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Abstract: Pine wilt disease (PWD) is a global quarantine disease of forests that mainly affects Pinaceae
species. The disease spreads rapidly. Once infected, pine trees have an extremely high mortality
rate. This paper provides a summary of the common techniques used to detect PWD, including
morphological-, molecular-, chemical- and physical-based methods. By comprehending the complex
relationship among pinewood nematodes, vectors and host pine trees and employing the available
approaches for nematode detection, we can improve the implementation of intervention and control
measures to effectively reduce the damage caused by PWD. Although conventional techniques
allow a reliable diagnosis of the symptomatic phase, the volatile compound detection and remote
sensing technology facilitate a rapid diagnosis during asymptomatic stages. Moreover, the remote
sensing technology is capable of monitoring PWD over large areas. Therefore, multiple perspective
evaluations based on these technologies are crucial for the rapid and effective detection of PWD.
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1. Introduction

Pine wilt disease (PWD) is a devastating forest disease caused by the pinewood
nematode (PWN) Bursaphelenchus xylophilus (Steiner and Buhrer 1934; Nickle, 1970) [1].
PWD spreads quickly, and the mortality of the infected plants is extremely high; since
the beginning of the 20th century, this disease has destroyed pine forest resources in
infected areas. Due to human activities, B. xylophilus, an invasive species native to North
America [2], has gradually spread to Japan [3], China [4], Korea [5] and other countries [6];
in these new areas, it has damaged forest resources and ecosystems [7]. Due to PWD’s rapid
spread, wide range of hazards, and rapid onset, as well as the difficulties in preventing
and controlling it, PWD is regarded as an imported quarantine disease in more than fifty
countries worldwide [8,9].

Before B. xylophilus was established as the pathogen of PWD in the 1960s, most experts
believed that the large number of pine tree deaths in PWD epidemic areas was caused by
the feeding of pine beetles, as the dead pine trunks were observed to be almost completely
covered with beetles, especially larvae of the family Coleoptera. However, a national project
in Japan (1968-1971) implemented to control pine tree deaths, revealed that these beetles
never attacked healthy pine trees, but only trees previously weakened by other biotic or
abiotic factors; moreover, the affected pine trees wilted before insect attack [10]. In 1968,
the pathologists Tokushige and Kiyohara observed the activity of suspected nematodes in
the sawdust of dead pine trees under a microscope and identified them as belonging to the
genus Bursaphelenchus [11]. In subsequent experiments, samples from several dead pine
trees in Kyushu were collected, and nematodes were found in all samples. Then, a dead
pine tree was selected, and the isolated nematodes were inoculated. The results indicated
that these nematodes caused the death of pine trees, confirming their pathogenicity [12].
The nematode species was subsequently confirmed as B. xylophilus, and after large-scale
culture and inoculation experiments, B. xylophilus was fully confirmed as the pathogenic
factor of PWD [13].
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After the PWN was discovered in imported scraps of wood from North America in
1986, B. xylophilus was added to the EPPO quarantine list [14]. B. xylophilus can infect
most Coniferales plants, such as Pinus, Abies, Cedrus, Larix, Picea, Pseudotsuga and Tsuga
species [4]. Additionally, while species in Taxus, Juniperus, Sabina and Podocarpus can be
consumed by Monochamus beetles, there is no experimental evidence indicating that these
tree species can be infected by PWD [4]. After infection, the following tree symptoms
appear: first, the secretion of resin decreases significantly; second, the transpiration of the
needles decreases and finally ceases; and finally, the needles of the entire tree turn yellow
and then turn red but do not fall off that year. In the absence of human intervention, the
trees will die once infected with PWD. The mortality rate is expected to peak in September,
usually approximately 2 months after infection [15].

The first step in the prevention and control of PWD is to track the epidemic and
diagnose infections quickly through quarantine and monitoring to prevent the disease from
spreading to uninfected areas. Despite the quarantine measures, the pathogens may be
introduced to new areas; thus, forests must be monitored so that the disease is detected in
a timely manner [16]. In the first 20 years after the introduction of PWD to China, these
measures were difficult to apply at the grassroots level, resulting in epidemic areas of
thousands or even tens of thousands of acres because the disease was not detected and
eliminated quickly. In the initial stage of PWD infection, pine trees do not exhibit symptoms,
so it is difficult to accurately determine whether the trees in a forest are infected. Effec-
tive detection is a fundamental tool for pathogen monitoring and elimination; therefore,
developing methods for fast, accurate and convenient disease diagnosis is urgent.

2. Direct Detection of PWD in Pine Trees
2.1. Diagnosis of Dead Pine Trees

Diseased pine trees often show the following characteristics: (1) the disease onset is
from late April to early November; (2) the needles gradually lose their lustre and change
from green to yellow, finally turning reddish brown without falling off the tree; (3) beetle
oviposition sites are often found on the bark; and (4) when part of the bark is scraped
off (e.g., with a knife), no resin flows out. According to the above characteristics, it can
be preliminarily judged that pine trees are infected with PWD [17]. In April and May of
the second year after infection, the symptoms of B. xylophilus in terms of the color of the
needles are similar to those of diseased pines in autumn and winter. At this stage, when
part of the bark is scraped off, resin outflow is observed. Additionally, while discoloration
of the pine needles due to drought starts with the new upper needles and spreads to the
older needles, the discoloration of PWD-infected trees begins in the old needles on the
lower part of the tree and then spreads to newer needles on the upper part of the tree.

The above method of detection is suitable for a general survey of forest diseases.
However, it requires trained, experienced personnel familiar with local forest facies and the
symptoms of plant diseases and insect pests for good assessments; this method is largely
subjective and is prone to misdiagnosis or missed diagnosis. Therefore, this method is
usually used for a preliminary assessment of PWD and applied along with a pathogen
identification method for improved accuracy and universal application.

2.2. Diagnosis of Standing Trees by the Oleoresin Exudation Method

Resin secretion is observed by punching a round hole with a diameter of 10~15 mm
through the xylem of the trunk at breast height. Based on the ability of pine trees to secrete
resin, the resin flow is classified into five grades: primary flow, characterized by resin
outflow from the hole and a large amount of exudate; secondary flow, characterized by
resin outflow from the hole and some exudate; third-stage flow, characterized by resin
deposited on the lower edge of the hole; fourth-stage flow, in which granular resin is
exuded from the hole wall; and fifth-stage flow, in which there is no resin outflow from
the hole wall. According to the results of previous studies, the third-stage resin flow is a
marker for PWD infection [18].
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The oleoresin exudation method was first applied to facilitate the early diagnosis of
PWD in forests. The method is characterized by its simplicity, easy application, and easy
diagnosis protocol. However, many other factors affect resin flow in pine trees, hampering
the accuracy of diagnosis using this method. Additionally, it is difficult to treat pine trees
once the resin flow stops (i.e., fifth-stage flow). Therefore, this method has been used only
as an auxiliary diagnostic tool.

