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Introduction: In recent years, bark beetle Ips typographus, has caused extensive damage to European Norway spruce forests through widespread outbreaks. This pest employs pheromone-assisted aggregation to overcome tree defense, resulting in mass attacks on host spruce. Many morphological and behavioral processes in I. typographus are under the regulation of juvenile hormone III (JH III), including the biosynthesis of aggregation pheromones and associated detoxification monoterpene conjugates.

Objectives and Methods: In this study, we topically applied juvenile hormone III (JH III) and performed metabolomics, transcriptomics, and proteomics in I. typographus both sexes, with focused aims; 1. Highlight the JH III-regulated metabolic processes; 2. Identify pheromone biosynthesis-linked genes; and 3. Investigate JH III’s impact on detoxification conjugates linked to pheromonal components.

Results: Numerous gene families were enriched after JH III treatment, including genes associated with catalytic and oxidoreductase activity, esterases, phosphatases, and membrane transporters. Sex-specific enrichments for reproduction-related and detoxification genes in females and metabolic regulation genes in males were observed. On the protein level were enriched metal ion binding and transferase enzymes in male beetles. After JHIII treatment, mevalonate pathway genes, including terminal isoprenyl diphosphate synthase (IPDS), were exclusively 35- folds upregulated in males, providing evidence of de novo biosynthesis of pheromone components 2-methyl-3-buten-2-ol and ipsdienol. In addition, cytochrome P450 genes likely involved in the biosynthesis of cis/trans-verbenol, detoxification, and formation of ipsdienol, were 3-fold upregulated in the male gut. The increase in gene expression correlated with the heightened production of the respective metabolites. Detoxification conjugates, verbenyl oleate in the beetle fat body and verbenyl diglycosides in the gut, were induced by JHIII application, which confirms the hormone regulation of their formation. The JH III induction also increased the gene contigs esterase and glycosyl hydrolase up to proteins from male gut tissue. The esterase was proposed to release pheromone cis-verbenol in adult males by breaking down verbenyl oleate. The correlating analyses confirmed a reduction in the abundance of verbenyl oleate in the induced male beetle.

Conclusion: The data provide evidence of JH III’s regulatory role in the expression of genes and enzymes related to fundamental beetle metabolism, pheromone biosynthesis, and detoxification in Ips typographus.
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1 Introduction

The Eurasian Spruce Bark Beetle (Ips typographus, Coleoptera: Curculionidae) is a pest that severely affects Norway spruce (Picea abies) survival across Eurasia (Ward et al., 2022). In recent years, changing climate patterns resulting in extended periods of drought, along with human-induced factors such as establishing monoculture spruce tree plantations, have played a role in exacerbating its outbreaks (Hlasny et al., 2021). In the Czech Republic, from 2018 till 2022, over 50 million m3 of spruce forest have been recorded with bark beetle-infested wood (Knizek et al., 2023). In Europe as a whole, I. typographus has killed twice as many trees in the past decade, approximately 70.1 million m3 of timber, nearly all of it Norway spruce (Patacca et al., 2023).

In the class Insecta, many morphological and behavioral changes, such as body development, reproduction, parental care, mating behavior, molt and growth, diapause, and many other functions are hormonally regulated (Jindra et al., 2013; Smykal et al., 2014). The two most important classes of insect hormones are ecdysteroids and juvenile hormones (Pandey and Bloch, 2015). In Coleoptera pheromone biosynthesis concepts, juvenile hormone III (JH III) is the most studied (Keeling et al., 2016). The primary function of these hormones is to maintain juvenile characteristics and prevent premature metamorphosis (Goodman and Cusson, 2012). JH III is synthesized in the exocrine gland corpus allatum and transported through the hemolymph by binding proteins to its target receptors (Jindra and Bittova, 2020). JH III has been extensively used to study many gene families involved in insect growth and metamorphosis, along with social behavior (Riddiford et al., 2010; Trumbo, 2018).

First instar insect larvae initially contain a high titer of JH III, which is subsequently reduced as, the larvae undergo metamorphosis into pupae (Treiblmayr et al., 2006). In the pre-metamorphic stages, JH III has been studied for its influence on the development of larval muscles and the prothoracic glands producing ecdysteroids, as well as its role in restructuring gut development, fat body, and epidermis in various insect species (Riddiford et al., 2001; Riddiford, 2012; Jindra et al., 2013). In the adult insects, JH III influences various aspects, including pheromone production (Tillman et al., 2004) and social behavior (Trumbo, 2018), caste determination (Cristino et al., 2006); aggression and display (Emlen et al., 2006), migration (Zhu et al., 2009), and neuronal remodeling (Leinwand and Scott, 2021).

In bark beetles, JH III effects have primarily been studied in relation to pheromone biosynthesis induction. When the beetles bore into the host tree, JH III is released from the endocrine gland, initiating a series of hormonal signaling processes that lead to the production of aggregation pheromone components in male beetles (Bakke et al., 1977; Schlyter et al., 1987). In nature, this potent blend attracts conspecifics, both males and females, to mass attack to help overcome tree defense. In controlled laboratory conditions, pheromone biosynthesis induction can be achieved by topically applying JH III on the beetle abdomen (Byers and Birgersson, 1990; Ivarsson et al., 1993; Seybold et al., 1995; Tillman et al., 1998). This method triggers the de novo synthesis of pheromone compounds while avoiding potential interference with the metabolic pathways involved in the digestion of ingested phloem tissues. Pheromone induction using JH III has been demonstrated in bark beetles such as Ips pini, Dendroctonus ponderosae, and Ips typographus (Nardi et al., 2002; Tillman et al., 2004; Zhang et al., 2017; Fang et al., 2021a,b; Ramakrishnan et al., 2022a). However, certain Ips species such as I. confusus and Ips grandicollis, have been reported to be unresponsive to JH III-induced pheromone induction (Tillman et al., 2004; Bearfield et al., 2009).

The molecular-level effects of JH III on pheromone biosynthesis have been subsequently investigated in various species, including Ips paraconfusus (Ivarsson and Birgersson, 1995), Ips pini (Tillman et al., 1998; Blomquist et al., 2010), and Dendroctonus ponderosae (Keeling et al., 2016). JH III induction has been found to activate multiple gene families responsible for pheromone biosynthesis, especially in the mevalonate pathway (Sarabia et al., 2019).

