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Abstract


Bursaphelenchus xylophilus is a nematode species that has damaged pine trees worldwide, but its pathogenesis has not been fully characterized. α-pinene helps protect host species during the early B. xylophilus infection and colonization stages. In this study, we identified potential molecular mimicry proteins based on a comparative transcriptomic analysis of B. xylophilus. The expression levels of three genes encoding secreted B. xylophilus proteins were influenced by α-pinene. We cloned one gene encoding a thaumatin-like protein, Bx-tlp-2 (accession number MK000287), and another gene encoding a cysteine proteinase inhibitor, Bx-cpi (accession number MK000288). Additionally, α-pinene appeared to induce Bx-tlp-1 expression, but had the opposite effect on Bx-cpi expression. An analysis of the expression of the potential molecular mimicry proteins in B. xylophilus infecting pine trees revealed that the α-pinene content was consistent with the expression levels of Bx-tlp-1 (Bx-cpi) and Pm-tlp (Pm-cpi) over time. Thus, these genes likely have important roles contributing to the infection of pine species by B. xylophilus. The results of this study may be relevant for future investigations of the functions of Bx-tlp-1, Bx-tlp-2 and Bx-cpi, which may provide a point to explore the relationship between B. xylophilus and host pines.
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1. Introduction


Pine wilt disease (PWD), due to the pine wood nematode (PWN) Bursaphelenchus xylophilus (Steiner & Buhrer) Nickle [1], has extensively damaged pine trees in Asia (Japan, China and South Korea) [2,3,4] and Europe (Portugal and Spain) [5,6,7,8]. Since 1982, this disease has spread quickly and caused enormous losses in China [9]. Some Pinus species are the main hosts for B. xylophilus [10,11,12]. Although diverse methods have been used to study B. xylophilus, the mechanism underlying its pathogenicity has not been fully characterized.



Pine trees release terpenoids as a defense response to nematode invasions [13,14]. For example, α-pinene represents a large proportion of the monoterpenes produced by pines [15]. In healthy Pinus massoniana, the ratio of α-pinene to β-pinene is 1:0.1 [16,17,18,19]. Kuroda et al. [20] inoculated Pinus thunbergii seedlings with PWNs, and observed that monoterpene and sesquiterpene concentrations increased two to four times in the xylem soon after the PWN invasion.



The B. xylophilus genome was sequenced in 2011 [21]. Additionally, the molecular changes mediating the resistance of B. xylophilus to α-pinene have been examined via a comparative transcriptomic analysis of nematodes [22]. The results of this previous study, combined with the findings of other B. xylophilus investigations, including a large-scale proteomic analysis [23], may be relevant for future studies on PWD and the pathogenicity of PWNs.



Pathogenesis-related (PR) proteins are crucial for plant defenses against pathogens and abiotic stresses [24]. Thaumatin-like proteins (TLPs) have been widely studied in plants, fungi and animals [25]. An earlier investigation on the B. xylophilus secreted proteome revealed that two TLPs and one cysteine proteinase (CP) inhibitor are highly similar to the proteins in pine trees (i.e., molecular mimicry) [23]. Molecular mimicry has helped nematodes avoid the effects of plant defense responses [26]. Moreover, Brugia malayi secretes a protein similar to the migration inhibitory factor (MIF) [27,28], which may be functionally similar to human monocytes. Globodera rostochiensis secretes CLAVATA3/ESR (CLE), which may interact with plant CLE peptide ligands to inhibit plant development [29,30]. Additionally, some Meloidogyne spp. proteins are reportedly similar to host plant proteins [31]. Another study proved that a B. xylophilus TLP (Bx-TLP-1) is similar to Pinus monticola TLP-S3 (ADB97933.1), based on BLAST and structural analyses [32]. A P. massoniana TLP gene (Pm-tlp) was identified and used to study the expression of TLP-encoding genes in B. xylophilus and P. massoniana [33].



Cysteine proteinases, which are also known as thiol proteases because of the function of a core catalytic cysteine, mediate the hydrolysis of proteins [34]. Cysteine proteinases expressed in the esophageal gland and intestinal cells are the main “digestive enzymes” of nematodes [35]. Previous studies indicated that CPs are important for tissue and cellular invasion [36], nutrient acquisition related to embryogenesis [37], molting [38], host protein processing [39] and immunoevasion [40]. Because many animal and plant diseases are closely related to CPs, there has been increasing interest in research regarding their biological and enzymatic characteristics, including in B. xylophilus. For example, a B. xylophilus CP, Bx-CPL-1, is related to fecundity and growth, with an abnormal Bx-cpl-1 gene, leading to decreased adult reproduction rates [41]. Additionally, Bx-cpl expression levels are the highest during the B. xylophilus egg stage. After the infection of a susceptible host, the Bx-cpl expression levels increased, peaking during the initial stage of PWD [42]. However, a CP inhibitor (cystatin) can tightly, but reversibly, bind to CPs [43]. Cystatins regulate normal physiological processes, with decreases in their abundance possibly leading to disease. They may also participate in defenses against microbial infections [44]. Cystatins are crucial for several processes under normal and diseased conditions, including intracellular protein degradation, and may be important for controlling antigen presentation. Furthermore, the increased activity of some cystatins may be essential for responses to several pathogenic parasites or bacteria.



