

[image: The non-specific lipid transfer protein McLTPII.9 of Mentha canadensis is involved in peltate glandular trichome density and volatile compound metabolism]
The non-specific lipid transfer protein McLTPII.9 of Mentha canadensis is involved in peltate glandular trichome density and volatile compound metabolism





ORIGINAL RESEARCH

published: 31 May 2023

doi: 10.3389/fpls.2023.1188922

[image: image2]


The non-specific lipid transfer protein McLTPII.9 of Mentha canadensis is involved in peltate glandular trichome density and volatile compound metabolism


Qiutong Chen 1, Li Li 1*, Xiwu Qi 1, Hailing Fang 1, Xu Yu 1, Yang Bai 1, Zequn Chen 1, Qun Liu 1, Dongmei Liu 1 and Chengyuan Liang 1,2*


1 Jiangsu Key Laboratory for the Research and Utilization of Plant Resources, Institute of Botany, Jiangsu Province and Chinese Academy of Sciences (Nanjing Botanical Garden Mem. Sun Yat-Sen), Nanjing, Jiangsu, China, 2 College of Forestry, Nanjing Forestry University, Nanjing, Jiangsu, China




Edited by: 

Jean-Claude Caissard, Université Jean Monnet, France

Reviewed by: 
Johannes Werner Stratmann, University of South Carolina, United States

Samuel Livingston, University of British Columbia, Canada

*Correspondence: 

Chengyuan Liang
 liangcy618@cnbg.net 

Li Li
 xinwenbanlili@163.com


Received: 18 March 2023

Accepted: 10 May 2023

Published: 31 May 2023

Citation:
Chen Q, Li L, Qi X, Fang H, Yu X, Bai Y, Chen Z, Liu Q, Liu D and Liang C (2023) The non-specific lipid transfer protein McLTPII.9 of Mentha canadensis is involved in peltate glandular trichome density and volatile compound metabolism. Front. Plant Sci. 14:1188922. doi: 10.3389/fpls.2023.1188922



Mentha canadensis L. is an important spice crop and medicinal herb with high economic value. The plant is covered with peltate glandular trichomes, which are responsible for the biosynthesis and secretion of volatile oils. Plant non-specific lipid transfer proteins (nsLTPs) belong to a complex multigenic family involved in various plant physiological processes. Here, we cloned and identified a non-specific lipid transfer protein gene (McLTPII.9) from M. canadensis, which may positively regulate peltate glandular trichome density and monoterpene metabolism. McLTPII.9 was expressed in most M. canadensis tissues. The GUS signal driven by the McLTPII.9 promoter in transgenic Nicotiana tabacum was observed in stems, leaves, and roots; it was also expressed in trichomes. McLTPII.9 was associated with the plasma membrane. Overexpression of McLTPII.9 in peppermint (Mentha piperita. L) significantly increased the peltate glandular trichome density and total volatile compound content compared with wild-type peppermint; it also altered the volatile oil composition. In McLTPII.9-overexpressing (OE) peppermint, the expression levels of several monoterpenoid synthase genes and glandular trichome development-related transcription factors—such as limonene synthase (LS), limonene-3-hydroxylase (L3OH), geranyl diphosphate synthase (GPPS), HD-ZIP3, and MIXTA—exhibited varying degrees of alteration. McLTPII.9 overexpression resulted in both a change in expression of genes for terpenoid biosynthetic pathways which corresponded with an altered terpenoid profile in OE plants. In addition, peltate glandular trichome density was altered in the OE plants as well as the expression of genes for transcription factors that were shown to be involved in trichome development in plants.
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1 Introduction

Mentha canadensis L., a member of the Lamiaceae family, is a widely cultivated spice crop and medicinal herb that is rich in volatile oil. The volatile oil in mint consists of monoterpenes (e.g., menthol, menthone, isomenthone, and pulegone etc.) and a small amount of sesquiterpenes that can be used as natural food additives, flavouring agents, and antioxidants (Wu et al., 2019; Do Nascimento et al., 2020; Karpiński, 2020; Mahendran and Rahman, 2020). Plant glandular trichomes are important places for the synthesis, secretion, and storage of specialised metabolites; they are regarded as biosynthesis factories (Huchelmann et al., 2017). Mint is densely covered with glandular trichomes, which comprise peltate and capitate trichomes. The volatile oil of mint was primarily produced and secreted by peltate glandular trichomes. The peltate glandular trichome consists of one basal cell, one stalk cell, and eight secretory cells (Turner et al., 2000). Mint volatile oil is produced by secretory cells and stored in peltate glandular trichomes within a subcuticular space that remains intact unless the leaf is damaged (Turner et al., 1999; Gershenzon et al., 2000; Tissier et al., 2017; Liu et al., 2023). The accumulation of volatile oil in peltate glandular trichomes is determined by secretory cell activity, volatile organic compound (VOC) transport, and storage cavity efficiency in terms of releasing VOCs into the atmosphere. However, the rate of VOC volatilisation is very low and does not significantly affect the accumulation of volatile oil in mint (Gershenzon et al., 2000; McConkey et al., 2000).

