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Abstract: Anoplophora glabripennis is one of the most devastating wood-boring beetles that attacks poplars. However, one poplar species, Populus deltoides, has strong resistance to Anoplophora glabripennis infestation, the underlying defense mechanisms against Anoplophora glabripennis are poorly understood. Secondary metabolites play a crucial role in plants to combat biological stress. Here, based on transcriptome and metabolome, we demonstrated that the mechanisms for responses to mechanical damage and insect infestation were different. The degree of reactions to adult groove production, larval incubation, and larval frass production was not identical. In addition, the potential genes with insect resistance activity were identified. Predominant differentially expressed genes (DEGs) found in the phloem of Populus deltoides include anthocyanidin 3-O-glucosyltransferase5 (PdUGT72E), peroxidase 73 (PdPod73), peroxidase A2 (PdPodA2) and macrophage migration inhibitory factor (PdMIF) responded to stress caused by Anoplophora glabripennis, which further resulted in activation of the plant defense system against insects via changes in regulation of metabolic pathways, such as tyrosine metabolism pathway, phenylpropanoid biosynthesis pathway and flavonoid biosynthesis pathway. Therefore, this work has laid a foundation for further unraveling the mechanisms involved in this interaction.
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1  Introduction

Worldwide, poplar has become an important tree species for addressing afforestation and for use in shelterbelts [1,2]. However, there is a wide variety of insect pests that feed on it including leaf-eating insects (e.g., Lymantria dispar). Lepidoptera. Micromelalopha troglodyte. Graeser and Sylepta derogata. Fabricius [3]; and stem borers, e.g., Asian longhorned beetle (ALB), that damage plant transport tissue affecting plant growth and leading to tree death [4]. Especially, since ALB is the main wood-boring insect of poplars, it is difficult to prevent and control ALB, which caused annual losses of $1.5 billion in China [5]. According to a survey done between 2001 and 2008, the United States and Europe have also invested significant human and financial resources into eradicating this pest [6]. Populus deltoides ‘Shalinyang’ (PdS), a new disease-resistant variety, is a cross between Populus deltoides cl. Nankang and Populus deltoides cl. 175, specifically bred for the challenging conditions of northwestern China. Adult emergence rates of ALB are low on PdS, indicating that PdS has strong resistance to insects [4], but the mechanism of this resistance is unclear.

Through prolonged co-evolution, plants have developed diverse mechanisms to defend themselves against insect herbivores [7]. Plant-induced defenses and the production of secondary metabolites for protection from insect attack have been widely studied. When facing threats, plants can produce diverse metabolites, these include glucosinolates, alkaloids, phenolics, terpenoids that act as repellents, anti-digestives, and herbivore-induced plant volatiles (HIPVs) [8]; and toxins that either affect growth and development of herbivores [3,9], disrupt their metabolism, or attract predators upon herbivore attack. For example, berberine and isoquinoline are alkaloids found in the roots and bark of P. Renault and can kill various microorganisms [10]. Therefore, secondary metabolites play a crucial role in plant responses to stress.

Herbivores not only induce a series of physiological and biochemical reactions but also activate defense genes, which lead to a reconfiguration of metabolic processes in plants. During responses to herbivore infestation, plants can initiate pathogen-associated molecular pattern (PAMPs)-triggered responses that induce alterations in proteins and transcription factors, leading to the regulation of a variety of specific functional genes [11]. The transcriptome-level analysis provides insights into the molecular mechanisms underlying the defense of Arachis hypogaea against the nematode Meloidogyne incognita. Additionally, relevant studies reveal the characteristics and expression patterns of the TCP (Teosinte-like Capping Protein) transcription factors family in Allium senescens when subjected to drought stress conditions [12]. It has been estimated that about 500 mRNAs constitute the insect-responsive transcriptome in tobacco [13]. Transcriptome analysis has been used to identify a range of genes related to particular traits, and already identified key genes associated with responses to insects and disease in poplar [14,15]; and abiotic stress [16]. The metabolome encompasses the dynamic changes of all metabolites within an organism, interacting with the genome, transcriptome, and proteome to regulate various biological processes [17]. Therefore, combining metabolomics with transcriptome analysis can effectively identify key genes linked to specific biological functions.

In light of the damage caused to PdS by the Asian longhorned beetle (ALB), there is a growing focus on discovering anti-pest mechanisms to mitigate this damage. Our study involved a comparative transcriptome analysis of PdS phloem tissue, examining the enrichment of differentially expressed genes (DEGs) in response to both mechanical injury and insect infestation. We classified the enriched DEGs associated with secondary metabolic pathways to pinpoint the specific genes that respond to ALB attacks, followed by functional validation using real-time PCR. Ultimately, through a comprehensive analysis of transcriptomics and metabolomics, we identified the most significant relationships between differentially accumulated metabolites (DAMs) and DEGs. This screening highlights potential target factors for further investigation into the anti-pest mechanisms in PdS.

2  Materials and Methods

2.1 Experimental Material

The sample of Populus deltoides ‘Shalinyang’ (PdS) was provided by the Experimental Center of Desert Forestry, Chinese Academy of Forestry. The field experiment was conducted at Dengkou, Inner Mongolia, China ( 40°25.935′ N, 106°43.442′ E), during the growth season (August), 2022.

The tested adults of A. glabripennis (ALB) were collected from infested logs from poplar felled at Dengkou, Inner Mongolia, China ( 40°25.935′ N, 106°43.442′ E) in spring, 2022. Infested logs were incubated indoors and after 4 months ALB adults emerged.

