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Abstract

:

Pine wilt disease (PWD) caused by the pine wood nematode (PWN) is China’s most serious forest disease in recent decades. Its complex disease system with unclear pathogenesis and differentiated pathogenicity makes it challenging to manage and control. PWD has spread rapidly in Northeast and Northwest China in recent years, exceeding previous predictions and the traditional understanding of its potential distribution. This paper reviewed the comprehensive risk of PWD in Northeast and Northwest China through the occurrence of influencing factors. Regarding PWN’s temperature resistance, all regions of China are suitable for PWD. In terms of altitude, the PWD system is mainly distributed below 1000 m. In China, Pinus and Larix species are confirmed host trees of PWN, while Monochamus alternatus and M. saltuarius are confirmed vector insects of PWN. In this case, PWD may occur in all low-altitude pine forests in China. Northeast China has a higher risk than Northwest China due to its distribution of suitable host trees and vector beetles at low altitudes. To confront the threat, two scientific bottlenecks are required to be demonstrated. The first is the pathogenicity of Chinese PWN strains to Chinese Picea and Abies species. The other is the geographical distribution and highest altitude distribution of other Monochamus species in the Palaearctic region of China and their PWN transmission ability. We also suggest strengthening plant quarantining in Northeast China. In conclusion, this review comprehensively analyzes the risk of PWD in Northeast and Northwest China in terms of temperature, altitude, host trees, and vector insects. It provides a new perspective and reference for the management and research of PWD in China.
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1. Introduction


The pine wood nematode (abbreviated as PWN), Bursapherenchus xylophilus Steiner & Buhrer, 1934 (Nematoda: Rhabditida: Aphelenchoididae) is native to North America and was originally recorded in the United States, Canada, and Mexico [1,2,3]. It was first found in Pinus palustris in its origin in 1929 and then was named in 1934 [1]. Its first invasion was speculated to occur in Japan in 1905 before it had a name [4]. PWN has an invasion history of more than 100 years, with Asia and Europe as the main invasion areas, including Japan, China, the Republic of Korea, Portugal, and Spain [4,5,6,7,8]. PWN causes severe pine wilt disease (abbreviated as PWD) in the invasion area, a fatal disease of pine trees [5]. PWN invaded Taiwan and Hong Kong in China in the 1970s and the Chinese mainland in 1982 [9,10,11]. PWD is the most severe forest disease in China (hereafter, the Chinese mainland is referred to as China) in recent decades [12]. It has caused disastrous economic and ecological losses in the 40 years of invasion in China [12]. The associated economic losses in China reached CNY 19.5 billion in 2017, with an average annual loss of CNY 7.17 billion from 1998 to 2017 [13,14].



Generally, the 10 °C isotherms of annual average temperature were considered the distribution limits of PWD in China, and PWD would not occur north of the isotherms [15]. However, the distribution of PWD crossed the 10 °C isotherms and entered Northeast China in recent years, shattering this traditional understanding [16]. PWN increased in the new host tree genus Larix and new vector insect species Monochamus saltuarius in Northeast China, bringing a considerable threat to the pine forest resources there [17,18,19]. The current distribution of PWN in China also exceeded the potential geographical distribution areas predicted based on different climatic conditions (current climatic conditions, cold conditions, climate warming, and different warming modes) and various methods and models [20,21,22,23,24,25,26,27]. Those models and methods only considered climate factors and historical distribution data and did not consider PWD’s complex disease system, resulting in a considerable difference between prediction results and actual occurrence. According to Chinese national forest pests survey results and expert evaluation, PWD showed significant spreading trends in Northeast and Northwest China [28]. A more comprehensive approach is needed to analyze the risks of PWD in Northeast and Northwest China.



The risk of PWD in Northeast and Northwest China was reviewed in this paper, with the following purposes: (1) to study PWD’s invasion history in China and identify its spread trends in Northeast and Northwest China; (2) to analyze the risk of PWD in Northeast and Northwest China according to the occurrence factors of PWD based on the complexity of the PWD plant disease system and information on its occurrence and damage in China as well as in other invasion and origin countries; (3) to address problems that need to be urgently solved due to trends of spread and provide a reference for relevant research and management.