Transport of VOCs outside secretory cells requires plasma membrane-localised transporters, such as the adenosine triphosphate-binding cassette (ABC) (Adebesin et al., 2017), multidrug toxic compound extrusion (MATE), and non-specific lipid transfer proteins (nsLTPs) (Widhalm et al., 2015; Tissier et al., 2017). This selective transport of VOCs prevents cytotoxic effects related to excessive VOC accumulation (Eberl and Gershenzon, 2017; Gani et al., 2021).

nsLTPs are small basic proteins with hydrophobic cavities appropriate for binding and transporting lipids compounds, including fatty acids, acyl-coenzyme A, phospholipids, ceramide, and prostaglandin B2 (Edqvist et al., 2018; Salminen et al., 2018; Madni et al., 2020). The LTP family has numerous members. Boutrot et al. (2008) proposed a classification system based on a genome-wide analysis of rice, wheat, and Arabidopsis thaliana, which grouped nsLTPs into nine types (types I-IX) according to sequence similarities and Cys spacing. Liu et al. (2010) added type X. Edstam et al. (2011) studied the nsLTP subfamilies from early diverging land plants; they classified the nsLTPs into five major types (LTP1, LTP2, LTPc, LTPd, and LTPg) and five minor types (LTPe, LTPf, LTPh, LTPj, and LTPk). Analysis of the evolutionary relationships between nsLTPs in flowering and non-flowering plants revealed that nsLTPs are key proteins for plant survival and colonisation on land. During evolution, nsLTP family members were gradually selected and expanded; their biological functions became more complex (Edstam et al., 2011; Missaoui et al., 2022).

Plant nsLTPs contain an N-terminal secretory signal peptide that promotes proper subcellular localisation (Liu et al., 2015). nsLTPs are mainly present in the cell wall, plasma membrane, and intracellular components (Lee et al., 2009; Diz et al., 2011; Pagnussat et al., 2012; Deeken et al., 2016), presumably in relation to their functions. nsLTPs are implicated in the accumulation of cuticle wax, suberin, and sporopollenin; cell signalling; pollen and seed development; and cell expansion (Cameron et al., 2006; Kim et al., 2012; Champigny et al., 2013; Edstam et al., 2013; Tapia et al., 2013; Edstam et al., 2014; Liu et al., 2014). Additionally, some nsLTPs may be involved in metabolite synthesis and the secretion of glandular trichomes. For example, an NtLTP1-GFP fusion protein was abundant in lipids secreted from the long glandular trichomes of NtLTP1-overexpressing transgenic tobacco (Choi et al., 2012). Overexpression of NtLTP1 in orange mint increased the diameter of peltate trichome heads and enhanced the emission of monoterpenes. Overexpression of AaLTP3 and AaLTP4 in transgenic Artemisia annua enhanced the production of sesquiterpene lactone (Adhikari et al., 2019). Overexpression of BraLTP2 in Brassica napus led to increases in glandular trichome density and secondary metabolite content (Tian et al., 2018).

nsLTPs are highly expressed in mint glandular trichomes (Lange et al., 2000), and they may be involved in volatile oil transport and storage (Tissier et al., 2017). However, the biological functions of nsLTPs in mint are unclear. In this study, we characterised an nsLTP gene (McLTPII.9) from M. canadensis; we found that it was expressed in stems, leaves, and roots. McLTPII.9 was localised to the plasma membrane. Additionally, compared with wild-type (WT) peppermint, McLTPII.9-overexpressing peppermint (Mentha piperita. L) exhibit increased peltate glandular trichome density, along with alterations in volatile oil content and composition. Our results provide insight into the biological functions of nsLTPs in mint and will facilitate the breeding of new mint cultivars.




2 Materials and methods



2.1 Plant materials and growth conditions

The mint genotypes used in this study were M. canadensis and M. piperita, which are preserved in the Germplasm Resource Nursery of the Institute of Botany of Jiangsu Province and the Chinese Academy of Sciences. M. canadensis was used for gene (McLTPII.9) cloning, and M. piperita was used for mint genetic transformation. Shoot tips of mint plants were removed and transferred to one-quarter Hoagland’s culture medium until the roots grew out. Next, the mint plants were pot-cultured in nutrient-enriched soil under a 14-h light (26°C)/10-h dark (22°C) photoperiod until used.

The mint sterile explants were prepared as follows. Shoot tips of M. piperita surface sterilized for 10 min using 10% bleach and rinsed in 70% ethanol before being washed with sterile water three times. The explants were cultured in Murashige and Skoog (MS) medium with 2% sucrose (w/v) and 1% agar (w/v), and the pH was adjusted to 5.8. The sterile peppermint shoots were cultured at 26°C under a 14-h light/10-h dark photoperiod for further transformation experiments.