2.2 Establishment of Plant Treatments

Fifteen healthy PdS trees, each with a trunk diameter of approximately 8 cm, were selected from the same location and showed no visible signs of disease or pest infestation. The trunks were numbered and enclosed in ventilated nylon cages (height: 80 cm, radius: 40 cm, 10 mesh). For the pest infestation treatment (designated as treatment P, with trunk numbers 1–3), one male and three female insects were introduced into each cage to feed on the fresh branches and leaves of the current year’s growth. When over 30 eggs notch grooves (representing the offspring of the three females) were observed on each trunk, the oviposition time was recorded and the adults removed (about 3 days). The mechanical damage was achieved by Sterile knife to crescentic shaped grooves on the same day that obvious grooves were observed in the P treatment; The position of each groove corresponds to the groove gnawed by ALB. The remaining nine poplars served as the control (treatment C, trunk numbers 7–15). Samples were taken from trunk numbers 7–9, 10–12 and 13–15 at three different dates.

2.3 Method of Sampling

Following insect attack or mechanical damage trees ‘bleed’ phloem through the resulting wounds produced. We used this ‘bleeding’ as a tractable indication that defense responses were underway and identify appropriate sampling times. In the pest infestation treatment (P, tree numbers 1–3) sampling coincided with initial adult groove production (7th day; 3 days after initial ‘bleeding’ observed), larval incubation (18th day; 3 days after second ‘bleeding’ observed) and larvae pushing out frass (31st day). For comparison the same dates were used for sampling in control group (C), the mechanical damage group (M) and pest infestation group (P) were set three replicates for each treatment. New and healtht trees were selected as control each time. There were 27 phloem samples in total, identified as C_7_1, C_7_2, C_7_3, M_7_1, M_7_2, M_7_3, P_7_1, P_7_2, P_7_3, C_18_1, C_18_2, C_18_3, M_18_1, M_18_2, M_18_3, P_18_1, P_18_2, P_18_3, C_31_1, C_31_2, C_31_3, M_31_1, M_31_2, M_31_3, P_31_1, P_31_2 and P_31_31, respectively. Phloem samples were taken 2–3 cm from the grooves produced by adults. A piece of bark (3 cm × 2 cm) was removed along the direction of the trunk (about 1 g of phloem remains after scraping away the outermost bark). Care was taken to avoid affecting the grooves and eggs. Sampled phloem was immediately placed in tubes within liquid nitrogen and stored at −80°C. At the same time, the mechanical damage group and the control group were sampled, respectively. Samples were returned to the laboratory and subjected to sequencing analysis.

2.4 RNA Extraction and Library Preparation

Using TRIzol® The reagent extracts total RNA from PdS phloem and removes genomic DNA using DNase I (2270B, TaKara). The purity and integrity of RNA were detected on 1% agarose gel. Subsequently, the quality of RNA was evaluated using a 2100 Bioanalyzer (G2939A, Agilent Technologies, USA) and precise quantitative analysis was performed using ND-2000 (NanoDrop Technologies, Thermo Fisher Scientific, USA). Finally, we chose high-quality RNA samples (OD260/280 = 2.0) to further construct the sequencing library.

The PdS phloem RNA-seq transcriptome library was constructed using the Illumina® Stranded mRNA Prep, Ligation kit (San Diego, CA, USA), starting with 1μg of total RNA. mRNA was first isolated via polyA selection using oligo(dT) beads, followed by fragmentation with a fragmentation buffer. Subsequently, double-stranded cDNA was synthesized using the SuperScript double-stranded cDNA synthesis kit (11917020, Invitrogen, USA) and random hexamer primers (Illumina, USA). The synthesized cDNA underwent end-repair, phosphorylation, and ‘A’ base addition in accordance with Illumina’s library preparation protocol. Size selection was performed on cDNA target fragments of 300 bp using 2% Low Range Ultra Agarose, followed by PCR amplification with Phusion DNA polymerase (NEB, USA) for 15 cycles. After quantification with a Qubit 4.0, the paired-end RNA-seq library was sequenced on a NovaSeq 6000 sequencer, generating read lengths of 2 bp × 150 bp.

2.5 Quality Control and Read Mapping

Raw paired-end reads were trimmed and quality-checked using fastp [18] (https://github.com/OpenGene/fastp) (accessed on 10 April 2024) with default settings. Clean reads were aligned to the reference genome in orientation mode using HISAT2 software [19] (http://ccb.jhu.edu/software/hisat2/index.shtml) (accessed on 10 April 2024). The mapped reads for each sample were assembled using StringTie [20] (https://ccb.jhu.edu/software/stringtie/) (accessed on 10 April 2024) in a reference-based manner.

2.6 Functional Enrichment and Differential Expression Analysis

To identify differentially expressed genes (DEGs) between samples with varying treatments, transcript expression levels were calculated using the transcripts per million reads (TPM) method, and gene abundances were quantified with RSEM [21]. Differential expression analysis was conducted using either DESeq2 or DEGseq [22,23]. DEGs were considered significantly differentially expressed if they met the criteria of |log2FC| ≥ 2 and FDR ≤ 0.05 for DESeq2 or FDR ≤ 0.001 for DEGseq.

Additionally, functional annotation and enrichment analysis for Kyoto Encyclopedia of Genes and Genomes (KEGG) were performed using KOBAS software to identify which DEGs were significantly enriched in metabolic pathways compared to the whole transcriptome background, applying a Bonferroni-corrected p-value threshold of ≤0.05 [24].

Unigenes associated with isoquinoline alkaloid biosynthesis, tyrosine metabolism, phenylpropanoid biosynthesis, stilbenoid, diarylheptanoid and gingerol biosynthesis, and flavonoid biosynthesis pathways were identified through integrative annotation results. Heat maps were generated to illustrate the differential expression of these genes across different treatments.

2.7 Real-Time Quantitative PCR Validation

Ten differentially expressed genes (DEGs) that were up-regulated at all three stages following pest stimulation were selected from a total of 31 DEGs and validated by qRT-PCR. The qRT-PCR reaction mixture (10 µL) consisted of 5 µL TB Green® Premix Ex Taq™ (RR820A, TaKaRa, Dalian, China), 0.4 µL of each primer (10 µM), 0.8 µL of cDNA, and 3.4 µL of RNase-free water. The primer sequences for the ten genes are listed in Table A1. Real-time PCR was conducted using a CFX96 platform (Bio-Rad, Foster City, CA, USA), with three technical replicates for each sample. The Ubiquitin gene served as the reference gene for quantification. The qRT-PCR was performed using a three-step protocol with the following thermal cycling conditions: 95°C for 10 min, followed by 45 cycles of 95°C for 5 s and 55–58°C for 1 min. Gene expression levels were analyzed using the 2−ΔΔCt method [25].