2. Trends of the Spread of PWD in Northeast and Northwest China


According to the announcement of the China National Forestry and Grassland Administration, there are 19 provincial epidemic areas of PWD in the Chinese mainland in 2022: Anhui Province, Chongqing City, Fujian Province, Gansu Province, Guangdong Province, Guangxi Zhuang Autonomous Region, Guizhou Province, Henan Province, Hubei Province, Hunan Province, Jiangsu Province, Jiangxi Province, Jilin Province, Liaoning Province, Shandong Province, Shaanxi Province, Sichuan Province, Yunnan Province, and Zhejiang Province, as shown in Figure 1. PWD occurred in all seven administrative geographic regions (Northeast China, East China, North China, Central China, South China, Southwest China, and Northwest China). Only the epidemic areas in North China (Tianjin City) were eradicated. The provincial epidemic areas in Northeast China included Liaoning Province and Jilin Province, and the provincial epidemic areas in Northwest China included Shaanxi Province and Gansu Province. Currently, the PWD’s most frontier epidemic points in Northeast and Northwest China are Wangqing County, Yanbian Korean Autonomous Prefecture, Jilin Province, and Kang County, Longnan City, Gansu Province, respectively.



The spread of PWD in China has passed through two periods [29,30]. The first period involved PWD spreading westward and northward from Jiangsu Province and Guangdong Province (introduced from Hong Kong) as the center from 1982 to 2008 [29,30,31]. During this period, the epidemic area was generally distributed in southern China, and only Qingdao, Yantai, and Weihai (three cities in the coastal areas of Shandong Peninsula) in Shandong Province, were the epidemic areas in northern China (the orange-filled areas in Figure 1). In the second period, from 2009 until the present, PWD continued invading more northern provinces (the red- and pink-filled areas in Figure 1). In 2009, PWD entered Shaanxi Province and Northwest China for the first time. In 2016, PWD entered Liaoning Province and Northeast China for the first time by a jump, crossing North China. PWD invaded Jilin Province in Northeast China and Gansu Province in Northwest China in 2021, showing noticeable spreading trends to the northeast and northwest.




3. The Complexity of PWD


The genus Bursapherenchus includes more than 70 species, mainly distributed in the northern hemisphere [32,33]. Only the PWN B. xylophilus and the red ring nematode B. cocophilus have significant plant pathogenicity in the genus Bursapherenchus, which are generally recognized as agricultural and forestry pests of global importance [33,34]. We cannot gain management experience from relative pests because PWN is a pest of conifers, while B. cocophilus is a pest of Palmae. PWD is difficult to manage due to its complex disease system composition, pathogenicity differentiation, and unclear pathogenesis. It is also challenging to copy other countries’ experiences and control strategies directly.



3.1. Complex Plant Disease System


The occurrence of PWD requires four conditions simultaneously: suitable environmental conditions, the PWN Bursapherenchus xylophilus, host pine trees, and vector insects (Monochamus species).



PWN has two developmental forms in its life cycle, the propagative form (egg; first-, second-, third-, and fourth-stage propagative juveniles; and adult males and females) and the dispersal form (third- and fourth-stage dispersal juveniles) [35]. The PWN propagative form feeds on parenchymatous cells of resin canals and fungi in pine trees. The dispersal third-stage juveniles of PWN (JIIIs) gather around the pupa chamber of Monochamus in winter. Before the emergence of the adult Monochamus, the JIIIs transform into dispersal fourth-stage juveniles (JIVs) and enter the Monochamus body [35]. The life cycles of PWN and Monochamus are coordinated by chemical signals [36,37]. The dispersal JIIIs secrete ascarosides that promote Monochamus alternatus pupation, and M. alternatus adults secrete ascarosides that attract the dispersal JIVs [37]. After eclosion, the Monochamus beetles migrate to tender branches of healthy pine trees for feeding and weakened pine trees for oviposition. The nematodes escape from Monochamus and enter pine trees through the wounds caused by the beetles, completing the transmission between trees. The infected pine generally shows wilting symptoms after a minimum of 3–4 weeks of infection.



In addition, the microorganisms (bacteria and fungi) associated with PWN and Monochamus participate in the development and pathogenicity of PWD [36,38,39,40,41]. Some endophytic microorganisms (bacteria and nematodes) in pine trees play a protective role [41,42]. These species constitute a complex PWD plant disease system.



