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Abstract

:

Simple Summary


Sirex noctilio, as a devastating international forestry quarantine pest whose venom can cause a series of physiological changes in the host plants, such as needle wilting, yellowing, decreased transpiration rate and increased respiration rate, etc. In this study, a full-length reference transcript of Pinus sylvestris var. mongolica was constructed by combining second- and third-generation transcriptome sequencing technologies. We also identified the specific expression genes and transcription factors of P. sylvestris var. mongolica under S. noctilio venom and wounding stress. S. noctilio venom mainly induced the expression of genes related to ROS, GAPDH and GPX, and mechanical damage mainly induced the photosynthesis−related genes. The results provide a better understanding of the molecular regulation of pine trees in response to S. noctilio venom.




Abstract


Sirex noctilio is a major international quarantine pest that recently emerged in northeast China to specifically invade conifers. During female oviposition, venom is injected into the host together with its symbiotic fungus to alter the normal Pinus physiology and weaken or even kill the tree. In China, the Mongolian pine (Pinus sylvestris var. mongolica), an important wind-proof and sand-fixing species, is the unique host of S. noctilio. To explore the interplay between S. noctilio venom and Mongolian pine, we performed a transcriptome comparative analysis of a 10-year-old Mongolian pine after wounding and inoculation with S. noctilio venom. The analysis was performed at 12 h, 24 h and 72 h. PacBio ISO-seq was used and integrated with RNA-seq to construct an accurate full-length transcriptomic database. We obtained 52,963 high-precision unigenes, consisting of 48,654 (91.86%) unigenes that were BLASTed to known sequences in the public database and 4309 unigenes without any annotation information, which were presumed to be new genes. The number of differentially expressed genes (DEGs) increased with the treatment time, and the DEGs were most abundant at 72 h. A total of 706 inoculation-specific DEGs (475 upregulated and 231 downregulated) and 387 wounding-specific DEGs (183 upregulated and 204 downregulated) were identified compared with the control. Under venom stress, we identified 6 DEGs associated with reactive oxygen species (ROS) and 20 resistance genes in Mongolian pine. Overall, 52 transcription factors (TFs) were found under venom stress, 45 of which belonged to the AP2/ERF TF family and were upregulated. A total of 13 genes related to the photosystem, 3 genes related photo-regulation, and 9 TFs were identified under wounding stress. In conclusion, several novel putative genes were found in Mongolian pine by PacBio ISO seq. Meanwhile, we also identified various genes that were resistant to S. noctilio venom, such as GAPDH, GPX, CAT, FL2, CERK1, and HSP83A, etc.
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Key Contribution: The study is the first to construct the full-length transcriptome of P. sylvestris var. mongolica, and we identified and analyzed 706 DEGs specifically induced by S. noctilio venom combined with NGS technology. The work carried out in this study will hopefully help researchers to better understand the interaction mechanism between Siricidae insects and host plants.










1. Introduction


Mongolian pine (Pinus sylvestris var. mongolica), a geographical variety of Scots pine (P. sylvestris), is naturally distributed in the Daxinganling Mountains and the Honghuaerji of Hulunbuir in northeast China, as well as in some parts of Russia and Mongolia [1]. It exhibits a high tolerance to cold, drought, and low soil fertility, thereby exhibiting strong adaptability and rapid growth [2,3]. Owing to these characteristics, Mongolian pine is currently the main coniferous plant that is utilized for windbreaking and sand fixation in the 3-North area of China, and thus plays a role in environmental protection and ecological construction. However, Sirex noctilio Fabricius (Hymenoptera: Siricidae), an invasive pest, was first identified in Daqing, Heilongjiang Province, northeast China, which specifically invaded P. sylvestris var. mongolica and caused tremendous economic losses and ecological damage [4]. To date, it has been spread to several provinces in China [5,6].



S. noctilio is a wood-wasp species native to Eurasia and North Africa. In the native range, the females attack only weak or dying Pinus spp. and are thus considered to be a secondary pest of negligible economic or ecological impact [7,8,9,10]. By contrast, S. noctilio is a major pest in invasive sites that causes damage and even kills a large number of healthy pines; for example, it has destroyed 70% of P. radiata in Uruguay, 30% of P. taeda and P. elliotii in northeast Argentina, and 75% P. ponderosa and P. contorta in southwest Argentina [11]. Thus, S. noctilio has a variety of hosts, which can cause great economic losses to the forestry of the invasive sites.



The females inject venom and symbiotic fungus together with eggs as they oviposit into the xylem of the host pines [12,13,14,15]. The synergetic effect of the venom and fungus is lethal to the host, although the venom alone can weaken trees by causing needle wilt and yellowing [16,17]. Studies have shown that the venom induces a series of physiological changes in the host that weaken the host’s defense response and hence contribute to the growth of symbiotic fungus and the development of eggs [15]. These physiological changes include those related to needle dry weight, starch accumulation, peroxidase and amylase activity, respiration rate, and leaf pressure [18,19]. In addition, a few studies have used molecular methods to investigate the effects of the venom on the host plant. For example, in a study, the gene expression of pine tissue responding to S. noctilio venom was determined using a 26,496-feature loblolly pine cDNA microarray [20].



With the advancement of molecular-biology techniques, RNA-seq has become an indispensable tool for the analysis of defense gene expression and regulation in the transcriptome. The technique has been extensively used to study the response of conifers such as P. halepensis [21], P. tecunumanii [22], and Picea sitchensis [23] to biotic and abiotic stresses. However, for species lacking a reference genome, most genes obtained by RNA-seq were assembled from short reads. In this study, we obtained the full-length transcriptome of P. sylvestris var. mongolica for the first time by using the PacBio sequencing approach. Furthermore, we systematically identified and analyzed the functions and signaling pathways of differentially expressed genes (DEGs), and the molecular mechanisms of needles in response to venom and wounding stress. The study results may deepen our understanding of the molecular mechanism of the P. sylvestris var. mongolica resistance to S. noctilio venom, as well as help in identifying resistance-related genes and promoting genetic improvement.




2. Materials and Methods


2.1. Venom and Plant-Material Collection and Inoculation Trial


S. noctilio females obtained from the Biosafety Laboratory in Beijing Forestry University (BFU, Beijing, China) were immediately stored at −80 °C after their emergence from pine (P. sylvestris var. mongolica) logs infested by S. noctilio. Frozen wood wasps were dissected on ice to isolate the venom sac under a microscope (×40) (Leica M205C, Heidelberg, Germany). The pooled venom sac was added into a 1.5 mL centrifuge tube with four steel balls (diameter = 0.4 mm), and the mixture was shaken three times (2 min each time, frequency = 40/s). Then, the mixture was diluted to a 20 mg/mL concentration in a solution with deionized water. The resultant solution was centrifuged at 16,000× g and 4 °C for 30 min to remove cell debris, and the supernatant was stored at −20 °C until inoculation.