2.8 Phloem Collection for Metabolome Analysis

For metabolomic analysis, sample processing, extraction, and detection were performed at Majorbio (Shanghai, China) according to their standard protocols. Nine PdS trees, each with similar diameter (8–10 cm), height (4–5 m), and age (4 years), were selected for the study. A cage was placed on the trunk of each tree, with three replicate trees for each of the three treatments: uninfested trees (C), trees mechanically damaged with a sterilization knife (M), and trees subjected to the release of ALB adults (one male and three females per cage, P). Phloem tissue from treatments C, M, and P was sampled. Samples were taken from the PdS bark 2–3 cm away from notch grooves, or equivalent locations in the C and M treatments. After removing the outer bark and cork, the remaining phloem (approximately 2 cm × 3 cm, 3 mm thick) was collected, weighing about 1 g. Each tree provided a sample, with three independent repetitions for each process.

2.9 Extraction of Metabolites for Analysis by Liquid Chromatography-Mass Spectrometry (LC-MS)

For metabolite extraction, 50 mg of phloem was placed in a 2 mL centrifuge tube along with a 6 mm grinding bead. The extraction solvent (400 μL) was a methanol-water mixture (4:1, v:v), and the internal standard (L-2-chlorophenylalanine) was added at 0.02 mg/mL. Samples were ground using a Wonbio-96c frozen tissue grinder at −10°C for 6 min at 50 Hz, followed by low-temperature ultrasonic extraction at 5°C for 30 min (40 kHz). After placing the samples at −20°C for 30 min, they were centrifuged at 4°C for 15 min at 13,000 g, and the supernatant was transferred to an injection vial for LC-MS analysis.

2.10 LC-MS Analysis

The LC-MS analysis was conducted using a Thermo UHPLC-Q Exactive HF-X system with an ACQUITY HSS T3 column (100 mm × 2.1 mm i.d., 1.8 μm; Waters, USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The mobile phases included 0.1% formic acid in water:acetonitrile (95:5, v/v) for solvent A and 0.1% formic acid in acetonitrile: isopropanol: water (47.5:47.5, v/v) for solvent B. The flow rate was set to 0.40 mL/min, and the column temperature was maintained at 40°C. Mass spectrometry was performed using a Thermo UHPLC-Q Exactive HF-X mass spectrometer equipped with an electrospray ionization (ESI) source in both positive and negative modes. Optimal settings included a source temperature of 425°C, sheath gas flow rate at 50 arb, auxiliary gas flow rate at 13 arb, and ion-spray voltage floating (ISVF) at −3500 V for negative mode and 3500 V for positive mode. MS/MS normalized collision energy was set at 20-40-60 V, with full MS resolution at 60,000 and MS/MS resolution at 7500. Data acquisition was performed using the Data Dependent Acquisition (DDA) mode over a mass range of 70–1050 m/z.

The LC/MS raw data pre-processing was conducted using Genesis QI software (Waters Corporation, Milford, USA), resulting in the export of a three-dimensional data matrix in CSV format. Metabolite identification was performed through database searches, primarily utilizing HMDB (http://www.hmdb.ca/) (accessed on 10 April 2024), Metlin (https://metlin.scripps.edu/) (accessed on 10 April 2024), and the Majorbio Database. Variables from QC samples with a relative standard deviation (RSD) exceeding 30% were excluded and subjected to log10 transformation to create the final data matrix for further analysis. Subsequently, principal component analysis (PCA) and orthogonal least partial squares discriminant analysis (OPLS-DA) were executed using the R package ‘ropls’ (Version 1.6.2), along with a 7-cycle interactive validation to assess model stability. Metabolites were classified as significantly different if they exhibited a variable importance in projection (VIP) greater than 1 and a p-value less than 0.05, based on the OPLS-DA model’s VIP and p-values from Student’s t-test, while controlling for multiple testing with fold change criteria of ≥1 and ≤0.5.

2.11 Combined Transcriptome and Tetabolome Analyses

Differentially expressed genes (DEGs) and differentially accumulated metabolites were analyzed together to assess pathway enrichment. Gene-metabolite networks were constructed based on Pearson correlation coefficients (PCC) greater than 0.9.

2.12 Statistical Analysis

The relative expression of genes was represented as means ± standard error (SE) from three independent replicates. Comparisons between treatments were performed using one-sample t-tests, with statistical significance set at p < 0.05, p < 0.01, and p < 0.001. Statistical analyses were carried out using Origin software (version 8.5, OriginLab, Guangzhou, China).

3  Results

3.1 Statistical Analysis and Quality Evaluation of RNA-Seq

Phloem samples from the C, M, and P groups collected on the 7th, 18th, and 31st days underwent transcriptome sequencing, yielding 191.43 Gb of clean data. The distribution of read proportions from the library is summarized in Table 1. The effective data volume for each sample ranged from 6.06 Gb, with Q30 base distributions between 91.14% and 92.84% (Q30 > 80%), indicating compliance with quality control standards. The average GC content was between 43.68% and 44.11%. Clean reads were aligned with reference genome data using HISAT2, achieving a match rate of 83.42% to 86.64%, confirming the accuracy and reliability of the sequencing results (Table 2).
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3.2 Numerical Analysis of Differentially Expressed Genes (DEGs)

Principal Component Analysis (PCA) revealed that samples at the same developmental stage were generally distinct from one another, with the exception of the C-31 and M-31 groups, which were more similar in their expression profiles. High similarity in gene expression was observed within samples (three replicates), indicating uniformity and consistency among samples in the same group (Fig. 1a).
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Figure 1: Analysis of differentially expressed genes (DEGs) in response to insect infestation and mechanical damage. (a) Principal component analysis of the sequenced samples. (b and c) Numbers of significantly regulated genes at different days after ALB infestation or mechanical damage. (d) Venn diagram analysis of significantly regulated genes after ALB infestation or mechanical damage for different days

When comparing the gene expression data from the three treatments against their respective controls (Fig. 1b), significant differences were noted (p-value < 0.05 and |log2(fold change)| > 2). Specifically, between P-7 and C-7, a total of 5149 differentially expressed genes (DEGs) were identified, with 2691 genes up-regulated and 2458 down-regulated. Similarly, between P-18 and C-18, 4169 DEGs were detected, comprising 2458 up-regulated and 1711 down-regulated genes. The fewest DEGs were found between P-31 and C-31, totaling 3051, with 1587 up-regulated and 1464 down-regulated genes.

