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Abstract: The pinewood nematode (PWN), Bursaphelenchus xylophilus, is a notorious parasitic nema-
tode of pine trees that causes pine wilt disease (PWD), leading to extensive mortality of different pine
species around the world and considerable economic losses, thus posing a threat to healthy pines
worldwide. Fast and accurate detection technology is necessary for the management of PWD spread.
This study describes the development of a new DNA extraction method and detection technology,
enzyme-mediated amplification (EMA), using primers and a newly designed probe according to the
rRNA internal transcribed spacer gene ITS2. The detection process can be completed within 40 min,
including DNA extraction for 10 min and detection for 30 min, by exploiting the synergistic action
of multiple enzymes. This method can detect PWNs from different geographic areas quickly and
accurately at all life stages, singly or in a mixture, and can distinguish PWNs from other species of
the Bursaphelenchus group, showing that it is not only reliable but also rapid, greatly improving the
efficiency and speed of PWN detection. Therefore, the technology is expected to be highly beneficial
in PWN quarantine testing.
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1. Introduction

Pine wilt disease (PWD), an incurable disease of pine trees that leads to occlusion of
the xylem, is caused by the pinewood nematode (PWN) Bursaphelenchus xylophilus [(Steiner
& Buhrer, 1934) Nickle, 1937] which is a global quarantine microorganism [1]. The disease
is endemic to the United States, where exotic, nonnative pine species are the main target,
but has spread to cause serious damage to pine trees in Asia (China, Japan and Korea) and
Europe (Portugal and Spain). The PWN was first detected in China on black pine (Pinus
thunbergii) in Nanjing city, Jiangsu Province, China [2], but has since spread to 666 counties
in 18 provinces of China through the timber trade, human activities and vector beetles,
despite taking many measures to slow its spread [3]. Much research has been carried out to
protect pine trees and to reduce economic losses, including on the nematode, host trees,
vector beetles (pine sawyers, Monochamus spp.) and the environment [4–10]. However,
there are still no effective measures with which to control the occurrence of PWD, such that
strengthening quarantine protocols is still important in PWD management.

There are a number of plant–parasitic nematode species of the genus Bursaphelenchus
found on pine [11]. The morphological characteristics of the PWN, including its juvenile and
adult male characteristics, are similar to those of other species of the xylophilus group. Adult
females of the PWN are the only group that can be used to distinguish the species from other
Bursaphelenchus spp. because they have distinctive morphological characteristics, including
details of the vulval flap, stylet, tail shape, etc. [12]. Special situations may further limit the
use of morphological traits to distinguish Bursaphelenchus spp. The PWN has two life forms:
propagative and dispersive [13]. When the environment is not suitable for the survival of
PWNs (e.g., low temperature, drought or a lack of food), the PWN will change form from the
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propagative type, with typical morphological characteristics, to the dispersive type, with
loss of certain morphological characteristics, including disappearance of the median bulb
and the stylet [14,15], such that traditional identification using morphological characters of
adult females cannot be adopted to identify the species. In addition, B. xylophilus extracted
from wood samples have mucronate tails [16], which are very similar in morphology to
those of Bursaphelenchus mucronatus Mamiya & Enda. Therefore, traditional morphological
characteristics cannot be used to accurately distinguish between species.

The PWN is a serious, invasive, plant–parasitic nematode that is believed to have
originated in North America, where it is considered to be endemic. However, Japan was
the first country outside the native range to report the occurrence of PWD in 1905, and
Japanese pines (such as Pinus thunbergii Parl. and Pinus densiflora Siebold & Zucc.) are
regarded as being highly susceptible to PWD. A large-scale outbreak of PWD in Japan
resulted in extensive mortality of native pine trees. Mamiya proposed that PWD cannot
occur in areas where the annual mean temperature is lower than 10 ◦C, based on the rela-
tionship between disease development and local temperature [17]. However, PWNs have
successfully adapted to temperatures below 10 ◦C and spread to Liaoning Province (annual
average temperature < 10 ◦C) [18], explaining PWD diffusion from warm areas to cold areas.
Intraspecific variation in the PWN occurs in different geographical environments [19]. To
date, the PWN has been detected in 18 provinces of China, covering four climatic zones,
namely, tropical, subtropical, temperate and middle temperate zones.