In I. typographus, male pioneer beetles produce aggregation pheromone blends made up of several terpenoid compounds 2-methyl-3-buten-2-ol, cis-verbenol and minor amount of ipsdienol, after successfully boring into the tree bark. Both 2-methyl-3-buten-2-ol and ipsdienol are synthesized in beetle guts through the mevalonate pathway (Figure 1; Ramakrishnan et al., 2022a). In the context of bark beetle pheromone biosynthesis, previous studies have identified key enzymes in the pathway (Tillman et al., 1998). The pathway involves the condensation of acetoacetyl-CoA with acetyl-CoA catalyzed by 3-hydroxy-3-methyl glutaryl coenzyme-A synthase (HMG-S), followed by a reduction of hydroxymethyl glutaryl-CoA to mevalonate, catalyzed by 3-hydroxy-3-methyl glutaryl coenzyme-A reductase (HMG-R). Later, the mevalonate is phosphorylated by phosphomevalonate kinase (PMK), followed by several steps of modification to form the isoprenoid biosynthetic units, isopentenyl diphosphate and dimethyl allyl diphosphate (Buhaescu and Izzedine, 2007). Condensation of two isoprenoid units catalyzed by geranyl diphosphate synthase (GPPS) synthesizes geranyl diphosphate, the precursor of bark beetle monoterpenoid pheromones, such as myrcene and ipsdienol (Gilg et al., 2005; Keeling et al., 2006; Bearfield et al., 2009; Ramakrishnan et al., 2022a). In I. typographus, a gene was recently reported that likely encodes an isoprenyl-diphosphate synthase (IPDS) responsible for converting dimethylallyl diphosphate into 2-methyl-3-buten-2-ol, a transformation unique in insects (Ramakrishnan et al., 2022a). Ipsdienol biosynthesis also involves the oxidation of myrcene catalyzed by the cytochrome P450 enzyme CyP450T1/T2 (Sandstrom et al., 2006).
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FIGURE 1
 Proposed pheromone biosynthesis pathway with relative gene families from gut tissue and fat body of Ips typographus after topical application of JHIII. Red colour font highlights the pheromone compounds and relative gene families that are explained in this research article.


The third pheromonal component in I. typographus, cis-verbenol, is not synthesized de novo but is instead produced through the CyP450 catalyzed oxidation of (−)-α-pinene that adult beetles sequester from the tree (Renwick et al., 1976; Chiu et al., 2019). Additionally, a substantial amount of cis-verbenol has been detected in the gut of immature beetles that develop inside the bark, which is believed to be a result of detoxification of toxic α-pinene by these juvenile beetles (Ramakrishnan et al., 2022a). As part of this detoxification process, cis-verbenol (along with myrtenol as another detox product) is deposited in the form of monoterpenyl fatty acid esters in the fat body (Chiu et al., 2018; Ramakrishnan et al., 2022a). These conjugates can be hydrolyzed to provide free cis-verbenol in adult males when a supply of this pheromonal component is needed. In I. typographus, a candidate gene encoding a carboxylesterase (fatty acyl transferase) for the formation of verbenyl oleate (a fatty acid ester) in juvenile beetles was proposed and another carboxylesterase with ester bond cleaving function was suggested to be present in adult males (Ramakrishnan et al., 2022a,b). Another cis-verbenol conjugates, created through diglycosylation, has recently been discovered in the gut tissues of I. typographus (Ramakrishnan et al., 2022a). Detoxification via glycosylation is a common feature in insects (Hilliou et al., 2021), with UDP-glycosyltransferases being commonly studied as detoxification enzymes (Dai et al., 2021; Powell et al., 2021). In I. typographus, cis-verbenyl diglycosylate has been proposed as a potential parallel reservoir for the pheromone cis-verbenol released by adult males, a hypothesis that aligns with early hypotheses in D. ponderosae (Hughes, 1974; White et al., 1980). The effect of JH III on the formation of these detoxification conjugates or cleavage into pheromone-precursors has not been studied yet.

To learn more about the effect of JH III on bark beetle metabolism, we topically applied JH III to I. typographus and analyzed changes at the levels of gene transcripts, proteins, and metabolites in both sexes. The primary tissue studied was the gut, the site of pheromone biosynthesis and detoxification.

We hypothesize that JH III will induce correlated changes in genes, proteins and metabolites that reflect the requirements of adult beetles to aggregate and overcome the defense of their host trees by feeding on the phloem and reproduce. These changes are expected to occur in a sex-specific fashion. We also hypothesize that JH III will induce pheromone biosynthesis and the detoxification of spruce defense metabolites, especially those involved in the formation of aggregation pheromones.

By checking the above-mentioned hypothesis, genetic-level research of the bark beetle, I. typographus can lead to practical implications using RNA interference silencing of targeted genes and influence the pheromone metabolism. The RNAi technique for Coleopteran (wood-boring) insects has proven for highly susceptible and demonstrated recently on insects such as Emerald ash borer, Asian longhorn beetles, Chinese White pine beetle and Mountain pine beetle (Rodrigues et al., 2017; Dhandapani et al., 2020; Kyre et al., 2020).



2 Materials and methods


2.1 Beetle rearing

Spruce logs (Picea abies) naturally infested with I. typographus were collected from the Czech University of Life Sciences, Forest Enterprise in Kostelec and Černými lesy, Czech Republic. The infested logs were stored in a cold chamber (4°C) until further use. The fresh spruce logs (approximately 50 cm) were infested with F0 generation beetles (150 beetles per log) and maintained under laboratory conditions (70% humidity, 24°C, 16:8 h day/night period, and ventilated plastic containers of 56 × 39 × 28 cm/45 L volume) for incubation to establish the F1 generation. After 4 weeks of incubation, F1-generation beetles were collected and sorted for male and female beetles. Subsequently, the beetles were treated with 0.5 μL of acetone (control) or 0.5 μL of a solution of 20 μg/μl JH III in acetone (10 μg of JH III) topically on the abdomen of the beetles. After application, the beetles were kept under laboratory conditions for 8 h. Beetles were frozen in liquid nitrogen and stored at −80°C until further use. Before analysis, the guts were dissected from stored frozen beetles for further downstream analysis. In this study, the beetle body refers to the tissue with fat remaining after removing the gut, elytra, and wings (Ramakrishnan et al., 2022a,b).



2.2 Metabolome


2.2.1 Gas chromatographic-mass spectrometry analysis

The frozen beetles were dissected to extract their guts, which were then placed in 2 mL analytical vials containing 100 μL of cold pentane (10 guts per vial). The beetle bodies were placed in separate vials containing 1 mL of chloroform (10 beetle bodies per vial). The extracts are obtained after overnight incubation at 4°C and tissue free solvents were separated using a short centrifuge (4,000 rpm,30s) and used for injection.

