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Introduction

The strong aromatic characteristics of the tender leaves of Toona sinensis determine their quality and economic value.





Methods and results

Here, GC-MS analysis revealed that caryophyllene is a key volatile compound in the tender leaves of two different T. sinensis varieties, however, the transcriptional mechanisms controlling its gene expression are unknown. Comparative transcriptome analysis revealed significant enrichment of terpenoid synthesis pathway genes, suggesting that the regulation of terpenoid synthesis-related gene expression is an important factor leading to differences in aroma between the two varieties. Further analysis of expression levels and genetic evolution revealed that TsTPS18 is a caryophyllene synthase, which was confirmed by transient overexpression in T. sinensis and Nicotiana benthamiana leaves. Furthermore, we screened an AP2/ERF transcriptional factor ERF-IX member, TsERF66, for the potential regulation of caryophyllene synthesis. The TsERF66 had a similar expression trend to that of TsTPS18 and was highly expressed in high-aroma varieties and tender leaves. Exogenous spraying of MeJA also induced the expression of TsERF66 and TsTPS18 and promoted the biosynthesis of caryophyllene. Transient overexpression of TsERF66 in T. sinensis significantly promoted TsTPS18 expression and caryophyllene biosynthesis.





Discussion

Our results showed that TsERF66 promoted the expression of TsTPS18 and the biosynthesis of caryophyllene in T. sinensis leaves, providing a strategy for improving the aroma of tender leaves.
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1 Introduction

With its long-standing cultivation tradition, Toona sinensis is extensively grown as a woody vegetable in the northern and southern regions of China (Peng et al., 2019). Due to the abundance of beneficial secondary metabolites found throughout the plant, it is extensively used in medicine, food production, and the chemical industry (Cao et al., 2019; Zhao et al., 2022). The tender leaves of T. sinensis are particularly known for their unique aroma, which contributes to their widespread appreciation. Caryophyllene, propylene sulfide and α-pinene, key raw materials used in producing high-quality chemical products such as essential oils, are common volatile compounds found in the tender leaves of T. sinensis (Wang et al., 2023a). Apart from industrial applications, these compounds also show therapeutic potential, making them valuable for treating a variety of diseases. However, significant differences exist in the composition and concentration of volatile compounds found in the tender leaves of T. sinensis. In related studies, it was found that significant differences existed in volatile compounds of T. sinensis in 8 producing areas (Zhang et al., 2022a). This highlights the significant variations in aroma among different varieties of T. sinensis, suggesting the presence of diverse flavour compounds within the species.

Caryophyllene, a sesquiterpene, is a naturally occurring plant compound (MaChado et al., 2018; Francomano et al., 2019; Frank et al., 2021) found in the volatile profiles of various plants, including basil (Sacchetti et al., 2004), black pepper (Geddo et al., 2019; Sudeep et al., 2021) and rosemary (Conde-Hernández et al., 2017). Previous pharmacological studies have demonstrated that caryophyllene possesses a multitude of effects, including the regulation of blood lipids (Baldissera et al., 2017; Youssef et al., 2019), reduction of blood sugar (Basha and Sankaranarayanan, 2016), anti-tumour activity (Ambrož et al., 2015; Dahham et al., 2015) and prevention of liver injury (Cho et al., 2015; Kamikubo et al., 2016). Zhang et al. used GC-MS to investigate and analyse the volatile components of T. sinensis from Yunnan Province. This study revealed that the identified volatile components accounted for 92.58% of the total volatile oil. Among these components, caryophyllene has the highest content, reaching 19.51% (Zhao et al., 2022). Wang et al. utilised GC-MS and relative odour activity values (ROAV) to examine the volatile components of T. sinensis sourced from the provinces of Guizhou, Yunnan, Sichuan and Shandong. The results indicated that Shandong T. sinensis exhibited higher ROAV for caryophyllene compared to those in other regions (Wang et al., 2020). There has been growing interest in the aroma of T. sinensis in recent years, as evidenced by an increasing number of studies (Zhai and Granvogl, 2019; Wang et al., 2023). However, existing studies have mainly focused on the collection and classification of germplasm resources (Dai et al., 2023), the extraction of bioactive components (Chen et al., 2009), and the determination and analysis of aroma components (Liu et al., 2013). Genetic improvement of aroma in T. sinensis is greatly hindered by a lack of understanding of the molecular mechanisms involved in aroma formation. Caryophyllene is the principal component contributing to the aroma of various T. sinensis varieties. A comprehensive understanding of the genetic regulatory mechanism underlying this particular component holds significant potential for breeding novel T. sinensis cultivars with desired aroma profiles (Zhao et al., 2017).

Terpene synthase (TPS) is a crucial gene family responsible for forming diverse terpene skeletons (Tholl et al., 2023). It comprises three subfamilies: TPS-c, TPS-e/f, and TPS-h/d/a/b/g (Jia et al., 2022). TPS-c, TPS-e/f are primarily involved in the biosynthesis of ent-kaurene, whereas the TPS-h/d/a/b/g subfamilies are closely associated with secondary metabolism in plants. In Phoebe bournei, PbTPS-a25, PbTPS-a21 and PbTPS-a26 promote the synthesis of β-caryophyllene, and the TPS-a subfamily can promote the synthesis of sesquiterpenes and other terpenoids in plants, enhancing the plant’s resistance to pathogens (Han et al., 2022). Previous studies have indicated that both constitutive and inducible terpenoids play crucial roles in plants’ defence against potential threats. For instance, treatment of Norway spruce with methyl jasmonate (MeJA) induces a complex terpenoid defence response, releasing various monoterpenes and sesquiterpenes (Martin et al., 2004). However, the types and concentrations of terpenoids vary among different plants, correlating with the number and categories of TPS gene clusters within the plants (Tholl and Lee, 2011). The release of terpene volatiles, such as β-ocimene and α-farnesene, in response to insect induction differs among various plant varieties (Huang et al., 2010). Numerous TPS genes involved in terpenoid biosynthesis have been identified in tomatoes, including one encoding an isoprene synthase and seventeen encoding monoterpene and sesquiterpene synthases (Zhou and Pichersky, 2020a). Although many terpenoids are common among plants, some are specific to certain species or groups (Zhou and Pichersky, 2020b). The contents of different terpenoids in the tender leaves of T. sinensis indicated that understanding the expression and mechanisms of TPS members is of great significance for further understanding the biosynthesis of terpenoids in T. sinensis.

APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) transcription factors play a crucial role in the regulation of terpenoid biosynthesis (Feng et al., 2020), significantly influencing the biosynthesis of various terpenoid compounds in many species such as Pinus massoniana, Catharanthus roseus, and Salvia miltiorrhiza (Paul et al., 2017; Zhang et al., 2019; Zhu et al., 2021). Numerous studies have reported that AP2/ERF transcription factors are essential regulators of hormone signalling, such as jasmonic acid, GA and ABA (Cai et al., 2023; Ma et al., 2024). Under cold stress, the accumulation of terpenoids is promoted by affecting the contents of endogenous hormones, such as jasmonic acid and ABA, and the expression of AP2/ERF family (He et al., 2023). Members of the ERF-IX group respond to jasmonic acid participating in plant secondary metabolism (Imano et al., 2022; Kong et al., 2023). It was discovered that LcERF19 can bind and activate the promoter of LcTPS42 to enhance the production of monoterpenoids in Litsea cubeba (Wang et al., 2022). Additionally, CitERF71 was demonstrated to exhibit the capability to interact with the ACCCGCC and GGCGGG motifs within the promoter of e-geraniol synthetase (CitTPS16), thereby facilitating being expressed in sweet orange fruits (Li et al., 2017). These studies on ERF transcription factors, especially the ERF-IX group, indicate the critical role in the biosynthesis of terpenoid compounds. However, the regulatory mechanisms of ERF transcription factors in terpenoid biosynthesis in tender T. sinensis leaves remain unclear.