The tobacco genotypes used in this study were Nicotiana tabacum and Nicotiana benthamiana. N. tabacum was used for permanent genetic transformation, and N. benthamiana was used for transient transformation. The tobacco seedlings were grown in nutrient-enriched soil under a 16-h light (26°C)/8-h dark (24°C) photoperiod.




2.2 In silico characterisation of McLTPII.9

The coding sequence of McLTPII.9 was polymerase chain reaction (PCR)-amplified from M. canadensis cDNA using the F1 and R1 primers (Supplementary Table S1), based on M. canadensis transcriptome data (Qi et al., 2018; Short Read Archive (SRA) Sequence Database accession number SRP132644). The National Centre for Biotechnology Information CD-Search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) was used to predict conserved domains in McLTPII.9. TMHMM 2.0 (https://services.healthtech.dtu.dk/service.php?TMHMM-2.0) was used to predict the transmembrane domain in McLTPII.9. The hydrophobicity of McLTPII.9 was analysed by ExPASy (https://www.expasy.org/). Signal peptide prediction in McLTPII.9 was performed using SignalP 6.0 (https://services.healthtech.dtu.dk/service.php?SignalP). For molecular modelling, a three-dimensional structural model of in McLTPII.9, along with four disulphide bridges in McLTPII.9, were predicted by Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and visualised in PyMOL software. Multiple sequence alignment and phylogenetic trees were constructed in MEGA v. 7.0 (maximum-likelihood, 1000 bootstraps, Poisson model). Gene coding and protein sequences are provided in Data sheet 1, and the sequences are available in the NCBI GenBank with accession number of OQ657221.




2.3 Vector construction and plant transformation

To generate the McLTPII.9-overexpression construct (p35S::McLTPII.9-GFP), the McLTPII.9 coding sequence was PCR-amplified using primers F2 and R2. The product was cloned into the modified pHellsgate8-GFP (p35S::GFP) vector using a recombinase (ClonExpress II One Step Cloning Kit, Vazyme Biotech, Nanjing, China). Mint plant transformation was performed by the Agrobacterium tumefaciens-mediated method (Niu et al., 1998; Qi et al., 2022; Yu et al., 2022). Briefly, the internode segments of sterile peppermints were used as explants and pre-cultured on pre-culture medium for 3 or 4 days. Then, the explants were immersed in the infection solution (A. tumefaciens containing recombinant plasmid resuspended in liquid MS medium) for 30 min. Remove the excess infection solution and dry the explants on sterile filter paper. The explants were cultured in co-cultivation medium for 4 days. Transfer the explants to the shoot induction medium with appropriate antibiotics for 4 weeks to generate resistant buds. Finally, resistant buds were transferred to a rooting medium for root generation.

The McLTPII.9 upstream promoter sequence was amplified using the Genome Walking Kit (Takara, Dalian, China) with the SP1, SP2, and SP3 primers. To generate the promoterMcLTPII.9::GUS construct, a 1313-bp promoter sequence was amplified using the Pro-McLTPII.9-F/Pro-McLTPII.9-R primers, then cloned into the pMV2 plant binary vector (Hua et al., 2021). N. tabacum transformation was performed using the A. tumefaciens-mediated leaf disc method (Horsch et al., 1985). The primers are listed in Supplementary Table S1. The 1313-bp promoter sequence of McLTPII.9 is shown in Data sheet 1, and it is available in the NCBI GenBank with accession number of OQ658506.




2.4 Subcellular localisation of McLTPII.9

The McLTPII.9-overexpression plasmid (p35S::McLTPII.9-GFP) was used to assess subcellular localisation. The N-terminus of McLTPII.9 was fused to GFP under the control of the 35S promoter. A plasma membrane (PM) marker (AtCBL1n-mCherry) and a cell wall (CW) marker (AtLTPI.5-mCherry) were used as previously described (Deeken et al., 2016; Li et al., 2017). The recombinant vector and marker vectors were introduced into A. tumefaciens GV3101 for transient expression in tobacco (N. benthamiana); tobacco leaves were infiltrated as previously described (Li et al., 2017). Fluorescence was observed using an LSM 780 confocal microscope (Zeiss, Jena, Germany). The wavelength and emission bandwidth were for GFP as excitation 488 nm, emission 493–556 nm, and for mCherry as excitation 587, emission 570-690 nm. For plasmolysis, co-expression leaves were dipped in 0.8 M mannitol and observed after 15 min of incubation.




2.5 GUS staining

Histochemical staining of GUS expression in transgenic N. tabacum was performed in accordance with the method of Jefferson (1987). The roots, stems, and leaves were cut from the transgenic tobacco plants and were immersed in X-Gluc solution for incubating overnight at 37°C. After staining, the tissues were rinsed in 70% ethanol to remove chlorophyll.




