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			Abstract

			Pine wilt disease (PWD) is the most serious threat for declining the pine forest in worldwide. Pine wood nematode (PWN) Bursaphelenchus xylophilus is responsible for this disease. As a result of successful phorectic association between Insect vector and PWN, the PWD is occurred which subsequently infect and kill the pine trees. Moreover, the chemical signal via volatile compounds produced by beetle in pine trees assist phorectic association. For this reason, our review was attempted to describe well about the infestation biology of PWN, the role of phoretic association for pathogenicity, invasiveness and parasitism of PWN and how such generated knowledge can be incorporated to the field of management of pine wilt disease. There was noticeable declining of the pine forest in the area where it is grown enough and the identification of durable control solution could be needed to reduce the infestation of PWN and safe the pine forest throughout the world. Our review results extrapolated that unravelling the mechanism of phorectic association among the pine trees and insect vector with nematode sway the control of pine wilt disease. Furthermore, comparison studied of several control measures helps to find best strategies for the management of PWN and indicated the pathway for future research . 
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			Introduction

			Pine wood nematode (PWN) B. xylophilus is an invasive species causing serious damage to pine tree (Futai, [1]). It is a native species of North America but not a serious pest of local pine species (Futai, [1]; Bergdahl, [2]). However, it is causes serious destruction of pine forest in Asian countries such as China, Korea, and Taiwan, and also some European countries such as Portugal and Spain (Togashi and Shigesada, Vicente et al., Futai, [1]) due to import infested wood packaging materials from North America. It destroyed the pine forest in Europe while pine timber and wood packaging materials were imported from East Asia (Vieira et al.,). Hence, it is now a serious threat for the reduction of pine forest both in Asia and Europe. The life style of Pine wood nematode is quite complex (Futai, [1]; Kulinich et al., [3]). They mainly feed on pine trees. But it is very difficult to PWN to reach the pine trees. Because, they are approximately 0.85mm long and 2µm wide (Mamiya and Kiyohara, [4]) and can disperse only few kilometers per year (Fujishita, [5]). However, this organism 

solves the problem by using an insect vector Monochamus spp. and 
transmitted very successfully from weak and dead tree to healthy pine trees (Alves et al, [6]). This transmission process is occurred 
due to the synchronization between insect and pine wood nematode for same resources [7] such as oviposition (Vicente et al [8]). The association between B. xylophilus and Pine swayer beetle Monochamus spp result the devastating pine wilt disease in the pine forest via phoretic association (Yang and Wang). Phoretic association means insect used as a vehicle to transfer plant parasitic nematode into pine tree. Indeed, the development of pine wilt disease is the result of tritrophic interaction. Tritrophic interaction (insect-nematode-pine trees) means insect acts as a vector for nematode to reach their host plant. This interaction could be explained as insect vectored plant parasitism (Davis et al.). We already know that the rapid declining the susceptible species of pine tree due to PWN. But until 1960 most of the scientist believed that the rapid destruction of pine forest due to the severe attack of beetle because, the dead pine trees always attacked by beetle. But at later stage it was confirmed that pine beetle never attacks healthy pine trees. Only dead and weak pine trees are attack by pine beetle (Iwasaki and Morimoto, [7]) and pinewood nematode B. xylophilus is responsible for huge destruction of pine forest. Generally, the vector Pine swayer beetle Monochamus spp can be found throughout the pine forest especially North America, Europe and Asia (Futai, [1]). At early history of the pine wilt disease, they considered as minor pests until the discovery of the association with pine wood nematode. Later on, it was considered as major pest (Vieira et al. [8]). In 2003 United States Department of Agriculture reported that, annual estimated agricultural losses due to plant parasitic nematode were $125 billion USD worldwide. Pinewood nematode B. xylophilus has contribution to these huge losses due to rapid wilting and dead of pine trees. Infact, the recent report of devastating infestation of pine wood nematode B.xylophilus in Asia and Europe stimulate more scientific interest to untangling the phorectic association of insect vector and pinewood nematode B. xylophilus to solve the pine wilt disease. The control method primarily depends on application of synthetic chemical because the vector Monochamus spp is responsible to spread pine wilt diseases. But application of synthetic chemical causes huge environmental pollution due to drifting of chemical in the environment which later on causes human health hazard. So, searching non-chemical solution is judicious for reducing the pest attack. Recently, the possible solution was reported by several scientific literatures. The quarantine measure during importation of wood packaging materials, application of botanicals, induced host plant resistant by avirulent microbes, trunk injection of emamectin benzoate, and application of bio-control agents are available to reduce PWN infestation. In this review we will unravel how using the knowledge of pine wood nematode interaction with plants and beetles, their epidemiology and parasitism can be incorporated with possible appropriate control methods that cited in the recent scientific literature. So identically, we will try to find the way of future research strategies on pine wilt disease by understanding; Does pine beetle solely responsible for phorectic association with PWN? Does PWN alternatively ameliorate the process of association via chemical signaling while infestation with pine trees? Does such biological knowledge can be applicable with current knowledge for reducing PWN infestation and if then what could be the future research trajectories? 