Because the pinene content and water dynamics influence the cavitation of pines during B. xylophilus pathogenesis, investigating the relationship between specific genes and pinene is necessary. In this study, we identified potential molecular mimicry proteins based on comparative B. xylophilus transcriptomics data [22]. The B. xylophilus Bx-tlp-2 and Bx-cpi genes were cloned to investigate the effects of α-pinene treatments on the expression of Bx-tlp-1, Bx-tlp-2 and Bx-cpi. The results described herein may be useful for verifying and characterizing the interaction between B. xylophilus and host pines.




2. Results


2.1. Cloning of Bx-tlp-2 and Bx-cpi


The PCR-amplified target cDNA sequences were analyzed by 1% agarose gel electrophoresis. The B. xylophilus gene encoding thaumatin-like protein-2 (TLP-2) was 258 bp, whereas the CP inhibitor gene was 375 bp (Figure 1).




2.2. Analysis of the Bx-TLP-2 and Bx-CPI Proteins


The Bx-tlp-2 cDNA fragment generated from B. xylophilus RNA encodes an 86-amino acid protein, which includes 12 acidic amino acids (Asp and Glu) and five basic amino acids (Arg and Lys; Table 1). The amplified Bx-cpi cDNA sequence encodes a 124-amino acid protein, which includes five acidic amino acids (Asp and Glu) and 22 basic amino acids (Arg and Lys; Table 2). The predicted protein structural features suggest that these proteins are hydrophilic and belong to the secretory protein family. Alpha-helices and beta-sheets form approximately 1.48% and 36.55% of Bx-TLP-2, respectively, whereas they represent about 40.18% and 27.75% of Bx-CPI, respectively. The MolProbity analysis was used to evaluate the quality of the three-dimensional structures of the proteins (Figure 2) and to show the percentage of amino acid residues present in favored, allowed and outlier regions. The residues falling in the most favored regions of the Ramchandran plot obtained by MolProbity amounted to 90.24% and 77.78% (>70%) for Bx-TLP-2 and Bx-CPI, respectively (Figure 3). This provided insight into the correctness of the modeled structures, and indicated the rationality of the protein structure prediction. Additionally, both proteins appeared to lack a transmembrane region. Amino acids 1–16 form the Bx-TLP-2 signal peptide, whereas the signal peptide of Bx-CPI comprises amino acids 1–20 (Figure 4). Moreover, the results revealed that Bx-TLP-2 is similar to a Panicum hallii TLP (XP_025808117.1), based on BLAST analysis. It shares a 52.05% identity with this protein, with over 85% query coverage. Additionally, the Bx-CPI protein is similar to the CP inhibitor five-like protein of Helianthus annuus (XP_022033148.1), which shares a 32.5% identity with this protein, with over 62% query coverage. Furthermore, Bx-CPI contains an N-terminal cathepsin propeptide inhibitor domain (I29), similar to Bx-CPL-1 and P. massoniana Pm-CPL (Figure S1).




2.3. Genetic Relationship between Bx-tlp-2 and Bx-cpi


Of the two cloned cDNA sequences, one was B. xylophilus Bx-tlp-2 (accession number MK000287), which encodes a TLP, and the other was B. xylophilus Bx-cpi (accession number MK000288), which encodes a CPI. A phylogenetic tree was constructed based on the alignment of the Bx-TLP-2 and Bx-CPI protein sequences, along with other protein sequences from herbs, woody plants and animals (nematode and insect). As shown in Figure 5A, the herb, woody plant and animal (nematode) TLP sequences formed three broad clades, and Bx-TLP-2 was similar to a Steinernema carpocapsae (Steinemematidae) hypothetical protein and a Pristionchus pacificus (Diplogasteridae) hypothetical protein, which was clustered in the broad plant clade. On the other hand, the Panagrellus redivivus (Panagrolaimidae) and Caenorhabditis elegans (Rhabditidae) TLPs were clustered in the broad nematode clade. Figure 5B showed that Bx-CPI was similar to an Enterobius vermicularis (Oxyuridae) unnamed protein, which was also not clustered in the broad nematode clade, while the Strongyloides ratti (Strongyloididae), P. redivivus (Panagrolaimidae), S. carpocapsae (Steinemematidae), P. pacificus (Diplogasteridae) and C. elegans (Rhabditidae) CPI sequences formed the broad nematode clade. Furthermore, the branch lengths shown in the tree were much longer for the B. xylophilus and S. carpocapsae (E. vermicularis) proteins, suggesting more molecular differences. The results revealed that there was a higher sequence similarity between the Bx-TLP-2 (Bx-CPI) protein sequence and the plant protein sequences, which indicated that they may have similar functions.




