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Tobacco cembranoids, known for their anti-insect and antifungal properties, were shown to be mainly present on the surface of leaves and flowers, being biosynthesized by their trichomes. It remains unclear whether they could be biosynthesized in other organs without trichomes. Cembratrien-ol synthases (CBTSs) catalyze the conversion of GGPP to CBT-ols and thus play an important role in cembranoid biosynthesis. This study identified the CBTS family genes in tobacco and examined their spatiotemporal expression patterns. The CBTS genes showed diverse expression patterns in tobacco organs, with the majority highly expressed in leaves and a few highly expressed in flowers. The expression of CBTS genes were also correlated with the development of tobacco plants, and most of them showed the highest expression level at the budding stage. Furthermore, their expression is mediated by the JA (jasmonate) signaling in all tobacco organs. Several CBTS genes were found to be highly expressed in tobacco roots that have no trichomes, which prompted us to determine the cembranoid production in roots and other organs. GC-MS and UPLC assays revealed that cembranoids were produced in all tobacco organs, which was supported by the bioactivity assay results that almost all these CBTS enzymes could catalyze CBT-ol biosyntheis in yeast, and that the content ratio of CBT-ols and CBT-diols in tobacco roots was different to that in leaves. This work sheds insights into the expression profiles of tobacco CBTS genes and provides a feasibility to engineer tobacco roots for industrial production of cembranoids.
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Introduction

Cembranoids belong to a class of terpenoid compounds that widely exist in nature (Yan et al., 2016; Huang et al., 2018) and are mainly found in Nicotiana spp., pines, and some marine organisms (El Sayed and Sylvester, 2007; Liu et al., 2015; Yang Q. et al., 2020). In Nicotiana plants, cembranoids were found principally present in the surface secretion of leaves and flowers. They are the main components of tobacco glandular trichome secretion, accounting for about 60% of the trichome secretion and even more than 0.7% of the fresh leaf weight (Johnson et al., 1985). Generally, CBT-diols are more abundant than CBT-ols in tobacco (Roberts and Rowland, 1962). CBT-ols and CBT-diols both have two isomers that are named as α-/β-CBT-ol and α-/β-CBT-diol (Roberts and Rowland, 1962; Springer et al., 1975). Other forms of cembranoid derivatives have also been identified, and 105 such compounds have been identified in tobacco alone. They can be roughly divided into four groups based on the structural characteristics, that is, cembranoids, nor-cebranoids, seco-cembranoids, and cyclized cembranoids (Wang and Wagner, 2003; Yang P. F. et al., 2020; Xu et al., 2022). CBT-ols and CBT-diols show promising activities in anti-insect (Zhao et al., 2013), antibacterial (Guo and Wagner, 1995; Aqil et al., 2011; Ishii et al., 2016), anticancer (Rodriguez et al., 2010; Nacoulma et al., 2013; Mischko et al., 2018) and neuroprotection (Martins et al., 2015; Velez-Carrasco et al., 2015; Li et al., 2019). An increased cembranoid content did improve plant resistance to aphids and blue mold fungus, and thus CBT-ols might have some potentials as eco-friendly botanical insecticides (Ferchmin et al., 2005; Mischko et al., 2018).

Cembranoids are the products of terpenoid metabolic pathways, in which isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are the key precursors (Ma et al., 2006). In plants, IPP and DMAPP could be biosynthesized from acetoacetyl-CoA through the MVA pathway in the cytoplasm or from pyruvate/D-glyceraldehyde-3-phosphate (G3P) through the MEP pathway in the plastids (Tholl et al., 2005; Muhlemann et al., 2014). They are condensed to form geranyl pyrophosphate (GPP) as catalyzed by geranyl diphosphate synthase (GPPS) and then, to GPP, another IPP unit is added by farnesyl diphosphate synthase (FPPS) to form farnesyl diphosphate (FPP) (Cheng et al., 2007). Subsequently, FPP and IPP are converted to geranylgeranyl diphosphate (GGPP), catalyzed by geranylgeranyl diphosphate synthase (GGPPS) (Vranová et al., 2013; Zhang et al., 2020). The GGPPs for cembranoid biosynthesis were supposed to be derived from the MEP pathway (Chappell, 1995; Rohmer, 1999), but recent studies have found that cembranoids could also be biosynthesized through the MVA pathway (Zhang et al., 2020). As illustrated in Figure 1, tobacco cembranoids are biosynthesized from the cyclization of GGPP by cembratrien-ol synthase (CBTS) to form α- and β-CBT-ol (Wang and Wagner, 2003; Zhang et al., 2018), and then the sixth carbon of CBT-ols undergo hydroxylation reactions under the action of cytochrome CYP450 oxygenase to generate α- and β-CBT-diol (Wang et al., 2001; Liao et al., 2016).




Figure 1 | Schematic biosynthetic pathway of CBT-ols and CBT-diols in tobacco. GGPP, geranylgeranyl diphosphate synthase; CBTS, cembratrien-ol synthase; CYP450, cytochrome CYP450 oxygenase.



CBTS is an enzyme with the molecular mass of 58 kDa (Wang et al., 2014) and was shown to mainly exist in glandular trichomes of tobacco leaves (Gershenzon and Croteau, 2018). In 2003, a CBTS gene was cloned from Nicotiana tabacum and was shown to encode an enzyme catalyzing the formation of CBTS-ols from GGPP (Wang and Wagner, 2003). Studies on the homologous genes NsCBTS2a and NsCBTS2b demonstrated their main expression in glandular trichome, less in flower and stem, and lowest in roots (Ennajdaoui et al., 2010). Transient expression of the trichome-specific NsCBTS2a from N. sylvestris could increase the production of CBT-ols (Brückner and Tissier, 2013). Moreover, expression of NtCBTS2b or NtCBTS1 in tobacco can increase the accumulation of CBT-ol in tobacco and enhance tobacco resistance to aphid (Zhang et al., 2018; Guan et al., 2023). These studies suggest an important role of CBTS in the biosynthesis of cembranoids in tobacco.

In view of the multiple activities of cembranoids in medication and pesticide application, their values in pharmacology and sustainable agriculture are attracting more attention than ever. Yet, their yield in tobacco is still insufficient to meet the requirement of industrial production. Thus, it is of great value to metabolically engineer the cembranoid biosynthetic pathway in tobacco to improve their production, or to establish an alternative approach with potential for industrial production. In this study, we cloned the CBTS homologous genes in tobacco cultivar TN90 and investigated their spatiotemporal expression characteristics. The relationship between CBTS expression and cembranoid production was determined with tobacco organs of different developmental stages. We also determined the expression of certain CBTS genes in tobacco roots and revealed tobacco roots as a cembranoid biosynthesizing organ, which might pave the way for the molecular engineering of tobacco roots for an enhanced cembranoid production.





Materials and methods




Plant materials and growth conditions

The plants of tobacco (Nicotiana tabacum L.) cultivar TN90 were cultivated in an indoor growth room at 25deg;C with a photoperiod of 14 h-light/10 h-dark. The middle leaves of tobacco plants at 5-leaf-stage (S1), 10-leaf-stage (S2), 15-leaf-stage (S3), and budding stage (S4); the upper, middle, and lower leaves; and the flowers and the stems of tobacco plants at flowering stage were collected and frozen in liquid nitrogen for subsequent transcriptional assay and cembranoid quantification, respectively. NtCOI1-silenced tobacco plants (COI1-RI) and their control plants (transformed with empty vector) were developed in our previous study (Wang and Liu, 2014).