The inoculation experiments were conducted in approximately 10-year-old planted P. sylvestris var. mongolica, which were derived from a single seed lot and located in Ergetu Pine Plantation of Ulanhot CT, northeast China. Nine healthy pine trees with similar heights (174 ± 9 cm) and diameters at breast height (3.82 ± 0.22 cm) were used in the experiment that involved three treatments, namely control (non-inoculated), inoculated, and wounded. For inoculated and wounded samples, two 1.5 cm-deep holes were drilled at the 20 cm and 25 cm heights of the trunk with a cordless drill (6 mm diameter) and angled down by 45 degrees in order to hold a total of 2 mL of 20 mg/mL S. noctilio venom or water. Each hole was wrapped with parafilm strips. 3–5 needles were cut with sterile scissors in 4 directions (east, south, north and west) on the annual shoots at the top of each pine tree. The leaf needles were collected at three time points (0 h, 24 h, and 72 h) and immediately placed in liquid nitrogen and brought back to the laboratory for storage at −80 °C until RNA extraction.




2.2. PacBio Iso-Seq Library Preparation and Sequencing


A total of 27 samples (3 treatments: control, inoculation, wounding × 3 time points: 0 h, 24 h, 72 h × 3 biological replicates) were used for RNA sequencing. Total RNA was extracted from needles by using the E.Z.N.A. Plant RNA Kit (OMEGA bio-tek, Norcross, GA, USA), according to the manufacturer’s protocol, and the RNA quality and concentration were measured using the NanoDrop 2000 Spectrophotometer (NanoDrop Products, Rockville, MD, USA). The RNA integrity number was assessed using Agilent 2100 Bioanalyzer (Agilent Technologies, Wilmington, DE, USA). The quality assessment of the 27 samples used for sequencing is shown in Table S1. Equal amounts of RNA from 27 samples (1 μg per sample) were pooled together to form total RNA, and then the SMART library was prepared using 5 μg total RNA. After PCR amplification, the products were used to construct the SMRTbell template library using the Iso-Seq protocol. Then, the libraries were prepared for sequencing by annealing a sequencing primer and binding polymerase to the primer-annealed template.




2.3. Iso-Seq Data Analysis


The raw polymerase reads were processed using the SMRT Pipe analysis workflow with default parameters. Next, CCSs were obtained through conditional screening (full passes of 1 and quality of 0.9) from the subread files. The CCSs were further classified into FL and non-full-length (nFL) transcripts irrespective of the presence of the 5′ primer sequence, 3′ primer sequence, and a poly-A tail. Full-length non-chimera (FLnc) reads were subjected to isoform-level clustering, followed by arrow polishing with the nFL sequence (hq_quiver_min_accuracy 0.99, bin_by_primer false, bin_size_kb 1, qv_trim_5p 100, qv_trim_3p 30). These polished sequences were further corrected, and redundant sequences were removed using the CD-HIT software (-c 0.99 -G 0 -aL 0.00 -aS 0.99 -AS 30 -M 0 -d 0 -p 1) to obtain the non-redundant, non-chimeric, and full-length transcripts for subsequent analysis (https://github.com/weizhongli/cdhit/wiki/3, accessed on 12 March 2022).




2.4. Illumina Library Preparation and Sequencing


The Illumina library was constructed using the TruseqTM RNA sample prep Kit (Illumina, San Diego, CA, USA). Briefly, polyadenylated mRNA was randomly disrupted into fragments. Under the action of reverse transcriptase, first-strand cDNA was generated using random hexamer primers (Invitrogen, Carlsbad, CA, USA), followed by second-strand cDNA synthesis. The purified fragmented cDNA was subjected to end-repair, followed by A-tailing. The final cDNA library was obtained by PCR enrichment and quantified using the TBS-380 (Tuner Biosystems, Sunnyvale, CA, USA). Finally, Illumina NovaSeq 6000 was used for sequencing.




2.5. Gene Functional Annotation


Full-length transcripts were annotated by performing BLASTX searches against six public databases, namely NR, KEGG, COG, Pfam, and Swiss-Prot, using the Blast2GO program for GO annotation based on NR annotation. The cut off E-value < 10−5 was used in BLAST analysis against these databases.




2.6. Quantification of Unigene Expression Levels and Analysis of DEGs


To determine the difference in the gene expression of P. sylvestris var. mongolica under different treatments, we identified the gene-expression level of each sample by using RSEM software with the default parameters [24]. All clean data generated by Illumina sequencing were mapped to the full-length transcripts, and the read count of each gene was obtained in P. sylvestris var. mongolica. All the read-count values were converted into the TPM value to calculate the expression of each gene [25].



DEG analysis between the venom-stressed and control samples and between the wounding-stressed and control samples was performed using the DESeq R package (1.10.1) [26]. Significant DEGs were assigned with thresholds based on the false-discovery rate (FDR) < 0.05 and log2|fold change| ≥ 1. GO and KEGG enrichment analyses for all DEGs were performed using the Python goatools package and KOBAS software. The potential TFs of DEGs were identified using the BLAST method with the PlantTFDB 4.0 database.





3. Results


3.1. Full-Length Transcriptome Sequencing


The RNA of all samples was mixed for third-generation sequencing (TGS) by using the PacBio Sequel platform. A total of 6,588,055 subreads were generated by filtering the raw data with an average length of 3625 bp and an N50 value of 4581 bp. Then, we obtained 849,415,352 bp circular consensus sequences (CCS) (199,841 reads of insert) with an average length of 4250 bp through conditional screening (full passes ≥ 1, quality > 0.90). The number of full-length (FL) and full-length nonchimeric (FLnc) reads was 163,130 and 162,036, respectively, with the corresponding average length of the two reads being 4232 and 4184 (Table 1).



The advantage of the TGS technology by using the PacBio platform is that it provides long read lengths, although its single-base-error rate is high. To further improve the accuracy, we also sequenced 27 samples of the needles by using the Illumina NovaSeq 6000 platform (Illumina, Sam Diego, CA, USA) with 300 bp pair-end reads. Redundant and similar sequences were removed using CD-HIT software. Finally, 52,963 unigenes with an average length of 1801 bp were obtained and considered the reference transcriptome, and the length distribution of unigenes is shown in Figure S1.