Our analysis indicated that the mechanical damage treatment led to fewer DEGs compared to the ALB infestation treatment. The total number of DEGs in response to mechanical damage was 4231, 1641, and 1437 for the three respective sampling dates. Notably, the DEGs detected between P-18 and C-18 and between P-31 and C-31 were 2.54 and 2.12 times greater, respectively, than those between M-18 and C-18 and M-31 and C-31 (Fig. 1c). This suggests a stronger gene response to insect infestation than to mechanical damage, particularly in early stages of ALB feeding, with a decline in DEGs over time. Except for the M-18 vs. C-18 comparison, where down-regulated DEGs outnumbered up-regulated ones, in other comparisons, up-regulated DEGs predominated. Thus, the primary response of the phloem in PdS to ALB feeding across different periods involved up-regulation of genes.

A total of 678 DEGs were involved in the response of PdS to three stages of pest infestation (Fig. 1d), with the largest number of DEGs between P-7 and C-7 and between P-18 and C-18 groups. A total of 161 DEGs were involved in the response of PdS to three stages of mechanical damage, with the largest number of DEGs shared between M-7 and C-7 and between M-31 and C-31 treatments.

Overall, the mechanism for the PdS response to pest infestation was different to that of mechanical damage and it’s more responsive to insect infestation than to mechanical damage.

3.3 KEGG Functional Enrichment Analysis of Differential Expressed Genes (DEGs)

To explore the pathways significantly linked to insect infestation, we performed functional annotation of the DEGs through KEGG analysis. These genes were categorized into various biological processes, including Metabolism, Environmental Information Processing, Organismal Systems, Human Diseases, Cellular Processes, and Genetic Information Processing (Fig. 2). Metabolism emerged as the largest category, with the top three significant pathways being carbohydrate metabolism, secondary metabolism biosynthesis, and amino acid metabolism across all groups. Notably, a substantial number of DEGs related to the translation pathway were enriched in the P-7 vs. C-7 group following ALB stimulation (Fig. 2a).
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Figure 2: Differentially expression gene (DEGs) analysis in P. deltoides cl. ‘shalinyang’. (a) Between P-7 and C-7. (b) Between P-18 and C-18. (c) Between P-31 and C-31. The x axis represents the number of significantly regulated genes involved in secondary metabolism under different days of insect infestation (P treatment) or mechanical damage (M treatment). (d) Venn diagram analysis of significantly regulated DEGs which invoved in secondary metabolic pathways after different days (7 d, 18 d and 31 d) of ALB infestation (P treatment) or mechanical damage (M treatment). K7PC, K18PC, K31PC stand for the number of DEGs in between P-7 and C-7, between P-18 and C-18 d and between P-31 and M-31, and K7MC, K18MC, K31MC stand for the number of DEGs in between M-7 and C-7, between M-18 and C-18 d and between M-31 and C-31

Throughout all pathways and sampling periods, the number of phloem DEGs in response to ALB infestation was significantly higher than that observed after mechanical damage. Specifically, at both the 18th and 31st days, the DEGs in response to pest infestation were consistently greater than those responding to mechanical damage across all pathways. KEGG enrichment analysis for the P-18 and C-18 DEGs highlighted that carbohydrate metabolism, secondary metabolism biosynthesis, and amino acid metabolism pathways were particularly associated with responses to both ALB infestation and mechanical damage (Fig. 2b). The results of KEGG enrichment analysis for P-31 and C-31 group of DEGs showed that carbohydrate metabolism, Signal trnasduction, and Environmrntal adaptation metabolism pathway were associated with the response to ALB infestation and mechanical damage (Fig. 2c). In conclusion, the phloem of PdS had different response mechanisms to mechanical damage, and the response of poplar to newly hatched ALB larval was the strongest.

Secondary metabolites as a crucial component of plant defense against insect pests, play a significant role in PdS defenses against infestation by ALB. Therefore, we identified the intersections between genes in the three periods that were enriched in secondary metabolic pathways after ALB infestation or mechanical damage, respectively. Fig. 2 shows that there were 30 common DEGs in the three periods after ALB stimulation; the largest number of DEGs specific genes were between P-18 and C-18 group with the number of DEG being similar between P-7 and C7 at 39; there were only 7 common DEGs in the three periods after mechanical damaged, with the largest number of DEGs specific genes being between M-7 and C-7 at 61(Fig. 2d). Therefore, the phloem of PdS has different levels of response to ALB infestation and mechanical damage, and the number of genes enriched in secondary metabolic pathways and responding to the former being much greater than in response to the latter.