The vector insect Monochamus species usually fly short distances in the wild when living in suitable environments, although they have the ability to fly a considerable distance [43,44,45,46]. The long-distance transmission of PWD mainly occurs via human activities such as the transportation of infested trees and wood. The complex disease system, coupled with human activities, has led to the complexity of PWD occurring on a spatiotemporal scale.




3.2. Pathogenic Differentiation in Different Regions


The difference in the biological composition of the PWD system has led to the difference in occurrence and damage. The pathogenicity of PWN strains, the species and pathogenicity of associated bacteria of PWN, the transmission capacity of different Monochamus species, and the resistance of different host tree species vary significantly in different regions.



According to host tree mortality and nematode reproduction, Li classified different geographic strains of PWN into three categories [47]. They were high-pathogenicity strains in China and Portugal, moderate-pathogenicity strains in Japan, and low-pathogenicity strains in Canada [47]. The PWN strains from Japan and Canada showed different pathogenicity to Pinus sylvestris, Larix occidentalis, and Picea mariana [48]. Even different geographic populations of nematodes in the same country had different pathogenicity [49]. The pathogenicity of the surface bacteria of PWN in America was weaker than in China [50]. The Japanese PWN strain can cause the death of Cedrus deodara, while the Chinese strain does not cause harm because of the difference in species and pathogenicity of the bacteria on the PWN surface [51,52,53]. The number of PWNs carried by Monochamus in North America is lower than that carried by the Asian species [30]. Due to long-term coevolution, the PWD system does not harm native tree species, while most non-native pine trees are susceptible [5]. The above differences lead to the stronger pathogenicity of the PWD system in East Asia than in the area of origin.




3.3. Unclear Pathogenesis


The pathogenesis of PWD is complex, and there are many pathogenicity hypotheses, such as phytotoxin, cellulase, terpenoid, PWN, and bacteria hypotheses [54,55]. It is widely believed that PWNs and bacteria create phytotoxins and cellulases, which result in pine tree defense, the production of terpenoids, and the formation of cavities that impede water transport, and finally, pine tree wilting [54,56]. However, the critical pathogenic factor of PWD is still unknown. In recent years, research on the functional genes of PWNs has developed rapidly, and some essential genes have been identified using RNAi and other new technologies [57,58].





4. PWN and Influencing Environmental Conditions


4.1. Temperature


Previous statistical studies showed that PWNs only caused damage where the average summer temperature was higher than 20 °C in North America and Japan [59]. PWD did not occur in areas with an annual average temperature below 10 °C in Japan [30]. Areas north of the 10 °C isotherms of the annual average temperature were also generally considered unsuitable for the survival of PWN in China [15]. PWD invaded Liaoning Province in 2018 and Jilin Province in 2021, breaking the traditional understanding. The average annual temperature in Wangqing County, Jilin Province, is only 3.8–4.7 °C, far lower than 10 °C [60]. Wangqing County is the northernmost occurrence point in China at present.



The nematode is a group of organisms with high tolerance to low temperatures and highly stressing conditions. Panagrolaimus davidi survival in the Antarctic habitat is the best example of an animal surviving intracellular freezing [61,62]. Viable soil nematodes were isolated in Pleistocene permafrost deposits of the Kolyma River Lowland with a natural cryopreservation of 30,000–40,000 years [63]. The common model nematode species, Caenorhabditis elegans, can be stored in liquid nitrogen (−196 °C), and 35–45% of animals can be revitalized after being frozen [64]. Caenorhabditis elegans survived the atmospheric breakup of Space Shuttle Columbia [65].



PWN’s ancestor originated from eastern Eurasia’s cold region [66]. The survival rates of propagative and dispersal juveniles of PWN were stable at about 95% in the gradient temperature change to −15 °C [67]. The PWN dispersal JIIIs can resist low-temperature stress by cryptobiosis, and their average survival rates were 1.7% after −80 °C treatment for 30 days and 82.2% after −20 °C treatment for 30 days [68]. The PWN population in southern China had a solid cold tolerance, indicating that the population invading from southern China to northern China could successfully invade without adaptation [69]. Sequencing analysis of the whole genome of PWNs from different geographic populations in China showed that the geographic-related SNPs were mainly located in the GPCR gene family related to adaptation, which indicated that nematodes had been evolving to adapt to different temperatures [31].