The objectives of the study were to identify specific genes associated with terpene biosynthesis through transcriptome analysis, investigate the expression variations among these genes and elucidate their roles in caryophyllene biosynthesis. To accomplish these goals, we analysed the volatile compounds in various parts of the leaves of two T. sinensis varieties characterised by distinct aroma compositions. Subsequently, we conducted RNA-seq analysis of these samples to explore their transcriptional variances. We identified the members of the AP2/ERF gene family associated with terpene biosynthesis. Based on the published TPS gene family of T. sinensis, we screened members of the AP2/ERF and TPS gene families that may be involved in the biosynthesis of volatile substances, with a particular emphasis on caryophyllene. Additionally, we cloned the target genes and conducted transient overexpression in T. sinensis tender leaves to verify the key role in caryophyllene biosynthesis. Our findings highlight the crucial role of caryophyllene biosynthesis in T. sinensis.




2 Materials and methods



2.1 Selection and collection of plant materials

The T. sinensis selected for this study were grown in a nursery on Xinsha Island, Hangzhou, China (Dai et al., 2023). WY variety originated from Sichuan Province, while LJ variety was collected from Shanxi Province. The two T. sinensis varieties sourced from different regions exhibit significant phenotypic differences (Figure 1A). In this study, we conducted olfactory assessments on T. sinensis varieties from multiple geographical areas, selecting LJ and WY based on differences in sensory stimulation of their tender leaves for the determination of volatile substance. We collected the third compound leaf from the top buds of two T. sinensis individuals, LJ and WY, at the Xinsha Island nursery in August 2022. The leaves were divided into upper, middle, and lower segments, with three replicates per segment. Subsequently, the samples were rapidly frozen in liquid nitrogen for further experiments.




Figure 1 | Detection of volatile components in tender leaves of two T. sinensis varieties with different aromas. (A) Schematic diagram illustrating the sampling strategy for the two T. sinensis varieties. Upper, middle and lower represent distinct sections of compound leaves. (B) Heat map of the content of the top 20 volatile components.






2.2 Detection of volatile substances and RNA-seq

Agilent 8890–5977B (Agilent, California, USA) was utilized to analyse the volatile compound of T. sinensis leaves following the Headspace-Solid Phase Micro-extraction Gas Chromatography-Mass Spectrometry (HS-SPME/GC-MS) protocol (Wang et al., 2023b). The specific procedure for determination is as follows: A suitable quantity of these fresh leaves was ground into powder in liquid nitrogen. Next, approximately 0.3 g of the powder was weighed and placed into a sample vial with a lid. Subsequently, 50 μl of a decanoic acid ethyl ester solution with a concentration of 10 μg/ml was added as an internal standard. The heating program settings were shown in Table 1.


Table 1 | Procedure for determination of volatile substances by GC-MS.



Total RNA was extracted using standard methods, and the quantity of RNA were assessed using an Agilent 2100 bioanalyzer. Once the cDNA library passed quality control, Illumina sequencing (NovaSeq 6000) was performed to obtain sequence information by capturing fluorescent signals. Furthermore, we conducted quality control on raw data and calculated the expression matrix (fragments per kilobase million, FPKM) of all unique genes using software such as hisat2, samtools, and featurecounts (Liao et al., 2014; Kim et al., 2019; Zhao et al., 2021). Raw sequencing data were deposited in the NCBI database under the accession number PRJNA1067998,. After obtaining the expression levels of the different genes, we conducted differential expression analysis using DESeq2 to elucidate the expression differences among various samples (Anders and Huber, 2010; Anders et al., 2013; Love et al., 2014). Subsequently, we performed Gene Ontology (GO) (Young et al., 2010) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses (Kanehisa and Goto, 2000) of the differential genes. These analyses enabled us to identify key genes involved in terpene biosynthesis.




2.3 Identification of AP2/ERF gene family members

The hidden Markov model (HMM) PF00847 of the AP2/ERF family was downloaded from the PFAM database (Bateman et al., 2004; Zhang et al., 2018). Unique genes were extracted from the T. sinensis genome using TBtools (Chen et al., 2020). The HMM search function in TBtools was to identify genes with a conserved AP2 domain. Homologous protein sequences of Arabidopsis thaliana (AtAP2/ERF transcription factors) were downloaded from the PlantTFDB 5.0 website (Nakano et al., 2006). Subsequently, the BLAST function in TBtools was used to compare the protein sequences of the AtAP2/ERF transcription factors with those of TsAP2/ERF transcription factors, with e-value less than or equal to 1e-5, identity greater than 45, and bit score greater than 100. Additionally, TsAP2/ERF genes were identified by cross-referencing the results from HMMER and BLAST. The conserved domain search service from NCBI was used for predicting the conserved domains of the candidate TsAP2/ERF genes. Multiple sequence alignment of the TsAP2/ERF sequences in T. sinensis was performed using MEGA11 (Tamura et al., 2021), and a neighbour-joining phylogenetic tree was constructed.




2.4 Transient overexpression of target gene in Toona sinensis and Nicotiana benthamiana

Agrobacterium tumefaciens GV3101 carries the recombinant overexpression plasmids TsTPS18 (pNC-Cam1304-MCS35S-TsTPS18) and TsERF66 (pNC-Cam1304-MCS35S-TsERF66), along with the pNC-Cam1304-MCS35S empty vector (EV) (Yan et al., 2019), for transient overexpression in T. sinensis. The transient overexpression in T. sinensis refers to the transient overexpression method in tomato (Wang et al., 2022). T. sinensis tissue culture seedlings infected with A. tumefaciens were cultured on Murashige and Skoog (MS) medium under a light conditions of 16 hours light and 8 hours dark at 25–27°C for 72 hours. The leaves of T. sinensis were collected and stored at –80°C for subsequent analysis, including the determination of volatile compounds and qRT-PCR analysis. Transient overexpression in N. benthamiana refers to A. tumefaciens infiltration method (Zhang et al., 2022b).




2.5 Treatment of Toona sinensis leaves with methyl jasmonate

The experimental material for MeJA treatment consisted of two-month-old T. sinensis clonal variety grown on MS medium. We added 100 μM L-1 MeJA (Merck KGaA, Darmstadt, Germany) to the tissue culture bottles, submerging the plants. The control group was treated with 0.1% ethanol solution (Martin et al., 2002). After 30 minutes of immersion, the solution was poured off, and MeJA and 0.1% ethanol solutions were sprayed separately on the leaves. Each experimental condition was replicated three times at the biological level, with each biological replicate comprising five individual plants. Plants were cultured under full light at 26°C. The tender leaves of T. sinensis were collected at 6, 12, and 18 hours post-treatment and stored at −80°C for the determination of volatile substances and qRT-PCR analysis.




2.6 Quantitative real-time PCR

The PrimerScript RT reagent kit (Takara, Dalian, China) with gDNA Eraser was used for genomic DNA removal and reverse transcription. The internal reference primer of T. sinensis refers to internal reference primer of Toona ciliata (Song et al., 2020). The primer information used in this study is provided in Supplementary Table S1. QRT-PCR was conducted using the TB Green Premix Ex Taq II kit on ABI/Quantstudio 7 Flex.





