. dipsaci to coexist with other nematode species within the Ditylenchus genus [3]. Therefore, distinguishing them from mixed-species samples without taxonomic expertise is challenging. The species-specific PCR assay developed in this study can accurately differentiate these two nematodes from other nematodes within the same genus. This assay does not require proficiency in species taxonomy or morphology but enhances the diagnosis of D. dipsaci and D. destructor in infested fields.



To assess the specificity of the species-specific PCR assay in this study, the ITS sequences of D. destructor and D. dipsaci were compared with sequences of closely related nematodes within the same genus, and primers were designed by targeting regions with substantial differences. The ITS region was considered variable and valuable for species-level nematode identification [17,18,27]. The selected primers successfully amplified specific bands of D. destructor and D. dipsaci populations from different geographic regions, while no bands were observed for other nematodes (Figure 3A,B). These findings support previous results [9,10]. Unlike other assays, this study used samples exclusively from nematodes of the Ditylenchus genus, further distinguishing the target nematodes from closely related ones. This confirms that the primers possess a high level of specificity. In the future, it is recommended to investigate additional isolates of D. dipsaci, D. destructor, and other related species, to minimize the possibility of misdetection.



The effectiveness of detection methods can be determined by the parameter of sensitivity, as higher sensitivity results in fewer false-negative outcomes. The sensitivity of this study allowed for the detection of D. dipsaci and D. destructor at concentrations as low as 1/128 and 1/64 single J2, respectively. The detection limits for genomic DNA were 10 pg/µL and 1 ng/µL. The sensitivity of the species-specific PCR assay is higher compared to the common PCR detection method [28,29]. Mahmoudi et al. [28]. and Liu et al. [29] utilized one or more nematodes for the identification of D. destructor. Specific PCR techniques have made significant advancements in the molecular detection of plant nematodes. With a single PCR assay, it is possible to detect one or more populations of plant nematodes in a sample, reducing the detection time and improving efficiency [30]. Recently, the development of isothermal amplification technology such as RPA and LAMP methods have been successfully used in the detection of D. dipsaci and D. destructor, demonstrating extremely high sensitivity [14,15]. Notably, our developed species-specific PCR assay exhibits comparable detection sensitivity to previously reported RPA and LAMP methods. It is noteworthy that the RPA and LAMP methods exhibit a high false positive rate, which requires further attention [31].



The recent studies have shown a high genetic diversity among populations of D. destructor; this has been discovered based on the rDNA-ITS sequences [11,17,18,19]. At present, the reported detection methods cannot use a single primer to detect all haplotypes [10,17]. To accurately and quickly identify the various haplotypes of D. destructor, multiple pairs of primers need to be used. Wan et al. developed two pairs of primers, namely DdS1/DdS2 and DdL1/DdL2, for detecting haplotype A and all other haplotypes, respectively [17]. Marek et al. designed a pair of primers, Des2-F/Des1-R, that can detect all haplotypes of D. destructor except haplotype A [10]. Although it is possible to identify the nematodes using the universal primers of rDNA-ITS or rDNA-28S, this method is complex and time-consuming. The previous studies showed that the variations of rDNA-ITS sequences from different D. destructor populations were mainly localized in the ITS1 region [32]. In this study, the conserved regions within the ITS sequences of different D. destructor populations but with significant differences from other species of Ditylenchus sp. were selected as a target site for primer design (Figure 1). This strategy can help us better distinguish and identify the various haplotypes of D. destructor, to ensure the accuracy and reliability of the specific primers we design. Fortunately, our designed primers have successfully detected all six selected haplotypes of D. destructor (Figure 5), demonstrating their universal applicability. This effectively overcomes the limitations of existing rapid detection methods for D. destructor, which can only identify defects in specific haplotypes of the nematode. As a result, the false detection rate is significantly reduced. This finding greatly contributes to the prevention and control of D. destructor.



The stem nematode including D. ditylenchus and D. dipsaci, a migratory nematode, is challenging to find in soil using the naked eye. Additionally, plants do not exhibit obvious symptoms in the early stages of infection. Hence, to effectively control the harm caused by this nematode disease, it is crucial to quickly detect the nematode in soil or on early diseased plants [31,33]. In previous studies, a method was established for directly detecting both nematode species from soil using RPA, LAMP, and qPCR techniques [14,15,34]. In this study, the PCR assay successfully detected D. destructor in infested plant roots and soil samples. The minimum detectable number of D. destructor under this method was estimated to be one nematode per 0.1 g of plant tissues or 1 g of soil. The detection sensitivity is comparable to that of reported RPA and LAMP [14,15,34]. However, some studies have demonstrated that RPA, LAMP, and real-time PCR exhibit higher sensitivity than PCR methods [32,35]. Moreover, after analyzing the field sampling soil samples, we found 7 positive results out of 16 samples, which were analyzed using the funnel method. The nematode count in 100 g of soil ranged from 16 to 56, suggesting a sensitivity of 16–56 nematodes/100 g soil. This indicates that our developed PCR detection method has a sensitivity exceeding 1 nematode/g of soil, demonstrating an exceptionally high level of sensitivity. The assay established in this study does not require the extraction of nematodes from plant tissue and soil samples, providing a simple molecular tool for the rapid detection of D. destructor in infested plant tissues and soils. Although we also aimed to assess the potential for the direct detection of D. dipsaci from soil and plant tissues, this nematode is currently not distributed in China and was therefore not studied in this research.