In recent years, increasing numbers of molecular techniques have been developed
to overcome the shortcomings of traditional morphology-based identification technolo-
gies. Most PWN identification techniques are based on polymerase chain reaction (PCR),
including nested PCR and real-time PCR [20–23], although others do not involve PCR,
such as loop-mediated isothermal amplification (LAMP) [24,25], recombinase polymerase
amplification (RPA) [26], and denaturation bubble-mediated strand exchange amplification
(SEA) [27]. The results of these molecular detection systems can be read by the naked
eye, in contrast to the tedious and technical approach of morphological trait measurement,
which must be performed by highly trained professionals to detect such small differences.

Thus, there is a demand for a sensitive, accurate and rapid test, particularly for
quarantine testing purposes. To this end, we developed an enzyme-mediated amplification
(EMA) test to detect the PWN to overcome the current limitations of PWN identification
tests. This amplification technique can shorten the amplification time in two ways, namely,
avoiding the need for heating and cooling the sample, compared with conventional PCR
amplification experiments, and amplifying the target gene by using multiple enzymes at
the same time (Figure 1), with the latter being the main reason for the shortened test time.
In addition, EMA is easy to perform, obviating the need for professional knowledge or
technical experience. Thus, this detection method is expected to provide a fast and accurate
strategy for all PWN testers, including nonexperts, of particular significance in quarantine
situations.

2. Materials and Methods
2.1. Nematodes

The 24 nematode strains tested consisted of 12 isolates of B. xylophilus, 10 isolates of
B. mucronatus, and 1 strain each of Bursaphelenchus sinensis and Bursaphelenchus vallesianus
Braasch, Schonfeld, Polomski, et al., 2004, all of which were preserved in the Jiangsu
Key Laboratory for Prevention and Management of Invasive Species, Nanjing Forestry
University. Except for the Bm10 strain of B. mucronatus (from Japan), the strains were
isolated from diseased wood samples from different sites in China (Table 1).
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Figure 1. Schematic illustration of enzyme-mediated amplification.

Table 1. Geographic origins and hosts of Bursaphelenchus species used in the study.

Species Strain Name Geographical Origin Host Species

B. xylophilus Bx01 Huangshan, Anhui Province P. massoniana
Bx02 Nanjing, Jiangsu Province P. thunbergii
Bx03 Fuyang, Zhejiang Province P. massoniana
Bx04 Yueyang, Hunan Province P. massoniana
Bx05 Jingmen, Hubei Province P. massoniana
Bx06 Qingdao, Shandong Province P. thunbergii
Bx07 Dalian, Liaoning Province P. thunbergii
Bx08 Shanyang, Shaanxi Province P. thunbergii
Bx09 Pengze, Jangxi Province P. massoniana
Bx10 Renhuai, Guizhou Province P. massoniana
Bx11 Quanzhou, Fujian Province P. massoniana
Bx12 Xinyang, Henan Province P. massoniana

B. mucronatus Bm01 Nanling, Anhui Province P. massoniana
Bm02 Nanling, Anhui Province P. massoniana
Bm03 Huangshan, Anhui Province P. massoniana
Bm04 Yichang, Hubei Province P. massoniana
Bm05 Pingnan, Fujian Province P. elliotii
Bm06 Fumin, Yunnan Province P. massoniana
Bm07 Fushun, Sichuan Province P. elliotii
Bm08 Fushun, Sichuan Province P. elliotii
Bm09 Huizhou, Guangdong Province P. massoniana
Bm10 Japan P. thunbergii

B. sinensis Bs01 Pengze, Jangxi Province P. massoniana
B. vallesianus Bv01 Nanjing, Jiangsu Province P. massoniana

2.2. DNA Extraction

DNA was extracted from mixed life-stage samples of nematodes: 20 µL of nematodes
(about 30 individuals) were placed into a 1.5 mL tube filled with 20 µL of lysis buffer
(0.8 mM Tris-HAc, 0.08 mM EDTA, 0.02% SDS, 0.08% NP-40) and then vigorously mixed and
incubated at 95 ◦C for 10 min in a Chb-t1 constant-temperature heater (Shanghai Woyuan
Technology Co., Ltd., Shanghai, China). Then, the tube was centrifuged at 12,000× g for
3 min, and 3.5 µL of the supernatant (containing DNA) was used for EMA.