2.4. Expression of Bx-tlp-1, Bx-tlp-2, Bx-cpi and Bx-cpl-1


The expression of the B. xylophilus Bx-tlp-1 and Bx-cpl-1 genes increased from 12 to 48 h after the PWNs were mixed with the α-pinene miscible solution. In contrast, the Bx-cpi expression level exhibited the opposite pattern over the same period. Additionally, the Bx-tlp-2 expression was extremely low (Figure 6). Therefore, the quantitative real-time PCR (qPCR) results were consistent with the transcriptomic data, confirming the accuracy of our experiments.




2.5. Expression Patterns of Potential Molecular Mimicry Proteins from B. xylophilus and P. massoniana


The α-pinene content of P. massoniana inoculated with B. xylophilus was determined over time (Figure 7). The α-pinene level peaked at days 15 and 27. The Bx-tlp-1 expression level increased on days 6, 15 and 30, whereas Bx-tlp-2 was barely expressed throughout the analyzed period. The Pm-tlp expression level was upregulated on days 3, 12, 18 and 27. An increased Bx-cpi expression was detected at days 9, 18, 24 and 27. In contrast, there were no obvious Bx-cpl-1 expression trends, whereas the Pm-cpi expression increased on days 6, 12, 15 and 27. The Bx-tlp-1 and Pm-tlp expression trends were consistent with the changes in the α-pinene content (days 15 and 27). Moreover, the Bx-tlp-1 expression level decreased as the Pm-tlp expression level increased. Furthermore the α-pinene content increased as the Bx-cpi expression level decreased. Decreases in the Bx-cpi expression were accompanied by increases in the Pm-cpi expression.





3. Discussion


Pinenes, which are the main secondary metabolites in needle-leaved species, help protect trees against pathogens [14]. Consequently, their abundance is a critical factor for evaluating the defenses of hosts against PWN invasion [15,45]. In this study, we identified potential molecular mimicry proteins based on the comparative transcriptomic analysis of B. xylophilus [22], which may mimic host plant defense systems [23]. We cloned the B. xylophilus genes Bx-tlp-2 and Bx-cpi to investigate the expression of Bx-tlp-1, Bx-tlp-2 and Bx-cpi in response to α-pinene treatments. The results indicated that the Bx-tlp-1 expression was upregulated when the PWNs were combined with an α-pinene miscible solution, whereas the Bx-cpi expression was downregulated and the Bx-tlp-2 expression was almost undetectable under the same conditions. The qPCR data were consistent with the results of the transcriptomic analysis (Table S1).



In PWNs, Bx-tlp-1 encodes a TLP that is similar to P. monticola TLP-S3 (ADB97933.1) [32]. After PWNs infect P. massoniana, the Bx-tlp-1 and Pm-tlp expression levels are affected by the changes in the pinene content of the host [33]. Increasing concentrations of volatile terpenes may induce the expression of Bx-tlp-1, with the encoded protein possibly mimicking plant proteins to disrupt the host defense system and secondary metabolism. In B. xylophilus, Bx-tlp-2 encodes another TLP, but this gene was hardly ever expressed in the control and treated samples in this study. Specifically, the Bx-tlp-2 reads per kilobase per million mapped reads (RPKM) value was ≤ 1, based on the transcriptomic analysis. Thus, whether this gene contributes to the PWN infestation of pine trees remains unclear. The Bx-cpi gene encodes a cystatin [23], which is a tight-binding reversible inhibitor of CPs [43]. Moreover, cystatins participate in defenses against microbial infections [44]. In B. xylophilus, Bx-CPL-1 reportedly influences reproduction and growth, with mutations to Bx-cpl-1 adversely affecting the reproduction rates of adults [41]. In our study, we observed that the Bx-cpi expression level decreased in response to α-pinene, whereas the Bx-cpl-1 expression was upregulated by the same treatment. Additionally, similar to B. xylophilus Bx-CPL-1 and P. massoniana Pm-CPL, the Bx-CPI protein includes a cathepsin propeptide inhibitor domain (I29). The I29 domains of Bx-CPL-1 and Pm-CPL are formed by amino acids 86–137 and 42–98, respectively. Additionally, I29 comprises an α-helical domain, which was across the substrate-binding site to prevent access. The enzyme was activated by removing this region with proteolytic cleavage [46]. Thus, we speculate that in response to pinene treatments, Bx-CPI may mediate Bx-cpl-1 expression to promote PWN reproduction, which is consistent with the findings of a previous study [17].



