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Abstract: The pine wood nematode (PWN), Bursaphelenchus xylophilus, that causes pine wilt disease
(PWD), has severely damaged forests and ecosystems in countries of East Asia and Europe. Since the
high propagation rate of PWD is the main cause of the devastating disease, it is very important to
interfere with the spread of PWN mediated by its insect vector (Monochamus alternatus). In order to
explore new methods and approaches for the prevention and control of pine wood nematode disease,
chemicals with attraction or repellency to pine wood nematode and stable diffusion or volatilization
in infected wood were screened out to interfere and hinder the pupa chamber effect, the aggregation
behavior of PWN to pupa chamber in M. alternatus. In the present study, 22 chemicals were inoculated
on water agar medium and infected wood to verify the tropism of PWN toward the chemicals from
the aspects of attraction and repellency. The results indicate that linoleic acid, oleic acid, diacetyl and
β-myrcene have attractive effects on PWN, while kerosene and β-humulene have repellent effects on
PWN and are able to stably permeate and volatilize within pine trees. This research shows that some
chemicals can affect the movement behavior of PWN and interfere with its migration to the pupal
chamber in M. alternatus, thus reducing the dispersal efficiency of PWNs carried by insect vectors.
This chemically based strategy would provide novel approaches for effective controlling of pine wilt
disease.

Keywords: pine wood nematode; insect vector; repellent effect; attractive effect

1. Introduction

Pine wood nematode (PWN) Bursaphelenchus xylophilus (Steiner and Buhrer, 1934)
Nickle, 1970. is known to originate in North America and first spread to Japan in the early
1900s and dispersed to other parts of Asia (China, Japan, and South Korea) and Europe
(including Portugal and Spain) [1]. The infected pine trees by PWN leads to blockage of
the tree vasculature, resulted in wilting symptoms and ultimately death [2]. A susceptible
host can wilt and die within weeks of infection if conditions are favorable for disease
development. Despite the tremendous efforts to control pine wilt disease (PWD) and
quarantine wood products from infested areas, PWD has become the most destructive
threat to all forests in Asia.

The main reason that PWD has such a great impact on the ecological environment is
its high infectivity [3]. The dispersal ways of PWN can be divided into natural dispersal
and human-mediated dispersal [4]. Natural dispersal depends mainly on the insect vectors
which considered as the most common ways to transmit the nematode [1]. (Monochamus
spp.) Each Monochamus alternatus Hope individual is able to carry thousands to tens of
thousands of PWNs. The life cycle of PWN includes two stages: the reproduction stage
and the dispersal stage [5]. The dispersal of the PWN occurs when the PWN develops to
the fourth larval (dispersal) stage (JIV) upon encountering its insect vector, the pine sawyer
beetle [6], inside an infected pine tree. The life cycles of Bursaphelenchus xylophilus and M.
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alternatus are specifically coordinated with each other [7]. When conditions are unfavorable,
such as when food resources and temperatures are low, individuals in the second larval
stage (JII) molt to the third larval stage (JIII) and aggregate around the pupal chamber of
M. alternatus [8,9]. Before the emergence of adult longicorn beetles, JIII larvae become the
fourth-instar larvae, reaching the dispersal stage (JIV). Then, PWN enters the respiratory
system of the adult longicorn beetles through the spiracles; at this time, the beetles are
newly winged, and their body wall has not completely sclerotized [10]. Subsequently,
when adult longicorn beetles take in supplementary nutrition or lay eggs, the PWNs escape
from the trachea of longicorn beetles and enter the new host’s body via wounds caused by
the feeding or spawning of longicorn beetles.

Therefore, the coordinated life cycle between PWN and its insect vector as well as the
accurate identification of the pupa chamber of longicorn were heated discussed by schol-
ars. Chemical signals were proved to be a key role in mediating interspecific interactions
among PWN, its vector beetle and the pine tree host. The aggregation of LIII larvae around
the beetle pupal chambers is triggered by terpene signals produced by the beetles when
developing into adults [11]. The LIII–LIV molt in PWN is stimulated by fatty acid ethyl
esters produced by beetles, specifically during the late pupa and early adult stages [12].
Furthermore, chemical signals also play an important role in mediating intraspecific in-
teractions within populations of nematodes [12]. Chemicals that are highly attractive to
PWNs, such as oleic acid and linoleic acid, were found in pine trees, beetle pupal chambers,
larvae and adults of longicorns [13]. Many species of free-living and parasitic nematodes
coordinate their behavior and development by secreting a family of pheromones called the
ascaroside. The ascarosides have been shown to affect dauer formation, sexual attraction,
aggregation, dispersal and olfactory plasticity in nematodes [14].