DNA was also extracted from individual nematodes, including 2nd-stage juveniles
(J2), 3rd-stage juveniles (J3), 4th-stage juveniles (J4) and adults. Individual nematodes were
selected using a pipette and transferred into 5 µL of lysis buffer under a DM500 microscope
(Leica, Germany). The remaining DNA extraction steps were performed as described
above.
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2.3. Primer and Probe Design

The specific primers and probe were designed after aligning the ITS2 sequences from
B. xylophilus (GenBank accession number: KM657966.1) and B. mucronatus (GenBank acces-
sion number: JF826237.1) by using Oligo 7 Primer Analysis Software [28] (Figure 2). The
forward primer sequence was 5’-TTAAACTCGAGCAGAAACGCCGACTTG-3’, and the
reverse primer sequence was 5’-CTCCAAACATTCTCATCCGAACGTCCCT-3’. The probe
was designed as follows: sequence, 5’-CCCTCTCGCCCCGCACGGACAAACAG/i6FAMd
T/G/idSp/G/iBHQ1dT/AGAAGATATTGGTC-3’ C3 spacer; i6-FAMdT, 6-carboxyfluorescein-
labeled DT nucleotides; idSp, base loss; iBHQ, DT nucleotides labeled with Black Hole
Quencher (BHQ) quenched group; and C3, 3’-hydroxyl sealing. The primer pairs and the
probe were synthesized by Suzhou Click Gene BioTech Co., Ltd. (Jiangsu, Suzhou, China).
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boxes, respectively.

2.4. EMA

The EMA reaction system consists of two parts: amplification and fluorescence signal
detection. The amplification process includes helicase, DNA polymerase, single strand
DNA-binding (SSB) protein and ATP regeneration protein. The role of the helicase is to
open the double chain structure of the template nucleic acid. The single-chain binding
protein can form a complex with the primers, which can recognize and bind to the target
sequence specifically. Then, the DNA polymerase continues to extend the DNA chain to
achieve amplification of the target fragment. The ATP regeneration protein can provide
energy for the whole reaction system. Detection of the fluorescence signal requires an
endonuclease. The probe is complementary to the target amplification fragment, and the
endonuclease in the detection system can recognize the base deletion site, hydrolyze the
probe and release the fluorescence signal.

For the strand exchange amplification (SEA) reaction, 10 µL of complex solution
and 10 µL of DNA template were put into a 0.2 mL tube containing 0.5 g of freeze-
dried powder containing 100 µM forward primer, 100 µM reverse primer, 10 µM probe,
300–600 ng/µL DNA helicase, 1500–2500 ng/µL SSB protein, 300–600 ng/µL DNA poly-
merase, 20–50 ng/µL ATP regeneration protein, 300–600 ng/µL DNA restriction endonu-
clease, 1000–2000 ng/µL RNase inhibitor, 1 M creatine phosphate, disodium salt, 1–2 M
Tris-Ac (pH = 8.0) and 25 mM dNTP. The tube contents were vigorously mixed and then
incubated at 42 ◦C for 30 min in a Click i detection instrument (Suzhou ClickGene, China),
which collects fluorescence data every 30 s and presents the time-fluorescence signal graph.
The CT value indicates the number of cycles in which the fluorescence signal in each
reaction tube reached the set threshold.
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2.5. Specificity and Sensitivity of the SEA Reaction

The specificity of the SEA reaction was evaluated by detecting the DNA template
extracted from nematode strains listed in Table 1. The sensitivity of the SEA reaction
was assessed by detecting the DNA template extracted from single nematodes. When the
amplification curve of the sample is “S-shaped”, the result is considered positive; otherwise,
it is considered negative.

3. Results
3.1. Detection of PWNs from Different Geographical Sources

The detection results and amplification curves of 12 DNA samples extracted from
Bursaphelenchus from 12 provinces are shown in Figures 3 and 4. The detection results from
the 12 DNA samples were consistent with that of the positive control, and the amplification
curves of the DNA samples were similar to that of the positive control, indicating that the
EMA method can accurately detect PWNs from different geographical sources.
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3.2. Detection of Different Nematode Strains and Species

The detection results and amplification curves for DNA samples from different nema-
tode strains and species are shown in Figures 5 and 6. Of the 14 samples tested, only the
positive control showed the S-type amplification curve (Figure 5). The amplification results
of B. mucronatus from 10 geographical sources and single-nematode samples of B. sinensis
and B. vallesianus were consistent with those of the negative control (Figure 5); in addition,
they exhibited similar amplification curves. These results show that EMA can accurately
distinguish PWNs from different, closely related nematodes.
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3.3. Detection of Individual Nematodes at Different Stages of Development

The detection results and amplification curves of DNA extracted from single nema-
todes are shown in Figures 7 and 8. The results of DNA detection from single nematodes
were consistent with those of the positive control; the amplification curves of DNA ex-
tracted from individual nematodes at the J2, J3 and J4 juvenile and adult stages were similar
to those of the positive control, indicating that the EMA method was sensitive and could
detect individual nematodes.
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4. Discussion