Gene sequence analysis

A BLASTP search was performed against the genome data of N. tabacum (cv. TN90) at NCBI with the protein sequence of NsCBTS2a (Ennajdaoui et al., 2010) as a query. The obtained homologous proteins are designated as CBTS1–9. Their corresponding genes are under the GenBank accessions XM_016609837.1, XM_016609052.1, XM_016582085.1, XM_016637837.1, XM_016603386.1, XM_016655305.1, XM_016629581.1, XM_016594649.1, and XM_016631693.1, respectively. The gene structure of CBTS family genes was analyzed using Gene Structure Display Server 2.0 (GSDS). A phylogenetic tree was constructed with the MEGA version 7.0 software (Kumar et al., 2016) using the deduced protein sequences of NtCBTS1 and other homologous proteins. Alignment assay of the deduced amino acid sequences of the CBTS genes was performed using Jalview software (version 2).





Semi-quantitative RT-PCR and quantitative real-time polymerase chain reaction (qRT-PCR) analysis

Total RNAs of different tobacco samples were extracted with TRIzol™ reagent (Invitrogen, Carlsbad, CA, USA; Cat. No15596026CN), and digested with RNase-free DNase I (Vazyme, Nanjing, China; Cat. NoEN401–01) to remove genomic DNA. The first-strand cDNA was synthesized by reverse transcription using HiScript III All-in-one RT SuperMix Perfect for qPCR kit (Vazyme, Nanjing, China; Cat. NoR333–01) according to the manufacturer’s instruction. Semi-quantitative RT-PCR was amplified with an initial denaturation at 95°C for 2 min and 25 cycles of denaturation at 95°C for 20 s, annealing at 60°C for 20 s, and extension at 72°C for 1 min using gene-specific primers and indicated template cDNAs. NtActin gene was amplified in parallel as an internal control. The amplification products of semi-quantitative RT-PCR reactions were separated by electrophoresis in 1.0% (w/v) agarose gel. qRT-PCR was amplified with gene-specific primers and indicated cDNAs using FastStart Universal SYBR Green Master mix (Vazyme, Nanjing, China; Cat. NoQ711–02) according to the manufacturer’s instruction, with NtActin gene as an internal control. Specific amplification of target products was accomplished using optimized annealing temperature (60°C–63°C) and monitored by melting curve analysis and sequencing. All qRT-PCR experiments were performed with three independent biological replicates. The relative expression level of each gene was calculated using the 2-ΔΔCT method. Gene specific primers for qRT-PCR and semi-quantitative RT-PCR are listed in Supplementary Tables S1, S2.





Extraction of cembranoids from tobacco samples

For quantification of cembranoids in tobacco organs, 1g of freeze-dried samples were extracted with 100 mL of ethyl acetate for three times. An equal volume of deionized water was added to the combined extract and mixed thoroughly to remove the water-soluble substances. After layer separation in a separatory funnel, the cembranoid-containing supernatant was collected and then dried at 40°C in a rotary evaporator under reduced pressure. After dissolving with 10 mL dichloromethane, the extract was collected into a sample bottle and dried in nitrogen flow. Finally, the extract was dissolved in 1 ml of 60% acetonitrile for UPLC (Ultra-Performance Liquid Chromatography) assay, or dissolved in 1 ml of ethyl acetate for GC-MS (Gas Chromatograph-Mass Spectrometry) assay.





Quantification of cembranoids by UPLC assay

For quantification of cembranoids by the aid of UPLC, the tobacco extract dissolved in 60% acetonitrile was filtered through a 0.22-μm pore size filter and injected into a UPLC machine (Waters Technologies, USA) equipped with a BEH C18 column (1.7 µm, 2.1 mm × 100 mm) under the following conditions: the column temperature of 40°C, a gradient mobile phase as described by Zhang et al. (2020) at the flow rate of 0.3 mL/min, and a UV detector for detection of CBT-ol and CBT-diol at 208 nm. The authentic standards of CBT-ol and CBT-diol, which were isolated and purified from a 95% EtOH extract of tobacco trichomes using a preparative HPLC system as previously described (Zhang et al., 2020), were used to plot the standard curves for quantification of α-/β-CBT-ol and α-/β-CBT-diol.





Identification of cembranoids by GC-MS assay

For identification of cembranoids by GC-MS assay, the tobacco extract dissolved in ethyl acetate was filtered through a 0.22 μm pore size filter and injected into a GC-MS machine (Agilent, USA) equipped with capillary column HP-5MS (30 m × 250μm × 0.25μm) under following optimized parameters: the initial column temperature was set at 80°C and maintained for 1 min, increased to 200°C at 15°C/min and maintained for 1 min, and then raised to 240°C at the rate of 4°C/min and maintained for 2 min. The mass spectra were obtained at m/z 50–650 using negative ionization mode at 70 eV (EI). The authentic standards of CBT-ol and CBT-diol were used as reference. The peaks for CBT-ol and CBT-diol were identified by retention time comparison with the reference standards and mass spectra matching against the NIST Database.





Determination of the bioactivity of CBTS members in yeast

The cDNA fragment of each CBTS gene was amplified using 2×Phanta® Max Master (Vazyme, Nanjing, China; Cat. NoPP525–01) with gene specific primers (Supplementary Table S3) and then cloned into the vector pGADT7 (Clontech, USA) by In-Fusion® (Takara, Shiga, Japan; Cat. No639649) cloning method for expressing the corresponding enzyme in yeast. The derived vectors were introduced into the yeast strain BY-T20 (MATα, trp1Δ0, leu2Δ0, ura3Δ0, trp1::HIS3-PPGK1-BTS1/ERG20-TADH1-PTDH3-SaGGPS-TTPI1-PTEF1- tHMG1-TCYC1) (Hu et al., 2020). The yeast transformants were cultivated on SD/-Leu medium (Takara, Shiga, Japan; Cat. No630311) to obtain the desired positive colonies. The obtained positive colonies of each CBTS enzyme were inoculated into 10 mL of liquid SD/-Leu medium and cultured at 30deg;C and 220 r/min for 48h to be used as seed culture. The seed culture was inoculated into YPD liquid medium (2% glucose, 1% yeast extract, 2% peptone) in a flask at an inoculation ratio of 20% (v/v), and cultured at 30°C and 220 r/min for 72h. For cembranoid extraction, 1 L of the cell culture was collected and centrifuged to separate yeast cells from the cultivation broth. The yeast cells were weighed and grounded into fine powder in liquid nitrogen, and then lysed in 20 mL ddH2O using an ultrasonic cell disruptor for 20 min. The cell lysate was extracted three times with 100 mL of ethyl acetate for 30 min at 30deg;C with agitation. After centrifugation, the upper organic phase of the extract was collected and combined for further concentration. The combined extract was dried in a rotary evaporator at 40deg;C, and dissolved in 5 mL of ethyl acetate for further GC-MS or UPLC assay as described above.





Statistical analysis

Statistical analyses of the quantitative data were performed using Microsoft Excel. Significance analysis and correlation analysis were conducted with the SPSS software (version 26.0) and analyzed by one-way analysis of variance with Dunnett’s test at P < 0.05. The histograms were drawn using Origin software (version 2021).