2.6 Determination of peltate glandular trichome density

Peltate glandular trichomes on the leaf abaxial surface were observed using a stereo fluorescence microscope (Olympus, Tokyo, Japan) with a 1.6× objective at an excitation wavelength of 488 nm. The peltate glandular trichomes appear as fluorescent spots under stereo fluorescence microscope. The first, second, and third leaves of mint were used to count peltate glandular trichomes. The leaves of 3~5 plants with similar sizes were observed for each leaf position. Because the limited field of stereo fluorescence microscope, one snapshot does not capture an intact leaf. To get an image of the intact leaf, we captured multiple regions of a leaf, then spliced the images using Photoshop software. Finally, we count the number of peltate glandular trichomes and calculate density using these intact leaf images. The number of peltate glandular trichomes and leaf area were measured using ImageJ software.




2.7 Scanning electron microscopy

Mint samples were prepared as Qi et al. (2022) described. The second leaves of mint were cut into small pieces and fixed with 0.1 M phosphate-buffered 2.5% glutaraldehyde for 24 h at 4°C. Then the samples were washed with distilled water and dehydrated in an ethanol series. The samples were critical point dried and fixed on spherical metal stubs. The abaxial surface of leaves was coated with a thin layer of gold and observed using FEI Quanta 200 scanning electron microscope (FEI, Hillsboro, USA).




2.8 Analysis of volatile compounds

Leaves of transgenic and WT peppermint plants were carefully harvested and over-dried in the shade. For analysis of volatile compounds, 0.4 g of dry leaves were ground into powder and transferred to tightly closed 20-mL vials. Volatiles from these samples were extracted by headspace solid-phase microextraction, then measured by gas chromatography/mass spectrometry as described by Yu et al. (2021). The polydimethylsiloxane (PDMS) 65 µm fiber (65 µm Carboxen™-PDMS StableFlex, Supelco) was exposed to the headspace of the sample for 3 min at 40°C to adsorption. Then volatiles absorbed were desorbed in the injection port of GC at 250°C for 3 min.




2.9 RNA extraction and quantitative real-time PCR

Mint RNA extraction and RT-qPCR were performed as previously described (Li L, et al., 2020; Qi et al., 2022). The third and fourth leaves of mint plants growing for one month were used to isolate RNA. Leaves from the same position should preferably be in the same size. For qRT-PCR, 1μg of RNA was used for reverse transcription in a 20 μL reaction volume using the Prime Script™ RT Reagent kit with gDNA Eraser (TaKaRa, Dalian). The qRT-PCR amplification was performed using a qTOWER 2.2 Real-Time PCR system (Analytik Jena AG, Jena, Germany) with SYBR Universal qPCR Kit (Vazyme, Nanjing). The qRT-PCR conditions were as follows: 95 °C for 5 min followed by 40 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 25 s. Relative expression levels were analysed by the 2-ΔΔCT method. The primers for RT-qPCR are listed in Supplementary Table S1.





3 Results



3.1 Bioinformatic and phylogenetic analysis of the McLTPII.9 gene and protein

Previous studies suggested that nsLTPs were highly expressed in mint glandular trichomes, and they may be involved in volatile oil transport and storage (Lange et al., 2000; Tissier et al., 2017). So, in the beginning, we analysed the peltate glandular trichomes transcriptome data of Mentha spicata (Jin et al., 2014) for selecting nsLTPs with high expression levels in peltate glandular trichome, and performed local BLAST in M. canadensis transcriptome database (Qi et al., 2018; Yu et al., 2021). Finally, based on M. canadensis transcriptome data, we cloned an McLTP, which contained a 285-bp open reading frame encoding a protein of 94 amino acids. Amplification using the genomic DNA of M. canadensis as a template revealed that this gene had no introns. Conserved domains analysis of the amino acid sequence revealed that it was a type II nsLTP (Supplementary Figure S1A), which contains two adjacent hydrophobic cavities (Liu et al., 2015). Phylogenetic analysis of the McLTP revealed a close relationship to AtLTPII.9 and NtLTP2; therefore, we named the gene McLTPII.9 (Figure 1A). Transmembrane domain and hydrophobicity analyses of McLTPII.9 showed that amino acids 5 to 29 were hydrophobic and constituted a transmembrane domain (Supplementary Figures S1B, C). McLTPII.9 was predicted to contain a signal peptide of 26 amino acid residues at the N-terminus. The predicted cleavage site was between amino acid residues 26 and 27 (Supplementary Figure S1D).