3.2. Functional Annotation of the Full-Length Reference Transcriptome


To determine the possible functions of unigenes in Pinus, we analyzed a total of 52,963 unigenes by using six databases, namely NCBI nonredundant protein (NR), Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups of proteins (COG), Swiss-Prot, and Protein Family (Pfam). Overall, 48,654 (91.86%) unigenes were annotated to known sequences in public database, whereas 20,172 (38.09%) unigenes were simultaneously annotated in six databases. As shown in Figure 1A, the number of unigene hits was the highest (48,228; 91.06% and 44,087; 83.24%) in the Nr database, followed by those in the GO database (41,580; 78.51%), Swiss-Prot database (39,332; 74.26%), Pfam database (37,874; 71.51%), and KEGG database (25,157; 47.50%). According to the sequence alignment in the NR database, 24,848 (51.52%) sequences had significant homology against P. sitchensis, followed by those against Amborella trichopoda (3462, 7.18%), Nelumbo nucifera (1489, 3.09%), Cinnamomum micranthum (1364, 2.83%), Macleaya cordata (775, 1.61%), P. taeda (736, 1.53%), Vitis vinifera (611, 1.27%), P. tabuliformis (608, 1.26%), P. sylvestris (600, 1.24%), and Elaeis guineensis (570, 1.18%). Nevertheless, 28.47% of the sequences were homologous to those of other species (Figure 1B).



For the GO analysis, 41,580 unigenes were divided into 52 categories, namely molecular function (MF, 33,774), cellular component (CC, 27,629), and biological process (BP, 22,787). Of the total, 16 categories belonged to MF, 14 categories belonged to CC, and 22 categories belonged to BP (Figure 2A). To further profile the pathways in which the unigenes are involved, we conducted an analysis based on the KEGG database. A total of 25,157 unigenes were classified into five metabolic pathways (first category) and were found to be mainly associated with carbohydrate metabolism (3057, 12.15%), followed by energy metabolism (2445, 9.72%) and translation (2151, 8.55%) (Figure 2B).



Furthermore, we also predicted 1017 unigenes, which were assigned to the 31 TF family. The three most abundant unigenes were MYB (170), AP2/ERF (130) and NAC (87) (Figure S2).




3.3. Identification of DEGs


Libraries obtained from the control, wounded, and inoculated samples were mapped to the reference transcripts from the PacBio ISO-seq. The matched rate of all the clean reads was >80% (Table S2). The difference in the expression levels between two groups was determined based on the transcripts-per-million (TPM) value. Samples that were inoculated with venom, wounded, and those without any treatment were replaced with PI, PW and CK, respectively. For inoculation, we identified a total of 266 DEGs (139 upregulated and 127 downregulated) between PI_0 hand PI_24 h, 995 DEGs (802 upregulated and 193 downregulated) between PI_24 h and PI_72 h, and 1253 DEGs (905 upregulated and 348 downregulated) between PW_0 hand PI_72 h. For wounding treatment, we identified 301 DEGs (111 upregulated and 190 downregulated) between PW_0 h and PW_24 h, 365 DEGs (258 upregulated and 107 downregulated) between PW_24 h and PW_72 h, and 1,193 DEGs (602 upregulated and 591 downregulated) between PW_0 h and PW_72 h. These results show that the number of DEGs increased with an increase in the treatment time. For example, the number of DEGs after 72 h of inoculation was 1253, which was approximately five times higher than that after 24 h of inoculation (266) (Figure 3).




3.4. Analysis of DEGs in Wounded and Inoculated Mongolian Pine at 72 h


Among the three time points, the specific-treatment time point was 72 h, at which the DEGs were most abundant. Therefore, the 72 h time point was used for subsequent treatments. Compared the CK_72 h, 825 DEGs were induced by S. noctilio venom, 506 DEGs were induced by wounding, and 119 DEGs were co-induced by venom and wounding.



3.4.1. Analysis of Inoculation-Specific DEGs


Among the 825 DEGs between control and inoculation, 559 genes were upregulated, and 266 genes were downregulated. A total of 706 inoculation-specific DEGs (474 upregulated and 232 downregulated) were identified after removing the DEGs common to wounding and inoculation (Table S3).



To investigate the molecular mechanisms that regulate interactions and coordination of pine under S. noctilio venom-specific presentation, a GO enrichment analysis (top 20) of these 706 DEGs was performed, which indicated that inoculation affected 12 MF categories, as well as seven BP and one CC. The most significantly enriched MF categories were “ADP binding” (31 upregulated and 3 downregulated), “transcription-regulator activity” (46 upregulated and 1 downregulated), and “DNA-binding transcription-factor activity” (45 upregulated and 1 downregulated). Only one CC category was found to be significantly enriched, namely “nucleus” (68 upregulated and 12 downregulated), whereas “signal transduction” (45 upregulated and 1 downregulated), “xyloglucan metabolic process”, and “hemicellulose metabolic process” were the most significantly enriched BP categories. Notably, all six genes enriched in the “xyloglucan metabolic process” and “hemicellulose metabolic process” categories were upregulated and identical (Figure 4A). Of these, five genes were annotated as “xyloglucan endotransglucosylase/hydrolase 2”, whereas one gene was annotated as “unknown” in the NR database.



Furthermore, the KEGG-pathway enrichment analyses of 706 DEGs were performed, and these DEGs were assigned to 80 KEGG pathways. The top 20 pathways were screened as having the most intensive response activities. The most significantly enriched pathways were “plant–pathogen interaction”, “arginine biosynthesis”, “biosynthesis of unsaturated fatty acids”, “necroptosis”, and “fatty-acid elongation” (Figure 4B).




3.4.2. Analysis of Wounding-Specific DEGs


A total of 506 DEGs were identified by comparing the gene-expression levels under wound treatment with those under control treatment. A total of 387 DEGs were differentially expressed specifically after wounding; of these, 183 DEGs were upregulated and 204 DEGs were downregulated. GO enrichment analysis (top 20) of the 387 DEGs showed that wounding affected 4 MF, 13 CC, and 3 BP categories. Seven exactly identical genes were assigned to the most significantly enriched MF categories, namely “inositol 3-alpha-galactosyltransferase activity”, “glucuronosyltransferase activity”, and “UDP-galactosyltransferase activity”. Six DEGs were assigned to the most significantly enriched CC categories, namely “photosystem II antenna complex”, “PSII-associated light-harvesting complex II”, and “light-harvesting complex”. The significantly enriched BP categories were “photosynthesis”, light harvesting”, “photosystem II assembly”, and “nonphotochemical quenching” (Figure 5A).