Results




Sequence analysis of CBTS family genes

By searching the accessible genomic data at GenBank of NCBI, nine homologs of NsCBTS2a (Ennajdaoui et al., 2010) were identified in the genome of N. tabacum cv. TN90. One of them is CBTS1 that showed activity in catalyzing cembranoid biosynthesis (Zhang et al., 2020), and the other eight proteins were designated as CBTS2–9. Sequence analysis of the corresponding CBTS genes showed that the mRNA sequences of CBTS genes have a high similarity (up to 96%) to each other (Figure 2). The gene structural analysis showed that CBTS8 has the longest mRNA sequence and that CBTS2 has the shortest one (Figures 2A, C). The number of exons in the CBTS genes ranged from three to seven, and the majority of them contained seven exons (Figure 2A). To dissect the evolutionary relationship of these CBTS genes, sequence alignment, and phylogenetic analysis were performed based on their deduced amino acid sequence. As shown in Figure 2B, these CBTSs could be divided into five subgroups, that is, CBTS-a, CBTS-b, CBTS-c, CBTS-d, and CBTS-e.




Figure 2 | Sequence analysis of CBTS family genes. (A) Schematic diagram of the gene structures of CBTS genes. (B) The phylogenetic analysis of CBTS genes. The CBTS-a, CBTS-b, CBTS-c, CBTS-d, and CBTS-e subgroups are marked with red, purple, black, green, and orange dots, respectively. Red boxes indicate that the corresponding genes were previously studies. (C) Alignment of the deduced amino acid sequences of CBTS genes. Colors indicate different types of amino acids. The DDxxD and the RxR domains are marked with letters and underscores, respectively.



There are two conserved domains, that is,”DDxxD” and “RxR” domains, located at the C terminals of the deduced CBTS proteins (Figure 2C). The DDxxD domain endows CBTS enzymes the Class I activity of terpene synthase (TPS) to directly catalyze the biosynthesis of diterpenes from GGPP (Liu et al., 2017). The RxR domain prevents nucleophilic attack on the carbocation intermediate (Christianson, 2017). Yet, the CBTS2 encodes a terpenoid synthase without the DDxxD motif.





Organ-specific expression profiles of CBTS genes

The organ-specific expression of CBTS genes was determined by semi-quantitative RT-PCR and qRT-PCR assays, using cDNAs from different organs of tobacco plants at the flowering stage. The semi-quantitative RT-PCR assay showed that most of the CBTS genes exhibited organ-specific expression patterns, except for CBTS8 that was expressed at similar levels in all the tested organs (Figure 3A). The qRT-PCR data for CBTS genes are consistent with the semi-quantitative RT-PCR results (Figure 3B). CBTS1/3/4/7 were expressed at much higher levels (up to sixfold) in the lower leaves than in the upper leaves, while CBTS5/8/9 were expressed at the highest levels (twofold to 15-fold) in the upper leaves, as compared to that in the lower leaves (Figure 3A). The transcripts of CBTS2 were most abundant in the flowers and those of CBTS6 was most abundant in the middle leaves (Figures 3A, B). The transcripts of CBTS2 were most abundant in the flowers, while those of CBTS6 were most abundant in the middle leaves (Figures 3A, B). Furthermore, both CBTS2 and CBTS6 were expressed at certain levels in the leaves of different positions (Figures 3A, B), which suggested that the majority of the CBTS genes are expressed in leaves. In addition, CBTS5/8 showed a considerable expression in flowers, and CBTS5/6/7/9 some notable expression in stems (Figures 3A, B). Strikingly, CBTS2/3/7 were expressed at a certain level in roots, and CBTS7 showed the highest level in roots (Figures 3A, B), which implied the potentials of tobacco roots in biosynthesizing cembranoids.




Figure 3 | Expression of CBTS genes in different organs of tobacco plants. (A, B) Semi-quantitative real-time polymerase chain reaction (RT-PCR) (A) and qRT-PCR (B) analyses of CBTS gene expression at flowering stage. UL, ML, and LL indicate the upper, middle, and lower leaves of plants at flowering stage, F indicates flower, R indicates root, and S indicates stem. (C, D) Semi-quantitative RT-PCR (C) and qRT-PCR (D) analyses of CBTS gene expression in the leaves at different development stages. Tobacco growth stages are indicated as S1 (5-leaf-stage), S2 (10-leaf-stage), S3 (15-leaf-stage), S4 (budding stage), and F (flowering stage). Genes having alternative splicing are marked with asterisks in (C). For qRT-PCR assays, the shown values are means ± SD (n = 3). The expression of each gene in UL (C) and in leaves at S1 (D) was arbitrarily set as “1”. Lowercase letters indicate significant differences from control plants (p<0.05).



The expression of CBTS genes in the leaves of tobacco plants at different developmental stages was also determined. The semi-quantitative RT-PCR showed that most of the CBTS genes had a high expression level in the leaves of tobacco plants at S4 stage (Figures 3C, D). CBTS1/7 showed high-expression levels in the leaves of tobacco at S4 stage but were less expressed in the tobacco at flowering stage (Figures 3A, C). The qRT-PCR results showed similar gene expression trends as the semi-quantitative RT-PCR. CBTS1/3/5/6/7/9 are mainly expressed in the leaves of tobacco at S4 stage, which were 1.1- to 14-folds of their expression at other stages, while CBTS2/3/4/8 were observed to be highly expressed during S1-S3 stages (Figure 3D). The majority of the CBTS genes showed decreased expression levels in the leaves at flowering stage (Figure 3D). Above data suggested that most of CBTS genes are highly expressed at S4 stage, that is, the budding stage that is closely preceding the flowering stage. Interestingly, alternative splicing of CBTS gene transcripts (e.g., CBTS3/4/7) was observed in the semi-quantitative RT-PCR assays (Figure 3C), which showed different splicing patterns in the leaves at different developmental stages.





Regulation of CBTS gene expression by jasmonate (JA) signaling

Previous studies showed that the biosynthesis of cembranoids in tobacco is regulated by JA (Sui et al., 2018). In order to determine the JA-mediated expression of CBTS genes, their expression in the tobacco plants with dysfunction of the JA receptor protein COI1 (COI1-RI) were analyzed. The transcriptional analyses showed that the expression of CBTS genes in COI1-RI plants was significantly lower than that in control plants (transformed with empty vector). The expression of CBTS1/2/3/4/6/7/9 in the root of COI1-RI plants decreased by over 60% compared with control plants, while the expression of CBTS5/8 in the root of COI1-RI plants reduced about 20% (Figure 4). The expression of all the CBTS genes were attenuated by around 50% in the stems and leaves of COI1-RI plants compared with control plants (Figure 4). The expression of CBTS1/2/5/6/8 in the flowers of COI1-RI plants decreased by over 50% compared with control plants, the expression of CBTS4 in the flowers of COI1-RI plants decreased about 40%, and the expression of CBTS3/7/9 in the flowers of COI1-RI plants decreased around 20% (Figure 4). These results demonstrated that the expression of CBTS family genes in tobacco is regulated the JA-signaling pathway.




Figure 4 | Expression of CBTS genes in different organs of tobacco plants with dysfunction of COI1. Ctrl indicates control plants transformed with empty vector, and COI1-RI indicates plants with dysfunction of COI1. R indicates root, S indicates stem, L indicates leaf, and F indicates flower. The shown values are means ± SD (n = 3). The expression of each gene in the root of control plants was arbitrarily set as “1”. Lowercase letters indicate significant differences from control plants (p<0.05).