The above evidence proves that PWNs have the ability and genetic basis for resisting low temperatures. Therefore, PWN can survive in all regions of China, regardless of temperature [70]. Moreover, the temperature is not even a limiting factor for the spread of PWN in Northeast and Northwest China.




4.2. Altitude


Altitude is an essential limiting factor in the occurrence of PWN. With the increase in altitude, temperature and precipitation change, affecting the distribution of Pinaceae and Monochamus species, and consequently affecting the distribution of PWN.



The original distribution of PWN in the United States was mainly limited to states with an average altitude lower than 1000 m, according to scientific literature, the USDA nematode database, and USDA forest health annual highlights for each state [1,71,72,73]. The distribution records in some high-altitude states were unintentionally artificially introduced, such as Pinus nigra in Colorado [74]. The highest distribution of PWN in the United States is about 1500 m, isolated from the Rocky Mountains (Jane E. Stewart, personal communication, 13 September 2022). In general, B. xylophilus only harms introduced alien pine trees in the places of origin. Therefore, their relevant data are not as numerous and accurate in invasion countries.



For Japan, an invaded country, the highest distribution of PWNs is 1150 m in the northern region of Fuji Mountain, and the distribution limit of the vector insect Monochamus alternatus is about 1150 m [75]. PWD mainly occurs below 750 m in Japan [75]. The highest distribution of the vector insect Monochamus galloprovinciali is 1590 m in Europe [76]. Historical occurrences of PWD in China showed that the areas below 400 m in altitude had a serious infection, 400–700 m had a moderate infection, 700–1000 m had a sporadic infection, and those higher than 1000 m were non-occurrence areas [34,77]. Only one occurrence was reported at an altitude higher than 1000 m in China, at 1100 m in the southern region of the Qinling Mountains, Shaanxi Province, in 2009 [30].



To summarize, PWD mainly occurred in areas below 1000 m in altitude, although there are a few reports of findings above 1000 m. The terrain of China is divided into three steps from west to east, and the altitude decreases in turn. The distribution of PWD in China is limited to the second- and third-step regions, with an average altitude lower than 2000 m. The average altitude of the first-step Qinghai–Tibet Plateau is higher than 4000 m, which can be considered to have a low risk of PWD occurrence.




4.3. Other Environmental Conditions


Other environmental factors, such as precipitation and extreme abnormal weather, can also affect the occurrence of PWD, mainly by affecting the growth, vitality, and resistance of pine trees [30].





5. PWN and Its Host Trees


5.1. PWN Host Trees and Non-Host Trees in China


There are 11 genera in Pinaceae, all of them are distributed in China: Abies, Cathaya, Cedrus, Keteleeria, Larix, Nothotsuga, Picea, Pinus, Pseudotsuga, Pseudolarix, and Tsuga [78].



Pinus and Larix are natural host trees of PWNs in China [18]. PWNs can naturally infect at least 17 species in China [79]. They are Pinus armandii, P. bungeana, P. densiflora, P. elliottii, P. kesiya, P. koraiensis, P. luchuensis, P. massoniana, P. sylvestris var. mongolica, P. tabuliformis, P. taeda, P. taiwanensis, P. thunbergia, P. yunnanensis, Larix gmelinii var. principis-rupprechtii, L. kaempferi, and L. olgensis [79].



The genus Cedrus was proven to not be infected by PWD in China [51,80]. The genus Cathaya is an endemic and single-species genus of China distributed at an altitude above 1400 m in Guangxi and Sichuan Province [81]. The genus Keteleeria is endemic to China and Vietnam and distributed in southern China [81]. The genus Pseudolarix is an endemic and single-species genus in China distributed in the middle and lower reaches of the Yangtze River [81]. The genus Pseudotsuga is an endemic and single-species genus distributed in southern China [81]. These four genera are distributed in the epidemic provinces of PWD in China. Nevertheless, there has been no record of PWD infection or PWNs isolated from them. There have been no reports on the damage of PWNs to these four genera of trees worldwide. Therefore, they are cataloged as non-host species of PWN in China.



