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Abstract: In recent years, the pinewood nematode has continuously adapted to low-temperature
environments and expanded from the South to the North of China. In December 2018, a large area of
pinewood nematode was suspected to be harmful to Pinus tabuliformis under natural conditions in
Fushun City, Liaoning Province. In order to clarify the low-temperature environment and population
characteristics of pinewood nematodes in this new epidemic area, we analyzed the difference in
temperature between the inside and outside of P. tabuliformis in low-temperature environments,
conducted the morphological and molecular identification of pinewood nematodes in P. tabuliformis,
summarized the distribution characteristics of the wintering of pinewood nematodes and explored the
population structure of pinewood nematodes under different low-temperature conditions. The results
indicated that the diurnal variation of temperature in dead P. tabuliformis was significantly less than
the environment temperature. The lowest temperature in P. tabuliformis was 3.2 °C higher than the
lowest temperature in the environment in one day; the pathogen of a large area of dead P. tabuliformis
in Fushun was pinewood nematode (Bursaphelenchus xylophilus); 84.9% of the average populations of
pinewood nematodes were third-stage dispersal juveniles, which mainly gathered in 5 cm within
the pupal chamber of Monochamus saltuarius Gebler. At —40 °C, most of the third-stage dispersal
juveniles of pinewood nematode in dead pine can still survive. Our study laid a foundation for the
understanding of the low-temperature adaptation mechanism of pinewood nematode and contributed
to the monitoring of pine wilt disease in the mid-temperate zone.
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1. Introduction

Pine wilt disease is a complex disease caused by Bursaphelenchus xylophilus (Steiner & Buhrer).
Nickel and the insects of Monochamus spp. are the main mediators. When the environment of pinewood
nematodes changes unfavorably, pinewood nematodes will transform from propagative juveniles to
dispersal juveniles. The third-stage dispersal juveniles are able to resist adverse environments [1].
These Monochamus saltuarius Gebler migrate to healthy pine trees to help the spread of pine wilt
disease when seeking food from tender branches [2]. Natural susceptible hosts in the traditional
distribution area of pine wilt disease in China include Pinus kesiya, Pinus massoniana, Pinus armandii and
Pinus thunbergii [3]. In 2016, pinewood nematodes were found to be harmful to P. thunbergii in Dalian,
Liaoning Province and Pinus koraiensis in Dandong City, Liaoning Province in 2017 [4]. In recent years,
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pinewood nematodes have continuously adapted to the low-temperature environment and expanded
from the South to the North. In the process, they continuously adapt to new hosts.

Pinus tabuliformis has needle-like leaves, usually in pairs. It is an evergreen tree of the genus
of pinus and has strong cold hardiness which allows it to endure temperatures as low as —25 °C [5].
P. tabuliformis is a pine native to China from the provinces of the Northeast, Mid-East and Northwest
of China, such as Beijing, Liaoning, Jilin, Inner Mongolia and other provinces [6]. P. tabuliformis is
well known for its economic value and has important ecological benefits such as climate regulation,
water conservation, wind prevention and sand fixation, as well as the conservation of species diversity.
P. tabuliformis is planted in large areas such as Beijing, Liaoning and Jilin in China. Large economic
losses were felt when the trees were harmed by pine wilt disease.

The temperature in pines changes with the environment, but in a low-temperature environment,
due to the accumulation of cold-resistant substances and the impact of physiological activity,
pine temperature and environment temperature are different [7]. The annual average temperature
of pinewood nematodes in China’s traditional distribution area is above 10 °C. Fushun City,
Liaoning Province is located in the middle temperate zone influenced by China’s monsoon season.
The annual average temperature is 6.7 °C, and the minimum temperature in winter is around —30 °C [8].
At the end of 2018, an epidemic situation suspected of pinewood nematode damage in P. tabuliformis
was found in Fushun City, so it was vital to identify the pathogenic nematodes. Moreover, pinewood
nematodes can live through the winter in pines; therefore, its community characteristics and the
low-temperature conditions in the new epidemic area were poorly understood.

2. Materials and Methods

2.1. Differences in Temperature between the Inside and Outside of P. tabuliformis

In December 2018, 30 P. tabuliformis in the same sample plot were randomly selected and were
divided into two levels according to the features of pine wilt disease, 15 in each level. A 6 cm-deep hole
was drilled at a height of 1.5 m of the pine trees with the use of a handheld electric drill (WORX, CHN,
Beijing, China), and the temperature both inside or outside of the pine was simultaneously measured
with a contact thermometer (TES, Inc., Massachusetts, USA,). Temperature data were recorded every
1 h from 6:00 to 18:00, so as to determine the variation of temperature in P. tabuliformis.