3.4 Analysis of the KEGG Enrichment Pathway of Differentially Expressed Genes (DEGs)

To ascertain the functions of the 37 identified genes, we conducted a KEGG functional enrichment analysis. The differentially expressed genes (DEGs) related to the biosynthesis of secondary metabolites in response to ALB stimulation showed significant enrichment (p < 0.05) in various pathways, including isoquinoline alkaloid biosynthesis, tyrosine metabolism, phenylpropanoid biosynthesis, stilbenoid, diarylheptanoid, gingerol biosynthesis, and flavonoid biosynthesis (Fig. 3a). In contrast, only six DEGs were significantly enriched (p < 0.05) in response to mechanical damage, all related to the phenylpropanoid biosynthesis pathway (Fig. 3b).
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Figure 3: The analysis of differentially expressed genes (DEGs) in PdS following infestation by ALB and mechanical damage focused on the biosynthetic pathways of various secondary metabolites across three distinct phases. (a) A scatter plot illustrating the KEGG pathways in PdS after ALB infestation reveals the distribution of DEGs. (b) Another scatter plot displays the KEGG pathways enriched by DEGs in PdS following mechanical damage. In these plots, the “Rich factor” represents the ratio of the number of enriched genes in a specific pathway to the total number of annotated genes or transcripts in the background. A larger Rich factor indicates a higher level of enrichment. The size of the dots corresponds to the number of genes within each pathway, while the color indicates different ranges of significance. The results shown are limited to the top 20 pathways with an adjusted p-value (p adjust) of less than 0.05. (c–g) A heatmap illustrates gene expression levels, where each column corresponds to a sample and each row to a gene. The color gradient indicates standardized expression values: red indicates higher expression levels, while blue indicates lower expression levels

When comparing the P and C groups, ten DEGs were identified that were enriched in the isoquinoline alkaloid biosynthesis and tyrosine metabolism pathways. Notably, the gene POPTR-017G013800v3 was up-regulated on the 7th and 31st days but down-regulated on the 18th day (Fig. 3c). Additionally, 13 enriched genes were linked to phenylpropanoid biosynthesis; apart from POPTR-011G0161300v3, which exhibited an up-regulation on the 7th and 31st days and a down-regulation on the 18th day, eight of the 13 genes were consistently up-regulated, while four were down-regulated across the three time points (Fig. 3d). 7 enriched genes were involved in the stilbenoid, diarylheptanoid and gingerol biosynthesis pathway, of which 5 genes were up-regulated and 2 genes were down-regulated (Fig. 3e). 3 enriched genes were involved in the flavonoid biosynthesis pathway (Fig. 3f), of which gene POPTR-012G138800v3 was up-regulated and the other 2 genes were down-regulated on all dates after infestation by insects. There were 6 genes involved in the phenylpropanoid biosynthesis pathway (Fig. 3g), of which 5 genes were up-regulated on three dates and POPTR-006G024300v3 was up-regulated on the 18th day and 31st day and down-regulated on the 7th day after mechanical damage.

Furthermore, the 10 up-regulated genes were verified by real-time PCR, and the results showed that the trend of POPTR-T061900v3, POPTR-001G388000v3, POPTR-013G121400v3, POPTR-013G122900v3, POPTR-013G121800v3 and POPTR-013G120800v3 in expression levels was consistent with that of transcriptome expression levels (Fig. 4a–c). Overall, these genes were involved in regulation of defense by PdS against ALB and response to mechanical damage at all three stages.
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Figure 4: The expression level of ten up-regulated genes. (a) Phenylpropanoid biosynthesis pathway. (c) Isoquinoline alkaloid biosynthesis pathway. (b) Biosynthesis pathways of stilbenoid, diarylheptanoid and gingerol. Error bars represent means ± SE (n = 3), t-test: *p < 0.05, **p < 0.01 and ***p < 0.001

3.5 Analysis of Differentially Accumulated Metabolites (DAMs) Related to the PdS Response to ALB Infestation

Based on transcriptome analysis, we know the poplar is the most responsive to newly hatched larval, in this shtage, the number of DEGs in between P-18 and C-18 were significantly more than in between M-18 and C-18. Therefore, to determine the main metabolic pathways of phloem in response to the initial hatching of ALB larvae, based on further metabolome analysis of the phloem on the 18th day, the correlation and gene expression differences of phloem samples from three groups were analyzed (Fig. 5a). The results showed that the correlation between phloem samples of three groups was low, ranging from 0.87 to 0.88, while the correlation between biological replicates was relatively high, all of which were higher than 0.99. Principal component analysis (PCA) of DAMs demonstrated that component 1 with contribution of 53.3% could explain a distinct separation among treatments (Fig. 5b). These results indicated that the experimental design that divided tested phloem into three groups (healthy, mechanical damage, infestation) and the number of repetitions were reasonable.
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Figure 5: Regarding differential accumulation of metabolites (DAMs) and enrichment pathways. (a) A correlation heatmap depicts relationships among the DAMs. (b) Partial least squares discriminant analysis (PLS-DA) is presented to visualize sample differentiation. (c) and (e) Volcano plots for DAMs (C18_vs_P18; C18_vs_M18) are provided, with each dot representing a metabolite. The x-axis reflects the logarithm of the quantitative differences in metabolites between the two samples, while the y-axis shows the VIP (Variable Importance in Projection) value. Samples are color-coded and shaped based on cultivar and ALB infestation status: green dots indicate down-regulated DAMs, red dots indicate up-regulated DAMs, and gray dots represent metabolites detected without significant differential accumulation. (d) and (f) display the KEGG pathway classifications of DAMs in PdS after mechanical and control damage comparisons (P_18 vs C_18 and M_18 vs C_18)

Of the total number of DAMs, 205 were up-regulated and 365 were down-regulated, and there were 570 metabolites in the phloem of PdS in response to ALB infestation (Fig. 5c). After mechanical damage there were 425 up-regulated and 116 down-regulated DAMs and a total of 541 metabolites in the phloem (Fig. 5e). Most of these DAMs were found enriched in the secondary metabolite synthesis pathway, with 61 metabolites and 54 metabolites enriched in the pathway after treatment for ALB infestation and mechanical damage, respectively (Fig. 5d,f). In addition, the kinds of metabolites enriched in secondary metabolite synthesis in pest infestation group was much larger than that in mechanical damage group. In conclusion, phloem of PdS rsponese to stimulation mainly by regulating secondary metabolite synthesis pathways, and the number of DAMs after ALB infestation was more than that after mechanical damage.