A Pegasus 4D GC × GC–MS system (LECO, St. Joseph, MI, USA) employing an Agilent 7,890 B and a consumable-free modulator was used to analyze the samples. One microliter of the extract was injected into a cold PTV injector (20C) in split mode at a ratio of 1:3. After injection, the inlet was heated to 275°C at a rate of 8°C/s. Separation was conducted on an HP-5MS UI capillary column (30 m, 0.25 mm i.d., 0.25 μm film thickness, Agilent) coupled to BPX-50 (1.2 m, 0.1 mm i.d., 0.1 μm film thickness, SGE). The GC oven temperature program was as follows: 40°C for 2 min; then ramped at a rate of 10°C min−1 to 200°C; then at 5°C min−1 to 320°C and held for 15 min. The second-dimension oven modulator had offsets of 5°C and 15°C, respectively. The modulation period was 5 s. The total GC runtime was 57 min. Ions (ionization energy of 70 eV) were collected in the mass range of 35–500 Da at a frequency of 100 Hz.

Automated spectral deconvolution and peak-finding algorithms were applied using ChromaTOF software (LECO, St. Joseph, MI, USA). For identification of the compounds, the mass spectra and retention indexes from the National Institute of Standards and Technology (NIST, 2017) mass spectral customized library were used. In the case of fatty acid ester (oleate) was identified using a targeted search using mass spectra and retention indexes obtained from synthetic standards (Chiu et al., 2018) measured under same conditions as in our previous studies (Ramakrishnan et al., 2022a). Relative abundances were defined as the percentage of the peak area of the targeted metabolite in relation to the sum of peak areas of all peaks in the chromatogram.



2.2.2 Ultra-high-performance liquid chromatography-electrospray ionization -high-resolution tandem mass spectrometry analysis

The polar fraction of guts was extracted by adding methanol, water, and acetic acid in a ratio of 70/30/0.5 (v/v) at a volume of 7 mL per gut. The mixture contained 13C2-myristic acid (1 μg/mL) as an internal standard. The gut tissue was sonicated on ice for 5 min and disrupted using a pre-chilled Eppendorf tip. The samples were then centrifuged at 4000 RPM for 3 min, and the supernatant collected in a new vial with a 100 μL glass insert. The polar fractions of gut extracts were subjected to UHPLC-HRMS/MS analysis.

UHPLC-ESI-HRMS/MS was performed using an Ultimate 3,000 series RSLC system (Dionex) coupled to a Q-Exactive HF-X mass spectrometer (Thermo Fisher Scientific). Solvents A-water and B-acetonitrile (LiChrosolv hyper grade for LC–MS; Merck, Darmstadt, Germany), both with 0.1% v/v formic acid (eluent for LC–MS, Sigma Aldrich, Steinheim, Germany), were used for the binary solvent system. 10 μL of the extract was injected, and chromatographic separation was performed with a constant flow rate of 300 μL/min using an Acclaim C18 column (150 × 2.1 mm, 2.2 μm; Dionex, Borgenteich, Germany). Solvent gradients (B 0.5–100% v/v for 15 min; 100% B for 5 min; 100–0.5% v/v for 0.1 min; 0.5% for 5 min) were used. Ionization in the HESI ion source was achieved by 4.2 kV cone voltage, 35 V capillary voltage, and 300°C capillary temperature in the transfer tube in positive ion mode and 3.3 kV cone voltage, 35 V capillary voltage, and 320°C capillary temperature in negative mode. Mass spectra were recorded in both modes at a mass range of m/z 80–800 in duplicate. The obtained fragments with retention time values were interpreted using XCALIBUR software (Thermo Fisher Scientific, Waltham, United States; Ramakrishnan et al., 2022a,b). Metabolite samples were compared and statistically evaluated using MetaboAnalyst 4.0, and the determined masses were compared with the database (Chong et al., 2018). The amounts of three diglycosides of oxygenated monoterpenes (verbenol) were determined with mass spectra obtained from our previous work (Ramakrishnan et al., 2022b).




2.3 Transcriptome


2.3.1 Sample preparation

The beetle guts were dissected in RNAlater. Four biological replicate included three technical replicates each containing 10 pooled guts was used. Total RNA was extracted from male gut tissue samples using a pre-optimized protocol (Sellamuthu et al., 2022) and sent for sequencing with a NOVAseq6000 (PE150, 30 million raw reads) after quality determination using an agarose gel and a bioanalyzer. RNA (1 μg) was used for cDNA synthesis using the M-MLV reverse transcriptase kit following the manufacturer’s protocol and stored at −80°C for downstream analysis.



2.3.2 Differential gene expression analysis

RNA-seq. Data were analyzed using CLC workbench 21.0.5 (QIAGEN Aarhus, Denmark) with a pre-optimized setting for mapping exon regions with genome reference (Naseer et al., 2023). Furthermore, sequence datasets and relative transcript expression levels were obtained using TPM values. Finally, an empirical DGE analysis was performed using the optimum parameters (Ramakrishnan et al., 2022a). Genes with a false discovery rate (FDR)-corrected value of p cut-off of <0.05 and a fold change cut-off of ± four-fold as a threshold value for being significant. Differentially expressed genes were functionally searched in a cloud BLAST using the CLC Genomic Workbench. Gene Ontology term identification was performed using three categories (biological processes, molecular functions, and cellular components), and similar names were identified from the Kyoto Encyclopedia of Genes and Genomes pathway database (Kanehisa, 2002; Kanehisa et al., 2017).



2.3.3 Quantitative-real time PCR analysis

To validate the RNA seq. Data, genes were selected for qRT-PCR based on their varied expression levels. Primers were designed using IDT primer design software (Supplementary Table 4). A synthesized cDNA template was used for qRT-PCR validation using SYBR™ Green PCR master mix (Applied Biosystems, United States) under the following parameters: 95°C for 3 min, 40 cycles of 95°C for 3 s, and 60°C for 34 s. A melting curve was generated to ensure single-product amplification and eliminate the possibility of primer dimers and nonspecific amplicons. The relative expression levels of the target genes were calculated using the 2-ΔΔCt method with two housekeeping genes (Sellamuthu et al., 2022) as a reference for normalization with four biological replications.




2.4 Proteome


2.4.1 Sample preparation

Frozen beetles were dissected under on dry ice, and four biological replicates of each treatment were used for protein extraction and analysis. Each biological replicate contained tissue of three individual guts. Protein extraction was lysed in cold buffer containing 50 mm Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 1% N-octylglycoside, and 0.1% sodium deoxycholate. Gut tissue in the buffer with protease inhibitor mixture (Roche) was incubated for 15 min on ice. Lysates were cleared by centrifugation, and after precipitation with chloroform/methanol, proteins were resuspended in 6 m urea, 2 m thiourea, 10 mm HEPES, pH 8.0 and proceeded for digestion (Cox et al., 2014).



2.4.2 Protein digestion

The samples were homogenized and lysed by boiling at 95°C for 10 min in 100 mM TEAB (triethylammonium bicarbonate) containing 2% SDC (sodium deoxycholate), 40 mM chloroacetamide, and 10 mM Tris (2-carboxyethyl) phosphine, and further sonicated (Bandelin Sonoplus Mini 20, MS 1.5). The protein concentration was determined using a standard protein assay kit (Thermo Fisher Scientific). About 30 μg of protein per sample was used for MS sample preparation.