2.2. Morphological Characteristics of Pinewood Nematode under Low Temperature

In December 2018, 15 dead P. tabuliformis were randomly selected and the trunk wood discs
were collected. The Baermann funnel method was used for nematode extraction. The collected
P. tabuliformis discs were chopped into wooden pieces of about 1 x 1 X 0.5 cm, placed in a funnel and
the appropriate amount of distilled water was added in order to submerge the blocks. After standing
at room temperature of 25 °C for 24 h, the isolated nematode solution was collected with a centrifuge
tube. Then, the solution was centrifuged and 2-3 mL of the centrifuged liquid was taken from the
bottom of the tube for microscopic examination. The pinewood nematode was picked out with a 10 pL
pipette and dripped onto the concave slide. The slide was placed over the flame of the alcohol lamp
for 3-5s. After the pinewood nematode was heat-killed, the nematode presented an open bracket
shape. Then, a temporary slide of the pinewood nematode was made for observing and measuring the
nematode morphology.

The morphological identification of pinewood nematodes was based on a previous study [9].
The third-stage dispersal juveniles of pinewood nematodes also had distinct characteristics such as
obvious constriction, fine stylet, an ovoid-shaped oesophageal bulb and a large number of fat particles
in the body. The tail of this pinewood nematode is finger-like [10].
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2.3. Molecular Identification of Pinewood Nematode

A total of 50 nematodes were picked under a microscope with a 10 pL pipette and the nematode
DNA was extracted according to the procedures of DNA preparation kit AP-MN-MS-GDNA-50
purchased from Axygen, USA. The PCR reaction volume was 25 pL in total, which included 12.5 uL
PCR Mix, 1 puL of upstream and 1 puL of downstream primers, 1 uL DNA template and 9.5 uL of
ddH,O0 [11]. Upstream primer: 5-CGT AAC AAG GTA GCT GTA-3, downstream primer: 5-TTT
CAC TCG CCG TTA CTA AGG-3. PCR procedure: 94 °C, initiation 2 min; 94 °C denaturation 1 min,
55 °C annealing 1 min, 72 °C extension 1 min, a total of 35 cycles; 72 °C the final extension for 5 min [12].
The PCR product was sent to the gene sequencing company and the amplified sequence was contrasted
with the B. xylophilus in NCBL

2.4. Distribution Characteristics of Pinewood Nematode in P. tabuliformis

In December 2018, three damaged P. tabuliformis were randomly harvested in the sample plots of
pine wilt disease, and 5 cm-thick wooden discs were collected at the bottom, middle, and top parts
of the trunk. Then, we looked for a pupal chamber of Monochamus saltuarius Gebler in the collected
wooden disc. Small pieces of wood of 1 X 1 X 1 cm were cut from the cross-section of the area of the disc,
which were 1-10 cm away from the pupal chamber, and collected every other 1 cm. Then, the wood
blocks were soaked with distilled water in a culture dish for 24 h. The number of the third-stage
dispersal juveniles of pinewood nematodes was counted on an inverted microscope.

2.5. Population Development Characteristics of B. xylophilus in P. tabuliformis

The collected pinewood discs were cut into 5 X 5 X 5 cm blocks and placed in —40 °C, —20 °C, 4 °C
and 25 °C temperatures. Two days later, the collected wooden blocks were cut into 1 X 1 X 0.5 cm small
pieces of wood. The blocks were placed into five 10 cm culture dishes according to the average mass
of wood, and then soaked with distilled water for 24 h. The average survival number of pinewood
nematodes and the ratio of survival pinewood nematodes of different ages were counted under the
microscope. The control group was composed of the wood discs of the same size and collected from the
same plots, but without any temperature treatment, and the data of the control group were collected
immediately once the nematodes were isolated. The nematodes isolated by the Baermann funnel
method included a variety of saprophytic nematodes and entomopathogenic nematodes in addition to
pinewood nematodes. The nematodes were isolated by the Baermann funnel method [13].