3 Results



3.1 Caryophyllene is a key characteristic volatile compound in T. sinensis tender leaves

The tender leaves of T. sinensis have a very strong and unique aroma that has attracted attention. Using GC-MS, we detected the volatile components of two cultivars with significant differences in aroma (a strong fragrance termed LJ and a weak fragrance termed WY) (Figure 1A). The GC-MS analysis showed that the top 20 components were volatile terpenes and sulfides (Figure 1B). Significantly, the main components in the tender leaves were caryophyllene (1.17%–22.23%), dihydrothiophene (0.04%–10.47%), thiophene (0.03%–13.76%), and the content of caryophyllene in LJ (20.89 μg/g) is significantly higher than that in WY (15.37 μg/g). These results suggested that caryophyllene is a key characteristic volatile compound in T. sinensis tender leaves, and studying its gene expression and regulatory mechanisms can contribute to the genetic improvement of T. sinensis aroma.




3.2 Comparative transcriptome analysis in different aroma T. sinensis varieties

Transcriptomic analysis was performed to identify the key genes in the leaves of the two cultivars to further explore the mechanism of volatile components enrichment (Figure 2A). As a result, comparing the genes in the upper, middle, and lower leaves of the LJ and WY varieties, a total of 9,452 significantly differentially expressed genes (DEGs) were found. Subsequently, GO enrichment analysis showed that the differentially expressed genes in the LJ and WY varieties were significantly enriched in pathways such as responses to chemicals, lipid metabolic processes, terpenoid metabolic processes, and terpenoid biosynthetic processes (Figure 2B). KEGG enrichment analysis revealed that the differentially expressed genes in these two varieties were significantly enriched in pathways such as the metabolism of terpenoids and polyketides (Figure 2C). These results suggest that the differential expression of genes involved in terpenoid metabolic pathways may explain the differences in the terpenoid compounds in T. sinensis.




Figure 2 | Comparative transcriptome analysis in different aroma T. sinensis varieties. (A) DEGs in the upper, middle, and lower parts of compound leaves in LJ and WY varieties (P < 0.05). (B) GO enrichment analysis of all the DEGs. (C) KEGG enrichment analysis of all the DEGs. The top 30 enriched GO or KEGG terms are presented. The horizontal axis represents the factors, while the vertical axis represents the GO terms. Counts: number of DEGs.






3.3 TsTPS18 identified as a caryophyllene synthase gene in T. sinensis and N. benthamiana

We investigated the expression of all TPS genes as key terpenoids biosynthesis enzymes to further identify the key genes involved in caryophyllene synthesis. Transcriptome expression data showed that the FPKM value of TsTPS18 in tender leaves was the highest and was significantly higher than that of the other TPS genes (Figure 3A). Genetic evolutionary analysis suggested that TsTPS18 is closest to the identified caryophyllene synthase in other plants (Ji et al., 2021) (Supplementary Figure S1). In addition, we validated the function of TsTPS18 by transient overexpression in T. sinensis and N. benthamiana leaves with a low background caryophyllene content. We injected the leaves of Agrobacterium tumefaciens with recombinant TsTPS18 overexpression plasmids driven by the 35S promoter and an empty vector control (EV), respectively. The results showed that transient overexpression of TsTPS18 significantly increased the caryophyllene content in T. sinensis (Figures 3B, C) and N. benthamiana leaves (Figures 4A–C) compared to that in the control. These results indicated that TsTPS18 is a caryophyllene synthase gene.




Figure 3 | Identification of caryophyllene gene in T. sinensis. (A) Heat map showing the expression levels of TPS family members in different parts of compound leaves of various T. sinensis varieties. (B) Detection of volatile components in T. sinensis leaves with transient overexpression of TsTPS18. (C) Relative gene expression in T. sinensis leaves with transient overexpression of TsTPS18. ***p < 0.001.






Figure 4 | Transient overexpression of the TsTPS18 gene in tobacco leaves. (A) Detection of volatile components in tobacco leaves with transient overexpression of TsTPS18. (B) Relative gene expression in tobacco leaves with transient overexpression of TsTPS18. (C) Detection of caryophyllene components in T. sinensis leaves with transient overexpression of TsTPS18. **p < 0.01, ***p < 0.001.






3.4 TsERF66 and TsTPS18 genes have similar expression patterns and are induced by MeJA

AP2/ERF TFs are key in regulating terpenoid biosynthesis, particularly the ERF-IX subfamily, which is a dependent regulatory factor for MeJA that promotes terpenoid gene expression and biosynthesis. In our study, 123 AP2/ERF TFs in T. sinensis were identified, classified into subfamilies and named according to Arabidopsis classification (Supplementary Table S3, Supplementary Figure S2). The clustering heatmap showed that the expression levels of the three ERF-IX members were higher in LJ than in WY, and the expression trends of TsERF66 and TsTPS18 were consistent with significantly higher expression in tender leaves (Figures 5A, B). QRT-PCR showed the same results, and TsERF66 and TsTPS18 showed higher expression levels in tender leaves (Figure 5C). We further confirmed the relationship between the expression of TsERF66 and TsTPS18 and their association with caryophyllene through exogenous MeJA treatment. The results showed that MeJA treatment induced the synthesis of caryophyllene and the expression of TsERF66 and TsTPS18 (Figures 6A–D).




Figure 5 | Expression trend analysis of TsERF66 and TsTPS18 in T. sinensis. (A) Clustering of expression levels of TsAP2/ERF gene family and TsTPS18 gene. (B) Relative expression analysis of TsTPS18 and TsERF66 genes in tender leaves of WY and LJ. (C) Relative expression analysis of TsTPS18 and TsERF66 genes in different tissues of T. sinensis. ***p < 0.001. Symbols a-i represent significant differences between groups.






Figure 6 | Exogenous MeJA treatment of caryophyllene content and expression of TsERF66 and TsTPS18 in T. sinensis leaves. (A) T. sinensis leaves treated with MeJA. The leaves were collected at 0, 6, 9, and 18 h after the treatment. (B) Changes in caryophyllene content in T. sinensis leaves after MeJA treatment. (C, D) Relative expression levels of the TsTPS18 and TsERF66 genes in T. sinensis leaves after MeJA treatment. Symbols a-d represent significant differences between groups.






3.5 TsERF66 promotes TsTPS18 gene expression and caryophyllene biosynthesis

We injected the leaves of Agrobacterium tumefaciens with recombinant TsERF66 overexpression plasmids driven by the 35S promoter and an empty vector control (EV) to confirm the regulatory role of TsERF66 in caryophyllene biosynthesis in T. sinensis leaves. The results showed a 2.5-fold increase in caryophyllene content in T. sinensis leaves with transient overexpression of TsERF66 (Figures 7A, B). Additionally, the expression level of TsERF66 was significantly increased to approximately 36-fold higher than that of EV (Figure 7C), suggested that the TsERF66 assumes a pivotal regulatory role in caryophyllene biosynthesis.




Figure 7 | Transient overexpression of TsERF66 gene in T. sinensis. (A) Alterations in volatile substances content, as determined using GC-MS, in T. sinensis tender leaves after transient overexpression of TsERF66. (B) Variations in caryophyllene content in tender leaves of T. sinensis after transient overexpression of TsERF66. (C) qRT-PCR results of the TsERF66 gene in T. sinensis tender leaves after transient overexpression of TsERF66. ***p < 0.001.