In this investigation, we cloned B. xylophilus genes encoding thaumatin-like protein-2 (Bx-TLP-2) and a CP inhibitor (Bx-CPI). The Bx-tlp-2 gene consists of 258 bp encoding an 86-amino acid protein with a molecular weight of 9.35 kDa. In contrast, Bx-cpi comprises 375 bp encoding a protein with 124 amino acids and a molecular weight of 13.99 kDa. Moreover, Bx-CPI can bind tightly to CP. MolProbity is a structure-validation software package that evaluates how reasonable a predicted structure is, relying on hydrogen placement within a structure. Further evaluation resulted in about 90.24% residue of Bx-TLP-2 and 77.78% residue of Bx-CPI falling in the favorable regions of the Ramchandran plot, which suggested that the prediction of three-dimensional structures (Bx-TLP-2 and Bx-CPI) was rational, based on the MolProbity analysis. A phylogenetic analysis revealed that there was a higher sequence similarity between the Bx-TLP-2 (Bx-CPI) protein sequence and the plant protein sequences, which indicated that they may have similar functions. The results provided the possibility for the Bx-TLP-2 and Bx-CPI to be molecular mimicry proteins or effectors. It was also reported that B. xylophilus TLP (Bx-TLP-1) may function as an effector molecule that can manipulate plant hosts [47]. The similarity of these secreted proteins to plant proteins suggests that they may mimic the components of the host plant defense systems, and may be attributed to the competitive co-evolution between nematodes and hosts, or a close ancestor of nematodes and its host.



An earlier study indicated that the genes encoding PR-5 (TLP) and PR-6 (CPI) are obviously upregulated in P. thunbergii seedlings during B. xylophilus infections [48]. The results of the current study revealed high Pm-tlp expression levels at days 3, 12 and 27, whereas Bx-tlp-1 was highly expressed on days 6, 15 and 30. Additionally, the Pm-cpi expression level was relatively high on days 6, 15 and 27. In contrast, Bx-cpi was highly expressed on days 9, 18 and 24. These results imply that the upregulated expression of Bx-tlp-1 (Bx-cpi) occurs after the induced expression of Pm-tlp (Pm-cpi) in infected pines, suggesting that the expression patterns of Bx-tlp-1 (Bx-cpi) and Pm-tlp (Pm-cpi) may be related. These findings indicate that the three analyzed secreted B. xylophilus proteins may function as effectors to mediate the host defense responses [49], but whether they can mediate host reactions and enhance the pathogenicity of PWNs will need to be determined in future studies.



In conclusion, the results presented herein confirm that α-pinene affects the expression of three secreted B. xylophilus proteins that may mimic the host proteins involved in the plant defense systems. We speculated that increases in the volatile terpene concentrations may upregulate the expression of Bx-tlp-1, with the encoded protein mimicking the host pine tree proteins, thereby disrupting the defense system and secondary metabolism. The Bx-cpi expression level decreases in response to α-pinene, which may mediate the Bx-cpl expression to promote PWN reproduction. These effects contribute to the ability of B. xylophilus to infect susceptible hosts. Our study data may be useful for the future functional characterization of Bx-tlp-1, Bx-tlp-2 and Bx-cpi regarding their roles during the B. xylophilus infections of host pine species, which may provide new insight relevant to the control of PWN and PWD.




4. Materials and Methods


4.1. Materials


The NXY61 strain of B. xylophilus was isolated from infested P. massoniana wood chips collected from Zhejiang, China, and then stored in the Forest Pathogen Integrated Biology Laboratory of the Chinese Academy of Forestry, Beijing, China. The three-year-old P. massoniana seedlings examined in this study were grown in a greenhouse set at 25 °C with 80% relative humidity.




4.2. RNA Isolation and cDNA Cloning


The TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) was used to extract the total RNA from B. xylophilus. A 1.0% agarose gel electrophoresis was used to evaluate the quality of RNA, and the purity of the RNA was evaluated by the ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The RNA was used as a template to synthesize the cDNA with the PrimeScript™ RT reagent Kit using gDNA Eraser (TaKaRa, Kusatsu, Japan).



Reverse transcription PCR was performed with TaKaRa Taq™ DNA polymerase and primers designed to specifically amplify the B. xylophilus Bx-tlp-2 and Bx-cpi fragments. The resulting amplicons were cloned into the pGM-T vector and sequenced at the Beijing Genomics Institute (Shenzhen, China) so as to ensure accuracy.




4.3. Verification of the Relationship between α-pinene and the Potential Molecular Mimicry Proteins in Bursaphelenchus xylophilus


A 137.6 mg/mL α-pinene solution [17] was comprised by serial dilution with ddH2O containing 0.5% (w/w) Triton X-100, as this may represent the α-pinene concentration in healthy pines or pines infested with Monochamus alternatus (i.e., PWN vector). The prepared solution and approximately 2500 PWNs (mixture of juveniles and adults) in 250 μL of water were combined in 1.5-mL tubes. The control samples comprised 0.5% (w/w) Triton X-100 prepared in distilled water and PWNs. The nematodes were maintained under the same conditions as those used for colony maintenance. The samples were collected at 12, 24, 36 and 48 h after initiating the experiment.



A qPCR assay was completed to analyze the expression of the genes encoding the potential molecular mimicry proteins (Bx-tlp-1, Bx-tlp-2 and Bx-cpi). Specifically, the qPCR assay was performed in triplicate with TB Green® Premix Ex Taq™ (TaKaRa, Kusatsu, Japan) and 480 II LightCycler system (Roche Diagnostics Ltd, Basel, Switzerland). The qPCR conditions followed one cycle of denaturation at 95 °C for 30 s, followed by 40 cycles at 95 °C for 5 s and 60 °C for 35 s. The β-actin gene of B. xylophilus was used as a reference control with the NCF/NCR primer pair (Table S2). The cycle threshold (ΔΔCt) method was used to calculate the gene expression levels. There were three biological replicates in the experiments.