Tobacco root is a cembranoid-producing organ

Previous studies suggested that tobacco cembranoids mainly exist in the secretion of glandular trichomes (Johnson et al., 1985). The above findings showed that several CBTS genes such as CBTS3 and CBTS7 were expressed at certain levels in tobacco roots (Figure 3), and we were thus prompted to investigate the role of tobacco roots in cembranoid biosynthesis. The freeze-dried tobacco root samples were ground into powder, extracted with ethyl acetate, and then subjected to cembranoid analysis using GC–MS assay. The GC–MS analysis of extracts from tobacco roots led to identify two ion peaks corresponding to CBT-ol and CBT-diol, with retention times of 10 min and 13 min, respectively (Figure 5A). A set of characteristic peaks for CBT-ol and CBT-diol were observed in the GC–MS data, and the peaks for distinguishing CBT-ol and CBT-diol were also detected (Figures 5B, C). In the UPLC analysis, three peaks consistent with the retention times of α-CBT-diol, β-CBT-diol, and CBT-ols standards (α-CBT-ol and β-CBT-ol were not separated in UPLC) were detected in the sample from tobacco roots (Figure 5D). These results suggested that tobacco roots have the capability to produce CBT-ols and CBT-diols. To quantify the cembranoid production in tobacco roots, standard curves for UPLC assay were plotted with a serial dilution of CBT-ols and CBT-diols, which were isolated and purified from tobacco leaf trichomes (Zhang et al., 2020). Figure 5D showed the UPLC spectra of cembranoid standards and the extract from roots and leaves. Apparently, the contents of α-CBT-diol and β-CBT-diol in tobacco roots were 107.55 μg/g and 33.43 μg/g, respectively, while that of CBT-ols was 17.69 μg/g (Figures 5D, 6). In contrast, the contents of α-CBT-diol and β-CBT-diol in tobacco leaves were 2577.59 μg/g and 756.30 μg/g, respectively, and that of CBT-ol was 103.54 μg/g (Figures 5D, 6). Therefore, the content ratio of α-CBT-diol/β-CBT-diol was about 3.2:1.0 in tobacco roots and about 3.4:1.0 in tobacco leaves, and the content ratio of CBT-ols/CBT-diols was about 8.0:1.0 in tobacco roots and about 32.2:1.0 in tobacco leaves. These findings showed that tobacco roots and leaves had a similar biosynthetic pattern for α-CBT-diol and β-CBT-diol, but a different biosynthetic pattern for CBT-ols and CBT-diols.




Figure 5 | Identification and quantification of cembranoids in tobacco roots. (A) GC-MS spectrum of CBT-ol and CBT-diol in the extract of tobacco roots. (B, C) The associated mass peaks of CBT-ol (B) and CBT-diol (C). Bold number indicate the mass peaks discriminating CBT-ol from CBT-diol. (D) UPLC analysis of CBT-ols and CBT-diols in the extract of roots and leaves.






Figure 6 | Accumulation of cembranoids in different tobacco organs. (A) UPLC spectrum of cembranoids in different organs. (B, C) CBT-ols (B) and CBT-diols (C) contents in different organs. S1–S4 indicate the middle leaves of tobacco plants at 5-leaf-stage, 10-leaf-stage, 15-leaf-stage, and budding stage, respectively. UL, ML and LL indicate the upper, middle and lower leaves of tobacco plants at flowering stage, respectively. F, R, and S indicate the flowers, roots and stems of tobacco plants at flowering stage, respectively. The values shown in B and C are means ± SD (n = 3).







Characterization of cembranoid accumulation in tobacco organs

Cembranoid accumulation in the middle leaves of tobacco plants at seedling stage (S1–S3), budding stage (S4), and flowering stage was analyzed by UPLC analysis (Figure 6A). During the seedling stages, the CBT-ols content in tobacco leaves was around 162.58 µg/g at S1 and gradually increased to over 415.14 µg/g at S3, and the CBT-diols content was 5115.20 µg/g at S1 and decreased to a slight lower level at S3 (Figures 6B, C), which showed different accumulation trends for CBT-ols and CBT-diols in the middle leave of tobacco plants. At S4, both CBT-ols and CBT-diols showed a slight decrease compared with that at S3 (Figures 6B, C).

The accumulation of cembranoids in different organs was analyzed with tobacco plants at the flowering stage. The results showed that CBT-ols were most abundant in the flowers with a content of 1834 µg/g, while CBT-diols were most abundant in the upper leaves with a content of 36420 µg/g (Figure 6B). CBT-ols and CBT-diols were both detected in the roots and stems, but were found at lower levels (Figures 6B, C). The content of CBT-ols was less than 100 µg/g in both the roots and stems. The content of CBT-diols was less than 300 µg/g in the roots, but over 2000 µg/g in the stems (Figures 6B, C).





Analysis of the bioactivity of tobacco CBTSs in yeast

CBTS enzyme catalyzes the biosynthesis of CBT-ol from GGPP, and it can catalyze the biosynthesize of CBT-ol in Saccharomyces cerevisiae (Zhang et al., 2020). This work further introduced the obtained CBTS genes, respectively, into the yeast strain BY-T20 for a heterogeneous expression to determine the bioactivity of their encoding enzymes in catalyzing the biosynthesis of CBT-ol. The production of CBT-ol for each enzyme was measured with yeast cells from 1 L of yeast culture. The results showed that these enzymes could by classified into three groups based on bioactivity, and their representative GC–MS spectra were shown in Figures 7A–C. The corresponding quantification results of UPLC assay turned out that CBT-ol content in the yeast culture expressing CBTS1 was near 0.8 mg/L, in that expressing CBTS6, CBTS7, or CBTS9 was about 0.2–0.4 mg/L, and in those expressing other CBTS enzymes were lower than 0.2 mg/L (Figure 7D). Above sequence analysis classified the CBTSs into five groups including CBTS-a, CBTS-b, CBTS-c, CBTS-d, and CBTS-e (Figure 2B), yet low bioactivity enzymes (i.e., CBTS2/3/4/5/8) were presented in all these groups and high bioactivity enzyme (i.e., CBTS1) was only presented in the CBTS-a group (Figure 7D). Among these enzymes, only CBTS2 which is the shortest one in sequence (Figure 2) showed no bioactivity in catalyzing the formation of CBT-ol (Figure 7D). Taken together, these results suggested that the CBTS enzymes might function in most of the tobacco organs depending their expression levels, and also supported tobacco root as a cembranoid-producing organ.




Figure 7 | Production of CBT-ol in yeast strain BY-T20 expressing CBTS family genes. (A–C) Representative GC–MS spectra of yeast extract expressing indicated CBTS enzymes. The GC–MS peaks for CBT-ol and GGPP are indicated. Red and blue arrows in (A) indicate Cyclo (Leu-Pro) and Cyclo (Leu-Leu) detected in the extract, respectively (MS spectrum data shown in Supplementary Figure S1). (D) Content of CBT-ol in the yeast culture expressing indicated CBTS enzyme. ND indicates that CBT-ol was not detectable. Each value is the average of triplicates and is shown as mean ± SD.








Discussion

Tobacco is abundant in the production of cembranoids that have antifungal and anti-insect activities and great potentials for developing eco-friendly agricultural chemicals (Wang et al., 2001; Mischko et al., 2018). Cembratrien-ol synthase (CBTS) catalyzes the conversion of GGPP to CBT-ols and plays an important role in the biosynthesis of cembranoids (Reid, 1974). In this study, we identified the CBTS family genes in tobacco cultivar TN90, analyzed their sequence characteristics and spatiotemporal expression patterns, and investigated the correlation between CBTS expression and cembranoid accumulation. Findings in study evidenced that the expression of CBTS genes and the biosynthesis of cembranoids could happen in organs other than the trichomes of tobacco leaves and flowers.