3. Detection Based on Pinewood Nematode Morphology

The identification of PWNs based on morphological characteristics under a microscope
is a traditional PWD detection method. The nematode is identified based on body length,
tail length, tail tip shape, width of the middle esophageal ball, position of the vulva and
the presence or absence of a vulval cover [19-21]. The main morphological characteristics
include high lips and a narrowed head; females have a rounded tail, and some have
a short mucro and flat vulva, while males have spicules curved with a cucullus [2,22].
Morphological detection is simple and easy and does not require complex instruments
or equipment; thus, it is the most widely used method in production and laboratory
research [23]. However, B. xylophilus is morphologically similar to B. mucronatus, which is
non-pathogenic [24-26]. The identification can also be subjective, especially in the case of
overlapping morphological features. Moreover, it is difficult to determine the species of
juveniles and male adults by morphological methods; therefore, morphological detection
requires personnel skilled in nematology with professional experience. Morphological
detection takes a relatively long time, and when there are no typical female adults in
isolated samples, the samples must be observed separately.

4. Detection of Pinewood Nematode DNA

Because of the increasing circulation speed of the wood market, the morphological
identification method is far from meeting the demand. In recent years, with the continuous
maturation and development of molecular biology technology, molecular detection meth-
ods for the PWN have been established and improved, and their application in practical
work has become increasingly extensive [27]. This section focuses on a variety of molecular
detection technologies developed based on DNA and analyses their respective technical
characteristics and application in the field of PWN detection, aiming at providing a refer-
ence for the development and application of new rapid molecular detection technologies
for the PWN, which has very important theoretical significance.

4.1. Restriction Fragment Length Polymorphisms (RFLPs)

Prior studies have used the RFLP technology to distinguish B. xylophilus and other
PWNs via the 5.85 gene [28], the combination of the Dra I and Pvull restriction endonu-
cleases [29], the Hinf I restriction endonuclease [30], and the Dra I and Sal I restriction
endonucleases [31]. The RFLP technology is an important tool for analyzing genetic vari-
ation within and between nematode species. It has potential use in the identification of
nematode populations and the study of genetic relationships among populations. However,
this method is complicated and has a long operational time. In addition, it requires the
extracted nematode DNA to have a certain level of purity.

4.2. Polymerase Chain Reaction (PCR)

Since its inception, PCR has become one of the most commonly used and important
molecular biology techniques [32,33]. PCR revolutionized basic research on the molecular
diagnosis and pathogenicity of plant parasitic nematodes. Molecular diagnosis based
on sequence differences has become a general approach to plant pathology, with several
applications: phylogenetic analysis, provenance identification and pathogenic gene ex-
ploration. Different PCR primers are used for pathogen detection, and the sensitivity of
nematode identification is improved when the PCR amplification products are verified by
an agarose gel electrophoresis instrument. The combination of PCR technology with other
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molecular biotechnologies expands the potential application of the PCR technology in the
identification of specific species [2,34].

4.2.1. Nested PCR (n-PCR)

In 2011, Huang devised a B. xylophilus-specific n-PCR protocol using topoisomerase I
as the target and detected 44 nematode strains with obvious morphological characteristics,
including B. xylophilus, B. mucronatus, B. hofmanni, Seinura wuae, S. lii and Aphelenchoides
macronucleatus [35]. The n-PCR system can detect 50 fg of template DNA or an egg-sized
nematode individual. It has high specificity and high sensitivity and analyses nematode
samples extracted from wood infected by nematodes in the field. The advantage of n-PCR
is its high specificity; even if the amount of DNA extracted from nematodes is very small,
the specific region of B. xylophilus can be amplified by n-PCR. However, if an error occurs
in the first amplification, the second amplification cannot be successfully implemented.
Additionally, it is difficult to detect and distinguish multiple pathogens simultaneously
using n-PCR [36]. Therefore, the use of n-PCR is time-consuming when a large number of
nematodes need to be identified.

4.2.2. Real-Time PCR (RT-PCR)

At present, RT-PCR is commonly used for the identification of nematode species [37].
By using the internal transcribed region of IDNA as a target and designing a pair of primers
and a specific probe, the DNA content of B. xylophilus can be detected from at least 0.005 pg,
and a single B. xylophilus individual can also be successfully detected [38—40]. RT-PCR
has the advantages of being sensitive, reliable, safe and allowing a high throughput. The
main disadvantages are that the experimental process is time-consuming, and the related
reagents and equipment are relatively expensive. In 2009, the nematode innovation research
team of Nanjing Forestry University further optimized the high-efficiency nematode lysate
based on the original RT-PCR detection technology to directly cleave nematode DNA
from pine samples. An automatic detection system for B. xylophilus was developed based
on the automatic design of the detection process for specific nematode fragments, result
interpretation and output reporting. Direct detection and automatic result interpretation
of the presence of B. xylophilus in the sample can even be realized without separating the
nematode from the diseased wood. The detection accuracy of the method approaches 100%
when each gram of pine wood contains one B. xylophilus.

4.2.3. Random Amplified Polymorphic DNA (RAPD)

The RAPD technology is a molecular technology based on PCR that can analyze
the whole genome sequence. The interspecific and intraspecific differences and genetic
diversity of B. xylophilus and B. mucronatus can be assessed with the RAPD-PCR technique to
distinguish them [41,42]. According to the experimental results of Braasch et al., the primer
OPY-01 distinguishes B. xylophilus and B. mucronatus, the primer OPB-7N distinguishes
B. xylophilus and B. fraudulentus, and the primer OPPZ-08 is suitable for distinguishing
B. mucronatus and B. fraudulentus [41]. Using the RAPD technology, Chen et al. screened
the primer OPK09 and the primer combination OPC18+OPN18 from 140 random primers,
and the two groups of primers were used to successfully distinguish B. xylophilus and
B. mucronatus [43]. However, while the RAPD technology generates a large amount of
information, it has a complex atlas, strict requirements for experimental reaction systems
and conditions, and extremely sensitive amplification; moreover, its results often lack
repeatability and comparability among laboratories, which leads to certain limitations
when applying the RAPD technology for the identification of B. xylophilus.

4.2.4. Sequence-Characterized Amplified Region (SCAR)

In the identification of nematodes, Meng et al. successfully transformed random
amplified polymorphic DNA fragments specific to Meloidogyne incognita and M. javanica
into SCAR markers with SCAR-PCR primers, and the amplification sensitivity in adults
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reached one-third of that in second-instar larvae [44]. Chen et al. successfully constructed a
B. xylophilus detection kit using SCAR markers, with sensitivity reaching one-seventh of
that for B. xylophilus, and achieved the accurate identification of the larvae [45]. The SCAR
markers can quickly detect a large number of individuals, and the results exhibit good
stability and high repeatability. However, this method has many programs, and it requires
2.5-3 h to complete the entire detection process.

4.3. Loop-Mediated Isothermal Amplification (LAMP)

At present, the LAMP technology is often used to detect and confirm the presence of B.
xylophilus through the ITS region, the 3-actin region, the pel-3 gene, the syg-2 gene and the
expansin-like gene [46-49]. LAMP has the advantages of simple operation, low cost and low
equipment demand and can be used for the on-site detection of fluorescent samples without
expensive instruments and equipment. However, the products of LAMP amplification
are not continuous fragments, which limits the application of cloning or other procedures.
During the high-temperature and long-term amplification step, false positives may be
obtained due to aerosol cross-contamination involving positive samples. In addition, a
certain amount of error is introduced during the interpretation of color results.