4.4. Expression Analysis of the Potential Molecular Mimicry Proteins from Bursaphelenchus xylophilus and Pinus massoniana


Three-year-old P. massoniana seedlings were inoculated with 3000 nematodes (including juveniles and adults). The α-pinene content, as well as the B. xylophilus and P. massoniana gene expression levels, were measured as described by Meng [33]. The P. massoniana actin gene was amplified as a reference control with the ACF/ACR primer pair (Table S2). There were three biological replicates in the experiments.




4.5. Data Analysis


The DNAMAN 6.0 program (Lynnon Biosoft Bioinformatic Solutions, San Ramon, CA, USA) was used to translate the DNA sequences into amino acid sequences, after which ProtParam (available online: http://web.expasy.org/protparam/) was used to determine the basic physical and chemical parameters of the proteins. The MEGA-X program (available online: http://www.megasoftware.net/) was used for a multiple sequence alignment. The phylogenetic relationships among the TLPs were determined according to the neighbor-joining method. The transmembrane regions were predicted, protein parameters were analyzed, signal peptides were predicted and three-dimensional structures were constructed, as described by Meng [33]. The three-dimensional structures were evaluated by the MolProbity program (available online: http://molprobity.biochem.duke.edu/) in order to check the correctness of the structure over the localized regions. The data, including the gene expression patterns, were expressed as the mean ± standard error of the mean. Statistical analyses were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA), and a one-way analysis of variance with a multiple comparisons test (Duncan’s test) was used to determine the statistical significance between the treatments, with significance being defined as p < 0.05.









Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/21/3/982/s1.





Author Contributions


Experimental design: F.M., Y.L. and X.Z. Experimental implementation: F.M. and Z.L. Material contribution: X.W., Y.F. and W.Z. Data analysis and manuscript writing: F.M. All authors have read and agreed to the published version of the manuscript.




Funding


The present research was supported by Fundamental Research Funds of Research Institute of Forestry New Technology, CAF (CAFYBB2018SY038).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Nickle, W.R.; Golden, A.M.; Mamiya, Y.; Wergin, W.P. On the taxonomy and morphology of the pine wood nematode, Bursaphelenchus xylophilus (Steiner &Buhrer 1934) Nickle 1970. J. Nematol. 1981, 13, 385–392. [Google Scholar] [PubMed]

	



Mamiya, Y. History of pine wilt disease in Japan. J. Nematol. 1988, 20, 219–226. [Google Scholar] [PubMed]

	



Togashi, K.; Shigesada, N. Spread of the pinewood nematode vectored by the Japanese pine sawyer: Modeling and analytical approaches. Popul. Ecol. 2006, 48, 271–283. [Google Scholar] [CrossRef] [Scilit]

	



Yoshimura, A.; Kawasaki, K.; Takasu, F.; Togashi, K.; Futai, K.; Shigesada, N. Modeling the spread of pine wilt disease caused by nematodes with pine sawyers as vector. Ecology 1999, 80, 1691–1702. [Google Scholar] [CrossRef]

	



Abelleira, A.; Picoaga, A.; Mansilla, J.P.; Aguin, O. Detection of Bursaphelenchus xylophilus, causal agent of pine wilt disease on Pinus pinaster in northwestern Spain. Plant Dis. 2011, 95, 776. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Branco, M.; Bragança, H.; Sousa, E.; Phillips, A.J. Pests and diseases in Portuguese forestry: Current and new threats. In Forest Context and Policies in Portugal; Reboredo, F., Ed.; Springer: Cham, Switzerland, 2014; Chapter 5; pp. 126–129. [Google Scholar]

	



Mota, M.; Oliveira, S.; Vicente, C.; Vieira, P. Pine wilt disease in portugal: Recent progress and new approaches to the understanding and control of the pinewood nematode and its insect vector. J. Nematol. 2009, 41, 361. [Google Scholar]

	



Vicente, C.; Espada, M.; Vieira, P.; Mota, M. Pine wilt disease: A threat to European forestry. Eur. J. Plant Pathol. 2012, 133, 497. [Google Scholar] [CrossRef] [Scilit]

	



Sun, Y. Pine wood nematode found at Dr. Sun Yat’s Mausoleum in Nanjing. Jiangsu For. Sci. Technol. 1982, 4, 47. [Google Scholar]

	



Kiyohara, T.; Tokushige, Y. Inoculation experiments of a nematode, Bursaphelenchus sp., onto pine trees. J. Jpn. For. Soc. 1971, 53, 210–218. [Google Scholar]

	



Mamiya, Y.; Enda, N. Transmission of Bursaphelenchus lignicolus (Nematoda: Aphelenchoididae) by Monochamus alternatus (Coleoptera: Cerambycidae). Nematologica 1972, 18, 159–162. [Google Scholar] [CrossRef] [Scilit]

	