3. Results

3.1. Inside and Outside Temperature Difference of P. tabuliformis

According to the meteorological data on the day of measurement, the lowest temperature in Fushun
appeared around 7:00, where a low-temperature inflection point was formed. The highest temperature
appeared around 14:00, where a high-temperature inflection point was formed. It can be seen from
Figure 1 that the variation trend of the temperature in the dead P. tabuliformis (initially rising then
descending) was in accordance with the environment temperature. However, the temperature variation
in dead P. tabuliformis was significantly lower than the environment temperature. The temperature
change in healthy P. tabuliformis was smaller than that of the dead pine and remained more stable.
The low-temperature inflection point of dead P. tabuliformis appeared about 1 h later than the
environment temperature. The lowest temperature was 3.2 °C higher than the lowest temperature
of the environment, and the highest temperature was 2.1 °C lower than the highest temperature of
the environment.
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Figure 1. Variation of temperature inside and outside of P. tabuliformis over time.

3.2. Morphological Characteristics of the Third-Stage Dispersal Juveniles of Pinewood Nematode in
P. tabuliformis

The nematode was isolated from the trunks of 15 dead P. tabuliformis. The tip of the head was
obviously constricted, the stylet was slender and the median oesophageal bulb was ovoid in shape,
which accounted for about two-thirds of the body width (Figure 2B). The body was full of fat granules
except for the head (Figure 2A,C,D) and the tails were finger-like (Figure 2D). The above observations
are consistent with the characteristics of the dispersal type pinewood nematode. The pinewood
nematodes in Fushun P. tabuliformis were suspected to be third-stage dispersal juveniles, and their size
is shown in Table 1.

Figure 2. Morphological characteristics of the third-stage dispersal juveniles of pinewood nematode
isolated from P. tabuliformis in Fushun. (A) Whole body of the third-stage dispersal juveniles of
pinewood nematode; (B) head of the third-stage dispersal juveniles of pinewood nematode; (C) midbody
of the third-stage dispersal juveniles of pinewood nematode; (D) tail of the third-stage dispersal juveniles

of pinewood nematode.
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Table 1. Morphological measurements of third-stage dispersal juveniles of pinewood nematode isolated
from P. tabuliformis in Fushun.

PWN N L/um a b c St/um Tail/um
PWN DL3 30 601.05 + 23.18 36.82 +1.32 9.35 +0.11 14.20 + 0.56 8.66 = 0.18 42.35 +0.17

Note: PWN—pinewood nematode.N—the number of samples detected; L—body length (um); a—length/maximum
body width; b—distance between the body/body front and the junction of esophagus and intestine; c—length/tail
length; Tail—tail length (um); St—needle length (um); the second value is the averaged +/— SE.

3.3. Molecular Identification of Pinewood Nematode in P. tabuliformis

PCR amplification and sequencing was conducted with the sequence-specific primers of ITS and
the template of nematode DNA of P. tabuliformis in Fushun. The length of the fragment was 815 bp.
The sequence was blasted with the sequences in NCBI, and the result indicated that its similarity
and coverage were 100%, and the E value was 0 when aligned with MN006173.1, KF025323.1 and
EF446943.1 (Supplementary Materials). Integrating the results of morphological identification and the
above molecular sequencing results determined that the nematodes in P. tabuliformis of Fushun City
were pinewood nematodes.

3.4. Distribution Characteristics of the Third-Stage Dispersal Juveniles of Pinewood Nematode in P. tabuliformis

By statistically analyzing the third-stage dispersal juveniles of pinewood nematodes at different
sites of the wood near the pupal chamber of Monochamus saltuarius Gebler, it was found that the
amount of nematodes at different locations was significantly different. The number of nematodes
dropped rapidly with a gradual increase in distance from the pupal chamber. An average of 75.7% of
third-stage dispersal juveniles of pinewood nematodes accumulated within 5 cm of the pupal chamber
of Monochamus saltuarius Gebler (Figure 3).
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Figure 3. Number of third-stage dispersal juveniles of pinewood nematodes in blocks at different
distances near the pupal chamber of Monochamus saltuarius Gebler. PWN DLg: third-stage dispersal
juveniles of pinewood nematode.