4.4. Recombinase Polymerase Amplification (RPA)

Cha et al. designed primers for the 55 rDNA region of B. xylophilus and established
the RPA amplification system. The system is capable of completing the exponential amplifi-
cation of nucleic acids within 10 min, and the detection sensitivity is sufficient with 1.6 pg
of B. xylophilus genomic DNA [50,51]. Thus, its detection efficiency is greatly improved
compared with those of conventional PCR and LAMP techniques, but the synchronous
detection of B. xylophilus and B. mucronatus has not been achieved. Based on previous
studies, Fang et al. designed duplex-RPA primers using the ITS regions of B. xylophilus and
B. mucronatus as targets, amplified the target nucleic acids within 30 min under a constant
temperature of 37 °C and achieved the synchronous and rapid detection of B. xylophilus
and B. mucronatus [52]. The POCD-RPA test method for the detection of B. xylophilus can
facilitate the epidemiological investigation in this field as well as the quarantine process
in the lumber industry. The RPA technology is relatively easy to use for people without
nematode expertise, and the test results are accurate; however, special detection equipment
is needed.

5. Detection of Pinewood Nematode Proteins

Protein-based methods have been widely used in nematode identification in recent
years. Proteins play critical roles in living organisms, such as in cell proliferation and
differentiation, energy conversion, or signal transduction [27]. Due to the redundancy of
the genetic code, protein provides a smaller vocabulary than DNA, but the alphabet is
much more complicated, with more than 20 characters, compared with four DNA bases.
The distribution of membrane proteins is not uniform, and large differences exist between
species, so proteins from different species act as a unique “bar code” that facilitates the
identification of nematode species; interspecies differences can also be found by analyzing
protein expression levels and expression patterns [53,54]. In addition, protein structure and
posttranslational modifications increase their potential diversity and can therefore be used
to define nematode species and facilitate their identification.

5.1. Two-Dimensional Gel Electrophoresis (2-DGE)

Two-dimensional gel electrophoresis, abbreviated 2-DE or 2-D electrophoresis, is
a form of gel electrophoresis commonly used for the analysis of proteins [55]. Based on
differences in the size and mass/charge ratio of protein molecules among nematode species,
the species can be distinguished by the results of 2-DGE. After extracting proteins from B.
xylophilus and B. mucronatus, Fu et al. compared the protein expression patterns between
the two species by 2-DGE. Compared with B. mucronatus, B. xylophilus showed 15 highly
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expressed specific proteins [56]. The 2-DGE technique has the advantages of high speed and
high resolution and it is also the only technology that can separate and display thousands
of proteins at the same time. The disadvantages are also obvious: the number of proteins
isolated and the results of polymorphism observed depend on the procedures used and the
number of samples analyzed; it is sometimes difficult to distinguish protein spots because
it is difficult to determine whether the observed similarities or differences are real or caused
by gel deformation; and the procedure is more complex than others.

5.2. Isozyme Analysis

Isozymes are a type of proteins that are widely present in organisms. The main
separation methods for isozymes are electrophoresis, chromatography, enzyme assays and
immunology techniques, among which electrophoresis is the most widely used. After the
soluble proteins are extracted from nematodes, the specific isozymes are stained. According
to the molecular structure, activity and immunogenicity of the isozymes, different nematode
species can be identified by polyacrylamide gel electrophoresis. Hu et al. performed
enzyme electrophoresis of B. xylophilus and B. mucronatus [57]. The patterns of malate
dehydrogenase, cellulose and esterase differed, but these differences were not stable; only
glutamate oxaloacetate transaminase could successfully distinguish B. xylophilus from B.
mucronatus. Although malate dehydrogenase and superoxide dismutase are currently used
in the detection of nematode proteins, this method is tedious and time-consuming, and a
positive sample must be available as a reference; therefore, its use is limited.

5.3. Matrix-Assisted Laser Desorption/lonization—Time of Flight Mass Spectrometry
(MALDI-TOF MS)

With this approach, specific peaks in the protein spectrum of different species or
populations are used as biomarkers for protein identification. Zheng et al. used the
MALDI-TOF MS technique to analyze the differentially expressed proteins in inoculated
and unvaccinated sources of B. xylophilus within two weeks and successfully identified
87 differentially expressed proteins [58]. Fu et al. compared the protein expression of B.
xylophilus and B. mucronatus by 2-DGE, analyzed 15 protein spots with different intensities
by MALDI-TOF MS, and identified the specific proteins of B. xylophilus [56]. Luo et al.
studied the protein differences between B. xylophilus and B. mucronatus by MALDI-TOF MS
and identified 45 differential proteins, which laid a foundation for the accurate identification
of B. xylophilus and B. mucronatus [59]. The combination of 2-DGE and MALDI-TOF MS
provides a powerful tool for the classification of nematodes. This technique can not
only identify nematode species but also detect whether pine trees are infected with B.
xylophilus. However, the results are affected by many factors, including the method of
protein extraction, the quality of the 2-DGE results and the accuracy of the instrument.
Nematodes of different ages and grown under different conditions also exhibit different
expression profiles.

6. Detection of Pine Volatiles

Plants emit many volatile organic compounds (VOCs) into the surrounding envi-
ronment, which play an important role in their growth, communication, defense and
survival [60,61]. VOCs released from the leaf surface are low-molecular-weight compounds
with high vapor pressure and a low boiling point; these are the terminal metabolites of
the host plant and can reflect its physiology and health status. They easily remain in the
gaseous phase at standard temperature and pressure, usually at ultralow concentrations
below the human olfactory threshold [62]. VOC analysis is a new field with great applica-
tion potential that can be used to quickly, repeatedly and noninvasively monitor the health
status of plants; based on this approach, diseases can be detected at different stages based
on quantitative information collected from VOC samples [63,64]. VOC maps represent a

Vi

new method of disease detection that can detect “plant-to-plant”, “plant-to-insect” and
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“plant-to-disease” communication mechanisms and obtain host markers for pathogens and
abiotic stressors [65,66].

Gas chromatography—mass spectrometry (GC-MS) is one of the fastest growing and
most dynamic techniques in metabonomic-based research [67]. When the PWN is artificially
inoculated into pine trees, the inoculated pine trees stop exuding resin and subsequently
release large amounts of ethylene or terpenoids [68,69]. Takeuchi et al. used GC-MS to
examine P. thunbergii and found that the emissions of terpenoids, such as (-)-a-pinene,
increased upon infection with PWD, and the timing of VOC increase overlapped with that
of M. alternatus spawning [70]. Limonene and abietadiene are the main volatiles emitted by
PWN-infected P. pinaster branches [71]. After inoculation with B. xylophilus, the 3-carene
volatilization for P. densiflora and P. koraiensis was 9.7 and 54.7 times higher than that of
healthy pine trees, respectively, indicating that this VOC can be used a marker of early
infection with PWD [72]. However, the GC-MS analysis of volatile compounds is limited,
in that impurities are easily introduced in the detection process, and the method has poor
reproducibility. In practical applications, much time is spent cleaning and leaching the
adsorption column and performing a desorption of the extraction head and sampling.

7. Detection via Spectral Techniques

In recent years, with the rapid development of geospatial information science and
sensor technology, the potential for real-time and dynamic Earth observation at the macro
scale has been significantly enhanced. The sky—-Earth integrated Earth observation net-
work formed by comprehensive ground surveys, satellite remote sensing and unmanned
aerial vehicles (UAVs) has been widely used in the monitoring of geographical conditions
and it has also been widely studied and validated in the field of PWD monitoring and
detection [73].