Figure 1 | Phylogenetic analysis and three-dimensional modelling of McLTPII.9. (A) Phylogenetic analysis of McLTPII.9 and other nsLTPs from various plants. A maximum-likelihood tree was constructed using MEGA v. 7.0 (1000 bootstrap, Poisson model, partial deletion). nsLTPs were collected from Arabidopsis thaliana, Oryza sativa, Nicotiana tabacum, Zea mays, Solanum tuberosum, Triticum aestivum, Artemisia annua, Coffea arabica, Pisum sativum, and Brassica rapa, then classified into types I-Y (colours indicate types). Accession numbers are listed in Table S2. (B) Three-dimensional model of McLTPII.9. In the upper panel, the arrows point to the disulphide bridges of McLTPII.9. Cys, cysteine residue; C-ter, C-terminus; N-ter, N-terminus. The subscript represents amino acid site. The lower panel is a structure sketch of the four cysteine disulphide bonds referring to the upper panel. C1-C8 in the structure sketch correspond to Cys3, Cys11, Cys25, Cys26, Cys35, Cys37, Cys61, Cys68, respectively. X indicates other amino acid residues; the subscript represents the number of amino acids between adjacent cysteine residues. The orange linkages indicate disulfide bonds.



A molecular model of McLTPII.9 without a signal peptide was constructed using Phyre2 by homologous modeling method (Figure 1B) (Kelley et al., 2015). The most appropriate structural template for McLTPII.9 was LTP2G (PDB ID: tuka1). The proposed three-dimensional structure indicates that McLTPII.9 has typical LTPII features, including two adjacent hydrophobic cavities and four disulphide bonds formed by eight cysteine residues (Cys3-Cys35, Cys11-Cys25, Cys26-Cys61, and Cys37-Cys68) (Figure 1B, upper panel). The lower panel of Figure 1B is a structure sketch of the four cysteine disulphide bonds referring to the upper panel.




3.2 Expression and localisation of McLTPII.9

In M. canadensis, the expression of McLTPII.9 was high in the stem and low in other part of the shoot and in roots (Figure 2A). In order to visualize McLTPII.9 expression in plants, we transformed a GUS construct driven by the McLTPII.9 native promoter (promoterMcLTPII.9::GUS) into N. tabacum. The promoter of McLTPII.9 was cloned from genomic DNA of M. canadensis by the genome-walking method. A gene model of McLTPII.9 including the cloned promoter was shown in Figure 2B. In the transgenic N. tabacum plants, GUS-staining shows high staining intensity (presumably equaling expression) in leaves, medium in stems, and low in roots (Figures 2C, D, G). Specially, the staining was detected in lateral root primordia of transgenic N. tabacum (Figure 2H). In addition, the GUS signal was particularly in long and short glandular trichomes (Figures 2E, F); however, McLTPII.9 expression in glandular trichomes were not tested independently in M. canadensis. In our results, two independent methods were used to test McLTPII.9 expression in different plant species and that they lead to similar but not the same results.




Figure 2 | Expression pattern of McLTPII.9. (A) Tissue-specific expression analysis of McLTPII.9 in M. canadensis. Data are means ± standard deviations of three biological replicates with three pooled tissues (plants) each. MpActin1 was used as the internal control. (B) A gene model of McLTPII.9 including the cloned promoter. (C–F) Histochemical GUS staining of transgenic N. tabacum (promoterMcLTPII.9::GUS). Histochemical GUS-stained leaf (C), stem (D), long glandular trichomes (E), short glandular trichomes (yellow arrow) (F), and roots (G, H). (C, D, G, H) Scale bars, 1 cm; (E, F) scale bars, 200 µm.



To confirm the subcellular localisation of McLTPII.9, a McLTPII.9-GFP fusion protein was transiently co-expressed with a cell wall (CW) marker or a plasma membrane (PM) marker tagged with red fluorescent protein (mCherry) in N. benthamiana leaves. AtLTPI.5-mCherry (Deeken et al., 2016) served as the CW marker, and AtCBL1n-mCherry (Li et al., 2017) served as the PM marker. Confocal laser scanning microscopy showed similar superposition of McLTPII.9-GFP with the CW or PM marker, primarily at the cellular boundary; the exact localisation of McLTPII.9 could not be determined (Figure 3). Therefore, N. benthamiana leaf areas with co-expressing epidermis cells were plasmolysed. After plasmolysis, McLTPII.9-GFP was separated from the CW marker (Figure 3A), and co-localised with the PM marker (Figure 3B). Overlap of green and red fluorescence indicated that McLTPII.9 was localised to the plasma membrane, consistent with a previous transmembrane domain prediction (Supplementary Figure S1B).




Figure 3 | Subcellular localisation of McLTPII.9 in leaf epidermal cells of N. benthamiana. (A) Co-expression of the McLTPII.9-GFP fusion protein with a cell wall (CW; AtLTPI.5-mCherry) marker in tobacco epidermal cells. Lower row, plasmolysis assay with co-expressing tobacco leaves. Yellow arrows, separation between McLTPII.9-GFP and CW marker. Bars, 20 µm. (B) Co-expression of McLTPII.9-GFP fusion protein with a plasma membrane (PM; AtCBL1n-mCherry) marker in tobacco epidermal cells. Lower row, plasmolysis assay with co-expressing tobacco leaves. Yellow arrows, overlap between McLTPII.9 and PM marker. Bars, 20 µm.