In this study, chemicals that not only have attractive or repellent effects on PWN but
can also stably permeate and spread within infected wood were screened. The prospects of
the study were to develop new strategies for blocking the infection cycle of PWN and to
provide new ideas and methods for the prevention and control of PWD.

2. Materials and Methods
2.1. Source and Culture of PWNs

PWN isolates (AmA3, AA3, and YW4) were stored in the Forest Pathology Laboratory
of Nanjing Forestry University. They were cultured on Botrytis cinerea in Potato Dextrose
Agar (PDA) Medium at 25 ◦C in the dark.

AmA3 was separated from susceptible Pinus thunbergii Parl. in Anhui Province, China;
AA3 was separated from susceptible Pinus taiwanensis Hayata in Anhui Province, China;
YW4 was separated from susceptible Pinus kesiya var. langbianensis in Yunnan Province,
China [11].

2.2. Chemicals

Twelve chemicals with potential attraction effect and eleven chemicals with repellency
effects are used in this study (Table 1).

The long-chain fatty acids were proved to be related to the migration of PWNs to the
body and pupal chamber of its insect vector (M. alternatus) [7]. Diacetyl has a behavioral
stimulus effect on Caenorhabditis elegans [12]. These chemicals and their homologues are
used in this study.

2.3. The Self-Designed Assay for Evaluating Attractive Effects of Chemicals toward PWN

Water agar medium [13,14] (15 cm diameter) was used to test the attractive effects of
several chemicals toward PWNs (Figure 1). First, a hole was made on 3 cm from the edge
of the plate, a sterile cotton ball was placed in the hole, and chemicals were dripped on
the cotton ball. Another sterile cotton ball was placed in another hole at the corresponding
position on the opposite side of the same dish, and a 200 µL aliquot of worm solution
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(approximately 1000 PWNs) was added to the cotton ball. Sterile water treatment was used
as the control.

Table 1. Purity and sources of the chemicals used for chemical identification and laboratory and field
assays.

Compound Purity (%) CAS No. Source

NaClO 5.2% 7681-52-9 Damas-beta.
C2HCL3O2 >99% 200-663-8 Damas-beta

Clycerol >99% 56-81-5 Damas-beta
Lactic acid ≥97.5% 50-21-5 General-reagent

Palmitic acid 98% 57-10-3 General-reagent
Stearic acid 40% 57-11-4 General-reagent

β-Caryophyllene 30% 123-35-3 General-reagent
β-Myrcene ≥75% 123-35-3 Mackin

Toluene ≥99.5% 108-88-3 Mackin
Oleic acid 90% 112-80-1 Mackin

Linoleic acid ≥98% 60-33-3 Mackin
Diacetyl ≥98.0% 431-03-8 Mackin

KCl ≥99.8% 7447-40-7 Nanjing Chemical Reagent Co., Ltd.
NaC1 ≥99.5% 7647-14-5 Nanjing Chemical Reagent Co., Ltd.

MnC12 98% 7773-01-5 Nantong agro-chemical co. LTD
CrCl2·2.5H2O ≥99.0% 7790-78-5 Ourchen

NaF ≥99.0% 7681-49-4 Sinopharm Chemical Reagent Co., Ltd.
Atropine sulfate 100 mµg/mL 5908-99-6 Sinopharm Chemical Reagent Co., Ltd.

DDVP 200 g/L 203645-53-8 Sinopharm Chemical Reagent Co., Ltd.
CuSO4·5H2O ≥99.0% 7758-99-8 Sinopharm Chemical Reagent Co., Ltd.

Kerosene 1 L 8008-20-6 Sinopharm Chemical Reagent Co., Ltd.
Diquat dibromide 100 µg/mL 85-00-7 Sinopharm Chemical Reagent Co., Ltd.

β-Humulene ≥90% 116-04-1 Sinopharm Chemical Reagent Co., Ltd.
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Figure 1. Schematic diagram of the plate attraction experiment.

These plates were then sealed with parafilm and placed in an incubator at 25 ◦C for
24 h. Agar blocks with a diameter of 3 cm were excised from the position of the cotton
ball to which chemicals were added. PWNs in the agar blocks were separated via the
Baermann funnel technique. The isolated PWNs were observed and counted under an
optical microscope.
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2.4. Attractive Effects of Several Chemicals on PWN in Infected Wood

After P. thunbergii Parl. trees that had died in the previous year were felled in the
Yaolingkou area of Jurong Forest Farm in Jiangsu Province, we removed the side branches
and cut the infected wood on the main trunk into segments with a length of 60 cm. A total
of three round holes staggered on the positive and negative sides of each wood segment
with a diameter of 35 mm and depth of 40 mm were introduced, with holes No. 1 and
No. 3 located at either and No. 2 in the middle. PWNs in wood chips obtained by drilling
were separated from the wood chips and counted to obtain the initial value.