			Phorectic association between B. xylophilus and Monochamus spp. The evolutionary ecology of pine wilt disease is on the basis of phoretic association between pine wood nematode B. xylophilus and wood boring beetle, Monochamus spp (Futai, [1]; Kulinich et al. [3]). It depends on flight phenology, sex ratio and size of the vector and also the climatic factor. When the beetle flight longer distances it indicates longer transportation of pine wood nematode (Robinet et al. [9]). This phenomenon helps pine wood nematode for successful invading the Euroasian pine forest. Indeed, the phoretic interaction is species specific and also synchronized the life cycle of among three species (Krishnan et al., [10]). However, in insect nematode phoretic system dauer larvae are more attracted by female than male beetle. Because, the female beetle is larger than the male and also flight more distance in the pine forest. It provides most reliable transport of pine wood nematode to new resource patches (Krishnan et al., [10]; Yoshigia et al., [11]). So it is extrapolated that female afford more efficient transmission than male. Climatic factor especially temperature has significant influence on the speed up the pine wilt disease. As, the phoretic association is modified by the temperature variation. Besides, it initiates the rapid growth and development of nematode population inside the pine tree (Naves et al. [12]). It also helps to faster degradation of phloem tissue of pine trees. It was reported that the pine wilt disease is lower in Finland than Iberia due to the temperature variation. Generally, Finland has lower warm than Iberia. As a result, the population of beetle is lower in Finland than Iberia. The lower beetle population indicated that the less dispersal of PWN. So, for the management of this pest the emphasis should be given on the temperature of the environment (Tomminen [13])

			Box 1 

			Relationship of pine swayer beetle and pine wood nematode Pine swayer beetle Monochamus spp is the vector of PWD which feed on twigs of pine trees. They prefer to lay eggs on bark of the dead pine trees. The newly hatched larvae feed on phloem and late larvae feed on xylem and make a U-shaped gallery in xylem where the pupation takes place. Surprisingly, this activity of beetle does not kill the pine trees. But such activity helps pine wood nematode to enter the xylem tissue of pine trees. Subsequently, pine wood nematode blocks the movement of water and nutrient from root to plant body. This result causes the development of pine wilt diseases of pine trees (Linsley and Chemsak, [14]; Akbulut et al, [15]).

			Pine wood nematode interaction with plants and beetles

			The pine wood nematode interacts with plants and beetles through chemical stimuli. Infact the chemo-ecological response between pine wood nematode B. xylophilus and its vector Monochamus spp helps to find the host pine trees (Necibi and linit, [16,17]). Generally, third stage dispersal juvenile (JIII) aggregated around the pupal chamber of beetle and this chamber are formed by mature larvae of beetle around the outer xylem of dead pine trees (Mamiya [18]; Linit, [16]). The main mechanism of this dispersal is synchronization of the behavior of beetle and nematode. Before entering the tracheal system of beetle, the Juvenile (JIII) larvae molt to dauer larval stage (JIV). At last, this dauer larval stage (JIV) transported from infected pine trees to healthy trees by the beetle for successful infection of pine trees (Figure 1) (Lint [16]; Necibi and Linit [17]; Yang et al. [19]). This transportation mechanism of pine wood nematode is the result of volatile chemical compound namely linoleic and oleic acid, 1-monoolein, and toluene produced by beetle (Miyazaki et al. [20]; Bolla et al. [21]; Necibi and linit, [17]; Stamps and Linit, [22]).
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			Mechanisms in parasitism

			Beetles prefer to mate on dead pine trees instead of healthy trees. During mating dauer larval stage (JIV) entered the respiratory system of beetle. After oviposition and pupation when newly developed beetle emerged from dead pine trees they start to find out and feeding on healthy pine trees (Son et al; [23]). Through feeding pine wood nematode get entry into healthy pine trees. It is called portal entry of pine wood nematode (Mamiya, [24]). Then it migrates through cortical and xylem axial resin canals and destroying the epithelial cells through their stylet. Afterwards, they move horizontally from both resin canals to surrounding tissue and destroy the tissue cells including cortex, phloem, xylem, pith and cambium (Mamiya, [24], and [25]; Ishida et al; [26]). They take three or four weeks for developing wilting symptom in the healthy plant and finally cause the death of pine trees. At the time of infection, oleoresin flow decrease and plant produce volatiles namely ethanol and terpines (McGawley and Winchell, [27]). This volatiles act as attractant to beetles to mate with their partner in disease or dead pine trees. However, when insect going to pupation the dauer juveniles of the nematode again aggregated around the pupal chamber and afterwards enter the insect body. After one month later newly, emerged beetle again migrates the healthy trees by carrying pine wood nematode in their respiratory system. So, this mechanism involved three organism pine trees as host, pine wood nematode, and vector Monochamus spp. (Figure 2) (Mahera and Futai, [28]; Mamiya and Enda, [18]; McGawley and Winchell, [27]).
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			How Pine wood nematode infestation could be reduced in pine forest?