This work examined the expression patterns of CBTS family genes in tobacco, and found that the CBTS family genes were expressed differentially in tobacco organs. Most of the CBTS genes had relative higher expression levels in the upper, middle or lower leaves of tobacco plants at flowering stages, CBTS2 was expressed at the highest level in the flowers and roots and CBTS6/8 mainly expressed in leaves at budding stage. Moreover, the expression levels of all the CBTS genes were decreased in the tobacco plants with dysfunction of COI1, the receptor protein of JA, as previous findings on CBTS1 (Sui et al., 2018). These findings indicated a critical role of JA-signaling in modulating the expression of CBTS genes in tobacco. Strikingly, CBTS7 were found to be highly expressed in tobacco roots and CBTS2/3 also showed relative higher expression levels the roots. The expression of CBTS genes in versatile organs of tobacco plant implied that CBTS enzymes may catalyze the cembranoid biosynthesis in tobacco organ other than leaves and flowers. Their expression in roots prompted us to speculate that cembranoids may also be biosynthesized in tobacco roots. The study with GC-MS and UPLC assays identified both of CBT-ol and CBT-diol in the extract of tobacco roots, which proved that tobacco root is an organ capable of biosynthesizing cembranoids. Further cembranoid quantification with UPLC revealed that the content ratio of α-CBT-diol/β-CBT-diol in tobacco roots was similar to that in tobacco leaves. It was also close to the previously observed content ratio of α-CBT-diol/β-CBT-diol (2:1–3:1) in tobacco leaves or flowers (Shi and Liu, 1998). However, the content ratio of CBT-ols/CBT-diols in tobacco roots was about 8.0:1.0, and it was about 32.2:1.0 in tobacco leaves. These findings evidenced tobacco root as a cembranoid-producing organ for the first time, and implied that the cembranoid biosynthetic patterns in tobacco roots may differ from that in tobacco leaves and flowers.

In previous studies, less attention was paid to the dynamics of cembranoid accumulation and CBTS gene expression in different tobacco organs (Ennajdaoui et al., 2010; Zhang et al., 2018). When analyzing the spatiotemporal expression patterns of CBTS genes, we also determined the cembranoid content in tobacco organs at different developmental stages. The findings showed that the accumulation patterns of cembranoids were significantly different in tobacco organs, and it was greatly affected by the developmental stages of tobacco plants. Approximately, the accumulation characteristics of CBT-diols were consistent with that of CBT-ol, and both of them were highly accumulated in the flowers and leaves of plants at flowering stage, especially in the upper leaves. This accumulation trend was supported by the expression pattern of CBTS genes (Table 1), which showed that several CBTS genes including CBTS5/8/9 were expressed at relatively higher levels in the upper leaves of tobacco plants at flowering stage and that CBTS2 was specifically expressed in the flowers. The difference of cembranoid content and gene expression in leaves at the same developmental stage but from different positions showed a development-stage dependence of cembranoid biosynthesis. Whereas, the leaf CBT-diols of tobacco plants at seedling stages showed an opposite accumulation trend compared with that of CBT-ols. This phenomenon should be correlated with the conversion of CBT-ol to CBT-diol during the seedling stage of tobacco plants and indicated a complicated regulation of the biosynthesis of cembranoids in tobacco. Further bioactivity assay in yeast revealed that all these CBTS enzymes except for CBTS2 showed different bioactivities in catalyzing the biosynthesis of CBT-ol, and that CBTS1 had the highest bioactivty while CBTS6/7 had a medium bioactivity. This evidence supported tobacco root as a cembranoid-producing organ and also suggested that the CBTS enzymes might function in most of the tobacco organs.


Table 1 | Correlation analysis between cembranoid content and the expression level of CBTS genes.



Nevertheless, the semi-quantitative RT-PCR results showed the presence of alternative splicing of the transcripts of CBTS family genes, and their splicing patterns are correlated with the developmental stages of tobacco plants. Alternative splicing of gene transcripts exists widely in plants and is one of an important way for plant to regulate the diversity of gene functions (Feng et al., 2020). The alternative splicing of CBTS gene transcripts mainly occurred during the seedling stages of tobacco, when the accumulation of cembranoids was at relatively lower levels. Presumably, alternative splicing is a possibility for tobacco plants to suppress the function of CBTS enzymes at the seedling stages. These findings indicated that the function of CBTS genes in tobacco plants can be regulated at multiple levels.

Taken together, this study identified the CBTS family genes in tobacco and revealed their spatiotemporal expression patterns in the organs of different developmental stages. The finding of root-specific expression of CBTS genes lead to the identification of tobacco root as a cembranoid-producing organ, which was also supported by the bioactivity assay results. These findings provide insights into the biosynthesis of cembranoids in tobacco and alternative approach for metabolic engineering of tobacco roots for industrial production of cembranoids.





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.





Author contributions

ZD: Writing – original draft, Data curation, Conceptualization, Formal analysis, Investigation, Methodology. TT: Data curation, Investigation, Methodology, Writing – original draft. YG: Data curation, Formal analysis, Investigation, Methodology, Validation, Writing – original draft. JG: Data curation, Formal analysis, Investigation, Methodology, Validation, Writing – original draft. FJ: Data curation, Formal analysis, Investigation, Validation, Writing – original draft. SB: Data curation, Formal analysis, Investigation, Methodology, Validation, Writing – original draft. JW: Data curation, Formal analysis, Investigation, Methodology, Validation, Writing – original draft. XL: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. BW: Writing – review & editing, Formal analysis, Methodology. ZL: Writing – review & editing, Methodology, Supervision. YD: Writing – review & editing, Formal analysis, Validation. ZZ: Data curation, Writing – review & editing, Formal analysis, Funding acquisition, Validation. HZ: Writing – review & editing, Writing – original draft, Conceptualization, Funding acquisition, Supervision, Validation.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work is supported by the Science and Technology Innovation Program of Chinese Academy of Agricultural Sciences (ASTIP-TRIC-ZD03, ASTIP-TRIC05), China National Tobacco Corporation (110202102025), the National Natural Science Foundation of China (32300238), Yunnan Tobacco Company (2022530000241011), Natural Science Foundation of Shandong Province (ZR2023QC327), Central Public-interest Scientific Institution Basal Research Fund (1610232023024), and International Cooperation Foundation of Tobacco Research Institute of Chinese Academy of Agricultural Sciences (IFT202304).