4 Discussion

The aromatic profile of T. sinensis is a pivotal factor shaping its economic significance. Our analysis of the volatile compounds in the LJ and WY varieties revealed substantial differences in composition and concentration, underscoring the intricate aromatic diversity inherent in these cultivars. The LJ variety, known for its intense aroma, exhibits caryophyllene as the predominant compound, accompanied by sulfur-containing compounds such as thiophene, dimethyl, and dihydrothiophene. However, the main compounds in the less aromatic WY variety were sesquiterpenes, specifically beta-elemene, alpha-cubebene, and delta-cadinene. This result aligned with the findings of other studies on the aroma of T. sinensis (Wang et al., 2020). Sesquiterpenes, especially caryophyllene, play a pivotal role in the aroma of T. sinensis. To a certain extent, caryophyllene significantly contributes to the sensory evaluation of T. sinensis. Furthermore, there were significant differences in the aromatic compositions of the upper, middle, and lower segments of the compound leaves. In the LJ variety, the aromatic composition of the upper segment surpassed that of the middle and lower segments. Conversely, in the WY variety, the aromatic composition of the middle and lower segments significantly exceeded that of the upper segment. This variation might be associated with the developmental status of the plant.

Terpene synthase (TPS) serves as a central enzyme responsible for the biosynthesis of monoterpenes, sesquiterpenes, and diterpenes from precursor molecules such as GPP (geranyl diphosphate), FPP (farnesyl diphosphate), and GGPP (geranylgeranyl pyrophosphat) (Zeng et al., 2016; Zhou and Pichersky, 2020a). Transcription factors, such as AP2/ERF, have been identified in numerous studies as regulators of TPS expression, subsequently influencing the biosynthesis of terpene compounds (Li et al., 2017, 2021; Kumar et al., 2023). In this study, we observed noteworthy enrichment of the sesquiterpenoid biosynthesis pathway among the differentially expressed genes in the LJ and WY varieties of T. sinensis, with the TsTPS18 gene playing a significant role. The expression levels (FPKM) of both TsERF66 and TsTPS18 exhibited similar patterns, with higher expression in the LJ variety than in the WY variety. Moreover, qRT-PCR results obtained from tender leaves of both the LJ and WY varieties validated the consistent expression levels of these two genes, which were consistent with the transcriptome results. In T. sinensis, transient transformation experiments using overexpression vectors for TsTPS18 and TsERF66 further validated their enhanced effects on caryophyllene biosynthesis. Compared with the empty vector control, the overexpression vectors containing either TsTPS18 or TsERF66, resulted in a several-fold increase in the expression levels of TsTPS18 or TsERF66 in T. sinensis. Additionally, the caryophyllene content increased. The transient transformation experiment in N. benthamiana substantiated that the TsTPS18 gene is the pivotal regulator of the caryophyllene biosynthesis. The involvement of the AP2/ERF and TPS gene families is noteworthy in influencing the aromatic composition of T. sinensis, especially in the biosynthesis of sesquiterpenes, such as caryophyllene. Studies have indicated that certain sesquiterpene synthases may produce multiple products (Pazouki and Niinemets, 2016; Tong et al., 2018). Therefore, further investigation is required to understand the regulation of the synthesis of other products by TsTPS18. Nevertheless, more in-depth exploration is needed to understand the precise interactions between these two gene families.

Alterations in plant aromatic composition are intricately linked to internal hormone levels and environmental factors (Cheng et al., 2007; Wei et al., 2022; Zhang et al., 2024). MeJA plays a pivotal role in terpenoid biosynthesis in several plant species. However, the precise mechanism through which MeJA regulates caryophyllene biosynthesis remains unclear. Certain studies have proposed that the application of MeJA as an exogenous hormone serves as a non-invasive stressor, provoking plants to activate self-defence mechanisms against external threats. This activation induces the biosynthesis and release of more terpenoids (Martin et al., 2002, 2003; Zulak and Bohlmann, 2010). Moreover, MeJA can activate pertinent transcription factors, including AP2/ERF, MYB, and BHLH (Qi et al., 2018; Huang et al., 2024). MeJA stimulates the upregulation of AsTPS1 expression through the activation of AsERF1 in Aquilaria sinensis, thereby enhancing agarwood biosynthesis (Li et al., 2021). Notably, several MeJA-responsive cis-acting elements were identified in TsERF66 and TsTPS18 genes. We treated the plants with exogenous MeJA to further explore the response mechanism between the TsTPS18 and TsERF66 genes and plant hormones. The caryophyllene content exhibited a notable post-treatment increase, accompanied by a gradual upregulation in the expression levels of the two target genes. This consistent trend suggested a potential synergistic interaction between these genes in regulating caryophyllene biosynthesis.




5 Conclusion

Caryophyllene, a vital constituent of the volatile compounds in the tender leaves of T. sinensis, has significant economic value. We integrated transcriptome and GC-MS volatile substance determination to screen key genes involved in regulating caryophyllene biosynthesis. The regulatory effects of TsTPS18 and TsERF66 on caryophyllene biosynthesis were confirmed by gene cloning, transient overexpression, and qRT-PCR in both T. sinensis and N. benthamiana. Furthermore, we clarified the interaction between them through jasmonic acid-induced treatment of T. sinensis and further clarified the biosynthesis mechanism of caryophyllene. This study provides a novel perspective for the genetic enhancement of T. sinensis aroma in future studies. Our research revealed the intrinsic mechanism of caryophyllene biosynthesis and regulation in tender leaves of T. sinensis. This preliminarily clarified that multiple genes regulate caryophyllene biosynthesis. This study provides crucial theoretical guidance for the development of novel T. sinensis varieties with higher caryophyllene production, which is anticipated to accelerate the genetic improvement of superior T. sinensis varieties.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.





Author contributions

JD: Data curation, Investigation, Validation, Writing – original draft, Writing – review & editing, Visualization. MW: Investigation, Supervision, Writing – review & editing, Visualization. HY: Data curation, Supervision, Writing – review & editing. XH: Supervision, Writing – review & editing. YF: Supervision, Writing – review & editing. YW: Supervision, Writing – review & editing. JLin: Supervision, Writing – review & editing. JLiu: Conceptualization, Funding acquisition, Investigation, Project administration, Resources, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The research was supported by Zhejiang Science and Technology Major Program on Agricultural New Variety Breeding (2021C02070-4) and National Nonprofit Institute Research Grant of Chinese Academy of Forestry (CAFYBB2020SZ004).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1378418/full#supplementary-material




References

 Ambrož, M., Boušová, I., Skarka, A., Hanušová, V., Králová, V., Matoušková, P., et al. (2015). The influence of sesquiterpenes from Myrica rubra on the antiproliferative and pro-oxidative effects of doxorubicin and its accumulation in cancer cells. Molecules 20, 15343–15358. doi: 10.3390/molecules200815343

 Anders, S., and Huber, W. (2010). Differential expression analysis for sequence count data. Genome Biol. 11, R106. doi: 10.1186/gb-2010-11-10-r106

 Anders, S., McCarthy, D. J., Chen, Y., Okoniewski, M., Smyth, G. K., Huber, W., et al. (2013). Count-based differential expression analysis of RNA sequencing data using R and bioconductor. Nat. Protoc. 8, 1765–1786. doi: 10.1038/nprot.2013.099