Mota, M.M.; Braasch, H.; Bravo, M.A.; Penas, A.C.; Burgermeister, W.; Kai, M.; Sousa, E. First report of Bursaphelenchus xylophilus in Portugal and in Europe. Nematology 1999, 1, 727–734. [Google Scholar]

	



Lewinsohn, E.; Savage, T.J.; Croteau, R. Simultaneous analysis of monoterpenes and diterpenoids of conifer oleoresin. Phytochem. Anal. 2010, 4, 220–225. [Google Scholar] [CrossRef] [Scilit]

	



Zulak, K.G.; Bohlmann, J. Terpenoid biosynthesis and specialized vascular cells of conifer defense. J. Integr. Plant Biol. 2010, 52, 86–97. [Google Scholar] [CrossRef] [Scilit]

	



Ning, T.; Fan, J.; Fang, Y.; Sun, J. Changes in contents of host volatile terpenes under different damaged states and electroantennogram response of Monochamus alternatus Hope to these volatiles. Acta Entomol. Sin. 2006, 49, 179–188. [Google Scholar]

	



Futai, K. Pine wood nematode, Bursaphelenchus xylophilus. Annu. Rev. Phytopathol. 2013, 51, 61–83. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Niu, H.; Zhao, L.; Lu, M.; Zhang, S.; Sun, J. The ratio and concentration of two monoterpenes mediate fecundity of the pinewood nematode and growth of its associated fungi. PLoS ONE 2012, 7, e31716. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhao, L.L.; Wei, W.; Kang, L.; Sun, J.H. Chemotaxis of the pinewood nematode, Bursaphelenchus xylophilus, to volatiles associated with host pine, Pinus massoniana, and its vector Monochamus alternatus. J. Chem. Ecol. 2007, 33, 1207–1216. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Zhao, Z.D.; Hu, X.E.; Li, D.M.; Xu, F.Y.; Hu, G.X.; Sun, Z.; Liu, X.Z. Study on chemical components and resistance mechanism to pine wood nematode of masson pine provenance (III) Study on contents variation of neutral terpenoids of resistant provenance of P. massoniana after inoculating Bursaphelenchus xylophilus. Chem. Ind. For. Prod. 2001, 21, 52–58. [Google Scholar]

	



Kuroda, K.; Yamada, T.; Mineo, K.; Tamura, H. Effects of cavitation on the development of pine wilt disease caused by Bursaphelenchus xylophilus. Ann. Phytopathol. Soc. Jpn. 1988, 54, 606–615. [Google Scholar] [CrossRef] [Scilit]

	



Kikuchi, T.; Cotton, J.A.; Dalzell, J.J.; Hasegawa, K.; Kanzaki, N.; Mcveigh, P.; Takanashi, T.; Tsai, I.J.; Assefa, S.A.; Cock, P.J.A. Genomic insights into the origin of parasitism in the emerging plant pathogen Bursaphelenchus xylophilus. PLoS Pathog. 2011, 7, e1002219. [Google Scholar] [CrossRef] [Scilit]

	



Li, Y.X.; Meng, F.L.; Deng, X.; Wang, X.; Feng, Y.Q.; Zhang, W.; Pan, L.; Zhang, X.Y. Comparative transcriptome analysis of the pinewood nematode Bursaphelenchus xylophilus reveals the molecular mechanism underlying its defense response to host-derived α-pinene. Int. J. Mol. Sci. 2019, 20, 911. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ryoji, S.; Hironobu, M.; Taisei, K.; Yuko, T.; Mitsuyoshi, U.; Kazuyoshi, F. Secretome analysis of the pine wood nematode Bursaphelenchus xylophilus reveals the tangled roots of parasitism and its potential for molecular mimicry. PLoS ONE 2013, 8, e67377. [Google Scholar]

	



Hoffmann-Sommergruber, K. Pathogenesis-related (PR)-proteins identified as allergens. Biochem. Soc. Trans. 2002, 30, 930–935. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kitajima, S.; Sato, F. Plant pathogenesis-related proteins: Molecular mechanisms of gene expression and protein function. J. Biochem. 1999, 125, 1–8. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Maizels, R.M.; Yazdanbakhsh, M. Immune regulation by helminth parasites: Cellular and molecular mechanisms. Nat. Rev. Immunol. 2003, 3, 733–744. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Falcone, F.H.; Loke, P.; Zang, X.; Macdonald, A.S.; Maizels, R.M.; Allen, J.E. A Brugia malayi homolog of macrophage migration inhibitory factor reveals an important link between macrophages and eosinophil recruitment during nematode infection. J. Immunol. 2001, 167, 5348–5354. [Google Scholar] [CrossRef] [Scilit]

	



Siddique, S.; Radakovic, Z.S.; Cm, D.L.T.; Chronis, D.; Novák, O.; Ramireddy, E.; Holbein, J.; Matera, C.; Hütten, M.; Gutbrod, P. A parasitic nematode releases cytokinin that controls cell division and orchestrates feeding site formation in host plants. PNAS 2015, 112, 12669–12674. [Google Scholar] [CrossRef] [Scilit]