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1341324/full#supplementary-material




References

 Aqil, F., Zahin, M., El Sayed, K. A., Ahmad, I., Orabi, K. Y., and Arif, J. M. (2011). Antimicrobial, antioxidant, and antimutagenic activities of selected marine natural products and tobacco cembranoids. Drug Chem. Toxicol. 34, 167–179. doi: 10.3109/01480545.2010.494669

 Brückner, K., and Tissier, A. (2013). High-level diterpene production by transient expression in Nicotiana benthamiana. Plant Methods 9, 46. doi: 10.1186/1746-4811-9-46

 Chappell, J. (1995). The biochemistry and molecular biology of isoprenoid metabolism. Plant Physiol. 107, 1–6. doi: 10.1104/pp.107.1.1

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

 Christianson, D. W. (2017). Structural and chemical biology of terpenoid cyclases. Chem. Rev. 117 (17), 11570–11648. doi: 10.1021/acs.chemrev.7b00287

 El Sayed, K. A., and Sylvester, P. W. (2007). Biocatalytic and semisynthetic studies of the anticancer tobacco cembranoids. Expert Opin. Investig. Drugs 16, 877–887. doi: 10.1517/13543784.16.6.877

 Ennajdaoui, H., Vachon, G., Giacalone, C., Besse, I., Sallaud, C., Herzog, M., et al. (2010). Trichome specific expression of the tobacco (Nicotiana sylvestris) cembratrien-ol synthase genes is controlled by both activating and repressing cis-regions. Plant Mol. Biol. 73, 673–685. doi: 10.1007/s11103-010-9648-x

 Feng, Y. L., Xiong, Y., Zhang, J., Yuan, J. L., Cai, A. S., and Ma, C. (2020). Role of alternative splicing in plant development and abiotic stress responses. J. Nucl. Agri. Sci. 34 (1), 62–70. doi: 10.11869/j.issn.100-8551.2020.01.0062

 Ferchmin, P. A., Hao, J., Perez, D., Penzo, M., Maldonado, H. M., Gonzalez, M. T., et al. (2005). Tobacco cembranoids protect the function of acute hippocampal slices against NMDA by a mechanism mediated by alpha4beta2 nicotinic receptors. J. Neurosci. Res. 82, 631–641. doi: 10.1002/jnr.20666

 Gershenzon, J., and Croteau, R. B. (2018). “Terpenoid biosynthesis: the basic pathway and formation of monoterpenes, sesquiterpenes, and diterpenes, Lipid metabolism in plants,” (Boca Raton, FL: CRC Press), 339–388. doi: 10.1201/9781351074070–14

 Guan, J., Du, Z. F., Tian, T., Wang, W. J., Ju, F. Z., Lin, X. Y., et al. (2023). Manipulation of CBTS1 expression alters tobacco resistance to Spodoptera frugiperda and Phytophthora nicotianae. Agronomy 13, 845. doi: 10.3390/agronomy13030845

 Guo, Z. H., and Wagner, G. J. (1995). Biosynthesis of cembratrienols in cell-free-extracts from trichomes of Nicotiana tabacum. Plant Sci. 110, 1–10. doi: 10.1016/0168-9452(95)04174-S

 Hu, T. Y., Zhou, J. W., Tong, Y. R., Su, P., Li, X., Liu, Y., et al. (2020). Engineering chimeric diterpene synthases and isoprenoid biosynthetic pathways enables high-level production of miltiradiene in yeast.Metab. Eng. 60, 87–96. doi: 10.1016/j.ymben.2020.03.011

 Huang, M. Y., Zhang, H. Y., Wang, Z. J., Niu, D. X., Li, Y. H., and Cui, H. (2018). Comparative studies of leaf surface chemical biosynthesis in different tobacco cultivars. Acta Physiol. Plant 40, 1–11. doi: 10.1007/s11738-018-2642-7

 Ishii, T., Kamada, T., and Vairappan, C. S. (2016). Three new cembranoids from the Bornean soft coral Nephthea sp. J. Asian Nat. Prod. Res. 18, 415–422. doi: 10.1080/10286020.2016.1145670

 Johnson, A. W., Severson, R. F., Hudson, J., Carner, G. R., and Arrendale, R. F. (1985). Tobacco leaf trichomes and their exudates. Tobacco Int. 187, 58–63.

 Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874. doi: 10.1093/molbev/msw054

 Li, J. H., Tian, C. F., Xia, Y. H., Mutanda, I., Wang, K. B., and Wang, Y. (2019). Production of plant-specific flavones baicalein and scutellarein in an engineered E. coli from available phenylalanine and tyrosine. Metab. Eng. 52, 124–133. doi: 10.1016/j.ymben.2018.11.008

 Liao, P., Hemmerlin, A., Bach, T. J., and Chye, M. L. (2016). The potential of the mevalonate pathway for enhanced isoprenoid production. Biotechnol. Adv. 34, 697–713. doi: 10.1016/j.biotechadv.2016.03.005

 Liu, W. J., Lü, H. Z., Li, Y., Yao, H., and Luo, H. M. (2017). The new advance of terpene synthase research in the plant. Plant Physiol. J. 53 (7), 1139–1149. doi: 10.13592/j.cnki.ppj.2016.0513

 Liu, X., Zhang, J., Liu, Q., Tang, G., and Wang, H. (2015). Bioactive cembranoids from the South China Sea soft coral Sarcophyton elegans. Molecules. 20, 13324–13335. doi: 10.3390/molecules200713324

 Ma, L., Ding, P., Yang, G. X., and He, G. Y. (2006). Advances on the plant terpenoid isoprenoid biosynthetic pathway and its key enzymes. Biotechnol. Bull. 1, 22–30. doi: 10.3969/j.issn.1002–5464.2006.z1.005

 Martins, A. H., Hu, J., Xu, Z., Mu, C., Alvarez, P., Ford, B. D., et al. (2015). Neuroprotective activity of (1S,2E,4R,6R,-7E,11E)-2,7,11-cembratriene-4,6-diol (4R) in vitro and in vivo in rodent models of brain ischemia. Neuroscience. 291, 250–259. doi: 10.1016/j.neuroscience.2015.02.001

 Mischko, W., Hirte, M., Roehrer, S., Engelhardt, H., Mehlmer, N., Minceva, M., et al. (2018). Modular biomanufacturing for a sustainable production of terpenoid-based insect deterrents. Green Chem. 20, 2637–2650. doi: 10.1039/C8GC00434J

 Muhlemann, J. K., Klempien, A., and Dudareva, N. (2014). Floral volatiles: from biosynthesis to function. Plant Cell Environ. 37, 1936–1949. doi: 10.1111/pce.12314

 Nacoulma, A. P., Megalizzi, V., Pottier, L. R., De Lorenzi, M., Thoret, S., Dubois, J., et al. (2013). Potent antiproliferative cembrenoids accumulate in tobacco upon infection with Rhodococcus fascians and trigger unusual microtubule dynamics in human glioblastoma cells. PloS One 8 (10), e77529. doi: 10.1371/journal.pone.0077529

 Reid, W. W. (1974). The biosynthesis of terpenoids in two varieties of Nicotiana tabacum. Ann Tabac Sect. SEITA, 156–176.

 Roberts, D. L., and Rowland, R. L. (1962). Macrocyclic diterpenes. α-and β-4, 8, 13-duvatriene-1, 3-diols from tobacco. J. Org. Chem. 27, 3989–3995. doi: 10.1021/jo01058a056

 Rodriguez, M., Eterovic, V. A., Ferchmin, P. A., Rios-Olivares, E., Wang, D., Nath, A., et al. (2010). Modulation of HIV-1 replication, inflammation, and neurotoxicity by a tobacco cembranoid 4R: therapeutic implications for HIV-associated neurocognitive disorders. J. Neurovirol. 16, 73–73.

 Rohmer, M. (1999). The discovery of a mevalonate-independent pathway for isoprenoid biosynthesis in bacteria, algae and higher plants. Nat. Prod. Rep. 16, 565–574. doi: 10.1039/a709175c

 Shi, H. Z., and Liu, G. S. (1998). Tobacco flavor (Beijing: China Agriculture Press).