 Baldissera, M. D., Souza, C. F., Grando, T. H., Doleski, P. H., Boligon, A. A., Stefani, L. M., et al. (2017). Hypolipidemic effect of β-caryophyllene to treat hyperlipidemic rats. Naunyn-Schmiedeberg’s Arch. Pharmacol. 390, 215–223. doi: 10.1007/s00210–016-1326–3

 Basha, R. H., and Sankaranarayanan, C. (2016). β-Caryophyllene, a natural sesquiterpene lactone attenuates hyperglycemia mediated oxidative and inflammatory stress in experimental diabetic rats. Chemico-Biol. Interact. 245, 50–58. doi: 10.1016/j.cbi.2015.12.019

 Bateman, A., Coin, L., Durbin, R., Finn, R. D., Hollich, V., Griffiths Jones, S., et al. (2004). The pfam protein families database. Nucleic Acids Res. 32, D138–D141. doi: 10.1093/nar/gkh121

 Cai, X., Chen, Y., Wang, Y., Shen, Y., Yang, J., Jia, B., et al. (2023). A comprehensive investigation of the regulatory roles of OsERF096, an AP2/ERF transcription factor, in rice cold stress response. Plant Cell Rep. 42, 2011–2022. doi: 10.1007/s00299-023-03079-6

 Cao, J., Lv, Q., Zhang, B., and Chen, H. (2019). Structural characterization and hepatoprotective activities of polysaccharides from the leaves of Toona sinensis (A. Juss) Roem. Carbohydr. Polym. 212, 89–101. doi: 10.1016/j.carbpol.2019.02.031

 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: an integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

 Chen, H., Wu, Y., Chia, Y., Chang, F., Hsu, H., Hsieh, Y., et al. (2009). Gallic acid, a major component of Toona sinensis leaf extracts, contains a ROS-mediated anti-cancer activity in human prostate cancer cells. Cancer Lett. 286, 161–171. doi: 10.1016/j.canlet.2009.05.040

 Cheng, A., Lou, Y., Mao, Y., Lu, S., Wang, L., and Chen, X. (2007). Plant terpenoids: biosynthesis and ecological functions. J. Integr. Plant Biol. 49, 179–186. doi: 10.1111/j.1744-7909.2007.00395.x

 Cho, H., Hong, J., Choi, J., Choi, H., Kwak, J. H., Lee, D., et al. (2015). β-Caryophyllene alleviates D-galactosamine and lipopolysaccharide-induced hepatic injury through suppression of the TLR4 and RAGE signaling pathways. Eur. J. Pharmacol. 764, 613–621. doi: 10.1016/j.ejphar.2015.08.001

 Conde-Hernández, L. A., Espinosa-Victoria, J. R., Trejo, A., and Guerrero-Beltrán, J.Á. (2017). CO2-supercritical extraction, hydrodistillation and steam distillation of essential oil of rosemary (Rosmarinus officinalis). J. Food Eng. 200, 81–86. doi: 10.1016/j.jfoodeng.2016.12.022

 Dahham, S. S., Tabana, Y. M., Iqbal, M. A., Ahamed, M. B., Ezzat, M. O., Majid, A. S., et al. (2015). The anticancer, antioxidant and antimicrobial properties of the sesquiterpene β-caryophyllene from the essential oil of Aquilaria crassna. Molecules 20, 11808–11829. doi: 10.3390/molecules200711808

 Dai, J., Fan, Y., Diao, S., Yin, H., Han, X., and Liu, J. (2023). Construction of core collection and phenotypic evaluation of Toona sinensis. Forests 14, 1269. doi: 10.3390/f14061269

 Feng, K., Hou, X. L., Xing, G. M., Liu, J. X., Duan, A. Q., Xu, Z. S., et al. (2020). Advances in AP2/ERF super-family transcription factors in plant. Crit. Rev. Biotechnol. 40, 750–776. doi: 10.1080/07388551.2020.1768509

 Francomano, F., Caruso, A., Barbarossa, A., Fazio, A., La Torre, C., Ceramella, J., et al. (2019). β-Caryophyllene: A sesquiterpene with countless biological properties. Appl. Sci. 9, 5420. doi: 10.3390/app9245420

 Frank, L., Wenig, M., Ghirardo, A., van der Krol, A., Vlot, A. C., Schnitzler, J. P., et al. (2021). Isoprene and β-caryophyllene confer plant resistance via different plant internal signalling pathways. Plant Cell Environ. 44, 1151–1164. doi: 10.1111/pce.14010

 Geddo, F., Scandiffio, R., Antoniotti, S., Cottone, E., Querio, G., Maffei, M. E., et al. (2019). PipeNig®-FL, a fluid extract of black pepper (Piper nigrum L.) with a high standardized content of Trans-β-Caryophyllene, reduces lipid accumulation in 3T3-L1 preadipocytes and improves glucose uptake in C2C12 myotubes. Nutrients 11, 2788. doi: 10.3390/nu11112788

 Han, X., Zhang, J., Han, S., Chong, S. L., Meng, G., Song, M., et al. (2022). The chromosome-scale genome of Phoebe bournei reveals contrasting fates of terpene synthase (TPS)-a and TPS-b subfamilies. Plant Commun. 3, 100410. doi: 10.1016/j.xplc.2022.100410

 He, J., Yao, L., Pecoraro, L., Liu, C., Wang, J., Huang, L., et al. (2023). Cold stress regulates accumulation of flavonoids and terpenoids in plants by phytohormone, transcription process, functional enzyme, and epigenetics. Crit. Rev. Biotechnol. 43, 680–697. doi: 10.1080/07388551.2022.2053056

 Huang, M., Abel, C., Sohrabi, R., Petri, J., Haupt, I., Cosimano, J., et al. (2010). Variation of herbivore-induced volatile terpenes among Arabidopsis ecotypes depends on allelic differences and subcellular targeting of two terpene synthases, TPS02 and TPS03. Plant Physiol. 153, 1293–1310. doi: 10.1104/pp.110.154864

 Huang, X., Zhang, W., Liao, Y., Ye, J., and Xu, F. (2024). Contemporary understanding of transcription factor regulation of terpenoid biosynthesis in plants. Planta 259, 2. doi: 10.1007/s00425-023-04268-z

 Imano, S., Fushimi, M., Camagna, M., Tsuyama-Koike, A., Mori, H., Ashida, A., et al. (2022). AP2/ERF transcription factor NbERF-IX-33 is involved in the regulation of phytoalexin production for the resistance of Nicotiana benthamiana to Phytophthora infestans. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.821574

 Ji, Y. T., Xiu, Z., Chen, C. H., Wang, Y., Yang, J. X., Sui, J. J., et al. (2021). Long read sequencing of Toona sinensis (A. Juss) Roem: A chromosome-level reference genome for the family Meliaceae. Mol. Ecol. Res. 21, 1243–1255. doi: 10.1111/1755-0998.13318

 Jia, Q., Brown, R., Köllner, T. G., Fu, J., Chen, X., Wong, G. K., et al. (2022). Origin and early evolution of the plant terpene synthase family. Proc. Natl. Acad. Sci. 119, e2100361119. doi: 10.1073/pnas.2100361119

 Kamikubo, R., Kai, K., Tsuji Naito, K., and Akagawa, M. (2016). β-Caryophyllene attenuates palmitate-induced lipid accumulation through AMPK signaling by activating CB2 receptor in human HepG2 hepatocytes. Mol. Nutr. Food Res. 60, 2228–2242. doi: 10.1002/mnfr.201600197

 Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

 Kim, D., Paggi, J. M., Park, C., Bennett, C., and Salzberg, S. L. (2019). Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37, 907–915. doi: 10.1038/s41587-019-0201-4