	



Wang, J.; Replogle, A.; Hussey, R.; Baum, T.; Wang, X.; Davis, E.L.; Mitchum, M.G. Identification of potential host plant mimics of CLAVATA3/ESR (CLE)-like peptides from the plant-parasitic nematode Heterodera schachtii. Mol. Plant Pathol. 2011, 12, 177–186. [Google Scholar] [CrossRef] [Scilit]

	



Mitchum, M.G.; Wang, X.; Wang, J.; Davis, E.L. Role of nematode peptides and other small molecules in plant parasitism. Annu. Rev. Phytopathol. 2012, 50, 175–195. [Google Scholar] [CrossRef] [Scilit]

	



Bellafiore, S.; Shen, Z.; Rosso, M.N.; Abad, P.; Shih, P.; Briggs, S.P. Direct identification of the Meloidogyne incognita secretome reveals proteins with host cell reprogramming potential. PLoS Pathog. 2008, 4, e1000192. [Google Scholar] [CrossRef] [Scilit]

	



Wang, J.; Han, S.; Li, Y.; Deng, X.; Zhang, X. Cloning of TLP-1 gene and prediction of TLP-1 protein structure of Bursaphelenchus xylophilus. J. Sichuan Agri. Univ. 2014, 32, 305–310. [Google Scholar]

	



Meng, F.L.; Wang, J.; Wang, X.; Li, Y.X.; Zhang, X.Y. Expression analysis of thaumatin-like proteins from Bursaphelenchus xylophilus and Pinus massoniana. Physiol. Mol. Plant Pathol. 2017, 100, 178–184. [Google Scholar] [CrossRef] [Scilit]

	



Rosenthal, P.J. Cysteine proteases of malaria parasites. Int. J. Parasitol. 2004, 34, 1489–1499. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Urwin, P.E.; Lilley, C.J.; Mcpherson, M.J.; Atkinson, H.J. Characterization of two cDNAs encoding cysteine proteinases from the soybean cyst nematode Heterodera glycines. Parasitology 1997, 114, 605–613. [Google Scholar]

	



Shingles, J.; Lilley, C.J.; Urwin, P.E. Meloidogyne incognita: Molecular and biochemical characterisation of a cathepsin L cysteine proteinase and the effect on parasitism following RNAi. Exp. Parasitol. 2007, 115, 114–120. [Google Scholar] [CrossRef] [Scilit]

	



Britton, C.; Murray, L. Cathepsin L protease (CPL-1) is essential for yolk processing during embryogenesis in Caenorhabditis elegans. J. Cell Sci. 2004, 117, 5133–5143. [Google Scholar] [CrossRef] [Scilit]

	



Hashmi, S.; Zhang, J.; Oksov, Y.; Lustigman, S. The Caenorhabditis elegans cathepsin Z-like cysteine protease, Ce-CPZ-1, has a multifunctional role during the worms’ development. J. Biol. Chem. 2004, 279, 6035–6045. [Google Scholar] [CrossRef] [Scilit]

	



Ghoneim, H.; Klinkert, M.Q. Biochemical properties of purified cathepsin B from Schistosoma mansoni. Int. J. Parasitol. 1995, 25, 1515–1519. [Google Scholar] [CrossRef] [Scilit]

	



Kamata, I.; Yamada, M.; Uchikawa, R.; Matsuda, S.; Arizono, N. Cysteine protease of the nematode Nippostrongylus brasiliensis preferentially evokes an IgE/IgG1 antibody response in rats. Clin. Exp. Immunol. 1995, 102, 71–77. [Google Scholar] [CrossRef] [Scilit]

	



Bai, T. The function of the cathepsin L cysteine gene in early life history of pine wood nematode. Beijing Norm. Univ. 2011, 15–20. [Google Scholar]

	



Xue, Q.; Wu, X.Q.; Zhang, W.J.; Deng, L.N.; Wu, M.M. Cathepsin L-like cysteine proteinase genes are associated with the development and pathogenicity of pine wood nematode, Bursaphelenchus xylophilus. Int. J. Mol. Sci. 2019, 20, 215. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Turk, V.; Bode, W. The cystatins: Protein inhibitors of cysteine proteinases. FEBS Lett. 1991, 285, 213–219. [Google Scholar] [CrossRef] [Scilit]

	



Abrahamson, M.; Alvarez-Fernandez, M.; Nathanson, C.M. Cystatins. Biochem. Soc. Symp. 2003, 70, 179–199. [Google Scholar]

	



Zhao, C.; Wu, D.; Yan, Y.; Li, Q. Analysis of masson pine needle volatiles and their electroantennogram activity with masson pine caterpillar. Sci. Silvae Sin. 1995, 31, 125–131. [Google Scholar]

	



Olonen, A.K.N.; Paulin, L. A new type of cysteine proteinase inhibitor—the salarin gene from Atlantic salmon (Salmo salar L.) and Arctic charr (Salvelinus alpinus). Biochimie 2003, 85, 677–681. [Google Scholar] [CrossRef] [Scilit]