In this study, we described a novel method (EMA) for detecting PWNs. In the current
study, the primers and probe were able to accurately detect all strains of the PWN collected
from the 12 provinces. Compared with other detection technologies based on PCR, this
method can save a considerable amount of time needed to obtain a result. EMA takes only
40 min to obtain a positive/negative result: 10 min for the DNA extraction step and 30 min
for the EMA assay. Meanwhile, the EMA assay can also detect PWNs accurately (at all stages
of development, from mixed-stage samples, and for all strains of B. xylophilus), avoiding
false-positive diagnoses resulting from small differences in morphological variables that
cannot be observed qualitatively by the naked eye. EMA can also distinguish B. xylophilus
from other Bursaphelenchus spp.

Among Bursaphelenchus species, B. mucronatus is considered to be closely related to
B. xylophilus (the PWN), based on their similar taxonomic positions, life cycles, hosts and
even vector beetles [29]. The traditional morphological identification technique relies only
on the length of the adult female’s tail tip to distinguish the PWN from B. mucronatus [15],
such that B. mucronatus is sometimes misidentified as the PWN because of morphological
overlap between the two species. Furthermore, some studies have reported that the two
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nematode species can mate and generate viable and reproducible progeny [27], suggesting
that they may not be distinct species. We have shown that the primers and probe developed
for EMA can distinguish B. xylophilus not only from B. mucronatus but also from other
Bursaphelenchus species.

Although juveniles and males of different Bursaphelenchus spp. cannot be identified on
the basis of morphology [13], sometimes only juveniles or adult males, instead of females,
may be present in the extraction liquid in which the wood sample is soaked to achieve
extraction. The single-nematode test was repeated to include the J2 to J4 and adult stages to
verify the sensitivity of the primers and probe. The EMA detection technology was able to
accurately detect juveniles of different ages.

In conclusion, the EMA technique presented here provides a more specific, simpler,
more sensitive and more rapid detection method for the PWN compared with conven-
tional PCR or morphological testing. Therefore, this technique is expected to provide an
appropriate, rapid diagnostic tool for all users, especially in new areas of PWD occurrence.

Author Contributions: Conceptualization, L.-C.W. and F.-M.C.; methodology, F.-M.C.; formal analy-
sis, M.L.; investigation, R.-C.S.; resources, L.-C.W.; data curation, L.-C.W.; writing—original draft
preparation, L.-C.W.; writing—review and editing, M.L. All authors have read and agreed to the
published version of the manuscript.

Funding: The work was supported by the National Key Research and Development Program of
China (Grant Number: 2021YFD1400903).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Futai, K. Pine Wood Nematode, Bursaphelenchus xylophilus. Annu. Rev. Phytopathol. 2013, 51, 61–83. [CrossRef] [PubMed]
2. Sun, Y. Bursaphelenchus xylophilus found in Nanjing Sun Yat-sen Mausoleum. J. Jiangsu For. Sci. Technol. 1982, 4, 27–47.
3. Announcement No. 4 of the State Forestry Administration. Available online: http://www.gov.cn/zhengce/zhengceku/2020-03/

16/content_5491788.htm (accessed on 28 February 2020).
4. Alves, M.S.; Pereira, A.; Vicente, C.; Mota, M.; Henriques, I. Pseudomonas associated with Bursaphelenchus xylophilus, its insect

vector and the host tree: A role in pine wilt disease? For. Pathol. 2019, 49, e12564. [CrossRef]
5. Liu, H.-B.; Rui, L.; Feng, Y.-Q.; Wu, X.-Q. Autophagy contributes to resistance to the oxidative stress induced by pine reactive

oxygen species metabolism, promoting infection by Bursaphelenchus xylophilus. Pest Manag. Sci. 2020, 76, 2755–2767. [CrossRef]
6. Gao, R.; Wang, Z.; Wang, H.; Hao, Y.; Shi, J. Relationship between Pine Wilt Disease Outbreaks and Climatic Variables in the

Three Gorges Reservoir Region. Forests 2019, 10, 816. [CrossRef]
7. Gaspar, D.; Trindade, C.; Usié, A.; Meireles, B.; Fortes, A.M.; Guimarães, J.B.; Simões, F.; Costa, R.L.; Ramos, A.M. Comparative