SP3 beads were used for sample processing. Five μl of SP3 beads were mixed with 30 μg protein in a lysis buffer and made up to 50 μL with TEAB (100 mM). Protein binding was induced by adding ethanol to a final concentration of 60% (vol/vol). The samples were thoroughly mixed and incubated at 24°C for 5 min. After SP3 was bound to the proteins, the tubes were placed on a magnetic rack, and the remaining unbound supernatant was discarded. Using 180 μL of 80% ethanol, beads were washed twice. After washing, samples were digested with trypsin (trypsin/protein ratio 1/30) and reconstituted in 100 mM TEAB at 37°C overnight. Digested samples were acidified with trifluoro acetic acid (TFA) to a final concentration of 1%. Finally, peptides were desalted using in-house stage tips packed with C18 disks (Empore; Rappsilber et al., 2007).



2.4.3 Nanoliquid chromatography-MS/MS analysis

nLC–MS/MS analysis was performed with nano-reversed-phase columns (EASY-Spray column, 50 cm × 75 μm ID, PepMap C18, 2 μm particles, 100 μm pore size). In this analysis, mobile phase buffer A (0.1% formic acid in water) and mobile phase buffer B (acetonitrile and 0.1% formic acid) were used. Samples were loaded in a trap column of C18 PepMap100, 5 μm particle size, 300 μm x 5 mm from Thermo Scientific. About 4 min at 18 μL/min loading buffer with water, 2% acetonitrile, and 0.1% trifluoroacetic acid were used for loading. Peptides were eluted with a mobile phase B gradient of 4–35% over 120 min. The eluted peptide cations were converted into gas-phase ions by electrospray ionization. A Thermo Orbitrap Fusion (Q-OT-qIT, Thermo Scientific) was used for the analysis. Survey scans of peptide precursors from 350 to 1,400 m/z were performed using an Orbitrap at 120 K resolution (200 m/z) with a 5 × 105 ion count target. Tandem MS was isolated at 1,5 Th using a quadrupole, HCD fragmentation with a normalized collision energy of 30, and rapid scan analysis in the ion trap. The second mass spectral ion count target was set to 104, and the maximum injection time was 35 ms. Precursors with charge state 2–6 were strictly sampled. The dynamic exclusion duration was set to 30 s with a 10 ppm tolerance around the selected precursor and its isotopes. Monoisotopic precursor selection was then performed. The instrument was run in top-speed mode with 2 s cycles (Hebert et al., 2014).

All data were analyzed and quantified using MaxQuant software (version 2.0.2.0; Cox and Mann, 2008). The FDR was limited to 1% for both full proteins and small peptides. The peptide lengths of the seven amino acids are specified. An MS/MS spectral search was performed using the Andromeda search engine against the I. typographus genome database. The C-termini of Arg and Lys were set for enzyme specificity, allowing the cleavage of proline bonds with a maximum of two missed cleavages. Cysteine dithiomethylation was selected as the fixed modification. Various modifications were considered with N-N-terminal protein acetylation and methionine oxidation. Matches between the run features from MaxQuant were used to transfer the identified peaks to other LC–MS/MS systems. Runs based on masses and retention times (with a maximum deviation of 0.7 min) were also considered for quantification. A label-free MaxQuant algorithm was used for quantification (Cox et al., 2014). Data analysis was performed using Perseus 1.6.15.0 (Tyanova et al., 2016).




2.5 Statistics

LC–MS data analysis was performed using MetaboAnalyst 4.0. GCxGC-TOF-MS data were cleaned for residua of analysis, normalized (constant raw sum), and evaluated using principal component analysis (PCA) in the SIMCA 17 software (Sartorius Stedim Data Analytics AB, Malmô, Sweden). T-test with 95% confidence interval was used to compare the abundance of control and treatment groups in TIBCO Statistics (United States, 2021). The data from transcriptome and proteome was normalized using CLC workbench 21.0.5 (QIAGEN Aarhus, Denmark) and MaxQuant software (version 2.0.2.0) respectively, and significant data (p < 0.05) were extracted for further analysis. qRT-data was analyzed with one-way ANOVA, Fisher LSD test in TIBCO Statistics (United States, 2021).




3 Results


3.1 Total gene enrichment analysis from guts of males and females after JH III topical treatment

The functional aspects of JH III influenced gene families from adult males and females were gained by a gene enrichment analysis. The data gained from differential gene expression (DGE) with significance (FDR-corrected value of p <0.05).

In males, the analysis revealed that a significant number of enriched genes were involved in metabolic processes. Additionally, functions such as catalytic activity, ester hydrolase, phosphatase activity, transporter and glycosyltransferase activities were also determined to be over-represented after JH III treatment by enrichment analysis. Gene functions related to lyase activity, small-molecule metabolic processes, carbohydrate metabolic processes, and lipid biosynthesis were also over-represented. Most importantly, we found that gene groups involved in pheromone biosynthesis functions, including isoprenoid biosynthesis, metabolic processes, and dephosphorylation were enriched. Gene functions related to oxidoreductase and alkaline phosphatase activity had the least coverage in terms of gene sequences (Figure 2A).
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FIGURE 2
 Gene enrichment analysis of transcripts from male gut tissue (A) and female gut tissue (B) after JHIII treatment. The data set were given as a test set (blue) to reference set (red) gene families known from reference websites as Gene Ontology. The possible functions of the genes were listed against the percentage of sequence coverage.


In female gut tissue, the GEA showed enrichment of membrane-related and membrane transporter activity-related genes rather than metabolic synthesis genes as in males. Several gene groups with functions related to detoxification, such as carboxylic acid transmembrane transporter, organic acid membrane transporter, amino acid transporter, alkaline phosphate activity, phosphatase activity, and protein dephosphorylation were identified as enriched. Genes responsible for oxidoreductase and catalytic activities, phosphoric ester hydrolase activity, phosphatase, and lipid metabolism process had higher sequence coverage in females than males. Furthermore, metal ion binding genes such as zinc ion binding and, carbohydrate metabolic process gene families were identified exclusively in female gut tissue. The gene groups for lyase activity and hydrolase activity were enriched in females as in males and many unknown genes were clustered under the “others” category “(Figure 2B). Taken together, the gene enrichment analysis provided valuable insights into the over-representation of genes in males and females after JH III treatment.



3.2 Total protein enrichment analysis from guts of males and females after JH III topical treatment

The list of detected proteins was organized based on functional relevance. In the male gut tissue after JH III treatment, the identified proteins clustered into 456 known functions, while in the treated female gut formed 489 functional groups. Of these, 347 groups were common to both male-treated and female-treated gut samples. Similar to gene enrichment analysis, both sexes exhibited the highest numbers of plasma membrane-associated proteins (Supplementary Table 5).