3.3 Overexpression of McLTPII.9 increases peltate glandular trichome density in M. piperita

M. piperita (peppermint) is a Mentha plant with similar glandular trichome structure and volatile oil to M. canadensis. Plant transformation in M. piperita is easier than in M. canadensis. To explore the biological function of McLTPII.9 in mint, transgenic peppermint (M. piperita) lines overexpressing McLTPII.9 were generated. Exogenous McLTPII.9 expression was evaluated in the transgenic lines by genomic PCR and RT-qPCR (Supplementary Figures S2A–C). The overexpression vector had a GFP tag, which was fused to McLTPII.9. The transgenic lines showed clear signals of the GFP fragment (Supplementary Figure S2A) and McLTPII.9-GFP fragment (Supplementary Figure S2B), whereas the WT line did not. The expression levels of McLTPII.9 were higher in the transgenic lines (OE1 and OE2) than in WT (Supplementary Figure S2C), and the expression in OE1 was twice as much as that in OE2. Moreover, confocal fluorescence imaging of OE1 leaves revealed that McLTPII.9-GFP was expressed in leaf cells, particularly in peltate glandular trichomes (Supplementary Figure S2D).

The peltate glandular trichome is important for the synthesis, secretion, and storage of volatile oil (Mahmoud et al., 2021). Under scanning electron microscopy (SEM), we observed the peltate glandular trichomes on abaxial side of WT and OE1 leaves (Supplementary Figure S3). The results showed that the density of peltate glandular trichome was increased in OE1 compared with that in WT. For accurate statistical analysis of peltate glandular trichomes, stereo fluorescence microscopy was used to count the number of peltate glandular trichomes on abaxial side of intact leaves. The peltate glandular trichome density in OE1 plants was significantly increased compared with density in the WT (Figure 4). The densities of the first, second, and third leaves in OE1 were 98%, 56%, and 58% greater than in the WT, respectively (Figure 4C). The difference between OE2 and WT was not significantly, but the mean density of the peltate glandular trichome were also increased compared with that of WT. These results may be related to the McLTPII.9 expression levels in different transgenic lines. Furthermore, the peltate glandular trichome density decreased with leaf growth (Figure 4). Therefore, overexpression of McLTPII.9 increased the peltate glandular trichome density in M. piperita.




Figure 4 | Peltate glandular trichome density in McLTPII.9-overexpressing M. piperita leaves. (A) Peltate glandular trichomes on the abaxial side of leaves from wild-type and McLTPII.9-overexpressing peppermint (OE1 and OE2). Bars, 2 mm. (B) Diagram of leaf position for observing. (C) Peltate glandular trichome densities in WT, OE1, and OE2 mint. Data are means ± standard deviations (SD) of three biological replicates. Different letters above each bar indicate significant differences (p < 0.05, Duncan’s multiple range test).






3.4 Overexpression of McLTPII.9 influences volatile oil content and composition in M. piperita

The peltate glandular trichomes in mint are rich in monoterpenoid volatile oils (Rios-Estepa et al., 2008). Our findings thus far suggested that McLTPII.9 was associated with peltate glandular trichome density. To characterise McLTPII.9 function, the extracted volatile compounds of McLTPII.9-overexpressing and WT plants were analysed by headspace solid-phase microextraction coupled with gas chromatography/mass spectrometry. More than 30 volatile compounds were identified in WT and OE lines using headspace solid-phase microextraction (Table 1). Based on their peak areas (Supplementary Figure S4), monoterpenoids were the most abundant, followed by sesquiterpenoids. Compared with the WT, most of the compounds in OE lines exhibited varying degrees of alteration. Eight monoterpenoids were significantly increased in OE1, and three were significantly increased in OE2; whereas four terpenoids were significantly decreased in both OE lines, including D-limonene, menthol, menthyl acetate, and α-Copaene. The total volatile compound content was greater in OE lines than in the WT. This finding suggested that McLTPII.9 influences volatile oil biosynthesis in peppermint. Next, we analysed several key enzyme genes and transcription factors involved in the synthesis of volatile oil and development of glandular trichomes (Rahimi et al., 2017; Qi et al., 2022). Compared with WT, the expression levels of limonene-3-hydroxylase (L3OH), transisopiperitenol dehydrogenase (IPD), geranyl diphosphate synthase (GPPS), and HD-ZIP3 were significantly increased in McLTPII.9-overexpressing plant, whereas the expression level of limonene synthase (LS) was significantly decreased. However, the expression levels of isopiperitenone reductase (IPR), menthone dehydrogenase (MDEH), 1-deoxy-D-xylulose-5-phosphate synthase (DXS), pulegone reductase (PR), and MIXTA exhibited minimal changes (Figure 5). These results suggested that McLTPII.9-mediated changes in volatile oil and peltate glandular trichomes were accompanied by alterations in the expression patterns of related genes.