5. Conclusions


We have developed a species-specific PCR assay that is rapid, precise, and easy to use for the detection of Ditylenchus destructor and D. dipsaci. The primers designed for D. destructor in this study have the capability to amplify all selected haplotypes and facilitate the direct detection of nematodes in soil and diseased plants. This reduces experimental time and simplifies the detection process. These assays for both species will improve the diagnosis of Ditylenchus species in infested fields.
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Figure 1. Selected sequences from various Ditylenchus species to design the species-specific primer set for D. dipsaci and D. destructor. The sequence in the direction of the arrow is the primer sequence. 
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Figure 2. Electrophoretic results of eight sets of primers for D. destructor (A) and D. dipsaci (B), respectively. M: DNA marker III. CK: a non-template control. 
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Figure 3. Verification of the assay specificity for D. dipsaci and D. destructor. (A) The result is for all samples amplified by primers specific to D. destructor. (B) The result is for all samples amplified by primers specific to D. dipsaci. (C) The result is for all samples amplified by the ITS gene. Dd1–Dd7: D. destructor populations; Ddip1–Ddip7: D. dipsaci populations; Da1: D. africanus; Dw1: D. weischeri; Dg1: D. gagis; Dity1: Ditylenchus sp. M: DNA marker III. CK a non-template control. 
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Figure 4. Sensitivity test for D. dipsaci and D. destructor. (A) As performed with serial-diluted DNA from single second-stage juveniles of D. dipsaci (1, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, and 1/128 per reaction). (B) As performed with serial-diluted DNA from single second-stage juveniles of D. destructor (1, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64, and 1/128 per reaction). (C) As performed with serial-diluted genomic DNA of D. dipsaci (100,10, 1, 10−1,10−2, 10−3, 10−4, 10−5, and 10−6 µg per reaction). (D) As performed with serial-diluted genomic DNA of D. destructor (100,10, 1, 10−1,10−2, 10−3, 10−4, 10−5, and 10−6 µg per reaction). M: DNA marker III. CK a non-template control. 
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Figure 5. Detection of different haplotypes of D. destructor. A: haplotype A of D. destructor; B: haplotype B of D. destructor; C: haplotype C of D. destructor; D: haplotype D of D. destructor; F: haplotype F of D. destructor; L: haplotype L of D. destructor. M: 100 bp DNA marker. CK: a non-template control. 
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Figure 6. Direct detection of Ditylenchus destructor in soil and plant samples. (A) The directed detection of D. destructor from DNA templates extracted from 50, 25, 10, 5, and 1 nematodes in 1 g of soil. (B) Detection of D. destructor from DNA templates extracted from 50, 25, 10, 5, and 1 nematodes in 1 g of root sample. (C) Detection of D. destructor in naturally infested soil samples. M: DL2000 DNA maker. PC: positive control. NC: a non-template control. 






Figure 6. Direct detection of Ditylenchus destructor in soil and plant samples. (A) The directed detection of D. destructor from DNA templates extracted from 50, 25, 10, 5, and 1 nematodes in 1 g of soil. (B) Detection of D. destructor from DNA templates extracted from 50, 25, 10, 5, and 1 nematodes in 1 g of root sample. (C) Detection of D. destructor in naturally infested soil samples. M: DL2000 DNA maker. PC: positive control. NC: a non-template control.



[image: Horticulturae 10 00250 g006]







 





Table 1. Nematode samples used in this study.
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	Species Code
	Species
	Population Origin
	Plant Host
	Accession No. (ITS Sequences)
	References





	Dd01
	D. destructor
	Inner Mongolia, China
	Potato
	KX766417
	[24]



	Dd02
	D. destructor
	Henan, China
	Sweet potato
	KJ567142
	This study



	Dd03
	D. destructor
	Jilin, China
	Sweet potato
	KJ567141
	This study



	Dd04
	D. destructor
	Shandong, China
	Potato
	KJ567143
	[19]



	Dd05
	D. destructor
	Jiangsu, China
	Sweet potato
	KJ567144
	This study



	Dd06
	D. destructor
	Clemson University, USA
	Potato
	KJ567147
	[21]



	Dd07
	D. destructor
	Ontario, Canada
	Garlic
	KJ567146
	[21]



	Ddip01
	D. dipsaci
	Clemson University, USA
	Garlic
	KJ567149
	[21]



	Ddip02
	D. dipsaci
	Halton, Canada
	Garlic
	-
	[21]