The wound-specific DEGs were also subjected to KEGG enrichment analysis and were assigned to 83 metabolism pathways. The top 20 significantly enriched pathways are shown in Figure 5B and were divided into four categories, namely “metabolism (M)”, “cellular processes (CP)”, “genetic information processing (GIP)”, and “organismal systems (OS)”. The most significantly enriched M categories were “photosynthesis-antenna proteins”, “galactose metabolism”, “pentose and glucuronate interconversions”. In CP and GIP, only one category was enriched, namely “RNA degradation” and “necroptosis”, respectively.




3.4.3. DEGs Induced by Inoculation and Wounding


A total of 119 common DEGs (85 upregulated and 34 downregulated) were induced by inoculation and wounding compared with the control. The top 20 categories of significant GO enrichment are shown in Figure 6A. Interestingly, seven DEGs were simultaneously enriched in “amide binding” and “peptide binding”. Four of these seven DEGs were enriched in “chloroplast-targeting sequence binding”, “intrinsic component of chloroplast outer membrane”, and “protein targeting to chloroplast”. However, the annotation information of these seven genes is “unknown” in the NR database. Subsequently, the KEGG enrichment analysis showed that the most significantly enriched categories were “nitrogen metabolism”, “photosynthesis-antenna proteins”, and “glutathione metabolism” (Figure 6B). Notably, most of the categories were related to the chloroplast and photosynthesis.





3.5. Transcription Factors (TFs) in Response to Inoculation and Wounding in P. sylvestris var. mongolica


Of the 706 DEGs specifically induced by S. noctilio venom, we identified 7 TF families with 52 DEGs (50 upregulated and 2 downregulated). Among these TFs, the largest number of genes (46) belonged to the ethylene-responsive-factor (AP2) family, with 45 genes being upregulated and 1 gene being downregulated. The number of other TFs, including Zf-CCCH, Zf-C2H2, Myb_DNA_bind, GRAS, DUF573, and DUF260, was small. For wounding-specific DEGs, four TFs were identified with only nine DEGs. The number of genes for AP2, Myb_DNA_bind, and NAM and DUF260 was 4, 3, and 1, respectively. Of the 119 DEGs induced by inoculation and wounding, only 6 DEGs belonged to the three TFs, AP2, Myb_DNA_bind, and DUF260 (Table 2).





4. Discussion


In the past decade, short-read RNA-seq (next-generation sequencing) has been widely used for genetic discovery and research [27]. However, a limitation of the second-generation technologies is that the length of sequenced fragments is usually less than 300 bp [28]. Moreover, obtaining a complete and reliable reference for species without reference genomes is challenging. The third-generation sequencing technique, that is, single-molecule sequencing, which can be used to generate full-length transcripts and near-reference-genome assembly for some species, can reveal the full structure of individual transcripts [29,30]. The present study is the first to conduct transcriptome sequencing of P. sylvestris var. mongolica needles by using the single-molecule-sequencing technique. A total of 52,963 full-length unigenes (average length, 3625 bp; N50 value, 4581 bp) were generated, which is more than that generated in a previous study (39,231) (N50 value of 1646 bp) [31]. Additionally, the annotated percentage (48,654, 91.86%) of these full-length unigenes was significantly higher than that reported in previous studies [32,33]. The remaining 4309 (8.14%) unannotated unigenes possibly represent a novel gene pool that is specific to the common P. sylvestris var. mongolica. The potential function of these unannotated genes and their response to S. noctilio venom or wounding warrant further investigation.



4.1. Signaling Pathways Involved in the Response of P. sylvestris var. mongolica to Wounding and Inoculation


Plant responses to biological stress are extremely complex because of the presence of various types of interactions between the plant and the pathogen [34]. These interactions serve as the multi-layered immune system that has emerged during plant evolution to prevent or block the colonization of most potential pathogens [35,36]. This in turn promotes the production of specific resistant proteins in plants to recognize pathogen/insect effects [37]. Consistently, in the present study, we found the “plant–pathogen interaction” as the most significant KEGG pathway during the 72 h inoculation (Table S4). Among these genes, those encoding CAM/CML were the most significantly upregulated. During the plant–pathogen interaction, calcium is considered to be an important factor for regulating plant responses to various pathogens and herbivores [38]. Ca2+ signaling by CaM/CML produces NO, which induces defense responses [39]. The CaM/CML protein family regulates cellular responses to various stimuli in grapevine, particularly to biotic stresses [40]. Trujillo-Moya et al. reported a similar conclusion on P. abies [41]. In addition, the genes encoding FLAGELLIN-SENSING 2 (FL2), CERK1, and HSP83A were upregulated, all of which have been found to play crucial roles in biotic and abiotic stresses (Table 3) [42,43,44].



Photosynthesis is the most fundamental and complex physiological process in all green plants, and this process is also severely affected by various biotic and abiotic stresses [45]. The photosynthetic pigments are believed to be damaged by stress factors, which in turn reduces the photosynthetic capacity by reducing the light-absorption efficiency of the photosystem (PSI and PSII) [46,47]. The KEGG-pathway enrichment analysis of the DEGs induced by mechanical specificity and the co-induced DEGs showed that the most significantly enriched pathways were “photosynthesis−antenna proteins” and “nitrogen metabolism”. The genes involved in the nitrogen-metabolism pathway were annotated as carbonic anhydrase and glutamine synthetase cytosolic isozyme, both of which were upregulated (Tables S5 and S6). Carbonic anhydrase is an essential enzyme in photosynthesis that exhibits the property of reversibly converting CO2 to HCO3− [48]. In general, wounding mainly induces the differential expression of genes related to photosynthetic metabolic pathways in P. sylvestris var. mongolica.




4.2. Expression of Typical Venom-Induced Genes in Mongolian Pine


Under stress, plants regulate their homeostatic mechanisms by generating excess ROS, and have evolved with some enzymatic or non-enzymatic detoxification mechanisms to control the excess accumulation of ROS [49,50,51]. In our study, a total of 706 genes were differentially expressed specifically under venom stress. Of these, we found six DEGs associated with reactive oxygen species (ROS), of which three encode glyceraldehyde-phosphate dehydrogenase (GAPDH), two encode glutathione peroxidase (GPX) and one encodes catalase (CAT). In addition, we also found five DEGs encoding Xyloglucan endotransglucosylase/hydrolase 2 (XTH2), five putative truncated TIR-NBS-LRR protein, four polyubiquitin, three UDP-glycosyltransferase (UGT), two Hs1pro-1 and one pleiotropic drug-resistance (PDR) protein 1. One of these was a downregulated DEG, and the others were upregulated DEGs. These genes have been shown to be involved in regulating plant immune responses to biological or abiotic stresses, e.g., XTH expression could be rapidly induced in response to various stresses in tobacco [52]. The C-termini of the five putative truncated TIR-NBS-LRR proteins contain a variable LRR domain, which is the most significant structural feature of plant disease-resistance proteins [53]. All of these genes exhibited significantly induced expression 72 h after venom stress, but the expression of these genes was not significant under wounding stress (Table 4). As a related species of S. noctilio, Sirex nitobei venom proteins have been identified, such as laccase-2, laccase-3, a protein belonging to the Kazal family, chito-oligosaccharidolytic β-N-acetylglucosaminidase, beta-galactosidase, etc. These venom proteins may be the key factors to inducing gene-specific expression in P. sylvestris var. mongolica [54]. Therefore, the DEGs induced by S. noctilio venom were identified as the candidate genes that enhance the self-tolerance of P. sylvestris var. mongolica, especially for S. noctilio. We recommend that researchers study these genes in more detail.