7.1. Satellite Remote Sensing

Optical satellite remote sensing is multiband and multiphase, which are advantageous
in monitoring, locating and evaluating discolored pine trees, and is one of the important
means of forest pest-disease monitoring [74]. Lee et al. evaluated many approaches
for detecting infected pine trees by using various remote sensing data (including high-
spatial-resolution satellite images from 2000/2003 IKONOS and 2005 QuickBird, aerial
photos and digital airborne data) [75]. Zhou et al. proposed an automatic method for
identifying diseased trees based on convolutional neural networks and bounding box tools
by classifying and identifying the remote sensing images acquired by high-resolution Earth
observation satellites. This method can quickly locate epidemic areas, and the recognition
accuracy of the test data sets approached 99.4% [76]. Zhang et al. proposed a detection
method relying on spatiotemporal changes to identify trees infected by PWD using high-
resolution remote sensing [77]. However, satellite remote sensing has certain limitations for
detecting PWD, and it is difficult to capture detailed changes, especially when the number
of infected trees in a forest is small [78].

7.2. Unmanned Aerial Vehicles (UAVs)

The diseased or dead pine trees infected by PWD are spatially dispersed, and it is
difficult to use satellite remote sensing to monitor disease spread. Kim et al. used aerial
photograph data with multitemporal hyperspectral 1 m spatial resolution from UAVs, the
NDVI and Vlgreen, to identify fallen and standing discolored pine trees [79]. Ding et al.
based on the faster region convolutional neural network (Faster-RCNN) deep learning
framework of the region proposal network (RPN) and ResNet residual neural network,
used UAV remote sensing and artificial intelligence technology to train a PWD model.
After network optimization, the detection accuracy was improved up to 90% [80]. Based on
UAV remote sensing, Yu et al. adopted two target detection algorithms (Faster-RCNN and
YOLOvV4) and two traditional machine learning algorithms (random forest and support
vector machine) for the early detection of infected pine trees [81]. However, currently, the
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interpretation of UAV remote sensing images still mostly relies on manual visual inspection,
which requires skilled interpreters, has a high degree of subjectivity and poses challenges
in establishing unifying standards through consensus and in meeting the requirements of a
rapid interpretation of data from large areas. To some extent, this has delayed the clean-up
of infected trees by forest rangers and accelerated the spread of the PWD epidemic.

8. Conclusions

In this paper, we reviewed the currently available, commonly used techniques for
detecting PWD. The methods include the diagnosis of dead pine trees in forests, the
morphological analysis of nematodes, the molecular detection of nematodes and infected
trees and their detection based on pine volatiles and spectral techniques. The morphological
identification of B. xylophilus has been the benchmark and basis for other detection methods.
However, given the disadvantages of the morphological identification, PWD diagnosis has
shifted from the original morphological method to others based on nematode molecular
biology and chemical reactions of trees. The rapid and accurate diagnosis of PWD may
prevent its further spread, but how to correctly and effectively integrate these detection
methods is a topic that requires further study (Figure 1, Table 1).

Healthy Early Stage Last Stage
L A !

Y |

Volatile organic compounds
Spectral techniques i

Direct detectién of pine trees

v

Morphological analysis
DNA-based
i Protein-based

v

Gradually lose lustre | Needle turns to reddish brown
resin reduction no resin flows out

Figure 1. The timing of different methods for detecting pine wilt disease according to disease
progression. Three disease stages are considered.

Table 1. Detection methods of pine wilt disease.

Method Sample Advantages Limitations References
Direct inspection Requires technical personnel
nsp Manual check Wild pine trees Fast expertise, possibility of subjective [17,18]
of pine trees )
judgement
Morphological Requires technical personnel
aIrJ1al si% Microscope Nematode Low cost expertise, possibility of subjective [19,22,24]
Yy judgement
Tool for analyzing the genetic . . .
DNA-based RFLP Target DNA variation of nematodes within Tlme-c.onsul?ung, cgmphcated, [28-31]
methods . requires high-purity DNA
and between species
Time-consuming, difficult to
n-PCR Target DNA High specificity detect and distinguish multiple [35,36]

species
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Table 1. Cont.
Method Sample Advantages Limitations References
RT-PCR Target DNA Sensitive, reliable, safe and high Time consuming, equ}pment [31,37]
throughput relatively expensive
RAPD Target DNA Generatgs a large. amount of Lacks repea.tabﬂlty, requires strict [42,43]
information experimental reaction
SCAR Target DNA High sensitivity Time-consuming [45]
LAMP Target DNA Low cost, .s1mple operation, low False-positive results [46-48]
equipment demand
RPA Target DNA Easy to use, results are accurate Requires specml detection [51,52]
equipment
Protein-based Nematode Fast, high rgsolutlon, can Time-consuming, difficult to
2-DGE . separate and display thousands . . . [56]
methods protein . . distinguish the same protein spots
of proteins at the same time
Isozyme analysis Nematqde High sensitivity Tedious and time-consuming [57]
protein
MALDI-TOF MS Nematode High sensitivity Time consuming, requires [58,59]
protein specialized skills
Fast, allows repetitive,
Vgi;ﬁgffd GC-MS VOCs noninvasive, dynamic Poor reproducibility [70-72]
monitoring
. . Requires technical personnel
teiiicitrzles Sateli;ifﬁmote Wild pine trees Fa(sit, lz%i;aﬁjn?fgfi:mn/ expertise, difficult to capture [74-77]
q & yn & detailed changes
UAVs Wild pine trees Fast, large-area detection, Requires technical personnel [80,81]

dynamic monitoring expertise

The number of similar species and the availability of large samples play a role in the
research and development of the molecular detection technology. The accuracy of detection
also depends on the continuity of inspection in the subsequent process of practice testing.
At the end of the 20th century, RFLP, RAPD, SCAR and other technologies advanced the
species identification of PWNs, but these methods were not widely used in practice because
of their complexity, lack of repeatability, operational procedures and lengthy detection
time. In recent years, LAMP, RPA and other detection methods have advanced in terms of
detection convenience, time and cost, but these methods still need to be tested in practice.
The protein-based method represents a promising direction for future research on species
identification. However, protein expression patterns are complicated, and the extracted
proteins easily degrade, which may affect the accuracy of the assessment; this limitation is
the main difficulty in applying this method.

In the initial stage of PWD infection, pine trees do not exhibit symptoms, so it is
difficult to accurately determine whether the trees in a forest are infected. However,
treatment is essentially impossible once symptoms related to the late stage of infection
appear. Therefore, a new method for detecting VOC markers or analyzing the spectra of
pine trees infected with PWD is needed. The epidemic areas of PWD are mainly distributed
in the mountainous areas of Southeast China. These areas have complex terrain and dense
forests, so it is very difficult to detect tree VOCs, and the quality of optical remote sensing
images is greatly impacted by clouds. After pine trees are infected with PWD, their needles
turn yellow, and the difference in hyperspectral reflectance is relatively easy to detect using
remote sensing images. Therefore, the remote sensing technology is currently used in
large-scale censuses and monitoring. With future scientific advances, a combination of
detection methods may facilitate the detection of PWD.