There has been no report of PWN-infested Abies, Picea, Pseudotsuga, and Tsuga in China. PWNs were isolated from Pseudotsuga menziesii in the United States and Canada [2,33]. There were also cases of artificially inoculated and dead Pseudotsuga menziesii, Tsuga mertensiana, and Tsuga heterophylla in Canada [82,83]. Pseudotsuga and Tsuga are mainly distributed in PWD-epidemic provinces, with no report of infection in China. Their risk of victimization in China is considered relatively low based on the historical evidence. Picea and Abies species are widely distributed in China and are important tree species in Northeast and Northwest China, with relatively high risks. As shown in Figure 2, the relationship between the genera of Pinaceae and PWNs in China can be divided into four categories.



The infection capacity of PWNs to Picea and Abies is unclear in China. In terms of the history of its occurrence, PWNs have invaded China for 40 years, spreading through over 19 provinces, with no report of PWNs infesting spruce and fir. Meanwhile, PWNs have an invasion history of more than 100 years, with no report that PWNs having killed spruce or fir forests on a large scale worldwide.



There are only a few reports on isolation from field trees, as shown in Table 1. PWNs were isolated from spruce and fir trees at its origin [2,5,33,84,85]. In the invasion area, PWNs were only isolated from fir and spruce in Japan [4,5]. However, the damage to non-Pinus hosts in Japan was almost negligible [4].



Additionally, there are only a few reports on death caused by artificial inoculation for Picea and Abies seedlings, as shown in Table 1. Artificial inoculation experiments in different areas showed the pathogenicity difference of PWN to spruce and fir. In general, artificial inoculation with PWNs caused lower mortality of Picea and Abies trees than Pinus [82,83]. The pathogenicity of PWN strains to Picea mariana in different regions was different [48]. Inoculation studies also showed that Picea abies was not susceptible to PWNs [87]. Nunes et al. found that PWNs were confined to the inoculation site, and the number of nematodes decreased with the extension of the inoculation time [87]. In addition, almost all the existing PWN inoculation experiments were conducted with seedlings. It is difficult to artificially inoculate grown-up trees due to the slow rate of disease progression and death.



All these factors indicate a complex relationship between PWN strains and Picea and Abies species in different regions. Thus, it is necessary to inoculate Chinese Picea and Abies trees with Chinese PWN strains to test their pathogenicity due to the differentiation of PWN pathogenicity and tree resistance in different regions.




5.2. Pinaceae in Northeast and Northwest China


The coniferous forests in Northeast China mainly include the Larix gmelinii forest in Greater Khingan, the broad-leaved and Pinus koraiensis mixed forest in Lesser Khingan, and the Pinus koraiensis and broad-leaved mixed forest in Changbai Mountain. The coniferous forests in Northwest China mainly include the coniferous forests in Qilian Mountains, the coniferous forests in Tian Shan, and the coniferous forests in Altai Mountains [88,89].



The main conifers in Northeast China are Pinus densiflora var. ussuriensis, P. koraiensis, P. pumila, P. sylvestris var. mongolica, P. sylvestris var. sylvestriformis, Larix gmelinii, L. olgensis, Picea jezoensis, Picea koraiensis, Abies holophylla, and Abies nephrolepis [88,89]. The main conifers in Northwest China are Pinus sibirica, Larix sibirica, Picea crassifolia, Picea obovate, Picea schrenkiana, and Abies sibirica [88,89]. The tree species with the lowest distribution altitude below 1000 m in Northeast and Northwest China are shown in Table 2, and they are all distributed in Northeast China [89].



Therefore, in terms of the host tree species and altitude distribution, the coniferous forests in Northeast China are much more threatened by PWD than those in Northwest China. Moreover, considering the rapid-spread of PWD in Northeast China and the fact that Picea and Abies are distributed in the low-altitude areas of Northeast China, it is urgent to use artificial inoculation methods to determine the pathogenicity of Chinese PWD strains to these species.





6. PWN and Its Vector Insects


6.1. Vector Insects of PWNs Worldwide


Many insects can carry PWNs, including Cerambycidae, Curculionidae, Buprestidae, Elateridae, and Termitidae [46]. Only the insects whose life history coincides with PWNs and that cause wounds to pine trees can become the vector insects of PWNs. All PWN vector insects have been from the genus Monochamus [43]. Monochamus comprises more than 100 species globally [90]. The Monochamus species originated from Africa and are now widely distributed in Eurasia, Africa, and North America [91]. Non-coniferous trees are the primary hosts of Monochamus in Africa, and conifers and non-coniferous trees are hosts in other distribution regions [92].