Transcriptomic Response of Two Pinus Species to Infection with the Pine Wood Nematode Bursaphelenchus Xylophilus. Forests
2020, 11, 204. [CrossRef]

8. Togashi, K.; Akbulut, S.; Matsunaga, K.; Sugimoto, H.; Yanagisawa, K. Transmission of Bursaphelenchus xylophilus between
Monochamus alternatus and Monochamus saltuarius through interspecific mating behaviour. J. Appl. Entomol. 2019, 143, 483–486.
[CrossRef]

9. Hopf-Biziks, A.; Schröder, T.; Schütz, S. Long-term survival and non-vector spread of the pinewood nematode, Bursaphelenchus
xylophilus, via wood chips. For. Pathol. 2017, 47, e12340. [CrossRef]

10. Xue, Q.; Xiang, Y.; Wu, X.-Q.; Li, M.-J. Bacterial Communities and Virulence Associated with Pine Wood Nematode Bursaphelenchus
xylophilus from Different Pinus spp. Int. J. Mol. Sci. 2019, 20, 3342. [CrossRef]

11. Kanzaki, N.; Giblin-Davis, R.M. Diversity and Plant Pathogenicity of Bursaphelenchus and Related Nematodes in Relation to Their
Vector Bionomics. Curr. For. Rep. 2018, 4, 85–100. [CrossRef]

12. Mamiya, Y.; Kiyohara, T. Description of Bursaphelenchus Lignicolus N. Sp. (Nematoda: Aphelenchoididae) From Pine Wood and
Histopathology of Nematode-Infested Trees. Nematologica 1972, 18, 120–124. [CrossRef]

13. Mamiya, Y. The life history of the pine wood nematode, Bursaphelenchus lignicolus. Jpn. J. Nematol. 1975, 5, 16–25. [CrossRef]
14. Tanaka, S.E.; Aikawa, T.; Takeuchi-Kaneko, Y.; Fukuda, K.; Kanzaki, N. Artificial induction of third-stage dispersal juveniles of

Bursaphelenchus xylophilus using newly established inbred lines. PLoS ONE 2017, 12, e0187127. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-phyto-081211-172910
http://www.ncbi.nlm.nih.gov/pubmed/23663004
http://www.gov.cn/zhengce/zhengceku/2020-03/16/content_5491788.htm
http://www.gov.cn/zhengce/zhengceku/2020-03/16/content_5491788.htm
http://doi.org/10.1111/efp.12564
http://doi.org/10.1002/ps.5823
http://doi.org/10.3390/f10090816
http://doi.org/10.3390/f11020204
http://doi.org/10.1111/jen.12604
http://doi.org/10.1111/efp.12340
http://doi.org/10.3390/ijms20133342
http://doi.org/10.1007/s40725-018-0074-7
http://doi.org/10.1163/187529272X00296
http://doi.org/10.14855/jjn1972.5.16
http://doi.org/10.1371/journal.pone.0187127
http://www.ncbi.nlm.nih.gov/pubmed/29073232


Forests 2022, 13, 1419 9 of 9

15. Kanzaki, N.; Maehara, N.; Akiba, M.; Tanaka, S.E.; Ide, T. Morphological characters of dauer juveniles of three species of
Bursaphelenchus Fuchs, 1937. Nematology 2016, 18, 209–220. [CrossRef]

16. Tsai, I.J.; Tanaka, R.; Kanzaki, N.; Akiba, M.; Yokoi, T.; Espada, M.; Jones, J.T.; Kikuchi, T. Transcriptional and morphological
changes in the transition from mycetophagous to phytophagous phase in the plant-parasitic nematode Bursaphelenchus xylophilus.
Mol. Plant Pathol. 2016, 17, 77–83. [CrossRef] [PubMed]

17. Mamiya, Y. History of pine wilt disease in Japan. J. Nematol. 1988, 20, 219–226. [CrossRef] [PubMed]
18. Li, Y.; Meng, F.; Deng, X.; Wang, X.; Feng, Y.; Zhang, W.; Pan, L.; Zhang, X. Comparative Transcriptome Analysis of the Pinewood

Nematode Bursaphelenchus xylophilus Reveals the Molecular Mechanism Underlying Its Defense Response to Host-Derived
α-pinene. Int. J. Mol. Sci. 2019, 20, 911. [CrossRef]

19. Cardoso, J.M.; Fonseca, L.; Abrantes, I. Genetic diversity of ITS sequences of Bursaphelenchus xylophilus. Genet. Mol. Res. GMR
2012, 11, 4508–4515. [CrossRef]