	Ddip03
	D. dipsaci
	Huron, Canada
	Garlic
	-
	[21]



	Ddip04
	D. dipsaci
	Temiskaming, Canada
	Garlic
	-
	[21]



	Ddip05
	D. dipsaci
	Rockland, Canada
	Garlic
	-
	[21]



	Ddip06
	D. dipsaci
	Manitoulin, Canada
	Garlic
	-
	[21]



	Ddip07
	D. dipsaci
	Bruce, Canada
	Garlic
	-
	[21]



	Da01
	D. africanus
	South Africa
	Peanut
	KJ567154
	[22]



	Dw01
	D. weischeri
	Manitoba, Canada
	Grass
	KJ567155
	[22]



	Dar1
	D. arachis
	Henan, China
	Peanut
	PP356623
	This study



	Dang1
	D. angustus
	Hunan, China
	Rice
	PP356622
	This study



	Dity01
	Ditylenchus spp. 1
	China
	Wheat
	PP356621
	This study



	Dg01
	D. gigas
	Canada
	Grass
	PP356624
	[22]










 





Table 2. Sequences of the primers designed for species-specific PCR.
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Primers

	
Sequences

	
Target






	
DdF2

	
5′-GCTCTGTGCCTGGCTAATTTGTG-3′

	
D. destructor




	
DdR2

	
5′-ACCAAACACTGGACAGCATTATC-3′




	
DpF5

	
5′-GCTGCGTTGAAGAGAACTGGCAC-3′

	
D. dipsaci




	
DpR5

	
5′-CGGAAAAGCACCCAACCAGTACC-3′











 





Table 3. Direct detection of Ditylenchus destructor in naturally infested soil samples.
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Samples

	
Host

	
Soil Type

	
Location

	
GPS

	
Nematode Density in Soil a

	
Detection Results




	
PCR

	
ITS-Sequencing






	
1

	
Potato

	
Sandy soil

	
Yuyang District-1, Shanxi Province

	
109°18′0.61″ N, 38°14′8.30″ E

	
0

	
−

	
N/A




	
2

	
Sandy soil

	
Yuyang District-2, Shanxi Province

	
109°18′0.61″ N, 38°14′8.31″ E

	
0

	
−

	
N/A




	
3

	
Sandy soil

	
Yuyang District-3, Shanxi Province

	
109°18′0.61″ N, 38°14′8.32″ E

	
0

	
−

	
N/A




	
4

	
Sandy soil

	
Yuyang District-4, Shanxi Province

	
109°18′0.61″ N, 38°14′8.33″ E

	
23

	
+

	
D. destructor




	
5

	
Sandy soil

	
Yuyang District-5, Shanxi Province

	
109°18′0.61″ N, 38°14′8.34″ E

	
19

	
+

	
D. destructor




	
6

	
Light soil

	
Zhangbei County, Hebei Province

	
114°43′34.94″ N, 41°9′53.79″ E

	
0

	
−

	
N/A




	
7

	
Black loam soil

	
Nenan Town-1, Heilongjiang Province

	
125°10′16.25″ N, 48°26′12.08″ E

	
0

	
−

	
N/A




	
8

	
Black loam soil

	
Nenan Town-2, Heilongjiang Province

	
125°10′16.25″ N, 48°26′12.09″ E

	
0

	
−

	
N/A




	
9

	
Sandy soil

	
Huaning County, Yunnan Province

	
102°56′7.77″ N, 24°11′54.89″ E

	
0

	
−

	
N/A




	
10

	
Sandy soil

	
Taipusi Banner, Inner Mongolia Province

	
115°17′25.92″ N, 41°52′56.25″ E

	
21

	
+

	
D. destructor




	
11

	
Sandy soil

	
Taipusi Banner, Inner Mongolia Province

	
115°17′25.92″ N, 41°52′56.26″ E

	
0

	
−

	
N/A




	
12

	
Black loam soil

	
Nehe City, Heilongjiang Province

	
124°53′21″ N, 48°28′21.10″ E

	
22

	
+

	
D. destructor




	
13

	
Black loam soil

	
Daowai District, Heilongjiang Province

	
126°49′25.18″ N, 45°51′42.74″ E

	
26

	
+

	
D. destructor




	
14

	
Black loam soil

	
Tongyi Town, Heilongjiang Province

	
124°48′23.64″ N, 48°11′37.29″ E

	
0

	
−

	
N/A




	
15

	
Sandy soil

	
Helan County, Ningxia Province

	
106°21′23.46″ N, 38°33′37.46″ E

	
16

	
+

	
D. destructor




	
16

	

	
Black loam soil

	
Liuhe Town, Heilongjiang Province

	
124°46′27.83″ N, 48°21′29.30″ E

	
47

	
+

	
D. destructor








+ Indicates the presence of the D. destructor-specific fragment; − indicates the absence of the D. destructor-specific fragment. a Numbers of D. destructor were counted after Baermann funnel extraction for 24 h from 100 g of soil.
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