3.6 Combined Transcriptome and Metabolome Analysis

To investigate the genes and metabolites of PdS involved in the induced resistance against newly hatched ALB larvae on the 18th day, we performed a co-joint KEGG pathway analysis of the translatome and metabolome. The analysis revealed that the same pathways for differentially abundant metabolites (DAMs) and DEGs were enriched for tyrosine metabolism, phenylpropanoid biosynthesis, and flavonoid biosynthesis when comparing the P_18 and C_18 groups (Fig. 6a) as well as the M_18 and C_18 groups (Fig. 6b), based on the overlap of metabolites and genes with a p-value < 0.05. However, there were 41 DAMs and 102 DEGs in plants involved in the response to newly hatching larvae, and 36 DAMs and 64 DEGs involved in mechanical damage.
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Figure 6: Differentially expressed genes (DEGs) and differentially accumulated metabolites (DAMs) were jointly analyzed. (a) Between the P_18 and _C_18 groups. (b) Between the M_18 and _C_18 groups (Note: The upper dotted line represents the selected genes and metabolic pathway at p < 0.05, and the lower dotted line represents the selected genes and metabolic pathway at p < 0.01)

To further elucidate the relationship between genes and metabolites, we conducted a network correlation analysis of the DEGs and DAMs associated with these three pathways using the Pearson correlation algorithm. The top 200 relationship pairs were identified after applying the BH multiple test correction. Selected pairs with a p-value < 0.05 and an absolute correlation value greater than 0.9 are presented in Fig. 7. There were 15 DEGs and 40 DAMs in phloem of PdS responding to larval infestation. Among them, UGT72E (POPTR_ 007G030500v3), PdPod73 (POPTR_003G214700v3), PdPodA2 (POPTR_ 007G053400v3) and PdMIF (POPTR_ 016G127300v3) regulated the number of DAMs which were 39, 36, 34 and 30, respectively (Fig. 7a and Table 3). At this time, 14 DEGs and 36 DAMs in the phloem were mainly in response to mechanical damage, among them, Pd4CL (POPTR_019G049500v3), PdDFR (POPTR_005G229500v3) and PdCAD (POPTR_002G018300v3) regulated the number of DAMs which were 32, 35 and 36, respectively (Fig. 7b and Table 3). In conclusion, when newly hatcted larvaes infect phloem of the poplar, there are mainlly these genes to respond, including UGT72E, PdPod73, PdPodA2 and PdMIF, at this time, there are genes including Pd4CL, PdDFR and PdCAD in response to mechanical damage.

[image: images]

Figure 7: Correlation network. (a) shows correlations between the P_18 and C_18 groups. (b) illustrates correlations between the M_18 and C_18 groups. In these networks, triangles represent metabolites and red circles represent genes. Lines indicate correlation coefficients; red lines indicate positive correlations (corr > 0) and green lines indicate negative correlations (corr < 0). The thickness of the lines correlates with the absolute value of the correlation coefficient, with thicker lines signifying stronger correlations
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After larval emergence, the expression levels of UGT72E (POPTR_007G030500v3) in PdS were down-regulated and PdPod73 (POPTR_007G053400v3), PdPodA3 (POPTR_003G214700v3) and PdMIF (POPTR_003G214700v3) were up-regulated, which influenced downstream metabolites (Fig. 8a); while in the mechanical damage group over the same period, expression levels of all three genes PdCAD2 (POPTR_002G018300v3), PdDFR5 (POPTR_005G229500v3) and Pd4CL19 (POPTR_019G049500v3) were down-regulated in response to stimulation (Fig. 8b).
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Figure 8: Expression levels of DEGs. (a) Between P_18 and C_18 groups. (b) Between M_18 and C_18 groups

4  Discussion

When plants are attacked, there ‘bleeding sap’ due to root pressure and quickly respond by synthesizing proteins and secondary metabolites [26]. Therefore, the metabolites around plant wounds at this time are extremely rich and can be used as samples for analysis. As an important organic compound, secondary metabolites are essential for plant defense and reproduction [27]. Coincidentally, this phenotype of PdS is particularly prominent, and previous studies also showed that the eclosion rate of ALB adult from it was very low [4]. Whether resistance to ALB is related to the abundance of inclusions produced is unclear. To explore the interaction between PdS and ABL, we characterized the comprehensive response of PdS to groove production, incubation and drilling down into the phloem by ALB, and also the reaction of PdS to hatching larvae. We found that the number of DEGs of PdS responses to ALB was nearly some as responses to mechanical injury in the early stage (7 d), while the number of DEGs of PdS responses to ALB was a llittle more than mechanical injury (Fig. 1b,c), and on the 18th day, the number of difference of DEGs between P-18 and M-18 was become largest, which indicted that the poplar had the most similar intense responses to ALB gnawing grooves and mechanical injury in the early stage, but as time went on, the reaction gradually weakened due to the plants self-healing systems, when larvae were hatched (the 18th day), the PdS stems produced wound flow again, but no bleeding appeared in mechanically damaged stems. Whether were the mechanisms of plants respond to mechanical injury and insects attack different. It has been reported that herbivory damage generally led to more intense changes in Amaranthus cruentus [28], which confirms our suspicion. Taken together, the three key periods of sample collection in this study are reasonable and feasible, which can be used for the subsequent screening and identification of differential genes and metabolites.

During the long-term co-evolution of plants and insects, plants have developed sophisticated defense mechanisms. When subjected to stress, plants can produce primary metabolites that facilitate physiological and biochemical responses, enhancing their defense capabilities. These include essential amino acids and carbohydrates vital for growth, development, and reproduction [29]. Additionally, plants can bolster their resistance by synthesizing secondary metabolites (Fig. 2a–c), such as phenols, terpenoids [30], and nitrogen-containing compounds. Alkaloids, for instance, exhibit toxicity to herbivores by disrupting neuronal signal transduction, hindering DNA replication, protein synthesis, and enzyme activity. This interference can deter feeding, inhibit growth, or even poison the insects [31]. In our analysis, we focused on differentially expressed genes (DEGs) that are enriched in pathways related to secondary metabolite synthesis. We identified DEGs responsive to pest stimulation that were involved in biosynthetic pathways for isoquinoline alkaloids, phenylpropanoids, tyrosine metabolism, stilbenoid, diarylheptanoid, gingerol, and flavonoids.