 Springer, J. P., Clardy, J., Cox, R. H., Cutler, H. G., and Cole, R. J. (1975). The structure of a new type of plant growth inhibitor extracted from immature tobacco leaves. Tetrahedron Lett. 16, 2737–2740. doi: 10.1016/S0040-4039(00)75227-0

 Sui, J., Wang, C., Liu, X., Fang, N., Liu, Y., Wang, W., et al. (2018). Formation of α-and β-cembratriene-diols in tobacco (Nicotiana tabacum L.) is regulated by jasmonate-signaling components via manipulating multiple cembranoid synthetic genes. Molecules. 23, 2511. doi: 10.3390/molecules23102511

 Tholl, D., Chen, F., Petri, J., Gershenzon, J., and Pichersky, E. (2005). Two sesquiterpene synthases are responsible for the complex mixture of sesquiterpenes emitted from Arabidopsis flowers. Plant J. 42, 757–771. doi: 10.1111/j.1365-313X.2005.02417.x

 Velez-Carrasco, W., Green, C. E., Catz, P., Furimsky, A., O'Loughlin, K., Eterovic, V. A., et al. (2015). Pharmacokinetics and metabolism of 4R-cembranoid. PloS One 10 (3), e0121540. doi: 10.1371/journal.pone.0121540

 Vranová, E., Coman, D., and Gruissem, W. (2013). Network analysis of the MVA and MEP pathways for isoprenoid synthesis. Annu. Rev. Plant Biol. 64, 665. doi: 10.1146/annurev-arplant-050312-120116

 Wang, E. M., and Wagner, G. J. (2003). Elucidation of the functions of genes central to diterpene metabolism in tobacco trichomes using posttranscriptional gene silencing. Planta. 216, 686–691. doi: 10.1007/s00425-002-0904-4

 Wang, D., Zhang, X., Yang, T., Xue, G., and Li, L. (2014). Research progress on metabolic mechanism of cembranoid diterpenes and its regulation. Acta Tabacaria Sinica. 20, 113–118. doi: 10.1111/1755-6724.12186

 Wang, E. M., Wang, R., DeParasis, J., Loughrin, J. H., Gan, S. S., and Wagner, G. J. (2001). Suppression of a P450 hydroxylase gene in plant trichome glands enhances natural-product-based aphid resistance. Nat. Biotechnol. 19, 371–374. doi: 10.1038/86770

 Wang, W., Liu, G., Niu, H., Timko, M. P., and Zhang, H. (2014). The F-box protein COI1 functions upstream of MYB305 to regulate primary carbohydrate metabolism in tobacco (Nicotiana tabacum L. cv. TN90). J. Exp. Bot. 65 (8), 2147–2160. doi: 10.1093/jxb/eru084

 Yan, N., Du, Y. M., Liu, X. M., Zhang, H. B., Liu, Y. H., Zhang, P., et al. (2016). Chemical structures, biosynthesis, bioactivities, biocatalysis and semisynthesis of tobacco cembranoids: An overview. Ind. Crops Prod. 83, 66–80. doi: 10.1016/j.indcrop.2015.12.031

 Yang, P. F., Hua, T., Huang, S., Yang, J., Wei, T., and Mao, D. (2020). Progress on cembranoid diterpenes in tobacco. Chem. Reagents. 42 (4), 9. doi: 10.13822/j.cnki.hxsj.2020007266

 Yang, Q., Wang, J., Zhang, P., Xie, S. N., Yuan, X. L., Hou, X. D., et al. (2020). In vitro and in vivo antifungal activity and preliminary mechanism of cembratrien-diols against Botrytis cinerea. Ind. Crops Prod. 154 (1). doi: 10.1016/j.indcrop.2020.112745

 Zhang, Y., Bian, S. Q., Liu, X. F., Fang, N., Wang, C. K., Liu, Y. H., et al. (2020). Synthesis of cembratriene-ol and cembratriene-diol in yeast via the MVA pathway. Microb Cell Fact. 20 (1), 29. doi: 10.1186/s12934–021-01523–4

 Zhang, H., Zhang, S., Yang, Y., Jia, H., and Cui, H. (2018). Metabolic flux engineering of cembratrien-ol production in both the glandular trichome and leaf mesophyll in Nicotiana tabacum. Plant Cell Physiol. 59, 566–574. doi: 10.1093/pcp/pcy004

 Zhao, M., Yin, J., Jiang, W., Ma, M. S., Lei, X. X., Xiang, Z., et al. (2013). Cytotoxic and antibacterial cembranoids from a South China Sea Soft coral, Lobophytum sp. Mar. Drugs 11, 1162–1172. doi: 10.3390/md11041162




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 Du, Tian, Gao, Guan, Ju, Bian, Wang, Lin, Wang, Liao, Du, Zhang and Zhang. 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-15-1341324-g005.jpg
CBT-ol

CBT-diol
—

— CBT-ol
— CBT-diol

T
12 14

Time (min)

16

18 20

Root

1.6x10° 4

1.4x10° o

1.2x10° A

1.0%10° o

Abundance
P
b
%
S,
1

6.0x10%

4.0x10*

2.0x10%

0.0 -

43

50

81

100

T
12 14

Time (min)

150 200

m/z

16

250

8 20

300

1.4x10°

1.2x10°

1.0x10°

8.0x10*

6.0x10°

Abundance

4.0x10*

2.0x10*

0.0

Au
o
s
4
P

93.0 107.0

50 100 150 200 250 300
m/z

a-CBT-diol — Standard
—

BT-ol

3 Cl
[7BT-dV

Time (min)
a-CBT-diol —— Root

~— Leaf

Time (min)





OEBPS/Images/fpls-15-1341324-g007.jpg
B C

(x10%) (x10%) (<10%)
34 39 34
BY-T20-CBTS1 BY-T20-CBTS5(3/4/8) BY-T20-CBTS7(6/9)
254 254 254
GGPP 1
24 .y 24 . 24
" CBT-ol \ 71 (JGK . GGPP\
=l El El
Sis \ '§ 154 '§ 154
2 2 £
E sl = 1 < - CBT-ol
»
1 CB’% \
054 054 054
A
0 T ) 0 T - T 3 o r T - .
9.0 95 100 10.5 110 9.0 g 10.0 105 110 9.0 oF 10.0 10.5 110
‘Time(min) Time(min) Time(min)
1014
a
084
&
— 064
3
&
22}
O
<
3
= 04
3 04 b 13
i
c
0.24
€

T
CBTS2 CBTS3





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Investigating the spatiotemporal expression of CBTS genes lead to the discovery of tobacco root as a cembranoid-producing organ

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant materials and growth conditions

          



          		

            Gene sequence analysis

          



          		

            Semi-quantitative RT-PCR and quantitative real-time polymerase chain reaction (qRT-PCR) analysis

          



          		

            Extraction of cembranoids from tobacco samples

          



          		

            Quantification of cembranoids by UPLC assay

          



          		

            Identification of cembranoids by GC-MS assay

          



          		

            Determination of the bioactivity of CBTS members in yeast

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Sequence analysis of CBTS family genes

          



          		

            Organ-specific expression profiles of CBTS genes

          



          		

            Regulation of CBTS gene expression by jasmonate (JA) signaling

          



          		

            Tobacco root is a cembranoid-producing organ

          



          		

            Characterization of cembranoid accumulation in tobacco organs

          



          		

            Analysis of the bioactivity of tobacco CBTSs in yeast

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1341324-g003.jpg
NtActin

CBTS1

CBTS2

CBTS3

CBTS4

CBTSS

CBTS6

CBTS7

CBTSS

CBTSY

CBTS1

CBTS2

CBTS3

CBTS4

CBTSS

CBTS6

CBTS7

CBTS8

CBTSY

NtActin

UL

w
-

2
=

w
~

LL

| !
i !
t
f

w
[

L]

w
&

=

L]

©»