Int. . Mol. Sci. 2022, 23, 10797

10 0f 13

Author Contributions: Data curation, M.L. and X.W.; Formal analysis, H.L. and L.W.; Funding
acquisition, M.L. and F.C.; Project administration, F.C.; Writing—original draft, M.L.; Writing—review
and editing, M.L., H.L. and X.D. All authors contributed to the final draft. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China, grant number 2021YFD1400903 and the Postgraduate Research & Practice Innovation Program
of Jiangsu Province, grant number KYCX22_1107.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

References

Abbreviations

2-DGE Two-dimensional gel electrophoresis

dNTP Nucleoside triphosphates containing deoxyribose
EPPO European and Mediterranean Plant Protection Organization
Faster-RCNN Faster region convolutional neural networks
GC-MS Gas chromatography-mass spectrometry

LAMP Loop-mediated isothermal amplification
MALDI-TOF MS  Matrix-assisted laser desorption/ionization—time of flight mass spectrometry
NDVI Normalized difference vegetation index

n-PCR Nested PCR

PCR Polymerase chain reaction

PWD Pine wilt disease

PWN Pinewood nematode

RAPD Random amplified polymorphic DNA

RFLP Restriction fragment length polymorphism

RPA Recombinase polymerase amplification

RPN Region proposal network

RT-PCR Real-time PCR

SCAR Sequence-characterized amplified region
SDS-PAGE SDS polyacrylamide gel electrophoresis

UAV Unmanned aerial vehicle

VOC Volatile organic compound

1. Futai, K. Pine Wood Nematode, Bursaphelenchus xylophilus. Annu. Rev. Phytopathol. 2013, 51, 61-83. [CrossRef] [PubMed]

2.

10.
11.

Kim, B.-N.; Kim, J.H.; Ahn, J.-Y.; Kim, S.; Cho, B.-K; Kim, Y.-H.; Min, J. A short review of the pinewood nematode, Bursaphelenchus
xylophilus. Toxicol. Environ. Health Sci. 2020, 12, 297-304. [CrossRef]

Kobayashi, F.; Yamane, A.; Ikeda, T. The Japanese Pine Sawyer Beetle as the Vector of Pine Wilt Disease. Annu. Rev. Entomol. 1984,
29, 115-135. [CrossRef]

Li, M.; Li, H.; Sheng, R.-C.; Sun, H.; Sun, S.-H.; Chen, FE-M. The First Record of Monochamus saltuarius (Coleoptera; Cerambycidae)
as Vector of Bursaphelenchus xylophilus and Its New Potential Hosts in China. Insects 2020, 11, 636. [CrossRef]

Choi, W.I; Nam, Y.; Lee, C.Y.; Choi, B.K,; Shin, Y.J.; Lim, ].-H.; Koh, S.-H.; Park, Y.-S. Changes in Major Insect Pests of Pine Forests
in Korea Over the Last 50 Years. Forests 2019, 10, 692. [CrossRef]

Mallez, S.; Castagnone, C.; Lombaert, E.; Castagnone-Sereno, P.; Guillemaud, T. Inference of the worldwide invasion routes of the
pinewood nematode Bursaphelenchus xylophilus using approximate Bayesian computation analysis. Peer Community J. 2021, 1, e56.
[CrossRef]

Hussain, T.; Aslam, A.; Ozair, M.; Tasneem, F.; Gémez-Aguilar, J.F. Dynamical aspects of pine wilt disease and control measures.
Chaos Solitons Fractals 2021, 145, 110764. [CrossRef]

Ryss, A.Y.; Kulinich, O.A.; Sutherland, J.R. Pine wilt disease: A short review of worldwide research. For. Stud. China 2011, 13,
132-138. [CrossRef]

Hao, Z.; Fang, G.; Huang, W.; Ye, H.; Zhang, B.; Li, X. Risk Prediction and Variable Analysis of Pine Wilt Disease by a Maximum
Entropy Model. Forests 2022, 13, 342. [CrossRef]

Mamiya, Y. Pine Wilt Disease in Japan; Brill: Tokyo, Japan, 2004; pp. 9-20.

Tokushige, Y.; Kiyohara, T. Bursaphelenchus sp. in the wood of dead pine trees. J. Jpn. For. Soc. 1969, 51, 193-195.


http://doi.org/10.1146/annurev-phyto-081211-172910
http://www.ncbi.nlm.nih.gov/pubmed/23663004
http://doi.org/10.1007/s13530-020-00068-0
http://doi.org/10.1146/annurev.en.29.010184.000555
http://doi.org/10.3390/insects11090636
http://doi.org/10.3390/f10080692
http://doi.org/10.24072/pcjournal.64
http://doi.org/10.1016/j.chaos.2021.110764
http://doi.org/10.1007/s11632-011-0205-8
http://doi.org/10.3390/f13020342

Int. . Mol. Sci. 2022, 23, 10797 110f13

12.

13.

14.

15.
16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Kiyohara, T.; Tokushige, Y. Inoculation experiments of a nematode, Bursaphelenchus sp., onto pine trees. |. Jpn. For. Soc. 1971, 53,
210-218. [CrossRef]

Wen, T.-Y,; Wu, X.-Q.; Ye, J.-R.; Qiu, Y.-J.; Rui, L.; Zhang, Y. A Bursaphelenchus xylophilus pathogenic protein Bx-FAR-1, as potential
control target, mediates the jasmonic acid pathway in pines. Pest Manag. Sci. 2022, 78, 1870-1880. [CrossRef] [PubMed]
Carrasquinho, I; Lisboa, A.; Inacio, M.L.; Gongalves, E. Genetic variation in susceptibility to pine wilt disease of maritime pine
(Pinus pinaster Aiton) half-sib families. Ann. For. Sci. 2018, 75, 85. [CrossRef]

Ye, J.-R.; Wu, X.-Q. Research progress of pine wilt disease. For. Pest Dis. 2022, 3, 1-11. [CrossRef]

Ye, J.-R. Epidemic Status of Pine Wilt Disease in China and Its Prevention and Control Techniques and Counter Measures. Sci.
Silvae Sin. 2019, 55, 1-10. [CrossRef]

Zhao, B.G,; Futai, K.; Sutherland, J.R.; Takeuchi, Y. Pine Wilt Disease; Springer: Berlin/Heidelberg, Germany, 2008; Volume 17.
Yue, M.; Quan, L.; Cheng-ming, Y.; Qin, L.; Hui-xiang, L.; Xing-yao, Z. Study on Early Diagnosis Technology of Pine Wilt Disease.
J. Shandong Agric. Univ. (Nat. Sci. Ed.) 2014, 45, 158-160. [CrossRef]

Fonseca, L.; Cardoso, J.; Lopes, A.; Pestana, M.; Abreu, F; Nunes, N.; Mota, M.; Abrantes, I. The pinewood nematode,
Bursaphelenchus xylophilus, in Madeira Island. Helminthologia 2012, 49, 96-103. [CrossRef]

Sheng, R.; Li, M.; Chen, |.; Gao, Z.; Sun, S.; Ye, J.; Chen, F. Comparison of morphological index and pathogenicity of two isolates
of Bursaphelenchus xylophilus in southern and northern in China. J. Nanjing For. Univ. 2019, 43, 18. [CrossRef]

Kong, Q.-Q.; Ding, X.-L.; Chen, Y.-F; Ye, ].-R. Comparison of Morphological Indexes and the Pathogenicity of Bursaphelenchus
xylophilus in Northern and Southern China. Forests 2021, 12, 310. [CrossRef]

Abelleira, A.; Picoaga, A.; Mansilla, J.P.; Aguin, O. Detection of Bursaphelenchus Xylophilus, Causal Agent of Pine Wilt Disease on
Pinus pinaster in Northwestern Spain. Plant Dis. 2011, 95, 776. [CrossRef]

Braasch, H. Morphology of Bursaphelenchus Xylophilus Compared with Other Bursaphelenchus Species; Brill: Lisbon, Portugal, 2004;
pp. 127-143.