 Kong, L., Song, Q., Wei, H., Wang, Y., Lin, M., Sun, K., et al. (2023). The AP2/ERF transcription factor PtoERF15 confers drought tolerance via JA-mediated signaling in Populus. New Phytol. 240, 1848–1867. doi: 10.1111/nph.19251

 Kumar, A., Sharma, P., Srivastava, R., and Verma, P. C. (2023). Demystifying the role of transcription factors in plant terpenoid biosynthesis. Plant Transcr. Fact. 11, 233–249. doi: 10.1016/B978-0-323-90613-5.00016-9

 Li, R., Zhu, J., Guo, D., Li, H., Wang, Y., Ding, X., et al. (2021). Genome-wide identification and expression analysis of terpene synthase gene family in Aquilaria sinensis. Plant Physiol. Biochem. 164, 185–194. doi: 10.1016/j.plaphy.2021.04.028

 Li, X., Xu, Y., Shen, S., Yin, X., Klee, H., Zhang, B., et al. (2017). Transcription factor CitERF71 activates the terpene synthase gene CitTPS16 involved in the synthesis of E-geraniol in sweet orange fruit. J. Exp. Bot. 68, 4929–4938. doi: 10.1093/jxb/erx316

 Liao, Y., Smyth, G. K., and Shi, W. (2014). FeatureCounts: an efficient general purpose program for assigning sequence reads to genomic features. Bioinformatics 30, 923–930. doi: 10.1093/bioinformatics/btt656

 Liu, C., Zhang, J., Zhou, Z., Hua, Z., Wan, H., Xie, Y., et al. (2013). Analysis of volatile compounds and identification of characteristic aroma components of Toona sinensis (A. Juss.) Roem. using GC-MS and GC-O. Food Nutr. Sci. 4, 305–314. doi: 10.4236/fns.2013.43041

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/s13059-014-0550-8

 Ma, Z., Hu, L., and Jiang, W. (2024). Understanding AP2/ERF transcription factor responses and tolerance to various abiotic stresses in plants: A comprehensive review. Int. J. Mol. Sci. 25, 893. doi: 10.3390/ijms25020893

 MaChado, K., Islam, M. T., Ali, E. S., Rouf, R., Uddin, S. J., Dev, S., et al. (2018). A systematic review on the neuroprotective perspectives of beta-caryophyllene. Phytother Res. 32, 2376–2388. doi: 10.1002/ptr.6199

 Martin, D. M., Fäldt, J., and Bohlmann, J. (2004). Functional characterization of nine Norway spruce TPS genes and evolution of gymnosperm terpene synthases of the TPS-d subfamily. Plant Physiol. 135, 1908–1927. doi: 10.1104/pp.104.042028

 Martin, D. M., Gershenzon, J., and Bohlmann, J. (2003). Induction of volatile terpene biosynthesis and diurnal emission by methyl jasmonate in foliage of Norway spruce. Plant Physiol. 132, 1586–1599. doi: 10.1104/pp.103.021196

 Martin, D., Tholl, D., Gershenzon, J., and Bohlmann, J. (2002). Methyl jasmonate induces traumatic resin ducts, terpenoid resin biosynthesis, and terpenoid accumulation in developing xylem of Norway spruce stems. Plant Physiol. (Bethesda). 129, 1003–1018. doi: 10.1104/pp.011001

 Nakano, T., Suzuki, K., Fujimura, T., and Shinshi, H. (2006). Genome-wide analysis of the ERF gene family in Arabidopsis and rice. Plant Physiol. 140, 411–432. doi: 10.1104/pp.105.073783

 Paul, P., Singh, S. K., Patra, B., Sui, X., Pattanaik, S., and Yuan, L. (2017). A differentially regulated AP2/ERF transcription factor gene cluster acts downstream of a MAP kinase cascade to modulate terpenoid indole alkaloid biosynthesis in Catharanthus roseus. New phytol. 213, 1107–1123. doi: 10.1111/nph.14252

 Pazouki, L., and Niinemets, Ü. (2016). Multi-substrate terpene synthases: their occurrence and physiological significance. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01019

 Peng, W., Liu, Y., Hu, M., Zhang, M., Yang, J., Liang, F., et al. (2019). Toona sinensis: a comprehensive review on its traditional usages, phytochemisty, pharmacology and toxicology. Rev. Bras. farmacogn. 29, 111–124. doi: 10.1016/j.bjp.2018.07.009

 Qi, X., Fang, H., Yu, X., Xu, D., Li, L., Liang, C., et al. (2018). Transcriptome analysis of JA signal transduction, transcription factors, and monoterpene biosynthesis pathway in response to methyl jasmonate elicitation in Mentha canadensis L. Int. J. Mol. Sci. 19, 2364. doi: 10.3390/ijms19082364

 Sacchetti, G., Medici, A., Maietti, S., Radice, M., Muzzoli, M., Manfredini, S., et al. (2004). Composition and functional properties of the essential oil of Amazonian Basil, Ocimum micranthum Willd., labiatae in comparison with commercial essential oils. J. Agric. Food Chem. 52, 3486–3491. doi: 10.1021/jf035145e

 Song, H., Mao, W., Duan, Z., Que, Q., Zhou, W., Chen, X., et al. (2020). Selection and validation of reference genes for measuring gene expression in Toona ciliata under different experimental conditions by quantitative real-time PCR analysis. BMC Plant Biol. 20, 450. doi: 10.1186/s12870-020-02670-3

 Sudeep, H. V., Venkatakrishna, K., Amritharaj Gouthamchandra, K., Reethi, B., Naveen, P., et al. (2021). A standardized black pepper seed extract containing β-caryophyllene improves cognitive function in scopolamine-induced amnesia model mice via regulation of brain-derived neurotrophic factor and MAPK proteins. J. Food Biochem. 45, e13994. doi: 10.1111/jfbc.13994

 Tamura, K., Stecher, G., and Kumar, S. (2021). MEGA11: molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 38, 3022–3027. doi: 10.1093/molbev/msab120

 Tholl, D., and Lee, S. (2011). Terpene specialized metabolism in Arabidopsis thaliana. arabidopsis book. 9), e143. doi: 10.1199/tab.0143

 Tholl, D., Rebholz, Z., Morozov, A. V., and O’Maille, P. E. (2023). Terpene synthases and pathways in animals: enzymology and structural evolution in the biosynthesis of volatile infochemicals. Natural Prod. Rep. 40, 766–793. doi: 10.1039/D2NP00076H

 Tong, Y., Su, P., Guan, H., Hu, T., Chen, J., Zhang, Y., et al. (2018). Eudesmane-type sesquiterpene diols directly synthesized by a sesquiterpene cyclase in Tripterygium wilfordii. Biochem. J. 475, 2713–2725. doi: 10.1042/BCJ20180353

 Wang, C., Fu, C., Li, Y., Zhang, Y., Zhang, B., and Zhang, J. (2023a). Integrated volatilomic profiles and chemometrics provide new insights into the spatial distribution and aroma differences of volatile compounds in seven Toona sinensis cultivars. Food Chem. 407, 135116. doi: 10.1016/j.foodchem.2022.135116

 Wang, M., Gao, M., Zhao, Y., Chen, Y., Wu, L., Yin, H., et al. (2022). LcERF19, an AP2/ERF transcription factor from Litsea cubeba, positively regulates geranial and neral biosynthesis. Horticult. Res. 9, c93. doi: 10.1093/hr/uhac093