@

o

18 12 10
] 3 L k] a
31 I bt i
= — =
S S8 s
4 g go
g0 26 &
5 ] 54 b
g b ER N b N ERE
2 ¢ - 5 -]
CLalles Pemiln. PooliE
ol [ [ R ] = L
UL ML LL F R S UL ML LL F R S UL ML LL F R S
CBTS! CBTS2 CBTS3
12 127 25
3 a a
310 1.0 ) 85 ——
=
S8 08
2 L5
26 0.6 b b
5 b 104
24 04 ml
S0 b . 02 ‘ ’ ‘ d L o ¢
ol | = 0 - . 0 - = F d
UL ML LL F R 8 UL ML LL F R 8 UL ML LL F R 8
CBTS4 CBTSS CBTS6
6 a 147 4 127
,‘3’ I 12 1.0
b v 2
§ b . 10 3 b
2 0.8 T
&8 06
g 0.6
2 04
£ . 04 .
] 02 02 ¢
& d d b b c ¢
o — =) —— b b B e ot i
UL ML LL F R 8 UL ML LL F R 8§ UL ML LL F R 8
CBTS7 CBTSS CBTS9
18 1.6 a 1.4 a
a _ _ a
216 S 14 212 a
214 2 b 3
= 12
g ] £1.0
S 12 g 5
] 210 b ] T
210 3 208 b
5 208 £
58 3 506
06
26 2 °
E & 204
24 g4 ¢ k] = L
s ] S 0.2
2 2{ ¢ 202 c 2 ‘ r—
0 < [ H 0.0 0.0 v
Sl s2 S3 sS4 F Sl s2 S3 sS4 F Sl Ss2 S3 s4 F
CBTSI CBTS? CBTS3
a
10 14 a 6
] T 12 3 a
58 3 00 53
g 5 8 - b
g6 g ‘ ™
2 B 4 b 83 o
g4 5. . 5 T
° b o =t = 02
& 2 d 2
P £003 Z
K} c ¢ 3002 3! “
0 ¢ =2 000 0
Sl s2 83 s4 F sI s2 S3 sS4 F sl s2 S3 sS4 F
CBTS4 CBTSS CBTS6
3.0 40 16
] 2 B35 H T4 3
525 £ g a
=i 230 = Z12{ ab
£20 il 5 :
2 92 by 210 be
215 b b £20 - 208 I
5 815 ¢ d 506
210 ey € 2 B 1
éo. E‘I.U ‘EOA
e & 205 202
0.0 0.0 0.0
Sl s2 Ss3 s4 F Sl Ss2 S3 s4 F Sl S22 s3 s4 F
CBTS7 CBTSS CBTS9






OEBPS/Images/fpls-15-1341324-g001.jpg
a-CBT-ol
OH

B-CBT-ol

<

CYP450
—_—

CYP450
R

a-CBT-diol
OH

B-CBT-diol






OEBPS/Images/fpls.2024.1341324_cover.jpg
& frontiers | Frontiers in Plant Science

Investigating the spatiotemporal expression
of CBTS genes lead to the discovery of
tobacco root as a cembranoidproducing

organ





OEBPS/Images/fpls-15-1341324-g004.jpg
[ Ctrl

o
—

8 COII-RI

=
—

Q0 o <
S = =)
sydrrosuer; oAne[e Y

N O

v— ]

sydLiosuen) aAne[Y

o O <

sydLosuen} oAne[Y

N
o

=
=

CBTS3

CBTS2

CBTS1

[ Ctrl

[ Ctrl

O
—

[ COII-RI

10

8 COI1-RI

S
—

o0

[oe]

o0

N <t
syduosuer; oAne[Ry

o <
sydLiosuen) aAne[Y

O <

sydLiosuen) oAne[Y

CBTS6

CBTS5

CBTS4

B COI1-RI

B Citrl

o0
—

[ COI1-RI

L Ctrl

~
—

Ve
—

ol
—

sydrrosuen) aAne[Y

(@ (o)} \O

—

sydLosuen aAne[Yy

S &= = %
- S o o9
sydLosueny oAne[Y

a1
S

=
S

CBTS9

CBTSS

CBTS7





OEBPS/Images/fpls-15-1341324-g006.jpg
16

14

12

10

Time(min)

8

0.4+
0.3
0.2 4

0.6
0.5

40000

35000 4

(M 3/31) 1ua1u00 [01p- 1D

b

NG

I

c
T

3
T

f
T

2000

<
g
(

0

T T
= 5
S 3
2 F

Ma mhﬂ: 1U2IUO0 [0- 1D

200+

¥

LD

&





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





OEBPS/Images/fpls-15-1341324-g002.jpg
A

CBTS1 WD -G = DD — G- - @
CBTS2 D — CE—
CBTS3 D D G D = -
CBTS4 @l -G -G — - -G G
CBTSS GEEED- -G | Cumm——] D — D G —
CBTS6 m@— D GEED Gl G -G -
CBTS7 CEEED @D -G -
CBTSS  memm GEEEED G D D D G i
CBTSS _ CHNEENED —GEED- - -G ] &
kb ) 2Kkb 3kb akb Skb
Legend:
@D CDS W ypstream/ downstream  — Intron
[ —
0.20 L CBTS5 @
CBTS4 @
CBTS6 @

cBTSI
BTS2
cBTS3
CBTSH
CBTSS
CBTSG
CBTS?

-MvsFs Isccal
MVAFS 1 SCCHL

#-BRFAKFOSNIWRCSTFELRV I HSSYAS 166

CBTSS @

— CBTS2 ®
—— CBTS9 ®
CBTS3 ®

-MS0S 1 SBL 1 CSHFAKFOSN IWRCNTSOLRV IHSSYASFBB- - - - - -RRKERVR-

| QSNMW- - NSHE LBKNYSKLT | KHKYSYANST REKKMSAAMYDS -
1 - QSMAWBCAHNE LBKNYSKLTVKHTYSYASS | BBEKNUSHL K | S AAMDDN -

- - RRKERER-

CBTS7 @

- RunRAVO LS|
“rrsssssfiiere
“rssisceiiung
~wEvnn1 viB
 RucrABEsss)

moRs BGE VK|
e BBRKL L

CBTSS ¢ uykLDVKBLWEEKTERRMS OAM | AVETBAHHL ANSQS A | BBYS FCSVKNTYS F SHLVIMRBRERHR | RDYKEKRMTHK | LAMDARF SOH]

CBTS9

cBTSI
BTS2
CBTS3
CBTS4
CBTSS
CBTSE
CBTS?
CBTS8
CBTS9

cBTSI
CBTS2
CBTS3
CBTSA
CBISS
CBTS6
CBTS?
CBTSS
CBTS9

cBrs)
BTS2
CBTS3
cBTSt
1SS
CBTS6
CBTS?
CBTSS
CBTSY

catsi
cats2
Cu1s:  eoo e
cBTSH

carss
s
cats?
caTss
Cuts

o6
52
597
e
3
a2
Y





OEBPS/Images/table1.jpg
Component CBTS1 CBTS2 CBTS3 CBTS4 CBTS5 CBTS6 CBTS7 CBTS8  CBTS9

CBT - ol -0.268 0.545* ‘ -0.412 -0.289 0.633** 0.010 -0.673** 0.638** 0.421

CBT - diol -0.227 0.219 ‘ -0.373 -0.149 0.866** 0.128 -0.657** 0.856** 0.652**

Asterisks indicate significant difference (*P < 0.05; **P < 0.01).