3.5. Population Development Characteristics of Third-Stage Dispersal Juveniles of Pinewood Nematodes at
Different Temperatures

From the CK control group in Figure 4, it can be determined that the nematodes isolated from
P. tabuliformis in Fushun City in December included saprophytic nematodes, insect parasitic nematodes,
and pinewood nematodes, of which the average proportion of pinewood nematodes was 71.5%.
Of these pinewood nematode populations, an average of 84.9% were third-stage dispersal juveniles and
10.9% adult. On average, more than 62% of the pinewood nematodes were diffuse third-stage dispersal
juveniles at temperatures of —40 °C, =20 °C, 4 °C and 25 °C. The proportion of third-inferiority types
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of pinewood nematodes in the pinewood segment gradually decreased with the gradual increase
of temperature, whereas the adult and reproductive larvae of the pinewood nematode gradually
increased. Treating the P. tabuliformis for 2 days at —40 °C caused all of the adults and larvae of the
pinewood nematode to die, whereas all of the remaining third-stage dispersal juveniles were able to
survive in large numbers.
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804 B P\KN adult
Others
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Storage temperature (°C)

Figure 4. Proportion of larvae at different stages of development of pinewood nematode in P. tabuliformis
under different temperatures. PWN DLj: third-stage dispersal juveniles of pinewood nematode;
PWN Lj: third-stage larvae of reproduction of pinewood nematode; PWN adult: adult pinewood
nematode. Note: The first capital letter represents the same PWN growth stage at different temperatures
in the amount of significant nematode differences between different letters. The second lowercase letter
represents the significant difference of nematode content at different PWN growth stages at the same
temperature, and the significant difference between different letters.

4. Discussion

Pinewood nematodes have spread rapidly throughout China since being introduced to Nanjing,
China in 1982. The traditional distribution areas are in the monsoon-controlled warm temperate zone
and subtropical regions, where the average temperature of the warm temperate zone is between 8
and 13 °C and the annual temperature in subtropical region is between 13 and 23 °C on average.
The average annual temperature of Fushun is 6.7 °C, and the lowest temperature in winter is below
-30 °C. The pinewood nematode belongs to the middle temperature zone, where the annual average
temperature is between 2 and 8 °C. The invasion of pinewood nematodes into Fushun indicates
that these nematodes have entered the middle temperate zone and generated adaptations to the
low-temperature environment in genetics and physiology. The ancestors of B. xylophilus originated in
the colder eastern part of Eurasia genetically [12]. In Quebec, North America, pinewood nematodes
differentiate as an independent species and are widely distributed across North America in average
temperatures of —20 °C to 20 °C [14]. Pinewood nematodes possess genes and epigenetic modifications
that can deal with harsh environments such as low temperatures, and thus hold the ability to adapt
to environmental stress rapidly. Physiologically, the contents of trehalose, glucose and glycerol in
pinewood nematodes increased significantly in the low-temperature environment [15,16]. The variation
trend of trehalose content showed a significant correlation with the survival rate of pinewood nematodes
at low temperatures [17].
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In field conditions, the day temperature in pine trees changes smoothly, and the lowest temperature
is slightly higher than the environment, which is conducive to wintering pinewood nematodes.
When the third-stage dispersal juveniles of pinewood nematodes were placed in distilled water and in
a —20 °C environment for 1.5 h, all of the pinewood nematodes died. However, a large number of live
pinewood nematodes could be isolated from the P. tabuliformis and treated with the same conditions.
The results above also indicate that the pine tree itself may be able to help the pinewood nematode
resist low temperatures in order to help it to survive the winter [18]. However, the specific regulatory
mechanism remains to be further elucidated.

No previous study of pinewood nematodes that endangered P. tabuliformis under natural conditions
has been reported. We reported for the first time that pinewood nematodes endanger the occurrence
of P. tabuliformis in the monsoon-controlled middle temperate zone of China, which signifies that the
pinewood nematode has begun to harm new hosts. Previous studies have shown that 106 species can
be infected by pinewood nematodes, most of which are plants in Pinus, but also include plants in Abies,
Larix and so on [19,20], among which P. tabuliformis, Pinus koraiensis, Pinus sylvestris, Larix gmelinii
and Abies were widely affected in the middle temperate zone. There are 13 species of vector insects
of pinewood nematode, all of which are of the Monochamus spp. [4], in which Monochamus saltuarius
Geblersaltuarius and Monochamus saltuarius Geblersutor are distributed in the middle temperate zone,
which overlaps with the potential host distribution area of the pinewood nematode. The outbreaks of
pinewood nematode disease were detected in Dalian in 2016, Dandong in 2017 and Fushun in 2018,
which suggest that the pinewood nematode disease is spreading rapidly. It is vital to monitor pinewood
nematode vector insects in the new epidemic area and predict the potential host and occurrence of pine
wilt disease in nonepidemic areas of the middle temperate zone, as well as strengthen the monitoring
and early warning signs of pine wilt disease.
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