The functional groups identified in male and female guts after JH III treatment were largely similar. Proteins related to the nucleus and nucleolus, ATP and RNA binding proteins were enriched in both sexes. However, in males, the number of proteins with functions related to metal ion binding and transferase activity was higher compared to females (Figure 3A). Whereas, in the female gut, the reproduction-related embryo development proteins were higher protein numbers (Figure 3B; Supplementary Table 5). Nevertheless, the differences between male and female guts after JH III treatment were minor in terms of gene transcripts and protein enrichments.
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FIGURE 3
 Protein enrichment analysis of proteins from (A) male gut tissue and (B) female gut tissue after JHIII treatment. The possible protein functions with significance p < 0.05 and functions containing more than 100 protein numbers are listed in this figure. A list of remaining functions with lower protein numbers are given in Supplementary table 5.




3.3 Metabolome


3.3.1 GC–MS analysis of extracts from guts and bodies of males and females after JH III topical treatment

Extracts of the guts and bodies of male and female I. typographus beetles subjected to JHIII treatment, were compared to their respective control groups, using comprehensive two-dimensional gas chromatography.

The initial Principal Component Analysis (PCA) revealed a distinct separation of JH III treated male gut samples from control samples treated with acetone. The first two components of the PCA plot accounted for 46.5% of the variance in the data (see Figure 4A). The primary compound responsible for this separation was identified as the main I. typographus aggregation pheromone component, 2-methyl-3-buten-2-ol. Additionally, compounds such as cis-verbenol and phenylethanol (male-specific compound) also contributed to this separation. In contrast, control male guts contained only phenylethanol and trace amounts of cis-verbenol, along with traces of other compounds such as verbenone, ipsdienol, and myrtenol (refer to Supplementary Figure 1).
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FIGURE 4
 (A) Principal component analysis (PCA)of compounds identified by GCxGC-MS from I. typographus gut samples after JHIII induction in both sexes. The key component responsible for separation are highlighted in red color- PA- Phenylethyl alcohol, MB- 2-methyl-3-buten-2-ol, cV-cis-verbenol. (B) Relative abundance of Verbenyl ester in I. typographus beetle body (left) and gut tissue (right) after JHIII induction compared to the control. MA, Males topically treated with acetone – control; MJ, Males topically treated with JHIII – treatment, FA, Females topically treated with acetone – control, FJ, Females topically treated with JHIII – treatment. Statistics: T test with paired independent parameters. *** represents p < 0.001, ** represents p < 0.01, * represents p < 0.05. N = 3.


The relative abundance of the pheromone precursor verbenyl oleate was determined in extracts from both the guts and the bodies (including the fat body) of beetles following JH III treatment and compared to a control (see Figure 4B). In both male and female beetle body extracts, JH III topical treatment led to a significant increase (1.5x in males, 15x in females) in the levels of verbenyl oleate compared to the control group.

This trend was also observed in extracts from female guts (15x increase). However, in the gut extracts of male beetles, JH III treatment resulted in a significant decrease (1.8x decrease) in the relative abundance of verbenyl oleate compared to the control group. This decrease is likely attributable cleavage of these monoterpene conjugates to give the free pheromone cis-verbenol (refer to Figure 4B). The absolute amount of verbenyl oleate in different beetle life stadia was 250 ng/mg of beetle body weight, as previously quantified (Ramakrishnan et al., 2022a) The content of free cis-verbenol in the guts of freshly emerged beetle was 5 ng/gut, which can be compared with control beetles in this study.



3.3.2 UHPLC-ESI-HRMS/MS analysis of guts extracts of males and females JH III topical treatment

Metabolic profiling of non-volatile and polar compounds in the gut tissues of JH III-treated males and females was conducted using a non-targeted analysis via UHPLC/HRMS in both positive and negative ion modes. An unsupervised multivariate PCA was employed to assess differences among the sample groups.

In both ion modes measurements, JH III-treated males and females clustered distinct from the control group. In the negative ion mode, the PC analysis explained 55 and 61.2% of the total variance in males and females, respectively, (see Figure 5A, left). In the positive ion mode, the PC explained 60 and 50% of the total variance in males and females, respectively, (see Figure 5A, right). The determination of the total abundance of verbenyl diglycosides was calculated as the sum of the peak areas from the three individual verbenyl diglycoside peaks. After treatment with JH III in beetles, the total abundance of diglycosides content significantly increased in the guts of both sexes compared to the acetone-treated controls. There was no significant difference in the induction of these compounds by JH III between males and females (see Figure 5B). The actual amount of these compounds per beetle gut could not be determined due to the lack of standards.
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FIGURE 5
 (A) Principal component analysis (PCA) of compounds identified by UHPLC-ESI-HRMS/MS analysis measured in negative (left) and positive mode (right). The data shows the overall separation of I. typographus gut samples after JHIII treatment in male (up) and female (down). (B) Abundance of Verbenyl di glycosides in I. typographus gut tissue after JHIII induction. MA, Males topically treated with acetone – control; MJ, Males topically treated with JHIII – treatment, FA, Females topically treated with acetone – control, FJ, Females topically treated with JHIII – treatment. T test with paired independent parameters. *** represents p < 0.001.





3.4 Regulation of genes and proteins after JH III treatment in transcriptome and proteome of adult males and female beetles


3.4.1 Transcriptome-differential gene expression analysis

Overall, DGE analysis using the CLC workbench from the RNA sequence data obtained from beetle guts provided a clear distinction between gene sets in JH III-treated versus control beetles and males versus females, with samples from each group clustered together in principal component analysis (Supplementary Figure 2A). After JH III treatment, approximately 710 transcripts were upregulated, and 545 were downregulated in male gut tissue only, as depicted in a Venn diagram (Figure 6A). On the other hand, in female gut tissue only a total of 518 transcripts were upregulated, and 456 transcripts were downregulated. However, approximately 5,155 transcripts were upregulated, and 4,595 transcripts were downregulated in both male and female gut tissues. Notably, the total number of genes upregulated after treatment in the male beetle gut was higher (10,385 transcripts) than that in the female beetles (9,682 transcripts; Figure 6A; Supplementary Table 1).
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FIGURE 6
 (A) Transcriptome and (B) proteome. Regulated in I. typographus male and female gut tissue after JHIII treatment. Up arrow - upregulation and down arrow - down-regulation. Green and blue represents male gut tissue. Pink and yellow color represents female gut tissue. The graph below Venn diagram represents the total number of gene transcripts and proteins regulated in both sexes after treatment. (C) comparison of upregulated gene transcripts and proteins from males (left) and females (right) after treatment. Jvenn platform was used for the comparison analysis.