Table 1 | Volatile organic compound composition in wild-type and transgenic peppermint plants, determined using headspace solid-phase microextraction.






Figure 5 | Expression levels of volatile oil synthesis and glandular trichome development-related genes in wild-type and McLTPII.9-overexpressing peppermint. Data are means ± SD of three biological replicates of three plants each. *p < 0.05; **p < 0.01, Student’s t-test. MpActin1 was used as an internal control. Genes involved in volatile oil synthesis include LS, limonene synthase; L3OH, limonene-3-hydroxylase; GPPS, geranyl diphosphate synthase; IPD, transisopiperitenol dehydrogenase; IPR, isopiperitenone reductase; PR, pulegone reductase; MDEH, menthone dehydrogenase; MFS, menthofuran synthase; and DXS, 1-deoxy-D-xylulose-5-phosphate synthase. MIXTA is an R2R3-MYB transcription factor and HD-ZIP3 is an HD-ZIP IV transcription factor.







4 Discussion

nsLTPs are multifunctional proteins essential for plant development, seed germination, cell signal transduction, and other biological processes (Sarowar et al., 2009; Chae et al., 2010; Huang et al., 2013; Cotta et al., 2014; Edstam and Edqvist, 2014; Zaidi et al., 2020; Chen et al., 2022). They transfer various hydrophobic molecules and are involved in the synthesis of lipid barrier polymers, such as cuticular waxes, suberin, and sporopollenin (Lee et al., 2009; Chen et al., 2011; Kim et al., 2012; Edstam et al., 2013; Song et al., 2020). In this study, we isolated an nsLTP gene belonging to the LTPII family from M. canadensis; we named it McLTPII.9 based on the results of homology alignment (Figure 1). McLTPII.9 was highly expressed in stems, leaves, and particularly young leaves of M. canadensis (Figure 2). We tried to transform promoterMcLTPII.9::GUS plasmid to peppermint, unfortunately, no transgenic mint was obtained so far. So, we transformed recombinant plasmid into N. tabacum to verify the expression pattern. GUS signals driven by the McLTPII.9 native promoter were detected in epidermal cells and long and short glandular trichomes of transgenic tobacco, suggesting that it is probably involved in glandular trichome development or metabolite secretion. nsLTPs, which constitute up to 32% of the cDNA library in mint glandular trichomes, may be linked to intracellular transport and secretion of volatile oils (Lange and Croteau, 1999; Tissier et al., 2017). In plants, the transport of volatile compounds requires carrier proteins (Widhalm et al., 2015), such as ABC and nsLTP. For example, Petunia hybrida PhABCG1 mediates the plasma membrane transport of benzenoid volatile compounds in petunia flowers (Adebesin et al., 2017). NtPDR1, a plasma membrane ABC transporter in tobacco, is involved in terpene transport (Crouzet et al., 2013). Together with Artemisia annua AaPDR2, AaLTP3 enhances the accumulation of dihydroartemisinic acid in apoplasts of N. benthamiana leaves (Wang et al., 2016). However, the biological roles and transport mechanisms of nsLTPs remain to be explored.

To successfully fulfil their roles in transport, nsLTPs must be targeted to the appropriate subcellular compartments. For example, AtLTP2 in the cell wall maintains cuticle-cell wall interface integrity to control etiolated hypocotyl permeability (Jacq et al., 2017). AtDIR1, a lipid transfer protein, is localised to the endoplasmic reticulum and cell periphery, where it mediates long-distance signalling during systemic acquired resistance (Champigny et al., 2011). AtLTPI-4, which is localised to the plasma membrane, functions in the delivery of long-chain and very long-chain fatty acids into the extracellular space for suberin assembly (Deeken et al., 2016). In this study, McLTPII.9 was localised to the plasma membrane (Figure 3), possibly in relation to the presence of a transmembrane signal peptide. McLTPII.9 was expressed in glandular trichomes, the primary sites for the synthesis and storage of secondary metabolites. Therefore, the subcellular localisation of McLTPII.9 suggested that it might be involved in volatile metabolite transport in mint.

Some studies have indicated that nsLTPs mediate the transport of metabolites secreted by glandular trichomes. NtLTP1 is implicated in long glandular trichome lipid secretion in tobacco; its overexpression in transgenic orange mint led to increased monoterpene emission (Choi et al., 2012). Overexpression of AaLTP3 and AaLTP4 in transgenic A. annua increased the sesquiterpene lactone content, compared with the WT (Adhikari et al., 2019). Additionally, overexpression of BraLTP2 in B. napus increased the trichome number and altered secondary metabolite accumulation (Tian et al., 2018).