 Wang, X., Shi, G., Wang, Z., Zhang, L., Cheng, J., Jiang, P., et al. (2020). Differences in the antioxidant activities and volatile components of Toona sinensis from different regions. Modern Food Sci. Technol. 36, 271–281. doi: 10.13982/j.mfst.1673–9078.2020.7.0008

 Wang, C., Zhang, B., Li, Y., Hou, J., Fu, C., Wang, Z., et al. (2023b). Integrated transcriptomic and volatilomic profiles to explore the potential mechanism of aroma formation in Toona sinensis. Food Res. Int. 165, 112452. doi: 10.1016/j.foodres.2022.112452

 Wei, Q., Lan, K., Liu, Y., Chen, R., Hu, T., Zhao, S., et al. (2022). Transcriptome analysis reveals regulation mechanism of methyl jasmonate-induced terpenes biosynthesis in Curcuma wenyujin. PloS One 17 (6), e270309. doi: 10.1371/journal.pone.0270309

 Yan, P., Zeng, Y., Shen, W., Tuo, D., Li, X., and Zhou, P. (2019). Nimble cloning: A simple, versatile, and efficient system for standardized molecular cloning. Front. Bioeng Biotechnol. 7, 460. doi: 10.3389/fbioe.2019.00460

 Young, M. D., Wakefield, M. J., Smyth, G. K., and Oshlack, A. (2010). Gene ontology analysis for RNA-seq: accounting for selection bias. Genome Biol. 11, 1–12. doi: 10.1186/gb-2010-11-2-r14

 Youssef, D. A., El-Fayoumi, H. M., and Mahmoud, M. F. (2019). Beta-caryophyllene protects against diet-induced dyslipidemia and vascular inflammation in rats: Involvement of CB2 and PPAR-γ receptors. Chemico-Biol. Interact. 297, 16–24. doi: 10.1016/j.cbi.2018.10.010

 Zeng, X., Liu, C., Zheng, R., Cai, X., Luo, J., Zou, J., et al. (2016). Emission and accumulation of monoterpene and the key terpene synthase (TPS) associated with monoterpene biosynthesis in Osmanthus fragrans Lour. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.01232

 Zhai, X., and Granvogl, M. (2019). Characterization of the key aroma compounds in two differently dried Toona sinensis (A. Juss.) Roem. by means of the molecular sensory science concept. J. Agric. Food Chem. 67, 9885–9894. doi: 10.1021/acs.jafc.8b06656

 Zhang, Q., Chen, J., Li, L., Zhao, M., Zhang, M., and Wang, Y. (2018). Research progress on plant AP2/ERF transcription factor family. Biotechnol. Bullet. 34, 1–7. doi: 10.13560/j.cnki.biotech.bull.1985.2017–1142

 Zhang, K., Hao, Y., Jin, M., Lian, M., Jiang, J., and Piao, X. (2024). Cell culture of Euphorbia fischeriana and enhancement of terpenoid accumulation through MeJA elicitation. Ind. Crops Prod. 207, 117781. doi: 10.1016/j.indcrop.2023.117781

 Zhang, Y., Ji, A., Xu, Z., Luo, H., and Song, J. (2019). The AP2/ERF transcription factor SmERF128 positively regulates diterpenoid biosynthesis in Salvia miltiorrhiza. Plant Mol. Biol. 100, 83–93. doi: 10.1007/s11103-019-00845-7

 Zhang, Y., Li, Y., Wang, J., Pang, H., Jia, L., and Feng, H. (2022b). Effects of three kinds of Agrobacterium and different transformation conditions on the transient expression of GFP in Nicotiana benthamiana. Bull. Bot. Res. 1, 121–129. doi: 10.7525/j.issn.1673–5102.2022.01.013

 Zhang, L., Zhang, Y., Shi, G., Zhao, L., Jiang, P., Wang, X., et al. (2022a). Differences in volatile organic compounds of Toona sinensis from eight production regions analyzed by gas chromatography-ion mobility spectrometry combined with chemometrics. Food Science 43, 22, 301–308. doi: 10.7506/spkx1002–6630-20220121–214

 Zhao, Y., Li, M., Konaté, M. M., Chen, L., Das, B., Karlovich, C., et al. (2021). TPM, FPKM, or normalized Counts? A comparative study of quantification measures for the analysis of RNA-seq data from the NCI patient-derived models repository. J. Trans. Med. 19, 1–269. doi: 10.1186/s12967-021-02936-w

 Zhao, H., Tang, K., Fan, X., and Lu, W. (2017). High-throughput transcriptome sequencing and primary analysis of terpenoids metabolism in Toona sinensis’Heiyouchun’ sprout. Acta Hortic. Sinica. 44, 2135–2149. doi: 10.16420/j.issn.0513–353x.2017–0282

 Zhao, Q., Zhong, X., Zhu, S., Wang, K., Tan, G., Meng, P., et al. (2022). Research advances in Toona sinensis, a traditional Chinese medicinal plant and popular vegetable in China. Diversity-Basel 14, 572. doi: 10.3390/d14070572

 Zhou, F., and Pichersky, E. (2020a). The complete functional characterisation of the terpene synthase family in tomato. New Phytol. 226, 1341–1360. doi: 10.1111/nph.16431

 Zhou, F., and Pichersky, E. (2020b). More is better: the diversity of terpene metabolism in plants. Curr. Opin. Plant Biol. 55, 1–10. doi: 10.1016/j.pbi.2020.01.005

 Zhu, P., Chen, Y., Zhang, J., Wu, F., Wang, X., Pan, T., et al. (2021). Identification, classification, and characterization of AP2/ERF superfamily genes in masson pine (Pinus massoniana Lamb.). Sci. Rep. 11, 5441. doi: 10.1038/s41598-021-84855-w

 Zulak, K. G., and Bohlmann, J. (2010). Terpenoid biosynthesis and specialized vascular cells of conifer defense. J. Integr. Plant Biol. 52, 86–97. doi: 10.1111/j.1744-7909.2010.00910.x




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Dai, Wang, Yin, Han, Fan, Wei, Lin and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1378418-g005.jpg
w

— | BEREDS 4 6
-—_TS s E
BERFG2 T5TPSIS <s| TSERF66
TsERFI BN :
TERF59 = =4
LERFSS 2 2
754P2-10 £,) £;
BERF33 % Z
== BERF60 2 £
I = LERF30 g4 5
S E= TSERF83 & &, »
ERFIS
ERF20 6 ) 0 .
TERF67 WY_NY LJI_NY WY_NY LJ_NY
5ERF70
TsAP2-24 c
T54P2-8 _ %60
BERFIS 2 a .,
RERF27 250 TsTPS18
TERF31 £
TSERFS Z
TERF45 £ 300 2
T5AP2-19 = &
TERF69 S 150 - d
— BERFS7 2 o =
TERF73 = £
‘ TsAP2-15 K] '0]] L-—lJ l H f ¢ f
— BERF44 S DA T
g TERF65 B PR RO ORI "
e BT o e e T e
. ERFS0 BTy R
5AP2-5 o
Ts4P2-4 _ s
====- TBRES : 2 TSERF66
. - I %10 - v g b
e i .
— I I TSERF 66 2 : 25
B g1
- BRA %10,5
RN N S 74721 ¢ 70 . e d e
= o
Z 55 % i h
= 04 T ]" T T B e e T
oo o & o ;e o8 0 o d
RV g &e‘\z“ RO “\\“& ‘,\zm";\ “\e\\“ﬂ ‘2““‘0 e&\x‘ o
R0, RO