After pretreatment, different doses of chemicals were injected into the holes in the
infected wood. Eight different chemicals and three different concentration dose gradients
were set up in the experiment. The holes were filled with sawdust and rolled cotton and
then sealed with parafilm.

Three weeks after the chemicals were injected, approximately 50 g of wood chips
were collected from the holes at both ends of the wood segments, from which PWNs were
separated and counted to obtain the treatment value. Five wood segments were inoculated
in each treatment (generally from different trees), and sterile water treatment was used
as a negative control. The rate of increase in the PWN counts was calculated with the
following formula, and the result was used as a standard to measure the attraction effect of
the chemicals on PWNs:

r =
x2 − x1

x1
× 100% (1)

where ‘r’ represents the rate of increase in the PWN counts in infected wood after chemical
treatment (%); x1 represents the number of PWNs per gram of sawdust (dry weight) before
chemical treatment; and x2 represents the number of PWNs per gram of sawdust (dry
weight) after chemical treatment.

2.5. The Self-Designed Assay for Evaluating Repellent Effects of Chemicals toward PWN

Water agar medium (15 cm) was prepared via the quadripartite agar plate method
and marked appropriately (Figure 2). After the water agar medium was naturally air dried,
a hole was introduced with a punch at three points located 3.75 cm from the center of
the plate, and an aseptic cotton ball was added to the hole. Sterile water was used as
the negative control. Finally, 200 µL of a PWN solution (approximately 1000 PWNs) was
dripped at the central point in the dried medium.
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After 24 h, the movement of the PWNs was observed, agar blocks were removed
within radii of 2 cm, 4 cm and 6 cm from the center of the plate, and the PWNs were
separated and counted. Each process was repeated 5 times.

2.6. Repellent Effect of Several Chemicals on PWN in Infected Wood

After P. thunbergii Parl. that had died in the previous year were felled in the Yaolingkou
area of Jurong Forest Farm in Jiangsu Province, the side branches were removed, and the
main trunks of the infected wood were cut into segments with a length of 60 cm. A total of
three round holes staggered on the positive and negative sides of each wood segment with
a diameter of 35 mm and a depth of 40 mm were introduce, with holes No. 1 and No. 3
located at both ends and No. 2 in the middle. PWNs in wood chips obtained by drilling
were separated from the wood chips and counted to obtain the initial value.

After pretreatment, different doses of chemicals were injected into the holes in the
wood that contained PWNs. Three different chemicals and three different concentration
dose gradients were set up in the experiment. The holes were filled with sawdust and
rolled cotton and then sealed with parafilm.

Three weeks after the chemicals we estimate the rate of decrease in the PWN as
described above for the rate of the increase. The rate of the decrease in the PWN counts
was calculated with the following formula, whose result was used as a standard to measure
the repellent effect of the chemicals on PWN:

r =
x1 − x2

x1
× 100% (2)

where r represents the rate of the decrease in the PWN counts on infected wood after
chemical treatment (%); x1 represents the number of PWNs per gram of sawdust (dry
weight) before chemical treatment; and x2 represents the number of PWNs per gram of
sawdust (dry weight) after chemical treatment.

2.7. Statistical Analysis

The data were subjected to analysis of variance and Duncan’s multiple comparison
test with SPSS 21.0 software (IBM Inc., Armonk, NY, United States), and the standard errors
of all mean values were calculated (p < 0.05). Graphs were generated using GraphPad
Prism 8.0 (GraphPad Software, Inc., Chicago, IL, USA).

Two analyses were carried out on the data obtained in the attractive effects experiment.
Firstly, the effects of a chemical to different strains of PWNs were compared. If there was
no difference of effect among the strains, the average value of the effect from the three
strains was used in downstream analysis. Secondly, the effects of different chemicals to the
same PWNs strain were compared.

In addition, the number of nematodes along the distance gradient was reported to
detect the repellent effect of chemicals on PWNs.

Detailed analysis was described in the “supplementary file” (Table S1).