	



Meng, F.L.; Li, Y.X.; Wang, X.; Feng, Y.Q.; Liu, Z.K.; Zhang, W.; Zhang, X.Y. Thaumatin-like protein-1 gene (Bx-tlp-1) is associated with the pathogenicity of Bursaphelenchus xylophilus. Phytopathology 2019, 109, 1949–1956. [Google Scholar] [CrossRef] [Scilit]

	



Hirao, T.; Fukatsu, E.; Watanabe, A. Characterization of resistance to pine wood nematode infection in Pinus thunbergii using suppression subtractive hybridization. BMC Plant Biol. 2012, 12, 13. [Google Scholar] [CrossRef] [Scilit]

	



Espada, M.; Ana, C.S.; Sebastian, E.A.; Peter, J.C.; Manuel, M.; John, T.J. Identification and characterization of parasitism genes from the pinewood nematode Bursaphelenchus xylophilus reveals a multilayered detoxification strategy. Mol. Plant Pathol. 2016, 17, 286–295. [Google Scholar] [CrossRef] [Scilit]








[image: Ijms 21 00982 g001] 





Figure 1. RT-PCR gel electrophoresis detection of Bx-tlp-2 and Bx-cpi. M—DNA ladder. 
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Figure 2. The picture of three-dimensional structure of (A) Bx-TLP-2 and (B) Bx-CPI. 
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Figure 3. Evaluation of the three-dimensional structure by MolProbity: (A) Bx-TLP-2 and (B) Bx-CPI. 
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Figure 4. Signal peptide prediction analysis of (A) Bx-TLP-2 and (B) Bx-CPI. 
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Figure 5. The phylogenetic tree of (A) Bx-TLP-2 and (B) Bx-CPI. The phylogenetic tree was reconstructed by MEGA-X software with the neighbor-joining (N-J) method, and the bootstrap value was set for 500 replicates. Species have identical colors: green indicates herbs, blue indicates woody plants, orange indicates nematodes and black indicates insects. 






Figure 5. The phylogenetic tree of (A) Bx-TLP-2 and (B) Bx-CPI. The phylogenetic tree was reconstructed by MEGA-X software with the neighbor-joining (N-J) method, and the bootstrap value was set for 500 replicates. Species have identical colors: green indicates herbs, blue indicates woody plants, orange indicates nematodes and black indicates insects.



[image: Ijms 21 00982 g005]







[image: Ijms 21 00982 g006] 





Figure 6. Gene expressions of Bx-tlp-1, Bx-tlp-2, Bx-cpi and Bx-cpl-1. CK—controls; 12 h—soaked for 12 h; 24 h—soaked for 24 h; 36 h—soaked for 36 h; 48 h—soaked for 48 h. There were three biological replications for each experiment. The error line means standard deviation of the mean. 
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Figure 7. Expression analysis of the potential molecular mimicry proteins from B. xylophilus and P. massoniana. There were three biological replications for each experiment. The error line means standard deviation of the mean. Bars with different letters indicate significant differences among the treatments, as defined by Duncan’s test (p < 0.05). 
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Table 1. Amino acid composition of Bx-tlp-2.
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	Amino acids
	Number
	Percentage
	Amino Acids
	Number
	Percentage
	Amino Acids
	Number
	Percentage





	Ala (A)
	4
	4.7%
	Gly (G)
	11
	12.9%
	Phe (F)
	5
	5.9%



	Arg (R)
	4
	4.7%
	His (H)
	1
	1.2%
	Pro (P)
	2
	2.4%



	Asn (N)
	4
	4.7%
	Ile (I)
	1
	1.2%
	Ser (S)
	6
	7.1%



	Asp (D)
	8
	9.4%
	Leu (L)
	9
	10.6%
	Thr (T)
	7
	8.2%



	Gln (Q)
	1
	1.2%
	Lys (K)
	1
	1.2%
	Tyr (Y)
	7
	8.2%



	Glu (Q)
	4
	4.7%
	Met (M)
	2
	2.4%
	Val (V)
	4
	4.7%



	Cys (C)
	4
	4.7%
	
	
	
	
	
	










 





Table 2. Amino acid composition of Bx-cpi.
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	Amino acids
	Number
	Percentage
	Amino Acids
	Number
	Percentage
	Amino Acids
	Number
	Percentage





	Ala (A)
	10
	8.1%
	Gly (G)
	4
	3.2%
	Phe (F)
	7
	5.6%



	Arg (R)
	4
	3.2%
	His (H)
	7
	5.6%
	Pro (P)
	5
	4.0%



	Asn (N)
	2
	1.6%
	Ile (I)
	5
	4.0%
	Ser (S)
	4
	3.2%



	Asp (D)
	3
	2.4%
	Leu (L)
	13
	10.5%
	Thr (T)
	3
	2.4%



	Gln (Q)
	14
	11.3%
	Lys (K)
	18
	14.5%
	Val (V)
	22
	17.7%



	Glu (Q)
	2
	1.6%
	Met (M)
	1
	0.8%
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