4.3. Expression of Typical Wounding-Induced Genes in Mongolian Pine


Under wounding stress, the results showed that 387 DEGs were specifically regulated. Photosynthesis is essential for plant growth and development. It involves the harvesting of light and transfer of solar energy, using light-harvesting chlorophyll-a/b-binding (LHC) proteins. The LHC proteins are among the most abundant in thylakoids, which are encoded by nuclear genes. In high plants, LHC proteins include a large gene family containing 10–12 members, constituting the peripheral light-harvesting antenna of photosystem I (PSI) and photosystem II (PSII). LHCAs are encoded by Lhca1–Lhca6, and LHCBs are encoded by Lhcb1–6 [55,56,57,58]. We found 13 DEGs associated with photosynthesis, 6 encoding Lhcb5 protein, 4 encoding LHC protein, partial, 2 encoding oxygen-evolving enhancer protein 1 (OEE) and 1 encoding Lhca4 protein, 5 of which were upregulated and the others were downregulated (Table 5). Many studies have indicated that LHC gene expression is regulated by multiple environmental and developmental cues in higher plants, such as light, oxidative stress, low temperatures, and phytohormone abscisic acid [59,60,61,62]. In addition, we also found three casein kinase 1-like protein HD16s, which can change the alteration of photoperiod sensitivity to enhance the adaptability to local environmental conditions in many plants [63]. Therefore, we hypothesize that these genes still function after the plants are subjected to wounding stress.




4.4. The Role of TFs in Response to Inoculation and Wounding


Families of TFs, as activators and repressors, play an important role in plant resistance to biotic and abiotic stresses [64,65]. In higher plants, approximately 60 TF families have been identified [66], which include AP2/ERF, MYB, and C2H2. The APETALA2/ethylene-responsive element-binding factors (AP2/ERF) represent a large group of factors that are found mainly in plants [67,68,69]. AP2/ERF are the important regulators involved in plant growth and development [70,71], hormonal regulation, and abiotic stress [72]. They also play a crucial role in plants’ defense against biotic stress, including invasion by herbivorous insects and microbial pathogens [73]. In this study, we identified 46 (88.46%) DEGs (45 upregulated and 1 downregulated) associated with the AP2/ERF family, all of which were annotated as ERF in the Swiss-Prot database. However, only four AP2/ERFs were present in wound-specific and co-induced DEGs. The ERF TFs enhance plant resistance to piercing/sucking or chewing insects by stimulating the accumulation of SA, JA, and H2O2 [74]. Thus, P. sylvestris var. mongolica mainly upregulated the genes encoding ERF in response to S. noctilio venom stress. In addition, three upregulated TFs and one downregulated TF, belonging to the GRAS, C3H, C2H2, and GeBP families, respectively, were induced specifically under venom stress. Previous studies have reported that the TF A. thaliana GeBP-LIKE 4 was rapidly induced in root tips in response to toxic metals [75]. GRAS-family proteins are present only in plants and not in any other organisms, suggesting that these proteins represent an important and diverse set of regulatory molecules [76]. Moreover, the C3H-family proteins have been reported to participate in lignin synthesis in plants, and the C3H gene downregulation could reduce the lignin content in rice straw. Taken together, most of the TF family members exhibited an inducible expression profile under venom stress in P. sylvestris var. mongolica, which indicates that these TFs play a vital role in modulating needle signal transduction and molecular regulation.





5. Conclusions


In this study, 4309 (8.14%) new genes of P. sylvestris var. mongolica were obtained by combining the PacBio ISO-seq and Illumina RNA-seq technology. Under S. noctilio and wounding stress, 825 and 506 genes were differentially expressed, respectively, and 119 DEGs were present in both types of stresses. This information provides additional resources to identify and unearth important genes in P. sylvestris var. mongolica. Inoculation-specific and wounding-specific DEGs were significantly enriched in “plant–pathogen interaction” and “photosynthesis-antenna proteins”. In addition, S. noctilio venom mainly caused the differential expression of pine resistance genes, such as GAPDH, GPX, CAT, FL2, etc. However, wounding only caused the differential expression of photosynthesis-related genes such as Lhcb5 protein, LHC protein and OEE, etc.
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Iede, E.T.; Zanetti, R. Ocorrência e recomendações para o manejo de Sirex noctilio Fabricius (Hymenoptera, Siricidae) em plantios de Pinus patula (Pinaceae) em Minas Gerais, Brasil. Rev. Bras. Entomol. 2007, 51, 529–531. [Google Scholar] [CrossRef]

	



Bordeaux, J.M.; Lorenz, W.W.; Dean, J.F. Biomarker genes highlight intraspecific and interspecific variations in the responses of Pinus taeda L. and Pinus radiata D. Don to Sirex noctilio F. acid gland secretions. Tree Physiol. 2012, 32, 1302–1312. [Google Scholar] [CrossRef]

	



Fox, H.; Doron-Faigenboim, A.; Kelly, G.; Bourstein, R.; Attia, Z.; Zhou, J.; Moshe, Y.; Moshelion, M.; David-Schwartz, R. Transcriptome analysis of Pinus halepensis under drought stress and during recovery. Tree Physiol. 2017, 38, 423–441. [Google Scholar] [CrossRef]

	



Visser, E.A.; Wegrzyn, J.L.; Myburg, A.A.; Naidoo, S. Defence transcriptome assembly and pathogenesis related gene family analysis in Pinus tecunumanii (low elevation). BMC Genom. 2018, 19, 632. [Google Scholar] [CrossRef]

	



Ralph, S.G.; Yueh, H.; Friedmann, M.; Aeschliman, D.; Zeznik, J.A.; Nelson, C.C.; Butterfield, Y.S.N.; Kirkpatrick, R.; Liu, J.; Jones, S.J.M.; et al. Conifer defence against insects: Microarray gene expression profiling of Sitka spruce (Picea sitchensis) induced by mechanical wounding or feeding by spruce budworms (Choristoneura occidentalis) or white pine weevils (Pissodes strobi) reveals large-scale changes of the host transcriptome. Plant Cell Environ. 2006, 29, 1545–1570. [Google Scholar] [CrossRef]