Pereira, F; Moreira, C.; Fonseca, L.; van Asch, B.; Mota, M.; Abrantes, I.; Amorim, A. New Insights into the Phylogeny and
Worldwide Dispersion of Two Closely Related Nematode Species, Bursaphelenchus xylophilus and Bursaphelenchus mucronatus.
PLoS ONE 2013, 8, €56288. [CrossRef]

Zhou, L.E; Chen, EM.; Xie, L.Y; Pan, H.Y.; Ye, ].R. Genetic diversity of pine-parasitic nematodes Bursaphelenchus xylophilus and
Bursaphelenchus mucronatus in China. For. Pathol. 2017, 47, €12334. [CrossRef]

Li, Y.-L.; Fan, C.-].; Jiang, X.-H.; Tian, X.-Y.; Han, Z.-M. Bursaphelenchus xylophilus: An Important Pathogenic Factor of Pine Wilt
Disease and Its Relationship with Bursaphelenchus mucronatus. Plant Dis. 2021, 105, 3055-3062. [CrossRef] [PubMed]

Bogale, M.; Baniya, A.; DiGennaro, P. Nematode Identification Techniques and Recent Advances. Plants 2020, 9, 1260. [CrossRef]
[PubMed]

Iwahori, H.; Tsuda, K.; Kanzaki, N.; Izui, K.; Futai, K. PCR-RFLP and sequencing analysis of ribosomal DNA of Bursaphelenchus
nematodes related to pine wilt disease. Fundam. Appl. Nematol. 1998, 21, 655-666.

Bolla, R.I.; Weaver, C.; Winter, R.E. Genomic Differences among Pathotypes of Bursaphelenchus xylophilus. . Nematol. 1988, 20,
309-316.

Iwahori, H.; Kanzaki, N.; Futai, K. A simple, polymerase chain reaction-restriction fragment length polymorphism-aided
diagnosis method for pine wilt disease. For. Pathol. 2000, 30, 157-164. [CrossRef]

Chen, F; Ye, J.; Tang, J.; Wu, X. Discrimination of Bursaphelenchus xylophilus and Bursaphelencus mucronatus by PCR-RFLP technique.
Front. For. China 2007, 2, 82-86. [CrossRef]

Gibbs, R.A. DNA amplification by the polymerase chain reaction. Anal. Chem. 1990, 62, 1202-1214. [CrossRef]

Hu, Y.Q.; Kong, X.C.; Wang, X.R.; Zhong, TK.; 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]

Lee, ].-P; Sekhon, S.S.; Kim, ]. H.; Kim, S.C.; Cho, B.-K.; Ahn, J.-Y.; Kim, Y.-H. The pine wood nematode Bursaphelenchus xylophilus
and molecular diagnostic methods. Mol. Cell. Toxicol. 2021, 17, 1-13. [CrossRef]

Huang, L.; Xu, X.-L.; Wu, X.-Q.; Chen, E-M,; Li, C.; Ye, ].-R. A nested PCR assay targeting the DNA topoisomerase I gene to detect
the pine wood nematode, Bursaphelenchus xylophilus. Phytoparasitica 2010, 38, 369-377. [CrossRef]

Green, M.R.; Sambrook, J. Nested Polymerase Chain Reaction (PCR). Cold Spring Harb. Protoc. 2019, 2019, pdb.prot095182.
[CrossRef] [PubMed]

Seesao, Y.; Gay, M.; Merlin, S.; Viscogliosi, E.; Aliouat-Denis, C.M.; Audebert, C. A review of methods for nematode identification.
J. Microbiol. Methods 2017, 138, 37-49. [CrossRef]

Cao, A.X,; Liu, X.Z.; Zhu, S.E; Lu, B.S. Detection of the Pinewood Nematode, Bursaphelenchus xylophilus, Using a Real-Time
Polymerase Chain Reaction Assay. Phytopathology 2005, 95, 566-571. [CrossRef]

Leal, I; Green, M.; Allen, E.; Humble, L.; Rott, M. Application of a real-time PCR method for the detection of pine wood nematode,
Bursaphelenchus xylophilus, in wood samples from lodgepole pine. Nematology 2007, 9, 351-362. [CrossRef]

Chen, F-M.; Ye, J.-R.; Wu, X.-Q. Detection technique of Bursaphelenchus xylophilus using real time PCR. J. Nanjing For. Univ. 2007,
50, 121. [CrossRef]

Braasch, H.; Burgermeister, W.; Pastrik, K. Differentiation of three Bursaphelenchus species by means of RAPD-PCR. Nachr. Des
Dtsch. Pflanzenschutzd. 1995, 47, 310-314.


http://doi.org/10.11519/jjfs1953.53.7_210
http://doi.org/10.1002/ps.6805
http://www.ncbi.nlm.nih.gov/pubmed/35060311
http://doi.org/10.1007/s13595-018-0759-x
http://doi.org/10.19688/j.cnki.issn1671-0886.20220026
http://doi.org/10.11707/j.1001-7488.20190901
http://doi.org/10.3969/j.issn.1000-2324.2014.01.027
http://doi.org/10.2478/s11687-012-0020-3
http://doi.org/10.3969/j.issn.1000-2006.201907023
http://doi.org/10.3390/f12030310
http://doi.org/10.1094/PDIS-12-10-0902
http://doi.org/10.1371/journal.pone.0056288
http://doi.org/10.1111/efp.12334
http://doi.org/10.1094/PDIS-02-21-0396-RE
http://www.ncbi.nlm.nih.gov/pubmed/34743537
http://doi.org/10.3390/plants9101260
http://www.ncbi.nlm.nih.gov/pubmed/32987762
http://doi.org/10.1046/j.1439-0329.2000.00201.x
http://doi.org/10.1007/s11461-007-0013-4
http://doi.org/10.1021/ac00212a004
http://doi.org/10.1111/j.1439-0329.2010.00692.x
http://doi.org/10.1007/s13273-020-00110-9
http://doi.org/10.1007/s12600-010-0104-x
http://doi.org/10.1101/pdb.prot095182
http://www.ncbi.nlm.nih.gov/pubmed/30710024
http://doi.org/10.1016/j.mimet.2016.05.030
http://doi.org/10.1094/PHYTO-95-0566
http://doi.org/10.1163/156854107781352098
http://doi.org/10.3969/j.issn.1000-2006.2007.04.027

Int. . Mol. Sci. 2022, 23, 10797 12 0f13

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

Zhang, K,; Lin, M.; Wen, L.; Xu, W. Genetic variation of Bursaphelenchus xylophilus and B. mucronatus geographical isolates of
China as shown by RAPDS. In Sustainability of Pine Forests in Relation to Pine Wilt and Decline, Proceedings of the International
Symposium, Tokyo, Japan, 27-28 October 1998; Shokado: Yawata, Japan, 1999; pp. 65-69.