3.4.2 Proteome-differential protein expression analysis

The results of the DPE analysis of JH III-treated beetle gut tissue yielded a comprehensive list of identified proteins exhibiting a significant fold change in their expression following treatment. Samples from each treatment (JH III vs. control) were clustered in principal component analysis (Supplementary Figure 2B). It is noteworthy that although JH III treatment is conventionally associated with pheromone production in adult male beetles, the female beetle gut tissue exhibited a higher number of identified proteins after treatment, 449 versus 229 in males. Among the total number of upregulated proteins, 79 were male-specific, 302 were female specific and 145 were detected in both male and female guts. Among the total number of downregulated proteins, 68 proteins male specific, 69 were female specific and 27 were detected in both male and female guts (Figure 6B; Supplementary Table 2).



3.4.3 Comparison of transcriptome and proteome

To narrow down the upregulated genes from male gut tissue with possible functional significance, we compared the contig lists from the DGE and DPE analyses (Figure 6C). Although the number of identified proteins was 100-fold lower than the number of transcripts from the DGE analysis, the results of the comparison helped identify a unique set of gene contigs for further evaluation. The male gut tissue had 129 contigs from transcript and protein analysis, names are provided in Supplementary Table 3A. The key mevalonate pathway gene Ityp09271, isoprenyl-diphosphate synthase (IPDS) gene (functionally proposed for 2-methyl-3-buten-2-ol synthesis), was among the highly upregulated gene contigs. Other mevalonate pathway genes such as Ityp06045 phosphomevalonate kinase (PMK), Ityp09137, 3-hydroxy-3methyl glutaryl Co-A synthase (HMG-S), and Ityp04875, isopentenyl-di-phosphate isomerase (IPPI) were also upregulated at the gene transcript level. A similar pattern was seen for the contigs involved in hydrolase function (listed in the table as myrosinase), which are known to have a functional role for glycosyl hydrolase activity, acting on glycosyl bonds (GO:0016798), and transferase contigs, such as acetyltransferase and UDP-glucuronosyltransferase (highlighted in Supplementary Table 3A). Many ribosomal and membrane transporter contigs, such as V-type ATPases, were also upregulated, while several genes that have an unknown function were identified among the male-specific upregulated gene contigs (Supplementary Table 3A).

The female gut tissue had approximately 183 contigs from transcripts and protein analysis (Figure 6C; Supplementary Table 3B). Although the number identified in females was higher than that in males, mevalonate pathway genes were not predominant in the list of identified contigs in females. However, another geranyl-diphosphate synthase (Ityp17861) was upregulated. Furthermore, gene families, such as glycine dehydrogenase, ubiquitin carboxyl-terminal hydrolase, and vitellogenin-like, with functions likely in detoxification and oocyte formation, were found to be upregulated (Supplementary Table 3B). Similar to males, many genes related to mitochondria-related ribosomal proteins, elongation factors, binding proteins, and many functionally unknown genes and proteins were also found to be upregulated (Supplementary Table 3B).



3.4.4 Regulation of the mevalonate pathway after JH III treatment (involved in de novo pheromone biosynthesis)

Combining gene and protein expression with qRT-PCR allowed a more comprehensive overview of the effect of JHIII treatment and sex on the steps of the mevalonate pathway, which makes the I. typographus aggregation pheromones and pheromone precursors de novo. Information was obtained for the upregulation of the following genes by RNA-Seq and qRT-PCR: PMK (Ityp06045), HMG-S (Ityp09137), HMG-R (Ityp17150), IPPI (Ityp04875), and IPDS (Ityp09271; Figure 7A). Not all of these steps were identified at the protein level, but analysis revealed the upregulation of HMG-S, IPPI, and IPDS. Notably, we found that the IPDS gene was upregulated by up to 35-fold in male gut tissue compared with that in female gut tissue after JH III treatment (Figure 7B). Besides the IPDS gene, HMG-S was also significantly upregulated in JH III treated male gut tissue compared with that in treated females (Figure 7B). Additionally, we also found that IPPI was exclusively abundant in proteins from female gut tissue after treatment (Supplementary Figure 3).
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FIGURE 7
 Mevalonate pathway key gene contigs expression pattern in transcriptome and proteome and qRT-PCR analysis of male gut tissue. (A) Treatment specific in male (JHIII vs. acetone). (B) Sex-specific after treatment (male vs. female). Phosphomevalonate kinase (PMK), 3-hydroxy-3-methyl glutaryl coenzyme-A synthase (HMG-S), 3-hydroxy-3-methyl glutaryl coenzyme-A reductase (HMG-R), isopentyl-di-phosphate isomerase (IPPI), and isoprenyl-di-phospate synthase (IPDS). MA, Males topically treated with acetone – control; MJ, Males topically treated with JHIII – treatment, FA, Females topically treated with acetone – control, FJ, Females topically treated with JHIII – treatment. N = 4. The error bar indicates standard error. The expression patterns of the gene transcripts are given in a heat map along with log fold change graph.




3.4.5 Regulation of the cytochromeP450 (CyP450) gene family after JH III treatment (involved in pheromone biosynthesis and pheromone formation from host tree precursors)

A similar combined approach was taken to explore the regulation of CyP450 genes that are involved in pheromone biosynthesis by RNA-Seq and qRT-PCR; no proteins of this family were detected in our proteomic investigation. CyP450 contigs showing expression patterns above a 2-fold change with a significant value of p (p < 0.05) were confirmed by qRT-PCR analysis. Among the contigs previously proposed to be involved in pheromone biosynthesis (Ramakrishnan et al., 2022a), contigs Ityp3903 and Ityp0496 (proposed for verbenol synthesis), contigs Ityp3140 (proposed for detoxification), and Ityp3153 (proposed for ipsdienol) were all found to be upregulated genes in the JH III-treated male gut and are among the most highly upregulated genes measured in this study (Figure 8).
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FIGURE 8
 Cytochrome P450 gene contigs expression pattern in transcriptome and qRT-PCR expression analysis from I. typographus male gut tissue after JHIII treatment. The error bar indicates standard error. MA, Males topically treated with acetone – control; MJ, Males topically treated with JHIII – treatment. N = 4. The expression pattern of the transcripts is given in a heat map along with log fold change graph.




3.4.6 Regulation of esterase gene family after JH III treatment (involved in formation and cleavage of verbenyl fatty acid ester conjugates-possible pheromone precursors)

Among the esterase genes proposed for converting the stored verbenyl ester to cis-verbenol, Ityp11977 (which occurred in the early life stage) was not significantly influenced by JH III treatment in males according to transcriptome and proteome analysis. However, another esterase contig, Ityp09460, was found to be upregulated in the protein analysis and qRT-PCR but downregulated in the RNA-Seq. transcriptome (Figure 9A). In female gut tissue, none of these contigs were detected, except for Ityp11977 in qRT-PCR (Figure 9B).
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FIGURE 9
 Esterase gene contigs expression pattern in the transcriptome, proteome, and qRT-PCR analysis from I. typographus male (A) and female (B) gut tissue after JHIII treatment. MA, Males topically treated with acetone – control; MJ, Males topically treated with JHIII – treatment, FA, Females topically treated with acetone – control, FJ, Females topically treated with JHIII – treatment. N = 4. The expression patterns of the gene transcripts are given in a heat map along with fold change graph.