Our research revealed that poplar trees exhibited a stronger response to insect infestation compared to mechanical damage, particularly evident on the 18th day when newly hatched Asian longhorned beetle (ALB) larvae invaded the host plant. We conducted a metabolome analysis of phloem metabolites following larval incubation and performed metabolic pathway enrichment analysis. The results indicated that the pathways for secondary metabolite synthesis were most significantly enriched, aligning with our transcriptome analysis findings (Fig. 5d,f). Furthermore, a combined analysis of phloem transcriptome and metabolome data post-larval incubation revealed that the differentially abundant metabolites (DAMs) and DEGs related to the infestation primarily participated in phenylpropanoid biosynthesis, flavonoid biosynthesis, and tyrosine metabolism. Unlike other studies that focus on specific developmental time points, our research examined three critical developmental stages, allowing for a more comprehensive understanding of tree responses to insect threats.

Tyrosine (Tyr) serves as a precursor for various specialized metabolites that function as electron carriers, antioxidants, attractants, and defense compounds [32]. For example, tyrosine-derived cyanogenic glycosides like dhurrin play a significant role in deterring herbivores by releasing toxic hydrogen cyanide (HCN) upon ingestion [33]. Flavonoids produced via the phenylpropanoid pathway are involved in numerous physiological and biochemical processes, such as responses to high UV light levels [34], low temperatures, and oxidative stress [35]. Flavonoids can deter herbivore feeding, development, and oviposition; for instance, vitexin inhibits larval growth in Spodoptera litura, while schaftoside restricts growth in Brown planthoppers by interacting with the native NICDK1 protein [36]. Rutin, isolated from Arabidopsis thaliana, has been shown to increase mortality in S. litura and Helicoverpa armigera when fed to larvae in an artificial diet [37].

Quantitative levels and chemical diversity of plant metabolites play crucial roles for herbivorous insects [38]. We found that there were differences in the number of genes and metabolic outcomes in response to insect infestation and mechanical damage in PdS. There were 41 MADs and 102 DEGs in PdS responding to newly hatching larvae, and 36 DAMs and 64 DEGs involving in the mechanical damage response. Amongst these, we found four genes (PdUGT72E, PdPod73, PdPodA2 and PdMIF) that played a major role in plant responses to larval hatching and three genes (Pd4CL19, PdDFR5 and PdCAD2) that played a major role in plant response to mechanical damage. Previous research showed that glycosyltransferases (GTs) can affect phenylpropanoids pathways [39]. UGT72E2 is a glycosyltransferase (GT) that can regulate the glycosylation of compounds such as coniferyl and sinapyl alcohols, along with coniferaldehyde, sinapaldehyde, ferulic, and sinapic acids. This glycosylation may play a crucial role in rapid wound-induced defense responses [40]. Class III secretory peroxidases (POD) catalyze the reduction of hydrogen peroxide (H2O2) through electron transfer to various donor molecules, which are involved in a wide range of physiological processes [41]. The enzyme 4-coumarate-CoA ligase (4CL) has been characterized in various plants for its role in plant physiology and responses to biotic and abiotic stresses. Specific isoforms of this enzyme are differentially regulated under diverse stimuli, leading to a metabolic shift toward the production of particular metabolites [42]. Cinnamyl alcohol dehydrogenase (CAD) proteins are integral to lignin biosynthesis and are critical for plant defense against stresses; their expression is induced by herbivore damage alongside CAD/CAD-like and PdPLR1 gene expression [43].These indicate that the PdUGT72E, PdPod73, PdPodA2 and PdMIF genes identified play an important role in regulation of pest resistance in poplar, this is the first time we have obtained these genes from PdS based on transcriptome data, which provides a new target for molecular breeding of forest trees.

5  Conclusion

From the transcriptome and metabolome levels in our study, we demonstrate that regulating secondary metabolic synthesis pathways is one of the main pathways of PdS in response to external stimulation, the mechanisms for responses to mechanical damage and insect infestation were different, and the mechanisms of responses to adult grooves production, larval incubation, and larval frass production were not identical. Finally, the potential genes with an anti-insect function were identified. This work has laid a foundation for further studies to locate the target pathway of pest resistance in poplar and further explore the mechanisms of pest resistance in trees. However, the mechanism by which the interaction between related genes and metabolome pathways influence the insect resistance of PdS still requires further investigation.
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Table 1: Data assembly of phloem transcriptome in Populus deltoides ‘Shalinyang’

Sample Clean reads Error rate (%) Q30 (%) Q20 (%) GC content (%)
C71 47068886 0.0271 92.36 97.16 43.74
CcC72 42721724 0.0273 92.19 97.06 43.74
CcC73 46427302 0.0270 92.44 97.16 43.76
M71 50863668 0.0270 92.49 97.13 44.10
M72 54268842 0.0271 92.42 97.19 4411
M 73 44378126 0.0272 92.32 97.13 43.95
P71 41858674 0.0271 92.43 97.10 43.85
P72 48262782 0.0278 91.82 97.15 44.03
P73 52021642 0.0272 92.32 96.89 43.87
C 181 74666336 0.0270 92.37 97.07 43.88
C 182 41129554 0.0286 91.14 97.20 43.81
C 18 3 51698448 0.0271 92.56 96.56 43.77
M 18 1 47492956 0.0272 92.45 97.14 43.92
M 18 2 49941998 0.0267 92.72 97.12 44.04
M 18 3 46071006 0.0270 92.34 97.28 43.75
P 18 1 49238870 0.0268 92.67 97.18 44.09
P 18 2 50656582 0.0271 92.59 97.32 43.97
P 18 3 46934790 0.0268 92.84 97.22 44.00
C 311 50909378 0.0269 92.75 97.27 43.85
C312 49825286 0.0277 91.84 97.21 43.85
C 313 47958738 0.0267 92.55 96.88 43.94
M 31 1 43483238 0.0273 92.25 97.30 43.82
M 31 2 42483998 0.0268 92.58 97.07 43.75
M 313 43379582 0.0272 92.22 97.31 43.81
P 311 45392818 0.0274 92.05 97.06 43.77
P 312 56649252 0.0271 92.28 97.15 43.68
P 313 43135928 0.0275 92.12 97.05 43.80
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Table 3: Annotation information of genes