OEBPS/Images/fpls-15-1378418-g007.jpg
Caryophyllene

TSERF66 -

32
Retention time (min)

T

24

T T T T T T
(8/31) Judju0d dAnRPY

0.00

48

40

16

*
*
*
o
5
i
39
L o n 5 « o - =
d 8 g § = 8 ¥ =
[2A9] uoissaadxa sAanedYy
O
8
~
g
&
g8 5 8 &2 5 8B &
8 3

- (3/31) m:aa_.mu. o..w__i_w_cfao





OEBPS/Images/fpls-15-1378418-g003.jpg
IsTPS!
ITPS2
BTPS3
] PR 7.820
BBIPSS

BIPS6

BTPS7

TTPSS 15
I5TPS9

IsTPS10

IsTPS11

IsTPS12 0
I5sTPSI3

IsTPS14

nrps;s | A 544
Bielp TSTPSI8

ISTPSI7. wd / A_ J

IsTPS18 - SF 4% [SEOREE™, (PR |7 S A S )
TsTPSI9 4

BTPS20 00— T T T T T

TsTPS21 8 16 24 2 40 48
BIPS22 Retention time (min)
KTPS23

KTPSH.

BIPS25

IPS26

RTPS27

BTPS28

T5TPS29 C

TTPS30 5.18

BIPS31

KTPS33

BIPS34

RTPS35

BIPS36

TPS37

BIPS3S

BIPS39

BIPS#0

BIPS41

BIPS42

BIPS43

KIPS#H b
BIPS4S

RIPS46
KIPS7
TPS48
BIPS49
TPS50
TTPSS51

BTPSS2 |

Caryophyllene

102
10.606

854
6.8 ) f’ ‘
il J EV

Relative content (ng/g)

444

level

3.70

2.96

1ve expression

1.48

-
Relati

;| I N W 717553 0TS

= I N I 777554
BIPSSS

ISIPSS6 |

o

0.00

—

TsTPS57
T5TPS58

EV TsTPS18
e‘*‘é o

& &

s A&
o &
b 4§ A
we






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Integrating GC-MS and comparative transcriptome analysis reveals that TsERF66 promotes the biosynthesis of caryophyllene in Toona sinensis tender leaves

      

        		

          Introduction

        



        		

          Methods and results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Selection and collection of plant materials

          



          		

            2.2 Detection of volatile substances and RNA-seq

          



          		

            2.3 Identification of AP2/ERF gene family members

          



          		

            2.4 Transient overexpression of target gene in Toona sinensis and Nicotiana benthamiana

          



          		

            2.5 Treatment of Toona sinensis leaves with methyl jasmonate

          



          		

            2.6 Quantitative real-time PCR

          



        



        



        		

          3 Results

        

          		

            3.1 Caryophyllene is a key characteristic volatile compound in T. sinensis tender leaves

          



          		

            3.2 Comparative transcriptome analysis in different aroma T. sinensis varieties

          



          		

            3.3 TsTPS18 identified as a caryophyllene synthase gene in T. sinensis and N. benthamiana

          



          		

            3.4 TsERF66 and TsTPS18 genes have similar expression patterns and are induced by MeJA

          



          		

            3.5 TsERF66 promotes TsTPS18 gene expression and caryophyllene biosynthesis

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1378418-g001.jpg
15
1
0.5

Cubenene
Alloaromadendrene

-- (-)-Beta-Cadinen
. Naphthalene
- (+)-Valencene

Beta-Elemene

Isoledene

-- Alpha-Cubebene

Delta-Cadinene

Delta-Elemene

Dihydrothiophene

Thiophene






OEBPS/Images/fpls-15-1378418-g004.jpg
&k sk

24900

* %

=)
<

24070

I

EJ

> S
(3/31) yuayu

3240
2410

|

0.0

o © o
i B -

8 8
A3] U0ISSAIAXI AN RY

) o
S S

S

=]
02 dud[jAydosie)

4 7.
S =

=}

0.00

TsTPS18

EV

TsTPS18

(&)

32

24

Retention time (min)

@
=
L
=
=
=
=
1=
>
-
-4
S
2
2
g
=
~
T T T T T T T
® - = 4 o 4 &
a *® N3 w - o —
S S ) S S S <
] =] =] 3 =}

It

/811) Judju0d dudfjAydoLie

0.000

o)

48

40

16





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-15-1378418-g006.jpg
18h

I
18h

12h

b
12h

6h

Caryophyllene
i
6h
TSERF66

K

i
CK

')

0

< o o —
(8/81l) yuayuod dudyAydokie) [9A3] u0IssaIdXd dANEBRY
(11] [a]

S0
I
S
B

10

© =1 <t o =

[9A9] uoissaIdxa dAneRYy
<« (&)





OEBPS/Images/fpls.2024.1378418_cover.jpg
& frontiers | Frontiers in Plant Science

Integrating GC-MS and comparative
transcriptome analysis reveals that
TSERF66 promotes the biosynthesis of
caryophyllene in Toona sinensis tender
leaves





OEBPS/Images/fpls-15-1378418-g002.jpg
A

L] LvsWY L

DEGs GO Enrichment

L] Uvs WY [

threonine kinase signaling pathway
transition metal ion transport

terpenoid metabolic process

terpenoid biosynthetic process

sulfur compound metabolic process

response to water

response to salt

response to nematode

response to chemical

response to carbohydrate

response to absence of light

regulation of intracellular protein transport
phenol-containing compound metabolic process
organonitrogen compound catabolic process
organic hydroxy compound biosynthetic process
obsolete transition metal ion homeostasis
obsolete intracellular metal ion homeostasis
obsolete cellular polysaccharide catabolic process
monoatomic cation transport

maintenance of location in cell

lipid metabolic process

intracellular chemical homeostasis

innate immune response-activating signaling pathway
fatty acid catabolic process

cellular response to nitrogen levels { -

cellular response to carbohydrate stimulus

cellular lipid catabolic process { -

branched-chain amino acid metabolic process
amide metabolic process
activation of immune response

LI Mvs WY M

C

Valine, leucine and isoleucine degradation
Tryptophan metabolism

Transporters

Starch and sucrose metabolism

¥ Protein families: signaling and cellular processes

Porphyrin metabolism |
Plant-pathogen interaction

Peroxisome

Monobactam biosynthesis

Metabolism of 'erFennlds and polyketides
Metabolism of other amino acids 4

Metabolism of cofactors and vitamins {
Metabolism {

Lysine degradation
ipid metabolism
Hnsu mg metabolism
Fatty acid degradation {-
Ether lipid metabolism - o
Carbohydrate metabolism
Biosynthesis of unsaturated fatty acids |«
beta-Alanine metabolism

DEGs KEGG Enrichment

Ascorbate and aldarate metabolism |- =
Arginine and proline metabolism {:®

Amino acid metabolism 1

alpha-Linolenic acid metabolism { -«
ABC transporters | o

0.045
0.040
0.035
0.030

GeneRatio

Propanoate metabolism 7«

Phenylalanine metabolism { »

Membrane transport { ®

p.value
0.04
0.03
0.02
0.01

Counts

® 50
@® 100
@ 150
@ 200





OEBPS/Images/table1.jpg
Stage Rate (°C/s) Temperature (°C) Hold time (min) Sample injection port (°C)

1 50 2 250
2 3 80 2 250
3 5 180 1 250
4 10 230 5 250

5 20 250 2 250