Fengmao, C.; Jianren, Y.; Jian, T.; Xiaoqin, W. A Study on Detection Technique of Bursaphelenchus xylophilus and B. mucronatus by
RAPD. J. Nanjing For. Univ. 2005, 29, 25-28. [CrossRef]

Meng, Q.; Long, H.; Xu, J. PCR assays for rapid and sensitive identification of three major root-knot nematodes, Meloidogyne
incognita, M. javanica and M. arenaria. Acta Phytopathol. Sin. 2004, 34, 204-210. [CrossRef]

Chen, F-M.; Negi, S.; Ye, ].-R. A SCAR molecular marker to distinguish Bursaphelenchus mucronatus from the pinewood nematode,
B. xylophilus. For. Pathol. 2011, 41, 376-381. [CrossRef]

Kikuchi, T.; Aikawa, T.; Oeda, Y.; Karim, N.; Kanzaki, N. A Rapid and Precise Diagnostic Method for Detecting the Pinewood
Nematode Bursaphelenchus xylophilus by Loop-Mediated Isothermal Amplification. Phytopathology 2009, 99, 1365-1369. [CrossRef]
[PubMed]

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]
Meng, F.; Wang, X.; Wang, L.; Gou, D.; Liu, H.; Wang, Y.; Piao, C. A loop-mediated isothermal amplification-based method for
detecting Bursaphelenchus xylophilus from Monochamus alternatus. For. Pathol. 2018, 48, €12404. [CrossRef]

Ahuja, A.; Somvanshi, V.S. Diagnosis of plant-parasitic nematodes using loop-mediated isothermal amplification (LAMP): A
review. Crop Prot. 2021, 147, 105459. [CrossRef]

Cha, DJ.; Kim, D.S,; Lee, S.K.; Han, H.R. A new on-site detection method for Bursaphelenchus xylophilus in infected pine trees. For.
Pathol. 2019, 49, e12503. [CrossRef]

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, €0227476. [CrossRef]

WANG, H.-y,; WU, H.-p.; WU, X,; LIN, Y.;; FANG, Y,; JU, Y.-. Duplex-RPA Detection for Bursaphelenchus xylophilus and
Bursaphelenchus mucronatus. Biotechnol. Bull. 2021, 37, 183-190. [CrossRef]

Shinya, R.; Morisaka, H.; Takeuchi, Y.; Ueda, M.; Futai, K. Comparison of the Surface Coat Proteins of the Pine Wood Nematode
Appeared During Host Pine Infection and In Vitro Culture by a Proteomic Approach. Phytopathology 2010, 100, 1289-1297.
[CrossRef]

Shinya, R.; Morisaka, H.; Takeuchi, Y.; Futai, K.; Ueda, M. Making headway in understanding pine wilt disease: What do we
perceive in the postgenomic era? . Biosci. Bioeng. 2013, 116, 1-8. [CrossRef]

Lee, P.Y.; Saraygord-Afshari, N.; Low, T.Y. The evolution of two-dimensional gel electrophoresis—from proteomics to emerging
alternative applications. J. Chromatogr. A 2020, 1615, 460763. [CrossRef] [PubMed]

Fu, H.-Y.; Ren, ].-H.; Huang, L.; Li, H.; Ye, ].-R. Screening and functional analysis of the peroxiredoxin specifically expressed in
Bursaphelenchus xylophilus—the causative agent of pine wilt disease. Int. J. Mol. Sci. 2014, 15, 10215-10232. [CrossRef] [PubMed]
Hu, K,; Yang, B. Preliminary comparision of Bursaphelenchus xylophilus and B. mucronatus utilizing enzyme electrophoresis. Frorest
Res. 1995, 8, 73-77.

Zheng, H.Y;; Xu, M.; Xu, EY,; Ye, J.R. A comparative proteomics analysis of Pinus massoniana inoculated with Bursaphelenchus
xylophilus. Pak. |. Bot. 2015, 47, 1271-1280.

Maochun, L.; Ying, L.; Jingwen, L.; Qin, W.; Cangsang, P; Liang, C. Analysis of Differential Proteins Between Bursaphelenchus
xylophilus and B.mucronatus Using Two Dimensional Polyacryamide Electrophoresis and Mass Spectrometry. Chin. Agric. Sci.
Bull. 2013, 29, 32-36. [CrossRef]

Effah, E.; Holopainen, ].K.; McCormick, A.C. Potential roles of volatile organic compounds in plant competition. Perspect. Plant
Ecol. Evol. Syst. 2019, 38, 58-63. [CrossRef]

Ricciardi, V.; Marciano, D.; Sargolzaei, M.; Maddalena, G.; Maghradze, D.; Tirelli, A.; Casati, P.; Bianco, P.A.; Failla, O.; Fracassetti,
D.; et al. From plant resistance response to the discovery of antimicrobial compounds: The role of volatile organic compounds
(VOCs) in grapevine downy mildew infection. Plant Physiol. Biochem. 2021, 160, 294-305. [CrossRef]

Vivaldo, G.; Masi, E.; Taiti, C.; Caldarelli, G.; Mancuso, S. The network of plants volatile organic compounds. Sci. Rep. 2017, 7,
11050. [CrossRef]

Li, Z.; Paul, R,; Ba Tis, T.; Saville, A.C.; Hansel, ].C.; Yu, T; Ristaino, ].B.; Wei, Q. Non-invasive plant disease diagnostics enabled
by smartphone-based fingerprinting of leaf volatiles. Nat. Plants 2019, 5, 856-866. [CrossRef]

Fang, Y.; Ramasamy, R.P. Current and Prospective Methods for Plant Disease Detection. Biosensors 2015, 5, 537-561. [CrossRef]
Conchou, L.; Lucas, P.; Meslin, C.; Proffit, M.; Staudt, M.; Renou, M. Insect Odorscapes: From Plant Volatiles to Natural Olfactory
Scenes. Front. Physiol. 2019, 10, 972. [CrossRef] [PubMed]

Rosenkranz, M.; Chen, Y.; Zhu, P.; Vlot, C. Volatile terpenes—Mediators of plant-to-plant communication. Plant J. 2021, 108,
617-631. [CrossRef] [PubMed]