Group  Gene ID KO name KO id Chrome Pathway Pathway definition Description (reference
location 1d Populus trichocarpa)
Pvs.C POPTR PdUGT72E K12356 7 map00940 Phenylpropanoid Anthocyanidin
007G030500v3 biosynthesis 3-O-glucosyltransferase 5
POPTR _ PdPod73  K00430 7 map00940 Peroxidase 73
007G053400v3
POPTR _ PdPodA2  K00430 3 map00940 Peroxidase A2
003G214700v3
POPTR PdMIF K07253 - map(00360 Phenylalanine Macrophage migration
016G127300v3 map00350 metabolism; Tyrosine inhibitory factor homolog
metabolism
M vs. C POPTR _ PdCAD2  KO00083 2 map00940 Phenylpropanoid Probable cinnamyl alcohol
002G018300v3 biosynthesis dehydrogenase 6
POPTR PdDFR5 K13082 5 map00941 Flavonoid biosynthesis Dihydroflavonol
005G229500v3 4-reductase
POPTR Pd4CLI9 KO01904 19 map0013  Ubiquinone and other 4-coumarate: CoA ligase 4
019G049500v3 map00940 tgrpenoid-quinone
biosynthesis;
Phenylpropanoid

biosynthesis
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Table Al1: Primer sequence were used i our key genes

Primer name

Secquence (5’ to 3')

G1432-F
G1432-R
Gl614-F
Gl614-R
G2147-F
G2147-R
T0619-F

T0619-R
G3880-F
G3880-R
T0621-F

T0621-R
G1214-F
G1214-R
G1229-F
G1229-R
G1218-F
G1218-R
G1208-F
G1208-R

TCTATCCTCCGCTTGTTCTTCCAC
GCTTCTACCCGAGTTTTAATGGTGT
CATCAACCGTGACAGTATTTACCG
AGATCCTCGTCTAGTTTATCAGCAA
ATTGAACACAACCTATCTAGCAGCA
AAATAGTTGCCATCGAAAGTATCGG
CTCATTGGTCTCGGTGGACT
TCTTTGTGGATGTTGGAGGG
TCATTGGTCTCGGTGGACTC
TCTTTGTGGATGTTGGAGGG
CGGTGGACTCTATGGAGCA
GAGGGCAACAGTTCGTGGG
ACTGCGTGAAAATACTTAGACGA
CTATAATTATCACCTTCCCAGCTT
ACTGCGTGAAAATACTTAAACGA
CTATAATTATCACCTTCCCAGCTT
TTTTACTTGTGTTTCTCGACCCAG
AAATGTATTTTCATGGGCAACACT
CGTGAAAATACTTAAGCGATGCAA
GCCACCATCATTTCTAGATCGAA
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Table 2: Sequence alignment analysis of PdS reference Populus trichocarpa

Sample Clean reads  Total mapped  Mapped ratio  Multiple mapped  Uniquely mapped

C71 47068886 40606596 86.27% 2175149 (4.62%) 38431447 (81.65%)
C72 42721724 36568718 85.6% 1680938 (3.93%) 34887780 (81.66%)
C73 46427302 39859197 85.85% 1746958 (3.76%) 38112239 (82.09%)
M 71 50863668 42663357 83.88% 2163108 (4.25%) 40500249 (79.63%)
M 72 54268842 45273078 83.42% 2426057 (4.47%) 42847021 (78.95%)
M 7 3 44378126 37607596 84.74% 1625166 (3.66%) 35982430 (81.08%)
P72 48262782 40568039 84.06% 1803548 (3.74%) 38764491 (80.32%)
P73 52021642 43920855 84.43% 1941711 (3.73%) 41979144 (80.7%)

C 18 1 51698448 44355117 85.8% 1760076 (3.4%) 42595041 (82.39%)
C 18 2 41129554 35144085 85.45% 1393112 (3.39%) 33750973 (82.06%)
C 18 1 74666336 64198782 85.98% 2621268 (3.51%) 61577514 (82.47%)
M 18 3 46071006 39455638 85.64% 2010750 (4.36%) 37444888 (81.28%)
M 18 2 49941998 42545116 85.19% 2425585 (4.86%) 40119531 (80.33%)
M 18 3 47492956 40709422 85.72% 1817597 (3.83%)  38891825(81.89%)
P 18 1 46934790 40072925 85.72% 1654029 (3.52%) 38418896 (81.86%)
P 18 2 50656582 43015252 84.92% 1847079 (3.65%) 41168173 (81.27%)
P 18 3 49238870 41912269 85.12% 1820182 (3.7%) 40092087 (81.42%)
C 311 47958738 41238843 85.12% 1744295 (3.64%) 39494548 (82.35%)
C 31 2 49825286 42991955 86.29% 2041763 (4.1%) 40950192 (82.19%)
C 313 50909378 43886466 86.21% 1922908 (3.78%) 41963558 (82.43%)
M 31 1 43379582 37180209 85.71% 1567627 (3.61%) 35612582 (82.1%)

M 31 2 42483998 36807741 86.64% 1644284 (3.87%) 35163457 (82.77%)
M 31 3 43483238 37268338 85.71% 1499880 (3.45%) 35768458 (82.26%)
P 31 1 43135928 37008476 85.8% 1519680 (3.52%) 35488796 (82.27%)
P 31 2 56649252 48503712 85.62% 2059350 (3.64%) 46444362 (81.99%)
P 31 3 45392818 39111912 86.16% 1579985 (3.48%) 37531927 (82.68%)
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