3. Results
3.1. Analysis of the Attractive Effects of Several Chemicals toward PWN

The PWNs from the cotton balls were isolated after 24 h.
The number of PWNs in the control (sterile water treatment) was 70 ± 0.81, while

the number of PWNs in the treatment of diacetyl, linoleic acid, oleic acid, toluene and
β-myrcene, β-caryophyllene, stearic acid and palmitic acid were 515 ± 5.89, 444 ± 4.49,
338 ± 5.44, 291 ± 5.73, 264 ± 8.18, 168 ± 3.68, 154 ± 3.68, 148 ± 2.45, respectively (Table 2).
The number of PWNs in the chemical treatments were all significantly higher than that in
the control (p < 0.05), suggesting that the chemicals tested can attracted PWNs on the water
agar medium.
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Table 2. Attractive effects of different chemicals toward different PWN strains.

Chemicals
PWN

AmA3 AA3 Yw4 Average
Data

Control 70 ± 5.60 h A 71 ± 14.93 g A 69 ± 2.08 g A 70 ± 0.81 g
NaClO 89 ± 5.29 gh A 85 ± 6.06 fg A 76 ± 2.49 fg A 83 ± 5.43 fg

C2HCL3O2 96 ± 5.60 gh A 97 ± 14.93 fg A 87 ± 2.08 fg AB 93 ± 4.49 fg
Clycerol 113 ± 2.06 fg A 89 ± 5.60 fg B 96 ± 6.33 fg B 98 ± 10.07 fg

Lactic acid 121 ± 8.62 fg A 116 ± 3.56 fg AB 124 ± 10.39 fg A 120 ± 3.29 fg
Palmitic acid 151 ± 8.62 e A 148 ± 3.56 ef A 145 ± 8.36 ef A 148 ± 2.45 ef
Stearic acid 154 ± 11.49 fg A 150 ± 3.39 ef A 159 ± 6.06 ef A 154 ± 3.68 ef

β-Caryophyllene 173 ± 3.39 ef A 164 ± 10.43 ef B 169 ± 6.06 ef A 168 ± 3.68 ef
β-Myrcene 272 ± 2.49 cd A 253 ± 10.43 de B 268 ± 10.37 de A 264 ± 8.18 cd

Toluene 292 ± 6.06 cd A 284 ± 6.33 cd A 298 ± 2.08 cd A 291 ± 5.73 cd
Oleic acid 337 ± 11.49 c A 346 ± 2.83 bc AB 333 ± 5.06 bc A 338 ± 5.44 bc

Linoleic acid 441 ± 4.22 b A 451 ± 3.74 b AB 442 ± 3.85 b A 444 ± 4.49 b
Diacetyl 513 ± 8.72 a AB 523 ± 2.08 a AB 509 ± 11.4 a A 515 ± 5.89 a

Different letters indicate significant differences at p < 0.05. Capital letters indicate the differences among PWN
strains. Lowercase letters indicate the differences among chemicals. AmA3 AA3 Yw4 means three strains
of PWNs.

Chemicals that might potentially attract PWNs were screened on water agar medium
and inoculated onto segments of infected wood. The PWNs present in infected wood were
sampled, separated and counted (Figure 3). The increase in the PWN populations around
the inoculation site differed from the infected wood which treated with different chemicals
(Figure 3). The inoculation of linoleic acid, oleic acid, diacetyl and β-myrcene maximized
the number of PWNs around the inoculation site, with increase rates of 54.23%, 49.78%,
36.28% and 26.39%, respectively (4.57% increase in the control). Different doses of the same
chemical resulted in little difference in attraction effect.

It could be concluded that linoleic acid, oleic acid, diacetyl and β-myrcene can attract
PWNs in infected wood. However, β-caryophyllene, palmitic acid, toluene and stearic acid
cannot spread and volatilize in infected wood, so their attraction effect on PWNs is limited.

3.2. Analysis of Repellent Effects of Several Chemicals on PWN

The chemicals were placed at three different points on water agar medium, and 200 µL
of a PWN suspension (approximately 1000 PWNs) was added to the central drop. After
24 h, the PWNs in the agar blocks with diameters of 2 cm, 4 cm and 6 cm from the central
point were separated and counted. After 24 h of treatment with five kinds of inorganic
compounds, the numbers of PWNs separated from water agar medium blocks ranged from
20~44 PWNs; in particular, the numbers of PWNs isolated from agar blocks with diameters
of 2 cm from the center of plates treated with β-humulene, kerosene and diquat dibromide
ranged from 97~134 (23~33 for the control), and the number of PWNs increased along with
the diameters (Figure 4). In conclusion, β-humulene, kerosene and diquat dibromide have
a repellent effect on PWNs.