Beale, D.J.; Pinu, ER.; Kouremenos, K.A.; Poojary, M.M.; Narayana, V.K.; Boughton, B.A.; Kanojia, K.; Dayalan, S.; Jones, O.A.H.;
Dias, D.A. Review of recent developments in GC-MS approaches to metabolomics-based research. Metabolomics 2018, 14, 152.
[CrossRef] [PubMed]


http://doi.org/10.3969/j.issn.1000-2006.2005.04.006
http://doi.org/10.3321/j.issn:0412-0914.2004.03.003
http://doi.org/10.1111/j.1439-0329.2010.00693.x
http://doi.org/10.1094/PHYTO-99-12-1365
http://www.ncbi.nlm.nih.gov/pubmed/19900002
http://doi.org/10.1111/efp.12149
http://doi.org/10.1111/efp.12404
http://doi.org/10.1016/j.cropro.2020.105459
http://doi.org/10.1111/efp.12503
http://doi.org/10.1371/journal.pone.0227476
http://doi.org/10.13560/j.cnki.biotech.bull.1985.2021-0579
http://doi.org/10.1094/PHYTO-04-10-0109
http://doi.org/10.1016/j.jbiosc.2013.01.003
http://doi.org/10.1016/j.chroma.2019.460763
http://www.ncbi.nlm.nih.gov/pubmed/31836310
http://doi.org/10.3390/ijms150610215
http://www.ncbi.nlm.nih.gov/pubmed/24918285
http://doi.org/10.3969/j.issn.1000-6850.2013.25.007
http://doi.org/10.1016/j.ppees.2019.04.003
http://doi.org/10.1016/j.plaphy.2021.01.035
http://doi.org/10.1038/s41598-017-10975-x
http://doi.org/10.1038/s41477-019-0476-y
http://doi.org/10.3390/bios5030537
http://doi.org/10.3389/fphys.2019.00972
http://www.ncbi.nlm.nih.gov/pubmed/31427985
http://doi.org/10.1111/tpj.15453
http://www.ncbi.nlm.nih.gov/pubmed/34369010
http://doi.org/10.1007/s11306-018-1449-2
http://www.ncbi.nlm.nih.gov/pubmed/30830421

Int. . Mol. Sci. 2022, 23, 10797 13 0f 13

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Ikeda, T.; Enda, N.; Yamane, A.; Oda, K.; Toyoda, T. Attractants for the Japanese Pine Sawyer, Monochamus alternatus HOPE
(Coleoptera:Cerambycidae). Appl. Entomol. Zool. 1980, 15, 358-361. [CrossRef]

Fukuda, K.; Hogetsu, T.; Suzuki, K. Ethylene production during symptom development of pine-wilt disease. Eur. J. For. Pathol.
1994, 24, 193-202. [CrossRef]

Takeuchi, Y.; Kanzaki, N.; Futai, K. Volatile compounds in pine stands suffering from pine wilt disease: Qualitative and
quantitative evaluation. Nematology 2006, 8, 869-879. [CrossRef]

Gaspar, M.C.; Agostinho, B.; Fonseca, L.; Abrantes, I.; de Sousa, H.C.; Braga, M.E.M. Impact of the pinewood nematode on
naturally-emitted volatiles and scCO2 extracts from Pinus pinaster branches: A comparison with P. pinea. |. Supercrit. Fluids 2020,
159, 104784. [CrossRef]

Hwang, H.-S.; Han, ]J.-Y.; Choi, Y.-E. Enhanced Emission of Monoterpene 3-Carene in Pinus densiflora Infected by Pine Wood
Nematode and Characterization of 3-Carene Synthase. Forests 2021, 12, 514. [CrossRef]

Wu, W,; Zhang, Z.; Zheng, L.; Han, C.; Wang, X.; Xu, J.; Wang, X. Research Progress on the Early Monitoring of Pine Wilt Disease
Using Hyperspectral Techniques. Sensors 2020, 20, 3729. [CrossRef] [PubMed]

Huan, T.A.O.; Cun-jun, L.I; Cheng, C.; Li-ya, J.; Hai-tang, H.U. Progress in Remote Sensing Monitoring for Pine Wilt Disease
Induced Tree Mortality: A Review. For. Res. 2020, 33, 172-183. [CrossRef]

Ho, L.S.; Lee, W.-K.; Cho, H.-K. Detection of The Pine Trees Damaged by Pine Wilt Disease using High Resolution Satellite and
Airborne Optical Imagery. Korean J. Remote Sens. 2007, 23, 409—420. [CrossRef]

Zhou, H.; Yuan, X.; Zhou, H.; Shen, H.; Ma, L.; Sun, L.; Fang, G.; Sun, H. Surveillance of pine wilt disease by high resolution
satellite. J. For. Res. 2022, 33, 1401-1408. [CrossRef]

Zhang, B.; Ye, H.; Lu, W.; Huang, W.; Wu, B.; Hao, Z.; Sun, H. A Spatiotemporal Change Detection Method for Monitoring Pine
Wilt Disease in a Complex Landscape Using High-Resolution Remote Sensing Imagery. Remote Sens. 2021, 13, 2083. [CrossRef]
Yu, R.; Luo, Y,; Zhou, Q.; Zhang, X.; Wu, D.; Ren, L. A machine learning algorithm to detect pine wilt disease using UAV-based
hyperspectral imagery and LiDAR data at the tree level. Int. J. Appl. Earth Obs. Geoinf. 2021, 101, 102363. [CrossRef]

Kim, S.-R; Lee, W.-K,; Lim, C.-H.; Kim, M.; Kafatos, M.C.; Lee, S.-H.; Lee, S.-S. Hyperspectral Analysis of Pine Wilt Disease to
Determine an Optimal Detection Index. Forests 2018, 9, 115. [CrossRef]

Deng, X.; Tong, Z.; Lan, Y.; Huang, Z. Detection and Location of Dead Trees with Pine Wilt Disease Based on Deep Learning and
UAV Remote Sensing. AgriEngineering 2020, 2, 294-307. [CrossRef]

Yu, R.; Luo, Y.;; Zhou, Q.; Zhang, X.; Wu, D.; Ren, L. Early detection of pine wilt disease using deep learning algorithms and
UAV-based multispectral imagery. For. Ecol. Manag. 2021, 497, 119493. [CrossRef]


http://doi.org/10.1303/aez.15.358
http://doi.org/10.1111/j.1439-0329.1994.tb00985.x
http://doi.org/10.1163/156854106779799295
http://doi.org/10.1016/j.supflu.2020.104784
http://doi.org/10.3390/f12050514
http://doi.org/10.3390/s20133729
http://www.ncbi.nlm.nih.gov/pubmed/32635285
http://doi.org/10.13275/j.cnki.lykxyj.2020.03.022
http://doi.org/10.7780/kjrs.2007.23.5.409
http://doi.org/10.1007/s11676-021-01423-8
http://doi.org/10.3390/rs13112083
http://doi.org/10.1016/j.jag.2021.102363
http://doi.org/10.3390/f9030115
http://doi.org/10.3390/agriengineering2020019
http://doi.org/10.1016/j.foreco.2021.119493

	Introduction 
	Direct Detection of PWD in Pine Trees 
	Diagnosis of Dead Pine Trees 
	Diagnosis of Standing Trees by the Oleoresin Exudation Method 

	Detection Based on Pinewood Nematode Morphology 
	Detection of Pinewood Nematode DNA 
	Restriction Fragment Length Polymorphisms (RFLPs) 
	Polymerase Chain Reaction (PCR) 
	Nested PCR (n-PCR) 
	Real-Time PCR (RT-PCR) 
	Random Amplified Polymorphic DNA (RAPD) 
	Sequence-Characterized Amplified Region (SCAR) 

	Loop-Mediated Isothermal Amplification (LAMP) 
	Recombinase Polymerase Amplification (RPA) 

	Detection of Pinewood Nematode Proteins 
	Two-Dimensional Gel Electrophoresis (2-DGE) 
	Isozyme Analysis 
	Matrix-Assisted Laser Desorption/Ionization–Time of Flight Mass Spectrometry (MALDI–TOF MS) 

	Detection of Pine Volatiles 
	Detection via Spectral Techniques 
	Satellite Remote Sensing 
	Unmanned Aerial Vehicles (UAVs) 

	Conclusions 
	References