	



Li, B.; Ruotti, V.; Stewart, R.M.; Thomson, J.A.; Dewey, C.N. RNA-Seq gene expression estimation with read mapping uncertainty. Bioinformatics 2010, 26, 493–500. [Google Scholar] [CrossRef]

	



Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC Bioinform. 2011, 12, 323. [Google Scholar] [CrossRef]

	



Wang, L.; Feng, Z.; Wang, X.; Wang, X.; Zhang, X. DEGseq: An R package for identifying differentially expressed genes from RNA-seq data. Bioinformatics 2009, 26, 136–138. [Google Scholar] [CrossRef]

	



Yuan, H.; Yu, H.; Huang, T.; Shen, X.; Xia, J.; Pang, F.; Wang, J.; Zhao, M. The complexity of the Fragaria x ananassa (octoploid) transcriptome by single-molecule long-read sequencing. Hortic. Res. 2019, 6, 46. [Google Scholar] [CrossRef]

	



Steijger, T.; The RGASP Consortium; Abril, J.F.; Engström, P.G.; Kokocinski, F.; Hubbard, T.J.; Guigó, R.; Harrow, J.; Bertone, P. Assessment of transcript reconstruction methods for RNA-seq. Nat. Methods 2013, 10, 1177–1184. [Google Scholar] [CrossRef]

	



Abdel-Ghany, S.E.; Hamilton, M.; Jacobi, J.L.; Ngam, P.; Devitt, N.; Schilkey, F.; Ben-Hur, A.; Reddy, A.S.N. A survey of the sorghum transcriptome using single-molecule long reads. Nat. Commun. 2016, 7, 11706. [Google Scholar] [CrossRef]

	



Wang, B.; Tseng, E.; Regulski, M.; Clark, T.A.; Hon, T.; Jiao, Y.; Lu, Z.; Olson, A.; Stein, J.C.; Ware, D. Unveiling the complexity of the maize transcriptome by single-molecule long-read sequencing. Nat. Commun. 2016, 7, 11708. [Google Scholar] [CrossRef]

	



Jin, W.-T.; Gernandt, D.S.; Wehenkel, C.; Xia, X.-M.; Wei, X.-X.; Wang, X.-Q. Phylogenomic and ecological analyses reveal the spatiotemporal evolution of global pines. Proc. Natl. Acad. Sci. USA 2021, 118, e2022302118. [Google Scholar] [CrossRef]

	



Wachowiak, W.; Trivedi, U.; Perry, A.; Cavers, S. Comparative transcriptomics of a complex of four European pine species. BMC Genom. 2015, 16, 234. [Google Scholar] [CrossRef]

	



Vornam, B.; Leinemann, L.; Peters, F.S.; Wolff, A.; Leha, A.; Salinas, G.; Schumacher, J.; Gailing, O. Response of Scots pine (Pinus sylvestris) seedlings subjected to artificial infection with the fungus Sphaeropsis sapinea. Plant Mol. Biol. Rep. 2019, 37, 214–223. [Google Scholar] [CrossRef]

	



Zhang, Y.; Xu, K.; Pei, D.; Yu, D.; Zhang, J.; Li, X.; Chen, G.; Yang, H.; Zhou, W.; Li, C. ShORR-1, a Novel Tomato Gene, Confers Enhanced Host Resistance to Oidium neolycopersici. Front. Plant Sci. 2019, 10, 1400. [Google Scholar] [CrossRef]

	



Dodds, P.N.; Rathjen, J.P. Plant immunity: Towards an integrated view of plant–pathogen interactions. Nat. Rev. Genet. 2010, 11, 539–548. [Google Scholar] [CrossRef]

	



Peng, Y.; Van Wersch, R.; Zhang, Y. Convergent and Divergent Signaling in PAMP-Triggered Immunity and Effector-Triggered Immunity. Mol. Plant Microbe Interact. 2018, 31, 403–409. [Google Scholar] [CrossRef]

	



Gassmann, W.; Bhattacharjee, S. Effector-Triggered Immunity Signaling: From Gene-for-Gene Pathways to Protein-Protein Interaction Networks. Mol. Plant Microbe Interact. 2012, 25, 862–868. [Google Scholar] [CrossRef]

	



Meena, M.K.; Prajapati, R.; Krishna, D.; Divakaran, K.; Pandey, Y.; Reichelt, M.; Mathew, M.; Boland, W.; Mithöfer, A.; Vadassery, J. The Ca2+ Channel CNGC19 Regulates Arabidopsis Defense Against Spodoptera Herbivory. Plant Cell 2019, 31, 1539–1562. [Google Scholar] [CrossRef]

	



Cheval, C.; Aldon, D.; Galaud, J.-P.; Ranty, B. Calcium/calmodulin-mediated regulation of plant immunity. Biochim. Biophys. Acta 2013, 1833, 1766–1771. [Google Scholar] [CrossRef]

	



Vandelle, E.; Vannozzi, A.; Wong, D.; Danzi, D.; Digby, A.-M.; Santo, S.D.; Astegno, A. Identification, characterization, and expression analysis of calmodulin and calmodulin-like genes in grapevine (Vitis vinifera) reveal likely roles in stress responses. Plant Physiol. Biochem. 2018, 129, 221–237. [Google Scholar] [CrossRef]

	



Trujillo-Moya, C.; Ganthaler, A.; Stöggl, W.; Kranner, I.; Schüler, S.; Ertl, R.; Schlosser, S.; George, J.-P.; Mayr, S. RNA-Seq and secondary metabolite analyses reveal a putative defence-transcriptome in Norway spruce (Picea abies) against needle bladder rust (Chrysomyxa rhododendri) infection. BMC Genom. 2020, 21, 336. [Google Scholar] [CrossRef]

	



Orosa, B.; Yates, G.; Verma, V.; Srivastava, A.K.; Srivastava, M.; Campanaro, A.; De Vega, D.; Fernandes, A.; Zhang, C.; Lee, J.; et al. SUMO conjugation to the pattern recognition receptor FLS2 triggers intracellular signalling in plant innate immunity. Nat. Commun. 2018, 9, 5185. [Google Scholar] [CrossRef]

	



Miya, A.; Albert, P.; Shinya, T.; Desaki, Y.; Ichimura, K.; Shirasu, K.; Narusaka, Y.; Kawakami, N.; Kaku, H.; Shibuya, N. CERK1, a LysM receptor kinase, is essential for chitin elicitor signaling in Arabidopsis. Proc. Natl. Acad. Sci. USA 2007, 104, 19613–19618. [Google Scholar] [CrossRef]