The vector insects of PWNs are Monochamus carolinensis, M. clamator, M. scutellatus, M. titillator, M. obtusus, M. notatus, M. marmorator, and M. mutator in North America; M. alternatus, M. grandis, M. saltuarius, and M. nitens in Asia; and M. galloprobincialis in Europe [19,43,46].




6.2. Monochamus Species in Northeast and Northwest China


Seven Monochamus species feed on conifers in China, as shown in Table 3 [93,94,95,96,97,98,99,100]. Furthermore, five species are distributed in Northeast China, while four live in Northwest China. Monochamus are distributed in most of Northeast and Northwest China.



Monochamus alternatus and M. saltuarius are confirmed vector insects of PWNs in China [17,19]. The former is the vector in southern China, and the latter is the primary vector in Northeast China, especially in Liaoning and Jilin provinces. The northernmost and westernmost distributions of M. alternatus are in Jilin Province and Shaanxi Province, respectively [93,101]. M. saltuarius is widely distributed in Northeast and Northwest China [93].



Monochamus galloprovincialis has been confirmed to be the vector of PWNs in Europe [43]. M. sutor can carry Bursapherenchus mucronatus and is considered a potential vector insect species of PWNs in Europe [102,103].



Therefore, vector insects are not obstacles to PWD in Northeast and Northwest China. The question is whether Monochamus galloprovincialis, M. sartor urussovii, and M. sutor can carry and spread PWNs in China and their transmission efficiency. Their highest altitude distribution in China is also unknown and needs to be studied.



Furthermore, Monochamus species (non-Chinese) have been the most intercepted longhorn beetles in the quarantine of imported plants in China in the recent twenty years [104]. Most of them have been found in imported timber from Europe and the United States [104]. Therefore, we also need to be alert to the introduction of Monochamus from abroad.





7. Comprehensive Risk of PWD in Northeast and Northwest China


7.1. Comprehensive Risk Analysis


Previous risk-analysis methods for PWD in China have focused on climate factors and historical distribution data without considering the complexity of the PWD system. The actual occurrence far exceeds all predictions and understandings of potential distribution. Thus, it is necessary to analyze the influencing occurrence factors of PWD one by one.



Our comprehensive risk analysis shows that the prevalence of PWD may occur in all low-altitude pine forests in China. PWNs have high adaptability to low temperatures, so it is speculated that it can adapt to various temperature zones in China. There are only a few reports of PWD in areas above 1000 m globally due to the limitation of high altitudes on the distribution of host pine trees and vector Monochamus. Therefore, the occurrence risk of PWD in the Qinghai–Tibet Plateau of China should be extremely low. From the perspective of biological factors of the PWD disease system, the Northeast region has a much higher risk compared with Northwest China due to its host tree and vector beetle distribution at lower altitudes.




7.2. Scientific Bottlenecks to Be Proven


7.2.1. The Pathogenicity of PWNs to Picea and Abies


Some Picea and Abies species in Northeast China are distributed below 1000 m, and thus face a severe risk for infection. Whether PWNs can cause spruce and fir death in China is a crucial scientific problem that needs to be solved first. Chinese PWN strains should be used to inoculate Chinese spruce and fir trees to observe pathogenicity due to PWN’s pathogenic differentiation. Validation tests of artificial inoculation for different species of Picea and Abies at different ages are suggested. Moreover, we also suggest isolating spruce and fir trees from the PWN epidemic area in Northeast China to see if PWNs have infected them but with no wilting symptoms.



If the PWN strains in China can successfully infest and kill spruce and fir tree species in China, Northeast China will face extremely severe risks. The spruce and fir trees in Northwest China would also be under threat. On the contrary, the risks and pressures faced by Picea and Abies species in Northeast and Northwest China would be significantly reduced.




7.2.2. The Distribution and PWN Transmissibility of Monochamus


The distribution information of five Monochamus species in Northeast and Northwest China needs to be investigated and confirmed. The Monochamus species may spread due to afforestation activities in recent decades. Moreover, the current literature data are relatively old. Studying the distribution of Monochamus species at different altitudes is also necessary, which is of great significance to understanding the altitude distribution limit of PWD in China. In addition, research on the transmission capacity of PWNs should also be carried out for Monochamus species in the Palaearctic region of China: M. galloprovincialis, M. sutor, and M. sartor urussovii.