3.4.7 Regulation of Glycosyl hydrolase gene family after JH III treatment (involved in formation and cleavage of verbenyl diglycoside conjugates possible pheromone precursor)

When comparing DGE and DPE analyses in male gut tissue, a set of gene families known for glycosyl-hydrolase function (GO:0016798) was significantly upregulated after JHIII treatment at both the transcript and protein levels with male specificity. This gene family nearly as abundant as the genes of the mevalonate pathway, may cleave stored verbenyl glucoside conjugates to give the free pheromone. Twelve gene contigs were detected from the family, four of which were also detected and significantly upregulated at the protein level, Ityp11770, Ityp00535, Ityp00943, and Ityp04256. These were also upregulated by qRT-PCR except for contig Ityp11770 (Figure 10A). All three contigs were more upregulated in males than in females (Figure 10B); for females, DGE, DPE, and qRT-PCR did not show consistent upregulation after JHIII treatment (Figure 10B; Supplementary Figure 4).
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FIGURE 10
 Glycosyl hydrolase gene contigs expression pattern in transcripts, proteins, and qRT-PCR analysis. MA, Males topically treated with acetone – control; MJ, Males topically treated with JHIII – treatment, FA, Females topically treated with acetone – control, FJ, Females topically treated with JHIII – treatment. N = 4. The error bar indicates standard error. The expression patterns of the gene transcripts are given in a heat map along with log fold change graph.






4 Discussion


4.1 Changes in gene expression, proteins, and metabolites after JHIII application to I. Typographus, highlighting overall metabolic regulation

The topical application of JH III to adult beetles has been studied in many bark beetle species (Keeling et al., 2016; Tian et al., 2020). In I. typographus, we have identified numerous metabolic pathways affected by this hormone by changes in their genes, proteins, and metabolites. JH III treatment has been demonstrated to induce pheromone biosynthesis in male I. typographus exclusively and the formation of monoterpene detoxification conjugates in both sexes. These findings correlate with the earlier reported impact of JH III on other bark beetles such as D. ponderosa (Chiu et al., 2018).

JH III treatment led to the notable upregulation of metabolic processes and relevant membrane transporters, consistent with observations on other Ips species (Keeling et al., 2006). In addition, there were strong differences in gene expression patterns between males and females of I. typographus encompassing functions such as catalytic activity, oxidoreductase activity, esterases, and phosphatases.

In male beetles, the treatment primarily influenced metabolic regulation, whereas, in females, it led to the induction of numerous reproduction-related genes such as vitellogenins (involved in oocyte biosynthesis). This observation can fit the well-documented influence of JH III on parenting behaviors in social insects (Trumbo, 2018). In addition to many membrane transporter activity genes in female guts, genes regulating detoxification processes, such as carboxylases and ubiquitin-carboxyl hydrolases were upregulated (Supplementary Table 3B).

A complementary protein enrichment analysis in this study also found sex-specific differences after JH III treatment. The male gut was enriched with proteins involved in metabolic processes and transferase activity-related proteins. These steps are key in the pheromone biosynthesis of I. typographus pioneer males. In the female gut after treatment, the embryo development-related proteins were among those upregulated (over 100 protein candidates), which correlated with the finding of vitellogenin upregulation at the gene level. Both sexes demonstrated upregulation of proteins involved in nuclear and detoxification processes. Unexpectedly, detoxification products of the host tree monoterpene-pinene, verbenyl fatty acid esters, were induced in the guts of both sexes by JHIII. This finding supports the recently proposed hypothesis that detoxification conjugates are produced in both sexes of bark beetles and later diverted to pheromone biosynthesis to the greatest extent in the pioneer sex in host finding- the males in I. typographus (Chiu et al., 2018; Ramakrishnan et al., 2022a). Nevertheless, the pathways involved in detoxification and pheromone biosynthesis need more study to understand the linkages between them.



4.2 Identification of key genes responsible for pheromone biosynthesis

Two of the major male aggregation pheromone components of I. typographus are isoprenoids produced de novo by the mevalonate pathway were identified (Figure 7). The genes for this pathway have been annotated in the I. typographus genome (Powell et al., 2021; Naseer et al., 2023), and many of them are shown here to be upregulated exclusively in males. After JH III treatment, these genes have also been implicated in pheromone formation in other Ips species (Keeling et al., 2004).

In male I. typographus, topical treatment with JH III led to the overexpression of certain, upstream genes of the mevalonate pathway, including PMK (Ityp06045), HMG-S (Ityp09137), HMG-R (Ityp17150), and IPPI (Ityp04875). were relatively overexpressed in the gut. In addition, the upregulation of IPDS (Ityp09271) was observed at both the transcript and protein levels. This gene is a candidate for encoding the biosynthesis of the hemiterpene 2-methyl-3-buten-2-ol, which has not yet been functionally demonstrated. The upregulation of Ityp09271 aligns with the significant increase in 2-methyl-3-buten-2-ol content observed in the male gut after the treatment and corresponds with the biosynthetic pathway proposed in our previous study (Ramakrishnan et al., 2022a). In females, there was also reported upregulation of another IPDS, an ortholog of geranyl diphosphate synthase (Ityp17861; Ivarsson et al., 1993).

In addition to the observed increase in the levels of 2-methyl-3-buten-2-ol induced by JH III, two other pheromone components were also upregulated: ipsdienol (presumably produced de novo) and cis-verbenol (likely synthesized from α-pinene) and sequestered as a fatty acid ester (Ramakrishnan et al., 2022a). GC–MS measurements of gut tissue following the induction further revealed a significant increase in I. typographus male-specific compounds, such as myrtenol and phenyl ethanol (Supplementary Figure 1). Although behavioral activity for these compounds has not been reported in I. typographus, they also produced by the pheromone-producing sex of related bark species, D. ponderosae and I. pini, where their upregulation after the treatment has also been documented (Keeling et al., 2006, 2016). This suggests that the effect of JH III on pheromone biosynthesis is not limited solely to known behaviorally active compounds.

The effect of JH III- treatment on CyP450 enzymes was also studied, but this was only feasible at the gene transcript level as CyP450 proteins could not be identified in our proteomics work. In the transcriptome analysis, we searched for gene candidates with sequence similarities to functionally known genes from other bark beetle studies, including those involved in cis-verbenol biosynthesis (Chiu et al., 2019; Ramakrishnan et al., 2022a), detoxification mechanisms (CyP6DE3), and ipsdienol biosynthesis (CyP9T1/T2; Song et al., 2013; Nadeau et al., 2017).