Using Agrobacterium-mediated transformation (Niu et al., 2000), we generated transgenic peppermints overexpressing McLTPII.9. The gene expression of OE1 was higher than that of OE2. The peltate glandular trichome densities on the first, second, and third leaf positions were significantly greater in OE1 than in WT (Figure 4). In OE2, peltate glandular trichome density were also increased compared with that in WT. These findings suggest that McLTPII.9 is associated with the development of glandular trichomes. In our study, we examined the expression levels of some transcript factors related to mint glandular trichome development, such as MpHD-ZIP3 and MpMIXTA, which were homologous with McHD-ZIP3 and McMIXTA, respectively (Figure 5). The McHD-ZIP3 belongs to HD-ZIP IV subfamily, overexpression of McHD-ZIP3 in N. tabacum led to increased trichome number (Chen et al., 2020). McMIXTA formed a complex with trichome development-related McHD-ZIP3, and overexpression of McMIXTA in M. piperita led to increased peltate trichome density on the abaxial surface of leaves (Qi et al., 2022). In plants, many HD-ZIP IV transcription factors are important for glandular trichome initiation, such as AaHD1, AaHD8 and Wooly (Chalvin et al., 2019). AaHD8 directly and positively regulates the expression of AaHD1 in promoting trichome initiation. The transcriptional activity of AaHD8 was enhanced by interacting with AaMIXTA1 (Shi et al., 2018; Yan et al., 2018). In our results, the glandular trichome density was altered in the McLTPII.9-overexpressing plants as well as the expression of genes for transcription factors that were shown to be involved in trichome development in other plants (Figure 5). These results suggested that McLTPII.9 played a positive role in peltate glandular trichome development.

The accumulation of plant metabolites is associated with secretory glandular trichome density. A greater number of secretory glandular trichomes enhances the accumulation of secondary metabolites (Lange et al., 2000; Gao et al., 2018; Zhou et al., 2020; Gong et al., 2021; Guan et al., 2022). In the present study, overexpression of McLTPII.9 led to an increase in volatile oil content, while changing the volatile oil composition (Table 1). The expression of genes in the terpene biosynthesis pathway affects volatile oil composition and content in mint (Krasnyanski et al., 1999; McConkey et al., 2000; Li C, et al., 2020). Overexpression of MpLS in peppermint resulted in high levels of menthone, menthofuran, and pulegone, as well as a low level of menthol, relative to WT (Krasnyanski et al., 1999). Inhibition of MsLS expression in spearmint led to reductions in limonene and carvone (Li C, et al., 2020 levels of key genes in the mint monoterpene synthesis pathway). Therefore, we examined the expression levels of key genes in the mint monoterpene synthesis pathway (Davis et al., 2005; Dolzhenko et al., 2010; Rahimi et al., 2017). Compared with WT, the expression level of MpLS in McLTPII.9-overexpressing peppermint was decreased, whereas the expression levels of MpGPPS, MpL3OH, and MpIPD were significantly increased (Figure 5). Changes in the expression levels of these genes corresponded to changes in volatile oil composition in transgenic peppermint. The content of limonene was lower in transgenic mint OE1 than in WT, and the peak area of limonene was not distinct from eucalyptol in the OE1 chromatogram (Supplementary Figure S4, Table 1). However, the α-pinene, β-pinene, and α-myrcene contents were increased in OE1. These results may be related to the increased expression levels of limonene downstream genes, such as MpL3OH and MpIPD, which promoted limonene consumption, or to the accumulation of by-products (e.g., α-pinene, β-pinene, and α-myrcene). Additionally, there were increases in the contents of some monoterpenoids derived from geranyl diphosphate (GPP), such as eucalyptol and linalool (Table 1). The increased expression of MpGPPS and decreased expression of MpLS in transgenic peppermint may explain the accumulation of GPP and GPP-derived products.

Although the menthol content was significantly lower in McLTPII.9-overexpressing plant than in WT, the menthone content was higher in McLTPII.9-overexpressing plant. Pulegone reductase (PR) catalyses the conversion of pulegone to menthone. The expression of MpPR in transgenic plant was slightly higher than in WT, presumably affecting menthone accumulation. Some studies suggested that the menthone was transported out of, and subsequently re-enter into, secretory cells during menthol synthesis (McConkey et al., 2000; Turner et al., 2012; Schuurink and Tissier, 2020). The reduced menthol may have been related to this reason. Overexpression of McLTPII.9 may affect menthone transport and accumulation, thus influencing menthol synthesis. The transport function of McLTPII.9 needs further investigation.




5 Conclusion

We cloned and characterised the lipid transfer protein gene McLTPII.9 from M. canadensis. McLTPII.9 was localised to the plasma membrane and was expressed in most tissues of M. canadensis. In McLTPII.9-overexpressing transgenic peppermint, the peltate glandular trichome density and volatile oil content were increased, compared with WT. Additionally, the volatile oil composition was altered. Expression analysis of monoterpene biosynthesis-related genes and developmental transcription factors implicated McLTPII.9 in the positive regulation of glandular trichome density and monoterpene metabolism. Our results provide a theoretical basis for mint breeding and terpene metabolic engineering.
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