7.3. Future PWD’s Management in Northeast and Northwest China


PWD has notable spreading trends in Northeast and Northwest China. PWD may occur in all low-altitude pine forests in China, and Northeast China faces a much higher risk than Northwest China.



Wood quarantine, epidemic monitoring, and eradication are the core measures for PWD control in China [12]. A total of 9 in 36 and 4 in 52 municipal administrative divisions in Northeast China and Northwest China, respectively, are epidemic areas of PWD. It is suggested that quarantine and prevention should be the first measure for most Northeast and Northwest China areas.



The long-distance spread of PWNs is mainly realized through the transportation of diseased wood. In 2021, living PWNs were detected in the pines imported from the United States by a company in Heilongjiang Province. Thus, from this aspect, the prevention of PWNs in Northeast China still needs to be strengthened. More effective quarantine measures should be set up for the high-risk non-epidemic areas in Northeast China, such as rapid detection and improving the traceability of infected wood.
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Figure 1. Pine wilt disease epidemic provinces in China (2022). The orange and red-filled areas are the provinces with PWD. In the pink-filled area, PWD has been eradicated. The yellow squares are marked as the most frontier epidemic areas in Northwest and Northeast China. 
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Figure 2. Relationship of PWNs and the genera of Pinaceae in China. 
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Table 1. Reports on the isolation of PWNs from Picea and Abies trees in the field and the death of Picea and Abies by artificial inoculation with PWNs.
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	Country
	Isolation
	Seedling Inoculation





	USA (Origin)
	Picea glauca, Picea pungens, Abies balsamea [33,84,85]
	



	Canada (Origin)
	Picea glauca, Picea mariana, Picea rubens, Abies balsamea [2]
	Picea engelmannii, Picea glauca, Picea mariana, Picea rubens, Picea sitchensis, Abies amabilis, Abies balsamea, Abies grandis [82,83]



	Japan (Invasive)
	Picea abies, Abies firma [4,5]
	Picea abies, Picea jezoensis, Picea mariana, Abies homolepis, Abies sachalinensis [5,86]
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Table 2. Conifer tree species with the lowest distribution at an altitude below 1000 m in Northeast and Northwest China.
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	Species
	Distribution in Northeast (NE) and Northwest (NW) China
	Distribution
	Lowest Distribution Altitude (Meters)





	Pinus densiflora var. ussuriensis
	NE
	Heilongjiang Province
	50



	Pinus koraiensis
	NE
	Lesser Khingan (Heilongjiang Province), Wanda Mountains (Heilongjiang Province), Zhangguangcai Range (Heilongjiang and Jilin provinces), Changbai Mountain (Jilin Province)
	50



	Pinus sylvestris var. sylvestriformis
	NE
	Changbai Mountain
	630



	Pinus thunbergii
	NE
	Liaoning Province
	400



	Larix gmelinii
	NE
	Greater Khingan (Heilongjiang Province), Lesser Khingan
	300



	Larix olgensis
	NE
	Changbai Mountain
	500



	Picea jezoensis
	NE
	Greater Khingan, Lesser Khingan, Zhangguangcai Range, Changbai Mountain
	700



	Picea koraiensis
	NE
	Greater Khingan, Lesser Khingan, Wanda Mountains, Zhangguangcai Range, Changbai Mountain
	300



	Abies nephrolepis
	NE
	Lesser Khingan, Zhangguangcai Range, Changbai Mountain
	500
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Table 3. Monochamus species feeding on conifers in China.
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	Species
	Distribution in Northeast (NE) and Northwest (NW) China
	Relationship with PWN (Pine Wood Nematode)





	Monochamus alternatus
	NE and NW
	Confirmed vector in China [43]



	Monochamus basifossulatus
	No distribution
	



	Monochamus galloprovincialis
	NE
	Confirmed vector in Europe [43]



	Monochamus guerryi
	No distribution
	



	Monochamus saltuarius
	NE and NW
	Confirmed vector in China [19]



	Monochamus sartor urussovii
	NE and NW
	



	Monochamus sutor
	NE and NW
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