	



Perincherry, L.; Lalak-Kańczugowska, J.; Stępień, Ł. Fusarium-Produced Mycotoxins in Plant-Pathogen Interactions. Toxins 2019, 11, 664. [Google Scholar] [CrossRef]

	



Ashraf, M.; Harris, P.J.C. Photosynthesis under stressful environments: An overview. Photosynthetica 2013, 51, 163–190. [Google Scholar] [CrossRef]

	



Geissler, N.; Hussin, S.; Koyro, H.-W. Interactive effects of NaCl salinity and elevated atmospheric CO2 concentration on growth, photosynthesis, water relations and chemical composition of the potential cash crop halophyte Aster tripolium L. Environ. Exp. Bot. 2009, 65, 220–231. [Google Scholar] [CrossRef]

	



Zhang, L.-T.; Zhang, Z.-S.; Gao, H.-Y.; Xue, Z.-C.; Yang, C.; Meng, X.-L.; Meng, Q.-W. Mitochondrial alternative oxidase pathway protects plants against photoinhibition by alleviating inhibition of the repair of photodamaged PSII through preventing formation of reactive oxygen species in Rumex K-1 leaves. Physiol. Plant. 2011, 143, 396–407. [Google Scholar] [CrossRef]

	



Bhat, F.A.; Ganai, B.A.; Uqab, B. Carbonic anhydrase: Mechanism, structure and importance in higher plants. Asian J. Plant Sci. Res. 2017, 7, 17–23. [Google Scholar]

	



Henry, E.; Fung, N.; Liu, J.; Drakakaki, G.; Coaker, G. Beyond Glycolysis: GAPDHs Are Multi-functional Enzymes Involved in Regulation of ROS, Autophagy, and Plant Immune Responses. PLoS Genet. 2015, 11, e1005199. [Google Scholar] [CrossRef]

	



Islam, T.; Manna, M.; Kaul, T.; Pandey, S.; Reddy, C.S.; Reddy, M.K. Genome-Wide Dissection of Arabidopsis and Rice for the Identification and Expression Analysis of Glutathione Peroxidases Reveals Their Stress-Specific and Overlapping Response Patterns. Plant Mol. Biol. Rep. 2015, 33, 1413–1427. [Google Scholar] [CrossRef]

	



Mhamdi, A.; Queval, G.; Chaouch, S.; Vanderauwera, S.; Van Breusegem, F.; Noctor, G. Catalase function in plants: A focus on Arabidopsis mutants as stress-mimic models. J. Exp. Bot. 2010, 61, 4197–4220. [Google Scholar] [CrossRef]

	



Wang, M.; Xu, Z.; Ding, A.; Kong, Y. Genome-Wide Identification and Expression Profiling Analysis of the Xyloglucan Endotransglucosylase/Hydrolase Gene Family in Tobacco (Nicotiana tabacum L.). Genes 2018, 9, 273. [Google Scholar] [CrossRef]

	



Jones, J.D.G.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. [Google Scholar] [CrossRef]

	



Gao, C.; Ren, L.; Wang, M.; Wang, Z.; Fu, N.; Wang, H.; Wang, X.; Ao, T.; Du, W.; Zheng, Z.; et al. Proteo-Transcriptomic Characterization of Sirex nitobei (Hymenoptera: Siricidae) Venom. Toxins 2021, 13, 562. [Google Scholar] [CrossRef]

	



Daum, B.; Nicastro, D.; Austin, J.; McIntosh, J.R.; Kühlbrandt, W. Arrangement of Photosystem II and ATP Synthase in Chloroplast Membranes of Spinach and Pea. Plant Cell 2010, 22, 1299–1312. [Google Scholar] [CrossRef]

	



Dekker, J.P.; Boekema, E.J. Supramolecular organization of thylakoid membrane proteins in green plants. Biochim. Biophys. Acta 2005, 1706, 12–39. [Google Scholar] [CrossRef]

	



Green, B.R.; Durnford, D.G. The Chlorophyll-Carotenoid Proteins of Oxygenic Photosynthesis. Annu. Rev. Plant Biol. 1996, 47, 685–714. [Google Scholar] [CrossRef]

	



Jansson, S. A guide to the Lhc genes and their relatives in Arabidopsis. Trends Plant Sci. 1999, 4, 236–240. [Google Scholar] [CrossRef]

	



Caffarri, S.; Frigerio, S.; Olivieri, E.; Righetti, P.G.; Bassi, R. Differential accumulation of Lhcb gene products in thylakoid membranes of Zea mays plants grown under contrasting light and temperature conditions. Proteomics 2005, 5, 758–768. [Google Scholar] [CrossRef]

	



Ganeteg, U.; Kulheim, C.; Andersson, J.; Jansson, S. Is Each Light-Harvesting Complex Protein Important for Plant Fitness? Plant Physiol. 2004, 134, 502–509. [Google Scholar] [CrossRef]

	



Humbeck, K.; Krupinska, K. The abundance of minor chlorophyll a/b-binding proteins CP29 and LHCI of barley (Hordeum vulgare L.) during leaf senescence is controlled by light. J. Exp. Bot. 2003, 54, 375–383. [Google Scholar] [CrossRef]

	



Staneloni, R.J.; Rodriguez-Batiller, M.J.; Casal, J.J. Abscisic Acid, High-Light, and Oxidative Stress Down-Regulate a Photosynthetic Gene via a Promoter Motif Not Involved in Phytochrome-Mediated Transcriptional Regulation. Mol. Plant 2008, 1, 75–83. [Google Scholar] [CrossRef]

	



Jung, C.; Müller, A.E. Flowering time control and applications in plant breeding. Trends Plant Sci. 2009, 14, 563–573. [Google Scholar] [CrossRef]

	



Kiranmai, K.; Gunupuru, L.R.; Nareshkumar, A.; Reddy, V.A.; Lokesh, U.; Pandurangaiah, M.; Venkatesh, B.; Kirankumar, T.V.; Sudhakar, C. Expression Analysis of WRKY Transcription Factor Genes in Response to Abiotic Stresses in Horsegram (Macrotyloma uniflorum (Lam.) Verdc.). Am. J. Mol. Biol. 2016, 6, 125–137. [Google Scholar] [CrossRef]

	



Zhang, L.; Cheng, J.; Sun, X.; Zhao, T.; Li, M.; Wang, Q.; Li, S.; Xin, H. Overexpression of VaWRKY14 increases drought tolerance in Arabidopsis by modulating the expression of stress-related genes. Plant Cell Rep. 2018, 37, 1159–1172. [Google Scholar] [CrossRef]