			The reduction of PWN in the pine forest is now a most crucial issue for the plant protection scientists. Due to its spreading nature quarantine measure considered as most promising solution. On the other hand, application of synthetic chemical likes emamectin benzoate also an available solution of PWN. But application of botanicals like ethyl acetate layer of the root of Stellera chamaejasme is more impressive than chemical insecticide. Furthermore, application of biocontrol agents for instance, Esteya vermicola and induced host resistant by avirulent microbes also impressive for controlling PWN. We were compared the each of the possible solution of PWN infestation with limitation, so future research may focus on the combination of few approaches to sustainable control of nematode.

			Wood materials and quarantine measures

			The presence of PWN into an alien area is the result of less quarantine measures during importation of wood packaging material. It entered into Europe and Asia through wood packaging materials (Mota,). For this reason, it is listed as quarantine pest in many countries like Japan, South Korea, and also in Europe (Rautapaa, [29] and Dwinell, [30]). It causes huge economic losses if they disperse through the imported wood packaging material (Bergseng et al; [31] and Vicente et al; [8]). Indeed, once pine wood nematode attack pine trees it’s very difficult to eradicate of pine wilt disease. Hence, strict quarantine measure reduces the dispersal of PWN and safe the pine forest.

			Synthetic insecticide and Botanicals

			Emamectin benzoate is a semi synthetic insecticide has strong nematicidal activity against B. xylophilus and M. galloprovincialis (Takai et al; [32]). The beetle population is controlled by the trunk injection of Emamectin benzoate. Applications of this insecticide protect pine trees in the field, M. galloprovincialis population attack in the field and B. xylophilus infection in the pine tree. It is currently used as good option in Portugal and also in other country of Europe. Indeed, application of synthetic pesticide like Emamectin benzoate causes environmental pollution and also causes human health hazard. In that case application of botanicals for controlling this pest is a potential option. The ethyl acetate layer extracted from the root of Stellera chamaejasme has strong nematocidal effect on B. xylophilus. The plant S. chamaejasme widely distributed in grassland of North and West China. It was primarily believed that ethanol extract from plant S. chamaejasme was highly effective against B. xylophilus. Eight purified compound were tested in vitro for nematocidal activity against B. xylophilus where combination with the roots extract from S. chamaejasme showed significant activity for the mortality of B.xylophilus and B. mucronatus (Cui et al; [33]). In a nutshell, reducing the application of chemical pesticide and increase the applications of botanicals significantly reduce the population of B. xylophilus and B. mucronatus. 

			Temperature and Biocontrol agent Esteya vermicola

			Nematophagus fungus (Esteya vermicola) is a promising biocontrol agent against pine wilt disease. They produce two types of conidia bacilloid and lunate where lunate conidia can infect pine wood nematode by cuticle penetration, immobilization and digestion of the internal contents (Wang et al. [34,35]). But the efficacy of E. vermicola is influenced by temperature and water factor (Gock et al. [36]; Teshler et al. [37]). It was reported that at low temperature (40C) E. vermicola showed highest infectibility against pine wood nematode (Trivedi et al. [38]). On the other hand, the population of pine sawyer beetles also decreasing with low temperature and high altitude. As a result, the spread of pine wilt disease is tremendously reduced in that area. At temperature 110C with 850m altitude the beetle population increases whereas at 9. 10C with 950m the growth and development and also movement of pine swayer beetle limit effectively (Enda, 1970). These results revealed that less movement of beetles carry lower number of nematode in their body and slow up the spread of pine wilt disease. Besides at low temperature availability of moisture also increases that influence the viability and longevity of conidia. Because E. vermicola could not tolerate and survive under dry condition. So, the progress of biocontrol agent E. vermicola is largely influenced by the temperature and moisture factor and the movement of vector also limited by the temperature variation. The correlation between the movement of vector and application efficacy of E. vermicola could be minimized the pine wilt disease effectively.