After the potentially PWN-repellent chemicals were screened on water agar medium,
they were inoculated onto infected woods. The rate of the decrease in PWN counts around
the inoculation site differed from the infected woods which treated with different chemicals
(Figure 5). The number of PWNs around the inoculation site reduced significantly by
inoculation with β-humulene and kerosene, and the decrease rates reached 36.58%, 39.62%
and 34.34%, respectively (6.31% lower than that of the control). Therefore, the blocks of
agar treated with β-humulene and kerosene can deter PWNs in infected wood.
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4. Discussion

PWD has continued to spread in China in recent years, the total occurrence areas and
the number of dead trees is increasing each year, and there is an urgent need for prevention
and control [15]. According to previous studies, the control and prevention strategy refer
to quarantine and epidemic monitoring [16], epidemic wood removal [17] and vector insect
control [18]. However, there are some limitations of current methods, such as the difficulty
and high cost of treatment [19]. There are also some problems in wood disposal, such as
the easy spread of the PWNs and the difficulty of monitoring [20,21]. As a result, it is
imperative to block the migration of PWN with the insect vector.

The mechanism of PWN migration toward vector insects in the infection cycle of
PWNs has gradually become a research focus of scholars. If chemicals with a significant
effect on PWNs can be found, they can be used to interfere with their movement in infected
wood, block their accumulation in the pupal chamber of M. alternatus, and effectively
reduce the dispersal efficiency of PWD.

In our study, NaClO, C2HCL3O2, Clycerol, and lactic acid were only able to stimulate
the migration behavior of PWN, but without, chemotaxis to PWN. Palmitic acid, stearic
acid, β-Caryophyllene, toluene can attract PWN in the water agar medium, However,
they did not show attractive effect in the infected wood. Oleic acid, linoleic acid, diacetyl,
β-Myrcene can attract PWN, and were able to stably permeate and volatilize within pine
trees. On the other hand, only kerosene and β-humulene had repellent effects on PWN
among 11 chemicals tested.

The tropic effects of chemicals on PWNs have been reported in previous studies.
Abietic acid and phytol were found to exist in pine resin and exert a strong attractive
effect on PWN, which may be related to the infection of pine trees by PWN [16]. β-
Caryophyllene, β-phellandrene and isolongifolene were proven to be able to attract PWNs
in assays involving the inoculation of water agar or infected wood [22,23]. Streptomyces
plicatus were proved to be have attractive ability to Meloidogyne incognita at 72 h and
negative to the Caenorhabditis elegans at 24 h [14]. Besides, rhizosphere bacteria are able
to produce volatile substances, as signal factors to attract or repel nematodes [24,25]. In
this experiment, we verified the attractivity of several chemicals on water agar medium
and infected wood, which were tested similarly by Tan and Du [26,27]. Compared with
the similar experiment, the method we used here was improved, and other attractant
substances besides terpenes were found.
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At present, some scholars have studied the repellent effect on the Caenorhabditis
elegans, but there are few similar studies on PWN, researches on the chemotaxis of PWNs
are focused mainly on the attractive effects of chemicals on PWNs. While this study proved
that chemicals exerted a repellent effect on PWN in the infected wood, and the repellent
effect was enhanced with an increasing volume.

Li pointed out that the chemotaxis of Caenorhabditis elegans toward different concentra-
tions of diacetyl were inhibited by metal ions [5]. However, this situation was not in our
study, and the metal ions did not have repellent effect on PWN. On the other hand, in this
study mixture of pesticide with strong smell have repellent effect on PWN yet.

In this study, a total of 7 chemicals screened from the aspects of attraction and re-
pellency were shown to significantly affect the movement of PWNs in infected wood to
interfere with the normal pupal chamber effect. However, after the infected wood is cut
down, the internal resin flow stops, and the effects of chemicals then depend on their
own diffusivity and volatility, so there are some limitations of this approach. However, by
inhibiting the pupal chamber effect, which is a key link in the infection cycle, the transmis-
sion of PWNs to other healthy pine trees by their vector insects to complete the infection
cycle is prevented. Hence, the spread of the disease can be alleviated to a certain extent.

5. Conclusions

This study explored the effects of several chemicals on the movement behavior of
PWNs from the aspects of attraction and repellency. It indicates that diacetyl, linoleic acid,
oleic acid, toluene, β-myrcene, β-caryophyllene, stearic acid and palmitic acid could attract
PWNs, and β-humulene kerosene could repel PWNs on the wood newly killed by PWNs.
The use of chemicals to treat infected wood for the control of PWD is technically feasible
and presents broad application prospects, making it worthy of further study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/f12060771/s1, Table S1. Analysis of PWN in agar blocks after treatment with different
chemicals.
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