	



Jin, J.; Tian, F.; Yang, D.-C.; Meng, Y.-Q.; Kong, L.; Luo, J.; Gao, G. PlantTFDB 4.0: Toward a central hub for transcription factors and regulatory interactions in plants. Nucleic Acids Res. 2016, 45, D1040–D1045. [Google Scholar] [CrossRef]

	



Okamuro, J.K.; Caster, B.; Villarroel, R.; Van Montagu, M.; Jofuku, K.D. The AP2 domain of APETALA2 defines a large new family of DNA binding proteins in Arabidopsis. Proc. Natl. Acad. Sci. USA 1997, 94, 7076–7081. [Google Scholar] [CrossRef]

	



Riechmann, J.L.; Meyerowitz, E.M. The AP2/EREBP family of plant transcription factors. Biol. Chem. 1998, 379, 633–646. [Google Scholar] [CrossRef]
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Figure 1. Unigene annotation of PacBio sequencing. (A) Overlap between the number of all unigenes according to five databases. (B) Distribution of unigene annotations based on the NR database for the species-distribution statistics. 
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Figure 2. GO and KEGG classification of unigenes. (A) GO functional classification of all unigenes. (B) KEGG classification of all unigenes. 
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Figure 3. Number of DEGs induced by wounding and inoculation at different times. 
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Figure 4. GO (A) and KEGG (B) analyses of DEGs induced by inoculation specificity. 
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Figure 5. GO (A) and KEGG (B) analysis of DEGs induced by wounding specificity. 






Figure 5. GO (A) and KEGG (B) analysis of DEGs induced by wounding specificity.



[image: Insects 13 00338 g005]







[image: Insects 13 00338 g006 550] 





Figure 6. GO (A) and KEGG (B) analysis of DEGs co-induced by inoculation and wounding. 
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Table 1. Summary of the transcriptome data from the PacBio platform.
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	Type
	Number





	Subread Reads
	6,588,055



	Average Subread Length
	3625



	Subread N50
	4581



	Total CCS
	199,841



	Average CCS Length (bp)
	4250



	FL Reads
	163,130



	FL Mean Length (bp)
	4232



	FLNC Reads
	162,036



	FLNC Mean Length (bp)
	4184



	Total Unigenes
	52,963



	Average Unigene Length (bp)
	1801



	TF number
	1017
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Table 2. TF statistics of DEGs under different treatment.
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TF Family

	
Number of TFs




	
Inoculation-Specific

	
Wounding-Specific

	
Co-Induced






	
AP2/ERF

	
46

	
4

	
4




	
LOB

	
1

	
1

	
1




	
MYB_superfamily

	
1

	
3

	
1




	
C2H2

	
1

	
N/A

	
N/A




	
C3H

	
1

	
N/A

	
N/A




	
GeBP

	
1

	
N/A

	
N/A




	
GRAS

	
1

	
N/A

	
N/A




	
NAC

	
N/A

	
1

	
N/A
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Table 3. The key DEGs involved in plant–pathogen interaction signaling pathway under the S. noctilio venom stress.
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	Gene_ID
	Swiss-Prot
	Log2FC(PI_72 h/CK_72 h)
	p-Value





	transcript_26258
	Probable disease-resistance protein At1g15890 Arabidopsis thaliana
	1.84
	2.31 × 10−6



	transcript_64802
	Calmodulin-like protein 3 Arabidopsis thaliana
	4.40
	3.95 × 10−7



	transcript_66692
	Putative calmodulin-3 (Fragment) Solanum tuberosum
	4.78
	2.69 × 10−8



	transcript_11085
	Calmodulin-like protein 2 Arabidopsis thaliana
	4.36
	1.26 × 10−15



	transcript_52365
	LRR receptor-like serine/threonine-protein kinase FLS2 Arabidopsis thaliana
	4.24
	5.83 × 10−5



	transcript_35906
	Heat-shock protein 83 Ipomoea nil
	2.25
	2.47 × 10−5



	transcript_25250
	Heat-shock protein 83 Ipomoea nil
	4.02
	3.52 × 10-4
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Table 4. DEGs expression under the S. noctilio venom stress of Mongolian pine.
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Annotation

	
Gene_ID

	
Log2FC(PI_72h/CK_72h)






	
GAPDH

	
transcript_53182

	
7.7805




	
transcript_44911

	
4.5701




	
transcript_1666

	
3.1995




	
GPX

	
transcript_43923

	
2.1892




	
transcript_54716

	
1.5788




	
CAT

	
transcript_40212

	
3.5800




	
XTH2

	
transcript_48021

	
4.9165




	
transcript_59698

	
3.7113




	
transcript_7449

	
3.3294




	
transcript_52674

	
2.7133




	
transcript_7326

	
2.5641




	
UGT

	
transcript_70636

	
2.6561




	
transcript_40291

	
1.7841




	
transcript_41406

	
1.6345




	
putative truncated TIR-NBS-LRR protein

	
transcript_20771

	
2.7826




	
transcript_19948

	
2.1045




	
transcript_19947

	
1.9758




	
transcript_21018

	
1.7106




	
transcript_20174

	
1.5549




	
polyubiquitin

	
transcript_65149

	
9.5582




	
transcript_55582

	
2.1239




	
transcript_5903

	
−1.554




	
transcript_6253

	
7.3522




	
PDR protein 1-like

	
transcript_37577

	
6.2179




	
Hs1pro-1

	
transcript_23455

	
2.1044




	
transcript_65743

	
2.1014
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Table 5. DEGs expression under wounding stress of Mongolian pine.






Table 5. DEGs expression under wounding stress of Mongolian pine.





	
Annotation

	
Gene_ID

	
Log2FC(PW_72 h/CK_72 h)






	
Lhcb5 protein

	
transcript_58449

	
10.3402




	
transcript_61176

	
9.1811




	
transcript_71238

	
5.2818




	
transcript_8414

	
2.5689




	
transcript_67898

	
−7.5324




	
transcript_15721

	
−9.1712




	
LHC protein, partial

	
transcript_73156

	
7.4302




	
transcript_67949

	
−2.3693




	
transcript_51999

	
−2.3040




	
transcript_47491

	
−2.4656




	
OEE

	
transcript_7777

	
−4.6929




	
transcript_5485

	
−2.0221




	
Lhca4 protein

	
transcript_49364

	
−2.3063




	
HD16

	
transcript_28611

	
−7.1177




	
transcript_31667

	
−9.0054




	
transcript_17461

	
−9.0169
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