20. Filipiak, A.; Wieczorek, P.; Tomalak, M. A fast and sensitive multiplex real-time PCR assay for simultaneous identification of
Bursaphelenchus xylophilus, B. mucronatus and B. fraudulentus—three closely related species from the xylophilus group. Eur. J. Plant
Pathol. 2019, 155, 239–251. [CrossRef]

21. Huang, L.; Ye, J.-r.; Wu, X.-q.; Xu, X.-l.; Sheng, J.-m.; Zhou, Q.-x. Detection of the pine wood nematode using a real-time PCR
assay to target the DNA topoisomerase I gene. Eur. J. Plant Pathol. 2010, 127, 89–98. [CrossRef]

22. Hu, Y.Q.; Kong, X.C.; Wang, X.R.; Zhong, T.K.; Zhu, X.W.; Mota, M.M.; Ren, L.L.; Liu, S.; Ma, C. Direct PCR-based method for
detecting Bursaphelenchus xylophilus, the pine wood nematode in wood tissue of Pinus Massoniana. For. Pathol. 2011, 41, 165–168.
[CrossRef]

23. Leal, I.; Foord, B.; Allen, E.; Campion, C.; Rott, M.; Green, M. Development of two reverse transcription-PCR methods to detect
living pinewood nematode, Bursaphelenchus xylophilus, in wood. For. Pathol. 2013, 43, 104–114. [CrossRef]

24. Leal, I.; Allen, E.; Foord, B.; Anema, J.; Reisle, C.; Uzunovic, A.; Varga, A.; James, D. Detection of living Bursaphelenchus xylophilus
in wood, using reverse transcriptase loop-mediated isothermal amplification (RT-LAMP). For. Pathol. 2015, 45, 134–148. [CrossRef]

25. Wang, D.-W.; Xu, C.-L.; Bai, Z.-S.; Li, J.-Y.; Han, Y.-C.; Zhao, L.-R.; Xie, H. Development of a loop-mediated isothermal amplification
for rapid diagnosis of Aphelenchoides ritzemabosi. Eur. J. Plant Pathol. 2019, 155, 173–179. [CrossRef]

26. Cha, D.; Kim, D.; Choi, W.; Park, S.; Han, H. Point-of-care diagnostic (POCD) method for detecting Bursaphelenchus xylophilus in
pinewood using recombinase polymerase amplification (RPA) with the portable optical isothermal device (POID). PLoS ONE
2020, 15, e0227476. [CrossRef]

27. Liu, K.-C.; Ben, A.; Han, Z.; Guo, Y.; Cao, D. Interspecific hybridization between Bursaphelenchus xylophilus and Bursaphelenchus
mucronatus. J. For. Res. 2019, 30, 699–707. [CrossRef]

28. Rychlik, W. OLIGO 7 Primer Analysis Software. In PCR Primer Design; Yuryev, A., Ed.; Humana Press: Totowa, NJ, USA, 2007;
pp. 35–59.

29. Mamiya, Y.; Enda, N. Bursaphelenchus Mucronatus N. Sp. (Nematoda: Aphelenchoididae) From Pine Wood and Its Biology and
Pathogenicity To Pine Trees. Nematologica 1979, 25, 353–361. [CrossRef]

http://doi.org/10.1163/15685411-00002954
http://doi.org/10.1111/mpp.12261
http://www.ncbi.nlm.nih.gov/pubmed/25831996
http://doi.org/10.1002/jez.1402440122
http://www.ncbi.nlm.nih.gov/pubmed/19290205
http://doi.org/10.3390/ijms20040911
http://doi.org/10.4238/2012.October.15.1
http://doi.org/10.1007/s10658-019-01767-2
http://doi.org/10.1007/s10658-009-9574-4
http://doi.org/10.1111/j.1439-0329.2010.00692.x
http://doi.org/10.1111/efp.12003
http://doi.org/10.1111/efp.12149
http://doi.org/10.1007/s10658-019-01759-2
http://doi.org/10.1371/journal.pone.0227476
http://doi.org/10.1007/s11676-018-0658-x
http://doi.org/10.1163/187529279X00091

	Introduction 
	Materials and Methods 
	Nematodes 
	DNA Extraction 
	Primer and Probe Design 
	EMA 
	Specificity and Sensitivity of the SEA Reaction 

	Results 
	Detection of PWNs from Different Geographical Sources 
	Detection of Different Nematode Strains and Species 
	Detection of Individual Nematodes at Different Stages of Development 

	Discussion 
	References