			Botanicals and avirulent microbes 

			Indeed, when pine wood nematode is devastating to pine trees application of botanicals is quite difficult because it works very slowly. The pre-inoculation of avirulent microbes into host plant is called induced resistant then, quite promising to control of pine wilt disease. The two avirulent microbes C14-5 and fungus Botrytis cinera were reported most potential against pine wilt nematode (Hunt et al [39]; Heil and Bostock, [40]). The seedling treatments with these two avirulent microbes gave lower mortality than without pre-inoculation of microbes of susceptible Japanese black pine (Yuko et al [41]). Like, chemical insecticide application of botanicals required more labor and could be reduced efficacy by wind and rain after application of botanicals. As a result, the application of pre-inoculation of avirulent microbes is more effective than botanicals. The avirulent microbes B. cinera was least effective than C14-5 because it became weak with the progress of time. C14-5 is isolated from pine wilt nematode and it can survive pine trees for a long period of time without developing any symptom. For this reason, induced host resistant by two avirulent microbes in compare to the synthetic chemical and botanicals could be considered as good option against B. xylophilus. 

			Discussion

			The scientific literature described well enough about the development of pine wilt disease mechanism in pine forest. Most of the paper described about the devastating effect of PWN. Indeed, the literature provides a comprehensive understanding of the mechanism used by pine wood nematode for successful dispersal and invasion mechanism. The growing body of literature described the nature of phoresy of PWN and beetle. Different factors are described well enough for successful phoretic association. For instance, female beetle is larger than male and they attracted by mostly female during phoretic association. But how large body size of beetle influences the dispersal of PWN need to answer in the future research? Phoretic association is influenced by temperature because low temperature reduces the movement of beetle. But how variation of temperature influences the life cycle of PWN need to be explored? Successful phorectic association between PWN and beetle is the result of pine wilt disease. Recent scientific findings described well that beetle is attracted by volatile compound produced by pine trees and by this way beetle find the mating partner in dead or weak trees. But no description about the volatile compound has any impact on the PWN and how it could be linked for the control measures of PWN. The chemio-ecological signal or stimuli between the PWN and beetle through volatile compound produced by beetle attracts the PWN. But no knowledge why actually it attracted by PWN (Zhao et al; [42]). However, it is clear that chemical signal influences the aggregation of JIII and JIV around the pupal chamber of the beetle. But the description is superficial that’s why profound knowledge about the chemical stimuli could be needed further research so that the knowledge can be correlated into control measures. Studies of infestation biology facilitate the prevention and management of PWN. Indeed, lack of quarantine measure facilitates the longer dispersal of PWN. Recent findings, gave some promising solution of this pest. As vector beetle is key responsible for spreading the disease so application of synthetic insecticide like Emamectin benzoate quite promising. But use of synthetic insecticide is now banned worldwide to safe the existing ecosystem services. The Nematophagus fungus (Esteya vermicola) is now a promising bio-control agent for the management of PWN. The conidia are responsible to infect the PWN. But temperature and water factor reduce the shelf life and infectibility of conidia (Zian et al; [43]) which is opposite to some previous study where reported that temperature and water has no impact on viability of conidia (Pavone et al. [44]; Sabuquillo et al. [45]; Ya´nez-Mendiza´bal). So how impact of temperature and water on shelf life and infectibility of conidia reduces the biocontrol of PWN need to be addressed in upcoming research. The root of Stellera chamaejasme has effect on the mortality of PWN and this technique is better in compare to chemical insecticide but not like Nematophagus fungus. Indeed, efficacy of botanicals reduced with the progress of time because field stability of botanicals is difficult due to climatic variation. However, induced host resistant by C14-5 and fungus Botrytis cinera is more effective in compare to chemical and botanicals. So, attention on using induced host resistant by C14-5 and fungus Botrytis cinera in future research strategy will be safe solution for proper control of pine wilt disease [46-55].

			Conclusion and Direction of Future Research

			It is clear that PWN biology especially chemical signaling, phoretic association and mechanism of parasitism is described well in the article. But knowledge gap how this chemical signal could be linked for the management of PWN. Uses of botanicals, bio-control agent and induced host resistant are promising but still have huge limitation. So further investigation could be needed for linking the chemical signal to management of PWN and also overcome the limitation of the possible solution for better control solution of PWN.
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Figure 1: Conceptual life cycle of pinewood nematode B. xylophilus. Two forms of life cycle they are possessed; propagative stage and
dispersal stage. J1 and J2; Early Juvenile stage and J3 and J4; late juvenile stage. Dispersal stage is composed by J3 and J4 which is
transported by pine swayer beetle (Kamrul Hassan)
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Figure 2: The life cycle of pinewood nematode B. xylophilus in field conditions. The phorectic association between PWN and insect vector
leads to the process of pine trees wilting. Insect vector is the initiators of associations and PWN is benefitted at the end (Kikuchi etal., 2011).
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