Interestingly, CyP450s genes in all three functional classes were upregulated after JH III treatment with CyP6DE1, known in another bark beetle species for its role in trans-verbenol biosynthesis (Chiu et al., 2019). The contigs from I. typographus male gut exhibited lower expression levels compared to the gene contigs suggested for detoxification (CyP6DE3) and ipsdienol biosynthesis (CyP9T1/T2; Sandstrom et al., 2006). The effect of topically applied JH III on pheromone biosynthesis appears to be broader than just the induction of de novo synthesized compounds. In addition to regulating isoprenoid biosynthesis, this hormone affects the production of pheromonal components by influencing a variety of other biosynthetic mechanisms such as the hydroxylation of host tree monoterpenes.



4.3 Effects of JH III on the formation and cleavage of detoxification conjugates related to pheromonal components

In this study, topically applied JH III also influenced the production of verbenyl-fatty acid ester and verbenyl-diglycosides, which are conjugates of the pheromone cis-verbenol. Since cis-verbenol may also be regarded as a detoxification product of α-pinene, its esters, and glycosides may help to alleviate toxicity by stabilizing the initial detoxification product. However, our main objective was to test the hypothesis that these esters and glycosides are precursors of cis-verbenol in adult males when they need to release large quantities of these pheromones during the attack on the host tree.

Furthermore, the compound, verbenyl-oleate production after JH III treatment has significantly induced in the fat bodies of both sexes of adult beetles. The induction rate was 10 times higher in females than in males. We previously established from the production curve of this compound at different life stages (Ramakrishnan et al., 2022a) that verbenyl oleate abundance is male-specific during adult beetle stages. However, in this study, we report that treatment can also induce its production in female adult beetles. This finding suggests a strong regulatory role for JH III in the formation of these compounds in the beetle.

The content of verbenyl oleate in the gut is 100 times lower than in the fat body of I. typographus (Ramakrishnan et al., 2022a). Despite the gut being the site for biosynthesis of this compound during the juvenile stages and later in adult males free cis-verbenol release occurs. Also, JH III induced an increase in verbenyl oleate abundance in female guts similar to that in the fat body and reduced its content in male guts. These findings support the existing hypothesis that the cleavage of verbenyl fatty acyl esters is specific to adult males and that verbenyl esters serve as precursors for the active pheromonal cis-verbenol in pioneer male I. typographus (Ramakrishnan et al., 2022a). Both the formation and cleavage steps of verbenyl fatty acid esters are regulated by JH III, indicating that the responsible enzymes (esterase, also known as carboxylesterases or fatty acid transferases) are likely regulated at the gene or protein level.

The esterase contig Ityp11977, which was previously reported in earlier life stages of I. typographus for verbenyl fatty acyl ester formation (Ramakrishnan et al., 2022a), was also identified in the guts of beetles after treatment. This observation aligns with the finding that the candidate Ityp11977 was exclusively expressed (as shown in qRT-PCR analysis) in the female gut after treatment (see Figure 9). We also identified another contig from esterase - Ityp09460, expressed in the male gut following the treatment, coinciding with a reduction in verbenyl ester levels. This observation leads us to propose the involvement of this esterase candidate in the release of cis-verbenol through the cleavage of ester bonds in the male gut, a novel finding in I. typographus. It is worth noting that this esterase is known for several detoxification functions in other insects (Blomquist et al., 2021).

In our previous study, other cis-verbenyl conjugates in the guts of beetles were identified as three verbenyl-diglycosides differing structurally by glycosidic parts (Ramakrishnan et al., 2022a,b). Glycosylated alcohols are known to serve as detoxification products, and they may have relevance to bark beetle pheromone biosynthesis in other species (Blomquist et al., 2021). In this study, we observed a significant 100-fold increase in the content of these compounds in the guts following the treatment, and this induction showed similar rates in both sexes of adult beetles. This demonstrates the JH III regulation over the formation of these compounds.

Furthermore, to test the hypothesis that these compounds could serve as alternative pheromonal cis-verbenol precursors, we searched and identified for possible genes within specific glycosyl hydrolase gene families. Later, the gene for potential male-specific release to free cis-verbenol. Notably, we identified four contigs from the glycosyl hydrolase gene family that were overexpressed exclusively in the male gut after treatment. However, the uncertainty in the abundance of male-specific verbenyl diglycosides (not similar to verbenyl ester), together with low quantity in the gut and absence in the fat body (unpublished data) we presume that these compounds are more likely a detoxification product rather than a pheromone precursor. Thus, we have observed a strong induction of JH III on the formation of both verbenyl conjugates discussed. Originally, these compounds serve as binding agents for the detoxification product of α-pinene, specifically cis-verbenol in our case, but additionally, our findings proved that verbenyl fatty acyl esters are possessed by adult males as an alternative pheromone precursor (Chiu et al., 2018; Ramakrishnan et al., 2022a).

Hence, obtaining the specific gene candidates directs us to practical application by targeting the genes of pheromone biosynthesis for silencing in I. typographus. Targeting the species-specific non-lethal genes of the beetle along with characterizing them aims to address the pest’s aggregation behavior with minimum ecological damage. A similar approach was demonstrated in a moth, Helicoverpa armigera when reproduction was modified by silencing genes responsible for sex pheromones production (Dong et al., 2017).

The main objective of RNAi-based Forest pest management is to reduce the forest pest population level below the epidemic level (Hlasny et al., 2021). Similarly, genes involved in pheromone production in bark beetles can be targeted via RNAi to disrupt communication, such as aggregation of pheromone signal for a mass attack in I. typographus. However, selecting an appropriate delivery method for specific insect orders is challenging. In wood-feeding insects, the aspect of dsRNA delivery can be achieved by spraying over the tree trunk (Li et al., 2015) or by injecting it into the tree’s sap stream (Hunter et al., 2012). The delivery of dsRNA by these methods will be used for effective silencing of the pheromone biosynthetic genes in the beetle upon phloem-feeding. However, appropriate method should be considered while choosing the for effective outcome (Joga et al., 2021). This approach is familiar with existing forest pest management practices (i.e., silvicultural, biological), and can aid a multi-faceted management approach that keeps the tree-killing forest pest populations in the endemic stage while conserving the beneficial species.

In conclusion, these findings establish a foundation for understanding the genetic mechanisms underlying pheromone biosynthesis in I. typographus following JH III treatment. However, a logical next step would be to conduct functional validation of the identified gene candidates involved in pheromone biosynthesis. This approach could lead to effective pest management strategies, such as RNA interference, aimed at manipulating the mass attack behavior of this aggressive pest (Joga et al., 2021).
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